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ABSTRACT 

 

Compacted clays are often used to line landfills and waste impoundment, to cap the waste 

disposal units, and to close the old disposal facilities. Bentonite has attracted considerable 

attention in such applications on account of its high swelling capacity, low hydraulic 

conductivity, and high radionuclide adsorption capacity. Among several attributes of 

bentonites, the hydraulic conductivity is expected to play a crucial role in both retarding 

movement of radionuclide to the geosphere and delaying the corrosion of the metal waste 

canisters.  

A detailed study to determine the hydraulic conductivity of moderate and highly dense 

expansive clays is presented. The proposed investigation is comprised of both experimental 

and theoretical studies. In experimental investigation, clay samples of various bentonites 

are prepared by compaction of clay water mixtures to a range of predetermined dry density 

and water content simulating the actual placement conditions commonly prevailed for the 

barrier and back-filling materials in waste disposal repository. The initial water content is 

varied to examine the effects on hydro-mechanical characteristic of the clays. Swelling 

pressure tests followed by the hydraulic conductivity tests are carried out in the newly 

fabricated high pressure constant volume cells. Two types of permeant (i.e., distilled water 

(10-4M) and high concentration solution (10-2M)) are chosen for the swelling pressure and 

hydraulic conductivity tests. 

The experimentally determined hydraulic conductivities of the bentonite in this study are 

compared with the predictions of existing models like: Kozeny-Carman model, cluster 

model, and laminar flow model. Different approaches have been considered in models to 

estimate the hydraulic conductivity. Similarly, experimental swelling pressures of 

bentonites are compared with the calculated swelling pressure using Gouy-Chapman 

diffuse double layer theory. The relationship between the theoretical void ratio from 

diffuse double layer theory and as prepared total void ratio was established and new 

modified void ratios were suggested. Two new equations were proposed for estimating 

swelling pressure that has theoretical support and the equations were verified with six other 

reported bentonites. At the end, conclusions regarding the hydro-mechanical characteristics 

of the materials are drawn and suggestions for future studies are made.  
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ZUSAMMENFASSUNG 

 

Verdichtete Tone werden häufig zur Abdichtung von Deponien und unterirdischen 

Ablagerungen für toxischen und radioaktiven Abfall verwendet, zum einen, um direkt die 

Abfallbehälter abzudecken und zum anderen, um den Ablagerungsbereich mit Hilfe eines 

horizontalen Abdichtungsbauwerks zu versiegeln. Bentonit erfährt in diesem 

Zusammenhang durch sein hohes Quellpotential, seine geringe hydraulische 

Durchlässigkeit und seine hohe Adsorptionsfähigkeit von Radionukleiden besondere 

Aufmerksamkeit. Von den unterschiedlichen Eigenschaften des Bentonits wird der 

hydraulischen Durchlässigkeit sowohl hinsichtlich der Verzögerung des Transports der 

Radionukleide in die Geosphäre als auch hinsichtlich der Verzögerung der Korrosion der 

metallischen Behälter die größte Bedeutung beigemessen. 

Es wird eine detaillierte Untersuchung zur Bestimmung der hydraulischen Durchlässigkeit 

von mitteldichten bis sehr dichten, quellfähigen Tonen vorgestellt. Die Untersuchung 

beinhaltet experimentelle und theoretische Methoden. In der experimentellen 

Untersuchung wurden Tonproben verschiedener Bentonite mittels Verdichtung von Ton-

Wasser-Mischungen in einem festgelegten Spektrum von Trockendichten und 

Wassergehalten vorbereitet, um die Lagerungsbedingungen zu simulieren, die in den 

Abdichtungs- und Verfüllmaterialien in den Ablagerungsbereichen typischerweise 

vorherrschen. Der initiale Wassergehalt wurde variiert, um dessen Einfluss auf die hydro-

mechanischen Eigenschaften der Tone zu studieren. Quelldruckversuche, gefolgt von 

Versuchen zur Bestimmung der hydraulischen Durchlässigkeit, wurden in den neu 

hergestellten Hochdruckzellen unter konstantem Volumen durchgeführt. Für die Versuche 

wurden zwei Arten von Fluiden ausgewählt, destilliertes Wasser (10-4M) und eine 

hochkonzentrierte Lösung (10-2M). 

Die experimentell ermittelten hydraulischen Durchlässigkeiten der verwendeten Bentonite 

wurden mit theoretischen Modellen wie dem Kozeny-Carman-Modell, dem Cluster-Modell 

und dem laminaren Modell verglichen. In den Modellen werden unterschiedliche Ansätze 

verfolgt, um die hydraulische Durchlässigkeit abzuschätzen. In Analogie dazu sind die 

experimentell ermittelten Quelldrücke der Bentonite mit Quelldrücken verglichen worden, 

die mit der DDL-Theorie nach Gouy-Chapman berechnet wurden. Es wurde eine 
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Beziehung zwischen der in der DDL-Theorie definierten theoretischen Porenzahl und der 

experimentell erreichten, totalen Porenzahl aufgestellt und darüber hinaus wurden 

modifizierte Definitionen für Porenzahlen vorgeschlagen. Außerdem wurden zwei neue, 

theoretisch fundierte Gleichungen zur Abschätzung des Quelldrucks vorgeschlagen und 

anhand von sechs Bentoniten aus der Literatur verifiziert. Abschließend werden 

Schlussfolgerungen hinsichtlich der hydro-mechanischen Eigenschaften der Materialien 

gezogen und Vorschläge für zukünftige Untersuchungen gegeben.  
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Vorwort des Herausgebers 
 
Die Arbeit von Herrn Dr. Khan erfolgte in Fortführung unserer langjährigen 

Untersuchungen zur Eignung von Geomaterialien als Dichtelemente im Rahmen der 

unterirdischen Lagerung hochtoxischer Abfälle. Besonders Bentonite sind der Baustoff der 

Stunde für derartige Aufgabenstellungen. Bentonite bzw. Mischungen von Bentoniten mit 

Sand werden hochverdichtet, wodurch Eigenschaften erzielt werden, die sich in hohen 

Quelldrücken, geringen Permeabilitäten, hohen Steifigkeiten und Festigkeitenäußern.  

Besonders der Quantifizierung der Permeabilität derartiger Materialien ist in der Literatur 

noch zu wenig Beachtung geschenkt worden. Zwar existieren umfangreiche Arbeiten zum 

Thema Permeabilität von Tonen, dies betrifft jedoch ausschließlich Tone bei normaler 

Verdichtung. 

Herr Khan beschäftigt sich in seiner Arbeit das erste Mal systematisch mit der 

Untersuchung der Permeabilität von hochverdichteten Bentoniten unter Berücksichtigung 

der Tonzusammensetzung und der Chemie des Porenfluids. Daneben wird dem Einfluss des 

initialen Zustandes (Porenzahl und Wassergehalt, initiale Saugspannung), d.h. nach 

Verdichtung der Bentonite, besondere Aufmerksamkeit geschenkt. 

Die Arbeit ist in acht Kapitel gegliedert und enthält des Weiteren einen umfangreichen 

Literaturteil und einen Anhang mit detaillierten Versuchsergebnissen.  

Kapitel 1 gibt den Hintergrund und die Motivation der Promotionsarbeit wieder. Klar 

werden die Fragen der Arbeit formuliert, die im Mittelpunkt der Betrachtungen stehen und 

es wird der Weg aufgezeigt, wie sich diesen Fragen genähert werden soll. Kapitel 2 

beschäftigt sich mit einem Überblick der aktuellen Literatur zur behandelten 

Forschungsaufgabe. Eine besondere Bedeutung kommt der Beschreibung des Ton-

Porenfluid-Systems zu. Das Verständnis dieses Ton-Porenfluid-Systems auf der Mikroskala 

ist Voraussetzung für das Verständnis der phänomenologischen Eigenschaften auf der 

Makroskala. Korrekterweise wird sowohl auf existierende Erkenntnisse zum Quelldruck, als 

auch zu der eigentlich im Vordergrund stehenden Frage der Permeabilität verwiesen. Dem 

Quelldruck kommt eine besondere Bedeutung zu, weil bei der Sättigung der Proben in 

einem ersten Versuchsschritt zwangsläufig Quellerscheinungen der Bentonite auftreten. Da 

die Versuche unter volumenkonstanten Bedingungen durchgeführt wurden, resultiert die 

Unterdrückung dieses Quellpotentials direkt in einem Quelldruck. In einer zweiten Phase 

wird dann die eigentliche Permeabilitätsuntersuchung an den nunmehr gesättigten Proben 

durchgeführt. 

In Kapitel 3 werden die existierenden Methoden zur Bestimmung der hydraulischen 

Permeabilität gesättigter Materialien eingeführt und ihre Anwendungsgrenzen in Bezug auf 
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hochverdichtete Bentonite diskutiert. Von besonderer Bedeutung in Kapitel 3 ist 

Unterabschnitt 3.5, der sich ausführlich mit drei theoretischen Modellen zur Beschreibung 

der gesättigten hydraulischen Permeabilität beschäftigt. Diese für „normale“ Böden 

entwickelten Modelle werden in Folge der Arbeit von Herrn Khan modifiziert um sie den 

speziellen Randbedingungen der von ihm untersuchten Materialien anzupassen. In Kapitel 4 

wird das in der Promotion untersuchte Material in Form von drei verschiedenen Tonen mit 

seinen physikalischen Eigenschaften, den Verdichtungseigenschaften und den 

physikochemischen Eigenschaften detailliert beschrieben. Kapitel 5 beschäftigt sich mit den 

von Herrn Khan speziell für seine Studie entwickelten Versuchsgeräten. In Anbetracht der 

speziellen Eigenschaften der untersuchten Materialien mussten sowohl die Versuchszellen, 

als auch die Beaufschlagung mit Porenfluid geändert und neue Versuchsgeräte entwickelt 

werden. Die unterschiedlichen Komponenten werden ausführlich kalibriert und validiert. 

Kapitel 6 beschäftigt sich mit den experimentellen Resultaten von Herrn Khan. Im ersten 

Abschnitt werden die Quelldrücke für die drei verschiedenen Bentonite in Abhängigkeit der 

initialen Bedingungen und des verwendeten Porenfluids dargestellt und mit Ergebnissen aus 

der Literatur validiert. Der zweite Abschnitt beschäftigt sich mit den ermittelten 

hydraulischen Permeabilitäten, wiederum in Funktion des Initialzustands und der 

Eigenschaften des Porenfluids. Hier liegt es in der Natur der Sache, dass die 

Vergleichsmöglichkeiten sehr beschränkt sind. In Kapitel 7 werden die von Herrn Khan 

verwendeten klassischen Permeabilitätsmodelle und Lösungen für den Quelldruck mit 

seinen experimentellen Ergebnissen verglichen. Basierend auf einer genauen Kenntniss der 

physikochemischen Kräfte in der Mikrostruktur gelingt es Herrn Khan, sowohl die 

Gleichungen für den Quelldruck als auch für die hydraulische Permeabilität so zu 

modifizieren, dass ihm eine sehr gute Anpassung an seine ermittelten experimentellen 

Resultate möglich ist. 

Die Arbeit von Herrn Khan beinhaltet sowohl theoretische als auch experimentelle 

Komponenten. Auf allen Gebieten gelingt es Herrn Khan, an den aktuellen Stand der 

Wissenschaft aufzuschließen bzw. besonders im Bereich der experimentellen 

Untersuchungen einen entscheidenden Schritt weiter zu gehen. 

 

Wir danken dem BMBF und dem BMWi für die kontinuierliche Förderung unserer Arbeiten 

in den vergangenen Jahren. 

 

Bochum, Juni 2012                                                                                                 Tom Schanz 
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Chapter 1 

 
 

INTRODUCTION 
 
 
 
1.1 Background and motivations 

 Clay based barriers against the movement of water and contaminates have seen 

increasing use during the past decade. They are required to perform reliably and 

predictably for decades, and for some proposed applications for centuries. Such barriers are 

expected to limit the flow in such a way that contaminant movement is controlled. In 

designing a barrier system the engineer is required to understand mineralogy, chemistry, 

physics and hydraulics. When dealing with very low flow rates and mass transport, it is 

necessary to examine the accepted models for flow and mass transport, where simple 

models for flow through porous media are often adequate for the coarse grained natural 

soil and they may be inadequate for use in engineered material for fine grained soils under 

the hydraulic gradients that exists in most applications (Dixon 1995). 

The need for the impermeable barriers to water and contaminant movement are particularly 

crucial in the conceptual design being developed for high level waste (HLW) (spent 

nuclear fuel waste) disposal. The concept being examined by many nuclear waste 

management programs includes the use of clay based material to act as barriers to 

contaminant migration. These barriers are needed to prevent or delay any escape of 

radioactive materials or decay products from a disposal vault. A sufficiently long isolation 

time to allow the natural decay of the radioactive waste materials is central to this disposal 

concept. 

The spent nuclear fuel disposal involves emplacement of waste containers in boreholes 

drilled at depth of 500 – 1000m in the rocks. It includes the use of compacted clay based 

buffer materials to fill the annulus between the waste container and the surrounding rock 

mass. The buffer must support the waste container, conduct heat away from the heat 

generating waste containers, and provide ability for the system to self seal while 

maintaining the low hydraulic conductivity and to limit the movement of radionuclides.  
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The range of candidate clays has been examined to establish their potential for use in the 

buffer material. The montmorillonite clays of the smectite family of layer silicates have 

shown the greatest potential for successful application. Much work has been done from 

past many years on the behaviours of these clays. However most of this work has been on 

slurry or low density material. One of the primary reasons for the lack of data on the 

hydraulic behaviour of dense smectites has been the technical difficulty in actually 

measuring flow through them. These materials commonly exhibit hydraulic conductivities 

in order of 10-12 m/s to 10-14 m/s.  

Bentonite is the name used both as a label for montmorillonite type smectite clays sold 

commercially as sealants, and for a specific variety of swelling clay. The term bentonite 

will be used throughout this thesis when discussing montmorillonite type clay (smectites) 

minerals. 

Migration of fluid and gas through compacted clays depend upon the ability of the material 

to imbibe such phases under a given boundary conditions and the flux associated to trigger 

such flows. The placement conditions (water content, dry density) of the chosen materials 

suggest a very low porosity, high expansiveness, and very high initial negative pore water 

pressure. It is agreeable that compacted clays posses various pore system at different 

scales. Upon swelling, the intracluster pores affect the intercluster pores that in turn are 

responsible for the hydraulic conductivity. The possible interactions of the clay platelets 

during the saturation process includes both physico-chemical and physical interferences 

that occur at various level of clay platelet spacing. Some of the key aspects associated with 

the compacted clays that have been considered thoroughly by different researchers are: 

swelling pressure, swell potential, water absorption and desorption behaviour, behaviour of 

the material under isothermal and non-isothermal conditions, swelling behaviour under 

high injection fluid pressure, behaviour of the material while interacting with actual fluid 

prevailed at a particular location, and so on (Müller-Vonmoos and Kahr 1982, Pusch 1982, 

Swedish Nuclear Fuel and Waste Management Company 1983, Gray et al. 1984, Dixon 

and Gray 1985, National Cooperative for the Storage of Radioactive Waste 1985, Kanno 

and Wakamatsu 1992, Komine and Ogata 1996, Japan Nuclear Cycle Development 

Institute 1999, ENRESA 2000, Herbert and Moog 2002a, Agus 2005, Arifin 2008). Some 

of the detailed studies also include: variation in the fluid content, negative pore water 

pressure, porosity, dry density, and temperature (Dixon et al. 2002, Villar et al. 2005). 
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Much of the literature describes attempts to apply classical models for fluid flow in 

granular media to the fluid flow through dense saturated clays. Little data is available on 

water movement through moderate to dense bentonite based materials exposed to very 

slow regional ground water gradients (Dixon 1995). However, such condition is of 

particular interest in nuclear fuel waste management program. The lack of data is the result 

of technological limitation and the demanding time required for such tests. For most 

researchers one to two years duration for each test is an impractical application of 

laboratory resources and too expensive to undertake. Due to particular sensitivity of high 

level nuclear waste management program the resources needed to conduct such tests. 

 

1.2 Research objectives and scope  

 The proposed research comprises of both experimental and theoretical research 

studies. The experimental study involves laboratory measurements of saturated hydraulic 

conductivity in several compacted clays. The saturated hydraulic conductivity is measured 

at constant head method after the measurement of swelling process at constrained 

conditions. The main objectives of the research may be summarised as: 

1. Provide a state-of-the-art review of development of theories and experimental work 

related to moisture movement in saturated clays from the beginning of 19th century to 

date. The literature review covers background on clay structure and mineralogy, and 

clay-water interaction.   

2. Design and build new test apparatus to facilitate a large number of combinations of 

hydro-mechanical and hydraulic gradient experiments. Create new laboratory facilities 

to provide operational support for the new cells. Conduct a preliminary experimental 

programme to demonstrate the working capacity and functionality of the new 

apparatuses.  

3. Establish a basic experimental methodology for sample preparation to obtain uniform 

homogenous samples and for subsequent testing procedure. Determine basic 

geotechnical properties that include physical and chemical properties and hydraulic 

parameter of tested clays. 
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4. Perform hydro-mechanical tests to investigate the water uptake, swelling behaviour, 

moisture movement in clays with different initial water contents and dry density. 

5. Develop different approaches in the existing hydraulic models to calculate the hydraulic 

conductivity of swelling clays. Verify and validate the new approaches against the 

results obtained from the experiments performed in this study as well as against 

hydraulic conductivity data from the literature.  

 

1.3 Thesis overview 

 The thesis consists of eight chapters. A brief description of each chapter is 

presented below: 

The first chapter describes the background and motivation, research objectives and scope, 

and thesis overview. 

Chapter 2 presents the conceptual description of the clay mineral composition, water and 

clay interactions, and gives brief introduction to diffuse double layer theory. The chapter 

explains non-swelling and swelling clay types, swelling pressure measurements, laboratory 

and theoretical predictions of swelling pressure. Further sections deals with flow 

mechanisms in soils and clays, and factor affecting the hydraulic behaviour of clays. The 

review provides a background for the motivation of the research reported in this thesis.  

Chapter 3 details the hydraulic properties of soil and the determinations of saturated 

coefficient of hydraulic conductivity are described. Laboratory measurements of the 

hydraulic conductivity performed by other researchers are elaborated. In addition the 

empirical equations for estimating hydraulic conductivity and theoretical models used for 

hydraulic conductivity are discussed. 

Chapter 4 describes the testing materials used for experimental investigation and details 

their physical, chemical and geotechnical properties and the determination technique used 

to obtain them. Physical properties including natural water content, specific gravity, 

particle size distribution, Atterberg limits are covered. The compaction characteristic of the 

materials, which includes the development of compaction methodology to achieve the 

targeted uniform density and uniform water content, is presented. Physico-chemical 
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properties including specific surface area, cation exchange capacity and mineralogy and 

chemical composition of clays are then considered. Subsequently, determination of specific 

surface area using ethylene glycol monoethyl ether (EGME) adsorption method is 

described. Finally, the chapter follows the detailed description of the experimental program 

including initial placement condition and permeant used for the tests. 

Chapter 5 presents the design and construction stages of the new devices that are needed to 

facilitate swelling and hydraulic conductivity tests. In this chapter it is firstly discussed the 

design, the applicability and the limitation of different devices available for measurement 

of hydraulic conductivity. Necessity of new experimental devices to be built to carry out 

the experimental tests is emphasized. The design criteria to be met for the construction of 

new devices are discussed. Furthermore, the chapter gives description of new devices, and 

its various components. The calibration of the new devices and its working limits are 

covered. Experimental methodology developed to carry out the tests is discussed. 

In chapter 6 the experimental results of the laboratory test program are presented. Results 

of the swelling pressure and water uptake for the bentonites via the newly designed 

constant volume device for the bentonites are shown. Effect of distilled water and high 

concentrated solution on swelling behaviour are drawn and discussed in detail. Similarly, 

after achieving the constant swelling pressure, the hydraulic conductivity tests results for 

distilled water as well as for high concentration solution are shown. The aim of the test 

results to be used for a qualitative analysis of hydraulic behaviour of selected bentonites. 

Chapter 7 presents the outcome of the experimental results and aim to study the existing 

models for hydraulic conductivity and the application of developed new modifications 

employing the existing models to estimate the hydraulic conductivity for compacted clays. 

The experimental hydraulic conductivities of the bentonite are compared with the existing 

models like: Kozeny-Carman model, cluster model, and laminar flow model. Furthermore, 

the swelling pressure was estimated using the new approach based on diffuse double layer 

theory.  

Chapter 8 presents the conclusions that can be drawn from this work, and suggestions are 

made for further research.  
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Chapter 2 
 

LITERATURE REVIEW 
 

 

2.1 Introduction 

 This chapter summarizes a review of the relevant literature to provide a background 

on clay structure and mineralogy, clay-water interaction, diffuse double layer theory, 

swelling soil behaviour (i.e., crystalline and diffuse double layer swelling), swelling 

pressure testing (laboratory swelling pressure and swelling pressure prediction). Further 

sections deals with flow mechanisms in soils, and factors affecting the hydraulic behaviour 

of clays. The review provides a background for the motivation of the research reported in 

this thesis. 

 

2.2 Structural unit and charge on clay minerals 

 The most important parameter in determining the hydraulic performance of a 

barrier material is the minerals present in the soil. The mineral size, shape, orientation, and 

electro-chemical properties all combined to determine the manner in which water, other 

permeant, or solvated ions will be transported through the soil. 

The mineral composition of the materials investigated as part of this thesis includes quartz, 

and smectites. Feldspar, calcite, chlorite minerals, as well as cristobalite and clinoptilolite 

have been identified as minor components in some of the mineralogical analyses. A 

detailed presentation of the results of mineralogical analysis of the materials investigated 

here is presented in Chapter 4. 

Quartz is a silicon dioxide (SiO2) which is linked in a framework of SiO4 tetrahedra 

(Mason and Berry 1968). The feldspar group of minerals is continuous three-dimensional 

networks of SiO4 and AlO4 tetrahedra with positively charged sodium, potassium, calcium, 

or barium in the interstices of the negatively charged tetrahedra (Mason and Berry 1968). 
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As these minerals are generally electrically neutral internally they carry only weak surface 

charges which are readily satisfied by water molecules. Quartz and feldspar are primary 

minerals and so they are typically larger in dimension than the secondary clay minerals 

such as illite, kaolinite or smectite. As a result they have a much lower specific surface 

area (m2/g) than clay minerals.  

Carbonates and sulphates can be present either as individual particles or as coatings on 

other particles (Yong et at. 1992). Carbonates such as calcite (CaCO3), magnesite 

(MgCO3), or dolomite (Ca,Mg(CO3)2), and sulphates (gypsum (CaSO42H2O) have been 

identified as minor components in the bentonite deposits (Dixon and Woodcock 1986, 

Oscarson and Dixon 1989). Gypsic and carbonate minerals are most commonly found in 

arid or semi-arid regions as they are relatively soluble in water or acidic environments. 

They are therefore much more susceptible to dissolution when placed in an environment 

where there is a considerable volume of fluid which is not calcium or magnesium 

saturated. This means that hydraulic conductivity testing of calcareous or sulphate 

containing soils must have either very little pore fluid exchange or must involve so much 

flow that all the readily soluble material is removed. 

 Soil Structure and microstructure of clays 

Smectite clay is very highly plastic clay which contains large quantity of montmorillonite 

(bentonite) and expands when it is in contact with water in liquid form or in vapor form. 

This is related to the mineralogical composition of the elementary layer or structural unit of 

the minerals. According to Mitchell (1993), the structure of mineral is a unit made of an 

alumina octahedral sheet sandwiched between two silica tetrahedral sheets. The silica 

tetrahedral is composed of a silicon atom and four oxygen atoms in a tetrahedral 

coordination (Figure 2.1) where as, the alumina octahedral structure is composed of an 

aluminium atom and six hydroxyls in an octahedral coordination (Figure 2.2).  

The elementary layers stacked together to form particle (platelet or crystal). In dry 

condition, bonding between the elementary layers is provided by van der Waals and by 

exchangeable cations. These types of bonding are weak and broken when water or polar 

liquid inserts between them (Mitchell 1993).  



Chapter 2                                                                                                    Literature Review 

 9

  

Figure 2.1 Schematic of silica tetrahedral 

unit 

Figure 2.2 Schematic of Octahedral unit 

 

A particle is made of several to hundred elementary layers depending on the moisture 

conditions (Pusch et al. 1990). Using transmission electron microscope (TEM), Tessier et 

al. (1998) found that the microstructure of the Fourges clay (i.e., clay which contains 

calcium type montmorillonite and kaolinite minerals) consists of aggregates of particle 

with 2-4 elementary layers on average. Inside each particle unit, it was found the interlayer 

distance is approximately 12Å. Moreover, the type of exchangeable cation also influences 

the number of elementary layer in a particle (Pusch et al.1990, Mitchell 1993, Saiyouri et 

al. 2004). In suspension, a particle is made of 3-5 elementary layers and 10-20 elementary 

layers for sodium-type bentonite and calcium-type bentonite, respectively (Pusch et al., 

1990). Saiyouri et al. (2004) reported that the compaction also affected the number of 

elementary layers in a particle and the numbers were different for sodium and calcium type 

bentonites for suction higher than 3000 kPa. For suction less than 3000 kPa, they found 

that the number of elementary layers in a particle is almost the same for both bentonite 

types. The particles aggregated together to make an aggregate. These features are very 

important in order to investigate the behavior of clays especially on the microstructure of 

the bentonite (Delage 2007).  

The presence of structural units (i.e., elementary layer), particles, and aggregates results in 

presence of different type of pores in the clays. In general, compacted soil has two types of 

pores (i.e., micro-pores and macro-pores) (Gens and Alonso 1992, Yong 1999). The micro-

pores are defined as pores within the aggregates (i.e., pores between the elementary layers 

and between the particles) or called as intra-aggregate pores.  
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Figure 2.3 Sketch of microstructure of compacted clay (Arifin 2008) 

 

The macro-pores are defined as pores existed between the aggregates or called as 

interaggregates pores. The sketch of the microstructure of compacted clay is shown in 

Figure 2.3. The microstructure of clay is discussed in more detail in section 2.3. The 

presence of macro pores, the larger voids corresponding to secondary structure such as 

clod interfaces and all defects, defines the macro hydraulic conductivity of the soil. 

Elsbury et al. (1988) observed a very permeable soil morphologically and found that the 

macro-pores were typically 0.001 to 0.003 μm in size. Acar and Olivieri (1989) observed 

that macro pores were of the same scale as clay particles with effective diameters of 0.1 to 

0.3 μm. 

Clay minerals  

The manner in which octahedral sheets are arranged and bonded controls the specific clay 

mineral formed. As a result of isomorphous substitution within the octahedral layer, a 

charge imbalance is generated. The resulting negative charge expresses itself on the surface 

of the clay particle as a negative face charge (Yong and Warkentin 1975). The layer 

silicates (phyllosilicates) are among the most highly charged mineral particles present in a 

soil. The magnitude of the charge depends on the structure of the layer silicates, the 

specific cations in the crystal lattice and the size of the particles. The building blocks for 

the creation of clay minerals, namely the tetrahedral silica sheets and the octahedral 

aluminum sheets are found in three basic layer combinations. The clay types are defined by 
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the number of each layer type present in the basic unit of the clay. The specific clay 

mineral families are presented in Figure 2.4 and in Table 2.1.  

 

 

Figure 2.4 General structural arrangements of (a) kaolinite, (b) illite and (c) 

montmorillonite clay minerals 

 

Kaolinite  

Kaolinite is composed of alternating silica and alumina sheets, each sheet sharing a plane 

of oxygen atoms, making this a 1:1 layer clay, between these layers the tetrahedral and 

octahedral sheets in adjoining layers are strongly hydrogen bonded (Yong and Warkentin 

1975). The strong hydrogen bonds prevent the kaolinite crystal from hydrating and 

expanding under most conditions. Multiple layers tend to accumulate, leading to formation 

of relatively large particles (70 to 100 layers thick) (Yong and Warkentin 1975).  Kaolinite 

particles have low specific surfaces and cation exchange capacities relative to most other 

clay minerals (Table 2.1). The kaolinite unit layer is 0.713 nm in thickness. As it is 

relatively stable, it will not show changes in unit cell dimension as the result of hydration 

or glycolation. This produces a strong and permanent X-ray diffraction pattern of peaks at 

7.13Å (0.713nm), 3.56Å (0.356nm) and 2.37Å (0.237nm) (Yong and Warkentin 1975). A 

typical X-ray diffraction pattern generated by kaolinite is presented in Figure 2.5. 

Illite 

Illite is composed of an octahedral alumina sheet sandwiched between two silica sheets. 

The octahedral and tetrahedral sheets share oxygen atoms, resulting in the formation of a 
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four oxygen thick layer between these sheets. The unit cells are 9.98Å (10 Å) thick and are 

bonded together by potassium ions. Potassium ions fit into the ditrigonal spaces present in 

the silica sheet neutralizing the negative charges caused by aluminum substitution or empty 

sites within the octahedral layer (Yong and Warkentin 1975). Under ideal conditions these 

potassium ions co-ordinates with 12 oxygen atoms, six from each unit layer of illite. This 

is a relatively stable bond and hence illite does not readily expand when it is chemically 

pure.  

 

Illite

Montmorillonite

Kaolinite

 

Figure 2.5 Typical X-Ray diffraction patterns for clay minerals (Yong et al. 1992) 

 

Illites found in soil tend to be less strongly ordered or structured, and have fewer potassium 

ions present in the interlayer than their structural equivalent in rock (muscovite or biotite). 

This leads to weaker bonding between the layers and the presence of other ions such as 

calcium, magnesium or sodium to balance the surface charge requirements. The result is a 

mineral which can expand to some degree given the right environmental circumstances. 

Illite therefore shows properties such as specific surface, and cation exchange capacity 

(CEC) which are intermediate between low activity kaolinite and high activity bentonite 
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clays (Table 2.1). Illites being relatively stable tend to exhibit a stable X-ray diffraction 

pattern and are little affected by hydration or glycolation. A typical X-ray diffraction 

pattern presented in Figure 2.5 shows strong peaks at 10 Å (1.0nm), 5 Å (0.5nm) and 3.3 Å 

(0.33nm).  

 

Table 2.1 Mineral groups and physico-chemical properties   (Yong et al. 1992)  

Clay 

Mineral 

Lattice 

Description 

Isomorphous 

Substitution 

CEC 

(cmol/kg) 

Specific 

Surface 

Source of 

Charge 

Charge 

Type 

Kaolinite 1:1 Strong 

H – Bonds 

1/3 of Dioctrahedral 

Site are not Al 
5-15 10-20 

Edge broken 

bonds 

Variable & 

permanent 

Illite 2:1 Strong 

K – Bonds 
Al for Si 

Al for Mg 
25 70-150 

Isomorphous 

substitution 

Edge bonds 

Mostly 

permanent 

Chlorites 2:2 

Strong 
Al for Si 10-40 80 

Isomorphous 

substitution 

Mostly 

permanent 

Montmorillo

nite 

2:1 Very weak 

Bonds 

Mg for Al 

Al for Si 

Fe for Al 

80 - 100 600 – 800 

Isomorphous 

substitution 

Edge bonds 

Mostly 

permanent 

Vermicullite 2:1 Weak 

Mg - Bonds 
Al for Si 100 – 150 700 

Isomorphous 

substitution 

Mostly 

permanent 

  

Montmorillonite 

Montmorillonitic clays are similar in general composition to illite, having an alumina sheet 

located between two tetrahedral silica sheets. In montmorillonite, isomorphous 

substitution, typically magnesium for iron within the octahedral layer, leads to high surface 

charges. The specific ions substituted dictate the exact mineral type generated the intensity 

of surface charge and associated cation exchange capacity, and specific surface. The main 

difference between illite and montmorillonite is the lack of potassium ions to bond the unit 

cells together. Water can easily enter between the layers, leading to disaggregation and 

expansion of the clay in an attempt to decrease the intensity of the repulsive forces 

between the adjacent negatively charged clay faces. This tendency to dissociate provides a 

simple means for identifying the montmorillonite family of clays. Oven-dried clay will 

show a first-order diffraction peak at 1.0nm, an air-dry clay will have a first-order 

diffraction peak at approximately 1.4nm, representing 1.0nm of mineral and 0.4nm of 
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surface-bound water. By replacing this surface water with various organic liquids the 

amount by which the clay platelets will expand can be controlled. Glycerol is among the 

most commonly used fluids.  It results in 1.77nm spacing, 1.0nm of clay and 0.77nm of 

glycerol, (Yong and Warkentin 1975),   In general, as is shown in Table 2.1, smectite clays 

such as montmorillonite and vermiculite have the ability to dissociate, exchange cations, 

and change volume, and so are classified as high activity clays. They have a 

correspondingly higher CEC and specific surface than illite or kaolinite. 

 

2.3 Forces in clay system and modes of particle association 

 As discussed in preceding section, the clay particles carry a net negative charge on 

their surfaces. This is the result of both of isomorphous substitution and of a break in 

continuity of the structure at its edges. Larger negative charges are derived from larger 

specific surfaces. Some positively charged sites also occur at the edges of the particles. In 

dry clay, the negative charge is balanced by exchangeable cations like Ca2+, Mg2+, Na+, 

and K+ surrounding the particles being held by electrostatic attraction. When water is 

added to clay, these cations and a few anions float around the clay particles. This 

configuration is referred to as a diffuse double layer (Figure 2.6). Diffuse double layer is 

discussed in more detail in section 2.6.1. The cation concentration decreases with the 

distance from the surface of the particle. 

Surface of clay particle

 

Oxygen

HydrogenHydrogen

Figure 2.6 Diffuse double layer Figure 2.7 Dipolar character of water 
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Water molecules are polar. Hydrogen atoms are not axisymmetric around an oxygen atom; 

instead, they occur at a bonded angle of 105o (Figure 2.7). As a result, a water molecule 

has a positive charge at one side and a negative charge at the other side. It is known as a 

dipole. Dipolar water is attracted both by the negatively charged surface of the clay 

particles and by the cations in the double layer. The cations, in turn, are attracted to the soil 

particles. A third mechanism by which water is attracted to clay particles is hydrogen 

bonding, where hydrogen atoms in the water molecules are shared with oxygen atoms on 

the surface of the clay. Some partially hydrated cations in the pore water are also attracted 

to the surface of clay particles. These cations attract dipolar water molecules. The force of 

attraction between water and clay decreases with distance from the surface of the particles. 

All the water held to clay particles by force of attraction is known as double-layer water. 

The innermost layer of double-layer water, which is held very strongly by clay, is known 

as adsorbed water. This water is more viscous than free water. 

According to Santamarina (2003), interparticle forces at the micro-scale can be separated 

into the following three categories: 

1. Skeletal Forces Due to External Loading: These forces are transmitted through particles 

from the forces applied externally e.g., foundation loading (Figure 2.8a).  

2. Particle Level Forces: These include particle weight force, buoyancy force when a 

particle is submerged under fluid, and hydrodynamic forces or seepage forces due to pore 

fluid moving through the interconnected pore network (Figure 2.8b).  

3. Contact Level Forces: These include electrical forces, capillary forces when the soil 

becomes unsaturated, and cementation-reactive forces (Figure 2.8c). 

When external forces are applied, both normal and tangential forces develop at particle 

contacts. All particles do not share the forces or stresses applied at the boundaries in equal 

manner. Each particle has different skeletal forces depending on the position relative to the 

neighboring particles in contact. Strong particle force chains form in the direction of major 

principal stress. The evolution and distribution of interparticle skeletal forces in soils 

govern the macroscopic stress–strain behavior, volume change, and strength. As the soil 

approaches failure, buckling of particle force chains occurs and shear bands develop due to 

localization of deformation.  
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External Load 

Interparticle
Forces

Interparticle 
Forces 

(a)  Seepage 

Buoyancy force 
if saturated 

Viscous drag by 
seepage flow 

(b)

Body 
force

 

 

Electrical forces

Capillary forces or Cementation 
reactive forces 

Electrical forces

Capillary forces or Cementation 
reactive forces 

(c) 
 

Figure 2.8 Interparticle forces at particle level: (a) skeletal forces by external loading (b) 

particle level forces, and (c) contact level forces (from Santamarina 2003) 

 

Particle weights act as body forces in dry soil and contribute to skeletal forces. When the 

pores are filled with fluids, the weight of the fluids adds to the body force of the soil fluids 

mixture. However, hydrostatic pressure results from the fluid weight, and the uplift force 

due to buoyancy reduces the effective weight of a fluid-filled soil. This leads to smaller 

skeletal forces for submerged soil compared to dry soil. Seepage forces that result from 
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additional fluid pressures applied externally produce hydrodynamic forces on particles and 

alter the skeletal forces.  

2.3.1 Interparticle forces in clay 

 Interparticle forces control the flocculation–deflocculation behavior of clay 

particles in suspension, and they are important in swelling soils that contain expanding 

lattice clay minerals. In denser soil masses, other forces of interaction become important as 

well since they may influence the intergranular stresses and control the strength at 

interparticle contacts, which in turn controls resistance to compression and strength. In a 

soil mass at equilibrium, there must be a balance among all interparticle forces, the 

pressure in the water, and the applied boundary stresses.  

Interparticle repulsive forces 

Electrostatic Forces: Very high repulsion, the Born repulsion, develops at contact points 

between particles. It results from the overlap between electron clouds, and it is sufficiently 

great to prevent the interpenetration of matter. At separation distances beyond the region of 

direct physical interference between adsorbed ions and hydration water molecules, double-

layer interactions provide the major source of interparticle repulsion. This repulsion is very 

sensitive to cation valence, electrolyte concentration, and the dielectric properties of the 

pore fluid.  

Surface and Ion Hydration: The hydration energy of particle surfaces and interlayer 

cations causes large repulsive forces at small separation distances between unit layers 

(clear distance between surfaces up to about 2 nm). The net energy required to remove the 

last few layers of water when the clay plates are pressed together. The corresponding 

pressure required to squeeze out one molecular layer of water may be as much as 400 MPa 

(van Olphen 1977). Thus, pressure alone is not likely to be sufficient to squeeze out all the 

water between parallel particle surfaces in naturally occurring clays. Heat and/or high 

vacuum are needed to remove all the water from a fine grained soil. Hydration repulsions 

decay rapidly with separation distance, varying inversely as the square of the distance.  
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Interparticle Attractive Forces 

Electrostatic Attractions: When particle edges and surfaces are oppositely charged, there 

is attraction due to interactions between double layers of opposite sign. Fine soil particles 

are often observed to adhere when dry. Electrostatic attraction between surfaces at different 

potentials has been suggested as a cause. When the gap between parallel particle surfaces 

separated by distance at different potentials, there is an attractive force per unit area, or 

tensile strength (Ingles 1962). 

Electromagnetic Attractions: Electromagnetic attractions caused by frequency-dependent 

dipole interactions also called van der Waals forces. Permanent dipole bonds such as the 

hydrogen bond are directional. Fluctuating dipole bonds, commonly termed van der Waals 

bonds, also exist because at any one time there may be more electrons on one side of the 

atomic nucleus than on the other. This creates weak instantaneous dipoles whose 

oppositely charged ends attract each other. Although individual van der Waals bonds are 

weak, typically an order of magnitude weaker than a hydrogen bond, they are non-

directional and additive between atoms. Consequently, they decrease less rapidly with 

distance than primary valence and hydrogen bonds when there are large groups of atoms. 

They are strong enough to determine the final arrangements of groups of atoms in some 

solids (e.g., many polymers), and they may be responsible for small cohesions in fine 

grained soils.  

Primary Valence Bonding: Chemical interactions between particles and between the 

particles and adjacent liquid phase can only develop at short range. Covalent and ionic 

bonds occur at spacings less than 0.3 nm. In covalent bond, one or more bonding electrons 

are shared by two atomic nuclei to complete the outer shell for each atom, whereas, ionic 

bonds form between positively and negatively charged free ions that acquire their charge 

through gain or loss of electrons. Cementation involves chemical bonding and can be 

considered as a short-range attraction. Whether primary valence bonds, or possibly 

hydrogen bonds, can develop at interparticle contacts without the presence of cementing 

agents. Very high contact stresses between particles could squeeze out adsorbed water and 

cations and cause mineral surfaces to come close together, perhaps providing opportunity 

for cold welding.  
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Cementation: Cementation may develop naturally from precipitation of calcite, silica, 

alumina, iron oxides, and possibly other inorganic or organic compounds. The addition of 

stabilizers such as cement and lime to a soil also leads to interparticle cementation. If two 

particles are not cemented, the interparticle force cannot become tensile; they loose 

contact. However, if a particle contact is cemented, it is possible for some interparticle 

forces to become negative due to the tensile resistance (or strength) of the cemented bonds. 

There is also an increase in resistance to tangential force at particle contacts. However, 

when the bond breaks, the shear capacity at a contact reduces to that of the uncemented 

contacts. An analysis of the strength of cemented bonds should consider three cases: (i) 

failure in the cement, (ii) failure in the particle and (iii) failure at the cement-particle 

interface. Cementation allows interparticle normal forces to become negative, and, 

therefore, the distribution and evolution of skeletal forces may be different than in 

uncemented soils, even though the applied external stresses are the same. Thus, the 

stiffness and strength properties of a soil are likely to differ according to when and how 

cementation was developed. 

 Capillary Stresses As water is attracted to soil particles and water can develop surface 

tension, suction develops inside the pore fluid when a saturated soil mass begins to dry. 

This suction acts like a vacuum and will directly contribute to the effective stress or 

skeletal forces. The negative pore pressure is usually considered responsible for apparent 

and temporary cohesion in soils, whereas the other attractive forces produce true cohesion. 

When the soil continues to dry, air starts to invade into the pores. If the water surrounding 

the soil particles remains continuous term as “funicular” regime Bear (1972), the 

interparticle force acting on a particle with radius can be estimated from the size of the 

pore into which the air has entered. Since the fluid acts like a membrane with negative 

pressure, this force contributes directly to the skeletal forces like the water pressure as 

shown in Figure 2.9a. 

As the soil continues to dry, the water phase becomes disconnected and remains in the 

form of menisci or liquid bridges at the interparticle contacts, term as “pendular” regime 

Bear (1972). The curved air-water interface produces a pore water tension, which, in turn, 

generates interparticle compressive forces. The force only acts at particle contacts in 

contrast to the funicular regime, as shown in Figure 2.9b. The interparticle force generally 

depends on the separation between the two particles, the radius of the liquid bridge,  
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Figure 2.9 Microscopic water-soil interaction in soils: (a) funicular regime and (b) 

pendular regime 

 

interfacial tension, and contact angle (Lian et al. 1993). Once the water phase becomes 

discontinuous, evaporation and condensation are the primary mechanisms of water 

transfer. Hence, the humidity of the gas phase and the temperature affect the water vapor 

pressure at the surface of water menisci. 

 2.3.2 Modes of particle association in clay 

 The knowledge of particle associations in suspensions is a good starting point for 

understanding how soil fabrics are formed and changed throughout the history of a soil. 

The term fabric refers to the arrangement of particles, particle groups, and pore spaces in a 

soil. The term structure is sometimes used interchangeably with fabric. It is preferable, 

however, to use structure to refer to the combined effects of fabric, composition, and 

interparticle forces. Particle associations in clay suspensions may be more complex and 

can be classified into following categories (van Olphen 1977). 

Suction forces act on particle contacts 

Liquid bridges 

Interparticle 
forces 

Soil particles

(b)
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1. Dispersed: No face to face association of clay particles 

2. Aggregated: Face to face (FF) association of several clay particles 

3. Flocculated: Edge to edge (EE) or edge to face (EF) association of aggregates 

4. Deflocculated: No associated between aggregate 

The terms flocculated and aggregated are used to refer to multi-particle assemblages, and 

the terms deflocculated and dispersed are used to refer to single particles or particle groups 

acting independently.  

 

(a) 
 

 

(b)
 

 

(c) 
 

Figure 2.10 Modes of particles association in clay suspension (a) Dispersed and 

deflocculated (b) aggregated but deflocculated (face to face association) (c) flocculated but 

dispersed (edge to face or face to edge association) 

 

Figure 2.10 shows three different modes of particle association in clay suspension, 

however, particle associations compacted clays assume a variety of forms; most of them 
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are related to combinations of the configurations shown in Figure 2.10. Compacted clays 

are almost composed of multi-particle aggregates. Overall, three main groupings of fabric 

elements may be identified (Collins and McGown 1974): Elementary particle 

arrangements: Single forms of particle interaction at the level of individual clay. Particle 

Assemblages: Units of particle organization having definable physical boundaries and a 

specific mechanical function, and which consist of one or more forms of the elementary 

particle arrangements and Pore Spaces: Fluid and/or gas filled voids within the soil fabric. 

Fabric scale 

When a soil has 50% or more particles with sizes of 0.002 mm or less, it is generally 

termed clay. Studies with scanning electron microscopes (Yong and Sheeran 1973, Collins 

and McGown 1974) have shown that individual clay particles tend to be aggregated or 

flocculated in submicroscopic units as discussed above. These units are referred to as 

domains. The domains then group together, and these groups are called clusters. Clusters 

can be seen under a light microscope. This grouping to form clusters is caused primarily by 

interparticle forces. The clusters, in turn, group to form peds. Peds can be seen without a 

microscope. Groups of peds are macrostructural features along with joints and fissures. 

Figure 2.11 shows the arrangement of domains and clusters with particles size and the 

arrangement of the peds and macropore spaces.  

 

Ped

MacroporeMacropore

Figure 2.11 Arrangement of domain, clusters, peds and macropore 
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Soil mechanical and flow properties depend on details of these levels of fabric scale to 

varying degrees. For example, the hydraulic conductivity of a fine grained soil is almost 

dominated by the macropores. 

 

2.4 Water in compacted clays 

 Mitchell (1993) summarized the possible mechanisms for clay-water interaction. 

The mechanisms are hydrogen bonding, hydration of exchangeable cations, attraction by 

osmosis, charged surface-dipole attraction, and attraction by London dispersion forces. For 

clays, at dry or low water content the hydration of exchangeable cations is the main 

mechanism. In dry condition, the exchangeable cations are located on the surface of the 

layers or tetrahedral sheet to balance the negative charge of the clay surface. In the 

hydration process, the water molecules are absorbed in between the elementary clay layers 

to develop water layers. The thickness of dehydrated montmorillonite crystals and of 

complete hydrate layers depend on the exchangeable cation. Pusch et al. (1990) has 

reported the thickness and the complete hydrate layers of water molecules for different 

exchangeable cations as summarized in Table 2.2. From the table, it is shown that there are 

3 layers of water molecules for Mg2+ and Na+ bentonite and 2 layers of water molecules for 

Ca2+ and Na+ bentonite developed on the clay surface in order to fulfill the hydration force. 

The total water thicknesses of the bentonites are 9.08, 5.64, 9.74, and 6.15 Å for Mg, Ca, 

Na, and K bentonite, respectively.  

Table 2.2 Thickness in Å and complete hydrate layers for different exchangeable cation 

(Pusch et al. 1990)  

 0 hydrate  1st  2nd  3rd 

Montmorillonite  Mg2+  

Ca2+  

Na+  

K+  

9.52 

9.61 

9.62 

10.08 

12.52 

12.5 

12.65 

12.5 

15.55 

15.25 

15.88 

16.23 

18.6 

..... 

19.36 

..... 

 

Water content of bentonite at the end of the hydration process can be calculated roughly 

from data presented in Table 2.2 by calculating the weight of water per gram soil from 
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multiplication of the total water thickness, specific surface area of the bentonite, and the 

volumetric weight of water. The water content is equal to the weight of water per gram soil 

multiplied by 100 percent divided by 2. For bentonite with 500 m2/g and the volumetric 

weight of water of 1 Mg/m3, the water content of the bentonites are 22.7, 14.1, 23.9, and 

15.4% for the Mg2+, Ca2+, Na+, and K+ type bentonite, respectively. It seems that sodium 

type bentonite absorbs more water in hydration process compared to other bentonites. 

Since volumetric weight of water is more than 1 Mg/m3 for less than 3 layers of water 

molecules on the clay surfaces (Mitchell, 1993), the water content can be higher than those 

values. In addition, Saiyouri et al. (2004) reported that four water layers were developed on 

the clay surface of the bentonites used in their study (i.e., MX 80 and FoCa7).  

 

Figure 2.12 Representation of interlayer water, double layer water and “free water” in 

compacted bentonite (Bradbury and Baeyens 2002) 

 

According to Mitchell (1993), for fully expanding, sodium type bentonite having specific 

surface area with 800 m2/g would reach water content of 400% to fulfill the hydration of 

the exchangeable cation. After about three to four monolayers of water molecules in 

between the elementary layers, surface hydration becomes less important. Water molecules 
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tend to diffuse toward the surface in an attempt to equalize ion concentrations. This occurs 

in between the external surface of particle or crystal (Pusch et al. 1990, Bradbury and 

Baeyens 2002, Pusch and Yong 2003, Saiyouri et al. 2004). Since for Sodium bentonite, 

the particles break up to be elementary layers due to hydration (Pusch 2001), the diffuse 

double layer can be developed in between elementary layers. The remaining fraction of 

water can be regarded as “free water” which exists as inter connected thin film on the 

outside of the clay particle and also as films surrounding the other component mineral 

grains in bentonite. The amount of “free water” and concentration of dissolve salt in the 

“free water” in the compacted bentonite depend on the initial dry density of the specimen 

(Bradbury and Baeyens 2002). A schematic picture of water in compacted bentonite is 

presented in Figure 2.12.  

 

2.5 Hydration processes in compacted clays 

 Pusch and Yong (2003) distinguished three boundary conditions that are believed 

to cause different hydration rates in expansive clays. The three boundary conditions are the 

clay exposed to water vapor, the clay exposed to non-pressurized liquid water, and the clay 

exposed to pressurized water. For the clay contacted with water vapor, the water molecules 

migrate into the open channels and adsorbed on exposed mineral surface. The water 

molecules then migrate into the elementary sheets that have higher hydration potential. The 

entire migration process of the water molecules is diffusion-like process. The saturation 

process is sufficiently slow to let entrapped air be dissolved and diffuse out from the clay 

without delaying saturation, which will, however, probably never be complete.  

For the clay exposed to non-pressurized liquid water, water is absorbed by capillary forces 

in the open channels. Then the water migrates into finer void and further into the 

elementary sheets. Since water molecules entering the elementary sheets result in 

expanding clay particles and/or aggregates, the large channels become closed and 

hydration is then controlled by diffusion. In this case, the hydration rate is somewhat 

higher than the first condition (i.e., the clay exposed to water vapor) since the larger 

channels are filled quickly.  

For the clay exposed to pressurized water, water is pressed into the large channels and 

move quickly. The penetrating water displaces air and compresses the unsaturated matrix. 
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The hydration rate is faster than those of first and second conditions (i.e., water exposed to 

vapor and non pressurized water). However, when the large channels become closed by the 

expansion of the clay aggregates, the hydration process follows the same procedure as the 

second procedure. This occurs in case of the heavily compacted bentonite. 

Pusch (1980) investigated the hydration process of highly compacted MX-80 bentonite 

with initial water content of 10% and bulk density range 2 – 2.1 Mg/m3. Water is absorbed 

and transported inward due to suction potential which is very high at low water content i.e. 

at small interlamellar distance. In particular, the rate of water migration from the surface 

should therefore be governed by the potential gradient produced by different average 

interlamellar distances at the water front and at outer water saturated parts. This can be 

interpreted as a diffusion process, where the concentration gradient is equivalent to the 

water content gradient. 

Tessier et al. (1998) showed experimentally the hydration process of Fourges clay, FoCa, 

having initial water content 10%, specific area 300 m2/g, with dry density of 1.95 Mg/m3. 

They found that the microstructure of the Fourges clay (i.e., clay which contains calcium 

type montmorillonite and kaolinite minerals) consists of aggregates of particle with 2-4 

elementary layers on average. Microstructure changes appeared when the clay was 

hydrated in the oedometric cell. Changes occurred in the texture of the clay since the 

particle thicknesses and their dimensions in the plane can be multiplied by 10 and more. 

Inside the particles, the inter crystal unit spaces between the kaolinite and/or smectites 

have practically disappeared so that these spaces have become similar to the interlayer 

distances. 

Saiyouri et al. (2004) investigated the hydration mechanism by controlling suction to the 

compacted bentonites. Two types of bentonites (i.e., FoCa7 and MX-80 which are calcium 

and sodium bentonites, respectively) were used in the study. Three methods were used in 

controlling suction (i.e., applying air pressure in Plexiglas tube equipped with pore filter 

for controlling suction from 1-100 kPa, a high-pressure membrane cell for applying suction 

at 1000 kPa, and vapor equilibrium technique for controlling suction from 3000-100000 

kPa). Using XRD method, they found that the placement of water molecules is a function 

of suction, with 1 layer above 50000 kPa, 2 layers at suction from 50000 to 7000 kPa, 3 

layers at suction from 7000 to 60 kPa, and 4 layers below 60 kPa. Both bentonite types 
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showed similar phenomena. At the same time, the number of elementary layers in the 

particle decreases with suction.  

The hydration of expansive clays and the corresponding changes in microstructure at the 

level of clay layers and clay particles inside the aggregates have been described by Delage 

et al. (2006). Delage et al. (2006) stated that for the MX-80 specimen hydrated in confined 

condition, by considering the permeability and microstructure, the immediate stress release 

modifies mainly the macro-pores (i.e., inter-aggregate pores) due to decrease in inter-

aggregate stresses and hence allowing global volume expansion. They stated that no 

change in the micro-pores occurs due to the very small pore size, slow water transfer 

phenomena, and strong attraction between water and minerals. Delage et al. (2006) also 

investigated the density effects on the compacted MX-80. It was found that, at the same 

water content, the change in porosity of specimen compacted with higher dry density was 

due to the change in the large pores. These large pores correspond to the pore located 

between clay aggregates or inter-aggregate pores. They confirmed that hydration was 

governed by the progressive placement of layers of water molecules along the surface of 

the elementary clay layer, inside the clay particles, starting from one layer in dry 

conditions and ending up with a maximum number of four layers. Simultaneously, the 

number of stacked layers per particle was observed to decrease, from various hundreds 

down to 10.  

 

2.6  Clay-water interaction and relation 

 Accounting for the influence of a surface charge on the mineral faces is just the 

first step in understanding the very complex interactions in a clay-water system. According 

to (Guven 1992), a proportion of the water in a clay–water mixture is structurally bonded 

to the surface of highly charged clay platelets. The presence of surface charges and 

exchangeable cations, especially in active clays such as bentonite, can significantly affect 

the distribution of ions and the water structure (Yong et al. 1992). “Bound” water is 

different in its physical structure, density, thermal expansivity, and viscosity compared 

with the normal values for “unbound” water (Dixon et al. 1993). The boundary between 

bound and unbound water defines the “effective porosity” in which water can move in the 

normal way under hydraulic gradients. Pashley and Israelachvili (1984a) suggest that 
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hydration forces can affect the pore fluid at distances up to 2.5 nm, 10 layers of water 

molecules in layered silicates such as Illites. In loose clays and slurries with large pore 

sizes, much of the water is beyond this distance from the mineral surface. It is in its normal 

(unbound) state and can move in the usual way under the influence of hydraulic gradients. 

However, in the densely compacted bentonite, the average pore size corresponds to only 

two to four molecular thicknesses of water. Much of the water is therefore bonded to the 

mineral surfaces and can be expected to exhibit different flow behaviour. Compacted clays 

consist of aggregates (or peds) of closely spaced mineral particles as shown in Figure 2.11. 

The spaces (micropores) between particles inside the aggregates are small. The water 

content at the time of hydration controls the size of these spaces and is generally 

insufficient for the clay to be fully hydrated (Wan et al. 1995). The separation of mineral 

particles forming the micropores contributes to the net unit repulsive force between the 

particles when saturated (Graham et al. 1992), and to both osmotic and matric suctions 

when unsaturated (Wan et al. 1995). The microstructures of the aggregates ultimately 

control the strength of the material. The aggregates are not stiff like mineral particles but 

distort under external loading. Spaces between the aggregates (macropores) depend on the 

energy used for compaction. They control hydraulic property of the material, but have a 

lesser effect on strength. Clearly, to support external loads, the contact area between 

neighbouring aggregates must be appreciable. This leads to an understanding that 

macropores may not be continuous and that some of the “throats” between neighbouring 

macropores may restrict water flow. Restricted flow should be more noticeable when 

densities are high, external pressures are high. 

A number of models have been proposed to describe the interaction between the water and 

mineral components in clay-water systems. The role of mineral charge and structure on the 

water associated with smectite minerals has been discussed in considerable detail by 

Guven (1992a). In fine-grained materials such as smectites (bentonites), a general 

relationship was developed to provide an approximation of the number of layers of 

adsorbed water and the density of the water present on the surface of smectite minerals 

(Guven 1992a). The relationships developed in Equations 2.1 to 2.5 take into account 

possible variations in the number of individual crystals present in each quasicrystal 

(package of unseparated basic mineral platelets), as well as the number of layers of water 

present: 
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w b wm S dtρ=    (2.1)
 

001 2c b cm S d ρ=    (2.2)
 

where: d001 is the unit layer thickness of the individual crystals (0.96 nm), Sb is the exposed 

specific basal surface area per gram of clay, dt is the thickness of a monolayer of water 

(assuming normal density of liquid water a single water layer is approximately 0.25nm 

thick), ρw is the density of liquid water, ρc is the density of the mineral, mw is the mass of 

the water component and mc is the mass of the clay component (Guven 1992a). 

For a single (mono) layer of water on the surface of a specimen consisting of fully 

dispersed clay, Equations 2.1 and 2.2 can be simplified.  

0.2w cm m j≈    (2.3)
 

where j is the number of monolayer’s of water present on the surface of the particle. Under 

conditions where the clay is not entirely dispersed, Equation 2.3 can be altered to give a 

more general solution where the number of silicate layers (n) in the quasicrystal is taken 

into account. 

( )( )0.1 1 /w c wm m n n jρ≈ +    (2.4)
  

In a system where the number of silicate layers is significant (>10), then the relationship in 

Equation 2.4 can be simplified to provide a general equation for estimating the quantity of 

water which will be present: 

0.1w cm m j≈    (2.5)
 

The literature indicates that water associated with charged surfaces of clay particles is more 

highly structured and of a different density than that of free water. Anderson and Low 

(1958) reported that the density of water associated with bentonite clays is much less than 

that of free water. However, a number of other researchers including Mitchell (1976) have 

suggested that the density of water associated with bentonites is higher than that of free 
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water. The density decrease reported by Anderson and Low (1958) was reported to extend 

as far as 6 nm from the particle surface. Although no mention of water density changes 

was reported. Lutz and Kemper (1959) reported structured water to exist to more than 10 

nm from the mineral surface in sodium bentonite, whereas structured water seemed to exist 

only to 1 nm in calcium bentonite. The density of this water was reported to decrease as the 

surface of the clay particle was approached. A decrease of 2% to 3% in the density was 

reported at a distance of approximately 1 nm from the clay surface. Lutz and Kemper 

(1958) described the water in clay-water systems as having a "broken down ice structure" 

in which there is a tendency for each water molecule to bond itself tetrahedrally to four 

neighbouring water molecules. The bonds are continually breaking and reforming so that, 

on the average, each molecule is bonded to less than four neighbours and has other 

neighbours at longer distances.  

2.6.1  Diffuse double layer model for clay-water system 

 The negative surface charges associated with the clay particles present an 

electrified interface. Since clay-water contains dissolved solutes with positive charges, e.g. 

cations, the interaction between a negatively charged soil particle surface and the cations in 

the clay-water will generate diffuse double layer as shown in Figure 2.6. The best known 

of the models developed to predict ionic concentration at various distances from the 

surface of a charged surface is the Diffuse Double Layer (DDL) model. The model known 

as the Gouy-Chapman model provides a means of accounting for ionic mobility in solution 

(Mitchell 1976, Sridharan et al. 1986, Tripathy et al. 2004, Schanz and Tripathy 2009). The 

following equations present the basic formulation of the model.  
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where p is swelling pressure in (N/m2), n0 is the ionic concentration of the bulk fluid in 

(ions/m3), u is the nondimensional midplane potential, k is the Boltzmann’s constant (1.38 

× 10-23 J/K), T is the absolute temperature in Kelvin, ξ is the distance function, y is the 

nondimensional potential at a distance x from the clay surface, z is the nondimensional 

potential function at the surface (x = 0), B is the cation exchange capacity (meq/100g), S is 

the specific surface area (m2/g), ε0 is the permittivity of vacuum (8.8542 × 10-12 C2J-1m-1), 

D is the dielectric constant of bulk fluid (80.4 for water), K (1/m) is the diffuse double 

layer parameter, e' is the elementary electric charge (1.602 × 10-19 C), v is the valency of 

exchangeable cations, e is the void ratio of the clay specimen, G is the specific gravity of 

soil solids, d is the half the distance between clay platelets in meters, and ρw is the unit 

weight of water.  

It is recognized that the Gouy Chapman model does not truly represent the conditions 

actually present in a clay-water system. The model does provide a means of estimating the 

thickness of the diffuse layer and the influences of surface potential pore solution and 

temperature on the diffuse double layer thickness (Mitchell 1976). The theory has been 

found to be inadequate to allow accurate prediction of ion distributions in most systems. 

The factors that may arise while applying the theory (Schanz and Tripathy 2009) are:  

(a) Poorly developed or partially developed diffuse double layers.  

(b) Reduced specific surface area due to formation of clay particles. 

(c) Surface and ion hydration at close platelet spacing are ignored. 

(d) The clay plates are not of uniform size and arranged parallel with a uniform 

separation distance, as assumed. 

(e) In the theory, electrical attraction is not taken into consideration. 
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(f) Presence of various types of exchangeable cation. 

(g) Presence of minerals other than montmorillonite in the clay.  

(h) Ions are approximated as point charges in the theory. 

(i) The void ratio/separation distance 2d is not a unique function of stress, and fabric 

and structure are important. 

Extensive discussions on the surface charge sources, magnitudes and locations in clay-

water systems have been presented by Yong et al. (1992) and Guven (1992a). The 

counterions (ions which balance the surface charges of the clay minerals), were visualized 

as forming three types of complexes with the reactive sites on particle surfaces (Figures 

2.13 and 2.14).  
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Figure 2.13 Potential ion arrangements at the particle water interface (Yong et al. 1992) 

These complexes were as follows: 

(a) Inner-sphere complexes in which the counter ions are directly bound to the 

surface without a solvent molecule linking them (Figure 2.13A), 
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(b) Outer-sphere complexes which contain at least one solvent molecule between the 

counterions and the surface (Figure 2.13B), 

(c) The diffuse ion swarm consisting of hydrated ion clusters that move (diffuse) 

parallel to the surface (Figure 2.14). 

Sposito (1992) discussed the Gouy-Chapman theory; he presented the argument for the 

presence of quasicrystals which are generally perceived to form in solutions where divalent 

cations are present. These quasicrystals are composed of stacks of cations four to seven 

layers in thickness which has been solvated by six water molecules in an outer-sphere 

surface complex structure. These hydrated cations (also referred to as counterions) provide 

an electrostatic binding mechanism to hold the clay layers together. The quasicrystal 

concept also provides a means by which a portion of the total porosity of the clay can be 

defined as being unable to conduct water in a normal Newtonian manner. Newtonian flow 

is the condition where a constant, linear relationship exists between rate of fluid-shear 

(velocity) and the shear stress (pressure difference across fluid).  

The model for a multilayer clay-water interface presented in Figure 2.14 consists of several 

regions (Yong et al. 1992, Guven 1992a), and these include: 

1. The α, (inner Helmholtz) plane is mainly oriented water dipoles on the clay 

surfaces. De-hydrated counterions may also exist between this plane and the 

surface. These molecules and ions represent the inner-sphere or bonded layer of 

the clay particle. This is also known as the Stern water layer. 

2. The β-plane represents the first layer of hydrated ions. 

3. The D-plane is the beginning of the diffuse double layer, and may coincide with 

the outer-Helmholtz plane. 

4. The (1/k) plane is located somewhere in the diffuse region, where the potential 

(ψ) drops to a value of (ψ/e).  1/k is the thickness of the double layer and e' is the 

electron charge (1.602x10-19 C).  

5. The ξ-plane is the slip (shear) plane which separates the section of the double 

layer that moves with the clay particle, or alternatively the portion of the double 
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layer which does not take part in normal flow.  This plane is located somewhere 

in the diffuse layer, probably close to the (1/k) plane. 
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Figure 2.14 Distribution of ions at charged surface (Guven 1992a), a) model for multilayer 

configuration at clay-water interface, b) Decay of surface potential (ψo) in interface region 

 

The diffuse double layer model presented in Figure 2.14 calls for the counterions of the 

inner-sphere to be immobile and located on the α, (inner Helmholtz) plane. The distance 

they extend outwards is determined by the radii of the dehydrated ions. This model 

provides for the existence of an ordered layer between the particle surface and the diffuse 

double layer (Guven 1992a). Figure 2.14 presents a conceptual diagram of the nature of the 

DDL distribution of pore fluid ions. The fluid-solid interface consists of an electrical 

double layer (EDL), composed of a row of negative charges on the particle and the first 

row of positive charged ions (cations) in solution. Neighbouring particles possess similar 
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charges and therefore net unit repulsive forces are developed between them. These forces 

are related to particle spacings, pore fluid chemistry, temperature and external loading. 

Any change in these parameters can result in changes in the EDL and any structured water 

associated with it.  

The highly structured region of the double layer is normally defined as including the α- 

and β-planes and is believed to extend approximately 0.5 nm (2 water layers thickness), 

(Guven 1992a). Other researchers have found evidence that the hydration forces can have 

effects on the pore fluid at distances as great as 2.5 nm (10 water layers thickness), from 

the surface (Pashley and Israelachivili 1984a, 1984b). This would quantify the diffuse layer 

as existing between 0.5 nm and 2.5 nm (some 2 to 10 water layers out from the mineral 

surface). 

An extensive region of structured water can have a significant impact on the behaviour of 

dense clay materials. In dense systems where the clay platelets or quasicrystals are present 

in a homogeneous structure there may only be a limited amount of water in the system 

which is other than Stern or β-plane water. In addition to the influence of the space 

available between clay platelets, there is a significant influence from the type of hydrated 

cations present in solution. Hydrated cation can occupy very significant portion of the pore 

space available, and may exhibit a range of field strengths. Likewise, changing the pore 

fluid chemistry can increase the ease of water movement if a small size hydrated cation is 

available to replace a larger complex that was previously associated with the particle 

surfaces. An example of such an ionic replacement would be potassium (K+) replacing 

sodium (Na+).  

 

2.7  Swelling and non swelling clays 

 McKeen (1992) proposed a classification system for swelling (expansive) clays. 

According to his classification, clays that swell less than 2.8 % on wetting are considered 

as non-swelling (non-expansive) clays, those which swell 2.8 to 5.3 % are moderately 

swelling clays, those which swell more than 5.3 to 10% are highly swelling clays and 

finally soils which swell more than 10 % are considered as special case of highly swelling 

clays. It is, however, a tentative classification because the amount of swelling of a soil is a 
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function of the stress and suction histories of the soil (Sharma 1998). The amount of 

swelling in the soil depends upon the active clay mineral present. In these soils important 

physico-chemical interactions occur in the vicinity of the active clay minerals. Proper 

understanding of these interactions can explain some of the salient features of clay 

behaviour. This helps in constructing a conceptual picture of the swelling or non swelling 

processes in clays. However, in this thesis swelling (expansive) clays are discussed. 

2.7.1  Swelling mechanism in clays 

 Swelling clays are found throughout the world and have both positive and negative 

effects associated with their swelling properties. Destructive effects to infrastructure have 

been reported on the order of billions of dollars per year (Jones and Holtz 1973). On the 

positive side, the self-healing abilities of swelling soils are exploited in the development 

and design of waste repositories. Compacted swelling clay materials are often used in these 

applications. As water attempts to transport waste materials into the biosphere the soil 

swells in response to increasing water content and reduces its conductivity. Currently, 

nuclear waste repository concepts are being developed throughout the world and are using 

compacted swelling clay-based materials. These materials are compacted in an unsaturated 

state and subjected to conditions over a long-range of time, including extremely high heat 

followed by groundwater infiltration while the repositories cool.  

Swelling of expansive clay occurs when the clay is dispersed in a solvent, or when the clay 

is in contact with an atmosphere having a high vapor pressure of the solvent. Laird (2006) 

mentioned six separate processes controlling swelling of smectites in aqueous systems (i.e., 

crystalline swelling, double-layer swelling, the breakup of quasicrystals (or crystals), 

cation demixing, co-volume swelling, and Brownian swelling). He stated that crystalline 

swelling, double-layer swelling, and the breakup of clay particles (or crystals) control 

dominantly the swelling processes of expansive clays.  

2.7.1.1 Crystalline swelling  

  Many studies have focused on crystalline swelling. Madsen and Müller-Vonmoos 

(1989) and Slade and Quirk (1991) reported that the development of crystalline swelling 

takes place due  to absorption of three to four mono-layers of water molecules in the inter-

laminar pores of the expansive clays. The absorption of three to four water layers occurs in 

steps which signify that crystalline swelling is also a stepwise process. Madsen and Müller-
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Vonmoos (1989) further added that in unconfined condition, the volume of smectite (or 

montmorillonite) might increase two times larger than its initial volume due to crystalline 

swelling, whereas, in constant volume condition, the swelling pressure as a result of 

crystalline swelling can reach more than 100000 kPa. In heavily compacted condition, the 

crystalline swelling is of major importance pertaining to its use as a containment barrier for 

the nuclear waste repository (Bucher and Müller- Vonmoos 1989).  

Iwata et al. (1995) further added that in the case when the swelling is restrained, there is a 

development of swelling pressure and in the case of crystalline swelling; the swelling 

pressure developed is very high, reaching several thousands of kPa. However, Yong (1999) 

explained that this type of swelling pressure acts at a short range (up to about 10 Å 

separation distance). Laird (2006) suggested that the various potential energies presence in 

between the elementary layers, the crystalline swelling is balanced by the Columbic and 

van der Waals attraction and Born repulsion. However, the macroscopic swelling proceeds 

beyond crystalline swelling, simultaneously, it was admitted that it is difficult to expatiate 

this kind of phenomenon when the double valence ion with more hydration energy cannot 

expand into one larger than single valence ion. In order to extricate from the difficult 

position, researchers reported that there may exist the osmotic repulsion force of diffuse 

double layer. Up to the recent literature, the view that crystal expansion is caused by cation 

hydration and inter-particle swelling is caused by osmotic pressure of double layer and so 

on, is still considered as the basis for the swelling mechanism of expansive clays.  

2.7.1.2 Diffuse double layer swelling 

 Beyond the crystalline swelling, the double layer swelling becomes significant in 

the swelling mechanism. Double-layer swelling occurs due to overlapping diffuse double 

layer in between particles (or crystals) (Pusch et al. 1990, Bradbury and Baeyens 2003, 

Laird 2006) and also in between elementary layer (Mitchell 1993, Delage et al. 2006). The 

diffuse double layer swelling depends on the mineralogical and chemical properties of soil 

(i.e., specific surface area and cation, cation concentration in the bulk water, dielectric 

constant, and valance of the cation), and the distance between the elementary layers 

(Sridharan and Jayadeva 1982). Attempts have been done to calculate the swelling pressure 

of expansive clay or bentonite using diffuse double layer theory (Bolt 1956, van Olpen 

1963, Mitchell 1993, Tripathy et al. 2004). Diffuse double layer theory has been discussed 

in detail in previous section 2.6.1. Tripathy et al. (2004) reported that there is good 
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agreement between swelling pressure predicted using modified diffuse double layer theory 

and the experiment at low dry densities (i.e., below 1.6 Mg/m3). The method used by 

Tripathy et al. (2004) is described in more detail in following section 2.8.2. 

The phenomenon reported by Pusch (2001) using TEM image for the sodium type 

bentonite (i.e., MX-80). However, this is largely true for sodium type bentonite. Insertion 

of water molecules between elementary clay sheets occurs on a large scale for sodium 

bentonite. For calcium type bentonite, insertion of water molecules between elementary 

clay sheets is limited. Repulsion between the clay particles and aggregates surfaces plays 

important role in swelling mechanism after crystalline swelling for calcium type bentonite 

(Saiyouri et al. 2004). Using high resolution transmission electron microscope (TEM) 

image, Laird (2006) investigated the microstructure of bentonite from the particles 

orientation to the elementary layers. The TEM image showed that, first, the smectite 

microstructure was formed by individual particles (or crystals) which are curved and 

flexible. Second, the particles are joined together forming a smectite fabric. Third, the join 

between particles are both face-to face and edge-to-face as shown in Figure 2.10c. These 

particles break up to be elementary layers due to hydration.  

 

2.8  Swelling pressure testing 

2.8.1 Laboratory testing of swelling clays 

 Several methods for measuring swelling pressure of clays have been adopted by a 

number of researchers (Sridharan et al.1986, Komine and Ogata 1994, Dixon et al. 1996, 

Tripathy et al. 2004, Agus 2005 and Baille et al. 2010). The methods are broadly classified 

into three main categories; namely swell under load, swell load and constant volume 

methods (Sridharan et al. 1986). Different methods measure different values of swelling 

pressure. One method includes measuring the increase in height of specimens under either 

a nominal pressure or in situ stress, followed by compaction down to original height and 

further, such test is known as swell under load test. The first phase measures volume 

increase during wetting while the second phase measures the stress to counteract the 

swelling potential. The stress required to bring the specimen to original height is 

interpreted as the swelling pressure. The second method known as swell load test which 

involve first loading specimens to the in situ stress level and then inundating them with 
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water while load is added to keep the specimen at constant volume. The final load applied 

is interpreted to be the swelling pressure. Third method considers determination of 

swelling pressure keeping the volume of specimen constant. Figure 2.15 shows the 

swelling pressure measurement using different methods.  

Many researchers have used these procedures to obtain measurements of swelling volume 

potential as well as swelling pressure (Komine and Ogata 1994, Sridharan and Gurtug 

2004). Komine and Ogata (1994) performed tests on Na-Kunigel bentonite using the first 

procedure described above with a range of vertical stresses as well as constant volume 

oedometer tests. They reported that the time-dependent swelling was a function of initial 

dry density, vertical pressure, and initial water content. Maximum swell volume and 

swelling pressure were only a function of initial dry density and vertical pressure, and was 

independent of initial water content. Similar tests were also performed while varying 

bentonite and sand contents as well as pore fluid chemistry (Komine and Ogata 2004). 

 

Constant volume

Swell under 
load

Swell load

V
oi
d 
ra
ti
o 
 

Vertical pressure (log scale)
 

Figure 2.15 Swelling pressure measurement using different methods (Agus 2005) 

 

Komornik et al. (1980) investigated the influence of suction and confining pressure on the 

swelling behaviour of expansive clays having high liquid limit and initial water content. 
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They used hollow test specimens with osmotic suction applied at the center through a 

semi-permeable membrane and cell pressure applied from the exterior. Changes in suction 

were applied under constant cell pressures. Results showed either expansion or 

compression with application of suction. Their results indicated that over a range of 0-1000 

kPa suction there is a linear relationship between swelling pressure and suction. Swelling 

pressure was shown to decrease with increasing suction values. Also, higher suctions 

resulted in lower swell volume changes. Swelling soil behaviour has been investigated 

using suction control through vapour equilibrium techniques (Delage et al. 1998, Blatz and 

Graham 2000, Likos 2004, Agus and Schanz 2005). Vapour equilibrium applies water 

vapour at specified relative humidity values to specimens to control suction. 

Al-Shamrani and Al-Mhaidib (2000) recognized swelling as a three dimensional 

phenomenon and performed both oedometer and triaxial swelling tests. The bentonite 

having predominant clay minerals were kaolinite and illite, having liquid limit 65%, 

specific gravity 2.78 and dry density equal to 1.8 Mg/m3.  The average moisture content 

was about 19%. The triaxial swelling tests consisted of infiltrating triaxial bentonite 

specimens and measuring axial and total volume using a stress path cell. They compared 

volume swell changes in the oedometer and triaxial tests and also reported swell ratios of 

vertical swell to volumetric swell in the triaxial tests. Swell ratio was found to be directly 

related to confining pressure and also increased with time during tests.   

Katti and Shanmugsundaram (2001) performed one dimensional swelling test in the 

oedometer apparatus for Wyoming bentonite with initial void ratio 2.14 with specific 

gravity of 2.67, and correlated their results to micro structural changes in the clay fabric. 

Their procedure used, allowed zero stress expansion up to 0, 50%, or 75% of the original 

height followed by measurement of the remaining vertical swell pressure. In their 

apparatus the top cap moved upwards to the desired height and remained stationary for the 

remainder of the test. Scanning electron microscope (SEM) photos taken after testing 

revealed that during swelling the clay peds break down into smaller particles. 

Agus (2005) also investigated the swelling pressure and constant volume wetting behavior 

of heavily compacted bentonite-sand mixture specimen. Two different methods were used 

(i.e., vapor equilibrium technique, VET and axis translation technique, ATT) depending 

upon the suction range. In the swelling pressure development at constant volume condition, 

it was found that very small development of swelling pressure occurs upon wetting from 
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suction range 22700 kPa to about 2000 kPa. A rapid development of swelling pressure 

occurred afterward. Very small development in swelling pressure at suction higher than 

2000 kPa is related to the method how to apply suction to the specimen (i.e., vapor 

equilibrium technique, VET. For the specimen exposed to water vapor, the water 

molecules migrate into the open channels (i.e., macro-pores) and absorbed on exposed 

mineral surface. An internal redistribution of water occurs in order to balance the water 

potential gradient exist between macro-pores and micro-pores. Agus (2005) stated that the 

insignificant swelling pressure development during wetting up to 2000 kPa suction might 

be due to a delayed true equilibrium in the specimen and the true equilibrium might be 

attained after long test duration. 

Agus and Schanz (2005a) investigated the rate of swelling pressure of compacted 

bentonite-sand mixtures using plot of time versus pressure divided by maximum pressure 

(or swelling pressure). It was found that the rate of swelling pressure development is a 

function of initial total suction of the specimen. This is not true for low bentonite content 

(i.e., less than 50%) resulting low bentonite dry density and for heavily compacted 50/50 

bentonite-sand mixture (i.e., dry density of 2 Mg/m3). The effect of density plays a role in 

the low bentonite dry density and heavily compacted bentonite-sand mixture.  

The evolution of swelling pressure with time during the saturation process has been shown 

to be influenced by the initial water content and dry density of clays (Schanz & Tripathy 

2009, Baille et al. 2010). Schanz and Tripathy (2009) measured the swelling pressures of 

several compacted bentonite specimens employing constant volume for a range of dry 

density from 1.10 to 1.73 Mg/m3.  The clay used was a divalent-rich Ca-Mg-bentonite. 

Their results also indicated that the swelling pressure development is the function of 

saturation process and the dry density. Baille et al. (2010) investigated the swelling 

behaviour of Ca-bentonite with initial water content of 9.0 %. They reported that initial 

compaction conditions affected the swelling pressure of the bentonite. At the same water 

content, the swelling pressure increased with an increase in the dry density, whereas, at the 

same dry density, the swelling pressure was found to decrease with an increase in the water 

content. Sridharan et al. (1986a) stated that molding water content influences the fabric 

that may have some influence on the swelling pressure. Gens & Alonso (1992) stated that 

at the same compaction dry density, clay specimens having very high initial water contents 
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or very low initial suctions tend to exhibit lower swelling pressures than that of specimens 

with lower water contents or higher suctions.  

2.8.2 Theoretical prediction of swelling pressure 

 Several approaches have been adopted to predict the swelling behaviour of clays. 

One of the method based on diffuse double layer (DDL) theory for predictions of swelling 

pressure, because the molecular activity of the clay particles can be directly related to the 

stresses induced under zero volume change conditions. In these calculations, assumptions 

must be made as to the orientation of the clay particles. However two approaches have 

been adopted to use the DDL theory in describing the behaviour of clay soils. The first 

approach given by Komine and Ogata (2003) and Xie et al. (2004) considers a single DDL 

without interaction between one DDL and another whereas the second approach proposed 

by Sridharan and Jayadeva (1982) and Tripathy et al. (2004) considers interacting DDL. 

The former approach may be applicable in the case of clay suspension while the later 

approach appears to be more applicable for compacted clays.  

Sridharan and Choudhury (2002) proposed simple equation for predicting the swelling 

pressure of montmorillonitic clays. The proposed equation is based on the diffuse double 

layer theory. The equation can be used to obtain the swelling pressure of several sodium 

bentonite clay water electrolyte systems for any void ratio and pore fluid properties.  

Tripathy et al. (2004) reported on swelling pressures of three compacted bentonites (MX-

80, Febex and Montigel). They summarized previous work which suggested that at low dry 

densities, theoretical predictions overestimate swelling pressures compared with 

experimental measurements. At high dry densities the opposite was observed to be the 

case. Their work consisted of making corrections to the relationship between a midplane 

potential function and nondimensional distance function relationship. The corrections 

involved back calculating the midplane potential function from the experimentally 

measured values, calculating the error between the original midplane potential function and 

nondimensional distance function, followed by subtracting the error from the original 

theoretical prediction to gain new functions. The calibration process resulted in good 

predictions for those materials over various ranges of average valence. For verification, the 

corrected equations were used to calculate swelling pressures for materials using their 

average valence. Figure 2.16 shows experimental and calculated swelling pressure results 
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and three semi-empirical equations proposed by Tripathy et al. (2004) with average 

valence ranges of 1.14 – 1.50, 1.66 – 1.73 and 1.97.  
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Figure 2.16 Experimental and calculated swelling pressure results (Tripathy et al. 2004) 

 

Agus and Schanz (2008) proposed an approach for predicting swelling pressure of 

bentonites based on thermodynamic relationships between swelling pressure and suction. 

A series of swelling pressure tests were performed on compacted specimens of bentonite-

sand mixtures with different bentonite contents, water contents, and dry densities. The 

sorption curve of the bentonite was found to follow a straight line on the semi-logarithmic 

plot of water content versus suction for a quite wide range of suction indicating that the 

water content of the bentonite is logarithmically related to suction. A step wise procedures 

are suggested for predicting the swelling pressure of compacted bentonites.  
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2.9 Mechanisms governing hydraulic flow through soils 

 The word soil generally refers to the layers of materials overlying solid rock, called 

bedrock Brady N.C (1974). These soil materials consist of four major components: 

minerals, organic matter, water, and gases. The various combinations of minerals and 

organic matter produce different soil types, ranging from dense, impermeable clays to 

loose, gravelly sands. Soils are formed from the decomposition of both bedrock and 

organic materials. Bedrock decomposes slowly over decades or centuries, gradually 

weathering into minerals such as quartz, calcite, or dolomite (soil minerals and structure 

has been discussed in the beginning of this chapter). Soil material in any one location may 

have been derived from the underlying bedrock or may have been carried there by glaciers, 

streams, or wind. Whatever their origin, the mineral particles combine with organic matter 

from decomposition of plant and animal tissue to form soils. Most organic matter is found 

in the topsoil, with gradually increasing percentages of minerals in the underlying layers of 

subsoil. 

Soil water generally flows downward to deeper depths and from wetter areas to drier ones. 

This movement of water through soil occurs in response to two types of forces:   

1. The downward pull of gravity. 

2. The forces of attraction between water molecules and soil particles.  

Just as gravity pulls all objects toward the center of the earth, it pulls water molecules 

downward through the soil profile. In sandy soils this is the primary cause of water 

draining downward through soil to groundwater. In clay soils forces of attraction between 

soil and water molecules also play a key role in determining movement of soil water.  

Hillel. D. (1980) further explained that the intermolecular forces of attraction between soil 

and water are called matric or capillary forces. They are determined by soil properties and 

moisture content and are most significant in small pores. These intermolecular forces 

usually act in opposition to gravity, producing the net effect of holding water in soil pores. 

However, these forces also cause water movement from wet soil zones to dry ones in any 

direction because of the strong attraction between water molecules and dry soil surfaces. 

When evaporation dries surface soils, water moves upward through the soil profile to rewet 

the dry pores. Similarly, water moves horizontally to moisten soils along the edges of 
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drainage ditches, furrows, and impoundments. The narrower the tube, the higher the water 

will rise because of the larger surface area relative to water volume. In capillary action in 

soils, the most common molecule in soil minerals is silicate, similar to the silicate 

molecules in the glass capillary tubes. Because of these same capillary forces, small pore 

spaces in soils hold water more tightly than the larger pores. Water drains more rapidly 

from the larger pores, causing them to be mostly air-filled, whereas smaller pores still 

contain water. The mixture of pore sizes in most soils, therefore, helps to provide plants 

with both a reservoir of water and areas for gaseous exchange. However, the water cycle to 

and through the ground varies considerably from humid regions to more arid regions. The 

amounts following these various pathways depend on the local climate, topography, and 

soil conditions. In general, the northeastern states have far less evapo-transpiration and 

more water percolating to groundwater more than arid regions. Recharge does not remain 

constant over the course of the year, especially in the northeast where soils become frozen 

in the winter, which result in a periodic rise and fall in the depth to groundwater. Spring 

and fall generally are the times of greatest recharge and, therefore, also of highest water 

table elevations. Groundwater levels tend to go down in summer when evaporation and 

plant uptake are high and in winter when recharge is hampered by frozen soils. Such 

fluctuations in recharge quantities can have consequences for recharge quality as well.  

 

2.10 Factor influencing the hydraulic conductivity of clays 

 In most cases the maximum allowable hydraulic conductivity for a barrier material 

is specified. The task to provide a barrier material, which meets the criteria given at the 

lowest possible hydraulic conductivity, requires good knowledge of the different factors 

affecting the final hydraulic conductivity of the clay. The following section describes the 

several factors influencing the hydraulic behaviour of the clays.  

2.10.1 Influence of type of bentonite on hydraulic conductivity 

 Bentonite is a brand name for fine grained swelling types of clay. Often clays with 

a high content of swelling clay minerals (smectites) are used. The minerals swell during 

uptake of water, which is absorbed into the crystalline lattice and bound through electrical 

charges. The electrical bindings are mediated by the cations, which are loosely connected 

to the crystalline lattice. The amount of cations and the ion strength of the liquid determine 
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the magnitude of the swelling. The most common cations are calcium and sodium, where 

sodium has the greater ability to swell and consequently gives better sealing i.e. lower 

hydraulic conductivity (Mitchell 1976, Lundgren 1981). Normally, the bentonite is pre-

treated by drying and grinding, but sometimes the cation of the bentonite is changed. For 

example, the calcium cations are changed to the sodium cations in order to increase the 

swelling ability of the bentonite. Moreover, the bentonite can be treated with polymers, 

which makes it more resistant to saline liquids, liquids with low pH or other contaminated 

liquids. Depending on the pore fluid, different types of bentonite behave differently, and it 

is therefore important to consider the chemical state of both the bentonite and the fluid 

when, determining the components of the mixture (Kenney et al. 1992). The most common 

types of bentonite are sodium bentonite, calcium bentonite and sodium activated bentonite. 

These bentonites are usually available both in granular and powdered form. Beside the type 

of bentonite, the physical properties of the particles in clay also plays important role. It is 

generally accepted with justification that the finer particles have a disproportionate effect 

on hydraulic conductivity (Murray et al. 1997).  
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Figure 2.17 Effect of three types of clays on hydraulic conductivity                             

(Mesri and Olson 1971) 

Clays are composed of very fine plate like particles which results in low transmission rate 

of fluid flow. The particle size is of great importance and clays composed of larger particle 
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types yield greater hydraulic conductivities than those with smaller size particles when the 

other factors being equal. Mesri and Olson (1971) discussed the role of the size of clay 

particles on the pore size and the resulting value of hydraulic conductivity that will be 

measured. The smallest particles, smectites, were observed to have the lowest hydraulic 

conductivity. Illite and kaolinite clays, composed of particles which are progressively 

larger than smectites, exhibited higher than smectites for the same density as shown in 

Figure 2.17. Differences in the measured hydraulic conductivity were attributed to the 

particle size.   

Rao and Mathew (1995) conducted a laboratory study of the hydraulic conductivity of 

marine clay with monovalent, divalent and trivalent cations and revealed large differences 

in hydraulic conductivity. The exchangeable cations employed were Na+, K+, NH4, Mg2+, 

Ca2+ and Al3+ in order of increasing valency. An interpretation of the results derived from 

hydraulic conductivity tests suggests that hydraulic flow is significantly affected by the 

valency and size of the adsorbed cations. An increase in the valency of the adsorbed 

cations leads to quicker rate of flow, while, for a constant valency, increase in the hydrated 

radius of the adsorbed cations results in a lower rate of flow.  The reduction in hydraulic 

conductivity was related to the dispersion and deflocculation of clay. Lower valency and 

higher hydrated radii of the exchangeable cations enable the double layer repulsive forces 

to predominate, thereby increase dispersion and deflocculation. Sodium saturated clay is 

approximately six times less permeable than potassium and ammonium clays. Saturation of 

marine clay with divalent cations increases its hydraulic conductivity nine times in 

comparison with the sodium clays. The trivalent clay in turn is more permeable than the 

divalent clay. 

2.10.2 Influence of compaction density on hydraulic conductivity 

 The procedure on site for mixing, placing and compacting the bentonite plays an 

extremely important role for the final quality of the barrier. A thorough mix of the 

bentonite is important for reducing the scatter in the hydraulic conductivity. Equally 

important is to follow the procedure for placing and compaction. The most effective 

compaction is reached when the bentonite has water content close to optimum or just 

above (about 2%), (Haug and Wong 1992).  The greater is the compaction, the lesser the 

pore volume and the lower be the hydraulic conductivity. However, the pores opening 

available for flow in any particular direction with be influence by the particle configuration 



Chapter 2                                                                                                    Literature Review 

 48

and shape. For example, the alignment of plate like particles in a horizontal direction will 

lead to less pore area available to transport the permeant and more tortuous flow path in a 

vertical direction than the horizontal direction. The vertical hydraulic conductivity will be 

less than the horizontal conductivity (Lambe 1958, Arch et al. 1993). An ordered soil 

structure of this kind can result from compaction operations, be a result of natural 

decomposition or a consequence of particles reorientation on deformation plane. 

Aggregation of the clay platelets also influences the distribution of the pore space and the 

flow of permeant (Mesri and Olson 1970). Though it is the distribution of the particles 

which controls the pore space and the anisotropy of fluid flow, nevertheless it is the pore 

space along which the permeant flows, and the distribution of the particles only gives a 

guide to the pore space characteristics. 

Lambe (1958) studied the effect of compaction on the structure of clay soils, and the 

results of his study are illustrated in Figure 2.18. If clay is compacted with moisture 

content on the dry side of the optimum, it will possess a flocculent structure.  
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Figure 2.18 Effect of compaction and water content on structure of clay soils            

(Lambe 1958) 

This type of structure results because, at low moisture content, the diffuse double layers of 

ions surrounding the clay particles cannot be fully developed; hence, the interparticle 

repulsion is reduced. This reduced repulsion results in a more random particle orientation 

and a lower dry unit weight. Such soils will be more likely to contain larger pores and 
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exhibit a wide range of pore size. When the moisture content or compaction is increased, 

the diffuse double layers around the particles expand, which increases the repulsion 

between the clay particles and gives a lower degree of flocculation and a higher dry unit 

weight. A continued increase in moisture content expands the double layers more. This 

expansion results in a continued increase of repulsion between the particles and thus a still 

greater degree of particle orientation and a more or less dispersed structure. Such soils will 

contain smaller average pore size and exhibit a narrow range of pore size. Such differences 

in soil structure will affect the manner in which water flows through soils.  

Pusch (1983) reported that Ca-bentonite had a slight higher swelling pressure than Na-

bentonite at a very high dry density. These results suggest that in contrast to the 

uncompacted Ca-bentonite with a lower dry density, compacted Ca-bentonite with a very 

high density when permeated with distilled water might have hydraulic conductivity (<10-

11 m/s) comparable to compacted Na-bentonite when permeated with distilled water if no 

volume change is allowed.  

Chapuis (2002) mentioned different mixing methods which can also influence the 

hydraulic conductivity. The methods includes field and laboratory mixing which affect the 

quality in terms of homogeneity, as evaluated and discussed by Chapuis (1990b), and 

Chapuis and Pouliot (1996).  

Ahn and Jo (2008) experimentally investigated two types of bentonite (calcium and sodium 

bentonites) with dry density range from 0.8 to 1.3 Mg/m3. Their results show that the 

hydraulic conductivities decreased with increasing final dry density. The decrease in 

hydraulic conductivity was more significant for Calcium bentonite (CaB) than Sodium 

bentonite (NaB). In addition, at a given final dry density, the hydraulic conductivity of 

CaB was higher than that of NaB. The hydraulic conductivity of NaB decreased from 5.1 x 

10-11 m/s to 5.5 x 10-12 m/s with increasing dry density from 1.11 to 1.31 Mg/m3. However, 

the hydraulic conductivity of NaB decreased from 3.8 x 10-9 m/s to 9.9 x 10-10 m/s with 

increasing dry density from 0.84 to 1.05 Mg/m3. The decrease of the difference in the 

hydraulic conductivity with increasing final dry density might be due to the absence of 

osmotic swelling as no volume change was allowed.  

Baille et al. (2010) reported hydraulic conductivity tests for Ca-bentonite for wide range of 

void ratios. A rapid decrease in the hydraulic conductivity was observed at void ratio of 
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about 1.7. The hydraulic conductivity for the bentonite varied between 10−10 m/s and 10−14 

m/s for the void ratios 4.0 to 0.6 respectively. 

2.10.3 Influence of water content on hydraulic conductivity 

 Almost all compaction work, where density is an issue, is preceded by a laboratory 

compaction test. Hereby, the optimal water content is determined, which defines the water 

content for which the highest dry density is obtained. For clayey material, the hydraulic 

conductivity of the compacted material is greatly dependent on whether compaction is 

made on the wet side or the dry side of optimum. Compaction on the wet side leads to 

good kneading and a fairly homogeneous distribution of voids within the material. 

Compaction on the dry side often results in a large portion of much larger pores, due to 

aggregation of the clay matrix, and usually results in substantially larger hydraulic 

conductivity.   

Terzaghi (1922) warned designers that the hydraulic conductivity value of compacted clay 

does not depend only on its void ratio or porosity, but also on the preparation and 

compaction modes. This was confirmed by many tests (Lambe 1958, Peirce et al. 1987, 

Wright et al. 1997) that documented the importance of the molding water content, and 

more especially the degree of saturation reached after compaction, on the hydraulic 

conductivity value of clay. Mitchell et al (1965) performed a detailed laboratory 

investigation of the hydraulic conductivity of compacted clays and found that the 

specimens compacted wet of optimum may have hydraulic conductivity values two to three 

orders of magnitude less than specimens compacted dry of optimum.  

In clays the presence of fissures, laminations and other discontinuities making up the 

macro fabric present preferential flow paths which lead to enhanced hydraulic conductivity 

in the direction of the discontinuities. Such behaviour has been reported by (Leroueil et al. 

1992, little et al. 1992 and Hossain 1992). The tortuosity of fluid flow along the 

discontinuities is likely to be significantly less than that of interparticle flow. 

Discontinuities may be viewed as representing large void spaces with an increased 

hydraulic conductivity above that of the surrounding intact soil. This is true for undisturbed 

as well as recompacted clays. In recompacted clays the identification of clod size as being 

a major contributor to the presence of discontinuities or fissures (Benson and Daniel 1990, 

Wright et al. 1996) goes a long way to explain why there are often large discrepancies 



Chapter 2                                                                                                    Literature Review 

 51

between in-situ hydraulic conductivity and lower values obtained on laboratory prepared 

samples. Nevertheless, dry of optimum moisture content a compacted soil exhibits a 

fissured structure. 
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Figure 2.19 Typical dry density-moisture content-hydraulic conductivity relationships for 

compacted clay (Murray et al. 1997) 

 

Figure 2.19 presents the typical dry density – moisture content - hydraulic conductivity 

relationships for the compacted clay soil (Day and Daniel 1985, Murray et al. 1997). It is 

usual to plot the hydraulic conductivity against the as compacted moisture content and dry 

density and the condition of a sample compacted dry of optimum with relatively high 

hydraulic conductivity is given by A. However, the quoted hydraulic conductivity is 

usually for a saturated or near saturated soil and in achieving this condition the sample can 

be expected to exhibit swelling. Thus the condition of the sample at the end of the 
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hydraulic conductivity test may be represented by A´. Points B and B´ represent the 

corresponding conditions of a sample compacted wet of optimum. Though in the final 

condition the two samples have the same dry density and moisture content given by the 

correspondence of A´ and B´, they have significant different  hydraulic conductivities as 

the flow of the permeant through sample A is controlled largely by the fissured structure 

and the flow through the lower hydraulic conductivity sample B by inter-particle flow. 

Watabe et al. (2000) have shown that compaction conditions strongly influence the fabric 

of compacted clays. Although compaction at degrees of saturation greater than the 

corresponding optimum value provide to the soil a homogeneous fabric, compaction at 

smaller degrees of saturation gives aggregates, macropores, and, consequently, higher 

hydraulic conductivity. For the specimens compacted at degrees of saturation greater than 

optimum, the hydraulic conductivity is about the same in all tests and equal to about    

9×10–7 m/s. For the specimens compacted at smaller degrees of saturation, the hydraulic 

conductivity varies between 3.3×10–6 and 7.6×10 –6 m/s. Watabe et al. (2000) and 

Vanapalli et al. (1997) attributed this behaviour to the development of macroporosity when 

the soil is compacted at degree of saturation, Sr values smaller than optimum  Sropt. The 

moisture content of the clay subjected to compaction also influences the micro and macro 

structure. Aggregation influences the porosity distribution and gives rise to the presence of 

many small flow channels within aggregations and a small number of large flow channels 

between aggregations. This gives relatively high hydraulic conductivity compared to a 

dispersed structure where pore spaces are of more uniform size. 

2.10.4 Influence of type of pore fluid on hydraulic conductivity 

 In equating the forces resisting flow of the permeant to those causing flow it is 

necessary to take account of the unit weight and the dynamic viscosity of the permeant. 

Both these parameter are influence by the temperature and also likely to be influenced by 

physio-chemical interaction of the permeant with the soil particle system particularly close 

to the particle surface (Terzaghi 1925).   

Macey (1942) measured hydraulic conductivity of clays in water and non polar fluids. He 

reported rate of flow for benzene is much higher than for water in the same clay. He 

considered that particle spacing, particle size as influence by aggregation or dispersion, 

particle rearrangement, adsorbed layers, interlamellar swelling all influenced the hydraulic 
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conductivity, but he considered the most important cause for the lower hydraulic 

conductivity in water to be the anomalous viscosity of the water near the clay surface. 

Other factors such as the thickness of the fluid film adsorbed to the particles (double layer), 

inter-lamellar swelling (Mesri and Olsen 1971) and the osmotic and other physio-chemical 

effects (Michaels and Lin 1954) have a potentially major influence on hydraulic 

conductivity and transportation of contaminant. Michaels and Lin (1954) suggested that the 

adsorbed liquid attached to the soil particles appeared in experiments to have little effect 

on the hydraulic conductivity and suggested the major influence of the permeant was in 

controlling the tendency of the clay particles to disperse or to form aggregation. Grace 

(1953) demonstrated that the improved dispersion is the main reason for the marked 

reduction of hydraulic conductivity caused by the use of certain electrolytes and he pointed 

out the importance of particle reorientation.  

Michaels and Lin (1954) showed experimentally that the hydraulic conductivity of 

kaolinite decreased markedly as the polarity of the permeating fluid increased and that the 

most importance factor controlling the hydraulic conductivity was the degree of dispersion 

of the kaolinite in the original suspending fluid. They concluded that the electro-osmotic 

counter flow might be of some importance when the aqueous solution were used as 

permeant, but such colloidal effect as adsorbed liquid surface films appeared to have little 

effect on the hydraulic conductivity.  
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Figure 2.20 Effect of pore fluid on smectite (Mesri and Olson 1970) 
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Mesri and Olson (1970) used several types of fluids as permeant to measure the hydraulic 

conductivity of smectite which includes Volclay bentonite having liquid limit of 500 %, 

specific area of 700 m2/g and CEC of 100 meq/100g. They stated that the physico-

chemical variables exert great influence on the hydraulic conductivity by controlling the 

tendency of the clay to disperse or to form aggregate. Aggregation leads to the existence of 

many tiny flow, and small numbers of relatively large channels through which the main 

flow occurs. Dispersion leads to channels that are all of nearly the same size, and tend to 

be non equidimensional and thus reduce the flow. Figure 2.20 shows the effect of different 

types of pore fluids on the hydraulic conductivity of smectite. It is clear from the Figure 

that as the concentration of pore fluid increases, conductivity also increases.  

Achari et al. (1999) stated that the concentration of ions in the permeating fluid affects the 

hydraulic conductivity of clays. The concentration of the ions in solution affects the 

volume of water adsorbed on the clay platelets. The hydraulic conductivity of the clay is 

increased, when leachate with high concentration of ions are permeated, due to an increase 

in the edge-face and edge-edge association of particles leading to flocculation.  

Cho et al. (2002) experimentally investigated the hydraulic conductivity of Ca-bentonite 

for the range of dry densities (i.e., 1.0 Mg/m3 to 1.8 Mg/m3). The permeant used in their 

tests were demineralized water, referred as freshwater, a 0.4M NaCl solution, and a 0.04M 

NaCl solution referred as mixture of freshwater and seawater. Their results show that the 

hydraulic conductivities increase with increasing salinity only when the dry density of 

bentonite is relatively low. The degree of increase becomes more remarkable at a lower dry 

density of bentonite. For bentonites with densities of 1.0 Mg/m3 and 1.2 Mg/m3, the 

hydraulic conductivities associated with the 0.4 M NaCl solution increase beyond those 

associated with the fresh water solution by factor of 7 and 3 times, respectively. However, 

for the bentonite with dry density higher than 1.4 Mg/m3, the salinity has an insignificant 

effect on the hydraulic conductivities, and the hydraulic conductivity is nearly constant 

within the salinity range of 0 to 0.4 M NaCl. Cho et al. (2002) attributed such behaviour as, 

when saline water is intruded into bentonite, the cation concentration in pore water is 

increase, and it causes the diffuse double layer to contract. A reduction in the double layer 

thickness may result in changes in the net repulsive forces between the montmorillonite 

sheets, which in turn decreases the tendency to separate. If the individual clay particles are 

free to move, then microstructure changes may take place due to the opening of micro pore 
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(Fernandez and Quigley 1985, 1988) resulting in an increase in hydraulic conductivity. 

Also, when concentrated sea water permeates into clay, shrinkage due to osmotic 

consolidation occurs. The shrinkage may lead to an alternation of the macro and 

microstructure of the clay, causing a change in hydraulic conductivity. However, the 

experimental results obtained from their study show that changes in the hydraulic 

conductivity are not large, and the microstructural change of bentonite fabric might not 

occur in the NaCl concentration range of 0 to 0.4 M. Even without particle reorientation, 

changes in pore fluid chemistry may alter the thickness of the diffuse double layer. A 

reduction in double layer thickness may result in a new pathway available for flow, and 

consequently, an increase in hydraulic conductivity. 

Villar et al. (2003) investigated three different types of pore fluids (i.e., granitic, saline, and 

distilled water) as permeant to measure the hydraulic conductivity of Febex bentonite with 

initial water content of 13.7 %. No clear trend was observed concerning the variation of the 

values obtained with granitic water with respect to those obtained with distilled water. The 

values obtained with saline water were, however, almost two times higher on average than 

those expected for a sample of the same density tested with distilled water, and in addition, 

they show greater dispersion.  
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Figure 2.21 Hydraulic conductivity versus dry density of Febex bentonite using three types 

of pore fluids (Villar et al. 2003) 
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On the other hand, the shrinkage of clay aggregates due to an increment of the salinity of 

the permeant causes changes in the pore volume of the macrostructure that may increase 

the hydraulic conductivity. This higher hydraulic conductivity to saline water with respect 

to that expected for distilled water is more significant for low densities. The increase of 

water conductivity with the salinity of permeant water has been observed by Karnland et 

al. (1992) and Pusch (2001) in Friedland Ton clay, and Mata and Ledesma (2003) in a 

granite/Na bentonite mixture. Figure 2.21 shows the hydraulic conductivity of Febex 

bentonite with three different pore fluids.  

2.10.5 Influence of temperature on hydraulic conductivity 

 Water is one of the components related to soil behavior that are influenced by 

temperature. Physical properties of water such as density, vapor pressure, viscosity, 

dielectric constant and surface tension changes by changing temperature. Table 2.3 

summarizes the temperature effects on physical properties of water. The data presented in 

Table 2.3 was taken from CRC handbook of chemistry and physics (Lide 1995). As shown 

in Table 2.3, water density decreases by increasing temperature. Based on Table 2.3, water 

viscosity decreases by increasing temperature.  

Table 2.3 Temperature effects on physical properties of water‡  

Temperature 

(oC) 

Density 

(Mg/m3) 

Vapor pressure 

(kPa) 

Viscosity 

(μPa s) 

Dielectric 

constant 

Surface tension 

(mN/m) 

0 0.99984 0.6113 1793 87.90 75.64 

10 0.99970 1.2281 1307 83.96 74.23 

20 0.99821 3.3388 1002 80.20 72.75 

30 0.99565 4.2455 797.7 76.60 71.20 

40 0.99222 7.3814 653.2 73.17 69.60 

50 0.98803 12.344 547.0 69.88 67.94 

60 0.98320 19.932 466.5 66.73 66.24 

70 0.97778 31.176 404.0 63.73 64.47 

80 0.97182 47.373 354.4 60.86 62.67 

90 0.96535 70.117  314.5 58.12 60.82 

100 0.95840 101.325 281.8 55.51 58.91 
‡CRC handbook of chemistry and physics, 75th edition (Lide 1995) 

 



Chapter 2                                                                                                    Literature Review 

 57

Viscosity is commonly perceived as ‘thickness’ or as resistance of a liquid to flow. 

Therefore, an increase in temperature results in the decrease in resistance of a liquid to 

flow. Decrease in water viscosity due to increase in temperature is believed to be the 

reason why hydraulic conductivity of compacted clay increases with the increase in 

temperature (Pusch et al. 1990 for calcium and sodium bentonites, Cho et al. (1999) for 

calcium bentonite, Romero et al. (2003) for Boom clay, Lloret and Villar (2004) for 

FEBEX bentonite). 

Kharaka and Smalley (1976) reported hydraulic conductivity values of a Na-bentonite and 

Mingarro et al. (1991) of a granite/Ca-bentonite mixture, which increased with temperature 

(ranging from 20 to 100 ◦C) roughly according to estimates from the decreases in the 

kinematic viscosity of water. Likewise, Cho et al. (1999) found similar results for a Ca-

bentonite, and Khemissa (1998), for a kaolinite. On the other hand, Towhata et al. (1993) 

found a higher hydraulic conductivity increase with temperature than that calculated by 

using the properties of free and pure water in a kaolinite and a bentonite. They consider 

that the degeneration of adsorbed water into bulk pure water at elevated temperatures 

(Derjaguin et al. 1986) may result in an increase in the dimension of flow channels and 

therefore of intrinsic permeability to liquid phase.  

Moreover, the effect of temperature on hydration forces were studied and analyzed by 

Woessner (1980), Carlsson (1986) and Pusch et al. (1990).  The technique proton nuclear 

magnetic resonance (NMR) was used for the above mentioned study. The NMR technique 

can be used to determine and distinguish the different states of water (i.e., free and bound 

states). The different states of water in bentonite were specified by measuring the water 

proton relaxation time (T2). Carlsson (1986) used parameter T2 in order to investigate the 

internal water (i.e., water bound in between two elementary layers) and external water (i.e., 

water placed out of two elementary layers). The effects of water content and temperature 

on different types of bentonite were investigated in the study. It was concluded that the 

increase in water content from 20-60% resulted in increase of the relaxation time (T2) due 

to increase in external water in the bentonite. This is because the frequency of motion of 

water molecules is high in the external water. Thus, it takes longer time for protons to 

transfer their magnetic energy to lattice (clay surfaces). 

Romero et al. (2001) analyzed the influence of temperature on the unsaturated water 

conductivity of Boom clay and concluded that, although it is more relevant at high degrees 
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of saturation, it is smaller than it could be expected from the thermal change in water 

viscosity. They consider that thermo-chemical effects altering clay fabric and porosity 

redistribution could be relevant processes that affect the change of hydraulic conductivity 

with temperature.  

The increase of hydraulic conductivity with temperature has been attributed to the changes 

in water kinematic viscosity (Villar and Lloret 2004). This increase, resulting from the 

decrease in water viscosity with temperature, was calculated for Febex bentonite. 

Moreover, Villar and Lloret (2004) suggested that thermo-chemical effects altering clay 

fabric (flocculation or dispersion), porosity redistribution (creating preferential pathways 

or blocking macropores) and pore fluid chemistry (affecting viscosity) could be relevant 

issues regarding the effect of temperature on Hydraulic conductivity. 

 

2.11 Summary 

This chapter discusses the hydro-mechanical behavior of compacted expansive 

clay. The discussion is commenced by the brief description about the structural units of 

expansive clay, clay minerals, and different forces in clay system and modes of particle 

association. Interparticle forces, clay fabric, water in compacted clays, hydration processes 

have been discussed. The chapter gives overview of the literature referring to the basic 

physico-chemical interaction between clay and water. The development of the theory of 

clay-water interaction, which provide a means of estimating the thickness of the diffuse 

layer and the influences of surface potential pore solution on the diffuse double layer 

thickness. Classification system for swelling and non swelling clays is discussed. 

Experimental development in the area of swelling clays and three methods for evaluating 

the swelling pressure are presented. Different theoretical approaches for swelling pressure 

prediction given by past researcher are outlined. Furthermore, the flow mechanisms in soils 

are highlighted, and several factors affecting the hydraulic behaviour of clays are 

summarized based on the literature review.  
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METHODS AVAILABLE TO ASSESS HYDRAULIC 
CONDUCTIVITY 

 
 
 

3.1 Introduction 

 In this chapter the hydraulic properties of soil and the determinations of saturated 

coefficient of hydraulic conductivity are described. Laboratory measurements of the 

hydraulic conductivity performed by past researchers are elaborated. In addition to that the 

empirical equations for estimating hydraulic conductivity and theoretical models used for 

hydraulic conductivity are discussed. 

 

3.2 Hydraulic properties of soil and flow law 

 In saturated soil mechanics, fluid flow refers to flow of water through soil voids. 

The understanding of flow mechanism in saturated soils needs knowledge of the driving 

potential. Soils have interconnected voids through which water can flow from point of high 

energy to point of low energy. The driving potentials for water phase that cause water to 

flow can be considered in term of water content gradient, hydraulic gradient (Fredlund and 

Rahardjo 1993). Hydraulic gradient can be considered as the driving potential of water in 

saturated soils. The hydraulic gradient is usually expressed in terms of hydraulic head. 

 

w

w

uh z
γ

Δ
= +    (3.1)

 

where: h is hydraulic head or total head, z is elevation at the observed point, Δuw is pore-

water pressure differential, γw is unit weight of water. 
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3.2.1 Darcy Law 

The Darcy equation that gives the mathematical description of the Darcy law was 

developed in the 19th century by Darcy (1856). The equation is based on an empirical 

relationship found for the flow of water through sand and gravel. Darcy (1856) found that 

the mean effective flow velocity of water (v) is directly proportional to the flow rate (q) 

and the applied hydraulic gradient (i) (Equations 3.3 and 3.4). Hydraulic gradient (i) is 

defined as Δh/l (change in hydraulic head divided by the flow distance through specimen). 

Hydraulic head is the difference between the water potential on the inflow and the outflow 

surfaces of the soil column. While Darcy's law is suitable for predicting flow through sands 

and gravels, it is recognized as inadequate to describe the flow of fluids through low 

permeable clays under low applied hydraulic conditions. The basic relationship developed 

by Darcy is well known and is the basis for most of the models for predicting water flow 

(Olsen 1965, Yong and Warkentin 1975, Mitchell 1976, Lambe and Whitman 1979, Olsen 

and Daniel 1981).  While the symbols used by these authors vary, the relationships 

presented are the same. The basic equations which are used to describe Darcian flow are 

presented in Equations 3.3 through 3.6 (Yong and Warkentin 1975).  

Q k hv ki
At l

Δ
= = =    (3.3)

 

and 

q kiA=    (3.4)
 

where: v is the flow velocity, q is the flow rate, A is the cross-sectional area of the 

specimen normal to the direction of flow and Q is the quantity of flow measured over time 

increment, t. The hydraulic conductivity, k is the flow velocity term normalized to a flux at 

a hydraulic gradient of 1.0. 

Equations 3.3 and 3.4 can be more clearly expressed if the properties of the fluid flowing 

through the soil can be defined, leading to Equations 3.5 and 3.6. 

K gv ρ
μ

=    (3.5)

or 
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kK
g
μ

ρ
=    (3.6)

 

where: ρ is fluid specific weight, μ is fluid viscosity, K is intrinsic permeability (expressed 

in units of length2) which excludes the effect of permeant viscosity and the fluid unit 

weight on flow velocity, g is the gravitational constant, k is hydraulic conductivity. 

Table 3.1 presents the basic assumptions for the application of the Darcy equation and 

compares these with the conditions believed to exist in three different soil materials. The 

table provides a good indication of the potential short comings of using the Darcy equation 

to estimate flow through clays, and in particular through soils containing clays with a high 

surface charge.  

While Darcy's equation for flow through a porous medium was found to be adequate for 

describing the measurement of water flow through most granular soils, it was soon 

determined that Darcy law had some limitations. King (1898) was one of the first to report 

deviations from Darcian flow behaviour. He observed that for clayey materials there is a 

tendency for hydraulic conductivity to increase with increasing hydraulic gradient. A large 

number of researchers have also observed deviations from the Darcy equation for flow in 

soils other than sands and gravels. The apparent limitations of the Darcy equation has led 

to the development of a large number of flow models, some of these models are presented 

in section 3.5 in more detail.  

Table 3.1 Basic assumptions for application of Darcy Law 

Darcy law assumptions Sand Illite Bentonite 
1) Fluid viscosity is constant Yes No No 
2) Fluid density is constant Yes No No 
3) Soil fabric does not change Yes ? ? 
4) Laminar flow occurs Yes ? ? 
5) Isotropic soil structure exists Yes ? No 

 

3.2.2 Steady state and unsteady state flow 

 It is shown in Equation 3.4 that the flow rate (q) is a constant at a certain hydraulic 

gradient. When this condition is achieved, the flow is considered as a steady-state flow. In 

other words, steady state flow is the condition when the flow rate is independent of time. In 

hydraulic conductivity measurements, steady-state flow is achieved when the inflow rate is 
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equal to the outflow rate. As the hydraulic gradient is applied, the inflow edge has a higher 

pressure than the outflow edge and water starts to flow from the inflow end to outflow end 

of the specimen. However, the outflow edge does not instantaneously experience water 

flow through it. After a certain elapsed time the water will reach the outflow end and 

measurement can be performed. During the period of time between the first applications of 

the hydraulic gradient to the time when the outflow is equal to the inflow, the soil 

specimen will experience unsteady-state flow or the flow will be under transient condition. 

As a result, the relationship between flow velocity, v and elapsed time, t, is non-linear and 

changes with time (Figure 3.1). Thus, during this period, steady-state hydraulic 

conductivity measurement cannot be performed since neither the inflow nor the outflow 

can be used.  
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Figure 3.1 Steady state and unsteady state flows 

 

It is sometimes very difficult to achieve the steady-state condition, unless a tolerance limit 

is accepted. ASTM D5084 states two criteria at which the steady state condition is 

assumed to be reached. The first criterion is the difference between inflow and outflow 

rates must be less than 25%. The second criterion is there should not be any upward or 

downward trend of the plot of the coefficient of hydraulic conductivity versus time. 
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3.2.3 Effect of magnitude of hydraulic gradient 

 Some factors should be taken into account when using Darcy’s law as the 

governing equation to explain the flow of any liquid through pores. Darcy’s experiment 

was based on laminar flow, where the movement of fluid is essentially in parallel lines 

when viewed on a macroscopic scale. The other type of flow is turbulent flow that is 

reached when the velocity of water exceeds the critical value (Figure 3.2). In 1883, 

Reynolds expanded the results of the experiments of Darcy and defined a critical velocity. 

The critical velocity is stated in terms of a dimensionless ratio called Reynolds number and 

defines the range of validity of Darcy’s flow. The Reynolds number, Re, is formulated as: 

e
DvR ρ

μ
=    (3.7)

where: D is effective diameter of pores, v is flow velocity, ρ is density of liquid, μ is 

viscosity of liquid. 
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Figure 3.2 Typical relationships between flow velocity and hydraulic gradient (modified 

from Daniel 1994) 

In order to work in the range of laminar flow, Re must be less than 2000 for flow through a 

pipe (Bear 1972). In a porous medium such as soil, Re <0.01 is suitable to ascertain that 

laminar flow occurs (Zaradny 1993) and the hydraulic gradient can be adjusted to give a 

certain water particle velocity. The maximum hydraulic gradient obtained using this 
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criterion may be very high. Zaradny (1993) found that for fine sand with a coefficient of 

permeability of 10-5 m/s, the maximum hydraulic gradient can be as high as 100.  

An excessively high hydraulic gradient may cause a soft soil specimen to consolidate 

resulting in a lower hydraulic conductivity being measured. On the other hand, a very low 

hydraulic gradient is also not advisable since at this gradient the relationship between flow 

rate and hydraulic gradient becomes non-linear (Hansbo 1960) and Equation 3.3 is no 

longer valid (Figure 3.2). The magnitude of hydraulic gradient applied in the hydraulic 

conductivity tests depends on the compressibility of the soil specimens used. ASTM 

D5084 and DIN 18130 provides some guidelines in determining a suitable hydraulic 

gradient to be used in saturated hydraulic conductivity tests. 

The ultimate test of the validity of the Darcy or any other model for fluid movement is the 

ability of the model to predict the hydraulic gradient versus flow velocity (flux) 

relationship for the specimen. Two widely used plotting methods to evaluate deviations 

from Darcian flow model are:  

1) Flow velocity (flux) versus hydraulic gradient 

2) Log flow velocity (flux) versus log hydraulic gradient 

As shown in Figure 3.2, a plot of measured flow velocity versus hydraulic gradient such as 

presented by Daniel (1994) should provide a measure of any threshold or critical gradient. 

Changes in hydraulic conductivity are detected as changes in the slope of the plots. While 

significant changes in the slope of this line are readily detectable, it is possible that slight 

changes in the flux-gradient relationships may not be readily detected, particularly if a 

wide range of gradients or flow velocities (fluxes) are recorded (Dixon 1995). 

Concave or convex flux-gradient relationships in a normal linear plot have been reported in 

the literature (Yong and Warkentin 1975). The reasons suggested are soil fabric effects, the 

presence of osmotic forces, equipment limitations, real changes in the structure and 

behaviour of water in clay-water system. The classical Darcy model for Newtonian water 

flow through a porous media calls for a straight line relationship passing through the origin 

of the plot (Figure 3.2). Observed deviations from this behaviour have been the cause for 

much of the past debate over the applicability of the Darcy relationship.  
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If the flux-hydraulic gradient plot is a straight line intersecting the gradient axis in a 

location other than the origin, this intersect is defined as the threshold gradient (io) required 

to initiate flow. The hydraulic gradient at which Darcian flow begins in a flux-gradient 

relationship which is not a straight line plot at low gradient, is defined as the critical 

gradient (ic) for flow.  

The second technique for presenting flow data is to plot the flow velocity (flux) versus 

hydraulic gradient in log-log scale. Plotting of the flux-gradient relationship in log-log 

plane has been done by Sri Ranjan and Gillham (1991), Sri Ranjan and Karthigesu (1992), 

Dixon et al. (1993a) and Karthigesu (1994). This technique presents data in a manner 

which facilitates the identification of changes in the flux-gradient relationship. The 

measure flow velocity (flux) versus applied hydraulic gradient should plot as straight line 

which has slope of 1.0 (Figure 3.3). Any change in the hydraulic conductivity will result in 

vertical shift in the location of this line.  

 

Figure 3.3 Plot of log flux versus log hydraulic gradient (Dixon 1995) 

 

The technique provides the clearest display for examining hydraulic conductivity over 

wide range of gradients and emphasizes the location of any critical gradients for changes in 

flow behaviour. However, a log scale does not provide the visual means for detecting the 

threshold gradients defined by conventional means (zero flux occurs at a gradient equal to 
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zero). The plot is based on the validity of the Darcian flow model. A shift in the location of 

the line is interpreted as a change in the pore space available for flow. If such a shift occurs 

and provided that no further changes in the pore volume available for flow occurs, then the 

new flux-gradient relationship will again be a straight line with a slope of 1.0 which is 

offset from the initial line. The hydraulic conductivity, k of the plot such as that shown in 

Figure 3.3 is calculated by either extending the plotted lines backwards or forward to the 

point at which it cuts the hydraulic gradient of 1.0. The flux at this gradient is defined as 

hydraulic conductivity. Alternatively, any value of the flux located along the regions 

showing Darcian flow behaviour can be divided by the hydraulic gradient applied to obtain 

this measured flow or flux. 

In order to generate a good estimate of the potential changes in the hydraulic conductivity 

of a soil specimen both of these methods should be used. The linear plot provides a visual 

record of the presence of the threshold and or critical gradient. The log-log plot provides a 

sensitive means to detect subtle changes in the pore space available for flow. 

 

3.3 Empirical relationships for saturated coefficient of hydraulic conductivity 

3.3.1 Introduction 

 The saturated coefficient of hydraulic conductivity of a soil is a function of its void 

ratio. The relationship between saturated coefficient of hydraulic conductivity and void 

ratio is different for different soil types. Grain size distribution of the soils can account for 

some of the differences due to soil types. Therefore, the saturated coefficient of hydraulic 

conductivity is no longer a function of void ratio alone but a function of void ratio, grain 

size distribution and other soil parameters for different soil types. Several empirical 

equations for estimating hydraulic conductivity have been proposed in past, some of these 

are briefly discussed in following section. 

3.3.2 Relation between saturated hydraulic conductivity, void ratio and grain size 

distribution 

 Researchers have attempted to develop empirical relationships for determination of 

the saturated hydraulic conductivity. The empirical formula is based on experimental data 
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obtained in the laboratory that relate the saturated coefficient of hydraulic conductivity 

with void ratio and grain size distribution characteristic.  

Hazen equation: 

 Almost all of the empirical formulas are derived from one general relationship 

(Hazen 1892): 

2( )s ek Cf n d=    (3.8)
 

where: C is a constant, f(ns) is porosity function, de is the effective grain diameter of soil 

particles. 

Hazen (Vukovic and Soro, 1992) noted that de can be taken as d10 and the porosity function 

is expressed as: 

( ) 1 10( 0.26)s sf n n= + −    (3.9)
 

Hazen’s formula is valid only for soils with porosity greater than 0.16. For soils with 

porosity less than 0.16, Equation 3.8 will give negative values since f(ns) becomes less than 

zero. It was also noted that Hazen’s formula is recommended for soils with d10 ranging 

between 0.1 mm and 3 mm and/or with coefficient of uniformity, U (i.e., d60/d10) smaller 

than 5 (Vukovic and Soro, 1992). However, Vukovic and Soro (1992) found that the 

Hazen’s formula was also applicable for soils with characteristics that were not in the 

range in which the formula was derived. Hazen suggested that the constant C is equal to 

0.00583. Later it was also suggested that since the saturated coefficient of Hydraulic 

conductivity also depends on other factors that cannot be accounted for in the Hazen’s 

formula (e.g., heterogeneity, fines content and pore size distribution), the constant C is not 

necessarily a unique value.  

Terzaghi equation: 

 Terzaghi (1925) formulated another empirical relationship in the same form as 

Equation 3.8 for large grained sands. The effective grain diameter, de is taken as d10 while 

the porosity function, f(ns) is defined as:  
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The empirical constant C in Terzaghi’s formula was found to be 6.63 to 7.50 for sea sand, 

8 for dune sand, 4.60 to 6.96 for pure river sand and 2.03 for muddy river sand (Vukovic 

and Soro 1992). It indicates that the empirical constant C cannot be taken as a single value 

for all coarse-grained sands.  

Alyamani and Sen equation: 

 Alyamani and Sen (1993) formulated empirical relationship using grain size 

distribution as follow: 

( ) 2
50 101300 0.025ok I d d= + −⎡ ⎤⎣ ⎦    (3.11)

 

where: k, is the hydraulic conductivity (m/day), Io is the intercept (in mm) of the line 

formed by d50 and d10 with the grain-size axis, d10 is the effective grain diameter (mm), and 

d50 is the median grain diameter (mm). It should be noted that the terms in the formula 

above bear the stated units for consistency. This formula therefore, is exceptionally 

different from those that take the general form of Equation 3.8. It is however, one of the 

well known equations that also depend on grain-size analysis. The method considers both 

sediment grain sizes d10 and d50 as well as the sorting characteristics. 

Breyer and Slitcher equation: 

 The Breyer equation does not employ porosity as part of its formula and is 

therefore applicable to samples with a heterogeneous porosity. The formula for Breyer 

equation is: 

4 2
10

500/ 6 10 logk g d
U

ρ μ −= × ×    (3.12)

 

where: g is the acceleration due to gravity, ρ is the mass density of water, μ  is  water 

viscosity, and U is the coefficient of grain uniformity equal to d60/ d10. 
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It is also the most appropriate equation to use for poorly sorted samples. The equation can 

be used for samples with uniformity values from 1 to 20 and effective grain sizes between 

0.06 mm and 0.6 mm. 

 Slitcher formula is most applicable for grain-size between 0.01mm and 5mm and is 

given by: 

2 3.28 2
10/ 1 10k g n dρ μ −= × ×    (3.13)

 

United State Bureau of Reclamation: 

 U.S. Bureau of Reclamation (USBR) formula calculates hydraulic conductivity 

from the effective grain size (d20), and does not depend on porosity; hence porosity 

function is a unity. The formula is most suitable for medium-grain sand with uniformity 

coefficient less than 5 (Cheng and Chen 2007). 

4 0.3 2
20 20/ 4.8 10k g d dρ μ −= × ×    (3.14)

 

 

3.4 Measurements of saturated hydraulic conductivity 

3.4.1 Introduction 

 The saturated coefficient of hydraulic conductivity can be obtained either in the 

laboratory or in the field. There are different methods for determining saturated coefficient 

of hydraulic conductivity in the laboratory, namely constant head, variable or falling head 

and oscillatory pore pressure methods. The laboratory methods are described in following 

sections. 

3.4.2 Laboratory measurement of hydraulic conductivity 

3.4.2.1 Constant head method 

 Measurement of coefficients of hydraulic conductivity of soils in the laboratory can 

be performed using the constant head and the variable head tests. The principle of these 

methods is described schematically in Figure 3.4. In the constant head method, the 
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coefficient of hydraulic conductivity is computed from the volume of water, Q collected in 

time, t and is given by: 

QLk
Aht

=    (3.15)

 

where: A is cross sectional area of the soil specimen, h is hydraulic head of water, L is 

length of drainage path in the soil and t is elapsed time. 

In constant head hydraulic conductivity test the pressure gradient across the specimen is 

kept constant throughout the test. This constant gradient is commonly achieved by using 

over flowing inflow and outflow reservoirs. In this technique a supply of water is supplied 

to a reservoir at a rate slightly higher than the specimen will transmit the water. The 

surplus fluid will overflow the reservoir and be lost to the inflow reservoir. Likewise, the 

outflow reservoir is initially filled to the preset level and the outflow from the specimen 

will overflow this reservoir, thereby ensuring that the outflow pressure is kept constant. In 

this manner the applied hydraulic gradient is kept constant. There is a difficulty in using 

this technique when very high gradients, or back pressuring are used since the overflow 

systems must be maintained at elevated pressures. Alternatively a bladder-type system can 

be used to ensure that the hydraulic head is kept constant despite relatively large fluid 

movements. 

3.4.2.2 Variable or falling head method 

 In the variable head method, the coefficient of hydraulic conductivity is computed 

using a general equation based on the continuity of flow, which defines that the input flow 

is equal to the output flow and thus: 

1

2

aL hk In
At h

⎛ ⎞
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where: a, is area of water reservoir, h1 is head of water at t1, h2 is head of water at t2. 
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Figure 3.4 Principle of hydraulic conductivity test (a) constant head method (b) variable 

head method (Agus 2001) 

  

Variable head hydraulic conductivity tests have a preset initial hydraulic potential (head) 

difference applied across the specimen. The hydraulic head difference is allowed to 

decrease as water flows from the inflow reservoir through the specimen and into the 

outflow reservoir. The hydraulic gradient applied is defined as the difference in the 

hydraulic potentials of the inflow and outflow reservoirs, divided by the specimen length. 

For each time period where displacement was measured, the hydraulic gradient is assumed 

to be the average of the potential at the beginning and the end of the increment, divided by 

the specimen length. The volume displaced during this time increment is used to calculate 

the hydraulic conductivity of the soil. 

The variable head technique, while the simplest to conduct, has a number of limitations. It 

assumes that the flow through the specimen is Darcian in nature and so the average 

hydraulic head is representative of the flow occurring at both the maximum and minimum 

hydraulic gradients present during testing. Additionally, this technique only works 

effectively when the head change and volume displacements are large enough to be 

monitored accurately. Associated with the measurement of head and displacement is the 

need to ensure that evaporative volume losses from the reservoirs are minimized or 
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prevented. It is possible to use fluid reservoirs with large volumes (especially large 

diameters) and sensitive displacement gauges to minimize any head changes while 

monitoring small fluid displacements. In such a system, the hydraulic head will vary by 

only a few millimeters over the course of the entire test. This means that the hydraulic 

gradient is for all purposes a constant. This technique has been used by a variety of 

researchers to measure flow through low hydraulic conductivity clays (Dixon et al. 1986, 

1987, 1993a, Sri Ranjan and Karthigesu 1992, Karthigesu 1994). Hydraulic conductivities 

as low as 10-14 m/s have been reported by Pusch (1980 a, b) and Bucher et al. (1986) for 

materials tested using this technique. 

Both methods of laboratory hydraulic conductivity tests can be conducted using either a 

rigid-wall permeameter where the soil specimen is confined in a rigid ring or a flexible-

wall permeameter where a confining pressure can be applied to the soil specimen. Various 

specimen sizes can be used in the laboratory hydraulic conductivity tests. Many 

researchers such as Olson and Daniel (1981), Daniel and Trautwein (1986), Elsbury et al. 

(1988) and Trautwein and Boutwell (1994) have questioned the reliability of laboratory 

tests using small specimens. It was concluded that laboratory tests may yield inaccurate 

determination of coefficients of hydraulic conductivity due to unrepresentative specimens 

being used.  

Lahti et al. (1987) found that the reliability of the laboratory measurement of the 

coefficient of hydraulic conductivity of the soil depends on the technique employed and 

the quality control given to the sampling method and the test procedures. No matter how 

big the soil specimen is, the result is questionable if improper procedures are adopted in the 

tests. Benson et al. (1993) suggested that soil specimens should be at least 30 cm in 

diameter and 0.5 in height to diameter ratio for the determination of the saturated 

coefficient of hydraulic conductivity of compacted soil reliably.  

3.4.2.3 Oscillatory pore pressure method 

 The pore pressure oscillation method relies on characterizing sinusoidal pore 

pressure signals at two different locations in terms of differences in amplitude and of 

relative time lag (Turner 1958, 1959, Stewart et al. 1961, Bennion and Goss 1971, Kranz et 

al. 1990, Fischer 1992, Renner et al. (2000), Bernabé et al. 2006). The two observables, 
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attenuation and phase shift, can in principle be inverted to the two effective hydraulic 

characteristics of an isotropic sample, permeability and specific storage capacity. 

Standard test arrangement consists of a pore fluid system (water), a confining fluid system 

(oil), and a personal computer-aided control device (Song and Renner 2007). In the pore 

fluid system, a saturated sample is located between two reservoirs, downstream and 

upstream, the latter comprises a hydraulic pressure intensifier (Figure 3.5). Porous metal 

discs (SIKAR S) of 3 mm thickness, a permeability of >10-12 m2, and a pore diameter in 

the range of 7 to 14 μm serves a dual purpose at the sample ends. Firstly, pore fluid is 

evenly distributed over the sample end faces, and secondly, the confining pressure is 

transmitted to the sample in axial direction. A rubber jacket encloses the sample and the 

end-plugs separating pore and confining fluid and imposing conditions approximating one-

dimensional flow. The operation of the pore pressure and the confining pressure intensifier 

is conducted servo-hydraulically. Two displacement and three pressure transducers 

measure the position of the intensifier pistons and the fluid pressures of the reservoirs and 

the vessel, respectively. These signals are digitally recorded and are available as feedback 

signal for the control unit. 

Figure 3.5 Standard experimental set-up for oscillatory pore pressure testing               
(Song and Renner 2007) 
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3.5 Theoretical models for saturated hydraulic conductivity  

 The transport of water in expansive soils may occur in two phases; namely in liquid 

phase (i.e., advection process) and in vapour phase (i.e., diffusion process). The transport 

property related to the liquid phase water transport is the coefficient of hydraulic 

conductivity whereas the coefficient of diffusivity can be used to describe the transport of 

water in the vapour phase. However, both the coefficient of hydraulic conductivity and the 

coefficient of diffusivity depend on the void ratio and other characteristics of the soils. 

One of the commonly accepted relationships used in predicting advective flow is Darcy's 

law (section 3.2.1). Other models for predicting water flow through porous media include 

the Kozeny-Carman, cluster model and Poiseuille or laminar flow model. Despite the 

common usage of these models they all have practical limitations which limit their 

applicability to natural systems and materials. Much of the difficulty in using these 

relationships has been attributed to natural soil anisotropy, and the presence of non-

hydraulic (chemical, thermal, electrical or other) gradients in soils. Such gradients have 

been repeatedly reported in the literature (Law and Lee 1981, Sri Ranjan and Gillham 

1991, Karthigesu 1994, Dixon 1999). The following sections present the basic models for 

flow thorough a porous medium and discuss the strengths and weakness of these models, 

particularly when they are applied to clay soils. 

3.5.1 Poiseuille model for saturated hydraulic conductivity 

 The Poiseuille equation provides the starting point for most attempts to describe 

water flow through soils (Yong and Warkentin 1975, Mitchell 1976, Lambe and Whitman 

1979). This equation was developed to predict the average fluid flow through a tubular 

capillary with circular cross-section. In its simplest form it can be expressed: 

2 /8avg wv R iρ μ=    (3.17)
 

where: vavg is the average fluid velocity, R is the tube radius, ρw is the mass density of the 

permeating water, i is the hydraulic gradient and μ is the water viscosity. Modification of 

this basic equation begins with recognition that the size of the pores may vary, and so an 

average size must be used. The average pore size is accounted for using the hydraulic 
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radius (Rh), which for a circular tube flowing full is defined in Equation 3.18 (Mitchell 

1976). 

2 / 2 / 2hR R R Rπ π= =    (3.18)
 

 From this, the Poiseuille equation can be used to estimate flow rate (q) through a tube.  

2 / 2w hq R iaρ μ=    (3.19)
 

where: a is the cross-sectional area of the tube. However since the pores in a soil are not 

ideal tubular capillaries, a shape coefficient (Cs) is used to modify the flow rate prediction 

(Mitchell 1976). 

2 /s w hq C R iaρ μ=    (3.20)
 

Equation 3.20 can be further developed to account for parameters such as degree of 

saturation (S), specific surface of the soil particles (So), void ratio (e), total cross-sectional 

area (A) of the specimen and volume of particles (Vs). On completion of these substitutions 

Equation 3.20 can be expressed as: 

( )( )2 3 3 2/ 1s s w oq C V e S iA S eρ μ= +    (3.21)
 

Parameters such as degree of saturation (S), and Shape Factor (Cs), for fully saturated 

materials have established values (Mitchell 1976). Saturation is 1.0 in a fully saturated 

specimen, and Cs = 1/koT2 (Mitchell 1976). The ko is the pore shape factor (approximately 

2.5) and the tortuosity factor, T is used to account for the fact that the pore paths are not 

straight. The tortuosity factor is defined as being the ratio of the effective flow path and the 

thickness of the test sample and is generally defined as being √2.  

The Poiseuille equation is normally only taken as a starting point in the development of 

predictive equations. It is often combined with an assumption that the Darcy equation for 

flow is correct and then developed into relationships such as the Kozeny-Carman model 

presented in section 3.5.2, (Kozeny 1927, Carman 1937).  
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Komine (2008) proposed model for predicting hydraulic conductivity of compacted clays. 

He suggested streamline or laminar flow model between two parallel plate layers of the 

clay. In his model, it is assumed that water flow is two dimensional and that water is 

incompressible. This model is the equivalent of Poiseuille flow equation (Mitchell 1993), 

the hydraulic conductivity of a two parallel-plate layer can be calculated as: 

( )22
12

aw

aw

k dρ
μ

=    (3.22)

 

where: k is hydraulic conductivity between two parallel plate layers (m/s), d is half the 

distance between two parallel plate layers (m), ρaw is density of interlayer water between 

two parallel plate layers (Pa/m), and μaw is the coefficient of viscosity of interlayer water 

between two parallel plate layers (Pa.s). 

In this thesis Equation 3.22 has been used to estimate the hydraulic conductivity using 

modified diffuse double layer equations (Tripathy et al. 2004), which will be discuss in 

detail in Chapter 7. 

3.5.2 Kozeny-Carman model for saturated hydraulic conductivity  

 A widely used relationship between the saturated hydraulic conductivity and the 

physical properties of the fluid and the soil mass is based on the “hydraulic radius theory” 

and referred to as the Kozeny–Carman hydraulic model. The model was first proposed by 

Kozeny in 1927 and subsequently modified by Carman (1937). Kozeny and Carman 

developed a theory for a series of capillary tubes of equal length for predicting the 

saturated hydraulic conductivity for soils.  

The derivation of Kozeny-Carman model is based on the combination of Darcy law 

(Equation 3.4) and Poiseuille equation (Equation 3.21). 

For a fully saturated system, ρw = 1, Vs = 1, S = 1, tortuosity T = V2, and with a pore shape 

factor ko = 2.5, the Poiseuille equation can be expressed (Lambe and Whitman 1979) as:  

( )( ) ( )( )3 2 2 3 2/ 1 / 1w o o s w ok e k T S e C e S eρ μ ρ μ= + = +    (3.23)
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Carrier III (2003) found that the Kozeny-Carman model had the best theoretical basis as 

compared to the other models. This is due to the fact that the grain-size distribution of the 

soil is some how taken into account by using the specific surface area. Carrier III (2003) 

expressed Kozeny-Carman model as: 

3

2 2

1
1o o

ek
k T S e

γ
μ

⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟ +⎝ ⎠ ⎝ ⎠

   (3.24)

 

where: γ is unit weight of permeant, μ is viscosity of permeant, So is specific surface area 

per unit volume of particles (1/cm), T is tortuosity factor, ko is pore shape factor and e is 

void ratio. 

In more general form, Kozeny-Carman model can be written as: 

3

2

1 1
1s o

ek
C S e

γ
μ

⎛ ⎞⎛ ⎞⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ +⎝ ⎠ ⎝ ⎠⎝ ⎠⎝ ⎠

   (3.25)

 

When the permeant is water at 20°, γ/μ is equal to 9.93 x 104 1/cm s. Carman (1956) 

reported the value of Cs as being equal to 4.8±0.3 for uniform spheres, Cs is usually taken 

to be equal to 5. Thus, Equation (3.25) becomes: 

3
4

2

11.99 10
1o

ek
S e

⎛ ⎞⎛ ⎞
= × ⎜ ⎟⎜ ⎟+⎝ ⎠⎝ ⎠

                                       (for 20◦C)   (3.26)

 

Even though the Kozeny-Carman model for flow is commonly recognized as one of the 

best model available for predicting the hydraulic conductivity of soils, its applicability is  

limited (Yong and Warkentin 1975, Mitchell 1976, Yong et al. 1992). Equation 3.23 to 

Equation 3.26 is recognized as being generally valid only for material where there is: 

1. relatively uniform particle size 

2. no soil structure or fissuring 

3. laminar flow of liquid through pores 
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4. Darcian flow behaviour 

5. absence of long and short range forces of interaction 

These limitations to the application of this model means that it can only be applied for 

material such as gravel, fine sand, and silts. The structure and anisotropic fabric of most 

clay violate the basic requirements for the application of the Darcian, Poiseuille or 

Kozeny-Carman models. 

3.5.3 Cluster model for saturated hydraulic conductivity  

 Olsen (1962) found discrepancies between the measured saturated hydraulic 

conductivity and that predicted using the Kozeny-Carman model (Equation 3.25) for clays. 

Factors that might influence the flow of water though clay soils are described in Olsen 

(1962) and included possible errors in Darcy’s law, interaction between viscous and 

electric flows between water and clay particles (i.e., electrokinetic coupling), possible 

higher viscosity of water near the clay surfaces, non-constant tortuosity of the water flow 

paths as induced for instance by the anisotropic shapes and orientations of clay particles, 

and the existence of clusters that may induce unequal pore sizes in the soil. It was found 

that the deviation of Equation 3.25 from the measured data was attributed to the presence 

of clay clusters in the soil. Some other abovementioned factors that might induce the 

discrepancies were found to be insignificant (Olsen 1962). Based on the conclusion drawn 

regarding the factor that influences at most the deviation of the Kozeny-Carman model for 

predicting the water flow though clay soils, a saturated hydraulic conductivity model, 

called cluster model was proposed by Olsen in 1962.  

The cluster model as suggested by Olsen (1962) divides the total void ratio eT, into two 

components, the intracluster (micro) void ratio ec and the intercluster (macro) void ratio ep. 

The micro void ratio that exists within a group of clay particle or within packets or clods, 

and the macro void ratio that remains in between the clay clusters or packets. The total 

void ratio eT is given as: 

T c pe e e= +                                          (3.27)
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Assuming that flow only occurs through intercluster pores and that all clusters are spheres 

of the same size, Olsen (1962) derived the flowing equation for flow through clay: 

( )
( )

3
2 / 3

4 / 3

1 /
1

c TCM

KC c

e ek N
k e

−
=

+
                                        (3.28)

 

where: kCM is the measured flow rate of water, kKC is the predicted flow rate using the 

Kozeny-Carman model, N is the average number clay particles per cluster, ec is the cluster 

void ratio (i.e., the intra-cluster or the intra-aggregate or the micro-pore void ratio), and eT 

is the total void ratio.  

 

Figure 3.6 Assumed relationship between total, cluster (or intra-cluster or micro), and 
inter-cluster (or macro) void ratio (modified from Olsen, 1962) 

 

For a particular soil, the ratio of flow rate as given in Equation 3.28 is equal to the ratio of 

the measured flow rate to the computed flow rate using the Kozeny-Carman model. 

Therefore, to compute the saturated hydraulic conductivity of a clay using Equation 3.28, 

the parameter N and the two void ratios (i.e., the cluster and the total void ratios) must be 

known. The number of clay particles per cluster (N) was assumed to be constant for a 
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specific soil permeant system. The clay-permeant dispersion systems were considered to 

affect the decrease in both cluster and initial cluster void ratios.  

Olsen (1962) assumed relationships between the total void ratio, eT, micro void ratio, ec 

and macro void ratio, ep for which at high total void ratios the micro void ratio, ec value is 

constant upon compression and then begins to reduce when ep ratio is equal to 0.43 (Figure 

3.6). As compression continues, the ec has linear relationship with eT until both values 

(void ratios) reaches to zero.  

Achari et al. (1999) used Olsen (1962)’s model to predict hydraulic conductivity of clays. 

Achari et al. (1999) used the modified diffused double layer (DDL) theory in conjunction 

with the true effective stress concept proposed by Lambe and Whitman (1969) for 

computing the cluster void ratio. The model presented by Achari et al. (1999) encompassed 

the following phenomena: (1) a compacted clay bed is a porous media, (2) clay exists as 

small clusters and not as individual particles, (3) the diffuse double layer around clay 

platelets affect the hydraulic flow, and (4) the clay cluster size is affected by consolidation 

pressure and the concentration of ions in the permeant. The true effective stress σ* is given 

by (Lambe and Whitman 1969) as:  

( ) ( )*
wu R Aσ σ= − − −                                         (3.29)

 

where: σ is the total stress, uw is the pore-water pressure, (σ - uw) is the effective pressure, 

R is the repulsive pressure, A is the attractive pressure. Equation 3.29 is a balance between 

the externally applied pressure and the internal physico-chemical stresses acting on the 

system. At equilibrium, the true effective stress approaches zero (Lambe and Whitman 

1969). The total stress, σ and the pore-water pressure, U can be determined from the 

saturated unit weight of the soil and the unit weight of water.  

The repulsive pressure R in Equation 3.29 is the difference between the osmotic pressure in 

the central plane between clay particles and that in the bulk solution, and can be calculated 

using diffuse double layer equations (Equation 2.6). In Equation 2.6 swelling pressure p, 

has same meaning as that of repulsive pressure R. 

The attractive pressure A in Equation 3.29 is the van der Waal’s attractive pressure, which 

can be written as (Sridharan and Jayadeva 1982). 
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( ) ( )3 33

1 1 2
48 0.5

BA
d d dπ δ δ

⎡ ⎤
= + −⎢ ⎥

+ +⎢ ⎥⎣ ⎦
                                      (3.30)

 

where: B is Hamakar’s constant, 2d is the separation distance between the clay platelets, 

and δ is the thickness of the unit layer of clay platelets measured between the planes of the 

centre of the oxygen atoms of the tetrahedral sheet. For montmorillonite, B = 10-19 J and δ 

= 0.66 nm (van Olphen 1991).  

To compute the attractive pressure A, the value of d is required. In the evaluation 

procedure, the value of d is considered to be directly related to the intracluster void ratio ec 

through Equation 2.10 (Bolt 1956). In Equation 3.28, to compute the value of N, as 

function of effective stress and concentration of permeant, the following empirical 

relationship was proposed by Achari et al. (1999).  

( )

11

2
2.43 10

w o

N
u Cσ

×
=

−
                                        (3.31)

 

where: (σ - uw) is the effective stress in kPa and Co is the bulk concentration of permeant in 

g.equivalent/m3.  

An iterative procedure was set up by Achari et al. (1999) to solve the DDL equation and to 

compute the saturated hydraulic conductivity. The combination of DDL theory, true 

effective stress concept, and cluster model proposed by Achari et al. (1999) to compute 

saturated hydraulic conductivity is limited to homoionic clay and ionic solutions.  
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3.6 Summary 

 Testing the hydraulic properties of the clays is challenging. Many parameters have 

to be considered during the testing such as steady state condition, effect of hydraulic 

gradient. This chapter covered the hydraulic properties of soils and different methods for 

the determinations of hydraulic conductivity. The different methods include, namely 

constant head, variable or falling head and oscillatory pore pressure. 

Moreover there are empirical equations for estimating hydraulic conductivity proposed by 

past researcher but most of these equations are for granular material with low plasticity 

soils. Similarly there are theoretical models used to predict hydraulic conductivity of soils, 

among them three models is discussed. 
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Chapter 4 

 
 

MATERIAL CHARACTERIZATION AND EXPERIMENTAL 
PROGRAM  

 
 
 

4.1 Introduction 

 This chapter discusses basic characterization of the materials that are used in this 

research. Several basic properties of the materials used are obtained through experiments 

and others are collected from literatures. The aim of the chapter is to characterize the 

materials accurately because their properties would be later used in subsequent chapters for 

analysis and validation. Where possible the determined material properties are compared 

with past work of other researchers. The chapter also follows the detailed description of the 

experimental program including initial placement condition and permeant used for the 

tests. 

 

4.2 Materials 

 The investigation has been carried out on three different highly plastic 

montmorillonitic clays, namely, calcium bentonite named as Calcigel, MX-80 and Kunigel 

bentonites. The clays used in this study are 100% pure bentonites. The following sections 

discuss about each of these materials. 

4.2.1 Calcigel bentonite 

 Bentonite is an industrial name for an ore which contains mainly smectite, the most 

common form in geological terms being montmorillonite-like, with particular properties of 

swelling and water absorption. Indeed bentonite presents strong colloidal properties and its 

volume increases several times when coming into contact with water, creating a gelatinous 

and viscous substance. 
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Calcium bentonite (Calcigel) is highly swelling clay and mined from Southern part 

(Bavaria) of Germany. The clay contains predominantly bivalent cations (i.e., Ca2+ and 

Mg2+). Among several attributes of bentonites, Calcigel bentonites have been proposed as a 

barrier and backfilling materials for the underground storage of high level radioactive 

waste.  

4.2.2 MX-80 bentonite 

 Sodium bentonite (MX-80) was first found in Benton formation of Eastern 

Wyoming, USA. This bentonite typically consists of a large fraction of the 2:1 

montmorillonite mineral. MX-80 bentonite has been selected for this investigation and has 

been subjected to a number of studies in the context of being a suitable engineering barrier 

material for a multi barrier high level nuclear waste disposal repository. MX-80 is mined in 

Wyoming USA. Its various physico-chemical properties are presented in the following 

sections. 

4.2.3 Kunigel bentonite 

 Kunigel is a sodium type bentonite containing nearly 48% montmorillonite. It is 

produced at Tsukinuno mine in Japan. The bentonite consists of predominantly monovalent 

cations. Kunigel bentonite was been chosen as a test material because it has been 

extensively used in research and many published data are available on its properties 

(Komine and Ogata 1994, 1999, Komine 2001). Its physical and chemical properties are 

described in length in this chapter. 

 

4.3 Physical properties 

 Physical characteristics like specific gravity, particle size distribution, Atterberg’s 

limits (liquid limit and plastic limit) are important properties of any soil. The following 

sections discuss their determination techniques. 

4.3.1 Natural water content 

 It is the ratio expressed as a percent of the mass of “pore” or “free” water in a given 

mass of material to the mass of the solid material. The natural water content was 
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determined by oven drying method. The specimens were dried in oven at 110 °C as per 

method described in ASTM D2216 (ASTM, 1998). The loss of mass due to drying is 

considered to be water. The water content is calculated using the mass of water and the 

mass of the dry specimen. The water content of materials containing extraneous matter 

(such as cement, and the like) may require special treatment or a qualified definition of 

water content. In addition, some organic materials may be decomposed by oven drying at 

the standard drying temperature for this method (110°C). Materials containing gypsum 

may present a special problem as this material slowly dehydrates at the standard drying 

temperature (110°C). In order to reduce decomposition in highly organic soils, it may be 

desirable to dry these materials at 60°C.     

Calcigel bentonite was found to have natural water content from 8.5 % to 9.5 %; this is 

consistent with the result presented by Baille et al. (2010). 

The MX-80 bentonite was found to have variable water content from 10 % to 12 %; this is 

consistent with the data presented by Müller-Vonmoos and Kahr (1982). 

The natural water content of Kunigel bentonite at laboratory environment was found to be 

6.0 % to 6.5 %; this is consistent with the result presented by Komine and Ogata (1996). 

 4.3.2 Specific gravity 

 The specific gravity or particle density of solid particles is defined as the ratio of 

the mass of a given volume of solids to the mass of an equal volume of water at 4 °C, in 

simple words; it is the ratio of the density of soil solids to the density of water (Arora 

1997). For specific gravity determination, method proposed in DIN 18124 KP (DIN, 1997) 

was adopted in this study. The method proposed in ASTM D 854 (ASTM, 1987) for high 

plastic clay was performed for comparison. In order to release entrapped air in the 

specimen, the picnometer with the saturated specimen was placed on sand bath and stirred 

carefully. The test was performed in 5-7 days to ensure that there is no entrapped air in the 

specimen. This is longer than time proposed by DIN and ASTM standard (i.e., only 2 

hours).  

The specific gravity of Calcigel bentonite was found to be 2.72. Baille et al. (2010) 

reported the value for specific gravity equal to 2.8. 
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MX-80 bentonite exhibits gel like characteristic when mixed with water because the water 

is a polar liquid. Therefore, non-polar liquid kerosene was used to determine the specific 

gravity of the MX-80 bentonite. The specific gravity of MX-80 was found to be 2.80. In 

comparison Bradbury and Baeyens (2002) and Müller-Vonmoos and Kahr (1982) reported 

2.76 specific gravity of MX-80 bentonite.  

The specific gravity of the Kunigel bentonite using ASTM D854 method was found to be 

2.75. Komine and Ogata (1996) reported 2.79 specific gravity of Kunigel bentonite. 

4.3.3 Particle size distribution 

 The particle size distribution can be determined by two methods first, by using a 

hydrometer or sedimentation method (i.e., DIN 18123-7) (DIN, 1987) and second by using 

a laser diffractometer. In this study particle size distribution of bentonites was investigated 

using sedimentation method. In the sedimentation method, the sample was dispersed using 

a dispersing solution (i.e., sodium pyrophosphate) during experiment. Figures 4.1 to 4.3 

show the particle size distribution found by the hydrometer method for Calcigel, MX-80 

and Kunigel bentonites respectively. The data from literature is also shown for comparison. 

The amount of clay particle size fraction for Calcigel, MX-80 and Kunigel bentonites are 

13 %, 80 % and 65 % respectively. 
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Figure 4.1 Particle size distribution curve for Calcigel bentonite by hydrometer method 



Chapter 4                                         Material characterization and Experimental Program 
 

 87

0

20

40

60

80

100

0.0001 0.001 0.01 0.1 1
Partical size (mm)

Pe
rc

en
t f

in
er

 (%
)

MX-80 (present study)

MX-80 (Singh 2007)

 

Figure 4.2 Particle size distribution curve for MX-80 bentonite by hydrometer method 
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Figure 4.3 Particle size distribution curve for Kunigel bentonite by hydrometer method 
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4.3.4 Liquid limit 

 The liquid limit is the water content at which a soil changes from the liquid state to 

the plastic state. In other words liquid limit is the capability of soil to retain the water. Two 

types of tests are suggested to determine the soil liquid limit, namely cone penetrometer 

and the Casagrande method. The cone penetrometer method is a static test that depends on 

the shear strength of the soil (Head 1980). Alternatively, the Casagrande method is a 

dynamic test. Casagrande method has been used in this study to measure the liquid limit 

(ASTM D 4318) (ASTM 1997). The samples were mixed with distilled water to reach 

different values of water content and remixed everyday for minimum one week before 

investigation. In order to place definite, reproducible values, it is proposed that the liquid 

limit defined as that water content at which a pat of soil placed in the cup, cut with 

standard groove, and then dropped from the height of 10mm with undergo a groove closer 

when dropped 25 times. Several variables affect the LL test including size of soil sample in 

cup, rate of blow, length of time soil in the cup, accuracy of height of fall, type of grooving 

tool. All these variables are technician controllable and to reduce the test variables, test 

equipment should be standardized. It is believed that cone penetration method is more 

reproducible than that obtained using the Casagrande method, but the principal item 

requiring attention is that the point of the cone may blunted from excess use, in which case 

new cone must be obtained. 

The liquid limit values for three bentonites used in this study are listed in Table 4.1.  

4.3.5 Plastic limit 

 The plastic limit is the water content below which a soil stops behaving as a plastic 

material. The plastic limit of the selected clays has been determined by standard thread 

rolling method based on ASTM D 4318 (ASTM, 1997). The standard thread-rolling 

method requires that a ball of soil be moulded in the palms of the hands until the heat of 

the palms has dried the soil sufficiently for slight cracks to appear on its surface. The 

sample is the rolled into a thread of 3 mm diameter by forward and backward movement of 

the hand. The procedure is repeated until the thread has developed shear cracks 

longitudinally and transversely. This water content of the thread is defined as the plastic 

limit of the soil. It is also expressed as a percentage and reported to the nearest whole 
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number. It is an operator dependent method and depends upon the judgment of the 

operator.  

The plastic limit of Calcigel bentonite has been determined as 39 % and that of MX-80 

bentonite as 48 % and for Kunigel bentonite it was 35 % by this method.  

4.3.6 Plasticity index 

 The plasticity index is defined as water content range over which a soil exhibits 

plastic behaviour. It is equal to the difference between the liquid limit and the plastic limit. 

Thus 

PI LL PL= −    (4.1)
 

where: PI is the plasticity index, LL is the liquid limit and PL is the plastic limit.  

Hence, the plasticity index for Calcigel bentonite found to be 71 %, MX-80 bentonite 

determined to have a plasticity index of 442 %, whereas, Kunigel bentonite has plasticity 

index 370 %.  

4.3.7 Activity 

 Activity is a measure of the water holding capacity of clayey soil (Arora 1997). The 

changes in the volume of clayey soil during swelling or shrinkage depend upon the 

activity. The activity (A) of soil is defined as:  

PIA
C

=    (4.2)

 

where: PI is the plasticity index and C is the percentage of clay fraction finer than 0.002 

mm in the soil. 

Therefore the activity for the three studied bentonites i.e., Calcigel, MX-80 and Kunigel 

were found to be 5.46, 5.52 and 5.69 respectively.  
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4.4 Compaction characteristics 

 The compaction curves of the bentonites were obtained using standard proctor 

method with compaction energy of 600 kN-m/m3 in accordance to DIN (DIN, 1987) and 

ASTM standards (ASTM, 1997). The compaction curves of Calcigel and Kunigel 

bentonites as obtained for specimens at water contents range between 6% and 55% are 

shown in Figures 4.4 to 4.6. The optimum water content and the maximum dry density for 

the Calcigel bentonite are 36 % and 1.23 Mg/m3 respectively. For MX-80 bentonite, the 

optimum water content and maximum dry density is found to be 37 % and 1.08 Mg/m3, 

whereas, for Kunigel bentonite the optimum water content is 31 % and maximum dry 

density 1.26 Mg/m3. As can be seen in Figure 4.5, MX-80 bentonite shows double peaks, 

where the compaction curve has initially decreasing then increasing dry density as water 

content increases. Thus the compaction curve identifies two maximum dry densities and 

two optimum water contents (Benson et al. 1997, Sun et al. 2007, Razouki et al. 2008, Al-

Badran 2011). Razouki et al. (1980) referred to the maximum dry density at lower water 

content. The bell, S, and M shaped nature of the compaction curve; some soils may be 

compacted to equal density at two, three or four different water contents. The dry side peak 

in compaction curve does not appear in most cases because the compaction curve starts 

with the water content higher than the dry optimum water content regarding for the applied 

compaction effort (Al-Badran 2011). If more than one curve exists for the same soil then 

the following scenarios are possible: (i) the dry peak compaction points do not appear for 

both low and high compaction efforts, (ii) the dry peak compaction points for both low and 

high compaction efforts appear, and (iii) the dry peak compaction point for either low or 

high compaction effort appears. Case (i) happens when compaction curve initially starts 

with water content more than the dry of optimum water content. Case (ii) occurs when the 

initial moulding water content is less than the dry optimum water content. Case (iii) occurs 

when the initial moulding water content falls between the two dry optimum water contents.  
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Figure 4.4 Compaction curve for Calcigel bentonite via standard Proctor method 
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Figure 4.5 Compaction curve for MX-80 bentonite via standard Proctor method 
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Figure 4.6 Compaction curve for Kunigel bentonite via standard Proctor method 

 

4.5 Physico-chemical characteristics 

 The physical chemical and mineralogical characteristics of the bentonite are of 

concern since it has been known that the bentonite behavior such as compressibility, 

swelling behavior, hydraulic conductivity, etc are controlled by its physical chemical and 

mineralogical properties. The physical chemical and mineralogical determinations of 

bentonite used in this study included determination of specific surface area (SSA), cation 

exchange capacity (CEC), and mineralogical and chemical compositions.  

4.5.1 Specific surface area 

 The specific surface area (SSA) is the surface area of the soil particles measured in 

m2/g. It is also a strong indicator of the retention and sorption capacity of clays. The SSA 

was determined using the ethylene glycol monoethyl ether (EGME) adsorption method 

(Eltantawy and Arnold 1973, Carter et al. 1986, Hashm 1999, Cerato and Lutenegger 2002, 

Yukselen and Kaya 2006). EGME is a harmful substance and could be absorbed by body, 

so the SSA experiment is conducted in the closed cupboard. Following EGME method is 

used to determine the specific surface area: 
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1- 1 g of an oven dried soil sample was weighed and placed in an aluminum tare. The 

sample was then placed in a sealed vacuum desiccator over silica gel in order to dry the 

sample to a constant mass. The weighing of the soil sample was repeated every hour until a 

constant mass was attained. The mass of soil was measured using an electronic analytical 

balance with an accuracy of 0.0001 g. 

2- Approximately 3 ml EGME was added to the soil sample until all the soil particles were 

completely covered and the mixture was allowed to equilibrate in the desiccator for 1 hour 

in the fume cupboard.  

3- Afterwards the silica gel was removed from the desiccator and replaced with a solvate of 

about 120 g of calcium chloride (CaCl2) and EGME. This solvate was prepared by 100 g of 

hot anhydrous CaCl2 oven dried (100 oC) for 1 hour and mixed with 20 ml EGME 

thoroughly in a cupboard. The solvate was allowed to cool and then placed in the base of 

the desiccator.  

4- The aluminum tare containing soil plus EGME slurry was again placed in the desiccator. 

The aluminum tare was covered with another aluminum tare with some gap between them 

to prevent disturbance caused by the application of a vacuum. The desiccator was 

evacuated with a vacuum pump for 1 hour and the slurry allowed equilibrating for another 

hour. The slurry was again weighed using electronic analytical balance. This is repeated 

until a constant mass was achieved.  

5- The amount of EGME to cover 1 m2 of surface of clay particles with a monolayer is 

2.86 x 10-4 g. Therefore, the SSA of the soil can be calculated by the following equation:  

( ) ( )
( )

2
-4

Massof EGME retained g
SSA m /g =

Massof drysoil g ×2.86×10
   (4.3)

  

The SSA of the Calcigel, MX-80 and Kunigel bentonites are shown in Table 4.1. 

4.5.2 Cations exchange capacity  

 In order to investigate the chemical composition of the studied bentonites, the 

samples were tested in Federal Institute for Geosciences and Natural Resources (BRG) 

Hannover. Cation Exchange Capacity (CEC) is the quantity of exchangeable cations held 
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by the soil which is a measure of the positively charged ions that could be held on the 

negatively charged sites on soil minerals (Yong et al. 2001). It is generally equal to the 

amount of negative charge and expressed as milliequivalent per 100 g of soil (meq/100g). 

Cations can be classified as either acidic (acid- forming) or basic. The common acidic 

cations are hydrogen and aluminium and the basic ones are calcium, magnesium, 

potassium and sodium. The relative proportion of the acidic cation and the base cation on 

the exchange sites determines a soil's pH. CEC is sometimes also termed as the Base 

Exchange capacity when the basic cations are measured only. The ammonium acetate 

exchange method (Hesse 1971, Lavkulich 1981, Hashm 1999) was used to measure the 

four basic cations sodium, potassium, calcium and magnesium and the procedure can be 

summarized as follows: 

Extractable cations 

Ammonium acetate reagent is used to extract cations because ammonium ion replaces all 

the cations present in the soil. The following procedure is carried out to determine 

extractable cations.  

1- 40 ml of ammonium acetate (CH3C00NH4) reagent was taken into a 50 ml 

polypropylene centrifuge tube. The reagent is prepared by adding 57 ml of concentrated 

acetic acid (CH3C00H) to 700 ml of deionised water in a cupboard. Then 68 ml of 

concentrated ammonium hydroxide (NH4OH) is added to the solution and finally made up 

to 1 liter. The pH value of the solution was required to be 7 which are achieved by adding 

acetic acid when the pH is higher than this value and ammonium acetate when it was 

lower.  

2- A 2 g sample of dry soil was accurately weighed and added slowly into the ammonium 

acetate reagent in the polypropylene centrifuge tube.  

3- The centrifuge tubes were placed on an end over end (tumbling) rotating agitator at 30 

rpm for 23 hours. 

4- The sample was then centrifuged at 3000 rpm for 5 minutes. The solid part precipitated 

and the clear supernatant decanted into another 50 ml. 
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5- The supernatant in centrifuge tube filter was then again centrifuged. The samples were 

centrifuged at 3000 rpm for 5 minutes and most of the supernatant filtered through and 

collected at the bottom of filtered centrifuge tube.  

6- 1 ml filtered solution from the filtered centrifuge tube was then transferred into conical 

tubes. 1 ml of 10 % HNO3 (10 ml HNO3 and 90 ml deionised water) and 8 ml of deionised 

water was added into conical tubes and gave the solution of ratio 1:10. Preservation of the 

samples for longer time (up to180 days) requires that sample should be acidified to pH < 

1.5 with HNO3.  

7- The samples in conical tubes were then analyzed by induced coupled plasma mass 

spectrometer (ICP-MS) for basic cations sodium (Na+), potassium (K+), calcium (Ca+2) and 

magnesium (Mg+2).  

8- The ICP-MS gives the amount of extractable cations in mg/l which is converted into 

meq/l00g using the equation below: 

( ) ( ) ( )
( )

Cation mg/l ×Amoniumacetate l ×100
Ex.cation meq/100g =

Equivalent weight of cation×Massof soil g
 (4.4)

 

Here, the mass of soil is 2 g and the volume of ammonium acetate is 0.04 l (40 ml). 

Soluble cations 

The soluble amount of cations was found by adopting similar procedure mentioned above 

for extractable cations but deionised water was used instead of ammonium acetate reagent.  

Exchangeable cation 

The amount of exchangeable cations was calculated by subtracting the amount of soluble 

cations from the amount of extractable cations. The amount of exchangeable cations 

represents the CEC. 

The total cation exchange capacity and basic exchangeable cation results are tabulated in 

Tables 4.1 for the three studied bentonites with the comparison from data from literature.  
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4.5.3 Mineralogy and chemical composition 

 The mineralogy of studied clays was investigated using X-ray diffraction (XRD) 

method. X-ray diffraction (XRD) is a non-destructive analytical technique to identify and 

quantify minerals in crystalline compounds within in a mixture or a pure phase. The results 

obtained from the XRD test are compound or mineral name opposed to element name 

determined by other analytical methods. The samples analyzed with the XRD are solid and 

crystalline with a regular 3D distribution of atoms occupying a space with a particular 

arrangement to form a series of parallel planes or lattices which are separated from each 

other by distances d or d-spacings. The XRD identifies minerals by relating the angle of 

incidence of the X-rays to the d-spacings according to Bragg’s law. The Bragg’s law states, 

when a monochromatic X-ray beam with a known wavelength (λ) is incident on the lattice 

plane in a crystal at an angle (θ) causes diffraction when the distance (d) travelled by the 

rays reflected from successive planes differs by a complete number (n) of wavelengths. It 

can be written in an equation form as: 

2 sinn dλ θ=    (4.5)

By varying the angle (θ) the condition for Bragg’s law is satisfied by different d-spacings 

within the crystalline structure. The different angular positions and intensities are then 

plotted and the plot is called diffractogram which is a fingerprint to identify the unknown 

mineral phase.  

The XRD results for the three bentonites are shown in Figure 4.7. The predominant clay 

minerals of Calcigel bentonite are nontronite which is smectite family. Muscovite which is 

known as common mica is present. Quartz mineral which is a continuous framework of 

silicon oxygen tetrahedra with each oxygen being shared between two tetrahedra. Albite 

which is one of the plagioclase feldspars is present. The XRD result for MX-80 bentonite 

shows montmorillonite, quartz and cristobalite minerals. The mineral cristobalite is a high 

temperature polymorph of silica, meaning that it is composed of the same chemistry, SiO2, 

but has a different structure. Both quartz and cristobalite are polymorphs with all the 

members of the quartz group. The Kunigel bentonite consists of clay minerals i.e., 

beidellite, which is smectite group, and quartz mineral. Calcite is a carbonate mineral and 

the most stable polymorph of calcium carbonate (CaCO3). The other polymorphs are the 

minerals aragonite which changes to calcite at high temperature. Clinoptilolite mineral 
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present in Kunigel bentonite is a natural zeolite comprising a micro porous arrangement of 

silica and alumina tetrahedra.  
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Figure 4.7 XRD results for a) Calcigel b) MX-80 and c) Kunigel bentonites 

  

 The chemical composition of bentonites studied was determined using emission 

spectroscopy method. The result is summarized in Table 4.2.  
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4.6 Summary of the material 

 Table 4.1 summarizes characteristics of clays used in this study and comparison 

with reported data from literature. 

Table 4.1 Summary of properties of the clays studied 

 Bentonites 
Properties Calcigel  MX-80 Kunigel 
Specific gravity, G 2.72 2.80 2.75 
Specific gravity from literature 2.8* 2.76-   2.79+ 
Liquid limit, (%) 110 490 405 
Liquid limit from literature 180* 411- 473+ 
Plastic limit, (%) 39 48 35 
Plastic limit from literature 124* 374- 26.6+ 
Specific surface area, (m2/g) 525 711 430 
Specific surface area from literature 526* 562- 388+ 
Basic exchangeable cation Na+, K+, Ca2+, Mg2+ (meq/100g) 2,1,35,19 64,2,19,6 61,0,2,1 
BEC (meq/100g) from literature 3,2,50,19* 62,0.2,7,3- - 
Total cation exchange capacity (meq/100g) 57  91 64 
Total CEC (meq/100g) from literature 74* 73- 76+ 
Weighted average valency 1.95 1.27 1.05 
Weighted average valency from literature 1.93* 1.14- 1.50+ 
Hygroscopic water content (%) 9.0 10.5 6.2 
Hygroscopic water content from literature 9.2* 10.8- 6.5+ 

   * Date from Baille et al. (2010) 
   - Data from Müller-Vonmoos and Kahr (1982) 
   + Data from Komine and Ogata (1996)   

   

 

Table 4.2 Chemical composition of the clays studied (BGR Hannover) 

 Chemical SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O LOI 
Calcigel 53 0 17 5 3 2 0 2 17 
MX-80 57 0 19 4 2 1 2 0 14 

Present 
study 

Kunigel 66 0 13 2 2 2 2 0 11 
Agus 

(2005) Calcigel 53.2 0.32 18.4 5.4 3.8 3.6 0.74 1.7 - 

Pusch 
(2001) MX-80 61 - 22 3 1 0.6 1 2 - 
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4.7 Experimental program 

 The experimental program consists of the determination of swelling pressure and 

saturated hydraulic conductivity of three types of bentonites (i .e., Calcigel, MX-80 and 

Kunigel bentonites). Both the tests were conducted in laboratory. The choice of these 

bentonites is based on the fact that they have been used extensively in many research 

programmes. The clays contain monovalent as well as divalent cations (Table 4.1). 

Calcigel bentonite contains predominantly divalent cations (see section 4.2). MX-80 

bentonite contains primarily monovalent cations as well as divalent cations, whereas, 

Kunigel bentonite has monovalent cations.  

Several placement conditions corresponding to different initial dry densities and initial 

water contents were chosen for each bentonite. The choice of the dry density and water 

content primarily based on the commonly adopted placement conditions dealt in many 

nuclear waste disposal repositories. The initial water content was varied to examine the 

effects on hydro-mechanical characteristic of the clays. Moreover, the high initial water 

content of the compacted specimens at each selected dry density was considered, so as to 

obtain near saturation conditions.  

Swelling pressure tests followed by the hydraulic conductivity tests were carried out in the 

newly fabricated high pressure constant volume cells (see details in Chapter 5). Two types 

of permeant (i.e., distilled water having molal concentration of approximately (10-4M) and 

high concentration solution (10-2M)) are chosen for the swelling pressure and hydraulic 

conductivity tests. Only low initial water content specimens were tested on high 

concentration solution.  

During the swelling pressure tests fluid were supplied to the compacted specimens without 

any additional injection pressure, whereas different constant heads (i.e., fluid injection 

pressure) were maintained during the hydraulic conductivity tests. Volume pressure 

controllers (VPC) were used for this purpose (see details in Chapter 5). The following 

Table 4.3 shows the initial condition and summary of the experimental program. 
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Table 4.3 Initial condition of specimens and summary of the experimental program 

Nr Clay 
type 

Test 
name 

Dry a 
density 

(Mg/m3) 

Water 
content   

(%) 

Void ratio a  
(e) 

Permeant 
(M)  

Injectionb 
pressure 

(kPa) 
1 Calcigel  Ca-B1 1.4 (1.37) 9.0 0.94 (0.98) 10-4 100 - 1000 
2  Ca-B2 1.6 (1.56) 9.0 0.70 (0.74) 10-4 100  - 1000 
3  Ca-B3 1.8 (1.75) 9.0  0.51 (0.55) 10-4 100  - 1000 
4  Ca-B4 1.4 (1.37) 34.5 0.94 (0.98) 10-4 100  - 1000 
5  Ca-B5 1.6 (1.56) 25.7  0.70 (0.74) 10-4 100  - 1000 
6  Ca-B6 1.8 (1.75) 18.8 0.51 (0.98) 10-4 100  - 1000 
7 MX-80 Mx-B7 1.4 (1.37) 10.5 1.00 (1.04) 10-4 100  - 1000 
8  Mx-B8 1.6 (1.56) 10.5 0.75 (0.79) 10-4 100  - 1000 
9  Mx-B9 1.8 (1.75) 10.5 0.55 (0.60) 10-4 100  - 1000 
10  Mx-B10 1.4 (1.37) 35.7 1.00 (1.04) 10-4 100  - 1000 
11  Mx-B11 1.6 (1.56) 26.8  0.75 (0.79) 10-4 100  - 1000 
12  Mx-B12 1.8 (1.75) 19.6 0.55 (0.60) 10-4 100  - 1000 
13 Kunigel Ku-B13 1.4 (1.39) 6.2 0.96 (0.98) 10-4 100  - 1000 
14  Ku-B14 1.6 (1.57) 6.2 0.72 (0.75) 10-4 100  - 1000 
15  Ku-B15 1.8 (1.75) 6.2 0.53 (0.57) 10-4 100  - 1000 
16  Ku-B16 1.4 (1.39) 34.9 0.96 (0.98) 10-4 100  - 1000 
17  Ku-B17 1.6 (1.57) 26.1 0.72 (0.75) 10-4 100  - 1000 
18  Ku-B18 1.8 (1.75) 19.3 0.53 (0.57) 10-4  100  - 1000 
19 Calcigel Ca-B19 1.4 (1.37) 9.0 0.94 (0.98) 10-2 100  - 1000 
20  Ca-B20 1.6 (1.56) 9.0 0.70 (0.74) 10-2 100  - 1000 
21  Ca-B21 1.8 (1.75) 9.0 0.51 (0.55) 10-2 100  - 1000 
22 MX-80 Mx-B22 1.4 (1.37) 10.5 1.00 (1.04) 10-2 100  - 1000 
23  Mx-B23 1.6 (1.56) 10.5 0.75 (0.79) 10-2 100  - 1000 
24  Mx-B24 1.8 (1.75) 10.5 0.55 (0.60) 10-2 100  - 1000 
25 Kunigel Ku-B25 1.4 (1.39) 6.2 0.96 (0.98) 10-2 100  - 1000 
26  Ku-B26 1.6 (1.57) 6.2 0.72 (0.75) 10-2 100  - 1000 
27  Ku-B27 1.8 (1.75) 6.2 0.53 (0.57) 10-2  100  - 1000 

Note: Distilled water (10-4M) and 10-2M (NaCl solution) 
a Values shown in brackets correspond to corrected dry densities and void ratios after 

swelling  pressure tests. 
b The choice of the injection pressure depend upon the initial placement conditions of the 

specimens. 
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4.8 Summary 

 In this chapter three types of clays selected for the present research have been 

characterized successfully by determining their various properties including physical and 

chemical properties. A summary of physical and chemical properties of selected clays are 

presented in tables 4.1 and 4.2, respectively. The determination techniques of the 

properties of the clays used have also been detailed. The determined values are consistent 

with other reported observations of various researchers. The detailed experimental program 

with the initial placement conditions for the three types of clays are presented in Table 4.3.  
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Chapter 5 
 
 

EXPERIMENTAL EQUIPMENTS, DESIGN AND METHODOLOGY 
 
 
 

5.1 Introduction 

 This chapter describes the design and construction of the new devices to facilitate 

swelling and hydraulic conductivity tests which is the main objective of the present 

research work. Different devices available for measurement of hydraulic conductivity and 

their limitations are discussed. The chapter presents the necessity of new experimental 

devices to be built to carry out the tests mentioned in the experimental program in section 

4.7. The design criteria to be met for the construction of new devices are discussed. 

Furthermore, the chapter gives description of new devices, and its various components. 

The calibration of the new devices and its working limits is covered. Experimental 

methodology developed to carry out the tests is discussed. It details the procedure and 

techniques employed for sample preparation and to determine swelling pressure and 

hydraulic conductivity.  

 

5.2 Available devices and their limitation 

 Conductivity test devices range in forms as well as applied conditions during 

testing. During conductivity testing on an unsaturated swelling clay soil, changes in 

gravimetric water content, density, saturation, and suction are anticipated. This makes the 

choice of device extremely important as well as hydraulic conditions applied during tests. 

Type of devices include constant volume devices (Dixon et al. 1999) that allow no change 

in total volume, as well as oedometric type apparatuses that provide one-dimensional 

volume change in the direction of flow. Investigations into the anisotropy of hydraulic 

conductivity have also been performed in a rigid cell (Leroueil et al. 1990). In these 

devices all stress states are not explicitly measured and assumptions must be made. 

Devices which allow deformation include flexible membrane apparatuses as well as zero 
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stress devices (Rolland et al. 2005) which apply flow into specimens or monitor drainage 

out of specimens.  

The devices and techniques described in the literature (Dixon 1995) can fall into the 

following four general categories: 

 i) rigid-walled, constant volume device with either, a constant hydraulic head 

(gradient), or a falling hydraulic head. 

 ii) rigid-walled, constant volume device with a fixed flow rate.  

 iii) flexible walled device, where the specimen volume is controlled by adjusting 

confining pressure and applying a predetermined hydraulic gradient. 

 iv) rigid-walled consolidation device, where consolidating specimens are tested 

using either a fixed or falling hydraulic gradients.  

In rigid wall constant volume device, the specimen tested is rigidly confined to ensure 

volume change does not occur. Specimens are typically rigidly confined in a cylindrical 

sleeve with filters on the ends to ensure uniform wetting and drainage paths. The ends are 

also rigidly constrained and rigid filter stones are fitted to provide uniform wetting and 

drainage surfaces. In most relatively high hydraulic conductivity materials this technique 

provides a quick and consistent means of determining hydraulic conductivity. The ability 

to accurately monitor flow through specimens may be influenced by specimen size, and the 

influence of scale is typically associated with the possibility of higher flow rates along the 

soil permeameter wall interface i.e., preferential flow. There are also reports of potential 

volumetric straining as the result of applying back pressure to rigid wall systems (Pane et 

al. 1982, Edil and Erikson 1985). It should be noted that these observations were for low 

activity clay materials at intermediate densities. Swelling clays should not have these 

limitations, any channels opened as the result of wall irregularities or applied pore 

pressures would rapidly hydrate and swell to block such channels. Such clays are basically 

self-sealing. The ultimate flow rates measured for specimens originally having 

intentionally induced gaps, fissures or voids were found to be equivalent to those of 

initially intact specimens (Dixon et al. 1993b). The rigid wall constant volume device with 

either constant head or falling head method is shown in Figure 3.4, and the procedure is 

explained in section 3.4.2. 
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In rigid wall constant volume fixed flow rate device, a metering pump is used to inject 

water at a constant quantity per unit time.  This flow rate (flux) is maintained, regardless of 

the pressure gradient developed across the specimen and can be measured using pore 

pressure transducers mounted at each end of the specimen. Alternatively, a differential 

pressure transducer can be used to measure the pressure difference across the specimen. 

This technique has a number of advantages to the other rigid walled testing techniques 

since it does not require any special displacement gauges or fluid reservoirs. Hence, the 

constant rate of flow device has fewer connections, less tubing and a lower number of 

potential sources of leakage. Dixon (1995) discussed the main limitation of this technique 

is development of hydraulic gradient during constant flow rate especially for low hydraulic 

conductivity clays (< 10-12 m/s). If the specimen cross section is to be increased, still the 

gradient attained would be well above the field conditions and limits the usefulness of this 

technique in studying the flow through materials of very low hydraulic conductivity. A 

schematic of this type of device is presented in Figure 5.1. 

 

Figure 5.1 Rigid wall constant volume fixed flow rate design (from Dixon 1995) 

 

Flexible walled device have been used for a number of years commonly in association with 

triaxial compression testing of materials. The equipment used is the same as that used in 

confined, drained triaxial tests, excepting that the top and bottom drainage reservoirs are 
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separate and held at different pressures. This induces a hydraulic gradient across the 

specimen and the flow rate across the specimen can be monitored using traditional 

displacement gauges. This technique has been used successfully in relatively short duration 

conductivity tests on materials of moderate to low hydraulic conductivity (10-6 to 10-10 m/s) 

(Edil and Erickson 1985, Haug and Wong 1992, Haug and Sauer 1993).  

Agus et al. (2003) described the development of a flexible wall permeameter device for 

measuring the coefficients of permeability of residual soils. Water and air coefficients of 

permeability were obtained for both the drying and wetting cycles for residual soils using 

the flexible wall permeameter. Volume changes of the soil specimens during unsaturated 

consolidation and during the water and air permeability measurements were monitored. 

The developed flexible wall permeameter was found to be capable of measuring water and 

air coefficients of permeability as low as 10–12 m/s. However, such devices have not been 

used for very long term testing of high swelling capacity specimens with very low 

hydraulic conductivity. The advantages, disadvantages and limitations of this type of 

device are discussed in considerable detail by a large number of researchers including, 

Olsen and Daniel (1981), Tavenas et al. (1983), Daniel et al. (1984, 1985), Olsen et al. 

(1985), Boynton and Daniel (1985), Bowders (1987) and Haug and Wong (1992). Most of 

these researchers prefer the use of a flexible walled device, but Daniel et al. (1985), Edil 

and Erikson (1985), Bowders (1987) and Peirce et al. (1987b) found that the results 

obtained using a flexible walled device are essentially the same as those obtained from a 

rigid walled device. At high hydraulic gradients the flexible walled device was preferred to 

the rigid walled since water channeling between the specimen and the cell wall was seen as 

a potential mechanism which could affect flow. The general setup for a flexible walled 

device is presented in Figure 5.2. 
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Figure 5.2 Basic design of Flexible walled device (from Dixon 1995)  

 

The flexible walled device has some limitations in its application to testing very low 

conductivity materials, particularly in terms of potential sources of leakage (Tavenas et al. 

1983). Membranes are not completely impermeable and so for long duration tests, 

diffusion into or out of the specimen can become significant. Membranes are also subject 

to chemical attack or mechanical failure if left for long time periods. There is an additional 

complication in using this technique for bentonite materials, the cell must be able to 

provide the 1 MPa to 2 MPa confining pressure needed to prevent specimen swelling (clay 

densities > 1.3 Mg/m3 would require even higher confining pressures). This means that 

testing of bentonites would require special triaxial cells capable of providing high pressure 

confinement. The permeant reservoirs for these systems must also be pressurized and 

capable of maintaining a small pressure gradient across the specimen.  

Rigid walled consolidation cell, in which consolidation testing is still widely used to obtain 

a measure of the hydraulic conductivity of a soil. This technique was presented by 

Terzaghi and Peck (1976) as one which could use the measured rate of clay compression, 

and hence the drainage rate, to calculate hydraulic conductivity. This procedure uses 

specimen strains to calculate flow, and so is not appropriate for use in determining the 

mass transport properties under low hydraulic gradients. Straining of the soil skeleton 
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during the consolidation process violates one of the basic requirements of Darcy's law that 

the soil fabric not change during the testing process. As a result, this technique is not 

appropriate for use in examining the performance of swelling clays under conditions of 

low applied hydraulic gradient. 

 

5.3 Need for the new experimental device 

 The majority of literature dealing with measurement of hydraulic conductivity in 

clay soils focuses on materials of low swelling capacity and relatively high hydraulic 

conductivity. For these materials it is generally accepted that either rigid-walled or 

flexible-wall devices will produce comparable results (Daniel et al. 1985, Edil and Erikson 

1985 and Pierce et al. 1987a). The final consideration in the process of selecting the most 

appropriate type of device for use in this project was the nature of the materials and range 

of dry density being investigated. The swelling clays examined in this research program 

contain a considerable fraction of montmorillonite. Additionally, the low hydraulic 

conductivity for these materials had already been established (k < 10-12 m/s), and as a result 

the time required to complete each test was about 3 to 4 months. A flexible walled system 

therefore contained a larger number of potential sources of time dependent leakage or 

failure owing to the membranes used to confine the specimen.  

A rigid walled system is simple to construct and contained a lower number of potential 

sources of mechanical failure. A newly designed rigid walled constant volume device was 

selected and constructed. A system of stainless steel cells, complete with stainless steel 

tubing was designed and built for use in present research program. Such systems provide 

the best combination of ability to resist the high swelling behaviour and aggressive nature 

of the high concentration pore fluid, while maintaining a nearly constant hydraulic gradient 

across the specimen. The description of devices used in this research program is outlined in 

section 5.5. 
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5.4 Design criteria of the devices 

 The experimental devices had to be designed to satisfy the following criteria so that 

the measurements of key parameters outlined in section 4.7 could be accomplished: 

 1- The clay sample can be compacted directly into the cell ring to avoid the air gap 

between the sample and the ring wall. The direct compaction of clay sample into the 

cell ring ensures the desire density and void ratio remains constant throughout the tests. 

 2- The cell has to be sufficiently strong to withstand any hydraulic or swelling 

pressures developed during a test. 

 3- The cell can be connected to data acquisition device to measure the swelling 

pressure throughout the tests.  

 4- The clay sample can be removed intact from the cell to allow sampling of water 

content, dry density and chemical concentration if needed. 

 5- The cell must be hydraulically sealed and no or minimum leakage for long tests 

duration. 

 6- The valves, fittings, and pressure lines should be high pressure resistant. 

 7- The cell must be both robust and easy to handle, assemble and dismantle. 

 8- The device needs to be compatible with existing auxiliary equipment required for 

this laboratory testing program. 

 9- The cell can be used for future research in hydraulic, mechanical and chemical 

studies of soils with minimal modifications.  

 10- The water injection device can measure very small volume of water induced by 

imposed hydraulic gradient and should maintain the pressure gradient. 

 11- The water injection device can apply a wide range of pressure gradient. 

 12- The device can apply no or high back pressures to the cell during saturation stage. 
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5.5 Description of the devices 

 To meet the testing requirements outlined in section 5.4, special high pressure 

constant volume cells, and a specialized volume pressure controller (VPC) that enables 

maintaining predetermined constant fluid injection pressure at the base of the specimens 

during hydraulic conductivity tests were fabricated and constructed. All the tubing and 

non-glass materials used in the system were stainless steel. This was to limit the effects of 

high concentration pore fluid, to limit tubing strain due to pressure and to prevent water 

diffusion through the walls of the tubing. The steel tubing allows very high back pressures 

or gradients to be applied to the specimens without concern for system leakage or failure. 

The following subsections give the description of the devices. 

5.5.1 Constant volume high pressure cell 

 The constant volume high pressure cell is designed to calculate the swelling 

pressure and hydraulic conductivity of bentonites used in this research. The cell consisted 

of mainly two parts. Following section describe the material and components of the cell. 

Material 

 An austenitic stainless steel of grade V2A (Stainless steel DIN 1.4541 AISI 321 

specification) was used to make the main components of the high pressure cell. Type V2A 

stainless steel is low carbon molybdenum bearing steel. It is more resistant to corrosion 

and pitting especially in chloride rich environments than conventional nickel chromium 

austenitic stainless steels such as 302 - 304. It also has excellent machining, forming, 

cutting and welding characteristics with good rupture and tensile strength under high 

temperature.  

Top section 

 The top section of the cell consists of a top cap, piston and load cell. The top cap 

carries a piston which is in turn attached with a load cell. The top part contains inlet and 

outlet lines.  The top section has two primary functions, firstly, to measure the swelling 

pressure development during saturation of soil sample and secondly, the top inlet and 

outlet lines for measuring the outflow fluid volume during hydraulic conductivity tests. 

The top lines are also used for flushing and de airing during the test. The top lines are 
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connected with the porous plate and a water reservoir. The O-ring is used to avoid the 

leakage from the top part of the cell. The top and the bottom parts of the device are 

connected with the help of heavy screws.  

Bottom section 

 The bottom section of the constant volume cell contains inlet and outlet lines for 

saturating the soil sample during swelling pressure tests and for applying constant fluid 

pressures during hydraulic conductivity tests. A thick stainless steel base at the bottom 

houses a stainless steel porous plate and a bottom water chamber. The bottom part also 

holds a thick walled ring of height 20 mm and diameter 50 mm that in turn accommodates 

a compacted soil sample. The wall of the ring has very low friction that helps easier sample 

extrusion at the end of the tests. Around the porous plate, steel base has a slot to take O-

ring, which ensures the water tightness of the cell at bottom section. The O-ring was 

always slightly greased to seal the cell before start of the tests. The sketch of the new high 

pressure cell with detailed itemized components and a photograph view are shown in 

Figure 5.3.  

Summary of the cell specification and working limits 

Cell construction:   Stainless steel V2A 

Piston:     Stainless steel V2A 

 

Ring size 

Diameter:    50 mm 

Height:    20 mm    

Load cell:    45 MPa 

Max. Cell pressure:   20 MPa 

Total weight:    9.5 kg 
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Figure 5.3 New constant volume high pressure device (sketch and photograph view) 

 

Figure 5.4 Individual components of constant volume device 
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5.5.2 Volume pressure controller 

 The volume pressure controller (VPC) consists of a solid pressure cylinder with 

integrated spindle drive for the generation of water injection pressure up to 100 bar (10 

MPa). An electronic pressure measuring sensor is integrated in the device for controlling 

the pressure and volume. The volume pressure controller works according to the electro-

mechanic principle. The device consists of pressure cylinder which can be filled with the 

fluid of volume 250 ml. The pressure piston inside the cylinder moves by a precision 

stepping drive. Distilled water and low concentrated electrolytes can be pressurized using 

the device. During the hydraulic conductivity tests, the saturated bentonite specimens were 

subjected to constant fluid injection pressure that enabled the tests to be carried out under 

various hydraulic gradients. The volume pressure controller with labelled components is 

shown in Figure 5.5. 

 

 

Figure 5.5 Volume Pressure Controller for fluid injection pressure 
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5.6 Calibration of the devices 

 Whenever a new device is designed and fabricated, the first step is to test its 

integrity and calibrate it. The following subsection outlines the calibration of the devices. 

5.6.1 Constant volume high pressure cell  

 To enable the new device to be used accurately in testing, it was calibrated for the 

volume change due to the application of water pressure. The strength of cell was tested 

under fluid pressure of 10 MPa to ensure the safety of the operator and equipment. The 

procedure adopted for the calibration is given below: 

Initially the cell was filled with distilled water in the presence of a dummy metal sample. 

The pressure-expansion characteristic of the cell was studied. Hydraulic pressure was 

applied step-wise up to a pressure of 10 MPa using the volume pressure controller (VPC) 

device and the corresponding immediate volume change was recorded. The expansion of 

the pipes of VPC was subtracted from the cell expansion. Based on the pressure-expansion 

characteristics of the cell, the dry density of the compacted specimens was corrected at the 

end of the each test. Figure 5.6 shows the calibration of the volume change of the cell.  
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Figure 5.6 Calibration of the cell with volume pressure controller 
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Load cell calibration 

 Load cell calibration was done against two devices namely, volume pressure 

controller (VPC) and in high compression loading frame. 

Load cell versus VPC 

 Calibration of load cell with VPC was achieved with same procedure as stated in 

section 5.6.1. The response of the load cell due to applied water pressure was determined 

by filling the cell with distilled water in the presence of a dummy metal sample. Hydraulic 

pressure was applied step wise using the VPC and the corresponding response of the load 

cell was recorded. The relationship between the load cell (kPa) and the volume pressure 

controller (kPa) is shown in Figure 5.7. The calibration best fitting line has the following 

equation: 

1.056 13.21Lc vpc= × −    (5.1)
 

where: Lc represents the load cell reading (kPa) and vpc is applied hydraulic pressure from 

VPC (kPa). 
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Figure 5.7 Calibration of the load cell with volume pressure controller 
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Load cell versus high compression loading frame 

 The load cell was verified by installing it in the loading compression machine. The 

vertical pressures were applied by the compression machine and check the response of the 

load cell. Figure 5.8 shows the calibration of the load cell with high pressure compression 

machine. 
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Figure 5.8 Calibration of load cell with high pressure loading machine 

 

5.6.2 Volume pressure controller  

 Volume pressure controller (VPC) device which has been used for constant fluid 

injection pressure, before starting the tests, the device has been verified with the pressure 

meter i.e., manometer. The manometer device was connected with the VPC. The step wise 

increment of the fluid pressure in the VPC was applied and note down the readings of the 

manometer. The maximum fluid pressure applied could be 1000 kPa due to the limitation 

of the manometer. The relationship between the manometer (kPa) and VPC (kPa) is shown 

in Figure 5.9. Both the devices were in good agreement with the pressures applied by 

manometer and volume pressure controller.  
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Figure 5.9 Calibration of load cell with manometer device 

 

5.7 Methodology develop 

 An experimental methodology was developed to carry out experiments efficiently. 

The following sections discuss the important steps including sample preparation, swelling 

pressure and hydraulic conductivity determination.  

5.7.1 Sample preparation 

 The total of 27 tests have been done as shown in Table 4.3 for three selected type of 

bentonite clays. All the clay specimens were composed of 100 % bentonite. In 27 sets of 

tests for swelling pressure and hydraulic conductivity, 9 tests were conducted on specimen 

with hygroscopic water content (low initial water content) and 9 tests were carried out on 

saturated water content (high water content) specimens. Distilled water was used for 

preparing the samples and for swelling pressure and hydraulic conductivity tests. The 

remaining 9 tests have been done with high concentration solution as permeant in swelling 

pressure and conductivity tests. Only low initial water content specimens were tested on 

high concentration solution.  
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Bentonite specimens were prepared at various predetermined dry densities and initial water 

content. Specimens of diameter 50 mm and height 20 mm were prepared by static 

compaction method by directly compacting bentonite-water mixtures in the specimen ring 

to overcome preferential flow along the soil-cell interface. The specimens in compaction 

machine were compacted in 4 layers into the cell ring, and each layer was compressed 

under static load. For high or saturated initial water content specimens, the predetermined 

amount of water (Table 4.3) depending upon the dry density was added to the specimens 

and mixed daily for about one week to ensure homogenous mixture and water distribution. 

5.7.2 Method to achieve specimen saturation 

 Preparation of specimens for hydraulic conductivity testing will almost inevitably 

result in the presence of entrapped air. Unless the specimen is actually formed from slurry 

and then installed in a cell submerged under water, some degree of air entrainment is 

unavoidable. As slurry preparation and submerged construction is impractical or 

inappropriate for most situations, especially in clays having a high swelling capacity 

(Dixon 1995). The most commonly method to achieve saturation is to form the specimen 

as close to saturation as is practical and then use water under pressure referred to a back 

pressuring, to force the remaining air into solution (Mitchell et al. 1965). Immediately 

following this back pressuring, a substantial hydraulic gradient is typically applied in an 

effort to circulate the dissolved air - water solution out of the specimen and replace it with 

pore fluid. Black and Lee (1973) described this approach in detail, including a discussion 

on the time required to accomplish this saturation. They provided a good review of the 

technique and discuss their attempt to develop a time-based criterion for defining specimen 

saturation. They concluded that saturation was potentially a slow process and it might be 

appropriate to accept some degree of unsaturation in testing rather than wait for "full" 

saturation to be achieved. This type of saturation process can be undertaken on any 

specimen, provided the specimen volume is kept constant.  

There are certain limitations to use back pressuring technique to achieve specimen 

saturation. The application of pressure to the pore spaces of a specimen can lead to 

straining of the soil fabric as the pore fluid forces its way through the specimen and into 

entrapped air pockets. This may cause the generation of macro or micro channels which 

can allow easier water conduction through the specimen (Dixon 1995). The applied back 

pressure must be maintained for the duration of the test. Any reduction in back pressure 
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can lead to dissolved gases coming out of solution, creating new voids and can obstruct the 

fluid movement. Depressuring the specimen can also induce specimen strain as the pore 

volume increases. 

Skempton (1954) and Lee et al. (1969) described test for saturating the specimen in triaxial 

or flexible walled permeameter. This test involves increasing the confining pressure on the 

specimen and monitoring the pore pressure response through the closed end drains in the 

specimen. The change in the total stress of the specimen should be exactly equal to the 

change in the water pressure. By applying large confining pressure can result in 

macroscopic or micro strains within the soil. Such strains could change the soil fabric, and 

hence the hydraulic behaviour of the specimen. The time required to saturate a specimen 

will vary with the amount of pore air present, the pressure applied, and the rate at which 

the pore water can enter the specimen to dissolve and remove the entrapped air (Braden 

and Sides 1967, Lee et al. 1969).  

A similar method mentioned above can be conducted on specimen rigidly confined. An 

increase in the pore water pressure is made at one end of an undrained specimen and pore 

pressure transfer is monitored at a pore pressure transducer mounted on the other end of 

the specimen. The time required for the pore pressure change to equal the change in 

applied pore pressure provides a measure of how close the specimen is to full saturation. A 

specimen with air voids present should exhibit a slower rate of pressure transfer than a 

saturated material with its very low compressibility. The methods have the same basic 

limitations, they are subjective and they have the potential to induce specimen strain.  

In the present research, the saturation of the specimens was achieved by installing the 

burette level with 5 – 10 kPa pressure. The procedure for saturating the specimens is 

outlined in following section 5.7.3. 

5.7.3 Swelling pressure measurement 

 Swelling pressures of compacted bentonite specimens used in this research were 

measured under isochoric condition using the high pressure constant volume cell (Figure 

5.3). Filter papers were used at the top and bottom of the specimens to prevent direct 

contact of the specimens with the porous plate and to avoid chocking of the porous plate. 

The specimen rings were lubricated prior to the specimen preparation to minimize the side 

friction. During the swelling pressure tests, fluid was supplied initially via the bottom inlet 
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of the cell. After about 4-5 days of hydration period, a burette was connected to the top 

inlet of the cell to supply fluid from top. The procedure adopted enabled releasing air from 

the initially unsaturated bentonite specimens during the hydration process and also was 

found to reduce the swelling pressure equilibration time. The reason for the reduction in 

swelling pressure equilibration time was that the migration of water in the specimen from 

one end may take longer duration depending upon the type of clay. 

The full saturation of any tested specimens was confirmed based on the time-swelling 

pressure response. The time needed for the full saturation was found to depend on the dry 

density of the specimen and generally varied between 3–5 weeks. The final water contents 

of several compacted specimens tested were measured by oven drying method. The 

calculated degree of saturation of the specimens based on the corrected volumes (i.e., 

based on expansion of the cell) and the measured water contents clearly indicated that the 

specimens were fully saturated after the tests. Furthermore, the saturation was also 

confirmed when the swelling pressure development was equilibrated upon the water 

uptake. The water uptake and swelling pressure versus time relationships for the bentonites 

used in this study are shown in chapter 6 in more detail. 

5.7.4 Hydraulic conductivity measurement  

 Hydraulic conductivity tests were carried out in a constant volume cell after the 

swelling pressures of the specimens were equilibrated. A digital water volume pressure 

controller (Figure 5.5) was connected to the bottom inlet of the cell to apply predetermined 

hydraulic gradients. The hydraulic gradient was varied between 250 and 3500. To achieve 

these gradients, fluid injection pressures of 100 kPa to 700 kPa were required. Figure 5.10 

shows the schematic of the test setup used for measuring hydraulic conductivities of 

compacted bentonite specimens. The increase of fluid injection pressure to the next level 

was done once the outflow rate become constant and the steady state conditions have been 

achieved. The time required to establish the steady state condition for each gradient was 

about two weeks. The system was then allowed to attain the pressure and flow equilibrium 

condition until the final pressure selected was reached. The cumulative outflow volumes 

were measured using a burette connected at the top of the cell. Step-wise hydraulic 

gradient was applied based on the constant outflow rate. Hydraulic conductivity tests were 

carried out in a temperature controlled room with a temperature of 20 ± 0.5°C. Evaporation 
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loss was considered by installing a dummy burette. The hydraulic conductivity (k) was 

calculated using Equation (5.2): 

0

in out

Hq qk
A P P Ai

= =
−

   (5.2)

 

where: q is the average volume outflow at unit time (m3/s), A is the cross-sectional area, Pin 

is the water-pressure at bottom of specimen, Pout is the water pressure at the top of the 

specimen, H0 is the specimen height, and i is the head loss or hydraulic gradient. 

 
Figure 5.10 Schematic of the test setup for measuring hydraulic conductivity 

 

To achieve the steady state flow, considerable effort has been expended in trying to define 

when saturation has been achieved (Section 5.7.2), and whether the flow through the 

specimen has achieved constant rate. Researchers such as Anderson (1982), Pierce and 

Witter (1986) have attempted to develop empirical techniques to define when steady state 

flow is reached. Pierce and Witter (1986) called for one to five pore volumes to be passed 

through the soil and constant hydraulic conductivity to be recorded before assuming 

specimen saturation is achieved. This type of criterion may be appropriate for the relatively 

high hydraulic conductivities they examined (approx. 10-6m/s). However, a material with 
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hydraulic conductivity of 10-13 m/s would require an unacceptably long time (4 - 5 months) 

to meet these requirements (Dixon 1995).  

Techniques typically used to measure very low flow rates have been described by Dixon et 

al. (1987, 1992 a, b), Sri Ranjan and Karthigesu (1992), and Haug and Wong (1992). 

These techniques generally involve construction of nearly saturated specimens. The 

specimen was either percolated until enough fluid had been added to fill the air-filled pore 

spaces or, the specimen was back pressured to dissolve out any air. The specimens were 

then percolated until steady-state flow is achieved. There would also be an additional risk 

of inducing significant changes to the pore fluid chemistry as the result of such extensive 

flushing. Test conducted by (Dixon 1999) involved either monitoring of inflow only, or 

both inflow and outflow during hydraulic conductivity measurements. Monitoring 

continued until the flow into and out of the specimen was constant. If the inflow was the 

only displacement monitored, then percolation was continued until the flux was constant 

for an extended time period (more than 10 days). 

 5.8 Summary 

 This chapter has reported the successful design, fabrication and calibration of the 

new constant volume cells with each of the defined design criteria met. Furthermore, the 

volume pressure controller for water injection pressure in conjunction with the new cells. 

The new cell is capable of measuring the swelling pressure and hydraulic conductivity of 

highly plastic clays. It also facilitates the determination of moisture content, dry density at 

the end of the tests without damaging the soil sample. However, the working limits of the 

constant volume cells, for the load cell are 45 MPa and the maximum cell pressure 

sustained is 20 MPa.  

The experimental methodology was developed and defined that includes the soil 

preparation, methods or techniques used to ensure the sample saturation and determination 

of hydro-mechanical behaviour of the compacted clays. 
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Chapter 6 

 
 

EXPERIMENTAL RESULTS AND DISCUSSIONS 
 
 
 

6.1 Introduction 

 This chapter presents the experimental results of the laboratory test program 

described in chapter 4. The aim of these tests is to investigate hydro-mechanical behaviour 

of three types of bentonite selected in this research. The aim of the test results to be used 

for a qualitative analysis of hydraulic behaviour of selected bentonites. The qualitative 

analysis to calculate the hydro-mechanical behaviour in clays will be undertaken in the 

chapter 7.  

Results of water uptake and swelling pressure performed in newly designed constant 

volume device are presented. Effect of initial water content and high concentrated solution 

on swelling behaviour are shown and discussed. Similarly, after achieving the constant 

swelling pressure, the hydraulic conductivity tests results have been shown for distilled 

water (low and high initial water contents) as well as for high concentration solution. The 

results have been discussed in final section. 

 

6.2 Swelling pressure results 

 In the following section, the results of swelling pressure are presented for the three 

types of bentonites described in section 4.2 and comparison with the swelling pressure 

results reported in literature. The series of tests were performed to obtain the swelling 

pressure of the bentonites. The method includes constant volume tests. The swelling 

pressure test results presented were analyzed by taking into account deformability of the 

swelling pressure measurement systems used. Other factors that might influence the results 

such as specimen-ring friction were not taken into account since the lubrication is assumed 

to be sufficient in minimizing the ring friction effects. Discussion on the experimental 

swelling pressure results have been carried out at section 6.3. 
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6.2.1 Calcigel bentonite 

 A series of constant volume swelling pressure tests was conducted on nine 

specimens of Calcigel bentonite (i.e., Ca-B1, Ca-B2, Ca-B3, Ca-B4, Ca-B5, Ca-B6, Ca-

B19, Ca-B20, and Ca-B21). Among these specimens, three specimens (i.e., Ca-B1, Ca-B2, 

and Ca-B3) have low initial water content equal to 9.0 % and the other three specimens 

(i.e., Ca-B4, Ca-B5, and Ca-B6) have high initial water content equal to 34.6 %, 25.7 % 

and 18.8 %. The remaining three specimens (i.e., Ca-B19, Ca-B20, and Ca-B21) were 

tested against high concentration solution. The summary of the initial conditions of the 

specimens are tabulated in Table 4.3. 

6.2.1.1 Swelling pressure and water uptake with time 

 Figure 6.1 (a) and (b) shows, respectively, typical curves of swelling pressure and 

water uptake versus time plotted in semi-logarithmic scales. The increase in both the 

swelling pressure and amount of water uptake with time was rapid at the earlier stage of 

tests (i.e., up to around 2500 min). The rate of both swelling pressure development and 

amount of water uptake asymptotically decreases beyond a point which marks the end of 

primary swelling pressure development. However, the rate of swelling pressure 

development generally decreased with time after the maximum swelling pressure was 

attained.  

As can be seen in Figure 6.1 (a), the swelling pressure development with elapsed time for 

specimens (Ca-B1, Ca-B2, Ca-B4 and Ca-B5) of Calcigel bentonite were found to be 

accompanied with two maxima. The first maxima during the saturation process occurred at 

about 2000 min followed by a decrease in the swelling pressure. Finally, the specimens 

attained equilibrium swelling pressures after about 35,000 min. For specimens (Ca-B3 and 

Ca-B6), the development of swelling pressure with elapsed time had single maxima until a 

maximum swelling pressure of  about 10 MPa was reached in about 30,000 min. 

Discussion on the reason for the two maxima during swelling pressure development has 

been carried out in section 6.3.  

The amount of water uptake is higher in specimen Ca-B1 than the specimen Ca-B2, 

whereas, specimen Ca-B2 takes more water than Ca-B3 (Figure 6.1b). The difference in 

the amount of water uptake is attributed to the difference in dry densities of specimens and 

initial degree of saturation at starting of the test.  
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Figure 6.1 Development of constant volume swelling pressure of Calcigel bentonite (a) 

swelling pressure and (b) water uptake versus time 
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6.2.1.2 Swelling pressure at low and high initial water content  

 Figure 6.2 shows the swelling pressure of the Calcigel bentonite plotted against the 

dry density. The dry density versus swelling pressure plot clearly shows that for specimens 

with the same initial water content, the swelling pressure increases with an increase in the 

dry density. As expected, the swelling pressure of the specimens show exponential 

function against dry density for both initial water content conditions. As depicted in the 

Figure 6.2, the curve of swelling pressures obtained for the specimens tested at high initial 

water content is located slightly below the curve of swelling pressure obtained for the 

specimens tested at low initial water content. Two distinct effects are noted when the initial 

water content is varied for Calcigel bentonite; at the same dry density, the swelling 

pressure decrease with an increase in the initial water content at low dry densities, whereas 

the initial water content practically has less influence on the swelling pressure of Calcigel 

bentonite. The experimental results of Calcigel bentonite for low initial water content and 

high initial water content indicates that the reduction ratio, RR, of swelling pressure in high 

initial water content is about 20 % for the dry density equal to 1.37 Mg/m3 and the 

reduction ratio is about 2 % for the dry density equal to 1.56 Mg/m3, whereas, the 

reduction ratio is about 7 % for the dry density equal to 1.75 Mg/m3. Herein, the reduction 

ratio, RR (%), of swelling pressure in high initial water content to low initial water content 

is calculable using following equation: 

100LWC HWC

LWC

P PRR
P
−

= ×    (6.1)

 

where: PLWC  is the maximum swelling pressure (kPa) at low initial water content and PHWC 

is maximum swelling pressure (kPa) in high initial water content. 

Figure 6.3 shows the comparison of Calcigel bentonite from present study and swelling 

pressure results of other Calcigel bentonites from Schanz and Tripathy (2009) and Baille et 

al. (2010). The initial conditions of the reported Calcigel bentonite are shown in Table 7.1, 

and 7.2. As shown in Figure 6.3, the swelling pressure of Calcigel bentonites increases 

with increase of dry density and is in good agreement with the reported swelling pressure 

of Calcigel bentonites.  
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Figure 6.2 Swelling pressure as function of dry density for low and high initial water 

contents for Calcigel bentonite 

0

2000

4000

6000

8000

10000

12000

1.0 1.2 1.4 1.6 1.8

Dry density (Mg/m3)

Sw
el

lin
g 

pr
es

su
re

 (k
Pa

) 

Present study (low water content)

Present study (high water content)

Baille et al.(2010) Low water content (9.5%)

Baille et al.(2010) High water content

Schanz et al.(2009) Low water content(9.9%)

Calcigel bentonite

 

Figure 6.3 Comparison of swelling pressure versus dry density for Calcigel bentonites 
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6.2.1.3 Swelling pressure at distilled water and high concentration solution   

 Figure 6.4 shows the experimental results of the swelling pressure of the Calcigel 

bentonite specimens. The Figure shows the relationship between the swelling pressures 

which is exponentially increases against the dry density. The experimental results show 

that the swelling pressures obtained by permeating the specimen with distilled water (10-

4M) is slightly higher than the specimens permeated with high concentration (10-2M) 

solution. Moreover, only a slight difference of swelling pressures is apparent between 

distilled water and high concentration conditions. The experimental results of Calcigel 

bentonite for distilled water (10-4M) and high concentration solution (10-2M) indicates that 

the reduction ratio, RR, of swelling pressure in high concentration solution is about 24 % 

for the dry density equal to 1.37 Mg/m3 and the reduction ratio is about 7 % for the dry 

density equal to 1.56 Mg/m3, whereas, the reduction ratio is about 18 % for the dry density 

equal to 1.75 Mg/m3. Herein, the reduction ratio, RR (%), of swelling pressure in high 

concentration solution to distilled water is calculable using Equation 6.1.  
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Figure 6.4 Swelling pressure as function of dry density for distilled water and high 

concentration solution for Calcigel bentonite  
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100DW HC

DW

P PRR
P
−

= ×    (6.2)

 

where: PDW  is the maximum swelling pressure (kPa) in distilled water and PHC is 

maximum swelling pressure (kPa) in high concentration solution.  

6.2.2 MX-80 bentonite 

 Swelling pressure tests was conducted on nine specimens of MX-80 bentonite (i.e., 

Mx-B7, Mx-B8, Mx-B9, Mx-B10, Mx-B11, Mx-B12, Mx-B22, Mx-B23, and Mx-B24). 

Among these, three specimens (i.e., Mx-B7, Mx-B8, and Mx-B9) have low initial water 

content equal to 10.5 % and the other three specimens (i.e., Mx-B10, Mx-B11, and Mx-

B12) have high initial water content equal to 35.7 %, 26.8 % and 19.6 %. The remaining 

three specimens (i.e., Mx-B10, Mx-B11, and Mx-B12) are tested against high 

concentration solution. The summary of the initial conditions of the specimens are 

tabulated in Table 4.3.  

6.2.2.1 Swelling pressure and water uptake with time  

 Typical curves of swelling pressure and water uptake versus time plotted in semi-

logarithmic scales are shown in Figure 6.5 (a) and (b). The swelling pressure and water 

uptake is more at initial stage of the tests (i.e., up to around 3500 min in case of swelling 

pressure and water uptake around 6000 min). The swelling pressure development and 

amount of water uptake decreases beyond a point which marks the end of swelling pressure 

development.  

Figure 6.5 (a) shows the swelling pressure development with elapsed time for specimens 

(Mx-B8, and Mx-B11) of MX-80 bentonite were found to be accompanied with two 

maxima. The first maxima during the saturation process occurred at about 6000 min 

followed by a slight decrease in the swelling pressure with specimen Mx-B8. The 

specimens Mx-B7 and Mx-B9 remain constant after 1st maxima. Finally, the specimens 

attained equilibrium swelling pressures after about 35,000 min. For specimens (Mx-B10, 

Mx-B11 and Mx-B12), the development of swelling pressure with elapsed time had single  
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Figure 6.5 Development of constant volume swelling pressure of MX-80 bentonite (a) 

swelling pressure and (b) water uptake versus time 
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maxima until reached in about 6000 min, then there is little decrease in the swelling 

pressure. For specimen (Mx-B11), after 1st maxima, there is increase in swelling pressure 

till around 6990 kPa. For specimen (Mx-B12), slight decrease occurred in swelling 

pressure after attaining 1st maxima and then swelling pressure remain constant until 50,000 

min. The phenomenon of two maxima during swelling pressure development has been 

carried out in section 6.3. 

Figure 6.5 (b) shows the amount of water uptake of specimens (Mx-B7, Mx-B8, and Mx-

B9) with more or less similar rate of water uptake till 10,000 min. After 10,000 min, the 

Mx-B7 specimen takes more amount of water due to low dry density or low degree of 

saturation. Similarly for specimens with higher degree of saturation i.e., Mx-B10, Mx-B11, 

and Mx-B12, the amount of water uptake is almost equal to 3ml.    

6.2.2.2 Swelling pressure at low and high initial water content 

 Figure 6.6 shows the swelling pressure of the MX-80 bentonite plotted against the 

dry density. The dry density versus swelling pressure plot clearly shows that for specimens 

with the same initial water content, the swelling pressure increases with an increase in the 

dry density. As expected, the swelling pressure of the specimens show exponential 

function against dry density for both initial water content conditions. As depicted in the 

figure, the curve of swelling pressures obtained for the specimens tested at high initial 

water content is located below the curve of swelling pressure obtained for the specimens 

tested at low initial water content. It was found that, at the same dry density, the swelling 

pressure decreased with an increase in the initial water content, whereas the initial water 

content practically had less influence on the swelling pressure of MX-80 bentonite. Such 

behaviour has been discussed in subsection ‘influence of initial water content and dry 

density’ under section 6.3. The experimental results of MX-80 bentonite for low initial 

water content and high initial water content indicates that the reduction ratio, RR, of 

swelling pressure in high initial water content is about 24 % for the dry density equal to 

1.37 Mg/m3 and the reduction ratio is about 9 % for the dry density equal to 1.56 Mg/m3, 

whereas, the reduction ratio is about 6 % for the dry density equal to 1.75 Mg/m3. Figure 

6.7 shows the comparison between MX-80 bentonite of present study and swelling 

pressure results from Komine (2008, 2009). The initial conditions of the reported MX-80 

bentonites are shown in Table 7.2. As shown in Figure 6.7, the swelling pressure of 

reported bentonites increases with increase of dry density and the swelling pressure of 
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MX-80 bentonite used in present study is higher than that of reported by Komine (2008, 

2009).  
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Figure 6.6 Swelling pressure as function of dry density for low and high initial water 

contents for MX-80 bentonite 
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Figure 6.7 Comparison of swelling pressure versus dry density for MX-80 and Volclay 

bentonites  
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 6.2.2.3 Swelling pressure at distilled water and high concentration solution  

 Figure 6.8 shows the experimental results of the swelling pressure of the MX-80 

bentonite specimens against the dry density. The experimental results show that the 

swelling pressures obtained by permeating the specimen with distilled water (10-4M) is 

slightly higher than the specimens permeated with high concentration (10-2M) solution. 

Moreover, difference of swelling pressures is apparent between distilled water and high 

concentration conditions.  
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Figure 6.8 Swelling pressure as function of dry density for distilled water and high 

concentration solution for MX-80 bentonite  

 

The experimental results of MX-80 bentonite for distilled water (10-4M) and high 

concentration solution (10-2M) indicate that the reduction ratio, RR, of swelling pressure in 

high concentration solution is about 8 % for the dry density equal to 1.37 Mg/m3 and the 

reduction ratio is about 18 % for the dry density equal to 1.56 Mg/m3, whereas, the 

reduction ratio is about 8 % for the dry density equal to 1.75 Mg/m3.  The reduction ratio, 

RR (%), of swelling pressure in high concentration solution to distilled water can be 

calculated using Equation 6.2. The decrease in swelling pressure due to increase in high 

concentration has been discussed in section 6.3 under subsection ‘influence of pore fluid’. 
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6.2.3 Kunigel bentonite 

 Similarly in case of Kunigel bentonite, the constant volume swelling pressure tests 

was conducted on nine specimens (i.e., Ku-B13, Ku-B14, Ku-B15, Ku-B16, Ku-B17, Ku-

B18, Ku-B25, Ku-B26, and Ku-B27). Three specimens (i.e., Ku-B13, Ku-B14, and Ku-

B15) have low initial water content equal to 6.2 % and the other three specimens (i.e., Ku-

B16, Ku-B17, and Ku-B18) have high initial water content equal to 34.9 %, 26.1 % and 

19.3 % respectively. The remaining three specimens (i.e., Ku-B25, Ku-B26, and Ku-B27) 

are tested against high concentration solution. The summary of the initial conditions of 

Kunigel bentonites are tabulated in Table 4.3. 

6.2.3.1 Swelling pressure and water uptake with time 

 Typical curves of swelling pressure and water uptake versus time are plotted in 

semi-logarithmic scales are shown in Figure 6.9 (a) and (b). The increase in both the 

swelling pressure and amount of water uptake with time was rapid at the earlier stage of 

tests. The rate of both swelling pressure development and amount of water uptake 

decreases beyond a point which marks the end of primary swelling pressure development. 

The rate of swelling pressure development generally decreased with time after the 

maximum swelling pressure was attained.  

For Kunigel bentonite specimens, the time swelling pressure plots invariably show two 

maxima as depicted in Figure 6.9 (a). In this case, the first maxima for all densities 

considered was reached in about 6000 min of saturation period followed by a decrease and 

further increase in swelling pressures. The swelling pressures of the specimens equilibrated 

after about 20,000 min in all cases. The phenomenon of two maxima during swelling 

pressure development has been outlined in section 6.3. Figure 6.9 (b) shows the amount of 

water uptake with time. It’s clear from the Figure, that the Kunigel bentonite specimen Ku-

B13 has taken around 18 ml of water and equilibrated around 20,000 min, while Ku-B14 

has taken 13 ml of water during the saturation and the process last at around 30,000 min. 

On other hand, the specimen Ku-B15 has taken less amount of water (i.e., 11 ml) than the 

other two specimens (Ku-B13 and Ku-B14) due to high compacted dry density and high 

degree of saturation.  
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Figure 6.9 Development of constant volume swelling pressure of Kunigel bentonite (a) 

swelling pressure and (b) water uptake versus time 
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6.2.3.2 Swelling pressure at low and high initial water content 

 The effect of low and high initial water content on swelling pressure behaviour of 

Kunigel bentonite specimens are shown in Figure 6.10. The dry density versus swelling 

pressure plot clearly shows that for specimens with the same initial water content, the 

swelling pressure increases with an increase in the dry density. The swelling pressure of 

the Kunigel bentonite specimens show exponential function against dry density for both 

initial water content conditions. It is clear in the Figure 6.10; that the swelling pressures 

obtained for the specimens tested at high initial water content is less than the swelling 

pressure obtained for the specimens tested at low initial water content. It is noted when the 

initial water content is varied for Kunigel bentonite; at the same dry density, the swelling 

pressure decreased with an increase in the initial water content at low dry densities, 

whereas the initial water content practically had less influence on the swelling pressure at 

low dry density. The experimental results of Kunigel bentonite for low initial water content 

and high initial water content indicates that the reduction ratio, RR, of swelling pressure in 

high initial water content is about 14 % for the dry density equal to 1.39 Mg/m3 and the 

reduction ratio is about 31 % for the dry density equal to 1.57 Mg/m3, whereas, similar 

reduction ratio is noted about 31 % for the dry density equal to 1.75 Mg/m3. The reduction 

ratio, RR (%), of swelling pressure in high initial water content to low initial water content 

can be calculated using Equation 6.1.   

Figure 6.11 shows the comparison between Kunigel bentonite of present study and 

swelling pressure results reported by Komine and Ogata (1996) and Japan Nuclear Cycle 

Institute (1999). The initial conditions for the Kunigel and Kunigel VI can be found in 

Tripathy et al (2004). As shown in Figure 6.11, the swelling pressure of reported 

bentonites increases with increase of dry density and the swelling pressure of Kunigel 

bentonite used in present study is higher than that of reported bentonites.  
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Figure 6.10 Swelling pressure as function of dry density for low and high initial water 

contents for Kunigel bentonite 
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Figure 6.11 Comparison of swelling pressure versus dry density for Kunigel bentonites  
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6.2.3.3 Swelling pressure at distilled water and high concentration solution  

 Figure 6.12 indicates the relationship between swelling pressure and dry density for 

Kunigel bentonite specimen. The experimental swelling pressure results show that the 

swelling pressures obtained by permeating the specimen with distilled water (10-4M) is 

higher than the specimens permeated with high concentration (10-2M) solution. Moreover, 

only a slight difference of swelling pressures is apparent between distilled water and high 

concentration conditions at low dry density. The experimental results of Kunigel bentonite 

for distilled water (10-4M) and high concentration solution (10-2M) indicates that the 

reduction ratio, RR, of swelling pressure in high concentration solution is about 18 % for 

the dry density equal to 1.39 Mg/m3 and the reduction ratio is about 26 % for the dry 

density equal to 1.57 Mg/m3, whereas, the reduction ratio is about 23 % for the dry density 

equal to 1.75 Mg/m3. The reduction ratio, RR (%), of swelling pressure in high 

concentration solution to distilled water can be calculated from Equation 6.2. 
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Figure 6.12 Swelling pressure as function of dry density for distilled water and high 

concentration solution for Kunigel bentonite  
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6.3 Overall discussion on swelling pressure results 

 In the earlier sections the results of swelling pressure and water uptake with time 

for three selected bentonites are presented. The effect of low and high initial water content 

on swelling pressure is shown. Furthermore, the results of swelling pressure with distilled 

water as permeant as well as the permeation with high concentration solution for three 

bentonite used in this study are presented. In this section the results are discussed in order 

to analyze the behaviour of specimens during water saturation at constant volume 

condition.  

Swelling pressure and water uptake with time 

Figures (6.1, 6.5, and 6.9) show the vertical swelling pressure and water uptake versus time 

curves for Calcigel, MX-80 and Kunigel bentonites. The increase in both the swelling 

pressure and amount of water with time was rapid at the earlier stage of tests. The rate of 

swelling pressure development decreases beyond a point which marks the end of primary 

swelling pressure development. The test results performed by Gattermann (1998) showed 

that swelling pressure was constant with time after the maximum value was reached.  

Sridharan et al. (1986) showed that the swelling pressure versus time curve for several 

clays could also be approximated using the rectangular hyperbola equation. The hydration 

of smectites and the corresponding changes in microstructure at the level of clay layers and 

clay particles inside the aggregates have been described by clay mineralogists and soil 

scientists (e.g., Aylmore & Quirk 1962, Bird 1984, and Tessier 1990).  

Saiyouri et al. (1998, 2000) provided a detailed description of the hydration of two heavily 

compacted smectites used for making engineered barriers (FoCa clay and MX-80). They 

confirmed that hydration was governed by the progressive placement of layers of water 

molecules along the surface of the elementary clay layer, inside the clay particles, starting 

from one layer in dry conditions and ending up with a maximum number of four layers. 

Alonso et al. (1999) showed that swelling pressure may also decrease as a result of 

collapse of the clay macro-structure. The rate of swelling of several expansive soils tested 

in oedometer was reported by Sridharan and Gurtug (2004), where the percent swell versus 

time curve was approximated using a rectangular hyperbola equation.  
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Agus (2005) stated that, in case of the swelling pressure development and the amount of 

water of the compacted Ca-bentonite (Calcigel) specimens used in his study, the 

rectangular hyperbola equation is found to be unable to give a satisfactory fit to the 

experimental data of either the swelling pressure development or the amount of water 

uptake with time. Agus (2005) showed that a linear relationship was obtained between the 

normalized swelling pressure (Ps/Ps max) and the square root of elapsed time at earlier stage 

of the swelling pressure development (i.e., mostly up to 60% of the maximum swelling 

pressure). Agus and Schanz (2005a) found that the rate of swelling pressure development 

is a function of the initial total suction of the compacted Calcigel bentonite specimen 

tested.  

Double peak phenomenon 

As shown in Figures (6.1, 6.5, and 6.9), the swelling pressure development with elapsed 

time for studied bentonite were found to be accompanied with two maxima. Interpretation 

of the two maxima (peaks) phenomenon in swelling pressure development with time was 

initially postulated as due to the loss of shear strength at aggregate level upon a decrease in 

suction that caused a collapse of macrostructure (Pusch 1982). A further increase in 

swelling pressure was attributed due to the redistribution of clay particles to a more 

homogenous and dispersed state. The evolution of swelling pressure with time during the 

saturation process has been shown to be influenced by the initial water content and dry 

density of clays (Schanz & Tripathy 2009, Baille et al. 2010).  

Recently, studies on the microstructure of compacted bentonites by Saiyouri et al. (2004), 

Delage et al. (2006), and Delage (2007) showed that the initial saturation phase is 

accompanied by homogeneous swelling of clay aggregates in a granular assembly that 

results in an overall swelling with a temporary preservation of the interaggregates voids. 

Softening of the clay aggregates upon saturation tend to eliminate the aggregate structure 

that in turn results in a temporary collapse followed by further swelling of the bentonites. 

Imbert & Villar (2006) reported the swelling pressure development for French FoCa 

bentonite compacted at different dry densities. Their results showed that irrespective of the 

initial dry density, the swelling pressure of the clay specimens increased and then 

decreased during the initial phase of water uptake process. Further, with an elapsed time, 

the swelling pressure increased and then stabilized. The decrease in swelling pressure was 
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attributed due to a collapse of the macrostructure on suction decrease, whereas a further 

increase in the swelling pressure interpreted as due to the redistribution of water towards 

the microstructure. 

Schanz and Tripathy (2009) measured the swelling pressures of compacted divalent rich 

bentonite specimens employing constant volume for a range of dry density from 1.10 to 

1.73 Mg/m3. They stated that during the saturation process, the rates of expansion of the 

interlayer and interparticle pores, and the contraction of the larger voids, influence the 

overall swelling pressure development in compacted bentonites.  

Influence of initial water content and dry density 

Figures (6.2, 6.6 and 6.10) present the swelling pressures of Calcigel, MX-80 and Kunigel 

bentonite specimens plotted against the dry density for low and high initial water content. 

The swelling pressure of the specimens shows exponential function against dry density. 

This behaviour is due to increase in the dry density or a decrease in the void ratio causes a 

decrease in the interlayer spacing and an increase in the osmotic pressure between the clay 

platelets and thus the swelling pressure of the clay increases (Sridharan et al. 1986a). Such 

behaviour has been reported by many researchers such as Komine and Ogata (2003), Villar 

and Lloret (2004), Tripathy et al. (2004), Agus and Schanz (2005a), Schanz and Tripathy 

(2009) and Baille et al. (2010).  

As depicted in the Figures (6.2, 6.6 and 6.10), the curves of swelling pressure obtained for 

the specimens tested at high initial water content is located below the curve of swelling 

pressure obtained for the specimens tested at low initial water content in case of all three 

type of bentonites used in this study. Gens and Alonso (1992) stated that at the same 

compaction dry density, clay specimens having very high initial water contents or very low 

initial suctions tend to exhibit lower swelling pressures than that of specimens with lower 

water contents or higher suctions.  

Villar and Lloret (2008) checked the influence of initial water content of Febex bentonite 

with range of dry densities (1.4 – 1.6 Mg/m3) on the swelling pressure behaviour. Figure 

6.13 shows the influence of initial water content on swelling pressure. The results showed 

by Villar and Lloret (2008) indicated that there is not a big trend but slight reduction in the 

swelling pressure to change as a function of the initial water content.  
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Figure 6.13 Influence of initial water content on the swelling pressure (modified from 

Villar and Lloret 2008). 

 

Baille et al. (2010) studied the swelling behaviour and initial compaction condition of 

Calcigel bentonite. The initial water content used was in the range of 9.5 – 50 % and dry 

density considered from 1.11 – 1.73 Mg/m3. They reported that both the initial water 

content and compaction dry density influence the swelling pressure of bentonite. At same 

water content, the swelling pressure increased with an increase in the dry density. Also, at 

the same dry density, the swelling pressure was found to decrease with an increase in the 

water content indicating that the influence of molding water on the fabric of the clay can be 

quite significant.  

Influence of Pore fluid 

Figures (6.4, 6.8 and 6.12) present the swelling pressures of Calcigel, MX-80 and Kunigel 

bentonite specimens plotted against the dry density for distilled water and high 

concentration solution. As shown in Figures, the swelling pressure obtained by permeating 

the specimen with distilled water (10-4M) is higher than the specimens permeated with 
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high concentration (10-2M) solution. Such behaviour is consistent with the results 

presented by Lloret and Villar (2007), Komine et al. (2009). 

Lloret and Villar (2007) investigated the effect of high concentration solution of swelling 

behaviour of Febex bentonite. The bentonite was saturated under isochoric conditions 

using solutions of NaCl and CaCl2 of different concentrations. Initially, the bentonite was 

compacted at a dry density of 1.65 Mg/m3 at hygroscopic conditions. Their results show 

that an increase of concentration reduces the swelling pressure as can be seen in Figure 

6.14. This reduction could be related to an increase of osmotic suction, however, it must be 

pointed out that the reduction in swelling pressure is slightly higher when NaCl is used as 

solute.  

 

Figure 6.14 Swelling pressure values for different concentrations and solutions          

(Lloret et al. 2007) 

 

Komine et al. (2009) examined the influence of sea water on swelling pressure of five 

kinds of bentonites. The bentonites tested contain sodium and calcium as predominant 

cations with different amounts of montmorillonite. The distilled water and artificial sea 
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water (higher concentration) was used in laboratory investigation as permeant. Figure 6.15 

shows swelling pressure versus initial dry density result for MX-80 bentonite permeated 

with distilled and artificial seawater. Their results indicated that the influence of artificial 

seawater on the swelling characteristics of sodium-type and artificial sodium-type 

bentonites is low, provided that the dry density of compacted bentonite and the 

montmorillonite content of bentonite are high. Further, the influence of artificial seawater 

on the swelling characteristics of calcium-type bentonite is less than sodium-type and 

artificial sodium-type bentonites. The behaviour is attributed as: due to the high density or 

high montmorillonite content, the distances between montmorillonite mineral layers in the 

compacted bentonite remain small; the montmorillonite mineral layers in this condition can 

filter the cations in artificial seawater. The water chemistry inside the bentonite can retain 

low ion concentration through filtration of montmorillonite mineral layers. Moreover, 

almost no exchange reaction occurs between the exchangeable cations of montmorillonite 

minerals and cations in artificial seawater. Therefore, the influence of artificial seawater on 

swelling characteristics is slight in the case of high dry density, high montmorillonite 

content. Nevertheless, the cations in artificial seawater can infiltrate easily into bentonite 

and montmorillonite mineral layers in the case of low dry density, low montmorillonite 

content. Therefore, the influence of seawater in such cases is great.  

 

Figure 6.15 Swelling pressure as function of initial dry density for distilled water and 

artificial seawater (Komine et al. 2009)  
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 6.4 Hydraulic conductivity results 

 In the following section, the results of hydraulic conductivity are presented for 

bentonites described in section (4.2). After getting maximum swelling pressure of the 

bentonites, the constant head hydraulic conductivity tests were performed to obtain the 

hydraulic conductivity of the bentonites. Discussion on the experimental hydraulic 

conductivity results are presented in section 6.5. 

 6.4.1 Calcigel bentonite 

 A series of tests was conducted to determine the influence of, (1) low and high 

initial water content, (2) pore fluid composition on the hydraulic performance of the 

bentonite specimens. These tests are important as they assist in identifying whether the 

parameters (initial water content, pore fluid) could have induced changes in the hydraulic 

performance of the bentonite specimens. Similar to section 6.2.1, nine specimens of 

Calcigel bentonite (i.e., Ca-B1, Ca-B2, Ca-B3, Ca-B4, Ca-B5, Ca-B6, Ca-B19, Ca-B20, 

and Ca-B21) were tested. Among these specimens, three specimens (i.e., Ca-B1, Ca-B2, 

and Ca-B3) have low initial water content equal to 9.0 % and the other three specimens 

(i.e., Ca-B4, Ca-B5, and Ca-B6) have high initial water content equal to 34.6 %, 25.7 % 

and 18.8 %. The remaining three specimens (i.e., Ca-B19, Ca-B20, and Ca-B21) were 

tested by infiltrating high concentration solution. 

Inflow and outflow or steady state condition 

 Figure 6.16 shows the rate of inflow and outflow condition of Calcigel bentonite 

with dry density equal to 1.4 Mg/m3. Different fluid injection pressures ranging from 25 

kPa to 500 kPa were applied depending upon the density during the hydraulic conductivity 

tests. The stepwise pressure increment was increased and the outflow was monitored. The 

increase of fluid injection pressure to the next level was done once the outflow rate become 

constant or the steady state conditions have been achieved. The system was then allowed to 

attain the pressure and flow equilibrium condition until the final pressure selected was 

reached. Only one example of steady state condition (inflow and outflow) is shown in 

following section. Remaining results of inflow and outflow for three bentonites with 

different dry densities are presented in Appendix A1. 
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Figure 6.16  Inflow and outflow condition for Calcigel bentonite 

 

 

6.4.1.1 Hydraulic conductivity at low and high initial water content  

 The saturated hydraulic conductivities of compacted bentonite specimens were 

measured according to the experimental procedure discussed in section 5.7.4. The 

hydraulic conductivities were corresponding to the dry densities varying between 1.37 and 

1.75 Mg/m3. Figure 6.17 present the results of hydraulic conductivity measurement versus 

dry density. The test results shows that: (i) the hydraulic conductivity of the bentonites 

decreases with an increase in the dry density for specimens with the same initial water 

content and (ii) at the same initial dry density, the hydraulic conductivity slightly decrease 
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with an increase in the initial water content. The hydraulic conductivity for Calcigel 

bentonite specimens varied between 10-13 and 10-14 m/s. The test results clearly indicate 

that with an increase in the dry density, the swelling pressure increases which in turn 

reduce the effective porosity for the fluid flow and further a decrease in the hydraulic 

conductivity of compacted bentonites. The influence of initial water content on the 

hydraulic conductivity of Calcigel bentonite can be seen in Figure 6.17. For lower dry 

density (1.37 Mg/m3), specimen with a low initial water content exhibited a higher 

hydraulic conductivity (6.0 × 10-13 m/s), whereas at the same dry density the high initial 

water content specimen showed a low hydraulic conductivity (3.31 × 10-13 m/s). For dry 

density (1.56 Mg/m3), specimen with a low initial water content exhibited a hydraulic 

conductivity (1.20 × 10-13 m/s), whereas at the same dry density the high initial water 

content specimen show slightly low hydraulic conductivity (8.83 × 10-14 m/s). Similarly, 

for higher dry density (1.75 Mg/m3), the effect of the initial water content was found to be 

negligible.  
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Figure 6.17 Hydraulic conductivity as function of dry density for low and high initial water 

content for Calcigel bentonite  
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6.4.1.2 Hydraulic conductivity at distilled water and high concentration solution  

 The influence of pore fluid chemistry on hydraulic conductivity was also examined 

on three specimens of Calcigel bentonite. Figure 6.18 show the relationship between 

hydraulic conductivity and dry density permeated with distilled water and high 

concentration solution. The test results show that the hydraulic conductivity of the 

bentonite decrease with an increase in the dry density for specimens permeated with 

distilled water and at the same initial dry density, the hydraulic conductivity slightly 

increase with an increase in the concentration of permeant. The influence of high 

concentration solution is more clear for the dry density (1.37 Mg/m3). As the dry density 

increases, the difference in the hydraulic conductivity between distilled water and high 

concentration solution is found to be diminishing. 
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Figure 6.18 Hydraulic conductivity as function of dry density for distilled water and high 

concentration solution for Calcigel bentonite 

 

6.4.2 MX-80 bentonite  

 A total of nine specimens of MX-80 clay were tested to determine the hydraulic 

conductivity (i.e., Mx-B7, Mx-B8, Mx-B9, Mx-B10, Mx-B11, Mx-B12, Mx-B22, Mx-

B23, and Mx-B24). Three of these specimens (i.e., Mx-B7, Mx-B8, and Mx-B9) were 
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tested using low initial water content equal to 10.5 % and the other three specimens (i.e., 

Mx-B10, Mx-B11, and Mx-B12) were tested at high initial water content equal to 35.7 %, 

26.8 % and 19.6 %. The remaining three specimens (i.e., Mx-B10, Mx-B11, and Mx-B12) 

are tested against high concentration solution. Table 4.3 outline the summary of the initial 

conditions of the bentonite.  

6.4.2.1 Hydraulic conductivity at low and high initial water content 

 The hydraulic conductivity tests for MX-80 bentonite with corresponding dry 

densities varying between 1.37 and 1.75 Mg/m3 were conducted. Figure 6.19 present the 

results of hydraulic conductivity measurement versus dry density. As shown in the Figure, 

hydraulic conductivity of the bentonites decreases with an increase in the dry density. 

Similarly the effect of initial water content on hydraulic conductivity is also shown in 

Figure 6.19.  At the same initial dry density, the hydraulic conductivity almost remains the 

same with an increase in the initial water content. The hydraulic conductivity of MX-80 

bentonite specimens varied between 10-13 and 10-14 m/s. The negligible influence of initial 

water content on the hydraulic conductivity of MX-80 bentonite can be seen in Figure 

6.19.  
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Figure 6.19 Hydraulic conductivity as function of dry density for low and high initial water 

content for MX-80 bentonite  
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For lower dry density (1.37 Mg/m3), specimen with a high initial water content exhibited a 

higher hydraulic conductivity (2.64 × 10-13 m/s), whereas at the same dry density the low 

initial water content specimen showed a low hydraulic conductivity (2.04 × 10-13 m/s). For 

dry density (1.56 Mg/m3), specimen with a low initial water content exhibited a hydraulic 

conductivity (7.82 × 10-14 m/s), whereas at the same dry density the high initial water 

content specimen show slightly low hydraulic conductivity (6.00 × 10-14 m/s). Similarly, 

for higher dry density (1.75 Mg/m3), the effect of the initial water content was found to be 

negligible.  

6.4.2.2 Hydraulic conductivity at distilled water and high concentration solution   

 The influence of pore fluid chemistry on hydraulic conductivity was also examined 

in three specimens of MX-80 bentonite. Figure 6.20 show the relationship between 

hydraulic conductivity and dry density permeated with distilled water and high 

concentration solution. The test results show that the hydraulic conductivity of the 

bentonite decrease with an increase in the dry density for specimens permeated with 

distilled water and at the same initial dry density, the hydraulic conductivity slightly 

increase with an increase in the concentration of permeant.  
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Figure 6.20 Hydraulic conductivity as function of dry density for distilled water and high 

concentration solution for MX-80 bentonite 
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The influence of high concentration solution seems to be consistent for entire range of dry 

densities (i.e., 1.37 – 1.75 Mg/m3). In case of MX-80 bentonite, no reduction of hydraulic 

conductivity permeated with high concentration solution has been observed for high dry 

density range, as observed in case of Calcigel bentonite in Figure 6.18.  

6.4.3 Kunigel bentonite 

 For Kunigel bentonite, hydraulic conductivity tests were conducted on nine 

specimens (i.e., Ku-B13, Ku-B14, Ku-B15, Ku-B16, Ku-B17, Ku-B18, Ku-B25, Ku-B26, 

and Ku-B27). Three specimens (i.e., Ku-B13, Ku-B14, and Ku-B15) have low initial water 

content equal to 6.2 % and the other three specimens (i.e., Ku-B16, Ku-B17, and Ku-B18) 

have high initial water content equal to 34.9 %, 26.1 % and 19.3 % respectively. The 

remaining three specimens (i.e., Ku-B25, Ku-B26, and Ku-B27) were tested against high 

concentration solution. The summary of the initial conditions, initial water content, dry 

density are tabulated in Table 4.3.  

6.4.3.1 Hydraulic conductivity at low and high initial water content 

 The hydraulic conductivity of Kunigel bentonite with range of dry densities varying 

between 1.37 and 1.75 Mg/m3 are experimentally measured with the procedure described 

in section 5.7.4. Figure 6.21 present the results of hydraulic conductivity measurement 

versus dry density for low and high initial water content for Kunigel bentonite. The test 

results shows that, the hydraulic conductivity of the bentonites decreases with an increase 

in the dry density for specimens with the same initial water content and at the same initial 

dry density, the hydraulic conductivity slightly decrease with an increase in the initial 

water content. The hydraulic conductivity for Kunigel bentonite specimens for low and 

high initial water content varied between 10-13 and 10-14 m/s. The influence of initial water 

content on the hydraulic conductivity of Kunigel bentonite can be seen in Figure 6.21. For 

lower dry density (1.37 Mg/m3), specimen with a low initial water content exhibited a 

higher hydraulic conductivity (6.77 × 10-13 m/s), whereas at the same dry density the high 

initial water content specimen showed a low hydraulic conductivity (4.35 × 10-13 m/s). For 

dry density (1.56 Mg/m3), specimen with a low initial water content exhibited a hydraulic 

conductivity (2.49 × 10-13 m/s), whereas at the same dry density the high initial water 

content specimen show slightly low hydraulic conductivity (1.58 × 10-13 m/s). Similarly, 



Chapter 6                                                                  Experimental Results and Discussions 
 

 152

for higher dry density (1.75 Mg/m3), the effect of the initial water content was found to be 

less influenced.  
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Figure 6.21 Hydraulic conductivity as function of dry density for low and high initial water 

content for Kunigel bentonite  

 

6.4.3.2 Hydraulic conductivity at distilled water and high concentration solution   

 The influence of pore fluid chemistry on hydraulic conductivity was also examined 

in three specimens of Kunigel bentonite. Figure 6.22 show the relationship between 

hydraulic conductivity and dry density permeated with distilled water and high 

concentration solution. The test results show that the hydraulic conductivity of the 

bentonite decrease with an increase in the dry density for specimens permeated with 

distilled water and at the same initial dry density, the hydraulic conductivity slightly 

increase with an increase in the concentration of permeant. The influence of high 

concentration solution is clear for the dry density (1.37 Mg/m3). As the dry density 

increases, the difference in the hydraulic conductivity between distilled water and high 

concentration solution is found to be diminishing. 



Chapter 6                                                                  Experimental Results and Discussions 
 

 153

1.E-15

1.E-14

1.E-13

1.E-12

1.E-11

1.3 1.5 1.7 1.9

Dry density (Mg/m3)

H
yd

ra
ul

ic
 c

on
du

ct
iv

ity
 (m

/s
) Distilled water

High concentration solution

 

Figure 6.22 Hydraulic conductivity as function of dry density for distilled water and high 

concentration solution for Kunigel bentonite 

 

6.5 Overall discussion on hydraulic conductivity results 

  In the earlier section 6.4, the results of hydraulic conductivity for three types of 

bentonites with low and high initial water content are presented. The effect of low and high 

initial water content on hydraulic conductivity is shown. Furthermore, the results of 

hydraulic conductivity with distilled water as permeant as well as the permeation with high 

concentration solution are presented. In this section the results are discussed in order to 

analyze the hydraulic behaviour of bentonites. 

Influence of initial water content and dry density 

Figures (6.17, 6.19, and 6.21) show the results of hydraulic conductivity versus dry density 

of Calcigel, MX-80 and Kunigel bentonites for low and high initial water content. This was 

done to examine the effect of differing initial water content on hydraulic conductivity 

through bentonite. The test results indicated that compacting bentonites at higher initial 

water contents and lower dry densities or at lower initial water contents and higher dry 

densities, clay particles tend to attain a more oriented fabric that would offer more tortuous 

paths for the fluid flow that in turn reduces the hydraulic conductivity. As shown in 
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Figures (6.17, 6.19, and 6.21), the hydraulic conductivity at high initial water content is 

slightly lower than hydraulic conductivity at low initial water content and the difference is 

more clear at low dry densities. Moreover, the influence of initial compaction water 

content was found to be negligible at higher dry densities.   

Pusch (1979) explained the low hydraulic conductivity of the bentonite compacted at high 

density in terms of the low water contents required to saturate the highly compacted clay, 

since under these conditions, the thickness of the adsorbed water is very small (3-5 Å) due 

to its high specific surface, meaning that the molecules of water are strongly adsorbed to 

the surfaces of the clay minerals, leaving only very tortuous interparticle channels for the 

transport of water.  

Dixon (1999) investigated the effect of different water content having different initial 

degree of saturation varying from 0 – 90 % on hydraulic conductivity of Na-bentonites 

with range of dry densities from 0.50 Mg/m3 to 1.5 Mg/m3. He found that there is no clear 

relationship between initial degree of saturation and hydraulic conductivity for these 

materials. Figure 6.23 presents the results of the hydraulic conductivity measurement 

versus clay dry density, as can be seen in the figure, the hydraulic conductivity decreases 

with increasing clay density. Different symbols in Figure 6.23 indicate the initial degree of 

saturation or water content. The figure shows no clear relationship between initial degree 

of saturation and hydraulic conductivity for this material especially at high density. The 

lack of discernable differences in the hydraulic conductivity of specimens having low and 

high initial water content indicate there are no significant differences in the overall soil 

structure of these specimens at moderate to high densities. This is consistent with the study 

presented by Oliphant and Tice (1985), which assumes that fluid flow in clays, and in 

particular, bentonites, is largely controlled by conduction through a very limited number of 

channels through macro pores. Oliphant and Tice (1985) found that changes in density 

induced little change in the pathways taken to conduct the water through bentonites. The 

small number of macro pores through which water can flow was not much influenced by 

the initial compaction water content especially for high densities. This can be accounted by 

assuming that there is little in the way of true macro pores in any of these materials, the 

bulk of the porosity is taken up by discontinuous micro pores within individual peds, and 

spaces between the individual clay platelets.  
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Figure 6.23 Influence of initial degree of saturation on the hydraulic conductivity bentonite 

specimens (Dixon 1999)  

 

Baille et al. (2010) measured the hydraulic conductivity of Calcigel bentonite with density 

range 1.11 – 1.73 Mg/m3 using a high pressure consolidation test apparatus for the two 

types of specimen i.e., initial saturated (Slurry) and compacted saturated. They found that 

the compacted saturated specimens having high initial water content showed slightly high 

hydraulic conductivity than the specimens having low initial water content.  

Influence of pore fluid 

Figures (6.18, 6.20, and 6.22) show the results of hydraulic conductivity versus dry density 

of Calcigel, MX-80 and Kunigel bentonites for distilled water and high concentration 

solution. The test results in present work show that the hydraulic conductivity of the 

bentonite slightly increases with an increase in the concentration of solution. Macey (1942) 

measured hydraulic conductivity of clays in water and non polar fluids. He reported that 

the hydraulic conductivity is higher when non polar fluid i.e., benzene is used as permeant 

than for water in the same clay. He considered that particle spacing, particle size as 

influence by aggregation or dispersion, particle rearrangement, adsorbed layers, 
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interlamellar swelling all influenced the hydraulic conductivity, but he considered the most 

important cause for the lower hydraulic conductivity in water to be the anomalous 

viscosity of the water near the clay surface.  

The increase in hydraulic conductivity with the high concentration salinity of the 

permeating fluid has been underlined by Rolfe & Aylmore 1977 and attributed to: (1) 

alterations in pore dimension distribution as a result of variations in swelling pressure in 

the clay matrix, (2) variations in the mobility of the molecules of water associated with the 

exchangeable cations adsorbed on the surfaces or forming diffuse double layers (DDL), (3) 

alterations in the viscous behaviour of the structure of the water. As a result of these 

mechanisms, as the concentration of the electrolyte increases there is a reduction in the 

swelling pressure of the clay particles, the size of the flow channels increasing to the 

detriment of the number of small channels, this causing flow and therefore, hydraulic flow 

to increase. On the contrary, the increasing development of diffuse double layers on 

reduction of the concentration of the electrolyte causes a decrease in hydraulic 

conductivity. The reduction of effective porosity with the decreasing salinity of the 

permeating agent would be due to the fact that the pore space is occupied by the bound 

water (DDL), the viscosity of which is higher than that of free water. According to the 

diffuse double layer theories, the thickness of it decreases as the concentration of water in 

the pores increases, as a result of which, for a given porosity, the effective porosity of the 

clay would increase with increasing concentration of the solution, with the corresponding 

increase in hydraulic conductivity.  

Dixon et al (1985) suggested that the effective porosity of clay is less than would be 

expected considering the total pore space per unit volume because some of the pore space 

is occupied by bound water which has a greater viscosity than free water. Diffuse double 

layer theory predicts that the diffuse double layer thickness decreases with increasing pore 

solution concentration. Therefore, at a given void ratio the effective porosity of the 

bentonite will increase as the solution strength increases (van Olphen 1977).  

Ruhl and Daniel (1997) stated that hydraulic conductivity of bentonite decreases up to 

three orders when the PH of the solution changes from 2 to 14. This behaviour is attributed 

to the higher negative surface charge of the clay particle in contact with high PH solution. 

In this case, the double layer thickness is large and clay particles are dispersed due to 

electrostatic repulsion (Palomino and Santamarina 2005). Experimental evidence showed 
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that the presence of organic fluid increases the hydraulic conductivity of fine soils 

(Gnanapragasam et al. 1995).  

Dixon (1999) examined the influence of pore fluid chemistry in the Na type bentonite, 

using fresh and saline water as permeant. Figure 6.24 shows data from the tests and data 

reported by Dixon et al. (1987). It separates the data from specimens tested using saline 

permeant from those tested using a distilled and deionised water. This figure also includes 

data from other researchers which is identified by Dixon (1995).  

 

Figure 6.24 Influence of pore fluid on the hydraulic conductivity bentonite specimens 

(Dixon 1999)  

 

Dixon (1999) concluded that this parameter is unlikely to significantly alter the 

performance of the material at clay densities greater than 1.0 Mg/m3. At low clay densities 

(<1.0Mg/m3), it is likely that pore fluid composition will influence the hydraulic 

performance of specimens. At these densities there is a well developed diffuse double layer 

surrounding the platelets and ionic concentration could become a factor in determining the 

porosity available for flow.  
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Studds et al. (1998) measured the hydraulic conductivity using distilled water and various 

chloride salt solutions of Wyoming Na-bentonite specimens that were initially prepared in 

an air-dry state, and then allowed to swell in the selected solution.  

 

 

Figure 6.25 Hydraulic conductivity of bentonite with distilled water and different strength 

chloride salt solutions (Studds et al. 1998)  

 

As shown in Figure 6.25, for each strength of the solution, there is a linear trend between 

the logarithm of hydraulic conductivity and the logarithm of void ratio. Also, at a given 

void ratio, the hydraulic conductivity of the bentonite increases as the solution strength 

increases. This later trend probably results from the influence of the permeant on the 

effective porosity.  

Jo et al. (2001), Lee et al. (2005) mentioned that respect to the fluid properties, there is 

clear evidence that hydraulic conductivity of bentonitic clays increases when the ionic 

concentration or valence raises in the permeating fluid. The chemical properties of the fluid 

affect ion hydration and the formation of the diffuse double layer around soil particles. 
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Hence, fluid chemistry directly affects the soil fabric and the hydraulic properties of the 

porous media (Mitchell and Soga 2005).  

Marcos et al. (2009) reported the influence of fluid chemistry, soil fabric on hydraulic 

conductivity of montmorillonite rich Na-bentonite by using organic (kerosene and paraffin) 

and inorganic (distilled water and different CaCl2 solutions) fluids. They reported that the 

hydraulic conductivity of bentonite depends on the ion concentration in the permeating 

liquid. The increase of hydraulic conductivity is directly related to the rise of both CaCI2 

concentrations. In addition, the fluid chemical properties influence both hydraulic 

conductivity and intrinsic permeability which means that soil fabric changes during 

permeation. The effect of changing the ion concentration in the permeating fluid on double 

layer and soil conductivity is not fully reversible. Counterions can completely adsorb to the 

mineral surface when the Ca2+ concentration rises; and this reaction is spontaneous 

according to the change of Gibbs free energy. However, when the Ca2+ concentrations in 

the permeating fluid decreases, desorption reaction cannot take place without introducing 

additional energy to the system. Because of this, the increase of diffuse double layer 

thickness is lower than the expected thickness and the hydraulic conductivity increases 

when permeation with the CaCl2 solution.  

 

6.6 Summary 

 The experimental results of swelling pressure, water uptake and hydraulic 

conductivity are presented. The effect of varying the initial water content on swelling 

pressure and hydraulic conductivity are shown. The bulk fluid used is distilled water 

having concentration equal to (10-4M) and high concentration NaCl permeant of salinity 

(10-2M). 

The increase in amount of water uptake with time was rapid at the earlier stage of tests and 

decreases beyond a point which marks the end of primary swelling pressure development. 

The swelling pressure results of the bentonites studied is a function of dry density. The 

decrease in the amount of swelling pressure at same dry density with varying initial water 

content is due to the molding compaction water content which influences the fabric and 

structure that may have some influence on the swelling pressure. Similarly, the amount of 

swelling pressure decreases when the high concentration solution is intruded to the clays. 
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The reduction is the swelling pressure is attributed to the contraction of the double layer, 

and this reduction could be also related to an increase of osmotic suction. Decrease in 

swelling pressure using high concentration solution is relatively occurs at low dry 

densities. 

Furthermore, the effects of initial water content and high concentration solution on 

hydraulic conductivity are studied. The test results indicated that compacting bentonites at 

higher initial water contents and lower dry densities or at lower initial water contents and 

higher dry densities, yields clay particles to attain more oriented fabric that offer more 

tortuous paths for the fluid flow that may reduces the hydraulic conductivity.  

The effect of high concentration on hydraulic properties showed that the hydraulic 

conductivity of the bentonite slightly increase with an increase in the concentration of pore 

fluid due to the contraction of the  double layer at micro level leaving more spaces for the 

flow. 
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Chapter 7 

 
 

ASSESSMENT OF HYDRAULIC CONDUCTIVITY AND SWELLING 
PRESSURE 

 
 
 

7.1 Introduction 

 This chapter presents the experimental results of hydraulic conductivity and 

swelling pressures in each of the materials considered. The main aim of this chapter is to 

study the existing models for hydraulic conductivity and develop new approaches in the 

existing models to represent the hydraulic conductivity in clays. The experimental 

hydraulic conductivities of the bentonite in this study are compared with the existing 

models like: Kozeny-Carman model, Cluster model, and Laminar flow model. Different 

approaches have been considered in models to estimate the hydraulic conductivity such as 

(i) the Kozeny-Carman model by considering the effective porosity, (ii) the Kozeny-

Carman model in conjunction with the diffuse double layer theory, and (iii) the laminar 

flow model with interlayer pore radii calculated using modified double layer equations, 

and Cluster model based on using the concept that clays exist as cluster having micro and 

macro voids. The limitations of each approach in the model have been discussed. Finally, 

each approach in the model is verified by applying it to conductivity data from literature. 

Similarly, an approach to estimate the swelling pressure of compacted bentonite using 

Gouy-Chapman diffuse double layer theory is presented.  A laboratory swelling pressure 

tests on compacted bentonites (MX-80 and Calcigel) are compared with the calculated 

swelling pressure using the theory. The study revealed that at low dry density the as 

prepared total void ratios, eT are less than theoretical void ratios using diffuse double layer 

theory, however, reverse behavior has been noticed for high compaction dry densities. 

New equations were derived on the basis of diffuse double layer theory and experimental 

swelling pressure data. The method categorizes the different bentonites into two groups 

depending upon the weighted average valency. Good agreement was observed in all the 

cases between experimental and estimated swelling pressure using derived equations.   
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7.2 Comparison of experimental results with existing models 

 The following section presents the comparison between experimental hydraulic 

conductivity results and the hydraulic conductivity models used in this study.   

7.2.1 Kozeny-Carman model 

 Kozeny (1927) and Carman (1937) developed a theory for a series of capillary 

tubes of equal length for predicting the saturated hydraulic conductivity for soils. The 

derivation of Kozeny-Carman model is given in more detail in chapter 3. The Equation 

3.26 is re-written for clarify as: 

3
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                                       (for 20◦C)   (7.1)

 

where: ks is in m/s. 

The K-C model is based on uniform pore sizes and predicts a single value of hydraulic 

conductivity for a given void ratio. Carman (1937) verified the Kozeny model, and 

introduced the notion of hydraulic radius, and expressed the specific surface per unit mass 

of solid. Furthermore, Carman (1939) considered that water does not move in straight 

channels but around irregularly shaped solid particles. According to Carman (1939) a 

factor CK-C = 5 gave the best fit with experimental results. The chosen for the coefficient 

included simultaneously the notions of equivalent capillary channel cross-section and 

tortuosity. The saturated hydraulic conductivities of compacted bentonite specimens were 

measured according to the experimental procedure discussed earlier. The hydraulic 

conductivities were corresponding to the dry densities varying between 1.37 and 1.75 

Mg/m3.  

Figures 7.1, 7.2 and 7.3 present the relationship between hydraulic conductivity and dry 

density for distilled water and low initial water content for Calcigel, MX-80 and Kunigel 

bentonites. The predicted hydraulic conductivity values calculated using K-C model for 

those bentonites is also shown. The specific gravity and the specific surface area of the 

bentonites shown in Table 4.1 were considered for calculating the hydraulic conductivities.  

 



Chapter 7                                Assessment of hydraulic conductivity and swelling pressure 
 

 163

1.E-15

1.E-14

1.E-13

1.E-12

1.E-11

1.3 1.5 1.7 1.9

Dry density (Mg/m3)

H
yd

ra
ul

ic
 c

on
du

ct
iv

ity
 (m

/s
) Experimental Calcigel

Calculated (Kozney-Carman)

wo = 9.0 %
Distilled water

  

Figure 7.1 Measured and calculated hydraulic conductivity using Kozeny-Carman model 

for Calcigel bentonite 
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Figure 7.2 Measured and calculated hydraulic conductivity using Kozeny-Carman model 

for MX-80 bentonite 
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Figure 7.3 Measured and calculated hydraulic conductivity using Kozeny-Carman model 

for Kunigel bentonite   

 

Figures 7.1 to 7.3 show that the theoretical results from K-C hydraulic model agree 

reasonably well with the measured hydraulic conductivities especially at low dry densities 

(i.e., < 1.56Mg/m3). However, it is clear from Figures that as the density increases the 

prediction using K-C model becomes limited. The reason for the decrease in measured 

values more than the predicted values for higher dry density is that the porosity available 

for flow decreases. The amount of adsorbed water in the bentonite is small, some smaller 

passages or throats may close down as the water becomes locally structured. This small 

effect can produce reduction in measured hydraulic conductivity at high densities. Pusch 

(1979) explained the low hydraulic conductivity of the bentonite compacted at high density 

in terms of the low water contents required to saturate the highly compacted clay, since 

under these conditions, the thickness of the adsorbed water is very small (3-5 Å) due to its 

high specific surface, meaning that the molecules of water are strongly adsorbed to the 

surfaces of the clay minerals, leaving only very tortuous interparticle channels for the 

transport of water. 
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7.2.2 Cluster Model 

 Cluster model proposed by Olsen (1962) was used to derive the relationship 

between hydraulic conductivity and dry density for the selected bentonites. In the cluster 

model, information on cluster void ratio (i.e., intra-aggregate or micro void ratio) (ec), total 

void ratio (eT), and average number of clay particles per cluster (N) are required. Olsen 

(1962) assumed relationships between the total void ratio, eT, micro void ratio, ec and 

macro void ratio, ep for which at high total void ratios the micro void ratio, ec value is 

constant upon compression and then begins to reduce when ep ratio is equal to 0.43 (Figure 

3.6 in chapter 3).   

Achari et al. (1999) used the modified diffuse double layer (DDL) theory in conjunction 

with the true effective stress concept proposed by Lambe and Whitman (1969) for 

computing the cluster void ratio. The repulsive force was computed from the basic DDL 

theory (Equation 2.6) whereas the attractive force is considered to be governed by the van 

der Waals attractive forces (Equation 3.30). The empirical relationship used to compute the 

N value as a function of effective stress and concentration of permeant is given in Equation 

3.31. The procedure adopted to calculate the micro void ratio, ec, from diffuse double layer 

theory was as follows. For the given properties of the bentonites (i.e., G, S, B, v) and for 

known experimental swelling pressures, the u values were calculated from Equation 2.6. 

The corresponding values of z were calculated from Equation 2.7. Knowing z and u for any 

given swelling pressure, Equation 2.8 was used to calculate Kd and K from Equation 2.9.  

Knowing the values of Kd and K, the distance between clay platelets, d was calculated, 

after getting d values, micro void ratios, ec, was calculated using Equation 2.10. The 

number of particles per cluster, N, was calculated using Equation 3.31. Figure 7.4 shows 

the flow chart for the determination of hydraulic conductivity using cluster model. 
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Different ranges of 

Swelling Pressure, P 

For the given properties 
of bentonite: 

u values from Eq. (2.6),  
z from Eq. (2.7) 

Kd (Eq.2.8), 
K (Eq. 2.9) 

d =? 

Calculate Kozeny-
Carman hydraulic 

conductivity            
Eq. (3.25) 

Void ratio e, 
Eq. (2.10) 

Calculate N,        
Eq. (3.31) 

Calculate cluster 
model hydraulic 

conductivity       
Eq. (3.28) 

 
Figure 7.4 Flow chart showing the determination of hydraulic conductivity using cluster 

model 
 
 
 

Figures 7.5 to 7.7 show the experimental and calculated hydraulic conductivities using 

cluster model with diffuse double layer micro void ratio, ec, for Calcigel, MX-80 and 

Kunigel bentonites with increasing dry densities. Those Figures clearly indicate that there 

is not good agreement between the experimental and calculated hydraulic conductivity 

using micro void ratio, ec, from diffuse double layer theory. The main discrepancies 

between the experimental and calculated values are due to the fact, that the use of micro 

void ratio, ec, from diffuse double layer theory does not give appropriate void ratio value 

due to the limitation of the theory. Several factors may contribute to the discrepancies 

between the predicted void ratio using diffuse double layer and the experimental results 

such as: non parallel platelet concept, non uniform size of clay platelets and additional 

repulsive forces. 
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Figure 7.5 Measured and calculated hydraulic conductivity using cluster model for 

Calcigel bentonite 
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Figure 7.6 Measured and calculated hydraulic conductivity using cluster model for MX-80 

bentonite   
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Figure 7.7 Measured and calculated hydraulic conductivity using cluster model for Kunigel 

bentonite   

 

Diffuse double layer theory assumes an ideal fabric system i.e., the parallel platelets 

between the clays and uniform size of clay platelets (Nagaraj and Jayadeva 1981, 

Sridharan and Choudhury 2002, Schanz and Tripathy 2009). Additional repulsive forces 

can be contributed to the difference between the theory and experimental results, especially 

in case of high density state (Tripathy et al. 2004). Pashley (1981) and Israelachvili (1982) 

have also stated that additional repulsive forces could be present when the d spacing 

becomes less. Yong and Mohamed (1992) showed that the repulsive forces arising due to 

interaction of clay platelets at close particle spacing are primarily due to the hydration of 

ions. Pusch and Yong (2003) explained that the hydration forces reside in the inner 

Helmholtz plane where the ions are at their anhydrous state.  

As shown in Figures 7.5 to 7.7, the experimental hydraulic conductivity values are less 

than that of calculated counterpart using cluster model for all ranges of dry densities 

considered. In case of Calcigel bentonite in Figure 7.5, the calculated values are higher as 

compared to measured values. Similarly, in case of MX-80 bentonite in Figure 7.6, at low 

density i.e., 1.38 Mg/m3, the calculated hydraulic conductivity has negative value, which is 

due to the fact that at low dry density or high void ratio the computed micro void ratio, ec, 
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from diffuse double layer theory has greater value than total void ratio, eT, resulting in 

negative hydraulic conductivity, such behaviour can be seen in Figure 7.8 (in case of MX-

80 bentonite at high void ratio). At low void ratio value, the total void ratio, eT, is greater 

than void ratio calculated from diffuse double layer theory, whereas, at high void ratio 

value, the total void ratio, eT, is less than that of micro void ratio, ec, calculated from 

diffuse double layer theory. 
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Figure 7.8 Relationship between the total eT, and micro void ratio, ec, from diffuse 

double layer (ddl) for Calcigel, MX-80 and Kunigel bentonites 
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7.2.3 Laminar flow model 

 The laminar flow model was developed to predict the average fluid flow through a 

tubular capillary with circular cross-section (Lambe & Whitman 1969, Mitchell 1993). 

Komine (2008) suggested that water mainly permeates between two swollen parallel clay 

platelets. The hydraulic conductivities of bentonite based materials can be predicted by 

calculating the flow velocity of water between two layers in the clay system. The equation 

for predicting the flow velocity used by Komine (2008) is given as: 

( )22
12

aw

aw

k dρ
μ

=    (7.2)

 

where: k is in (m/s) 

Figures 7.9 to 7.11 depict the variation of hydraulic conductivity with dry density from 

experimental data in comparison with the Komine (2008) prediction for distilled water and 

initial water content.   
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Figure 7.9 Measured and calculated hydraulic conductivity from laminar flow model for 

Calcigel bentonite   
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Figure 7.10 Measured and calculated hydraulic conductivity from laminar flow model for 

MX-80 bentonite  
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Figure 7.11 Measured and calculated hydraulic conductivity from laminar flow model for 

Kunigel bentonite  
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Figure 7.9 shows that the predicted hydraulic conductivity is less than that of measured for 

the case of Calcigel bentonite which is calcium rich bentonite. The difference between the 

predicted and experimental data reported by Komine (2008), as in proposed theoretical 

equations, it is assumed that water flows mainly through spaces between the 

montmorillonite parallel layers after absorbing water. For low dry density, the filling of 

voids by swelling of montmorillonite is inadequate, introducing the possibility of 

remaining voids that serve as water channels (Olsen 1962, Chapuis 1990, Achari et al. 

1999, Abichou et al. 2004). However, the prediction of hydraulic conductivity in case of 

MX-80 bentonite (Figure 7.10) is fairly good at low dry density but as the density increases 

the agreement between measure and predicted values become limited. Figure 7.11 also 

indicates that the predicted hydraulic conductivity values are lower than that of 

experimental results in case of Kunigel bentonite. Komine (2008) reported that the method 

proposed by him is more accurate for sodium type bentonite and the applicability of the 

equations reduces for calcium type bentonites. The inaccuracy in the predicted results for 

calcium bentonite is due to the inaccuracy in applying the parameter on ratio of density and 

viscosity between interlayer water and free water to evaluate the hydraulic conductivity of 

for calcium type bentonite. Theoretical equations proposed by Komine (2008) for 

predicting hydraulic conductivities of bentonite-based buffer and backfill materials 

according to bentonite content and dry density. The proposed equations for hydraulic 

conductivity include some equations that are newly proposed for flow model between two 

parallel-plate layers. They were developed previously to describe swelling volumetric 

strain of montmorillonite. 

 

7.3 New modifications in the existing models 

 It can be seen that the existing theories do not capture well enough the hydraulic 

conductivity in the clays considered. The new approaches were carried out in order to 

modify the existing models so that the new modified models can represent the hydraulic 

behaviour of the clays studied as well as other clays from the literature.  

7.3.1 Kozeny-Carman model 

 As presented in the preceding section 7.2.1, the prediction of hydraulic conductivity 

using Kozeny-Carman model becomes limited for high ranges of dry density. Two new 
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approaches were developed in KC model to estimate the hydraulic conductivity of 

bentonite type materials i.e., (i) the Kozeny-Carman model by considering the effective 

porosity, (ii) the Kozeny-Carman model in conjunction with the diffuse double layer 

theory.  

7.3.1.1 Kozeny-Carman model (effective porosity approach) 

 Water in the soil pores is be said to be distributed between two phases, the phase 

containing free water, which is free to flow under a hydraulic gradient and second phase 

(adsorbed layer), which is made up of two or three layers of molecules and is directly 

affected by the particle surface forces (Fripiat et al. 1982, Zhu & Granick 2001). The 

thickness of the second phase is not fixed, but is a function of the electrochemical 

environment (Holtz & Kovacs 1981, Mitchell 1993) as well as interparticle stress (Lambe 

& Whitman 1969). In case of clay, particles interact with each other to form domain and 

aggregates. The particle association in the domain is characterized as either flocculated 

with edge to edge contact or dispersed with face to face (Holtz & Kovacs 1981). The most 

commonly used term that relates to the flow and transport processes of the medium is the 

porosity.  In case of clay, fraction of pore volume does not conduct fluid and this volume 

has to be subtracted from total volume to give effective porosity. The fraction of the 

volume of water in the pore system that is not able to move under an induced gradient is 

held in “interconnected” pores, dead end pores, and adsorbed onto the mineral surface 

(Singh et al. 2008). The adsorbed water layer in clay affects the flow characteristics of the 

porous media in two ways. Firstly, the adsorbed water layer affects the effective porosity 

and secondly the tortuosity and the cross sectional characteristics of the flow conduit may 

change with changes in interparticle contact area and average inter-particle contact stress.  

In the case of compacted bentonites, it is often difficult to precisely determine the effective 

porosity through which fluid flow takes place. In this study, for known hydraulic 

conductivities of the bentonites tested with distilled water and initial water content, the 

void ratios causing fluid flow at various dry densities were calculated from Equation. 7.1. 

Calcigel and MX-80 bentonites are selected to generate the equations. The tested 

bentonites are categorized into two groups according to their average weighted valencies of 

the cations present in the bentonites (Table 4.1), since the valency of the cations present 

has an influence on the soil behaviour.  



Chapter 7                                Assessment of hydraulic conductivity and swelling pressure 
 

 174

Figure 7.12 shows the calculated effective void ratio versus the dry density of the Calcigel 

and MX-80 bentonites.  
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Figure 7.12 Effective void ratios versus dry density relationship for the Calcigel and    

MX-80 bentonites.   

 

The relationship between the dry density and the effective void ratio (Figure 7.11) can be 

expressed as: 

For MX-80 bentonite 

3.63.02eff de ρ −=                                           valency (1.0 – 1.50)   (7.3)
 

For Calcigel bentonite 

4.64.64eff de ρ −=                                           valency (1.51 – 1.97)   (7.4)
 

where: eeff is the effective void ratio and ρd is the dry density. 
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For any compaction dry density, the effective void ratio causing fluid flow can be 

calculated using Equations 7.3 and 7.4. The effective void ratio can be used in Equation 

7.1 instead of total void ratio to calculate hydraulic conductivity of bentonites. 

7.3.1.1.1 Verification and Application 

 The calculated hydraulic conductivities versus the experimentally measured 

hydraulic conductivities for the bentonites considered in this study are shown in Figure 

7.13. Additionally, reported hydraulic conductivities of six other bentonites, such as 

Calcigel, Kunigel, Kunigel V1, MX-80, Febex, and Na-Kunigel (Pusch 1980, ENRESA 

2000, Marcial et al. 2002, Komine 2008, Baille 2010) were considered to verify the 

applicability of Equations 7.3 and 7.4. The cation exchange capacities, the specific surface 

areas, weighted average valencies and other properties of the bentonites are shown in Table 

7.1. Febex bentonite is a Spanish bentonite from Almeria, Spain. Kunigel VI bentonite is 

produced at Tsukinuno mine in Japan. Calcigel bentonite has been extracted from Bavaria, 

Germany. Comparing the physical properties of the bentonites in Table 7.1, Febex 

bentonite has a higher percentage of montmorillonite than Calcigel bentonite. Febex 

bentonite was found to contain about 59% of bivalent exchangeable cations (Ca2+ and 

Mg2+), whereas, for Calcigel bentonite, the bivalent cations were about 95%. The 

monovalent exchangeable cations (Na+ and K+) for Febex and Calcigel bentonite were 

about 22% and 5% respectively. The cation exchange capacity of Febex bentonite is higher 

than those of Calcigel bentonite, Kunigel and MX-80. The physical properties of MX-80 

bentonite in present study are used for the MX-80 (Pusch 1980). 

Knowing the dry densities of the bentonites, the effective void ratios were calculated from 

Equations 7.3 and 7.4. Further, the calculated effective void ratios were used to calculate 

the hydraulic conductivities of the bentonites and were compared with the experimental 

results (Figure 7.13). 
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Figure 7.13 Calculated versus measured hydraulic conductivity for the bentonites using 

new approach    

 

Figure 7.13 shows that the calculated hydraulic conductivity results generally agree well 

with the experimental results. The results also indicate that the effective void ratios of the 

bentonites are independent of the chemical properties; because no physico-chemical effect 

has been consider in this approach, however, the hydraulic conductivity is dependent upon 

the dry density and the specific surface area of the bentonites.  
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  Table7.1. Properties of bentonites used for verification 

Bentonites 
Specific 
gravity, 

G 

Liquid 
limit, 
(%) 

Cation exchange 
capacity 

(meq./100g) 

Specific 
surface 

area (m2/g) 

Montmori
llonite 

(%) 

Weighted 
average 

valency,  v 

Initial water 
content   

(%) 
Calcigel 2.80 178 74 525 60 1.93 9.2 
Febex 2.70 102 111 725 92 1.73 13.7 
MX-80 2.80 495 91 711 - 1.27 10.2 
Kunigel VI 2.79 473 76 388 48 1.50 5 - 6 
MX-80* 2.77 520 110 616 80 1.41 8 - 9 
Na-Kunigel 2.79 474 73 685 64 1.50 5 - 7 
Note: Data from. Baille et al. (2010) for Calcigel, ENRESA (2000) for Febex, (Pusch 1980, values as present 
study) for MX-80, Komine (2008) for MX-80* and Kunigel VI, Marcial et al. (2002) for Na-Kunigel 
 

Note that in Equation 7.1, the total specific surface areas of the bentonites were considered 

to calculate the hydraulic conductivities. If the total compaction void ratios are not 

responsible for the fluid flow, then the specific surface area contributing to the fluid flow 

should be determined alternatively, which has not been considered in this study.  

7.3.1.2 Kozeny-Carman model with diffuse double layer void ratio (reduce specific 

surface area approach) 

 The Gouy–Chapman diffuse double layer theory for parallel clay platelets has been 

widely used to understand the behaviour of clay-water system (Mitchell 1993). Based on 

the theory five important equations (Equations 2.6 to 2.10) are used to establish swelling 

pressure versus void ratio relationships for clays (Sridharan & Jayadeva 1982, Schanz and 

Tripathy 2009).  

In this approach, the experimental swelling pressures of the bentonites were considered, 

the procedure to calculate the void ratio from DDL using the five equations is given 

section 7.2.2 in detail. Modified specific areas of the bentonites were considered and the 

hydraulic conductivities were calculated from Equation 7.1. The modified specific surface 

areas corresponding to various dry densities of the bentonites were determined from the 

ratio of the specific surface area and the dry density by dividing the specific surface area to 

the dry density values. In this context, Olsen (1962), Pusch (1980), and Tessier (1998) 

stated that with an increasing in the compaction effect, the size of the clusters reduce due to 

break down and rejoining of the particles. Barbour & Yang (1993) also stated that clay 

clusters are not solid spheres but soft agglomerates and are prone to modification and 

disintegration by increase in the applied stresses.  
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Figure 7.14 shows the experimental versus calculated hydraulic conductivities for the 

bentonites considered in this study. Additionally, the reported experimental hydraulic 

conductivities and the calculated hydraulic conductivities based on the swelling pressures 

of other bentonites are also shown in Figure 7.14. In general, a majority of the data points 

remained above the agreement line (450-line) indicating that the calculated hydraulic 

conductivities are less than their experimental counterparts. 
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Figure 7.14 Calculated versus measured hydraulic conductivity for the bentonites using 

new approach  

 

The main deficit in this approach is that although the specific areas of the bentonites were 

modified to calculate the void ratios causing the fluid flow, the half-spacing between the 

clay platelets (i.e., d) were calculated based on the diffuse double layer theory that 

considered the total specific surface areas of the bentonites. A lack of compatibility in the 

consideration of the specific surface areas caused the discrepancies between the calculated 

and experimental hydraulic conductivities of the bentonites. 
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7.3.2 Cluster model 

 It has been discussed in section 7.2.2 that hydraulic conductivity from cluster 

model using micro void ratio, ec from diffuse double layer theory do not give appropriate 

prediction.  

An attempt was made to account for the micro void ratio, ec, by back calculating from the 

cluster model using experimental hydraulic conductivity with increasing dry density of the 

bentonites. For the known experimental hydraulic conductivity, the micro void ratios, ec_bk, 

were back calculated using Equation 3.28. The relationship between the total void ratio, 

and micro void ratio was established. Figure 7.15 show the relationship between the back 

calculated micro void ratio, ec_bk, using Equation 3.28 for known hydraulic conductivity 

and total void ratio, eT for MX-80 and Calcigel bentonites. A linear relationship was found 

between ec_bk and total void ratio, eT. Recalling Figure 3.6 proposed by Olsen (1962), 

which assume relationships between the eT, ec and ep for which at high total void ratios the 

micro void ratio, ec value is constant upon compression and then begins to reduce when ep 

ratio is equal to 0.43. As compression continues, the ec has linear relationship with eT until 

both values (void ratios) reaches to zero (Figure 3.6).    

The assumption proposed by Olsen (1962) is in close agreement with the observed 

behaviour of back calculated micro void ratio, ec_bk (Figure 7.15). However, there is no 

unique relationship between the total void ratios, eT, and back calculated micro void ratio, 

ec_bk, for both bentonites (MX-80 and Calcigel) as can be seen in Figure 7.15. Therefore, in 

present study the bentonites were grouped depending upon their weighted average valency. 

The work presented by Tripathy et al. (2004) and Schanz and Tripathy (2009), the 

weighted average valency has been used to categorize the swelling behaviour of different 

bentonites. 
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Figure 7.15 Relationship between the  eT, ec, and ec_bk  from cluster model for MX-80 and 

Calcigel bentonites 

 

In Equation 3.28, to compute the hydraulic conductivity, kCM of bentonite, the parameter, 

kKC, can be predicted using Equation (3.26 or 7.1). Knowing the swelling pressure of the 

bentonites, the number of particles per cluster, N, can be calculated using Equation 3.31. 

By knowing all the parameters i.e., kKC, eT, N, Equations 7.5 and 7.6 can be used to 

calculate the hydraulic conductivity. Figure 7.16 shows the algorithm of the proposed 

method. 

  For known experimental 
hydraulic conductivity 

Cluster model  

Back calculated void 
ratio, ec_bk Eq. (3.28) 

N, Eq. (3.31)

Establish relationship 
between ec_bk and eT 

New modified void 
ratio 

New proposed 
Equation in cluster 

model 

 

Figure 7.16 Algorithm of the proposed method 
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Actually Equations 7.5 and 7.6 are the modified forms of Equation 3.28. Micro void ratio, 

ec, in the original equation was replaced by the best fit of ec_bk, of MX-80 bentonite 

(Equation 7.5). Similarly micro void ratio, ec, in the original equation was replaced by the 

best fit of ec_bk, of Calcigel bentonite (Equation 7.6). The equations used to determine the 

hydraulic conductivity for each of the bentonites can be categorize as, Equation 7.5 can be 

used for bentonites having weighted average cation valency of up to 1.5, and Equation 7.6 

for bentonites with a cation valency from 1.51 to 2.0.  

The experimental hydraulic conductivity and those calculated from Equations 7.5 and 7.6 

for MX-80 and Calcigel bentonites, respectively are shown in Figures 7.17 and 7.18. As 

expected, the dry density hydraulic conductivity relationships obtained from these two 

equations are in good agreement with the experimental data for the two bentonites. 
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Figure 7.17 Experimental and calculated hydraulic conductivity from suggested equation 

for MX-80 bentonite  
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Figure 7.18 Experimental and calculated hydraulic conductivity from suggested equation 

for Calcigel bentonite  

 

7.3.2.1 Verification and Application 

 The new Equations (i.e., Eqs. 7.5 and 7.6) derived from the experimental data are 

for two different types of bentonites having different valencies of exchangeable cations and 

different mineralogical properties. The investigation was extended to use the equations for 

other bentonites that are also proposed for use as barrier materials. Experimental hydraulic 

conductivity results for MX-80 (Pusch 1980), Kunigel (present study), Calcigel bentonite 

(Baille et al. 2010), and Febex (ENRESA 2000) were chosen for the verification. Table 7.1 

shows the properties of the bentonites.  

The hydraulic conductivity for MX-80, Kunigel, Calcigel and Febex bentonites were 

calculated using Equations 7.5 and 7.6 for different dry densities. The calculated hydraulic 

conductivity from these Equations was matched with the reported experimental hydraulic 

conductivity of these bentonites. It was observed, however, that Equation 7.5 is applicable 

to MX-80 and Kunigel bentonites, whereas Equation 7.6 is suitable for Calcigel bentonite 

and Febex bentonites, which confirms the suggested grouping of average weighted valency 

of exchangeable cations. The experimental and calculated hydraulic conductivity of the 

bentonites are plotted in Figures 7.19 – 7.22. The agreement between the proposed 

equations and the experimental results is good in all cases. 
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Figure 7.19 Experimental and calculated hydraulic conductivity from suggested equation 

for MX-80 bentonite (Data from Pusch 1980)  
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Figure 7.20 Experimental and calculated hydraulic conductivity from suggested equation 

for Kunigel bentonite (Data from Schanz et al. 2010)  
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Figure 7.21 Experimental and calculated hydraulic conductivity from suggested equation 

for Calcigel bentonite (Data from Baille et al. 2010)    
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Figure 7.22 Experimental and calculated hydraulic conductivity from suggested equation 

for Febex bentonite (Data from ENRESA 2000)     
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Figures 7.19 – 7.22 also show the experimental and calculated hydraulic conductivity using 

cluster model with diffuse double layer theory micro void ratio. The results clearly indicate 

that the calculated hydraulic conductivity values are very high (some cases negative 

values) than the experimental counterpart. The reason for such behaviour is explained in 

section 7.2.2, which is due to the higher micro void ratio, ec, using DDL than the total void 

ratio (Figure 7.8).  Moreover, as it can be seen that, the calculated hydraulic conductivity 

using the proposed equations have unsmooth curves, except in case of Kunigel bentonite 

(Figure 7.20). This behaviour is related to the scattered results of the experimental swelling 

pressure values used to calculate the number of particles per cluster, N, using Equation 

3.31. 

Figure 7.23 shows the experimental and calculated hydraulic conductivity of the six 

bentonites considered in this study. The agreement between the experimental and 

calculated hydraulic conductivity using suggested equations (Eqs. 7.5 and 7.6) is very good 

for all the bentonites studied.  
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Figure 7.23 Experimental and calculated hydraulic conductivity of bentonites from the 

suggested equations   
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7.3.3 Laminar flow model 

 In Equation 7.2, the separation distance between the clay platelet (i.e., 2d) is 

required to calculate the hydraulic conductivity. Komine (2008) considered the actual 

hydrated radii of the exchangeable cations present in the bentonites to calculate the 

separation distance and the hydraulic conductivity. Tripathy et al. (2004) compared the 

experimental swelling pressure results for several mixed valent compacted bentonites with 

the swelling pressures determined from the diffuse double layer theory. It was noted that 

the relationships between the nondimensional midplane potential function (u) and 

nondimensional distance function (Kd) derived from the theory and that were back-

calculated from the experimental results differed significantly leading to the disagreement 

between the theoretical predictions and experimental swelling pressure results. Based on 

the experimental swelling pressure results of several compacted bentonites, they proposed 

modified u-Kd relationships to be considered in Equation 2.6 for determining the swelling 

pressures of compacted bentonites. The following swelling pressure equations were 

proposed. 

02 (cosh( 7.277log10 2.91) 1)p n kT Kd= − − −                      valency (1.14 – 1.50)   (7.7)
 

02 (cosh( 10.427log10 7.72) 1)p n kT Kd= − − −                valency (1.66 – 1.73)   (7.8)
 

02 (cosh( 9.190log10 3.26) 1)p n kT Kd= − − −                   valency (1.95 – 1.97)   (7.9)
 

Tripathy et al. (2004) noted that Equations 7.7 to 7.9 could be used for several bentonites 

based on the weighted average valency of exchangeable cations present in the clay. 

Equation 7.7 was found to be suitable for the bentonites containing greater percentage of 

Na+ ions with the weighted average valency of exchangeable cations of 1.14 – 1.50. 

Equation 7.8 was found to be suitable for the bentonites with the values of the weighted 

average valency of exchangeable cations of 1.66 and 1.73. Similarly, Equation 7.9 is based 

on the test results for a divalent bentonite.  

In the present study, for the known experimental swelling pressures of the bentonites, the 

half-distance between clay platelets (d) were calculated from Equation 7.7 for MX-80 
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bentonite and Equation 7.9 for Calcigel bentonite. Further, using Equation 7.2 the 

hydraulic conductivities of the bentonites were calculated. The specific surface areas and 

the weighted average valency of exchangeable cations of the bentonites shown in Table 4.1 

were considered. Similarly, reported swelling pressures, specific surface areas, and the 

weighted average valencies for other bentonites (Table 7.1) were considered to calculate 

the hydraulic conductivities. Equations 7.7 to 7.9 were appropriately used to determine the 

distance between platelet (d) values. The hydraulic conductivities of the bentonites were 

calculated using Equation 7.2. 
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Figure 7.24 Calculated versus measured hydraulic conductivity for the bentonites using 

modified DDL equations   

Figure 7.24 shows the experimental versus calculated hydraulic conductivities for all the 

bentonites considered in this study. A majority of the data points remaining below the 

agreement line (450-line) in Figure 7.24 clearly indicate that the calculated hydraulic 

conductivities of most bentonites are somewhat less than their experimental counterparts. 

The main limitation of this approach is that the separation distance between the clay 

platelets are calculated based on the modified equations that in turn are based on the 
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diffuse double layer theory. It was assumed in Equations 7.7 - 7.9 that the clay platelets in 

compacted clay-water ion systems are uniformly distributed which may not be completely 

true. 

 

7.4 Estimation of swelling pressure 

 As discussed in section 2.5.2, two approaches have been adopted to use the diffuse 

double layer theory in describing the swelling behaviour of clays. The first approach given 

by Komine and Ogata (2003) and Xie et al. (2004) considers a single DDL without 

interaction between one DDL and another whereas the second approach proposed by 

Sridharan and Jayadeva (1982) and Tripathy et al. (2004) considers interacting DDL. The 

former approach may be applicable in the case of clay suspension while the later approach 

appears to be more applicable for compacted clays. Moreover, various approaches have 

been proposed in the past for determining the swelling pressure of clays.  

Low and Margheim (1979) and Low (1980) suggested an empirical exponential 

relationship between dry density and swelling pressure for Na-montmorillonite clays. 

Madsen and Müller-Vonmoos (1985) reported a good agreement between the theoretical 

and experimental swelling pressures of an over consolidated Jurassic opalinum shale. Gens 

and Alonso (1992) stated that the advantage of using the diffuse double layer theory is that 

various parameters responsible for swelling of clays can be varied as and when required. 

Shang et al. (1994) discussed various applications of the theory in geotechnical and 

environmental practices. An attempt was made by Komine and Ogata (1996) to use the 

theory for determining the swelling strain and swelling pressure of a highly compacted 

bentonite. New equations were suggested based on the equations for single clay platelets. 

Sridharan and Choudhury (2002) proposed a swelling pressure equation for Na 

montmorillonite while analyzing the compression data of slurried samples of Na 

montmorillonite, reported by Bolt (1956), Mesri and Olson (1971), and Low (1980).  

Tripathy et al. (2004) compared the experimental swelling pressure results for several 

mixed valent compacted bentonites with the swelling pressures determined from the 

diffuse double layer theory. Based on the experimental swelling pressure results of several 

compacted bentonites, they proposed modified u-Kd relationships to be considered for 

determining the swelling pressures of compacted bentonites.   
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7.4.1 Experimental and theoretical swelling pressure 

 Figures 7.25 – 7.26 show the u–Kd relationships for MX-80 and Calcigel bentonites 

respectively, the n0 (ionic concentration of bulk fluid) value considered in this study is 10–4 

M, which is equal to distilled water. To establish the theoretical u–Kd relationships for 

MX-80 and Calcigel bentonites, the following procedure was adopted: (i) for known 

swelling pressure values, u values were computed using Equation 2.6, (ii) actual B and S 

values were considered for computing (dy/dξ)x=0 values and then z values using Equation 

2.7, and (iii) the corresponding Kd values were computed by numerical integration using 

Equation 2.8. To avoid interpolation for intermediate values of Kd, the u versus Kd values 

were plotted for each of the bentonites (Figures 7.25 – 7.26). From the plots, the best-fit 

equations were obtained for each of the bentonites using a least-squares method and the 

equations are also shown in the figures. These equations are then used to determine the u 

values for the computed Kd values and can be stated as: 

( )3.86 1.392u In Kd= −            (7.10)
 

( )3.56 1.434u In Kd= −            (7.11)
 

u = -1.392Ln(Kd) + 3.86
R2 = 0.99
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Figure 7.25 Theoretical u-Kd relationship of MX-80 bentonite (v = 1.27)  
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Figure 7.26 Theoretical u-Kd relationship of Calcigel bentonite (v = 1.95)  

 

Figures 7.27 - 7.28 show the experimental swelling pressure results for the corresponding 

dry densities of the MX-80 and Calcigel bentonites considered in the study. The 

equilibrium swelling pressure values were considered for comparing with the theoretical 

swelling pressure dry density relationship for the bentonite. The theoretical swelling 

pressure dry density relationship was determined using Equations 2.6 to 2.10. The 

parameters considered for determining the theoretical swelling pressure dry density 

relationship are shown in Table 4.1. 

As can be seen in Figures 7.27 – 7.28 that there is good agreement between the 

experimental and theoretical swelling pressures at low dry densities (i.e., below 1.4 

Mg/m3), whereas at higher dry densities, the experimental swelling pressures are found to 

be greater than that predicted from the diffuse double layer theory. The disagreement 

between the theoretical and experimental swelling pressure results can be attributed due to 

the several factors that arise while applying the diffuse double layer theory to compacted 

bentonites systems (Schanz and Tripathy 2009) which includes non parallel platelet 

concept, non uniform size of clay platelets and additional repulsive forces. Diffuse double 

layer theory assumes an ideal fabric system i.e., the parallel platelets between the clays and 
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uniform size of clay platelets (Nagaraj and Jayadeva 1981). Additional repulsive forces can 

be contributed to the difference between the theory and experimental results, especially in 

case of high density state (Tripathy et al. 2004). Yong and Mohamed (1992) stated that the 

repulsive forces arising due to interaction of clay platelets at close particle spacing are 

primarily due to the hydration of ions. For dry densities of the clay greater than 1.4 Mg/m3, 

the swelling pressures developed can be primarily attributed due to the hydration forces 

that are much greater than that predicted from the diffuse double layer theory. Pusch and 

Yong (2003) stated that the hydration forces reside in the inner Helmholtz plane where the 

ions are at their anhydrous state. Pashley (1981) and Israelachvili (1982) have also stated 

that additional repulsive forces could be present when the d spacing becomes less. Hence 

the theoretical prediction needs some modification which has been attempted in the 

following section.  
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Figure 7.27 Experimental and theoretical swelling pressures of MX-80 bentonite 
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Figure 7.28 Experimental and theoretical swelling pressures of Calcigel bentonite 

 

 7.4.2 Proposed equations for void ratio 

 An attempt was made to account for the difference between the experimental and 

theoretical swelling pressures with increasing dry density of the bentonites. For the known 

experimental swelling pressures values, the void ratio, ed was calculated using diffuse 

double layer theory. The steps to calculate the void ratio, ed from diffuse double layer have 

been discussed in previous section. The relationship between the total void ratio, eT and 

void ratio, ed from diffuse double layer was established. Figures 7.29 and 7.30 shows the 

relationship between total void ratio, eT and void ratio calculated from diffuse double layer 

theory, ed. As can be seen in the Figures, in case of MX-80 bentonite, for high total void 

ratio or for low dry density, the void ratio, ed calculated using diffuse double layer theory is 

greater than total void ratio, eT. Similarly, in case of Calcigel bentonite, same trend has 

been observed. The resulting equations from the best fit line in Figures 7.29 and 7.30 

relates total void ratio to the void ratio calculated from diffuse double layer. The new 

equations for the void ratios are also shown in Figures 7.29 and 7.30 and are given as 

follow: 
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2.090.896e e
Td

=            (7.12)

 

2.870.832e e
d T
=            (7.13)

 

For the known modified void ratios i.e., ed shown in Equation 7.12 and 7.13 for MX-80 

and Calcigel bentonites respectively, the new d spacing (i.e., half distance between parallel 

clay platelets) are calculated using Equation 2.10. Knowing K values from Equation 2.9, 

the new Kd values can be found.   
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Figure 7.29 Relationship between the total void ratios, eT and void ratio from diffuse 

double layer, ed for MX-80 bentonite  
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Figure 7.30 Relationship between the total void ratios, eT and void ratio from diffuse 

double layer, ed for Calcigel bentonite  

 

As shown in Figures 7.25 and 7.26, the established u–Kd relationship were used to 

calculate the u values by knowing the new Kd values from the relationship between total 

void ratio, eT and void ratio from diffuse  double layer, ed (Figures 7.29 and 7.30). Hence, 

Equations 7.10 and 7.11 can be directly used to calculate the u values. Substituting the u 

values of Equation 7.10 and 7.11 in Equation 2.6, the equations for swelling pressure are 

obtained as: 

 

( )02 (cosh 3.86 1.392 ( ) 1)p n kT In Kd= − −                  valency (1.01 – 1.50)   (7.14)
 

( )02 (cosh 3.56 1.434 ( ) 1)p n kT In Kd= − −                  valency (1.51 – 2.00)   (7.15)
 

or, by using Equation 2.10 with new modified void ratio from Equations 7.12 and 7.13, d 

values can be obtained, and Equations 7.14 and 7.15 can be written as: 
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Equations 7.14a and 7.15a relate the swelling pressure to the void ratio for the know clay 

fluid system. The clay is represented by its specific surface, S and its specific gravity, G.  

The pore fluid properties are given by K (Equation 2.9) and the concentration of ions, no in 

the bulk fluid.  

The experimental swelling pressures and those calculated from Equations 7.14 and 7.15 for 

MX-80 and Calcigel bentonites, respectively are shown in Figures 7.31 and 7.32. As 

expected, the dry density – swelling pressure relationships obtained from these two 

equations are in good agreement with the experimental data for the two bentonites. 
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Figure 7.31 Experimental swelling pressure and swelling pressure from suggested equation 

for MX-80 bentonite  

 



Chapter 7                                Assessment of hydraulic conductivity and swelling pressure 
 

 196

0

4

8

12

1.0 1.2 1.4 1.6 1.8

Dry density (Mg/m3)

Sw
el

lin
g 

Pr
es

su
re

 (M
Pa

) 

Experimental Calcigel
Equation (7.15)

  
Figure 7.32 Experimental swelling pressure and swelling pressure from suggested equation 

for Calcigel bentonite   

 

7.4.3 Verification of the new swelling pressure equations 

 The new swelling pressure equations (i.e., Eqs. 7.14 and 7.15) are for two different 

type of bentonites having different valencies of exchangeable cations and different 

mineralogical properties. The investigation was extended to use the equations for other 

bentonites that are also proposed for use as barrier materials. Experimental swelling 

pressure results for MX-80 (Bucher and Müller-Vonmoos 1989), Volclay (Komine et al. 

2009), MX-80 (Komine et al. 2009), bentonite S-2 (ENRESA 2000), Calcigel bentonite 

(Schanz and Tripathy 2009) and Febex (ENRESA 2000) were chosen for the verification. 

Table 7.2 shows the properties of the bentonites. 

MX-80 is produced in Wyoming in the United States. It contains more monovalent cations 

than divalent. This is sodium type bentonite. The amount of montmorillonite present in the 

MX-80 bentonite is about 75 %. Volclay is produced in Wyoming in the United States. 

This is also sodium type bentonite. The amount of montmorillonite present in the Volclay 

bentonite is about 69 %.  MX-80 (Komine 2009) is also produced in Wyoming in United 

States. It contains amount of montmorillonite around 76 %. Bentonite S-2 is a Spanish 

bentonite from Almeria, Spain. The properties of the bentonite are different from those of 
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the Febex bentonite (ENRESA 2000). Calcigel bentonite has been extracted from Bavaria, 

Germany. Comparing the physical properties of the bentonites in Table 7.2, Febex 

bentonite has a higher percentage of montmorillonite than Calcigel bentonite. Febex 

bentonite was found to contain about 59% of bivalent exchangeable cations (Ca2+ and 

Mg2+), whereas, for Calcigel bentonite, the bivalent cations were about 95%. The 

monovalent exchangeable cations (Na+ and K+) for Febex and Calcigel bentonite were 

about 22% and 5% respectively. The cation exchange capacity of Febex bentonite is higher 

than those of Calcigel bentonite and bentonite S-2. The weighted average valencies for 

these bentonites (see Table 7.2) are 1.14, 1.43, and 1.49 for MX-80, Volclay and MX-80 

(Komine 2009) respectively, whereas, 1.66, 1.90 and 1.73 for bentonite B-2, Calcigel and 

Febex bentonites respectively.  

Table 7.2 Properties of bentonites used for verification of swelling pressure equations 

Bentonites 
Specific 
gravity, 
G  

Liquid 
limit, 
(%) 

Cation exchange 
capacity 
(meq./100g) 

Specific 
surface area 
(m2/g) 

Montmorillonite 
(%) 

Weighted 
average 
valency,  v 

MX-80 2.76 411 74 562 75 1.14 
Volclay 2.84 565 105 560 69 1.43 
MX-80 2.88 437 135 615 76 1.49 
Bent. S-2 2.78 105 97 615 92 1.66 
Calcigel 2.80 178 74 650 80 1.90 
Febex 2.70 102 111 725 92 1.73 
Note: Data from Bucher and Müller-Vonmoos (1989) for MX-80, Komine et al. (2009) for Volclay, Komine 
et al. (2009) for MX-80, ENRESA (2000) for bentonite S-2, Schanz and Tripathy (2009) for Calcigel, 
ENRESA (2000) for Febex. 
 

The swelling for these bentonites were calculated using Equations (7.14 – 7.15) for 

different dry densities. The calculated swelling pressure from these equations was matched 

with the reported experimental swelling pressures of these bentonites. It was observed, 

however, that Equation 7.14 is applicable to MX-80, Volclay and MX-80 (Komine 2009) 

bentonites, whereas Equation 7.15 is suitable for Calcigel, bentonite S-2 and Febex 

bentonites, which confirms the suggested grouping of average weighted valency of 

exchangeable cations. Therefore, Equation 7.14 can be used for the bentonites having a 

cation valency from 1.01 to 1.50, and Equation 7.15 for bentonites with a cation valency 

from 1.51 up to 2.0. The experimental and calculated swelling pressures of the bentonites 

are plotted in Figures 7.33 – 7.38. The agreement between the proposed equations and the 

experimental results is good in all cases. Figure 7.39 shows the experimental and 

calculated swelling pressures of the eight bentonites considered in this study. The 



Chapter 7                                Assessment of hydraulic conductivity and swelling pressure 
 

 198

agreement between the experimental and calculated swelling pressures using suggested 

equations (Eqs. 7.14 and 7.15) is very good for all the bentonites studied.  
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Figure 7.33 Experimental swelling pressure and swelling pressure from suggested equation 

for MX-80 bentonite (Data from Bucher and Muller-Vonmoos 1989)  
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Figure 7.34 Experimental swelling pressure and swelling pressure from suggested equation 

for Volclay (Data from Komine et al. 2009)  
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Figure 7.35 Experimental swelling pressure and swelling pressure from suggested equation 

for MX-80 bentonite (Data from Komine et al. 2009) 
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Figure 7.36 Experimental swelling pressure and swelling pressure from suggested equation 

for S-2 bentonite (Data from ENRESA 2000)  

 



Chapter 7                                Assessment of hydraulic conductivity and swelling pressure 
 

 200

0

4

8

12

1.0 1.2 1.4 1.6 1.8
Dry density (Mg/m3)

Sw
el

lin
g 

Pr
es

su
re

 (M
Pa

) 

Exp. Calcigel (Schanz and Tripathy 2009)
Equation (7.15)
Theory

    
Figure 7.37 Experimental swelling pressure and swelling pressure from suggested equation 

for Calcigel bentonite (Data from Schanz and Tripathy 2009)  
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Figure 7.38 Experimental swelling pressure and swelling pressure from suggested equation 

for Febex bentonite (Data from ENRESA 2000)  
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Figure 7.39 Experimental and calculated swelling pressures from suggested equations 

 

 

7.5 Summary 

 This chapter summarized the hydraulic models used to calculate the saturated 

hydraulic conductivity. Three models namely, Kozeny-Carman model, Cluster model, and 

Laminar flow model were selected to evaluate the hydraulic behaviour of the selected 

bentonites. Kozeny-Carman showed better prediction with experimental hydraulic 

conductivity results at low dry density, but for high dry density the prediction is limited. 

Cluster model for predicting hydraulic conductivity using micro void ratio, ec, from diffuse 

double layer gives unrealistic results. Similarly, laminar flow model, the calculated 

hydraulic conductivity was not in good agreement with the experimental conductivity 

results investigated in present study. Modifications in these hydraulic models were 

suggested and different approaches were employed in each model to give better estimation 

between calculated and experimental results. Limitations of each approach were shown and 

the reason for the discrepancies between measures and calculated results are discussed. At 
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the end it is concluded that each approach given some better estimation to calculate the 

hydraulic conductivity at moderate and high dense clays.   

Swelling pressure of two bentonites with a range of dry density was experimentally 

determined and compared with the calculated swelling pressure using Gouy-Chapman 

diffuse double layer theory. The relationship between the theoretical void ratio from 

diffuse double layer theory and as prepared total void ratio was established and new 

modified void ratio were suggested. Two new equations based on average weighted 

valency were proposed for estimating swelling pressure that has theoretical support and the 

equations were verified with six other reported bentonites. The agreement between the 

calculated swelling pressure using the suggested equations and the reported experimental 

data was very good.  
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Chapter 8 

 
 

CONCLUSIONS AND RECOMMENDATIONS 
 
 
 

8.1 Introduction 

 The main aim of the work was to develop experimental and theoretical 

understanding of liquid movement in moderate and dense expansive clays. The main 

objectives of this study were defined in Chapter 1 as:  

1. Provide a state-of-the-art review of theories and experimental work related to moisture 

movement in saturated clays from the beginning of 19th century to date. The literature 

review covers background on clay structure and mineralogy, clay-water interaction.   

2. Design and build new test apparatus to facilitate a large number of various combinations 

of hydro-mechanical and hydraulic gradient experiments. Create new laboratory 

facilities to provide operational support for the new cells. Conduct a preliminary 

experimental programme to demonstrate the working capacity and functionality of the 

new apparatus.  

3. Establish a basic experimental methodology for sample preparation to obtain uniform 

homogenous samples and subsequent testing. Determine basic geotechnical properties 

that include physical and chemical properties and flow parameters i.e. hydraulic and 

thermal material parameters of tested clays. 

4. Perform hydro-mechanical tests to investigate the water uptake, swelling behaviour, 

moisture movement in clays with different initial water contents and dry density. 

5. Develop different approaches in the existing hydraulic models to calculate the hydraulic 

conductivity of swelling clays. Verify and validate the new approaches against the 

results obtained from the experiments performed in this study as well as the hydraulic 

conductivity data from the literature.  
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The following sections detail the main conclusions drawn from this work, and suggestions 

are made for further research. 

 

8.2 Conclusions 

8.2.1 Summary of the experimental results and conclusions 

 Swelling pressures and the saturated hydraulic conductivity of bentonites were 

studied. Several compaction dry densities and water contents of the bentonites were 

considered. A newly developed high pressure constant volume cell and a volume pressure 

controller (VPC) device are presented, which enables performing the required experimental 

program. The following conclusions were drawn from the study. 

1. Three types of bentonite were used in this study having different physico-chemical 

characterization. It was concluded that hydro-mechanical properties depends upon the 

type of bentonite as well as the initial conditions.  

2. Initial compaction conditions affect the swelling pressure of the bentonites. At the same 

water content, swelling pressure increases with an increase in the dry density. 

3. At the same dry density an increase in the initial water content yields a decrease in the 

swelling pressure particularly at smaller dry densities indicating that the influence of 

the molding water on the fabric of the bentonite can be quite significant at low dry 

densities. 

4. Initial compaction conditions also affect the hydraulic conductivity. The increase in the 

dry density at same water content is found to reduce the hydraulic conductivity. 

5. The influence of an increase in the compaction water content at same dry density is 

found to reduce the hydraulic conductivity of compacted saturated bentonites. A 

reduction in the hydraulic conductivity was attributed to the formation of oriented 

fabric of clay particles that reduced the effective porosity and produced more tortuous 

flow paths. The higher initial water content effect was found to be negligible at very 

high compaction dry densities. 
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6. Hydraulic conductivity of bentonites increases slightly when high concentrated solution 

(saline water) is used instead of distilled water as the permeating agent. The increase in 

hydraulic conductivity occur more, especially in the case of low densities. At high dry 

density the effect of the salinity of the permeant is found to be diminishing.   

8.2.2 Summary of the theoretical results and conclusions 

1. Despite of limitations of conventional flow equation, the Kozeny-Carman hydraulic 

model was found to predict reasonably well the hydraulic conductivities of bentonites 

at low compaction dry densities. However, differences were noted between the 

calculated and the measured hydraulic conductivities at higher dry densities of the 

bentonites. 

2. Simplified approaches have been considered for estimating hydraulic conductivities of 

compacted bentonites based on flow models, such as the Kozeny-Carman model with 

modified flow void ratio, the Kozeny-Carman model in conjunction with the diffuse 

double layer theory and reduced specific surface area, and the laminar flow model with 

pore radii calculated based on reported semi-empirical equations. 

3. In spite of some limitations in the approaches considered, particularly with regard to 

the consideration of the specific surface areas at two different stages of calculations, all 

the three approaches provided some useful estimation of the hydraulic conductivity of 

several compacted bentonites. 

4. The calculated hydraulic conductivities of the bentonites based on the Kozeny-Carman 

model with effective void ratio approach is found to agree well with the experimental 

results of several reported compacted bentonites. 

5. Kozeny-Carman model in conjunction with the diffuse double layer theory and reduced 

specific surface area also gives better results with little scattered in the data. The reason 

of scatter data is attributed due to the lack of compatibility in the consideration of the 

specific surface areas which cause the discrepancies between the calculated and 

experimental hydraulic conductivities of the bentonites. 

6. Laminar flow model with separation distance between two platelets, d, calculated from 

the reported modified diffuse double layer equations (Tripathy et al. 2004) are found to 
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agree well with the experimental results of several compacted bentonites. The main 

limitation of this approach is that the separation distance between the clay platelets are 

calculated based on the modified equations that in turn are based on the diffuse double 

layer theory, which assume that the clay platelets in compacted clay-water ion systems 

are uniformly distributed which may not be completely true. 

7. In the cluster model, based on the experimental hydraulic conductivity results of the 

bentonites, relationships between the total void ratio, eT, and the micro void ratio, ec, 

were established. New equations for the hydraulic conductivity were proposed. The use 

of the equations is based on weighted average valency of the cations in the bentonites. 

The agreement between the calculated hydraulic conductivity using the suggested 

equations and the reported experimental data is found to be good. 

8. An approach to estimate the swelling pressure of compacted bentonite using Gouy-

Chapman diffuse double layer theory was presented. Two new equations based on 

average weighted valency were proposed for estimating swelling pressure that has 

theoretical support and the equations were verified with six other reported bentonites. 

The agreement between the calculated swelling pressure using the suggested equations 

and the reported experimental data was very good.  

 

8.3 Recommendations 

  In this research the issues associated with liquid transport through moderate and 

dense clays has been touched. As there has been little previous work done on fluid flow 

through such materials and at such density. Among the areas which warrant future 

investigation are the following.  

1. A wide range of dry density from low to very high (i.e. 1.0 – 2.0 Mg/m3) can be use to 

check the complete behaviour of hydraulic properties of bentonites. 

2. Concentration of the solution as permeant can be increase to evaluate its effect of 

hydro-mechanical properties of such type of clays. 

3. The size and number of interconnected macropores present in densely compacted 

bentonite based barriers remains to be determined. These pores control the ability of 
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fluid to move through and ultimately escape through clay barriers. A comprehensive 

study to establish the role of pore structure on flow would permit this issue to be 

resolved and lead to a better estimation of conductivity. 

4. The growth of bacteria on the surface of a clay barrier has the potential to affect the 

flow process. Bacteria are capable of entering into pores and forming a biofilm on the 

surface of compacted clay. Such a film can result in a plugging of the pores and 

generation of a sealing layer of bacterial materials. This sort of testing could be 

conducted by introducing a species of bacteria which is not present in a specimen and 

monitoring the flow through the specimen.  
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Distilled water 
   
A.1 Calcigel 
 
Dry density = 1.4 Mg/m3 
Low initial water content = 9.0 % 
Permeant = Distilled water (10-4M) 
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Figure A.1 Inflow and outflow condition for Calcigel bentonite 
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A.1 Calcigel 
 
Dry density = 1.6 Mg/m3 
Low initial water content = 9.0 % 
Permeant = Distilled water (10-4M) 
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Figure A.2 Inflow and outflow condition for Calcigel bentonite 
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A.1 Calcigel 
 
Dry density = 1.8 Mg/m3 
Initial water content = 9.0 % 
Permeant = Distilled water (10-4M) 
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Figure A.3 Inflow and outflow condition for Calcigel bentonite 
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A.1 Calcigel 
 
Dry density = 1.4 Mg/m3 
High initial water content = 34.5 % 
Permeant = Distilled water (10-4M) 
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Figure A.4 Inflow and outflow condition for Calcigel bentonite  
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A.1 Calcigel 
 
Dry density = 1.6 Mg/m3 
High initial water content = 25.7 % 
Permeant = Distilled water (10-4M) 
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Figure A.5 Inflow and outflow condition for Calcigel bentonite   
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A.1 Calcigel 
 
Dry density = 1.8 Mg/m3 
High initial water content = 18.8 % 
Permeant = Distilled water (10-4M) 
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Figure A.6 Inflow and outflow condition for Calcigel bentonite  
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A.2 MX-80 
 
Dry density = 1.4 Mg/m3 
Low initial water content = 10.5 % 
Permeant = Distilled water (10-4M) 
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Figure A.7 Inflow and outflow condition for MX-80 bentonite  
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A.2 MX-80 
 
Dry density = 1.6 Mg/m3 
Low initial water content = 10.5 % 
Permeant = Distilled water (10-4M) 
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Figure A.8 Inflow and outflow condition for MX-80 bentonite 
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A.2 MX-80 
 
Dry density = 1.8 Mg/m3 
Low initial water content = 10.5 % 
Permeant = Distilled water (10-4M) 
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Figure A.9 Inflow and outflow condition for MX-80 bentonite  
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A.2 MX-80 
 
Dry density = 1.4 Mg/m3 
High initial water content = 35.7 % 
Permeant = Distilled water (10-4M) 
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Figure A.10 Inflow and outflow condition for MX-80 bentonite 
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A.2 MX-80 
 
Dry density = 1.6 Mg/m3 
High initial water content = 26.8 % 
Permeant = Distilled water (10-4M) 
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Figure A.11 Inflow and outflow condition for MX-80 bentonite 
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A.2 MX-80 
 
Dry density = 1.8 Mg/m3 
High initial water content = 19.6 % 
Permeant = Distilled water (10-4M) 
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Figure A.12 Inflow and outflow condition for MX-80 bentonite 
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A.3 Kunigel  
 
Dry density = 1.4 Mg/m3 
Low initial water content = 6.2 % 
Permeant = Distilled water (10-4M) 
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Figure A.13 Inflow and outflow condition for Kunigel bentonite    
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A.3 Kunigel  
 
Dry density = 1.6 Mg/m3 
Low initial water content = 6.2 % 
Permeant = Distilled water (10-4M) 
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Figure A.14 Inflow and outflow condition for Kunigel bentonite   
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A.3 Kunigel  
 
Dry density = 1.8 Mg/m3 
Low initial water content = 6.2 % 
Permeant = Distilled water (10-4M) 
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Figure A.15 Inflow and outflow condition for Kunigel bentonite 
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A.3 Kunigel  
 
Dry density = 1.4 Mg/m3 
High initial water content = 34.9 % 
Permeant = Distilled water (10-4M) 
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Figure A.16 Inflow and outflow condition for Kunigel bentonite   
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A.3 Kunigel  
 
Dry density = 1.6 Mg/m3 
High initial water content = 26.1 % 
Permeant = Distilled water (10-4M) 
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Figure A.17 Inflow and outflow condition for Kunigel bentonite 
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A.3 Kunigel  
 
Dry density = 1.8 Mg/m3 
High initial water content = 19.3 % 
Permeant = Distilled water (10-4M) 
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Figure A.18 Inflow and outflow condition for Kunigel bentonite 
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High concentration solution 
 
A.1 Calcigel    
 
Dry density = 1.4 Mg/m3 
Low initial water content = 9.0 % 
Permeant = High concentration solution (10-2M) 
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Figure A.19 Inflow and outflow condition for Calcigel bentonite  
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A.1 Calcigel 
 
Dry density = 1.6 Mg/m3 
Low initial water content = 9.0 % 
Permeant = High concentration solution (10-2M) 
 
 

0.E+0

1.E-3

2.E-3

3.E-3

0 100 200 300

Time (hours)

Fl
ow

 (c
m

3 /h
)

Inflow
Outflow

Injection pressure 100 kPa

0.E+0

1.E-3

2.E-3

3.E-3

4.E-3

0 100 200 300 400

Time (hours)
Fl

ow
 (c

m
3 /h

) Inflow
Outflow

Injection pressure 200 kPa

0.E+0

1.E-3

2.E-3

3.E-3

4.E-3

0 100 200 300

Time (hours)

Fl
ow

 (c
m

3 /h
)

Inflow
Outflow

Injection pressure 300 kPa

0.E+0

2.E-2

4.E-2

6.E-2

8.E-2

0 100 200 300 400

Time (hours)

Fl
ow

 (c
m

3 /h
) Inflow

Outflow

Injection pressure 400 kPa

Figure A.20 Inflow and outflow condition for Calcigel bentonite  
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A.1 Calcigel 
 
Dry density = 1.8 Mg/m3 
Low initial water content = 9.0 % 
Permeant = High concentration solution (10-2M) 
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Figure A.21 Inflow and outflow condition for Calcigel bentonite  

 
 
 
 
 
 
 
 
 
 



                                                                                                                                  Appendix 
 

 259

A.2 MX-80 
 
Dry density = 1.4 Mg/m3 
Low initial water content = 10.5 % 
Permeant = High concentration solution (10-2M) 
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Figure A.22 Inflow and outflow condition for MX-80 bentonite 
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A.2 MX-80 
 
Dry density = 1.6 Mg/m3 
Low initial water content = 10.5 % 
Permeant = High concentration solution (10-2M) 
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Figure A.23 Inflow and outflow condition for MX-80 bentonite 
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A.2 MX-80 
 
Dry density = 1.8 Mg/m3 
Low initial water content = 10.5 % 
Permeant = High concentration solution (10-2M) 
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Figure A.24 Inflow and outflow condition for MX-80 bentonite  
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A.3 Kunigel  
 
Dry density = 1.4 Mg/m3 
Low initial water content = 6.2 % 
Permeant = High concentration solution (10-2M)  
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Figure A.25 Inflow and outflow condition for Kunigel bentonite 
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A.3 Kunigel  
 
Dry density = 1.6 Mg/m3 
Low initial water content = 6.2 % 
Permeant = High concentration solution (10-2M)  
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Figure A.26 Inflow and outflow condition for Kunigel bentonite 
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A.3 Kunigel  
 
Dry density = 1.8 Mg/m3 
Low initial water content = 6.2 % 
Permeant = High concentration solution (10-2M)  
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Figure A.27 Inflow and outflow condition for Kunigel bentonite   
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