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ABSTRACT 

 

STABILIZATION OF EXPANSIVE SOILS USING 

SILICA FUME AND LIME 

 

 

 

Güzel, Hayri 

Master of Science, Civil Engineering 

Supervisor : Prof. Dr. Erdal Çokça 

 

September 2023, 164 pages 

 

The issue of expansive soils is a global concern that presents numerous complexities 

for professionals in the field of civil engineering. When exposed to water, these types 

of soils exhibit swelling and undergo shrinkage upon drying. The prevailing and 

cost-effective approach to stabilize these soils involves the utilization of admixtures 

that effectively mitigate volumetric alterations. This study aims to investigate the 

impact of incorporating silica fume and lime on mitigating the swelling potential and 

improving the unconfined compression characteristics. The preparation of the 

expansive soil has been done in the laboratory by mixing kaolinite and bentonite. 

The expansive soil has been modified with silica fume at different weight 

percentages. The determination of grain size distribution, consistency limits, 

compaction characteristics, swelling percentage, and unconfined compressive 

strength, deformation modulus of the mixtures have been conducted. The specimens 

have been undergoing a curing process ranging from 7 and 28 days. The 

experimental study revealed the impact of silica fume and lime on the swelling 

potential and unconfined compression characteristics of artificially prepared 

expansive soil specimens under laboratory conditions. The research findings show 

that the inclusion of silica fume and lime in the samples resulted in a threefold 

increase in unconfined compression strength compared to samples without additives. 
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Additionally, the swelling potential dropped to one-fifteenth of no additive sample 

swelling potential, and the deformation modulus increased by a factor of five. 

 

Keywords: Expansive Soil, Soil Stabilization, Swelling Potential, Silica Fume, 

Lime, 

 



 

 

vii 

 

ÖZ 

 

ŞİŞEN ZEMİNLERİN SİLİS DUMANI VE KİREÇ KULLANILARAK 

STABİLİZASYONU 

 

 

 

Güzel, Hayri 

Yüksek Lisans, İnşaat Mühendisliği 

Tez Yöneticisi: Prof. Dr. Erdal Çokça 

 

Eylül 2023, 164 sayfa 

 

Şişen zeminler konusu, inşaat mühendisliği alanındaki profesyoneller için çok sayıda 

karmaşıklık sunan küresel bir sorundur. Bu tür zeminler suya maruz kaldıklarında 

şişme gösterir ve kuruduktan sonra büzülmeye uğrarlar. Bu zeminleri stabilize etmek 

için geçerli ve uygun maliyetli yaklaşım, hacimsel değişiklikleri etkili bir şekilde 

azaltan katkıların kullanılmasını içerir. Bu çalışma, silis dumanı ve kireç ilavesinin 

şişme potansiyelini azaltma ve serbest basınç özelliklerini iyileştirme üzerindeki 

etkisini araştırmayı amaçlamaktadır. Genişleyen zeminin hazırlanması, kaolinit ve 

bentonit karıştırılarak laboratuvarda yapılmıştır. Genişleyen zemin farklı ağırlık 

yüzdelerinde silis dumanı ile modifiye edilmiştir. Karışımların tane boyutu dağılımı, 

kıvam limitleri, sıkıştırma özellikleri, şişme yüzdesi ve serbest basınç dayanımı, 

deformasyon modülü belirlenmiştir. Numuneler 7 ve 28 gün arasında değişen bir kür 

sürecinden geçirilmiştir. Deneysel çalışma, silis dumanı ve kirecin laboratuvar 

koşullarında yapay olarak hazırlanan şişen zemin numunelerinin şişme potansiyeli 

ve serbest basınç özellikleri üzerindeki etkisini ortaya koymuştur. Araştırma 

bulguları, silis dumanı ve kirecin numunelere dahil edilmesinin, katkı maddesi 

içermeyen numunelere kıyasla serbest basınç dayanımında üç kat artışa neden 

olduğunu göstermektedir. Ayrıca, şişme potansiyeli katkısız numunenin şişme 

potansiyelinin on beşte birine düşmüş ve deformasyon modülü beş kat artmıştır. 



 

 

viii 

 

 

Anahtar Kelimeler: Şişen Zemin, Zemin Stabilizasyonu, Şişme Potansiyeli, Silis 

Dumanı, Kireç, 

 



 

 

ix 

 

To My Family



 

 

x 

 

ACKNOWLEDGMENTS 

 

I want to express my most profound appreciation to my supervisor, Prof. Dr. Erdal 

Çokça, for his priceless guidance, never-ending understanding, remarkable patience, 

and support throughout every stage of this research study. 

I would like to express my gratitude to the instructors at Middle East Technical 

University (METU) for their valuable contributions to enhancing my understanding 

of engineering principles during my engineering education.  

Furthermore, I would like to especially thank Associate Professor Dr. Kartal Toker 

for his invaluable feedback and encouragement, which significantly influenced the 

methodology employed in my experiments and the interpretation of my findings. 

I want to thank Mr. Kamber Bilgen, the METU Soil Mechanics Laboratory 

technician, for his invaluable assistance in implementing laboratory procedures and 

developing experimental methodologies. 

I express my sincere thanks to my father Ahmet Güzel, to my mother Selma Güzel, 

and my sister Ezgi Güzel Uysal for their endless support throughout my life. 

Friends, lab mates, and colleagues: Tuğçe, Sefa, Berkan, Moutasem, Anıl, Arda, 

Eray, Mehmet, Melih, and Elife are all appreciated for the enjoyable experiences 

shared while collaborating and engaging in social activities. 

 

 

 

 

 

 



 

 

xi 

 

TABLE OF CONTENTS 

 

ABSTRACT ............................................................................................................... v 

ÖZ vii 

ACKNOWLEDGMENTS ......................................................................................... x 

TABLE OF CONTENTS ......................................................................................... xi 

LIST OF TABLES ................................................................................................... xv 

LIST OF FIGURES ............................................................................................... xvi 

LIST OF ABBREVIATIONS ................................................................................ xxi 

LIST OF SYMBOLS ........................................................................................... xxiii 

CHAPTERS 

1 INTRODUCTION ............................................................................................. 1 

1.1 Objective of the Study .............................................................................. 5 

1.2 Scope of the Study .................................................................................... 5 

2 LITERATURE REVIEW .................................................................................. 7 

2.1 Expansive Soil .......................................................................................... 7 

2.1.1 Clay Mineralogy ................................................................................... 7 

2.1.1.1 Kaolinite Group ......................................................................... 10 

2.1.1.2 Mica-Like Group ....................................................................... 12 

2.1.1.2.1 Illite ....................................................................................... 12 

2.1.1.3 Smectite Group .......................................................................... 13 

2.1.1.3.1 Montmorillonite .................................................................... 13 

2.2 Adsorbed Cations and Cation Hydration ................................................ 17 

2.3 Clay Micelle ............................................................................................ 18 



 

 

xii 

 

2.4 Diffuse Double Layer .............................................................................. 20 

2.5 Cation Exchange Capacity ...................................................................... 21 

2.6 Clay Structure .......................................................................................... 21 

2.7 Swelling Mechanism ............................................................................... 22 

2.7.1 Crystalline and Osmotic Expansion Approach .................................... 23 

2.7.2 Interparticle or Intercrystalline ............................................................ 23 

2.8 Factors Effecting Swelling ...................................................................... 26 

2.9 Stabilization of Expansive Soils .............................................................. 30 

2.9.1 Chemical Additives ............................................................................. 34 

2.9.1.1 Lime Stabilization ...................................................................... 35 

2.9.1.1.1 Lime Stabilization Mechanisms ............................................. 36 

2.9.1.1.1.1 Cation Exchange ............................................................. 37 

2.9.1.1.1.2 Flocculation and Agglomeration .................................... 38 

2.9.1.1.1.3 Pozzolanic Reactions ...................................................... 40 

2.9.1.1.1.4 Carbonation ..................................................................... 41 

2.9.1.2 Silica Fume Stabilization ........................................................... 42 

2.9.1.2.1 Silica Fume Production .......................................................... 42 

2.9.1.2.2 Properties of Silica Fume ....................................................... 43 

2.9.1.2.3 Stabilization Mechanism of Silica Fume ............................... 45 

2.9.1.2.4 Previous Studies Conducted by Silica Fume ......................... 47 

3 EXPERIMENTAL STUDY ............................................................................ 55 

3.1 Purpose .................................................................................................... 55 

3.2 Materials .................................................................................................. 55 

3.3 Preparation of the Samples ...................................................................... 58 



 

 

xiii 

 

3.4 Sample Properties ................................................................................... 61 

3.5 Test Procedures ....................................................................................... 75 

3.5.1 Free Swell Test ................................................................................... 75 

3.5.1.1 Preparing the Specimen ............................................................. 75 

3.5.1.2 Test Procedure ........................................................................... 75 

3.5.1.3 Results ....................................................................................... 78 

3.5.2 Unconfined Compression Test ............................................................ 83 

3.5.2.1 Preparing The Specimen ............................................................ 83 

3.5.2.2 Test Procedure ........................................................................... 85 

3.5.2.3 Results ....................................................................................... 86 

4 DISCUSSION OF RESULTS .......................................................................... 95 

4.1 Effect of Stabilizers on Specific Gravity, Gs .......................................... 95 

4.2 Effect of Stabilizers on Grain Size Distribution ..................................... 95 

4.3 Effect of Stabilizers on Maximum Dry Density, dry,max and Optimum 

Moisture Content, wopt ........................................................................................ 96 

4.4 Effect of Stabilizers on Consistency Limits ............................................ 99 

4.5 Effect of Stabilizers on Activity, Ac ..................................................... 100 

4.6 Effect of Stabilizers on Swell Percentage ............................................. 102 

4.7 Effect of Cure on Swell Percentage ...................................................... 105 

4.8 Effect of Stabilizers on Unconfined Compressive Strength ................. 107 

4.9 Effect of Cure on Unconfined Compressive Strength .......................... 109 

4.10 Effect of Stabilizers on Deformation Modulus, E50 .............................. 112 

4.11 Effect of Cure on Deformation Modulus, E50 ....................................... 114 

5 CONCLUSIONS ............................................................................................ 117 



 

 

xiv 

 

REFERENCES 

APPENDICES ....................................................................................................... 137 

A. Swell Percent vs Square-Root of Time Graphs of Treated Samples ......... 137 

B. Axial Compressive Stress vs Axial Strain of Treated Samples ................. 148 

C. Swell Rate vs Percent Additive ................................................................. 159 

D. Net Swell Percentage and Stabilization Percentages ................................. 161 

 

 



 

 

xv 

 

 

LIST OF TABLES 

TABLES 

Table 2.1 Some important properties of key clay minerals (Nelson & Miller, 1992)

 ................................................................................................................................. 16 

Table 2.2 Factors affecting the soil's ability to shrink and swell (Nelson & Miller, 

1992) ....................................................................................................................... 27 

Table 2.3 Stress State Factors affecting the shrink-swell behavior (Nelson & Miller, 

1992) ....................................................................................................................... 28 

Table 2.4 Factors in the surrounding environment that might affect swelling or 

shrinkage (Nelson & Miller, 1992) ......................................................................... 29 

Table 2.5 Soil Stabilization approaches applied to expansive soils (Nelson & 

Miller, 1992) ........................................................................................................... 32 

Table 3.1 Chemical Compositions of Kaolinite, Bentonite, Lime, and Silica Fume

 ................................................................................................................................. 57 

Table 3.2  Percent Additive in Each Sample .......................................................... 59 

Table 3.3 Saturation Values at Maximum Dry Density State ................................. 63 

Table 3.4 Sample Properties ................................................................................... 64 

Table 4.1 Strain Values at Peak and Failure Unconfined Compressive Strength 

Values ................................................................................................................... 110 

Table 5.1 Optimum Additive Combinations for Each Aspect .............................. 119 

file:///C:/Users/hayri.guzel/Desktop/Thesis/Hayri%20Güzel%20Tez%20-%20LastVersion%20v5.docx%23_Toc145515741
file:///C:/Users/hayri.guzel/Desktop/Thesis/Hayri%20Güzel%20Tez%20-%20LastVersion%20v5.docx%23_Toc145515741
file:///C:/Users/hayri.guzel/Desktop/Thesis/Hayri%20Güzel%20Tez%20-%20LastVersion%20v5.docx%23_Toc145515742
file:///C:/Users/hayri.guzel/Desktop/Thesis/Hayri%20Güzel%20Tez%20-%20LastVersion%20v5.docx%23_Toc145515742
file:///C:/Users/hayri.guzel/Desktop/Thesis/Hayri%20Güzel%20Tez%20-%20LastVersion%20v5.docx%23_Toc145515744
file:///C:/Users/hayri.guzel/Desktop/Thesis/Hayri%20Güzel%20Tez%20-%20LastVersion%20v5.docx%23_Toc145515744
file:///C:/Users/hayri.guzel/Desktop/Thesis/Hayri%20Güzel%20Tez%20-%20LastVersion%20v5.docx%23_Toc145515745
file:///C:/Users/hayri.guzel/Desktop/Thesis/Hayri%20Güzel%20Tez%20-%20LastVersion%20v5.docx%23_Toc145515745


 

 

xvi 

 

LIST OF FIGURES 

FIGURES  

Figure 1.1 Global distribution of reported expansive soil sites (Nelson et al., 2015)2 

Figure 2.1 Basic Structural Units in the Silicon Sheet (Murthy, 2002) .................... 9 

Figure 2.2 Basic Structural Units in the Octahedral Sheet (Murthy, 2002) .............. 9 

Figure 2.3 Synthesis pattern for the clay minerals (Mitchell & Soga, 2005) .......... 10 

Figure 2.4 Diagrammatic sketch of the kaolinite structure (Mitchell & Soga, 2005)

 ................................................................................................................................. 11 

Figure 2.5 Structure of kaolinite layer (Murthy, 2002) ........................................... 11 

Figure 2.6 Diagrammatic sketch of the structure of illite (Murray, 2006) .............. 12 

Figure 2.7 Structure of Illite Layer (Murthy, 2002) ................................................ 13 

Figure 2.8 Diagrammatic sketch of the montmorillonite structure (Mitchell & Soga, 

2005) ........................................................................................................................ 14 

Figure 2.9 Structure of montmorillonite Layer (Murthy, 2002) .............................. 14 

Figure 2.10 Scanning electron micrographs of clay minerals (Nelson et al., 2015) 15 

Figure 2.11 Role of cation hydration on soil expansion: (a) low hydration; (b) 

partial hydration; (c) full hydration. (Nelson et al., 2015) ...................................... 17 

Figure 2.12 A clay micelle showing the concentration of cations near the surface of 

a clay particle. (Nelson et al., 2015) ........................................................................ 18 

Figure 2.13 Sediment structures: (a) “flocculated” or “random” orientation; (b) 

“dispersed” or “oriented” (Nelson et al., 2015) ....................................................... 22 

Figure 2.14 Mechanism of swelling proposed by (Popescu, 1986) ........................ 25 

Figure 2.15 Cation exchange (Prusinski & Bhattacharja, 1999) ............................. 38 

Figure 2.16 Flocculation and agglomeration (Prusinski & Bhattacharja, 1999) ..... 39 

Figure 2.17 Pozzolanic reaction (Prusinski & Bhattacharja, 1999) ........................ 41 

Figure 2.18 The schematic of the silicon melting process results in silica fume 

(Tangstad, 2013) ...................................................................................................... 42 

Figure 2.19 X-ray diffraction (XRD) pattern of a commercial silica fume (Wang et 

al., 2020) .................................................................................................................. 44 



 

 

xvii 

 

Figure 2.20 Scanning Electron Microscopy (SEM) image of a commercial silica 

fume (Wang et al., 2020) ........................................................................................ 44 

Figure 2.21 Transmission Electron Microscope (TEM) image of a commercial 

silica fume (Wang et al., 2020) ............................................................................... 45 

Figure 3.1 Kaolinite ................................................................................................ 55 

Figure 3.2 Bentonite ................................................................................................ 56 

Figure 3.3 Hydrated Lime ....................................................................................... 56 

Figure 3.4 Silica Fume ............................................................................................ 57 

Figure 3.5 Sample Preparation Procedure............................................................... 60 

Figure 3.6 Compaction Curves of 3% Lime-Added Set ......................................... 65 

Figure 3.7 Compaction Curves of 5% Lime-Added Set ......................................... 66 

Figure 3.8 Grain Size Distribution Curves of 3% Lime-Added Set ....................... 67 

Figure 3.9 Grain Size Distribution Curves of 5% Lime-Added Set ....................... 68 

Figure 3.10 Plasticity Chart (USCS) ....................................................................... 69 

Figure 3.11 Effect of Addition of Lime and Silica Fume on Specific Gravity ....... 70 

Figure 3.12 Effect of Addition of Lime and Silica Fume on Liquid Limit (LL) .... 71 

Figure 3.13 Effect of Addition of Lime and Silica Fume on Plastic Limit (PL) .... 72 

Figure 3.14 Effect of Addition of Lime and Silica Fume on Plasticity Index (PI) . 73 

Figure 3.15 Classification Chart for Swelling Potential (After Seed et al., (1962)) 74 

Figure 3.16 A View of the Specimen Compacted into the Cutting Ring ............... 75 

Figure 3.17 Bishop Apparatus ................................................................................ 77 

Figure 3.18 Percent Swell vs Square-Root of Time relationship for No-Additive 

Sample ..................................................................................................................... 79 

Figure 3.19 Effect of Addition of Lime and Silica Fume on Swelling Percent 

without Curing ........................................................................................................ 80 

Figure 3.20 Effect of Addition of Lime and Silica Fume on Swelling Percent with 7 

Days of Curing ........................................................................................................ 81 

Figure 3.21 Effect of Addition of Lime and Silica Fume on Swelling Percent with 

28 Days of Curing ................................................................................................... 82 



 

 

xviii 

 

Figure 3.22 Equipments for Specimen Compaction for Unconfined Compressive 

Strength Test ............................................................................................................ 84 

Figure 3.23 A View of Static Compaction Done by Hydraulic Jack ...................... 84 

Figure 3.24 Uniaxial Compression Test Device ...................................................... 86 

Figure 3.25 Axial Compressive Stress vs Axial Strain Relationships for No-

Additive Sample ...................................................................................................... 88 

Figure 3.26 Effect of Addition of Lime and Silica Fume on Unconfined 

Compressive Strength without Curing .................................................................... 89 

Figure 3.27 Effect of Addition of Lime and Silica Fume on Unconfined 

Compressive Strength with 7 Days of Curing ......................................................... 90 

Figure 3.28 Effect of Addition of Lime and Silica Fume on Unconfined 

Compressive Strength with 28 Days of Curing ....................................................... 91 

Figure 3.29 Effect of Addition of Lime and Silica Fume on Deformation Modulus, 

E50 without Curing ................................................................................................... 92 

Figure 3.30 Effect of Addition of Lime and Silica Fume on Deformation Modulus, 

E50 with 7 Days of Curing ....................................................................................... 93 

Figure 3.31 Effect of Addition of Lime and Silica Fume on Deformation Modulus, 

E50 with 28 Days of Curing .................................................................................... 94 

Figure 4.1 Effect of Addition of Lime and Silica Fume on Maximum Dry Density

 ................................................................................................................................. 97 

Figure 4.2 Effect of Addition of Lime and Silica Fume on Optimum Water Content

 ................................................................................................................................. 98 

Figure 4.3 Effect of Addition of Lime and Silica Fume on Activity .................... 101 

Figure 4.4 Effect of Addition of Lime and Silica Fume on Stabilization Percentage 

of Swelling Percent without Curing ...................................................................... 104 

Figure 4.5 Effect of Addition of Lime and Silica Fume on Stabilization Percentage 

of Swelling Percent with 7 and 28 Days of Curing ............................................... 106 

Figure 4.6 Effect of Addition of Lime and Silica Fume on Stabilization Percentage 

of Unconfined Compressive Strength without Curing .......................................... 108 



 

 

xix 

 

Figure 4.7 Effect of Addition of Lime and Silica Fume on Stabilization Percentage 

of Unconfined Compressive Strength with 7 and 28 Days of Curing .................. 111 

Figure 4.8 Effect of Addition of Lime and Silica Fume on Stabilization Percentage 

of Deformation Modulus, E50 without Curing ...................................................... 113 

Figure 4.9 Effect of Addition of Lime and Silica Fume on Stabilization Percentage 

of Deformation Modulus, E50 with 7 and 28 Days of Curing .............................. 115 

Figure A.1 Percent Swell vs Square-Root of Time Relationships for 3% L Samples 

with 0-7-28 Days of Curing .................................................................................. 138 

Figure A.2 Percent Swell vs Square-Root of Time Relationships for 3% L + 5% SF 

Samples with 0-7-28 Days of Curing .................................................................... 139 

Figure A.3 Percent Swell vs Square-Root of Time Relationships for 3% L + 10% 

SF Samples with 0-7-28 Days of Curing .............................................................. 140 

Figure A.4 Percent Swell vs Square-Root of Time Relationships for 3% L + 15% 

SF Samples with 0-7-28 Days of Curing .............................................................. 141 

Figure A.5 Percent Swell vs Square-Root of Time Relationships for 3% L + 20% 

SF Samples with 0-7-28 Days of Curing .............................................................. 142 

Figure A.6 Percent Swell vs Square-Root of Time Relationships for 5% L Samples 

with 0-7-28 Days of Curing .................................................................................. 143 

Figure A.7 Percent Swell vs Square-Root of Time Relationships for 5% L + 5% SF 

Samples with 0-7-28 Days of Curing .................................................................... 144 

Figure A.8 Percent Swell vs Square-Root of Time Relationships for 5% L + 10% 

SF Samples with 0-7-28 Days of Curing .............................................................. 145 

Figure A.9 Percent Swell vs Square-Root of Time Relationships for 5% L + 15% 

SF Samples with 0-7-28 Days of Curing .............................................................. 146 

Figure A.10 Percent Swell vs Square-Root of Time Relationships for 5% L + 20% 

SF Samples with 0-7-28 Days of Curing .............................................................. 147 

Figure B.1 Axial Compressive Stress vs Axial Strain Relationships for 3% L 

Samples with 0-7-28 Days of Curing .................................................................... 149 

Figure B.2 Axial Compressive Stress vs Axial Strain Relationships for 3% L + 5% 

SF Samples with 0-7-28 Days of Curing .............................................................. 150 



 

 

xx 

 

Figure B.3 Axial Compressive Stress vs Axial Strain Relationships for 3% L + 

10% SF Samples with 0-7-28 Days of Curing ...................................................... 151 

Figure B.4 Axial Compressive Stress vs Axial Strain Relationships for 3% L + 

15% SF Samples with 0-7-28 Days of Curing ...................................................... 152 

Figure B.5 Axial Compressive Stress vs Axial Strain Relationships for 3% L + 

20% SF Samples with 0-7-28 Days of Curing ...................................................... 153 

Figure B.6 Axial Compressive Stress vs Axial Strain Relationships for 5% L 

Samples with 0-7-28 Days of Curing .................................................................... 154 

Figure B.7 Axial Compressive Stress vs Axial Strain Relationships for 5% L + 5% 

SF Samples with 0-7-28 Days of Curing ............................................................... 155 

Figure B.8 Axial Compressive Stress vs Axial Strain Relationships for 5% L + 

10% SF Samples with 0-7-28 Days of Curing ...................................................... 156 

Figure B.9 Axial Compressive Stress vs Axial Strain Relationships for 5% L + 

15% SF Samples with 0-7-28 Days of Curing ...................................................... 157 

Figure B.10 Axial Compressive Stress vs Axial Strain Relationships for 5% L + 

20% SF Samples with 0-7-28 Days of Curing ...................................................... 158 

Figure C.1 Swell Rate vs Percent Additive Graph of All Samples with 0-7-28 Days 

of Curing ................................................................................................................ 160 

Figure D.1 Net Swell Percentages vs. Percent Additive of Treated ...................... 162 

Figure D.2 Stabilization Percent in Net Swell Vs Percent Additive Graph of All 

Treated Samples .................................................................................................... 163 

 



 

 

xxi 

LIST OF ABBREVIATIONS 

 

ABBREVIATIONS 

ACI  : American Concrete Institute 

B  : Width of Foundation 

CAH  : Calcium Alumina Hydrate 

CBA  : Composite Binary Admixture 

CBR  : California Bearing Ratio 

CEC  : Cation Exchange Capacity 

CH  : High Plasticity Clay 

CL  : Low Plasticity Clay 

CSF  : Combination of Cement and Silica Fume 

CSH  : Calcium Silica Hydrate 

DDL  : Diffuse Double Layer 

FSI  : Free Swell Index 

FT-IR  : Fourier Transform Infrared 

L  : Lime 

LSF  : Lime-Silica Fume 

LL  : Liquid Limit 

MDD  : Maximum Dry Density 

OMC  : Optimum Moisture Content  

OWC  : Optimum Water Content 



 

 

xxii 

PI  : Plasticity Index 

PL  : Plastic Limit 

SEM  : Scanning Electron Microscopy 

SF  : Silica Fume 

TEM  : Transmission Electron Microscope 

UCS  : Unconfined Compressive Strength 

WS  : Wheat Straw 

XRD  : X-Ray Diffraction 

 



 

 

xxiii 

LIST OF SYMBOLS 

 

SYMBOLS 

Å  : Angstrom 

Ac  : Activity of Clay 

c  : Cohesion  

Cc  : Compression Index 

Cr   : Recompression Index 

f  : Flexural Strength 

Gs  : Specific Gravity 

Hi  : Initial Height of the Sample 

Hf  : Final Height of the Sample 

m  : Mass of the Sample 

  : Density of the Sample 

ρdry,max  : Maximum Dry Density Values  

V1  : First Read Volume  

V2  : Last Read Volume 

wopt  : Optimum Water Content 

 

 

 

 



 

 

xxiv 

 

 

 



 

 

1 

CHAPTER 1  

1 INTRODUCTION  

The issue of expansive soils is a global concern that presents numerous problems for 

professionals in the field of civil engineering. They pose a risk of natural disaster 

and may result in considerable damage to structures if not adequately addressed. This 

type of soil swells when exposed to water and shrinks when it dries out (Al-Rawas 

et al., 2002). Moisture infiltration can occur due to various factors, such as excessive 

rainfall leading to flooding, water leakage from pipes or sewer lines, or a decrease in 

surface evapotranspiration caused by the presence of buildings or pavement (Çokça, 

2001). 

There have been reports of expansive soils in a variety of areas of the world, most 

commonly in the arid or semi-arid regions of the tropical and moderate climate zones 

like Africa, Australia, China, the Middle East (such as Israel, Egypt), India, South 

America, the United States, and some regions in Canada (Mishra et al., 2008; 

Murthy, 2002; Nelson & Miller, 1992). Moreover, it should be noted that expansive 

soils are present in certain areas of Turkey, specifically within the Central Anatolia, 

West Anatolia, Southeast Anatolia, and East Anatolia regions (Çokça, 2001). 

Ankara, the capital of Turkey, is placed in the Central Anatolia region. A certain 

amount of urban settlement has been built on soil deposits with expansive 

characteristics (Erguler & Ulusay, 2003). 

The issue of swelling soil was initially noticed and documented by the U.S. Bureau 

of Reclamation in 1938. This phenomenon occurred during the construction of a 

foundation for a steel siphon at the Owyhee Project in Oregon, as (Chen, 1988) 

reported. The occurrence of expansive soil consisting areas and the issues related to 

soil heaving have been documented across six continents and in over 40 countries 

globally (Nelson et al., 2015). The worldwide spread of reported expansive soil 
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locations is shown in Figure 1.1. The statements mentioned above do not imply the 

absence of expansive soils in other regions, as they are prevalent in nearly all 

geographical areas. Nevertheless, it should be noted that in regions with high 

humidity, water tables tend to be located close to the surface, and the variations in 

moisture content that lead to changes in soil volume are typically insignificant, 

except during long-lasting periods of drought (Arnold, 1984; Charlie et al., 1984; 

Mishra et al., 2008; Shuai & Fredlund, 1998). 

 

Figure 1.1 Global distribution of reported expansive soil sites (Nelson et al., 2015) 

In regions characterized by aridity and semi-aridity, there is significant variation in 

water content and rainfall quantities across various seasons. Consequently, structures 

such as small buildings and highways built on expansive soils experience periodic 

cycles of swelling and shrinkage (Basma et al., 1996). Cracks and fractures occur as 

a result of the volumetric expansion of expansive clays in various infrastructure 

elements such as roads, pavements, foundations of structures, sprinkler systems, 

slab-on-grade members, channel and reservoir linings, sewage lines, and water lines 

(Çokça, 2001). While the adverse effects relating to this soil do not result in the loss 

of human life, they do give rise to significant financial implications as a consequence 

of the soil damage. This soil is referred to as a "hidden disaster" because of this 

(Snethen, 1986). 
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The yearly expense attributed to the swelling and shrinking of expansive soils is 

estimated to be several million euros (Chindris et al., 2017). According to Nelson & 

Miller (1992) ,the recorded annual losses in the United States resulting from 

expansive soils reached $798.1 million in 1970, with a projected increase to $997.1 

million by the year 2000. The aforementioned values are related exclusively to losses 

paid for in residential buildings. A factor of 2 to 3 increases the predicted values due 

to the expense of destroying additional structures, including commercial/industrial 

buildings and transportation facilities (Nelson & Miller, 1992). The projected yearly 

expense of damage to facilities and infrastructures resulting from the presence of 

these sorts of soil is approximately £150 million in the United Kingdom, $1000 

million in the United States, $1000 million in China, and several billions of dollars 

globally (Qi & Vanapalli, 2015; Shi et al., 2002). 

There exist various soil stabilization techniques that can be used to stabilize 

expansive clay soils. The methods utilized involve the application of chemical 

additives, rewetting, soil replacement, compaction control, moisture control, 

surcharge loading, and thermal methods (Chen, 1988; Nelson & Miller, 1992). Soil 

modification through the process of stabilization using various substances has been 

a subject of consideration for numerous centuries (Baghdadi et al., 1995).  

Lime, a calcium-based stabilizer, is commonly utilized in civil engineering projects, 

such as pavements and foundations, to enhance the convertible shrink-swell 

characteristics of expansive clays (Puppala, 2016). Nevertheless, lime production 

raises notable concerns due to its elevated consumption of energy (4000 MJ/tonne) 

and the subsequent release of greater quantities of carbon dioxide emissions (800 

Kg/tonne to get L) into the atmosphere (Oti et al., 2009). In addition, it should be 

noted that lime exhibits restricted efficacy when exposed to sulfate, leading to 

significant heaving issues caused by the nucleation and development of ettringite 

(Aldaood et al., 2014; Ebailila et al., 2022). This phenomenon arises from the 

reaction process between sulfate, calcium, and alumina in the appearance of water, 

resulting in the formation of ettringite (Nidzam & Kinuthia, 2010). Within this 
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particular context, combining industrial byproducts alongside lime and silica fume 

has been promoted. 

Silica fume is a fine solid particle generated during the production of silicon metal, 

as stated by Kumar Verma et al., (2020). The material that possesses a low unit 

weight, low compactibility, and high pozzolanic activity is extensively utilized to 

enhance problematic soils (Goodarzi et al., 2015). The global yearly silica fume 

production is approximately 1 million tons. Of the overall quantity, 130,000 tons are 

manufactured within the United States, while Norway contributes 120,000 tons to 

the total production. Thirteen factories in North America manufacture silicon, silica 

fume, and ferrosilicon (Türköz et al., 2021). 

Additionally, the Eti Elektrometalurji A. facilities in Antalya constitute the source 

for silica fume production in Turkey. The total annual production quantities of 

ferrosilicon and silicoferrochrome flue dusts range between 1,000 and 2,000 tons. 

The silica fume derived from this facility has been utilized as an additive for cement 

and concrete in numerous academic studies, particularly within universities, starting 

from the end of the 1980s (Yeginobalı, 2011). Therefore, suitable disposal of SF, 

regarded as industrial waste, represents a significant concern for environmental 

specialists due to the potential for harmful effects on health if it is directly released 

into the environment (Zhang et al., 2016). Therefore, incorporating waste materials, 

such as SF, in various civil engineering applications presents a notable benefit from 

an environmental perspective (Türköz et al., 2021). 

Numerous investigations have been undertaken to evaluate the efficacy of SF as a 

soil stabilizer, both in isolation and in combination with other additives. The findings 

consistently demonstrate the beneficial influence of SF on geotechnical properties 

(Goodarzi et al., 2016; Kalantari et al., 2011; Kalkan, 2011, 2013; Kalkan & Akbulut, 

2004; Phanikumar et al., 2020; Qing et al., 2020). Pozzolans, including natural 

pozzolana (known as pozzolanic ash), silica fume (derived from silicon smelting), 

fly ash, rice husk ash, volatile ash, and other similar substances, constitute a diverse 

group of materials characterized by their siliceous or siliceous and aluminous 
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composition. Nevertheless, when considered independently, their cementitious 

properties are minimal or nonexistent (Chung D., 2017). Furthermore, it has been 

observed that the combination of silica fume and lime demonstrates greater 

effectiveness compared to their individual use. The addition of lime significantly 

enhances the effectiveness of stabilization. Several studies (Abd El-Aziz et al., 2004; 

Alrubaye et al., 2017; Fattah et al., 2015b)  have reported that the combined use of 

additives has led to enhancements in the swell and dispersive characteristics of 

problematic soils. Additionally, these studies have found significant improvements 

in shear strength parameters and workability. 

1.1 Objective of the Study 

The objective of this study was to evaluate the efficacy of adding silica fume, in 

conjunction with lime, for enhancing the geotechnical characteristics of expansive 

clay soils. The assessment was conducted by applying direct measurements through 

the utilization of macrostructure tests. Additionally, the main goal of this study was 

a combination of two objectives: to mitigate or eliminate the restrictions associated 

with lime treatment and to generate reliable experimental proof regarding the 

utilization of silica fume as a means of minimizing economic and environmental 

costs. 

1.2 Scope of the Study 

The research began by preparing the expansive soil in the laboratory by mixing 

kaolinite and bentonite. Then, the artificial expansive soil sample was mixed with 

3% to 5% and varying proportions of silica fume (0%, 5%, 10%, 15%, 20%). The 

sieve analysis, specific gravity, consistency limit, and compaction tests are done to 

identify and classify soil samples. Free swell and unconfined compression tests were 

then performed to evaluate swelling and strength properties. Free swell and 
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unconfined compression tests were conducted for different curing periods (such as 

no-cure, 7 to 28 days of curing). 
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CHAPTER 2  

2 LITERATURE REVIEW 

2.1 Expansive Soil 

Although the swelling issue is connected to clay water absorption, it is not 

guaranteed that all clays will expand with water (Foster & Survey, 1955). Chemical 

treatment approaches provided in the literature for stabilizer selection rely on 

consistency limits characteristics, soil type, and the dimensions of the particles 

(Hausmann, 1990). However, using an identical chemical additive and quantity to 

stabilize soils with similar plasticity qualities does not guarantee that their 

engineering behavior would be alike. The differences in treated soil behavior can be 

attributed to the natural mineralogical composition of the soils along with the 

chemical interactions between chemical additions and clay particulates. 

Accordingly, considering clay mineralogy, as well as other soil parameters such as 

grain size classification and consistency limits, throughout the treatment design 

process is essential (Chittoori, 2009).  

To truly comprehend the engineering behavior of fine-grained soils, clay mineralogy 

needs to be investigated first (Yongshan et al., 2002). 

2.1.1 Clay Mineralogy  

Clay may be characterized by the dimensions and kinds of minerals it contains. In 

engineering classifications, clay is defined as soil components smaller than a specific 

size, commonly 0.002 mm (2 um). Clay, as a mineral terminology, refers to certain 

clay minerals that are individuated (Mitchell & Soga, 2005): 

1. Having small particle sizes, 
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2. Having a net negative electrical charge, 

3. Having plasticity when mixed with water, 

4. Having resistance to high weathering. 

The majority of clay mineral particles have a 'plate-like' shape, which provides them 

with a high specific surface (which refers to a high ratio of surface area to total mass). 

As a consequence of these factors, the structure of clay mineral particles is 

considerably affected by surface forces. There is also the possibility of 'needle-

shaped' particles being present; however, these are rather uncommon (Knappett & 

Craig, 2012).  

Clay minerals consist of an octahedral sheet and a tetrahedral sheet as their 

fundamental atomic skeletons. The silica tetrahedral layer is the second structural 

unit and consists of four oxygen atoms or potentially hydroxyls grouped in a 

tetrahedral shape around a silicon atom. The silica tetrahedral sheet (Fig. 2.2) is made 

up of an endless number of tetrahedrons mounted in a hexagonal network along two 

horizontal axes. The octahedral sheet (Figure 2.3) is composed of tightly arranged 

oxygens and hydroxyls in which aluminum, iron, and magnesium atoms are placed 

octahedrally (Murray, 2006). 

Both components are negatively charged due to valency mismatches. Therefore, the 

building blocks are never found alone but always in the context of larger sheet 

formations. A silica sheet is formed when tetrahedral units share oxygen ions. A 

gibbsite sheet is formed when octahedral units share hydroxyl ions. In contrast to the 

gibbsite sheet, which is electrically neutral, the silica sheet preserves a net negative 

charge. Isomorphous substitution, in which elements other than silicon and 

aluminum are substituted at a molecular level, can lead to an increased charge 

misbalance (Knappett & Craig, 2012).  
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Figure 2.1 Basic Structural Units in the Silicon Sheet (Murthy, 2002) 

 

Figure 2.2 Basic Structural Units in the Octahedral Sheet (Murthy, 2002) 

In Fig. 2.3, it can be seen how the various clay mineral types are built up from the 

assembly of atoms into tetrahedral and octahedral units, the subsequent production 

of sheets, and the stacking of these sheets to form layers (Mitchell & Soga, 2005).  
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Figure 2.3 Synthesis pattern for the clay minerals (Mitchell & Soga, 2005) 

For engineering purposes, three essential structural categories of clay minerals are 

described as follows (Nelson & Miller, 1992): 

 The Kaolinite group is usually not expansive. 

 The Mica-like group comprises illites and vermiculites, which can be 

expansive but do not typically cause major challenges. 

 The Smectite group contains montmorillonites, one of the most expansive 

and problematic clay minerals.  

2.1.1.1 Kaolinite Group 

The clay mineral kaolinite is formed by a 1:1 semi-basic unit ratio (Barton & 

Karathanasis, 2002). A single tetrahedral sheet and a single alumina octahedral sheet 
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are joined in units so that the edges of the silica tetrahedrons and one of the layers of 

the octahedral sheet create an interconnected layer (Figure 2.4). All silica 

tetrahedrons point toward the center of the unit composed of silica and octahedral 

sheets. The silica gibbsite sheets are attached by strong ionic bonds, and the layers 

are stacked and hydrogen-bonded to create kaolinite (Figure 2.5). Kaolinite crystals 

have several sheet stackings that are hard to separate due to hydrogen bonding 

(Murray, 2006). According to Mitchell & Soga, (2005), the bonding is strong enough 

that there is no swelling of the interlayers when water is in existence. 

 

Figure 2.4 Diagrammatic sketch of the kaolinite structure (Mitchell & Soga, 2005) 

 

Figure 2.5 Structure of kaolinite layer (Murthy, 2002) 
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2.1.1.2 Mica-Like Group 

2.1.1.2.1 Illite 

Illite is a kind of clay mineral mica that was given its name by Grim, (1942). Illite 

can be thought of as a simplified potassium smectite (Figure 2.6), as its structure is 

a 2:1 layer with potassium as the interlayer cation. According to Murthy, (2002), the 

bonds formed with the nonexchangeable K+ ions are weaker than the hydrogen bonds 

but stronger than the water bond formed in smectites (Figure 2.7). In contrast to 

smectites, illite does not swell much when in contact with water. Also, compared to 

kaolinite, illite displays a medium swell potential and greater activity (Oweis & 

Khera, 1998). 

 

Figure 2.6 Diagrammatic sketch of the structure of illite (Murray, 2006) 
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Figure 2.7 Structure of Illite Layer (Murthy, 2002) 

2.1.1.3 Smectite Group 

According to Murray, (2006), the main components of smectite are the 

montmorillonites of sodium, calcium, magnesium, iron, lithium, and aluminum, and 

calcium montmorillonite is the kind of smectite mineral that is most commonly 

found. Compared to calcium montmorillonite, sodium montmorillonite has a higher 

water absorption capacity and lower hydraulic conductivity (Grim, 1942). 

2.1.1.3.1 Montmorillonite 

Layers similar to those found in micas are also observed in montmorillonite minerals 

(Yong & Warkentin, 1975). Gibbsite sheets have magnesium and iron partially 

substituting for aluminum, whereas silica sheets have aluminum partially replacing 

silicon (Figure 2.8). An extremely weak bond is the consequence of water molecules 

and exchangeable cations other than potassium filling the gap between the combined 

sheets (Figure 2.9). Additional water can be adsorbed between the combined sheets 

of montmorillonite, resulting in significant enlargement of the mineral and any 

sediment containing it (Knappett & Craig, 2012). 

High activity and a high liquid limit are both characteristics of montmorillonite clays 

(Yong & Warkentin, 1975). High swelling and shrinkage properties might be 
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expected from soils rich in montmorillonite minerals. Bentonite is a kind of clay that 

is classified as montmorillonite (Murthy, 2002). 

 

Figure 2.8 Diagrammatic sketch of the montmorillonite structure (Mitchell & Soga, 

2005) 

 

Figure 2.9 Structure of montmorillonite Layer (Murthy, 2002) 

Figure 2.10 displays the scanning electron micrographs of these various sorts of 

minerals. 
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a) Kaolinite  

 

b) Illite 

 

c) Montmorillonite 

Figure 2.10 Scanning electron micrographs of clay minerals (Nelson et al., 2015) 

In Table 2.1, a summary of the key clay minerals' particle characteristics, as well as 

their properties, can be found. 
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2.2 Adsorbed Cations and Cation Hydration 

Clay particles have positively charged cations (such as sodium, calcium, magnesium, 

and potassium) in their surroundings, which helps to neutralize the negative charges 

that are present on their surfaces. In relation to this, massive quantities of water can 

accumulate between clay minerals due to the hydration of cations and the absorptive 

forces generated by the clay crystals themselves (Nelson et al., 2015; Nelson & 

Miller, 1992). The clay soil's behavior will depend on the types of cations present. 

Cation hydration's effect on soil expansion is illustrated in Figure 2.11. 

 

Figure 2.11 Role of cation hydration on soil expansion: (a) low hydration; (b) 

partial hydration; (c) full hydration. (Nelson et al., 2015) 

A soil's cations can be found in a variety of various phases depending on the 

condition of the soil. In air-dried soils, massive electrostatic forces keep the cations 

nearby the clay mineral surfaces. When water is present, cation hydration energy 

increase to a point where they are substantial enough to counteract the forces of 

interparticle attraction. Therefore, water-adsorbed cations hydrate and expand, 

forcing dry and closely stuffed particles apart. When a considerable quantity of water 

is available, the adhesion of cations to clay surfaces is weakened. The attraction 

caused by electrostatic forces is mitigated by the ions' proneness to migrate towards 

the less concentrated surrounding solution, thereby moving far from the surfaces of 

the particles. 
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2.3 Clay Micelle 

In order to examine the characteristics of clay, it is essential to take into account 

three fundamental constituents, namely the clay mineral component, the cations 

present, and the accompanying water. To comprehensively examine these three 

components as an integrated body, it is beneficial to introduce the notion of a clay 

micelle (Nelson et al., 2015). Figure 2.12 illustrates the representation of a clay 

micelle. The micelle is formed by the combination of clay particles, cations, the 

water of hydration, and osmotic water, which is tightly bound to the inner mineral 

core (Lambe, 1958). 

 

Figure 2.12 A clay micelle showing the concentration of cations near the surface of 

a clay particle. (Nelson et al., 2015) 

The nature of the micelles of different minerals influences soil behavior and its 

expansive characteristics (Nelson et al., 2015). 
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In the absence of adsorbed cations, the electrical charges on the surfaces of the clay 

particles result in the emergence of repulsive forces among the particles at the 

individual level. The cations present in the micelle form strong adsorption bonds 

with the surface of the clay mineral, effectively counterbalancing the electrical 

surface forces. The magnitude of surface forces is highest in close range to the 

surface of the clay particle and reduces as the distance from the particle increases. 

The cations that exist in the solution nearest to the clay mineral will experience more 

substantial restrictions on their ability to migrate away due to the surface forces 

acting upon them. The observed outcome is the presence of a cation concentration 

gradient, which exhibits its highest values in nearby to the surface and gradually 

diminishes as the distance from the surfaces increases, as depicted in Figure 2.12. 

At distances significantly far from the clay mineral's surface, the influence of surface 

forces becomes insignificant, resulting in the cation concentration being equivalent 

to that found in the unbound water within the soil. In Figure 2.12, such distance is 

represented by the outside dashed line which is called a conceptual semipermeable 

membrane in the figure. The dashed line depicted in Figure 2.12 does not indicate an 

exact and definitive measurement of length but rather indicates a lowering effect 

from the mineral's surface. Based on the proposed model, the micelle can be 

characterized as a separate body containing a single clay mineral encircled by a 

water-based solution. The term "micelle fluid" refers to the water-based solution 

which is presented in the micelle (Nelson et al., 2015). 

The dimensions of the water-based surroundings with the presence of cations within 

the micelle, commonly referred to as the micelle fluid. On the other hand, it can also 

be named as diffuse double layer in the proposed theories of Gouy (1910) and 

Chapman (1913) (Mitchell & Soga, 2005). The thickness of it is predominantly 

determined by the characteristics of the absorbed cations and the electrical charges 

present on the clay mineral. The thickness of the micelle fluid in two distinct 

minerals, which share the same adsorbed cations, is primarily determined by the 

several exterior structural units. Conversely, the general dimension of the particles 

has minimal impact on the micelle fluid thickness (Nelson et al., 2015). 
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Lambe, (1958) reports 200Å micelle fluid thickness for montmorillonite and 400Å 

for kaolinite. Since kaolinite particles are around 100 times thicker than 

montmorillonite particles, the ratio of micelle fluid to mineral thickness is about 50 

times larger in montmorillonite. 

2.4 Diffuse Double Layer  

The surface of the clay particle carries a negative charge, while the surrounding 

solution contains a concentration of positive ions. This combination gives rise to a 

phenomenon known as a diffuse double layer (DDL), as Bohn et al., (1985) 

described. The combination of the charged surface and the spreading charge in the 

neighboring phase is commonly referred to as the diffuse double layer (Nelson & 

Miller, 1992). The phenomenon in which water molecules with electrical charges are 

drawn towards the clay particle is called the diffused double layer of water (Murthy, 

2002). In addition, a diffuse double layer could be named as diffuse double layer 

between charged clay surface and the limit on mineral influence on cations explained 

in the clay micelle section.   

The occurrence of concurrent DDLs (Diffuse Double Layers) among clay particles 

results in the emergence of interparticle repulsive forces, commonly referred to as 

microscale "swelling pressures." The relationship between the diffuse double layer 

(DDL) and the swelling potential increases with an increase in the thickness of the 

DDL. The determination of the thickness of the DDL is influenced by various 

factors, such as the concentration and valence of the cations present in the water of 

the soil (Nelson & Miller, 1992). Typically, a higher thickness of the diffusion 

double layer (DDL) and increased swelling are correlated with reduced cation 

concentrations and/or the existence of cations exhibiting lower valence (Mitchell, 

1976). Therefore, in the case of identical soil structure, a greater degree of swelling 

would be observed in a sample containing exchangeable sodium (Na+) cations 

compared to a sample containing calcium (Ca2+) or magnesium (Mg2+) cations. 
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A decrease in cation concentration, as mentioned by Mitchell & Soga (2005), has 

been linked to an increase in the thickness of the diffuse double layer and swell 

potential. The presence of concentrated cations in close proximity to the surface of 

clay particles gives rise to the repulsive force observed in double-layered systems. 

Temperature is an additional factor that impacts the thickness of the DDL. A rise in 

temperature results in an augmentation of the thickness of the diffusion double layer.  

2.5 Cation Exchange Capacity 

In order to maintain electrical balance, positively charged cations are drawn towards 

and retained within the interlayers, as well as on the mineral surfaces and edges of 

the clay particles. A significant proportion of these cations exhibit exchangeability 

as they have the potential to be substituted by cations of different kinds. There exists 

variation in the strength of attraction among different types, and it is possible to sort 

cations into a series based on their respective interactions for attraction, outlined as 

Al3+ > Ca2+ > Mg2+ > NH4
+ > K+ > Na+ > Li+ by Das (2016).  

This series demonstrates that Al3+ ions have the ability to substitute Ca2+ ions, while 

Ca2+ ions have the capacity to substitute Na+ ions. The procedure mentioned above 

is commonly referred to as cation exchange. The term used to describe the amount 

of exchangeable cations is known as the cation exchange capacity (CEC), which is 

typically measured in milliequivalents (meq)3 per 100 g of dry clay (Mitchell & 

Soga, 2005). 

2.6 Clay Structure 

Nearby clay mineral particles experience both repulsive and attractive forces. The 

phenomenon of repulsion arises due to the presence of comparable charges within 

the double layers, with the magnitude of the repulsive force being based on the 

specific properties of these layers. An augmentation in the valency or quantity of 

cations will lead to a reduction in the repulsive force. Conversely, a decrease in the 
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valency or concentration of cations will end in A rise in the repulsive force. The 

interaction between particles is primarily governed by relatively short-range van der 

Waals forces, which diminish significantly as the spacing between particles 

increases. The structural morphology of clay minerals during accumulation is 

influenced by the net inter-particle forces. This situation allows us to classify clay 

particle formations as either dispersed (produced by a repulsive net particle force) or 

flocculated (created by an attracting net particle force). The structures depicted in 

Figures 2.13 (a) and (b) exemplify the interplay among individual clay mineral 

particles (Knappett & Craig, 2012). 

 

Figure 2.13 Sediment structures: (a) “flocculated” or “random” orientation; (b) 

“dispersed” or “oriented” (Nelson et al., 2015) 

2.7 Swelling Mechanism 

There are two different approaches in the literature for explaining the swelling 

mechanism. 
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2.7.1 Crystalline and Osmotic Expansion Approach 

The model of expansion potential presented in Figure 2.11 is related to the hydration 

of the adsorbed cations and the osmotic attraction of water into the micelle. This 

concept helps to explain the nature of swelling in expansive soil (Nelson et al., 2015). 

Because the energy of hydration is high, the first water that is introduced into a dry 

soil goes into hydrating the cations. Subsequently, added water goes into satisfying 

the osmotic forces. Thus, in simple terms, the initial phase of swelling is “crystalline” 

and due to hydration of the cations as previously described (Slade et al., 1991). After 

that phase, the concentration of cations between the soil particles causes water to be 

drawn into the interparticle spacing due to osmotic forces. This second phase of 

swelling is termed osmotic. 

It is unlikely that the two phases of swelling are clearly distinct, and there likely 

exists a transition zone between the crystalline and osmotic phases. 

The process of desiccation in wet soil can result in the reduction of a significant 

portion of the osmotic water as well as certain amounts of the crystalline water. As 

a result of this phenomenon, the micelles will undergo a reduction in dimensions, 

leading to much closer proximity of the constituent particles. Therefore, it is possible 

for expansive soils to experience a reduction in volume as the water amount drops. 

Due to this explanation, those particular types of soils are commonly denoted as 

shrink-swell soils. In natural circumstances, it is highly probable that the shrinkage 

stage in soil mainly includes the initial extraction of osmotic water. Desiccation of 

the soil by heat, such as sun-baking or drying in the laboratory, begins to remove 

more of the water of hydration (Nelson et al., 2015). 

2.7.2 Interparticle or Intercrystalline 

According to Popescu (1986), the swelling phenomenon has two primary 

mechanisms: 
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Interparticle or intercrystalline swelling is a phenomenon that can be observed in 

various types of clays. In a situation of near dryness, the particles of clay are closely 

bound together due to capillary tensions. Upon the addition of water to the clay, the 

intermolecular forces within the clay matrix undergo relief, resulting in the spreading 

of particles away from neighboring particles (Figure 2.14). The short perpendicular 

lines depicted in Figure 2.14 symbolize the firm molecular bonds existing between 

the layers. 

The phenomenon of intracrystalline swelling is primarily observed in minerals 

belonging to the montmorillonite group. The constituent single crystals of 

montmorillonite are held together by relatively weak interlayer bonds, primarily 

facilitated by water molecules in conjunction with exchangeable cations. During the 

process of wetting, water permeates not only the interstices between the individual 

crystals but also the interlayers within the crystals themselves (Figure 2.14) 

(Popescu, 1986). 
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Figure 2.14 Mechanism of swelling proposed by (Popescu, 1986) 
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2.8 Factors Effecting Swelling 

Numerous factors that have an influence on the mechanism of swelling are also 

complexly associated with, or subject to, the physical properties of soil, such as 

plasticity or density. The shrink-swell potential of soil is influenced by various 

factors, which can be categorized into three separate categories (Nelson & Miller, 

1992):  

 There are soil characteristics that affect the fundamental nature of the internal 

force field. These characteristics play a crucial role in determining the soil's 

tendency for shrinkage and swelling. 

 Environmental factors step in, influencing the changes that may happen 

within the internal force system. These external conditions can significantly 

impact the soil's shrink-swell behavior. 

 The state of stress experienced by the soil also contributes to its shrink-swell 

potential. 

By considering these three distinct categories of factors, a comprehensive 

understanding of soil behavior can be obtained. Tables 2.2, 2.3, and 2.4 provide a 

comprehensive overview of the various soil and environmental factors that have an 

influence on the phenomenon of swell and shrink behavior. 
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Table 2.3 Stress State Factors affecting the shrink-swell behavior (Nelson & Miller, 

1992) 

FACTOR DESCRIPTION 

Initial 

Moisture 

Content 

A dried expansive soil exhibits a greater attraction to water, or 

a higher level of suction, compared to the same soil with a 

higher water content and lower suction. On the other hand, a 

soil profile that is saturated with water will experience a higher 

rate of water loss when subjected to drying conditions and will 

undergo greater shrinkage compared to a soil profile that is 

initially relatively dry. The assessment of the initial phase soil 

suction should be undertaken together with the anticipated 

range of final suction conditions. 

Moisture 

Variations 

Heave is primarily determined by fluctuations in water within 

the active zone near the top portion of the profile. It is within 

these layers that the most significant variations in moisture 

content and corresponding volume changes are expected to 

take place. 

Climate 

The quantity and diversity of precipitation and 

evapotranspiration significantly impact the availability of 

water and the extent of seasonal moisture fluctuations. The 

phenomenon of greatest seasonal heave is observed in semi-

arid environmental conditions characterized by brief periods of 

precipitation. 

Groundwater 

Shallow levels of water serve as a significant source of 

moisture, while the presence of fluctuating water tables 

contributes to increased volume variation. 

Drainage 

Surface drainage features, such as the accumulation of water 

adjacent to a house foundation with inadequate grading, 

contribute to the presence of water at the ground level. 

Additionally, the presence of leaking sewage can allow water 

to penetrate the soil at greater depths. 

Vegetation 

The process of transpiration, carried out by trees, shrubs, and 

grasses, results in the extraction of moisture from the soil. 

Consequently, the soil becomes unevenly saturated in regions 

with different types of vegetation. 

Permeability 

Higher permeability in the soil, especially when it's caused by 

fissures and fractures in the field soil body, makes it possible 

for water to move through the soil more quickly and 

encourages quicker rates of swelling. 

Temperature 

As temperatures rise, moisture will migrate to colder places 

underneath structures, which will enhance the swelling in those 

locations. 
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2.9 Stabilization of Expansive Soils 

In some cases, it may be advantageous and cost-effective to modify the soil 

properties in order to mitigate its expansion potential or stabilize the moisture 

conditions associated with a structure or pavement. This approach can serve as a 

viable alternative or complement to the conventional design methods employed for 

such infrastructural elements. Several methods have been utilized to improve the 

properties of the soil or provide stable moisture conditions in nearby areas of the 

foundation or pavement (Nelson et al., 2015). In basic terms, the treatment of 

expansive soils can be classified into two main categories (Jones, 2017): 

(1) Soil Stabilization – removal/replacement; remould and compact; pre-wetting; 

Surcharge loading; and chemical/cement stabilization. 

(2) Water content control methods – horizontal barriers (membranes, asphalt, and 

rigid barriers); Vertical barriers; electrochemical soil treatment; and heat treatment. 

The methods of treatment for expansive soil discussed in this piece of literature can 

be used individually or in combination to mitigate heave. Nevertheless, it is critical 

to acknowledge that under any circumstances, the efficacy of one or multiple 

methods could be compromised due to site-specific conditions. The selection of the 

methodology to be employed should be evaluated in relation to the following (Nelson 

& Miller, 1992): 

 Aspects pertaining to the economy. 

 The comparative assessment of anticipated control over volume fluctuations 

through the implementation of various treatment alternatives. 

 Site-specific factors such as the possibility of volume change, variations in 

moisture levels, the extent of fissures, permeability, and other related 

conditions. 

 The project's inherent characteristics and properties. 

 The requisite strength of the underlying soil for the foundation. 

 The temporal duration allocated for treatment. 
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The objective of this study is to improve or stabilize expansive soils; the water 

content control methods will not be explained in detail. In addition, since the 

objective of the thesis is chemically stabilization, other stabilization methods are 

summarized in Table 2.5. 
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2.9.1 Chemical Additives 

Chemical treatment refers to the process of integrating soil with one or more 

additives, such as powders, slurries, or liquids, with the overall aim of increasing or 

regulating its tendency to volumetric change, strength, and stress-strain 

characteristics, water-air movement in the soil, and endurance (Winterkorn & 

Pamukcu, 1991). The use of chemicals is a frequently employed technique in various 

geotechnical engineering-related parts of projects, including embankments, roads, 

highways, and others, with the aim of improving soil properties (Tran et al., 2014). 

One of the earliest and most commonly employed techniques for enhancing the 

properties of soil is the application of chemical substances for the purpose of soil 

stabilization (Chen, 1975). 

The chemical additives used for the treatment of expansive soil can be categorized 

into two distinct groups. The materials used in this context consist of both 

conventional substances like hydrated lime, portland cement, and fly ash, as well as 

unconventional compounds like potassium compounds, sulfonated oils, ammonium 

chloride, and many more (Nelson et al., 2015). The uncommon chemical additives 

primarily consist of waste from industry or by-products materials that have been 

chosen based on their significant mineral composition. The primary objective is to 

enhance the characteristics of expansive soils while simultaneously raising the worth 

of by-products and waste materials and reducing environmental issues associated 

with their disposal (Seco et al., 2011). In the past decade, there has been a growing 

emphasis on the utilization of industrial waste materials as an alternative to industrial 

products in the stabilization of expansive soils. According to Kamon et al., (1991), 

the utilization of waste materials results in a reduction in both utilization and storage 

expenses associated with industrial products. The application of these substances is 

influenced by multiple considerations, such as the chemical and physical 

characteristics of the soil at that location, the efficacy of the additive, financial as 

well as health limitations, and the particular circumstances of the building project 

(Fang, 1991). 
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2.9.1.1 Lime Stabilization 

Lime has been employed by Chinese people for hundreds of years as a chemical 

stabilizer. If the shear strength of the chemically treated soil is thought to be 

insignificant in comparison to other properties, lime has been utilized as a chemical 

stabilizing agent (Chen, 1975). Lime as a stabilization method has been widely 

employed globally for an extended period (Chen, 1988). According to Little & Nair, 

(2009), lime is the stabilizing agent that is most commonly utilized among others.    

Many studies have been conducted by various researchers (Bell, 1996; Indraratna et 

al., 1995) about the use of lime for soil stabilization. Numerous studies have been 

conducted to investigate the variations linked to the consistency limits values, such 

as the plastic and liquid limits, as well as the soil characteristics, including 

volumetric change (e.g., swell pressure, swell potential, heave), shear strength, and 

the coefficient of permeability in lime-treated expansive soils (Al-Mukhtar et al., 

2012). According to Nalbantoglu & Gucbilmez, (2001), the application of lime 

implementation in fine-content dominant soils typically results in a reduction in 

plasticity, dispersivity, and tendency to volumetric change, while simultaneously 

leading to an increase in grain size, permeability, and strength characteristics. 

Furthermore, the application of lime into the soil results in an increase in soil pH, 

consequently leading to an increase in the cation exchange capacity (Çokça, 2001). 

There are many different kinds of soils, and lime is not always an appropriate 

treatment. According to the National Lime Association, (2004), clay soils that 

contain a maximum of 75 retaining percent from the No. 200 sieve and a plasticity 

index value above 10% are generally regarded as suitable candidates for soil 

treatment. Certain ingredients found in soil, such as sulfates, organics, and 

phosphates, tend to trigger reactions that may result in significant detrimental 

consequences (Nelson et al., 2015). 

In most cases, it is common practice to incorporate hydrated lime into the uppermost 

layers of the soil, typically ranging from 3 to 8% by weight (Nelson & Miller, 1992). 
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In addition, it is advised that soils that contain a fines content above 50% need to be 

stabilized using lime in a range of 5 to 10% (Murthy, 2002). 

The main factors that influence the strength properties of soil treated using lime are 

the type of soil, type of lime, percentage of lime, and the conditions under which the 

soil is cured (Nelson & Miller, 1992). Several factors may affect the reaction rate of 

lime in the soil, as outlined by (Nelson et al., 2015). 

 A soil with a pH value above approximately 7 represents suitable reactivity. 

 The presence of organic carbon significantly delays lime-soil reactions. 

 It has been observed that soils with poor drainage show a greater degree of 

lime reactivity compared to soils with good drainage. 

 Soils that are rich in calcium (calcareous) have a high degree of reactivity.  

 Ettringite-induced heave can occur when lime reacts with soluble sulfate salts 

present in the soil. 

2.9.1.1.1 Lime Stabilization Mechanisms 

There is a lot of theory behind the lime reaction that may get complicated 

(Thompson, 1966, 1968). The lime reacts with other substances through a series of 

processes; the key ones can be explained by cation exchange, flocculation-

agglomeration, lime carbonation, and the pozzolanic reaction (Little, 1995; National 

Lime Association, 2004; Thompson, 1966, 1968). When lime and clays containing 

pozzolanic elements are combined in the appearance of water, three fundamental 

chemical processes take place. These processes are cation exchange and 

flocculation-agglomeration, cementation (specifically the pozzolanic reaction), and 

carbonation (Fang, 1991). 
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2.9.1.1.1.1 Cation Exchange 

The initial stage involves the substitution of calcium ions that come from stabilizing 

agent with the ions existing on the surface of clay particles. The dominant cations 

that contribute to the formation of the double layer, in conjunction with water 

molecules, are monovalent cations, specifically sodium (Na+) and potassium (K+). 

Nevertheless, it is possible to easily replace monovalent cations with cations of 

greater valence, like calcium (Prusinski & Bhattacharja, 1999). The 

exchangeability of cations can be determined using the lyotropic series, outlined as 

Th4+ > Al3+ > Cu2+ > Ba2+ = Sr2+ > Ca2+ > Mg2+ > Cs+ > Rb+ > NH4
+ =

K+ > Li+ > Na+ by Cherian & Arnepalli, (2015). 

A soil stabilizing agent which is composed of a high amount of calcium is expected 

to supply an adequate amount of calcium ions, thereby facilitating the exchange of 

monovalent cations. The process of ion exchange leads to a notable decrease in the 

thickness of the double layer and a rise in the inter-particle attraction within the soil 

due to the higher charge density exhibited by di or trivalent ions. The ion exchange 

procedure is typically characterized by its rapidity, often within a few hours (Mallela 

et al., 2004; Prusinski & Bhattacharja, 1999), as illustrated in Figure 2.15. A single 

example of cation exchange has been demonstrated in a study conducted by 

Sivapullaiah, (2006): 

𝐶𝑎2+ + 𝐶𝑙𝑎𝑦 → 𝐶𝑎2+𝐶𝑙𝑎𝑦 + (𝑁𝑎+, 𝐾+) (𝐸𝑞. 2.1) 
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Figure 2.15 Cation exchange (Prusinski & Bhattacharja, 1999) 

2.9.1.1.1.2 Flocculation and Agglomeration 

Cation exchange responses lead to the flocculation and agglomeration of soil 

particles, resulting in a decrease in the quantity of clay-sized materials and, 

consequently, a reduction in soil surface area. Such a decrease in surface area is 

responsible for the decrease in plasticity, as stated by Terzaghi & Peck, (1967). 

According to Prusinski & Bhattacharja, (1999), the processes of flocculation and 

agglomeration result in a transformation of the clay composition, shifting it from a 

plastic, fine-grained substance to a nonplastic, granular soil. 

The phenomenon of flocculation has been linked to several factors, including the 

presence of a significant amount of electrolytes, a high pH level, and a decrease in 

the thickness of the double-layer because of cation exchange (Herzog & Mitchell, 

1963). The substitution of monovalent ions with calcium ions leads to an 

augmentation in the interparticle attraction within soil particles (Mallela et al., 2004). 

Flocs are generated through the process of soil particles being drawn together due to 

the forces of attraction and cation exchange. The term used to describe this 

occurrence is known as flocculation (Al-Rawas & Goosen, 2006). According to 



 

 

39 

Prusinski & Bhattacharja, (1999), flocculation refers to the phenomenon in which 

clay particles undergo a transformation in their arrangement from a flat and parallel 

arrangement to a more disordered edge-to-face orientation. The process of clay 

particles adhering to form flocs results in the development of soil that exhibits 

improved engineering characteristics, including a more granular arrangement, 

reduced plasticity, increased permeability, and notably decreased expansivity (Seco 

et al., 2011). 

The occurrence of agglomeration is hypothesized to take place when flocculated clay 

particles initiate the formation of fragile bonds at the interfaces of the clay particles 

due to the accumulation of cementitious substances at these interfaces. The process 

of agglomeration initiates the unification of smaller clay particles, resulting in the 

formation of bigger aggregates. This process also enhances the overall texture of the 

clay soil (Prusinski & Bhattacharja, 1999).  According to Fang, (1991), the 

collapsible features of some silts can be neutralized by using an agglomeration 

process involving lime and soil. The process of flocculation and agglomeration is 

illustrated in Figure 2.16. 

 

Figure 2.16 Flocculation and agglomeration (Prusinski & Bhattacharja, 1999) 
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2.9.1.1.1.3 Pozzolanic Reactions 

The Pozzolanic reaction, as depicted in Figure 2.17, is a secondary phase utilized in 

soil treatment. It is valid for both lime- and cement-soil interactions. The alkaline 

conditions in a calcium-stabilized system augment the solubility and reactivity of 

silica and alumina, which are constituents of clay particles. The hypothesis suggests 

that calcium ions react with silica and alumina that are released from the clay lattice, 

resulting in the formation of supplementary cementitious substances, namely 

calcium silicate hydrates, CSH, and calcium aluminate hydrates, CAH. This 

contributes to a better understanding of the process of agglomeration (Prusinski & 

Bhattacharja, 1999). The cementitious materials consist of calcium silicate hydrates 

and calcium aluminate hydrates, which are the identical hydrates that are produced 

within the hydration process of Portland cement application (Terrel et al., 1979). The 

following straightforward descriptive illustration of soil-lime reactions is given 

based on the work of Walker, (1992). 

𝐶𝑎(𝑂𝐻)2 → 𝐶𝑎2+ + 2𝑂𝐻− (𝐸𝑞. 2.2) 

𝐶𝑎2+ + 2𝑂𝐻− + 𝑆𝑖𝑂2 (𝐶𝑙𝑎𝑦 𝑆𝑖𝑙𝑖𝑐𝑎) → 𝐶𝑆𝐻 (𝐸𝑞. 2.3) 

𝐶𝑎2+ + 2𝑂𝐻− + 𝐴𝑙2𝑂3 (𝐶𝑙𝑎𝑦 𝐴𝑙𝑢𝑚𝑖𝑛𝑎) → 𝐶𝑆𝐻 (𝐸𝑞. 2.4) 

A wide variety of hydrate forms can be obtained, depending on reaction conditions, 

that is, quantity and type of lime, soil characteristics, curing time, and temperature 

(Nelson & Miller, 1992). 
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Figure 2.17 Pozzolanic reaction (Prusinski & Bhattacharja, 1999) 

2.9.1.1.1.4 Carbonation 

When calcium hydroxide comes into contact with carbon dioxide in the atmosphere 

or when it is dissolved in rainwater, a gradual formation of calcium carbonate occurs, 

as described by the following reaction: 

𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2 → 𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 (𝐸𝑞. 2.5) 

The above reaction phenomenon is commonly called carbonation (West & Carder, 

1997). The process of lime carbonation is regarded as an unfavorable reaction that 

can potentially show up in soil-lime combinations. In the aforementioned reaction, 

the compound lime undergoes a chemical reaction with carbon dioxide, resulting in 

the formation of calcium carbonate, instead of reacting with clay-silica or clay-

alumina to form cementitious compounds known as CAHs and CSHs, as reported by 

Mallela et al., (2004). Calcium carbonate (CaCO3) is a substance that shows plastic 

characteristics and has the ability to rise in the plasticity of the soil. Consequently, 

the usage of excessive lime does not yield beneficial outcomes (Fang, 1991). 
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2.9.1.2 Silica Fume Stabilization 

2.9.1.2.1 Silica Fume Production 

Silica fume (SF) is a leftover substance derived from the production process of 

ferrosilicon or silicon alloy, which represents a significant amount of industrial waste 

produced during the production procedure (Khalid et al., 2023). According to the 

American Concrete Institute (ACI) 116R, silica fume is a very fine amorphous silica 

material that is generated as a byproduct during the production of elemental silicon 

or silicon-containing alloys in electric arc furnaces (Fattah et al., 2015a). Figure 2.18 

illustrates a schematic diagram depicting the production process of a byproduct 

stated as silica fume.  Due to their apparent compatibility, there is occasional 

confusion between ferrosilicon slag and silica fume. Ferrosilicon slag is a byproduct 

that is generated as slag during the operation of a blast furnace. Conversely, silica 

fume is comprised of tiny particles that become released into the air and are 

subsequently captured through filtration processes (Tangstad, 2013). 

 

Figure 2.18 The schematic of the silicon melting process results in silica fume 

(Tangstad, 2013) 
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2.9.1.2.2 Properties of Silica Fume 

Silica fume (SF), alternatively referred to as micro silica, is characterized by its non-

crystalline polymorphs and amorphous nature, consisting of silicon dioxide (SiO2) 

particles that exhibit a spherical shape (Brescia-Norambuena et al., 2021; Wang et 

al., 2020). Silicon-based materials, commonly referred to as SF, exhibit a significant 

surface area ranging from 10 m2/g to 30 m2/g and microparticles sizes ranging from 

approximately 200 to 1100 nm, as reported by Abdel-Gawwad et al., (2021). The 

SiO2 content in the SF ranges from approximately 90% to 96%, according to several 

sources (Billong et al., 2021; Brescia-Norambuena et al., 2021; Ting et al., 2021; 

Türköz et al., 2021). This SiO2 is primarily found in the form of quartz. Additionally, 

the total alkali content in the SF is restricted to 0.17% (Choudhary et al., 2021). 

According to Negi et al., (2013), silica fume is typically found in a powdered form 

that seems like ash. Silica fume (SF) is a commonly used material for enhancing 

problematic soils due to its characteristics of low unit weight, relatively low 

compactibility, along with significant pozzolanic activity (Goodarzi et al., 2015). 

Figures 2.19, 2.20, and 2.21 depict the X-ray diffraction (XRD) pattern, Scanning 

Electron Microscopy (SEM), and Transmission Electron Microscope (TEM) images 

of a commercial silica fume, respectively. The X-ray diffraction (XRD) pattern 

depicted in Figure 2.19 indicates that the structure of silica fume exhibits amorphous 

characteristics. Figure 2.20 illustrates that the silica fume particle exhibited a fine 

spherical morphology, characterized by particle size in the range of several hundred 

nanometers. Figure 2.21 illustrates the formation of agglomerates through the 

process of melting and solidification of silica fume particles. 
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Figure 2.19 X-ray diffraction (XRD) pattern of a commercial silica fume (Wang et 

al., 2020) 

 

Figure 2.20 Scanning Electron Microscopy (SEM) image of a commercial silica 

fume (Wang et al., 2020) 
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Figure 2.21 Transmission Electron Microscope (TEM) image of a commercial 

silica fume (Wang et al., 2020) 

2.9.1.2.3 Stabilization Mechanism of Silica Fume 

The chemical interactions between clay soils and silica fume have not been 

extensively investigated, thus hindering a precise interpretation of the resulting 

chemical reactions. Despite the absence of existing research on the interaction 

between clay and silica fume, an understanding of the chemical composition of silica 

fume can provide perspectives on potential reactions that may occur when silica 

fume is introduced into the soil. Amorphous silicon dioxide (SiO2) is the 

predominant oxide present in SF, providing it as a pozzolanic agent (Fattah et al., 

2015a; Goodarzi et al., 2016). 
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Since silica fume can be considered a natural pozzolan, there is a potential concern 

regarding its workability in the absence of additional substances. In order to observe 

or ascertain that, a study was conducted by Topçuoğlu & Gürocak, (2023)  with the 

objective of identifying the molecular alterations induced by silica fume and some 

other pozzolanic additives in the microstructure of pure bentonite clay using FT-IR 

Spectroscopy assessment. This study investigates the effects of various additives, 

including bentonite clay, silica fume, and other pozzolans. The additive samples 

were prepared by incorporating these additives into bentonite at different 

concentrations. Subsequently, the samples were compacted at the optimal water 

content, cured, and subjected to FT-IR Spectroscopy analysis. In the context of 

adding silica fume as an additive substance, the FT-IR spectrum exhibited no notable 

alterations. This can be attributed to the inability of the pozzolanic constituents of 

silica fume to generate calcium silicate hydrate (CSH) gel, primarily due to the lack 

or minimal presence of lime within the surrounding environment. Nevertheless, 

when subjected to water, these substances undergo a reaction with calcium hydroxide 

under typical conditions, such as at room temperature. This reaction results in the 

formation of compounds, specifically calcium silicate hydrate and calcium aluminate 

hydrate, which possess properties that are characteristic of cement. The 

aforementioned reaction is commonly referred to as a pozzolanic reaction (Chung, 

2017). 

Calcium hydroxide combines with the active silica to produce calcium silicate 

hydrate gels (CaSiO3.H2O). Kalkan & Akbulut, (2004) provide the following 

equation to describe the fundamental silica fume-calcium interaction in clay: 

𝐶𝑎2+ + 𝑂𝐻− + 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑠𝑖𝑙𝑖𝑐𝑎 → 𝑐𝑎𝑙𝑐𝑖𝑢𝑚 𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 ℎ𝑦𝑑𝑟𝑎𝑡𝑒 (𝐸𝑞. 2.6) 

It was discovered that the material resulting from the above process enhanced 

strength and increased brittleness compared to its previous state. There have been 

previous studies conducted on similar concepts, as evidenced by the works of Bell, 

(1993) and (Sherwood, 1993). According to Türköz et al., (2018), the inclusion of 

silica fume triggers a transition in the pattern of clay particles from a dispersed 
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structure to a flocculated structure. Additionally, this process leads to the formation 

of fresh cementing compounds. The soil pores are filled to a large extent, and the 

hydration gels are covered the particle surfaces. Additionally, the flocculated 

calcium ions (Ca+2) consist mostly of lime and silica dioxide (SiO2) derived from 

silica fume. The development of this substance can quickly cover the empty spaces 

within the soil and effectively bind the clay particles together, leading to a 

progressive enhancement of the geotechnical characteristics of the soil with 

increasing additive content (Goodarzi & Salimi, 2015). 

2.9.1.2.4 Previous Studies Conducted by Silica Fume 

The initial investigations into the application of silica fume as a by-product of silicon 

metal or ferrosilicon alloy manufacturing, which showed up as an industrial waste, 

began in Norway during the 1950s with the aim of addressing environmental 

concerns (Yeğinobalı, 2011). According to Holland et al., (2006), silica fume was 

initially utilized in various countries throughout the industrial revolution of the mid-

twentieth century as a means to mitigate the emission of substances into the 

atmosphere. Numerous investigations and diverse implementations have been 

conducted in relation to silica fume, with particular emphasis on its utilization within 

the construction sector (Al-Mansour et al., 2019). In 1969, an experimental 

investigation was conducted in Norway to assess the efficacy of adding this specific 

substance as a cement admixture. This substance, known for its outstanding 

pozzolanic properties resulting from its fine-grained nature and significant 

concentration of amorphous silica, was evaluated for its effectiveness in enhancing 

cement performance. The utilization and investigation of silica fume's behavior in 

concrete exhibited a slow pace of progress until the early 1980s, primarily 

concentrated in Scandinavian countries (Yeğinobalı, 2011). The utilization of silica 

fume in concrete serves to enhance its fundamental features. According to U.S 

ARMY CORPS OF ENGINEERS, (1999), the utilization of silica fume has been 

observed to enhance compressive strength, bond strength, and abrasion resistance. 
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Additionally, it has been noted to decrease permeability, thereby aiding in the 

preservation of reinforcing steel by reducing the risk of corrosion. 

In past decades, the cost of this material was approximately 40% lower compared to 

Portland cement (Yoder & Witczak, 1975). However, its current price has increased 

due to its widespread use in the production of concrete (Sadrmomtazi et al., 2018). 

The silica fume, regardless of being collected as a waste material from industrial 

processes, has gained significant value as a by-product within the category of 

pozzolanic materials. This is primarily attributed to its exceptional reactivity and 

strong pozzolanic characteristics (Atiş et al., 2005). The utilization of this specific 

pozzolanic substance as a replacement for cement results in enhancements in the 

features of concrete, particularly in terms of its strength characteristics (Khan & Ali, 

2019; Siddique & Chahal, 2011). The integrated use of silica fume as a partial 

replacement or an additive for cement has been reported in the production of concrete 

utilized for structural uses (Khan & Ali, 2019; Köksal et al., 2008; Li, 2021; Ortega 

et al., 2018; Sadrmomtazi et al., 2018; Silva et al., 2020). The study conducted by 

Liu et al., (2019) demonstrated a notable enhancement in the durability and 

resistance to freeze-thaw cycles of a pervious concrete lining material when 

incorporating varying proportions of supplementary cementitious material (SF) as a 

replacement for cement. A study was carried out by Topçu & Kaval, (2001) to 

analyze the economic implications of incorporating silica fume in concrete. 

According to Sezer, 2012), it is recommended to add SF amounts ranging from 5% 

to 10% in order to mitigate concrete bleeding and enhance resistance against sulfate 

attacks and chloride ions. Silica fumes have gained significant popularity as a 

modifier in conventional cement concrete due to its outstanding performance. 

Various studies have been carried out in the literature to assess the impact of silica 

fume on soils with problematic characteristics. The present studies aim to assess the 

performance of swelling and dispersive soils that have been subjected to treatment 

with SF. The evaluation primarily focuses on the strength characteristics of these 

soils, particularly in static conditions, as well as the alterations observed in their 

geotechnical index features. In their study, Abd El-Aziz et al., (2004) observed that 
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the incorporation of lime (L) within the soil, ranging from 5% to 9%, along with 10% 

silica fume, resulted in enhanced engineering characteristics of the soil.  

The study conducted by Al-Zairjawi, (2009) investigated the effects of incorporating 

a cement and silica fume additive on the compaction properties and strength of a 

high plasticity clay soil. The experimental findings indicate that the addition of an 

8% cement and 6% silica fume mixture resulted in a reduction of the maximum dry 

density from 1.64 to 1.55 g/cm3. Additionally, this mixture led to a rise in the 

optimum moisture content from 19 to 23%.  

Bharadwaj & Trivedi, (2016) performed a set of laboratory tests involving samples 

containing varying proportions of silica fume, specifically 0%, 5%, 10%, and 15% 

by weight of dry soil. The experiment's results indicated a notable alteration in the 

consistency limits of samples that included silica fume. Furthermore, there was a 

notable reduction in the differential free swell, which lowered from 48.46% to 9%. 

This indicates a substantial reduction in the amount of swelling exhibited by the 

material. The findings of the study indicated that there was a reduction in swelling 

potential as the percentage of silica fume treatment increased. 

In their study, Amina & Rani, (2017) employed hydrated lime and silica fume as 

waste materials for the purpose of treating dispersive soil. The researchers reached 

the conclusion that the usage of appropriate additives, such as lime and lime 

combined with silica fume, resulted in a notable reduction in the dispersive 

properties of the soil. The experimental results indicated that the addition of 5% L 

and 2% L + 12% SF led to a reduction in the dispersive properties of the soil. 

In a study published by Al-Soudany, (2018), the author examined the effectiveness 

of enhancing the geotechnical characteristics of soft clay soil through the application 

of varying proportions of silica fume (0%, 3%, 5%, and 7%). The silica fume-treated 

soils went through various tests, including classification, determination of specific 

gravity, evaluation of compaction characteristics and swelling pressure, as well as 

California bearing ratio (CBR) and unconfined compressive strength (UCS) tests. 

Consequently, it was found that the plasticity index and liquid limit exhibited a 
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reduction in response to the increasing content of silica fume. The augmentation of 

silica fume led to a rise in the optimal water content, whereas the maximum dry unit 

weight values exhibited a decrease. The utilization of silica fume has been found to 

enhance the performance of UCS (unconfined compressive strength), CBR 

(California Bearing Ratio), and swelling pressure. Based on existing literature in the 

field of soil stabilization, it is commonly observed that silica fume is utilized as a 

supplementary material, either independently or in conjunction with other additives 

like lime and cement, with the aim of enhancing the engineering characteristics of 

expansive soils. 

In a study done by Fattah et al., (2015b), it was observed that the bearing capacity of 

a square foundation constructed on soft clay soil, which had been treated with a 

combination of lime and silica fume, exhibited a notable increase. The study 

involved varying amounts of lime, specifically 2%, 4%, and 6%, in combination with 

different amounts of silica fume, specifically 2.5%, 5%, and 10%. Through 

experimentation, the optimal percentage of silica fume was obtained and 

subsequently mixed with the corresponding lime percentages. The slurry mixture 

was pumped into the surrounding area of the foundation at various depths and 

distances. An enhancement in the bearing capacity ranging from 6.58% to 88%, was 

achieved through the implementation of injection techniques away from 0.5 times 

the width of the foundation (B) around the foundation. 

The study carried out by Goodarzi et al., (2016) investigated the potential application 

and efficacy of utilizing a combination of cement and silica fume (CSF) for 

stabilizing expansive clay. A clay sample was subjected to two separate additions of 

cement, and CSF blends with a 10% replacement of cement. Subsequently, a range 

of macro and micro-level tests were conducted under different curing conditions to 

assess the reactions to these modifications. The experimental results involving CSF 

demonstrate a notable increase in strength (approximately 35%) and a decrease in 

compression index (an increase of approximately 50%) when compared to the 

performance of single usage of the cement. The utilization of supplementary 

materials such as SF in cement has been observed to result in a decrease in both the 
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amount of binder required and the time needed for curing in the treatment of 

expansive clay. This finding is significant as it highlights the potential of SF in 

contributing to waste recycling efforts. 

Kalkan, (2009) found that the usage of silica fume admixture had a significant impact 

on mitigating desiccation cracks in expansive clays. In a separate study done by 

Kalkan, (2011), the impact of wetting-drying cycles on the swelling characteristics 

of clay soil that had been treated with varying proportions of silica fume (10%, 20%, 

25%, and 30%) was examined. The samples prepared with silica fume amounts 

ranging from 25% to 30% exhibited a noticeable improvement in both swell 

percentage and swell pressure of the modified soil.  

In a study made by Tiwari & Satyam, 2019), an experimental investigation was 

carried out to assess the impact of polypropylene fiber on the swelling pressure and 

expansion characteristics of clay soil treated with silica fume. The research was 

conducted in a tripartite manner, resulting in the assessment of the impact of various 

combinations consisting of varying amounts of fiber (0.25%, 0.50%, and 1.00%) and 

silica fume (2%, 4%, and 8%) in together. The soil's expansive behavior was 

enhanced, resulting in a transition from a soil classification that is characterized by 

high plasticity clay (CH) to one characterized by low plasticity clay (CL), as 

evidenced by reductions in both the plasticity index and liquid limit values. The 

research findings indicate that silica fume possesses significant potential for 

modifying the properties of expansive clay. This is attributed to the reaction between 

silica and calcium, resulting in the formation of calcium silicate hydrate (CSH) gel. 

The objective of the study conducted by Zaini & Hasan, (2023) is to investigate the 

potential of using silica fume at amounts ranging from 4% and 6%, along with lime 

at addition levels of 3%, 5%, 7%, and 9%, for the purpose of stabilizing kaolin soil. 

The optimal percentages of SF and lime for achieving maximum shear strength are 

4% and 7%, respectively. The addition of SF and lime to kaolin resulted in increased 

unconfined compressive strength and friction angle compared to kaolin treated 

separately with SF and lime. This improvement can be attributed to the enhanced 
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effectiveness of pozzolanic reactions between SF and lime in conjunction with soil 

particles. Upon the addition of silica fume to the mixture of lime and kaolin, it 

initially exhibits inactive behavior. Upon the beginning of the reaction between lime 

and water in the mixture, the formation of Calcium Silicate Hydrate (CSH) and 

calcium hydroxide occurs. These compounds play a crucial role in the crystallization 

process that contributes to the development of strength. The pozzolanic reaction is a 

chemical process that takes place between silica fume and calcium hydroxide, 

resulting in the formation of additional calcium silicate hydrate (CSH) within the 

voids surrounding the hydrated particles. 

In a study handled by Khalid et al., (2023), a new approach is suggested for the 

stabilization of highly expansive soils. This approach involves the integration of 

milled wheat straw (WS) with minimal screening and silica fume (SF) in a manner 

of a composite binary admixture (CBA). The mechanical properties of soil treated 

with CBA were evaluated using unconfined compression, direct shear, and flexural 

tests. The results indicated that adding 16% of CBA and a curing period of 28 days 

led to a significant increase in unconfined compressive strength (qu), cohesion (c), 

and flexural strength (f) by 94.3%, 65.7%, and 90.7% accordingly. In addition, the 

evaluation of volumetric change variations is done by the examination of ID ? 

consolidation and swelling tests. The results indicated a significant reduction in 

various parameters, including the compression index (Cc), recompression index (Cr), 

swell potential, free swell index (FSI), and swell pressure. Specifically, the addition 

of 16% CBA in the soil and a curing period of 28 days resulted in reductions of 

72.5%, 47.7%, 59%, 35.8%, and 65% for Cc, Cr, swell potential, FSI, and swell 

pressure, respectively. Furthermore, the wetting-drying (W-D) cycle tests provided 

evidence to support the notion that soil treated with CBA exhibited a reduced 

susceptibility to the effects of wetting-drying seasons in contrast to soil that was not 

subject to treatment. The mineralogical and microstructural examinations 

demonstrated that the presence of CBA in the soil matrix establishes a well-balanced 

Ca:Si and Ca:Al environment. This environment leads to the formation of cementing 

compounds, namely CSH and CAH, which contribute to the development of strong 
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bonds and enhance the aggregation of expansive soil particles. Consequently, the 

mechanical properties of the soil are improved.  
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CHAPTER 3  

3 EXPERIMENTAL STUDY 

3.1 Purpose 

The experimental study aims to examine the effects of the addition of silica fume 

with lime on grain size distribution, consistency limits, swell percentage, and 

unconfined compressive strength; and to investigate the effect of curing on swelling 

percentage and unconfined compressive strength on an expansive soil treated with 

silica fume and lime. 

3.2 Materials 

Kaolinite: The Kalemaden Endüstriyel Hammaddeler Sanayi, ve Ticaret A.Ş. from 

Çanakkale, Turkey, sent Kaolinite as gravel-sized grains. Those grains were 

crumbled, sieved from the No. 40 sieve, and dried in a 40o C oven before the study 

(Figure 3.1). 

 

Figure 3.1 Kaolinite 
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Bentonite: The bentonite type was Na-Bentonite, provided by the Karakaya 

Bentonit Sanayi ve Ticaret A.Ş. Ankara, Turkey. The bentonite was sieved from the 

No. 40 sieve and dried in a 40o C oven before the study (Figure 3.2). 

 

Figure 3.2 Bentonite 

Lime: A hydrated lime produced by Baştaş Kireç Fabrikası in accordance with the 

TS EN 459-1 CL 70-S regulations provided. The lime was sieved from the No. 40 

sieve and dried in a 40o C oven before the study (Figure 3.3). 

 

Figure 3.3 Hydrated Lime 

Silica Fume: The silica fume was taken from Antalya Elektrometalurji A.Ş, 

obtained by special-filtered dust holders in the ferrosilicon (FeSi) and ferrochrome 

silicon (SiFeCr) furnaces. The silica fume was sieved from the No. 40 sieve and 

dried in a 40o C oven before the study (Figure 3.4). 
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Figure 3.4 Silica Fume 

The chemical compositions of the kaolinite, bentonite, lime, and silica fume used in 

experiments are obtained from their suppliers and given in Table 3.1.   

Table 3.1 Chemical Compositions of Kaolinite, Bentonite, Lime, and Silica Fume 

Composition (%) Kaolinite Bentonite Lime 
Silica 

Fume 

SiO2 47.89 61.28 <0.10 85-95 

Fe2O3 * 3.01 <0.10 0.5-1.0 

Al2O3 36.75 17.79 <0.10 1.0-3.0 

MgO 0.09 2.1 0.9 1.0-2.0 

CaO 0.39 4.54 95.55 0.8-1.2 

Na2O 0.01 2.7 * * 

K2O 0.75 1.24 * * 

SO4 0.37 * * * 

TiO2 0.61 * * * 

C * * * 0.5-1.0 

S * * * 0.1-0.3 

Loss of Ignition 12.73 * 3.2 0.5-1.0 

*Not determined 

 

 



 

 

58 

3.3 Preparation of the Samples 

Expansive soils are prevalent in nature. At the same time, it may be impossible to 

demonstrate the stabilizers' true stabilization mechanisms due to the potential 

inhomogeneity or degradation of these types of soils. So, the expansive soil sample 

used in this research was artificially made in the laboratory. The prepared expansive 

soil sample (No-Additive sample) consists of 85% of kaolinite and 15% bentonite 

by dry mass. 

At the beginning of the preliminary studies, the silica fume effect was pretested, and 

the outcomes showed that using silica fume with lime decreased the swelling 

percentage by a sufficient amount. Then, two sets of samples are constituted, with 

11 samples. During these processes, the relative amounts of kaolinite and bentonite 

remained constant. The additive percentages of each constituted sample are given in 

Table 3.2. 

Initially, all ingredients, bentonite, kaolinite, lime, and silica fume, were held in a 50 

oC oven for at least two nights to dry without evaporating the waters between the 

sheets. Then, each was crushed to pass from the No. 40 sieve with a trowel and plastic 

hammer. The required amounts of oven-dried and No. 40-sieved components were 

weighed and put into the sample combinations, which will be analyzed. Then, the 

resulting dry mixtures are run through a No. 10 for eight times to achieve as much 

as possible homogeneity.  

After mixing the dry components, each sample was subjected to a standard proctor 

test. Each sample's maximum dry density and optimum moisture content were 

obtained after the tests. And then, each of the samples was mixed with optimum 

water content to achieve maximum dry density. The samples were then sealed in 

ceramic containers and left in a desiccator for at least two nights to avoid 

heterogeneous water distribution (Figure 3.5). 
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The same method was followed to prepare the specimens for the tests in which the 

samples were cured. The samples were left to cure for 7 or 28 days at 22 °C and 70% 

humidity rate following mixing and compacting procedures. 

Table 3.2  Percent Additive in Each Sample 

Name 
Kaolinite + 

Bentonite (%) 

Lime 

(%) 

Silica Fume 

(%) 
 

No-Additive 100 - -  

3% L 97 3 -  

3% L + 5% SF  92 3 5  

3% L + 10% SF  87 3 10  

3% L + 15% SF  82 3 15  

3% L + 20% SF  77 3 20  

5% L 95 5 -  

5% L + 5% SF 90 5 5  

5% L + 10% SF 85 5 10  

5% L + 15% SF 80 5 15  

5% L + 20% SF 75 5 20  
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3.4 Sample Properties 

Standard proctor tests, hydrometer tests, consistency limit tests, and specific gravity 

tests were applied to each sample as basic index tests. Moreover, each test was 

carried out in line with the relevant standards. As an important note, it should be 

stated that all of the basic index tests have conducted without the effect of pozzolanic 

reactions. 

Standard proctor tests were applied to obtain compaction curves. ASTM D698 

standard procedures were used while doing the tests. The mixtures were first dry-

weighted and mixed roughly, and then the dry mixture passed from the No. 10 sieve 

eight times to have a high homogeneity. The experiment started with approximately 

15% water content and increased by approximately 5% each time. The compaction 

curves of untreated and treated with 3% lime with varying percentages of silica fume 

samples are shown in Figure 3.6, and 5% lime with varying percentages of silica 

fume samples are given in Figure 3.7. In addition, the saturation values at the 

maximum dry density state of the treated and No-Additive sample are given in Table 

3.3. 

Grain size distribution curves of each sample were obtained by hydrometer test, done 

according to ASTM D7928. Since lime is a water-soluble substance, there was a 

need for a lime correction for ten out of eleven samples. This adjustment was made 

by adding the necessary amount of lime to the water-sodium hexametaphosphate 

solution. Then, the readings were used while calculating the value of the agent term. 

The grain size distribution curves of two different lime-containing sets are shown in 

Figures 3.8 and 3.9.  

Consistency limits tests were done in line with ASTM D4318. Before performing 

the tests, dry mixtures were blended with an eyeball-estimated amount of water, then 

placed in a humidity cabinet for one night to let water for absorption. Each of the 

liquid limit and plastic limit tests were repeated three times. The samples were 
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classified (Figure 3.10) by Unified Soil Classification System (USCS), with the 

results of consistency limit tests. 

Specific gravity tests of the sample could not be done as mixtures. The reasons for 

this were; having hydrated lime that is soluble in water, becoming swollen and sticky 

due to relatively high percentages of bentonite, and having pozzolanic reactions. 

Then, each of the materials that were used in the samples was tested separately. 

ASTM D854 was followed while conducting specific gravity tests of kaolinite, 

bentonite, and silica fume. ASTM C188-14 was done to get the specific gravity value 

of lime. The procedure for ASTM C188-14 is as follows: 

1. Make ready 50 gr of oven-dried soil sample. 

2. Fill the Le Chatelier bottle with kerosene to a 0 to 1 mL scale at the stem. 

3. Put the Le Chatelier bottle in a water bath set for a temperature between 23 

± 2 oC. 

4. Let the Le Chatelier bottle in a water bath for at least an hour. 

5. Take the bottle out of the water bath, and get the initial volume measurement, 

V1. 

6. Pour the prepared sample into the bottle without missing any particles using 

a glass funnel and close the flask with a stopper. 

7. Either rotate the bottle while it is in a tilted position or carefully shake it in a 

horizontal plane. 

8. Immerse the flask in a constant-temperature water bath for long enough to 

prevent differences in the temperature of more than 0.2 oC between the first 

and last readings. 

9. Take the bottle out of the water bath, and get the final volume measurement, 

V2. 

10. Do this test at least two times to achieve less standard deviation than 0.10.  

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑆𝑎𝑚𝑝𝑙𝑒, 𝜌 =
𝑚

(𝑉2 − 𝑉1)
(𝐸𝑞. 3.1) 

where m: Mass of the sample (gram) 
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V1: First read volume (cm3) 

V2: Last read volume (cm3) 

After obtaining every material's specific gravity value, each of the samples' specific 

gravity values is calculated by using the percentages of them from Table 3.1. 

Furthermore, the change in specific gravity due to the effect of additives is shown in 

Figure 3.11.                                                         

The variation in the liquid limit, plastic limit, and plasticity index are given in Figures 

3.12, 3.13, and 3.14, respectively. 

The activity values are calculated using the results of the hydrometer and Atterberg 

limit tests. In addition, the swelling potential is determined from the classification 

chart Seed et al., (1962) suggested. Figure 3.15 shows the provided chart, which 

contains each sample. 

The properties of samples are tabulated in Table 3.4. 

Table 3.3 Saturation Values at Maximum Dry Density State 

Name Saturation (%) 

No-Additive 90.10 

3% L 83.15 

3% L + 5% SF  97.27 

3% L + 10% SF  93.40 

3% L + 15% SF  89.89 

3% L + 20% SF  95.35 

5% L 83.98 

5% L + 5% SF 91.96 

5% L + 10% SF 91.71 

5% L + 15% SF 89.67 

5% L + 20% SF 82.88 
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3.5 Test Procedures 

3.5.1 Free Swell Test 

3.5.1.1 Preparing the Specimen 

The specimens were prepared as reconstituted samples. The dry samples were mixed 

with their optimum water content amount and left in a humid room for two nights 

for evenly distributed water. One day desiccator-waited bulk samples were 

compacted for their maximum dry density values, as stated in Table 3.2. The 

procedure was done by statically compacting the bulk samples in a cutting ring with 

18.9 mm height and 63 mm diameter (Figure 3.16) using a hydraulic jack (Figure 

3.17). In addition, the three-layered under-compaction method was used to have 

more homogeneously compacted specimens. 

 

Figure 3.16 A View of the Specimen Compacted into the Cutting Ring 

3.5.1.2 Test Procedure 

The free swell test method was used to determine the swelling percent of the 

specimens, which were compacted in the cutting ring as previously described. ASTM 

D4829 was followed while conducting the free swell test. All of the free swell tests 
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were done by using the Bishop apparatus (Figure 3.17). The following procedure is 

applied for the free swell test: 

1. Put porous stone with filter paper on top of it at the base of the oedometer 

cell. 

2. Place the cutting ring that has the compacted specimen on filter paper. 

3. Put another filter paper over the top of the cutting ring surface. 

4. Fix the cutting ring, and place the top cap on the upper filter paper. 

5. Place and adjust the loading frame and arm. 

6. Apply a small surcharge (7 kPa) without inundating the cell for 10 minutes 

to let it compress under the surcharge. 

7. Adjust the dial gauge to zero after 10 minutes of applying the surcharge load. 

8. Pour distilled water until the cell is full of water. 

9. Start the chronometer when the dial gauge readings start to increase. 

10. Take readings at specific intervals (0.5 min, 1 min, 2 min, 4 min, 15 min, 30 

min, 1 hour, 2 hours, one day, two days) until the change between the two 

readings becomes less than 0.005 times specimen height. 

The obtained data were used to calculate each of the specimen's free swell 

percentages as follows: 

𝑆𝑤𝑒𝑙𝑙 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 =   (
𝐻𝑓 − 𝐻𝑖

𝐻𝑖
) × 100 (𝐸𝑞. 3.2) 

Where  Hi = Initial height of the sample  

Hf = Final height of the sample 

The time vs. swell percentage graphs were plotted by using the Taylor method. 

The stabilization percentages are calculated by below equation. 

𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 =   (
𝑈𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑆𝑤𝑒𝑙𝑙 − 𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑆𝑤𝑒𝑙𝑙 

𝑈𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑆𝑤𝑒𝑙𝑙 
) × 100(𝐸𝑞. 3.3) 

Since there will be both the effects of silica fume + lime application and replacing 

some amount of expansive soil with unexpansive soil had a part in reducing the No-
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Additive samples swelling percent value in treated samples, there could be a 

correction application. Within this concept the “net swell” values can be calculated 

for each treated sample by simply: 

𝑁𝑒𝑡 𝑆𝑤𝑒𝑙𝑙 = 𝑈𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑆𝑤𝑒𝑙𝑙 𝑥 (100 − 𝑇𝑜𝑡𝑎𝑙 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑜𝑓 𝐴𝑑𝑑𝑖𝑡𝑖𝑣𝑒) (𝐸𝑞. 3.4) 

With the calculated net swell values, the net swell stabilization percentages are 

calculated for each specimen. 

Although, it can be stated that the collected datas can be used to check the rate of 

swell, there is just one theory about the rate of swell estimation in the literature. 

According to Basma & Tuncer, (1991), it is proposed that the swell rate might be 

determined by measuring an amount of time equivalent to fifty percent of the 

final swell value.  

For studies on cured specimens, the cutting ring-compacted samples were allowed 

to cure without wrapping around in a desiccator in a humidity room. The specimens 

were cured for periods of 7 and 28 days. 

 

Figure 3.17 Bishop Apparatus 
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3.5.1.3 Results 

At least two tests were done for every sample to decide whether they have done 

correctly. When reporting test results, two values close enough to each other were 

taken, their average was taken and reported. 

The percent swell vs. time graph for No-Additive sample is shown in Figure 3.18.  

The percent swell vs. time graph of the lime plus silica fume added samples are 

shown in Appendix A. 

Since swell rate estimation is just based on a single suggestion, the swell rate results 

were not detailed and considered due to that. However, a graph in Appendix C shows 

swell percent vs. percent additive results with 0-7-28 days of curing for each treated 

sample. 

Swelling percentage by percent additive graph of No-Additive sample and lime plus 

silica fume treated without curing samples are shown in Figure 3.19. 

Swelling percentage by percent additive graph of No-Additive sample and lime plus 

silica fume treated with 7 days of curing samples are shown in Figure 3.20. 

Swelling percentage by percent additive graph of No-Additive sample and lime plus 

silica fume treated with 28 days of curing samples are shown in Figure 3.21. 

The net swell percentage vs. percent additive graph of the lime plus silica fume added 

samples are shown in Appendix D. And also, stabilization percentages in net swell 

percentages by changing additive percentages are given in Appendix D. 

In order to clearly observe the influence of the additives and the effect of curing, 

the swelling percentage of No-Additive sample was presented in all swell 

percentages by percent additive figures. 
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3.5.2 Unconfined Compression Test 

3.5.2.1 Preparing The Specimen 

The specimens were prepared as explained in section 3.3, except the dimensions of 

the specimens were 36 mm diameter and 72 mm height. In Figure 3.22, the used 

equipment that was used to get appropriate dimensioned specimens is shown. In 

addition, a view from static compaction done by hydraulic jack is given in Figure 

3.23. While compacting the samples, the procedure is used as follows: 

1. Put filter paper not to lose any particles. 

2. Place the compaction mold and its extender over the filter paper. 

3. Pour soil into the mold with the help of a funnel. 

4. Statically compact the sample with the long part of the piston. 

5. Remove the extender and turn the mold upside down to have a uniform 

density. 

6. Compress the sample with the short part of the piston. 

7. Put another mold with a larger diameter than the specimen to remove the 

sample from the compaction mold without any disturbance. 

Take the specimen from the mold in the reverse direction they were compacted. 



 

 

84 

 

Figure 3.22 Equipments for Specimen Compaction for Unconfined Compressive 

Strength Test 

 

Figure 3.23 A View of Static Compaction Done by Hydraulic Jack 
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3.5.2.2 Test Procedure 

The unconfined compressive strength tests were done with Wykeham Farrance 

Tritech ID 10 kN compression test machine (Figure 3.24) according to ASTM 

D2166. Three commonly prepared specimens were tested for each of the samples. 

The steps were followed: 

1. Place the soil between the greased plates. 

2. The ASTM D2166 is stated that the strain rate could be between 0.5 to 2 

percent per mm/min. In this study, a 1% strain rate is used, which equals 

0.72 mm/min. And this strain rate was maintained for all of the UCS tests. 

3. Move the bottom until the loading frame touches the specimen (can be 

identified by observing one to two division changes in the axial load dial 

gage) 

4. Start the test and move the bottom plate until one failure condition is 

observed. 

 If an apparent failure plane is observed, 

 If the axial load drops by 25%, 

 If the specimen has reached 15% strain, 

 When the specimen has reached 5% strain after the peak strength, 

5. After the test, take diameter measurements to check the cylindrical 

assumption. 

6. Take water content measurements. 

The deformation modulus which can be called as E50 value is obtained by drawing a 

secant line to cu value.  

The prepared specimens were left to cure in the absence of any coverings in a 

desiccator which was also in a humidity cabinet for testing the cured specimens. The 

curing periods of 7 and 28 days were obtained. 
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Figure 3.24 Uniaxial Compression Test Device 

3.5.2.3 Results 

At least two tests were done for every sample to decide whether they have done 

correctly. When reporting test results, two values close enough to each other were 

taken, their average was taken and reported. 

The stress vs. strain graphs for No-Additive sample is shown in Figure 3.25.  

The stress vs. strain graphs of the lime plus silica fume added samples are shown in 

Appendix A. 

Unconfined compressive strength by percent additive graph of No-Additive sample 

and lime plus silica fume treated without curing samples are shown in Figure 3.26. 
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Unconfined compressive strength by percent additive graph of No-Additive sample 

and lime plus silica fume treated with seven days of curing samples are shown in 

Figure 3.27. 

Unconfined compressive strength by percent additive graph of No-Additive sample 

and lime plus silica fume treated with 28 days of curing samples are shown in Figure 

3.28. 

In order to observe the influence of the additives and the effect of curing, the 

unconfined compressive strength of No-Additive sample was presented in all 

unconfined compressive strength by percent additive figures. 

Deformation modulus, E50 by percent additive graph of No-Additive sample and lime 

plus silica fume treated without curing samples are shown in Figure 3.29. 

Deformation modulus, E50 by percent additive graph of No-Additive sample and lime 

plus silica fume treated with seven days of curing samples are shown in Figure 3.30. 

Deformation modulus, E50 by percent additive graph of No-Additive sample and lime 

plus silica fume treated with 28 days of curing samples are shown in Figure 3.31. 

In order to observe the influence of the additives and the effect of curing, the 

unconfined compressive strength of No-Additive sample was presented in all 

deformation modulus, E50 by percent additive figures. 
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CHAPTER 4  

4 DISCUSSION OF RESULTS 

4.1 Effect of Stabilizers on Specific Gravity, Gs 

Specific gravity values for kaolinite, bentonite, lime, and silica fume were 2.61, 2.75, 

2.41, and 2.41, respectively. The specific gravity of No-Additive sample was 

determined to be 2.63. Lime and silica fume's specific gravity is less than No-

Additive sample's. As a result, the samples created by adding lime and silica fume 

had a lower specific gravity than No-Additive sample (Figure 3.11). 

4.2 Effect of Stabilizers on Grain Size Distribution 

The addition of stabilizers altered No-Additive sample's grain size distribution curve 

to the coarser side (Figures 3.8, 3.9). Furthermore, according to Table 3.3, for the 

3% lime-added set, the 3% L + 15% SF sample showed the maximum stabilization 

with the maximum increase in silt percentage. Also, the 5% L sample had the 

maximum stability with the maximum change in silt percentage for the 5% lime-

added group. Since sodium hexametaphosphate was used during the hydrometer 

tests, the percent change in silt value can not be related to the flocculation resulting 

from pozzolanic reactions. Finally, the changing of grain size distribution curves was 

caused mainly by adding coarser material to No-Additive sample. 

Furthermore, the present findings are consistent with the results reported by Kumar 

et al., (2012), which demonstrated that a rise in lime amount is associated with a 

noticeable decrease in clay content and a simultaneous increase in the proportion of 

coarser particles. 
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4.3 Effect of Stabilizers on Maximum Dry Density, dry,max and Optimum 

Moisture Content, wopt 

The effect of additives on the optimum water content (wopt) and maximum dry 

density values (ρdry,max) obtained from the compaction tests performed with standard 

proctor energy on the samples are shown in Figures 4.1 and 4.2. As shown in Figure 

4.1, the maximum dry density, dry,max values decrease with the addition of lime and 

silica fume. As seen in Figure 4.2, the optimum water content, wopt values increase 

with the addition of lime and silica fume together; however, the optimum water 

content values decrease with just lime.  

As stated by ,Sharma et al. (2012), the particles coat the clay surfaces, leading to the 

formation of larger particles with additional gaps, consequently causing a decrease 

in density. The stabilizing agent is used to fill the voids in the modified soil samples 

(Yarbaşı et al., 2007). The reduction in the overall surface area occurs when the soils 

are covered and interconnected by SF and numerous lime particles through 

coagulation and aggregation. This is due to the increased demand for water in the 

pozzolanic reaction of the free radicals of lime. Consequently, this process requires 

an increased quantity of water, resulting in an increase in the Optimum Moisture 

Content (OMC) (Zaini & Hasan, 2023). Yarbaşı et al., (2007) reported that altering 

the particle size and porous structure of clayey specimens treated with silica fume 

resulted in an elevation of the optimum moisture content (OMC). In addition, the 

inclusion of silica fume can lead to a decrease in the amount of free clay, leading to 

a material that is coarser and possesses a larger surface area. According to the 

findings of Harichane et al., 2011a), it is evident that this particular technique 

necessitates a greater amount of energy, thereby implying that an increased quantity 

of water is required for the compression of the specimens. Furthermore, the slight 

decline in the optimum moisture content (OMC) can be explained by the research 

conducted by Harichane, et al., (2011b). This decrease is mainly due to the 

substitution of soil with natural pozzolana, which possesses a comparatively lower 

specific gravity.  
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4.4 Effect of Stabilizers on Consistency Limits 

The liquid limit of No-Additive sample was found as 106%, and it decreased with 

the addition of stabilizers (Figure 3.12). The liquid limit values increase with 

increasing silica fume content, keeping 5% lime content constant. On the other hand, 

there is no such trend in the 3% lime added set. The minimum liquid limit is 90% in 

both 3% and 5% lime-added samples without the addition of silica fume. 

The plastic limit values for all samples ranged from 31% to 43%. No-Additive 

sample had the lowest plastic limit (31%), indicating that the mixture of all stabilizers 

increased the plastic limit of No-Additive sample (Figure 3.13). The plastic limit 

values increase as the silica fume percentage increases while the 5% lime content 

remains constant. Nevertheless, the 3% lime added set shows no such tendency. The 

maximum plastic limit is 43% in 5% lime plus 20% silica fume added sample.  

The samples' plasticity index values are derived using the plastic and liquid limit 

values obtained from the Atterberg Limit Tests. With the addition of stabilizers, the 

plasticity index was reduced because the liquid limit decreased and the plastic limit 

increased (Figure 3.14). No-Additive sample's plasticity index was calculated to be 

75%. On the other hand, there is not any trend obtained by changing the percent 

additives. 

The decrease in the soil specimen's plasticity characteristics can be linked to the 

substitution of clay particles with nonexpansive silica fume particles, which possess 

lower plasticity. Furthermore, as noted by Abd El-Aziz et al., (2004), the application 

of SF results in the coating and binding of clay particles that have limited 

cementitious properties, as well as the formation of a pozzolanic reaction between 

SF and aluminous materials. This process ultimately leads to a reduction in the liquid 

limit and plasticity index. Al-Soudany, (2018; Harichane et al., (2018; Kalkan, 

(2011; Phanikumar et al., (2020) documented comparable results in their studies. 
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4.5 Effect of Stabilizers on Activity, Ac 

With the addition of lime plus silica fume, the activity of No-Additive sample 

reduced. In addition, there is no such similar trends obtained in 3% and 5% lime-

added sets (Figure 4.3). 
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4.6 Effect of Stabilizers on Swell Percentage 

The inclusion of stabilizers reduced sample swell percentages. Percent differences 

in swelling percentages by changing additive percentages are shown in Figure 4.4. 

As can be seen, in both 3% and 5% lime added sets, the trend in the variation of the 

swell percentages in between the changing silica fume percentages was the same. 

Hence, in comparison to lime solely, the lime-silica fume mixture demonstrates 

superior efficacy in mitigating the swelling tendency of expansive soil and exhibits 

a reduced time requirement to achieve maximum volumetric change resulting from 

swelling. The observed behavior can be attributed to the occurrence of the pozzolanic 

reaction between lime and silica subsequent to the decomposition of silica from clay 

minerals. This process requires a significant duration for the development of 

pozzolanic compounds and the following binding of particles. Conversely, the 

introduction of a greater concentration of silica into the soil with the addition of silica 

fume leads to an accelerated reaction between calcium ions (Ca2+) from lime and 

silicon dioxide (SiO2) from silica fume. As a result, the CSH compound quickly 

starts the process of coating and adhering to the LSF-treated specimens, in contrast 

to the lime-treated specimens. The addition of silica fume has been observed to 

accelerate the occurrence of the pozzolanic reaction within a reduced timeframe 

(GhavamShirazi & Bilsel, 2021).  

Furthermore, the exceptional fineness of SF particles, characterized by their nearly 

perfect spherical shape and diameters ranging from 20 to 500 nm, makes them highly 

effective as fillers. The process described above leads to a decrease in the size of 

larger soil pores, which likely facilitates the even distribution of newly formed 

cementing crystalline components within the available area. Consequently, this 

results in the development of a more uniform and dense microstructure (Goodarzi et 

al., 2016). The behavior above tends to reduce the water adsorption capacity of clay 

surfaces (Kalkan, 2011; Ouhadi et al., 2010), thereby decreasing their 

swelling potential. Moreover, it can be observed that the swell percentage values in 

the absence of the additive took a longer duration to reach their ultimate value, 
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supporting the statements made above. The inclusion of additives accelerates the 

getting of the end results for these variables. It can be argued that such behavior 

could offer a significant advantage in terms of usage. The rapid stabilization of 

fillings, particularly those constructed through layer compression, can be considered 

a superior characteristic (Türköz et al., 2018).  

In the samples where 3% and 5% lime additives were kept constant, with the addition 

of 5% and 10% silica fume, the maximum levels were reached in reducing swelling 

percentage without a cure. Nevertheless, the samples containing 15% and 20% silica 

fume showed a higher swelling potential than the ones with 10%. So, adding more 

than 10% silica fume did not impact the swelling potential. The reason for this 

situation has been evaluated such that silica fume is a pozzolanic substance and that 

there is no sufficient amount of lime to activate a binding feature of silica with 

increasing silica fume percentages (Türköz et al., 2018). Furthermore, addition of 

5% lime plus silica fume level of 5% is the optimum percentage without curing in 

swelling aspect. 
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4.7 Effect of Cure on Swell Percentage 

In this part of the study, materials were kept in the curing chamber for 7 and 28 days 

at 70% moisture and 22°C. The swelling percentages of the samples were 

significantly reduced after 7 and 28 days of cure. Since pozzolanic reactions took 

place over a relatively long time to result in cemented soil matrix that decreases the 

swelling potential of the expansive soils, then each stabilizer addition gradually 

reduced the swelling potential by curing. The drop in swelling over time during the 

curing process can be linked to the progression of clay-pozzolana reactions and the 

creation of novel cementitious substances that consistently unite the clay aggregates, 

resulting in a decrease in their hydration and consequently, a drop in their capacity 

to swell (Celik & Nalbantoglu, 2013). The change in percent swell value of each 

sample between No-Additive sample was the highest for 28 days of curing and 

lowest for no curing (Figure 4.5). In addition, the obtained trends for 3% and 5% 

lime-included sets were the same, with no curing results. Furthermore, mixture of 

5% silica fume plus 5% lime is the optimum percentage with both 7 and 28 days of 

curing in swelling aspect. 
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4.8 Effect of Stabilizers on Unconfined Compressive Strength 

The expectation was that adding stabilizers to No-Additive sample would increase 

No-Additive sample's unconfined compressive strength value. However, the percent 

change in unconfined compressive test results on 5 % silica fume-added samples 

between No-Additive sample showed the opposite in both sets (Figure 4.6). This 

situation could be due to having the least amount of silica fume between silica fume-

added samples, which may lead to not effectively starting chemical interactions at 

initial state. Other than 5%  silica fume-added samples, it can be observed that the 

pattern in the change of the unconfined compressive between the varying silica fume 

percentages was the same in both 3% and 5% lime-added sets. In addition, it was 

also expected that the unconfined compressive strength values should increase with 

the increasing silica fume content, yet, the 15% silica fume added sample's strength 

change due to No-Additive sample is more than the 20% silica fume added sample. 

This situation is due to the 15% silica fume added samples having the highest dry 

density in the samples containing silica fume in the mixture. The observed significant 

rise in the unconfined compressive strength of the stabilized specimens correlates 

with the formation of a cementitious gel as a consequence of a chemical interaction 

between SF and the expansive soil. This phenomenon can be attributed to the 

presence of SiO2, Al2O3, and CaO as the predominant oxides in these materials. The 

oxides mentioned have the ability to produce a cementitious gel, specifically calcium 

silicate hydrate (CSH) and calcium aluminate hydrate (CAH) when they undergo a 

reaction (Chew et al., 2004; Qing et al., 2020). The production of calcium silicate 

hydrate (CSH) and calcium aluminate hydrate (CAH) within the soil matrix enhances 

its strength. It facilitates the cohesion of soil particles through the formation of a 

cementation gel (Khalid et al., 2023). As a result, it can be seen that the maximum 

increase is observed in 15% silica fume plus 5% lime added sample without curing 

in compressive strength aspect. 
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4.9 Effect of Cure on Unconfined Compressive Strength 

Specimens were stored in a desiccator in a humidity room for 7 and 28 days at 70% 

moisture and 22°C for this study phase. According to Turkoz & Vural, (2013) study, 

the duration of curing was found to have a significant impact on strength 

enhancement, particularly in clays exhibiting high plasticity. Each sample's 

unconfined compressive strength improved considerably after 7 and 28 days of the 

curing process. As pozzolanic reactions require a long time to produce flocculated 

soil formations that harden the soil body, which increases the unconfined 

compressive strength of the soils, each stabilizer addition progressively improves the 

unconfined compressive strength by hardening as a result of curing. And also, while 

the strengths of the specimens increasing the specimens will be more brittle than 

their previous states, as stated by the researches of Bell, (1993) and (Sherwood, 

1993). This situation can be seen in the Table 4.1. 

The difference in unconfined compressive strength values between No-Additive 

sample and additive-used samples was highest after 28 days of curing and lowest 

without any curing period (Figure 4.7). According to the research conducted by Latifi 

et al. (2016), the process of curing within the initial seven days was found to be of 

considerable significance in promoting strength enhancement for clays characterized 

by high plasticity. The observed outcome can be attributed to the occurrence of the 

pozzolanic reaction between lime and silica fume, which has been found to be 

particularly efficient when interacting with soil particles (Alrubaye et al., 2017). 

Furthermore, the trends observed for 3% and 5% lime-included sets were the same, 

with no curing outcomes. As a result, addition of 5% lime plus silica fume level of 

15% is the optimum percentage with both 7 and 28 days of curing in compressive 

strength aspect. 
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Table 4.1 Strain Values at Peak and Failure Unconfined Compressive Strength 

Values 

Name %Strain @qu,peak %Strain @qu,failure 

No-Additive 3.61 4.59 

3% L - NC 2.23 3.06 

3% L - 7D 1.94 2.49 

3% L - 28D 1.67 2.09 

3% L + 5% SF - NC 10 12.5 

3% L + 5% SF - 7D 10.41 12.5 

3% L + 5% SF - 28D 5.42 6.25 

3% L + 10% SF - NC 6.29 8.93 

3% L + 10% SF - 7D 4.57 5.82 

3% L + 10% SF - 28D 3.34 3.63 

3% L + 15% SF - NC 4.14 4.14 

3% L + 15% SF - 7D 3.46 3.87 

3% L + 15% SF - 28D 3.03 3.03 

3% L + 20% SF - NC 6.67 8.33 

3% L + 20% SF - 7D 4.58 5.83 

3% L + 20% SF - 28D 3.3 3.58 

5% L - NC 2.5 2.78 

5% L - 7D 1.95 2.23 

5% L - 28D 1.39 1.53 

5% L + 5% SF - NC 5.83 7.92 

5% L + 5% SF - 7D 2.51 3.07 

5% L + 5% SF - 28D 1.67 2.23 

5% L + 10% SF - NC 4.2 5.46 

5% L + 10% SF - 7D 2.91 3.05 

5% L + 10% SF - 28D 1.94 1.94 

5% L + 15% SF - NC 3.3 3.58 

5% L + 15% SF - 7D 2.21 2.21 

5% L + 15% SF - 28D 1.93 1.93 

5% L + 20% SF - NC 3.06 3.62 

5% L + 20% SF - 7D 1.67 1.67 

5% L + 20% SF - 28D 1.53 1.53 
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4.10 Effect of Stabilizers on Deformation Modulus, E50 

The E50 variable is a crucial mechanical characteristic used to quantify the specimen's 

ability to resist elastic-plastic deformation (Rehman et al., 2021). The deformation 

modulus, E50 was utilized to evaluate the stiffness of both stabilized and 

unstabilized specimens. The determination of the deformation modulus involves the 

assessment of the slope of the axial compressive stress versus the axial strain plot at 

a point corresponding to half of the maximum compressive stress. 

It was expected that the inclusion of stabilizers into the No-Additive sample would 

result in an elevation of its deformation modulus value. Nevertheless, the percentage 

change in deformation modulus for samples with different additive compositions, 

such as 3% L + 5% SF, 3% L + 10% SF, 3% L + 20% SF, and 5% L + 5% SF, 

exhibited contrasting results compared to the No-Additive sample (Figure 4.8). This 

scenario may be attributed to having much more ductile behavior than No-Additive 

sample of those samples. Yet, the samples with the same percentage of silica fume 

included in the 5% L set do not exhibit the same pattern as the samples in the 3% L 

included set. This phenomenon may be attributed to the superior effectiveness of 

chemical reactions in compensating for the decrease in density. Furthermore, it was 

anticipated that the deformation modulus values would exhibit an increase as the 

silica fume content increased. However, it is noteworthy that the change in 

deformation modulus for the sample with 15% silica fume addition, in comparison 

to the No-Additive sample, is greater than that of the sample with 20% silica fume 

addition. The observed outcome can be linked to the fact that the samples containing 

15% silica fume exhibited the highest dry density among the samples incorporating 

silica fume in the mixture. Consequently, it is evident that the sample containing 5% 

lime and 15% silica fume, without any curing process, exhibits the highest level of 

increase. The observed enhancement in the E50 values could potentially be attributed 

to the pozzolanic activity and self-cementitious properties exhibited by the lime-soil 

mixture.  
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4.11 Effect of Cure on Deformation Modulus, E50 

The specimens were placed in a desiccator inside a humidity-controlled room for 7 

and 28 days. The humidity level was maintained at 70%, and the temperature was 

set at 22°C. This experimental phase was conducted to investigate the effects of these 

specific conditions on the specimens. The deformation modulus values of each 

sample exhibited significant improvement following the curing periods of 7 and 28 

days. Pozzolanic reactions demand a significant duration to generate flocculated soil 

structures that enhance the stiffness of the soil mass, thereby augmenting its 

deformation modulus. Consequently, the inclusion of stabilizers progressively 

enhances the deformation modulus through a hardening process facilitated by the 

curing mechanism. The variation in deformation modulus values between 

untreated and treated samples was greatest in the 28-day curing period, while it was 

the smallest in the absence of any curing process (see Figure 4.9). In addition, it was 

noticed that the trends for the sets containing 3% and 5% lime were identical, with 

no curing results. Consequently, it can be concluded that a silica fume content of 

15% plus 5% lime combination is the most favorable percentage in terms of the 

deformation modulus aspect for both the 7-day and 28-day curing periods. 
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CHAPTER 5  

5 CONCLUSIONS 

This study aimed to examine the impact of combining silica fume and lime on 

expansive soils', which is named as No-Additive sample and also consist of 85% 

kaolinite plus 15% sodium-bentonite, swelling and strength characteristics. 

Furthermore, an investigation is conducted to examine the impact of curing on these 

properties by comparing the non-cured samples with those cured for 7 days and 28 

days. Based on the findings obtained from the performed experiments, the resulting 

conclusions have been stated as follows: 

1. The utilization of activity values is beneficial in assessing the soil's tendency 

for swelling. Based on the computed activity outcome, it is evident that the 

No-additive sample exhibits a significantly higher level of activity. The 

calculations of activity may not be appropriate for stabilized soil samples. 

Although the stabilized samples' activity is lowered compared to the No-

additive sample, the classification remains unchanged. 

2. The addition of stabilizers resulted in a decrease in the percentage of 

swelling. The observed trend in the variation of swell percentages between 

different silica fume percentages remained consistent in the 3% and 5% lime-

added sets. In the experimental conditions where lime additives were 

maintained at fixed concentrations of 3% and 5%, the introduction of silica 

fume at levels of 5% and 10% resulted in reaching the level of maximum 

reductions in swelling percentage in the absence of any curing process. 

However, it was observed that the samples containing 15% and 20% silica 

fume exhibited a higher tendency for swelling than those with 10%. 

Moreover, it has been determined that a 5% silica fume plus 5% lime 

combination is the most favorable proportion to stabilize No-Additive sample 

in the absence of curing. 
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3. The obtained percentages of swelling in the samples exhibited a significant 

decrease following a curing period of 7 and 28 days. The spotted trends for 

the sets containing 3% and 5% lime were identical to those obtained without 

curing. The percent variation in swell value for each sample was found to be 

highest after 28 days of curing and lowest when no curing was applied. In 

addition, it has been determined that a 5% silica fume plus 5% lime mixture 

is the optimal proportion for achieving desirable results to stabilize No-

Additive sample during both the 7-day and 28-day curing periods. 

4. The hypothesis was that the inclusion of stabilizers in the No-Additive 

sample would result in an increase in its unconfined compressive strength 

value. However, the percentage change in unconfined compressive test 

results for samples 5% silica fume included additive exhibited a contrasting 

trend compared to the No-Additive sample. In addition to the samples with 

5% silica fume, it is evident that the trend in the alteration of the unconfined 

compressive strength among the different percentages of silica fume was 

consistent in both sets with 3% and 5% lime addition. Furthermore, it was 

anticipated that the undrained strength values would exhibit an upward trend 

as the silica fume content increased. However, it is notable that the strength 

variation of the sample with 15% silica fume addition, compared to the No-

Additive sample, was greater than that of the sample with 20% silica fume 

addition. Consequently, in the absence of curing, the sample with 15% silica 

fume plus 5% lime addition shows the greatest gain in compressive strength 

of No-Additive sample. 

5. The unconfined compressive strength of each sample showed significant 

improvement following a curing period of 7 and 28 days. The variation in 

unconfined compressive strength values between the sample without any 

additives and the samples with additives was greatest in the 28-day curing 

period. At the same time, it was least significant in the absence of any curing 

period. Additionally, the observed trends for the sets containing 3% and 5% 

lime were found to be identical, with no curing results. Moreover, it has been 
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determined that a 15% silica fume plus 5% lime is the most favorable 

proportion in terms of compressive strength for both 7 and 28 days of curing 

to stabilize No-Additive sample. 

6. The deformation modulus values, E50, obtained from the UCS test data show 

a parallel relationship with the unconfined compressive strength results, both 

in the absence and presence of curing conditions. The percentage of 15% 

silica fume plus 5% lime is determined to be optimal combination to stabilize 

No-Additive sample for curing periods of 0 days, 7 days, and 28 days. 

7. When all's said and done, the mixture of 5% L + 5% SF is the most suitable 

combination for improving a very expansive soil sample's swelling 

characteristics. Since the main object of this study was to decrease the 

swelling percent from very high to very low, the 5% L + 5% SF has provided 

the maximum improvement by being much more effective than just using 5% 

L. Then, the strength aspect is considered, and it is seen that the 5% L + 5% 

SF combination doubled the UCS value of untreated samples and tripled the 

deformation modulus value of untreated samples. After it was understood 

that the recommended combination was sufficient for both criteria, the swell 

rate values were also checked. Then, it is observed that the swell rate value 

of the untreated sample has decreased by 1/4 of its original value with the 

recommended combination. 

In addition, the optimum additive combinations can be seen for each case in Table 

5.1. 

Table 5.1 Optimum Additive Combinations for Each Aspect 

Aspects /       

Curing Periods 

Swell 

Percentage 
Swell Rate 

Unconfined 

Compressive 

Strength 

Deformation 

Modulus 

No Curing 
5% L + 5% 

SF 

5% L + 20% 

SF 

5% L + 15% 

SF 
5% L 

7 Days of 

Curing 

5% L + 5% 

SF 

5% L + 5% 

SF 

5% L + 15% 

SF 

5% L + 15% 

SF 

28 Days of 

Curing 

5% L + 10% 

SF 

5% L + 15% 

SF 

5% L + 15% 

SF 

5% L + 15% 

SF 
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In conclusion, combining silica fume and lime proved encouraging outcomes in 

stabilizing expansive soil. Various tests have shown that the interaction between 

calcium ions (Ca2+) derived from lime and silicon dioxide (SiO2) present in silica 

fume leads to the creation of a cementitious pozzolanic compound. This 

compound plays a crucial role in the cohesive binding of clay particles. Hence, 

using silica fume combined with lime for soil stabilization accelerates the 

occurrence of the pozzolanic reaction. Adding silica fume improves the 

engineering characteristics of expansive clay and offers a means of recycling this 

waste material. 

Recommendations for Future Researches: 

While the conducted tests are deemed reliable, it is advisable to conduct 

supplementary examinations, such as SEM and XRD studies, to thoroughly 

analyze the microfabric and mineralogical properties of both treated and 

untreated samples. This comprehensive approach will enable an improved 

evaluation of the specimens. 

The application methodology of silica fume in combination with lime can be 

assessed by several different approaches to see the application effects on the test 

results. Besides selecting the appropriate utilization methodology for silica fume 

+ lime, large-scale application of silica fume with lime could be helpful to 

compare the laboratory test versus field-gathered specimens’ laboratory test 

results. In the meantime, the leachate performance can be evaluated by both 

laboratory and field test results. In addition, some field tests can also be 

performed after the large-scale application to see the effects of the used 

combination. In order to see the effect of silica fume + lime utilization on other 

aspects, for instance, the compressibility characteristics (such as consolidation 

behavior) or permeability characteristics can be evaluated by performing 

necessary laboratory and field tests. After all these studies, the optimum additive 

combination with the adequate application methodology and the stabilization 

approach can be used for different soils in chemical and mineralogical aspects. 
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6 APPENDICES 

A. Swell Percent vs Square-Root of Time Graphs of Treated Samples 

Swell percent versus square root of time graphs of 3% L, 3% L + 5% SF, 3% L + 

10% SF, 3% L + 15% SF, 3% L + 20% SF, 5% L, 5% L + 5% SF, 5% L + 10% SF, 

5% L + 15% SF, 5% L + 20% SF treated samples with 0-7-28 days curing results 

were presented separately. 
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B. Axial Compressive Stress vs Axial Strain of Treated Samples 

Axial compressive stress versus axial strain graphs of 3% L, 3% L + 5% SF, 3% L 

+ 10% SF, 3% L + 15% SF, 3% L + 20% SF, 5% L, 5% L + 5% SF, 5% L + 10% 

SF, 5% L + 15% SF, 5% L + 20% SF treated samples with 0-7-28 days curing results 

were presented separately. 
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C. Swell Rate vs Percent Additive 

Swell percent versus percent additive of treated samples with 0-7-28 days curing 

results were presented in one graph. 
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D. Net Swell Percentage and Stabilization Percentages 

Net swell percent vs percent additive of treated samples graph is given in Figure D.1, 

and stabilization percent in net swell vs percent additive graph is given in Figure D.2. 
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