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ABSTRACT 

Soil behaviour is complex in the natural environment. The contamination of soils e.g. 

with heavy metals can change their behaviour significantly.  

With the aim to understand how different clays containing varying amounts of 

different clay minerals behave when they come in contact with heavy metal cations, a 

critical review of literature and an extensive programme of laboratory testing have 

been conducted for this research work. The current research was carried out to 

investigate the effects of three of the commonly found heavy metal contaminants in 

soils (Cu2+, Pb2+ and Zn2+) on the behaviour of clays with different mineralogy; two 

pure clays (kaolin and sodium bentonite) and two reconstituted natural clays (Lucera 

clay and the submarine sediment from the port of Taranto), both of which are smectite-

illite rich clays from South Italy. The effect of NaCl was also investigated. For each 

contaminant, the index properties of the clays were determined and compared. The 

behaviour in compression and shearing was studied from oedometer tests and triaxial 

tests. Scanning electron microscopy (SEM) was used to determine if the 

microstructure of one-dimensionally consolidated samples was also affected by the 

presence of heavy metal ions. Changes in mineralogy due to the presence of the heavy 

metals and salt were investigated by means of X-ray diffraction (XRD). The pH and 

electrical conductivity (EC) were also monitored.  

The results show that all the clays were affected by the presence of heavy metals. In 

kaolin, an increase in plasticity, higher compression index, lower coefficient of 

consolidation and lower permeability were found, while opposite effects were 

observed in bentonite, Lucera clay and submarine sediments. Small effects were also 

found on the strength. The type, concentration and combination of heavy metals were 

found to be all important. The effect of NaCl was more pronounced in the bentonite 

samples.  
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IMPACT STATEMENT 

The impact of this research contributes to understand better the effects of heavy metal 

contamination in the soil behaviour. The societal, economic and academic impacts of 

this research are summarized below. 

As for the social impact, results and findings of this research maybe used by engineers 

and other researchers to formulate plans to rehabilitate and reuse heavy metal 

contaminated lands for various socio-economic purposes. This research gives clear 

understanding of how heavy metal contamination affects the clay behaviour including 

how the presence of heavy metal ions in very small concentration can have significant 

influence on the behaviour of clays. Unlike alkali metal ions such as sodium (Na+) and 

potassium (K+) ions and alkali earth metals such as calcium (Ca2+) and magnesium 

(Mg2+), heavy metals do not increase their influence on clay behaviour after a certain 

concentration depending on the clay mineralogy of the soil. The results of this research 

along with previous studies can be used by authorities to decide on the methods that 

need to be adopted for grounds that are contaminated to different extents with heavy 

metals in order to re-habilitate contaminated lands. 

With respect to the economic impact, the findings of this study may be used to explore 

possibilities to re-use the contaminated lands for economic activities without needing 

to carry out extremely expensive processes to remove heavy metal contamination from 

contaminated soil or removing contaminated soil by excavating and dumping 

contaminated soils to landfills.  

Finally, this research addresses some of the vital aspects of contaminated clay that are 

lacked in the literature to fully understand how heavy metal influences clay behaviour. 

Currently there is limited literature on the effects of heavy metal contamination on the 

behaviour of clay and much of the exiting researches were conducted on bentonite. 
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The current research explored how heavy metal ions interact with different clay 

minerals in soil as opposed to how other constituents of pore-fluid such as alkali  metal 

ions (e.g. sodium ion, potassium ion, etc). This has resulted in one published 

conference paper and there is a plan to publish two journal papers based on the findings 

of the research. The current research will help to investigate more specific aspects of 

heavy metal and clay mineral interaction such as adsorption, desorption, and diffusion 

of heavy metals, etc.  
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1 INTRODUCTION 

1.1 BACKGROUND 

The behaviour of soil is complex in the natural environment, with the chemistry of 

pore-fluid playing a significant role. The change of pore-fluid chemistry, either due to 

natural causes or anthropogenic causes, may change the properties of soil. Leaching 

of salt from marine deposits due to rainwater seepage, leaking of chemicals from sewer 

and wastewater into the ground and leaking of heavy metals from industrial wastes 

into surrounding soil are such examples that can significantly change pore-fluid 

chemistry which can affect the properties of soil.  

Although land is one of the most important resources any country has, many in the 

past have utilised this great resource to gain economic development and industrial 

activities without proper measures to protect the environment. Such activities have 

caused soil contamination in large areas. For example, heavy metals have been a 

crucial part of human development over thousands of years, but the dangers and risks 

they pose to human health and environment were not understood well until very 

recently. Heavy metal contamination of soil and water causes a variety of risks to 

human health, wellbeing of plants, animals and micro-organisms living in the areas. 

Crucially, heavy metal contamination also affect the properties of soil. Industrial 

waste, dumping of large volumes of domestic and industrial waste to landfills and 

extensive use of chemicals has led to the contamination of soil and water. According 

to Panagos et al. (2013), 3 billion tonnes of solid waste are dumped per year in Europe 

alone, which includes 90 million tonnes of hazardous waste.  
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With technological advancement and understanding of how contaminants behave in 

the environment, and how the contamination of ground affects human beings and other 

living organisms, countries are now looking to rehabilitate and use these contaminated 

lands. 

According to the EEA (2011) there are about 2.5 million potentially contaminated sites 

and 342,000 contaminated sites only with one-third of the sites identified and 15 

percent remediated. Contaminated land is an issue that is faced by countries all over 

the world. Hence, significant efforts are being taken to research the sites and find ways 

to remediate fully or re-use the sites with minimal remediation. There are a number of 

techniques now being used for in-situ remediation, but they either shift the 

contamination from one area to another, with possible long-term irreversible damage 

to the new area where the contaminated soils are dumped, or chemical and biochemical 

treatments are used. However, heavy metals can bind with soil particles and thus are 

not easy to remove with such techniques. It is important thus to find ways to re-use the 

contaminated lands, with minimal treatment, especially those contaminated with 

heavy metals which are difficult and expensive to remove or remediate fully. 

While the effect of pore-fluid chemistry such as the presence of sea salt and other alkali 

metal salts on the behaviour of soil is an area that has been and is still being 

investigated (Di Maio and Fenelli, 1994, Di Maio, 1996b, Di Maio, 1996a, Di Maio, 

1998, Di Maio and Onorati, 2000, Di Maio et al., 2004, Calvello et al., 2005, Di Maio 

et al., 2015, Di Maio and Scaringi, 2016, Pontolillo et al., 2016), the effects of heavy 

metals and how they compare with alkali metal salts is an area that needs more 

investigation, and in some cases, no existing work is available through normal 

publications due to the sensitivity of the issues surrounding some of the contaminated 

lands. Moreover, some aspects of salt-water-soil behaviour are still poorly understood, 

such as their long-term behaviour or the critical state soil mechanics. 

Mar Piccolo in South Italy is a good example of a contaminated area caused by long 

term industry which needs to be rehabilitated for the wellbeing of the people living in 

the area. The mariculture industry of the area is vital for economic wellbeing of the 

society. The lagoon being clean and safe for people to be able to use it for recreational 
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purposes is also critically important. In recent years there have been considerable 

efforts to research the contaminated clays in Mar Piccolo (Cardellicchio et al., 2006, 

Petronio et al., 2012, Vitone et al., 2016, Zuffiano et al., 2016, Calace et al., 2008). 

While these studies are looking into the behaviour of clay retrieved directly from Mar 

Piccolo, the effect of individual contaminants and the concentration of it is not being 

studied, which could be very helpful to understand how clays behave in the presence 

of specific contaminants. Calace et al. (2008) studied the heavy metal concentrations 

of marine sediments from Mar Piccolo over a period of one year and found a high 

contamination by heavy metals, especially mercury and lead.  

In the field of soil mechanics, studying the properties of reconstituted or remoulded 

natural soils or artificial clays such as bentonite and kaolinite have played a large part 

in understanding how soil works in different conditions. An investigation of the effect 

of heavy metal contamination on the behaviour of clays in general should start with a 

systematic study on reconstituted natural clays and artificial clays to understand the 

effect of heavy metals on the intrinsic properties of soils.  

In this study, the effects of heavy metal contamination on the behaviour of kaolin, 

sodium bentonite and a clay mixture of kaolin-bentonite as artificial clays, and 

reconstituted Lucera clay and submarine sediments from the port of Taranto as natural 

clays were investigated. Lucera clay is from the town of Lucera, Taranto in South Italy 

and the submarine sediment from the port of Taranto is from the sea just outside the 

Mar Piccolo lagoon. The heavy metal contaminants used in the investigations are 

copper(II), lead(II) and zinc(II). Effects of sodium chloride solution on clays and 

effects of heavy metals with sodium chloride on clays were also investigated. 

1.2 AIM AND OBJECTIVES 

The main aim of this research work is to investigate the interaction of heavy metal 

cations and clay minerals in the clay behaviour to understand how heavy metal 

contamination affect the properties of clays based on mineralogy of the clays. The key 

objectives to achieve the aim of this research are as follows: 
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1. To develop a better understanding of how the interaction between heavy metal 

ions and clay minerals affect index properties such as liquid limit and plastic 

limit, microstructure and mineralogy of reconstituted clays by testing samples 

of Lucera clay, submarine sediments, kaolin, bentonite and clay mixtures of 

kaolin-bentonite with heavy metals (Cu2+, Pb2+ and Zn2+) in different 

concentrations in comparison with the clay behaviour of natural samples or 

samples prepared separately with de-ionised water and sodium chloride 

solution.  

2. To understand how the mechanical properties; consolidation parameters and 

shear strength parameters, of reconstituted samples of the clays are affected 

when the heavy metals ions are added to clay samples in comparison with the 

clay behaviour of natural samples prepared with de-ionised water and in some 

cases with sodium chloride solutions. 

3. To understand the relationship between the properties of clay and the 

mineralogy of the clay, heavy metal cation type and concentration.  

1.3 METHODOLOGY 

A detailed review of the literature on the mechanical behaviour of soil, the 

physicochemical factors that affect the behaviour of clays and the influence of heavy 

metal contamination in soil was performed in order to design and execute an 

experimental programme to achieve the objectives of the current research. An 

extensive programme of laboratory tests including plasticity tests, one-dimensional 

oedometer tests, advanced triaxial tests, scanning electron microscopy (SEM) and X-

ray diffraction (XRD) were carried out to achieve the objectives of the research. The 

pH and EC were also monitored to provide further insight.  

To achieve the objectives of the study, the clay samples were tested with de-ionised 

water, 35 ppt (0.6 M) NaCl solution and with different concentrations of heavy metal 

cations (ranges from 500 ppm to 5000 ppm). The heavy metal concentration (ppm) 

used for this research are in relation to the dry weight of clay sample (mass of heavy 

metal ions per unit mass of dry clay), rather than as pore-fluid concentration.  This is 

because as Bouazza et al. (2007) reported, the degree of cation exchange does not 

depend only on the concentration of pore-fluid but is also sensitive to the total quantity 
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of cations available per unit mass of clay sample. This is particularly important in 

liquid limit tests due to the fact that the pore-fluid can increase the quantity of ions, 

available for interaction with soil particles, with addition of more pore-fluid to get 

higher penetration points. The three heavy metal ions (Cu2+, Pb2+ and Zn2+) were used 

as singular, binary and ternary metal mixtures to determine if two or more heavy metal 

ions present in clay produce different responses in clay behaviour. An outline of the 

scope of each test is given below: 

1- Plasticity tests: examination of the effect of heavy metal cations on liquid limit and 

plastic limit of clay samples. A penetrometer was used to carry out liquid limit 

tests. 

2- One-dimensional consolidation tests in oedometer apparatus: One-dimensional 

consolidation tests carried out using the oedometer apparatus were to determine 

consolidation parameters such as compression index (!!), swelling index (!"), 

coefficient of consolidation (!#), coefficient of volume compressibility (1#) and 

permeability (/). An ACONS2™ Automatic Consolidation system was used to 

apply load increments through Clisp Studio™ oedometer software module while 

collecting consolidation data using a displacement transducer and pressure 

transducer. A digital dial gauge was used to collect settlement data and the 

oedometer cell is incorporated with a pressure transducer to measure pore-water 

pressure at the base of the sample in some of the oedometer tests. All samples were 

reconstituted and made from slurry prepared at approximately 1.25 times liquid 

limit. 

3- Advanced triaxial tests in modified Bishop and Wesley triaxial apparatus:  Triaxial 

tests involved measuring and comparing isotropic consolidation and undrained 

shearing of clay samples with and without heavy metal ions. Samples of kaolin, 

Lucera clay, and submarine sediments from the port of Taranto were tested, but 

samples of pure bentonite were not tested due to the extremely long time the tests 

would take. Critical state soil parameters such as O, 6, 60, L, 0₀, shear strength, 

shear modulus (*) and effective stress friction angle (K’) of samples were 

calculated and compared.  

4- Scanning electron microscopy (SEM) and X-ray diffraction (XRD): The purpose 

of SEM was to compare the microstructural changes in clay samples due to the 
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presence of heavy metals and if the observation from SEM were consistent with 

the results from the plasticity, one-dimensional and shearing tests. Similarly, XRD 

was carried out to determine if there were any mineralogical changes due to the 

addition of heavy metal to the clays. These were complimented by physical tests. 

1.4 THESIS LAYOUT 

This thesis consists of 8 chapters in total including this introductory chapter. The 

remaining chapters are given below. The literature review is separated in three chapters 

(no. 2, 3, 4) focusing on the mechanical and physicochemical aspects of soil behaviour 

and on the effects of heavy metals particularly. This has required linking studies 

performed and published in a variety of disciplines.    

Chapter 2 presents a literature review of the mechanical behaviour of clays. The 

chapter includes clay structure as the fundamental of clays. The focus of this chapter 

is on one-dimensional behaviour of clays, critical state soil mechanics, stress-strain 

behaviour of clays and the effects of consolidation on the microstructure of clays. 

Chapter 3 is on the literature review of physicochemical factors that affect the 

behaviour of clays. The interaction between particles in soil-water-solute system is the 

focus of this chapter where physicochemical factors such as effect of diffuse double 

layer (DDL), cation exchange capacity (CEC), adsorption of ions, pH, and osmosis 

and diffusion are discussed. The physicochemical factors are crucial as they will be 

very important to understand the effect of heavy metal ions on clay behaviour. 

Chapter 4 is focused on the heavy metals in soils. The chapter includes information on 

the sources of heavy metals in soils and risks of heavy metals in soils in order to 

provide a rationale for the importance of research on heavy metals in soils. The 

properties of copper(II), lead(II) and zinc(II) are included to have an understanding of 

how the 3 heavy metals used in the current research behave in the environment. The 

most important section of this chapter is on the limited previous research on the effects 

of metals (both alkali and heavy metals) on clay behaviour. 
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Chapter 5 includes detailed description of the materials (clays, heavy metals, etc.), 

laboratory equipment used, and testing procedures followed for the current research. 

The tests include the Atterberg limits, one-dimensional consolidation in oedometer 

apparatus, isotropic consolidation and shearing in triaxial apparatus, pH and electrical 

conductivity and particle size distribution. All the tests except scanning electron 

microscopy (SEM) and X-ray diffraction (XRD) were carried out in UCL Department 

of Civil, Environmental and Geomatic Engineering’s Advanced Soil Mechanics 

Laboratory. SEM, and XRD tests were carried out in UCL Earth Sciences.  

Chapter 6 is the first of the two chapters on the results of the experimental works. This 

chapter focuses on the results of index properties tests such as liquid limit (GL), and 

plastic limit (GP), physical properties such as pH and electrical conductivity, and 

processed results from SEM and XRD analysis. The presentation of results and 

detailed discussion on the variations in the results are given with reference to the 

previous researches discussed in previous chapters. 

Chapter 7 presents the outcome of the one-dimensional oedometer testing programme 

and triaxial testing programme. Compression curve, compression index (!!), 

coefficient of consolidation (!#), coefficient of volume compressibility (1#) and 

permeability (/) parameters of samples are presented and compared along with 

discussion on the results. The triaxial test results that are presented, compared and 

discussed in this chapter include isotropic compression parameters, critical state 

parameters and shear stiffness results. All the results in this chapter are discussed in 

comparison with the previous research data found in literature. 

Finally, chapter 8 gives the conclusions of the research programme. A summary of 

findings and conclusions from the results in chapter 6 and chapter 7 are presented 

along with recommendations for future research. 
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2 MECHANICAL BEHAVIOUR OF CLAY 

2.1 INTRODUCTION 

The microstructure of clay has great effect on its mechanical behaviour. This is 

because the clay behaviour is dependent on its particulate nature and geological 

history. Hence, the understanding of mineralogy, structure, fabric and bonding in clay 

is important for geotechnical engineering. 

This chapter covers some fundamental aspects of clay microstructure and how clay 

behaves in compression and shearing.  

2.2 CLAY STRUCTURE 

Structure in soil mechanics refers to the combination of fabric and bonding. Fabric is 

the physical arrangement of the soil particles and particle groups in different patterns. 

Bonding is the interparticle forces of attraction and repulsion that are not frictional in 

nature. Coop et al. (1995) included inhomogeneities, layering, distribution of the soil 

particles and fissures as fabric. The effects of structure on the behaviour of soil include 

changing rate and magnitude of consolidation, where a decrease in flocculation 

increases the rate and magnitude of consolidation and permeability increases with the 

increase in degree of flocculation. 

2.2.1 CLAY DEPOSITION 

The clay microstructure is determined by the clay composition, the deposition 

conditions, the history of loading, and other geological processes that may occur after 
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deposition and it is the clay microstructure which determines the behaviour of soil 

(Sides and Barden, 1971, O’Brien and Slatt, 1990).  

Clay particles are formed by a natural combination of hydrated silicates of aluminium 

and magnesium layers. The distance (basal spacing) between the layers depends on the 

strength of the forces between the units. Clay minerals are classified based on the 

number of tetrahedral and octahedral sheets in their structure and strength of the forces 

which determines the space between the clay layers.  The classification is illustrated 

in Figure 2-1.  

There are two major types of clay minerals called 1:1 and 2:1. The 1:1 type is typical 

for kaolinite and halloysite.  Kaolinite consists of one silica tetrahedral layer bonded 

to an aluminium octahedral sheet. The units are held together by hydrogen bonding 

which does not leave any interlayer regions. That is why water and other chemicals 

cannot enter between the units to affect the compressibility of kaolinite. Smectite, 

illite, vermiculite, chlorite have the 2:1 type of structure. The units of 2:1 clay minerals 

are built from an aluminium octahedral layer (Al2O4(OH)2) surrounded by two silica 

tetrahedral layers (Si2O5). The units of 2:1 clay minerals are held together by weak 

Van der Waals forces and water and chemicals easily penetrate into space between 

two layers, react with the clay mineral and change the forces and space between the 

units. That is why smectite and illite show significant expansion when in contact with 

water. The 2:1 type clay minerals have a very high surface area and higher cation 

exchange capacity (CEC) than 1:1 clay minerals.  

2.2.2 CLAY FABRIC 

Sides and Barden (1971) identified different types of soil fabrics and provided a 

classification which is summarised in Figure 2-2. Cohesive soil fabrics include a 

flocculated fabric, which is characterised by a net attractive force between soil 

particles; a dispersed fabric, which has close packed particles with a net repulsive force 

between the soil particles; a turbostratic (a crystal structure in which basal planes have 

slipped out of alignment) fabric, which has edge-to-face contacts between the domains, 

and stacks, where the particles are highly oriented. The flocculated fabric has three 

types of arrangements; cardhouse fabric with a single particle arrangement, bookhouse 
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fabric with particles arranged in groups (domains), which are arranged in parallel, and 

honeycomb structure proposed by Casagrande (1932a), which is also referred as open-

flocculated. 

Sides and Barden (1971) investigated the microstructure of dispersed and flocculated 

samples of kaolinite, illite and montmorillonite and provided a description of all 3 clay 

minerals. Due to the relatively large and colloidally inert particles of kaolinite, 

flocculation appeared to be difficult to achieve and the structure was found to be 

turbostratic. After studying remoulded and consolidated kaolin Smart (1967) reported 

that neither cardhouse nor salt flocculation structure was found. Kaolin structure has 

slightly more open flocculation when the sample’s moisture content is less than the 

optimum moisture content (Sides and Barden, 1971, Barden and Sides, 1970).   

The clay fabric is highly affected by depositional conditions such as rate of deposition 

and stillness of water. O’Brien and Slatt (1990) argued that open fabric occurred in 

still water, and lamination indicated to a deposition in still water without depositional 

mixing. An orientated fabric shows that deposition occurred rapidly with significant 

movement of water (current). These depositions are more compact (Burland, 1990). 

The fabric formed during deposition is known as primary fabric and it is subjected to 

changes by post-depositional conditions.  

2.2.3 CLAY BONDING 

Bonding is the combination of all the inter-particle forces which act to keep the soil 

particles together, which are not of purely frictional nature (Cotecchia and Chandler, 

1997). These forces include electrostatic, electromagnetic, van der Waal forces and 

viscous stresses (osmotic pressure and pore-water surface tension) between soil 

particles and absorbed water layer. The electrostatic forces depend on the charge 

distribution within the soil particle-water system, and van der Waal forces are due to 

dielectric constant (Barden and Sides, 1970). The structure of clay depends on the 

physicochemical equilibrium between the clay particles. This equilibrium is a result of 

mineralogy, electrostatic, and electromagnetic forces between the particles, pore-fluid 

chemistry, osmotic pressure, temperature, and organic content. Variation to these 

factors can cause a change of fabric and bonding of the clay with time. Therefore, the 
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formation and evolution of structure depends on the physicochemical conditions 

during deposition and after deposition. 

In the natural environment where the clay is moist or submerged in water, charged 

clay particles are surrounded by an inhomogeneous ion layer known as electric double 

layer, which includes the surface charge, the stern layer and the diffused layer (Park 

and Seo, 2011). This is illustrated in Figure 2-3. As Pouralhosseni (2014) argued, the 

double layer repulsion causes charged colloids to repel each other. Adding ions that 

are oppositely charged to the clay surface by the pore-fluid can cause weaker repulsion 

between clay particles.  

2.2.4 RECONSTITUTION AND REMOULDING 

Reconstituted soil is made by mechanically mixing natural clay with water content 

between liquid limit and 1.5 times liquid limit to form a slurry (Burland, 1990). It is 

recommended to use 1.25 times liquid limit and use water with the same chemistry as 

in-situ pore-fluid. Reconstituted clay is generally used to investigate the intrinsic 

properties of the soil, which are not affected by natural structure. Remoulded clay is 

very often used as an equivalent of reconstituted clay. However, the term ‘moulded’ 

means a state where the natural structure is broken down to make a homogeneous 

structure in soil samples, where different levels of structure can be created by applying 

different levels of stress statically or dynamically during the remoulding process 

(Carrión Carmona, 2016).  While it is generally understood that reconstituted samples 

are destructured, a degree of structure remains dependent on the initial water content. 

The bonding related to cementing would generally be removed, but for fine grained 

soils, there is a clear physicochemical interaction between water and soil particles 

which generates a certain level of bonding.  

In the current research, clay samples were reconstituted prior to testing. It was assumed 

that the possible cementation between particles is destroyed during sample preparation 

and initial fabric in the samples would be completely erased if the soil ever reached a 

unique NCL and CSL.  
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2.3 ONE-DIMENSIONAL COMPRESSION 

2.3.1 ONE-DIMENSIONAL CONSOLIDATION PARAMETERS 

One-dimensional compression and swelling properties derived from one-dimensional 

compression test data are one of the most significant data used in soil mechanics and 

foundation engineering. It is generally considered as a good approximation for soils 

subjected to vertical loading such as foundation (Powrie, 2004). 

The oedometer compression test is well suited to study the compression behaviour of 

clay due to the simplicity of the test and its well-defined stress-strain conditions 

(Cotecchia, 1996). The standard oedometer test provides information about 

compressibility of the soil, which helps to estimate the magnitude of settlement and 

time that will take for the settlement in one-dimensional condition. 

During one-dimensional consolidation, the soil skeleton is compressed by decreasing 

void ratio as a result of increase in effective stress. In saturated soil, water has to escape 

from the soil to allow a decrease in void ratio or specific volume. The permeability (/) 

of the soil and maximum drainage path (%) control the rate of drainage and time taken 

for consolidation. In fine grained soils, the physicochemical behaviour of soil plays 

crucial role in controlling the compression behaviour. 

When a vertical load is applied, the soil cannot consolidate instantaneously, and the 

effective stress increases gradually as excess pore-water pressure dissipates from the 

soil. When a load is applied to a fully saturated oedometer sample, volume change 

does not occur instantaneously. This, in theory, results to a pore-water pressure in the 

sample equal to the applied load increment. Yong and Warkentin (1975) explained the 

development of effective stress in relation to the pore-water pressure dissipation using 

the hydraulic piston and spring analogy (Figure 2-4), where the excess pore-water 

dissipation was directly linked to the volume change of the sample, and the excess 

pore-water pressure dissipation depended on the permeability and structure of the soil. 

Consequentially, the volume change affects the permeability and structure of the soil. 

As the volume of the samples decreases, the density of the soil increases causing the 

permeability of the soil to decrease.  
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The compression of soil can be divided into three stages; initial compression, primary 

consolidation, and secondary compression.  Initial compression is the compression that 

occurs instantly after the application of a load, but before the drainage starts. Primary 

consolidation is a time-dependant compression that occurs with the dissipation of 

excess pore-water pressure. The primary compression occurs with change of effective 

stress. Secondary compression is the compression that occurs at constant effective 

stress, after the excess pore-water pressure dissipated. It is thought to occur because 

of readjustment of particles. 

Terzaghi’s one-dimensional consolidation theory (Terzaghi, 1923) is applied for 

oedometer testing. Several assumptions and conditions are applied for the analysis of 

oedometer test results. It is assumed the sample is fully saturated. The apparatus is set 

up to ensure the water flows vertically in one or two directions and one-dimensional 

compression occurs vertically in the direction of excess pore-water flow. It is also 

assumed there is a simple relationship between applied pressure and volume change 

and Darcy’s law is valid throughout the test. 

Compression parameters of soil such as compression index (!!), swelling index (!"), 

and coefficient of secondary compression (!α) are derived from one-dimensional 

compression test data plotted in ' – log σ’# format. Figure 2-5 (Mitchell and Soga, 

2005) shows a clay sample compressed one-dimensionally by applying a load from A 

to B and then unloaded from B to C and then reloaded from C to D. By ignoring small 

differences in the unloading path (B to C) and reloading path (C to D), the 

consolidation and swelling to calculate !! and !". The slope of the line ABD is 

compression index (!!) and the slope of BC is swelling index (!").  

These parameters do not depend only on the mineralogy of the soil but are influenced 

by many other factors such as physiochemical environment and composition of pore-

fluid. As shown by Olson and Mesri (1970), the mechanical factors such as surface 

friction and strength, and physiochemical factors such as interaction between soil 

particles and pore-fluid control the compressibility of clays. Secondary compression 

index, !α is highly dependent on the final effective stress (Sridharan and Rao, 1982) 

and Mesri et al. (1977) reported a relationship between !! and !α in natural soil. The 
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ratio of !α/!! for natural clays was found to be between 0.025 and 0.10. A stage of 

compression is presented in Figure 2-6.  

The compression or settlement of a clay sample is related to the coefficient of volume 

compressibility (1#), which is defined as the change in volumetric strain divided by 

the change in effective stress. The value of 1# decreases with the increase in effective 

stress. Another important parameter determined from one-dimensional consolidation 

of soil is the coefficient of consolidation (!#), which is defined as the rate at which 

consolidation of a soil layer takes place. The coefficient of consolidation (!#) is 

particularly important for geotechnical engineering designs such as ground 

improvement measures. The !# value is calculated using compression/time data and 

using a curve fitting method to estimate C50, C90, or C100. The permeability or hydraulic 

conductivity (/) is a function of both !# and 1#. 

 !! =
/

1!M"
 (1) 

The compression behaviour of reconstituted clays depends on the liquid limit and the 

water content at the remoulded yield stress (Hong et al., 2010). The difference of 

compressibility between natural and reconstituted clays is due to structure and the 

initial water content. The compressibility of remoulded clays is controlled by 

remoulded yield stress when the effective stress is lower than the remoulded yield 

stress. When the effective stress exceeds the remoulded yield stress, the compression 

behaviour depends on the water content at the remoulded yield stress and the liquid 

limit of the clay. In the case of natural clays, the compression behaviour can be divided 

into three regimes; the pre-yield, the transitional, and post transitional. In the pre-yield 

regime, there is small compressibility due to soil structure resisting deformation up to 

consolidation yield stress. In the transitional regime the clay loses structure gradually 

with the increase in effective stress between consolidation yield stress and transitional 

stress. In the post-yield regime, natural clays behave the same way as reconstituted 

clays when the effective stress exceeds the transitional stress. The compression curves 

of natural clays when the effective stress is greater than the transitional stress and the 

compression curves of reconstituted clays when the effective stress is greater than the 
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remoulded yield stress can be normalised as suggested by Burland (1990), which is 

explained in section 2.3.3. 

2.3.2 END-OF-PRIMARY CONSOLIDATION (EOP) 

In the literature three approaches to determine the end of primary consolidation can be 

found. The first approach, known as end-of-primary (EOP) assumes that the secondary 

compression occurs after the primary consolidation has ended and that they are 

independent of each other (Mesri and Choi, 1985). This approach in the literature is 

known as hypothesis A. The second approach, which is known as hypothesis B 

postulates that the primary consolidation and secondary compression occur 

simultaneously. The third approach assumes that the secondary compression starts 

after the start of primary consolidation, but before primary consolidation ends 

(Robinson, 2003). Leroueil (1995) examined the data from literature which supported 

both first and second approach and argued that the discrepancies of the two approaches 

might have been due to the viscous behaviour during primary consolidation which was 

affected by temperature and strain rate. Hypothesis B is linked to the isotach concept 

originally formulated by Šuklje (1957) to describe rate effects on the compressibility 

of clay. The concept states that the compressibility of clays depends on strain rate 

during both primary consolidation and secondary compression. That means the rate of 

change of void ratio is the result of the current effective stress and the current void 

ratio.  The isotach concept is illustrated in Figure 2-7. Each broken line in the figure 

represents a creep isotach and corresponds to a constant rate of change of void ratio 

(ėj+n). The combination of void ratio, effective stress and rate of change of void ratio 

are unique throughout both primary consolidation and secondary compression phases. 

Degago et al. (2011) studied relevant laboratory experimental researches and reported 

that the measured time-dependant compressibility of clayey soil conformed to 

hypothesis B.  

The general belief is that Terzaghi’s theory of one-dimensional consolidation where it 

is assumed a linear stress-strain relation and constant permeability is valid for primary 

consolidation and the variation from the theory is due to secondary compression. The 

rate of consolidation is primarily controlled by the coefficient of consolidation (!#). It 

is difficult to accurately predict the start of secondary compression only from 
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Terzaghi’s theory as the consolidation behaviour of saturated soils is very complex 

and Terzaghi’s theory may not be true for the whole primary consolidation and 

secondary compression process.  

Casagrande’s logarithmic time method and Taylor’s square root method are the two 

methods researchers commonly used to determine the coefficient of consolidation (!#) 

and the same methods can be used to estimate the end of the primary consolidation. 

Terzaghi’s one-dimensional consolidation theory does not account for immediate 

settlement and secondary settlement of the oedometer sample, and those portions 

should not be considered when a curve-fitting method is used. Sridharan and Prakash 

(1997) argued that since the degree of consolidation (E) against time (A) where plotted 

in log E – log A format gave a linear relationship up to E ≃70%, the graph of log I - 

log A could be used to calculate coefficient of consolidation, !#. Terzaghi (1943) has 

given the average degree of consolidation (Eave) of a consolidation layer with increased 

pressure as; 

 E#!$ =
-
-%

 (2) 

where - is the settlement at any given time and -% is the final settlement.? Terzaghi’s 

one-dimensional consolidation theory can be used to derive the relation between Eave 

and the time factor (C#). 

 E#!$ = 1 − V
3
2& exp	(−2

&C!)

'()

'(*
 (3) 

where 2 = (21 + 1) +&. The degree of consolidation at the base Eb at any given time 

when drainage is only on the top of the sample is given as; 

 E, =
D- − D
D-

 (4) 

Where Di is initial pore-water pressure and D is the pore-water pressure at any given 

time. Hence, the following equation can be derived; 
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Terzaghi’s Time factor C# is dependent on time (A) and coefficient of consolidation 

(!#). Lovisa et al. (2013) modified the equation for C# by replacing ,dr with the layer 

thickness (&).  

Generally, it is assumed that the secondary compression occurs at a slower rate after 

the primary consolidation. The coefficient of secondary compression, !α is calculated 

using the slope of the curve after inflection in the graph of void ratio versus time 

(Figure 2-6). 

Both Casagrande’s and Taylor’s methods of calculating !# and defining the start of 

secondary compression are based on oedometer tests. While this apparatus provides a 

reasonably accurate estimate of settlement of inorganic soils, it underestimates the rate 

of compression. That means at sites the total compression is reached much faster than 

that calculated from oedometer test data. This is mainly because the soil fabric and its 

effect on drainage conditions are different from in-situ soil and the friction created by 

the boundary of oedometer cell reduces the stress during loading and decreases 

swelling during unloading. 

One of the major limitations of normal oedometer apparatus is that it cannot be used 

to measure pore-water pressures. Measuring pore-water pressure provides a more 

accurate result to estimate primary and secondary compression and related indices.  

Due to the above reasons, Rowe consolidation cell (Figure 2-8) was developed by 

Rowe and Barden (1966). The advantages of the Rowe consolidation cell include 

hydraulic loading system, ability to control drainage, ability to measure pore-water 

pressure, and testing relatively large samples. According to Head and Epps (2014) 

larger samples in Rowe consolidation cell give more accurate !# values, especially at 

small loads than the standard oedometer tests. Another apparatus that can be used to 

measure consolidation, as well as pore-water pressure, is constant rate of strain (CRS) 
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cell (Figure 2-9). The procedure to carry out one-dimensional consolidation tests is 

given in ASTM (2012). 

Based on Terzaghi’s theory, Robinson (2003) theroractically constructed a 

relationship between Eb and Eave (Figure 2-10). The plot shows there is a linear 

relationship between Eb and Eave when Eb > 22%. This relationship assumes there is 

no any secondary compression effect during primary consolidation. From the equation 

(2), there is a linear relationship between pressure, settlement and Eave. Hence, if the 

settlement is only due to dissipation water at the base, there should be a linear 

relationship between settlement and degree of consolidation beyond Eb=22%. This 

linear relationship was previously reported by other researchers (Crawford, 1964, 

Robinson, 1999). 

Therefore, if the compression is the only primary, which is due to dissipation of excess 

pore-water pressure, there should be a linear relationship between settlement and Eb 

beyond Eb = 22%. Robinson (2003) used this basis to identify the beginning of 

secondary compression and conducted one-dimensional consolidation tests with 

different load increment ratios (LIR). Leonards and Girault (1964) investigated the 

effect of LIR and showed that LIR could have a significant effect on secondary 

compression.  

Leonards and Girault (1964) classified compression against time curves into three 

types (Figure 2-11). Type 1 curves are typical S-shaped curves that are obtained for 

high LIRs and are characterised by the Terzaghi’s theory. A clear inflection point can 

be seen on these curves and therefore easily identifies end of primary consolidation 

from the conventional curve fitting procedures. Type 2 curves are transition curves 

that are obtained for intermediate LIRs which do not have typical S-shape and are not 

easy to determine the inflection point and therefore end of primary consolidation. Type 

3 curves are obtained for low LIRs which do not have inflection points and cannot use 

conventional curve fitting procedures to identify end of primary consolidation. 

Robinson (2003) confirmed the finding of Leonards and Girault (1964) that in natural 

organic soils, only higher load increment ratios (LIR) gave typical S-shaped 
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compression curves when plotted against time in logarithmic scale (Figure 2-12a). As 

Leonards and Girault (1964) have asserted, the shape of the compression curve is 

dependent on the LIR due to the secondary compression by showing that the rate of 

secondary compression per unit height per unit pressure increment increases 

significantly with the reduction of LIR. However, Robinson (2003) found that in 

kaolin the compression versus time curve in logarithmic scale for all LIRs had typical 

S-shape and concluded that the pore-water pressure dissipation rate was not affected 

by secondary compression (Figure 2-12b). In the case of peat, the time taken for the 

end of primary consolidation increases with decrease in LIR (Figure 2-13). Figure 2-14 

and Figure 2-15 show the effect of LIR on kaolinite and peat. For both kaolinite and 

peat, the influence of secondary compression during primary consolidation increased 

with decrease in LIR. For example, when an LIR of 0.2 was applied on kaolinite, the 

secondary compression began at 56 percent of degree of consolidation, while with  LIR 

of 2, the secondary compression started at the end of primary consolidation, at 98.5 

percent of degree of consolidation. 

Robinson (2003) proposed a method to separate primary and secondary compression 

from each other. First plot compression against time (in logarithmic scale) and pore-

water pressure dissipation against time (in logarithmic scale). Calculate degree of 

consolidation and plot it against compression. Draw a straight line through the linear 

part of this graph. The compression below the extrapolated line is secondary 

compression. Remove the secondary compression from total compression and plot 

primary consolidation against time (in logarithmic scale) graph. Plot secondary 

compression curve. These graphs can then be used to find the time to reach the end of 

primary consolidation (EOP), the average degree of consolidation (Eave), coefficient 

of consolidation (!#), coefficient of secondary compression (!⍺), and permeability (/). 

However, this method has not been widely used by researchers. 

Time dependent behaviour of soil is an extensively researched area in soil mechanics. 

Madaschi and Gajo (2015) highlighted the most important aspects of delayed 

behaviour of inorganic soils found in literature as follows: the coefficient of secondary 

compression, !α depends on the compression index, !! (Mesri et al., 1977, Mesri and 

Castro, 1987), ageing under constant stress causes the quasi-preconsolidation effect 
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(Bjerrum, 1967, Mesri and Castro, 1987), the effect of small load 

increments/decrements on the delayed behaviour of soil (Mesri et al., 1991, Fox et al., 

1992) and the effect of rate of strain and rate of loading on the compression behaviour 

of soil (Leroueil et al., 1985).  

2.3.3 INTRINSIC COMPRESSION LINE (ICL) 

Intrinsic properties are the properties of reconstituted clays in which the soil’s natural 

structure is completely destroyed using mechanical means and hence the remaining 

properties are inherent to the clay. The clay must be reconstituted at a water content 

between liquid limit and 1.5 times liquid limit without air or oven drying. Ideally the 

fluid used for reconstitution should have the same chemistry as the pore-fluid of 

natural clay (Burland, 1990).  

Burland (1990) introduced the void index, .# to normalise the intrinsic compression 

curve.  

 .! =
' − '.**

∗

'.**
∗ − '.***

∗ =
' − '.**

∗

!0∗
 (6) 

where the compression index of a reconstituted clay (!!*) is the gradient of the 

consolidation curve (void ratio against effective stress in log scale) between 100 kPa 

and 1000 kPa respectively.  

 !0∗ = '.**
∗ − '.***

∗  (7) 

where '*
100 is the intrinsic void ratio of reconstituted clay at 100 kPa and '*

1000 is the 

intrinsic void ratio of reconstituted clay at 1000 kPa. Figure 2-16 shows the intrinsic 

compression curve for any given clay. 

Figure 2-17 represents a normalised intrinsic compression curve of any given clay. 

When '='*
100, .#  = 0 and when '='*

1000, .#  = -1. When the clay is compact, the .#  

value is less than zero and when the clay is loose, the .#  value higher than zero.  
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The intrinsic compression line (ICL) is the normalised compression curve of 

reconstituted clays which gives a unique line when plotted .# against log σ’#. Burland 

(1990) demonstrated that the ICL could be derived reasonably accurately using the 

Figure 2-18 or equation (8). However, it is always recommended to measure ICL 

directly for clay to get a more accurate line.  

 .! = 2.45 − 1.285f + 0.015f1 (8) 

where h=log σ’# in kPa. 

The ICL is independent of the test conditions such as reconstituted water content, load 

increment duration, load increment ratio, and ageing. Leonards and Ramiah (1960) 

investigated the effect of water content used for remoulding and found that the 

compression curve diverged, but for σ’# ≥ 100 kPa there were small differences. The 

same research investigated the effect of load increment duration and ageing on the 

compression curve. While load increment duration did not have significant effect, 

ageing was shown to affect the compression curve significantly. During ageing, 

structure is developed which resists compression and it is not affected by the reduction 

of volume due to creep. However, this resistance breaks down at vertical yield stress, 

σ’#? after which the compression curve becomes much steeper.  

Burland (1990) presented data from previously published researches and regression 

analysis of the data shows there was a correlation between '- (void ratio at the liquid 

limit) and '*100 and !*!. However, this correlation is only true for the soils with 

Atterberg limits which lie above the A line. The resulting graphs are presented in 

Figure 2-19. The regression line for '- against '*100 is given by the following equation; 

 '.**
∗ = 0.109 + 0.679'2 − 0.089'2& + 0.016'21 (9) 

And the regression line for the '- against !100* is given by the following equation; 

 !0
∗ = 0.256'2 − 0.04 (10) 
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As an alternative to Burland (1990), Butterfield and Marchi (2017) presented a new 

formulation of the ICL and SCL to simplify the presentation of the ICL and SCL 

graphs. The authors re-plotted the results in Burland (1990) on a log (F) against log 

(σ’#) plane and demonstrated that the new formulation improved the linearity of the 

lines, and ICL and SCL were almost parallel to each other as straight lines with a 

gradient of -1, when applied on normally consolidated marine clay data from 

Skempton (1970), which were also used by Burland (1990).     

2.3.4 CORRELATION BETWEEN INDEX PROPERTIES AND COMPRESSIBILITY 

Fine-grained soils, in general, are made up of mixtures of varying proportions of clay, 

silt, sand and organic matter. Early soil classifications were based on relative 

abundance of constituent particles of soil. However, this correlation was found to be 

highly inaccurate. Casagrande (1948) argued that plasticity should be used to classify 

fine-grained soils instead of grain sizes and developed a system for classification of 

fine-grained soils using plasticity known as the Airfield Classification System, which 

would later become Unified Soil Classification System (USCS).  USCS uses the 

Atterberg limits derived from laboratory testing and Casagrande’s plasticity chart 

(Figure 2-20) to distinguish between clay and silt. Clays generally appear above the 

A-Line of the plasticity chart except for a few clays such as kaolinite and allophanic 

clays, whereas silts generally appear below the A-Line. 

In recent decades, the index properties have been used in attempts to predict 

engineering properties of natural clays. The compression index (!!) and the coefficient 

of compressibility (!#) are crucial for engineering requirements. However, to get the 

undisturbed samples to do oedometer tests can be expensive and time consuming.  

There are several correlations between compression index (!!), void ratio at liquid 

limit ('-), in-situ void ratio ('0), natural water content (Gn), liquid limit (GL), plastic 

limit (GP), plasticity index (..) and dry unit weight (MA). Skempton (1944) was one of 

the first who made a linear correlation between compressibility and liquid limit for 

remoulded clay samples with the help of laboratory testing. 
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 !0 = 0.007(G2 − 10) (11) 

Later Terzaghi and Peck (1967) derived a similar correlation between !! and GL for 

normally consolidated clays. 

 !0 = 0.009(G2 − 10) (12) 

In order to make the equation (11) applicable for generalised compressibility 

behaviour of uncemented, fully saturated and normally consolidated clays Nagaraj and 

Murthy (1983) modified the equation to use GL of the clays. 

 
'
'2
= l − m	nop.*	(!3  (13) 

where l and m are constants that depend on the test conditions and number of data 

considered and ' is the void ratio at the effective stress (σ’#).  

Different researchers have since then used different parameters to make similar 

correlations. A summary of these correlations collected by Sridharan and Nagaraj 

(2000) is given in Table 2-1. Sridharan and Nagaraj (2000) investigated 10 soils 

covering a wide range of liquid limit, plastic limit, and shrinkage limit to correlate 

those factors with the compressibility behaviour of soil, and argued that the shrinkage 

index was more closely related to the relationship between void ratio and consolidation 

pressure than the liquid limit or plasticity index (Figure 2-21), and derived the 

following equation which has a good correlation with the shrinkage index. 

 !0 = 0.007(.4 + 18) (14) 

2.4 CRITICAL STATE SOIL MECHANICS 

Critical state soil mechanics (CSSM) is an integral part of geotechnical engineering 

practice and research. It is a useful tool to estimate soil behaviour during loading, and 

after construction in geotechnical engineering projects. It provides concepts 

fundamental to the general behaviour of soil, and most of the previous research on the 
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mechanical behaviour of clays have been carried out on remoulded or reconstituted 

clays because a defined stress-strain history can be applied.  

The state of soil is defined with three variables; mean effective stress (3’), deviatoric 

stress (4), and specific volume (F) by the critical state framework. Roscoe et al. (1958) 

explain that a soil reaches the critical state at which there is no change in 3’, 4, and F 

as the deformation of the soil continue. At the critical state, the state of soil lies on a 

unique critical state line (CSL) which lies in 3’ – 4 – F  three-dimensional space. 

However, the critical state is generally represented in two-dimensional space for 

simplicity. The critical state line is defined by two equations; 

 4 = 23′ (15) 

 L = F + O	nr	33 (16) 

The M, L, and O are basic soil properties. M is the gradient of the CSL in the 4 – 3’ 
plane and it is a constant modelling frictional behaviour at macroscopic level. Equation 

(15) determines the deviator stress, 4 required to keep the soil flowing continuously 

and it is the product of M and 3. This is illustrated in Figure 2-22a. O is the slope of 

the CSL in F – ln 3’ plane and L is the intercept at the F – axis. Equation (16) shows 

that the specific volume F will decrease as the logarithm of the effective stress 

increases (Figure 2-22b). The compression of normally consolidated soil on the same 

F – ln 3’ plane follows a straight line given by the equation (17), where 6 is the 

intercept of the line with F – axis and O is the slope of the line. The swelling of a soil 

on the same F – ln 3’ plane follows a straight line given by the equation (18), where 

FB is the intercept of the line with F – axis, and N is the slope of the line. The slope of 

the line determines the elastic compression and swelling characteristics and the 

intercept with the F – axis determined by the packing density of soil particles.  

Compression: 6 = F + O	nr	33 (17) 

Swelling: F5 = F + N	nr	33 (18) 
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The definition of 3’ is the mean effective normal stress where it is defined in triaxial 

condition as;  

 33 =
((.

3 + 2(1
3)

3
 (19) 

 4 = ((.
3 − (1

3) (20) 

Where σ’1 is the effective major principal stress and σ’3 is the effective minor principal 

stress. 

Parry (1960) also found that both the volume and the effective stress reached a constant 

state when normally consolidated reconstituted clay was isotropically consolidated.  

The CSL lies below the NCL and is parallel to NCL. The graphs in Figure 2-23 shows 

both drained and undrained shear tests on isotropically normally consolidated clay 

samples. Soils exhibit two shear behaviour modes; contraction or strain hardening, and 

dilation or strain softening. Soil contraction and strain hardening appear on the right 

side of CSL, while dilation and strain softening appear on the left side of CSL as shown 

in Figure 2-24 and Figure 2-25(d). While in theory fully remoulded condition of the 

critical state is if the sample is uniformly distorted until the soil flowed as a frictional 

fluid, in reality the critical state is reached only after severe distortion of the sample 

and therefore the strain can no longer be homogeneous (Schofield and Wroth, 1968). 

As a result, the conditions in the test sample cannot accurately define the CSL. The 

use of cylindrical (triaxial) specimens with 2:1 length-diameter ratio minimises 

heterogeneity of stresses and strains up to failure. 

The parameters 6, O, and N are determined by the isotropic consolidation of normally 

consolidated sample in a triaxial. The parameters L and 5 are determined from triaxial 

shearing test on consolidated samples.  

Both one-dimensional compression test and triaxial tests are important in geotechnical 

engineering. The usual parameters that are derived from one-dimensional compression 

tests are !! and !". The values of O and N are directly related to !! and !". Schofield 

and Wroth (1968) have given the relationships as follows, which reflect the change 
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from a log10 (use for oedometer test data) to a natural logarithmic plot (use for triaxial 

test data in Critical State Soil Mechanics): 

 O =
!0

2.303
 (21) 

 
N =

!4
2.303

 
(22) 

Since no lateral strains are allowed in one-dimensional consolidation, the lateral stress 

in horizontal direction is the earth pressure at rest which is calculated using coefficient 

of earth pressure at rest (00). The triaxial stresses in one-dimensional conditions are 

given as; 

 33 =
(1 − 20*)(!3

3
 (23) 

 4 = (1 − 0*)(!3  (24) 

The CSL, NCL and 00 line are given in Figure 2-26 (a) in 4	–	3’ plane, (b) in F	−  3’ 
plane and (c) in F – ln 3’ plane. The 00 line of normally consolidated soil lies between 

NCL and CSL in the in F	– ln 3’ plane. The positions of CSL, NCL, and 00 line depend 

on the stress ratio η (= 4/3’). For NCL, the value of η is 0 and for CSL, the value of η 

is 5. The value of 00 line is given by: 

 
s6! =

3(1 − 0*)
(1 + 20*)

 
(25) 

The equations for NCL, CSL and 00 line can be generalised as: 

 F = F7 − O	nr	33 (26) 

Where FC is 6 for NCL, L for CSL and 60 for 00 line. 60 can be obtained from one-

dimensional consolidation test data of normally consolidated sample. 
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2.5 STRESS-STRAIN BEHAVIOUR OF SOIL 

The modified Cam Clay model (e.g. Wood, 1991) and other constitutive models 

assume that the behaviour inside the yield surface is elastic and isotropic (Figure 2-27). 

However, the experimental results have shown that it is not always the case. 

Advancement of soil laboratory testing has provided more in-depth knowledge of 

small strain behaviour in soils. Jardine et al. (1984) investigated the soil stiffness in 

the triaxial apparatus by taking strain measurements from the local transducers 

attached to the samples and found that the pre-yield behaviour of clay was highly non-

linear. Shear stiffness of soil decreased significantly as strain was increased. Atkinson 

et al. (1990) found that the soil stiffness depended on its recent stress history, which 

would include previous stress path as well as the time the soil had been subjected to a 

constant stress before the new stress path was applied. Stallebrass (1990) has shown 

that the soil stress-strain response is highly non-linear, in-elastic, and depends on 

recent stress history of the clay, but the effect of recent history decreases with the 

increase in stress and becomes negligible. 

Jardine et al. (1991) proposed a scheme of multiple yield surfaces in triaxial stress 

space (Figure 2-28). The boundary of zone 1 (Y1) is considered to be linear and elastic. 

The strains measured in zone 1 is very small. Previous studies (Cuccovillo and Coop, 

1997, Rolo, 2004, Jardine, 1995) have suggested that the maximum strain on Y1 could 

range from about 0.002% for reconstituted soils to about 0.006% for natural soils. 

Clays with high cementation can have a much higher limit of strain in this zone. In 

zone 2, the behaviour is elastic but non-linear, and stiffness decreases rapidly. The 

boundary of zone 2 (Y2) represents the beginning of plastic straining. The axial strain 

suggested at the Y2 boundary ranged from about 0.005% for reconstituted soils to 

about 0.03% for natural soils and 0.07% for clays with high cementation (Jardine et 

al., 1984, Smith et al., 1992). On Y3, the boundary of zone 3, large plastic strains are 

developed, and it represents a conventional yield surface. Yielding on Y3 boundary is 

well defined for low OCR clays (Smith et al., 1992), but is difficult to define for sands 

(Kuwano, 1999). According to Jardine (1995) the Y3 boundary surface is affected by 

time, strain rate, and processes involving large strains. 
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Smith et al. (1992) investigated the yielding characteristics of Bothkennar clay and 

found that the behaviour of the clay was highly anisotropic and successfully mapped 

the development of Y2, where the behaviour of soil was elastic but non-linear.  

Soil structure affects the  stress-strain behaviour of soil and the strain to yield a soil is 

significantly higher for structured soil compared to unstructured soil. It is suggested 

that the strain needed to yield a structured clay is twice that of the strain needed for 

unstructured clay to yield (Leroueil and Vaughan, 1990).  

As for the post yield behaviour, the breakdown of the structure of clay starts after the 

gross yield. The breakdown of structure is a gradual process and the strains exceed the 

gross yield, the sensitivity of strength ceases to be a constant value. Burland et al. 

(1996) investigated the strength of four stiff clays and found that all four clays had a 

rapid loss of strength after the peak and concluded that the rapid loss of strength after 

peak was mainly due to the breakeage of bonds between the particles. It is possible for 

a natural soil to have both meta-stable and stable elements. While the presence of meta-

stable elements cause the compression curve to bend towards ICL because of meta-

stable element breakdown, the stable elements cause the compression curve to 

stabilises after bending towards ICL.  

2.6 EFFECTS OF CONSOLIDATION AND SHEARING ON CLAY 
MICROSTRUCTURE 

The modification to original (primary) clay fabric due to one-dimensional compression 

is complex. The primary fabric will display either a random or a planar preferred 

orientation (Morgenstern and Tchalenko, 1967). Tchalenko (1967) investigated the 

influence of consolidation on the structure of some clays and found that in general the 

one-dimensional consolidation aligned the uncemented clay particles to lie normally 

to the consolidation stress. However, one-dimensional consolidation creates areas of 

highly oriented fabric and areas of non-oriented fabric. After analysing SEM pictures 

from Cotecchia et al. (1982), Cotecchia (1996) discussed that the fabric of kaolin was 

already much more compacted than the kaolin at the liquid limit and a complex fabric 

architecture was present where a horizontal strata of fabric in between areas of 

flocculated fabric when a one-dimensional stress of 4.9 kPa was applied. While there 
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was further development of the fabric with increasing stress, there was no significant 

increase in orientation when stress was increased from 490 kPa to 4900 kPa. The 

density of the clay increased with further loading without any change to edge-to-face 

contacts between domains.   

In natural clay and for any given clay composition, deposition conditions and one-

dimensional loading, the clay microstructure changes along the sedimentation 

compression curve (SCC) (Rouainia and Wood, 2000). Natural and 

reconstituted/remoulded have different sedimentation/consolidation history and 

therefore natural and reconstituted/remoulded samples exhibit different shear strength 

properties and gross yield pressures (Burland, 1990). Cotecchia et al. (2016) found 

some of micro-scale features which could cause natural and reconstituted/remoulded 

clays to behave differently. While the diagenetic bonding in natural clay caused an 

increase in the gross yield stress and reduction of swelling capacity, one-dimensional 

consolidation caused an increase in non-uniformly oriented fabric in both natural and 

reconstituted/remoulded clays. Even though natural samples experienced degradation 

of bonding with increasing stresses, the structure in natural samples remained stronger 

even at very high pressures. 

The effects of shear on the microstructure of clays are often investigated on soils with 

contractant behaviour under drained conditions, where the pore volume decreases 

which is related to the reduction of inter-aggregate porosity. Hattab and Fleureau 

(2010) studied the relationship between the behaviour of kaolin at microscopic level 

and local deformation properties of the clay. In one-dimensional compression, the 

preferential orientation of the particles was normal to the direction of loading. In 

isotropic compression, clay matrix densification with particle re-orientation was 

observed which lead to structural isotropy. Drained triaxial shearing of slightly 

overconsolidated kaolin samples had an increase in depolarisation at the beginning of 

loading (Ja=5%) because complete random orientation of the particles was not 

achieved by isotropic compression. But at the strain rate of 15%, re-orientation of 

particles took place with 20-40ᴼ principle orientation and significant horizontal 

orientation of particles. At the critical state (Ja=25%), cracks appeared on the sample 

with face-to-face orientation parallel to the crack planes. Samples had strong 
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anisotropy with a principle orientation mode between 40ᴼ and 20ᴼ.  This is presented 

in Figure 2-29.  

The changes to the microstructure of clay have great influence on its mechanical 

properties. Higher density causes an increase in clay stiffness and maximum strength. 

These are proportional to the maximum stress unless there is a significant particle 

breakage. When the consolidation stress is very high, particle breakage causes an 

increase in ductility along with a reduction in maximum strength ratio (Hicher et al., 

2000). The same research also observed that when an isotropically consolidated 

triaxial kaolin sample was sheared in drained condition, particle orientation was 

random at an axial strain of 9%, whereas the orientation became anisotropic at an axial 

strain of 19.5% (Figure 2-30).  

The investigation of kaolinite with two different structures; an unwashed clay sample 

with a pH of 5.5 and a washed sample with a pH of 7.8, for the response under 

consolidation and shearing by Yu et al. (2016) demonstrated that unwashed sample 

had higher compressibility than washed sample during both one-dimensional and 

isotropic compression. The unwashed sample had a more open, aggregated and 

flocculated structure, whereas the washed sample had a denser aggregated structure. 

During consolidation, the compression of inter-aggregate pores causes deformation, 

while the intra-aggregate pores remain unchanged and the deformation is generally 

due to the changes in the packing of structural arrangement of clay layers, not because 

of any change in the electric double layer. Yu et al. (2016) also found that during 

drained triaxial shearing the intra-aggregate pores remained unchanged, while inter-

aggregate pores were compressed. These findings imply that under consolidation or 

shearing, the mechanical effects are due to the changes to aggregate-aggregate 

interactions instead of particle-particle interactions.  

Hattab et al. (2013) investigated the microstructural behaviour of intact and remoulded 

samples of deep-water clay from the Gulf of Guinea and found a complex porosity in 

intact samples and a bimodal porosity in the remoulded clay. However, both intact and 

remoulded clays had a volume change due to a decrease in the inter-aggregate pore 

volumes, while the intra-aggregate pore volume remained unchanged. Even though 
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the intra-aggregate pore volume did not change, there was particle re-arrangement in 

the remoulded clay, but not in the intact samples.  

2.7 SUMMARY 

The compression behaviour of a soil depends on many factors; mineralogy, 

classification, moisture content, stress history and pore-water composition of the soil. 

Those factors affect the compressibility, the permeability and the long-term 

compression behaviour of soil. Understanding how those factors affect the 

compression behaviour and other soil parameters is important when carrying out an 

investigation to find out effects of pore-water chemistry on the mechanical behaviour 

of soil. In the following chapter how pore-water composition and physicochemical 

factors affect the behaviour of soil is discussed.
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Table 2-1: Compression index correlations by various researchers (modified after Sridharan 
and Nagaraj, 2000) 

Equation Applicability Reference 
!" = 0.007	(*# − 10) Remoulded clays Skempton (1944) 
!" = 1.15	(# − #$) All clay types Nishida (1956) 
!" = 0.29	(#$ − 0.27) Inorganic soils Hough (1957) 
!" = 0.35	(#$ − 0.50) Organic soils Hough (1957) 
!" = 0.009	(*# − 10) Normally 

consolidated clays 
Terzaghi and Peck 
(1967) 

!" = 0.75	(#$ − 0.50) Low plasticity soils Sowers (1970) 
!" = 0.006	(*# − 9) All clays with 

*L<100% 
Azzouz et al. (1976) 

!" = 0.01	(*% − 5) All clays Azzouz et al. (1976) 
!" = 0.5?&@' All remoulded, 

normally 
consolidated clays 

Wroth and Wood 
(1978) 

!" = 0.5	(A(/A))*., All soil types Herrero (1980) 
!" = 0.01	*% All clay types Koppula (1981) 
!" = 0.01	(*% − 7.549) All clay types Herrero (1983) 
!" = 0.185[@'	(A(/A))* − 0.144] All soil types Herrero (1983) 
!" = 0.2237## All remoulded, 

normally 
consolidated clays 

Nagaraj and Murthy 
(1983) 

!" = 0.329[0.027(* − *&)
+ 0.0133?&(1.192 + H!I./)] 

All remoulded, 
normally 
consolidated clays 

Carrier (1985) 

!" = 0.2343## All remoulded, 
normally 
consolidated clays 

Nagaraj and Murthy 
(1986) 

!" = 0.0115	*% Organic silt and clays Bowles (1979) 
!" = 0.156#$ + 0.0107 All clay types Bowles (1979) 
!" = 0.2#/.0 Naturally sedimented 

young soils 
Shorten (1995) 

!" = 0.274## Clay-sand mixes Nagaraj et al. (1995) 



 33 

 

 
Figure 2-1: Classification of main clay minerals (Mitchell and Soga, 2005) 

 
Figure 2-2: Idealised clay structures (Sides and Barden, 1971) 
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Figure 2-3: Electric double layer in clay (Park and Seo, 2011) 
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Figure 2-4: Development of effective stress and pore-water pressure in consolidation using the 
hydraulic piston and spring analogy (after Yong and Warkentin, 1975) 
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Figure 2-5: Idealised one-dimensional compression behaviour of soil (Mitchell and Soga, 
2005) 

 
Figure 2-6: Determination of secondary compression index, #α. Redrawn after Craig (2004) 
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Figure 2-7: Isotach concept illustrated by Degago et al. (2011) 

 

Figure 2-8: : Schematic diagram of Rowe consolidation cell (Le et al., 2015) 
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Figure 2-9: Schematic diagram of constant rate of strain (CRS) cell (ASTM, 2012) 
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Figure 2-10: Relationship between the degree of consolidation at the base $b and the average 
degree of consolidation $ave based on Terzaghi's theory (Robinson, 2003) 

 

Figure 2-11: Types of time-compression curves given by Leonards and Girault (1964) 
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Figure 2-12: (a) Compression - Time curves and (b) Degree of Consolidation - Time curves 
for kaolinite (Robinson, 2003) 
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Figure 2-13: (a) Compression - time curves and (b) degree of consolidation - time curves for 
peat (Robinson, 2003) 
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Figure 2-14: Degree of consolidation, $b - compression plots for kaolinite at different LIRs 
(Robinson, 2003) 
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Figure 2-15: Degree of consolidation, $b - compression plots for peat at different LIRs 
(Robinson, 2003) 
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Figure 2-16: The intrinsic compression curve for any given clay (Burland, 1990) 

 
Figure 2-17: Normalised intrinsic compression curve (Burland, 1990) 
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Figure 2-18: Intrinsic compression line (ICL) derived by normalising intrinsic compression 
curves (Burland, 1990) 
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Figure 2-19: Relationship between %2 and %*100 and #*3 to show the correlation between 
constants of intrinsic compressibility and Atterberg limits (Burland, 1990). 
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Figure 2-20: Casagrande’s Plasticity chart (ASTM, 2017) 
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Figure 2-21: Relationship between cumulative change in void ratio at an effective vertical 
pressure of 800 kPa and (a) liquid limit, (b) plasticity index, and (c) shrinkage index (Sridharan 
and Nagaraj, 2000) 
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Figure 2-22: Critical states (Schofield and Wroth, 1968) 
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Figure 2-23: Failure states in drained and undrained shearing (Data from Parry, 1960; after 
Atkinson and Bransby 1978) 
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Figure 2-24: Remoulded London clay at failure (data from Parry, 1960; after Schofield and 
Wroth, 1968) 
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Figure 2-25: Yield conditions in relation to the CSL (Schofield and Wroth, 1968) 
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Figure 2-26: NCL, CSL and &0 line in (a) '	– )’ plane, (b) *	–	)’ plane, and (c) *	– ln )’ plane 
(Dev et al., 2013) 
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Figure 2-27: Plastic potentials: (1) Modified Cam Clay (MCC), (2) Original Cam Clay (OCC), 
(3) Rowe's stress-dilatancy (M=1) (Wood, 1991) 

 
Figure 2-28: Identification of Zones 1, 2 and 3 in triaxial stress space (Jardine, 1992) 
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Figure 2-29: Comparison of microfabrics in drained triaxial loading (a) in the initial stage after 
isotropic loading (b) after triaxial loading at +a=5%, +a=15% and +a=25% (Hattab and Fleureau, 
2010) 

 
Figure 2-30: Rose diagram showing kaolinite particle orientation after drained triaxial 

tests (Hicher et al., 2000)
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3 PHYSICOCHEMICAL FACTORS 

3.1 INTRODUCTION 

Following the important works of Terzaghi (1925) and Casagrande (1932b) to 

understand the behaviour of soil mechanics, it was in 1950s that the knowledge of clay 

microstructure and how physicochemical factors affect the soil behaviour started to be 

understood (Croney and Coleman, 1954, Schofield and Samson, 1954, Mitchell, 1956, 

Rosenqvist, 1962, Rosenqvist, 1959, Rosenqvist, 1955). 

Pore-fluid composition and microstructure of soil are found to be directly related to 

the consolidation behaviour of expansive clays (Musso et al., 2003, Di Maio, 1996b). 

According to Rosenqvist (1959) there are three principle factors that play a significant 

role in the liquid limit of soils in addition to the mineralogy. They are: the 

concentration and nature of the minerals in pore-fluid, the degree of electro-chemical 

saturation of pore-fluid, and the polarizability of adsorbed ion. Chemical change of 

pore-fluid can occur due to osmosis, diffusion, and/or advection. Changing pore-fluid 

chemistry means changing one or more of the following factors: the type of cations, 

the concentration of ions, the exchangeable cations, the acidity and/or dielectric 

constant of pore fluid (Mitchell, 1991). Some or all these changes can affect the 

mechanical behaviour of soil significantly.  

While the macroscopic behaviour of soils is generally represented by their stress-strain 

relationships in physicochemical or crystallographic frameworks, the analysis of their 

properties is generally done to determine crystal type, cation exchange capacity, 

number and type of exchangeable ions in the soil and inter-layer distance in relation 

to pore-water, etc. (Hicher et al., 2000). 
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In the following, the soil-water-solute system is described, and their interactions 

explained. Fundamental to the understanding are the concepts of diffuse double layer 

(DDL), cation exchange, adsorption, osmosis and diffusion. 

3.2 SOIL-WATER-SOLUTE INTERACTIONS 

The behaviour of soil is complex due to interactions between soil particles, water and 

dissolved ions in pore-fluid.  

As explained in chapter 2, clay minerals have electrostatic surface charges including 

permanent and variable charges. The permanent charges are originated from 

isomorphous substitution of lower valence cations by higher valence cations. Variable 

charges are created by the reaction of ions in the pore-fluid with surface functional 

groups of soil mineral surfaces. When a clay particle interacts with water, silicate 

groups (SiO) are hydrated and form SiOH groups on the particle edge surface as given 

in equation (27). In the case when Si4+ is isomorphically changed with Al3+ in the clay 

mineral (which is common in expansive clays such as smectite), dissociation of AlOH 

group occurs the same way and is influenced by the pH of pore-fluid.  

 2	Btu + ,&u → 2	Btu, + ,8 (27) 

The variable charge on soil surface (clay edge charge) is dependent on the pH as the 

concentration of OH- and H+ ions, which govern the pH. The pore-fluid pH affects the 

degree of the breakdown of the SiOH group. At high pH the effective negative charge 

on the soil particles will increase, whereas, at low pH the effective negative charge on 

the soil surface will decrease (Stumm and Morgan, 1981).  Ions in pore-fluid react with 

surface functional groups on the soil surface and surface complexes are formed in a 

process called surface complexation. Even though soil particles are charged, the bulk 

clay remains neutral by forming a diffuse double layer which balances exactly the net 

charges on particles. 

3.2.1 DIFFUSE DOUBLE LAYER 

The surface of clay particles is negatively charged due to isomorphous substitution of 

aluminium or silicon ions.  When the clay particles are in contact with an electrolyte, 
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the adsorbed exchangeable cations surround the clay particles in a hydrosphere of 

adsorbed water. This layer is called stern layer. The force between adsorbed 

exchangeable cations and the surface of clay particles are governed by the electrostatic 

attraction. Outside the stern layer, ions of opposite polarities (ions and counterions) 

form an electrically neutral diffuse layer. The diffuse layer is controlled by the 

electrostatic force of the charged particle. The distribution of dissociated cations 

depends on the electrostatic attraction between clay particle and thermal motion of the 

cations. That is why the dissociated exchangeable cation concentration decreases with 

the distance from the surface of the clay particle. The interactions of double layers of 

adjacent particles influence the swelling, plasticity, and water retention of clays (Yong 

and Warkentin, 1975).  

Gouy-Chapman’s double layer theory is one of the most prominent models which 

explains the structure in diffuse double layer. It is suggested that the charge potential 

on clay surface depends on the ions attached to the surface of clay particles and 

counterions in the solutions diffuse into liquid phase until the counter potential 

becomes zero (Gouy, 1910, Chapman, 1913). The model was later improved by 

introducing diffuse model of double layer to provide the charge distribution of 

counterions as a function of distance from the charged surface. Stern (1924) modified 

Gouy-Chapman model stating that ions had finite size and therefore could not touch 

the interface. Stern introduced a layer of thickness Is which separated the charge of 

counterion from the charge of the ions on soil particle surface as given in Figure 3-1.  

In soil mechanics, it is more important to understand the ion distribution for all 

interacting clay particles, instead of understanding the ion distribution around a single 

particle. Two charged soil particles will not interfere with each other if the distance 

between two particles is enough to accommodate the diffuse layer of each soil particle, 

however, when the distance between two particles (2d) is not enough to provide space 

for diffuse layer of each particle, a new potential distribution is developed as shown in 

Figure 3-2. 

Factors that affect the compressibility behaviour of soil which are included in the 

Gouy-Chapman double layer theory are the cation exchange capacity (CEC) of the 
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clay, and surface charge of the clay particles, ion concentration, cation valency, 

dielectric constant and temperature of the pore-fluid. Factors such as hydrated ion size, 

anion absorption, and the attractive forces between particles are not considered in the 

double layer theory. According to the double layer theory, the swelling pressure 

decreases when the ion concentration increases as the double layer is compressed with 

the presence of cations in the fluid. Double layer analysis by Sridharan and Jayadeva 

(1982) demonstrated that the effect of concentration was large at low pressures, when 

the concentration was higher than 10-4 M. At lower concentrations less than 10-4 M, 

the effect of concentration was negligible at all pressures. According to Sridharan and 

Rao (1973), there are two mechanisms which control the volume change behaviour of 

clays. The primary mechanism is by the shear resistance between clay particles, and 

the volume change occurs by shear displacements and/or sliding between particles. 

Second, the compressibility of clay is also controlled by the electrical repulsive forces, 

which are mainly double layer repulsive forces. The void ratio of clay decreases in 

direct proportion to the increase in valency of cations. While the void ratio of clay and 

dielectric constant of pore-fluid are directly proportional, the effect of temperature can 

be ignored for all practical purposes. Sridharan and Jayadeva (1982) used experimental 

results from Bolt (1956) for the analysis of double layer theory and confirmed that the 

experimental results of montmorillonite and illite clays saturated with sodium ion 

(Na+), and calcium ion (Ca2+) agreed reasonably well with the prediction made using 

the double layer theory. The experimental results from Low (1980) also support the 

results derived from double layer theory. 

While the diffuse double layer (DDL) theory provides useful understanding of highly 

expansive clays such as smectite, the role of DDL is small or insignificant for less 

expansive clay minerals such as kaolinite and illite (Karnland, 1997). 

3.2.2 CATION EXCHANGE IN SOILS 

Ion exchange in soils involves the replacement of ions bonded to soil surface to 

balance intrinsic surface charge by another ion or ions that come in contact with the 

soil. It is an electrostatic bonding controlled by diffusion and is a reversible process 

(Reed and Cline, 1994). Cation exchange capacity (CEC) is the maximum capacity of 

a soil to hold positively charged ions and is, in soil science, a crucial property to hold 
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essential nutrients which acts as a buffer against acidification of soils. CEC affects 

adsorption of metal ions in a soil and CEC is greatly affected by ageing, mineralogy, 

and particle size distribution of a soil (Pincus et al., 2017). Typical values of some of 

the most common clays are given in Table 3-1. According to Mitchell and Soga (2005) 

the cation exchange in soils is related to the valence, polarity, ionic radius, and 

hydration of cations.  

Rosenqvist (1962) linked differences in cation exchange capacity (CEC) of clays to 

the variations in the plasticity behaviour of clays. It was demonstrated that the liquid 

limit (GL) of montmorillonite and illite clays depended on the concentration of the 

electrolyte water system in the clay. The liquid limit of illite clays increases in the 

presence of monovalent cations linearly with the polarisation of exchangeable cations. 

The liquid limit of illite increases from lithium (Li+) to sodium (Na+) to potassium (K+) 

to rubidium (Rb+) to caesium (Cs+). However, in montmorillonite clays, the effect on 

the liquid limit decreases from Li+ to Na+ to K+ but increases from K+ to Rb+ to Cs+ 

(Figure 3-3).  In general, the higher the valance of a cation, the more attracted it is to 

the clay surface. That is why trivalent cations can replace divalent cations and divalent 

can replace monovalent cation on the clay surface. The presence of divalent cations 

like Ca2+ and Mg2+ as predominant exchangeable cations and high salt concentration 

in the pore-fluid in marine clays leads to strong inter-particle attraction and strong van 

der Waal’s and Coulombic bonds. This aggregation of soil particles reduces the 

available soil surface for interacting with water, causing reduction in liquid limit of 

the clay (Rao et al., 1989). After investigating bentonite with cations with different 

hydrated ionic radii and valences Sridharan et al. (1986) concluded that the plasticity 

of bentonite was positively proportional to the hydrated radius of metal ions and 

inversely proportional to the valance of cations (Table 3-3). Consequently, the 

compressibility of bentonite increased with an increase in hydrated ionic radius, and 

compressibility decreased with the increase in valency of cations (Figure 3-4). Hebbar 

et al. (2014) found that rejection of heavy metal cations by bentonite membrane 

increased from Cd2+ to Ni2+ to Cu2+ and explained that the ionic radii of cations played 

a significant role in cation exchange in bentonite. Even though the ionic radius of Cu2+ 

is smaller than Cd2+ and Ni2+, the hydrated ionic radius of Cu2+ are larger than the Cd2+ 

and Ni2+. As Tansel et al. (2006) explained, the smaller the ionic radius of the cation, 
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the stronger it holds the hydration sphere causing hydrated ions to be larger. Larger 

hydrated cations find it more difficult to pass through pores to replace H+ ions in the 

interlayer water. 

Pore-fluid constituent ions and their concentration also strongly influence the plasticity 

of soil. The interparticle bonds are mainly dependent on ionic concentration of pore-

fluid, which causes different orientations of particles. However, O’Brien (1971) 

investigated the fabrics of kaolinite and illite floccules in salt solution (1g/l) and 

distilled water and found little difference in the fabric of clay in water and salt solution. 

In the case of kaolinite clay, Sridharan et al. (1988) suggested that liquid limit was not 

a function of the thickness of diffused double layer of clay as there was no significant 

connection between the liquid limit and the exchangeable Na+ ions in the clay. 

It is well understood that the pore-fluid composition affects the mechanical behaviour 

of clays, especially expansive clays. While the influence of some cations is reversible, 

other cations produce changes which are irreversible. Di Maio (1996a) investigated 

the effect of NaCl, KCl and CaCl2 on Ponza bentonite and found that exposure of 

bentonite sample prepared with water to electrolytes of NaCl, KCl and CaCl2 produced 

very similar effects as the samples made with electrolytes as pore-fluid. However, the 

effects of NaCl were reversible, but the effects of KCl and CaCl2 remained. The X-ray 

diffraction analysis showed that the diffusion of K+ and Ca2+ into the clay produced 

cation exchange and that was the cause of the permanent reduction of double layer 

(Figure 3-5 and Figure 3-6). 

3.2.3 ADSORPTION IN SOILS 

Adsorption in soils is defined as the process by which soil particles hold ions on the 

surface of clay particles. It is well known that the most toxic inorganic pollutants found 

in soil are heavy metal ions. They are toxic to the environment, humans, and other 

organisms, and affect the properties of soil. Adsorption of heavy metals is the process 

that heavy metals are adsorbed in soil and cause heavy metal accumulation (Sposito, 

1984). It is, therefore, important to understand absorption in soil to investigate the 

effect of heavy metals on the behaviour of soil. Adsorption of metals by soil means 

holding metal ions as a form of thin film on the soil surface. 
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According to McBride (1994), adsorption occurs in two mechanisms; specific 

adsorption and non-specific adsorption. Specific adsorption involves stronger bonding 

between ions and clay soil surfaces and are less reversible. In specific adsorption, the 

soil surfaces are negatively charged (OH-) at high pH bonds with metal cations and are 

dependent on pH (Bradl, 2004). Non-specific adsorption involves weak bonding and 

is more prone to be replaced by other metal ions which have a stronger affinity to the 

soil surfaces and is termed as cation exchange. These sorption of heavy metal ions by 

the surface of soils are affected by the solubility of metals in soils, the pH, type of 

metal ions, speciation of metal ions, competing metal ions, mineralogy of soil and 

ageing (Kerndorff and Schnitzer, 1980) along with initial concentration of metal ions, 

agitation speed (movement of metal ions to improve mixing), solid-liquid ratio and 

temperature (Mellah and Chegrouche, 1997).  

Soil pH is the most significant parameter that affects adsorption. Generally, at low pH, 

the adsorption is very small, but it then spikes from very small to very large in a small 

range of pH values termed pH-adsorption edge. At high pH, complete adsorption of 

metal ions is observed (Apak, 2002). This behaviour is shown in Figure 3-7. The 

reason for high adsorption at a higher pH is that higher pH increases the negative 

charges on soil surface and increases the bonding of metal ions with negatively 

charged soil surfaces.  

The type of soil and its mineralogy, in particular, are also significant factors that affect 

adsorption and retention of metal ions (Bradl, 2004). In terms of size of soil grains, the 

adsorption level of fine-grained soil is higher than that of a coarse-grained soil, mainly 

because fine-grained particles have larger surface areas. Clays exhibit high levels of 

adsorption and are widely used to remove heavy metals (Crawford et al., 1993). The 

organic matter content is another factor that affects the adsorption process. Organic 

matter in soil can contain different varieties of functional groups with high cation 

exchange capacity (CEC), i.e. the capacity to hold cations in a soil. Ageing also plays 

a part in the adsorption process, especially for heavy metal retention, as more stable 

compounds are formed with time and the adsorption is less reversible unlike amended 

soil with heavy metals in a laboratory setting (Apak, 2002).  
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The adsorption levels of all metal ions are not the same. The adsorption level of each 

metal ion depends on the chemical nature of reactive surface groups, the pH of the 

soil, the pH and the ionic strength of the solution, and the presence of competing metal 

ions in the solution (Bradl, 2004). Mellah and Chegrouche (1997) found that the 

adsorption decreased with increase in temperature above 20 degrees Celsius and 

increase in agitation speed. In contrast, adsorption increased with increase in solid-

liquid ratio and initial metal concentration. Smaller particle size also increases 

adsorption.  

Adsorption of ions affects compressibility and swelling of clays, porosity of clay, and 

surface forces at the clay-water interface.  Many clay minerals including most common 

clay minerals such as kaolinite, montmorillonite, and illite are found to have the ability 

to adsorb both alkali and heavy metals. Because of the sorption properties of the clay 

minerals, with and without modification, they are used to remove contaminants from 

wastewater (Uddin, 2017).  

The sorption of ions by the clay surfaces creates different kinds of surface charge 

densities (Sposito, 1984) in addition to the permanent charges caused by the 

isomorphic substitution in the clay lattice. They are: (1) the surface charge induced by 

adsorbed H+ ions which represent the variable charge, (2) the surface charge induced 

by adsorbed ions in the inner-sphere surface complexes, and (3) the surface charge 

induced by ions adsorbed in the DDL. Isomorphous substitution in a clay mineral is a 

substitution of a higher-valence cation by lower-valence in either the tetrahedral layer 

(Al3+ replacing Si4+) or octahedral layer (Mg2+ replacing Al3+) or both. The net 

permanent negative charge caused by isomorphic substitution inside the clay crystal is 

balanced by exchangeable cations on the surface of clay particles.   

3.2.4 EFFECT OF wH ON SOILS 

Adsorptive properties of clay surfaces are extremely important in environmental 

chemistry, industrial processes, and geotechnical engineering. Two different 

mechanisms are generally identified for adsorption. They are cation exchange taking 

place in the interlayer and basal planes, and sorption of ions on clay edges where there 
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are hydroxyl groups. The cation exchange taking place at the edges of particles are 

highly pH dependent (Gajo and Maines, 2007). 

One of the earliest researches on effects of pH on the mechanical properties of soil was 

carried out by Suarez et al. (1984) where the effects of pH on the permeability of 

natural montmorillonite and kaolinite clay were investigated. The results show that for 

both kaolinite and montmorillonite clay, the permeability decreased with the increase 

in pH. The permeabilities of clay with higher silt content and lower organic carbon 

were not greatly affected by changes in pH. The same research concluded that the CEC 

of clays might be affected by pH.  

Depending on the mineralogy of clay, the effect of pH can be very different. In 

kaolinite clays, the isomorphic substitutions do not take place or are negligible, and as 

the clay does not possess structural negative charge on its surface, the surface charge 

is pH dependent (Sposito et al., 1999). Kaolinite is positively charged in solutions with 

low pH. In the case of montmorillonite and other 2:1 clay minerals, isomorphous 

substitutions are significantly higher and the charge on faces of clay surfaces is 

independent of pH. But the hydroxyl groups at the edges of clay surfaces make the 

charges at the edges highly pH dependant. Since the charges on the edges represent a 

small percentage of the total charges (Gajo and Maines, 2007), the presence of 

significant and permanent charges on clay surface results in the montmorillonite clay 

surface to remain negatively charged even in very low pH fluids. 

According to Li and Li (2000) the effect of pH on cation exchange is significant, for 

example, low pH induces an increased release of heavy metal ions from contaminated 

soil. In montmorillonite clay, even though the overall surface charges are negative at 

low pH, pH affects the cation exchange. 

Given the lack of proper analysis of how the pore-fluid pH affects the mechanical 

properties of clays, Gajo and Maines (2007) investigated the effects of pH on natural 

sodium bentonite, including reversibility of cation exchange, plasticity, one-

dimensional compression, permeability and residual shear strength. The results show 

that the pH of pore-fluid affects the mechanical behaviour of natural Na-bentonite. A 

small increase in the acidity of pore-fluid (higher concentration of H+ ions) in natural 
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Na-bentonite causes significant volume reduction, increase in residual shear strength 

and decrease in one-dimensional compressibility, where change in void ratio against 

vertical stress decreases and NCL becomes less steep with decrease in pH and NCL  

(Figure 3-8). It is also found that these changes  caused by low pH were not reversible 

when re-exposed to de-ionised water. However, exposure to NaCl solution partially 

reversed the change and exposure to NaOH solution completely reversed the changes 

(Figure 3-9). Similar effects were seen when natural Na-bentonite was exposed to very 

high concentration of NaOH solution. Re-exposure to de-ionised water only partially 

reversed the changes (Figure 3-10). 

Santamarina et al. (2002) created a fabric map as a working hypothesis by analysing 

previously published studies to provide a graphical representation of particle 

arrangement and fabric formation of kaolinite and montmorillonite as a function of pH 

and ionic concentration (Figure 3-11). According to the proposed fabric map (Figure 

3-11a), the kaolinite particles aggregate in face-to-face arrangement at high pore-fluid 

concentrations irrespective of the pH value. But at low ionic concentrations, kaolinite 

particle arrangement is highly dependent on pH. At low concentration and high pH, 

the particles are deflocculated and dispersed. When the pH is lower than ~7.2, edge-

to-face flocculation occurs due to attraction between negatively charged faces and 

positively charged edges. At lower pH (less than ~4), kaolinite particles are 

deflocculated and dispersed. At extremely low pH (less than ~2), dissolution and 

coagulation occur. In montmorillonite, concentration dominates how clay particles are 

arranged (Figure 3-11b). At very high concentrations, the particles flocculate in face-

to-face arrangement, independent of pH. At lower concentrations, the clay particles 

are deflocculated and dispersed and at extremely low pH values, dissolution and 

coagulation occur.  Palomino and Santamarina (2005) followed up on this fabric map 

by investigating the effects of pH and ionic concentration on the fabric of the kaolin 

and used the results of the investigation to develop an updated the fabric map on pH-

ionic concentration space for kaolinite clay mineral. The updated fabric map (Figure 

3-12) is similar to the fabric map initially proposed by Santamarina et al. (2002) 

(Figure 3-11). The experimental results of Palomino and Santamarina (2005) show 

that pH influences clay behaviour of kaolinite at low ionic concentrations, and reported 
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existence of a ‘convergence ionic concentration’ at which clay behaviour is pH 

independent.  

The acidity of pore-fluid affects the way cations interact with soil. Sridharan et al. 

(1988) investigated how the liquid limit of kaolinite varies with different valent cations 

in high and low pH and found bi-valence and tri-valence in low pH pore-fluid promote 

flocculation with edge-face bonds, while mono-valent cations enhance flocculation 

when the pH is higher.  

3.2.5 OSMOSIS AND DIFFUSION 

The behaviour of soils is greatly affected by the geo-chemical environment they are 

found in. The salt composition of pore-fluid of a soil influences the mechanical 

behaviour of the soil and exposure to fluids that are different from the pore-fluid of 

the soil may lead to significant volume change (Bolt, 1956).  

As discussed in section 3.2.2, Di Maio (1996a) investigated this phenomenon and 

found that there was considerable volume change when Ponza bentonite samples were 

exposed to NaCl, KCl and CaCl2 due to ion diffusion into the soil pore-fluid. When 

the specimens were exposed to water again, the specimen subjected to NaCl reversed 

the effects, but specimens exposed to KCl and CaCl2 exhibited a very small change. 

The cation content of the pore-fluid and the cation exchange capacity of clays, 

particularly very active clays, plays a significant role in the mechanical behaviour of 

the clays. Chemicals present in soil environment change the osmotic suction and cation 

content which affect the microstructure of unsaturated clays. Microstructural strains 

are believed to be reversible, whereas macrostructural strains are considered to be 

irreversible. It is assumed that the macrostructure of a soil does not affect the 

microstructural behaviour. However microstructural changes in soil may alter the 

macrostructure of the soil. Guimarães et al. (2013) argued that this could be due to 

existence of a hydraulic equilibrium between microstructure and macrostructure and 

that the total suction in the microstructure is equal to the total suction in the 

macrostructure. It is also assumed that there is chemical and mechanical equilibrium 

in the soil structure.  
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Diffusion, osmosis, advection, and thermal and electrical gradients can cause changes 

in pore-fluid composition (Mitchell, 1991). Osmosis and diffusion are the most 

important phenomena when a soil is subjected to a fluid that is different to the pore-

fluid of the soil. If the soil is a very dense clay and the electrolyte has low concentration 

of solutes, osmosis will be the significant phenomenon as the clay will act as a semi-

permeable membrane and may not allow diffusion of solutes into the pore-fluid 

(Barbour and Fredlund, 1989). However, diffusion will be more significant in soils 

with higher void ratio and/or if the fluid has a higher solute concentration.   

Osmotic flow is the movement of water from low concentration of solutes to high 

concentration of solutes through a semi-permeable membrane until it reaches osmotic 

equilibrium. If the solute concentration of a pore-fluid is lower than the interacting 

fluid, there will be outward osmotic flow. If the solute concentration of the pore-fluid 

is higher than the interacting fluid, inward osmotic flow will occur. And if the solute 

concentration is the same in the pore-fluid and the interacting fluid, there will be no 

osmotic flow. Since soils, even the stiff clays, do not behave as a perfect semi-

permeable membrane, diffusion of salt ions occurs against the osmotic flow. That is 

why Rao and Thyagaraj (2007) say that the osmotic gradients in soils decrease by the 

diffusion of salts down the concentration gradient and osmotic flow is affected by the 

osmotic efficiency of clayey soils depending on how well soils act as a semi-permeable 

membrane. 

The direction of osmotic flow and diffusion of salt dictates the nature of volumetric 

strains; i.e. whether it is compression or swelling. Osmotic flow affects the volume 

change behaviour of soils, particularly compacted clays. Osmotic flow is due to the 

osmotic gradient caused by solute concentration difference between the pore-fluid and 

interacting fluid. The effect of the osmotic flow varies in different soils. Many 

researchers have described this phenomenon as osmotic suction. Thyagaraj and Rao 

(2015) defined osmotic suction (Dp) as; 

 Dp = t(29 −2:)?C (28) 
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where i is the van’t Hoof factor, MI is the molar concentration of the interacting fluid 

and MP is the molar concentration of the pore-fluid, R is the universal gas constant and 

T is the absolute temperature. 

The osmotic suction is used in unsaturated soils. The soil-water characteristic curve 

(SWCC), used to characterise their behaviour, is based on the relationship between the 

total suction of the soil (p) and the gravimetric water content (w). p is the sum of matric 

suction (pm) and the osmotic suction (po). Matric suction (pm) is the suction caused by 

the interaction between water and the soil matrix and osmotic suction (po) is caused 

by the solutes present in the pore-fluid. The presence of high salt content in pore-fluid 

causes high po which greatly affects the volumetric properties of the soil (Sreedeep and 

Singh, 2006). 

Studies have found that the clays and shales which are used in waste management as 

liners act as semi-permeable membranes that could generate very high osmotic 

suctions (Malusis et al., 2003). Soils with low porosities and high capacity for cation 

exchange demonstrated high po. As po is a crucial parameter in soil with high salt 

content, it helps to understand the behaviour of such soil and movement of 

contaminants in the soil (Rao and Shivananda, 2005).  

Thyagaraj and Das (2017) explain that in a sample where the pore-water has no solutes 

or less than that of the solute concentration in the inundating solution, the osmotic 

suction difference is created, which decreases when the solute diffuses into the soil. 

The matric suction in the sample decreases with the advection flow. Barbour and 

Fredlund (1989) defined what were “osmotic consolidation” and “osmotic induced 

consolidation”. Both osmotic suction and matric suction decrease with time which 

reduces the attractive and repulsive forces (R-A forces) between the clay particles and 

results in what is termed as “osmotic consolidation”. Osmosis occurs from the pore-

fluid to the inundating solution due to osmotic gradient and this outward osmotic flow 

causes reduction in pore-water pressure, thus increasing effective stress and causing 

volume decrease in addition to osmotic consolidation. This is described as “osmotic 

induced consolidation”.  
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Osmotic consolidation, which is similar to normal consolidation of a soil is greatly 

dependant on the type of soil, its structure and forces acting within the soil. Clay 

minerals generally have a net negative surface charge. Pore-fluid in the soil behaves 

to obtain electro-neutrality within the soil by forming a double layer of cations and 

anions around the clay particles, the diffuse double layer. In addition to that, in clayey 

soils, particle-to-particle interaction is also present which is controlled by repulsive 

forces. When there is osmosis, the concentration of pore-fluid changes, affecting the 

diffuse double layer as well as particle-to-particle interaction, and forcing a change of 

void ratio (Barbour and Fredlund, 1989). Di Maio (1996a) found that osmotic 

consolidation and swelling decreased with increase in axial stress. However, the 

magnitude of the effect on osmotic consolidation and swelling was different: even at 

a higher load the osmotic consolidation was found to be significant, while the osmotic 

swelling was negligible. This is illustrated in the Figure 3-13. 

Compacted clay membranes act as semi-permeable membranes when the double layers 

of the clay particles overlap. This will only allow water to pass through but restrict 

movement of ions and creates hydrostatic pressures. The reflection coefficient ((8) is 

used to determine the semi-permeability of membranes. It shows the membrane’s 

ability to restrict solute transport across the membrane. Perfectly semi-permeable 

membranes have values of (8  equal to 1 and media such as sand without semi-

permeability have (8 values of equal to 0. The highest osmotic efficiency of clay 

membrane is observed when the porosity is low, the cation exchange capacity is high 

and the membrane separates two dilute solutions (Fritz, 1986). Marine and Fritz (1981) 

created a mathematical model for osmotic efficiency relating to the porosity, cation 

exchange capacity, and concentration of solutions, and demonstrated that semi-

permeability is ideal when the clay membrane is low of porosity approaching zero. 

3.2.6 EFFECTS OF OSMOSIS AND DIFFUSION IN SOIL TESTING 

Since the early 20th century, researchers have invented methods to test properties of 

soils and ground conditions in-situ and in laboratories. These tests include one-

dimensional compression testing using the oedometer and Rowe cell, constant rate of 

strain cell, and isotropic compression, shearing and other tests in the triaxial apparatus. 

In all these testing apparatuses a cell fluid is used to create conditions similar to the 
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site conditions of the testing material. Typically, de-ionised water is used as the cell 

fluid which has different chemical composition and properties compared to the pore-

fluid found in samples. If the chemical composition of the cell fluid and pore-fluid are 

different, diffusion and osmosis can occur in the testing apparatus which would change 

the pore-fluid composition, and how the soil behaves. However, the effects of osmosis 

and diffusion caused by the use of different cell fluids than the pore-fluid in the sample 

have not been investigated extensively to understand it. 

Leroueil et al. (1988) studied the errors in triaxial test and they include; leakage in the 

external fittings, leakages in fittings within the cell, osmosis and diffusion through the 

membrane and tubing, not saturating the membrane properly, and leakage and 

diffusion within the back-pressure system when the pore-fluid of sample is different 

to the fluid in the back-pressure gauge. They explained that the errors in a triaxial test 

did not affect the behaviour of the soil in a drained test but prevented proper analysis 

of long-term creep tests. However, in an undrained test, these errors can change pore-

water volume, which changes the effective stresses and ultimately soil behaviour. 

Hydraulic pressure difference, and osmotic pressure difference between the pore-fluid 

and cell fluid can also cause leakage through the membrane by osmosis and diffusion. 

It depends on the solute concentration of the pore-fluid and the cell fluid as well as the 

effective pressure applied in the cell. The permeability of the membrane and the size 

of molecules which can pass through the membrane play an important role in osmosis 

and diffusion. Using a cell liquid which is immiscible with water and with molecules 

of the liquid larger than the pores of the membrane can minimise or prevent osmosis 

and diffusion.  

The Table 3-2 shows results of the triaxial tests carried out by Leroueil et al. (1988) 

using a dummy (what kind of dummy, how it was made and from which materials 

were not given in the article), which is  5 cm in diameter and 10 cm in height. A filter 

paper was wrapped around the specimen and a rubber latex membrane and tested with 

five different cell fluids; de-aired water, glycerine, castor oil, liquid paraffin and 

silicon oil. The effective stress in the cell was 100 kPa. It was found that inflow and 

outflow rates were significant when de-aired water was used. However, it was difficult 

to know what exactly caused the movement of water in and out of the specimen as the 

chemical composition of the de-aired water was not measured.  
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Guimarães et al. (2013) used test results from Di Maio (1996a) to argue that the change 

in osmotic suction in clay could not be used to explain the volumetric behaviour of the 

clay. The KCl, which has an osmotic suction of 24 MPa compared to 39 MPa for NaCl, 

compressed slightly more than the clay exposed to NaCl solution. Therefore, it is 

apparent that along with osmotic suction the cation exchange affects how pore-fluid 

influences the volumetric behaviour of soils. 

Even though there have been studies done to understand the effect of osmosis and 

diffusion in soils, there still is a huge gap to understand truly how diffusion and 

osmosis affect the mechanical behaviour of soil as well as how it affects soil testing in 

laboratories. 

3.3 SUMMARY 

In clay science, it is important to know how the physicochemical factors affect the 

physical and mechanical behaviour of clays. Pore-fluid composition influences the 

physical and mechanical properties of soils. The ions dissolved in pore-fluid of soils 

are found to have direct relationship with the consolidation behaviour of expansive 

clays such as bentonite. The pore-fluid properties which affect the behaviour of clays 

include concentration, and type of dissolved ions, the degree of electro-chemical 

saturation of pore-fluid and polarizability of adsorbed ions. 

The ions in pore-fluid influence clay behaviour because of soil-water-solute 

interactions. The surface charge of clay particles is determined by the isomorphous 

substitution that occurs in expansive clay minerals. This net negative charge on clay 

surface results in adsorption of cations dissolved in pore-fluid and development of 

diffused layer of ions which are referred to as diffused double layer. Two mechanisms 

are reported to control the volume change behaviour; shear resistance between clay 

particles and double layer repulsive forces. Factors that affect the thickness and 

electrostatic forces within the double layer are cation exchange capacity of the clay, 

surface area of the clay particles, concentration, valency, dielectric constant and 

temperature of the pore-fluid. Cation exchange in soil is another physicochemical 

factor that influences the behaviour of clays. Generally, higher valence cations replace 

lower valence cations on clay surface, where compressibility of expansive clays 
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decreases with increasing valency of cations. The other factors that influence cation 

exchange include hydrated ionic radius, where the influence of cations decreases with 

the increasing hydrated ionic radii of cations. Adsorption of ions by the clay particles 

is also a physicochemical factor which influences the behaviour of clays. Adsorption 

changes the surface charge and thus changing the electrostatic forces between particles 

and ions. The adsorption of ions is dependent on many factors such as mineralogy, pH, 

temperature, solid-liquid ratio, type, and speciation of ions and competing ions in the 

pore-fluid.  Adsorption of ions influence the compressibility, swelling, porosity, and 

electrostatic forces in the clay-water interface. While pH affects the processes such as 

cation exchange and adsorption, pH also affects the surface charge of less expansive 

clays like kaolin. In more expansive clays such as smectite isomorphous substitution, 

not the pH, is primarily responsible for surface charge. Additionally, low pH causes 

the release of cations from contaminated soil and affects the cation exchange in soils. 

The pH influences the mechanical behaviour of clays, where low pH causes significant 

volume reduction in Na-bentonite and increases in shear strength.  

Finally, osmosis and diffusion are two processes that are important in geo-chemical 

environment. The solute concentration of pore-fluid and inundating fluid determines 

how these processes affect the soil behaviour. Differences in solute concentration in 

the pore-fluid and inundating fluid causes diffusion and osmosis affecting electrostatic 

forces in soil-water-solute interface. The change in attractive and repulsive (R-A 

forces) between clay particles causes changes in the compressibility and other 

mechanical properties of clays. 
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Table 3-1: Typical values of CEC of clay minerals (Yong and Warkentin, 1975) 

Clay mineral CEC (cmol+ kg-1) Source of change 
Kaolinite 3-15 pH-dependant 
Chlorite 10-40 pH-dependant 
Illite 10-40 isomorphouse substitution 
Montmorillonite 80-120 isomorphouse substitution 
Smectite 80-150 isomorphouse substitution 
Vermiculite 100-150 isomorphouse substitution 

 

Table 3-2: Flow through the membrane (Leroueil et al., 1988) 

Type of Membrane Cell Liquid 

Range of Measured Flow 
Through the membrane, 
cm3/weeka 

Rubber latex membrane De-aired water -0.23 to +0.25 
t = 0.3 mmb Glycerine -1.45 to -1.76 
f = 5 cmb Castor oil -0.25 to -0.41 
H = 10 cmb Liquid Paraffin -0.04 
 Silicon oil -0.04 to -0.05 
Ramses membrane De-aired water +0.01 

t = 0.07 mm 
f = 3.8 cm 
H = 7.6 cm 

a+ = Flow from the cell to 
the specimen (inflow) 

= Flow from the specimen 
to the cell (outflow) 

t = membrane thickness 
f  = specimen diameter 
H = specimen Height 

  

Table 3-3: Influence of hydrated ionic radius and valency of cations on properties of bentonite 
(Sridharan et al., 1986) 

Cation Liquid limit, *L (%) Plastic Limit, *P (%) Hydrated radius 
(Å)* 

Lithium (Li+) 675 49.1 7.3 – 10.0 
Sodium (Na+) 495 49.2 5.6 – 7.9 
Ammonium (NH+) 223 55.8 5.4 
Potassium (K+) 233 57.8 3.8 – 5.3 
Magnesium (Mg2+) 129 49.9 10.8 
Calcium (Ca2+) 125 40.6 9.6 
Barium (Ba2+) 108 45.8 8.8 
Aluminium (Al3+) 108 60.5 - 
Iron (Fe3+) 120 63.5 - 
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Figure 3-1: Gouy-Chapman-Stern model for ion and electrical potential distribution around 
single clay particle (Van Impe, 2002) 
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Figure 3-2: Interacting diffuse layers between two parallel clay particles (Van Impe, 2002) 
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Figure 3-3: The effect of polarizability of the exchangeable cations on the liquid limit of 
montmorillonite and illitic clays. A is montmorillonite, B is ≈ 90% illite, C is ≈ 40% illite 
(Rosenqvist, 1962) 
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Figure 3-4: Effect of cations on the compressibility of bentonite (Sridharan et al., 1986): (a) 
monovalent cations, (b) hetero-valent cations (Guimarães et al., 2013) 
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Figure 3-5: Volumetric strain produced by repeated replacement of cell fluid between NaCl 
solution and water (Di Maio, 1996a) 

 
Figure 3-6: Effect on volumetric strain of a bentonite sample when exposed to different cell 
fluids (Di Maio, 1996a) 
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Figure 3-7: Cd, Cu, and Zn adsorption onto sediment composite in 10-3 M NaNO3 (Bradl, 
2004) 

 
Figure 3-8: One-dimensional compressibility of Na-bentonite for solutions with different pH 
(Gajo and Maines, 2007) 
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Figure 3-9: Volumetric strain produced by repeated cell fluid replacements under 

constant vertical stress of 80 kPa: (a) first 50 days of alternative exposure to 0.1 M 

HCl, di-ionised water, 0.1 M NaOH and de-ionised water (b) last 40 days of alternative 

exposure to acidic and alkaline solutions and de-ionised water. De-ionised water = 

H2O (Gajo and Maines, 2007)  
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Figure 3-10: Volumetric strain produced by repeated cell fluid replacements under constant 
vertical stress of 80 kPa: (a) first 50 days of alternative exposure to 0.5 M NaOH and di-ionised 
water, (b) second 50 days of alternative exposure to various solutions (NaOH, NaCl, KOH, 
deionised water) (Gajo and Maines, 2007) 
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Figure 3-11: Fabric map proposed by Santamarina et al. (2002) where summary of postulated 
particle arrangements are given in pH-ionic concentration space. 
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Figure 3-12: Updated fabric map for kaolinite by Palomino and Santamarina (2005).  
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Figure 3-13: Consolidation produced by exposure to NaCl, and swelling produced by re-
exposure to water (Di Maio, 1996b)



 85 

4 HEAVY METALS IN SOIL 

4.1 INTRODUCTION 

Heavy metal contamination is a major environmental and engineering problem faced 

by many countries due to the contamination of large areas of land. Heavy metal 

contamination of soil occurs due to human activities such as mining and smelting of 

metalliferous ores, electroplating, gas exhaust, energy production, fuel extraction, 

fertilizers and pesticide application, paper manufacturing, municipal waste dumping 

in landfills, etc. Generally, heavy metals accumulate over time and increase their 

concentration to harmful levels in soil and water. Heavy metals cause health problems 

in humans and animals, and high a level of heavy metal in soils can be harmful to 

plants (Lasat, 2000). 

The most common contaminants of soil and groundwater in Europe are heavy metals 

and it is estimated that over 3 million sites are potentially contaminated with heavy 

metals and approximately over 250,000 of these sites may need to be remediated 

urgently (EEA, 2011). Figure 4-1 shows the proportion of each contaminant in soil 

and groundwater in contaminated areas in Europe. Heavy metal contamination has to 

be below a certain threshold for the soil to be functional in the ecosystem where it is 

not harmful to humans, animals, plants and other living organisms. When the heavy 

metal contamination level exceeds the threshold, the soil becomes “functionally dead” 

and the heavy metal contamination is neither reversible nor biodegradable in the 

natural environment (Jones et al., 2012). 

Heavy metals have the ability to bond with clay minerals to form inorganic ligands (a 

complex ion formed when a functional group ion or molecule binds to a central metal 
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ion). These complexes have a variety of solubility and electro-chemical potentials and 

hence remediating contaminated soils contains major challenges (Carolin et al., 2017). 

Heavy metals adsorbed in soils can dissociate from the soil surface and can enter into 

ground water. Heavy metal contamination is harmful to human beings and animals 

with different heavy metal ions causing different health problems; skin, lung, kidney, 

liver problems, mental retardation in children, reproductive health problems and even 

cancer being some of the dangers to health caused by it (Wuana and Okieimen, 2011).  

Soil in general consists of varying sizes of mineral grains arranged in layers and 

organic materials interacting with ground water, atmospheric air, and vegetation 

(Smith et al., 1995). The properties of soil are affected by the mineralogy, moisture 

content, organic matter content, and constituents of pore-fluid. In particular, organic 

matter content, which consists of humic materials, organic acids and bases plays a 

significant role in the way heavy metals interact with soil. The humic materials have a 

high affinity for heavy metal ions and low water solubility. They also cause metal 

immobilisation. In contrast, the non-humic acids and bases form water soluble 

complexes with metal ions creating more mobile species (Czupyrna et al., 1989).  

This chapter will examine the sources and risks of heavy metals, the properties of the 

heavy metals investigated in this research and a review of previous researches on the 

effect of heavy metals on the properties of soil. The previous researches are few as 

most of the studies on heavy metals in soils were focused on the physicochemical 

properties of contaminated clays. 

4.2 SOURCES OF HEAVY METALS IN SOILS 

Heavy metal contamination of soils in industrial areas is becoming an increasing 

concern as they are toxic to micro-organisms, animals, plants, and humans. Soils get 

contaminated by heavy metal over a period of time by accumulation. The most 

common sources are factory waste disposals in the form of affluent, mine tailings, 

leaded gasoline and paints, fertilizers, animal manures, sewage sludge, pesticides, 

wastewater irrigation, coal combustion residues, petrochemical spillages, and 

atmospheric deposition (Khan et al., 2008). 
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Heavy metals are considered as in-organic chemical hazard. According to Evanko and 

Dzombak (1997), the most commonly found heavy metals at contaminated sites are 

lead (Pb), chromium (Cr), arsenic (As), zinc (Zn), cadmium (Cd), copper (Cu), 

mercury (Hg), and nickel (Ni). It is the metal accumulation in soil in the long term 

which causes problems, because the vast majority of metal species in soil do not 

undergo microbial or chemical degradation. However, changes in chemical form and 

bioavailability are possible through interaction with soil minerals and other chemicals 

in the soil.  

Heavy metals are naturally found in soils at very low level or in trace amounts, which 

usually are not toxic to the environment or human beings. Due to anthropogenic 

actions such as mining and dumping industrial effluents, some heavy metals 

accumulate in the environment higher than the background concentrations 

(concentrations that are naturally occurring) which pose risks to humans, animals, 

plants, and other organisms. Once the concentration becomes high enough to cause 

harm, it is considered as a contaminant. Wuana and Okieimen (2011) provided a 

review of sources of metal contaminants which included fertilizers, pesticides, bio-

solids and manures, wastewater, metal mining and waste industries, and air-borne 

sources. 

4.2.1 FERTILIZERS 

Heavy metals in traces are important for plant growth. Since some soils are deficient 

of heavy metals such as cobalt, copper, iron, manganese, nickel, zinc, etc., farmers 

supply these in fertilizers. For example, cereal farming on soils which are copper and 

manganese deficient may require these metal nutrients supplied to the root of the cereal 

plants. With intensive farming for food production, large quantities of fertilizers are 

added to the soil regularly to provide adequate essential nutrients such as sodium, 

potassium, and phosphorous for healthy growth of crop plants (Lasat, 2000). Even 

though these nutrients are not toxic like heavy metals, the compounds used to supply 

the mentioned nutrients contain heavy metals such as cadmium, lead, and mercury in 

small quantities as impurities. With repeated addition to the soil, these heavy metals 

will accumulate to a level which is harmful to organisms, animals, and human beings. 
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4.2.2 PESTICIDES 

Many pesticides used for agricultural purposes contain heavy metals in different 

concentrations. According to Wuana and Okieimen (2011) about 10 percent of 

insecticides and fungicides approved in the UK contain copper, mercury, manganese, 

lead or zinc. While many pesticides containing heavy metals are no longer being used, 

pesticides such as copper containing fungicidal sprays are still in use. Until very 

recently arsenic containing compounds were used in New Zealand and Australia to 

control pests in banana trees and lead containing pesticides were used to control 

parasitic insects in fruit orchards. Copper, chromium and arsenic containing 

compounds were used for many years to preserve timbers. Due to these past uses of 

pesticides, there are many land areas around the world where the heavy metal 

concentration in soil is much higher than the background concentrations (Lasat, 2000). 

The heavy metals are mostly non-biodegradable and reach concentration levels which 

are toxic to the organisms, animals, and human beings.  

4.2.3 BIOSOLIDS AND MANURES 

Using livestock manures, composts and more recently municipal sewage sludge as 

fertilizers causes accumulation of heavy metals such as arsenic, cadmium, chromium, 

copper, lead, mercury, nickel, selenium, and zinc (Basta et al., 2005). Livestock faecal 

matter contains heavy metals that generally come from their feed. Heavy metals found 

in municipal sewage sludge originate from industrial wastewater, chemicals in 

municipal wastewater, runoff water and corrosion with the sewage system. 

Sewage sludge is the waste product of wastewater treatment with the volume of 

sewage sludge increasing due to urbanisation and growing population in those areas. 

The use of sewage sludge for agricultural purposes started in 19th century in Britain 

after a cholera outbreak and due to the “stink” from the River Thames (Snow, 1937). 

It quickly became popular in Europe and in the USA. In many countries, sewage 

sludge is either used as fertilizer or disposed to in land landfills, causing heavy metal 

accumulation in it. For example, in the United States, about 2.8 million dry tonnes of 

sewage sludge used or disposed are applied to soil (Wuana and Okieimen, 2011). In 

Europe more than 30 percent of sewage sludge are used as fertilizers to apply to 
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agricultural lands (Silveira et al., 2003). In Australia much of the 175,000 tonnes of 

dry biosolids produced from sewage sludges are being used as fertilizers to improve 

firm lands (McLaughlin et al., 2000). Even though many developed countries now 

have strict guidelines for treatment of wastewater and control of toxic components in 

sewage sludge used for agriculture, the problem of heavy metal accumulation remains 

an environmental challenge. Manures are generally considered as a safe and valuable 

fertilizer. But copper and zinc are added to the chicken and pig feeds, and the manures 

from those industries contain copper and zinc (Sumner, 2000).  

Biosolids and manures, which contain toxic heavy metals, can leach heavy metals 

downwards through the soil profile under certain circumstances and can contaminated 

water layer. Keller et al. (2002) reported an increased concentration of cadmium, 

nickel, and zinc in the drainage leachates from the agricultural lands where biosolids 

were applied as fertilizers.  

4.2.4 WASTEWATER 

Wastewater is another source of heavy metal in soil, and heavy metals are one of the 

most persistent pollutants in wastewater due to their non-biodegradable and toxic 

nature. In many developing countries, especially in rural areas, it is common practice 

that wastewater is released to the ground without any treatment (Reed et al., 1995). It 

is estimated that over 200 million hectares of agricultural lands worldwide are irrigated 

with wastewater (Wuana and Okieimen, 2011). In many parts of the world, wastewater 

is being used to irrigate farmland without proper treatment to remove harmful 

elements. Even though heavy metals in wastewater are low, repeated use of wastewater 

for irrigation over a long periods of time causes heavy metal accumulation in soil. 

Much of the heavy metal contamination in wastewater are effluent from metal mining, 

metal plating, textile and paper production.   

4.2.5 METAL MINING AND INDUSTRIAL WASTES 

Mining is one of the biggest sources of heavy metals in soils. Disposing of tailings and 

mine and mill wastewater contaminates soils and water bodies and groundwater. 

Mining and milling generate four types of waste; mine waste, tailings, dump heap 
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leach, and acid mine water. These areas are very often highly contaminated with heavy 

metals that cause environmental risks (Basta and Gradwohl, 1998).  

Effluent from electroplating, tannery, paper, and battery industries contribute heavily 

to the contamination of waterbodies, soils, and groundwater. Arsenic, cadmium, 

chromium, copper, iron, lead, mercury, nickel, and zinc are the heavy metals that are 

commonly found in industrial effluents. The problem of disposing of effluents without 

proper treatment to remove toxic heavy metals is worse in developing countries. 

Hussain and Rao (2018) monitored 414 river water quality stations in India and the 

results show that 57 out of 414 were heavily contaminated with at least two or more 

heavy metals exceeding thresholds. While 136 stations were found to have heavy 

metals within the permissible limit for all purposes, 168 stations were found to be 

unsuitable for drinking.  

4.2.6 AIR-BORNE SOURCES 

Heavy metals occur in the air, gas, and vapour emitted from factories as stack and duct 

emissions, and emissions from waste piles. These heavy metals condense as forms of 

oxides, and this can be spread over a wide range of areas with the wind and finally get 

deposited on land and in sea. The resulting deposition of contaminants depends on site 

specific factors such as emission flow and composition, direction, and speed of wind 

and duration of the processing plant. The deposition concentration is generally very 

low, but the continuous operation of plant for many years accumulates contamination 

to measurable and dangerous levels. The fossil fuel industry is a major contributor to 

the heavy metal contamination in gaseous forms and contamination from fossil fuel 

has been continuing on a large scale since the beginning of the industrial revolution. 

Smelting is another major source of heavy metal contamination and plants and soils 

near smelting industries are found to have very high concentration of cadmium, lead 

and zinc (Smith et al., 1995). Another major source of aerial emission of lead is the 

combustion of petrol containing tetraethyl lead. This leads to lead contamination of 

soils in urban areas and lands adjacent to major roads. Zinc and cadmium are heavy 

metals found in the soils adjacent to roads which come from tyres and lubricant oils 

(USEPA, 1996).  
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Fugitive emissions are also a major contributor to heavy metal contamination in urban 

and industrial areas. Dust from loading, unloading and equipment operations, and dust 

carried by wind from material storage areas, landfills and general building ventilation 

are some of the examples of fugitive emissions. The concentrations of heavy metal 

contamination in fugitive emissions are lower than stack emissions, but fugitive 

emissions are released near the ground and the distribution areas are smaller (Smith et 

al., 1995). 

4.2.7 PROCESS SOLID WASTES 

Industrial wastes contain a variety of solid metal-bearing waste materials including 

slags, fumes, moulding sand, fly ash, abrasive wastes, spent catalysts, spent activated 

carbons and refractory bricks. These solid wastes are either dumped above the ground 

in waste piles or dumped in landfills. It is becoming increasingly popular in the 

construction industry to re-use processed solid wastes as road subgrade and fill 

material, but some constituents of solid waste contain leachable levels of heavy metals 

which ultimately cause contamination of soil and ground water (Smith et al., 1995). 

Dry solid wastes are generally accumulated in waste piles and they are easily 

weathered. These heavy metal contamination can be dispersed via wind to the 

surrounding areas contaminating soils and ground water. Dry solid wastes and sludge 

are also commonly disposed in landfills. Depending on the design of a landfill, water 

can infiltrate into the landfill and can pass through the waste materials causing heavy 

metal contaminated leachate contaminating the surrounding soils. 

4.3 RISKS OF HEAVY METALS IN SOIL 

According to USEPA (1996), lead, chromium, arsenic, zinc, cadmium, copper and 

mercury are the most common heavy metals found at contaminated sites. These heavy 

metals are toxic to crops, reduce crop production and cause bioaccumulation 

(accumulation of chemicals in an organism) and biomagnification (increasing 

concentration of chemicals in tissues of organisms successively at higher levels of the 

food chain). Bioavailability (the amount of chemical that is present in an environment 

which can enter living organisms) and transport of heavy metals in soil depend on the 
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chemical form and speciation (formation of new chemical forms) of the metal in soil. 

Heavy metals in soil are absorbed by an initial fast reaction followed by a slow 

absorption reaction and are present in the soil in different chemical forms with varying 

bioavailability, mobility and toxicity (Shiowatana et al., 2001).  

Three heavy metals; copper, lead, and zinc are selected for this research because they 

are among the most common heavy metal contaminants in soil (USEPA, 1996). The 

details of the three metals are discussed below. 

4.4 PROPERTIES OF COPPER, LEAD AND ZINC 

The properties of heavy metals play an important role in how heavy metals affect the 

behaviour of soil. The solubility of heavy metals, how the solubility is affected by pH, 

the valence of cations, and the atomic size are the factors that determine how each 

heavy metal influences the behaviour of soil. There are many metals which are found 

in soil as contaminants. They include arsenic (As), barium (Ba), beryllium (Be), 

cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), silver (Ag), zinc 

(Zn), etc. In this section the three metals; copper, lead, and zinc are described and 

discussed to understand better the effect of the heavy metal contamination on the 

behaviour of soil. 

4.4.1 COPPER 

Copper (Cu) is a reddish-gold coloured ductile and malleable metal with high thermal 

and electrical conductivity. Copper occurs naturally but it is commonly sourced from 

minerals like chalcopyrite and bornite. Copper metal has a density of 63.5 g cm-3. 

Melting and boiling points of 1083 ℃ and 2595 ℃ respectively. The average 

concentration of copper in earth’s crustal rocks is 55 mg kg-1 (Davies and Jones, 1988). 

The properties of copper are summarized in Table 4-1. 

The most important sources of copper are chalcocite (Cu2S), chalcopyrite (CuFeS2) 

and malachite [CuCO3.Cu(OH)2]. Due to its extremely good conductivity of heat and 

electricity, copper is used in electrical equipment for wiring and as connectors. It is 

also commonly found in boat propellers, saucepan bottoms, car radiators, water tanks, 
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underfloor heating, and in agricultural products such as fungicides, algicides and 

nutritional supplements. Due to its antibacterial properties, copper and copper alloys 

are widely used for plumbing and food preparation. Copper is also used in 

contraceptive devices which release copper for contraceptive effects (Barceloux, 

1999). Bronze, brass, cupronickel, and sterling silver are copper alloys which have 

specific properties for important and specific needs.  

Copper is an important micronutrient necessary for both plant and animal growth. 

However, in higher concentrations it can cause anaemia, problems in liver, kidney, 

stomach, and intestine in human, and negative effects on crop growth and yield. 

Ionic copper in soil can cause changes in soil behaviour by altering the soil 

microstructure which is caused by adsorption and cation exchange in the soil. Previous 

investigations on metal adsorption in soil and cation exchange is discussed in section 

4.5. 

4.4.2 LEAD 

Lead (Pb) is a very soft and malleable metal which can be cast, rolled, and extruded. 

Lead has a high density of 11.4 g cm-3 and relatively low melting point (327.4 ℃) for 

a metal. The boiling point of lead is 1725 ℃. Lead is the fifth most produced metal in 

the world. It is mostly used for the manufacture of lead storage batteries. In general, 

lead has a background concentration of 10-30 mg kg-1 in crustal rocks and 32 mg kg-1 

in surface soil (Davies and Jones, 1988). The properties of lead are summarised in 

Table 4-2. 

Lead is toxic to humans and animals as the metal accumulation in organs can cause 

poisoning and could be fatal. For example, it can cause decreased reaction time, loss 

of memory, nausea, insomnia, anorexia and joint problems. Exposure of children to 

lead can affect their growth and development, lower IQ, shortened attention span, 

hyperactivity, mental deterioration among others (NSC, 2009).  

Lead contamination of land, surface and ground water are generally caused by metal 

smelting and processing, manufacturing of lead batteries, pigments and chemicals. 
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Most common forms of lead contaminants include lead metal, lead oxides and 

hydroxides and lead oxy anion complexes. The most prevalent oxidation state for lead 

is Lead (II) or Pb2+. Lead (II) forms mononuclear and polynuclear oxides and 

corresponding hydrates and hydroxides.  

The behaviour of lead in soil depends on adsorption, ion exchange, precipitation, and 

complexation to organic matter in soil. When lead contaminants enter the ground, most 

lead ions are adsorbed and retained by soil minerals and very little move into surface 

water or groundwater. Lead forms stable complexes with both organic ligands such as 

humic and fulvic acids and with inorganic ligands such as chloride ion (Cl-) and 

carbonate ion (CO3
2-) in soil (Cerundolo et al., 1988). Carbonates, sulphates, sulphides 

and phosphates readily react with soluble lead to form complexes which are low 

soluble. Ionic lead in soil can cause changes in soil behaviour by altering soil 

microstructure which is caused by adsorption and cation exchange in the soil. Previous 

researches on lead and other metals in soil are discussed in section 4.5. 

4.4.3 ZINC 

Zinc (Zn) is a bluish-white colour metal which is ductile and malleable when heated. 

Zinc occurs naturally in compound forms such as zinc sphalerite [Zn, Fe(S)], zinc 

sulphide (ZnS), and marmatite (ZnS with iron) and it is extracted by heating to form 

zinc oxide (ZnO). Zinc has an atomic weight of 65.4 and a density of 7.14 g cm-3. The 

melting point of zinc is 419.5 ℃ and it has a boiling point of 419.5 ℃. The average 

background concentration of zinc is 70 mg kg-1 (Davies and Jones, 1988). The 

properties of lead are summarized in Table 4-3. 

Zinc occurs naturally in soil, but the concentration in the soil in the industrial areas has 

been rising due to anthropogenic activities such as mining, coal, waste combustion and 

steel processing. Zinc is most commonly used as a corrosion resistant protective 

coating for other metals.  But it is widely used in alloys and in electrical components. 

Zinc salts are also widely used in pharmaceutical industry as a solubilising agent in 

drugs such as insulin. Zinc is important in making the castings of zinc-carbon dry cell 

batteries, as sacrificial anodes and zinc as dust form is used in priming compounds, 

paints, alkaline dry cell batteries and processing of metals (Smith et al., 1995). 
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Zinc is an essential element for plants, animals and humans. Many foods contain a 

certain level of zinc which is good for human health. However, increased 

concentration of zinc in the environment due to waste and emissions from industries 

and wastewater waters can cause health problems. Zinc also affects the soils by 

affecting the micro-organism and earth worms decreasing the breakdown of organic 

matter in soil. 

Zinc enters into the environment as contaminant in both suspended and dissolved 

forms. Dissolved zinc in the form of zinc ion or complexes containing zinc ion can be 

adsorbed into soil depending on adsorption and ion exchange in soil. The soil 

behaviour can be affected by ionic zinc by altering soil microstructure due to 

adsorption and cation exchange in the soil. Metal adsorption in soil and cation 

exchange will be discussed in section 4.5. 

4.4.4 SOLUBILITY AND RETENTION OF COPPER, LEAD AND ZINC IN SOILS 

Due to the increased concentration of metals in soils, researchers have been 

investigating the chemistry of metals in soils (Torrance, 1975, Kerndorff and 

Schnitzer, 1980, Sposito, 1984, Rosenqvist, 1984, Crawford et al., 1993, Martinez, 

1995, Ma and Rao, 1997, Anson and Hawkins, 1998, Abollino et al., 2003, 

Cardellicchio et al., 2006, Rennert et al., 2017, Dutta and Mishra, 2017). Clay particles 

are usually negatively charged on their surfaces and, in general, soil has a high capacity 

to retain the metal ions due to low solubility of metal ions in soil. However, the 

retention and solubility are affected by the soil parameters such as pH, concentration 

of metals, soil cation exchange capacity, organic matter content and mineralogy of soil 

(Martínez and Motto, 2000).  

It is found that the soil pH has the most significant effect on the solubility or retention 

of metals. At higher pH, soil shows higher retention and lower solubility of metals 

(Basta et al., 1993, Cavallaro and McBride, 1984). Martinez (1995) found that the 

solubility of lead, cadmium, zinc and copper in soils increased with decrease in pH as 

shown in Figure 4-2, and it was true for most soils. Metals in acidic soils easily dissolve 

and become available while in calcareous soils, the solubility of metal is low. Metal 

solubility also depends on the age of the metals in the soil. The investigation carried 
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out by Martinez (1995) reported that the metals newly added to soil were more soluble 

than the metals in the original soil. The adsorption behaviour of acidic soils and 

alkaline soils did not follow the same pattern. Saeed and Fox (1977) observed a linear 

relationship between pH in the solution and zinc solubility for acidic soils, but a non-

linear relationship for alkaline soils. 

Mineralogy also plays a significant role in metal solubility and retention. The higher 

the clay fraction is, the higher the capacity of soil to adsorb and retain metal ions and 

less soluble they become (Cavallaro and McBride, 1984).  

The organic matter content of a clay also influences the solubility and retention of 

heavy metal ions. Organic matter adsorbs heavy metal ions to form inner sphere 

complex with heavy metal ions (Cavallaro and McBride, 1984), however this reaction 

is highly depended on the pH of the soil because of hydrolysis of the metal ions and 

the weak acid nature of the exchange sites in organic matter. Hence, the CEC of soils 

with high organic matter content is very high, but the solubility is low. 

Garcia-Miragaya (1984) investigated the solubility of lead in roadside soils of Caracas, 

Venezuela and reported that less than 0.7% of lead was in exchangeable forms. Non-

exchangeable forms of lead were mainly associated with organic and residual fractions 

in some soils and bound to inorganic sites in other soils. The same study found that 

the solubility of lead was low at higher pH (Figure 4-3) and there was a direct 

relationship between total exchangeable lead ions and solubility. The lead ion 

exchange mechanism was stronger than other heavy metal ions which cause low 

solubility, low mobility and low availability of lead ions in soil. Garcia-Miragaya 

(1984) also found a direct relationship between lead concentration and solubility for 

the three soils, especially when pH values were higher than 4. The three soils tested 

did not have significant differences in physical, chemical, and mineralogical 

properties. The conclusion from that study was that the soils with higher total 

exchangeable lead ions had more water-soluble lead ions. The explanation for the 

direct link between lead content and solubility is that lead is probably adsorbed by the 

soil surface by more than one sorption mechanisms where the soluble lead ions in soil 

are likely to be attached to the soil surface with weaker electrostatic bonding. 
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4.5 PREVIOUS RESEARCHES ON THE EFFECT OF METAL IONS ON CLAY 
PROPERTIES 

The effects of leachate composition such as acidity and organic matter on the 

properties of expansive clays such as bentonite have been researched mostly in the last 

25 years by many (Dutta and Mishra, 2016, Dutta and Mishra, 2017, Liu et al., 2011, 

Ouhadi et al., 2006). Bentonite has been a focus of many studies as it is widely used 

as clay liner because of its properties such as expansion capacity, adsorption capacity 

of toxic metal ions, which are crucial to contain and remove toxic heavy metals in the 

environment.  

Previous studies have found that adding metal ions decreased the liquid limits and 

plasticity indices of soils. Di Maio (1996b) reported that the addition of alkali metals 

such as sodium, potassium and calcium ions to bentonite decreased its liquid limit and 

plasticity index of bentonite. Moreover, Ouhadi et al. (2006) reported that the addition 

of heavy metals to bentonite decreased the liquid limit and plasticity index of 

bentonite.  

Ouhadi et al. (2006) also investigated the effect of contamination on the consolidation 

behaviour of bentonite samples and found that the samples with a higher concentration 

of heavy metals had less compressibility (Figure 4-4). This was most likely because 

more flocculation occurred in clay with heavy metal ions. The interaction of metal ions 

with soil is dependent on the pH of the pore-fluid, which is affected by the pore-fluid 

metal ion concentration (Yong, 2000). Generally, the addition of heavy metal ions 

decreases the pH of the solution. This is due to the release of H+ ions from soil surface 

where H+ ions are exchanged by heavy metal ions (Sposito, 1984).  

Dutta and Mishra (2016) investigated the influence of heavy metals present in 

leachates on the behaviour of two different bentonites, bentonite-A which had  59% 

montmorillonite and liquid limit of 218%, and bentonite-B which had 78% 

montmorillonite and a  liquid limit of 560%,  with zinc, lead and copper ions dissolved 

in water at the concentrations of 100 parts per million (ppm) and 1000 ppm as 

leachates. The study found that the liquid limit, plastic limit, swelling capacity, and 

time taken for primary swelling of the bentonite all decrease with the increase in 
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concentration of heavy metal ions (Figure 4-5 - Figure 4-9), whereas the hydraulic 

conductivity of bentonite increases with the concentration. Dutta and Mishra (2016) 

argued that the ion concentration and pH values were the most important factors to 

determine the effect of heavy metal ions on the properties of bentonite.  

Dutta and Mishra (2017) studied the effect of heavy metal contaminants on the 

consolidation behaviour of two types of bentonites using one dimensional compression 

tests. This study was an extension of Dutta and Mishra (2016) and the same heavy 

metal ion types and concentrations were used for investigation. However, instead of 

mixing heavy metals to get a concentration of heavy metals per unit weight of dry soil, 

the researchers prepared samples at the optimum moisture content (OMC) and 

compacted the samples to their maximum dry density (MDD) and allowed the samples 

to expand in an oedometer ring and in a bath of a metal ion solution under 4.9 kPa 

vertical load before the compression tests were carried out. While the results have had 

the expected correlations with the metal ion concentration, how much of the heavy 

metals cations were absorbed/diffused into the sample was not measured in Dutta and 

Mishra (2016) and Dutta and Mishra (2017). 

The results from Dutta and Mishra (2017) also reported that at any given consolidation 

pressure, the void ratio of samples mixed with heavy metal was lower than that of 

samples without heavy metal (Figure 4-10).  The compression index (!!) decreased 

with the increase in the concentration of heavy metal ions (Figure 4-11), whereas the 

coefficient of consolidation (!#) increased with the concentration (Figure 4-12). Dutta 

and Mishra (2017) argued that soil parameters such as !!, !#, 1# and time taken for 

consolidation did not depend only on the concentration, but the type of metal ions, 

mineralogy of the soil and overburden pressure. This corroborates results by several 

previous researches (Saeed and Fox, 1977, Cavallaro and McBride, 1984, Basta et al., 

1993, Martinez, 1995, Martínez and Motto, 2000) that have reported that soil pH and 

soil mineralogy were the two most important factors which would determine the effect 

of heavy metals on the behaviour of soil. 

Liu et al. (2011) investigated the behaviour of heavy metal contaminated kaolin from 

Xuzhou of China. The soil had a liquid limit of 32% and plastic limit of 23%, relatively 
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low for most commonly available kaolin, and 14.5% organic content which would 

have had significant influence on the properties of the kaolin. The research was carried 

out on lead, zinc and copper contaminated kaolin samples with controlled initial dry 

density and initial water content, and prepared through static compaction.  The 

contaminated kaolin samples were prepared by adding heavy metal to the soil as 

weight per unit dry weight of kaolin. The results presented in Liu et al. (2011) show 

that the curing time had significant impact on the expansion (swelling) strain of heavy 

metal contaminated kaolin where the expansion strain decreased by the heavy metals 

in the 7 days cured samples (Figure 4-13). In 45 days cured samples, the expansion 

strain increased with increase in contamination concentration (Figure 4-14). The 

expansion strain of heavy metal contaminated kaolin is higher for 45 days cured 

samples than 7 days cured samples at 1600 ppm concentration. The unconfined 

compressive strength (UCS) of lead contaminated kaolin sample decreased linearly 

with the increase in contaminant concentration, but copper and zinc contaminated 

samples exhibited a different behaviour. While UCS of both copper and zinc 

contaminated samples decreased initially with low contaminant concentrations, UCS 

of zinc contaminated sample remained steady after 500 ppm concentration, the UCS 

of copper contaminated sample exhibited a linear relationship with contaminant 

concentration above 400 ppm concentration (Figure 4-15). Liu et al. (2011) also found 

that when the conductive contaminants are added to the kaolin, the electrical resistivity 

of the samples decreased (Figure 4-16 ). The compression index of heavy metal 

contaminated kaolin samples increased at very low concentration (< 300 ppm for Pb, 

<400 ppm for Cu and <500 ppm for Zn), but then compression index decreased with 

increase in contamination concentration except for Pb contaminated sample, where 

compression index increased again after 500 ppm Pb concentration (Figure 4-17). Out 

of three heavy metals tested, lead and copper caused a significant increase in UCS 

values when cured longer, whereas the effect of zinc remained the same irrespective 

of cured time (Figure 4-18). This phenomenon is not be same for all clays but depend 

on the mineralogy of the clay. High organic content of the clay must have influenced  

the UCS results, but it was not investigated.  
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4.6 SUMMARY  

The pore-fluid composition of soil affects how it behaves. Heavy metals are present in 

soils as trace metals, but anthropogenic activities such as releasing waste containing 

heavy metal contaminants cause the concentration of these metals in soil to increase. 

When the composition of a pore-fluid is altered, the mechanical behaviour of soil is 

also altered. Soil interacts with metal ions through adsorption and cation exchange, 

causing the structure of the soil to change. Osmosis and diffusion of minerals in soils 

also affect the behaviour of the soil and was discussed in chapter 3. The importance of 

mineralogy, pH, ion concentration and curing time were highlighted and how they 

influence for example the unconfined compression strength or compressibility. This 

chapter has, however, also highlighted that the investigations of the effect of heavy 

metal contaminants are few and disconnected, and that other soil mechanical 

properties, e.g. the stress-strain behaviour in shearing have not been studied. In 

addition, there is a lack of studies on real soils other than pure, commercially available 

clays. 

The industrial booms in many countries in the 20th century left vast areas 

contaminated with pollutants and contaminants including hazardous heavy metal 

contamination. With the scarcity of land and ever-increasing need for new land for 

urbanization, it has become vitally important to rehabilitate these contaminated areas 

without shifting the contamination to other areas and with minimum resources. 

Understanding how mechanical properties of soils are affected by these contaminants 

is crucial to engineer solutions for the use of the contaminated lands. 

 



 101 

Table 4-1: Properties of copper. Modified after Davies and Jones (1988) 

Atomic Number 29 

Atomic Weight 63.5 

Density 8.96 g cm-3 

Melting Point 1083 ℃ 

Boiling Point 2595 ℃ 

Average density in crustal rocks 8.1 x 103 kg m-3 

Average concentration in crustal rocks 55 mg kg-1 

Average concentration in surface soil 
(Oorts, 2013) 

60 mg kg-1 

Table 4-2: Properties of lead. Modified after Davies and Jones (1988) 

Atomic Number 82 

Atomic Weight 207.2 

Density 11.4 g cm-3 

Melting Point 327.4 ℃ 

Boiling Point 1725 ℃ 

Average concentration in crustal rocks 10-30 mg kg-1 

Average concentration in surface soil 
(Steinnes, 2013) 

32 mg kg-1 

Table 4-3: Properties of zinc. Modified after Davies and Jones (1988) 

Atomic Number 30 

Atomic Weight 65.4 

Density 7.14 g cm-3 

Melting Point 419.5 ℃ 

Boiling Point 906 ℃ 

Average concentration in crustal rocks 70 mg kg-1 

Average concentration in surface soil 
(Mertens and Smolders, 2013) 

55 mg kg-1 
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Figure 4-1: Proportion of contaminants in soils and ground water in contaminated areas in 
Europe based on information provided by 27 European countries, compiled by EU’s Joint 
Research Centre (JRC) (Science Communication Unit, 2013) 

  
Figure 4-2: Effect of soil pH on the solubility of Pb, Zn, and Cu (Martínez and Motto, 2000) 
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Figure 4-3: Lead solubility for roadside soils of heavily travelled areas of Caracas, Venezuela 
studied along with solubility of pure lead compound (Garcia-Miragaya, 1984) 

 
Figure 4-4: Normalized plots for consolidation of bentonite with different concentrations of 
Zn2+ (Ouhadi et al., 2006) 
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Figure 4-5: Plastic limits of Bentonite-A (59% montmorillonite) and Bentonite-B (78% 
montmorillonite) in the presence of heavy metals (Dutta and Mishra, 2016) 

 
Figure 4-6: Liquid limits of Bentonite-A (59% montmorillonite) and Bentonite-B (78% 
montmorillonite) in the presence of heavy metals (Dutta and Mishra, 2016) 
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Figure 4-7: Free swelling of Bentonite-A (59% montmorillonite) and Bentonite-B (78% 
montmorillonite) in the presence of heavy metals (Dutta and Mishra, 2016) 

 
Figure 4-8: Effect of heavy metal concentrations on swelling pressure of Bentonite-A (59% 
montmorillonite) and Bentonite-B (78% montmorillonite) at different compaction conditions 
(Dutta and Mishra, 2016) 
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Figure 4-9: Swelling potential of Bentonite-A (59% montmorillonite) and Bentonite-B (78% 
montmorillonite) at different compaction conditions for various concentrations of Pb2+, Zn2+, 
and Cu2+ solution (Dutta and Mishra, 2016) 

 
Figure 4-10: Void ratio–pressure relationship for Bentonites A (59% montmorillonite) and 
Bentonite-B (78% montmorillonite) at 100 mg/L concentration of heavy-metal contaminants 
(Dutta and Mishra, 2017) 
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Figure 4-11: Compression index of Bentonites A (59% montmorillonite) and Bentonite-B 
(78% montmorillonite) at different concentrations of zinc, copper, and lead solutions (Dutta 
and Mishra, 2017) 

 
Figure 4-12: Coefficient of consolidation and consolidation pressures of Bentonites A (59% 
montmorillonite) and Bentonite-B (78% montmorillonite) at 1,000 mg/L concentration of 
heavy-metal contaminants (Dutta and Mishra, 2017) 
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Figure 4-13: One-dimensional swelling for heavy metal contaminated kaolinite after 7 days 
curing (Liu et al., 2011) 

 
Figure 4-14: One-dimensional swelling for contaminated kaolinite after 45 days curing (Liu et 
al., 2011) 
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Figure 4-15: Effect of concentration of heavy metal contamination on UCS of kaolinite (Liu 
et al., 2011) 

 
Figure 4-16: Effect of concentration of heavy metal contamination on electrical resistivity (Liu 
et al., 2011) 
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Figure 4-17: Effect of the concentration of heavy metal contamination on Cc of kaolinite (Liu 
et al., 2011) 

 
Figure 4-18: Effect of curing time on unconfined compressive strength of contaminated 
kaolinite (reconstructed after Liu et. al, 2011) 
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5 MATERIALS, APPARATUSES, 
PREPARATION AND PROCEDURES 

5.1 INTRODUCTION 

The details of materials, apparatuses, and sample preparation for the laboratory tests 

to achieve the objectives of the research are included in this chapter. The testing 

programme includes plasticity index tests, microstructural analysis, mechanical tests, 

and physical tests such as pH and electrical conductivity. Mechanical tests include 

oedometric compression tests to determine the consolidation properties, and triaxial 

tests to determine isotropic compression and shear strength behaviours. 

Microstructural analysis includes scanning electron microscope (SEM) and X-ray 

diffraction (XRD). All the materials tested were in reconstituted state. The 

contaminants were purchased in powder form. 

The tests were carried out on two reconstituted natural clays; Lucera clay and 

submarine sediments from the port of Taranto, and two commercially available 

artificial clays; kaolin and sodium bentonite. A clay mixture containing 50% kaolin 

and 50% bentonite was also investigated to understand how the content of bentonite 

in a clay changes the behaviour of the clay. Three heavy metals chosen for the research 

are copper (Cu), lead (Pb) and zinc (Zn). As the heavy metal ions need to be freely 

available for interaction between clay and cations, highly soluble compounds were 

chosen in the form of heavy metal nitrates. Heavy metals were added separately as 

singular cations, and mixed as binary and ternary heavy metal cations to observe if 

there was a combined effect of heavy metal cations  
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The amounts of the two natural clays, Lucera clay and submarine clayey sediments 

from the port of Taranto were limited, hence a limited and selective number of tests 

were carried out on them. Since the Lucera clay tested in this research is from the same 

clay block that was used by Guglielmi (2018), results from that particular research will 

be referenced in the results and discussion of this research. 

In the following sections, the general properties of the clayey soils that were 

investigated, the heavy metal contaminants, and the preparation of soil sample, 

description of apparatuses and procedures of each test are detailed. It should be 

emphasized here that the risk assessment for this research project was very complex 

and being the first of this kind in the department the whole procedure had to be 

elaborated from nothing. As a result, the sample preparation had to be shared between 

the Soil Mechanics laboratory and the Environmental laboratory, following strict 

procedure and wearing appropriate protection equipment (mask, gloves etc.). 

5.2 SOILS INVESTIGATED 

5.2.1 LUCERA CLAY 

Lucera clay is a stiff, and silty natural clay which is a part of the sub-Apennine blue 

clay formation (Figure 5-1). It is a smectite-illite rich clay from the hilly slopes of the 

town of Lucera in Northern Apulia of Italy. Lucera clay is from the lower succession 

of the sub-Apennine blue clays. The area has been extensively quarried in the last 

century, causing a significant change in the morphology of the clay in the excavated 

areas. 

While there is not much information available on Lucera clay, another sub-Apennine 

clay from the same region has been widely studied. According to Cotecchia and 

Chandler (1995) the sedimentation of Pappadai clay, a sub-Apennine blue clay from 

Pappadai, Southern Italy occurred 1.3 million years ago during the early Pleistocene 

in the sea with a reducing condition (where lack of oxygen causes change of texture 

and colour) at the seabed.  It is likely that the sub-Apennine blue clay deposited at 

different locations may have had different sedimentations depending on the turbulence 

of the area when it was sea. Diagenesis took place in the clay and then unloading due 
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to erosion caused over consolidation of the clay. The upper layer of Pappadai clay has 

been affected by the weathering where cycles of deep drying and swelling caused 

changes in the clay structure and properties while also change in colour due to 

oxidation of iron minerals (Cafaro and Cotecchia, 2001). The oxidation of clays 

underneath the top layer takes a very long time to develop, whereas shrinkage-swelling 

cycles take place at a much faster rate, which is why grey clays are found immediately 

below the oxidised yellow layer.  

A previous investigation by Cotecchia and Chandler (1995) on sub-Apennine blue clay 

had shown a varying clay fraction between 42% and 56%, and containing mainly illite 

with a significant content of smectite and kaolinite. The clay also had high carbonate 

content linked to the presence of coarse calcareous fraction. No significant difference 

in plasticity index was found between grey clay  and oxidised yellow clay. The grey 

clay was saturated with positive pore-water pressure. The oedometer tests carried out 

on the clay samples had shown coefficient of permeability to be about 10-11 m/s. 

The fabric of the clay varies from location to location. Cotecchia and Chandler (1997) 

found the clay from Pappadai Valley (site P in Figure 5-2) to be laminated with coarse 

materials in the lamination to be nannofossils with a relatively high void ratio of 0.88, 

even though the clay was stiff. The clay has flocculated aggregates with high porosity 

and the fabric being closely packed stacks of domains with particles in face-to-face 

contact. Cafaro and Cotecchia (2001) investigated the clay from north western edge of 

Montemesola Basin (Site B in Figure 5-2) and confirmed the fabric of the grey clay 

had compacted bookhouse type of fabric. But the clay from site B was more compacted 

and less oriented than the sample from site P. A research on Lucera clay by Lollino et 

al. (2011) has shown that the clay has a clay fraction (CF) of 40.8% and a plasticity 

index (PI) of 24.3%. The mean values of index properties and mechanical properties 

are given in Table 5-1. 

Lucera clay used in this research was taken from the active Fiamma quarry (Figure 

5-3) about 150 meters above sea level (m.a.s.l). The clay was initially used by 

Guglielmi (2018) for her PhD research and specimens from the same clay samples 

were used for this research. As summarised in Table 5-2, the Lucera clay samples had 
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a clay fraction between 42.8% and 48.5%, an average plasticity index (PI) of 25 

percent, and an average natural void ratio of 0.442. The main clay minerals were 

illite/smectite, kaolinite, illite, and chlorite. The percentage of clay minerals within the 

clay fraction were found to be 77% as mixed layers of illite/smectite (with 40-45% as 

illite content in the mixed-layers), 8% as illite, 9% as kaolinite and 6% as chlorite 

(Table 5-3). A schematic diagram of mixed-layer of illite and smectite is shown in 

Figure 5-4. The clay used in this research to investigate effects of heavy metal 

contaminants on clay properties was from block 2 (L1). However, the index properties 

and mechanical properties were tested again on reconstituted Lucera clay with and 

without heavy metal contaminants to allow a rigorous comparison. The granulometry 

of the Lucera is given in Figure 5-5. 

Reconstituted Lucera clay was used for the investigation of effects of contaminants 

because intact samples of natural clays have varying levels of structure in it and the 

structure of the clay can have significant influence on the mechanical behaviour of 

soil. Therefore, using reconstituted clays will eliminate the effect of structure while 

assessing the effect of pore-fluid on the intrinsic mechanical behaviour of soil. 

5.2.2 SUBMARINE SEDIMENTS FROM THE PORT OF TARANTO 

As highlighted in the background of this research, investigation on contaminated 

sediments from Mar Piccolo, Taranto, Italy has been an inspiration for this research. 

Hence un-contaminated submarine sediments from the port of Taranto, which is 

outside of Mar Piccolo as shown in the Figure 5-6, were tested to investigate the effect 

of heavy metal contamination on submarine clayey soil. In this research submarine 

sediment from the port of Taranto, Italy was used since the submarine sediment from 

the port of Taranto is not contaminated but is similar to the mineralogy of the 

contaminated submarine sediments from Mar Piccolo.  

The XRD tests carried out for the current research looked into the mineralogy of 

submarine sediments along with Lucera clay. The identification and estimation of 

minerals from the samples was complex. The search-match program was utilised in 

order to identify and estimate the minerals. A summary of mineralogy of both 

submarine sediments and Lucera clay are given in Table 5-4. As for the Lucera clay 
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the estimation from XRD for current research gave a different set of measurements 

than the measurements given by Guglielmi (2018) even though Lucera clay from the 

same Fiamma quarry was used for both researches. Guglielmi (2018) did more detailed 

identification for bulk composition and for clay fraction by separating bulk and clay 

fraction and carrying out XRD on two fractions separately (Table 5-3) and those values 

are considered to be more precise measurements of the composition of Lucera clay. 

However, the mineralogical composition of Lucera clay and submarine sediments 

obtained for the current research showed that both clays were similar in mineralogical 

composition.  

The submarine sediment from the port of Taranto was previously researched by Vitone 

et al. (2016) who described the submarine sediment as made up of sub-Apennine clays, 

also known as blue clay. The sediment had 20%-35% carbonate content and the highest 

proportion of the sediment was illite, followed by chlorite, montmorillonite, and 

kaolinite. It had an organic content of 2.2% for the shallow samples and only 1% for 

the deeper samples. The clay fraction (CF) varied from sample to sample between 25% 

and 50%. The silt fraction was between 30% and 70% (Figure 5-7) and the clayey 

sediment was classified as medium to high plasticity clay. The composition plasticity 

properties untreated sediments are summarised in Table 5-5. 

5.2.3 KAOLIN 

Kaolin was sourced from ACROS Organic (UK). It was light beige in colour and was 

in an unctuous powder form. It consisted of 75% kaolinite, 12% muscovite, 7% quartz 

and 6% other diversified minerals. The main chemical components in kaolin were SiO2 

(50%) and Al2O3 (33%).  

Kaolinite, which is the main mineral constituent of commercial kaolin, has 1:1 clay 

mineral structure composed of silica tetrahedral layer bonded to an aluminium 

octahedral sheet (Figure 5-8). The two surfaces of kaolinite are formed by different 

ions, oxide ions belonging to tetrahedral layer, and hydroxyl ions belonging to the 

octahedral sheet (Figure 5-9). The units are held together by hydrogen bonding which 

does not leave any interlayer regions. This arrangement gives kaolinite a fixed lattice 

structure. That is why water and other chemicals cannot enter easily between the units 
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to affect the compressibility of kaolinite. It also ensures there is little if any isomorphic 

substitution or cation exchange in kaolinite. Soils with high content of kaolinite, 

therefore, do not show significant swelling or shrinkage on wetting or drying (Brigatti 

et al., 2006). 

The kaolin had a pH of 6.5 and is insoluble in water as well as in alcohol, dilute acids, 

and alkali solutions. While the loss on drying was less than 1%, the loss on ignition 

was over 10%. The clay had a surface area of 12 m2/g. The liquid limit of the kaolin 

was 58% by cone penetration and the plastic limit was 48% when tested with de-

ionised water. The mineralogy, chemical components, and properties of kaolin are 

summarized in the Table 5-6. The particle size distribution of kaolin measured for the 

current research is given in Figure 5-10. 

5.2.4 SODIUM BENTONITE 

Bentonite is a naturally occurring clay consisting of a very high percentage of 

montmorillonite with varying amounts of other minerals such as quartz and feldspar. 

Bentonite is a product of weathering of volcanic ash. There are three main types of 

bentonites; sodium bentonite, potassium bentonite, and calcium bentonite (Brigatti et 

al., 2006).  Sodium bentonite was used for this research. 

Montmorillonite is the main component of bentonite clay. Montmorillonite is a 

dioctahedral clay mineral belonging to 2:1 clay mineral group. A schematic diagram 

of the structure of montmorillonite is given in Figure 5-11 and atomic structure is given 

in Figure 5-12. It has a general formula of Si8Al4O20(OH)4.nH2O. The theoretical 

composition of montmorillonite without interlayer material is SiO2 (66.7%), Al2O3, 

(28.3%) and H2O (5%). Montmorillonite undergoes extensive isomorphous 

substitution for silicon and aluminium cations by other cations. The cation exchange 

causes change in electrostatic charge on clay particles. The interlayer bonding is by 

van der Waals forces and weak bonding created by cations. Montmorillonite clay is 

very expansive due to interlayer swelling. Sodium montmorillonite is formed when the 

charge deficiency is balanced by sodium ions and water, and it has one water layer in 

the interlayer position. The basal spacing of sodium montmorillonite is 12.2 Å. Sodium 

montmorillonite is made up of very small thin flakes and they give the clay very high 
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surface area of about 150-200 m2/g. The high sorptivity of sodium montmorillonite is 

due to this high surface area of clay particles (Murray, 2007). 

Sodium bentonite has a very high swelling capacity (10-15 times) when mixed in 

water. The properties of sodium montmorillonite, especially swelling capacity and 

very fine particle size give it the ability to form almost impermeable membranes to the 

movement of water. That is why it is widely used as a sealant for use to line irrigation 

ditches and landfills, and as a sealant to prevent fluid loss when drilling oil and gas 

wells. However, the swelling capacity is significantly affected by the cations present 

in water. That is why it is hugely important to understand how the mechanical 

properties of sodium bentonite change when it gets contaminated with heavy metals 

and other inorganic and organic contaminants.  

The commercial sodium bentonite used in this research was sourced from ACROS 

Organics (UK) and contained greater than 95% montmorillonite in the clay. The pH 

of bentonite was found to be 8.9. The particle size distribution measured for the current 

research is given in Figure 5-13. 

5.3 HEAVY METAL CONTAMINANTS 

Many heavy metals are found in contaminated soils and for the purpose of this 

investigation, 3 heavy metals; copper, lead and zinc were chosen. The primary interest 

was to investigate the effect of the 3 chosen heavy metal contaminants on the 

behaviour and properties of the clays. However, investigating the combined effect of 

heavy metals was important. Hence, the effects of binary and ternary contaminants 

were also investigated.  

Even though the intention was to investigate the effect of heavy metal cations, heavy 

metal cations were not available in pure forms, rather they were available in compound 

forms. That is why highly soluble heavy metal salts were used and the concentrations 

were based on the weight of heavy metal ions in the compound. Instead of using pore-

fluid concentration of weight of heavy metal ions per unit volume/weight of water, the 

concentrations were calculated based on weight of heavy metal ions per dry unit 

weight of soil. There were two reasons for the use of concentration based on dry unit 
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weight of soil. First, the moisture content of soil may vary throughout the year 

depending on the weather conditions. Second, as discussed by Bouazza et al. (2007), 

the concentration of cations in pore-fluid may not represent the mass of the cations in 

the soil due to solubility of ions in soil. Adsorption and cation exchange are the two 

main forms of ionic interactions with the soil. In the case of cation exchange, the 

interaction between soil particles and cations are permanent until it is replaced by a 

cation with higher positive valency. However, the cations attracted to the surface by 

forming van der Waals forces of attraction to form diffused double layer can be found 

in pore-fluid. That is why it was important to use mass of metal ions in relation to the 

dry weight of soil, instead of pore-fluid concentration. This was particularly important 

for Atterberg limit tests as adding a solution prepared at a particular ionic 

concentration to carry out test would have introduced more cations, changing the 

actual cation to dry soil ratio (concentration). Hence, mass of cation per unit weight of 

dry soil (in the form of ppm) was used for this research. 

The chemical compounds that are chosen are explained below. All three compounds 

were purchased from Fisher Scientific (UK).  

5.3.1 COPPER(II) NITRATE, TRIHYDRATE 

Copper(II) nitrate, trihydrate (Cu(NO3)2.3H2O) is a blue colour solid with a solubility 

of 267 gram per 100 ml of water. It has a pH of 4 (in 2 Molar aqueous solution). The 

molecular weight of Cu(NO3)2.3H2O is 241.5. It is a reactive hazard and should avoid 

excess heat, cyanides, acid hydrides, strong reducing agents, and combustible 

materials when handling and using the chemical. This chemical was chosen because 

nitrates are very soluble in water and it would give the required concentration of heavy 

metal cations to test the effect of heavy metal ions on the behaviour of soil.  

5.3.2 LEAD (II) NITRATE 

Lead(II) nitrate (Pb(NO3)2) is a white colour solid with a solubility of 63.4 gram per 

100 ml of water. It has a pH of 3-4 (in 20% aqueous solution). The molecular weight 

of Pb(NO3)2 is 331.2. It is a reactive hazard and should avoid any contact with 
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combustible or organic material which may cause fire. Similar to the copper(II) 

nitrates, the chemical was chosen because lead(II) nitrate is very soluble in water.   

5.3.3 ZINC(II) NITRATE, HEXAHYDRATE 

Zinc(II) nitrate, hexahydrate (Zn(NO3)2.6H2O) is a blue colour, odourless solid with a 

solubility of 138 grams per 100 ml of water. It has a pH of 5.1 (in 5% aqueous 

solution). The molecular weight of Zn(NO3)2.6H2O is 297.38. It is a reactive hazard to 

any contact with combustible material or organic material which may cause fire. The 

chemical was chosen because it is very soluble in water and it would be easy to 

dissolve the required amount of the chemical in a small amount of water. 

5.3.4 SODIUM CHLORIDE 

Sodium chloride (NaCl) is an alkali metal salt which is commonly used as 

table/cooking salt. It is a white colour odourless salt which is slightly alkaline in 

aqueous solution. The molecular weight of NaCl is 58.44 and has a solubility of 36.4 

grams per 100 ml of water. NaCl was used in the research to investigate the behaviour 

of clay in marine environment and how the heavy metal interaction with soil changes 

in salty environments. 

5.4 PARTICLE SIZE DISTRIBUTION 

The particle size distribution describes the proportions of soil particles by dry mass of 

the soil over the particle size ranges. Particle size distribution is widely used to classify 

soils for engineering purposes. The particle sizes of a soil determine how permeable a 

soil is for water and therefore influencing the pore-water pressure and stress path of 

the soil.  

The most common methods to determine the particle size distribution of soil are 

sieving method, sedimentation method (wet analysis) and Infra-sizer method (air 

elutriation). The above methods are particularly difficult to grade the clay fraction of 

soil. Methods for grading of clay size fraction of soil include X-ray diffraction and 

fluorescence, differential thermal analysis, optical (microscope) study of particles, 
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electron microscopy, surface area determination, infrared methods, and a number of 

chemical methods (Yong and Warkentin, 1975). 

The particle size distribution of clays used in this research were carried out using the 

optical (microscope) method. 

5.4.1 SAMPLE PREPARATION  

The samples were prepared from tested oedometer sample for dry dispersion in 

Morphologi® G3S. A portion of each oedometer sample was oven dried and ground in 

a ceramic pestle and mortar. An amount of 10 g of dried sample were ground for 5 

minutes using the same hand force in order to minimise variations due to grinding.  

5.4.2 APPARATUS 

All the particle size distribution tests were carried out in Morphologi® G3S particle 

analyser system manufactured by Malvern Panalytical (Figure 5-14). It is an advanced 

particle characterisation apparatus which includes a sample dispersion unit, computer-

controlled microscope and a software which analyses morphology of soil and creates 

reports. Morphologi® G3S image analysis could produce quantitative results on 

individual particles as well as on the whole sample.  

The Morphologi® G3S system was equipped with a Sample Dispersion Unit (SDU) 

where an air pressure line with pressure set between 5.5 bar and 9 bar was required air 

as the flow should be at least 6 bar. The particles were dispersed on a glass plate before 

being scanned. The setting and magnification are explained in section 5.4.3. 

5.4.3 PROCEDURE 

Before starting each test, the glass plate was cleaned thoroughly and dried using tissue 

and glass cleaning spray. The SDU was also removed and wiped clean. The 

Microscope objective power lenses, lights and surrounding area were also cleaned so 

that the sample did not get contaminated with particles from the surrounding. 
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The powdered sample was then put into the SDU, placed back in the apparatus and the 

air pressure tube connected.  

A standard operating procedure (SOP) on the software was created for each sample 

with sample details, with magnification set at 20x, sample dispersion method as SDU 

and minimum number of pixels set at 100. The SOP was then run and once the 

Morphologi® G3S was ready to disperse sample from SDU, the air supply was 

switched on and air supply was switched off when the sample dispersion was 

completed.  

The focus of the microscope was moved around several frames looking for the largest 

particle available to ensure the magnification selected was correct. The focus was then 

moved around looking for the smallest of particles to see if the smaller particles were 

clear enough to measure the diameter of all particles accurately. The microscope 

automatically moved to the light calibration and began calculating the optimum light 

intensity. When the microscope reached the target intensity, the next stage was started 

where the Morphologi® G3S completed the test and recorded data.  

Even though the computer program provided the option to generate graphs and reports, 

the data was downloaded and then processed in Microsoft Excel in order to generate 

particle size distribution graphs using circle equivalent (CE) diameter. 

5.5 !H AND ELECTRICAL CONDUCTIVITY (EC) MEASUREMENTS 

The physical properties of soil such as pH and electrical conductivity are important to 

understand the behaviour of soil and the effect of pH on ions are explained in section 

3.2.  The purpose of measuring pH and EC are to determine the physical properties of 

the clay samples. 

There are a number of different methods used for the measurement of EC and pH. The 

slurry testing method was used for this research. 
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5.5.1 SAMPLE PREPARATION 

The clays tested in this research had varying liquid limits. Lucera and submarine 

sediments from the port of Taranto had a liquid limit of 48%, whereas kaolin had a 

liquid limit of 56% and bentonite had a liquid limit of 240%. Therefore, it was not 

possible to measure EC and pH from slurry made with 1 part of dry clay with 1 part of 

water.  

For the purpose of this research, all samples were initially prepared with de-ionised 

water at 1.25 times liquid limit. Samples with heavy metals were then left to mature 

for 24 hours, after which the samples were diluted in de-ionised water at 1:5 (clay to 

de-ionised water) ratio before measurements were taken. 

5.5.2 APPARATUS 

EC measurements were taken using a HM Digital EC-3(M) meter. The gadget could 

measure EC in milliSiemes per centimetre (mS/cm) and the measurement range was 

between 0.00 and 9.99 mS/cm. It had a resolution of 0.01 mS/cm and an accuracy of 

+/- 2%. The gadget was factory calibrated with KCL 1.413 mS/cm. 

The pH reading of samples were measured using a 8100 pH meter, manufactured by 

Electronic Temperature Instruments Ltd (ETI). The pH meter could measure pH from 

0 to 14. It had an automatic calibration function with relevant buffer solutions. The 

setup is shown in Figure 5-15.  

5.5.3 PROCEDURE 

For the purpose of minimising variations, it was decided to use clay slurry to de-ionised 

water in 1:5 ratio. A 20 g of clay slurry was mixed with de-ionised water in a plastic 

beaker and mixed using a mechanical stirrer for a period of 30 minutes. The solution 

was then left to settle for 1 hour before EC and pH measurements were taken and 

recorded.  

Before EC and pH readings were taken, the EC meter was checked to see if it gave 

zero reading in de-ionised water. It was also important to calibrate the pH meter on the 
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day of testing. If the testing soil was acidic, the meter was calibrated using pH 7.0 and 

pH 4.01 buffer solutions. If the soil was alkaline, pH 7.0, and pH 10.01 buffer solutions 

were used. The pH electrode was always left in KCl electrolyte when it was not in the 

sample to take pH reading. 

It was important to first take the EC reading of the sample before the pH electrode was 

used to measure pH value. This is because the pH electrode releases concentrated KCl 

electrolyte into the solution which alters the measurement of EC as the addition of KCl 

alters the number of ions in the sample. KCl does not affect the pH measurements. The 

tip of EC meter was put in the water layer without disturbing the settled soil and held 

in until the reading on the EC meter was stabilised. The data was then recorded before 

taking pH reading. 

Similarly, the pH electrode was inserted into the sample without putting into the settled 

soil or disturbing it. The electrode was held until the reading was stabilised and then 

the reading was recorded. The electrode was then washed with de-ionised water and 

left in KCl electrolyte. 

5.6 SCANNING ELECTRON MICROSCOPE (SEM) 

Electron microscopy is an extremely useful tool to study morphology and 

mineralogical analysis of soils. SEM has long been used to investigate the 

microstructure of fine-grained soils, especially to investigate the morphology of clays. 

SEM has also been used to analyse the mineralogy of soils.  

SEM can provide high-resolution images of the sizes and surface texture of soil 

particles and orientation of materials making up the sample by scanning with an 

electron beam. SEM with energy-dispersive system (EDS) can be particularly useful 

to determine the main atomic composition of soil particles.  

SEM and EDS have also been used to analyse contaminated soil where both SEM and 

EDS data were used to understand bioavailability, remediation potential, and source 

of pollution (Kennedy et al., 2002). More recently Liao et al. (2016) used SEM and 
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EDS to analyse the surface composition, surface topography, and element distribution 

in heavy metal contaminated soil from an abandoned mine.  

5.6.1 SAMPLE PREPARATION 

Clay samples for SEM were taken from consolidated samples from oedometer tests. A 

portion of sample from a completed oedometer was removed and air-dried. Once the 

samples were adequately air-dried, they were broken to get a fresh break in the vertical 

direction instead of cutting using a sharp tool. Samples were prepared to the size 

required for the SEM mounts. Samples were then carefully attached to the mounts 

using super glue in the way the fresh break side faced upwards (Figure 5-16). They 

were then left in a fume cupboard to dry. Once the glue was dried, aluminium paint 

was applied carefully over the glue and any exposed area of the mount.  

Clays are generally poor conductive material and clay samples require carbon and/or 

metal coating. Samples tested for this research were gold coated using sputter coating 

method in order to get high quality images.  

5.6.2 APPARATUS 

A schematic diagram of SEM is given in Figure 5-17. An SEM in general has a gun 

(electron source), electron lenses, sample stage, detectors for all signal interests, 

display, and data output sources.  

The SEM/EDS tests were carried out in the Scanning Electron Microscope (SEM) 

Laboratory in UCL Earth Sciences. The laboratory was equipped with a Joel JSM-

6480LV high-performance, Variable Pressure Analytical Scanning Electron 

Microscope with a high-resolution of 3.0 nm (Figure 5-18). The SEM was connected 

with energy dispersive system (EDS) and electron backscatter diffraction (EBSD) 

using the Oxford Link System.  

The apparatus had low vacuum and high vacuum modes. High vacuum mode was used 

to observe samples which were dry or have conductive surface. Low vacuum mode 

was used for samples which cannot be observed at high vacuum due to excessive water 

content or due to a non-conductive surface. Dried soil samples with poor-conductive 
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surfaces could be treated with carbon or gold coating in order to make the surface 

conductive. It could accommodate samples up to 8-inches in diameter (JEOL, 2004). 

5.6.3 PROCEDURE 

Samples were prepared as described in section 5.6.1 by the researcher and the 

SEM/EDS tests were carried out with the help of SEM laboratory manager Jim Davy.  

The high vacuum mode was used as the clay samples were treated with gold coating 

to make the surface conductive and to produce high quality images.  

The prepared samples were introduced into the specimen chamber on a specimen 

adaptor, which can hold 7 samples of 12.5 mm diameter. Samples were marked clearly 

so that images and data produced are labelled correctly. For each sample, three 

magnifications of images were produced. They are 1000x, 2500x and 5000x 

magnifications. Finally, EDS data of each sample were measured and recorded.  

5.6.4 IMAGE J ANALYSIS OF SEM MICROGRAPHS 

SEM provides very good quality micrographs which can be analysed using image 

analysis software to partially quantify data. ImageJ software was used for the current 

research to analyse micrographs in order to semi-quantify pore area percentage in each 

sample. TIFF files of micrographs were used in 8-bit greyscale format. Threshold 

adjustment was crucial as that would directly affect the data. Initially auto threshold 

was applied to each micrograph. But since the threshold was found to be too high 

(percentage of pore area was too high for all clay samples), the auto threshold was then 

adjusted manually by a same margin for samples of each clay. Finally, ‘Analyze 

Particles’ option was used to semi-quantify 3 measurements: the percentage of total 

pore area, the percentage of micro pore (< 2 nm) area and the percentage of macro pore 

(> 2 nm) area. These data were then plotted on radar charts to graphically present the 

porosity data. ImageJ user guide (Ferreira and Rasband, 2012) was followed in this 

analysis.  
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5.7 X-RAY DIFFRACTION (XRD) 

X-ray diffraction (XRD) is a method of soil analysis to identify the clay minerals 

present in a clay. XRD can be used for qualitative and quantitative analysis of minerals 

in soil. However, according to Moore and Reynolds (1997) an accurate determination 

of the amount of different clay minerals present in a clay is more difficult and the 

quantities of each clay mineral in the sample may not reflect exactly what was present 

in the natural soil from which the sample was obtained. It is widely accepted that the 

amount of clay minerals determined from XRD are often semi-quantitative. Variations 

such as compositional and degrees of structural order, and tendency towards preferred 

orientation in a powder sample are the reasons given for the difficulty to do accurate 

quantitative analysis (Brindley, 1980). Soils and clays that contain fine colloids are 

poor reflectors of x-rays which make characterisation by XRD more challenging. 

5.7.1 SAMPLE PREPARATION 

Powder XRD analysis requires clay samples to be extremely fine grained. It helps to 

achieve good signal to noise ratio, avoid fluctuation in intensity, avoid spottiness and 

minimise preferred orientation during the test. Finely powdered sample also ensures 

enough particles are included in the diffraction process.  

Clay samples were prepared by hand grinding dried clay samples. Due to limited 

availability of XRD tests, it was decided to do XRD on two samples (one sample with 

Pb2+ and one sample without Pb2+) from each of kaolin, bentonite and Lucera clay. In 

addition, since the submarine sediments from the port of Taranto contained 33 ppt 

concentration of NaCl and 2% organic matter, a natural sample and a washed sample 

were tested to find out if washing caused any major change in the mineralogical 

composition of the sediment. In order to find out the effect of any heavy metal on clay 

mineral, kaolin, bentonite sample with 5000 ppm lead and a sample with 5000 ppm 

lead were also prepared and tested.  The details of XRD samples and tests are given in 

the Table 6-2. 

It was important to minimise the effect of preferred orientation. To diminish this effect 

by reducing anisotropic particle shape, clay samples were ground in a ceramic mortar 
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and pestle set for 5-minute time duration. However, there was always a high risk of 

breaking down the particles to nanometre size and causing amorphization by the 

grinding process. 

5.7.2 APPARATUS 

The tests were carried out in the X-Ray Diffraction Laboratory in UCL Earth Sciences. 

All the tests were powder XRD conducted in PANalytical, X’pert PRO MPD, high 

resolution powder diffractometer. The diffractometer was fitted with Co anode X-ray 

tube and an incident beam Ge monochromator. The Ge monochromator produced a 

single CoK-alpha 1 line resulting in very sharp diffraction maxima. The diffractometer 

was also equipped with X’celerator detector, which is an ultra-fast X-ray detector that 

allows data collection at 100 times faster rates compared with a conventional single-

point counter. The enclosure of X’pert Pro MPD is given in Figure 5-19. 

Phase identification was carried out by using X’pert accompanying software program 

PANalytical High Score Plus which includes search-match access to the ICDD 

database.  

5.7.3 PROCEDURE 

The powder form of clay samples was prepared as described in section 5.7.1. All the 

XRD tests were carried out by Dr. Ian Wood in the X-Ray Diffraction Laboratory of 

UCL Earth Sciences. 

5.8 PLASTICITY (ATTERBERG) LIMIT TESTS 

Plasticity or Atterberg limit tests are for measuring and describing the range of 

plasticity of clayey soil. When a clayey soil is in liquid state, the soil behaves as a 

viscous liquid and that happens when sufficient water is added and mixed. If the 

moisture content is reduced slowly by drying out, the soil becomes resistant to 

deformation and is in solid state. With further reduction of moisture content, the soil 

shrinks, and stiffness increases until it becomes brittle and the state is known as semi-

solid state. When the soil is completely made dry when there is no further decrease in 
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volume of soil, it is known as solid state. Phases of soil and the Atterberg limits are 

given in Table 5-7.  

5.8.1 SAMPLE PREPARATION 

Both liquid limit and plastic limit tests are generally carried out on the fraction of soil 

that passes the 0.425 mm sieve and the soil particles which are retained on the 0.425 

mm sieve are removed before the samples are prepared. The kaolin and bentonite clays 

used had particles smaller than 425 ym. The Lucera clay and submarine sediments 

from the port of Taranto were tested without sieving because wet sieving would result 

in removing salts and organic contents which were present in natural samples. 

However, larger particles were manually removed before limit tests were carried out. 

This deviation from the standard procedures given in BS EN ISO 17892-12:2018 

(section 5.2) was necessary to obtain measurements that are true to the composition of 

the soils.  

Liquid limit tests were carried out using the fall cone method taking results for four-

point and with increasing water content. The preparation for samples of kaolin, 

bentonite, and clay mixtures of kaolin and bentonite were simpler as they were 

commercially available products. For samples without heavy metal contamination, de-

ionised water was added slowly and mixed well until desired consistency was reached, 

which would give a cone penetration of just over 15 mm. Water was added in small 

quantities while mixing well to get at least 4 points between 15 mm and 25 mm 

penetration.  

For the samples with heavy metal contamination, the required amounts of heavy metal 

compound were measured as mg per 1 kg of dry soil, dissolved completely in water, 

added to the soil and then mixed thoroughly to get the required consistency. The 

samples were then sealed in a container and left to mature for 24 hours. The reason for 

maturation was that the heavy metal ions needed some time for clays to adsorb them. 

The consistency was then increased by adding de-ionised water to take penetration 

points. Samples tested for the effect of NaCl were prepared with 35 ppt NaCl solutions 

rather than weight of NaCl in relation to the dry weight of the soil. This is because the 

purpose of investigating the effect of NaCl was to understand how clay behave in 
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salty/marine environment and 35 ppt NaCl solution concentration was considered for 

the current research as the NaCl concentration in sea water. The submarine sediments 

from the port of Taranto, tested in the current research, had natural moisture content 

of more than 75% which is more than 1.5 times the liquid limit. Hence, samples were 

spread on a glass panel and allowed to dry to desired consistency, before taking liquid 

limit measurements. Sample details are given in the Table 5-8. 

5.8.2 APPARATUSES 

All the apparatuses and tools used for testing liquid limit and plastic limit were 

conformed to BS EN ISO 17892-12:2018 (section 4). The fall cone apparatus was used 

for liquid limit tests and plastic limit tests were carried out as per the section 5.5 of BS 

EN ISO 17892-12:2018.  

5.8.2.1 FALL CONE APPARATUS FOR LIQUID LIMIT TESTS 

A schematic diagram of the fall cone apparatus is given in Figure 5-20 and a photo of 

the actual fall cone apparatus used for the research is given in Figure 5-21. The fall 

cone apparatus had a mechanism to raise and lower the cone in order to make it easy 

to place the sample on the apparatus and lower the cone so that the tip of the cone 

touched just on the specimen surface before the cone was released for 5 seconds to 

measure the penetration height. The cone attached to the apparatus was 80g/30° cone 

complying with the specification given in Table 1 of BS EN ISO 17892-12:2018. 

5.8.2.2 PLASTIC LIMIT EQUIPMENT 

Plastic limit test equipment included a glass mixing plate, which was flat, clean and 

smooth with no significant level of scratching as scratches on the mixing plate could 

affect the rolling of the threads. To determine the diameter of rolling threads, an 

aluminium rod with a diameter of 3 mm was used.  

The heavy metal compounds used in this research are oxidants and should not come 

into contact with naked skin. Hence a plastic limit roller (model: SA-18) from Gilson 
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Company, INC was used to do plastic limit tests of clays with heavy metal 

contamination. The apparatuses used for plastic limit tests are shown in Figure 5-22. 

5.8.3 PROCEDURES 

The procedures explained in sections 5.3 and 5.5 of BS EN ISO 17892-12:2018 were 

followed to determine liquid limit and plastic limit. The sample preparation method is 

explained above in 5.8.1. 

5.8.3.1 DETERMINATION OF LIQUID LIMIT 

Samples for liquid limit and plastic limit tests were prepared as described in section 

5.8.1. Before the liquid limit tests were carried out, the apparatus was checked to 

confirm that it was functioning well including the sharpness of the cone and if the cone 

dropped freely when the release button was pushed. 

About 250-300 g of prepared and matured soil sample was placed in a glass bowl and 

mixed with a spatula for about 10 minutes to obtain the homogeneous consistency. If 

the soil sample was too dry to get ~15 mm penetration, more de-ionised water was 

added and mixed well. If the sample had too much water, the sample was spread on 

the glass panel and let dry while continuously mixing to keep consistency.  

When placing the soil paste in the cup, the soil paste was pressed against the side of 

the cup to avoid trapping air in the sample. The cup was filled carefully adding soil 

little by little in the middle and pressing down. Once filled, the top surface of the cup 

was smoothed off level using the straight edge of the spatula.  

The cone was brought down carefully by holding the cone in one hand and pressing 

the release button on the other until the tip of the cone was just touching the surface of 

the sample. The dial gauge stem was lowered to make contact with the top of the cone 

shaft and the digital reading was zeroed, then the dial gauge stem was released. The 

cone-release button was pressed and held for 5 seconds. After 5 seconds, the button 

was released and the dial gauge measurement was taken by lowering the dial gauge 

stem to touch the top of the cone shaft. For the purpose of accuracy, the test was 
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repeated by adding a little more soil paste, smoothing off and repeating the steps to get 

a second reading for the same sample. If the difference of 2 penetration readings was 

not more than 0.5 mm, the average of 2 readings was recorded as penetration. If the 

difference was between 0.5 mm and 1 mm, a third test was carried out. If the overall 

range did not exceed 1 mm, the average of 3 readings was recorded as the penetration. 

The moisture content was measured by placing about 10 g from the area penetrated by 

the cone removed using the tip of the small spatula in a container which was numbered 

and weighed. The container with the wet sample was then weighed and dried it in the 

oven for 24 hours at a temperature of 104 ℃. 

The cup was emptied and the clay from the cup was mixed with the remaining soil 

paste in the glass bowl. The cup was wiped clean and dried using tissues before 

repeating the test. A small quantity of water was added and mixed thoroughly to get a 

uniform consistency and the test was repeated 4 times to get 4 readings fairly uniformly 

distributed between 15 mm and 25 mm. For the clay samples with NaCl, 35 ppt NaCl 

solution was used instead of de-ionised water. This is because the purpose of testing 

the effect of NaCl was to determine how clay behave in marine environment. 

Therefore, sea water concentration (35 ppt NaCl solution concentration was 

considered for the current research as the NaCl concentration in sea water) would be 

more appropriate than the concentration of NaCl in relation to the dry weight of soil. 

The moisture content of the soil from each penetration reading was calculated after 

drying and the cone penetration (mm) was plotted against the corresponding moisture 

content (%). The best fitting trend line through the 4 points was then plotted. Liquid 

limit is the moisture content (%) corresponding to 20 mm penetration (Figure 5-23). 

5.8.3.2 DETERMINATION OF PLASTIC LIMIT 

A well-mixed and matured sample of clay prepared for the liquid limit test was set 

aside for the plastic limit measurement before the liquid limit test was carried out. 

About 20 g from the soil paste was taken and spread on the glass panel using a spatula 

to allow it to partially dry. “Mix and spread” was repeated from time to time to avoid 

drying out at the edges. When the clay was dry enough to carry out the plastic limit 
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test, it was kneaded well and shaped into a ball. The sample was then moulded between 

fingers and palm to slowly and evenly dry until cracks began to appear on the ball. The 

ball was divided into two equal parts and further divided each part into four equal parts 

and two sets of clay were kept separately. 

Each small part was then kneaded using fingers and formed into a 6 mm thread. The 

thread was well kneaded and homogenous. The thread was rolled between fingers of 

one hand and glass panel to reduce diameter of the thread from 6 mm to about 3 mm 

using steady pressure. Back and forth movements of the hand between 5 and 10 times 

were needed to reach the 3 mm diameter required. If the thread did not crumble when 

3 mm was reached, the thread was moulded again between the fingers and rolled 

between palms to dry out more. The steps were repeated until the thread was crumbled 

at about 3 mm diameter. The 3 mm metal rod was used as a reference to achieve 3 mm 

diameter. As soon as plastic limit was reached with the thread crumbling, the crumbled 

pieces were placed into weighing container and put on the lid. The steps were repeated 

for the remaining 3 pieces of one half of the sample and put all that in one container. 

All the measurements required for calculation of moisture content were recorded 

accordingly. 

The procedure was repeated for the remaining half of the sample, and the moisture 

content was measured separately. The moisture content of two containers should not 

differ by more than 0.5% moisture content. If the difference was higher, the test was 

be repeated. The average of the two results was calculated and then rounded off to the 

nearest whole number, which was the plastic limit of the clay sample. 

For the samples contaminated with heavy metals, a plastic limit roller (model: SA-18) 

from Gilson Company was used as it was not possible to carry out the same procedure 

as above with gloves on. To measure plastic limit measurement in the roller, 5 portions 

(1.5 – 2 g), which had water close to plastic limit (soil sample was non-sticky) were 

used. Each portion was rolled into an ellipsoidal mass and placed on the bottom plate 

of the roller spaced equally between the rolled portions. The top plate of the roller was 

then used to gently roll down the soil portions using back and forth movements. If the 

portions crumbled after forming threads when the top plate came into contact with the 
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1/8 inches rail, it was considered as the plastic limit. In order to make results more 

accurate, the test was repeated 3 times for each sample and average.  

5.9 ONE-DIMENSIONAL COMPRESSION TEST 

One-dimensional (1D) consolidation test or oedometer test is used to determine the 

consolidation parameters of clayey soil. The most common indices determined from 

one-dimensional consolidation tests are the compression index (!!), the coefficient of 

consolidation (!#) and the coefficient of volumetric compressibility (1#). The other 

parameters that can be determined from one-dimensional consolidation tests are the 

end of primary consolidation (EOP), the coefficient of secondary compression (!⍺) 

and the coefficient of permeability (/). 

The oedometer tests were carried out by placing a sample in a metal ring which would 

only allow compression of the soil in the vertical direction.  

5.9.1 SAMPLE PREPARATION 

The four clays (commercial kaolin, sodium bentonite, Lucera clay, and submarine 

sediments from the port of Taranto, south of Italy) were subjected to one-dimensional 

compression.  

The kaolin and bentonite clay, being available commercially in dry powder form, were 

prepared by mixing the dry clay with water (1.25 times GL of the clay) in a glass bowl, 

mixing thoroughly using a spatula for over 10 minutes before the sample was placed 

in the oedometer ring. To prepare samples with heavy metal contamination, the 

required amount of heavy metal compound as mg per kg of dry clay was mixed in the 

water required (1.25 times GL) and then mixed with the clay for over 10 minutes and 

left for 24 hours for maturation to allow the samples to be homogeneously mixed.  

Lucera clay was an over-consolidated natural clay. The clay naturally had a moisture 

content of about 15%.  However, since only reconstituted clays were being tested, 

Lucera clay was reconstituted by grating the soil using a cheese grater and then adding 

more water. Instead of drying the clay in the oven, careful consideration was given to 
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add water to give a consistency of 1.25 times the liquid limit. The soil sample was then 

mixed thoroughly for over 10 minutes before it was used for the oedometer test. To 

create samples with heavy metal contamination, the required amount of heavy metal 

compound was mixed in water and added to the sample, then left for 24 hours for 

maturation in sealed condition so that no moisture was lost during maturation. 

The submarine sediments from the port of Taranto had a natural moisture content of 

about 70% and it was decided to carry out oedometer tests without drying. In the case 

of heavy metal addition, the required heavy metal salt was mixed in a small quantity 

of water and then mixed thoroughly with the marine sediment and matured in a sealed 

container for 24 hours. 

5.9.2 APPARATUSES 

The soil samples with and without heavy metal contamination were tested for 

compression parameters using a modified oedometer. The cell was modified to 

measure pore-water pressure at the bottom of the cell while samples were allowed to 

drain in one direction. The oedometer was used as the main testing apparatus because 

of its simplicity and applicability to one-dimensional field scenarios.  

5.9.2.1 OEDOMETER CELL 

The cell comprised of a ring with 75 mm in diameter and 20 mm in height which 

confined the sample laterally to allow compression of sample only vertically. The ring 

was fixed rigid and one-way drainage through a porous stone was allowed at the top 

while the pore-water pressure was measured at the base through a porous stone. In the 

cases where pore-water pressure measurement was not required, bottom drainage was 

allowed by opening the valve on the pore-water pressure transducer setup. Filter papers 

were placed between the sample and the porous stone to prevent clay particles clogging 

the porous stone. A photo of the cell is given in Figure 5-24. 
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5.9.2.2 LOADING SYSTEM 

An ACONS 2 Motorised Automatic consolidation machine by VJ Technologies 

(Figure 5-25) was used as the loading system. The load cell included in the system had 

a capacity of 15 kN. Since the ring diameter of the oedometer cell was 75 mm, the 

maximum load that could be applied was 3500 kPa. The loading frame had a resolution 

of 1N and had an accuracy of 0.15% full range output (FRO). The system had a stepper 

motor for automated consolidation testing. The system was designed to be able to 

receive cells with diameter between 50 mm to 100 mm. The ACONS 2 machine had a 

built-in Mitutoyo digital dial gauge interface and the Mitutoyo digital dial gauge was 

installed to measure the displacement readings. Importantly the system also had an 

additional port which can receive a pressure transducer attached at the base of the 

oedometer cell to measure pore-water pressure dissipation.  

ACONS 2 was used with a VJT-csODO: Clisp Studio Oedometer Software. The 

software was used to calibrate load cell, displacement dial gauge, and pore-water 

pressure transducer using calibration devices. The calibration was carried out in the 

workshop of VJ Technologies in Reading, UK. Loading and unloading sequence and 

loading and unloading increments were defined before the start of the test. Once the 

loading and unloading sequence and time for each incremental stage were determined, 

the system would automatically apply the load as required for the time set and record 

the data from the system as defined for data recording. It allowed live graphical and 

tabular display of data. And finally, the software provided the option to export data in 

Excel format for processing.  

5.9.2.3 INSTRUMENTATION AND DATA ACQUISITION 

The vertical displacement was recorded using Mitutoyo digital dial gauge (model 

number 543-470B) which had a resolution of 0.001 mm and overall accuracy of 0.003 

mm. The gauge had 25 mm range. The load applied by loading frame had a maximum 

loading capacity of 15 kN and a resolution of 0.1 N. The load was measured by 15 kN 

load cell and controlled automatically by VJT-csODO: Clisp Studio Oedometer 

Software. The pore-water pressure at the base was measured using a GEMS pressure 

transducer (Series 2200) with the capacity of 10 bar and a resolution of 0.15% full 
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scale. ACONS 2 had adjustable displacement rate of 0-10 mm per minute, RS232/USB 

interface for computer control, built-in digital gauge interface and built-in LSCT 

interface for displacement sensor. 

The ACONS 2 apparatus was selected for this research instead of a normal oedometer 

as it would allow for continuous recording of data including settlement, stress, and 

pore-water pressure measurement. Automatic data logging was important for tests, 

which would take days, in-terms of quality and quantity of readings. This also helped 

to save time and minimised the risk of errors in manually recorded readings. The Clisp 

Studio Oedometer Software allowed user defined data logging intervals, user defined 

loading and unloading increments, and automatic loading.  The software also allowed 

user defined live tabular display and live graphic display of logged and calculated data. 

Finally, the data were exported in Excel format for analysis.  

The calibration of the load cell, displacement transducer, and pore-water pressure 

transducer were done in the VJ Technologies workshop in Reading, UK.  

5.9.3 PROCEDURE 

The oedometer apparatus was inspected and test details programmed on the computer 

before preparing the oedometer sample to test. This included checking the load cell 

reading, displacement transducer reading and pore-water pressure transducer reading, 

re-zeroing the readings, de-airing the top and bottom porous stones using a vacuum 

pump and filling the drainage pipe where the pore-water pressure transducer was 

attached to confirm that there was no blockage or bleeding and that it was completely 

de-aired.   

Clisp Studio Oedometer Software was programmed with the details such as sample 

diameter (internal diameter of the ring measured using a Vernier calliper), height 

(which was measured using dummy sample of known height and the dial gauge 

reading of the clay sample after it was placed in the ACONS 2 load cell), sequence of 

load increments, duration for each load increment, the data recording time intervals 

and user defined display of graphs and tables during the test.  



 137 

The load increments used for both kaolin and Lucera clay were 25 kPa, 50 kPa, 100 

kPa, 200 kPa, 400 kPa, 800 kPa, 200 kPa and 50 kPa in that order. Each load increment 

was left for 24 hours and data for each load increment were recorded at 1, 2, 4, 8, 15, 

30 and 60 seconds, and every minute after that. Since an initial investigation found 

that Lucera clay mixed with de-ionised water takes consolidation time longer than 24 

hours when consolidated with one way drainage, as it was the case when pore-water 

pressure was measured at the base of the cell,  the 50 kPa load increment was 

conducted for 72 hours to obtain the pore-water pressure data to determine the end of 

primary consolidation (the time taken for consolidation stage).  All other loading and 

unloading stages were conducted for 24 hours each with two-way drainage and no 

pore-water pressure measurement. 

For bentonite, with its very high compressibility and slow consolidation, the load 

increments chosen were 12.5 kPa, 25 kPa, 50 kPa, 100 kPa, 200 kPa, 50 kPa and 12.5 

kPa in that order. The thickness of oedometer samples were 20 mm and due to very 

high compressibility of bentonite samples and significantly longer time it takes to 

consolidate, it was decided to compress the samples to an effective vertical stress of 

200 kPa. Each load increment except 25 kPa was tested for 24 hours with two-way 

drainage. The 25 kPa load increment was conducted for 48 hours with one-way 

drainage and pore-water pressure measurement at the base. Data recording was carried 

out in the same way as for the kaolin and Lucera clay tests. 

The natural marine sediments samples were tested without drying as the sediments had 

a high natural moisture content of ~70%. Therefore, it was decided to follow the 

incremental loading sequence same as for the bentonite in order to reduce time taken 

for each test. No pore-water pressure measurement was taken in the testing of marine 

sediments, but since the sediments had less than 2 hours as time taken for EOP, curve 

fixing methods could easily be used to determine the time taken for consolidation.  

The clay prepared as explained in section 5.9.1 was then transferred to the oedometer 

cell carefully to try to avoid excessive air trapped in the sample, by using a spatula. 

The sample was then carefully placed in the ACONS 2 apparatus and the top cap was 

placed. The load cell was then lowered to just touch the top cap and then consolidation 
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was started using the computer program. Once initiated the computer program 

controlled and carried out the test automatically. Initial moisture content of each test 

sample was measured immediately after initiating each test. 

Real-time on-screen monitoring of stage settlement, total settlement, pore-water 

pressure was carried out as the Clisp software provided graphical and tabulated 

readings of the tests. The settlement graph had the option to plot either settlement 

versus logarithmic of time or settlement versus square root of time and monitor the 

consolidation and EOP. 

Each test was monitored at least once a day to make sure it was running smoothly. 

Once all the loading and unloading stages were completed, the sample was quickly 

removed from the apparatus, removed all excess water from the cell, measured the 

weight of the wet sample measured before drying it in the over at 104 ℃ and then 

weighed the dry weight was measured to calculate the final moisture content of the 

sample.  

5.9.4 ERRORS AND CORRECTIONS 

The oedometer samples were prepared from a slurry with 1.25 times the liquid limit as 

water content. However, different clays have different consistency and it was difficult 

to remove all trapped air with a vacuum pump. Therefore, there was a chance of air 

trapped in the samples. This may have resulted in some minor errors in the settlement 

data.  

Even though the oedometer cell was attached with a pore-water pressure sensor at the 

base, it was impossible to saturate the sample in the cell. There was a possibility of the 

presence of air trapped in the sample and in the drainage-system, which could be 

particularly problematic for pore-water pressure measurements. In order to minimise 

air trapped in the sample, the slurry mix was matured for 24 hours and then a vacuum 

pump was used to remove as much air as possible. A great care was taken not to trap 

air when preparing oedometer sample in the oedometer ring. The drainage-system was 

filled with water and any air trapped was removed.  
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The friction caused by the oedometer ring could have affected the compression of the 

sample, especially at lower loads at the beginning of test. The side friction would act 

against the vertical force, which would reduce the effective stress experienced by the 

sample as a whole. Mould oil was applied on the inside of the ring and wiped in order 

to reduce the friction. A lower height to diameter ratio can reduce the effect of friction 

and ring. For that reason, a 75 mm in diameter and 20 mm in height oedometer ring 

was used, instead of standard 50 mm diameter ring. Since the friction was not 

measured, it was not possible to correct the friction effect in the calculations.  

5.10 TRIAXIAL TEST 

The triaxial test is widely used by researchers and in the industry to investigate the 

stress-strain behaviour of soil. In a triaxial test, the drainage condition can be 

controlled and samples are tested with confining cell pressure which is necessary to 

recreate in-situ stress conditions. In this research project a modified Bishop & Wesley 

triaxial cell was used which was named as UCL triaxial testing system. 

5.10.1 SAMPLE PREPARATION 

The triaxial tests were carried out on samples prepared from kaolin and Lucera clay 

and submarine sediments from the port of Taranto, samples from each clay with and 

without lead contamination.  All the specimens tested in the triaxial apparatus were 

prepared from slurry. The kaolin samples were prepared by adding de-ionised water 

(1.25 times GL) to kaolin powder to make a slurry and mixed thoroughly to achieve 

uniform consistency. In order to prepare a slurry from Lucera clay, trimmings from 

Lucera clay block were mixed thoroughly with de-ionised water to achieve the 

consistency of 1.25 times the liquid limit. To prepare samples with heavy metal 

contamination, the required amount of heavy metal compound as mg per kg of dry clay 

was mixed in the water required (1.25 times GL) and then mixed with the clay for over 

10 minutes.  

The slurry was then left covered with plastic film to avoid moisture loss and left for 

24 hours for maturation in order to get homogeneous consistency and allow 

homogeneous interaction of lead ions with the clay particles. After maturation, the 
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slurry was mixed well and poured into a 38mm diameter floating ring consolidometer 

(Figure 5-26). The samples were then consolidated one-dimensionally up to 70 kPa by 

adding loads incrementally to allow smooth consolidation. The 70 kPa stress for 

consolidation was chosen to ensure that the samples were strong enough to handle 

during sample trimming to the required height of 76 mm and mounting on triaxial 

apparatus. A dial gauge measurement was taken regularly to ensure samples were fully 

consolidated before they were removed from the consolidometer and used for triaxial 

testing.  

5.10.2 APPARATUS 

UCL Triaxial testing system is a computer-controlled hydraulic testing system. A 

schematic diagram of a similar triaxial apparatus is given in Figure 5-27. The cell was 

operated hydraulically using hydraulic pressure controllers to control the cell pressure, 

back pressure and ram pressure. The system (Figure 5-28) would allow to test by 

controlling either the rate of strain or rate of stress.  

The triaxial cell was similar to the original hydraulically operated triaxial cell designed 

by Bishop and Wesley (1975). The cell was made up of an aluminium frame supporting 

a Perspex chamber with a capacity of 1000 kPa. It allowed to test cylindrical samples 

with a diameter of 38mm diameter. The cell was connected to a loading system where 

cell pressure, back pressure, and ram pressure could be applied. The cell was also 

connected to a constant rate of strain (CRS) pump and to a volume gauge to which the 

pore-water from the samples drained. The sample was placed on a 38mm diameter 

pedestal inside the cell. The sample was separated from water in the water filled 

chamber by a thin latex membrane, which prevented cell chamber water going in or 

out of the sample. The water filled main chamber of the cell allowed application of 

uniform radial confining pressure on the sample. The axial load on the sample was 

applied by a hydraulically controlled loading piston at the base of sample. The load 

was measured by a submersible load cell fixed at the top of the cell. The drainage 

condition of the test was controlled through base pedestal. The drainage line was 

designed to combine with volume gauge and back pressure system.  



 141 

5.10.3 LOADING SYSTEM 

The hydraulic pressure system of the triaxial apparatus was made up of constant and 

continuous air pressure supplied by the laboratory’s air pressure system, computer-

controlled air pressure controllers which used air-water interfaces to regulate cell 

pressure, back pressure and ram pressure applied in the cell. The laboratory’s air 

pressure system was used to supply continuous air pressure between 800 kPa and 950 

kPa. Since air pressure could not be directly applied on the samples in the cell, three 

separate air-water interfaces ware used for cell pressure, back pressure and ram 

pressure. The pressure applied by each controller was regulated by feedback loops 

from pressure transducers which measured cell pressure and back pressure, and load 

cell which measured the axial load applied on the sample. The pressure controllers 

were accurate multi-stage controllers attached to stepper motors. 

The triaxial system was connected to the mains water supply via two air-water 

interfaces. The interface which controlled the cell pressure was a 100/50 cc hydraulic 

multiplier which had a maximum output pressure of 18 bar and maximum input 

pressure of 8 bar. The interface which controlled the ram pressure was connected to a 

Wykeham Farrance (model 13000) bladder type air-water interface. An Imperial 

College type volume gauge was used which functioned both as the drainage reservoir 

and air-water interface to regulate the back pressure.  

In order to regulate piston movement, an accurate constant rate strain (CRS) pump was 

connected to the ram pressure line. The system also had a secondary displacement 

system in which a bishop ram was driven by a small stepper motor with a 1:125 

reduction through a gearbox.  All the tests were carried out using CRS pump to apply 

load at a constant rate of displacement. 

The tests were carried out using a top cap consisting of a half ball coned on the top 

cap, instead of using a suction cap. This half ball was crucial to apply axial load 

homogeneously on the top end of the sample even when the sample was not perfectly 

aligned with the load cell. The connection between sample and top cap was flat where 

the top cap sitting on the top end of the sample perfectly aligned.  
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The height to diameter ratio of 2:1 minimises the effect of stress non-uniformities at 

the centre of the sample caused by both pedestal and top cap at the ends (Head and 

Epps, 2011). 

5.10.4 INSTRUMENTATION AND DATA ACQUISITION 

The summary of basic instrumentation of UCL triaxial apparatus is given in Table 

5-12. For measurement of axial displacement (axial strain), an RDP brand 25 mm 

range displacement LVDT with spring return was attached to the cell externally. An 

Imperial College type volume gauge was used to measure pore-water flow. The gauge 

had a 50 cm3 capacity and measurement was made using a similar external LVDT as 

used for strain measurement.  

Separately, two local LVDT transducers attached to the sides of sample were used to 

measure local axial strain. Local strain measurements are significantly more accurate 

than external axial transducer measurements as an external transducer is more prone 

to errors due to alignment, seating and bedding of the sample and errors due to porous 

stone and top cap (Head and Epps, 2011). External axial LVDT measurements are also 

subjected to errors due to system compliance and end restrains. Due to these errors, 

the accuracy of small strain measurements could be greatly affected. Most of these 

errors can be eliminated in the measurements taken by local axial LVDTs attached 

over 2/3 of the sample (Baldi et al., 1988). The local transducers were high resolution 

submersible miniature LVDTs with floating armatures, which were attached directly 

to the membrane as shown in Figure 5-29. The reason for two LVDTs was to get more 

accurate and reliable axial strain data by cancelling out strain non-uniformity as the 

two are attached to the membrane of the sample diametrically opposite to each other. 

Each LVDT was fixed to a mount which was attached to the top part of the sample 

using glue, while the armature rests on the flat surface of the lower mount on the 

bottom part of the sample. This type of submersible floating LVDT setup was first 

designed and described by Cuccovillo and Coop (1997). The transducers were 

mounted on the sample at the centre covering 2/3 of the sample length with top and 

bottom mounts of transducers spaced between about 50 mm. Two standard RDP 

D5/200WRA, which had 10 mm linear range and very high resolution, were used 

where the mounts were designed in the laboratory workshop. The LVDTs had side 
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(radial) exit cable right angle to the body and shorter cable sleeve in order to make it 

more flexible to handle and manage within the limited space of the triaxial cell as 

recommended by Cuccovillo and Coop (1997).  

The cell pressure and pore-water pressure of the sample were measured by Gems™ 

pressure sensors. The cell pressure transducer was connected to the base of the cell 

chamber and had a range of -1 to 24 bar. The pore-water pressure/back pressure 

transducer was connected to the top of the pedestal using short, thin, and stiff tubing 

so that it can measure pore-water pressure directly from the sample. The pore-water 

pressure transducer had a range of 0 to 10 bar. 

The data acquisition and control system was composed of a 16-bit Datascan datalogger 

connected to a Pentium processor PC. The datalogger, model 7220, has 16 differential 

channels and an important auto-range function that selects the best scale based on the 

input voltage, allowing all types of sensors to be connected without the need of external 

amplifiers. To control the equipment,  a program called TRIAX, developed by 

Professor David G. Toll of University of Durham and presented in Toll (1999) was 

used to control the triaxial tests. The program controlled the stress paths and recorded 

data. 

The two local LVDTs were connected to an external signal conditioner, RDP S7AC 

before reaching the datalogger. The other two LVDTs; axial displacement and volume 

gauge had inbuilt amplification (RDP LDC type). In order to obtain highly accurate 

readings from local LVDTs, the transducer cables were earthed, a stabilised voltage 

supply was used, and the output signal amplified as much as possible, within the linear 

range of LVDTs. Steps recommended by Cuccovillo and Coop (1997) were also taken 

to allow the data logger to be in its most sensitive range at the beginning of the 

shearing. The load cell output signal was directly connected to the Datascan as the 

datalogger has a voltage range adequate to read the loadcell output. The load cell was 

already calibrated, and a linear calibration factor fed to the computer program. The cell 

pressure transducer and back pressure transducers were calibrated using a Budenberg 

single range hydraulic dead-weight tester. All 4 LVDTs were calibrated over their full 

range in a micrometre with a resolution of 0.001 mm. The volume gauge had been 

calibrated using a manually operated Bishop ram, which in turn had been calibrated 
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against a burette with a resolution of 0.02 ml. The calibration data of triaxial LVDTs 

and pressure transducers are given in Table 5-12. 

5.10.5 PROCEDURES 

5.10.5.1 SAMPLE SETUP  

Before the start of each triaxial test, it was routine to check and ensure drainage, pore-

water and cell water systems were de-aired. Porous stone was also de-aired in water 

under a vacuum pump. The whole apparatus was also checked for any leakage. Local 

LVDTs were checked, with their armature in, to see if they were working fine. The 

cell pressure and back pressure transducers were re-zeroed while both pedestal 

opening and end of cell pressure transducer tube connected to the cell at the base plate 

open to air. The drainage valves were kept close until the sample was mounted on the 

cell. 

The samples were prepared as detailed in section 5.10.1. Samples consolidated in the 

consolidometer were pushed out carefully and placed in a split mould where they were 

carefully cut to the length of 76 mm.  

Each sample was then carefully and rapidly transferred to the pedestal of the triaxial 

cell and placed on a de-aired porous stone covered with filter paper on top of it. The 

top cap was placed on the top of the sample and vertical drain filter paper, which was 

pre-wetted and excess water removed, was then carefully stuck around the sample 

where the bottom end of vertical drain filter paper overlapped a part of the porous 

stone. The top end of vertical drain filter paper should also be slightly overlapping the 

top cap. It was made sure that the sample was not subjected to any significant force 

during mounting. The membrane was soaked in water for 24 hours prior to test in order 

to avoid membrane sucking water from the sample. The membrane was put over the 

sample using a suction mould also known as membrane stretcher. Two O-rings were 

put over the membrane on the pedestal and two O-rings were placed over the 

membrane on the top cap using a membrane stretcher to ensure the sample was fully 

sealed and to prevent any entry of water to the sample from the cell water. The steps 

are shown in the pictures in Figure 5-30. Special attention was given to complete the 
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sample assembling in the triaxial cell within 10 minutes of it removed from the 

consolidometer to avoid significant loss of moisture while exposed to air.  

Once the sample was mounted on the triaxial cell and sealed, the mounts for local 

LVDTs were glued to the membrane using “Super Glue”, which is based on 

cyanoacrylate. The mounts were placed 50 mm apart on over 2/3 of the sample. The 

two LVDTs were placed at 180 degrees to each other. In order to get accurate readings, 

the bodies of LVDTs were mounted where the armatures remained at the start of linear 

range. 

Attention was given to keep the sample vertical and the sample was seated on the 

pedestal properly. The half ball was placed in the top cap recess. LVDT cables and 

tubing of the cell were checked in order to place the cell body perfectly into the 

position. It was very important that the sample was not knocked against, or drainage 

connection or LVDT cables did not obstruct the cell body placement. The clamping 

screws were then inserted and tightened to completely seal the cell at the base before 

the cell was filled with water.  

The cell was then filled through the cell pressure system while air bleed at the top was 

open. The valve on the cell pressure system was closed when water started to come 

out through air bleed. The air bleed was kept open until the cell was ready to pressurise 

to maintain the cell at atmospheric pressure.  

5.10.5.2 DEGREE OF SATURATION 

The degree of saturation of the sample was checked according to Skempton (1954). 

The Skempton’s z-value which represents the degree of saturation is calculated using 

the undrained pore-water pressure response (∆D) to a change in the confining pressure 

(∆σr).  

 z =
∆D
∆(;

 (29) 
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Saturation of the tested sample is important as fully saturated samples give reliable 

readings of change of pore-water pressure in different stages of testing. 

The z-value was measured in 3 steps; measuring the pore-water pressure response to 

50 kPa by increasing the cell pressure by 50 kPa each time and calculating the z-value 

for each 50 kPa increase. Typically, a z-value above 0.95 is considered as fully 

saturated (Head and Epps, 2014).  

Since all the samples for this research were prepared from slurry and pre-consolidated 

in the consolidometer, all the samples achieved the saturation above the required 0.95. 

Hence, saturation of the sample in the cell was not required. 

5.10.5.3 ISOTROPIC COMPRESSION 

Initially, a 30 kPa effective stress was applied to get the consolidation graph (volume 

against time in logarithmic scale). The back pressure was set at 150 kPa and the cell 

pressure was increased to 180 kPa. Once the consolidation was reached above 95%, 

the volume against square root time graph was plotted and used to derive time to failure 

as described in section 19.6.2 of Head and Epps (2014). 

The isotropic compression involved increasing the cell pressure by applying a constant 

rate of stress while the back pressure was kept constant at 150 kPa. For all triaxial 

samples, the maximum rate of compression used was 10 kPa/hr. Depending on the 

confining pressure that would be used for shearing, two or three stages of consolidation 

using constant rate of stress were used to get an accurate F – ln 3’ graph. At the end of 

each compression stage, the sample was allowed to dissipate any remaining excess 

pore-water pressure developed during compression. Radial drainage filter paper was 

used in order to reduce the time taken for excess pore-water pressure dissipation. Once 

the excess pore-water was dissipated, the next stage was initiated.  

5.10.5.4 UNDRAINED SHEAR (CU TEST) 

The undrained shearing (CU) test was carried out using the constant rate of strain pump 

and the test was only started once the sample had been fully consolidated to the 
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required mean effective stress (3’) and all excess pore-water pressure in the sample 

was dissipated. The samples were thus sheared under strain control. The axial strain 

rate applied in shearing was 0.25 mm/hr in order to complete the tests in a reasonable 

time period. All samples were sheared to between 20% and 25% in order to reach the 

critical state. 

5.10.5.5 MONITORING AND DATA ACQUISITION 

Test monitoring and data acquisition were carried out using the TRIAX computer 

program. The program allowed many parameters to be monitored and recorded. 

However, for the purpose of this research, the monitored and recorded parameters were 

cell pressure, pore-water pressure, axial load, external axial displacement, volumetric 

change from pore-water flow, local axial displacement from two local LVDTs and 

time.  

During the z-value calculation stage, the data recording time was set at every 10 

minutes. During consolidation, the time interval was set at 5 minutes. During the early 

stage of isotropic compression, data were recorded every minute, but the time interval 

was changed up to 10 minutes with the increase in effective stress in order to maintain 

a manageable quantity of data. The beginning of the shearing stage is most critical as 

it was important to record as much data as possible at small strain in order to get a 

highly accurate strain data and the time interval was chosen to be 10 seconds. After 

0.1% strain passed, the time interval was increased to 1 minute and then to 10 minutes 

after the strain passed 1%. The data were then transferred and processed in Microsoft 

Excel.  

In the case of kaolin, a shear plane was clearly seen developed (Figure 5-31). The angle 

of failure plane of each sample was calculated in order to calculate the correct deviator 

stress. The triaxial samples of Lucera and submarine sediments from the port of 

Taranto did not develop shear planes, instead reached maximum deviator stress under 

bulging (Figure 5-32). 
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5.10.6 ERRORS AND CORRECTIONS 

Minor errors which were believed to be insignificant in general triaxial testing of shear 

and include membrane resistance, bedding errors (when the sample diameter to length 

ratio is 2), stiffness of radial drainage filter paper, and triaxial loading system 

compliance were not considered for corrections. The correction required for error due 

to membrane flexibility is estimated to be 0.1 kPa for every 1% strain. The error due 

to side drains was estimated to be 0.5 kPa for every 0.1% strain up to 2% and then 10 

kPa after that. It must be noted that the value of !vi is known to be significantly in error 

when side drain is used (Head and Epps, 2014).  

The area of cross section changes with the shearing. The kaolin samples experienced 

barrelling and then the development of a shear plane leading to failure. Lucera and 

submarine sediment samples only experienced barrelling. The area correction for 

barrelling assumed samples deformed as a right cylinder. The area correction given by 

Head and Epps (2014) for undrained condition is;  

 | =
|*

(1 − J#)
 (30) 

Where | is the corrected cross-sectional area, |0 is the initial cross-sectional area and 

Ja is the axial strain. 

For the samples that developed a shear plane, the cross-sectional area was corrected 

for barrelling until the slip surface started to form and then the following formula was 

applied in order to correct the cross-sectional area for a single plane slip; 

 | =
&&

4
}
Q~
180

− sin ~� (31) 

where 
~ = 2 × acos ~ × }

2I
tan É

�	 
(32) 
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where 
I =

−Δℎ<
ℎ<

 
(33) 

where ℎp is the height of sample at the appearance of the shear plane and -∆ℎp is 

decrease in height after the appearance of the shear plane (La Rochelle et al., 1988). 

The illustration of this is given in Figure 5-33. 

Presence of air in the drainage system can cause errors in pore-water pressure 

measurements. Hence, before the start of each test, great care was taken to remove air 

trapped in the system. Axial strain measurements could also be subjected to errors due 

to alignment and seating errors in addition to bedding and compliance of loading 

system errors. The purpose of the local LVDTs was to minimise the effect of these 

errors at the beginning in a very small strain range. These errors were not important in 

external strain measurements as they were used for characterising the post peak stress-

strain behaviour. 

5.11 CALCULATION OF METAL ION CONCENTRATION 

Heavy metals are generally found in the environment in compounds where heavy 

metals cations are chemically bound with simple or complex anions. For the purpose 

of this research, metal nitrates, which are highly soluble in water, were selected. They 

were Copper(II) Nitrate, Trihydrate [Cu(NO3)2.3H2O], Lead(II) Nitrate [Pb(NO3)2], 

and Zinc(II) Nitrate, Hexahydrate [Zn(NO3)2.6H2O].  

The concentrations of heavy metals as contaminants in environment are usually 

measured and given in parts per million (ppm) in relation to the dry weight of soil, 

rather than molar concentrations. However, in researches on pore-fluid constituents 

such as contamination in soils, pore-fluid concentration (molar concentration) in ppm 

is generally used. Bouazza et al. (2007) reported that the behaviour of clay was affected 

not only by the concentration of a cation in pore-fluid, but also by the quantity of 

cations available for soil particles to interact with. Here, the concentrations were 

calculated against dry weight of soil, not as the pore-fluid concentration to maintain 

the quantity of cations available to interact with clay particles. This would ensure the 
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quantity of heavy metal ions available for soil interaction remained the same 

throughout the test. 

5.11.1 COPPER(II) NITRATE, TRIHYDRATE 

The molecular weight of Cu(NO3)2.3H2O is 241.5 g. The molecule contains 1 mole of 

Cu2+, 2 moles of NO3
- and 3 moles of H2O. The weight of Cu2+ is only 63.5 g. The 

details of molecular weight of Cu (NO3)2.3H2O are given in Table 5-13.  

In order to calculate the required concentration, f ppm (f mg of Cu2+ per 1 kg of dry 

weight of soil), the following equation was used; 

 1. =
2Ü. × !
2Ü&

 (34) 

where 1.  is the molecular weight of Cu(NO3)2.3H2O in grams (g), C is the 

concentration in grams per kilogram of dry weight of soil (g/kg of soil), 2Ü. is the 

molecular weight of Cu(NO3)2.3H2O in grams per mole (g/mol), 2Ü& is the molecular 

weight of Cu2+ in grams per mole (g/mol). 

The weight of Cu (NO3)2.3H2O per kg of dry soil (11) was used to calculate the actual 

weight of Cu (NO3)2.3H2O required for the dry weight of soil that would be used to 

make soil sample using the following formula; 

 1 =
1.
1000

× 1& (35) 

where 1. is mass of Cu (NO3)2.3H2O required in grams (g), 1& is the mass of soil in 

grams (g). For 1000 ppm concentration 3.8 g of Cu (NO3)2.3H2O is required for 1 kg 

of dry soil.  

To prepare the solution, water (1.25 times of GL of the soil) was mixed with 

Cu(NO3)2.3H2O and stirred until all solids were dissolved in water.  The solution was 

added to the soil in a bowl and mixed thoroughly and left overnight for maturation. 
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5.11.2 LEAD(II) NITRATE 

Lead has a very high molecular weight (207.2 g). The molecular weight of Pb(NO3)2 

is 331.2 g. Details of molecular weight are given in Table 5-14. 

In one mole of Pb(NO3)2, there is one mole of Pb2+, 2 moles of NO3
-. To get the required 

concentration, f ppm (f mg of Pb2+ per 1 kg of dry weight of soil), equation (34) was 

used. 

To calculate the actual Pb(NO3)2 needed for required concentration of Pb2+, equation 

(35) was used. For 1000 ppm concentration 1.6 g of Pb(NO3)2 was required for 1 kg of 

dry soil. Once the required weight of Pb(NO3)2 was measured, it was mixed in water 

(1.25 times of GL of the soil). The solution was added to the soil in a bowl and mixed 

well and left for 24 hours for maturation. 

5.11.3 ZINC(II) NITRATE, HEXAHYDRATE 

Zinc(II) nitrate, hexahydrate as a compound has a molecular weight of 297.38 g. 

However, Zn2+ has a molecular weight of 65.38 g. 

Zn(NO3)2.6H2O has one mole of Zn2+, 2 moles of NO3
-, and 6 moles of H2O. To get f 

ppm (f mg of Zn2+ per 1 kg of dry weight of soil) concentration, equation (34) was 

used. 

Equation (35) was used to calculate the amount of Zn(NO3)2.6H2O needed for any 

particular concentration. 4.55 g of Zn(NO3)2.6H2O are needed to prepare a soil sample 

with 1000 ppm concentration of lead. To prepare the solution, water (1.25 times of GL 

of the soil) was mixed with Zn(NO3)2.6H2O. The solution and the soil were mixed well 

in a bowl and left overnight for maturation. 

5.11.4 CONCENTRATIONS AND MASS OF REAGENTS REQUIRED 

Table 5-16 gives the weight of metal compounds needed to prepare the required 

concentration of metal ion solution. To make binary metal ion solutions, amounts of 

each metal compound as given in the table were added to prepare the sample. For 
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example, to make binary metal ion solution of Cu2+ and Pb2+, 3.8 g of Cu(NO3)2.3H2O 

and 1.6 g of Pb(NO3)2 were dissolved in distilled water (to 1.2 times liquid limit of 

soil) and mixed with 1 kg of soil. The specimens with the binary heavy metal ions have 

1000 ppm of each heavy metal ion (2000 ppm of heavy metal ions in total). To make 

trinary metal ion solutions, amounts of each metal compound as given in the table were 

used to prepare the concentration. For example, to make ternary metal ion solution of 

Cu2+, Pb2+ and Zn2+, 3.8 g of Cu(NO3)2.3H2O, 1.6 g of Pb(NO3)2 and 4.55 g of 

Zn(NO3)2.6H2O were dissolved in distilled water (to 1.2 times liquid limit of soil) and 

mix with 1 kg of soil. The specimens with ternary heavy metal ions have 3000 ppm 

concentration of heavy metal ions in total. The results of the specimens with binary 

and ternary heavy metal ions were compared with the results of the samples with 

singular heavy metal ions with same total concentration (ppm) to ensure that total 

concentration remains a constant, but the number of heavy metal ions is the variable. 

5.12 SUMMARY 

This chapter covered the details of materials (clays and heavy metals), apparatuses, 

procedures. Following robust and detailed procedures about the materials and 

apparatuses and procedures are crucial for the accuracy of data. The data produced 

were processed, analysed, and presented in tabular and graphical forms and are 

discussed in the chapters 6 and 7.   
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Table 5-1: Mean values of index properties and mechanical properties of the Lucera clay 
(Lollino et al., 2011) 

A:  
kN/m3 

*n: 
% 

CF:  
% 

PI:   
% 

# YSR @:    
kPa 

(’ J’p:  
kPa 

K’p:  
degrees 

,:        
m/s 

20.9 20.5 40.8 24.3 0.56 4.5 2x104 0.25 30 22 7x10-11 

Table 5-2: Index properties of Lucera clay samples from previous researches. Data from 
Guglielmi (2018). 

Sample Depth: 
m.a.s.l 

*n: 
% # *L: 

% 
PI: 
% 

@s: 
% 

Lr 
% 

CF: 
% A 

Block 2 
(L1) 150 19.88 0.557 47.9 24.5 2.72 97 48.5 0.50 

Block 1 
(L1) 170 21.1 0.578 41.3 20.2 2.73 99 42.8 0.47 

Block 1 
(L2) 170 20.3 0.556 48.1 24.0 2.74 100 42.8 0.56 

Block 1 
(L3) 170 19.1 0.521 47.6 25.0 2.74 100 42.8 0.58 

Table 5-3: Mineralogical composition by weight (%) of Lucera clay (Guglielmi, 2018) 
∑Ph=phyllosilicate, Q=quartz, K-Fd=K-feldspar, P=plagioclase, Cc=Calcite, D=dolomite, 
I/S=mixed layers illite/smectite (% of illite content in the interlayer in the racket), I=illite, 
K=kaolinite, Ch=chlorite, tr=in traces 

Bulk composition Clay fraction 
∑Ph Q K-Fd P Cc D I/S I K Ch 
70 15 1 3 11 tr 77 (40-45) 8 9 6 

Table 5-4: Mineralogical composition of Lucera clay and submarine sediments from the port 
of Taranto 

Mineral Composition of Lucera 
clay (%) 

Composition of submarine 
sediments (%) 

Quartz 39 36 
Muscovite 31 28 
Calcite 13 15 
Chlorite 5 5 
Feldspar 10 8 
Dolomite 1 5 
Halite 0 2 

Table 5-5: Physical and plasticity properties of submarine sediments from the port of Taranto 
(data from Cotecchia (2005) and Federico et al. (2015)) 

A: 
(kN/m3) 

*n: 
(%) 

Clay 
fraction: 
(%) 

Silty 
fraction 
(%) 

Sandy 
fraction 
(%) 

*L: 

(%) 
*P: 
(%) 

PI 
(%) 

#0 @s 

15.32 70 33 52 15 55 26 29 2.203 2.67 
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Table 5-6: General properties of kaolin (ACROS-Organics, 2007). The parameters marked 
with * are measured in the current research. 

Colour Light beige unctuous powder 

Mineralogy Kaolinite (%) 75 

Muscovite (%) 12 

Quartz (%) 7 

Other (%) 6 

Chemical components SiO2 (%) 50 

Al2O3 (%) 33 

K2O (%) 2 

Fe2O3 (%) 1 

TiO2 (%) 0.1 

Loss on drying (%) < 1 

Loss on ignition (%) 10.4-11.8 

Surface area (m2/g) 12 

pH 6.5 

Solubility Insoluble in water, alcohol, dilute acids, alkali solutions 

Liquid limit (GL) %* 56.6 

Plastic limit (GP) %* 25.1 

Plasticity Index (PI) %* 31.5 

Specific gravity (*s) 2.65 
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Table 5-7: Phases of soil and the Atterberg limits (Head, 2012) 
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Table 5-8: Samples for !L and !P tests 
Addition to clay Clay / sample number 

Lucera Kaolin Bentonite 1:1 Kaolin-Bentonite Submarine Sediment 

1000 ppm Cu2+ L-1K-Cu K-1K-Cu B-1K-Cu KB-1K-Cu S-1K-Cu 

1000 ppm Pb2+ L-1K-Pb K-1K-Pb B-1K-Pb KB-1K-Pb S-1K-Pb 
1000 ppm Zn2+ L-1K-Zn K-1K-Zn B-1K-Zn KB-1K-Zn S-1K-Zn 
5000 ppm Cu2+ L-5K-Cu K-5K-Cu B-5K-Cu KB-5K-Cu S-5K-Cu 
5000 ppm Pb2+ L-5K-Pb K-5K-Pb B-5K-Pb KB-5K-Pb S-5K-Pb 
5000 ppm Zn2+ L-5K-Zn K-5K-Zn B-5K-Zn KB-5K-Zn S-5K-Zn 
1000 ppm Cu2+ +1000 ppm Pb2+ L-1K-Cu+1K-Pb K-1K-Cu+1K-Pb B-1K-Cu+1K-Pb KB-1K-Cu+1K-Pb S-1K-Cu+1K-Pb 
1000 ppm Cu2+ +1000 ppm Zn2+ L-1K-Cu+1K-Zn K-1K-Cu+1K-Zn B-1K-Cu+1K-Zn KB-1K-Cu+1K-Zn S-1K-Cu+1K-Zn 
1000 ppm Pb2+ +1000 ppm Zn2+ L-1K-Pb+1K-Zn K-1K-Pb+1K-Zn B-1K-Pb+1K-Zn KB-1K-Pb+1K-Zn S-1K-Pb+1K-Zn 
1000 ppm Cu2+ +1000 ppm Pb2+ 
+1000 ppm Zn2+ 

L-1K-Cu+1K-Pb +1K-Zn K-1K-Cu+1K-Pb +1K-Zn B-1K-Cu+1K-Pb +1K-Zn KB-1K-Cu+1K-Pb +1K-Zn S-1K-Cu+1K-Pb +1K-Zn 

De-ionised water L-DI K-DI B-DI KB-DI S-DI 

35 ppt NaCl (aq) L-NaCl K-NaCl B-NaCl KB-NaCl S-NaCl 
1000 ppm Cu2+ + 35 ppt NaCl (aq) L-1K-Cu+NaCl K-1K-Cu+NaCl B-1K-Cu+NaCl KB-1K-Cu+NaCl S-1K-Cu+NaCl 
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Table 5-9: Characteristics of oedometer instruments and signal conditioning 

Transducer Type Capacity Resolution Excitation Signal output 
range 

Digital dial 
gauge 

Mitutoyo  
(543-470B) 

25 mm 0.001 mm 10 V - 

Load cell VJ Tech 
ACONS Pro 

15 kN 0.1 N 10 V - 

Pressure 
transducer 

GEMS  
Series 2200 

10 Bar 0.15% FS 10 V 0-100 mV 

 

Table 5-10: Calibration factors for ACONS2 oedometer transducers 

Transducer Calibration factor Coefficient of correlation 
(R2) 

Load cell -0.003545 mm/mV 0.99991 
Pore-water pressure 
transducer 

-0.0977 kN/mV 0.99999 

 

Table 5-11: Characteristics of ACONS2 oedometer transducer and signal conditioning 

Transducer Type Capacity Resolution Excitation 
(V) 

Signal output 
range (V) 

External 
axial LVDT  

RDP 
LDC500A 

25 mm 0.005% FS 9.90 -2.2 to 2.2 

Volume 
gauge LVDT 

RDP 
LDC500A 

50 cm3 
(25 mm) 

0.005% FS 9.90 -2.2 to 2.2 

Local axial 
LVDT 1 

RDP 
D5/200WRA 

10 mm 0.002% FS 9.90 -3.3 to 4.5 

Local axial 
LVDT 2 

RDP 
D5/200WRA 

10 mm 0.002% FS 9.90 -3.2 to 4.4 

Load cell WF STALC3 5 kN 0.1 kPa 9.90 0.0 to 3.0 
Cell pressure 
transducer 

Gems™ Series 
3100  

24 Bar 0.5% of 
span 

8 to 30 0.0 to 5.0 

Back 
pressure 
transducer 

Gems™ Series 
3100 

10 Bar 0.5% of 
span 

8 to 30 0.0 to 5.0 

 

Table 5-12: Calibration factors for transducers in UCL triaxial system 

Transducer Calibration factor Coefficient of correlation 
(R2) 

External axial LVDT 175.6 mm/mV 0.99998 
Volume gauge LVDT -99.2- cm3/mV 0.99994 
Local axial LVDT 1 804.9 mm/mV 0.99997 
Local axial LVDT 2 828.0 mm/mV 0.99994 
Load cell 608.2 kPa/mV 0.99999 
Cell pressure transducer 0.1019 kPa/mV 0.99999 
Back pressure transducer -0.09951 kPa/mV 0.99999 
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Table 5-13: Molecular weights of copper (II) nitrate, trihydrate and ion species when dissolved 
in water 

Formula Weight (g) 
Cu(NO3)2.3H2O 241.5 
Cu2+ 63.5 
NO3- 62 
H2O 18 

 

Table 5-14: Molecular weights of Lead(II) nitrate and ion species when dissolved in water 

Formula Weight (g) 
Pb(NO3)2 331.2 
Pb2+ 207.2 
NO3- 62 

 

Table 5-15: Molecular weights of ZIN(II) nitrate, hexahydrate and ion species when dissolved 
in water 

Formula Weight (g) 
Zn(NO3)2.6H2O 297.38 
Zn2+ 65.38 
NO3- 62 
H2O 18 

Table 5-16: Mass of metal reagents required to make required concentration of metal ion 
solutions 

Concentration Cu(NO3)2.3H2O Pb(NO3)2 Zn(NO3)2.6H2O 
100 ppm (mg/kg of 
dry soil) 

380 mg 160 mg 455 mg 

1000 ppm (mg/kg 
of dry soil) 

3800 mg 1600 mg 4550 mg 
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Figure 5-1: Schematic geological map of Apulia region and location of Lucera (Fidelibus et 
al., 2018) 
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Figure 5-2: Schematic map of Montemesola Basin (Cotecchia et al., 2007) 
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Figure 5-3: (a) schematic structural map of southern Italy: (b) geological map of slope with 
Fiamma quarry at top right hand corner (Lollino et al., 2011)  
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Figure 5-4: Schematic diagram of mixed layer illite and smectite (Murray, 2007) 
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Figure 5-5: Particle size distribution of Lucera clay measured in Morphologi® G3S particle 
analyser system manufactured by Malvern Panalytical. 

 
Figure 5-6: Location where submarine sediment was taken from (Google Maps, 2020) 



 164 

 
Figure 5-7: Granulometric spindle of submarine sediments from the port of Taranto 
(Cotecchia, 2005) modified by (Federico et al., 2015) 

 
Figure 5-8: Schematic diagram of the structure of kaolinite (Lambe, 1953) 
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Figure 5-9: Atomic structure of kaolinite (Grim, 1959) 

 
Figure 5-10: Particle size distribution of kaolin measured in Morphologi® G3S particle 
analyser system manufactured by Malvern Panalytical. 
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Figure 5-11: Schematic diagram of the structure of montmorillonite (Lambe, 1953) 

 
Figure 5-12: Atomic structure of montmorillonite (Murray, 2007) 
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Figure 5-13: Particle size distribution for sodium bentonite measured in Morphologi® G3S 
particle analyser system manufactured by Malvern Panalytical. 
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Figure 5-14: The setup of Morphologi® G3S particle analyser system manufactured by 
Malvern Panalytical 

 
Figure 5-15: EC meter and pH meter along with mechanical stirrer 

 
Figure 5-16: Samples on mounts ready to be tested in SEM 
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Figure 5-17: Schematic diagram of SEM, after Terasaki (1999) 
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Figure 5-18: Jeol JSM-6480LV high-performance, Variable Pressure Analytical Scanning 
Electron Microscope at UCL Earth Science (Photo from UCL Earth Sciences web page). 

 
Figure 5-19: The enclosure for the X'pert Pro MPD 

X-ray ON light 

Enclosure doors 

Control panel 
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Figure 5-20: Schematic diagram of fall cone apparatus (BS EN ISO 17892-12:2018) 

 
Figure 5-21: Liquid limit penetrometer by Controls Group (model: 22-T0029/D) 
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Figure 5-22: Plastic limit roller for Gilson Company, INC 

 
Figure 5-23: Example of liquid limit test result from a fall cone test with the 60 g cone (BSI, 
2018) 
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Figure 5-24: Oedometer cell 

 
 

Figure 5-25: ACONS2 motorised automatic consolidation system by VJ Technologies 



 174 

 
Figure 5-26: Floating consolidometer 
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Figure 5-27: Schematic diagram of a similar triaxial apparatus used for the current 

research (Gasparre, 2005) 
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Figure 5-28: UCL Triaxial apparatus 

 

Figure 5-29: The miniature floating type LVDT and mounts as described by Cuccovillo and 
Coop (1997) 



 177 

 
Figure 5-30: Sample mounting and preparation; (a) sample placed on pedestal, (b) radial 
drainage fitted, (c) latex membrane placed, (d) local transducers attached to the membrane of 
the sample 
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Figure 5-31: A failed triaxial sample (kaolin) 

 
Figure 5-32: Lucera triaxial sample after a triaxial test 
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Figure 5-33: illustration of the correction for the cross-sectional area due to shear plane failure. 
(After La Rochelle, 1967) 
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6 RESULTS AND DISCUSSION: PHYSICAL 
AND INDEX PROPERTIES OF THE CLAYS 

6.1 INTRODUCTION 

The index properties of soils are typically used to identify and classify soils. Some 

effects of pore-fluid chemistry on the behaviour of soil including index properties have 

been investigated by other researchers (Di Maio and Fenelli, 1994, Di Maio et al., 

2004, Calvello et al., 2005, Anson and Hawkins, 1998), who found that the 

composition of pore-fluid affects the plasticity behaviour of clays depending on 

various factors such as type and valency and concentration of cations, mineralogy, 

cation exchange capacity, adsorption capacity of soil particles (see chapter 3).  

In this chapter, a detailed characterisation of the physical and index properties of 

kaolin, bentonite, Lucera, and submarine sediments from the port of Taranto is 

presented. They include pH, electrical conductivity (EC), scanning electron 

microscope (SEM), X-ray diffraction (XRD) and plasticity limit tests.  

6.2 !H AND ELECTRICAL CONDUCTIVITY 

6.2.1 RESULTS 

The pH of pore-fluids plays an important role on how particles interact with each other 

and with the constituents of pore-fluid. The main purpose of investigating the change 

of pH in samples when heavy metals were added was to understand the role pH could 

play in the behaviour of different clays. Similarly, the electrical conductivity (EC) is 

one of the properties of soil which is related to the nature of the soil, structure of the 
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soil, water content, and temperature. EC also depends on the solutes present in soil-

water system.  

The concentrations of heavy metal ions used to treat clay samples were in order of mg 

of heavy metal per kg of dry weight of clay (same as ppm) and, therefore, the ionic 

concentration of the pore-fluid changed with increase and decrease in the amount of 

water in the sample. But for control purpose, the pH and EC were measured from fluids 

made with 1 mg of the heavy metal ion in 1000 millilitres of de-ionised water. The 

results of pH tests are given in Figure 6-1. All 3 ions diluted in water are acidic; the 

pH values were 5.1 for Cu2+, 4.9 for Pb2+ and 5.7 for Zn2+. The clay samples prepared 

with de-ionised water had the following pH values; kaolin was slightly acidic (pH = 

6.5), while bentonite, Lucera, and submarine sediments were all alkaline with the pH 

value being 8.9 for bentonite, 8.6 for Lucera and 8.5 for submarine sediments.  

When the heavy metal ions were added to the clay, each clay had a reduction in pH 

value compared to the pH of the clay sample with de-ionised water. The reduction in 

pH of kaolin was most significant, measuring 5.1 for the kaolin sample with Cu2+, 4.9 

for the kaolin sample with Pb2+ and 5.7 for the kaolin sample with Zn2+. In bentonite, 

Lucera, and submarine sediments the reduction in pH on adding heavy metals were 

very small. In bentonite, heavy metal cations reduced the pH value of bentonite from 

8.9 to 8.6. In Lucera clay the reduction of pH was from 8.6 to 8.3 for the samples with 

Cu2+ and Zn2+ and 8.6 to 8.1 for the sample with Pb2+. In submarine sediments, the pH 

value decreased from 8.5 to 8.3 when a heavy metal was added in the sample.  

Electrical conductivity values were measured prior to taking measurements of pH from 

each fluid due to the fact that the pH electrode releases K+ ions to the fluid, which can 

have significant effect on the EC measurements. The EC measurements of a clay 

depend on the type of soil (soil mineralogy, structure and fabric), degree of saturation 

and ionic concentration of the pore-fluid. In order to measure EC using a handheld EC 

device, a soil suspension was prepared. Therefore, the values measured were the EC 

values of the clay suspensions and they were only qualitative measurements to 

compare with the EC values of the samples with and without heavy metal ions. 
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The EC measurements of all the samples are presented in Figure 6-2. The EC results 

of each heavy metal dissolved in water at the concentration of 1000 ppm show that the 

Cu2+ solution had 74 !S/m (micro-Siemens per metre), Pb2+ solution had 26 !S/m and 

Zn2+ solution had 68 !S/m. The kaolin had very low EC in de-ionised water (12 !S/m) 

and the addition of heavy metal ions increased the EC to a value almost the same as 

measured in control heavy metal solutions. Bentonite samples and Lucera clay samples 

only had their EC values slightly increased with the addition of heavy metal ions and 

the change of EC values corresponded to the measurements of the heavy metal 

solutions before they were mixed with clay samples. However, the submarine sediment 

samples had a greater increase from 534 !S/m to 666 !S/m when Cu2+ was added, 

from 534 !S/m to 655 !S/m when Pb2+ was added and 534 !S/m to 660 !S/m when 

Zn2+ was added. 

6.2.2 DISCUSSION 

The interaction between soil particles and water, in many cases, is highly affected by 

the pH. It affects the adsorption of cations by the soil particles, which alters the 

electrostatic forces. More effects of pH on soil properties are discussed in section 3.2.4. 

The results of the pH tests performed on the clay samples show that the pH did not 

change much with the addition of heavy metal ions. While all three heavy metal fluids 

were slightly acidic, they only reduced the pH of the clays slightly. According to 

Suarez et al. (1984) the pH changes in clay affect the clay surface charge and the effect 

of pH is significantly influenced by the clay mineralogy where the structural 

composition and degree of crystallinity of the clay play a considerable role. The iron 

and aluminium oxides of clay minerals generally undergo surface charge reversal at 

pH values between 7 and 9 where it is positively charged below that and negatively 

charged above (Suarez et al., 1984). Schofield and Samson (1954) also reported the 

edge charge reversal where adsorption of Cl- ions decreased with increase in pH and 

became negative at high pH. Since the kaolin sample only reduced pH values from 6.5 

to between 4.9 and 5.7, there would not be surface charge reversal. Similarly, in all 

other clay samples the pH values decreased slightly but remained above the pH value 

of 8, so there would not be any surface reversal. Hence, it was unlikely that the 
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variations in pH values of the samples due to heavy metal ions could affect the 

behaviour of the clays significantly. 

The EC measurements are considered a result of clay-water interactions rather than a 

factor which affects clay behaviour. It has been used to evaluate geotechnical 

parameters of soils such as moulding water content, degree of saturation, bulk density, 

and pore structure (Bryson, 2005). There are two mechanisms for electrical 

conductivity in soils to occur; by the movement of ions through the pore-fluid and by 

the movement of surface charges. The EC measurements of the clays tested in the 

current research show that the addition of heavy metals did not change the EC value 

significantly in kaolin, bentonite and in Lucera clay. However, the EC values of the 

submarine sediments had a significant increase which could not be only due to addition 

of heavy metal ions in the sample. It is most likely that the heavy metal ions interacted 

with the clay surface as well as the organic matter and other ions present in the 

submarine sediments, allowing more ions to be released into the clay suspension. In 

natural clay samples, the electrical conductivity of a soil depends on porosity, the ionic 

concentration of pore-fluid, the composition of the solids, degree of saturation of clay, 

particle shape and orientation, and pore structure (Bryson, 2005). It was also observed 

that Cu2+ gave higher EC value than Zn2+ gave higher EC value than Pb2+. At a 

concentration of 1000 ppm (mg of heavy metal ion per 1000 ml of water) gave EC 

values of 74 !S/m for Cu2+, 26 !S/m for Pb2+, 68 !S/m for Zn2+. The reason is most 

likely due to the number of ions per unit weight of each heavy metal being different. 

Cu2+ has an atomic weight of 63.55, Zn has a unit weight of 65.38, and Pb has a unit 

weight of 207.2. That means that the number of ions present in Pb2+ fluid (molar 

concentration) was significantly lower (3.0x1018 ions) than Zn2+ (9.5x1018 ions) and 

Cu2+ (9.8x1018 ions) fluids. The molar concentration of ions had direct relationship 

with the EC values measured.  

6.3 SCANNING ELECTRON MICROSCOPY (SEM) 

6.3.1 RESULTS 

The microstructure of samples which was reconstituted and consolidated in the 

oedometer was analysed through a scanning electron microscope. The details of the 
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samples scanned in SEM are given in Table 6-1. The purpose of SEM was to analyse 

the possible effect on the microstructure and voids in the clays when a heavy metal ion 

or NaCl was added to the sample. The SEM samples were cut in vertical direction from 

one-dimensionally consolidated oedometer samples. The SEM micrographs were then 

thinned to highlight voids using ImageJ software.  

The results of the analysis of SEM micrographs show that the kaolin decreased the 

percentage of void in the presence of heavy metals (Figure 6-8). The control kaolin 

sample had an 10.8% void, calculated with respect to the total sample area (voids and 

particles), but the percentage decreased to 5.9% for the sample with Pb2+, 6.6% for the 

sample with Cu2+ and 7.3% for the sample with Zn2+. However, when NaCl solution 

was used as pore-fluid, the percentage of pores increased to 12.9%. There was no 

obvious structural and fabric differences between the control sample and sample with 

the heavy metal ions. But the sample with NaCl exhibited a collapsed structure with a 

face-to-face arrangement (Figure 6-3 - Figure 6-7). 

Only two samples of bentonite were micrographed in the SEM. The micrographs are 

presented in Figure 6-10 and in Figure 6-11. The control sample of bentonite had a 

3.6% void content, while the bentonite sample with Pb2+ increased the void content to 

5.5%. There was no clear difference in particle arrangement in the SEM micrographs 

of bentonite samples. 

The void percentage of reconstituted Lucera clay samples increased slightly when 

heavy metal was present where the control sample had 5.5% of void, but all three 

heavy metals increased the void percentage to 6.0%. The sample with NaCl solution 

increased the void percentage to 7.0%. The SEM micrographs of reconstituted Lucera 

clay samples indicated that all the samples with additives (heavy metal ion or NaCl) 

had similar differences to the control sample, with increase in flocculation in the 

presence of  the additives. Original and thinned micrographs of Lucera clay samples 

are given in Figure 6-12 - Figure 6-16. The void percentages of Lucera clay samples 

are given in Figure 6-17. 

One of the most important factors which determines the permeability of a soil sample 

is the size of the voids where larger voids increase the permeability. In clay samples 
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with added cations, the flocculation and particle arrangement changed with the 

addition of heavy metals or NaCl. This resulted in changing pore size composition. As 

mentioned above, the total void area in kaolin increased with the addition of NaCl 

solution but decreased with the addition of heavy metal cations. The analysis of voids 

in kaolin sample is presented in the Figure 6-9. It shows that there was no significant 

change in meso pore (pore diameter between 2nm and 50 nm) area, but the change in 

pore area was almost completely due to the change in macro pore (pore diameter 

greater than 50 nm) area. The pore size analysis of bentonite samples and reconstituted 

Lucera clay samples exhibited an increase in the total area of macro pores with the 

addition of heavy metal or NaCl solutions. The pore area analysis of reconstituted 

Lucera clay is given in Figure 6-18. 

6.3.2 DISCUSSION 

Obtaining pore information from SEM micrographs using the ImageJ software maybe 

subjective and uncertain. It is important to note that the ImageJ analysis of the SEM 

micrographs to semi-quantify the porosity of the samples could have significant 

variations between micrographs of samples of same clay or even the different 

micrographs of same sample. The samples were prepared by breaking in vertical 

orientation and hence, micrographs were taken from rough surfaces which may not be 

identical. The threshold applied on micrographs is subjective and it is impossible to 

say if the threshold applied on micrographs are correct or not. Therefore, it is difficult 

to derive any conclusion from porosity data generated from ImageJ on its own, but it 

can help to explain behaviour of clays with the help of results from other tests carried 

out on the clay samples. 

Limited knowledge is currently available about the effect of ions in pore-fluid on the 

microstructure of clays. There have been many studies into the effect of contamination 

or leachate on the hydraulic conductivity of clay, but very few researches on the effect 

of leachate or contaminants on the microstructural parameters of soil (Zhang et al., 

2016, Lu et al., 2015, Nartowska et al., 2019). 

Zhang et al. (2016) reported that the microstructure of the bentonite clay in landfill 

liner was greatly affected by the presence of contaminants in the leachate. It was found 
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that the shape of bentonite clay particles was bottleneck-like and when contamination 

was increased, there was a significant change in pores. This included a decrease in the 

number of micropores smaller than 2 nm but also an increase in the number of pores 

between 2 nm and 6 nm. Lu et al. (2015) also found an increase in pores between 2 

nm and 7 nm in modified clay containing sewage sludge ash (SSA) used as landfill 

liner-soil material. The SEM results of the bentonite clay in the current research 

support the results reported by Zhang et al. (2016) where pore area of bentonite 

increased when 1000 ppm concentration of Pb2+ was added to bentonite. This change 

in microstructure is clearly linked to the interactions between bentonite clay particles, 

and between constituents of pore-fluid and clay particles. The effect of heavy metal 

ions on microstructure is also supported by Nartowska et al. (2019) where Cu2+ had a 

positive correlation (0.76) of the pore total surface area compared to the sample 

without Cu2+. Zn2+ also had a positive, but much smaller correlation (0.03) to the pore 

total surface area.  

The soil-water system is complex and the addition of heavy metal cations or other 

cations to the clay affects the behaviour depending on factors such as mineralogy, 

specific surface area and exchangeable cations. The change in microstructure and 

increase in pore area is probably due to more than one phenomenon. The change in 

particle arrangement, and the attraction and repulsion forces between the clay particles 

and pore-fluid ions change the pore size distribution and pore area. In the case of 

kaolin, the addition of NaCl in the clay would have caused the structure to collapse 

and re-orient in face-to-face arrangement. This would result in a decrease in inter-

particle distance and an increase in total pore volume (Yong and Warkentin, 1966). 

However, when heavy metal was added to kaolin, the structural arrangement would 

change in opposite direction where edge-to-face arrangement of particles would 

increase. The edge-to-face arrangement would increase inter-particle distance and 

decrease total pore volume. This behaviour of kaolin in the presence of low 

concentration of heavy metal ions could also be explained by the pH of kaolin samples. 

When heavy metal ions in low concentrations are added to kaolin, as found in this 

research and presented in section 6.2, pH decreases between 4 and 6 (Figure 6-1) 

depending on the heavy metal type and concentration. This pH range is critical in the 

fabric map proposed by Santamarina et al. (2002) and Palomino and Santamarina 
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(2005) where kaolinite particles arrange in edge-to-face alignment. This reduces pore 

volume. The effect of pH on clay behaviour when the ionic concentration is thought 

to be limited. The pH of the kaolin sample with 35 ppt (0.6M) concentration of NaCl 

solution is between 6 and 7. According to the fabric map, this would cause kaolinite 

particles to arrange in a face-to-face pattern, resulting in increased pore volume. In 

bentonite clay and Lucera clay, the mechanism appeared to be the change in the 

thickness of DDL. This mechanism in bentonite clay was discussed by Zhang et al. 

(2016) and Lu et al. (2015). The cations in leachate, the thickness of DDL would 

decrease because of the increased electrostatic forces of attraction between negatively 

charged clay surfaces and cations. This also would cause reduction in inter-particle 

distances and increase in total pore volume.  

The microstructure of a particular clay does not depend only on the type of cations and 

cation concentration. It is also affected by the stress level of the sample. In the current 

research, clay samples from each clay were only tested by SEM at one stress level to 

find the effect of heavy metal cations. However, it would be interesting to investigate 

how the microstructure of heavy metal contaminated clay changes with increasing 

consolidation pressure.   

6.4 X-RAY DIFFRACTION (XRD) 

X-ray diffraction (XRD) analysis is the most commonly used non-destructive tool to 

identify and quantify the mineralogy of soils. Every clay mineral has a specific X-ray 

diffraction pattern which is identified using recorded phases on the International 

Centre for Diffraction Data (ICDD) database of powder diffraction patterns. The XRD 

analysis for the current research was to determine if the addition of heavy metal to 

clays changes the nature of clay minerals by super imposing XRD diffractogram of 

different samples of the same clay without and with contaminant, and comparing the 

spikes. 

6.4.1 RESULTS 

The results of the XRD analysis of the kaolin samples show that the kaolin contained 

three minerals in major quantities. They were kaolinite, muscovite and quartz. When 
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the diffractogram of kaolin sample with de-ionised water was superimposed on the 

diffractogram of the kaolin sample with 5000 ppm Pb2+, there was no notable 

difference in the patterns (Figure 6-19). It implied that adding Pb2+ had not caused any 

change to the mineralogy of kaolin.  

There were three diffraction patterns of bentonite clay samples superimposed on top 

of each other (Figure 6-20); one pattern from same bentonite sample with de-ionised 

water and the other two patterns from the bentonite sample with 5000 ppm Pb2+. There 

were some differences observed on the superimposed patterns. First, some sharp 

reflections (e.g. at 41.85 and 47.14 degrees) had very different intensities. These 

reflections were from feldspar and quartz due to a few coarse mineral grains 

contaminating the finer powder, giving anomalously strong peaks. Hence, it appeared 

that these differences were not significant. And these differences were unlikely caused 

by the presence of Pb2+. The differences in intensity in the broad peaks below 12 

degrees came from the swelling clay present in the sample. Bentonite was 95% 

montmorillonite (smectite) clay in which the spacing between the aluminosilicate 

layers would change with water content. The bentonite sample with de-ionised water 

looked to be fairly anhydrous and there were well defined reflections at about 10 

degrees. In the other two diffraction patterns (from same bentonite sample with 5000 

ppm Pb2+), there was a particular peak which had shifted to a smaller angle (a larger 

interlayer spacing) and had become somewhat smeared out. This appeared to be due 

to smectite mineral having a tiny amount of water due to the bentonite sample not 

being fully dry. Therefore, it was unlikely that this change was due to the presence of 

Pb2+ in the bentonite sample.  

Figure 6-21 gives the superimposed diffraction patterns of Lucera clay samples with 

and without Pb2+ ions. The two patterns were almost completely identical, with the 

only difference being in the heights of the reflection at 24.2 degrees from quartz, and 

32.6, 35.3 and 38.5 degrees from feldspar. Hence, there was no indication that the 

presence of Pb2+ in the Lucera clay had any effect on the clay minerals. 

Since Lucera clay, a natural clay from Taranto region, was tested in X-ray 

diffractometer to determine if Pb2+ had no effect on the mineralogy of the clay, the 



 189 

submarine sediment with Pb2+ was not tested in the XRD. But the washed and 

unwashed submarine sediment from the port of Taranto were tested to determine the 

effect of washing on the submarine sediments. Washing removed NaCl and some of 

organic materials that floated when water was added and thoroughly mixed. The 

natural samples had 33 parts per thousand (33 ppt) NaCl in it and 2-4% organic 

content. The second sample was washed in order to remove the salt content to 

determine the behaviour of the sediment without NaCl in it. Figure 6-22 shows 

superimposed diffraction patterns of the submarine sediment samples on each other. 

The two diffraction patterns were almost completely identical. Peaks in the natural 

(unwashed) sediment sample at 31.89. 36.96, 53.27, 66.60 and 78.68 degrees 

disappeared in the pattern of the washed sediment sample. All these reflections in the 

unwashed sample were from NaCl. Differences in intensity in peaks at 25.64 and 36.08 

degrees were probably due to a few coarse-grained feldspar crystals being present. The 

small difference in intensity in the low-angle part of the pattern at around 7 degrees 

could be due to some small changes in the layer silicates. Even though this difference 

in the pattern was not significant, it could be because of the changes to the composition 

of sediments due to washing. 

6.4.2 DISCUSSION 

Clay mineralogy is the primary factor that determines the behaviour of a soil. XRD is 

one of the most commonly used techniques to identify clay minerals in a soil and to 

estimate the percentage of each clay mineral. In most cases, XRD provides accurate 

mineral identification. But the determination in quantity of each mineral is always 

tricky, especially in soil which there are mixtures of different clay minerals. The 

intensity of diffraction peaks of clay each clay mineral does not directly relate to the 

quantity of the clay mineral due to variations of sample mounts and XRD machine 

conditions (Al-Ani and Sarapää, 2008). The measurements are more accurate when 

the clay fraction is separated from bulk sediments as done by Guglielmi (2018) on 

Lucera clay.  

In the current research, the main purpose of carrying out XRD was to find out if the 

addition of heavy metal ions altered the diffraction pattern of each clay which would 

indicate changes in the mineralogy. Therefore, XRD test was conducted on bulk 
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samples without separating sand, clay and silt fractions. The diffraction patterns of 

heavy metal treated, and untreated samples were then superimposed on each other and 

compared in order to determine possible changes due to the presence of heavy metal 

in the clay. The results of XRD tests and minor variations in the intensity of peaks are 

explained in 6.4.1. The conclusion is that addition of 5000 ppm Pb2+ did not alter the 

mineralogy of kaolin, bentonite and Lucera clay. The only notable variation was found 

in diffraction patterns of bentonite clay samples, where the bentonite sample with 5000 

ppm Pb2+ had a shift of peak to the left to about 7 degrees, which appeared at about 10 

degrees in the sample without Pb2+. It means the bentonite sample with Pb2+ has a larger 

interlayer spacing.  However, it did not appear to be due to the presence of Pb2+, but 

rather the presence of some amount of moisture in the sample without Pb2+ which 

would cause expansion of the smectite clay mineral in bentonite. Numerous 

researchers have looked into the effect of mineralogy and pore-fluid constituents on 

the behaviour of clay, but in the literature reviewed for this research, there was no 

discussion of the possibility of change in mineralogy by any pore-fluid constituent.   

6.5 PLASTICITY INDICES 

6.5.1 RESULTS 

The plasticity indices of soils are some of the fundamental parameters to understand 

and classify soils, particularly the fine-grained soils. It helps to characterise clays 

based on their water content. The plasticity index data presented in this section are the 

results of the tests carried out for the current research, but some of the results have 

already been published in Muththalib and Baudet (2019).  

As detailed in section 5.2.4, sodium bentonite is a very expansive clay due to interlayer 

swelling. The clay has a swelling capacity of 10-15 times when mixed with de-ionised 

water. Kaolin, on the other hand, has clay structure and bonding which do not allow 

the clay to be expansive. In this research, clay mixtures containing varying proportions 

of kaolin and bentonite were tested with and without heavy metal ions to understand 

the effect of the heavy metal contaminants on each clay and their mixtures with 

changing proportion of clay constituents. 
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Figure 6-23 shows the plasticity indices of kaolin-bentonite clay mixtures with and 

without heavy metal contaminants. The plasticity index of bentonite decreased with 

all heavy metal contaminants and decreased quite significantly with the NaCl solution. 

1000 ppm concentration of Cu2+ reduced the plasticity index of bentonite from 189% 

to 182%, 1000 ppm concentration of Pb2+ reduced the plasticity index by 17% to 172%, 

and 1000 ppm concentration of Zn2+ lowered the plasticity index of bentonite by 12% 

to 177%. The NaCl solution decreased the plasticity index of bentonite significantly 

by 113% to 76%. In contrast, kaolin had a small increase in plasticity with heavy metal 

ions. Cu2+, Pb2+ and Zn2+ increased the plasticity index from 25% to 31%, 31% and 

29% respectively. The effect of 35 ppm NaCl solution reduced "L by 2%, but overall 

had little or no effect on the plasticity index. The clay mixture of 50% kaolin and 50% 

bentonite had a similar pattern to the behaviour of bentonite, but the decrease in 

plasticity index of the clay mixture suggests that it was dominated by the bentonite 

clay. The change in liquid limit of bentonite samples with metal ions (in different 

concentrations) are given in Figure 6-24. 

All three heavy metal ions were mixed with each other and tested with kaolin, 

bentonite, and a clay mixture containing 50% kaolin and 50% bentonite to find out the 

combined effects of binary (two) and ternary (three) ions on the plasticity of clays. The 

results show that when two or more ions were added together, the effect of heavy metal 

was greater. The ion mixture of Cu2+ and Zn2+ caused the biggest reduction in the 

plasticity index of bentonite, by 34% from 189% to 155%. The ion mixture of Cu2+ 

and Pb2+, and Pb2+ and Zn2+ reduced the plasticity index of bentonite by about 20%. 

When all three heavy metal ions were mixed with bentonite, the reduction of plasticity 

index was 40% from 189% to 149%. Even though the results indicated a combined 

effect of heavy metal ions, it could be due to the higher concentration of total ions 

compared to singular ion added in the clay sample.   

The plasticity test results of Lucera clay show a reduction of plasticity when heavy 

metal contamination was added. However, the reduction was very small; 0.4%, 0.6% 

and 0.1% for 1000 ppm concentration of Cu2+, Pb2+ and Zn2+ respectively. NaCl 

solution reduced the plasticity index by only 1% (Figure 6-25).  
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Submarine sediments from the port of Taranto were tested with different 

concentrations of heavy metals. The pore-fluid of the submarine sediments had a 

natural concentration of 33 ppt of NaCl. Figure 6-26 shows how the addition of heavy 

metal affected the "L of submarine sediment samples. The "L of natural submarine 

sediment from the port of Taranto was 53%. Adding 500 ppm concentration of Cu2+, 

Pb2+ and Zn2+ reduced "L of the sediment to 51%, 50% and 52% respectively. 

Increasing Pb2+ concentration to 2500 ppm reduced the "L further to 49%. When the 

clay was washed and tested, a significantly lower "L was recorded (45%). And when 

the washed sediment was tested with 5000 ppm concentration of Pb2+, the "L increased 

from 45% to 48%. 

As demonstrated by Figure 6-27, Figure 6-28, Figure 6-29 and Figure 6-30, the 

increase in concentration and the effect on clays was non-linear. In all clay samples, 

the rate of effect of heavy metal was higher at lower concentration and the rate of effect 

decreased with the increase in concentration. Both kaolin and bentonite graphs show 

that after the concentration reached a certain level, the plasticity behaviour plateaued 

and, in some cases, the effect was reversed. In the case of kaolin, 1000 ppm 

concentration of Pb2+ increased the "L from 56% to 63% but increasing the 

concentration by 5 times (5000 ppm) only increased the "L from 63% to 65%. The 

kaolin sample on the other hand, when mixed with Cu2+, and Zn2+, resulted reversing 

of the trend; decreasing the "L at 5000 ppm concentration slightly compared with the 

"L at 1000 ppm concentration. In cases of bentonite, the "L decreased from 245% (de-

ionised water) to 225% at 1000 ppm Pb2+ concentration, and to 220% at 3000 ppm 

Pb2+ concentration. However, at 5000 ppm Pb2+ concentration, almost no increase in 

"L was observed, where "L was 220% at 3000 ppm Pb2+ concentration and 221% at 

5000 ppm Pb2+ concentration. For Lucera and submarine sediments from the port of 

Taranto, the "L decreased, but the rate of effect reduced with the increase in 

concentration.  

Heavy metals influence the behaviour of clays depending on many physicochemical 

factors such as the environment. The behaviour can be different in marine environment 

where NaCl is present at very high concentration. Figure 6-31 shows that the influence 

of Cu2+ on the "L of bentonite when NaCl solution (35 ppt) was used as pore-fluid 



 193 

compared to de-ionised water was used as pore-fluid. In both cases the "L of bentonite 

decreased where "L decreased from 245% to 234% in de-ionised water and "L 

decreased from 125% to 119% in 35 ppt NaCl solution. The percentage of change 

caused by Cu2+ in both cases was similar, a decrease of about 5% compared to clay 

samples without Cu2+.  

Since the submarine sediments from the port of Taranto had a salt concentration of 33 

ppt in natural samples, it was attempted to remove salt by washing and test to see how 

NaCl affected the sediment behaviour.  The washing of submarine sediments 

decreased "L from 53% in natural samples to 45% in washed sediments. However, 

when 5000 ppm concentration of Pb2+ was added, the "L increased from 45% to 48% 

(Figure 6-32). 

To summarise the plasticity indices of all the clay samples tested, the results are 

presented in Casagrande plasticity chart (Figure 6-33). The chart shows that the effect 

of heavy metal addition on the plasticity behaviour of clays. Sodium bentonite had 

extremely high plasticity and the plasticity decreased when heavy metal or NaCl was 

added to the clay. The Kaolin-bentonite clay mixture also had extremely high 

plasticity, but the plasticity was less than half that of the bentonite. Similar to 

bentonite, the plasticity of the kaolin-bentonite clay mixture also decreased when a 

heavy metal was added to the clay mixture. When NaCl was added to the kaolin-

bentonite clay mixture, the plasticity of the clay mixture reduced and moved from the 

extremely high plasticity region to the very high plasticity region of the chart. 

Naturally, kaolin clay remained just below the A-line of the plasticity chart in the high 

plasticity region. However, when heavy metal was added to the clay, it moved above 

or on the A-line as plasticity increased, but remained in the high plasticity region of 

the chart. Both Lucera and submarine sediments from the port of Taranto had a 

plasticity in the high plasticity region of the chart, but with addition of heavy metals 

the plasticity moved to intermediate plasticity region. Washing of submarine 

sediments also reduced the plasticity of the sediments. 
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6.5.2 DISCUSSION 

The effects of heavy metal and the effect of NaCl on the behaviour of clays described 

in section 6.5.1 are broadly in agreement with what has been found in previous 

researches such as Di Maio (1996a) who investigated the effect of alkali metal 

solutions (NaCl, KCl and CaCl2) on the behaviour of bentonite, Dutta and Mishra 

(2016), and Dutta and Mishra (2017) who investigated the influence of the presence 

of heavy metals on the behaviour of bentonites, and Liu et al. (2011) who studied the 

behaviour of kaolin when heavy metals are added to the clay samples.  

The clay particles possess charge imbalances and clay minerals are negatively charged. 

The negative charges on the surface of clay particles are balanced by hydrated cations 

forming cloud of ions known as diffuse double layer (DDL). The hydrogen ion in the 

DDL is a monovalent cation and heavy metals ions (Cu2+, Pb2+ and Zn2+) used for the 

research are divalent cations. Hence, the monovalent H+ ions are likely to be replaced 

by divalent heavy metal cations when clay is contaminated with heavy metals. The 

valence of the charge balancing cations primarily controls the thickness of DDL 

(Beetham et al., 2015). Particularly in bentonite, the thickness of DDL reduction is 

caused by the exchange of monovalent H+ cation by the divalent heavy metal cations. 

The DDL thickness reduction results in lower plasticity index. This behaviour is 

prevalent in clays with high content of smectite/montmorillonite. Clays with higher 

content of kaolinite and illite do not show similar behaviour to bentonite. Di Maio and 

Fenelli (1994) explained that kaolinite is not significantly affected by the cations in 

pore-fluid due to the structural arrangement of the kaolinite.  

The limited effect of heavy metal ions, especially when bentonite stopped showing 

any effect after a certain concentration of heavy metals ions, points to an explanation 

that cation valence and concentration are not as significant as it is with alkali metals. 

Hebbar et al. (2014) explained that the ionic radius of cations played an important role 

in cation exchange in bentonite and found the rejection of heavy metal ions by 

bentonite membrane increased from Cd2+ to Ni2+ to Cu2+. The ionic radius of Cu2+ is 

smaller than Ni2+ is smaller than Cd2+. Tansel et al. (2006) reported that metal ions with 

smaller ionic radii hold hydration sphere stronger than the cations with larger ionic 

radii. The ions with smaller ionic radii have higher hydration and hence larger hydrated 
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ions. This makes it much more difficult to pass through pores to replace H+ ions in the 

interlayer water. The ionic radii of Cu2+, Zn2+, Pb2+ and Na+ are 73 pm, 74 pm, 120 pm, 

and 102 pm respectively (Wulfsberg, 1987). The hydrated radii of the cations are 419 

pm for Cu2+, 401 pm for Pb2+, 430 pm for Zn2+ and 358 pm for Na+ (Nightingale Jr, 

1959). The hydrated radius of Na+ is significantly smaller than heavy metal cations 

and therefore diffuse into clay structure much more easily than the heavy metal 

cations. The results show Pb2+ had more effect than the other two heavy metal ions. It 

can be directly linked to the size of the hydrated ions radii as Pb2+ has smaller hydrated 

radius.  Perhaps the most significant mechanism for heavy metal ions to interact with 

bentonite clay is adsorption. Bentonite clay has cation adsorption sites on the clay 

surface and in de-ionised water, these sites are normally occupied by H3O+ ions. 

According to Hebbar et al. (2014) these adsorption sites occupied by H3O+ ions only 

become more available for metal ions if the pH is increased. When pH is increased, 

the negative charge on the bentonite clay surface increases by reaction between 

hydroxyl groups on clay surface and OH- ions in the solution. This also increases 

hydrostatic forces between cations in the double layer and the clay surface causing 

compression of DDL. The electronegativity (the power to attract electrons) of heavy 

metal cations is another factor that would affect the adsorption.  The electronegativity 

of Pb2+ is 2.33, Cu2+ is 1.9 and Zn2+ is 1.65 (Wulfsberg, 1987). This means Pb2+ would 

be more strongly attracted to the negatively charged adsorption sites than the other two 

cations. 

The results show bentonite, Lucera, and submarine sediments from the port of Taranto 

decreased "L when heavy metals were added. However, the results for kaolin show an 

opposite behaviour where the "L of kaolin increased, albeit slightly, when heavy metal 

ions were mixed in the clay. The investigation by Anson and Hawkins (1998) on the 

effect of Ca2+ on kaolin and sodium montmorillonite exhibited similar result where the 

"L of kaolin increased with the increase in concentration of Ca2+ ions, whereas the "L 

of sodium montmorillonite decreased significantly with the increase in Ca2+ ions.  The 

same investigation reported that with increase in concentration of cations, the rate of 

change of "L slowed down, plateaued and reverses at very high concentrations. Yong 

and Warkentin (1966) explained that when divalent and trivalent cations were added 

to kaolin sample, a stronger electrostatic force of attraction developed between 
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positive and negative faces. This results particle in arrangement that were more open-

structured and flocculated, and water became entrapped in the flocculated structure 

causing higher "L. This unique behaviour of kaolin maybe partly linked to the pH of 

kaolin samples. This can be explained using the fabric map proposed by Santamarina 

et al. (2002), which was later investigated and updated by Palomino and Santamarina 

(2005). High concentration of NaCl in kaolin would cause face-to-face arrangement 

causing a collapse structure where less pore-fluid is entrapped. This would cause lower 

plasticity index. But when heavy metal ions in low concentrations are added to kaolin, 

as found in this research and presented in section 6.2, pH decreases between 4 and 6 

(Figure 6-1) depending on the heavy metal type and concentration. This pH range, as 

suggested in the fabric map,  would cause kaolinite particles to arrange in edge-to-face 

alignment and entrap more water. This would result kaolinite to have higher plasticity. 

Like the valance of cations, the type of cations also plays an important role in 

determining the thickness of DDL. The results of the current research show that the 

effect of lead ion on clay behaviour is higher than copper and zinc ions.  According to 

Sridharan and Jayadeva (1982) the dielectric constant of pore-fluid and concentration 

of ions influence the DDL of a soil. The results also show that when more than one 

cation were present in the soil, there was an indication of combined effect of those 

cations on the behaviour of the clay. 

NaCl is the prominent solute present in sea water, and the pore-fluids of submarine 

sediments/clays contain NaCl at the concentration of sea water. The results of the 

current research confirmed the results presented in previous researches such as Di 

Maio et al. (2004) that the concentration of NaCl present in sea water could have very 

large influence on plasticity behaviour of submarine sediments/clays, especially in 

those clays with high content of montmorillonite. It is interesting that while heavy 

metal ions increased the plasticity of kaolin, NaCl solution decreased the plasticity of 

kaolin as it did for bentonite and Lucera. The reduction of "L in bentonite (113%) was 

very large compared to the reduction caused by heavy metals in bentonite. This raised 

the question if the heavy metal in submarine sediments/clays could have the same 

effect as heavy metals in clays without the presence of sea salt. However, a similar 

proportional reduction of "L by 1000 ppm Cu2+ ions in both bentonite samples  
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prepared with de-ionised water and with 35 ppt NaCl solution suggests that heavy 

metal ions influence clay behaviour differently to how alkali metal ions influence it. It 

is important to note that even though the effect of NaCl was shown to be reversible 

when re-exposed to water (Di Maio, 1996a), the effect of other alkali metals like KCl, 

CaCl2 were largely irreversible. It is also believed that the effect of heavy metals was 

irreversible. Hence the mechanisms of NaCl interaction with clay particle is likely to 

be different to the mechanism of heavy metals interaction with clay particles.  

The results of "L test on kaolin, bentonite and Lucera with 35 ppt NaCl solution 

demonstrate that the "L of all 3 clays decreased with NaCl solution. However, the 

plasticity test results of washed submarine sediments from the port of Taranto show a 

reduction of "L and an increase in "L when Pb2+ was added to washed submarine 

sediments. This behaviour was clearly not similar to what was observed in other clays. 

The most likely reason for this behaviour was the removal of some of organic matter 

and other organic and inorganic salts in the clay during washing, in addition to the 

removal of NaCl from the clay. 
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Table 6-1: SEM test sample details 

Test Clay Addition Magnification 
K-DI Kaolin De-ionised water 5000 x 
K-NaCl Kaolin NaCl (35 ppt) 5000 x 
K-Cu(II) Kaolin Cu2+ (1000 ppm) 5000 x 
K-Pb(II) Kaolin Pb2+ (1000 ppm) 5000 x 
K-Zn(II) Kaolin Zn2+ (1000 ppm) 5000 x 
B-DI Bentonite De-ionised water 5000 x 
B-Pb(II) Bentonite Pb2+ (1000 ppm) 5000 x 
L-DI Lucera De-ionised water 5000 x 
L-NaCl Lucera NaCl (35 ppt) 5000 x 
L-Cu(II) Lucera Cu2+ (1000 ppm) 5000 x 
L-Pb(II) Lucera Pb2+ (1000 ppm) 5000 x 
L-Zn(II) Lucera Zn2+ (1000 ppm) 5000 x 

Table 6-2: X-ray diffraction test sample details 

Sample number Test number Clay Treatment 
1 XU3636 Kaolin De-ionised water 
2 XU3637 Kaolin 5000 ppm Pb2+ 
3 XU3633 Bentonite De-ionised water 
3 XU3634 Bentonite De-ionised water 
4 XU3635 Bentonite 5000 ppm Pb2+ 
5 XU3630 Lucera Natural 
6 XU3632 Lucera 5000 ppm Pb2+ 
7 XU3631 Submarine sediments Natural 
8 XU3638 Submarine sediments Washed 
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Figure 6-1: pH measurements of clay samples 

 

Figure 6-2: Electrical conductivity of clay samples 
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Figure 6-3: SEM micrograph of kaolin sample (de-ionised water): (a) original micrograph, (b) 
thinned micrograph to show voids 
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Figure 6-4: SEM micrograph of kaolin sample (35 ppt NaCl solution): (a) original micrograph, 
(b) thinned micrograph to show voids 
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Figure 6-5: SEM micrograph of kaolin sample (1000 ppm Pb2+): (a) original micrograph, (b) 
thinned micrograph to show voids 
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Figure 6-6: SEM micrograph of kaolin sample (1000 ppm Cu2+): (a) original micrograph, (b) 
thinned micrograph to show voids 
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Figure 6-7: SEM micrograph of kaolin sample (1000 ppm Zn2+): (a) original micrograph, (b) 
thinned micrograph to show voids 
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Figure 6-8: The percentage of voids measured from SEM micrographs for kaolin samples with 
different additives. 

 
Figure 6-9: The percentages of meso void area and macro void are in relation to the total area 
of the kaolin samples 
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Figure 6-10: SEM micrograph of bentonite sample (de-ionised water): (a) original micrograph, 
(b) thinned micrograph to show voids 
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Figure 6-11: SEM micrograph of bentonite sample (1000 ppm Pb2+): (a) original micrograph, 
(b) thinned micrograph to show voids 
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Figure 6-12: SEM micrograph of reconstituted Lucera clay sample (de-ionised water): (a) 
original micrograph, (b) thinned micrograph to show voids 
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Figure 6-13: SEM micrograph of reconstituted Lucera clay sample (35 ppt NaCl solution): (a) 
original micrograph, (b) thinned micrograph to show voids 
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Figure 6-14: SEM micrograph of reconstituted Lucera clay sample (1000 ppm Pb2+): (a) 
original micrograph, (b) thinned micrograph to show voids 
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Figure 6-15: SEM micrograph of reconstituted Lucera clay sample (1000 ppm Cu2+): (a) 
original micrograph, (b) thinned micrograph to show voids 
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Figure 6-16: SEM micrograph of reconstituted Lucera clay sample (1000 ppm Zn2+): (a) 
original micrograph, (b) thinned micrograph to show voids 
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Figure 6-17: The percentage of voids measured from SEM micrographs for reconstituted 
Lucera clay samples with different additives. 

 
Figure 6-18: The percentage of meso void area and macro void are in relation to the total area 
of the Lucera clay samples 
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Figure 6-19: X-ray powder diffractogram for the sample XU3636.UDF (kaolin with de-ionised 
water) and for the sample XU3637.UDF (kaolin with 5000 ppm Pb2+) 

 
Figure 6-20: X-ray powder diffractogram for the sample XU3633.UDF (bentonite with de-
ionised water) and for the sample XU3634.UDF, and XU3635.UDF  (both samples are 
bentonite with 5000 ppm Pb2+) 
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Figure 6-21: X-ray powder diffractogram for the sample XU3630.UDF (reconstituted natural 
Lucera clay) and for the sample XU3632.UDF (reconstituted Lucera clay with 5000 ppm Pb2+) 

 
Figure 6-22: X-ray powder diffractogram for the sample XU3631.UDF (reconstituted natural 
submarine sediments) and for the sample XU3638.UDF (reconstituted natural submarine 
sediments with 500 ppm Pb2+) 
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Figure 6-23: Plasticity index graph for clay mixtures containing varying percentage of kaolin 
and bentonite 

 

Figure 6-24: !L of sodium bentonite with and without heavy metal contamination 
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Figure 6-25: Plasticity index of kaolin, bentonite and Lucera clay with and without heavy 
metal contamination 

 
Figure 6-26: !L of submarine sediments from the port of Taranto with and without heavy metal 
contamination 



 218 

 
Figure 6-27: Effect of heavy metal ion concentration of the !L of kaolin 

 
Figure 6-28: Effect of lead ion concentration on the !L of bentonite 
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Figure 6-29: Effect of lead ion concentration on the !L of Lucera 

  

Figure 6-30: Effect of lead ion concentration on the !L of submarine sediments from the port 
of Taranto 
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Figure 6-31: Effect of copper ion on bentonite with and without NaCl presence in pore-fluid 

 
Figure 6-32: !L of submarine sediment samples from the port of Taranto; natural, washed, and 
washed and 5000 ppm Pb added 
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Figure 6-33: (a) Casagrande's Plasticity Chart for all the clays studied, (b) Zoomed in to show 
area A marked in (a).
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7 RESULTS AND DISCUSSION: 
MECHANICAL PROPERTIES OF THE CLAYS 

7.1 INTRODUCTION 

The effect of pore-fluid chemistry on the mechanical behaviour of soil has been a 

subject of many previous researches. The mechanical properties of a soil are controlled 

by mechanical factors and physicochemical factors. The term ‘mechanical’ is used to 

describe the interactions between particles at their points of contact. These interactions 

are controlled by clay properties such as surface friction, cohesion and strength. The 

physicochemical interactions are controlled by attractive and repulsive forces between 

particles caused by pore-fluid chemistry and factors such as cation exchange capacity 

(CEC), thickness of diffuse double layer (DDL), adsorption sites on clay particles 

(Bolt, 1956, Sridharan and Rao, 1973, Mitchell and Soga, 2005). The compressibility 

(both one-dimensional and isotropic) is controlled not only by mechanical properties 

of clay minerals, but also by physicochemical properties of the pore-fluid (Sridharan 

and Jayadeva, 1982). The shear strength, critical state and stiffness are controlled by 

particle-to-particle interactions. However, the mechanical contacts between particles 

are also influenced by the physicochemical factors of clay-water system. 

In this chapter, the results from one-dimensional consolidation tests carried out in 

oedometer apparatus, and isotropic compression and shearing tests carried out in 

triaxial apparatus are explained and discussed.  
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7.2 ONE DIMENSIONAL COMPRESSION 

7.2.1 RESULTS 

In this section the results of one-dimensional (1D) compression tests are detailed. They 

include compression and swelling indices (#! and #"), coefficient of consolidation (##), 

coefficient of volume compressibility ($#), permeability (%), and end of primary 

consolidation (EOP). It is important to highlight that ##, $#, and % are not independent 

and their relation can be explained using the following equation: 

 
#! =

%
'"$!

 
(36) 

7.2.1.1 COMPRESSION CURVE AND COMPRESSION INDEX (#!) 

#! and #" are fundamental parameters of soil for geotechnical engineering design. They 

are used to find the settlement in clay. The oedometer tests were carried out on five 

types of clay, with different pore-fluid chemistries. Despite taking precautions to have 

the same initial void ratio, there were some differences in the initial void ratios of 

samples. In addition, since the compressibility of different samples of the same clays 

varied with the addition of heavy metals or NaCl solution, the total settlement for the 

first load in every sample was also different. Since the variation to consolidation 

graphs caused by the addition of heavy metal could be relatively small, in order to 

make it visually more comparable, the test results were normalised to start with the 

same void ratio and presented along with the original consolidation graphs. The 

starting void ratio for each clay in the normalised plot of graph was the void ratio 

measured after initial load of the clay sample without any heavy metal or NaCl 

(prepared with only de-ionised water). The consolidation and swelling curves of other 

clay samples were simply shifted to start with the same void ratio without changing 

the slopes of the curves. The normalised void ratio on the graph is represented as (**.  

The graphs produced this way clearly show the differences in the slopes of 

consolidation and swelling of the samples. It was found that the effects of heavy metals 

on the compression line, and on the indices #!  and #" of kaolin, Lucera and submarine 

sediments from the port of Taranto were very small, but heavy metal effects on pure 
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bentonite and on samples containing 50% kaolin and 50% bentonite were significant. 

It is also important to note that both #! and #" values presented here are the average 

values that were calculated from #! and #" values of each load increment because the 

compression curves plotted in ( – log σ’# set of axes were not straight lines. In fact, #! 

value was not constant and decreased gradually with increase in σ’#, especially in clay 

samples with heavy metal ions or NaCl present in them.  

In general, the compressibility of bentonite decreased with the addition of heavy 

metals (Figure 7-1). The normalised consolidation curves for bentonite are given in 

Figure 7-2, which shows the differences in #! and #" values more clearly. With any of 

singular heavy metals at 1000 ppm concentration, the average compression index (#!) 

decreased by 15-17% (Figure 7-5). Lead had more effect than copper and zinc, and 

copper had more effect than zinc. When the Pb2+ concentration was increased to 5000 

ppm, the #! value decreased by 19%.  From previous investigations such as by Di Maio 

(1996a), it was clear how much an effect NaCl solution could have on the 

compressibility of bentonites. In this study, it was found to cause a decrease in #! value 

by more than 76% from 4.57 to 1.06 when 35 ppt concentration of NaCl solution was 

used as pore-fluid. A similar pattern was observed in #" value. 

The addition of more than one heavy metal to bentonite demonstrated that the 

concentration alone did not affect the clay behaviour.  Adding 1000 ppm concentration 

of Pb2+ and 1000 ppm concentration of Cu2+ together decreased #! value by 20%, 

which was more than the reduction caused by 5000 ppm concentration of Pb2+ (18%). 

Adding all three heavy metals, each at 1000 ppm concentration, reduced #! value by 

25% (Figure 7-6). It was noticed that the binary and ternary heavy metals had more 

effect than the same concentration of Pb2+, and this reinforces the complexity of 

studying the effect of pore-fluid chemistry on clay properties. The compression curves 

for bentonite samples with singular, binary and ternary heavy metals are given in 

Figure 7-3 and Figure 7-4. 

As was discussed in section 6.5, the plasticity of kaolin increased with the addition of 

heavy metals. Similarly, the compressibility of kaolin also increased with the addition 

of heavy metals. Figure 7-7 - Figure 7-9 show that the compressibility of kaolin 
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increased with the addition of Cu2+, Pb2+, and Zn2+ but decreased with the addition of 

NaCl solution. The increase in #! value due to heavy metals was 7.5% for both 1000 

ppm Pb2+ and 1000 ppm Cu2+, and just 2.5% for 1000 ppm Zn2+. With the increase of 

Pb2+ concentration to 5000 ppm, the #! value increased by 10% (Figure 7-5). In these 

tests, the #" values were not affected.  

Since kaolin and bentonite exhibited opposite effects in terms of plasticity in the 

presence of heavy metals, clay mixtures containing equal amounts of kaolin and 

bentonite were also tested in the oedometer. The results show that the presence of 

heavy metal decreased the compressibility of kaolin-bentonite clay mixtures as was 

observed in pure bentonite. However, the effect of heavy metals on the clay mixture 

were significantly smaller than on pure bentonite. In the case of all three heavy metals, 

the reduction in #! value was about 10% whereas using 35 ppt NaCl solution reduced 

the #! value by over 60%. The effect of heavy metals on #" value was minimal (Figure 

7-10 - Figure 7-12). The results of the tests on kaolin, bentonite, and clay mixtures of 

kaolin and bentonite demonstrate that the clay minerals played the most significant 

role in the behaviour of the soils with and without contamination. Figure 7-13 shows 

how bentonite content influenced the #! of kaolin-bentonite clay mixture and  Figure 

7-14 shows the effect of bentonite content on the #" of kaolin-bentonite clay mixture. 

Both #! and #" increased with the percentage of bentonite. The pattern was consistent 

in all samples with and without heavy metal, or NaCl. As Sridharan and Jayadeva 

(1982) explained, this was mainly due to the difference in specific surface area (SSA) 

of clay minerals where montmorillonite in bentonite had very large SSA, and kaolinite 

in kaolin had much smaller SSA, details of which is discussed in section 7.2.2. 

Both natural soils (Lucera clay and submarine sediments from the port of Taranto) 

investigated in the current research experienced a decrease in compressibility when 

heavy metals were added. The decrease in #! value ranged from 3% for copper to 12% 

for Pb2+. Using a higher concentration of Pb2+ did not cause any more reduction in #! 

value compared to 1000 ppm concentration of Pb2+. Adding NaCl solution to Lucera 

clay caused a 15% reduction in #! value (Figure 7-15 - Figure 7-17). #" values 

exhibited a minimal change.  
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The submarine sediments from the port of Taranto naturally contained NaCl (33 ppt). 

The sediment was tested with and without washing. The #! values of natural 

(unwashed) sediment samples prepared with heavy metal exhibited small reductions; 

3% for 500 ppm Cu2+, 5% for 500 ppm Zn2+ and 6% for 500 ppm Pb2+. The #! value 

decreased with increase in the concentration of Pb2+ (Figure 7-18 - Figure 7-20). The 

sediments were also washed and tested in order to find out the combined effect of 

heavy metals and NaCl in the sediments. The results show that the compressibility 

decreased significantly (32%) when the sediment was washed. However, when 5000 

ppm Pb2+ was added to the washed sediment sample, the  #! value only decreased 

slightly (1%), while 35 ppt NaCl solution also reduced the #! value by 1%. There was, 

therefore, a clear indication that the heavy metals were more effective in saltwater 

sediments than in washed sediments.  

7.2.1.2 COMPRESSION INDEX CORRELATIONS WITH INDEX PROPERTIES 

The correlation between compression index (#c) and index properties was discussed 

in section 2.3.4. Table 2-1 summarises many of the compression index correlations by 

various researchers. An attempt was made to apply some of these correlations to 

determine compression index values using liquid limit ("L), plasticity index (*p), void 

ratio at liquid limit ((L) and initial void ratio ((0). The (0	value is the void ratio of 

oedometer sample after initial load since all clays samples used in the current research 

were reconstituted and it was found to give better results when void ratio after initial 

load was used to estimate compression index values.  

Table 7-5 gives the estimated compression index values from 11 of the correlation 

given in the Table 2-1. The estimated results are then compared to the compression 

index values calculated from oedometer compression tests, with the predicted values 

closest to the experimental values highlighted in bold.  The results of this analysis 

show the estimated values for kaolin samples from the following correlations give 

results that are reasonably close to the compression index values calculated from 

oedometer compression graphs: 
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Skempton (1944) ## = 0.007	("$ − 10) (37) 

Terzaghi and Peck (1967) ## = 0.009	("$ − 10) (38) 

Wroth and Wood (1978) ## = 0.55%6& (39) 

Nagaraj and Murthy (1983) ## = 0.2237($ (40) 

Nagaraj and Murthy (1986) ## = 0.2343($ (41) 

Nagaraj et al. (1983) ## = 0.274($ (42) 

The estimated compression index values for samples of bentonite clay, and clay 

mixture containing 50% kaolin and 50% bentonite show that none of the correlation 

work well for bentonite clay. For Lucera clay samples: equation (37), equation (38), 

equation (40) and equation (41) give compression index values that are fairly close to 

the calculated values from oedometer compression curves.  These equations use the 

liquid limit or void ratio at liquid limit, while equation (39) uses the plasticity index, 

showing that in this illite-smectite rich clay the liquid limit plays an important role on 

the behaviour. For submarine sediments: equation (38), equation (39) and equation 

(42) resulted compression index values that agree fairly well with the experimental 

results, therefore both liquid limit and plasticity index influence the compressibility. 

The organic content does not seem to affect the predictions. For all clays, the predicted 

compressibility indices based on liquid limit follow the same trend (increase or 

decrease) as the experimental values.  

7.2.1.3 COEFFICIENT OF CONSOLIDATION (##) 

The coefficient of consolidation (##) is a measure of the rate at which the consolidation 

process of a soil proceeds. The ## graphs show how the consolidation process of each 

clay changed with the addition of heavy metals. 

In bentonite clay samples, in general, the ## value decreased with the increase in the 

vertical effective stress (Figure 7-21). The ## values of samples with heavy metals 
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were slightly higher than the ## value of the sample with de-ionised water. The effect 

on ## value conformed with the effect of heavy metals on the #! and #" values 

presented in section 7.2.1.1. The effect of binary and ternary heavy metals in samples 

had the larger effect on the ## value, higher than the sample with 5000 ppm Pb2+ in it. 

The three singular heavy metals caused similar increase in ## value of less than 50% 

at 100 kPa stress. However, the NaCl solution (35 ppt) changed the ## value 

significantly where ## value at 100 kPa was more than 1000% higher than the ## value 

for bentonite with de-ionised water. In bentonite, the rate of consolidation was 

significantly accelerated with changing the pore-fluid chemistry. 

The consolidation behaviour of kaolin was different to the consolidation behaviour of 

bentonite. The ## values increased with the increase in effective stress up to 400 kPa 

and then became stable after that. Opposite to the effect of heavy metals on bentonite, 

the heavy metal decreased the ## value of kaolin.  Both Cu2+ and Zn2+ decreased the 

## value by about 10% at 800 kPa stress, while the Pb2+ (1000 ppm) decreased ## value 

by about 30% and lead (5000 ppm) decreased ## value by about 40% at 800 kPa stress. 

Interestingly NaCl solution increased the ## value by 25% at 800 kPa pressure (Figure 

7-22). 

Kaolin-bentonite clay mixtures (1:1 proportion) had low ## values, much closer to the 

values of bentonite samples than that of kaolin samples. The ## value for kaolin (de-

ionised water) was 500,000% higher than pure bentonite (de-ionised water) due to 

larger pores in the kaolin. However, the ## value of kaolin-bentonite clay mixture (de-

ionised water) was only 347% higher than the ## value of pure bentonite. The same 

trend was found in all kaolin-bentonite clay samples with heavy metals and NaCl 

solution. Similarly, the results of the samples of kaolin-bentonite clay mixtures 

demonstrated that the presence of heavy metals increased the ## value (Figure 7-23). 

The results of samples of kaolin, pure bentonite, and clay mixtures of kaolin and 

bentonite clearly show that the behaviour of pure bentonite, which predominantly 

contains montmorillonite clay mineral, was highly influenced by the presence of heavy 

metal ions. In contrast, kaolin, which contains kaolinite as the predominant clay 

mineral, exhibited very small effect of heavy metal.  
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Lucera clay sample results show that the ## value increased with the increase in 

effective stress plateauing at 800 kPa stress. However, contrary to the behaviour of 

kaolin, the ## value of Lucera clay samples increased by heavy metals and NaCl 

solution. The ## value of Lucera samples with singular heavy metals caused an 

increase of about 20% at 800 kPa stress compared to the sample without any heavy 

metal. The NaCl solution increased ## value by 50% at 400 kPa reducing to 27% at 

800 kPa (Figure 7-24).  

The consolidation behaviour of submarine sediments was similar to the behaviour of 

Lucera clay. The ## value increased with the increase in effective stress and the ## 

value increased by the heavy metal ions compared to the samples without heavy metal 

ions (Figure 7-25). Washing the sediments increased the ## value slightly. But adding 

NaCl solution (35 ppt) to the washed sediments increased the ## value significantly 

(by about 350% at 200 kPa stress).  

The varied response to adding NaCl or heavy metal ions suggests that there is a strong 

relation between the consolidation, pore-fluid chemistry and clay minerals. 

7.2.1.4 COEFFICIENT OF VOLUME COMPRESSIBILITY ($#) 

The coefficient of volume compressibility ($#) is also referred to as the confined (one-

dimensional) compressibility which indicates the compressibility of soil. The 

compressibility of a relatively uniform soil generally decreases with increasing depth 

below the ground surface due to the increasing degree of confinement of the soil. This 

situation is replicated in the oedometer where compressibility decreases with 

increasing effective stress. 

Looking at the $# values for all 5 clays, the compressibility decreased with increase 

in effective stress. In bentonite samples, all heavy metals reduced the compressibility 

between 14% and 30% at 200 kPa stress. NaCl solution decreased the $# value by 

68% (Figure 7-26). The effect of heavy metals on the compressibility of kaolin 

appeared to be negligible, whereas NaCl solution caused 11% reduction in $# value 

(Figure 7-27). The compressibility of kaolin-bentonite clay mixture was marginally 
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affected by the heavy metals, where the $# value was reduced by less than 10%, but 

the NaCl solution decreased the $# value by more than 40% (Figure 7-28). The Lucera 

clay (Figure 7-29) and the submarine sediments from the port of Taranto (Figure 7-30) 

show little or no effect of heavy metals. However, the compressibility of submarine 

sediments was affected by washing and had a lower $# value. 

7.2.1.5 PERMEABILITY (%) 

Soil permeability (%) is a measure that represents the capacity of the soil to allow fluids 

to pass through. The rate at which the settlement of soil occurs depends on the rate at 

which excess pore-water pressure is dissipated by water oozing out of the soil and it 

highly depends on the permeability of the soil. The permeability was calculated using 

equation (36) where it is directly proportional to ## and $#. 

In all clay samples, the permeability decreased with increasing effective stress. In 

bentonite, clay mixture containing 50% kaolin and 50% bentonite, Lucera clay, and 

submarine sediments from the port of Taranto, heavy metals increased the 

permeability at low stresses, but with increase in effective stress the effect of heavy 

metal reduced. The permeability results for bentonite (Figure 7-31), kaolin-bentonite 

clay mixture (Figure 7-33), Lucera (Figure 7-34), and submarine sediments from the 

port of Taranto (Figure 7-35) show increased permeability when heavy metals were 

added. However, heavy metals reduce permeability of kaolin (Figure 7-32).  

7.2.1.6 DEGREE OF CONSOLIDATION & END OF PRIMARY CONSOLIDATION 

Primary consolidation is where the settlement of a soil sample occurs due to dissipation 

of excess pore-water pressure. It is generally accepted that the primary consolidation 

phase is the phase where Terzaghi’s theory is applicable. Both Taylor’s and 

Casagrande’s curve fitting methods are based on Terzaghi’s theory. In the present 

research pore-water pressure was measured at the base of the oedometer cell to 

determine the consolidation phase based on pore-water pressure measurements. 

In theory, the pore-water pressure development in the sample when a load is applied 

should be the same as the load increment and the pore-water pressure development in 
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the sample should be instantaneous. However, Figure 7-36 shows that the maximum 

pore-water pressure measured was significantly lower than the load increment and the 

maximum pore-water pressure measured for any particular load increment was not the 

same for each sample. Therefore, it was expected that the time taken to dissipate excess 

pore-water pressure in a sample would be affected by the maximum pore-water 

pressure developed in the sample. Linked to the pore-water pressure development and 

pore-water pressure dissipation in a sample, Figure 7-37 shows that the time to the end 

of primary consolidation was significantly different from the time estimated from 

Casagrande’s curve fitting method. It was decided to use Casagrande’s curve fitting 

method to determine time taken for 50% consolidation (:50) to calculate ## because 

time :50 and :100 measured from pore-water pressure dissipation greatly over-

estimated of the time taken for consolidation. Figure 7-38 shows the degree of 

consolidation curves for different load increments and it demonstrates that the 

consolidation speeds up with the increasing stress in kaolin samples. A comparison 

between consolidation estimated by Casagrande’s method and measured from pore-

water pressure dissipation is discussed below. 

The degree of consolidation (;) curves determined from pore water pressure 

dissipation do not give an accurate time taken for consolidation, but they clearly show 

the variations in the behaviours of different clay samples and the variations in the 

behaviour of each clay sample at different load increments.  It is difficult to quantify 

the relation between the ; graph and the ## graph, but the trends in the ; graphs are 

in agreement with the ## graph given in Figure 7-25, where the ## value increased 

with increasing effective stress. The pore-water pressure and degree of consolidation 

calculated from the pore-water pressure measurements conformed to the trend seen in 

the ## graphs for all clay samples. In the case of kaolin, the rate of consolidation was 

slowed down by the addition of heavy metals, where Pb2+ ions had most effect (Figure 

7-39). For both bentonite and Lucera clays, heavy metal increased the rate of 

consolidation, where Pb2+ had most effect among heavy metals, whereas NaCl solution 

increased the rate of consolidation significantly more (Figure 7-40 and Figure 7-41). 

The :90 values determined from the Casagrande’s curve fitting method and :100 

determined from the degree of consolidation graphs plotted using pore-water pressure 
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data in the Figure 7-42 and Table 7-1 show there could be extremely large 

discrepancies between the two set of values. Even though it is not fair to compare 

quantitatively the :90 values determined from Casagrande’s curve fitting method and 

:100 determined from degree of consolidation graphs plotted using pore-water pressure 

data, the difference between two set of time values was large enough to compare them 

qualitatively to explain the discrepancies. There was a clear delay in the pore-water 

pressure measurements taken at the base of the oedometer sample.  For example, :90 

value (from Casagrande’s curve fitting method) for kaolin sample (de-ionised water) 

was 8 minutes, but the time taken to reach 100% consolidation (:100) is 73 minutes 

(from pore-water pressure measurements). The :90 value for kaolin sample (NaCl 

solution) was 6 minutes, while time taken for :100 was 52 minutes. The kaolin samples 

with Cu2+, Pb2+, and Zn2+ had 10, 18 and 15 minutes respectively as :90, whereas :100 

for the samples were 83, 173 and 83 minutes respectively.  It was also the case for 

Lucera clay samples. The EOP values are given in Table 7-2. The compression and 

the degree of consolidation graphs are presented in Figure 7-44. While the degree of 

consolidation curves show the effect of heavy metals on the consolidation process, the 

time taken for 100% consolidation was twice or more than the :90 calculated from 

Casagrande’s curve fitting method. The time taken for 100% consolidation of Lucera 

clay sample with de-ionised water was 620 minutes, but :90 calculated was 250 

minutes. :90 for Lucera clay sample (NaCl solution) is 70 minutes, but :100 was 120 

minutes. The :90 values for Lucera clay samples with heavy metals were 150 minutes 

for Cu2+, 80 minutes for Pb2+, and 100 minutes for Zn2+. :100 for same samples were 

350 minutes for Cu2+, 310 minutes for Pb2+, and 325 minutes for Zn2+. In the case of 

bentonite, the consolidation curve was type 3 as given in Figure 2-11 where there were 

no clear inflection points. Therefore, the traditional curve fitting methods do not work 

to determine the EOP. Hence, time taken for 50% consolidation was determined using 

the degree of consolidation curves plotted using pore-water pressure measurements. 

The ## graph for bentonite (Figure 7-21) shows it worked well for low permeable clays 

like bentonite. Figure 7-43 gives both compression (<) and degree of consolidation (;) 

curves for bentonite samples. For example, Figure 7-42 shows that at 8 minutes, the 

degrees of consolidation measured from pore-water pressure dissipation readings 

ranged between 27% and 80% for kaolin. Wen and Shi (2005) investigated the delay 
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of pore-water pressure in oedometer and reported that the main reasons for the delay 

are side frictions and degree of saturation of clay sample. 

For the oedometer samples of both the clay mixture containing 50% kaolin and 50% 

bentonite, and the submarine sediments from the port of Taranto, tests were performed 

without pore-water pressure measurements. Even though the samples of kaolin-

bentonite clay mixture produced consolidation curves more similar to that of bentonite 

than that of kaolin, an inflection point could be observed on each curve, which allowed 

to estimate :90. The estimates are given in Table 7-3, where the kaolin-bentonite (de-

ionised water) sample took 1000 minutes (~17 hours) to consolidate. Samples with 

Cu2+, Pb2+, and Zn2+ took 700 minutes (~12 hours), 400 minutes (~7 hours), and 600 

minutes (10 hours) respectively for consolidation. But the sample with NaCl solution 

took only 40 minutes for consolidation. The consolidation graphs for kaolin-bentonite 

samples are given in Figure 7-45. The consolidation of submarine sediments from the 

port of Taranto were also affected by the heavy metals. The estimate value for :90 

given in Table 7-4 and the consolidation curves presented in Figure 7-46 show heavy 

metals reduced :90 value from 50 minutes for natural sample to 30 minutes for sample 

with Pb2+ and Zn2+ and 40 minutes for sample with Cu2+. Even though washing the 

submarine sediments reduced the compression index, that did not affect EOP 

significantly compared to the natural sediment sample without any heavy metal. 

However, adding NaCl solution (35 ppt) to washed submarine sediments reduces :90 

value significantly to 15 minutes.  

7.2.2 DISCUSSION 

A series of oedometer tests were carried out on commercial kaolin, sodium bentonite, 

clay mixture containing 50% kaolin and 50% bentonite, Lucera clay and submarine 

sediments from the port of Taranto, Italy to investigate the effect of heavy metals as 

contaminants on the one-dimensional behaviour of the clays. Three different types of 

heavy metal cations and varying concentrations were used in order to understand the 

behaviour of clays. In general, the heavy metal ions caused a varying influence on the 

consolidation behaviour of the clays; very significant in bentonite and little on 

submarine sediments.  
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The #! and #" values of bentonite without any heavy metal or NaCl solution were 

significantly higher than bentonite with a heavy metal or NaCl. The surface repulsive 

forces between bentonite particles seem to be reduced by the heavy metal cations 

and/or sodium cations. This would cause the reduction of the thickness of DDL of 

bentonite particles. Bentonite in de-ionised water without any cations has the thickest 

DDL due to the higher quantity of bound water (Siddiqua et al., 2011). This explains 

why bentonite in de-ionised water without any heavy metal or salt cation had high 

initial #! and #" values. In the case of bentonite samples with heavy metal cations and 

sodium cations, these could have caused a reduction of DDL by decreasing the 

repulsive forces between the particles. As a result, #! and #" were lower than bentonite 

in de-ionised water. Dutta and Mishra (2017) found that under any given effective 

stress, heavy metal contaminated bentonite samples had lower void ratio compared to 

the samples without heavy metal contaminants. The authors attributed this to the 

decrease of repulsive forces when the heavy metals ions were adsorbed onto the clay 

surface causing suppression of the thickness of DDL.  

The thickness of the DDL depends on a number of physical and chemical factors. They 

include soil surface area, the cation exchange capacity (CEC), the constituents of pore-

fluid, especially the cations, their valence and concentrations, pH and dielectric 

constant of pore-fluid, and the temperature. A study of DDL demonstrated that the 

thickness of DDL was inversely proportional to the square root of the concentration of 

pore cation(s) (Mitchell and Soga, 2005).  

The specific surface area for bentonite is very high (montmorillonite clay mineral has 

specific surface area of 800 m2/g) and it has very high surface negative charge. Due to 

this bentonite develops high surface energy in dry condition. When bentonite is 

exposed to water, the surface energy of bentonite causes increase in volume under free 

boundary conditions and swelling pressure under constrained boundary conditions 

(Siddiqua et al., 2011). The swelling of bentonite is due to the changes caused by 

particle-water-cation interactions with the interlayer structure of bentonite. In contrast 

the specific surface area of kaolin (kaolinite clay mineral has specific surface area of 

5-100 m2/g), Lucera and submarine sediments from the port of Taranto (illite clay 

mineral has a specific surface area of 100-200 m2/g) are significantly smaller than the 
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surface area of bentonite. The specific surface area of bentonite is 10 times higher than 

the specific surface area of kaolinite (Likos and Lu, 2002). 

The significant effect of heavy metals on the properties of bentonite can also be linked 

to the modification of the clay structure through cation adsorption by the surface of 

clay particles. Clay particles generally have negative charge balanced by hydrated 

cations. In sodium bentonite, Na+ is predominantly occupying the available adsorption 

sites in the clay and plays an important part in determining the soil properties. All three 

heavy metals; Cu2+, Zn2+, and Pb2+ used in the current research had higher valency than 

the Na+ in the clay. Hence, the heavy metal cations could replace the Na+ ions and 

cause the reduction of the DDL, reduce the repulsion of like charges on clay particles 

as the heavy metal cations are more strongly attracted to the clay surface, and increase 

the aggregation. Ouhadi et al. (2006) also explained that the decrease in 

compressibility of bentonite in the presence of heavy metal ions maybe due to change 

in orientation of the clay plates to form aggregate structure. 

The current research found that the effect of heavy metal cations on the properties of 

bentonite decreased with increase in concentration plateauing at 5000 ppm 

concentration. However, it was observed that 35 ppt (35000 ppm) concentration of 

NaCl solution reduced the #!, #" and $# values, and increased ## and % values 

significantly more than the heavy metal ions. This can be attributed to the mechanism 

of actions by heavy metal ions and Na+ ions. While the divalent heavy metals are 

strongly attracted to the clay surface and exchanged cations in bentonite clay, the main 

process of interaction between NaCl and bentonite clay is diffusion of NaCl into inter-

aggregate pores of bentonite. Previous research by Barbour and Fredlund (1989) 

confirmed that the prominent process occurring when NaCl solution was exposed to 

bentonite prepared with distilled water was diffusion and that process caused a 

reduction in volume. This was also confirmed by Di Maio (1996a). The heavy metal 

cations replace the Na+ ions on the surface of the bentonite particles and cause DDL 

surrounding the individual particles gets compressed due to higher van der Waals 

attractive forces. The effect of CEC in bentonite is much higher (80-150 mEq/100) 

than the CEC of kaolinite (3-15 mEq/100) (Bowles, 1979). However, as explained in 

section 6.5.2, heavy metal cations have smaller ionic radii than Na+. The ions with a 
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smaller ionic radius hold the hydration more strongly making hydrated ions larger. 

And the larger hydrated ions find it difficult to pass through pores by diffusion. Hence 

hydrated Na+ could diffuse into DDL much more easily than hydrated heavy metal 

ions. This opens up the possibility of heavy metal taking longer time to diffuse into 

the interlayer water of bentonite than alkali metal ions. The hydrated radii of heavy 

metal cations also explain why Pb2+ has more influence than Cu2+ and Zn2+ and is 

therefore easier to diffuse into bentonite clay structure than the other two cations.  

The tests on kaolin, bentonite and kaolin-bentonite clay mixtures show that the effect 

of heavy metal depended primarily on the mineral composition of the test samples, 

particularly the amount of smectite in the sample.  Di Maio et al. (2004) found similar 

behaviour for kaolin-bentonite clay samples prepared with distilled water, where the 

compressibility of clay sample increases with the increase in bentonite content. Di 

Maio et al. (2004) also reported the decrease of compressibility with increase in the 

concentration of NaCl solution, where Ponza bentonite in saturated NaCl solution 

gives similar compressibility parameters as pure kaolin samples. 

In contrast to bentonite, the compressibility of kaolin increased with the presence of 

heavy metal ions in the clay samples. While there was a slight increase in #! value, the 

#" value remained constant with the presence of heavy metal ions.  Even though the 

increase in #! value was very small, it was similar to the pattern found by Anson and 

Hawkins (1998) where 80 mg/l concentration of Ca2+ ions increased "L of kaolin by 

8%. The effect of heavy metal cations on kaolin was most likely related to the 

adsorption of cations and CEC of kaolin where heavy metal ions would exchange 

cations on the outer surface of the kaolinite clay particles. According to Yong and 

Warkentin (1966) divalent and trivalent cations cause kaolin to have more open and 

flocculated structure where water gets entrapped. That was the most likely reason for 

kaolin to show higher compressibility (higher #! value) when heavy metal cations are 

added. This increase in compression index of kaolin may also be linked to the pH of 

kaolin samples. This can be explained using the fabric map proposed by Santamarina 

et al. (2002). When the heavy metal ions in low concentrations are added to kaolin, as 

found in this research and presented in section 6.2, pH decreases between 4 and 6 

(Figure 6-1) depending on the heavy metal type and concentration. According to the 
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fabric map,  this pH range would cause kaolinite particles to arrange in edge-to-face 

alignment and entrap more water, resulting in higher compressibility. 

The compressibility of both Lucera clay and submarine sediments from the port of 

Taranto decreased with the addition of heavy metal ions. But the decrease was very 

small; from 0.32 for natural Lucera clay sample to 0.28 for Lucera with 1000 ppm 

Pb2+, and from 0.41 for natural submarine sediments to 0.37 for submarine sediments 

with 1000 ppm Pb2+. The reduction in compressibility was most likely due to the 

change in interactive forces between the particles and due to the change in the 

thickness of DDL. The heavy metal cations could diffuse into pores of clay structure 

and as divalent cations could reduce the repulsive forces and increase van der Waals 

forces of attraction (Moore, 1991). This would have reduced the pore space available 

for pore-fluid and therefore decreasing the compressibility. The divalent cations in 

clay mixture could also reduce the thickness of DDL as the attractive force between 

cations and negatively charged clay surface became stronger. This would also reduce 

compressibility. 

It is also important to highlight that the #! and #" values discussed here are the average 

values of #! and #" values of each load increment as the #! and #" values were not 

constant throughout the consolidation process. The compression curves of heavy metal 

contaminated clay samples plotted on ( – log σ’# set of axes did not give straight lines 

but exhibited non-linearity where the #! value gradually decreased with increase in 

consolidation stress. According to Barros and Pinto (2008) there could be two main 

reasons for non-linearity in consolidation curves. First, the initial settlement (<₀) that 

would occur just after application of load due to incomplete saturation of the sample, 

expansion of confining ring and deformations in the apparatus including loading frame 

would alter the consolidation curve. Secondly, the secondary compression that would 

occurs after the end of primary consolidation. In the present research, the samples were 

tested by applying each load increment for 24 hours and the time period might have 

contributed to secondary compression which could be one of the reasons for the 

discrepancies. The non-linearity of consolidation curves would cause curve fitting 

methods to give parameters of soil that had discrepancies as different parameters 

focused on different part of consolidation curve.  While it is easy to treat the problem 
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of initial settlement, it is more difficult to interpret secondary compression as there are 

scholarly disagreements over the time when the secondary compression starts. Hence 

no established mechanism to separate secondary compression from the primary 

consolidation. The non-regularity of consolidation curves in the clay samples 

contaminated with heavy metals was most apparent in bentonite clay. It was more 

interesting that the bentonite sample with NaCl, which had largest reduction in 

volume, did not show the non-linearity that was apparent in samples with heavy metal 

ions. That shows that this non-linearity was not necessarily linked to the expansive 

nature of the clay. Perhaps, it could be linked to the time factor. As explained above, 

the heavy metal ions which have much larger hydrated ionic radii find it difficult to 

pass through pores by diffusion. The  diffusion of heavy metal ions increases with the 

time and with that increases the effect of heavy metal ions on compressibility where 

the #! value gradually decreases with increase in consolidation stress and time. 

The results for coefficient of consolidation (##) determined using Casagrande’s 

method shows that the ## values increased with increase in effective stress for all clays 

except bentonite samples and samples containing 50% kaolin and 50% bentonite. The 

## value of bentonite, and clay mixtures containing kaolin and bentonite decreased 

with the increase in effective stress. At any given pressure, samples containing heavy 

metal ions had higher ## values than the samples with de-ionised water. This behaviour 

in bentonite was most likely due to the compression of DDL of bentonite when heavy 

metal ions were present in the samples. The higher ## value means that the time 

required for consolidation was lower. In other words, the rate of consolidation was 

higher when the heavy metal ions were added to bentonite samples. This is important 

in practical applications as the settlement of clay layer becomes faster when the heavy 

metal is present in the clay. The reason why ## value decreases with increase in 

pressure is because when the pressure is increased, the clay plates are forced to move 

closer as DDL is compressed. This causes repulsion between two plates, which are 

charged similarly, to increase. This resists further movement of clay plates towards 

each other. The compressibility of bentonite is mainly controlled by the long-range 

attractive and repulsive forces generated by the physicochemical properties of the clay 

(Olson and Mesri, 1970). Robinson and Allam (1998) also found that unlike other clay 
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minerals, the rate of consolidation in bentonite decreases with the increase in effective 

stress.  

For Lucera clay and submarine sediments from the port of Taranto, the ## value 

increased with the increase in effective stress. The reason was mainly due to the 

mineralogy of these clays. While the main clay mineral of kaolin was kaolinite, the 

main clay mineral of both Lucera and submarine sediments were illite and 

illite/smectite interface. The compressibility of both kaolinite and illite clay are 

primarily controlled by the mechanical effects, where short-range particle interaction 

dominates (Robinson and Allam, 1998). The DDL of kaolinite and illite clay are much 

thinner and have a small effect on the clay behaviour, whereas mechanical effect plays 

the primary role in relation to the increase in effective stress. But when heavy metal 

ions are added to kaolin samples, the ## value decreased. This was expected as the 

plasticity of kaolin increased when heavy metals were added to the kaolin samples. 

The reason for this behaviour in kaolin is primarily due to increase in the strength of 

interparticle interactions (Moore, 1991). 

In all the clays tested for the current research, the coefficient of volume compressibility 

($#) decreased with the increase in effective stress irrespective of whether a heavy 

metal or NaCl was added to the sample or not. In bentonite, and clay samples with 

50% bentonite and 50% kaolin, at any given stress level, the $# value was smaller 

than the samples in de-ionised water. As the thickness of DDL is large for samples 

with de-ionised water, the samples experience higher compression in the presence of 

heavy metal ions. In the case of kaolin, Lucera, and submarine sediments, the change 

of $# values were  minimal, especially at higher pressures. The effect of chemical 

composition of pore-fluid affect permeability (%), also known as hydraulic 

conductivity, same way as $# with the increase in pressure. Bentonite, which 

comprises of mainly montmorillonite naturally, has very low permeability compared 

to kaolinite, illite and other clay minerals. In bentonite % increased slightly when heavy 

metal ions were present in the sample at low pressure. This effect decreased with 

increase in effective stress and became negligible, whereas in kaolin, heavy metal 

reduced the %. Again, this behaviour of bentonite was due to its high content of 

montmorillonite, small specific surface area of the particles, the surface charge 
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deficiency and presence of large amount of exchangeable Na+ ions (Mishra et al., 

2006). Kaolin-bentonite clay mixtures with 50% bentonite also had a similar % value 

as bentonite samples. The practical relevance of this is that the heavy metal 

contamination does not significantly alter the permeability of bentonite clay liners 

installed to protect landfills and other contaminated lands the way alkali metal salts 

like NaCl do. Gleason et al. (1997) reported that when bentonite came in contact with 

salt solutions such as NaCl or CaCl2, the clay became sensitive to chemical interactions 

which lead to an increase in permeability. The permeability is clearly linked to the 

time taken for end primary consolidation (EOP). The higher the permeability, the 

lower the time taken for EOP.  

In summary, results from the one-dimensional consolidation tests on bentonite and 

clays containing large amount of smectite suggests that the consolidation is mainly 

controlled by the thickness of DDL, whereas the one-dimensional consolidation 

behaviour of clays containing kaolinite or illite as main clay mineral are primarily 

determined by the changes in electrostatic forces between clay particles. 

7.3 ISOTROPIC COMPRESSION 

7.3.1 RESULTS 

Isotropic compression tests were carried out on samples of kaolin, Lucera clay, and 

submarine sediments from the port of Taranto. Due to the time constraints, bentonite 

clay, being of very low permeability, was not tested in the triaxial apparatus. The 

samples were tested with and without Pb2+ ions in order to investigate the effect of 

heavy metal on the isotropic consolidation of the clays. Pb2+ was selected out of the 

three heavy metals used in the current research, because Pb2+ ions had most effect on 

one-dimensional consolidation behaviour. Kaolin and Lucera clay, with and without 

Pb2+ ions, were isotropically consolidated separately to >’=200 kPa, >’=300 kPa and 

>’=400 kPa to get 3 separate consolidation curves. Due to the limited availability 

submarine sediments, with and without Pb2+, were consolidated isotropically to >’=200 

kPa and >’=300 kPa to get 2 separate consolidation curves. Results of samples of each 

clay were then plotted on same graph of @	against	>’	 (B-axis in logarithmic format) to 

plat isotropic normal consolidation lines (INCL), critical state lines (CSL), critical 
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state points (CSP) for samples with and without Pb2+ ions in it. Even though the 

differences between isotropic consolidation curves of samples with and without Pb2+ 

were small for both kaolin and Lucera clay, there was a clear variation in the slopes of 

curves to draw separate INCLs. However, the isotropic consolidation curves of 

submarine sediments had no noticeable variation to draw two separate INCLs for 

samples with Pb2+ ions and without Pb2+ ions. 

The one-dimensional consolidation results for kaolin show that the coefficient of 

consolidation (#!) increased with the addition of heavy metals in comparison to the #! 

value kaolin sample without heavy metals in it. The isotropic consolidation graphs for 

kaolin samples with and without Pb2+ ion show a similar behaviour where 

compressibility of kaolin increased with Pb2+ ion. Figure 7-47 shows the isotropic 

compression graphs along with isotropic normal compression line (INCL) and critical 

state line (CSL) for kaolin samples determined from shearing tests, the result of which 

are detailed and discussed later in the section 7.4. The soil parameters calculated for 

kaolin samples are given in Table 7-7. The C for kaolin sample without Pb2+ was 0.170. 

This value increased to 0.191 for kaolin sample with 5000 ppm Pb2+. The D₀ value 

also increased slightly from 0.65 in kaolin sample without Pb2+ to 0.66 in kaolin sample 

with the Pb2+ ion (D₀ value was calculated using the formula D₀ = 1 – sin E’). Both C 

values for kaolin samples conform the #! values calculated from one-dimensional 

consolidation tests when the equation (21) in section 2.4 was applied.  

In the case of Lucera clay, we knew from one-dimensional consolidation that the 

compressibility decreased when heavy metal was added to the clay. Isotropic 

compression graphs for Lucera clay with and without Pb2+ ions (Figure 7-48) show the 

compressibility of Lucera with lead ions reduced slightly compared to the clay without 

Pb2+ ion. The isotropic compression parameters for Lucera clay are given in Table 7-8. 

The C value for Lucera clay sample without Pb2+ ion was 0.143, whereas the C value 

for the Lucera sample with Pb2+ ion was 0.134. The D₀ value for Lucera sample 

without Pb2+ ion was 0.56. This decreased to 0.55 in the Lucera sample with Pb2+ ion. 

The C value for isotropic compression of Lucera samples and #! value for one-

dimensional compression of Lucera samples satisfied the equation (21).  
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In contrast, the C value for the isotropic compression parameters calculated for 

submarine sediments from the port of Taranto and #! values did not satisfy the 

equation (21). The slope  (C) values for submarine sediment sample with and without 

Pb2+ ion were the same (0.151), and the D₀ value decreased slightly from 0.49 in 

natural sample to 0.48 in the sample with the Pb2+ ion. The likely reasons for this 

discrepancy are given below in the discussion. The isotropic compression graph for 

submarine sediments from the port of Taranto is given in Figure 7-49 and the soil 

parameters calculated for the sediment samples are given in Table 7-9.  

7.3.2 DISCUSSION 

The compressibility of clay is controlled by mechanical and physicochemical factors. 

The variation of properties of mineral particles of each clay such as size, shape, surface 

friction and fabric determine how different clays behave. The physicochemical factors 

such as the thickness of DDL which creates repulsive forces and van der Waals 

attractive forces determine how pore-fluid properties such as cation type and 

concentration influence the behaviour of soil. The primary purpose of the current 

research was to investigate the effect of heavy metals on the behaviour of different 

clays and hence the importance was given to the influence of physicochemical factors 

affecting soil behaviour.   

As discussed in section 6.5.2, the compressibility of clays was affected by the addition 

of heavy metals and other salts due to the change in particle to particle, and particle to 

cation interactions. The C value for isotropic compression of kaolin increased when 

Pb2+ ion (5000 ppm) was added to the clay sample. This change was the same as the 

effect of Pb2+ ion observed in one-dimensional consolidation test results. Even though 

studies have shown that the clays with large quantities of kaolinite were not affected 

as much as clays with large quantities of montmorillonite by pore-fluid chemistry, 

mainly due to the structural arrangement of clay particles (Di Maio and Fenelli, 1994), 

the heavy metal cations could affect the electrostatic forces between clay particles in 

kaolin which would influence the compressibility of the clays. In kaolinite clay 

mineral, the heavy metal cations would develop stronger van der Waals attractive 

forces in edge-to-face clay particle arrangement which would lead to more open 

structure and flocculation. The amount of water entrapped in a flocculated structure 
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would increase the compressibility of kaolin. According to the fabric map proposed 

by Santamarina et al. (2002) and improved by Palomino and Santamarina (2005), the 

behaviour of kaolin samples with a pH range between ~4 and ~7 and low ionic 

concentration would cause kaolinite particles to sediment in an edge-to-face 

arrangement. Unlike in bentonite, DDL plays a less significant role in kaolin, Lucera 

and submarine sediments as DDL is very thin even without the presence of cations in 

pore-fluid (Karnland, 1997). However, clays containing illite or chlorite still show 

double layer compression when cations are added to the clay.  

Lucera clay has been previously investigated to determine its mechanical properties 

by Guglielmi (2018) who found Lucera clay to be coarser and less plastic than other 

blue clays of the same region such as Pappadai clay (Cotecchia, 1996) and therefore 

less sensitive. The C value and D₀ value (0.56) found in the current research (0.143) 

are similar to what Guglielmi (2018) found (C=0.139 and D₀=0.56) for reconstituted 

Lucera clay. Both C value and D₀ value for Lucera clay decreased when lead ion was 

added. This is probably because the DDL of Lucera clay was compressed by the 

presence of bivalent lead ion.  

From the results of one-dimensional and isotropic compression tests of the submarine 

sediments from the port of Taranto, it was clear that the #! value  from one-

dimensional consolidation and C value from isotropic compression did not satisfy the 

equation (21). This could be due to the natural water content of marine sediments and 

the organic matter content present in the sediments estimated to be as high as 4%. The 

natural water content of the sediment was higher than 1.5 times of the liquid limit of 

the submarine sediments and hence that could have had impact on the oedometer test 

result, especially at initial load increment because of the possible squeezing out of 

materials. The isotropic compression test was carried out on pre-consolidated samples 

in a floating consolidometer, which would have negated any effect of high natural 

water content of the sediments. The submarine sediment was also mined from the top 

layer of the seabed and contained different sizes of organic matter, sometimes not fully 

decomposed. The larger organic matter was hand removed, but it was always likely to 

have different quantities of organic matter in different samples. It is therefore possible 

for organic matter to have a significant effect on the two different compressibility 
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parameters from one-dimensional consolidation and isotropic consolidation. The 

results of plasticity index tests and one-dimensional consolidation tests show that the 

heavy metal reduces both plasticity and compressibility of the sediment samples, albeit 

very slightly. However, the results from isotropic compression tests show there was 

no noticeable change in compressibility when Pb2+ ion was added. It is also important 

to note that, even though both oedometer and triaxial samples were prepared from 

sediments without any drying, heating in the oven to measure moisture content would 

have burnt at least some of organic matter, thus affecting the index properties of the 

sediment.  

7.4 TRIAXIAL SHEARING 

The results of the triaxial shearing tests on clay samples of kaolin, Lucera clay, and 

the submarine sediments from the port of Taranto are presented in this section. The 

samples were reconstituted and pre-consolidated in a floating consolidometer before 

triaxial tests were carried out. Due to the time constraints, the three clays were only 

tested with and without Pb2+ ion. Tests were repeated for each clay mix at initial mean 

effective stresses of >’0	= 200 kPa, >’0	= 300 kPa, and >’0 = 400 kPa for shearing to 

enable plotting the failure envelope. In order to calculate more accurate stiffness of the 

clay samples, local transducers were used to measure the local strain. All tests were 

carried out in undrained condition. Table 7-6 shows the details of the triaxial tests 

carried out. 

7.4.1 RESULTS 

7.4.1.1 SHEAR STRESS-STRAIN BEHAVIOUR 

The results of all the triaxial shearing tests were plotted to show the variations of the 

deviatoric stress (F), the stress ratio (F/>’), the excess pore-water pressure (∆G) against 

axial strain (Ha). The stress-strain responses of the samples are shown in Figure 7-50 

to Figure 7-58. All samples were normally consolidated and isotropically compressed 

before shearing. A barrelling failure mechanism was observed in all the samples of 

Lucera clay, and submarine sediments from the port of Taranto. No clear evidence of 

development of slip failure zone was found in those samples. The failure mechanism 
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observed in kaolin samples was slip failure, as a clear slip surface zone was developed 

and observed in all kaolin samples. The calculations included these mechanisms by 

correcting the area. 

The variation of F against >’ of kaolin samples are plotted in Figure 7-50 and the 

variations of ∆G against >’ are plotted in Figure 7-51. All the kaolin samples were 

contractant throughout the test, which corresponds to an increase in the pore-water 

pressure. This remained the case throughout shearing. Both F and ∆G increased and 

reached to a constant value at a shear strain value of between 11-15%. Even though all 

kaolin samples followed the same pattern in terms of variation of F and ∆G, the 

maximum F values for kaolin sample with 5000 ppm Pb2+ were lower at every 

confining pressure. However, the change in pore water pressure in kaolin samples with 

5000 ppm Pb2+ reached a higher maximum than the kaolin sample without Pb2+. The 

stress ratio (F/>’) against axial strain (Ha) is given in Figure 7-52 and shows that the 

maximum F/>’ value for the kaolin sample with 5000 ppm Pb2+ was lower (0.77) 

compared to the kaolin sample without Pb2+ (0.80).  

The effects of contamination on stress-strain behaviour of Lucera clay and that of the 

submarine sediments from the port of Taranto were different to that of kaolin. The 

variations of F against >’ of Lucera clay are given in Figure 7-53 and the development 

of ∆G is given in Figure 7-54. As in kaolin samples, both F and ∆G increased with axial 

strain and reached a constant value at about 8% of axial strain. After that the values of 

F and ∆G remained constant even at the axial strain of 20%. The behaviour of all 

Lucera clay samples were contractant. At all confining pressures, Lucera clay samples 

with 5000 ppm Pb2+ had a slightly higher F value than the samples without Pb2+. Pore-

water pressure for samples with Pb2+ ions was also slightly higher than for samples 

without Pb2+. The F/>’	– Ha graph for Lucera clay (Figure 7-55) gives the maximum 

stress ratio of 1.02 for the sample without Pb2+ ions and 1.05 for the sample with 5000 

ppm Pb2+ ions. 

The variation of F against >’ of submarine sediment samples from the port of Taranto 

(Figure 7-56) were similar to that of Lucera clay samples. The change in ∆G for 

submarine sediment samples are given in Figure 7-57. Both F and ∆G increased and 
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reached a constant value at 8% axial strain and remained constant throughout the 

shearing test. The effect on ∆G was always higher than the deviatoric stress. The 

natural samples of the submarine clay had slightly lower values for both F and ∆G than 

samples with Pb2+ added in it. Figure 7-58 shows F/>’ varied with Ha for the submarine 

sediment samples.  

7.4.1.2 CRITICAL STATES 

For all the samples of all three clays tested in triaxial apparatus, the deviator stress (F) 

and change in pore-pressure (∆G) reached a fairly constant value during the shearing, 

which is associated with the critical state. The stress paths for all the clays are plotted 

and given in Figure 7-59 to Figure 7-61.  

The stress ratio for kaolin samples had a smooth peak at a shear strain between 11-

15% (Figure 7-50). The stress ratio at the critical state (I=F/>’) for kaolin sample with 

de-ionised water was 0.80 and the stress ratio at the critical state for kaolin sample 

with 5000 ppm Pb2+ was 0.77. The shearing data plotted on F – >’ plane shows that the 

failure envelope passed through the origin as expected. As reported in section 7.3, the 

soil parameters linked to critical state line on @ – ln >’ graph were C=0.170 and 

J=2.894 for kaolin sample without Pb2+ ions and for the kaolin sample with 5000 ppm 

Pb2+ ions were C=0.191 and J=2.967. The effective stress friction angle (E’) was 20.67 

degrees for kaolin sample with de-ionised water and 20.05 degrees for the kaolin 

sample with 5000 ppm Pb2+ ions.  

As shown in Figure 7-52, the stress ratio for Lucera clay samples peaked at a shear 

strain of 8%. The I value for Lucera sample with 5000 ppm Pb2+ ion was 1.05, the C 

value was 0.134 and J value was 2.389. The I value for Lucera sample without Pb2+ 

was lower (1.02), the C value was higher (0.143) and J was also higher (2.431). The 

effective stress friction angles for samples with Pb2+ and samples without Pb2+ were 

25.84 degrees and 26.54 degrees respectively. 

The submarine sediment samples behaviour was similar to that of Lucera clay where 

addition of Pb2+ ions appeared to increase in strength, albeit slightly. The soil 
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parameters for the sediment samples with Pb2+ were I=1.26 and E’= 31.38 degrees. 

The soil parameters for the sediment samples without Pb2+ were I=1.23 and E’=30.69 

degrees. The parameters derived from isotropic compression which were linked to 

critical state were same for sample with and without Pb2+ ions. There is, thus, a 

discrepancy between the isotropic compression and shearing responses of sediment 

samples, where isotropic compression did not show any difference between Pb2+ 

contaminated and uncontaminated samples, while the results of shearing tests which 

demonstrated that the sediment samples contaminated with Pb2+  had slightly higher 

strength. 

7.4.1.3 SHEAR STIFFNESS 

For each shear test, the tangent shear modulus (6) was calculated by linear regression 

of data and plotted against shear strain (Hs) for both external transducer data and local 

transducer data. 6 value for both external and local transducers for each soil, with and 

without Pb2+ ion were plotted on the same plot in order to show the effect of Pb2+ on 

the clay (Figure 7-62b, Figure 7-63b and Figure 7-64b). The secant shear modulus (6) 

was also plotted to compare the graphs for samples with and without Pb2+ (Figure 

7-62a, Figure 7-63a and Figure 7-64a). 

Figure 7-62 presents the shear stiffness graph for kaolin samples sheared at a confining 

pressure of >’=300 kPa, with and without Pb2+. All clay samples had more or less the 

same 6 value curve, where 6 value decreased with increase in shear strain. The 6 value 

calculated from local transducer measurement was significantly higher than 6 value 

calculated from external transducer measurements. The maximum 6 value was close 

to 40 MPa at 0.001% shear strain for kaolin samples with and without Pb2+. The shear 

stiffness decreased sharply with increase in shear strain and measures between 3-5 

MPa for all samples at 0.1% shear strain on the tangent shear modulus graph (Figure 

7-62b). Even though there was no significant difference between the shear stiffness of 

samples with and without Pb2+ ions, the shear stiffness graph for kaolin sample with 

Pb2+ appears to have slightly lower stiffness for small strains less than 0.1%, especially 

on secant shear modulus graph (Figure 7-62a).  
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The maximum 6 value for Lucera samples from local transducers was 60 MPa at 

0.02% shear strain where the confining pressure was >’=300 kPa (Figure 7-63b). Like 

kaolin, the 6 value for Lucera clay sample with Pb2+ was similar to the Lucera clay 

sample without Pb2+ at all shear strains. The very small hint of higher stiffness in the 

sample with Pb2+ was not significant enough to conclude Pb2+ had any effect of the 

shear stiffness of Lucera clay. The stiffness of Lucera samples decreased sharply to 

about 10 MPa at a shear strain of 0.1%.  

Due to a technical issue with the apparatus, small strains from local transducers were 

not possible to be measured for any sample of submarine sediments from the port of 

Taranto. The secant shear modulus graphs (Figure 7-64) show sediment sample with 

Pb2+ had higher shear stiffness than the sediment sample without Pb2+. However, the 

tangent shear modulus curves did not show a significant difference between the shear 

stiffness of the two samples. The maximum shear stiffness measured for the sediment 

samples was 11 MPa at a shear strain of 0.02% and reduced to about 3 MPa at a shear 

strain of 0.1%. 

7.4.2 DISCUSSION 

The effect of pore-fluid chemistry on clay, and particularly on peak shear strength of 

clays has been investigated since Winterkorn and Moorman (1942) studied the effect 

of cations present in Putnam clay on the geotechnical properties and reported that the 

peak shear strength of clay was influenced by cations in pore-fluid. Rosenqvist (1962) 

explained that the chemistry of soil-water system can have significant effect on the 

strength properties of a soil.    

Focusing on clay samples with same pore-fluid composition (either with or without 

Pb2+), the behaviour reported here is typical of normally consolidated clays. Pore-water 

pressure build up was positive, the effective stress path moved left, away from the 

vertical throughout the loading, the effective stress paths from >’=200 kPa, >’=300 kPa 

and >’=400 kPa were geometrically similar and the peak and failure points lie on the 

same line, the critical state line (CSL), which passed through the origin of the F – >’ 
plot. The effective stress friction angle (E’) values for all the clays with and without 

Pb2+ are given in Table 7-11. 
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The stress-strain behaviour of kaolin samples (Figure 7-50) shows that there was a 

slight reduction in peak strength of kaolin when it was treated with 5000 ppm Pb2+. 

The effective stress friction angle of kaolin sample with Pb2+ was lower than in the 

kaolin sample without Pb2+. The change of peak strength and effective stress friction 

angle of kaolin sample was related to the flocculation and particle arrangement. The 

behaviour of kaolin samples correlated with the results of Yong and Warkentin (1966) 

where it was suggested that when divalent and trivalent cations were added to kaolinite 

samples, van der Waals forces of attraction would increase between positive and 

negative faces of kaolinite particles which would lead to more open and flocculated 

structure. This would allow more water to be entrapped in voids of the clay structure 

giving higher compressibility and thus lower peak strength. The findings of the 

research by Anson and Hawkins (1998) on the effect of Ca2+ ion in pore-fluid on the 

residual shear strength of kaolinite and sodium montmorillonite also support the results 

of the current research. The researchers found that the residual shear strength of 

kaolinite decreased with the treatment of Ca2+ when effective normal stress (σ’)) was 

higher than 125.4 kPa. The effect was higher at higher σ’) values, but the effect 

reversed when the concentration of Ca2+ was increased over 80 ppm. The effect of 

heavy metal ions on kaolin in the present research was probably due to change in 

electrostatic forces between clay particles and cations in pore-fluid, not due to any 

change in mineralogy of the clay by the addition of heavy metal ions. This was 

confirmed by the XRD analysis of kaolin samples with and without Pb2+ ions, 

explained in section 6.4. This was similar to the findings of Anson and Hawkins (1998) 

where very similar x-ray diffractograms were obtained for kaolin samples with varying 

concentration of pore-fluid. The behaviour of heavy metal contaminated kaolin could 

also be linked to the pH of kaolin samples. According Santamarina et al. (2002) and 

Palomino and Santamarina (2005), kaolinite clay mineral exhibit edge-to-face 

arrangement for pH range between ~4 and ~7 when ionic concentration is low.  

As discussed in detail in the chapter 2 and 3, surfaces of clay particles are negatively 

charged and the repulsive forces between the particle affect the clay properties. When 

cations are adsorbed on to clay surface, it reduces the repulsive force between two 

negatively charged clay particles. This increases the number of mechanical contacts 

between the particles and hence increase the strength. The reduction in repulsive force 
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and cations diffused into pores of clay increases the van der Waals forces of attraction. 

It is believed that the van der Waals forces of attraction is the most significant source 

of cohesion in clays. For both Lucera clay and submarine sediments, the peak strength 

was positively affected by Pb2+. The investigation by Moore (1991) into the effect of 

chemical and mineralogical factors on the residual strength of natural clays also found 

that the concentration of salts in pore-fluid could modify the residual strength of 

natural clays. Residual strength was lowest at low salt concentration in pore-fluid and 

highest for pore-fluid with concentrated salt.  

The effect of cations on natural clays can be explained by more than one mechanism. 

Diffusion of cations into the pores of clay structure and movement of water from pores 

to out of the clay structure by osmosis is linked to decreasing compressibility in clays 

other than kaolinite (Barbour and Fredlund, 1989). Cations in pores of clay structure 

can increase the van der Waals forces of attraction between and within the particles 

resulting in more packed clay structure with lower plasticity and compressibility. The 

compact packing also results in more mechanical contacts giving higher strength to 

the clay, increased friction between particles and increased cohesion. Cation exchange 

in clay and adsorption of cations on clay surface are other mechanisms that can have 

an effect on how a clay behaves. In general, the strength parameters increased when 

heavy metal cations were present in the Lucera clay and submarine sediments from the 

port of Taranto, which did not predominantly have kaolinite as a clay mineral. Most 

of previous researches on the effect of cations in pore-fluids were carried out using 

alkali metal ions such as Na+, K+, Ca2+, etc.  The factors that increase residual shear 

strength of clays include higher valency (divalent and trivalent have more effect than 

monovalent), the greater polarizability (e.g. K+ has more polarizability than Na+) and 

higher concentration (Kenney, 1967).  However, heavy metal cations did not show 

similar effect. As discussed in sections 6.5.2 and 7.2.2, the reason that the effects of 

heavy metal cations did not increase with increase in concentration was likely because 

of the size of hydrated ion sizes (Table 7-10). Due to the large hydrated ion sizes of 

the cations tested, it is likely that diffusion of Cu2+, Pb2+, and Zn2+ were difficult and 

therefore heavy metal cations had limited effect restricted to small concentrations.  
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Even though a decrease in shear strength in kaolin, and an increase in shear strength 

in Lucera and submarine sediments were observed, the stiffness graphs for all the clays 

do not show any significant difference between the stiffness of the samples with Pb2+ 

and without Pb2+. The changes to clay behaviour caused by heavy metals ions were 

relatively small, except for bentonite. Those changes were not significant enough to 

show an obvious change in stiffness of kaolin, Lucera clay and submarine sediments 

from the port of Taranto. In summary of these analysis, the most significant effects of 

heavy metal contamination or salt contamination were observed in the consolidation 

behaviour of clays. 
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Table 7-1: End of primary consolidation (EOP) determined from Casagrande’s curve fitting 
method and from degree of consolidation (") graphs for kaolin samples (100 kPa to 200 kPa 
load increment) 

Kaolin samples #90 (Casagrande) in mins #100 (pwp) in mins 
De-ionised water 8 73 
NaCl solution (35 ppt) 6 52 
Copper (1000 ppm) 10 83 
Lead (1000 ppm) 18 173 
Zinc (1000 ppm) 15 83 

 

Table 7-2: End of primary consolidation (EOP) determined from Casagrande’s curve fitting 
method and from degree of consolidation ($) graphs for Lucera samples (25 kPa to 50 kPa 
load increment) 

Lucera samples #90 (Casagrande) in mins #100 (pwp) in mins 
De-ionised water 250 620 
NaCl solution (35 ppt) 70 120 
Copper (1000 ppm) 150 350 
Lead (1000 ppm) 80 310 
Zinc (1000 ppm) 100 325 

 

Table 7-3: End of primary consolidation (EOP) determined from Casagrande’s curve fitting 
method for clay samples containing 50% kaolin and 50% bentonite (50 kPa to 100 kPa load 
increment) 

Kaolin-bentonite samples #90 (Casagrande) in mins 
De-ionised water 1000 
NaCl solution (35 ppt) 40 
Copper (1000 ppm) 700 
Lead (1000 ppm) 400 
Zinc (1000 ppm) 600 

Table 7-4: End of primary consolidation (EOP) determined from Casagrande’s curve fitting 
method for samples of submarine sediments from the port of Taranto 

Submarine sediment samples #90 (Casagrande) in mins 
Natural 50 
Copper (1000 ppm) 40 
Lead (1000 ppm) 30 
Zinc (1000 ppm) 30 
Washed 50 
Washed + Lead (5000 ppm) 30 
Washed + NaCl solution (35 ppt) 15 
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Table 7-5: Estimation of compression index values by applying correlations by various researchers to the index properties of the current research. The correlations 
are detailed in Table 2-1. The results marked in red are values that are reasonably close to the values calculated from oedometric compression curves. 
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Table 7-6: Triaxial sample and test details 
Test Clay Addition !0 Sr (%) ! (at the beginning of 

shearing) 
!’ (kPa) (at the beginning 
of shearing) 

Drain condition 

K-Pb(II)_1 kaolin Pb2+ (5000 ppm) 1.435 98.1 1.038 200 U 
K-Pb(II)_2 kaolin Pb2+ (5000 ppm) 1.601 97.0 1.032 300 U 
K-Pb(II)_3 kaolin Pb2+ (5000 ppm) 1.390 98.2 1.025 400 U 
K-DI_1 kaolin - 1.406 98.0 1.056 200 U 
K-DI_2 kaolin - 1.326 97.1 0.997 290 U 
K-DI_3 kaolin - 1.402 98.1 0.980 400 U 
L-Pb(II)_1 Lucera Pb2+ (5000 ppm) 1.048 96.8 0.742 200 U 
L-Pb(II)_2 Lucera Pb2+ (5000 ppm) 1.046 96.4 0.732 285 U 
L-Pb(II)_3 Lucera Pb2+ (5000 ppm) 1.091 96.4 0.715 400 U 
L-DI_1 Lucera - 1.071 96.7 0.798 199 U 
L-DI_2 Lucera - 1.081 98.3 0.738 300 U 
L-DI_3 Lucera - 1.087 97.8 0.721 400 U 
S-Pb(II)_1 Submarine 

sediments 
Pb2+ (500 ppm) 1.061 96.5 0.852 200 U 

S-Pb(II)_2 Submarine 
sediments 

Pb2+ (500 ppm) 1.062 96.3 0.789 300 U 

S-N_1 Submarine 
sediments 

- 1.025 98.3 0.852 200 U 

S-N_2 Submarine 
sediments 

- 1.054 99.3 0.789 300 U 
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Table 7-7: Values of soil constants for kaolin samples with and without lead ions 
Kaolin sample ! N N0 " K₀ 
De-ionised water 0.170 2.990 2.864 2.894 0.65 
Lead (5000 ppm) 0.191 3.061 2.990 2.967 0.66 

Table 7-8: Values of soil constants for Lucera samples with and without lead ions 
Lucera sample ! N N0 " K₀ 
De-ionised water 0.143 2.503 2.455 2.431 0.56 
Lead (5000 ppm) 0.134 2.246 2.450 2.389 0.55 

Table 7-9: Values of soil constants for samples of submarine sediments from the port of 
Taranto with and without lead ions 

Submarine 
sediment sample 

! N N0 " K₀ 

Natural 0.151 2.567 2.552 2.449 0.49 
Lead (500 ppm) 0.151 2.567 2.552 2.449 0.48 

Table 7-10: Metal ion characteristics and parameters for the cations studied for the current 
research 

Cation Ionic radius (pm) 
(Wulfsberg, 1987) 

Hydrated radius (pm) 
(Nightingale Jr, 1959) 
 

Electronegativity (Pauling) 
(Wulfsberg, 1987) 

Na+ 102 358 0.93 
Pb2+ 120 401 2.33 
Cu2+ 73 419 1.90 
Zn2+ 74 430 1.65 

 

Table 7-11: Effective stress friction angle (!’), and " values for clay samples  

Sample "=#/$’ !’ 
Kaolin (de-ionised water) 0.80 20.67 
Kaolin (5000 ppm Pb2+) 0.77 20.05 
Lucera (de-ionised water) 1.02 25.84 
Lucera (5000 ppm Pb2+) 1.05 26.54 
Submarine sediments (natural) 1.23 30.67 
Submarine sediments (5000 ppm Pb2+) 1.26 31.38 
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Figure 7-1: Compression curves of bentonite samples 

 
Figure 7-2: The compression curves in Figure 7-1 normalised to start with same void ratio at 
12.5 kPa pressure. &** is the normalised void ratio where all consolidation curves start with 
same void ratio (void ratio of control sample with de-ionised water) after initial load. 
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Figure 7-3: Compression curves for bentonite samples with one, two and three heavy metals 

 
Figure 7-4: The compression curves in Figure 7-3 normalised to start with same void ratio at 
12.5 kPa pressure. &** is the normalised void ratio where all consolidation curves start with 
same void ratio (void ratio of control sample with de-ionised water) after initial load. 
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Figure 7-5: '! and '" values for bentonite samples with singular heavy metals. Note: '! and 
'" values are average values of '! and '" values of each load increment as the consolidation 
curves of samples with heavy metals are non-linear in & – log σ’# set of axes. 

 
Figure 7-6: '! and '" values for bentonite samples with singular, binary & ternary heavy 
metals. Note: '! and '" values are average values of '! and '" values of each load increment 
as the consolidation curves of samples with heavy metals are non-linear in & – log σ’# set of 
axes. 
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Figure 7-7: Compression curves of kaolin samples 

 
Figure 7-8: The compression curves in Figure 7-7 normalised to start with same void ratio at 
25 kPa pressure. &** is the normalised void ratio where all consolidation curves start with 
same void ratio (void ratio of control sample with de-ionised water) after initial load. 
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Figure 7-9: '! and '" values for kaolin samples with singular heavy metals. Note: '! and '" 
values are average values of '! and '" values of each load increment as the consolidation 
curves of samples with heavy metals are non-linear in & – log σ’# set of axes. 

 
Figure 7-10: Compression curves of kaolin - bentonite clay samples 
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Figure 7-11: The compression curves in Figure 7-10 normalised to start with same void ratio 
at 12.5 kPa pressure. e** is the normalised void ratio where all consolidation curves start with 
same void ratio (void ratio of control sample with de-ionised water) after initial load. 

 
Figure 7-12: '! and '" values for kaolin-bentonite clay samples with singular heavy metals. 
Note: '! and '" values are average values of '! and '" values of each load increment as the 
consolidation curves of samples with heavy metals are non-linear in & – log σ’# set of axes. 
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Figure 7-13: Effect of bentonite content on compression index ('!) of kaolin-bentonite clay 
samples 

 
Figure 7-14: Effect of bentonite content on swelling index ('") of kaolin-bentonite clay 
samples 
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Figure 7-15: Compression curves of Lucera clay samples 

 
Figure 7-16: The compression curves in Figure 7-15 normalised to start with same void ratio 
at 25 kPa pressure. &** is the normalised void ratio where all consolidation curves start with 
same void ratio (void ratio of control sample with de-ionised water) after initial load. 
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Figure 7-17: '! and '" values for Lucera clay samples with singular heavy metals 

 
Figure 7-18: Compression curves of submarine sediments from the port of Taranto samples 
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Figure 7-19: The compression curves in Figure 7-18 normalised to start with same void ratio 
at 25 kPa pressure. &** is the normalised void ratio where all consolidation curves start with 
same void ratio (void ratio of control sample with de-ionised water) after initial load. 

 
Figure 7-20: '! and '" values for submarine sediments from the port of Taranto samples with 
singular heavy metals 
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Figure 7-21: Coefficient of consolidation ('#) values for bentonite clay samples 

 

 
Figure 7-22 Coefficient of consolidation ('#) values for kaolin clay samples 
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Figure 7-23: Coefficient of consolidation ('#) values for kaolin-bentonite (50%-50%) clay 
samples 

 

 
Figure 7-24: Coefficient of consolidation ('#) values for Lucera clay samples 
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Figure 7-25: Coefficient of consolidation ('#) values for samples of submarine sediments from 
the port of Taranto 

 
Figure 7-26: Coefficient of volume compressibility ((#) values for bentonite samples 
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Figure 7-27: Coefficient of volume compressibility ((#) values for kaolin samples 

 
Figure 7-28 Coefficient of volume compressibility ((#) values for kaolin-bentonite (50%-
50%) samples 
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Figure 7-29: Coefficient of volume compressibility ((#) values for Lucera clay samples 

 
Figure 7-30: Coefficient of volume compressibility ((#) values for natural and washed 
samples of submarine sediments from the port of Taranto 
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Figure 7-31: Permeability ()) values for bentonite samples 

 
Figure 7-32: Permeability ()) values for kaolin samples 
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Figure 7-33: Permeability ()) values for kaolin-bentonite (50%-50%) clay samples 

 
Figure 7-34: Permeability ()) values for Lucera clay samples 
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Figure 7-35: Permeability ()) values for samples of submarine sediments from the port of 
Taranto 

 

 
Figure 7-36: Pore-water pressure development and dissipation in oedometer for kaolin samples 
for 100 kPa to 200 kPa load increment 
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Figure 7-37: Graph showing compression (*) and degree of consolidation (+) for kaolin (de-
ionised water) from 100 kPa to 200 kPa load increment 

 
Figure 7-38: Degree of consolidation against time for all load increments for kaolin (de-ionised 
water) sample 
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Figure 7-39: Degree of consolidation against time for kaolin samples 

 
Figure 7-40: Degree of consolidation against time for bentonite samples 
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Figure 7-41: Degree of consolidation against time for Lucera samples 

 
Figure 7-42: Compression (*) and degree of consolidation (+) curves for kaolin samples for 
load increment from 100 kPa to 200 kPa 



 277 

 
Figure 7-43: Compression (*) and degree of consolidation (+) curves for kaolin samples for 
load increment from 12.5 kPa to 25 kPa 

 
Figure 7-44: Compression (*) and degree of consolidation (+) curves for Lucera samples for 
load increment from 25 kPa to 50 kPa 
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Figure 7-45: Compression (*) curves for clay samples containing 50% kaolin and 50% 
bentonite for load increment from 50 kPa to 100 kPa 

 
Figure 7-46: Compression (*) curves for samples of submarine sediments from the port of 
Taranto for load increment from 50 kPa to 100 kPa 
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Figure 7-47: Isotropic compression behaviour of kaolin sample with and without lead ion 

 

Figure 7-48: Isotropic compression behaviour of Lucera clay with and without lead ion 
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Figure 7-49: Isotropic compression behaviour of submarine sediments from the port of Taranto 
with and without lead ion 

 

 
Figure 7-50: Stress-strain behaviour of isotropically normally consolidated kaolin samples 
with and without Pb2+ ions. Refer Table 7-6 for sample details.  
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Figure 7-51: Change in pore-water pressure (∆,) during the shearing of kaolin samples. Refer 
Table 7-6 for sample details.  

 
Figure 7-52: Stress-strain behaviour of kaolin samples with and without Pb2+ ions. Refer Table 
7-6 for sample details.   
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Figure 7-53: Stress-strain behaviour of isotropically normally consolidated Lucera clay 
samples with and without Pb2+ ions. Refer Table 7-6 for sample details.  

 
Figure 7-54: Change in pore-water pressure (∆,) during the shearing of Lucera clay samples. 
Refer Table 7-6 for sample details.  
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Figure 7-55: Stress-strain behaviour of Lucera clay samples with and without Pb2+ ions. Refer 
Table 7-6 for sample details.  

 
Figure 7-56: Stress-strain behaviour of isotropically normally consolidated submarine 
sediments from the port of Taranto samples with and without Pb2+ ions. Refer Table 7-6 for 
sample details.  
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Figure 7-57: Change in pore-water pressure (∆,) during the shearing of submarine sediment 
samples. Refer Table 7-6 for sample details. 

 
Figure 7-58: Stress-strain behaviour of submarine sediment samples with and without Pb2+ 
ions. Refer Table 7-6 for sample details. 
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Figure 7-59: Stress paths and critical state lines for kaolin samples with and without Pb2+ ions 

 
Figure 7-60: Stress paths and critical state lines for Lucera clay samples with and without Pb2+ 
ions 
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Figure 7-61: Stress paths and critical state lines for submarine sediment samples with and 
without Pb2+ ions 
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Figure 7-62: Comparison of shear stiffness measured by external and local transducers for 
kaolin samples with and without Pb2+; (a) secant shear modulus (b) tangent shear modulus. 
Refer Table 7-6 for sample details. 

a 

b 
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Figure 7-63: Comparison of shear stiffness measured by external and local transducers for 
Lucera clay samples with and without Pb2+. (a) secant shear modulus (b) tangent shear 
modulus. Refer Table 7-6 for sample details. 

a 

b 
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Figure 7-64: Comparison of shear stiffness measured by external for submarine sediment 
samples with and without Pb2+. Tangent and secant shear modulus shown in the graph. Refer 
Table 7-6 for sample details. 
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8 CONCLUSIONS AND 
RECOMMENDATIONS FOR FUTURE WORKS 

8.1 SUMMARY AND CONCLUSIONS 

The focus of this research work has been on investigating the interaction of heavy 

metal cations (Cu2+, Pb2+, Zn2+) and mineralogy in the behaviour of artificial clays, 

namely kaolin and sodium bentonite, and reconstituted natural clays, namely Lucera 

clay and submarine sediments from the port of Taranto (Italy). The objectives of the 

research, outlined in chapter 1, have included developing a better understanding of 

how the index properties and physicochemical properties are affected by heavy metal 

cations, to understand how the mechanical properties of clays are effected by the heavy 

metal cations and to derive a clear understanding of the relationship between the 

properties of the clays, mineralogy of the clays and heavy metal type and 

concentration. 

In order to achieve the objectives of the research, series of plasticity tests, oedometer 

tests and triaxial tests were carried out in the laboratory. The experimental programme 

was designed to investigate the effect of heavy metal cations on clays with different 

mineralogy, particularly on index properties, one-dimensional consolidation 

properties, shearing properties and clay microstructure. The clays chosen for the 

research were kaolin which predominantly contains kaolinite clay mineral, sodium 

bentonite in which montmorillonite (smectite) clay mineral content was above 95%, 

clay mixture containing 50% kaolin and 50% bentonite, and two natural soils with high 

content of illite-smectite (Lucera clay and submarine sediments from the port of 

Taranto). All the tests were carried out using reconstituted clay samples in order to 
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avoid the effect of structure, which could have significant influence on the behaviour 

of clays. Samples for oedometer tests were made from slurry, while the samples for 

the triaxial tests were prepared as slurry and then consolidated in a floating 

consolidometer. The samples of the SEM tests were taken from the oedometer test 

samples after the conclusion of each test, and air-dried and teared to analyse on the 

vertical direction of the samples. The samples for the XRD tests were ground in a 

mortar and pestle, and dried in the oven to remove the moisture as it could affect the 

diffractograms. The results of the tests were analysed and discussed against the 

literature review. The conclusions of the research work are summarised in the 

following. 

8.1.1 EFFECT OF HEAVY METAL IONS ON THE MICROSTRUCTURE AND 
MINERALOGY OF CLAYS 

Series of SEM tests were carried out on clay samples with and without heavy metal 

cations to investigate the effect of heavy metal cations on the microstructure of clays, 

particularly the effect of heavy metal cations on the voids of clays. The results are 

discussed in detailed in section 6.3. The SEM micrographs of samples of each clay 

were analysed using ImageJ to quantify the area of voids in each sample and compare 

results to find out the variations of voids caused by the presence of heavy metal cations. 

Samples with 35 ppt NaCl solutions were also looked at in the electron microscope. 

The conclusions from the SEM analysis are: 

• The pore area of sodium bentonite, a clay containing 95% of montmorillonite 

(smectite) clay mineral, increased when heavy metal ions interacted with the 

clay particles.  

• The pore area of kaolin, a commercial clay containing large percentage of 

kaolinite clay mineral, decreased in the presence of heavy metal ions. 

• The pore area of Lucera clay, a natural clay mainly containing illite-smectite 

interphase clay mineral, increased slightly. 

Samples of each clay with and without heavy metal ions were also analysed in XRD, 

details of which are given in section 6.4. Due to limited availability of tests, only two 

samples from each clay were analysed; one with de-ionised water and the second one 
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with 5000 ppm Pb2+ ions. The purpose of XRD of clay samples was to investigate if 

the heavy metal ions could alter the mineralogy of clay to any extent. The tests were 

conducted on bulk samples of clays and diffraction patterns were superimposed and 

compared to study if there was any noticeable peak or peaks on the heavy metal treated 

sample compared to the control sample without any heavy metal ions.  The conclusion 

from XRD analysis is: 

• Heavy metal ions present in clays did not alter the mineralogy of clays. 

Additionally, the pH and electrical conductivity (EC) of samples were measured in the 

laboratory to investigate the change in pH and EC caused by addition of heavy metal 

ions to the samples. While pH affects the behaviour of soil, the EC measurement is 

considered to be a results of clay-water interactions. The conclusion from the 

measurements are:  

• The small variations in pH due to the presence of heavy metal ions in bentonite, 

Lucera clay and submarine sediments from the port of Taranto were unlikely 

to affect the behaviour of clays significantly. But the pH of kaolin sample 

would have contributed to the kaolinite particles to arrange in edge-to-face, 

which would have cause increase in plasticity and compressibility, and 

decrease in strength.  

• The EC measurements of kaolin, sodium bentonite and Lucera clay did not 

change significantly, but the EC value of submarine sediment from the port 

of Taranto increased with the addition of heavy metals. 

8.1.2 EFFECT OF HEAVY METAL IONS ON THE PLASTICITY BEHAVIOUR OF CLAYS 

The research included investigating plasticity behaviour of clays with separate heavy 

metal cations, and combined binary and ternary heavy metal cations along with clays 

without heavy metal cations. The objective was to study how plasticity of clays with 

different mineralogy would behave when different heavy metal ions in varying 

concentrations were introduced to clay samples. Clay samples without any heavy 

metal cation were also tested along with samples prepared with 35 ppt NaCl solution 

in order to compare the results of it with the results found in literature. Some of the 
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clays were tested by preparing with 35 ppt NaCl solutions and then adding heavy metal 

ions to investigate how heavy metal would react in clays in saline environments. The 

results of these tests are discussed in section 6.5. The results are discussed with the 

help of previous researches found in literature. Several conclusions are drawn from the 

analysis of the results. They are: 

• The plasticity of bentonite decreased with all three heavy metals tested with 

(Cu2+, Pb2+ and Zn2+), whereas the plasticity of kaolin increased slightly when 

the heavy metal cation was present in the sample. There was a somewhat linear 

and inverse relationship between the percentage of kaolin in a kaolin-bentonite 

clay sample and the plasticity index of the sample. 

• The !L measurements of bentonite show bentonite reduced its !L slightly more 

when two heavy metal ions were added to bentonite sample compared to the 

same concentration of a singular cation. 

• The plasticity of Lucera clay and submarine sediments from the port of Taranto 

decreased slightly when heavy metal cations were present in the clay sample. 

• The rate of effect of heavy metal ions on plasticity behaviour of clay reduced 

with increasing concentration of heavy metal ions in all clays investigated. In 

the case of bentonite, the effect of heavy metal plateaued and reverses after 

3000 ppm concentration of Pb2+ ion.  

Some of the findings of this research have also been presented in a paper entitled 

"Effect of heavy metal contamination on the plasticity of kaolin-bentonite clay 

mixtures and an illite-smectite rich natural clay” (Muththalib and Baudet, 2019), which 

was published in the Proceedings for 7th International Symposium on Deformation 

Characteristics of Geomaterials, IS-Glasgow 2019 in Glasgow, U.K. in June 2019. 

8.1.3 EFFECT OF HEAVY METAL IONS ON THE ONE-DIMENSIONAL CONSOLIDATION 
BEHAVIOUR OF CLAYS 

As detailed in section 7.2, series of one-dimensional consolidation tests were carried 

out in the oedometer apparatus in order to investigate the effect of heavy metal ions 

on one-dimensional consolidation parameters of kaolin, sodium bentonite, Lucera clay 

and submarine sediments from the port of Taranto. The one-dimensional consolidation 
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parameters calculated and analysed were compression index ("!), coefficient of 

consolidation (""), coefficient of volume compressibility (#") and permeability ($). 

Additionally, the degree of consolidation and end of primary consolidation (EOP) 

were also looked at. Since sodium bentonite is a very expansive clay, samples of the 

clay and clay mixtures containing 50% bentonite were only consolidated incrementally 

up to 200 kPa pressure. Oedometer samples of Lucera clay and kaolin were 

consolidated incrementally up to 800 kPa. Samples of submarine sediments from the 

port of Taranto were consolidated incrementally up to 200 kPa. All the clay samples 

were prepared from slurry (approximately 1.25 x !L). In order to study EOP measured 

from pore-water pressure dissipation, some of the samples were tested in the 

oedometer where a pressure transducer was attached to the base of the cell to measure 

pore-water pressure at the base with only one-way drainage. The results of it were then 

compared with the %90 (time taken for 90% consolidation) estimated from 

Casagrande’s curve fitting method. The results of oedometer test results were 

discussed with reference to relevant previous studies found in literature. The 

conclusions from one-dimensional consolidation tests are: 

• The compressibility of bentonite, Lucera clay and submarine sediments from 

the port of Taranto decreased with addition of heavy metal cations. 

Contrastingly, the compressibility of kaolin increased when heavy metal ion 

was present in the clay samples. The influence of heavy metals found to be 

Pb2+ > Cu2+ > Zn2+ on all clays. 

• The rate of influence of heavy metal ions decreased with increasing 

concentration and plateaued at about 5000 ppm concentration of cations. 

• The influence of heavy metals ions on the clay compressibility was not greatly 

affected by the presence of NaCl. The percentage change caused by heavy 

metal cations observed in clay samples with and without NaCl was more or 

less same. 

• The coefficient of consolidation ("") was higher at every stress level in heavy 

metal containing clay samples of bentonite, in kaolin-bentonite clay mixture, 

in Lucera clay and in submarine sediments from the port of Taranto compared 

to the clay sample without heavy metal ions. However, the "" decreased in 

kaolin samples when heavy metal ion was present. Similarly, #" values of 
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clays except kaolin decreased with the presence of heavy metal in the sample. 

The presence of heavy metal ions in kaolin samples did not cause much 

difference. Consequently, the permeability ($) of all clay samples except 

kaolin samples increased with the addition of heavy metal ions. The 

permeability of Kaolin samples decreased with the addition of heavy metal ion. 

• The time taken for the end of primary consolidation (EOP) increased in kaolin 

samples with heavy metal ions, whereas heavy metal ions reduced EOP of all 

other clays studied in this research. 

8.1.4 EFFECT OF HEAVY METAL IONS ON THE ISOTROPIC CONSOLIDATION 
BEHAVIOUR OF CLAYS 

As part of tests in triaxial apparatus, isotropic consolidation of triaxial clay samples 

were carried out to investigate the effect of heavy metal ions on the isotropic 

consolidation parameters. The tests were conducted on samples of kaolin, Lucera clay 

and submarine sediments from the port of Taranto. Due to time constraint, only control 

samples (without heavy metal ions) and samples with Pb2+ were investigated. The 

results are discussion of the measurements are given in section 7.3. The results were 

compared with "! values from one-dimensional consolidation tests. The conclusion 

from the results are as following: 

• Isotropic compression index (&) of kaolin increased when Pb2+ is present in the 

clay sample, whereas Lucera clay samples demonstrated reduction in & value 

in the presence of Pb2+, conforming to the one-dimensional consolidation 

behaviour of kaolin and Lucera clay. However, the clay samples of submarine 

sediments from the port of Taranto with and without Pb2+ produced the same & 

value, which is contradictory to the one-dimensional consolidation behaviour 

observed in the sediment samples and could be linked to the organic matter in 

the natural submarine sediment. 

8.1.5 EFFECT OF HEAVY METAL IONS ON THE SHEARING BEHAVIOUR OF CLAYS 

Several triaxial tests were conducted on heavy metal contaminated and 

uncontaminated samples of kaolin, Lucera clay, and submarine sediments from the 

port of Taranto to study the effect of heavy metal ions on the shearing behaviour of 
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the clays. Due to the time constraints only Pb2+ ion was used in triaxial clay samples 

in addition to the samples without any heavy metal ions in them. The tests were carried 

out to investigate the shear stress-strain behaviour, critical state parameters and shear 

stiffness, and to compare and analyse differences in the results. The results are 

discussed in section 7.4. Deviatoric stress ('), stress ratio ('/(’), excess pore-water 

pressure (∆)) were plotted against axial strain (*a) and analysed. Critical state 

parameters calculated include the stress ratio at the critical state (+='/(’) and effective 

stress friction angle (,’). Additionally, tangent shear modulus and secant shear 

modulus were plotted against axial strain and local strain. The following conclusions 

were made from the analysis of results from the tests: 

• The peak shear strength of kaolin was lower when Pb2+ were present in the clay 

sample. However, the peak shear strength increased for both Lucera clay and 

submarine sediment samples in the presence Pb2+ ions compared to the clay 

samples without Pb2+ ions. 

• The effective stress friction angle (,’) decreased in kaolin when Pb2+ was 

present in the clay sample, but the ,’ increased in Lucera clay and in submarine 

sediments of the port of Taranto when the samples are prepared with Pb2+ ion. 

• There was no conclusive evidence to report that the presence of Pb2+ in clay 

samples affect the shear stiffness of kaolin, Lucera clay and submarine 

sediments from the port of Taranto at small to high strains. 

8.2 RECOMMENDATIONS FOR FUTURE WORK 

The experimental programme conducted for this research has provided crucial data to 

the literature of how clay minerals interact with constituents of pore-fluid. As 

mentioned in the chapter 1, previous researches on the influence of heavy metal 

contamination on soil properties are limited, but extensive researches have been done 

on the effects of alkali metals and organic contaminants on soil behaviour. This thesis 

provides results for a selection of clays and heavy metals, highlighting areas where 

further research should be done as well as how some approaches could be rethought. 

Based on the discussions of the experimental results and conclusions of the current 



 297 

research, the following recommendations are proposed for further research on the 

interaction of heavy metals and mineralogy in the behaviour of clays. 

• Investigating the interaction of organic and heavy metal contaminants in the 

presence of each other with soil minerals: Clay liners are widely used to 

separate landfill areas in order to prevent harmful components like heavy 

metals seeping out. In such areas both organic and inorganic contaminants are 

present and the combined effect of organic and heavy metal contaminants with 

soil mineralogy can have varying influence on the behaviour of soils.  

• Investigate how the microstructure of heavy metal contaminated clays changes 

with increasing consolidation pressure: For the current research the micro-

structural changes were studied on samples after oedometer consolidation. It is 

understood that the consolidation pressure can have significant effect on 

microstructure of clays. Hence, the effect of heavy metals on microstructure of 

clays can be better understood if SEM tests are carried out on samples at 

different consolidation pressures. Mercury intrusion porosity (MIP) tests can 

be more accurate and will give better idea of how the porosity is affected by 

heavy metals present in clay samples. 

• Use of molar concentration instead of ppm: Each metal has different molar 

mass, but same number of atoms in a mole. For example, 1 mole of Pb2+ has 

an ionic mass of 207.2, Cu2+ has 63.5 and Zn2+ has 65.4, but all the three heavy 

metal have same 6.022 x 1023 ions in 1 mole. Hence using mass of heavy metal 

ions per unit dry weight of clay (ppm) as concentration provide different 

number of ions. As it is number of ions, not the mass, which interact with soil 

particles, it would be more accurate if molar concentration is used in the 

investigation of heavy metal ions on clay behaviour.    

• Investigating the time dependent behaviour of clays with heavy metal 

contamination: physicochemical properties in soils is complex. However, it is 

important to understand how time factor affects the behaviour of contaminated 

clays. There was evidence that cations with smaller hydrated ionic radii have 

greater influence than cations with larger hydrated ionic radii. Hence 

investigating the effect of maturation time and creep behaviour of 

contaminated clays can be significant.  
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• Studying the adsorption and desorption of heavy metals in clays: In the current 

research the effect of concentration of heavy metals on clay behaviour were 

investigated, but the adsorption of heavy metal cations was not quantified. 

Hence, it was difficult to determine the number of ions adsorbed by clay 

samples. Therefore, it would be very beneficial to the literature to investigate 

to quantify the adsorption of heavy metal ions by different soil minerals. 

Additionally, it may also be useful to quantify cations that are desorbed or 

exchanged by heavy metal cations. One fundamental aspect that needs to be 

determined is if heavy metal adsorption in clay are permanent or if one heavy 

metal cation can replace another or if other cations such as alkali metal ions 

and organic ions can replace heavy metal ions that are adsorbed in the clay. 
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