
Grouting for Pile Foundation Improvement

Proefschrift

ter verkrijging van de graad van doctor

aan de Technische Universiteit Delft,

op gezag van de Rector Magnificus prof.ir. K.F. Wakker

voorzitter van het College voor Promoties,

in het openbaar te verdedigen

op dinsdag 11 September 2001 om 11.30 uur

door

Aimer Engelbert Carl VANDER STOEL

Civiel Ingenieur

geboren te Amsterdam



TABLE OF CONTENTS

ACKNOWLEDGEMENTS VII

ABSTRACT VIII

TABLE OF CONTENTS XI

C H A P T E R 1 INTRODUCTION 1

1.1 Scope 1
1.2 Aim of the Research 2
1.3 Short Outline of the Thesis 2

C H A P T E R 2 CAUSES, DETECTION & RENOVATION OF PILE

FOUNDATION DAMAGE 3

2.1 Introduction 3
2.1.1 Scope 3
2.1.2 Resume of Amsterdam Pile Foundation History 3
2.1.3 Dutch Pile Foundations 5

2.2 Pile Foundation Design 5
2.2.1 Definitions 5
2.2.2 Pile Bearing Capacity Calculations 6

2.3 Causes of Pile Foundation Damage 7
2.3.1 Introduction 7
2.3.2 Scope of the Research 8
2.3.3 Inadequate Design or Poor Workmanship during Construction 8
2.3.4 External Causes 9
2.3.5 Concluding Remarks 11

2.4 Detection of Foundation Damage 11
2.4.1 Introduction .' 11
2.4.2 Damage Detection Methods 11
2.4.3 Concluding Remarks 12

2.5 Foundation Improvement 13
2.6 Conventional Underpinning 13

2.6.1 Introduction 13
2.6.2 Pile Types 15
2.6.3 Examples of Foundation Renovation 15

2.7 Grouting Techniques 16
2.7.1 Introduction 16
2.7.2 Grouting Techniques 17
2.7.3 Examples of Foundation Renovation 18
2.7.4 Examples of Foundation Protection 19

2.8 Concluding Remarks 19



C H A P T E R 3 TEST SET-UP & CONSISTENCY CHECK 21

3.1 Introduction 21
3.2 Aim of the Test 22
3.3 Stages of the Test 22
3.4 Associated Full Scale Tests 23
3.5 Soil and Groundwater Characteristics 24
3.6 Pile Foundation and Construction 25
3.7 Monitoring Equipment 28
3.8 Data Acquisition and Processing 29
3.9 Consistency Check of the Monitoring Data 30

3.9.1 General 30
3.9.2 Explanation of the Graphs 30
3.9.3 Consistency of Pile Displacement Measurements 31
3.9.4 Consistency of SMS en Piezometer Measurements 32
3.9.5 Influence of Pile Load Fluctuation 32
3.9.6 Irregularities 33
3.9.7 TAM Installation 34

3.10 Reference Load Tests on Piles '. 35
3.10.1 Introduction 35
3.10.2 Determination of the Theoretical Bearing Capacity of Piles 35
3.10.3 Determining the Ultimate Bearing Capacity by Pile Load Tests 35
3.10.4 Observed Differences in Ultimate Bearing Capacity of the Wooden Piles 36

3.11 Conclusions and Recommendations 38

C H A P T E R 4 PERMEATION GROUTING 39

4.1 Introduction 39
4.2 Permeation Grouting Technique 39

4.2.1 History 39
4.2.2 Grouting Equipment 40
4.2.3 Grout Types 41
4.2.4 Field of Application: Groutability 44
4.2.5 Grouting Pressure 47
4.2.6 Grouting Pattern 47

4.3 Modelling Permeation Grouting 47
4.3.1 General 47
4.3.2 Empirical Modelling 48
4.3.3 Analytical Modelling 48
4.3.4 Model Applied to the Amsterdam Situation 50
4.3.5 Conclusions 1 50

4.4 Literature References on Grout Strength 52
4.5 Amsterdam Groutability Tests 53

4.5.1 General 53
4.5.2 Injection Pressure and Flow 54
4.5.3 Strength of the Samples 55
4.5.4 Geophysical Verification of the Dimensions of the Grouted Elements 56
4.5.5 Conclusions 57

4.6 Detailed Set-up of Stage 3a 57
4.6.1 General 57
4.6.2 Piles and Monitoring Equipment 59

\ 4.6.3 TAMs and Grout Elements 59

Grouting for Pile Foundation Improvement
XII



4.7 Results of TAM Installation Test 61
4.7.1 General 61
4.7.2 Pile Displacement 61
4.7.3 Correlation of Pile Displacement - Minimum Distance between TAM & Pile 63
4.7.4 Pore Water Pressures & Effective Stress 64

4.8 Results of Permeation Grouting Test 65
4.8.1 Pile Displacement 65
4.8.2 Pore Water Pressure & Effective Stress 65
4.8.3 Bearing Capacity 66

4.9 Conclusions and Recommendations 67

C H A P T E R 5 JET GROUTING 69

5.1 Introduction 69
5.2 Jet Grouting Process 70

5.2.1 History 70
5.2.2 Definitions, Process and Equipment 70
5.2.3 Jet Grouting Elements 74
5.2.4 Jet Grouting Structures 74
5.2.5 Field of Application 75
5.2.6 Grout Strength 75
5.2.7 Jet Grouting Parameters 76
5.2.8 Horizontal Position of the Jet Grouted Column 77

5.3 Assessing the Influence of Jet Grouting on Pile Foundations 78
5.3.1 Introduction 78
5.3.2 Assessing the Jet Grouting Process 78
5.3.3 Modelling Jet Grouting 79
5.3.4 Conclusions 82

5.4 Details of Jet Grouting Test Set-up 82
5.4.1 General 82
5.4.2 Piles 85
5.4.3 Jet Grouted Columns 85
5.4.4 Monitoring Equipment 86

5.5 Jet Grouting Process Parameters 87
5.6 Grout Quality 87

5.6.1 General 87
5.6.2 Unconfmed Compressive Strength 89
5.6.3 Tensile Strength 92
5.6.4 Young's Modulus 92
5.6.5 Shear Strength 94
5.6.6 Relations between Grout and Spoil Parameters 96
5.6.7 Conclusions 97

5.7 Jet Grouting for Foundation Protection 98
5.7.1 Pile Displacement 98
5.7.2 Pore Water Pressure 100
5.7.3 Total Stress and Effective Stress 103
5.7.4 Soil Movement 104
5.7.5 Bearing Capacity .106
5.7.6 Conclusions on Jet Grouting for Foundation Protection 107

5.8 Results of Jet Grouting for Foundation Renovation 107
5.8.1 Pile Displacement 107
5.8.2 Total Stress, Pore Water Pressure and Effective Stress 111
5.8.3 Soil Movement 113

Grouting for Pile Foundation Improvement
XIII



TABLE OF CONTENTS

5.8.4 Bearing Capacity 113
5.8.5 Conclusions on Jet Grouting for Foundation Renovation 115

5.9 Correlation Pile Displacement - Distance 116
5.10 Influence of Jet Grouting on CPT 117
5.11 Diameter Determination by Excavation 118
5.12 Conclusions on Jet Grouting for Pile Foundation Improvement 120
5.13 Recommendations and Future Perspectives 122

C H A P T E R 6 COMPACTION GROUTING 123

6.1 Introduction 123
6.2 Compaction Grouting Technique 123

6.2.1 History 123
6.2.2 Compaction Grout 124
6.2.3 Grouting Equipment 125
6.2.4 Grouting Pressure and Pumping Rate 125

6.3 Field of Application 126
6.4 Modelling Compaction Grouting 128

6.4.1 Compaction Grouting Models 128
6.4.2 Modelling Compaction Grouting in Amsterdam 130

6.5 Detailed Test Set-up 135
6.5.1 General 135
6.5.2 Piles and Monitoring Equipment 135
6.5.3 Grout Composition 137
6.5.4 Compaction Grouting Wooden Piles in the 1st Sand Layer 137
6.5.5 Grouting the Elements 137

6.6 Results of Tube Installation 140
6.7 Results of Compaction Grouting 141

6.7.1 Introduction 141
6.7.2 Pile Displacement 141
6.7.3 Surface Displacements 144
6.7.4 Pore Water Pressure & Total Stress 146
6.7.5 CPTs 149
6.7.6 Bearing Capacity 150

6.8 Conclusions 151
6.9 Recommendations and Future Perspective 152

C H A P T E R 7 GROUTING VERIFICATION METHODS 153

7.1 Introduction 153
7.2 Determining the Position of a Grouted Element 153
7.3 Determining the Geometry of a Grouted Element 154
7.4 Results of the Full Scale Injection Test 155

7.4.1 General 155
7.4.2 Stage 1: Determining Suitable Geophysical Detection Methods 155
7.4.3 Stage 2: Measuring the Geometry of Permeation Grouting Bodies 156
7.4.4 Stage 3: Measuring the Geometry of Jet Grouted Columns 157

7.5 Conclusions ! 162
7.6 Future Perspective 162

\



CHAPTER 8 SUITABILITY OF GROUTING FOR FOUNDATION

IMPROVEMENT 163

8.1 Introduction 163
8.2 Considerations Regarding the Influence of the Test Set-Up 163
8.3 Using Permeation Grouting for Foundation Improvement 164
8.4 Using Jet Grouting for Foundation Improvement 166
8.5 Using Compaction Grouting for Foundation Improvement 167
8.6 Economic Feasibility of Grouting for Foundation Improvement 168
8.7 Conclusions 169

C H A P T E R 9 CONCLUSIONS & FUTURE PERSPECTIVE 171

9.1 General 171
9.2 Conclusions 171
9.3 Future Perspective 173

LITERATURE REFERENCES 175

APPENDICES 181

DUTCH ABSTRACT / SAMENVATTING 213

CURRICULUM VITAE 217

APPENDICES
APPENDIX I GROUTING VOCABULARY 183
APPENDIX H CHARACTERISTIC SOIL PARAMETERS 186
APPENDIX HI INSTALLATION TIMES PERMEATION GROUTING 186
APPENDIX IV CHRONOLOGICAL SEQUENCE OF THE BALLAST FRAME CONSTRUCTION 187
APPENDIX V DATE OF JET GROUTING ACTIVITIES 188
APPENDIX VI MONITORING EQUIPMENT 189
APPENDIX VH RESULTS OF LOAD TESTS 1 AND 2 192
APPENDIX VHI PILE LOAD TESTS BEFORE AND AFTER PERMEATION GROUTING 194
APPENDIX IX PILE LOAD TESTS BEFORE AND AFTER JET GROUTING 199
APPENDIX X PILE LOAD TESTS BEFORE AND AFTER COMPACTION GROUTING 203
APPENDIX XI DISTANCES BETWEEN PILES AND TAMS : 205
APPENDIX XE SCATTER PLOTS MINIMAL DISTANCE TAM/PILE VERSUS PILE DISPLACEMENT 206
APPENDIX Xm LIST OF FIGURES AND TABLES 207

Grouting for Pile Foundation Improvement
XV


