
CONTENTS

1 Introduction....................................................................................................................... 1
1.1 Motivation and practical relevance of the topic.......................................................... 1
1.2 Aims of the research presented in this thesis............................................................4
1.3 Outline.......................................................................................................................... 5
1.4 Definitions....................................................................................................................6

2 Modelling of time dependent material behaviour of soil with the FEM.....................9
2.1 Time dependent material behaviour of soil................................................................ 9
2.2 Considerations for the choice of an appropriate constitutive model....................... 10
2.3 AVISA model..............................................................................................................13

2.3.1 General remarks..............................................................................................13
2.3.2 AVISA model under monotonic loading.......................................................... 13
2.3.3 Adjustment of the viscous strain......................................................................14
2.3.4 Definition of the OCR.......................................................................................15
2.3.5 Intergranular strain anisotropy (ISA) extension for fine-grained soils under

cyclic loading................................................................................................... 15
2.3.6 Inclusion of inherent anisotropy.......................................................................17

3 Material behaviour of the Frankfurt clay......................................................................18
3.1 Characterisation of the Frankfurt clay.......................................................................18

3.1.1 Frankfurt Formation and Frankfurt clay.......................................................... 18
3.1.2 Frankfurt clay................................................................................................... 18
3.1.3 Sample extraction.............................................. 21
3.1.4 Classification and statistical evaluation..........................................................22

3.2 Laboratory tests......................................................................................................... 27
3.2.1 Introduction......................................................................................................27
3.2.2 Oedometric tests..............................................................................................27

3.2.2.1 General remarks................................................................................27
3.2.2.2 Methods for determining the over-consolidation ratio OCR............ 37
3.2.2.3 Evaluation of the oedometric tests................................................... 43

3.2.3 Triaxial tests.....................................................................................................65
3.2.3.1 Definition of the failure condition in cohesive soils...........................65
3.2.3.2 Influence of OCR on the effective stress path................................. 67
3.2.3.3 Viscous behaviour and influence of the strain rate..........................68
3.2.3.4 Triaxial test program......................................................................... 71
3.2.3.5 Monotonic triaxial tests...................................................................... 72
3.2.3.6 Cyclic Triaxial tests............................................................................76

3.2.4 Permeability tests.............................................................................................79
3.3 Calibration of material parameters and initialization of state variables...................81

3.3.1 General remarks..............................................................................................81
3.3.2 Parameters for transversal isotropic hypoelasticity........................................82
3.3.3 Critical state and loading surface................................................................... 88
3.3.4 Viscosity.......................................................................................................... 90
3.3.5 Intergranular strain anisotropy........................................................................ 91

https://d-nb.info/1324208759


3.3.6 Initialization of state variables......................................................................... 92
3.4 Numerical simulation of the laboratory tests............................................................ 96

3.4.1 General............................................................................................................ 96
3.4.2 Oedometric tests............................................................................................. 96
3.4.3 Drained monotonic triaxial tests.................................................................... 100
3.4.4 Undrained monotonic triaxial tests...............................................................101
3.4.5 Strain rate jumps.......................................................................................... 102
3.4.6 Horizontal cutting direction........................................................................... 102
3.4.7 Undrained cyclic triaxial tests....................................................................... 103

4 Investigation of the load-bearing behaviour of foundations in Frankfurt am
Main.................................................................................................................................104
4.1 Motivation.................................................................................................................104
4.2 Subsoil and groundwater conditions...................................................................... 106
4.3 Material parameters, state variables and permeability of the Frankfurt Formation

used in the FEA........................................................................................................110
4.3.1 General.......................................................................................................... 110
4.3.2 Effect of the proportions of sand and limestone bands on the stiffness.... 110
4.3.3 System permeability for the Frankfurt Formation used in the FEA............111
4.3.4 State variables for the Frankfurt Formation used in the FEA..................... 113

4.4 Messeturm................................................................................................................115
4.4.1 Messeturm: Subsoil conditions....................................................................117
4.4.2 Messeturm: Numerical analysis...................................................................117

4.4.2.1 Messeturm: Numerical model...........................................................117
4.4.2.2 Messeturm: Comparison of in-situ measurements and numerical

analysis..............................................................................................119
4.4.2.3 Messeturm: Influence of the system permeability and the associated

consolidation period on the numerical results.................................124
4.4.2.4 Messeturm: Influence of the Young’s modulus of the pile on the

results of the FEA............................................................................ 126
4.5 SGZ-Bank, Park Tower............................................................................................128

4.5.1 Summary of the construction history of the site............................................128
4.5.2 SGZ-Bank & Park Tower: Subsoil condition.................................................128
4.5.3 SGZ-Bank....................................................................................................... 129

4.5.3.1 SGZ-Bank: Structure........................................................................ 129
4.5.3.2 SGZ-Bank: Construction process.................................................... 131
4.5.3.3 SGZ-Bank: Geodetic measurements..............................................133

4.5.4 Atrium .......................................................................................................... 135
4.5.5 Park Tower.....................................................................................................137

4.5.5.1 Park Tower: Structure...................................................................... 137
4.5.5.2 Park Tower: Construction process.................................................. 138
4.5.5.3 Park Tower: Measurements.............................................................140

4.5.6 SGZ-Bank & Park Tower: Numerical analysis..............................................148
4.5.6.1 SGZ- Bank & Park Tower: Numerical model.................................. 148
4.5.6.2 SGZ-Bank: Comparison of in-situ measurements and numerical

analysis ......................................................................................... 153



Ill

4.5.6.3 SGZ-Bank: Influence of the system permeability and the associated
consolidation period on the numerical results.................................155

4.5.6.4 Park Tower: Comparison of in-situ measurements and numerical
analysis .........................................................................................157

4.5.6.5 Park Tower: Influence of the system permeability and the associated
consolidation periods on the numerical results.............................. 165

4.6 Influence of the coefficient of earth pressure at rest on the numerical analysis... 166
4.7 Influence of the viscosity index on the numerical analysis....................................168

5 Centrifuge tests............................................................................................................170
5.1 Physical modelling of time dependent foundation behaviour in cohesive soils....170
5.2 Principles of centrifuge testing................................................................................ 172
5.3 Centrifuge facility......................................................................................................174
5.4 Test program............................................................................................................175
5.5 Experimental setup.................................................................................................. 177
5.6 Model preparation................................................................................................... 180
5.7 Soil properties..........................................................................................................180
5.8 General testing procedure...................................................................................... 183
5.9 Results..................................................................................................................... 183

5.9.1 General remarks............................................................................................183
5.9.2 Spin-up...........................................................................................................185
5.9.3 Test PR-A.......................................................................................................185

5.9.3.1 Load sequence................................................................................ 185
5.9.3.2 Settlements.......................................................................................186
5.9.3.3 Pore pressures................................................................................. 187
5.9.3.4 Pile resistances................................................................................ 189
5.9.3.5 System resistances..........................................................................190

5.9.4 Test PR-B...................................................................................................... 191
5.9.4.1 Load sequence................................................................................ 191
5.9.4.2 Settlements.......................................................................................192
5.9.4.3 Pore pressures................................................................................. 193
5.9.4.4 Pile resistances................................................................................ 194
5.9.4.5 System resistances..........................................................................195

5.9.5 Comparative evaluation of the tests..............................................................196
5.9.5.1 Settlements.......................................................................................196
5.9.5.2 Pore pressures................................................................................. 198
5.9.5.3 Pile resistance.................................................................................. 199
5.9.5.4 System resistances..........................................................................200

6 Numerical parametric study.......................................................................................201
6.1 Motivation.................................................................................................................201
6.2 Model....................................................................................................................... 204

6.2.1 Foundation geometry and subsoil situation...................................................204
6.2.2 Numerical model........................................................................................... 204

6.2.2.1 FE Mesh ........................................................................................ 204
6.2.2.2 Groundwater conditions.................................................................. 205
6.2.2.3 Material parameters.........................................................................205

6.2.3 Step by step analyses................................................................................... 206



IV

6.3 Reference simulation.............................................................................................. 209
6.3.1 General remarks............................................................................................ 209
6.3.2 Comparison of coupled and uncoupled simulations....................................209
6.3.3 Development of settlements in the coupled analysis...................................210
6.3.4 Development of excess pore pressure in the coupled analysis.................211
6.3.5 Development of pile resistances in the coupled analysis.......................... 212
6.3.6 Comparison of the settlement behaviour of piled raft and raft foundation.. 214
6.3.7 Equivalent pile spring stiffness and Winkler modulus..................................215

6.4 Influence of model discretization in space and time...............................................217
6.4.1 Mesh discretisation.......................................................................................217
6.4.2 Interfaces.......................................................................................................217
6.4.3 Time discretization........................................................................................219

6.5 Variation of compression index, swelling index and critical state slope...............221
6.6 Viscosity index.........................................................................................................225
6.7 Permeability............................................................................................................. 227
6.8 Overconsolidation ratio............................................................................................ 230
6.9 Influence of an alternate loading............................................................................ 232

6.9.1 Groundwater lowering....................................................................................232
6.9.2 Unloading & reloading...................................................................................234

7 Summary and outlook...................................................................................................236

8 References......................................................................................................................239

9 Appendix......................................................................................................................... 262
A Notation, Abbreviations and symbols.....................................................................262

A.1 Notation......................................................................................................... 262
A.2 Lowercase letters......................................................................................... 263
A.3 Capital letters.................................................................................................265
A.4 Greek letters..................................................................................................267
A.5 Tensors......................................................................................................... 269
A.6 Abbreviations.................................................................................................270
A.7 Indices............................................................................................................271

B Summary of the governing equations of the constitutive model........................... 272
C Oedometric tests.......................................................................................................276

C.1 Evaluation........................................................................................................ 276
C.2 Test equipment and test procedures............................................................ 277
C.3 Test results.....................................................................................................278

D Monotonic triaxial tests..............................................................................................333
D.1 Evaluation........................................................................................................ 333
D.2 Test equipment and test procedure...............................................................335
D.3 Test results......................................................................................................338

E Cyclic triaxial tests.....................................................................................................343
E.1 Evaluation........................................................................................................ 343
E.2 Test equipment and test procedure...............................................................343
E.3 Test results......................................................................................................345

F Anisotropic elasticity..................................................................................................349
F.1 General theory.................................................................................................349
F.2 Construction of Figure 3.56.............................................................................351



V

G Centrifuge tests....................................................................................................... 355
G.1 Centrifuge model...........................................................................................355
G.2 Laboratory tests on Kaolin clay....................................................................362
G.3 Laboratory tests on sand.............................................................................. 368
G.4 Test PR-A..................................................................................................... 369
G.5 Test PR-B..................................................................................................... 374
G.6 Test PR-B-1................................................................................................... 379
G.7 Test R-A....................................................................................................... 384
G.8 TestR-B....................................................................................................... 387
G.9 Test R-B-I..................................................................................................... 390


