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ABSTRACT

The Delhi state lies in the Indo-Gangetic alluvial trough. The main feature o f these 

alluvial deposits is the presence of predominant silt content. This is always combined 

with varying amounts of sand and (or) clay. The average variation of silt in the Delhi 

region varies from 35% to 80%. The dominance of silt in the soils o f Delhi region has 

finally acknowledged it to be known as “Delhi silt”. The Delhi silt comprises of silt 

and sand in varying proportion to make it either sandy silt or silty sand with 

insignificant clay fraction. The Delhi soil is lightly compacted/consolidated, rather 

than as an over-consolidated clayey type of soil. Delhi alluvium seems to have been 

consolidated essentially under its present effective overburden pressure with a 

maximum overconsolidation ratio of two.

In the present study a detailed analysis the soil profiles of Delhi region were carried 

out to assess the variation of silt in the Delhi region. After a careful analysis and 

evaluation of the silts in Delhi region, two soil compositions were considered in the 

study to be classified either as silty sand (S60M40) or sandy silt (S20M80). A detailed 

comprehensive triaxial testing was then followed for these representative soils. The 

triaxial testing program was carried out for four different stress paths under two types 

of drainage conditions varying over four different confining pressures for each of the 

soils. Slurry deposition technique was used to prepare saturated samples with a 

minimum level of disturbance to preserve the reported sensitive nature of silty soils to 

external disturbances. It took about 30 to 40 days to obtain a stable sample o f sandy 

silt and silty sand using slurry deposition technique.

Subsequently 64 triaxial shear tests were conducted on these samples, covering four 

different stress paths with two each in compression and extension and four confining



pressures of 100, 150 200 and 300 kPa and two types o f drainage conditions; i.e. 

consolidated drained and consolidated undrained.

In addition to triaxial tests on two different soil types of silty sand and sandy silt, 

some tests were also conducted for basic soil characterization and constitutive 

parameters determination.

Based on the detailed and elaborate testing, the engineering behaviour of silt 

containing two percentages o f sand was studied and analysed in order to identify a 

suitable framework for characterization of silty soils.

The study illustrated that the transitional nature of silty soils cannot be captured either 

in terms of sand or a clayey type of framework. It was found that the engineering 

behaviour of silty soils is highly dependent on the composition and structure of soil 

matrix. The study also revealed strong stress induced anisotropic behaviour of silty 

soils with higher friction angle observed in extension than in compression. The results 

of the analysis also demonstrated that a unique failure line under different stress paths 

for both compression and extension does not exist which also highlighted their 

transitional nature.

The effect of fines in controlling the dilative behaviour of soil was also observed 

during the study, which showed that percentage of fines in sandy soils controls such 

behaviour.

It is recognized from the present study that against the backdrop of non-availability of 

studies on silty soils as compared to sands and clays, the attempt made in the present 

research work to understand the complex behaviour of silty soils could contribute to a 

better understanding of these type of soils and demonstrates the need for the 

development of an independent constitutive framework for silty soils.



The experimental results were further used to characterize the soil behaviour using 

one of the available constitutive models. In the present study Hardening-Soil (HS) 

model was selected and predictions were carried out using the general purpose finite 

element code PLAXIS. The predicted results were found to be in good agreement 

with the measured values under active compression i.e., conventional triaxial 

compression (CTC) and active extension i.e., reduced triaxial extension (RTE) stress 

paths. Howsoever the predictions for passive compression i.e., reduced triaxial 

compression (RTC) and passive extension i.e., conventional triaxial extension (CTE) 

stress paths were found to be comparatively less satisfying.

The predicted values using Hardening-Soil (HS) model also illustrated that the 

drained volumetric response was captured well in comparison to undrained pore 

pressure response for both the soils. The failure of the soil specimens under extension 

stress paths due to development of necking was also predicted satisfactory well using 

the proposed model for both the sandy silt and silty sand soils. Keeping in view that 

this is the first of its type of attempt to model behaviour of sandy silty to silty sand 

soil; it is believed that this is a significant step in characterizing their behaviour within 

the available modelling constraints.

In the final stage of this study, two types of soil structure interaction studies, namely: 

(i) analysis of axisymmetric circular footing and (ii) a braced excavation were carried 

out.

The contact pressure distribution was found to be maximum at the centre of the 

footing for both the silty sand (S60M40) and sandy silt (S20M80) soils. The variation 

towards the edges was found to be different in the two soils, with parabolic nature 

observed in silty sand and a gradual decreasing slope observed in sandy silt soil. The 

predicted ultimate bearing capacities using the HS model were found to be in good



agreement with the computed values o f  other researchers for similar type of soils. It 

was observed from the critical analysis of bearing capacities values as given by 

various researchers that the bearing capacity factor NY has a major influence in 

estimation of bearing capacity of soils.

The soil-structure interaction of an underground braced excavation using the 

Hardening-Soil (HS) model indicated that the ground settlement and wall deflection 

were found to be less in silty sand (S60M40) due to its comparatively dense structure, 

as also substantiated in scanning electron micrographs. The maximum positive 

bending moments were found near the mid height of the wall and negative moments 

were recorded near the lower part o f the wall in both the soils of S60M40 and 

S20M80. The net earth pressure was found to be passive at the toe of the wall under 

the applied loading in both the soil types. It is also acknowledged from the present 

analysis that the present model could be successfully employed in the analysis of 

different soil-structure interaction problems of various geotechnical structures.



TA B L E  OF CONTENTS

T IT L E  PAGE
NO.

C ER TIFIC A TE i

ACKNOW LEDGEM ENT ii

ABSTRACT iv

TABLE OF CONTENTS viii

LIST O F FIGU RES xvii

LIST O F TABLES xxii

LIST O F SYM BOLS AND ACRONYMS xxiii

CHAPTER 1 1

INTRODUCTION 1

1.0 GENERAL 1

1.1 O B JEC TIV ES 2

1.2 SCOPE 3

1.3 ORGANISATION OF TH ESIS 4

CH APTER 2 6

LITERA TU RE REV IEW  6

2.0 GENERAL 6

2.1 BEHA V IO U R OF SILTS 6

2.1.1 Behaviour of Silty Soils -  A Global View 6

2.1.2 Behaviour of Delhi silt 12

2.2 CO NSTITU TIV E M ODELLING 14



2.2.1 Empirical Models 14

2.2.2 Elasticity Models 15

2.2.3 Plasticity Models 16

2.2.3.1 Mohr-Coulomb Yield criterion 16

2.2.3.2 Cam Clay Model 20

2.3 ANALYSIS OF CIRCULAR FOOTING 22

2.4 BRACED EXCAVATION 26

2.5 SUMMARY AND CONCLUSION 28

CHAPTER 3 31

EXPERIM ENTAL INVESTIGATION 31

3.0 GENERAL 31

3.1 EXPERIMENTAL PLAN 31

3.1.1 Material Tested 31

3.1.2 Particle Shape and Texture 33

3.1.3 Stress-paths Used 35

3.2 EXPERIMENTAL STUDY AND PROGRAM 37

3.3 EXPERIMENTAL SETUP 38

3.3.1 GDS Triaxial System 39

3.3.1.1 Axial Loading System 39

3.3.1.2 Digital Pressure Controller 42

3.4 EXPERIMENTAL PROCEDURE 43

3.4.1 Sample Preparation 43

3.4.2 Isotropic Consolidation Test 46

3.4.3 Oedometer Test 46

ix



3.4.4 Consolidated Drained (CD) Test

3.4.5 Consolidated Undrained (cu) Test

3.4.6 Stress path Testing

3.4.7 Reproducibility of Results

CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION

4.0 GENERAL

4.1 Isotropic Consolidation (IC) Test

4.2 Oedom eter Test

4.3 ;SOIL -  S60M40

4.3.1 Conventional Triaxial Compression (CTC)

4.3.1.1 Consolidated Drained (CD) Test

4.3.1.2 Consolidated Undrained (cu)Test

4.3.1.3 Effective Stress-path

4.3.1.4 Water content-Strength-Effective stress Relationship

4.3.2 Reduced Triaxial Compression (RTC)

4.3.2.1 Consolidated Drained (CD) Test

4.3.2.2 Consolidated Undrained (cu) Test

4.3.2.3 Water content-Strength-Effective stress Relationship

4.3.3 Reduced Triaxial Extension (RTE)

4.3.3.1 Consolidated Drained (CD) Test

4.3.3.2 Consolidated Undrained (cu) Test

4.3.3.3 Effective Stress-path

4.3.3.4 Water content-Strength-Effective stress Relationship



4.3.4 Conventional Triaxial Extension (CTE) 68

4.3.4.1 Consolidated Drained (CD) Test 68

4.3.4.2 Consolidated Undrained (c u )  Test 69

4.3.4.3 W ater content-Strength-Effective stress Relationship 69

4.3.5 Strength Envelope 72

4.4 S O IL  -  S20M80 73

4.4.1 Conventional Triaxial Compression (CTC) 73

4.4.1.1 Consolidated Drained (CD) Test 73

4.4.1.2 Consolidated Undrained (c u )  Test 74

4.4.1.3 Effective stress path 74

4.3.1.4 W ater content-Strength-Effective stress Relationship . 77

4.4.2 Reduced Triaxial Compression (RTC) 78

4.4.2.1 Consolidated Drained (CD) Test 78

4.4.2.2 Consolidated Undrained (c u )  Test 78

4.4.2.3 W ater content-Strength-Effective stress Relationship 79

4.4.3 Reduced Triaxial Extension (RTE) 79

4.4.3.1 Consolidated Drained (CD) Test 79

4.4.3.2 Consolidated Undrained (c u )  Test 82

4.4.3.3 Effective Stress Paths 83

4.4.3.4 W ater content-Strength-Effective stress Relationship 83

4.4.4 Conventional Triaxial Extension (CTE) 87

4.4.4.1 Consolidated Drained (CD) Test 87

4.4.4.2 Consolidated Undrained (c u )  Test 87

4.4.4.3 W ater content-Strength-Effective stress Relationship 87

xi



4.4.4.4 Strength Envelope 88

4.5 DISCUSSION OF RESULTS 92

4.5.1 Isotropic Consolidation Behaviour 92

4.5.2 Compression Behaviour during CTC and RTC Stress paths 93

4.5.3 Extension Behaviour during RTE and CTE Stress-paths 94

4.6 CONCLUSIONS 94

CHAPTER 5 98

FEATURES IN PLAXIS 98

5.0 GENERAL 98

5.1 MAIN FEATURES IN PLAXIS 99

5.1.1 Types of Problem 99

5.1.2 Elements 99

5.1.3 Nodes 100

5.1.4 Stress Points 100

5.1.5 Global Coarseness 101

5.1.6 Type of Material Behaviour 102

5.1.6.1 Drained Behaviour 102

5.1.6.2 Undrained Behaviour 102

5.1.7 Calculation Types 104

5.1.7.1 Plastic Calculation 104

5.1.8 Types of Loading 105

5.1.9 Staged Construction Technique 105

5.2 CONSTITUTIVE MODELS 106

5.2.1 The Hardening-Soil Model (Isotropic Hardening) 107

xii



5.2.2 Hyperbolic Relationship for Standard Drained Triaxial Test

5.2.3 Approximation o f Hyperbola by the Hardening-Soil Model

5.2.4 Plastic volumetric Strain for Triaxial States o f Stress

5.2.5 Cap Yield Surface in the Hardening-Soil Model

5.4 STRESS PATH MODELLING

CHAPTER 6

CONSTITUTIVE MODELLING

6.0 INTRODUCTION

6.1 MATERIAL PARAMETERS

6.1.1 Material parameters for Hardening-Soil Model

6.2 CONSTITUTIVE BEHAVIOUR OF SOIL: S60M40

6.2.1 Conventional Triaxial Compression (CTC)

6.2.1.1 Consolidated Drained (CD) Test

6.2.1.2 Consolidated Undrained (c u ) Test

6.2.2 Reduced Triaxial Compression (RTC)

6.2.2.1 Consolidated Drained (CD) Test

6.2.2.2 Consolidated Undrained (cu ) Test

6.2.3 Reduced Triaxial Extension (RTE)

6.2.3.1 Consolidated Drained (CD) Test

6.2.3.2 Consolidated Undrained (cu ) Test

6.2.4 Conventional Triaxial Extension (RTE)

6.2.4.1 Consolidated Drained (CD) Test

6.2.1.2 Consolidated Undrained (cu ) Test



6.3 CONSTITUTIVE BEHAVIOUR OF SOIL: S20M80 133

6.3.1 Conventional Triaxial Compression (CTC) 133

6.3.1.1 Consolidated Drained (CD) Test 133

6.3.1.2 Consolidated Undrained (c u )  Test 133

6.3.2 Reduced Triaxial Compression (RTC) 136

6.3.2.1 Consolidated Drained (CD)Test 136

6.3.2.2 Consolidated Undrained (c u )  Test 136

6.3.3 Reduced Triaxial Extension (RTE) 139

6.3.3.1 Consolidated Drained (CD) Test 139

6.3.3.2 Consolidated Undrained (c u )  Test 139

6.3.4 Conventional Triaxial Extension (RTE) 142

6.3.4.1 Consolidated Drained (CD) Test 142

6.3.4.2 Consolidated Undrained (c u )  Test 142

6.4 STRESS PATHS 142

6.4.1 Conventional Triaxial Compression (CTC) 142

6.4.2 Reduced Triaxial Extension (RTE) 145

6.5 DISCUSSION 148

6.5.1 Conventional Triaxial Compression (CTC) 148

6.5.2 Reduced Triaxial Compression (RTC) 148

6.5.3 Reduced Triaxial Extension (RTE) 149

6.5.4 Conventional Triaxial Extension (CTE) 150

6.6 CONCLUSIONS 150

xiv



CHAPTER 7 152

ANALYSIS OF A CIRCULAR FOOTING 152

7.0 GENERAL 152

7.1 DEFINITION OF THE PROBLEM 152

7.1.1 Footing geometry and Soil description 152

7.1.2 Relative stiffness of the Soil-Footing system 153

7.1.3 Modelling of Soil-Footing system 154

7.1.4 Boundary Conditions and Interface 154

7.1.5 Loading 155

7.2 RESULTS AND DISCUSSION 156

7.2.1 Deformation in the Soil 156

7.2.2 Load-Settlement relationship 156

7.2.3 Contact Pressure distribution 158

7.2.4 Plastic Points Generation 159

7.2.5 Bearing Capacity of Soils 159

7.3 CONCLUSIONS 164

CHAPTER 8

ANALYSIS OF A BRACED EXCAVATION 166

8.0 GENERAL 166

8.1 DEFINITION OF THE PROBLEM 166

8.1.1 Modelling of Diaphragm Wall and Strut 168

8.1.2 Modelling of Soil Behaviour 169

8.1.3 Sequential construction of a Braced Excavation 170

8.2 RESULTS AND DISCUSSION 172

xv



8.2.1 Ground Settlement 172

8.2.2 Diaphragm Wall Deflection 173

8.2.3 Bending Moment Distribution 174

8.2.4 Earth pressure distribution 175

8.3 CONCLUSIONS 176

CHAPTER 9 200

SUMMARY AND CONCLUSIONS 178

9.0 GENERAL 178

9.1 EXPERIMENTAL STUDY 178

9.2 CONSTITUTIVE MODELLING 180

9.3 ANALYSIS OF CIRCULAR FOOTING 182

9.4 ANALYSIS OF UNDERGROUND BRACED EXCAVATION 183

9.5 SUGGESTIONS FOR FURTHER STUDIES 184

REFERENCES 186

BRIEF BIO-DATA OF THE AUTHOR 201

xvi


