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ABSTRACT 

 

 

 

 

The presence of contaminated soils due to industrials and mining activities is 

a major concern in today’s heavily industrialized world.  The contaminants lead to 

poor engineering properties for these soils. However, the effect of these 

contaminants on the geotechnical properties of clayey soils can be altered through 

chemical stabilization using traditional stabilizers, which result in achieving suitable 

material for construction purposes.  On the other hand, the studies on the evaluation 

of microstructural, molecular, and leaching characteristics of treated contaminated 

clay soils are so limited.  In this research, two contaminated tropical soils (mixed 

with different percentages of heavy metals) comprised mainly of kaolinite mineral 

i.e., Brown Kaolin and Laterite Clay.  Similar contents of lime and cement (5% and 

10% of dry weight) have been used for the stabilization process of contaminated clay 

soils.  Two selected heavy metals Cu and Zn were chosen as nitrates to investigate 

their effects with time on the characteristics of the treated soils.  The changes in the 

mineralogy, morphology   and soil molecular structure due to the effect of stabilizers 

and heavy metals were explained based on X-ray Diffractometry (XRD), Energy 

Dispersive X-ray Spectrometry (EDAX), Field Emission Scanning Electron 

Microscopy (FESEM), Fourier Transform Infrared Spectroscopy (FTIR), Cation 

Exchange Capacity (CEC) and Brunauer Emmett and Teller (BET) surface area 

analysis.  Leaching tests were also performed on cured contaminated samples, in 

order to investigate the potential of lime and cement stabilization technique to 

immobilize the heavy metals. The strength and compressibility of the stabilised soils 

with the effect of heavy metals were tested using unconfined compression and one 

dimensional consolidation tests. Based on the micro-structural characterization, 

strength and compressibility characteristics of the stabilized soils, cement was the 

most effective stabilizer than lime in terms of improving the strength and 

compressibility of contaminated treated soils.  However, the heavy metals have more 

retarded effect on the cement treated samples than lime. This was due to 

precipitation of the metals onto the surface of calcium and aluminium silicates as 

insoluble hydroxides or sulphates. Thus, these compounds form an impermeable 

coating that acts as a barrier to inhibit cement hydration by impending transport of 

water into cement grain.  Nevertheless, in the case of lime treatment, the metals ions 

adsorb and held as an amorphous mass in the pore spaces between the flocculated 

particles of treated samples. The pH values of leachate from all stabilized 

contaminated samples were found to be alkaline, indicating that the heavy metals 

were adsorbed on the surface of the cementations minerals.  Finally, it can be 

concluded that the mechanical and the physico-chemical behaviours of the 

compacted specimens, as determined during testing, formed the basis for evaluating 

both the degree of immobilization of the heavy metal in the soil matrix, and the 

potential for rehabilitation of contaminated sites. 
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ABSTRAK 

 

 

 

Kehadiran bahan-bahan tercemar dalam tanah disebabkan oleh industri dan 

aktiviti-akitiviti perlombongan kini telah menjadi kebimbangan utama dalam sektor 

perindustrian. Bahan-bahan tercemar ini telah melemahkan sifat-sifat kejuruteraan 

tanah tersebut. Walau bagaimanapun, kesan bahan-bahan tercemar ini ke atas sifat-

sifat geoteknik tanah liat boleh diubah melalui penstabilan kimia dengan 

menggunakan penstabil tradisional, dimana ia sesuai untuk tujuan pembinaan. Selain 

itu, kajian mengenai penilaian mikrostruktur, molekul, dan ciri-ciri resapan tanah liat 

tercemar yang dirawat adalah begitu terhad. Dalam kajian ini, kandungan utama 

yang terdapat di dalam dua tanah tropika tercemar buatan (dicampur dengan 

peratusan logam berat yang berbeza) adalah kaolin (Kaolin Perang dan Tanah Liat 

Laterit). Kandungan kapur dan simen yang sama (5% dan 10% daripada berat 

kering) juga telah digunakan untuk proses penstabilan tanah liat yang tercemar. Dua 

logam berat iaitu Cu dan Zn telah dipilih sebagai nitrat untuk menyiasat kesan 

terhadap sifat tanah terawat. Perubahan dari segi mineralogi, morfologi dan struktur 

molekul tanah disebabkan oleh kesan penstabil dan logam berat telah diterangkan 

berdasarkan kaedah Pembelauan Sinar-X (XRD), Sebaran Tenaga X-ray 

spektrometri (EDAX), Pelepasan Imbasan Mikroskop Elektron (FESEM), 

Spektroskopi inframerah transformasi Fourier (FTIR), kation Bursa Kapasiti (CEC) 

dan Brunauer Emmett dan Teller (BET) analisis kawasan permukaan. Ujian resapan 

juga dilakukan ke atas sampel tercemar yang dirawat untuk mengenalpasti teknik 

penstabilan kapur dan simen dalam menyahkan logam berat. Kekuatan dan 

kebolehmampatan tanah yang terstabil melalui kesan daripada logam berat diuji 

menggunakan ujian mampatan tak terkurung dan ujian pengukuhan satu dimensi.  

Berdasarkan pencirian mikro-struktur daripada tanah yang dirawat dan keputusan 

yang diperolehi daripada kekuatan dan kebolehmampatan bagi kedua-dua jenis 

tanah, didapati bahawa simen adalah penstabil yang paling berkesan berbanding 

kapur untuk meningkatkan kekuatan dan kebolehmampatan tanah tercemar yang 

dirawat.  Namun begitu,  logam berat memberi kesan yang lebih dalam merencatkan 

proses rawatan tanah menggunakan simen berbanding kapur.  Hal ini disebabkan 

oleh pemendakan logam ke atas permukaan kalsium dan aluminium silika yang 

merupakan hidroksida tidak larut atau sulfat. Dengan itu, sebatian ini membentuk 

lapisan yang bertindak sebagai penghalang penghidratan simen dengan menyekat 

pengangkutan air ke dalam zarah simen.  Namun, di dalam kes rawatan kapur, ion-

ion logam menyerap dan berkumpul sebagai jisim amorfus di dalam ruang liang di 

antara zarah terapung sampel yang dirawat. Nilai pH resapan dari semua sampel 

tercemar dirawat didapati alkali, menunjukkan bahawa logam berat terserap ke 

permukaan pensimenan mineral. Akhirnya, boleh disimpulkan bahawa tingkah laku 

mekanikal dan fiziko-kimia bagi spesimen dipadatkan seperti yang ditentukan 

semasa ujian, membentuk asas untuk menilai tahap kepegunan kedua-dua logam 

berat dalam matriks tanah, dan potensi penggunaan semula tanah tercemar setelah 

dirawat. 
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CHAPTER ONE 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1  Background  

 

 

Raising public awareness regarding the harmful effects of environmental 

contamination  (land, water and air) has grown considerably over the last two 

decades partly because of the active participation of environmental groups. The 

United Nations held a Conference on the Environment and Development (UNCED, 

1992) in Rio de Janeiro to initiate international collaboration on environmental 

problems.  Afterwards, the conference acknowledged basic principles and 

established a plan of actions for the achievement of sustainable development, 

referred to as the 'Rio Declaration' (UNCED, 1992).  Part of this declaration calls for 

researchers to focus on finding applications and optimal technical approaches for the 

management of toxic chemicals. 

 

 

Due to the growth of industrial activities that produce materials and 

chemicals that comprise large amounts of heavy metal-bearing wastes.  Thus, the 

disposal of chemical contamination has become one of the major problems currently 

faced by developing countries.  This has consequently led to increasing pressures on 

governments to urgently enact new legislation for the control and disposal of such 

waste.  
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Large sources of contamination come from industrial processes.  

Furthermore, the composition of contaminants varies enormously from one industrial 

process to another.  Typical sources of contamination are copper, zinc and lead 

smelting industries; the manufacture of duplication and photography equipment; as 

well as pharmaceuticals and sewage treatment, among many others.  Through the 

study of waste materials-known as waste streams or sludge-produced by modern 

processes, well qualified indications for environmental contamination caused by 

industrial process can readily be obtained.  These contaminants include 

sedimentation in rivers, canals, lakes and reservoirs as a result of air and/or water 

transport as well as direct contact with land (Lutz and Minehan,1986).  Therefore, 

any readily applicable technology that easily handles large amounts of contaminated 

soil and sedimentation that does not require excessive amounts of expensive 

additives, is of great importance. 

 

 

As regards contamination issues in Malaysia, it poses major problems as the 

country’s environmental degradation shows similar trends to that of most of other 

nations (DOE, 1999).  In terms of the heavy metal contamination of water, it has 

been noted that the two major sources of water pollution are the industrial 

manufacturing sector and wastewater treatment, accounting for 43.7% and 45.5% of 

contaminants, respectively (Musta, 2003). 

 

 

Generally , soil contamination in Malaysia remains under control and at low 

levels. Nevertheless, some sectors such as mining waste containment areas and 

landfills are of growing interest because of the high risk to the environment from 

chemical degradation, particularly heavy metals that can pollute land and water 

systems via leaching. 

 

 

In cases of landfill design, to avoid heavy metals such as copper, zinc, lead 

and nickel contained in hazardous wastes from passing into the adjacent 

environment, the initial step is landfill location and design for containments should 

be removed as far as possible from groundwater tables and withdrawal wells.  The 

second step is to modify or stabilize the clay liners which increase the soil’s capacity 

to adsorb and immobilize heavy metals.  Furthermore, the waste itself may also be 
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stabilized with suitable chemicals such as lime or cement in order to improve the 

physical properties of the soil that subsequently increase its durability and strength 

and also reduce its compressibility(Asavapisit et al, 2005).  Therefore, understanding 

and analyzing physical characteristics, chemical properties, mineralogical 

identification, as well as microsturacture studies of both soil and waste, were the 

main interest of this thesis.  

 

 

 

 

1.2  Problem Statement 

 

 

Owing to rapid economic growth over the past decades there have been 

increased in road transport (interstate highways) and construction projects. 

Indirectly, an increased presence of weak clay deposits at various contaminated sites 

has also been noticed because of the growth of numerous industrial centers in the 

world.  These are often contaminated by metal pollutants primarily due to inadequate 

waste disposal and chemical leakage, as well as fall-out from atmospheric emissions.  

In addition, the variability of contaminants in clay deposits and sediments makes it 

difficult to find unique treatment systems that satisfy all requirements for ‘safe’, 

long-term storage of such material.  Hence, various techniques, in situ and ex situ, 

have been used which aimed to reduce the impact of these metals on the soil.  

Furthermore, the main objective of these processes was either to modify the path 

from the source or to inhibit negative effects in the future (Spence and Shi, 

2004;USEPA, 1999, 2004).  Disposal methods that are currently available as well as 

on-going research include spreading, dehydration and disposal in landfills; 

encapsulation and burial; in addition to stabilization and disposal on land or in 

landfills (Musta, 2003). 

 

 

With regards to excavation, replacing contaminated soil with high quality soil 

imposed significant costs on construction projects.  In addition, this may involve 

only the excavation and relocation the contaminants from one site to another but the 

trace of elements cannot be destroyed.  Therefore, it is not always possible, in many 

cases, especially with the huge areas of contamination due to its high costs.  
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Hence, stabilization/solidification, as an alternative and convenient technique 

that is less environmentally hazardous, has been applied.  It is one of the obvious 

advantages of choosing stabilization/solidification compared to other soil 

remediation techniques are its cost effectiveness means, relatively quickly and the 

ability to use this technology through in-situ and ex-situ. This method includes the 

use of chemicals and emulsions as auxiliary soil compactors as binders and water-

repellents that modify soil behaviour and are more appropriate and efficient (Park, 

1999 and Ganjidoust et al., 2009).  Furthermore, regarding economic considerations, 

it is less costly when compared to other treatments such as vitrification, organic 

encapsulation (e.g. thermo-regulation of plastic), or electro-osmosis. 

 

 

Generally any technique that is uncomplicated and capable of handling large 

amounts of contaminated soil and, furthermore, does not require large amounts of 

costly additives is of great importance in this research. . However, to realize the 

potential effectiveness for the modification of specific engineering properties of the 

site’s tropical soil, it is essential to study time-dependent, soil-stabilizers- heavy 

metal interactions in terms of leaching and microstructural characteristics, in 

addition to molecular and mechanical characteristics.  

 

 

 

 

1.3  Motivations  and significance of this study 

 

 

The process by which heavy metals interfere with the strength and 

compressibility of cement and lime stabilizers is not fully understood.  Hence, there 

is a need for a comprehensive study, specifically in Malaysia.  Indeed, to this 

writer’s knowledge, there are no known research publications indicating the effects 

of heavy metals on the compressibility of treated contaminated clay  

 

 

In addition, there are no known studies that precisely quantify the types and 

amounts or effectiveness of required binders on the chemical stabilization process of 

contaminated soils that prevents the leaching of contaminates to ground level.  

Moreover, as a specific Malaysian study, to date there is no evidence of any 
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microstructural studies having been conducted that would help explain the 

engineering behaviours of cement-lime stabilized soils that are contaminated with 

heavy metals.  

 

 

Therefore, by identifying the physicochemical behaviour of contaminated 

clay soils, this study would address the abovementioned gaps in knowledge and may 

be of some significance for geotechnical engineers and/or land development agencies 

in their planning of projects that involve landfill sites, contaminated soils, and 

mining waste containment.  Furthermore, it should also be mentioned that this study 

takes a novel approach to geotechnical engineering studies by evaluating and 

associating the geotechnical, environmental, and chemical components of the micro-

structural, molecular, and chemical characteristics of treated contaminated clay soils, 

specifically in Malaysia. 

 

 

 

 

1.4  Objectives of Study 

 

 

This thesis aims to identify and assess the various chemical reactions 

involved in the process of stabilizing contaminated tropical soils.  To achieve this 

goal, the following objectives were established: 

 

 

a) Evaluating the microstructural characteristics of heavy-metals-stabilizer 

matrices in contaminated soil by determining the changes  induced in 

morphology, mineralogy, and elemental composition of treated samples. 

 

 

b) Studying the molecular structure in terms of functional groups and local 

bonding in an attempt to assess the extent of the stabilizer’s penetration 

and the crystalline structure of heavy metals in the clay and its 

intermediate layers. 

 

c) Determination the effect of such stabilizers on heavy metal mobility 

within the clay structure and its pore water chemistry by performing 
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leaching tests on cured samples. Furthemore, to verify and complement 

the data obtained in previous step by performing additional chemical 

analysis, to include the total exchange capacity (CEC) and pH as well as 

an analysis of the surface area of cured samples 

 

 

d) Monitoring the trend developments of strength and compressibility in 

order to assess whether or not heavy metals enhance or inhibit ‘stabilizer 

hydration’ by applying unconfined compression strength and 

consolidation tests on samples before and after soil contamination by 

heavy metals. 

 

 

 

 

1.5  Scope of Study 

 

 

To accomplish the objectives of this study, the behaviour of artificially 

contaminated treated clay soils were investigated.  To implement this, laboratory 

tests were carried out which included the following assessments: engineering 

properties (strength and compressibility), chemical, mineralogical, and micro-

structural assays of treated soils before and after contamination.   Full-scale testing 

samples were prepared and cured in a similar manner to those described by the 

British Standard (BS 1924, Part 2: 1990).  

 

 

Two types of soils were selected for this study; both are typical of the 

structural properties and environmental conditions experienced in tropical regions.  

The first type is a brown kaolin powder supplied from Tapah located in Malaysia 

peninsular.  The second is highly weathered lateritic clay that is commonly found in 

tropical regions, obtained from the campus of Universiti Teknologi Malaysia (UTM).  

Hence, both can serve as indices for comparison purposes with a view to predict 

interactions of heavy metal–stabilizers with pure industrial soil and natural tropical 

soil. 
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Several types of chemical stabilizers have been used in previous studies.  In 

this study, traditional stabilizers such as hydrated lime Ca(OH)2 and ordinary 

Portland cement (OPC) were used.  These stabilizers were selected due to their low 

cost and available prevalence, especially in Malaysia.  

 

 

The sources of contamination used for this study were copper nitrate 

trihydrateate (Cu(NO3)2 * 3 H2O), which provided the copper (II) ion (Cu
2+

), and 

zinc in the form of zinc nitrate tetrahydrate (Zn(NO3)2 * 4 H2O), which provided the 

zinc (II) ion (Zn
2+

).  Both were of analytical reagent grade, supplied in solid forms 

by Merck KGaA-Germany.  The contaminants, Cu
2+ 

 and  Zn
2+

, were selected due to 

their frequent presence at many contaminated sites as reprted by many previous 

studies in Malaysia (Ismail et al.,1993 ;. Baker et al., 1985; Yin et al.,2007; and Zain 

et al.,2004) The heavy metals were mixed with treated soil individually to check 

their effects on the stabilization process. 

 

 

Contaminated clay soils were prepared in the laboratory by mixing each 

selected soil with different amounts of both copper and zinc.  The respective 

percentages of pollutant were assumed as indicative values commonly found in 

contaminated soil (0.1%) from industrial sources (soil that typically surrounds 

copper or zinc manufacturing processes (at 5%), and more highly contaminated soil 

(at 10%).  

 

 

For this research, the strength and compressibility behaviour of contaminated 

and uncontaminated clay soils treated with lime-cement were determined at 7, 14, 

28, 100 and 200 days of curing.  This curing sequence was chosen because it 

encompasses the period of the modification process which then provides reasonable 

approximations of the long term stabilization process. 

 

 

Moreover, it was important to compare the effectiveness of both stabilizers 

and, furthermore, to evaluate the interactions of clay minerals with heavy metal 

stabilizers.  Similar amounts of stabilizers and heavy metals were used for all 

samples. 
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1.6  Thesis structure 

 

 

This thesis aims to investigate the physicochemical mechanisms of treated 

contaminated clay-lime/cement specimens. 

 

 

Chapter 1 contains a brief background on the current issues of contamination of 

surrounding environment.  In addition, it describes the role of chemical stabilization 

and the solidification of contaminated clay along with the need to understand 

mechanisms associated with the process. 

 

 

Chapter 2 critically review in depthe the literature on the subject of sources of 

heavy metals in soil and their concentrations in contaminated soil, and provides 

examples of contaminated sites.  It also goes beyond the basics of clay mineralogy to 

present a greater understanding of contaminant interactions.  Furthermore, several 

chemical stabilization techniques and their recent revisions are described and then 

subsequently followed by hypothesized mechanisms for the formation of reaction 

products.  We considered this an essential component that would allow engineers to 

better appreciate the complex chemical interactions that are discussed in later 

chapters in the thesis. 

 

 

Chapter 3 describes our complete chemical analytical approach and the methods 

used to monitor the structure of the treated contaminated soils under observation.  

All laboratory assays used to determine the geotechnical characteristics of the soil 

studied followed procedures as described in the British Standard.  Moreover, 

spectroscopic and microscopic techniques were described to analyze the 

characteristics of contaminated stabilized soils based on precedent standards as made 

available in published papers. 

 

 

Chapter 4 presents the microstructural and molecular characteristics of soils that are 

stabilized by lime and cement, in addition to their physical and geotechnical 

properties. This was done in order to study the effect of stabilizers on the 

geotechnical properties and microstructural properties in treated soils.  In addition, it 



9 
 

describes our investigation of physicochemical behaviours of stabilized 

contaminated soils in the laboratory via chemical analysis, as well as micro-

structural microscopic techniques, and geotechnical analysis. 

 

 

Finally, Chapter 5 summarizes the findings by presenting the results of this study 

and further highlights areas where future research might be undertaken. 
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4) The study of heavy metals effects on treated soil focused on mechanical 

properties such as strength and compressibility in addition to chemical and 

microstructural aspects.  We therefore recommend further analyses of 

contaminated soils to evaluate the effect of heavy metals on compaction, 

atterberg limits, particles size distribution, and permeability. 

 

 

5) This study also based its purview on the use of traditional stabilizers due to 

their suitability and low cost. The latter is extremely important in the 

treatment of contaminated soils, especially when contaminated areas are 

extensive.  However, alternative binders of an acidic nature should be 

compared with the effects of alkaline binders.  

 

 

6) There is a lack of knowledge regarding requirements for the design and 

construction of contaminated sites.  Hence, with the support of government 

agencies, specific contaminated soil sites that pose problems can be made 

available to geotechnical, environmental engineers and researchers from 

different establishments throughout Malaysia. The data obtained using 

diverse remediation techniques can then be shared-with and reviewed-by the 

national research community and industrial players.  Depending on results 

from laboratory scaled investigations and actual field conditions, standard 

guidelines regarding the design of any construction on contaminated area or 

landfill can then be established with better qualifications for engineers to 

predict degrees of improvement when using different stabilizers.  
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