ETH Library

Failure mechanisms in
unsaturated silty sand slopes
triggered by rainfall
Doctoral Thesis
Author(s):
Askarinejad, Amin
Publication date:
2013
Permanent link:
https://doi.org/10.3929/ethz-a-010002526
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

DISS. ETH NO. 21423

FAILURE MECHANISMS IN UNSATURATED SILTY SAND SLOPES TRIGGERED BY
RAINFALL

A dissertation submitted to
ETH ZURICH
for the degree of
Doctor of Sciences

presented by
AMIN ASKARINEJAD
Master of Science in Civil engineering - Geotechnical Engineering
Iran University of Science and Technology

born 16.09.1982

citizen of Iran

accepted on the recommendation of
Prof. Dr. Sarah M. Springman
Prof. Dr. Andrew Take

2013

Dedication

Dedication

III

Acknowledgments

Acknowledgments
First and foremost, I would like to address my sincere thanks and gratitude to my PhD supervisor, Professor Sarah Springman, for all I have learned from her and for her continuous
support and help at all stages of this thesis. I would especially like to thank her for encouraging and helping me to develop ideas throughout the past years, and for giving me the opportunity to present my work at several national and international schools, meetings and conferences. I am grateful for her trust in involving me in numerous relevant applied research projects and also in teaching activities, which provided me with valuable experience.
I wish to express my special thanks to Professor Andy Take who reviewed and evaluated this
thesis and for all the helpful discussions we had in course of the research. I also thank Professor Markus Rothacher for chairing my PhD final exam on behalf of the doctoral office of
ETH Zurich.
My thanks are also directed to the TRAMM project team (funded by the Competence Centre
of Environment and Sustainability, ETH Zurich) especially Dr Manfred Stähli for coordinating
the project, Professor Dani Or, Dr Peter Lehman, Dr Brian McArdell Dr Christian Rickli, Dr
Laurent Tacher, Professor Lyesse Laloui and all of the former PhD students and postdocs:
Dr Cornelia Brönnimann, Dr Gernot Michlmayr, Dr Francesca Casini, Dr Peter Kienzler, Dr
Massimiliano Schwarz, Dr Barbara Suski, MSc Francesca Gambazzi, Dr John Eichenberger,
Dr Jonas von Rütte, and Dr Mathieu Nuth for the interesting discussions and meetings. Furthermore, I would like to thank the numerous collaborators of the EU project SafeLand (EU
FP7 grant agreement no. 226479).
My sincere thanks are directed to all of the members of the Institute of Geotechnical Engineering (IGT – ETH Zurich) for providing a friendly environment to work in. Firstly, I would
like to thank Dr Jan Laue for his support in the design and construction of the rain simulator
and also his help during the centrifuge tests. Marco Sperl was an indispensable help in the
laboratory and during the field work for the Ruedlingen experiment. The mixture of his sense
of humour and hard work always provided a pleasant atmosphere even in stressful moments.
The help of Ernst Bleiker was essential in all of the instrumentation and data-logging aspects.
I really appreciate his patience in bringing order to the “cable spaghetti” that I sometimes
made in the field and also in the lab. I am grateful to Ralf Herzog for his valuable help in both
field and laboratory works. I would like also to address my special thanks and gratitude to
Markus Iten, Heinz Buschor, Alfred Ehrbar, Peter Jenne, and late Adrian Zweidler, whose
assistance was essential in conceptualising and building the rain simulator and climate
chamber for the centrifuge, and also in performing the tests. I would like also to thank Felix
Wietlisbach for his help with the IT and data transfer issues in both field and laboratory. The
secretarial support of Gabriela Laios, Sonja Zwahlen and Mengia Amberg is very much appreciated.

V

Acknowledgments
The support of the Institute of Geodesy and Photogrammetry of ETH Zurich in the photogrammetric analysis of the images from the Ruedlingen experiments and centrifuge tests is
appreciated, especially Dr Devrim Akca, Professor Armin Grün, MSc David Novák, Professor
Konrad Schindler, Professor Hilmar Ingensand, Dr Nuster Demir, and MSc Soheil Sotoodeh.
I am also grateful to Mr. Heinz Richner (IFB – ETHZ) for his help in preparing the mortar for
the Strain Inclinometers. Special thanks go to the Ruedlingen Council, particularly Mrs. Katy
Leutenegger and Mr. Martin Kern, the fire station, and the farmers, foresters and communities of Ruedlingen and Buchberg.
Further, I would like to thank particularly Emma Pooley, Yuko Yamamoto, and Ferney Morales who kindly reviewed the manuscript. I am also grateful for the help of Dr Francesca
Casini in unsaturated soil mechanics and Dr Peter Kienzler in the calibration and installation
of the instruments in the field.
I wish to express my sincere thanks to all my friends who supported me during the last 5.5
years and encouraged me to accomplish this milestone of my life: Ferney, Francesca, Peter,
Yuko, Alex, Thomas, Linda, Elham, Sara, Cornelia, André, Emma, Daisy, Zanyar, Damoun,
Roman, Kubilay, Elena, Lorenzo, Alex, Patrick, Cornelia, Fatih, John, Gernot, Jonas, Amir,
Rashid, Jean, Masoud, Saba, Elham, Parisa, Mohammad, Rezvan, Saeed, Ladan, Paolo,
Paul, Marco, Ralf, Rico, Markus, Pierre, René, Daniela, Esther, Philippe, Juliane, Thomas,
Andrea, Bernd, Mathias, and in particular my most heartfelt thanks go to Anna.
Finally, I am most grateful for the unconditional supports of my beloved parents, Mina and
Rasool, my wonderful brothers, Reza and Hamed, and my great sisters in law, Shahrzad and
Roya.

VI

Contents

Contents
Dedication ............................................................................................................................... III
Acknowledgments ................................................................................................................... V
Contents ................................................................................................................................ VII
List of Figures ........................................................................................................................ XV
List of Tables ......................................................................................................................XXIX
Kurzfassung .......................................................................................................................XXXI
Abstract ............................................................................................................................XXXIII
1

Introduction ....................................................................................................................... 1
1.1

2

Motivation ................................................................................................................. 1

1.1.1

Landslides due to rainfall in the past and present .............................................. 1

1.1.2

Landslides induced by rainfall in future ............................................................... 2

1.2

Objectives of the project ........................................................................................... 3

1.3

Methodology and layout of the thesis ....................................................................... 4

Literature review ............................................................................................................... 7
2.1

Unsaturated soil mechanics ..................................................................................... 7

2.1.1

Matric suction in the soil ..................................................................................... 7

2.1.2

Water Retention Curve ....................................................................................... 8

2.1.3

Unsaturated hydraulic conductivity function ..................................................... 10

2.1.4

Transient flow in unsaturated soil ..................................................................... 11

2.1.5

Effective stresses in unsaturated soils .............................................................. 12

2.1.6

Constitutive models for unsaturated soils ......................................................... 13

2.1.7

Barcelona Basic model ..................................................................................... 15

Volumetric behaviour of unsaturated soils and yielding ............................................. 15
Shear strength ............................................................................................................ 18
2.2

Triggering mechanisms of landslides due to rainfall ............................................... 21

2.2.1
Decrease in suction within the unsaturated soil profile (top-down and bottom-up
saturation)....................................................................................................................... 22
Modelling of slope failure in unsaturated slopes due to rainfall using BBM ................ 22
2.2.2

Exfiltration from the bedrock ............................................................................. 24

2.2.3

Static liquefaction and drained collapse behaviour ........................................... 24

2.2.4

Drained collapse behaviour .............................................................................. 25

VII

Contents
2.2.5

Slide to flow mechanism due to restricted seepage conditions ........................ 26

2.3

Previous field tests ................................................................................................. 26

2.4

Centrifuge modelling ............................................................................................... 29

2.4.1

Effect of initial conditions of slopes on the failure mechanism .......................... 29

2.4.2

Static liquefaction mechanism .......................................................................... 31

2.4.3

Slip to flow mechanism due to restricted seepage ........................................... 32

2.5
3

Concluding remarks ................................................................................................ 33

Ruedlingen experiment field ........................................................................................... 35
3.1

Test slope ............................................................................................................... 35

3.1.1

Location ............................................................................................................ 35

3.1.2

Meteorological records of the region and natural hazards ................................ 35

3.2

Characterisation ..................................................................................................... 40

3.2.1

Geology ............................................................................................................ 40

3.2.2

Hydrology.......................................................................................................... 45

3.2.3

Vegetation (based on Schwarz, 2011) .............................................................. 45

3.3

Field instrumentation .............................................................................................. 47

3.3.1

Tensiometers .................................................................................................... 49

Calibration .................................................................................................................. 49
Installation .................................................................................................................. 50
3.3.2

TDRs................................................................................................................. 50

Calibration .................................................................................................................. 52
Installation .................................................................................................................. 52
3.3.3

Decagons.......................................................................................................... 52

Calibration .................................................................................................................. 53
Installation .................................................................................................................. 53
3.3.4

Piezometers ...................................................................................................... 54

Calibration .................................................................................................................. 54
Installation .................................................................................................................. 54
3.3.5

Stress and pore pressure sensors (Gloetzl cells) ............................................. 55

3.3.6

Strain Inclinometers (SI) ................................................................................... 55

Introduction ................................................................................................................. 55
Subsurface motion monitoring by strain and tilt measurements ................................. 56
The structure of Strain Inclinometers (SI) ................................................................... 57

VIII

Contents
Principles of deformation measurement ..................................................................... 59
External bending work ................................................................................................ 62
Laboratory testing of the Strain Inclinometer .............................................................. 63
Strain Inclinometers installed in Ruedlingen slope ..................................................... 66
3.3.7
4

Surface movements monitoring (based on Akca et al., 2011) .......................... 67

Ruedlingen soil characterisation..................................................................................... 69
4.1

Grain size distribution and Atterberg limits ............................................................. 70

4.2

Volumetric properties of the soil in saturated and unsaturated conditions ............. 70

4.2.1
4.3

Results .............................................................................................................. 71

Shear properties of Ruedlingen soil........................................................................ 76

4.3.1

Constant Shear Drained-Undrained (CSD-U) triaxial test ................................ 76

Specimen preparation ................................................................................................ 77
Test procedure ........................................................................................................... 77
Determination of the deviator and cell pressures ....................................................... 77
Consolidation .............................................................................................................. 80
Increase of pore water pressure ................................................................................. 80
Constant shear undrained (CSU) triaxial test ............................................................. 85
4.3.2
4.4

CSD triaxial tests on loose and compacted specimens .................................... 86

Hydraulic properties of Ruedlingen soil .................................................................. 88

4.4.1

Water Retention Curves (WRC) ....................................................................... 88

4.4.2

Saturated hydraulic conductivity ....................................................................... 90

4.4.3

Unsaturated hydraulic conductivity ................................................................... 93

Instantaneous Profile Method (IPM) ........................................................................... 93
Hydraulic conductivity functions derived from IPM ..................................................... 96
Hydraulic conductivity functions based on the WRCs ................................................ 97
4.5
5

Compaction test ...................................................................................................... 99

Slope monitoring and landslide triggering experiments ................................................ 101
5.1

Slope monitoring experiment (October 2008) ....................................................... 101

5.1.1

Rainfall ............................................................................................................ 101

5.1.2

Pore water pressure (PWP) and volumetric water content (VWC) ................. 102

Cluster 1 ................................................................................................................... 102
Cluster 2 ................................................................................................................... 103
Cluster 3 ................................................................................................................... 106

IX

Contents
5.1.3

Insitu Water Retention Curve (WRC) (based on Askarinejad et al., 2010a) ... 108

5.1.4

Water table ..................................................................................................... 110

5.1.5

Surface and subsurface movements .............................................................. 112

5.1.6

Horizontal soil pressure and external bending work ....................................... 117

5.2

Slope monitoring under natural atmospheric conditions ....................................... 120

5.2.1

Pore water pressure ....................................................................................... 120

Pore water pressure at a depth of 120 cm of three instrumentation clusters ........... 121
5.2.2
5.3

Landslide triggering experiment ........................................................................... 123

5.3.1

Rainfall ............................................................................................................ 123

5.3.2

Decrease of the lateral root reinforcement along the sides ............................ 125

5.3.3

Landslide ........................................................................................................ 125

5.3.4

Changes in the pore water pressure ............................................................... 127

5.3.5

Changes in the volumetric water content ........................................................ 128

5.3.6

Water table ..................................................................................................... 129

5.3.7

Integrated analysis of the landslide event ....................................................... 130

5.3.8

Depth of the failure surface and profile of the subsurface movements ........... 133

5.3.9

Movements during the failure ......................................................................... 135

5.3.10

Photogrammetrical analysis (based on Akca et al., 2011) .............................. 142

5.4

6

Comparison between the slope monitoring and landslide triggering experiments 145

5.4.1

Initial condition ................................................................................................ 145

5.4.2

Drilling rig ........................................................................................................ 146

5.4.3

Rainfall pattern and cutting the roots along the longitudinal borders .............. 147

5.4.4

Hypotheses ..................................................................................................... 147

Physical modelling in a geotechnical drum centrifuge .................................................. 149
6.1

Scaling laws .......................................................................................................... 150

6.1.1

Scaling law for the infiltration and rainfall specifications ................................. 150

6.1.2

Scaling laws for the static liquefaction mechanism (microscopic) .................. 151

6.2

The basic concept of the climate chamber ........................................................... 153

6.3

Rain simulator and the tool table .......................................................................... 154

6.4

Bedrock ................................................................................................................ 156

6.5

Instrumentation and monitoring ............................................................................ 157

6.5.1

X

Groundwater table .......................................................................................... 122

Pore water pressure measurements ............................................................... 157

Contents
6.5.2
6.6

Centrifuge tests .................................................................................................... 161

6.6.1
6.7

Slope monitoring ............................................................................................. 159

General setting and instrumentation ............................................................... 161

Effect of bedrock shape on the stability of slopes................................................. 166

6.7.1

Slope with a buttress on the bedrock (Test T9_1) .......................................... 166

Slope without a buttress on the bedrock (Test T10_2) ............................................. 167
6.7.2
6.8

Comparison of tests T9_1 and T10_2 (effect of the bedrock shape) .............. 169

Drainage into the bedrock with buttress (test T10_1) ........................................... 170

6.8.1

Comparison between the tests with and without drainage in the bedrock ...... 171

6.9

Discussion: the effects of bedrock shape and drainage on slope stability ............ 172

6.10

Exfiltration from bedrock ....................................................................................... 175

6.10.1 Comparison between failure mechanisms due to exfiltration from the bedrock
and infiltration of rainfall................................................................................................ 177
6.11

Effect of vegetation on slope stabilisation ............................................................ 178

6.11.1

Introduction ..................................................................................................... 178

6.11.2

Root specifications.......................................................................................... 178

6.11.3

Estimation of the root reinforcement ............................................................... 179

6.11.4

Centrifuge model preparation ......................................................................... 181

6.11.5

Direct shear test.............................................................................................. 183

6.11.6

Stability of the vegetated slope (2D infinite slope method) ............................. 184

6.11.7

Centrifuge test to investigate the root reinforcement effects (T11_1&2) ........ 186

6.12

Static liquefaction ................................................................................................. 188

6.12.1

Introduction ..................................................................................................... 188

6.12.2

Centrifuge tests to investigate the static liquefaction ...................................... 188

6.12.3

Slope with viscous solution as pore fluid (Test 13_2, no buttress) ................. 189

6.12.4

Slope with water as pore fluid ......................................................................... 191

6.12.5 Comparison between the behaviour of models with water and a viscous
solution as pore fluids ................................................................................................... 192
6.13
7

Summary .............................................................................................................. 192

Analytical and numerical simulations............................................................................ 193
7.1

Analytical modelling (based on Askarinejad et al., 2012b) ................................... 193

7.1.1

Analytical limit equilibrium simulations ............................................................ 193

7.1.2

Prediction of potential depth of failure surface ................................................ 197

XI

Contents
7.1.3

Effect of variability of root reinforcement with depth ....................................... 198

7.2
Uncoupled 2D simulations of Ruedlingen experiments (based on Bischof, 2010 and
Askarinejad et al., 2012b) ................................................................................................. 200
7.2.1
Effect of the fissures in the first experiment (slope monitoring experiment,
October 2008)............................................................................................................... 203
7.2.2

Simulation of the landslide triggering experiment ........................................... 204

7.2.3

Parametric study of the landslide triggering experiment ................................. 206

7.3

Coupled hydro-mechanical simulations of the behaviour of slope during rainfall . 207

7.3.1

Introduction to Code Bright ............................................................................. 207

Nonlinear elasticity ................................................................................................... 208
Viscoplascticity ......................................................................................................... 208
Hydraulic inputs ........................................................................................................ 209
7.3.2

Input parameters............................................................................................. 209

Nonlinear elasticity ................................................................................................... 210
Viscoplasticity ........................................................................................................... 210
Water retention parameters ...................................................................................... 212
Hydraulic conductivity function ................................................................................. 212
Intrinsic permeability ................................................................................................. 212
7.3.3

2D simulation of the Ruedlingen triggering experiment .................................. 213

Geometry of the models ........................................................................................... 213
Force boundary conditions ....................................................................................... 214
Applied rainfall and exfiltration .................................................................................. 214
Evolution of pore water pressure .............................................................................. 215
Displacements .......................................................................................................... 219
7.3.4

3D simulation of the Ruedlingen triggering experiment .................................. 219

Geometry, material and applied rainfall .................................................................... 220
Results of the 3D simulations ................................................................................... 222
7.4
8

Conclusions of the hydro-mechanical simulations ................................................ 226

Summary, conclusions and outlook .............................................................................. 229
8.1

XII

Summary and conclusions ................................................................................... 229

8.1.1

Experimental field, instrumentation and soil characterisation ......................... 229

8.1.2

Slope monitoring experiment (October 2008) ................................................. 231

8.1.3

Landslide triggering experiment (March 2009) ............................................... 232

Contents
8.1.4

Physical modelling in a geotechnical drum centrifuge .................................... 233

8.1.5

Analytical and numerical simulations .............................................................. 233

8.2
9

Suggestions for future work .................................................................................. 234

References ................................................................................................................... 237

Appendix A……………………………………………………………………………………….… A1
Appendix B………………………………………………………………………………….……… B1
Appendix C………………………………………………………………………………….……… C1
Appendix D………………………………………………………………………………….……… D1
Appendix E……………………………………………………………………………….……...…. E1
Appendix F……………………………………………………………………………….…………. F1
Appendix G…………………………………………………………………………….…………… G1
Appendix H…………………………………………………………………………………………. H1
Appendix I……………………………………………………………………………….…………... I1
Appendix J…………………………………………………………………………….…………….. J1

XIII

Contents

XIV

List of Figures

List of Figures
Figure 1.1: Location of landslides in Switzerland from 1972 to 2002, shown by red dots (after
Schmid et al., 2004; and Lateltin et al., 2005). ......................................................................... 1
Figure 1.2: Predicted precipitation trend due to anthropogenic impact on the environment
(insufficient data is available for the areas shaded in white) (after Zhang et al., 2007). .......... 2
Figure 1.3: Schematic showing the interaction between different parts of the dissertation. ..... 5
Figure 2.1: a) Development of surface tension at the interface of the water and air, b)
Changes in the radius of the meniscus with water content. ..................................................... 8
Figure 2.2: Microscope photograph of a meniscus between two grains of Fontainebleau sand
(van Mechelen, 2004)............................................................................................................... 8
Figure 2.3: a) Hysteresis in Water Retention Curve (after Lu & Likos, 2004), b) Non-uniform
capillary tube demonstrating the “ink-bottle” effect (after Childs, 1969). .................................. 9
Figure 2.4: Change in the soil-water contact angle during flow (after Hillel, 1998). ............... 10
Figure 2.5: Relative hydraulic conductivity function (after Lu & Likos, 2004). ........................ 10
Figure 2.6: Elemental volume of soil (after Lu & Likos, 2004), original work of Richards
(1931b) and Terzaghi (1943).................................................................................................. 11
Figure 2.7: Dependency of Bishop’s effective stress on the degree of saturation (after Lu &
Likos, 2004). ........................................................................................................................... 13
Figure 2.8: Volumetric behaviour of saturated and unsaturated soil under isotropic
consolidation, based on the BBM (after Alonso et al., 1990). ................................................ 16
Figure 2.9: Loading collapse curve and stress path of Figure 2.8 (after Alonso et al., 1990).17
Figure 2.10: Yielding due to variation in suction (after Alonso et al., 1990). .......................... 17
Figure 2.11. Loading collapse and suction increase line, which define the elastic region (after
Alonso et al., 1990). ............................................................................................................... 18
Figure 2.12: Yield loci in saturated and unsaturated conditions based on Barcelona Basic
Model in p-q space. (CSL: Critical State Line) (after Alonso et al., 1990). ............................. 18
Figure 2.13: Increase of the unsaturated shear stress due to the suction for different values
of normal stress in a direct shear test (Escario & Saez, 1986). ............................................. 19
Figure 2.14: Extent of yield surfaces in p-s space, based on BBM (after Alonso et al., 1990).
............................................................................................................................................... 20
Figure 2.15: Three dimensional yield surface proposed in the Barcelona Basic Model (after
Alonso et al., 1990). ............................................................................................................... 20
Figure 2.16: Saturation mechanisms in changing estimates of likely depth of slip surface
(after Kienzler, 2007 and Springman et al., 2012). ................................................................. 22
Figure 2.17: Stress path and yield locus development of an element from original deposition
under q = 0 conditions to failure in an unsaturated slope subjected to rainfall. ...................... 23
Figure 2.18: Schematic diagram of the hydraulic interactions between bedrock and the upper
soil layer (after Johnson & Sitar, 1990). ................................................................................. 24
Figure 2.19: Location of the instability line and potential unstable region for undrained
saturated triaxial tests (ESP: effective stress path, TSP: total stress path, CSL: critical state
line) (after Chu et al., 2003).................................................................................................... 25
Figure 2.20: Rainfall infiltration experiment: setup test for test case I (Kimura et al., 1991). . 30
XV

List of Figures
Figure 2.21: Rainfall infiltration experiment: Setup test for test case II (Kimura et al., 1991),
(PT: pore pressure transducer, CS: conductivity sensors). .................................................... 30
Figure 2.22: Model slope to investigate slide-to-flow landslide triggering mechanism, PPTT:
pore pressure and tension transducer, PIV: Particle image velocimetry (Take et al., 2004). . 32
Figure 2.23: Geometry of the model slope. PPT: pore pressure transducer (Lee et al., 2008).
............................................................................................................................................... 33
Figure 3.1: The location of the test slope and topography of the region (The interval between
elevation contours is 5 m. The relief and topography map is taken from http://www.sh.ch/). 35
Figure 3.2: Maximum daily precipitation at the Wil bei Rafz meteorological station of (data
from http://www.meteoschweiz.ch). ........................................................................................ 36
Figure 3.3: Monthly precipitation from the Wil bei Rafz meteorological station (data from
http://www.meteoschweiz.ch). ................................................................................................ 36
Figure 3.4: Monthly precipitation from the Zurich / Fluntern meteorological station with trend
to data shown by linear regression (data from http://www.meteoschweiz.ch). ....................... 37
Figure 3.5: Two rainfall intensity-duration thresholds for shallow landslides and debris flows
compared with the monthly and hourly precipitation records, the single local record of May
2002 (Fischer et al., 2003) and two artificial rainfall events of Ruedlingen slope monitoring
and landslide triggering experiments in October 2008 and March 2009, respectively. .......... 37
Figure 3.6: Norm values of monthly precipitation for the period of 1981-2010 for 4
meteorological stations near Ruedlingen (values in brackets are the elevation of the
meteorological
station
in
metres
above
sea
level
(masl))
(data
from
http://www.meteoschweiz.ch). ................................................................................................ 38
Figure 3.7: Norm values of precipitation, relative humidity and temperature, 1961-1990 for
Zurich Kloten meteorological station (data from http://www.meteoschweiz.ch). .................... 38
Figure 3.8: Potential monthly evapotranspiration for Zurich Kloten meteorological station
(data from http://www.meteoschweiz.ch). .............................................................................. 39
Figure 3.9: Relief and hazard map of Ruedlingen area (www.sh.ch), and landslides of May
2002 (Photos: M. Sperl). ........................................................................................................ 39
Figure 3.10: Signs of previous downslope soil movements in the vicinity of the selected test
slope in Ruedlingen: a) bent trees, b) sliding of the soil mantle over the bedrock and
exposure of the bedrock outcrop (Photos: P. Kienzler). ......................................................... 40
Figure 3.11: Geological map of the Ruedlingen area (after Hantke, 1967). ........................... 41
Figure 3.12: The geological lithology of the Ruedlingen test site indicating some aspects of
hydrogeology markers determining the site (P1-4; M1-2) (after Brönnimann et al., 2009). ... 41
Figure 3.13: Fissures in the lower freshwater molasse at point A in Figure 3.11 (Photo: C.
Brönnimann). .......................................................................................................................... 42
Figure 3.14: Ice layers showing the location of the water exfiltration from the bedrock (Photo:
A. Askarinejad). ...................................................................................................................... 42
Figure 3.15: 2D and 3D shape of the bedrock, based on interpolation from DPL results. ..... 43
Figure 3.16: Geological interpretation of: a) the left (along the line P1-M1-P2) and b) the right
(along the line P3-M2-P4) hand side of the test site (after Brönnimann, 2011). .................... 44
Figure 3.17: Shape of the bedrock, positions of the sensor cluster and the Strain
Inclinometers (SIs), and location of the fissures in the bedrock derived from the insitu

XVI

List of Figures
hydraulic conductivity measurements and the ERT results (bedrock topography: based on
DPL results; after Brönnimann 2011). .................................................................................... 44
Figure 3.18: a) Small-scale sprinkling apparatus for the combined sprinkling and dye tracer
experiments , b) dye pattern exposed after the sprinkling in two sections of the sprinkled
area, c) flow of infiltrated water over the bedrock and isolated boulders in the soil layer
(Kienzler, 2008; Springman et al., 2009), (photos: P. Kienzler). ............................................ 45
Figure 3.19: Maximum pullout forces measured in two test pits in the Ruedlingen slope for
roots of 1 to 6 mm in diameter (measured in 12.06.08 and 18.03.09) (Schwarz, 2011). ....... 46
Figure 3.20: Spatial distribution of maximal root reinforcement in the study area (Schwarz,
2011). ..................................................................................................................................... 46
Figure 3.21: Instrumentation plan of the Ruedlingen slope. ................................................... 48
Figure 3.22: Schematic of a tensiometer. ............................................................................... 49
Figure 3.23: TDR probe and cylinder of influence. ................................................................. 51
Figure 3.24: Comparison of the TDR measurements to the formulae suggested by Topp et al.
(1980) and Ledieu et al. (1986). ............................................................................................. 52
Figure 3.25: Decagon type EC-5 and its cylinder of influence (modified after
http://www.decagon.com/products/sensors/soil-moisture-sensors/). ..................................... 53
Figure 3.26: Comparison between the Decagon and TDR measurements at a depth of 60 cm
in cluster 2. ............................................................................................................................. 54
Figure 3.27: Gloetzl cell to measure the horizontal soil pressure, (http://www.gloetzl.de). .... 55
Figure 3.28: Schematic of Strain Inclinometers and bridge arrangement for the strain gauges.
............................................................................................................................................... 58
Figure 3.29: a) Coordinate system and sign convention. b) The initial condition and deformed
shape of the probe. ................................................................................................................ 59
Figure 3.30: Locating the failure surface with the Strain Inclinometer. ................................... 61
Figure 3.31: Cross section of a Strain Inclinometer. .............................................................. 62
Figure 3.32: Laboratory testing of the Strain Inclinometer (after Askarinejad, 2009). ............ 63
Figure 3.33: The deformation of the SI at different stages of shearing (the legend represents
the amount of the wall movement). ........................................................................................ 65
Figure 3.34: The changes in the bending moment along the SI at different stages of shearing
(the length of the SI is 80 cm and the bending moment is determined from the strain gauge
measurements, the legend represents the amount of the wall movement). ........................... 65
Figure 3.35: The changes in the shear force along the SI at different stages of shearing (the
length of the SI is 80 cm and the shear force is determined from the strain gauge
measurements, the legend represents the amount of the wall movement). ........................... 65
Figure 3.36: The changes in the lateral soil pressure along the SI at different stages of
shearing (the length of the SI is 80 cm and the pressure is determined from the strain gauge
measurements, the legend represents the amount of the wall movement). ........................... 66
Figure 3.37: Image from a photogrammetry camera and the location of target points and
Strain Inclinometers (SIs) (after Akca et al., 2011). ................................................................ 67
Figure 3.38: Sequence of the installation of Strain Inclinometers. ......................................... 67
Figure 3.39: Photogrammetry cameras installed at heights of approximately 13 and 18 m on
two trees in front of the test site (Akca et al., 2011). .............................................................. 68

XVII

List of Figures
Figure 4.1: Location of Test Pits (TPs) around the test site. .................................................. 69
Figure 4.2: Grain size distribution of Ruedlingen soil sampled from different depths (TP4). . 70
Figure 4.3: Settlement due to wetting of oedometer samples. ............................................... 71
Figure 4.4: Settlement due to wetting of oedometer samples at logarithmic time scale for
specimens (depth (cm)-no. in depth- unsaturated/saturated and normal stress at saturation).
............................................................................................................................................... 72
Figure 4.5: Oedometric 1D compression curves (e-log( )) of samples from 50 cm depth (TP
3). ........................................................................................................................................... 73
Figure 4.6: Oedometric 1D compression curves (v-ln(p)) of samples from 50 cm depth (TP
3). ........................................................................................................................................... 73
Figure 4.7: Oedometric 1D compression curves (e-log( )) of samples from 80 cm depth (TP
3). ........................................................................................................................................... 74
Figure 4.8: Oedometric 1D compression curves (v-ln(p)) of samples from 80 cm depth (TP
3). ........................................................................................................................................... 74
Figure 4.9: Oedometric 1D compression curves (e-log( )) of samples from 100 cm depth
(TP 3). .................................................................................................................................... 74
Figure 4.10: Oedometric 1D compression curves (v-ln(p)) of samples from 100 cm depth (TP
3). ........................................................................................................................................... 74
Figure 4.11: The change of
with suction for Ruedlingen soil. ............................................ 75
Figure 4.12: The loading collapse curve for Ruedlingen soil. ................................................. 75
Figure 4.13: a) Infinite slope model, b) failure criteria and the corresponding Mohr’s circles for
the stress states before rainfall and at the onset of failure. .................................................... 78
Figure 4.14: Time dependent response of Ruedlingen soil during a CSD-U triaxial test, a)
axial deformation during anisotropic consolidation, b) radial (cell) pressure, c) total axial
stress. ..................................................................................................................................... 80
Figure 4.15: Time dependent response of Ruedlingen soil during a CSD-U triaxial test, a)
injected water and corresponding average water content (considering the water extruded
from the upper drainage valve), b) volumetric and axial strains, c) degree of saturation and
corresponding values of suction (based on the wetting branch of Water Retention Curve of
Ruedlingen soil), d) mean effective and deviator stresses, e) pore water pressures at the top
and bottom of the specimen. .................................................................................................. 83
Figure 4.16: Enlarged view of Figure 4.15 for CSD-U triaxial test on Ruedlingen soil during
the last hour of shearing, a) injected water and corresponding average water content
(considering the water extruded from the upper drainage valve), b) volumetric and axial
strains, c) degree of saturation and corresponding values of suction (based on the wetting
branch of Water Retention Curve of Ruedlingen soil), d) mean effective and deviator stresses
with mean deviator stress shown in red, e) stress ratio, q/p’, f) pore water pressures at the
top and bottom of the specimen. ............................................................................................ 84
Figure 4.17: Response of Ruedlingen soil during a CSD-U triaxial test; enlarged view of the
pore pressure fluctuations at the top and bottom of the specimen. ........................................ 85
Figure 4.18: Time dependent response of Ruedlingen soil during a CSD-U triaxial test;
enlarged view of the volumetric strain and pore water pressure fluctuations. ........................ 85

XVIII

List of Figures
Figure 4.19: Front and back views of the specimen of Ruedlingen soil after a CSD-U triaxial
test. Several shear bands can be seen in the lower half of the specimen. ............................ 86
Figure 4.20: Stress paths during consolidation and shearing of specimens in CSD triaxial
tests on reconstituted Ruedlingen soil. ................................................................................... 88
Figure 4.21: Water Retention Curve obtained from a natural sample from the Ruedlingen test
site determined using the axis translation technique in a Fredlund apparatus. ...................... 88
Figure 4.22: Fredlund apparatus to determine the Water Retention Curve based on the axis
translation technique (after www.gcts.com). .......................................................................... 89
Figure 4.23: Hydraulic conductivity of undisturbed samples from depth of 0.5 m in TP3 of
Ruedlingen slope at different vertical effective stresses in oedometer tests. The samples
50_1_S8 and 50_2_S8 were saturated at
8 kPa. .......................................................... 91
Figure 4.24: Relation between the void ratio and the hydraulic conductivity of Ruedlingen
soil. ......................................................................................................................................... 91
Figure 4.25: Schematic of water content distribution through the infiltration column.
(Askarinejad et al., 2012b). .................................................................................................... 94
Figure 4.26: Infiltration column (dimensions in cm) (after Beck, 2010). ................................. 95
Figure 4.27: Water Retention Curves of Ruedlingen soil determined by different methods
(MIP: Mercury Intrusion Porosimetry, IPM: Instantaneous Profile Method). .......................... 96
Figure 4.28: Hydraulic conductivity function for reconstituted Ruedlingen soil, derived by the
Instantaneous Profile Method................................................................................................. 96
Figure 4.29: Relative conductivity of Ruedlingen soil as a function of suction. ...................... 98
Figure 4.30: The relative conductivity of reconstituted Ruedlingen soil plotted as a function of
relative degree of saturation. .................................................................................................. 99
Figure 4.31: Proctor compaction curves for Ruedlingen soil from TP3. ................................. 99
Figure 5.1: Artificial rainfall during the slope monitoring experiment in October 2008 (RG: rain
gauge, D: drying, W: wetting). .............................................................................................. 101
Figure 5.2: Profiles of PWP at cluster 1 during the slope monitoring experiment (October
2008). ................................................................................................................................... 102
Figure 5.3: Profiles of VWC at cluster 1 during the slope monitoring experiment (October
2008). ................................................................................................................................... 103
Figure 5.4: Shallow profile of VWC of cluster 2 (measured by Decagons) during the slope
monitoring experiment (October 2008). ................................................................................ 104
Figure 5.5: Profiles of VWC at cluster 2 (measured by TDRs and decagons) during the slope
monitoring experiment (October 2008). ................................................................................ 105
Figure 5.6: Profiles of PWP of cluster 2 during the slope monitoring experiment (October
2008). ................................................................................................................................... 106
Figure 5.7: Profiles of PWP at cluster 3 during the slope monitoring experiment (October
2008). ................................................................................................................................... 107
Figure 5.8: Profiles of VWC at cluster 3 during the slope monitoring experiment (October
2008). ................................................................................................................................... 107
Figure 5.9: (a) Average applied rain intensity, (b) variations of volumetric water content and
matric suction in cluster 1 at a depth of 30 cm, (c) variations of volumetric water content and

XIX

List of Figures
matric suction in cluster 2 at a depth of 120 cm during the slope monitoring experiment
(October 2008). .................................................................................................................... 109
Figure 5.10: Drying branch (D2) of insitu WRC for cluster 1, compared with laboratory tests
performed on undisturbed samples from Test Pit 2 by Casini et al. (2010a). ...................... 109
Figure 5.11: Drying branch (D2) of insitu WRC for cluster 2, compared with laboratory tests
performed on undisturbed samples from Test Pit 2 by Casini et al. (2010a). ...................... 110
Figure 5.12: Groundwater level at different points on and outside of the slope during the
monitoring experiment (October 2008). ................................................................................ 112
Figure 5.13: Groundwater level measured by piezometer 2 outside of the sprinkled area
during the slope monitoring experiment (October 2008). Blue line shows the readings of the
piezometer and red line illustrates the average value of each subsequent 10 readings. ..... 112
Figure 5.14: Contours of movements in Z direction after the slope monitoring experiment,
based on the photogrammetry results (data from Akca et al., 2011) (refer to Figure 3.36 for
the sign convention). ............................................................................................................ 113
Figure 5.15: a) Sign convention for the deformation, horizontal soil pressure, and bending
strain of SIs, b) bending strains for SI3 at different depths below the surface, located in
instrumentation cluster 3, plotted with rain intensity during the slope monitoring experiment
(October 2008). .................................................................................................................... 114
Figure 5.16: Deformation calculated for the Strain Inclinometers during the slope monitoring
experiment in October 2008, a) SI1, b) SI3, and c) SI4. ...................................................... 115
Figure 5.17: Inclination of the sections of Strain Inclinometers that are above ground surface,
a) rotation of the top inclinometer for Strain Inclinometers SI1 to SI4 and the air temperature,
b) relative rotation of the top inclinometers in the lower and upper halves of the slope during
the monitoring experiment in October 2008. ........................................................................ 117
Figure 5.18: a) Relative horizontal earth pressure in the middle and lower part of the slope
with respect to the upper part (Ci: measurements at cluster i), b) Horizontal earth pressure
(without correction for air pressure change), c) External bending work per unit volume of
Strain Inclinometers, d) Applied rain intensity and cumulative rainfall, e) Air and subsoil
temperature and air pressure (Slope monitoring experiment, October 2008). ..................... 119
Figure 5.19: Natural precipitation recorded for the period of 31.10.2008 and 16.03.2009 for
Ruedlingen test site. ............................................................................................................. 120
Figure 5.20: Pore water pressure at cluster 3 during the monitoring period from 31.10.2008 to
16.03.2009 under natural precipitation. ................................................................................ 120
Figure 5.21: Profiles of the PWP of a) cluster 1, b) cluster 2, and c) cluster 3 during the
monitoring period of the slope subjected to natural precipitation for specific date during the
period from 31.10.2008 to 16.03.2009. ................................................................................ 121
Figure 5.22: PWP at a depth of 120 cm for 3 clusters when subjected to natural
meteorological conditions (November 2008 – March 2009). ................................................ 122
Figure 5.23: Groundwater level at three different points on, and outside, the experimental
slope subjected to natural meteorological conditions (November 2008 – March 2009). ...... 123
Figure 5.24. Location of the sprinklers, rain gauges, piezometers and different raining zones
in the Ruedlingen landslide triggering experiment. (CL: instrumentation cluster). ............... 124

XX

List of Figures
Figure 5.25. Artificial rainfall intensity applied to the different zones on the Ruedlingen slope
during the landslide triggering experiment. .......................................................................... 124
Figure 5.26. Sequence of movements of the destabilised soil mass due to artificial rainfall in
the Ruedlingen landslide triggering experiment (March 2009). ............................................ 126
Figure 5.27. Post landslide records of observations, a) locations of the exfiltration from the
bedrock after the landslide (date, time: 17.03.2009, 3:25), b) protection barrier and retained
debris, c&d) pulled out and broken roots (date: 17.03.2009). .............................................. 127
Figure 5.28. Profiles of the PWP at a) cluster 1, b) cluster 2, and c) cluster 3 during the
artificial rainfall event for the landslide triggering experiment. (Time begins from the start of
the artificial rainfall: 16.03.2009 12:30). ............................................................................... 128
Figure 5.29. Applied rainfall and changes in the volumetric water content in the upper part of
the slope (Cluster 3) during the Ruedlingen landslide triggering experiment (March 2009). 129
Figure 5.30. Applied rainfall and changes in the groundwater level of the slope during the
Ruedlingen landslide triggering experiment (March 2009). .................................................. 129
Figure 5.31. The location of the Strain Inclinometers (SI), Piezometers (Pz) and Gloetzl cells
(G) with respect to the failed zone. ....................................................................................... 130
Figure 5.32. a) Rainfall measured at cluster 3, soil temperature at 60 cm depth at cluster 2
and air temperature measured at the upper part of the slope, b) changes in the average
absolute bending strain of Strain Inclinometers and piezometric height of the ground water, c)
changes in the horizontal earth pressure and pressure difference between the middle and the
lower part of the failure zone, d) external bending work per unit volume of Strain
Inclinometers. ....................................................................................................................... 131
Figure 5.33. Changes in the bending strain at different points along SI 4 during the landslide
triggering experiment (March 2009). .................................................................................... 134
Figure 5.34. The changes in the deformation profile of SI4 during the landslide triggering
experiment (March 2009). The small photo on the left upper part of the graph shows the
deformed SI after the failure. ................................................................................................ 134
Figure 5.35. Changes in the bending strain at depths of 39.5 cm and 63.8 cm of SI1 installed
in cluster 2 during the last 5 minutes before the failure in the landslide triggering experiment
(March 2009). (Failure occurred at time 286.48 s in this time reference). ............................ 135
Figure 5.36. The average absolute bending strain rate for SI1-4 a) during the last 5 minutes
before the failure, b) a zoomed view into the last 20 seconds. ............................................ 136
Figure 5.37. Variations of the bending strain rate during the last 2.5 minutes before the failure
in the landslide triggering experiment (March 2009), for a) SI3, b) SI4. ............................... 137
Figure 5.38. Profile of horizontal pressure in a) SI3 and b) SI4, during the period of 5 minutes
before failure. Failure time is 286 s. Large arrows in the figures show the direction of downslope movements, i.e. negative pressures are acting down-slope. ...................................... 138
Figure 5.39. Profiles of a) bending moment and b) lateral deformation for SI4 during the
period of 5 minutes before failure, failure time is 286 s. ....................................................... 138
Figure 5.40. Average absolute velocity of SI1, SI3, and SI4 during the last 5 minutes of
experiment before the failure................................................................................................ 139
Figure 5.41. Data measured at a depth of 60 cm in all three clusters during the last 15
seconds of experiment before the failure in the landslide triggering experiment (March 2009)

XXI

List of Figures
a) horizontal soil pressure, b) pore water pressure and c) effective horizontal pressure
measured by Gloetzl cells. d) Enlarged view of the changes in the effective horizontal stress
during the failure over the last 1.6 seconds. ......................................................................... 140
Figure 5.42. Pore water pressure measured by tensiometers installed in cluster 3 during the
last 83 minutes of experiment before the failure in the landslide triggering experiment (March
2009). ................................................................................................................................... 141
Figure 5.43. The analysis area for the photogrammetry, the location of the target points, and
the coordinate system adopted for the photogrammetry analysis. ....................................... 143
Figure 5.44. Comparison of the results from the photogrammetrical analysis with the bending
strain approach for the landslide triggering experimet (March 2009), a) SI4 in the upper part
of the slope, b) SI3 in the upper part of the slope, and c) SI1 in the middle of the slope. .... 144
Figure 5.45. The movements of the upper part of the slope during the last 30 minutes of the
experiment, measured at the location of SI3 and SI4 by photogrammetrical methods. ....... 145
Figure 5.46. Comparison between the initial values of pore water pressure at cluster 3 from
the Slope Monitoring (SME) and Landslide Triggering Experiments (LTE). ......................... 145
Figure 5.47. Comparison between the evolution of pore water pressure at depths of 120 and
150 cm in cluster 3, as a function of normalised time (normalised time: time/duration of each
experiment). SME: Slope Monitoring Experiment (October 2008), LTE: Landslide Triggering
Experiment (March 2009). .................................................................................................... 146
Figure 5.48. Drilling rig located on top of the test site to bore the 23 m deep drill hole. (Photo:
M. Sperl). .............................................................................................................................. 147
Figure 6.1: Cross section of the 2.2 m diameter geotechnical drum centrifuge at ETH Zurich
(Springman et al., 2001). ...................................................................................................... 149
Figure 6.2: The geotechnical drum centrifuge at ETH Zurich with the rain simulator setup on
the tool table and both strong boxes seen from above. ....................................................... 150
Figure 6.3: a) Schematic of the slope b) microstructure of the soil pores showing one particle
impacting another one vertically c) conceptual model under Ng acceleration. .................... 152
Figure 6.4: A conceptual diagram of the climate chamber with dimensions in centimetres. 154
Figure 6.5: Water supply system for the climate chamber mounted on the tool table. ......... 155
Figure 6.6: The top plates of the climate chamber, with the two channel system for rainfall
supply. .................................................................................................................................. 156
Figure 6.7: Images taken inflight by the infra-red cameras on the tool platform from the two
climate chambers. ................................................................................................................ 156
Figure 6.8: The bedrock, location of the sensors, and the hydraulic interaction between the
soil and rigid bedrock. .......................................................................................................... 157
Figure 6.9: The connection of the sensors and the water pipes beneath the bedrock. ........ 157
Figure 6.10: The time to reach equilibrium for PPTs in unsaturated Ruedlingen soil. ......... 158
Figure 6.11: Comparison between PPTs saturated with different fluids installed in two
different models with water as pore fluid and similar initial water contents and void ratios. . 158
Figure 6.12: The photogrammetry reference points and illumination system. ...................... 160
Figure 6.13: Diagram of the top plates of the climate chamber and location of the three
photogrammetry cameras. ................................................................................................... 160

XXII

List of Figures
Figure 6.14: Pictures from all three photogrammetry cameras, from two parallel tests,
showing the failure scarp and tension cracking at the top of the slope. ............................... 160
Figure 6.15: a) The high speed camera used for PIV analysis, b) Side view of the slope. .. 161
Figure 6.16: Cross sectional diagram of tests: T8_2, T9_2, T10_2, T13_2, slope with parallel
bedrock (Pore fluid: water or viscous fluid). ......................................................................... 162
Figure 6.17: Cross sectional diagram of test: T9_1, slope with bedrock with buttress (Pore
fluid: water). .......................................................................................................................... 162
Figure 6.18: Cross sectional diagram of test: T10_1, slope with fractured bedrock (drainage)
with buttress. ........................................................................................................................ 163
Figure 6.19: Cross sectional diagram of test: T11_1, vegetated slope with bedrock with
buttress................................................................................................................................. 163
Figure 6.20: Cross sectional diagram of test: T11_2, vegetated slope with parallel bedrock.
............................................................................................................................................. 164
Figure 6.21: Cross sectional diagram of test: T12_1, exfiltration from the bedrock with
buttress................................................................................................................................. 164
Figure 6.22: Cross sectional diagram of test: T12_2, exfiltration from the parallel bedrock to
the slope. .............................................................................................................................. 165
Figure 6.23: Location and name of PPTs on the bedrock for both strongboxes a) box 1, b)
box 2. (Dimensions in mm). .................................................................................................. 165
Figure 6.24: Pore water pressure above the bedrock, and surface displacement at the same
locations in test T9_1 (bedrock with buttress). ..................................................................... 167
Figure 6.25: Sequence of events on the Ruedlingen model slope with buttress in the bedrock
in test T9_1. Times are at prototype scale. .......................................................................... 167
Figure 6.26: Pore water pressure above the bedrock, and surface displacement at the same
locations in test T10_2 (bedrock without buttress). .............................................................. 168
Figure 6.27: Sequence of events on the Ruedlingen model slope without buttress in the
bedrock in test T10_2. Times are at prototype scale. .......................................................... 169
Figure 6.28: Comparison of movements in models with and without buttress subjected to a
rain intensity of 1.27 mm/hr (dashed lines: model with buttress). ........................................ 170
Figure 6.29: Sequence of events on the Ruedlingen model slope with buttress and drainage
in the bedrock in test T10_1. Times are at prototype scale. ................................................. 171
Figure 6.30: Pore water pressure above the bedrock, and surface displacement at the same
locations in test T10_1 (bedrock with buttress and drainage). ............................................. 171
Figure 6.31: Comparison of movements and pore water pressure in tests T9_1 and T10_1.
(All measurements for position P3, PWP: pore water pressure). ......................................... 172
Figure 6.32: Comparison of three of the model slopes, with and without a buttress, and with a
buttress and drainage, a) pore water pressure at P3, b) average surface displacement of the
slopes (Askarinejad et al., 2014). ......................................................................................... 172
Figure 6.33: Results of numerical simulation: shear stress in the model with a buttress.
(Askarinejad et al., 2014). .................................................................................................... 173
Figure 6.34. Results of numerical simulation: mean effective stress in the model with a
buttress (Askarinejad et al., 2014). ....................................................................................... 174

XXIII

List of Figures
Figure 6.35: Results of numerical simulation: pore water pressure (PWP) distribution in the
model with buttress and drainage just above the buttress (Askarinejad et al., 2014). ......... 174
Figure 6.36: Sequence of events on the Ruedlingen model slope with buttress and exfiltration
from the bedrock in test T12_1. Times are at prototype scale. ............................................ 176
Figure 6.37: Sequence of events on the Ruedlingen model slope without buttress and with
exfiltration from the bedrock in test T12_2. Times and dimensions are at prototype scale. . 176
Figure 6.38: Pore water pressure above the bedrock at location P3 in test T12_1 (bedrock
with buttress, and exfiltration). .............................................................................................. 177
Figure 6.39: Pore water pressure above the bedrock at location P3 in test T12_2 (bedrock
without buttress but with exfiltration). ................................................................................... 177
Figure 6.40: a) Control pot, b) Root shape and length from the control pots, c) The
distribution of the numbers of root branches for the seeds planted in the control pots. ....... 179
Figure 6.41: a) Roots with soil grains. b) Root without any soil grains. ................................ 179
Figure 6.42: Perpendicular root model (after Gray & Leiser, 1989). .................................... 180
Figure 6.43: Seeds planted in a square grid pattern, with 20 mm spacing, in the centrifuge
models. ................................................................................................................................. 182
Figure 6.44: Roots growing on, rather than into, the slope in the first attempt. .................... 182
Figure 6.45: Boxes tilted by approximately 20° to provide a less inclined growing surface. 182
Figure 6.46: The grass starting to grow in (a) the centrifuge boxes, (b) the direct shear box
and (c) the control pot. ......................................................................................................... 183
Figure 6.47: Cutting the grass to the soil surface before the centrifuge test. ....................... 183
Figure 6.48: Comparison of the failure criteria of Ruedlingen soil with, and without, root
reinforcement. ...................................................................................................................... 184
Figure 6.49: a) Infinite slope model, b) Failure criteria of the soil with and without vegetation
and the corresponding Mohr’s circles for the stress states before and during the rainfall. .. 184
Figure 6.50: Changes in the factor of safety as a function of the depth of the failure surface of
the vegetated slope at model scale. ..................................................................................... 185
Figure 6.51: Changes in the pore water pressure at P3 and average surface displacements
of slopes for the tests with vegetation. ................................................................................. 187
Figure 6.52: Changes in the pore water pressure at P3 and average surface displacement of
a) the slope without buttress and vegetation, b) the slope without buttress and with
vegetation. ............................................................................................................................ 187
Figure 6.53: Changes in the pore water pressure at P3 and average surface displacement of
a) the slope with a buttress and without vegetation, b) the slope with a buttress and with
vegetation. ............................................................................................................................ 188
Figure 6.54: Sequence of events on the Ruedlingen model slope with viscous solution and
without buttress in the bedrock in test T13_2. Times are at prototype scale. ...................... 190
Figure 6.55: Pore water pressure above the bedrock at location P7 and surface displacement
at the same location in tests T13_2 (VS) and T8_2 (W) (bedrock without buttress) (W.: water,
VS: viscous solution, PFP: pore fluid pressure, Disp.: displacement). ................................. 190
Figure 6.56: Pore water pressure above the bedrock at location P7 and surface displacement
at the same location in tests T13_2 (VS) and T8_2 (W) (bedrock without buttress) (W.: water,
VS: viscous solution, PFP: pore fluid pressure, Disp.: displacement). ................................. 191

XXIV

List of Figures
Figure 6.57: Sequence of events on the Ruedlingen model slope with water and without
buttress in the bedrock in test T8_2. Times are at prototype scale. ..................................... 191
Figure 7.1: a) The infinite slope model, b) The simplified three dimensional model. ........... 194
Figure 7.2. Comparison between 2D infinite slope and simplified 3D analysis, with and
without a contribution to the shear resistance derived from the vegetation. ........................ 197
Figure 7.3. Minimum required apparent cohesion at factor of safety of unity for different
depths of shear zone (the arrows show the regions with FS > 1). ....................................... 198
Figure 7.4. a) Conceptual model for decay of lateral root reinforcement with depth, b)
Parametric study on the stability effect of the maximum lateral root reinforcement. ............ 200
Figure 7.5. Geometry of the model based on the DPL results from the left hand side of the
test site, and two rain zones from the slope monitoring experiment (October 2008). .......... 202
Figure 7.6. Geometry of the model based on the DPL results from the right hand side of the
test site, and location of 7 rain zones based on the landslide triggering experiment (March
2009). ................................................................................................................................... 202
Figure 7.7. Simplified rainfall scenario for the first Ruedlingen experiment. ........................ 203
Figure 7.8. Critical slip surface in the 1st experiment, with fissured bedrock derived from 2D
limit equilibrium analysis (after Bischof, 2010). .................................................................... 203
Figure 7.9. Critical slip surface in the 1st experiment, with intact bedrock derived from 2D
limit equilibrium analysis (after Bischof, 2010). .................................................................... 204
Figure 7.10. Simplified rainfall scenario of the Landslide Triggering Experiment (LTE) in
March 2009. ......................................................................................................................... 204
Figure 7.11. Enlarged view of the contour lines of pore water pressure (PWP) in the upper
part of the slope 7 hours after the start of rainfall during the Landslide Triggering Experiment.
White arrows show the flow direction. .................................................................................. 205
Figure 7.12. Pore water pressure at cluster 3 during the 15 hours of rainfall (LTE) and the
following drying period.......................................................................................................... 205
Figure 7.13. Simulated profiles of pore water pressure at cluster 3 during the LTE using 2D
uncoupled finite element method. ........................................................................................ 206
Figure 7.14. Changes in FS as a function of root reinforcement during the LTE, based on 2D
limit equilibrium analyses (after Bischof, 2010). ................................................................... 206
Figure 7.15. The changes in the FS with different bedrock conditions during the LTE, based
on 2D limit equilibrium analyses (after Bischof, 2010). ........................................................ 207
Figure 7.16. The changes in the FS with different bedrock conditions during the 2 nd
experiment............................................................................................................................ 207
Figure 7.17: Conceptual model for the combined elastic/viscoplastic behaviour (after
Perzyna, 1966). .................................................................................................................... 208
Figure 7.18: Geometry and hydraulic boundary conditions for the 2D numerical model of the
Ruedlingen slope (without exfiltration) (model 2D_D). ......................................................... 213
Figure 7.19: Geometry and mechanical boundary conditions for the 2D numerical model of
the Ruedlingen slope (without exfiltration) (both models 2D_D and 2D_DE). ...................... 214
Figure 7.20: Rainfall applied to the ground surface in the upper and lower parts of the slope
(model 2D_D). ...................................................................................................................... 214

XXV

List of Figures
Figure 7.21: Geometry and hydraulic boundary conditions for the 2D numerical model of the
Ruedlingen slope (with exfiltration) (model 2D_DE). ............................................................ 215
Figure 7.22: Applied rain in the upper and lower parts of the slope and the starting time of the
exfiltration from the bedrock. ................................................................................................ 215
Figure 7.23: The changes in the pore water pressure at cluster 3 based on the coupled
numerical simulations of the slope without exfiltration (model 2D_D). ................................. 216
Figure 7.24: The changes in the pore water pressure at cluster 3 based on the coupled
numerical simulations of the slope with exfiltration (model 2D_DE). .................................... 216
Figure 7.25: Pore water pressure at a depth of 15 cm in cluster 3, based on the field
measurements, and numerical simulations, with and without exfiltration, models 2D_DE and
2D_D, respectively. .............................................................................................................. 216
Figure 7.26: Pore water pressure at a depth of 150 cm in cluster 3, based on the field
measurements, and numerical simulations, with and without exfiltration, models 2D_DE and
2D_D, respectively. .............................................................................................................. 217
Figure 7.27: Contours of degree of saturation for the models without (model 2D_D) (a) and
with (model 2D_DE) (b) exfiltration from the bedrock. ......................................................... 218
Figure 7.28: a) Profiles of Pore Water Pressure (PWP) in cluster 3 from 2D coupled
simulations from model without exfiltration (2D_D), b) from model with exfiltration (2D_DE),
c) profiles of PWP in cluster 3 from insitu measurements. (Rain starts at 1h). .................... 218
Figure 7.29: Resultant displacement contours of the model without exfiltration (2D_D) after
10.34 hours of rainfall (displacements in m). ........................................................................ 219
Figure 7.30: Resultant displacement contours of the model with exfiltration (2D_DE) after
8.57 hours of rainfall (displacements in m). .......................................................................... 219
Figure 7.31: Geometry of the 3D simulation models. ........................................................... 220
Figure 7.32: Geometry of the 3D model without fissures in the bedrock. ............................. 221
Figure 7.33: Geometry of the 3D model with fissures in the bedrock. .................................. 221
Figure 7.34: Mesh for the 3D models. .................................................................................. 222
Figure 7.35: Pore water pressure at different depths in cluster 3, based on the 3D coupled
numerical simulation for the model DY_EY. ......................................................................... 222
Figure 7.36: Comparison between the evolution of pore water pressure in the field and
calculated values from the 2D and 3D coupled simulations at a depth of 150 cm in cluster 3.
............................................................................................................................................. 223
Figure 7.37: Plastic shear strain at different depths in cluster 3, based on the 3D coupled
numerical simulation for the model DY_EY. ......................................................................... 223
Figure 7.38: Total displacement at different depths in cluster 3, based on the 3D coupled
numerical simulation for the model DY_EY. ......................................................................... 224
Figure 7.39: Profiles of a) pore water pressure (PWP), b) total displacement, and c) plastic
shear strain (EDP) calculated using coupled 3D simulations for instrumentation cluster 3 (rain
starts at 1 hr). ....................................................................................................................... 224
Figure 7.40: Pore water pressure distribution in the 3D models: a) model with exfiltration and
drainage (Dy_Ey), b) model without exfiltration and with drainage (Dy_En), c) model with
exfiltration and without drainage (Dn_Ey), d) model without exfiltration and drainage (Dn_En).
............................................................................................................................................. 225

XXVI

List of Figures
Figure 7.41: Shear strain (-) at the interface of the soil and bedrock in the 3D models: a)
model with exfiltration and drainage (Dy_Ey), b) model without exfiltration and with drainage
(Dy_En), c) model with exfiltration and without drainage (Dn_Ey), d) model without exfiltration
and drainage (Dn_En). ......................................................................................................... 225
Figure 7.42: Surface displacement (m) in the 3D models: a) model with exfiltration and
drainage (Dy_Ey), b) model without exfiltration and with drainage (Dy_En), c) model with
exfiltration and without drainage (Dn_Ey), d) model without exfiltration and drainage (Dn_En).
............................................................................................................................................. 226

XXVII

List of Figures

XXVIII

List of Tables

List of Tables
Table 2-1: Landslide triggering experiments on natural slopes (modified after Ochiai et al.,
2004). ..................................................................................................................................... 27
Table 2-2: Rainfall infiltration experiment: test conditions and results for test case I (after
Kimura et al., 1991). ............................................................................................................... 30
Table 2-3: Rainfall infiltration experiment: test conditions and results for test case II (after
Kimura et al., 1991). ............................................................................................................... 31
Table 3-1: The dielectric constant of some materials. ............................................................ 51
Table 3-2: Bending stiffness of the Strain Inclinometer compared to that of the PVC casing of
a slope inclinometer (after Askarinejad, 2009). ...................................................................... 58
Table 3-3: The main specifications of LK11- HBM strain gauges. ......................................... 58
Table 3-4: The main specifications of SCA100T-D02 dual axis inclinometer. ........................ 59
Table 3-5: Characteristics of the Perth sand (after Weber, 2007). ......................................... 64
Table 3-6: The length and the location of the strain gauge pairs of each probe. ................... 67
Table 3-7: Technical details of IDS uEye UI-6240 C video cameras (Akca et al., 2011). ...... 68
Table 4.1: Specifications for the oedometer test specimens. Original samples taken fromTP3
at depths of 50 – 100 cm. ....................................................................................................... 71
Table 4.2: Compression parameters of undisturbed samples of Ruedlingen soil (TP 3). ...... 73
Table 4.3: The initial specifications of the triaxial specimen. .................................................. 77
Table 4.4: Unimodal van Genuchten parameters of WRC of a natural, undisturbed
Ruedlingen soil sample. ......................................................................................................... 89
Table 4.5: Bimodal fitting parameters for WRC of a natural, undisturbed Ruedlingen soil
sample. ................................................................................................................................... 90
Table 4.6: Relation between the void ratio and the hydraulic conductivity of Ruedlingen soil.
............................................................................................................................................... 92
Table 4.7: The arrival time of the water front at different depths in the lower part of the slope
(cluster 1). .............................................................................................................................. 92
Table 4.8: The arrival time of the water front at different depths in the middle part of the slope
(cluster 2). .............................................................................................................................. 93
Table 4.9: The arrival time of the water front at different depths in the upper part of the slope
(cluster 3). .............................................................................................................................. 93
Table 6.1: Scaling laws for the rainfall parameters, infiltration process and static liquefaction.
............................................................................................................................................. 151
Table 6.2: The specifications of the photogrammetry camera lenses. ................................. 159
Table 6.3: Summary of centrifuge tests. ............................................................................... 161
Table 6.4: Specifications of the porous stone at the exfiltration groove in the bedrock. ...... 175
Table 7.1: Parameters used for Ruedlingen soil and vegetation in the infinite slope analyses.
............................................................................................................................................. 196
Table 7.2: Mechanical properties adopted for the 2D uncoupled numerical simulations. .... 201
Table 7.3: Model parameters required to derive the BBM from the “elastic/viscoplastic” model
developed by Desai & Zhang (1987). ................................................................................... 209
Table 7.4: Nonlinear elasticity parameters in Code Bright. .................................................. 210
XXIX

List of Tables
Table 7.5: 1st set of “General Parameters” of elastic/viscoplastic model in Code Bright. ..... 210
Table 7.6: 2nd set of “General Parameters” of elastic/viscoplastic model in Code Bright. .... 210
Table 7.7: 3rd set of “General Parameters” of elastic/viscoplastic model in Code Bright. ..... 211
Table 7.8: Water Retention Curve parameters for Ruedlingen soil applied to Code Bright. 212
Table 7.9: Summary of the 3D simulations with Code Bright. .............................................. 220

XXX

Kurzfassung

Kurzfassung
Erdrutsche, die durch Niederschläge ausgelöst werden, beeinflussen das Leben vieler Menschen weltweit und verursachen jährlich erhebliche Schäden an der Infrastruktur. Erdrutsche
werden durch eine Abnahme der effektiven Spannungen und der damit verbundenen Verminderung der Scherfestigkeit als Folge eines Anstiegs des Porenwasserdrucks ausgelöst.
Die Eintretenswahrscheinlichkeit von Erdrutschen ist direkt abhängig von den klimatischen
und hydrologischen Bedingungen in der betroffenen Region. Es ist daher zu erwarten, dass
in Zukunft aufgrund eines vorhergesagten Anstiegs meteorologischer Extremereignisse sowie der zunehmenden Konzentration der Bevölkerung und der Infrastrukturdichte in den
Berggebieten erdrutschbasierte Risiken zunehmen werden.
Das Hauptziel dieses Projekts war es, die Auswirkungen von Porenwasserdruckänderungen
auf die Stabilität von ungesättigten, silthaltigen Sandhängen zu studieren. Ausserdem standen die Mechanismen, die zur Initialisierung und Ausbreitung der Schubverformungen führen, sowie die Untersuchung schneller Massenbewegungen im Zentrum des Forschungsinteresses. Dieses Projekt wurde an der Eidgenössischen Technischen Hochschule (ETH Zürich) am Institut für Geotechnik (IGT) lanciert und ist Teil eines schweizerischen (TRAMM),
sowie eines europäischen Forschungsprojektes (SafeLand).
Für die Untersuchungen wurde in der Nähe von Rüdlingen (Kanton Schaffhausen, Schweiz)
ein bewaldeter, ca. 300 m2 grosser Hang unmittelbar am Rheinufer ausgewählt, wo bereits
mehrere Hangmuren durch starke Regenfälle ausgelöst worden waren. Der Hang wurde
instrumentiert, um sowohl die hydro-mechanischen Reaktionen des Bodens unter natürlichen
und künstlichen Extremniederschlagsereignissen, wie auch die Wechselwirkungen mit dem
darunterliegenden Grundgestein, sowie die Auslösemechanismen eines Erdrutsches zu studieren. Die Scherfestigkeitsparameter des Bodens aus dem Bereich des Hanges wurden
unter den im Feld vorherrschenden Spannungspfaden bestimmt. Die hydraulischen und volumetrischen Eigenschaften des Bodens wurden mittels Feld- und Labortests und unter Berücksichtigung des Sättigungsverhaltens sowohl an gestörten als auch ungestörten Proben
ermittelt. Die Tiefe und die Form des darunterliegenden Grundgesteins sowie die Infiltrationeigenschaften des Bodenprofils wurden ebenfalls bestimmt und untersucht.
Ein dehnungsbasierter Inklinometer (Strain Inclinometers: SI) wurde für dieses Projekt entwickelt und im Feld eingebaut. Die Zweckmässigkeit dieser Sensoren bezüglich der Ermittlung
der Scherflächentiefe und der Bewegungsdetektion vor dem Eintreten des Bruchs wurden
mittels Laborversuche bestätigt. Vier solche Geräte wurden an verschiedenen Stellen des
Versuchshangs installiert.
Der Hang wurde im Oktober 2008 während 4.5 Tagen intensiven, künstlichen Niederschlagsereignissen ausgesetzt. Dabei wurden wertvolle Informationen über die hydromechanischen Reaktionen des Hanges gesammelt und ausgewertet, um die Gründe für das
Nichteintreten der Instabilität des Hanges zu identifizieren. Im Anschluss wurde der Porenwasserdruck im Boden unter natürlichen, meteorologischen Bedingungen während des Zeit-
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raums von November 2008 bis März 2009 überwacht. Im März 2009 wurde der Hang fünfzehn Stunden lang beregnet. Dabei wurden die Niederschläge im oberen Teil des Hanges
intensiviert, wo eine geringe Wurzelbewehrung sowie flacher liegender Fels vorhanden war.
Die künstliche Beregnung war schliesslich ausreichend, um einen 130 m3 grossen Erdrutsch
auszulösen.
Im Anschluss an die Feldarbeit wurde auf die Unterschiede beider Feldversuche (Oktober
2008 und März 2009) eingegangen und diese insbesondere unter Berücksichtigung der unterschiedlichen Anfangsbedingungen analysiert. Basierend auf den Untersuchungen wurden
4 Hypothesen aufgestellt, welche für die Initialisierung des Erdrutsches im März 2009 massgenbend mitbeteiligt sind. Dazu wurden durch das IGT eine Klimakammer sowie ein Regensimulator entworfen. Eine Reihe von geotechnischen Zentrifugen-Tests wurde geplant,
um diese Hypothesen zu prüfen und um die Auswirkungen der Felsform und die hydrogeologischen Wechselwirkungen mit dem darüber liegenden Boden auf die Stabilität des
Hanges zu studieren.
Das Verhalten des Hanges vor der Instabilität wurde mittels analytischer und numerischer
Methoden untersucht. Die mechanischen Eigenschaften von ungesättigten Böden und die
verstärkenden Effekte der Vegetation wurden in den 2D/3D Grenzgleichgewichtsanalysen
berücksichtigt. Mögliche Bruchflächentiefen wurden auf Basis dieser vereinfachten Modelle
berechnet und mit der Tiefe der realen Bruchfläche in Rüdlingen verglichen. Zweidimensionale, entkoppelte, hydro-mechanische Finite-Elemente-Simulationen ermöglichten es, die
Wirkung der hydraulischen Interaktionen des Untergrundes mit den darüber liegenden Bodenschichten zu untersuchen. Zusätzlich wurde eine Reihe von zwei- und dreidimensionalen, gekoppelten, hydro-mechanischen Finite-Elemente-Analysen durchgeführt, um die gekoppelten Reaktionen des ungesättigten Boden zu berücksichtigen. Dabei wurden die Boden-Grundgestein-Wechselwirkungen in Bezug auf das Auftreten der Porenwasserdrücke
und deren Einfluss auf die Stabilisierung bzw. Destabilisierung des Hanges untersucht und
mit den Ergebnissen aus den Feldmessungen verglichen.
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Abstract
Landslides triggered by rainfall cause significant damage to infrastructure annually and affect
many lives in several parts of the world, including Switzerland. These landslides are initiated
by a decrease in the effective stresses, and hence the shear strength of the soil, as a result
of the increase in pore water pressure. The frequency of their occurrence is directly affected
by the climatic and hydrological conditions in the region. Therefore, it is expected that the
predicted rise in the number of extreme meteorological events, accompanied by the concentration of population and infrastructure in mountainous regions, will result in an increased
number of casualties associated with landslides in the future.
The main goal of this doctoral project was to study the effects of pore water pressure perturbations on the stability of unsaturated silty sand slopes and to investigate the mechanisms
leading to the initiation and propagation of the shear deformations and eventually possible
rapid mass movements. This project was initiated and led by the Institute of Geotechnical
Engineering (IGT) of the Swiss Federal Institute of Technology (ETH Zurich) and was incorporated in a Swiss national (TRAMM) and a European Union (SafeLand) multidisciplinary
research project.
A 38° forested slope, with an area of approximately 300 m2, was selected on the banks of
river Rhine in Northern Switzerland in Canton Schaffhausen near Ruedlingen village, where
several shallow landslides had occurred in May 2002 due to rainfall. The slope was instrumented to study the hydro-mechanical responses of the soil to both natural and intense artificial rainfall events, interactions with the underlying bedrock and triggering mechanisms leading to a landslide. The shear strength parameters of the soil from the vicinity of the slope
(named herein as Ruedlingen soil) were determined under representative stress paths from
the field. The hydraulic and volumetric characteristics of the soil were also investigated under
saturated and unsaturated conditions using insitu and laboratory tests on either disturbed or
undisturbed samples. The depth and form of the bedrock were determined and the insitu
infiltration characteristics of the soil profile were studied.
Strain Inclinometers (SI) were designed and constructed in the course of this project. The
potential of these sensors to aid in detection of the failure surface depth and pre-failure
movements was confirmed during the scoping laboratory experiments, and then four devices
were installed at different locations in the experimental slope.
The behaviour of the slope when it was subjected to a 4.5-day intense artificial rainfall event
was investigated in October 2008 and valuable information regarding the hydro-mechanical
responses of the slope during this severe rainfall event were attained, and the reasons for
stability were identified following analysis of data from the test. Subsequently, the pore water
pressure in the soil mass was monitored under natural meteorological conditions during the
period between November 2008 and March 2009. Artificial rainfall was applied in March 2009
for 15 hours, with more intensity on the upper part of the slope, where less root reinforce-
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ment and shallower bedrock were expected. This was sufficient to trigger a landslide of 130
m3.
The differences between the two field experiments were studied in terms of the initial conditions, and 4 hypotheses were investigated further to identify the triggering mechanisms of the
landslide in the March 2009 experiment. A series of geotechnical centrifuge tests was
planned to test these hypotheses and a climate chamber and rain simulator were designed
and constructed at IGT. Several tests were conducted to study the effect of the bedrock
shape and the hydrogeological interactions with the overlying soil mantle on the stability of
the slope.
The behaviour of the test slope prior to the failure induced by the artificial rainfall event was
investigated using the analytical and numerical methods. The mechanical features of unsaturated soils and reinforcing effects of the vegetation were implemented in 2D and 3D limit
equilibrium analysis. The possible depth of the failure surface was calculated based on these
simplified models and was compared with the depth of the real failure surface in the landslide
triggering experiment. Two dimensional uncoupled hydro-mechanical finite element simulations were also carried out to study the effect of the hydraulic interactions of the bedrock with
the overlying soil layers. Moreover, a series of two and three dimensional coupled hydromechanical finite element analyses were performed, in order to take the coupled responses
of the unsaturated soil into account. The soil-bedrock interactions, in terms of the pattern of
pore pressure distributions and their influence on stabilising or destabilising the slope, were
studied and the results were compared to the field measurements.
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1 Introduction
1.1 Motivation
1.1.1

Landslides due to rainfall in the past and present

Slope failures induced by long and/or intense rainfall events that occur in many parts of the
world, including Switzerland, are often devastating, and affect infrastructure severely and
cost many lives. Some of the landslides might occur, depending on the soil type and structure, topography and triggering mechanisms, within a short time and mobilise a large volume
of soil, which travels long distances at high speed. The slides in 1998 in Campania region of
Italy (Cascini, 2004), catastrophic landslide in northern Venezuela in 1999, which resulted in
an estimated 30000 lives lost (USAID, 2000; Larsen et al., 2001) and massive landslides
triggered after a heavy rainfall in Guinsaugon, Philippines, in 2006, which buried an elementary school that had 246 students and 7 teachers (Lagmay et al., 2006) are examples of
these type of landslides. Whereas, other landslides move quite slowly as a response to the
changes in hydrological conditions but “they can dominate sediment yields and landscape
changes” over several years (Iverson, 2000). The Campo Vallemaggia landslide, which is
activated due to artesian groundwater conditions and has a volume of 800 million m 3 in
southern Switzerland, is an example of this type of landslide (Seno & Thüring, 2006).
Statistics from the Centre for Research on the Epidemiology of Disasters (CRED), which is a
World Health Organization (WHO) Collaborating Centre, show that landslide fatalities contribute to about 17% of all other natural hazards in the World (CRED, 2012)1. The total costs
induced by the debris flows and landslides in Switzerland within the period of 1972 to 2007,
is reported to be 860 million Euros (Hilker et al., 2009). The distribution of landslides in Switzerland with direct financial consequences during the years of 1972 until 2002 is shown in
Figure 1.1.

Figure 1.1: Location of landslides in Switzerland from 1972 to 2002, shown by red dots (after
Schmid et al., 2004; and Lateltin et al., 2005).

1

http://www.emdat.be/database
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1.1 Motivation
1.1.2

Landslides induced by rainfall in future

A rising trend in the global temperatures has been recorded since the second half of the 20 th
century, which is attributed to industrialisation and increased CO2 emissions (Hegerl et al.,
2007). Global warming has affected the precipitation pattern in many regions of the world in a
way that the rain and snowfall increases in northern regions of the earth and southern tropics
(green areas of Figure 1.2), and drier conditions occur in areas located north of the equator
(yellow areas of Figure 1.2) (Zhang et al., 2007). Prediction models illustrate an increase in
the number of 1- to 5-day precipitation extremes and shorter return period of such events in
the winter half of the year for central Europe (Frei et al., 2006).

Figure 1.2: Predicted precipitation trend due to anthropogenic impact on the environment
(insufficient data is available for the areas shaded in white) (after Zhang et al.,
2007).
Measurements indicate an average annual increase in precipitation by approximately 120
mm (8%) during the 20th century in Switzerland (Schmidli et al., 2001) and an increase of 8%
in precipitation is expected in winter on the northern side of the Alps in Switzerland and 11%
on the southern side by the middle of the 21st century (OcCC, 2007). On the contrary, the
precipitation is predicted to decrease by 17% and 19% in the summer half of the year on the
northern and southern sides of the Alps, respectively, while the average temperature in this
season will probably increase by 2.8°C (OcCC, 2007).
The dependency of the soil shear strength on effective stress and the pore water pressure
suggests a strong correlation between the frequency of landsliding and the hydrological conditions in a region, which is directly controlled by the climate (Borgatti & Soldati, 2010). Accordingly, it is predictable that the probable increase in the number of extreme events, coupled with concentration of population and infrastructure in mountainous regions, will lead to
an increase in casualties associated with landslides in future. Therefore, a better understand-

2

1 Introduction
ing of the triggering mechanisms of landslides that occur due to rainfall, is crucial for risk assessment and early warning systems.
Prediction of the occurrence of landslides induced by rainfall is traditionally done based on
the measurements of rainfall characteristics (intensity and duration) and comparison of these
characteristics to some regional or global empirical failure criteria (e.g. Guzzetti et al., 2008).
However, these empirical formulations possess no theoretical background of the hydromechanical processes leading to instabilities at different scales and therefore provide no information about the location of slides, rate of the movements or triggered volumes. Hence,
more detailed analysis of the triggering mechanisms are required to enhance the understanding of the processes in order to design mitigation measures or establish early warning
systems.

1.2 Objectives of the project
A slope will become unstable when the shear resistance of the soil mass is smaller than any
external driving shear stress, which may be induced by mechanical and hydraulic effects
such as earthquake, rainfall, exfiltration from the bedrock (springs), or change in geometry.
However, the development of these instabilities, especially the rainfall induced ones, has not
been well understood until recently, mainly because the representative stress paths followed
in slopes subjected to pore pressure increase were not considered (Leroueil et al., 2009) and
also the introduction of unsaturated soil mechanics into the analysis of landslides brought
considerable advances in process understanding. The relationships between hydraulic and
mechanical behaviour of unsaturated soil have been described by a large number of constitutive models, based on different approaches, reviewed for example by D’Onza et al. (2011)
amongst others. Numerous models have been developed since the 1980s to incorporate the
theoretical background of soil mechanics, hydrology, and geology to predict the timing, location and volume of the rainfall triggered landslides (e.g. Borja & White, 2010; Springman et
al., 2013).
Characterisation methods of the soil, should be performed in a way that mimics the field
stress paths incorporating the initial anisotropic unsaturated stress conditions. Some studies
showed that the soil parameters determined by conventional laboratory tests differ from
those determined by the representative stress paths in the field (e.g. Anderson & Sitar, 1995;
Casini et al., 2010a). Several field and laboratory studies have been conducted to investigate
the initiation time and precursors of fast landslides (e.g. Fukuzono, 1985; Moriwaki et al.,
2004; Ochiai et al., 2004). However, more studies are still required for deeper understanding
of the role of hydrology on the initiation of plastic deformations within the soil mass.
Previous studies have alluded to the importance of the role of bedrock topography and hydrogeology (fissures and faults in the bedrock that function either as drainage or as a source
of exfiltration) on the pore water pressure distribution within the soil mass and activity of the
landslide (e.g. Montgomery et al., 1997; Take et al., 2004; Cascini et al., 2010; Brönnimann,
2011; Lanni et al., 2012; Brönnimann et al., 2013). However, a lack of in-depth knowledge is
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still apparent in this area due to the large number of variables and conditions. Moreover, the
mechanical effect of the bedrock shape on the stability of the slope has not been thoroughly
investigated and reported as yet.
Accordingly, the main objective of this doctoral project is to investigate mechanisms that lead
to the initiation and propagation of shear zones and eventually possible rapid mass movements in slopes, due to changes in the distribution of pore water pressure inside the soil
mass. The investigations can be divided into three main areas:


characterising the shear strength of the soil under appropriate stress paths in unsaturated conditions, which replicate the stress paths that a soil element at a potential slip
surface of a slope subjected to rainfall would experience (chapter 4),



measurement of surface and subsurface deformation prior to failure of fast landslides
and study of the correlations between the deformation and pore water pressure profiles (hydro-mechanical interactions leading to failure) (chapters 3 and 5), and



study of the hydro-mechanical interactions between the bedrock and the soil mass,
using physical, analytical, and numerical approaches (Chapters 5, 6, and 7).

This project was initiated and led by the Institute of Geotechnical Engineering (IGT) of the
Swiss Federal Institute of Technology (ETH Zurich) and was incorporated in a Swiss national
(TRAMM) and a European Union (SafeLand) project. The Swiss national project of Triggering Rapid Mass Movements (TRAMM) is funded by the ETH Competence Centre for Environment and Sustainability (CCES). The primary focus of this research project is on enhancing the understanding of triggering and initiation mechanisms, including the transition from
slow to fast mass movement processes, and flow characteristics of such catastrophic mass
movements1. SafeLand is a “Large-scale integrating collaborative research project funded by
the Seventh Framework Programme for research and technological development (FP7) of
the European Commission”. SafeLand is organised in 5 major areas and this thesis is part of
the first theme, which is focused on “improving the knowledge on triggering mechanisms,
processes and thresholds, including climate-related and anthropogenic triggers, and on runout models in landslide hazard assessment”2.

1.3 Methodology and layout of the thesis
A steep forested slope on the east facing banks of river Rhine in Northern Switzerland was
selected and heavily instrumented to study the responses of the soil and bedrock to intense
rainfall events, pre-failure behaviour of the soil mass, and triggering mechanisms of a landslide. The soil is characterised according to the representative stress paths and the results of
the full scale monitoring and landslide triggering experiments are analysed. Small scale
physical modelling with a geotechnical centrifuge is used to develop hypotheses regarding
the stabilising and triggering mechanisms of the slope, while considering the corresponding
scaling laws. Coupled and uncoupled numerical simulations are performed together with
1
2

http://www.cces.ethz.ch/projects/hazri/tramm/
http://www.safeland-fp7.eu
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analytical studies to understand the hydro-mechanical processes leading to a global failure of
a slope subjected to rainfall. This document is divided into 8 chapters and the interactions
between different chapters are illustrated schematically in Figure 1.3.

Figure 1.3: Schematic showing the interaction between different parts of the dissertation.
The fundamentals of unsaturated soil mechanics and the associated constitutive model that
can be adopted to replicate the hydro-mechanical behaviour of unsaturated soils, and the
basics of transient water flow in unsaturated soils, are reviewed in chapter 2. Previous research using physical modelling techniques to address the failure mechanisms of various
landslides triggered due to internal changes in hydraulic conditions of the slopes, consisting
of silt and sand is also studied in this chapter of the thesis.
The specifications for the test site selected in the northern part of Switzerland, near
Ruedlingen village, for the monitoring and landslide triggering experiments are discussed in
chapter 3. A three dimensional model of the ground and bedrock topography is developed
using the data from geophysical investigations, insitu probing, combined sprinkling and dye
tracer tests and shallow test pits. The geological, hydrogeological, and vegetation properties
are also explained. Details of the instrumentation plan together with the measurement basis,
specifications, calibration, and installation method of each sensor type are also discussed in
this chapter.
Chapter 4 focuses primarily on the characterisation of the soil at Ruedlingen using laboratory
tests carried out on undisturbed and reconstituted samples, under various degrees of saturation. Grain size distributions and Atterberg limits were determined followed by investigation of
the volumetric characteristics of the soil under saturated and unsaturated conditions. The
shear strength properties of the soil, under stress paths representing those a soil element
would experience in a slope subjected to rainfall, such as constant shear drained-undrained
triaxial tests are described. The saturated and unsaturated hydraulic properties of
Ruedlingen soil, such as Water Retention Curves and hydraulic conductivity functions are
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presented and discussed. Lastly, the Proctor compaction curves and minimum and maximum
densities of the soil are described.
The field experiments will be addressed in chapter 5, which is divided into four major sections. The hydro-mechanical response of the slope under an intense rainfall event lasting 5
days is analysed and interpreted in the first section. Subsequently, the slope monitoring results under natural atmospheric conditions are explained in the second section. The measurements during the landslide triggering experiment are reported in the third section. Extensive analysis of the shear zone development and subsurface motions of the soil mass based
on the measurement of the Strain Inclinometers (SIs) which were designed and constructed
specifically for this project are also presented and discussed in this section. Finally, the two
monitoring and triggering experiments will be compared in the last section of chapter 5, in
terms of the initial and boundary conditions.
The scaling laws relevant for appropriate centrifuge modelling of triggering mechanisms of
landslides due to rainfall are discussed in the first section of chapter 6 with a main focus on
the static liquefaction process. The details of design and construction of a climate chamber
and rain simulator for the IGT geotechnical drum centrifuge will be explained. The results of
tests carried out to study the effect of the bedrock form, any hydraulic interactions with the
overlying soil mass and the contribution of the vegetation to strengthening the slope, are reported and interpreted. A viscous solution is used as a pore fluid and rain in centrifuge model
to study the relevant scaling laws and to explore the occurrence of static liquefaction under
unsaturated conditions. The hydro-mechanical characteristics of Ruedlingen soil that has
been reconstituted with this viscous pore fluid are discussed in detail in this chapter.
Chapter 7 is devoted to the results of the analytical modelling, and uncoupled and coupled
numerical simulations, which are compared to the data from insitu measurements during the
field experiments. The differences between the simulations and the measurements will be
discussed. The analytical part discusses the effect of suction at the failure surface, root reinforcement, depth of slip and size of the failure surface on the factor of safety. Limit equilibrium analysis is used for these simulations. The pore pressure distributions inside the
Ruedlingen slope after the first and second experiments are simulated using the finite element program SEEP/W (Krahn, 2004a) and the results are used to quantify the factor of
safety of the slope using the limit equilibrium program, SLOP/W (Krahn, 2004b). These two
programs are Geostudio software modules. The coupled hydro-mechanical studies are performed using the Code Bright (Olivella et al., 1996) finite element program. A combination of
Viscoelastic model and the Barcelona Basic Model were adopted as the constitutive models
for the unsaturated soils investigated in these analyses.
A general summary and the major results and achievements of the entire project will be presented and discussed in chapter 8. Some suggestions for further research on the topic and
future projects are highlighted in the outlook.
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The majority of the landslides induced by rainfall events occur in the unsaturated zones of
the slopes. Accordingly, the basics of the constitutive behaviour of unsaturated soils are discussed in the first part of this chapter, which includes an analytical coupled hydro-mechanical
study of the behaviour of a soil element at the slip surface of a slope subjected to rainfall.
Transient water flow in unsaturated medium is discussed next. Six of the most frequently
mentioned triggering mechanisms of rainfall-induced landslides will be introduced and subsequently, the findings of previous research including full scale landslide triggering, centrifuge tests will be reviewed.

2.1 Unsaturated soil mechanics
2.1.1

Matric suction in the soil

Suction between the soil grains affects different aspects of the soil behaviour and plays a
major role in the volumetric and mechanical responses of a soil element. Unbalanced intermolecular forces are experienced by a water molecule at the interface of the air and water
which leads to a “tensile pull” along the interface (Figure 2.1a). This tensile pull is known as
surface tension and is temperature dependent. The water molecules, which are connected
by the surface tension, form a membrane along the interface. The pressure on the water side
is lower than the air pressure, therefore a concave shape forms at the interface. The radius
of the membrane curvature is related to the radius of the container (pores in the soil) and the
contact angle. Contact angle is a function of the soil grains material. The geometry of the
membrane governs the pressure difference between both sides. This pressure difference is
determined based on the force equilibrium in vertical direction:

ua  uw 

2Ts  cos 

R

where, Ts is the surface tension, ua is the air pressure, u w is the water pressure and

2.1

 is

the contact angle of the membrane to the container wall (soil grains).
The value of (ua  uw ) in the soil pores is called matric suction, and the equation implies that
smaller meniscus radii correspond to higher values of matric suction and vice versa. Accordingly, higher values of suction develop in soils with smaller pores and/or less water content
(Figure 2.1b). A microscope photograph of a meniscus between two grains of sand is shown
in Figure 2.2.
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a)

b)

Figure 2.1: a) Development of surface tension at the interface of the water and air, b)
Changes in the radius of the meniscus with water content.

Figure 2.2: Microscope photograph of a meniscus between two grains of Fontainebleau sand
(van Mechelen, 2004).
2.1.2

Water Retention Curve

The Water Retention Curve (WRC) describes the relationship between the water content (or
degree of saturation) and suction in the soil. The shape of this function is dependent on the
pore and grain size distributions, and mineralogy of the material. Therefore, the type and
density of the soil play roles in the shape of this curve. The typical shape of a water retention
function for a soil is shown in Figure 2.3a. The value of volumetric water content in this figure
is determined from the following equation:

  Vw V  Sr  n   s  n
t

2.2

where, Vw and Vt are the volume of water and total volume of the soil, respectively. S r is
the degree of saturation ( Sr  Vw Vv , where, Vv is the pore volume) and n is the porosity of
8
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the soil ( n 

Vv

Vt

). The definition of volumetric water content implies that its value at full satu-

ration (  s ) is equal to the porosity of the material. The residual value of water content (  r )
represents the situation where water is isolated at the particle contacts and suction attains an
infinite asymptote.
The relationship between the water content and suction in a soil sample is hysteretic, i.e. the
corresponding retention functions of the wetting and drying paths are different. Generally, the
soil has higher suction values at similar water content on the drying path compared to the
wetting path (Figure 2.3a). The suctions sae_d and sae_w, shown in Figure 2.3a, show the air
entry values of the soil for the drying and wetting paths, respectively. The air entry value is
proportional inversely to the maximum pore size of the soil and describes the minimum value
of suction that prevents the air to enter the pore system.
Several researchers have investigated the water retention hysteresis (e.g. Mualem, 1984)
and have attributed this observation to the pore properties at microscopic (particle size) and
relative macroscopic scales. One of the explanations for this behaviour is known as the “inkbottle” effect, which describes the hysteresis based on the inhomogeneous distribution of
interconnected pores’ size and shape in the soil structure (Childs, 1969). This hypothesis is
illustrated schematically in using an analogy of a non-uniform capillary tube. The wetting
(upward flow) is controlled by the larger radius of the tube, while the capillary height upon
drying (downward flow) is governed by the smaller radius (Figure 2.3b).
Another mechanism suggested to explain the hysteresis behaviour of the water retention of
the soil is the difference in liquid-solid contact angles for advancing and receding water menisci (Hillel, 1998) (Figure 2.4).
b)

a)
Figure 2.3: a) Hysteresis in Water Retention Curve (after Lu & Likos, 2004), b) Non-uniform
capillary tube demonstrating the “ink-bottle” effect (after Childs, 1969).
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Figure 2.4: Change in the soil-water contact angle during flow (after Hillel, 1998).
2.1.3

Unsaturated hydraulic conductivity function

The hydraulic conductivity of a soil reduces with decrease of the water content and the relationship between the degree of saturation (or water content or suction) and hydraulic conductivity is defined as the hydraulic conductivity function. An example of relative hydraulic conductivity functions for a clay and a sand is shown in Figure 2.5. Kr is this figure is the ratio
between the unsaturated hydraulic conductivity to the saturated one (Kr = Kunsat(s)/Ksat).

Figure 2.5: Relative hydraulic conductivity function (after Lu & Likos, 2004).
10

2 Literature review
2.1.4

Transient flow in unsaturated soil

The principle of mass conservation can be applied to derive the governing equation of fluid
flow in an unsaturated soil element. This principle states that the rate of fluid loss or gain is
equal to the net flow into and out of a soil element. Hence, the general equation of transient
fluid flow of an elemental volume of a porous medium (Figure 2.6), either saturated or unsaturated, and assuming no change in the water density can be written as follows:

Figure 2.6: Elemental volume of soil (after Lu & Likos, 2004), original work of Richards
(1931b) and Terzaghi (1943).

 q q q  
 x  y  z  
 x y z  t
where, q is flux in different orthogonal directions, and

2.3
is the volumetric water content.

Darcy’s law (Darcy, 1856) can be generalised to model fluid flow under unsaturated conditions as proposed by Richards (1931b). However, the hydraulic conductivity will vary with
different suction values as discussed in the previous section.
Equation 2.3 can be expressed, as follows, using the hydraulic conductivity function and assuming atmospheric conditions for the pore air pressure (ua = 0):

 
s   
s   
s
 
k x ( s)    k y ( s)    k z ( s)(  1)  

x 
x  y 
y  z 
z
 t
where

2.4

is matric suction, and ki ( s) is the hydraulic conductivity of the soil as a function of

suction in the direction i. This equation is known as Richards’ equation (Richards, 1931b).
The right hand side of the equation can be written in terms of suction by introducing the Water Retention Curve:
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  s

t s t
The fraction

2.5

is the inverse of the slope of Water Retention Curve and is generally referred

to as the specific moisture capacity of the soil.
2.1.5

Effective stresses in unsaturated soils

Effective stresses describe physically the stresses acting between the solid particles of a soil
element. The mechanical behaviour of unsaturated soils, similar to saturated soils (Terzaghi,
1936), is a function of changes in effective stresses. However, the formulation of effective
stresses under unsaturated conditions is more complicated than that in the saturated condition (  '    uw , where,  ' is the effective stress,

 is the total stress, and uw is the pore

water pressure). Jommi (2000) states that: “In fact, no single stress variable has ever been
found which, substituted for effective stress, allows for a description of all the aspects of the
mechanical behaviour of a given soil in the unsaturated range”. This complexity is due to the
existence of three phases in an unsaturated soil. Therefore, pore air pressure and matric
suction have direct effects on the stress state and hence on shear strength and volumetric
responses of the soil system.
Several researchers suggested that the mechanical responses of unsaturated soils should
be determined by separate consideration of net stress and matric suction (Burland, 1964;
Matyas & Radhakrishna, 1968). For example, Bishop & Blight (1963) reported different mechanical responses form an unsaturated soil element when they changed only suction or net
stress while keeping the other one constant. These findings resulted in acceptance of two
effective stress measures to model the stress-strain-strength behaviour of unsaturated soils
(Alonso et al., 1990). Fredlund & Morgenstern (1977) proposed that any pair of these stress
states: ( (  ua ), (ua  uw ), (  uw ) ) can serve as a suitable framework for constitutive modelling of unsaturated soils.
One of most used formulation of effective stress is proposed by Bishop (1959):

 '  (  ua )   (ua  uw )

2.6
where, ua is pore air pressure, and (  ua ) is named as normal net stress, (ua  uw ) is matric suction and

 is called as effective stress parameter, which is a function of degree of

saturation. The effective stress parameter varies between 0 and 1 and attains the value of 1
at full saturation it, which leads Bishop’s stress to reduce to Terzaghi’s saturated effective
stress. The relationship between the degree of saturation and effective stress parameter,
based on laboratory results from several researchers is shown in Figure 2.7 (Lu & Likos,
2004).
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Figure 2.7: Dependency of Bishop’s effective stress on the degree of saturation (after Lu &
Likos, 2004).
2.1.6

Constitutive models for unsaturated soils

A constitutive model is a mathematical formulation which allows for the reproduction of the
response of a continuum (Desai & Siriwardane, 1984). Elasto-plasticity has proved a very
successful framework for developing constitutive laws appropriate for unsaturated soils
(Gens et al., 2006). Numerous elasto-plastic constitutive models have been proposed by
several researchers in recent years to represent the behaviour of unsaturated soils. These
models include suction as an additional stress variable. One of the first and most widely used
models is proposed by Alonso et al. (1990), and is often referred to as the Barcelona Basic
Model (BBM). This model is an extension of Modified Cam Clay Model (MCC) (Roscoe &
Burland, 1968) to the unsaturated states, and serves as the basis of the finite element program of “Code Bright” (Olivella et al., 1996) which is used in chapter 7 to model the coupled
hydro-mechanical behaviour of slopes subjected to rainfall.
However, some simplifying assumptions are made in this model, such as linear relationship
between the volumetric changes (void ratio) and natural logarithm of mean net stress (lnp,
p   m  ua ,  m  (1   2   3 ) / 3 ) or the linear increase of the contribution of suction in
the shear strength (Gens et al., 2006). Basics of this model will be discussed in the next section.
Several other models were developed afterwards to improve the shortcomings of BBM. For
example, Josa et al. (1992) introduced a nonlinear relationship for the volumetric changes as
a function of lnp. Wheeler & Sivakumar (1995) redefined the model functions based on more
laboratory results, and Cui et al. (1995) introduced a yield function to the model based on the
results of experiments on anisotropically consolidated clays.
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The contribution of the suction to the shear strength is dependent on the definition of the effective stress in each constitutive model. Gens (1996) summarised different approaches into
three classes based on the general definition of unsaturated effective stress, which has two
stress variables:

 '  (  ua )  1s   2

2.7

where,

1 and  2 are functions of suction and maybe other variables. 1 is equivalent to the Bishop’s stress parameter, ranging between 0 and 1, and  2 is the term related to the changes
of energy at the interfaces of different phases (Coussy & Dangla, 2002). The aforementioned
three classes based on the variable 1 can be defined as:


1  0



1  1 ( s)

where,

the

variable

is

a

function

of

only

suction

for

s  sae ( 1  1 for s  sae )



1  1 ( Sr ) where, the variable is a function of degree of saturation only.

However, the second and third classes can be related by using the corresponding Water
Retention Curve as pointed out by D’Onza et al. (2011).
Alonso et al. (1990) proposed a constant value for the effective stress variable ( 1  k ) and
accordingly, the shear strength is defined, in terms of invariants, as follows:

q  M ( p  ks)

2.8
where, q is the deviatoric stress ( q  (1   3 ) under triaxial conditions), p is the mean net
stress, and M is the slope of the critical state line in the p-q space.
Sun et al. (2000) proposed a model in which the slope of the critical state line is a function of
suction ( M  M (s) ) and 1  a

as

, where, a is the limit apparent tensile strength at infi-

nite suction.
Sheng

et

al.

(2008)

proposed

a

value

of

1  1 for s  sae

and

1  sae s  ( sae  1) s ln ( s  1) ( s  1)  for s  sae .
ae


Khalili & Khabbaz (1998) suggested a unique effective stress variable for the suctions greater than the air entry value of the soil:

 s 
1   
 sae 

14

0.55

2.9

2 Literature review
However, several researchers (Öberg & Sällfors, 1997; Jommi, 2000; Nuth & Laloui, 2008;
Casini, 2012) proposed the degree of saturation as the effective stress variable ( 1  Sr ).
Fredlund et al. (1978) extended the Mohr-Coulomb failure criterion and introduced an additional variable of  b to account for the contribution of suction in shear strength of unsaturated soils:

  (  ua ) tan  ' s tan  b

2.10

The following relationship can be derived between the Bishop’s stress variable and tan  b :

1  tan  b / tan  '

2.11

tan  describes a linear increase of the shear strength due to the increase of matric suction.
b

This linear expression has been questioned based on experimental evidence (Escario &
Saez, 1986; Fredlund et al., 1987; Alonso et al., 1990).
2.1.7

Barcelona Basic model

The Barcelona Basic Model has been applied successfully to describe a large number of
typical features of the mechanical behaviour of unsaturated soils, despite some simplifying
assumptions (Gens et al., 2006). The main characteristics of the mechanical behaviour of
unsaturated soils are:


contribution of suction to the shear strength and stiffness,



changes in the preconsolidation stress with increasing suction,



collapse or swelling at different confining stresses due to wetting.
Volumetric behaviour of unsaturated soils and yielding

The stress space selected to describe the isotropic stress conditions is the mean net stresssuction space (p, s) and the volumetric behaviour is determined in terms of specific volume
(  1  e, e 

Vv

Vs

, where, Vs is the volume of the solid part of the soil). The model specify-

ing the volumetric behaviour of an unsaturated soil element, due to changes in mean net
stress, is illustrated in Figure 2.8. The normal compression index,  ( s) , is a function of suction and the formulation proposed for this relation in BBM is:

  s     0 1  r  e  s  r 

2.12

where, r determines the maximum decrease in the compression index of the soil due to drying, and controls its rate of decrease with suction.
The elastic volumetric increments are governed by the following equation:
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d   dp

2.13

p

where,  is the gradient of the line in the unloading-reloading region and it is assumed to be
not dependent upon the value of suction.

Figure 2.8: Volumetric behaviour of saturated and unsaturated soil under isotropic consolidation, based on the BBM (after Alonso et al., 1990).
The saturated preconsolidation stress is shown by p0* in Figure 2.8 (point 3) and the unsaturated soil yields at a higher value of mean net stress ( p0 ) (point 1). The preconsolidation
stress is a function of suction and is determined by:

 p0   p0* 
 c  c 
p  p 

  0  

  s  

2.14

where,
is a reference stress “at which the saturated virgin state (in
space) may be
reached starting at a partially saturated condition, through a wetting path, which involves only
(elastic) swelling” (Alonso et al., 1990). This equation (2.14) defines a curve, which illustrates
the changes of preconsolidation stress as a function of suction and is called the Loading Collapse (LC) curve (Figure 2.9).
The soil behaves elastically when the stress state is located on the left hand side of the LC
curve. Therefore, the LC serves as the first yield surface in the p-s space.
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Figure 2.9: Loading collapse curve and stress path of Figure 2.8 (after Alonso et al., 1990).
The change in the volume of the soil element as it follows a path from point 1 to point 2
(Figure 2.8) is due to the change in mean net stress and can be defined by Equation 2.13.
However, the decrease in the suction causes volume change along the path from point 2 to
point 3. Accordingly, yielding is defined in BBM, which is also dependent on the variation of
suction. The schematic of the model is depicted in Figure 2.10. The volumetric strain is elastic as long as the suction in the soil element does not exceed the highest value ever experienced (s0).

Figure 2.10: Yielding due to variation in suction (after Alonso et al., 1990).
The volumetric increment on the virgin compression line is defined by:

d  s

ds
s  pat

2.15

where, s is the gradient of the verging compression line after yielding and pat is the atmospheric pressure.
The volumetric increment in the elastic part, due to change in suction, is defined by:
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d   s

ds
s  pat

2.16

where,  s is the gradient in the elastic region and pat is the atmospheric pressure. The pat
is defined in Equations 2.15 and 2.16 to avoid unrealistic large values of d when suction
reduces to zero during wetting.
The second yield locus of BBM in p-s space is defined by the maximum experienced suction
(s0) according to the Figure 2.10. Therefore, the elastic region of the volumetric response in
p-s space is limited by the horizontal line of maximum suction (named as Suction Increase,
SI) and the loading collapse curve.

Figure 2.11. Loading collapse and suction increase line, which define the elastic region (after
Alonso et al., 1990).
Shear strength
The Barcelona Basic model assumes an elliptical shape for the yield surface in the q-p space
(Figure 2.12), which transforms to the Modified Cam Clay Model (MCCM) at saturation.
q
Unsaturated CSL
Unsaturated yield locus
Saturated CSL
Saturated yield locus

1

1

𝒑𝒔

ks

M

M

𝒑∗𝟎

𝒑𝟎

p

Figure 2.12: Yield loci in saturated and unsaturated conditions based on Barcelona Basic
Model in p-q space. (CSL: Critical State Line) (after Alonso et al., 1990).
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The ellipse of yield surface extends with increasing suction according to the following equation:

f  p, q, s, p0*   q 2  M 2  p  ps  p0  p   0

2.17
∗

where, q is the deviatoric stress
(in triaxial stress condition),
is the mean net
preconsolidation stress at saturation, M is the slope of the critical state line (CSL) in p-q
space,
is the preconsolidation stress at suction s and reflects the effect of suction in
increasing the size of yield locus in tensile part:
ps  ks

The increase rate of

2.18

is determined by the constant .

However, experimental results (e.g. Escario & Saez, 1986) reveal that the contribution of
suction to increasing the shear strength is not linear. There is a higher rate at lower suction
values and this rate reaches a maximum value (Figure 2.13). Accordingly, an improvement in
this formulation can be implemented in order to apply this observed feature of unsaturated
soil behaviour (as discussed in Section 2.1.6).

Figure 2.13: Increase of the unsaturated shear stress due to the suction for different values
of normal stress in a direct shear test (Escario & Saez, 1986).
The parameter k in BBM is equivalent to the effective stress parameter in Bishop’s stress
and accordingly, it might be a function of degree of saturation and /or suction. The extends of
the yield surfaces and approximation of k with degree of saturation in p-s space are shown in
Figure 2.14.
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𝒔𝟎

Suction Increase line (SI)

1
Loading
Collapse
curve (LC)
Approximation with 𝜒=Sr

𝒑∗𝟎

𝒑𝒔

𝒑𝟎

Figure 2.14: Extent of yield surfaces in p-s space, based on BBM (after Alonso et al., 1990).
The three dimensional yield surface proposed in the Barcelona Basic Model is depicted in
Figure 2.15.

Figure 2.15: Three dimensional yield surface proposed in the Barcelona Basic Model (after
Alonso et al., 1990).
BBM is a non-associated constitutive model in the s=constant plane. The ratio between the
increments of plastic shear strain (
the mean net stress (
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) to the increments of plastic volumetric strain due to

) is suggested to be:
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d  sp
2q
 2
p
d  vp M (2 p  ps  p0 )

2.19

Parameter in this equation is determined so that “the flow rule predicts zero lateral strain
for stress states corresponding to Jaky’s (1948)-K0 value (
1
⁄
) (Alonso et al., 1990).
Accordingly,

is determined by the following equation:




M ( M  9)( M  3) 
 
]
1/ [1 
9(6  M )
  0  



2.20

The plastic volumetric strain due to the changes in net stress is calculated by:
∗

2.21

∗

The increments of plastic volumetric strain due to the suction (

) is calculated by:
2.22

Two hardening laws are determined for the yield loci of BBM.
∗

2.23

∗

2.24
The volumetric elastic strains might occur due to either the changes of suction (
net stress (
):

⇒

) or mean

2.25

{
The elastic shear strain can be calculated by the following equation:

1

2.26

2.2 Triggering mechanisms of landslides due to rainfall
A slope fails as soon as the shear strength of the soil is not sufficient to withstand the shear
stresses. Rainfall induced failures in unsaturated slopes generally occur as a result of increase in pore water pressure due to infiltration and consequently reduction in the effective
stresses which leads to the decrease in shear strength of the soil along the potential failure
surface. However, the mechanism of the pore pressure generation and response of a soil
element at the shear zone to the increase of pore pressure varies depending on the topogra21

2.2 Triggering mechanisms of landslides due to rainfall
phy of the slope and underlying bedrock, stress history of the element, soil type, void ratio,
and hydraulic boundary conditions. Six interrelated and most frequently mentioned triggering
mechanisms of fast landslides due to rainfall are discussed in this section. These mechanisms are: i & ii) decrease in suction (top-down and bottom-up saturation), iii) exfiltration from
the bedrock, iv) static liquefaction, v) drained collapse behaviour, and vi) slide to flow mechanism due to restricted seepage conditions.
2.2.1

Decrease in suction within the unsaturated soil profile (top-down and bottomup saturation)

Two major mechanisms of loss of suction in a slope subjected to infiltration have been observed and reported by various researchers; namely top-down or bottom-up saturation
(Springman et al., 2012a). The dominating mechanism is a function of the rain intensity compared to the hydraulic conductivity of the soil (Kienzler, 2007), inhomogeneity of the soil profile, existence of macro pores and preferential flow paths in the soil matrix (Kienzler, 2007),
depth and hydraulic conductivity of the underlying layer as well as possible drainage fissures
in the bedrock. A schematic sketch of these two saturation mechanisms is shown in Figure
2.16 together with the likely location of the slip surface, sharply influences the volume of soil
in the failure zone and the run-out response (Springman et al., 2012).

Figure 2.16: Saturation mechanisms in changing estimates of likely depth of slip surface (after Kienzler, 2007 and Springman et al., 2012).
The stress path that a soil element in a slope experiences when it is subjected to rainfall will
be discussed in the following subsection, based on the Barcelona Basic Model.
Modelling of slope failure in unsaturated slopes due to rainfall using BBM
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A soil element located on the potential slip surface of an unsaturated slope has generally an
anisotropic principal effective stress state. The stress path that the soil element might experience during the deposition, formation of the slope, and then during and after the rainfall is
illustrated in Figure 2.17. The mean net stress increases under saturated conditions from
stress state A to B during deposition process. The suction increases under constant mean
stress corresponding to a drying process (path: B-C). The yield locus expands as the stress
state travels along the path B-C. The slope is assumed to have been formed due to erosion
or tectonic effects and the deviatoric stress increases accordingly (Path: C-D). The suction
reduces due to the rainfall and the soil element fails under shearing as soon as the stress
state reaches the critical state line at point F (Path: D-E-F).
The yield locus gets smaller on the negative side of the net stress due to the decrease in
suction and ps accordingly (refer to Equation 2.18). However, the yield locus expands in the
region of positive values of the net stress (p0 increases), while the deviatoric stress and
mean net stress are constant and the stress state is always located on the yield locus. The
following equation can be written to calculate the preconsolidation stress at each suction
value:
2.27

Equation 2.17 ⇒

Figure 2.17: Stress path and yield locus development of an element from original deposition
under q = 0 conditions to failure in an unsaturated slope subjected to rainfall.
Mean net stress (p) is kept constant along the path D-E-F. The saturated preconsolidation
stress ( ∗ ) will also increase due to the increase in p0. The changes in
by reordering Equation 2.14:

∗

can be calculated
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p 
p0*  p c  0c 
p 

  s  

  0  

2.28

The value of
at each suction level is required in the equation above.
decreases as
the suction reduces, and this can be calculated by Equation 2.12. The volume of the sample
changes due to the variations in the suction and also changes in the ∗ (Equations 2.21, and
2.22). However, the elastic volumetric strain will be merely due to the decrease in the suction
(

) (Equation 2.25) and the plastic volumetric strain will be only due to the increase of

∗

(Equation 2.21). The volume of the soil increases as a response to the decrease in suction,
while it shrinks as the preconsolidation stress increases.
2.2.2

Exfiltration from the bedrock

Fractured bedrock layers, which are connected to hydraulic recharge zones can deliver water
to the overlying soil and cause development of high pore pressures at the interface of the soil
and bedrock. This process is known as exfiltration and is schematically illustrated in Figure
2.18. Continuous emission of significant amounts of water from the exposed bedrock at the
source area has been reported for several landslides (e.g. Johnson & Sitar, 1990; Cascini,
2004; Cascini et al., 2010). Fiebelkorrn (1983) also measured a rapid increase in the piezometric response of bedrock to a rainfall event in a debris flow scar in California. Brönnimann
et al. (2013) also showed the importance of bedrock exfiltration as a triggering mechanism of
shallow landslides in Central Switzerland, using comprehensive geophysical and hydrogeological investigations.

Figure 2.18: Schematic diagram of the hydraulic interactions between bedrock and the upper
soil layer (after Johnson & Sitar, 1990).
2.2.3

Static liquefaction and drained collapse behaviour

One of the commonly proposed mechanisms of fast landslides triggered by rainfall is static
liquefaction which is generally defined as the loss of strength of loose contractive soil under
undrained conditions (Knill et al., 1976; Olson et al., 2000; Chu et al., 2003; Casini et al.,
24
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2010a). Undrained shearing of soil elements with compressive behaviour may lead to effective stress paths with decreasing shear stresses and instabilities. Instability is not synonymous with failure, although both may lead to catastrophic events (Lade, 1989; Nova, 2003).
Failure is defined as the state of the intersection of the stress path with the limiting surface
(failure criterion), beyond which stress states are not feasible for a certain soil type.
Small disturbances in load may produce undrained conditions in loose soils with medium to
low permeabilities such as fine sands and silts, and large deformations may develop in the
ground. When the instability condition is reached, the soil may or may not be able to sustain
the current stress state (Nova, 2003). This stress state corresponds to the top of the current
stress path as shown schematically in the p’-q space in Figure 2.19 (points D, E, and F). Following this peak point, unlimited plastic strains may occur under decreasing stresses. The
shaded region, is bounded by the critical state line (the line passing through points G, H, I)
and the instability line (the line passing through points D, E, and F). It does not, however,
extend down to the origin of stress space, but terminates by an approximately horizontal cutoff at fairly constant q (Lade, 1993; Vaid & Eliadorani, 1998). The value of q at the cut-off line
depends on initial placement density of the soil. The relative position of this cut-off line to the
origin of stress space moves up as initial density increases (Vaid & Chern, 1985).

Figure 2.19: Location of the instability line and potential unstable region for undrained saturated triaxial tests (ESP: effective stress path, TSP: total stress path, CSL: critical state line) (after Chu et al., 2003).
It has been shown that there is no “intrinsic” instability line and its location is dependent on
the rate of volume change or pore pressure build up (burst) (Take et al., 2004). Other studies
showed that the locations of the instability lines are also strongly dependent on the void ratio
(e.g. Chu et al., 2003). Di Prisco et al. (1995) showed that the instability line for undrained
tests is also a function of stress path.
2.2.4

Drained collapse behaviour

Drained collapse behaviour is a process which is similar to static liquefaction and can accelerate the instability in drained and undrained conditions. The buildup of pore water pressure
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is directly related to the volume change characteristics of the soil (Lade & Yamamuro, 2011).
This contraction then results in development of pore water pressures and associated reduction in shear resistance.
Sasitharan et al. (1993) performed two constant deviator stress drained triaxial tests on loose
sand and they observed that a slight increase in pore water pressure (6.7 kPa) was followed
by a catastrophic undrained failure or collapse of the sample. They concluded that slopes
can fail under undrained conditions if the soil is very loose and the pore pressure rises, even
if the pore pressure rise is slow and is taking place under drained conditions.
Similar observations were made by Eckersley (1990) from his model tests on small laboratory coal stockpiles who reported that static liquefaction had occurred for loose sand under
essentially static, drained conditions (Eckersley, 1990). The experiments were performed by
slowly raising the water table. Accordingly, the mean effective stress was being reduced
along an “essentially static drained” stress path. Eckersley reported that excess pore water
pressures were developed after, rather than before, the start of the flow slides. These results
were possibly observed due to the inefficiency of pore water dissipation processes during the
slide. It is assumed that the generated pore pressure was a result of sudden contractive volumetric changes.
2.2.5

Slide to flow mechanism due to restricted seepage conditions

Several case studies have recorded the occurrence of fast landslides in unsaturated dense
material which cannot be explained by the static liquefaction mechanisms because the failed
material has been characterised with dilative behaviour. Two of these cases has been analysed by Wanatowski et al. (2010). Bolton et al. (2003) suggested that local slips due to
ponding of water inside the slope might lead to the global failures in the slope and possibly to
flowslides. The ponding of water in the slope body can be a result of the change in the slope
of the underlying less permeable surface or existence of a thin and enclosed layer of highly
permeable material below the overlying soil. This mechanism is discussed in more details in
Section 2.4.3.

2.3 Previous field tests
Numerous studies have been conducted to measure the changes in pore water pressure in
slopes in response to seasonal and extreme rainfall events. However, few data are available
on the hydro-mechanical behaviour of natural slopes during a slope failure.
Studies were performed to monitor pore pressures in potentially unstable zones in the United
States by Sidle & Swanstond (1982) and Sidle (1984). They reported that “pore pressures in
excess of hydrostatic pressures were required to produce failures” in several cases. Sidle
(1984) also observed differences in buildup of pore water pressure along a slope subjected
to a rain storm, and concluded that the variation in pore pressure cannot be entirely explained by assuming only vertical infiltration through the soil horizon. The specifications of six
full scale landslide triggering experiments using artificial rainfall are summarised in Table 2-1.
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55 m2

130 m3

Japan

Japan

Japan

USA

Japan

Switzerland

(Oka, 1972)

(Yagi et al.,
1985)

(Yamaguchi et
al., 1989)

(Harp et al.,
1990)

(Ochiai et al.,
2004)

(Teysseire,
2005)

(Askarinejad et
al., 2012b;
Switzerland
Springman et
al., 2012a)

30 × 5 m2

3.2 × 4.0 m2

Sprinklers

Sprinklers

Sprinklers

Upper trench

TDR/Tensiometer/Piezometer/Soil deformation probe/ERT/Soil pressure sensors/
Photogrammetry/ Rain
gauge/Meteorological station

Extensometer/TDR/Tensiometer/Moisture
point/Rain gauge

Extensometer/Tensiometer/Strain probe/
Photogrammetry

Extensometer/Piezometer

38

42

33

70*

43

-

-

30 × 5 m2

Extensometer/Piezometer/Inclinometer

Extensometer/Piezometer/Strain meter

-

Slope
angle (°)

30

Upper trench

Rainfall simulator

Sprayed from
fire hose

Instrumentation / Remote sensing

1.6 × 1.3 m2

10 × 30 m2

10 × 25 m2

500 m3

Location

Reference

Triggered Volume or sprin- water supply
kled area
method
3
2
(m /m )

Silty sand with clay

moraine (gravelly silty
sand)

weathered disintegrated granite sand

coarse to medium grain
sand with 20% clay

weathered disintegrated granite sand

gravelly silty sand

-

-

-

Soil type
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Table 2-1: Landslide triggering experiments on natural slopes (modified after Ochiai et al.,
2004).

* The value is deduced based on the elevation contour lines on the plan view.
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2.3 Previous field tests
Harp et al. (1990) performed three tests on natural slopes to study the response of the slope
to wetting in terms of pore water pressure distribution during failure. They observed that the
water flows mainly through macropores (e.g. animal burrows and root casts) with temporal
and spatial change of discharge. They also measured abrupt decreases in the pore water
pressure at different locations of the slopes between 5 to 50 minutes prior to failure. They
suggested that the raised pore water pressure and increased flow rate might have resulted in
redistribution and removal of fine particles (piping), which may ultimately lead to increase of
the pore sizes and destruction of the soil structure at the sliding surface.
Ochiai et al. (2004) triggered a fluidised landslide with a maximum depth of 1.2 m by artificial
rainfall with an intensity of 78 mm/hr on a 5 m wide and 30 m long slope with an average
gradient of 33° (maximum 35°). The slope was isolated by driving thin steel plates into the
soil to a depth of 1 m. The plates prevented any infiltrating rain water from percolating laterally and reduced the lateral tree root reinforcement. They monitored the surface movements of
the slope by means photogrammetry video cameras and the depth of the failure surface was
detected using soil-strain probes which were installed to a maximum depth of 2 m. The soil
was fine weathered disintegrated granite sand and the initial value of matric suction varied
from 3.5 to 6 kPa along a profile from the depth of 50 cm to 290 cm. They reported simultaneous and sharp increases in both bending strains, measured by soil-strain probes, and pore
water pressure 4.83 hours after the start of the rain and the failure occurred at time 6.83
hours.
Teysseire (2005) instrumented a 42° steep alpine moraine slope, at about 2800 m above sea
level (masl) in the forefield of the Gruben glacier (Canton Wallis, Switzerland) with a 55 m 2
plan area and performed an artificial rainfall test in the summer 2000, to investigate slope
stability as a function of degree of saturation. A series of insitu direct shear box tests, of plan
area 250 mm x 250 mm, was carried out on natural samples carved out to these dimensions
near to the test site. The results showed dilatancy almost throughout the shear test indicating
the behaviour expected from a dense granular soil1. The peak value of the internal friction
angle for this soil was determined to be 41°, which was independent of the degree of saturation (Springman et al., 2003). The slope failed after 50 hours of rainfall with an average intensity of 16 mm/h for the first 24 hours and 12 mm/h for the second half. Instability occurred
in the slope when Sr approached more than 85% within the first 0.19 m of the soil profile. The
slip surface was also located at a depth of approximately 0.2 m. Time Domain Reflectometeres (TDRs) installed at the depths of 0.12 m and 0.19 m showed a decrease in the degree
of saturation at approximately 6 and 1.5 hours before the failure, respectively. This observation is similar to the results reported by Harp et al. (1990) and can be attributed to ongoing
dilation of the soil elements at the sliding surface. This hypothesis might be supported by the
fact that the drop in the degree of saturation measured by TDR installed at a depth of 0.19 m,
which is the nearest sensor to the failure surface, is more pronounced (Askarinejad et al.,
2010b).

1

Average void ratio of 0.29, dry unit weight of 20.2 kN/m3, and mean relative density of 77%
(Springman et al., 2003).

28

2 Literature review

2.4 Centrifuge modelling
Centrifuge modelling of rainfall induced landslides with controlled material properties, and
boundary conditions has the potential to provide an understanding of the triggering mechanisms of landslides due to rainfall. In the centrifuge tests a model with geometry of N times
smaller than the prototype is constructed and is tested under centrifugal acceleration field
with a magnitude of N times the Earth’s gravity (Schofield, 1980). This situation provides a
gradient of body stresses within the model similar to the prototype, which ensures similar
effective stresses and groundwater pressures at equivalent depths.
Seepage dominates the movement of water through the soil during raining over model slopes
in centrifuge tests (Kimura et al., 1991). It has been shown that the seepage velocity in the
centrifugal field of Ng is N times that under the Earth’s gravitational field, as long as the identical material is used for the model and prototype soil (Goodings, 1984; Garnier et al., 2007).
Since the intensity of rain has the same dimension as the seepage velocity, the intensity of
rain in the Ng field is N times that in the Earth’s gravitational field. The scaling laws will be
explained in more detail in Section 6.1.
Several failure mechanisms of rainfall induced landslides have been investigated by different
researchers using centrifuge modelling. These mechanisms of failure will be reviewed in the
following sections, and the parameters affecting these mechanisms will be explained.
2.4.1

Effect of initial conditions of slopes on the failure mechanism

Kimura et al. (1991) carried out a series of centrifuge tests to investigate the stability of fills
subjected to heavy rains. They used an artificial mixture of 50% of Kanto loam with 33%
Toyoura sand and 17% crushed Toyoura sand, which was classified as SM. Their focus was
mainly on the effect of initial conditions of the fill, such as the initial void ratio and water content on some cases, (case I, Figure 2.20) and the influence of rain intensity and slope inclination in other cases (case II, Figure 2.21). All of the tests were done under a nominal centrifugal acceleration of 50g.
In case I, 11 tests (Table 2-2) were carried out on slopes of 45° inclination and the rain was
applied by 10 nozzles, arranged in 2 lines, with an intensity of 600 mm/hr, which is identical
to 12.0 mm/hr at prototype scale. The angle of slopes were 60°, 45° and 30° for the 10 tests
conducted for case II (Table 2-3), with rain intensities of 2250, 1400 and 700 mm/hr (45, 28
and 14 mm/hr at prototype scale, respectively). Sheets of filter paper were laid on the slope
to prevent erosion due to rain for the tests performed under conditions of case II.
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Figure 2.20: Rainfall infiltration experiment:
setup test for test case I (Kimura
et al., 1991).

Figure 2.21: Rainfall infiltration experiment:
Setup test for test case II
(Kimura et al., 1991), (PT: pore
pressure transducer, CS: conductivity sensors).

They found that two types of failure appear when a fill is subjected to a heavy rain:
Type i: Failure along a well-defined deep slip surface taking place in the areas where the
wetting front has infiltrated,
Type ii: Failure in the toe areas taking place after the appearance of the ground water on top
of an impermeable base layer.
Table 2-2: Rainfall infiltration experiment: test conditions and results for test case I (after
Kimura et al., 1991).
Test No.
A-1
A-2
A-3
A-4
B-1
B-2
B-3
C-1
C-2
D-1
D-2

30

Initial condition
e ini (-)
w ini (%)
1.75
27.9
1.81
27.3
1.86
25.5
1.86
24
1.66
36.2
1.72
36.6
1.81
38.3
2
25.5
2.02
27.6
1.94
37.1
2
33.2

Time to failure (s)
-----44
48
50
42
30
13

Type of failure
No failure
No failure
Type ii
Type ii
No failure
Type i
Type i
Type i
Type i
Type i
Type i
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Table 2-3: Rainfall infiltration experiment: test conditions and results for test case II (after
Kimura et al., 1991).

Test No.

Angle of slope ( ° )

Rain intensity
(mm/hr)

Time to
failure (s)

E-60 (1)
60
35
(2)
60
36.8
E-45 (1)
45
66
2250 (45)*
(2)
45
50.5
E-30 (1)
30
97
(2)
30
90
F-45
45
1400 (28)*
58
G-60
60
61.5
G-45
45
700 (14)*
250
G-30
30
400
* Bracketed figures are presented at prototype scale
(The average initial void ratio e = 1.87 and water content w = 28.5%)

Type of failure

Type i

Type ii
Type i
Type i
Type ii

They observed that the downward movement of the wetting front had a shape similar to the
geometry of the slope. The fills with higher initial void ratios failed at lower intensities of rainfall and when void ratios were similar, more rainfall was necessary to cause failure in the fills
with lower initial water content.
The electrical conductivity of the soil was measured at different locations inside the slope by
means of conductivity sensors, and a difference in degree of saturation was deduced between the areas where the wetting front has passed, and the lower areas where the groundwater had built up. This observation implies that the water front decreases the suction, but
might not necessarily saturate the wetted area completely to Sr = 100%.
2.4.2

Static liquefaction mechanism

Take et al. (2004) performed two series of centrifuge tests to investigate the triggering mechanisms of slips and flow slides due to heavy rainfalls. The soil was classified as slightly clayey, silty, very gravelly sand with critical internal friction angle of 34° and potential for static
liquefaction, based on the undrained triaxal tests on very loose and saturated samples. The
centrifuge tests were performed at 60 g acceleration and the 45° inclined loose moist-tamped
models were subjected to a rain intensity of 250 mm/hr in a sealed atmospheric chamber
(Take & Bolton, 2002). The measurements exhibited significant losses of suction (from initial
value of 23 kPa to less than 2 kPa) and collapse of the voids due to wetting, but no build-up
of positive pore pressure and failure were observed. Take et al. (2004) concluded that ease
of migration of the pore air due to the unsaturated nature of the fill material (as also seen by
(Kimura et al., 1991), and different scaling laws for the dissipation rate of pore pressure and
falling velocity of a particle at increased gravitational acceleration might have been the rea-
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sons that no failure was triggered in this slope by static liquefaction mechanism. The scaling
laws for the static liquefaction mechanism are derived in Section 6.1.

2.4.3

Slip to flow mechanism due to restricted seepage

Take et al. (2004) and Lee et al. (2008) investigated the effect of heterogeneity and layering
in a slope, which might result in constriction of the groundwater flow and generation of high
pore pressures. The geometries of the models of these two series of tests are illustrated in
Figure 2.22 and Figure 2.23, respectively. A thin and enclosed layer of highly permeable
coarse-grained material was overlaid by a thicker completely decomposed granite layer. The
two layers were placed above impermeable bedrock that was parallel to the surface, representing an idealised case of layering in favour of the increase of landslide risk. The water
infiltrated into the material with higher permeability and ponds at the enclosed of the layer.
The ponded water builds up high pore pressures if the seepage velocity into the upper layer
is less than the infiltration rate. Seepage of the ponded water decreased the suction and resulted in accelerating movements of the corresponding area and eventually triggering a fast
failure. In both series of tests, it was concluded that higher pore water pressures were required to trigger failure in the denser slopes; however, densification of the upper layer as a
remediation measure results in a more brittle and less predictable response leading up failure.

Figure 2.22: Model slope to investigate slide-to-flow landslide triggering mechanism, PPTT:
pore pressure and tension transducer, PIV: Particle image velocimetry (Take et
al., 2004).
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Figure 2.23: Geometry of the model slope. PPT: pore pressure transducer (Lee et al., 2008).

2.5 Concluding remarks
The contribution of the matric suction to the shear strength of the soil plays a major role in
stability of the steep unsaturated slopes. Therefore, the basic characteristics of the mechanical and hydraulic behaviour of unsaturated soils were discussed in this chapter. The representative stress paths followed in slopes subjected to pore pressure increase were studied.
The triggering mechanisms of the landslides due to rainfall were summarised and the different responses of an unsaturated soil element located in a slope which is subjected to increase of pore pressure were analysed.
The previous studies using field measurements and centrifuge models to investigate the
conditions leading to triggering of landslides and corresponding failure modes were also reviewed. Although the effect of several factors, such as the soil type, stress history, topography of the slope, and layering, on the initiation mechanism of rainfall induced failures have
been studied, however more in depth studies are still required for understanding of the role of
hydrogeology on the initiation of plastic deformations within the soil mass and stabilising or
destabilising effect bedrock shape.
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3 Ruedlingen experiment field
3.1 Test slope
3.1.1

Location

The experimental area is located on an east facing slope on the banks of the river Rhine in
the northern part of Switzerland near Ruedlingen village. Signs of previous landslides and
retrogressive erosion of the slopes can be seen in the area (Figure 3.1). More than 40 surficial landslides were triggered in this region after 100 mm of rainfall fell in 40 minutes in May
5th 2002, (Fischer et al., 2003). Moreover, several signs of movements were observed in the
vicinity of the selected slope, which will be discussed in more detail in Section 3.1.2.

Figure 3.1: The location of the test slope and topography of the region (The interval between
elevation contours is 5 m. The relief and topography map is taken from
http://www.sh.ch/).
The altitude of the selected slope is about 350 metres above sea level (maximum) and the
gradient of the slope was determined to vary between 35° to 42°, with an average of 38°.
3.1.2

Meteorological records of the region and natural hazards

The two highest daily precipitation records measured at the Wil bei Rafz meteorological station (located around 6 km North West of Ruedlingen) in period of 2000-2009, were on July
14th 2009 and May 5th 2002 with 100 and 67.7 mm/day, respectively (Figure 3.2).
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Figure 3.2: Maximum daily precipitation at the Wil bei Rafz meteorological station of (data
from http://www.meteoschweiz.ch).
The peak monthly precipitation of 238.7 mm during the period of 2000 to 2009 (Figure
3.3)occurred in March 2001, while the precipitation data from 1864 to 2009 for the Zurich /
Fluntern meteorological station (Figure 3.4), shows a maximum monthly precipitation of
359.2 mm in June 1876. This station is located approximately 30 km south of Ruedlingen.
The increasing trend of the monthly precipitation is also confirmed by the positive gradient to
the linear regression of the data Total
in Figure
3.4.
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Figure 3.3: Monthly precipitation from the Wil bei Rafz meteorological station (data from
http://www.meteoschweiz.ch).
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Monthly precipitation in weather station of Zürich / Fluntern
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Figure 3.4: Monthly precipitation from the Zurich / Fluntern meteorological station with trend
to data shown by linear regression (data from http://www.meteoschweiz.ch).
Two precipitation intensity-duration thresholds (
) for shallow landslides and debris
flows determined for Switzerland (Zimmermann et al. 1997, (a = 32, b = -0.7)) and for the
central Europe region (Guzzetti et al., 2007, (a = 15.56, b = -0.7)) are compared in Figure 3.5
with the monthly precipitation records from the Zurich / Fluntern meteorological station for the
period of 1864-2009, hourly precipitation records from Wil bei Rafz meteorological station for
the period of 2000-2009, the single local record of May 2002 (Fischer et al., 2003) and two
artificial rainfall events from the Ruedlingen slope monitoring and landslide triggering experiments in October 2008 and March 2009, respectively.
March 2009 (artificial)
May 2002
Monthly precipitation (1864-2009)
Guzzetti et al. (2007)

October 2008 (artificial)
Hourly precipitation (2000-2009)
Zimmermann et al. (1997)

I (mm/hr)

1000
100
10
1
0.1
0.01
0.001
0.1

1

10

D (hr)

100

1000

10000

Figure 3.5: Two rainfall intensity-duration thresholds for shallow landslides and debris flows
compared with the monthly and hourly precipitation records, the single local record of May 2002 (Fischer et al., 2003) and two artificial rainfall events of
Ruedlingen slope monitoring and landslide triggering experiments in October
2008 and March 2009, respectively.
The norm values of monthly precipitation in the region, based on the data from 4 meteorological stations in the vicinity of Ruedlingen, are shown for the period of 1981–2010 in Figure
3.6. The maximum precipitation occurs in months May, June, and July with an average value
of ~100 mm, while the minimum monthly precipitation happens in February, with an average
value of 65 mm.
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Figure 3.6: Norm values of monthly precipitation for the period of 1981-2010 for 4 meteorological stations near Ruedlingen (values in brackets are the elevation of the meteorological station in metres above sea level (masl)) (data from
http://www.meteoschweiz.ch).
The norm value of yearly precipitation for the region, based on the data for the period of
1961-2010, was calculated to be 1000.25 mm (http://www.meteoschweiz.ch). The norm values of precipitation, relative humidity and temperature, based on the data from the Zurich /
Fluntern meteorological station are reported in Figure 3.7 for the period of 1961-1990. The
potential evapotranspiration (PET) in the region are also shown in Figure 3.8 for the period of
2000-2009. The maximum value of monthly evapotranspiration is approximately 100 mm,
which occurs in the months of June and July. Potential evaporation is calculated based on
the assumption of unlimited availability of water and will be modified according to the soil
water content to estimate the actual evapotranspiration (AET). Mean air temperature, number of daily hours with bright sunshine, net radiation, wind velocity, are some parameters in
calculation of potential evaporation. The process by which the water vapour is released from
the vegetation is called transpiration, and is a function of the vegetation temperature, light,
and amount of available water in the plant (Ward & Robinson, 1999).

Figure 3.7: Norm values of precipitation, relative humidity and temperature, 1961-1990 for
Zurich Kloten meteorological station (data from http://www.meteoschweiz.ch).
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Potential evapotranspiration for Zurich Kloten
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Figure 3.8: Potential monthly evapotranspiration for Zurich Kloten meteorological station (data from http://www.meteoschweiz.ch).
The cantonal hazard map that has been developed for Ruedlingen village is depicted in Figure 3.9. The map shows the inhabited zones that are adjudged to be endangered due to both
landslides and floods. The locations of the surficial landslides that occurred in May 2002 are
also marked on the map.

Figure 3.9: Relief and hazard map of Ruedlingen area (www.sh.ch), and landslides of May
2002 (Photos: M. Sperl).
Two typical signs of previous downslope movements can be seen in the vicinity of the selected slope: a) bent tree trunks which indicate downslope creep at some stage during early
tree growth (Girty, 2009) and b) exposure of the bedrock outcrop as a result of slip at the
overlaying colluvium soil mantle. These features are shown in Figure 3.10.
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Figure 3.10: Signs of previous downslope soil movements in the vicinity of the selected test
slope in Ruedlingen: a) bent trees, b) sliding of the soil mantle over the bedrock
and exposure of the bedrock outcrop (Photos: P. Kienzler).

3.2 Characterisation
3.2.1

Geology

The geological structure mainly consists of Molasse1, which is the sediment that was deposited in the foreland basin of the Alps, containing alternate depositions in the Tethys Sea
(seawater Molasse) and on land (freshwater Molasse) (Figure 3.11 and Figure 3.12) (Tacher
& Locher, 2008). Several boreholes, as well as an outcrop of bedrock about 20 m above the
selected field (Figure 3.10b), revealed horizontal layering of the sedimentary rocks at or
close to the experimental slope, which consisted of fine grained sand- and marlstone (Tacher
& Locher, 2008). Fissures, which were more or less parallel to the river Rhine with openings
of more than some centimetres in width, were mapped in the lower freshwater molasse (point
A in Figure 3.11). These joints can act as efficient drainage paths for the groundwater (Figure
3.13) (Brönnimann et al., 2009). Layers of Marlstone are present in the lower fresh water
molasse (Figure 3.12) and the extents of these layers were determined by lower electrical
resistivity in geophysical investigations as will be discussed in the following paragraphs.

1

“The Swiss Molasse basin is recognized as the 'detritus washed down from the rising Alps' and deposited in a peripheral depression related to the Tertiary orogeny. Flexural bending of the down-going
European plate under the thrust load advancing from the south is proposed as the principal foreland
basin forming mechanism” (Dickinson, 1974).
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Figure 3.11: Geological map of the Ruedlingen area (after Hantke, 1967).

Figure 3.12: The geological lithology of the Ruedlingen test site indicating some aspects of
hydrogeology markers determining the site (P1-4; M1-2) (after Brönnimann et
al., 2009).
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Figure 3.13: Fissures in the lower
freshwater molasse at
point A in Figure 3.11
(Photo: C. Brönnimann).

Figure 3.14: Ice layers showing the location of the
water exfiltration from the bedrock (Photo: A. Askarinejad).

Exfiltration of water from the bedrock occurs at the interface between the lower freshwater
molasse and upper seawater molasse has resulted in some local failures in the vicinity of the
test site. The extruded water is frozen during winter and the ice “stalactites” indicate exfiltration when the air temperature is lower than the freezing point (Figure 3.14).
The overlying soil consists mainly of the silty sand colluvium mixed with stones eroded from
earlier surficial landslides and weathered sandstone. Deposits of fresh material from mass
movements were observed behind trees in the slope, which can be an indication of continuous erosion processes in the region (Brönnimann, 2011; Schwarz, 2011).
Dynamic probing tests were performed at 2 m spacings around, and across the slope,
(Figure 3.15) in order to locate the depth of bedrock (Askarinejad & Kienzler, 2008). The
probing was done with the Dynamic Probing Light method (DPL), which operates with a 10
kg weight, dropped from a height of 50 cm, generating energy of 50 kJ with each impact to
drive rods and a cone into the ground. The cone has a diameter of 35.7 mm (cross section:
10 cm2) and a tip angle of 90° (DIN 4094, 2003). Determination of the number of blows required for 10 cm penetration of the cone (N10,DPL) allows the mechanical resistance of the soil
to be evaluated empirically. The criterion for reaching the underlying bedrock was set as 30
blows per 10 cm penetration.
A range of formulas are suggested for different soil types to transform N 10,DPL to N30,SPT
(Standard Penetration Test) according to the DIN 4094 (2003) standard. This transformation
is done via the Dynamic Probing Heavy (DPH) method in clean sand above the water table.
N10, DPH = 0.34×N10,DPL for 3 ≤ N10,DPL ≤ 50
N30,SPT = 1.4×N10,DPH
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The data showed that the soil profiles at the test site varied from being in a “very loose” (top
soil) to “medium dense” states based on the Equation 3.1 and the correlation charts between SPT number and the soil density (e.g. Terzaghi & Peck, 1967).

Figure 3.15: 2D and 3D shape of the bedrock, based on interpolation from DPL results.
Bedrock level lies between 0.5 m to more than 5 m depth, according to the DPL results (Appendix G). Bedrock on the right side of the field (P3-M2-P4) was predicted to be shallower
than on the left side (P2-M1-P1; Figure 3.15). However, the geological investigations and
excavations that were carried out after the Ruedlingen landslide triggering experiment revealed that isolated stones were embedded in the matrix of the overlying soil (possible former debris), which had implied that bedrock had been reached by DPL cone at a shallower
depth than was actually the case.
The shallow convex form of bedrock located between points M1-M2 and P1-P4, in Figure
3.15, may be due to the accumulation of older blocky landslide materials. These results
agree with the data obtained from extensive geophysical surveys using the Electrical Resistivity Tomography (ERT) method (Lehmann et al., 2013). Geological layers derived from the
ERT and DPL results, as well as insitu investigations and the data from the 23 m deep borehole above the test site (refer to page 48 for location and Appendix J for more details regarding this geological borehole), are shown in Figure 3.16.
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Figure 3.16: Geological interpretation of: a) the
left (along the line P1-M1-P2) and
b) the right (along the line P3-M2P4) hand side of the test site (after
Brönnimann, 2011).

Figure 3.17: Shape of the bedrock, positions of the sensor cluster and
the Strain Inclinometers (SIs),
and location of the fissures in
the bedrock derived from the
insitu hydraulic conductivity
measurements and the ERT
results (bedrock topography:
based on DPL results; after
Brönnimann 2011).

Insitu hydraulic conductivity tests using Inversed Auger Method (Oosterbaan & Nijland, 1994)
carried out by Brönnimann in September 2008 in the lower and in the middle parts of the
slope (Clusters 1 and 2, respectively, shown in Figure 3.17) revealed a calculated value of
hydraulic conductivity of 10-2 m/s. However, this value (10-2 m/s) was the limit of manual water infiltration (100 litres water in 5 minutes) (Brönnimann, 2011). These locations were interpreted as the fissures in the bedrock.
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3.2.2

Hydrology

Three sets of combined local sprinkling and dye tracer tests were performed at different locations near the experiment slope to characterise the hydrological properties of the soil profile
(Kienzler, 2007). Water was dyed with brilliant Blue food dye to a concentration of 4 g/l and
sprinkled with uniform intensity of 60 mm/h for 4 hours over a confined circular area of 1 m 2
to visualise infiltration flow paths (Kienzler, 2008; Springman et al., 2009) Runoff was measured using a 100 ml tipping bucket. Three vertical sections with spacing of 15 to 20 cm, and
depth of 1.2 m were excavated 24 hours after the sprinkling had been completed.

Figure 3.18: a) Small-scale sprinkling apparatus for the combined sprinkling and dye tracer
experiments , b) dye pattern exposed after the sprinkling in two sections of the
sprinkled area, c) flow of infiltrated water over the bedrock and isolated boulders
in the soil layer (Kienzler, 2008; Springman et al., 2009), (photos: P. Kienzler).
Dye patterns (Figure 3.17b) were analysed according to the method proposed by Weiler &
Naef (2003). The results showed some preferential drainage and with formation of perched
water table above the bedrock. However, stained fractures below the subsoil (Figure 3.17c),
revealed that substantial drainage might occur into the bedrock, which may prevent complete
saturation and failure of the experimental slope (Kienzler, 2008). No runoff was observed
during the sprinkling at any of the three locations (Springman et al., 2009).
3.2.3

Vegetation (based on Schwarz, 2011)

Three classes of layers of vegetation were identified in the area of Ruedlingen experiment
site, namely trees, shrubs and herbs. The variety of species is quite significant, which increases the contribution of the roots in stabilising the slope due to the difference in their penetration depth and the “uptake of resources” (Schwarz, 2011), which contribute to increasing
suction.
The lateral root distribution and root strength were estimated experimentally to quantify the
root reinforcement. The root distribution was characterised based on the “root diameter classes and frequency”. Two soil profiles (50 cm depth and 100 cm wide) were exposed at two
distances (1.5 m and 2.5 m) from the stem of an ash tree and the frequency of each root
diameter class was measured to calibrate the model. A mean maximal rooting depth of about
1.5 m was recorded.

45

3.2 Characterisation
Maximum pull-out force of 35 roots, with diameter range of 1 to 6 mm, was measured (Figure
3.19) and the results revealed that the roots bigger than 1-2 mm in diameter tended to break
instead of slipping out of the soil. The “root-soil friction coefficient was estimated to be circa
0.005 MPa (without considering root branching effects)” (Schwarz, 2011).

Figure 3.19: Maximum pullout forces measured in two test pits in the Ruedlingen slope for
roots of 1 to 6 mm in diameter (measured in 12.06.08 and 18.03.09) (Schwarz,
2011).
Maximum root reinforcement at approximately 2-3 m away from tree trunks is attained after
30-50 mm of shear displacement (contrary to the suction, which is effective only within some
millimetres of shear movement). Figure 3.20 shows the spatial distribution of maximal contribution of the roots to the shear strength of the soil root in the study area estimated with the
Root Bundle Model (RBM).

Figure 3.20: Spatial distribution of maximal root reinforcement in the study area (Schwarz,
2011).
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3.3 Field instrumentation
An extensive instrumentation plan was designed to measure hydrological and geomechanical responses of the slope during natural and artificial rainfall events. Suction, Volumetric Water Content (VWC were measured at different locations and depths in the slope.
The piezometric head at several locations and at the interface of the soil and bedrock was
also recorded. Deformations were monitored during the experiments, both on the surface via
photogrammetrical methods and within the soil mass, using a flexible probe equipped with
strain gauges at different points and two axis inclinometers on the top (Askarinejad, 2009;
Askarinejad & Springman, 2014).
The instruments were installed mainly in three clusters over the slope (Figure 3.21). The instruments included tensiometers, Time Domain Reflectometeres (TDRs), Decagons (which
are single frequency TDRs), piezometers, soil temperature sensors, Strain Inclinometers,
earth pressure cells, acoustic sensors and rain gauges (Figure 3.21). The tensiometers were
installed at depths of 15, 30, 60, 90, 120, and 150 cm below the ground surface in each cluster. Decagons were installed at shallow depths of 15 to 60 cm every 15cm, and TDRs from
60 cm to 150 cm, with a spacing of 30cm. All the instruments were calibrated and checked in
the laboratory before installation in the field (Askarinejad et al., 2010a).
Readings to determine suction, volumetric water content, piezometric level, soil temperature
and rain intensity were logged every 5 minutes during the experiments, while, the horizontal
soil pressure and subsurface deformations of the soil mass were measured with frequency of
100 Hz.
Three terms of accuracy, precision, and resolution are defined here before, further details
and the calibration of each sensor are discussed:
Accuracy: How close the measured value is to the actual value.
Precision: The degree of reproducibility of the measurement (how close are the measurements to each other for a single test).
Resolution: The smallest changes that can be detected.
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Figure 3.21: Instrumentation plan of the Ruedlingen slope.
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3.3.1

Tensiometers

A conventional tensiometer consists of a tube with a 1 bar air entry value porous ceramic tip
at the bottom, a pressure transducer attached to the upper part of the tube, and a sealing
cap on top (Figure 3.22). Water can flow into and out of the tensiometer through the connecting pores in the tip to ensure that the suction in the ground and the negative pressure measured by the transducer are in equilibrium, when the main tube is filled with water and the ceramic tip is saturated. The maximum measurable suction of this device is around 90 kPa due
to cavitation. The head difference between the actual pore water pressure at point A (P A)
(Figure 3.22) and the measured value by the transducer at point T (PT) (Figure 3.22) should
be corrected, as the water column is located between the ceramic tip of the tensiometer
(which is in contact with the soil) and the pressure transducer on top of the instrument (Equation 3.2). The longer the tensiometer tube is, the larger is this correction.
3.2
where

is the water unit weight.
Calibration

Soil moisture1 tensiometers were used in the Ruedlingen slope to monitor the pore water
pressure. However the pressure transducers were manufactured in the Keller AG company 2.
All of the pressure transducers were calibrated in the laboratory before installation of the tensiometers in the field. The calibration chart of the pressure transducers is shown in Appendix
F.

Figure 3.22: Schematic of a tensiometer.

1
2

http://www.soilmoisture.com/PDF%20Files/tensiom.pdf
http://www.keller-druck.com/home_e/paprod_e/hm_transm_e.asp
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Installation
The ceramic cups of the tensiometers were saturated before the installation. The saturation
process consisted of submerging the ceramic cups for 24 hours in de-aired water and then
installing them on the water filled tube and again keeping them under water for another 24
hours. The saturation of the ceramic tips was controlled by monitoring the sensor response
as the water head above the ceramic tip was changed. Installation has to be made in a way
that the porous ceramic tips of 22 mm in diameter are in close contact with the surrounding
soil. Holes were augured to the required depth using a small handheld device with a diameter of 20 mm, a sharp spiral tip and a maximum length of 2 m. A small amount of the excavated soil was mixed with water and poured in the hole to ensure close contact between the
ceramic tip and the soil, before installing the tensiometer by pushing it carefully into the hole.
The surface of the soil around the body tube was covered by a clay layer and tamped to seal
surface water from flowing into the ground by this path way after installing the tensiometer.
3.3.2

TDRs

TDR100 produced by Campbell Scientific, Inc. was used in this project to measure volumetric water content of soil. TDRs generate a very short rise time electro-magnetic pulse that is
applied to a coaxial cable, which causes the TDR probes to act as wave guides and then the
resulting reflection waveform was sampled and digitised. The travel time for a pulsed electromagnetic signal along a waveguide is dependent on the velocity of signal and the length of
the waveguide as well as the dielectric constant of the material surrounding the waveguide.
The dielectric constant of soil depends significantly on the amount of water present in the
medium. Soil volumetric water content can be inferred from the measurements. Higher water
contents increase the travel time of the applied pulse. The relationship between the travel
time ( ) and the dielectric constant is shown in Equation 3.3.
3.3
where is the apparent dielectric constant, is the velocity of electromagnetic signals in free
space and is the waveguide length (the distance is twice the waveguide length because the
time is measured from the start of the transmission to the arrival of the reflected pulse). The
dielectric constant ( ) of a material is the ratio of its permittivity ε to the permittivity of vacuum , so = / . The dielectric constant is therefore also known as the relative permittivity
of the material and is dimensionless. Permittivity (ε) is a measure of the ability of a material
to be polarized by an electric field. The permittivity of a soil can be related to the permittivity
of its components:

√

√

√

√

3.4

where, is the volume fraction, and
(volumetric water content). The subscripts t, a, s,
and w refer to total, air, solid and water, respectively. The relative permittivity of air is 1 and
that of the soil minerals (solid part) might range from 3 to 5. A value of 4 is often used
(Ledieu et al., 1986).
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Table 3-1: The dielectric constant of some materials.
Material

Dielectric constant (-)

Air

1

Soil minerals

3-5

Organic materials

2-5

Ice

5

Water

80-81

The relationship between the measured dielectric constant of the soil and volumetric water
content can be derived from Equation 3.4.

1
{

⇒

(1

√

√

)

1
3.5

1

√

where,
is the dry density of the soil and
is the density of the solid particles. The follow⁄
ing equation can be derived assuming typical values of
1
and
⁄
for the densities of Ruedlingen soil and
as dielectric constant of the soild
particles:

1

1

√

3.6

This equation is comparable to the linear equation proposed by Ledieu et al. (1986):
11

√

1

3.7

Topp et al. (1980) also proposed a third order polynomial to be able to determine

from

permittivity of the soil:
1

1

1

1

3.8

The measuring volume of the probes can be described as a „cylinder of influence” with a
length comparable to the rods’ length (150 mm) and a diameter comparable to the probe’s
diameter (40 mm, TDR datasheet1) (Figure 3.23).

Figure 3.23: TDR probe and cylinder of influence.

1

http://s.campbellsci.com/documents/us/manuals/tdr100.pdf
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Calibration
Twelve TDRs were calibrated in laboratory using the Ruedlingen soil samples that were prepared by moist tamping method to an average void ratio of e = 1.0 at 3 different volumetric
water contents. The measurements were compared to the formulae suggested by Topp et al.
(1980) and Ledieu et al. (1986) (Figure 3.24).

Volumetric water content (-)

TDR 11
TDR 7
TDR 3
Topp et al. (1980)

TDR 10
TDR 6
TDR 2

TDR 9
TDR 5
TDR 1

TDR 8
TDR 4
Ledieu et al. (1986)

0.6
0.5
0.4
0.3
0.2
0.1
0
0

1

2

3

√Kt (-)

4

5

6

7

Figure 3.24: Comparison of the TDR measurements to the formulae suggested by Topp et al.
(1980) and Ledieu et al. (1986).
A linear relationship between the TDR readings and the volumetric water contents was derived and used for each sensor.
Installation
TDRs were installed in the holes that were made by a hand auger with a diameter that was
slightly bigger than the diameter of the TDR rods. The gap between the TDR pipe and the
wall of the holes were filled by pouring dry soil and shaking the TDR pipe after installation.
Afterwards, surface of the soil around the TDR was compacted and covered by a clay layer.
3.3.3

Decagons

The Decagon type EC-5 was used in this study (Figure 3.25) to determine volumetric water
content by measuring the dielectric constant of the media by using capacitance/frequency
domain technology. The measurement ranges from 0 to 100% VWC with an accuracy of ±12% VWC, based on soil specific calibration. The resolution of the measurements is 0.1%
VWC and they work at the temperature range of -40°C to +50°C1. The EC-5 volume of sensitivity is encompassed by an ellipsoidal cylinder envelope around the sensor (Figure 3.25).
This ellipsoidal cylinder is located 20 mm away from the edges of the sensor and 10 mm
below the measuring forks (Sakaki et al., 2008).

1

http://www.decagon.com/ec-5-soil-moisture-small
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Figure 3.25: Decagon type EC-5 and its cylinder of influence (modified after
http://www.decagon.com/products/sensors/soil-moisture-sensors/).
Blonquist et al. (2005) and Bogena et al. (2007) investigated the effect of temperature on the
measurements obtained from two different decagon sensors from 5 °C to 40 °C. Bogena et
al. (2007) observed that the EC-5 sensor generally shows an increase in measured soil water content with increasing temperature. On the other hand, Blonquist et al. (2005) used the
EC-20 sensor and found a decrease in measured soil water with increasing temperature. The
maximum error in soil water content due to temperature effects on the sensor measurements
is an overestimation of 1.8% at a temperature of 40 °C. The EC- 5 sensor underestimates
soil water content up to a maximum of 1.1% at 5 °C (Bogena et al., 2007). However, both of
these extreme values fall within the range of accuracy of the device.
Calibration
The Decagon sensors were calibrated using the same soil as from the field which was prepared using moist tamping method at 3 different volumetric water contents. The calibration
chart is shown in Appendix F.
Installation
Holes with typical diameter of 80 mm were augured in the soil to the desired depth and the
Decagon forks were pushed into the ground at the bottom of the holes. The holes were back
filled with the soil and compacted to a similar density as the surrounding ground after installation.
One TDR and one Decagon were installed in cluster 2, located in the middle of the test site,
at a depth of 60 cm to compare the measurements made by the two sensors (Figure 3.26).
The Decagon showed a very low value of volumetric water content before the sprinkling (
0.05 and 0.25 for the TDR). Whereas, the changes in the VWC measured by the two devices
showed relatively consistent behaviour in trends and in measured values after the start of
sprinkling (Figure 3.26). The Decagon responded both quicker and to greater degree to the
changes in the applied rain intensity during the sprinkling. The initial low value measured by
the Decagon, and significant changes in the response due to wetting of the soil can be at-
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tributed to existence of macro pores adjacent to the instrument which can be filled very fast
with water and drains with time.
Similarly, Bogena et al. (2007) conducted a field experiment to compare the water content
measurements of a soil at 5 cm depth using TDR and Decagon EC-5 sensors. They observed small differences between TDR and EC-5 measurements. They concluded that the
differences in measurements are possibly due to soil variability and discrepancies between
measurement volume and installation depth.

Figure 3.26: Comparison between the Decagon and TDR measurements at a depth of 60 cm
in cluster 2.
3.3.4

Piezometers

Six Keller-Druck piezometers were used in this project. These sensors are housed inside a
stainless steel body. The pressure range is 1 bar with 2 mbar resolution, and the thermal
operation range is -45°C to 100°C.
Calibration
The piezometers were calibrated by submerging them at a defined depth in a water column.
The results are presented in Appendix F. The results show a linear calibration function for all
of the sensors.

Installation
The piezometers were installed using the sand filter method. A borehole was made to the
specified depth and a closed end standpipe was inserted inside the borehole. Holes of typical
diameter of 2 - 5 mm at tip of the standpipe had been drilled and were protected by a cloth
filter against blockage by fine particles. Sand was placed as a filter around the piezometer
which was positioned at the end of the pipe. A clay plug was formed at the top of the sand
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filter to seal this permeable zone from above. The remainder of the borehole was then filled
with a clay grout.

3.3.5

Stress and pore pressure sensors (Gloetzl cells)

Three cell pressure transducers were installed at depth of 60 cm in the soil to measure the
changes in the pore water and horizontal soil pressure. These cells (Figure 3.27) consist of
pressure pads filled with de-aired oil connected to a hydraulic diaphragm pressure transducer. They can be pushed into the soil at the desired depth thanks to the shape of the cells and
any increase in the pressure to the pads will be transmitted by the oil to the transducer and
be recorded by fast data logger at a frequency of 100 Hz. The pressures on the upper and
lower faces of the pad can be measured after the cells are installed inside the soil mass and
the measurements have to be corrected against the changes in the air pressure as well.

Figure 3.27: Gloetzl cell to measure the horizontal soil pressure, (http://www.gloetzl.de).
3.3.6

Strain Inclinometers (SI)
Introduction

Combining the information about the direction, magnitude, and rates of surface movements
with the subsurface deformations of unstable slopes provides valuable data that can be used
to estimate the possible volume of moving material, and to understand the triggering mecha-

55

3.3 Field instrumentation
nisms of instabilities. Accordingly, precise surface surveys will be often necessary but insufficient (Green, 1973).
Slope inclinometers are commonly used to monitor the onset and continuation of deformation
in slow moving slides. The deformations are measured normal to the orthogonal axes of a
borehole by passing a probe along an engineered plastic casing (Dunnicliff, 1988; Arenson et
al., 2002). The typical distance between the wheels of the probe is 0.5 m.
However, the soil deformation profile measured in a zone of extreme shear using a slope
inclinometer system may not represent the actual soil deformations. The casing has a specific stiffness and might act like a rigid dowel (similar to a laterally loaded pile) in the deforming
soil whereby there could be differential lateral movement between casing and soil (Arenson
et al., 2002). Significant deformation at the shear zone may distort the casing and prevent
the probe from travelling easily along the tube in some cases (e.g. Arenson et al., 2002).
Moreover, high frequency measurements are required to monitor the subsurface deformations and the depth of the failure zone in sandy slopes during rainfall. The movements
take place very rapidly as observed and reported in several landslides (e.g. Chen et al.,
2004; Cascini et al., 2005) and have also been mentioned in various research investigations
on physical modelling of landslides due to rainfall events on loose sandy slopes (e.g.
Moriwaki et al., 2004; Ochiai et al., 2004; Take et al., 2004; Picarelli et al., 2006).
Consequently, using the conventional slope inclinometers to monitor the movements prior to
failure of slopes in sandy material would not be possible from the safety of the operator point
of view and also resolution of the measurements (small interval times are required).
Hence, very flexible Strain Inclinometers (SIs) were developed to monitor the rapid subsurface movements of the slope and to investigate the precursors of fast landslides due to rainfall. The probes were installed and tested in Ruedlingen slope subjected to intense rainfall
events. Details of the design and construction, laboratory testing and calibration of the Strain
Inclinometers (SIs) are discussed in the next sections.
Subsurface motion monitoring by strain and tilt measurements
Several researchers have used a series of strain measurements along the soil profile to
overcome the shortcomings of the conventional slope inclinometers in rapid slides. Ochiai et
al. (2004) conducted an experiment on a natural slope to induce a fluidized landslide by rainfall. They used soil-strain probes to locate the depth of sliding surface. They installed strain
gauges with 10 cm spacing on both sides of 1 m long poly-vinyl-chloride rods (10 mm diameter) and covered them by a waterproofing tube. They inserted the probes into the soil mass
and measured the changes in the bending strain with a frequency of 60 Hz. They estimated
the depth of the failure zone based on the depths of adjacent strain gauges showing different
signs of bending strain.
Similarly, Iverson et al. (2000) performed large scale flume experiments on 65 cm deep
slopes of loamy sand. They measured the surface and subsurface ground motion by means
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of extensometers and tilt-meter chains, respectively. The tilt-meters were installed in two profiles in the soil. The data were logged with acquisition rate of 20 Hz. The tilt meters showed a
slight downward rotation during the sprinkling which has been attributed to loss of suction.
Upslope rotations were observed 2 seconds before the failure and followed by the occurrence of a rupture at the surface and divergence of tilts at different depths.
Tamate & Itoh (2009) reported the use of Short Pipe Strain (SPS) transducers to measure
bending strain at the shallow depths (<1 m) in slopes. SPS is composed of an 800 mm long
bending double pipe on which a couple of strain gauges are attached. They observed
changes in the strain rates before the failure of cuttings in different soil types.
Using similar a concept, Tamate et al. (2010) installed Short Flexible Gauges (SFG) along
the middle longitudinal line of an underwater pluviated sandy slope to monitor the progress of
rainfall induced failure in a series of centrifuge tests. SFGs are 0.3 mm thick, 5 mm wide and
35 mm long plastic planes on which a pair of strain gauges is glued. They observed the sequence of increases in the shear strains and, based on the change in strain rates of different
gauges, they concluded that the local failures commonly propagated from the upper to the
lower sections of the slopes in their tests.
The structure of Strain Inclinometers (SI)
The main part of the Strain Inclinometer is a slender aluminium (ALMg1) plate having a rectangular cross section of 40 mm x 2 mm. The bending stiffness (EI) of this probe is 300 times
less than that of the PVC casing of a typical slope inclinometer, without considering the grout
stiffness needed to fill the gap between casing (of the conventional inclinometers) and borehole wall (Table 3-2). This feature makes SI more flexible and provides the ability to detect
finer movements of the soil mass.
Several pairs of strain gauges with pre-determined spacing were installed on the aluminium
plate (Figure 3.28). The strain gauges were connected as a “half Wheatstone bridge” (Ekelof,
2001) to minimize the temperature effects. The net strain at each point would be the difference of the positive and negative strains on the sides divided by 2. Only the bending strains
will be determined in this way and the axial strains due to the temperature effects are neglected. A double-axis inclinometer was installed on the upper part of the SI which is located
about 20 cm above the soil surface, to monitor the inclination of the upper part of the probe.
The strain gauges are covered by a thin flexible plastic layer as a protection against water
and impacts to the wires.
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Table 3-2: Bending stiffness of the Strain Inclinometer compared to that of the PVC casing of
a slope inclinometer (after Askarinejad, 2009).

Material
Cross section

E (GPa)
I (mm4)
EI (N.mm2)

slope inclinometer
PVC

Strain Inclinometer

1.5
371.2 103
556.8 106

69
26.67
1.87 106

Aluminium

Figure 3.28: Schematic of Strain Inclinometers and bridge arrangement for the strain gauges.
The strain gauges used in this study are LK11- HBM. The main specifications are reported in
Table 3-3. The upper inclinometer used for this probe is a SCA100T-D02 dual axis inclinometer produced by VTI Technologies. The specifications of the inclinometer are summarised in Table 3-4.
Table 3-3: The main specifications of LK11- HBM strain gauges.
Parameter
Absolute positive strain value (μm/m)
Absolute negative strain value (μm/m)
Temperature response (α for aluminium) (1/°K)
Operating temperature range (°C)
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Value
20,000 (2%)
50,000 (5%)
23*10-6
-70… +200
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Table 3-4: The main specifications of SCA100T-D02 dual axis inclinometer.
Parameter
Measuring range (°)
Resolution (mV/°)
Offset temperature dependency (°/°C)

Condition
Nominal
-25…85°C (typical)

Value
±90
35
±0.008

Principles of deformation measurement
The Strain Inclinometers can be analysed as vertical cantilever beams fixed at the lower end
(Figure 3.29a). The local Cartesian coordinate systems are right handed and in accordance
with the coordinate system chosen for photogrammetric analyses performed during the
Ruedlingen experiments. Forces acting in the positive y and z directions are assumed to be
positive. The sign of the bending moment is chosen such that a positive value leads to a tensile stress at the right (downslope) fibres. The sign of the shear force has been chosen such
that it matches the sign of the bending moment.

Figure 3.29: a) Coordinate system and sign convention. b) The initial condition and deformed
shape of the probe.
It is assumed that the transversal plane sections remain plane and normal to the longitudinal
fibres during bending (Euler-Bernoulli assumptions in beam theory). Experimental measurements show that these assumptions are valid for long, slender beams made of isotropic materials with solid cross-sections (Bauchau & Craig, 2009).
The angle of the deformed probe to the initial condition,  (Figure 3.29b) is calculated as
follows:
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⇒

3.9

{
where:
: the radius of curvature at the upslope fibre (Figure 3.29b),
: the radius of curvature at the downslope fibre (Figure 3.29b),
S1: top fibre of the bent section (in contraction) (Figure 3.29b),
S2: bottom fibre of the bent section (in extension) (Figure 3.29b).
: the angle of deformation,

⇒{

1
1

⇒

3.10

{
where:
: the initial length of the bent element (Figure 3.29b),
: the extension or contraction strain at the outer fibres of the section.
Equations 3.9 and 3.10   

2 L0 (mm)
2  2(mm)

3.11

As the line with angle  is the tangent to the curved section, the deformation profile will be
derived by integration of the  -curve. Boundary values are needed to carry out the integrations, which were defined by the fixed end of the probe, i.e. w = 0, and  = 0. The integration
will be performed from the fixed bottom of the probe to the top.

∗

3.12

where:
wi: the deformation at strain gauge i,
: the distance between the strain gauges.
The radius of curvature at the neutral fibre of the section according to Equations 3.9 and
3.11, will be:
3.13
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Equation 3.13   

1 4

   (1mm)
R 2 L0

3.14

Bending moment is equal to:
3.15
where:
M: bending moment,
E: Young’s modulus of Aluminium (69 GPa),
I: second moment of inertia of the cross section (26.67 mm4, Table 3-2).
The shear force is:
3.16
And the distributed lateral load per unit area of the probe is:
3.17
The total horizontal soil pressure acting on the probe can be calculated based on the distributed load per unit area.
There is a change in the sign of bending strain close to the point where the failure surface
crosses the probe (Figure 3.30). Accordingly, the depth of the failure surface can be estimated by determination of the depths of adjacent strain gauges with different bending strain
signs. Theoretically, the lower strain gauges should exhibit negative bending (Figure 3.29)
and the upper ones should show positive bending.

Figure 3.30: Locating the failure surface with the Strain Inclinometer.
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Bending strains at different points along the Strain Inclinometer and the inclination at the top
were sampled at a frequency of 100 Hz. These were input into an algorithm based on Equations 3.9 to 3.12 to determine the relationship between deformations and rotations with
depth, so that the initiation of slow movements, and propagation of failure zone during fast
soil mass movements could be monitored.
External bending work
The external work done on a beam with length L due to the bending can be defined as
(Freudenthal, 1966):
3.18

∫

where
are the axial stress and strain due to bending, respectively, and A is the
area of the cross section of the bent element (Figure 3.31).

Figure 3.31: Cross section of a Strain Inclinometer.
The bending strain at each depth of the cross section (y) is related to the inverse of the radius of curvature ( ) according to the beam theory for pure bending:

,

∫

1

3.19

3.20

where R is the radius of curvature due to bending. Equation 3.21 is derived by combining the
three Equations 3.18 to 3.20:
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∫∫

∫

∑

3.21

where, M is the bending moment calculated based on the measurements of each strain
gauge, n is the number of strain gauges, and
is the distance between each strain gauge
and the upper one. The value of the external bending work per unit volume of each probe is
calculated as:
3.22
where U is the external bending work per unit volume of the probe, and is volume of the
probe. The value of for the Strain Inclinometers of this study is 40 mm × 2 mm × length of
the probe.
The changes in U can be an indication of the changes in applied energy by the soil mass to
the Strain Inclinometers. Higher exerted work by the surrounding soil mass might also be an
indication of either higher unbalanced pressures on both sides of the probes, or an indication
of larger movements in the area.
Laboratory testing of the Strain Inclinometer
A 1 m x 1 m x 1 m box was constructed in which an 80 cm long probe could be installed in
order to investigate the performance of the Strain Inclinometer. The bottom part of the probe
was fixed in the box by two angle profiles, to assure the fixed boundary conditions of zero
movement and zero rotation. The inclination of the upper part and the bending strains along
the probe are measured and saved with a frequency of 10 Hz.

Figure 3.32: Laboratory testing of the Strain Inclinometer (after Askarinejad, 2009).
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Table 3-5: Characteristics of the Perth sand (after Weber, 2007).
USCS Classification
D10 (mm)
Cu (-)
Cc (-)

SP
0.14
2.2
1.0
2650

(kg/m3)
(kg/m3) (ASTM D 4253)
3

(kg/m ) (ASTM D 4254)

1800
1520

30
(°)
Void Ratio e (-)
0.65
A test was performed to simulate a deep failure surface (Figure 3.32). The box was filled with
dry Perth sand. The specifications of this sand are summarized in Table 3-5. A wooden plate
was pushed towards the Strain Inclinometer by means of a hydraulic jack. The initial distance
between the wooden plate and the probe was 7 cm. The extension of the passive failure
wedge was compared to the position of neighbouring strain gauges showing different signs
of bending strains. The strain gauge nearest to the theoretical failure surface showed the
highest negative value (which is located below the theoretical failure wedge), whereas the
adjacent upper strain gauge measured the highest positive value. These results confirmed
the assumption of the change in the bending direction at the shear zone and also the performance of the Strain Inclinometer in detection of the depth of failure surface. The backcalculated shape of the probe showed the formation of a shear zone with a good agreement
with the theoretical level of passive wedge.
The changes in the deformation profiles, bending moment, shear force and lateral soil pressure are depicted in Figure 3.33 to Figure 3.36, respectively. Figure 3.33 shows a change in
the bending sign below and above the shear zone. Likewise the diagrams of shear force and
horizontal soil pressure show the concentration of load near the shear zone. The value of the
maximum lateral pressure is comparable with the theoretical passive pressure of the soil.
The maximum measured pressure acting on the probe is 11 kPa in the vicinity of the shear
zone (Figure 3.36), while the passive soil pressure is calculated to be:

(here:

1
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Figure 3.33: The deformation of the SI at different stages of shearing (the legend represents
the amount of the wall movement).
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Figure 3.34: The changes in the bending moment along the SI at different stages of shearing
(the length of the SI is 80 cm and the bending moment is determined from the
strain gauge measurements, the legend represents the amount of the wall
movement).
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Figure 3.35: The changes in the shear force along the SI at different stages of shearing (the
length of the SI is 80 cm and the shear force is determined from the strain gauge
measurements, the legend represents the amount of the wall movement).
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Figure 3.36: The changes in the lateral soil pressure along the SI at different stages of shearing (the length of the SI is 80 cm and the pressure is determined from the strain
gauge measurements, the legend represents the amount of the wall movement).
Strain Inclinometers installed in Ruedlingen slope
Four Strain Inclinometers were installed in different instrumentation clusters (Figure 3.37),
(two of them in the upper cluster (SI 3 & 4), one in the middle (SI 1), and one in the lower
cluster (SI 2)). The length of the sensors was selected based on the depth of the bedrock,
which was determined by the dynamic probing tests. The sensors were constructed in the
laboratory and carried to the field carefully to minimise the vibrations and bending. Boreholes
were prepared at the pre-defined locations on the slope. The last 20 cm of all boreholes was
inside the weathered bedrock. A mortar having high workability and short hardening period
using super-plasticiser, microsilica, and small aggregates was used to fix the lower end of
the Strain Inclinometers into the bedrock. The Strain Inclinometers were put inside the borehole and the lower 20 cm was filled with the mortar. The fresh mortar was guided through a
20 mm diameter pipe to the lower end of the sensors. The gap between the sensor and the
borehole wall was then filled with dried, crushed and sieved soil from the field (Figure 3.38).
SI 3 and 4 were installed at the same lateral level on the upper part of the slope while SI2
and SI1 were installed in the lower part and middle of the field, respectively. The location of
the sensors and position of the strain gauge pairs on each probe are summarised in Table
3-6.
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Figure 3.37: Image from a photogrammetry camera
and the location of target points and
Strain Inclinometers (SIs) (after Akca et
al., 2011).

Figure 3.38: Sequence of the installation of Strain Inclinometers.

Table 3-6: The length and the location of the strain gauge pairs of each probe.
Probe no.
1
2
3
4
3.3.7

Length (cm)
228
200
200
300

location
Cluster 2
Cluster 1
Cluster 3
Cluster 3

Strain gauges depths from soil surface (cm)
161-136.7-112.4-88.1-63.8-39.5-25.5-11.5
140-123-106-89-72-55-38-21
140-123-106-89-72-55-38-21
240-208.5-177-145.5-114-82.5-51-19.5

Surface movements monitoring (based on Akca et al., 2011)

Four IDS uEye UI-6240 C video cameras were used for the image acquisition at rate of between 5 to 8 frames per second (fps). The specifications of the cameras are summarised in
Table 3-7. Two tall trees in front of the field were selected to install the cameras (Figure
3.39). Image measurements were made using the Least Squares image matching method,
which was implemented in an in-house developed software package (BAAP) to compute 3D
coordinates of the target points. The surface deformation was quantified by tracking the target points (Ping-Pong balls with diameter of 40 mm for the first experiment and Styrofoam
spheres with diameter of 80 mm for the second experiment) pegged into the ground. The
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average 3D point-positioning accuracy of ±16 mm was achieved in the first experiment and
±18 mm in the second experiment.
Table 3-7: Technical details of IDS uEye UI-6240 C video cameras (Akca et al., 2011).
Feature
Sensor type
Sensor size
Image format
Shutter
Maximum frame rate
Pixel pitch
Data transmission protocol

IDS UI-6240 camera
CCD
½ Inches
1280 x 1024
Global shutter
14 fps
4.65 microns
Gigabit Ethernet

Figure 3.39: Photogrammetry cameras installed at heights of approximately 13 and 18 m on
two trees in front of the test site (Akca et al., 2011).
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4 Ruedlingen soil characterisation
The geotechnical specifications of disturbed and undisturbed soil samples taken from the
selected slope, named as “Ruedlingen soil” hereafter, are described in this chapter. The
samples are taken from 6 Test Pits (TPs) excavated around the slope. Locations of the Test
Pits are shown in Figure 4.1.
Grain size distribution and Atterberg limits of the soil will be discussed in Section 4.1 followed
by a description of the volumetric characteristics of the soil under saturated and unsaturated
conditions. The shear strength properties of Ruedlingen soil using constant shear drainedundrained triaxial tests, under stress paths representing those that a soil element would experience in a slope subjected to rainfall, are described in Section 4.3. The saturated and unsaturated hydraulic properties of Ruedlingen soil are presented and discussed in Section 4.4.
Lastly, the Proctor compaction curves and minimum and maximum densities of the soil are
described in Section 4.5.

Figure 4.1: Location of Test Pits (TPs) around the test site.
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4.1 Grain size distribution and Atterberg limits
The grain size distribution of Ruedlingen soil was determined by the wet sieving method for
the coarse parts, and by the sedimentation process using a hydrometer for the fine fraction.
The grain size distribution curves of the soil from three different depths in Test Pit (TP) 4
(Figure 4.1) are illustrated in Figure 4.2. Approximately 60% of the soil is categorised as medium to fine sand with 35% silt and less than 5% clay. The average liquid and plastic limits of
the soil sampled from different depths are 27% and 20%, respectively. Therefore, the average plasticity index of the soil is approximately 7%. Ruedlingen soil can be categorised as
low plasticity silty sand (SM) based on the Unified Soil Classification System (USCS)
(Springman et al., 2009; Casini et al., 2010a).
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Figure 4.2: Grain size distribution of Ruedlingen soil sampled from different depths (TP4).

4.2 Volumetric properties of the soil in saturated and unsaturated
conditions
A series of oedometer tests was performed on natural samples that were taken from the
slope at TP3 (Figure 4.1) by pressing 84.2 mm inner diameter thin walled (20 mm high) oedometer rings into the ground. A flat platform was prepared in the slope at each depth, and
two vertically stacked rings were pushed into the soil very gently. The soil inside the lower
ring formed the sample to be tested whereas the upper ring contained excess soil extruded
during the process. Blocks of soil (approximately 100 mm × 100 mm × 100 mm) containing
the rings were extracted and taken to the laboratory. The soil blocks were covered tightly
with plastic sheets to avoid evaporation of pore water pressure and to maintain the in-situ
water content during transportation. The surrounding soil was then trimmed from the top and
bottom of the lower ring, and the samples were prepared for testing with specifications listed
in Table 4.1.
One of the aims of this test series was to investigate the volumetric response of the specimens due to wetting. Accordingly, the specimens were loaded up to the in-situ overburden
pressures, and then saturated in some of the tests from the bottom filter. The specimens was
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saturated with a controlled hydraulic gradient to avoid any uplift. The saturated hydraulic
conductivity of the samples was measured at different load stages with the falling head
method. The results of these measurements are reported in section 0.
Table 4.1: Specifications for the oedometer test specimens. Original samples taken fromTP3
at depths of 50 – 100 cm.
Test name*
50-1-S8
50-2-S8
50-3-U
80-1-S8
80-2-U
100-1-S8
100-2-S33.5

Depth (cm)
50
50
50
80
80
100
100

Condition
Saturated at 8 kPa
Saturated at 8 kPa
Unsaturated
Saturated at 8 kPa
Unsaturated
Saturated at 8 kPa
Saturated at 33.5 kPa

e0 (-)**
1.11
1.10
1.03
0.95
0.99
0.96
1.05

w0 (%)***
15.30
15.75
14.39
18.10
18.40
17.80
18.20

* The first number indicates the depth of the sample in cm, the second number indicates the
sequential order of this sample at the corresponding depth, S and U indicate
saturated or unsaturated test specimens respectively, and the number after S
shows the normal stress level (kPa) at which the sample was saturated.
** Initial void ratio.
*** Initial gravimetric water content.
4.2.1

Results

The voids reduced in size due to wetting in all of the specimens that were saturated at different pressure levels, except for the sample 50-2-S8 which showed no change in height due to
wetting. The results are shown in Figure 4.3. Irreversible contractive volumetric strains in
unsaturated, normally consolidated or slightly over-consolidated soils which were subjected
to decrease in suction have been reported by several researchers (Jennings & Burland,
1962; Houston et al., 1993).
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Figure 4.3: Settlement due to wetting of oedometer samples.
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The magnitude of settlements due to wetting in specimens from shallower depths of 50 to 80
cm is significantly less than those at depth 100 cm under vertical pressure of 8 kPa. This
observation can be attributed to the difference in the structure of the soil. Moreover, the rate
of settlement is different in specimens from these shallower depths compared to those from
100 cm. The specimens from 100 cm depth exhibited an initial large collapse followed by
steady on-going settlement, while the settlement progresses slowly from the start of saturation in 80 and 50 cm depth samples. However, the initial settlement of the sample from 80
cm depth is more than that of the sample from 50 cm. Therefore, it is observed that the magnitude of settlement (collapse) due to wetting increases with depth for specimens prepared
from TP3. This observation can be linked to the drained collapse mechanism of failure
(Eckersley, 1990; Sasitharan et al., 1993) and to the sudden decrease of the volumetric water content measured about 1 hour before the failure at a depth of 120 cm in cluster 3 of the
test slope (section 5.3.3). The sudden decrease in volumetric water content may be an indication of the collapse of the previously unsaturated voids to reach fully saturated conditions.
The quicker response to wetting (Figure 4.4) of the specimens from depths of 80 and 100 cm
may indicate the existence of an efficient network of vertical pores in the specimens which
conveys water to the upper parts of the sample very rapidly. This feature can be attributed to
the orientation of roots at different depths (Schwarz, 2011).
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Figure 4.4: Settlement due to wetting of oedometer samples at logarithmic time scale for
specimens (depth (cm)-no. in depth- unsaturated/saturated and normal stress at
saturation).
The oedometric compression curves of samples from different depths are illustrated in (elog( )) and (v-ln(p)) spaces in Figure 4.5 to Figure 4.10, respectively. The values of horizontal effective stresses are estimated using the horizontal stress coefficient at rest (K0 = 1sin ) and corresponding mean stress (p) is calculated. The compression parameters defined from the test data are also summarised in Table 4.2.
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Table 4.2: Compression parameters of undisturbed samples of Ruedlingen soil (TP 3).

*

∗

Test

𝒑∗𝟎 (kPa)*

50-1-S8
50-2-S8
50-3-U
80-1-S8
80-2-U
100-1-S8
100-2-S33.5

16.5
17.8
24.5
15.4
16.8
12.2
13.1

Suction (kPa)
0.009
0.006
0.008
0.013
0.01
0.012
0.01

0.2
0.115
0.123
0.165
0.135
0.119
0.127

0
0
12
0
7.2
0
0

is the pre-consolidation mean stress in a fully saturated state.

The measurements indicate that the inclination of the normal consolidation lines of the unsaturated soils is less than that of the saturated samples, and decreases with increasing suction. This is in agreement with the Barcelona Basic Model (Chapter 2). The inclination of
normal compression line of Ruedlingen soil (which is a function of suction according to BBM)
under saturated conditions is calculated to be
1 , based on these measurements.
The slope of the unloading—reloading line for changes in net mean stress is also calculated
to be
.
The suction values for the unsaturated specimens were calculated according to the measured porosities and the values of initial water content, in combination with the specific Water
Retention Curves for each corresponding void ratio.
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Figure 4.5: Oedometric 1D compression
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Figure 4.6: Oedometric 1D compression
curves (v-ln(p)) of samples from
50 cm depth (TP 3).
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80 cm depth (TP 3).
2.1

100-1-S8

1

100-1-S8

2

100-2-S33.5

100-2-S33.5

1.9

0.9

1.8
ν (-)

0.8
e (-)

80-2-U

0.7
0.6

1.7
1.6
1.5

0.5

1.4

0.4

1.3

0.3

1.2
1

10

σv (kPa)

100

1000

-2

Figure 4.9: Oedometric 1D compression
curves (e-log( )) of samples
from 100 cm depth (TP 3).

0

2
4
ln(p) (kPa)

6

8
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100 cm depth (TP 3).

The inclination of the normal compression line of Ruedlingen soil, for changes in net mean
stress at suctions 7.2 and 12 kPa, are
1
and 1
1 respectively. The
changes in inclination of normal compression line are governed by the following equation
based on the formulation suggested by Barcelona Basic Model (Alonso et al., 1990):

1
where r is the constant related to the maximum value of
( →
tion.
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)

and

4.1
of the soil (for an infinite suction),

is the parameter that controls the rate of increase of

with suc-
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Writing the equation for the measurements available gives:

1

[ 1

1

]

⇒

(1

⇒

)

1

4.2

1

4.3

1

Solving Equation 4.3 gives a value of
(kPa-1) and
. These will be the input
parameters for the Barcelona Basic Model and the finite element analysis described in Chapter 7. The change in the
with suction is illustrated in Figure 4.11.
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Figure 4.11: The change of

with suction for Ruedlingen soil.

The values of pre-consolidation stresses should also be calibrated. However, the values of
pre-consolidation stress might have been affected by the fact that the samples were loaded
to a given vertical stress and then saturated in this series of tests. The mean preconsolidation stress is calculated by the following equation according to the formulation for
the loading collapse (LC) curve of the Barcelona Basic Model (Alonso et al., 1990):
∗

(

)

(

)

4.4

Suction (kPa)

where,
is the pre-consolidation mean stress for suction s, ∗ is the pre-consolidation mean
stress in a fully saturated state, and
is the reference stress, (
1
. The saturated
pre-consolidation stress was calibrated based on the measured values, to be around 15 kPa
which is in good agreement with the value in Table 4.2. The loading collapse curve for
Ruedlingen soil is depicted in Figure 4.12.
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Figure 4.12: The loading collapse curve for Ruedlingen soil.
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4.3.1

Constant Shear Drained-Undrained (CSD-U) triaxial test

The in-situ principal effective stresses in a soil element located in a slope are normally anisotropic, depending on the slope angle and the deposition process. The negative pore water
pressure contributes to the insitu effective stresses in an unsaturated state. Pore water pressure increases during or after a rainfall event due to infiltration of water into the slope. This
results in decrease of mean effective stress ( p  (1   2   3 ) 3 ), while the deviator stress
( q  1   3 ) stays fairly constant, assuming the effect of the increase in soil unit weight due
to the rise in water content is neglected. Accordingly, a series of Constant Shear Drained
triaxial tests (CSD, as proposed by Brand, 1981) was performed to replicate the stress path
that a soil element experiences during the rise of pore water pressure in a slope during
and/or after a rainfall event.
Several studies suggest that a debris flow involves a drained initiation, and undrained mobilisation (e.g. Eckersley, 1990; Sasitharan et al., 1993; Anderson & Sitar, 1994; Orense et al.,
2004; Monkul et al., 2011). It is probable that the pore pressure rises in a more permeable
(shearing) layer and the surrounding materials might function as hydrological obstacles
(Lourenço et al., 2006) for the shear zone, due to the heterogeneity of the soil in real slopes.
Consequently, high pore water pressure will be created in the shear zone and may be dissipated at a lower rate than the rate of the pore pressure buildup, which might result in an acceleration of movements (undrained mobilisation). This effect has been studied by Lourenço
et al. (2006) and Anderson & Sitar (1995). Lourenço et al. (2006) performed CSD tests on
saturated sand samples and investigated the failure behaviour under conditions of limited
drainage, as well as the dependence of volume change on the rate of increase of pore pressure. They observed dilatant behaviour of the samples in all of their tests and found a clear
dependence of the amount of soil dilation on the increase of pore pressure rate.
A similar situation might have occurred in the Ruedlingen landslide triggering experiment in
which a permeable shear zone was confined within a less hydraulic- conductive medium.
The initiation of failure was at the thin (15 to 20 cm thick) interface of the soil mantle and
shallower sandstone according to the results of subsurface measurements using deformation
probes (section 5.3 and Askarinejad & Springman, 2014). This interface consists of a loose
and very permeable weathered sandstone (Brönnimann, 2011) that is located between lesspermeable bedrock and upper silty sand material.
Therefore, an undrained condition was also imposed on the sample after the strains and pore
pressures attained constant values in drained shearing (steady state), to investigate the mobilisation of a run-away instability. This type of test is called CSD-U by the author.
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Specimen preparation
Ruedlingen soil was dynamically compacted in a 100 mm diameter (inner diameter) mould in
7 mm thick layers to a void ratio of e = 0.85 and an initial saturation degree of Sr  60% . The
upper surface of each layer was slightly scratched to provide a shear contact between subsequent layers. The properties of the specimen are summarised in Table 4.3. The values of
the unit weight and void ratio of the soil were derived from the insitu measurements (Section
4.5). The soil was kept in the mould under controlled humidity, and temperature conditions
for 48 hours, in order to equalise the distribution of pore water in the specimen.
Table 4.3: The initial specifications of the triaxial specimen.
Variable

Value

Initial void ratio e0 (-)

0.85

Initial water content w0 (-)

0.19
3

Initial dry unit weight γd (kN/m )

13.74

Initial degree of saturation Sr0 (-)

0.58

Test procedure
The unsaturated specimen was prepared, installed in the triaxial apparatus and was then
consolidated anisotropically. The cell and deviatoric pressures are kept constant after consolidation, while water was gradually injected into the sample from the lower pore pressure
valve to increase the pore pressure. This test was performed in a cell that has been designed
and used for hollow cylinder tests (Buchheister, 2009). Two drainage paths are fitted to the
upper pedestal, which enables the user to measure the pore pressure at the top of the specimen and simultaneously to apply either a pore pressure or a drainage path. The upper
drainage was kept open during water injection from the lower pedestal and the weight of water extruded from this valve was measured. The upper drainage was closed after the strains
and pore pressures attained constant values (steady state), to simulate the undrained mobilisation of failure.
Determination of the deviator and cell pressures
The aim of the CSD-U test was to replicate the stress path that an unsaturated soil element
at depth of 1.2 m on a 38° steep slope would experience during a rainfall event of the type
that occurred in the Ruedlingen landslide triggering experiment (section 5.3). A simplified
case of an infinite slope with 1 m depth to a plane surface is considered (Figure 4.13a) to
determine the principal stresses acting on a soil element at the base of this slope segment.
The forces acting on the slope are the weight of the segment ( ), the normal reaction ( )
and the resisting shear force of the soil ( ).
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Figure 4.13: a) Infinite slope model, b) failure criteria and the corresponding Mohr’s circles for
the stress states before rainfall and at the onset of failure.
The equation for factor of safety can be derived for this infinite slope model by assuming a
shallow, translational soil movement along a planar surface parallel to the ground. The shear
strength of the soil is based on the effective stress proposed by Bishop (1959) for unsaturated soils.

     ua    (ua  uw )    ua    s

4.5

where is the effective stress, is the total stress, ua is the pore air pressure, uw is the pore
water pressure, the quantity s = (ua -uw) is the matric suction, and 𝜒 is the material property
that depends on the degree of saturation or matric suction.
It is assumed that:

  Sr

4.6

where, Sr is the degree of saturation (Jommi, 2000; Casini, 2012; Casini et al., 2013).
It is also assumed that the slip surface is located above the water table and that the soil is
unsaturated. Bishop’s effective stress with

  Sr will change to the saturated effective

stress (Terzaghi, 1936), if the pore pressures at the slip surface are positive values.
The factor of safety (FS) for the 2D infinite slope (Figure 4.13a) is determined by comparing
the resisting shear force ( ) along the slip surface with the driving force due to the weight
( W  sin ) according to the assumptions mentioned above:

FS 
where

W  sin

4.7

is the weight of the segment. The normal force and the normal total stress (  n ) to

the failure surface is:
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N    h  L 1 cos2    n    h  cos2 

4.8
where, is the unit weight of the soil, and
are geometrical properties of the failure
wedge which are defined in Figure 4.13a. The width of the element is assumed to be 1 m.
Accordingly, the factor of safety (FS) is:

FS 
where,

(  h  cos2   tan  '  Sr  s  tan  ' ) tan  '
Sr  s  tan  '


  h  cos   sin 
tan    h  cos   sin 

4.9

is the internal friction angle of the material. The value of effective internal friction

angle (  ) has been determined by several drained and undrained conventional compres'

sion triaxial tests (Casini et al., 2010a).
The suction decreases during rainfall and failure should occur when the factor of safety is
equal to 1. Therefore, the suction at the onset of failure is given by:

tan  '
)    h  cos   sin 
tan 
FS  1  Sr  s 
tan  '
tan 32.5
(1 
) 16.5 1.2  cos 38 sin 38
tan 38
 Sr  s 
 3.07 kPa
tan 32.5
(1 

4.10

Equation 4.10 can be solved using the wetting branch of the Water Retention Curve. The air
entry value for the Ruedlingen soil based on laboratory and in-situ measurements was determined to be around 3 kPa (Springman et al., 2009; Askarinejad et al., 2010a; Beck, 2010).
Therefore, the degree of saturation for suctions lower than 3 kPa is very close to 1, hence
the value for suction at the onset of failure can be determined to be approximately 3.1 kPa.
The effective normal and shear stresses at failure (  f and  f , respectively) for a soil element at a depth of 1.2 m are determined according to the Equations 4.7 to 4.10:

 f  ( n  ua )  Sr  s    h  cos 2   Sr  s  15.3 kPa
 f   n  tan    9.62 kPa

4.11

The stress state of the soil element and the corresponding Mohr’s circle of the soil element
are shown in Figure 4.13b. The effective stresses decrease due to the increase of pore water
pressure and the Mohr circle travels to the left until it touches the failure criterium. This point
is considered to be the initiation of failure due to the decrease in mean effective stress
caused by water infiltration. The total principal stresses can be determined according to geometrical relations of Mohr’s circle and Equation 4.5:

 1   3

  f   f  tan  

 2
  1  32.75 kPa   1  29.65 kPa 

 



f
 1   3 
  3  10.07 kPa   3  6.97 kPa 


cos  
 2

4.12
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The calculated stress ratio of

1  3  3.25 lies within the range of 2.5 to 3.7 for slopes with

uncemented materials and with an internal friction angle of    32 and an inclination of 25°
to 35°, as calculated by Anderson & Sitar (1995). They assumed that the initial principal
stress orientations are approximately the same as their orientations at failure, as suggested
by Lowe (1966). This assumption is most probably valid for the Ruedlingen slope, which is
naturally at a state close to failure (Springman et al., 2010).
Consolidation
The soil specimen was consolidated anisotropically under the predefined cell pressure and
deviator stress. Changes in the axial deformation of the specimen, confining and axial
stresses are shown in Figure 4.14 versus time.
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Figure 4.14: Time dependent response of Ruedlingen soil during a CSD-U triaxial test, a)
axial deformation during anisotropic consolidation, b) radial (cell) pressure, c) total axial stress.
Increase of pore water pressure
Water was injected through one of the valves connected to the lower pedestal after the consolidation stage. A transducer was connected to the other valve to monitor the changes in
the pore water pressure at this location. The pore water pressure was increased at a rate of
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0.001 kPa/s, while one of the upper pore pressure valves was kept open and the water extruded was collected. During this process, the cell pressure and axial force were kept constant, using the self-regulating mode of the corresponding actuators.
The pore pressure transducers connected to the lower and upper ends of the specimen
showed positive values of pore water pressure after the start of water injection, despite the
unsaturated state of the soil. This indicates that these measurements were not representative values of the pore pressures inside the specimen and it implies the existence of local
variations and preferential seepage paths. However, it can be inferred that two saturated
zones developed at the ends of the specimen, due to the concentration of injected water at
the lower pedestal and difference in hydraulic conductivity between the upper filter paper and
porous stone and the soil in the upper part of the specimen. The average water content of
the soil during the test was calculated according to the amount of the water that was injected
and extruded (Figure 4.15a). The changes in the volumetric water content and corresponding
degree of saturation were calculated based on the changes in the (gravimetric) water content
and volumetric strain. The suction values (Figure 4.15c) were calculated according to the
wetting branch of the Water Retention Curve, which relates the change in the suction to the
volumetric water content. The change in the mean effective stress can be derived based on
the calculated suction and measured axial and radial stresses (Figure 4.15d).
The water injection was performed by increasing the pore water pressure applied to the lower filter plate. The water was injected to the specimen in three phases: i) to a value of 4 kPa
at a rate of 0.001 kPa/s in the first step so that 50 ml of water was injected within 1.3 hours;
ii) regulation at 4 kPa for the next 4 hours, and then increase to 6 kPa at a rate of 0.001
kPa/s and regulated at this level for 14 hours to reach an equalised state of moisture content
in the specimen, iii) increased to 12 kPa with a rate of 0.001 kPa/s at time 18.6 hours. A total
volume of 57 ml of water was injected to the specimen, during the first two phases, which
corresponds to a 3% increase in the gravimetric water content and 2 kPa decrease in the
suction, according to the wetting branch of WRC.
Figure 4.15b shows the changes in volumetric and axial strains whereby the standard sign
convention is used with positive values of axial and volumetric strains corresponding to compression of the specimen and dilatant behaviour. The general trend of the measurements
indicates that the height of the specimen decreases, which is accompanied by net dilation.
Figure 4.15d illustrates the changes in the deviator and mean effective stresses during the
test whereby the signal noise extends to ± 1.5 kPa for q and ±0.25 kPa for p’. The mean deviator stress stays almost constant during the course of the water injection, except for the
period after the onset of instability at approximately 18.8 hours, when it reduces. However,
the mean effective stress shows a decrease of about 1.6 kPa due to loss of suction after the
water injection in the early stages of the test.
Pore water pressure at the base was increased to 12 kPa at a rate of 0.001 kPa/s commenced from time 18.6 hours, as the third phase of water injection (Figure 4-15e). The pore
pressure increases to 7.1 kPa after 0.3 hours through injection of 10 ml of water into the
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specimen (time: 18.9 hours, Figure 4.16f). The specimen showed a significant dilatant response during this time (Figure 4.16b). Sudden decrease in the pore pressures and a contractive volume change of the soil were measured which were followed by fluctuations in
these two factors while water was injected into the specimen with an average rate of 0.236
ml/s. The fluctuations in pore pressure (Figure 4.16f) are correlated with, and proportional to,
the changes in the volumetric strain (Figure 4.16b). The pore pressure and volumetric strain
measurements attained 5 extrema with fairly similar frequencies (~0.01 Hz), before they
stayed constant for about 0.5 hours. Iverson & LaHusen (1989) also reported dynamic fluctuations of pore-water pressure within a quasi-uniformly packed soil in an indoor flume during
rapid shearing at failure.
An enlarged view of the fluctuations in the pore pressure in the upper and lower parts of the
specimen is shown in Figure 4.17. The amplitude of the changes in the pore pressure measurements at the lower and upper parts of the specimen are not the same. The peaks in upper
pore pressure measurements extend between 2 to 6 seconds delay compared to those in the
lower part of the specimen. This pulse will migrate along the specimen, either through the
fluid or as a shear wave through the solid components of the soil, assuming that a shear
zone is developed and resulted in a change in pore pressures in the lower part of the specimen.
Figure 4.17 shows that the drop in pore pressure occurs at the bottom are faster than the
rate of increase for this series of fluctuations and that the rates of decrease are higher than
top of the specimen. The average rates of drop in the pore pressure are 0.125 kPa/s and
0.095 kPa/s respectively in the lower and upper parts of the specimen. Likewise, the average
rate of increase in pore pressure for each fluctuation is more rapid in the lower part of the
sample (0.03 kPa/s) than in the upper part (0.01 kPa/s). both of which occur at a faster rate
compared to the externally applied increase of the pore pressure by the actuator (0.001
kPa/s). This observation might imply that the local rises in the pore pressure during the instabilities are not only due to the external injection (infiltration) of water but also a result of
contractive volume changes occurring in the shear zone (Figure 4.19). The fluctuations of
pore pressure and volumetric strains are shown in Figure 4.18. The change in base pore
pressure stimulates a net volume change but it is damped and delayed with the reductions in
pore pressure and volumetric strains happening quicker than the rises.
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Figure 4.15: Time dependent response of Ruedlingen soil during a CSD-U triaxial test, a)
injected water and corresponding average water content (considering the water
extruded from the upper drainage valve), b) volumetric and axial strains, c) degree of saturation and corresponding values of suction (based on the wetting
branch of Water Retention Curve of Ruedlingen soil), d) mean effective and deviator stresses, e) pore water pressures at the top and bottom of the specimen.
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Figure 4.16: Enlarged view of Figure 4.15 for CSD-U triaxial test on Ruedlingen soil during
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Constant shear undrained (CSU) triaxial test
Pore pressure and strains attained almost constant values at 19.18 hours (Figure 4.16b&f)
after the aforementioned cyclic behaviour. At this moment, a steady hydraulic state has been
reached where 93%1 of the injected water was extruded from the upper valve and no more
pore pressure built up in the specimen. The upper drainage valve was closed manually to
impose undrained shearing on the specimen. The undrained condition, imposed in this way,
is designed to represent the lower permeability of the medium surrounding the shear zone in
a landslide.
Sudden increases in the pore pressure were observed at the bottom, followed by the top of
the specimen, after the upper drainage valve was closed. The rate of water injection was
automatically decreased to about 300 ml/h, and an accelerating increase in the dilatant volumetric strain was measured simultaneously. The axial strains increased about 100 seconds
after the valve closure and the final failure occurred.
The specimen developed a skewed-barrel shape with one major shear band, which extended
to the upper parts of the soil element, and several smaller parallel ones (Figure 4.19). The
shear bands were mainly concentrated in the lower half of the specimen, possibly due to the
1

This value is calculated based on the ratio of the measured extruded water to the injected one. The
extruded water through the upper drainage valve was collected in a glass container which was placed
on a digital weighing scale. The difference of these two values is used to calculate the increase in
water content of the specimen (Figure 4.16a).
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higher water content in this part. The angle of the shear zones to the horizontal line is about
62°, which suggests an approximate internal friction angle of 34° according to the geometrical relations of Mohr’s circle at failure (Figure 4.13).

Figure 4.19: Front and back views of the specimen of Ruedlingen soil after a CSD-U triaxial
test. Several shear bands can be seen in the lower half of the specimen.
The changes in the mean effective and deviator stresses are shown in Figure 4.16d. The
mean effective stress experienced an accelerating decrease after undrained conditions were
imposed on the specimen. This decrease in p’ is due to the rapid rise in pore pressure. However, the deviator stress remained constant at this stage. The stress ratio (   q
onset of large deformations is calculated to be

p ) at the

cs  1.382 (critical state stress ratio) (Figure

4.15e). This value corresponds to a critical state friction angle of    34.2 according to
Equation 4.13. This friction angle is higher than that derived from conventional drained and
undrained triaxial tests in compression (Springman et al., 2009; Casini et al., 2010a).

cs  M 

6  sin  
3  sin  

4.13

Similarly, Casini et al. (2010a) performed triaxial tests on saturated, natural, specimens of
Ruedlingen soil, which were anisotropically consolidated under two different stress ratios
( = 0.83 and 0.9) and then sheared under constant deviator stress by increasing the pore
pressure, followed by imposing undrained conditions. They also observed that the ultimate
failure stress ratio lies above the critical state line, attaining values of 1.4 and 1.45.

4.3.2

CSD triaxial tests on loose and compacted specimens

Two additional CSD tests were performed using a fully automated triaxial stress path device
on moist-tamped, compacted specimens of Ruedlingen soil, with two different initial void ratios (e = 1.08 and e = 0.86). The specimens had similar initial gravimetric water contents of
16.5 % and 16.6%, respectively. Following initial isotropic consolidation to 12.3 kPa (path 0 86
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AL in Figure 4.20) and 14.27 kPa (path 0 - AD in Figure 4.20) they were anisotropically consolidated under the expected principal stresses that a soil element at a depth of 1.2 m in
Ruedlingen slope might experience (points BL and BD in Figure 4.20). The results of the two
tests are compared in the p’-q space in Figure 4.20. The looser specimen (e0 = 1.08) experienced a slightly higher consolidation stress ratio (   1.2 ) (point BL), while the consolidation
stress ratio for the specimen with lower initial void ratio is   1.06 (point BD). The actuator
was set to reach the values at points BL and BD but it applied approximately 2.5 kPa higher to
the looser specimen (B’L) and then regulated it to the set value. This process is a function of
the interaction frequency between the load cell and the motor of the actuator.
Subsequently, water was injected into the specimens via the lower pore pressure valve.
Thus, the mean effective stress decreased while the deviator stress and cell pressure remained more or less constant. The decrease in the mean effective stress was controlled at a
rate of 0.001 kPa/s. The average value of volumetric water content was calculated based on
the water balance of the specimen (difference between injected and extruded water from the
specimen) and the volumetric changes. Changes in the volume of the sample during the injection of water to the specimen were estimated based on the changes in the volume of water in the cell. Therefore, these tests were performed in a constant temperature room to minimise the effect of the temperature changes on the volume of the water inside the cell. The
suction was calculated according to the corresponding Water Retention Curve.
The actuator decreases the pore pressure slightly and then increases it; i.e. a small amount
of water was sucked out of the specimen at the beginning (points B’’ L and B’’D) and then water was injected into the specimen. This malfunction of the actuator is attributed to the low
values of pore pressures in these tests and also to the interaction process between the pore
pressure transducer and the motor of the actuator. Accordingly, an increase in the mean effective stress was measured before the start of shearing in both tests (points B’’L and B’’D).
Subsequently, the stress path of both specimens maintained constant deviator stress with
decreasing mean effective stress until they experienced a decrease in the deviator stress at
a stress ratio of 1.47, in both cases (paths BL - CL and BD - CD in Figure 4.20). The points CL
and CD are considered as the onset of failure in the specimens, after which the axial strain
accelerated.
The failure envelope of the specimens is compared to the Critical State Line of the specimens derived from drained and undrained conventional compression triaxial tests done by
Casini et al. (2010a). The stress state at the onset of large deformations which leads to significant decreases in the sustained deviator stress lies above the critical state line. Several
researchers have also reported that the Critical State Line obtained from CSD tests is different from the Critical State Line obtained from conventional undrained tests (e.g. Anderson &
Sitar, 1995; Zhu & Anderson, 1998; Casini et al., 2010a).
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Figure 4.20: Stress paths during consolidation and shearing of specimens in CSD triaxial
tests on reconstituted Ruedlingen soil.
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4.4.1

Water Retention Curves (WRC)

Wetting and drying branches of the Water Retention Curve of a natural sample taken from
the depth of 0.7 m adjacent to the Ruedlingen test site (test pit 3 in Figure 4.1) are shown in
Figure 4.21. The curve is determined by means of a Fredlund Apparatus (Figure 4.22), which
operates based on the axis translation technique (Hilf, 1956). The differences between the
curves determined by Casini (2010) and the results of this research can be attributed to the
difference in initial void ratio of the specimens.
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Figure 4.21: Water Retention Curve obtained from a natural sample from the Ruedlingen test
site determined using the axis translation technique in a Fredlund apparatus.
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Figure 4.22: Fredlund apparatus to determine the Water Retention Curve based on the axis
translation technique (after www.gcts.com).
The data of suction versus volumetric water content obtained from both drying and wetting
paths in the Fredlund apparatus have been fitted with two different proposed models from the
literature to define a representative Water Retention Curve. Both drying and wetting branches of the Water Retention Curve are approximated with the van Genuchten model (van
Genuchten, 1980) and a bimodal model proposed by Durner (1994).
The unimodal van Genuchten formula is given in Equation 4.14. The subscripts a and w
stand for air and water in this equation and
determines the suction in the soil matrix. The denominator (P) of the fraction is defined to be the air entry value of the Water Retention Curve and

is the dimensionless fitting parameter.

(1

(

)

4.14

)

is the relative degree of saturation as defined in Equation 4.15. The additional subscripts s
and r to Sr stand for saturated and residual respectively.
4.15
The fitting parameters for these two models were determined using a code written by Seki
(2007). The unimodal van Genuchten parameters are listed in Table 4.4.
Table 4.4: Unimodal van Genuchten parameters of WRC of a natural, undisturbed
Ruedlingen soil sample.
Parameter

P (kPa)

Wetting branch
Drying branch

0.7
1.25

(-)
0.537
0.439

(-)
0.179
0.252

𝒔

(-)

0.527
0.521

R2
0.971
0.998
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Durner (1994) proposed a multimodal Water Retention Curve to describe the retention function of soils having heterogeneous pore systems. This method is based on linear superposition of sub-curves of a unimodal van Genuchten type. The general form of a bimodal water
retention function is given in Equation 4.16.

(1

(

)

1

)

(1

(

)

4.16

)

where w, is the weighting factor for the first mode of the curve. The fitting parameters for this
model are listed in Table 4.5.
Table 4.5: Bimodal fitting parameters for WRC of a natural, undisturbed Ruedlingen soil
sample.
Parameter
Wetting branch
Drying branch

P1
(kPa)
1.477
2.35

(-)
0.7673
0.4815

P2
(kPa)
14.6
15.354

(-)
0.8754
0.8056

(-)
0.805
0.9

0.171
0.263

𝒔

(-)

0.520
0.520

R2
0.9993
0.9994

The results of the bimodal function fit more consistently than the unimodal van Genuchten
method (Figure 4.21), and from the comparison between the regression values (R2) in Table
4.4 and Table 4.5. This difference is more pronounced for the wetting branch of Water Retention Curve.
The results of Mercury Intrusion Porosimetry (MIP) reported by Beck (2011) show that the
natural samples from the Ruedlingen test site possess two peaks in the pore size density
functions. Two peaks are detected in all of the functions, the radius of the macro pores ranges from 20 to 100 microns while the size of the micro pores varies from 0.2 to 10 microns.
4.4.2

Saturated hydraulic conductivity

Hydraulic conductivity affects the water flow processes such as infiltration and pore pressure
redistribution in saturated and unsaturated conditions. A precise evaluation of the hydraulic
conductivity is necessary in order to define the pore pressure distributions for stability analysis of slopes prone to failure due to rainfall.
The saturated hydraulic conductivity of three undisturbed samples from a depth of 50 cm of
Test Pit 3 in the Ruedlingen slope was measured, using the falling head method with different vertical effective stresses during oedometer tests (Table 4.1). The results are shown in
Figure 4.23. Hydraulic conductivity decreased as the void ratio decreased, due to the loss of
pore space caused by the increase in the applied vertical stresses.
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Figure 4.23: Hydraulic conductivity of undisturbed samples from depth of 0.5 m in TP3 of
Ruedlingen slope at different vertical effective stresses in oedometer tests. The
samples 50_1_S8 and 50_2_S8 were saturated at
8 kPa.
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Figure 4.24: Relation between the void ratio and the hydraulic conductivity of Ruedlingen
soil.
The relationship between the void ratio and changes in the hydraulic conductivity is summarised in Figure 4.24 and Table 4.6. The saturated hydraulic conductivity of Ruedlingen soil
was determined to be between 10-6 m/s to 10-5 m/s, depending on the overconsolidation ratio
and void ratio. However, these values are derived from samples of 84.2 mm in diameter and
less than 20 mm in height, which might not be representative of the macroscopic hydraulic
conductivity of the soil in the Ruedlingen slope because various forms of heterogeneity complicate the hydrology in reality. For example, rotten roots or animal holes provide preferential
paths for water flow in the structure of the natural soil matrix.
The laboratory derived values of hydraulic conductivity are generally shown to be lower than
the in-situ measurements conducted using the inversed auger-hole method (e.g. Oosterbaan
& Nijland, 1994). The in-situ measured hydraulic conductivity ranges from 10-4 m/s to 10-5
m/s (Brönnimann et al., 2009; Brönnimann, 2011).
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Table 4.6: Relation between the void ratio and the hydraulic conductivity of Ruedlingen soil.
Vertical
stress
(kPa)
8
20.5
45.5
8
45.5
95.5
33
8
0

50-2-S8
ksat (m/s) Void ratio (-)
9.5×10-6
7.0×10-6
4.0×10-6
3.2×10-6
2.5×10-6
1.0×10-6
1.1×10-6
-

1.11
1.09
1.04
1.06
1.04
0.96
0.9723018
-

50-1-S8
ksat (m/s)
Void ratio
(-)
-5
1.6×10
1.18
-5
1.4×10
1.18
-6
9.5×10
1.14
-6
8.5×10
1.07
-6
8.4×10
1.09
-6
1.5×10
1.07
1.6×10-6
0.94
-6
2.1×10
0.95
-

50-3-U
ksat (m/s)
Void ratio
(-)
-6
2.1×10
1.00
-6
5.5×10
1.05

The hydraulic conductivity of the soil was derived based on the reaction time of the tensiometers in the Ruedlingen landslide triggering experiment of March 2009 (refer to section 5.3) for
three different clusters along the slope. The initial condition of the soil was very close to saturation (suction < 3 kPa, near to the air entry value of the soil). Accordingly, it is assumed that
the initial degree of saturation was very close to 1 and a hydraulic gradient of unity occurred
in the soil profile during the rainfall infiltration. The saturated hydraulic conductivity of the soil
can be estimated by determination of the infiltration velocity of the percolated water in the soil
profile, based on these assumptions. This velocity is calculated based on the installation
depth of each tensiometer and the arrival time of the water front to this point. The results are
summarised in Table 4.7 to Table 4.9 for the lower, middle and upper clusters in the field
area respectively. The calculated values for the saturated hydraulic conductivity of the soil
vary between 10-5 m/s to 10-4 m/s. Accordingly, it can be concluded that the macro-pores in
the Ruedlingen slope can increase the hydraulic conductivity by one order of magnitude.
Table 4.7: The arrival time of the water front at different depths in the lower part of the slope
(cluster 1).
Tensiometer depth (cm)
15
30
60
90
120
140
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Time (sec)
4200
9300
16500
21600
22200
23700

Hydraulic conductivity (m/s)
3.6×10-5
3.2×10-5
3.6×10-5
4.2×10-5
5.4×10-5
5.9×10-5
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Table 4.8: The arrival time of the water front at different depths in the middle part of the slope
(cluster 2).
Tensiometer depth (cm)
15
30
60
90
120
140

Time (sec)
900
3300
6000
9000
10800
18600

Hydraulic conductivity (m/s)
1.6×10-4
9.1×10-5
1.0×10-4
1.0×10-4
1.1×10-4
7.5×10-5

Table 4.9: The arrival time of the water front at different depths in the upper part of the slope
(cluster 3).
Tensiometer depth (cm)
30
60
120
140
4.4.3

Time (sec)
3300
4200
5700
12300

Hydraulic conductivity (m/s)
9.1×10-5
1.4×10-4
2.1×10-4
1.1×10-4

Unsaturated hydraulic conductivity

More complex experimental methods are required to determine the hydraulic conductivity in
unsaturated soils, compared with saturated soils (Muñoz et al., 2008). An infiltration column
was designed and constructed to determine the unsaturated hydraulic conductivity of a more
representative scale of sample of the Ruedlingen soil.
Instantaneous Profile Method (IPM)
The Instantaneous Profile Method (IPM) is a technique that can be used to determine the
unsaturated hydraulic conductivity function of soils (Daniel, 1982). The change of the suction
profile within a column of soil is measured as a function of time during the infiltration process.
Suction can be measured by means of tensiometers or psychrometers, depending on the
expected suction range. The water content profile can be determined using the Water Retention Curve (WRC) of the soil and the measured suction profiles. However, the water content
was also measured directly at the same depth using TDRs (Decagons type EC-5) to diminish
the uncertainties of the WRC such as hysteresis and scale effects.
Hydraulic conductivity k is calculated by dividing the water flow velocity by the hydraulic gradient according to the Darcy’s law (Darcy, 1856):

k

Vw
v
q


i A  i t  A  i

4.17

Where k is the hydraulic conductivity (m/s), v is the velocity of water flow (m/s), i is the hydraulic gradient (-), is the discharge (m3/s), A is the cross sectional area of the infiltration
column (m2),
is the volume of water flowing through a section of the column (m3), and
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is the time steps. The hydraulic gradient between two tensiometers was calculated based on
their elevations and the measured pressure heads. The volume of water passing through any
cross-sectional area over a given time increment is equal to the change in the volume of water between the considered point j and the top of the specimen (the water flow is from bottom
to the top) (Figure 4.25).
H
H
 5    t    j  t2   j 1  t1    j  t1 

4.18
Vw  A.   (t2 )dh   (t1 )dh    ( j 1 2

).(h j 1  h j ) 
h

2
2
j 
hj

 j

where
is the volumetric water content at point j at time , is the elevation of point j

and H is the elevation of the last pair of sensors. The IPM is applied to evaluate the variation
of the suction and volumetric water content profile within an infiltration column as a function
of time during the infiltration process. The suction and volumetric water content measurements were performed by means of 5 sets of tensiometers and TDRs (Decagons type EC-5),
respectively. The hydraulic column used in these tests (Figure 4.26) was a vertically oriented,
rigid-wall cylinder with a height of 60 cm and a diameter of 17 cm. A boundary control port
was located at the bottom of the specimen for water injection. Measurement ports for suction
(by tensiometers) and water content (by EC-5 Decagons) were located at the same heights
at

10 cm vertical spacing (Figure 4.25 and Figure 4.26).

Figure 4.25: Schematic of water content distribution through the infiltration column.
(Askarinejad et al., 2012b).

94

4 Ruedlingen soil characterisation

Figure 4.26: Infiltration column (dimensions in cm) (after Beck, 2010).
The soil was statically compacted in the infiltration column to the desired unit weight of 12.74
kN/m3 in 12 layers of 5 cm in height.
The Water Retention Curves (WRC) at different void ratios for this soil were determined from
suction controlled tests (section 4.4.1). The WRCs were also determined during the infiltration tests by using the values of suction and water contents that were measured at the same
time at the same height of the column simultaneously (IPM Water Retention Curves). The
results of both methods are shown in Figure 4.27. This figure suggests that the average
trend line of the suction-controlled WRCs determined using Fredlund apparatus after the air
entry value (AEV) is steeper than that of the ones from IPM. This observation can be attributed to the fact that the suction controlled curves have been derived from a one dimensional drainage path in a 6.5 cm-diameter specimen, while there is a tendency towards more
local three-dimensional flow within the soil in the 17 cm-diameter infiltration column matrix
that leads to a higher macro-permeability (Askarinejad et al., 2012a). Hence, the differential
water capacity (c), defined in Equation 4.19, is higher in larger samples than in the smaller
ones in the range of low matric suctions.
4.19
where, s is matric suction.
Askarinejad et al. (2010a) also reported similar differences between the small-scale suctioncontrolled WRCs and the in-situ WRCs for the Ruedlingen soil. This difference may result in
slower infiltration predictions from the WRCs determined at small-scale. These observations
indicate the need to pay more attention to the effects of scale on soil hydraulic properties
(Pachepsky et al., 2001).
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Figure 4.27: Water Retention Curves of Ruedlingen soil determined by different methods
(MIP: Mercury Intrusion Porosimetry, IPM: Instantaneous Profile Method).
* ATT: determined using the Fredlund Apparatus by the Axis Translation Technique.
Hydraulic conductivity functions derived from IPM
The hydraulic conductivity functions for Ruedlingen soil at different void ratios were calculated using the IPM Water Retention Curves (Figure 4.27). The hydraulic function for
Ruedlingen soil, derived from the IPM, is shown in Figure 4.28. The results show that the
conductivity reaches approximately 1% of the fully saturated hydraulic conductivity after an
increase of suction of 10 kPa. The conductivity is around 0.01% of the fully saturated hydraulic conductivity at a suction of 40 kPa.

Relative hydraulic conductivity, Kr
=Kunsat/Ksat (-)

1.E+00
1.E-01

1.E-02
1.E-03
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1.E-05
0.00
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35.00
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45.00

50.00

Figure 4.28: Hydraulic conductivity function for reconstituted Ruedlingen soil, derived by the
Instantaneous Profile Method.
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Hydraulic conductivity functions based on the WRCs
The unsaturated hydraulic conductivity function of Ruedlingen soil is derived in this section
based on the method developed by Mualem (1976). The hydraulic conductivity function can
be written as follows:
4.20

∫

⁄

Kunsat(Se)/Ksat

⁄
∫

[

]

where, Se is the relative degree of saturation (Equation 4.15) and
determines the
changes in the soil suction as a function of relative degree of saturation and can be derived
from Equation 4.14 for a unimodal van Genuchten type soil as follows:
⁄

1
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Substituting Equation 4.21 into Equation 4.20 gives a closed form equation for the hydraulic
conductivity function.
⁄
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The same procedure is followed to derive the hydraulic conductivity functions of Ruedlingen
soil based on the bimodal WRC and the results are illustrated in Figure 4.29. However,
Equation 4.20 has no closed form solution for a soil with a bimodal Water Retention Curve.
Therefore the equation must be solved numerically.
The difference in the unimodal and bimodal hydraulic conductivity functions of the wetting
and drying branches is not significant at suctions lower than 10 kPa. However, the bimodal
function shows a faster decrease in the hydraulic conductivity with increasing suction compared to the unimodal function at suctions greater than 10 kPa.
The conductivity function based on the results of the Mercury Intrusion Porosimetry (MIP) is
also depicted in Figure 4.29 for a drying path. This function is derived by numerical integration of the corresponding Water Retention Curve, which is implemented in the Equation 4.20.
The MIP results predict higher conductivities for a similar suction compared to the unimodal
and bimodal functions.
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The hydraulic conductivity function determined by the Instantaneous Profile Method (IPM) is
also illustrated in Figure 4.29. The IPM function shows a slower decrease of the hydraulic
conductivity with increasing suction compared to the function derived based on the wetting
branch of unimodal WRC.

Relative hydraulic conductivity,
Kr=Kunsat/Ksat (-)
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1.E-01
1.E-02
1.E-03

Kr_bimodal (drying)_n*
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1.E-05

Kr_MIP (drying)_n*

1.E-06

Kr_unimodal (drying)_n*

1.E-07

Kr_unimodal (wetting)_n*

1.E-08

Kr_IPM_3 (wetting)_r*

1.E-09
1.E-10
0.1

1

10

100

Suction (kPa)

Figure 4.29: Relative conductivity of Ruedlingen soil as a function of suction.
* r: Reconstituted specimen, n: Natural undisturbed sample
The differences in the above mentioned functions can be attributed to several factors, namely the approximations in the physical-empirical equations (Equation 4.20), the numerical integrations, and difference in the testing methods. The differences in the structure of specimens
might also play a major role.
Although the bimodal model fits the laboratory data better, the wetting branch of WRC fitted
with a unimodal form of van Genuchten formula is used as the input water retention function
for Ruedlingen soil in the finite element software Code Bright (section 7.3), because a bimodal input has not yet been defined for this code. The equation proposed by Averjanov
(1950) for a hydraulic conductivity function fits best to the laboratory results based on IPM
(Figure 4.30). The general form of the equation is a power function of Se:
4.23

98

4 Ruedlingen soil characterisation

Relative degree of saturation, Se (-)

Relative hydraulic conductivity, Kr (-)

0

0.1

0.2

0.3

0.4

0.5

0.6

1.E+00
1.E-01
1.E-02
1.E-03

y = 1.0134x1.6974
R² = 0.9948
Kr_IPM

1.E-04
Power (Kr_IPM)
1.E-05

Figure 4.30: The relative conductivity of reconstituted Ruedlingen soil plotted as a function of
relative degree of saturation.

4.5 Compaction test
Standard and modified Proctor tests have been carried out on Ruedlingen soil from the Test
Pit 3 and the results are reported in Figure 4.31. The maximum dry unit weight showed an
increase from 16.35 to 18.50 kN/m3 with increase in compaction energy from 600 kN.m/m3 to
2700 kN.m/m3 and the optimum water content decreased from 17.2% to 12.3%.

Figure 4.31: Proctor compaction curves for Ruedlingen soil from TP3.
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The minimum and maximum dry unit weights of reconstituted Ruedlingen soil, based on the
results of the tests according to ASTM-D4254-A (2006) and ASTM-D4253-2B (2006) are
12.5 kN/m3 and 15.3 kN/m3 respectively.
The mean void ratio of the natural samples taken from depths of 0.5 m to 1.2 m of Test Pits 3
and 4, was measured to vary from 0.85 (depth 0.8 TP3) (Springman et al., 2009) to 1.15
(depth of 0.9 TP4) (Beck, 2010). The specific gravity of the grains of Ruedlingen soil is

Gs   s  w  2.6 , where  s ,  w are the unit weights of the soil grains and water respectively.
The mean dry unit weight of natural samples from the Ruedlingen slope is calculated to be
between 11.85 and 13.77 kN/m3 based on the aforementioned measurements. The relative
density (Dr) of the soil can be determined to be in the range -18 % < Dr < 51% (Equation
4.24), and accordingly, Ruedlingen soil can be characterised as a very loose to medium
dense soil (Lambe & Whitman, 1969).

1
Dr 



1


d
emax  e
 d ,min
1
1
emax  emin

 d ,min

4.24

 d ,max

where, emax and  d ,min are the void ratio, and dry unit weight of the soil at the loosest possible
condition, emin and  d ,max are the void ratio, and dry unit weight of the soil at the most compact condition according to standards ASTM-D4254-A (2006) and ASTM-D4253-2B (2006),
and e , and  d are the actual values of void ratio and unit weight of the soil.
The negative value of the insitu relative density can be attributed to the macro pores in the
structure of the soil due to the rotten roots or animal holes, and also to possible slight spatial
variation in the grain size distribution.
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5.1 Slope monitoring experiment (October 2008)
5.1.1

Rainfall

Artificial rainfall was applied by means of 10 sprinklers with equal spacing of 2.5 m, located
on the middle longitudinal line of the test site (Figure 3.20). The lower sprinklers experienced
higher hydraulic heads as the water was supplied from the upper part of the slope. Therefore, the rainfall was not uniformly distributed. The rainfall measured by rain gauges 1 and 2
(RG1 and RG2 in Figure 3.20) and the cumulative applied rain intensity are shown in Figure
5.1.

Figure 5.1: Artificial rainfall during the slope monitoring experiment in October 2008 (RG: rain
gauge, D: drying, W: wetting).
The rain was applied with an average intensity of 30 mm/hr for 3 hours as the first wetting
phase (W1), followed by a 20 hour stop, which allowed the soil to drain (first drying phase D1) (Figure 5.1). Afterwards, the slope was sprinkled for 1.5 days with an average intensity
of 17 mm/hr (W2a & b), which was increased with a first shock of 45 mm/hr (coincident with
time point (5) in Figure 5.1) to average value of 30 mm/hr for another 1.5 days (second wetting phase - W2c) and then the second drying phase started (D2) (Askarinejad et al., 2010a).
Seven time epochs are selected, based on the applied rainfall, to analyse the data. Subsequently, the responses of the slope, in terms of the pore water pressure and volumetric water
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content along the soil profiles, in 3 instrumentation clusters are discussed in the following
sections for these seven points in time. All of the measured data are reported in Appendix H.
The location of the instrumentation clusters are illustrated in Figure 3.20.
5.1.2

Pore water pressure (PWP) and volumetric water content (VWC)

Cluster 1
The profiles of the PWP and VWC of cluster 1 are shown in Figure 5.2 and Figure 5.3 respectively. Changes in VWC and PWP measured by TDRs and tensiometers, respectively,
show a general temporal correlation with applied cycles of wetting and drying. But the sequence of the changes in the response profiles does not always illustrate that saturation
mechanism developed from the surface downwards (top-down). For example, the shallow
tensiometers at depths of 15, 30, and 60 cm measured increments (up to 4 kPa) in the pore
pressure after the first wetting cycle (between time points (1) and (2) in Figure 5.1), but the
pore pressures remained constant at depths of 90 and 120 cm or changed less than 1 kPa,
whereas, the tensiometer at the depth of 150 cm showed a sudden increase of 14 kPa
(Figure 5.2). This observation can be attributed to the existence of preferential paths in the
soil mass or the spatial differences of the soil mass, as could be detected from the combined
local sprinkling and dye tracer tests, discussed in Chapter 3. Torres et al. (1998) also reported that some of the deeper tensiometers responded before the arrival of an advancing head
gradient front.

Figure 5.2: Profiles of PWP at cluster 1 during the slope monitoring experiment (October
2008).
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Figure 5.3: Profiles of VWC at cluster 1 during the slope monitoring experiment (October
2008).
An increase in the VWC is observed with depth of the soil when comparing the profiles of
VWC before and after the first wetting cycle W1 (profiles (1) and (2) in Figure 5.3). The soil is
slightly drained and the TDRs measured a decrease in the VWC after the first drying cycle
D1 (profile (3) in Figure 5.3). However, the tensiometers show increase in the pore pressures
at depths of 90 and 120 cm, while the pore water pressure decreased at the other points of
the profile.
The PWP and VWC increased over the whole profile, and the tensiometers showed positive
values at depths below 80 cm during the second wetting cycle W2 (profiles (4), (5) and (6) in
Figure 5.2). It is observed that the soil has higher values of PWP compared to the hydrostatic
pore pressure distribution at the upper parts of the soil layer, and at the deeper points lower
values of PWP are measured relative to the hydrostatic line. These results are due to the
transient flow of the infiltrated water in the soil mass.
The VWC and PWP decreased along the soil profile after the stop of the rainfall during the
last drying cycle D2 (profile (7) in Figure 5.2 and Figure 5.3). The rate of the change in the
VWC decreased with depth during the first 3 hours of this drying phase.
Cluster 2
Five Decagons were installed at depths of 15 to 75 cm with 15 cm spacing in cluster 2 (Figure 3.20) and the corresponding VWC profiles are shown in Figure 5.4. TDRs were also installed at depths of 60, 90, 120, and 150 cm to measure the VWC (Figure 5.5). Therefore,
the VWC is measured both by a Decagon and a TDR at the depth of 60 cm and have been
compared in Figure 3.25 to validate calibration factors. Only 3 of the tensiometers at depths
of 30, 120 and 150 cm registered changes in PWP (Figure 5.6), whereas the other three
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sensors (installed at depths of 15, 60, and 90 cm) did not measure any data due to problems
with the data logger.

Figure 5.4: Shallow profile of VWC of cluster 2 (measured by Decagons) during the slope
monitoring experiment (October 2008).
The profile of the volumetric water content did not show a uniform change over the whole
depth during the first wetting cycle W1 (compare profiles (1) and (2) in Figure 5.4). The most
significant change occurred at the depth of the 45 cm (~30% increase in VWC), while the
VWC increased inly by 5% at a depth of 75 cm. The tensiometers showed increase in the
PWP at depths of 30 and 120 cm and a decrease of 5 kPa at the depth of 150 cm (compare
profiles (1) and (2) in Figure 5.6). The decrease in PWP during the first wetting cycle W1
(compare profile (1) and (2) in Figure 5.6), measured at a depth of 150 cm, indicates an unexpected behaviour from the slope. Generally, decreases in the values of VWC and the PWP
were observed in the first drying cycle D1, except for the depths of 75 cm at which VWC and
150 cm, at which PWP, increased, respectively (compare profiles (2) and (3) in Figure 5.4
and Figure 5.6).
The TDRs and tensiometers measured increases in VWC and PWP after the start of rainfall
for the second time (W2) (compare profiles (3) and (4) in Figure 5.4, Figure 5.5, and Figure
5.6). However, the Decagons showed decreases in the VWC of soil during the W2b and W2c
cycles at the shallow depths of 15 and 30 cm (profiles (5) and (6) in Figure 5.4). This observation can be due to the erosion of finer particles from this layer, because of the sudden increase in the rain intensity and downward flow of water, and filling the pores at the deeper
points of the soil profile or due to erosion through the existing macropores (such as root
wholes). Decreases in the porosity at constant degree of saturation will result in a decrease
in the VWC:

  Sr .n
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where  is the VWC, Sr is the degree of saturation, which is quite close to 11 at this time
(profile (5)), and n is the porosity of the soil. This theory can be supported by increases in the
clay fraction of the soil with depth that were determined from the characterisation (Figure
4.2).
A similar process can also be seen in Figure 5.2 in cluster 1 when comparing the PWP profiles at time points 4 and 5. The values of PWP at the depths of 30, and 60 cm decreased,
and an increase in PWP at the depth of 90 cm was recorded at the same time, after the sudden burst of rain intensity at time point 5. Torres et al. (1998) also applied a spike increase in
the rain intensity and observed a dynamic response in the saturated zone and significant
changes in the unsaturated flux magnitude. They explained this observation by the sudden
increase in the hydraulic conductivity of the shallower zones with near zero pressure head
and saturation, due to the slight pressure wave produced by the short and intense rain, and
resulting in a rapid release of the water stored in the soil structure and increase in the delivery rate of water to the underlying zones. The same response is observed by comparing the
profiles of the VWC and PWP in other clusters at time points (4) and (5), i.e. both VWC and
PWP in the unsaturated zone decreased, while these values increased in the lower saturated
area.

Figure 5.5: Profiles of VWC at cluster 2 (measured by TDRs and decagons) during the slope
monitoring experiment (October 2008).

1

The value of suction at depth of 30 cm is around 3 kPa which is very close to the air entry value of
the soil based on the Water Retention Curve of Ruedlingen soil, therefore the degree of saturation is
assumed to be near 1.
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Figure 5.6: Profiles of PWP of cluster 2 during the slope monitoring experiment (October
2008).
Interpolation between the measurements of the tensiometers at different depths implies that,
the PWP had positive values at the end of the second wetting phase (profile (6) in Figure
5.6), at depth of 80 cm, and below. The distribution of the PWP in the soil compared to the
hydrostatic distribution shows higher values of pressure above this cut-off depth, due to the
infiltration and decrease of suction, and it shows lower values than the hydrostatic pressure
at the deeper levels because of the downward flow of water. Similar results were observed in
cluster 1.
Cluster 3
The magnitude of increase in the PWP (Figure 5.7) and VWC (Figure 5.8) at deeper points of
the cluster 3 (depths 120 and 150 cm) due to the first wetting cycle (W1) were less than the
other 2 clusters. This can be attributed to the lower rain intensity applied to the upper part of
the field (Figure 5.1). The increase in the VWC at the depth of 120 cm is larger than at the
shallower points after the first wetting (profile (2) in Figure 5.8), this can be due to the connected macro pores and preferential flow paths in the vicinity of this point. This theory can be
supported by the significant decrease in VWC during both the first and second drying cycles
at this level (profiles (2)-(3) and (6)-(7) in Figure 5.8). However, the decrease of the PWP
during the drying cycle D2 (profile (7) in Figure 5.7) at a depth of 120 cm is similar to values
obtained at the other depths. Therefore, it can be concluded that there is a macropore near
the TDR at 120 cm depth, which is a local feature.
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Figure 5.7: Profiles of PWP at cluster 3 during the slope monitoring experiment (October
2008).

Figure 5.8: Profiles of VWC at cluster 3 during the slope monitoring experiment (October
2008).
A steady state in was reached the pore pressure distribution during the second wetting
phase (W2a & b, profiles (4) and (5) in Figure 5.7) and the VWC and PWP experienced an
increase in the saturated zone below 90 cm depth (profile (6) in Figure 5.7 and Figure 5.8)
after the sudden increase in the rain intensity (time point 5), similar to the other clusters. The
highest amount of increment in the VWC between profile (5) and (6) occurred at the depth of
120 cm, with approximately 30% increase (Figure 5.8).
Two perched water tables can be determined from the PWP profiles at depths of 50 and 120
cm at the end of the second wetting phase (profile (6) in Figure 5.7). This non uniform distribution of pore pressure can be due to the changes in hydraulic conductivities of the soil layers and existence of bypassing preferential paths (Figure 5.7).
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5.1.3

Insitu Water Retention Curve (WRC) (based on Askarinejad et al., 2010a)

Figure 5.9 a, b, and c show the variations of volumetric water content (VWC) and matric suction at two different depths of 30 and 120 cm in cluster 2. The suction and volumetric water
content measurements responded without significant time discrepancy at both depths after
changes in the intensity of applied rainfall. This verifies the high infiltration capacity of the soil
obtained from the earlier hydrological investigations (Chapter 3).
The changes in VWC and suction are not contemporaneous at some points during the second wetting phase of the rainfall (times: 33 and 66 hours for the depth of 30 cm and time: 64
hours for the depth of 120 cm). This can be due to either the hysteretic effect of the Water
Retention Curve or the difference in the location of the sensors at each depth.
The VWC drops as the suction increases at a depth of 30 cm (Figure 5.9 b), from the beginning of the second drying phase (D2: time 99.25 hours). Similarly, the suction increases from
the same time up to 2.7 kPa at time 110 hours, whereas the VWC only starts to decrease at
110 hours at a depth of 120 cm (Figure 5.9 b). The values of suction at the time point (2.7
kPa at 110 hours) can be described as the air entry value of the WRC, which is consistent
with the value derived from the laboratory test (saev = 2.7 kPa) (section 4.4.1, Figure 4.21).
The last drying part of the curves (D2) of clusters 1 and 2 at different depths has been compared with the drying branch of the curve obtained from the laboratory tests performed on
undisturbed samples from Test Pit 2 by Casini et al. (2010a) (presented in Figure 4.21). The
results are presented in Figure 5.10 and Figure 5.11, for clusters 1 and 2 respectively.
The laboratory curve is in quite good agreement with the insitu measurements. Air entry values of around 2 kPa can be derived from the curves related to the depths of 120 and 90 cm
in cluster 1. This value is lower than the value from the laboratory WRC 1, which can be related to the void ratio difference between the soil at these depths and the void ratio of the natural sample tested in the laboratory (e = 0.8).
The insitu void ratio (e) of the soil can be calculated from the volumetric water content ( )
under saturated conditions (Sr = 1), using the following Equations:

1⇒

e

n
1 n

5.2
5.3

The void ratios calculated from this approach are 1.04 and 0.96 at depths of 90 cm and 120
cm of cluster 1, respectively.

1

Casini et al. (2010b) fitted the laboratory results with a bimodal WRC model and reported an air entry
value of 2.7 for this set of data.
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Figure 5.9: (a) Average applied rain intensity, (b) variations of volumetric water content and
matric suction in cluster 1 at a depth of 30 cm, (c) variations of volumetric water
content and matric suction in cluster 2 at a depth of 120 cm during the slope
monitoring experiment (October 2008).

Figure 5.10: Drying branch (D2) of insitu WRC for cluster 1, compared with laboratory tests
performed on undisturbed samples from Test Pit 2 by Casini et al. (2010a).
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Figure 5.11: Drying branch (D2) of insitu WRC for cluster 2, compared with laboratory tests
performed on undisturbed samples from Test Pit 2 by Casini et al. (2010a).
The air entry value at a depth of 150 cm in cluster 2 is marginally higher than the value derived at a depth of 120 cm. This can be explained by the lower value of saturated volumetric
water content and accordingly a lower value of void ratio at a depth of 120 cm, compared to
the one at a depth of 150 cm (Figure 5.11).
The data from Figure 5.10 and Figure 5.11 suggest that the trend lines of the insitu drying
branches are less steep than the gradient obtained from the laboratory results. This observation can be attributed to the fact that the laboratory curve has been derived from a one dimensional drainage path, while water can flow in different directions insitu rather than only
vertically. However, it can also be due to the difference in porosity of soil in the field and laboratory specimen. Therefore, the differential water capacity defined as

d

ds is higher from

field data than from laboratory data in the range of low soil matric suction. Similar observations have also been reported by Pachepsky et al. (2001) and they attributed slower infiltration predictions for field tests, based on the laboratory data to this shortcoming of the small
scale laboratory tests. These observations indicate the need to pay more attention to the
effects of scale on soil hydraulic properties.
5.1.4

Water table

Six piezometers were installed at different locations in the slope (Figure 3.20), but the data
from 3 of them (Pz4, Pz5, and Pz6) was not logged due to a problem with the data logger.
The variation in the groundwater level, location, and installation depth of the piezometers are
shown in Figure 5.12. Piezometer 3, which was located in the lower part of the sprinkled area
near to cluster 1 at a depth of 3 m, showed the first rise in the piezometric level, after about
600 mm cumulative rainfall in the lower part of the slope. The start of this increase in water
table is about 3 hours after the very intense peak in the applied rain (time point 5 in Figure
5.1). This observation can be explained by the sudden change in the hydraulic conductivity of
the upper unsaturated zones of the overlying soil and an increase in the discharge rate to the
lower parts. The same response was seen in the PWP and VWC changes in all 3 clusters.
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The rise is relatively rapid, reaching a maximum value of around 70 mm water depth during
ca. 10 hours, which is equivalent to 1.94 × 10-6 m/s. This value is comparable to the saturated hydraulic conductivity of the soil. A slight decrease of 20 mm occurs in this value within
the next 5 hours, after the peak, but the water level remains constant until rainfall has been
stopped.
Piezometer 1, located in the middle of the field near cluster 2, at a depth of 4 m, measured a
sharp increase in the water table ca. 14 hours after the sudden increase in the applied rain at
time point (5). The difference in the response time of these two piezometers can be explained by the difference in the rain intensities on the lower part and middle of the field and
also on the installation depth of the piezometers. However, the rate of increase in the water
depth in the piezometer 1 is three times greater than that in piezometer 3. Drainage of 100
litres of water within 5 minutes was recorded in the borehole made for installation of piezometer 1 during a slug test, implying fractured bedrock at the base at this point. Accordingly, the
greater rate of increase in this piezometer can be attributed to the well interconnected system of fissures, directing the flow of water to this point. With a small decrease in the rate, the
piezometric height increased constantly until the end of the applied rainfall. The maximum
water depth measured in the middle of the field, just before the second drying phase (D2),
was ca. 190 mm.
The height of the water table decreased to zero after D2 in both boreholes for piezometer 1
and 3. The rate of decrease in the water depth in piezometer 1 is higher than that in piezometer 3 during the drying phase. This observation supports the theory of well interconnected
fissures in the fractured bedrock at the middle point of the field that functioned apparently as
a drainage system.
Piezometer 2 was installed outside the test site that was sprinkled, at the lower left corner.
The base of the borehole is located about 400 mm inside the bedrock (sandstone) or the
inside the very stiff, slightly-weathered transition zone. The majority of the bedrock surface is
inclined laterally from the right hand side of the field to the left, based on the DPL results as
indicated in the Figure 3.14. This piezometer has been installed to capture the lateral flow
over and inside the bedrock.
There is a minimal increase in the height of the groundwater level at piezometer 2, approximately 1 hour after the start of sprinkling (Figure 5.13). Although the changes in the piezometric height measured by this sensor are within the precision range of the instrument, there
is a systematic increase in the measurements during and after the artificial rainfall. This indicates a hydraulic connection via either the soil mass (especially through the porousweathered layer over the sandstone), or the cracked bedrock. Lateral outflow of water from
the sprinkled area was observed during the artificial rainfall at a point ca. 30 m south of the
field.
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Figure 5.12: Groundwater level at different points on and outside of the slope during the monitoring experiment (October 2008).

Figure 5.13: Groundwater level measured by piezometer 2 outside of the sprinkled area during the slope monitoring experiment (October 2008). Blue line shows the readings of the piezometer and red line illustrates the average value of each subsequent 10 readings.

5.1.5

Surface and subsurface movements

Photogrammetric analysis showed the highest values of movements in the vertical (Z) direction (the coordinate system is shown in Figure 3.36) occurred at the upper right quarter of the
slope, after comparing the coordinates of the target points before and after the slope monitoring experiment. Despite the fact that the magnitude of measured movements is just greater
than the precision of the measurements, the contour of the movements shows a systematic
decrease in Z component (settlement) of target points in the upper right area of the slope
around two peak zones close to P3 and M2 (Figure 5.14). This finding is in accordance with
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the expectations, because bedrock has been found to be shallower and less permeable in
this region and also less root reinforcement was measured. Therefore some movements
were expected in this area, however the horizontal movements did not illustrate a systematic
pattern over the surface (Akca et al., 2011).
The sign convention for strain inclinometers (Figure 3.29) is shown again in Figure 5.15a, in
which downslope movement due to an active force acting above the slip surface causes
positive bending strain and the resisting passive force below the inflection point, causes negative bending strain. The Strain Inclinometer located close to the zones of greater settlement
(SI3) showed downslope movements at all depths from the surface to 1.23 m until the peak
rainfall event at time point (5) (Figure 5.15b). The values of the strains are very small, but the
trend shows an increase in down-slope deformations with cumulative rainfall. However,
shortly after the sudden increase in the rain intensity, the strain gauges at depths of 89 cm
and 72 cm measured divergences in the sign of the bending strain increments. These time
spots are marked by dashed vertical lines in Figure 5.15b. This divergence in the bending
strain trend may be an indication of the formation of a slip surface at this depth (Section
3.3.6).
Figure 5.16b shows the changes in deformation profile of SI3 at different stages during the
monitoring experiment. Even though the general shape implies a downward movement of the
slope in the soil overlying the bedrock, the generation of a slip surface at a depth of around
80 cm can be seen at time spot 31.10.2008 12:00. This is the time that the measured bending strains at 72 cm and 89 cm had diverged. The records of bending strains show a small
recovery after the artificial rainfall had been stopped, which can be attributed to the effect of
rain drops over the outside part of the Strain Inclinometer or recovery of the elastic deformations of the soil (Figure 5.15b).

Figure 5.14: Contours of movements in Z direction after the slope monitoring experiment,
based on the photogrammetry results (data from Akca et al., 2011) (refer to Figure 3.36 for the sign convention).
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Figure 5.15: a) Sign convention for the deformation, horizontal soil pressure, and bending
strain of SIs, b) bending strains for SI3 at different depths below the surface, located in instrumentation cluster 3, plotted with rain intensity during the slope
monitoring experiment (October 2008).
The deformed shapes of the Strain Inclinometers 1, 3, and 4 at different stages of sprinkling
are presented in Figure 5.161. The Strain Inclinometers in the upper part of the slope (SI3 &
4) show downward movements during the first day of the sprinkling. This behaviour might be
attributed to the settlement of the perimeter soil, filling possible gaps between the Strain Inclinometer and the wall of the borehole.
1

Five out of 8 strain gauge bridges installed on Strain Inclinometer 2, located in cluster 1, showed
faulty records; therefore, the results are not presented here.
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Figure 5.16: Deformation calculated for the Strain Inclinometers during the slope monitoring
experiment in October 2008, a) SI1, b) SI3, and c) SI4.
SI1 showed pronounced movements at depths of 120 cm and 140 cm, respectively in the
lower part of the slope. This shear zone applied negative bending strains to the strain gauges
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located below it and positive strains to upper adjacent ones (Figure 5.15a). The absolute
value of positive bending strain can be significant, depending on the structure of soil around
the Strain Inclinometer, and the magnitude of imposed passive pressures on the sensor
above a shear zone (refer to Figure 3.28). These localized significant positive strains introduce an upward “calculated” deflection in the Strain Inclinometer, which can be not representative of the movements in the soil mass. This process is seen in SI1, where upward deflections in the Strain Inclinometers are calculated between depths of 40 cm and 110 cm after the generation of shear zone. A shallow movement is also detected at a depth of around
45 cm in this Strain Inclinometers.
The inclination at the top of the Strain Inclinometers (measured by double-axis inclinometers)
are shown in Figure 5.17a. Air temperature has a major effect on the readings of the inclinometers, because they are installed 20 cm above the ground surface. Accordingly, the results are calibrated versus temperature changes. The results show that the outside parts of
the Strain Inclinometers incline as multi-material cantilever beams do1, similar to the conventional mechanical bimetallic thermostats. The upper part of the Strain Inclinometer bends
upslope with decrease in the temperature and it rotates back with increasing temperature
according to the measurements (Figure 5.17a).
However, the effect of the temperature can be neglected on the relative inclinations2 of different areas of the slope. The difference between the results of the inclinometers installed in
the upper (cluster 3, SI3&4) and the middle (cluster 2, SI1) parts of the slope are reported as
the relative inclination of the upper half of the sprinkled area, and the difference between the
inclinometer results of the middle (cluster 2, SI1) and the lower (cluster 1, SI2) parts of the
test site, can be used as an indication of the movements in the lower half of the slope (Figure
5.17b). The positive values indicate the increase in the distance between the Strain Inclinometers, and negative values indicate decrease in the distance between the Strain Inclinometers in Figure 5.17b.
The general trends of the relative inclination curves can be divided into two main parts,
namely before and after the sharp increase in the rain intensity (which is marked by dashed
line in Figure 5.17a, b). A change in the relative inclination trend after the sudden increase of
the rain intensity can be observed in all of the curves. There is a sudden increase in the relative inclination in the upper half of the slope, about one hour after this burst of rainfall. The
increase is greater in the upper right part of the slope (SI3). Moreover, this change implies a
reduction in the distance between SI4 and SI1, which can be attributed to the generation of a
shear zone at depth of 80 cm (Figure 5.16b) and creation of positive bending strains at points
above the shear zone (Figure 5.15a).

1

The materials here are the core Aluminum plate and the plastic cover on both sides of this plate.
Relative inclination is calculated by the subtraction of the inclination of one sensor from the inclination of the other one.
2
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Figure 5.17: Inclination of the sections of Strain Inclinometers that are above ground surface,
a) rotation of the top inclinometer for Strain Inclinometers SI1 to SI4 and the air
temperature, b) relative rotation of the top inclinometers in the lower and upper
halves of the slope during the monitoring experiment in October 2008.
5.1.6

Horizontal soil pressure and external bending work

The variations in the horizontal soil pressures, measured by Gloetzl cells (Section 3.3.5), at
three clusters at the depth of 60 cm are illustrated and compared in Figure 5.18a&b. The
measurements show a decrease in horizontal pressures from the toe of the slope (cluster 1)
to the top (cluster 3). These results are consistent with the existence of a compression zone
in the lower part of the slope and a tension zone in the upper part of an unstable slope.
The changes in external bending work per unit volume of the Strain Inclinometers (refer to
Section 3.3.6 and Equations 3.18 to 3.21) are illustrated the Strain Inclinometers SI1, SI3,
and SI4 versus time, in Figure 5.18c. The general trend of these curves shows an increase in
the applied work after the start of rainfall, some fluctuations during the rain, and stable values
or decrease, after the precipitation stopped. These graphs illustrate higher amounts of exerted energies in the upper part of the slope, where the eventual failure occurred in the second
sprinkling experiment in March 2009 (Askarinejad et al., 2010b; Springman et al., 2010).
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The pressure cells react to both equal and unequal pressures on the faces. Therefore, they
have to be corrected against the changes in the air pressure. The air pressure decreases by
an amount of about 1 kPa, 65 hours after the start of rainfall (Figure 5.18e). Similar decreases are also seen in the results of the pressure cells, however there is a time lag of about 7
hours between the minimal extreme in the air pressure and that of the soil pressure. Subsurface analysis of the air pressure fluctuations in other experiments has shown also phase lags
and decreases of the amplitude of the pressure with depth (e.g. Stephens, 1995). The data
of the soil pressure measurements are corrected according to the amplitude and the phase
lag of the air pressure. However the difference in the logging rate of the air pressure (every
10 minutes) and the earth pressure (1/100th of second) and the sensitivity of the two instruments might have some effects on the results.
It is assumed that the effect of air pressure is similar for all three sensors, due to the fact that
the three earth pressure cells are installed at the same depth of 60 cm inside the soil and the
difference in their elevation is not significant enough to affect the atmospheric pressure. Accordingly, the difference in the readings of the cell pressure from clusters 1 and 2 (i.e. pressure in the lower half of the slope) and the difference of pressure cells installed in clusters 2
and 3 (i.e. pressure in the upper half of the slope) are determined to exclude the air pressure
effects on the measurements (Figure 5.18a). The pressure in the upper half of the slope is
generally higher than that in the lower half of the slope, which might be an indication of less
stability in the upper half. This hypothesis is supported by the fact that higher amounts of
external bending work per unit volume are measured by Strain Inclinometers in the upper
part of the slope (Figure 5.18c) and also larger movements were measured in this area
(Figure 5.16b&c).
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Figure 5.18: a) Relative horizontal earth pressure in the middle and lower part of the slope
with respect to the upper part (Ci: measurements at cluster i), b) Horizontal earth
pressure (without correction for air pressure change), c) External bending work
per unit volume of Strain Inclinometers, d) Applied rain intensity and cumulative
rainfall, e) Air and subsoil temperature and air pressure (Slope monitoring experiment, October 2008).
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The responses of the slope to the natural precipitation events were monitored during the period between 31.10.2008 and 16.03.2009. A total amount of 315.6 mm of precipitation was
measured in this period (Figure 5.19), which is 7% higher than the norm values of precipitation for this period (Figure 3.5, records of the Bülach meteorological station). Details of the
PWP and VWC measurements and meteorological data are reported in Appendix H.
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Figure 5.19: Natural precipitation recorded for the period of 31.10.2008 and 16.03.2009 for
Ruedlingen test site.

5.2.1

Pore water pressure

The changes in PWP at cluster 3 during the monitoring period during which the slope was
subjected to natural precipitation are shown in Figure 5.20. This cluster is chosen because
the subsequent failure, which occurred during the landslide triggering experiment (Section
5.3.3), was initiated at a depth of 120 cm in the upper part of the slope. The data from the
other two clusters are illustrated in Appendix H.
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Figure 5.20: Pore water pressure at cluster 3 during the monitoring period from 31.10.2008 to
16.03.2009 under natural precipitation.
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Pore water pressure decreased by an average value of 12 kPa over the depth of the soil profile monitored during 21 days after the Ruedlingen slope monitoring experiment. The minimum value of the PWP during this drying period was -8.3 kPa at depth of 30 cm. A series of
precipitation events started on 19.11.2008 and continued for approximately one month. The
shallower tensiometers installed at depths of 30 and 90 cm showed more dynamic responses
to the natural precipitation compared to the deeper ones at depths of 120 and 150 cm. The
second major drying phase started on 20.12.2008 and lasted until 18.01.2009. The minimum
values of PWP in this phase are less than those measured during the first drying phase and
it was a maximum suction of 10 kPa measured by the tensiometer at depth of 30 cm. The
PWP had a general increasing trend for the period of 18.01.2009 until the start of the landslide triggering experiment on 16.03.2009. The profiles of the PWP from all three clusters are
shown in Figure 5.21 at 5 time points. These time points are defined by the vertical lines
drawn in Figure 5.20. These graphs show that the PWP never attained positive values under
natural precipitation events at any point of soil profile.
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Figure 5.21: Profiles of the PWP of a) cluster 1, b) cluster 2, and c) cluster 3 during the monitoring period of the slope subjected to natural precipitation for specific date during the period from 31.10.2008 to 16.03.2009.
Pore water pressure at a depth of 120 cm of three instrumentation clusters
The pore water pressures at a depth of 120 cm of three instrumentation clusters are compared in Figure 5.22. The measurements reveal that the PWP at cluster 2 attained lower values compared to the other 2 clusters, which might be an indication of the existence of finer
soil in this local area. Moreover, it can be observed that the increase in PWP at this cluster,
as a response to the natural rainfall, occurs slower and to a lesser degree than the other
clusters. For example, the tensiometer at cluster 2 measured increases in PWP 119 hours
after the rain event in 20.11.2008, the time required for the tensiometers at clusters 1 and 3
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was 76 and 43 hours, respectively. This observation implies lower hydraulic conductivity of
the soil matrix in the middle of the slope.
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Figure 5.22: PWP at a depth of 120 cm for 3 clusters when subjected to natural meteorological conditions (November 2008 – March 2009).
Abrupt increases in the PWP and quicker drainage are recorded for the tensiometer installed
in cluster 1. This cluster is located in the lower part of the slope and right above the convex
shape of the bedrock (Figure 3.20). The shape of the bedrock can favour subsurface flow of
the infiltrated water towards this location, and therefore more rapid increases in PWP are
measured for this point. However, the insitu hydraulic conductivity measurements at this area
indicate the existence of fissures in the bedrock, which can function as drainage for the accumulated water behind the bedrock buttress.
The tensiometer at cluster 3 generally showed lower values of PWP compared to that at
cluster 1. However, the increases in the PWP measured by this sensor were higher than
those at cluster 1 after the rain event at 07.02.2009 (Figure 5.22). This observation might be
explained by the delivery of water from upper regions through the permeable-non lithified
sandstone layer at this level (Figure 3.15 and Figure 3.16). However, the PWP at a depth of
120 cm in three clusters rarely attained positive values and the maximum pressure was
measured to be 0.3 kPa during this whole period of 140 days.
5.2.2

Groundwater table

The changes in the groundwater level at three points of the test site, measured by piezometers 1, 2 and 3 (refer to Figure 3.20 for the location of these sensors) are illustrated in Figure
5.23. The accumulated water in the piezometer boreholes 1 and 3 drained within less than 3
hours after the stop of the artificial rainfall in the first experiment and they did not show rises
of more than 0.01 m in the water level during the subsequent 140 days monitoring period.
However, piezometer 2, which was installed at the outer corner of the sprinkled slope meas-
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ured an increase in the groundwater level at a fairly constant rate of 5.1×10-6 m/s for the first
39 days after the monitoring experiment. This linear increase in water level is followed by an
abrupt jump on 9.12.2008, which might be a 4-day-delayed reaction to the rainfall events of
2.12 until 5.12.2008. The water level started to decrease in this piezometer borehole approximately 3 days after the rain event and reached zero on 17.12.2008 for the first time after the
monitoring experiment. The rises of the groundwater table occurred quicker after this drop,
but no general pattern is observed for the drainage rate.
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Figure 5.23: Groundwater level at three different points on, and outside, the experimental
slope subjected to natural meteorological conditions (November 2008 – March
2009).

5.3 Landslide triggering experiment
5.3.1

Rainfall

The 10 sprinklers from the first experiment (Figure 3.20) and 4 additional ones were rearranged with variable spacing that was selected to provide more intense rainfall to the upper
part of the slope (Figure 5.24), where less root reinforcement (Figure 3.19) and shallower
bedrock (Figure 3.14) were expected. The discharge of each sprinkler was calculated based
on its installation location on the slope and hydraulic losses within the hoses and at the connections. The slope is divided into seven zones and the amount of discharged water is calculated for each zone, according to the area of the zone and number of sprinklers in it (Figure
5.24).
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Figure 5.24. Location of the sprinklers, rain gauges, piezometers and different raining zones
in the Ruedlingen landslide triggering experiment. (CL: instrumentation cluster).
The rain spectrum is shown for each zone in Figure 5.25. The average rain spectrum will be
shown in the next sections as the representative rainfall scenario for the measurements.
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Figure 5.25. Artificial rainfall intensity applied to the different zones on the Ruedlingen slope
during the landslide triggering experiment.
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5.3.2

Decrease of the lateral root reinforcement along the sides

Roots were severed to a depth of 40 cm along the longitudinal borders of the site in order to
decrease the lateral root reinforcement. The influence of this reduction in root reinforcement
on the factor of safety of the slope is investigated analytically in Chapter 7.
5.3.3

Landslide

The rainfall started at 12:30 on 16.03.2009. The instruments installed in cluster 3 registered
quicker increases in PWP and VWC compared to the other two clusters, because the rain
intensity was higher in the upper part of the slope. Groundwater table started to develop over
the bedrock after 4 hours of artificial rainfall, and rose to a height of 1.4 m within the next 5
hours (Section 5.3.6).
The photogrammetry cameras recorded visible movements in the upper right quadrant of the
slope, approximately 13 hours after the start of the rainfall. The movements accelerated at
3:00 on 17.03.2009 and a tension crack opened up with increasing width in the upper right
part and spread towards the left hand side of the field at 3:23 (Figure 5.26). A sliding mass
was formed and travelled in a stepwise manner with increasing velocity along the scar left
from cutting the vegetation on the right hand side. The mobilised debris of approximately 130
m3 moved downward towards the three tree stumps in the middle part of the field. The
stumps redirected the flow of the debris to the right hand side, where the debris was retained
by the protection barrier at the bottom of the slope (Figure 5.27b). Exfiltration of water from
the bedrock at two locations at the back of the failure scar was detected from the high resolution photographs (Figure 5.27a). The stepwise acceleration of the sliding mass can be attributed to the loss of resistance caused by pull out and breakage of the roots (Figure
5.27c&d).
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Figure 5.26. Sequence of movements of the destabilised soil mass due to artificial rainfall in
the Ruedlingen landslide triggering experiment (March 2009)1.

1

Film under: http://www.cces.ethz.ch/projects/hazri/tramm/failure_movie_Ruedlingen
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Figure 5.27. Post landslide records of observations, a) locations of the exfiltration from the
bedrock after the landslide (date, time: 17.03.2009, 3:25), b) protection barrier
and retained debris, c&d) pulled out and broken roots (date: 17.03.2009).
5.3.4

Changes in the pore water pressure

Profiles of the PWP at different clusters during the rainfall are shown in Figure 5.28. The increase in pore water pressure occurred faster in the upper part of the slope (cluster 3) compared to the middle and the lower parts. The wetting front reached a depth between 30 and
60 cm within the first hour of rain in cluster 3, while it was shallower than 30 cm and 15 cm at
this time in clusters 2 and 1, respectively. This observation is due to the higher intensities of
the rain in the upper zones of the slope.
The profile of pore water pressure did not show significant changes from time 12 h until the
failure at time 15 h in clusters 1 and 2. However, the pore water pressure decreased at
depths of 30, 60, 120 and 150 cm with an average value of 0.7 kPa in cluster 3.
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Figure 5.28. Profiles of the PWP at a) cluster 1, b) cluster 2, and c) cluster 3 during the artificial rainfall event for the landslide triggering experiment. (Time begins from the
start of the artificial rainfall: 16.03.2009 12:30).
5.3.5

Changes in the volumetric water content

Figure 5.29 shows the changes in volumetric water content (VWC) over 15 hours of artificial
rainfall during the landslide triggering experiment. The volumetric water content at a depth of
60 cm increased from 28% to around 45% during this period, while this change was from
around 25% to a maximum value of 59% at a depth of 120 cm. The shallower TDRs at 60
and 90 cm responded to the rainfall after 50 and 100 minutes, respectively. However, the
deeper TDRs at 120 and 150 cm showed increases in VWC after 100 and 140 minutes. The
TDR at the depth of 120 cm measured higher values of water content, compared to the TDR
at 150 cm. This can be due to difference in porosity of the soil at these two depths, or to a
local perched water table at the depth of 120 cm, as indicated by the response in cluster 3
after 3 hours (Figure 5.28c).
The TDR at a depth of 120 cm, which was the nearest instrument to the slip surface, measured a decrease in water content after about 10 hours of measuring an almost constant
VWC. This occurred about 1 hour before the failure at 14 hours (Figure 5.29).
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Figure 5.29. Applied rainfall and changes in the volumetric water content in the upper part of
the slope (Cluster 3) during the Ruedlingen landslide triggering experiment
(March 2009).
5.3.6

Water table

Data from 5 Piezometers were recorded during the landslide experiment (Appendix H). Piezometers Pz4 and Pz5, which were inside the failure zone (Figure 5.24) and had been installed at depths of 3 m and 1.4 m, respectively, also showed decreases in the piezometric
level with Pz5 responding at time 14.08 h (Figure 5.30). This time is similar to the time when
the TDR at depth of 120 cm in cluster 3 recorded a drop of 4% in the VWC. Pz4 responded
about 20 minutes later but still 25 minutes before the failure, probably because it is installed
deeper than the eventual failure surface. These observed decreases in the pore water pressure, volumetric water content, and water levels can be attributed to the dilation of the soil at
the failure surface or piping of the fine grained material.
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Figure 5.30. Applied rainfall and changes in the groundwater level of the slope during the
Ruedlingen landslide triggering experiment (March 2009).
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5.3.7

Integrated analysis of the landslide event

The location of Strain Inclinometers, Gloetzl pressure cells and three piezometers are shown
in Figure 5.31 with respect to the failed area. SI3 is located inside the failure zone, while SI4
is at the border between the failure wedge and the stable part. SI1 is located in the contraction zone at the toe of the failure surface and SI2 is in the run out part of the failed landslide
debris. Five out of the 8 strain gauge bridges installed SI2 were damaged.

Figure 5.31. The location of the Strain Inclinometers (SI), Piezometers (Pz) and Gloetzl cells
(G) with respect to the failed zone.
The start time of the fast data logger was at 15:44:20 on 16.03.2009, due to some electrical
problems, which was about 3.25 hours after the start of the sprinkling at 12:30:00.
The changes in the rain intensity measured by the uppermost rain gauge in cluster 3, which
was the location at which shearing was initiated, are shown in Figure 5.32a. This rain gauge
measured higher intensities because it was located in the upper part of the slope, where
more sprinklers were located. The changes in the air temperature and soil temperature at the
depth of 60 cm in cluster 2 are also shown in Figure 5.32a as well. The soil temperature sensor measured a rapid rise about 4 hours after the start of the rainfall, and after that it stayed
constant. This rise can be attributed to the arrival of the wetting front to this depth.
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Figure 5.32. a) Rainfall measured at cluster 3, soil temperature at 60 cm depth at cluster 2
and air temperature measured at the upper part of the slope, b) changes in the
average absolute bending strain of Strain Inclinometers and piezometric height
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The average absolute bending strain along different Strain Inclinometers is illustrated in Figure 5.32b. This parameter can be used as an indication of the average magnitude of bending
of the Strain Inclinometer. The general trend of the curves of all of the SIs shows an increase
in the average bending strains during the course of the rainfall event. The rate of bending of
SI3 accelerates at time 6.5 hours and reaches a peak about 1 hour before the failure. There
is a decreasing trend in the average absolute bending strain for this Strain Inclinometer after
this peak, and finally the strains accelerate faster again about 25 minutes before the failure.
A similar trend, but with lower values of bending strain, can be seen in the measurements
from SI4. Similarly, the curve reaches a maximum and then drops before the final accelerating rise prior to failure. These two Strain Inclinometers were both installed in cluster 3 in the
upper part of the slope. SI3 was on the right hand side of the field where the bedrock was
shallower and less root reinforcement was expected. The curve for SI1, which was installed
in cluster 2 in the middle of the field and at the toe of the failed zone, shows an accelerating
increase in the average absolute bending strains about 1.5 hours before the failure. This time
is 30 minutes before the time when the bending strains measured by SI3 and SI4 were experiencing the final maximum extreme.
The changes in the piezometric height of the ground water at three locations inside the failed
area are also shown in Figure 5.32b. Piezometer 4, which is installed in cluster 3, has a
depth of 300 cm and functions more like a well, i.e. the gap between the piezometer casing
and the borehole wall is filled with coarse and highly permeable sand, which conveys water
along the borehole to the piezometer tube. This sensor shows increases in the water level
about 4 hours after the start of the rainfall and levels off with a value of 1.6 m. Similarly, piezometer 5 is located on the right hand side of the field between clusters 2 and 3, at a depth
of 1.4 m, and shows an increase in the water table with about 3 hours delay compared to
piezometer 4 and then it stays stable at a piezometric height of 0.8 m. Piezometer 1, installed
in the middle of the field, has a depth of 4 metres and measures a water table of 25 cm from
the beginning of the experiment. However, it showed a slight drop 6 hours after the start of
the rainfall, followed by a constant and mild increase until 2 hours before the failure when
also a similar drop of about 10 cm was measured. Likewise, piezometers 5 and 4 showed
decreases in the water level about 55 and 20 minutes before the failure, respectively. The
time of the drop detected by the piezometer 4, which was the closest piezometer to the slip
surface, coincides well with the starting time of the fast increases in the bending strains
measured by SI3, which is also the nearest Strain Inclinometer to the initiation zone of the
failure. These decreases can be attributed to the dilation of the soil at the failure surface or
piping of the fine grained material. The drops measured by piezometer 1 at the depth of 4
metres, which is inside the bedrock, might be explained by occurrence of changes in the
pore water pressure distribution inside the soil mass, as a water supplier to the draining interconnected fissures of the underlying sandstone.
The changes in horizontal earth pressure at depth of 60 cm are illustrated in Figure 5.32c for
all clusters. The pressure cell at cluster 1 in the lower part of the slope showed a sharp increase of about 1 kPa during the early stages of the rainfall and then it continues to increase
at a rate of 0.07 kPa/hr. However, the pressure cell in the middle of the slope at cluster 2,
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which is at the compression zone of the failed area, showed increases from the beginning of
the measurements and this increase accelerated at about 2.5 hours before the failure. This
time coincides approximately with the time when the bending strains of SI3 accelerated towards the local peak at about 11 hours (Figure 5.32b&c). The readings of the pressure cell at
the upper zone (cluster 3) showed lower values compared to the pressures measured by the
other two sensors. This can be attributed to the fact that, this cell was installed closer to the
extension area of the failure, therefore the pressures were lower. However, this cell also
showed an accelerating rise in horizontal soil pressure about 1.5 hours before the failure.
The difference in the horizontal pressures of the middle and the lower parts of the failed zone
during the course of the rainfall is also depicted in Figure 5.32c. This graph shows similar
shapes and trends to the graph of the bending strains, especially that of SI3. The pressure
difference increased from the starting phases of the rainfall and reached a peak value of
about 2 kPa and then it dropped about two hours before the failure. This is the time when the
pressure in cluster 3 rose at a rate of 0.28 kPa/hr. This behaviour can be an indication of the
onset of major movements in the upper part of the slope. Cluster 3 is located in the middle of
the failed area and therefore, the pressure cell installed in this cluster might have been loaded due to the movement of the upper unstable parts.
The changes in the external bending work per unit volume of the Strain Inclinometers are
presented in Figure 5.32d. The general trend of the curves for SI3 and SI4 are similar to the
changes of the average bending strain and the pressure difference in the failed zone. Higher
values of external bending work per unit volume of SI3 compared to SI4 might be an indication of larger movements on the right hand side of the field. This hypothesis is supported by
the surface movement measurements using photogrammetric approaches.
5.3.8

Depth of the failure surface and profile of the subsurface movements

Two of the Strain Inclinometers (SI3 and SI4) were inside the failed area and one (SI1) was
located in the middle of the slope in the compression zone of the failure surface. The movement of the slope calculated based on the data from the Strain Inclinometers 4 and 1, is discussed in this section.
The lower part of SI4, installed in the left part of the eventual failure zone (Figure 5.31), was
completely fixed into the bedrock and remained stable during the failure. On the contrary, the
lowest part of the SI3, located on the right hand side of the failure, was removed by the landslide from the weathered bedrock. Accordingly, the boundary condition of fixed end, which is
necessary to calculate the deformations from the measured bending strains, is not valid for
SI3 during the last minutes of the experiment, when large deformations occurred.
There is a change in the sign of bending strain at the point where the failure surface hits the
Strain Inclinometer. The lower strain gauge measures positive strains (downslope face in
compression) due to the active soil pressure and the upper strain gauge shows up-slope
bending (bottom face in tension) or negative bending strains due to the passive pressure
(Figure 5.15a). Schematics of the interaction between the failure surface and Strain Inclinometer are illustrated in Figure 3.28 and Figure 3.29. Accordingly, the depth of the failure
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surface can be estimated by determination of the depths of adjacent strain gauges with different bending strain signs.
The changes in the bending strain at different strain gauge points along SI4 are shown in
Figure 5.33. The variations in the bending strain at different depths along the Strain Inclinometer show the dynamic behaviour of the soil mass during the sprinkling. It can be seen
that the strain gauges located at the depths of 114 and 145.5 cm started to measure similar
values but with different signs, about 5 hours before the failure. This can be interpreted as
the initiation time of the shearing at this location. The strain rates at these two points accelerated 30 minutes before the failure.
The deformation profiles of SI4 at different time spots are shown in Figure 5.34. Two slip
surfaces can be determined at depths of 50 cm and 130 cm by tracking changes in the
shape of the deformed Strain Inclinometer. These two surfaces have interactive effects on
the behaviour of the Strain Inclinometer due to differences in the initiation time and speed of
propagation. The calculated depth of the failure surface by the bending strain approach
agrees well with the field observations after the failure (small photo in Figure 5.34).
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Figure 5.33. Changes in the bending strain at different points along SI 4 during the landslide
triggering experiment (March 2009).

Figure 5.34. The changes in the deformation profile of SI4 during the landslide triggering experiment (March 2009). The small photo on the left upper part of the graph
shows the deformed SI after the failure.
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Bending strain (microstrain)

The depth of the shear zone at the toe of the failure surface (cluster 2) can be determined by
tracking the bending strain variations of SI1. The bending strain during the last minutes before the failure at the depths of 39.5 cm and 63.8 cm (cluster 2) are depicted in Figure 5.35.
The graph shows that the divergent tilting of the two points started with an increasing rate at
time 278 s and reaches peaks in both depths at about 281.8 and 282 s. The lower strain
gauge at a depth of 63.8 cm shows negative strains, which is equivalent to a positive resisting force and the upper strain gauge shows increases in the active force. This observation
indicates the development of a shear zone at the depth between these two strain gauges.
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Figure 5.35. Changes in the bending strain at depths of 39.5 cm and 63.8 cm of SI1 installed
in cluster 2 during the last 5 minutes before the failure in the landslide triggering
experiment (March 2009). (Failure occurred at time 286.48 s in this time reference).
5.3.9

Movements during the failure

The data from the last five minutes of the experiment, before the occurrence of the landslide,
are presented in this section in order to explain the initiation and development of large strains
during this period. The average absolute bending strain for different SIs are illustrated in Figure 5.36a. The results show that the SI3 measured strain rates of about 1 micro strains/s
during the first 200 seconds, and then this rate accelerated and reaches 20 times more during the next 70 seconds. Subsequently, the strain rate increased until the final failure at 283
s. The strain rate on the right hand side of the failed area (SI3) was marginally higher than
that of the left hand side during the first 200 seconds (Figure 5.36a). It can be interpreted that
the movements on the right hand side of the field were faster than those on the left hand
side, which was possibly due to the fact that the bedrock was shallower on the right hand
side and there was less root reinforcement in this area. An enlarged view of Figure 5.36a
during the last 20 seconds before the failure are presented in Figure 5.36b. It can be seen
that the strain rate for SI3 followed a decreasing trend during the time between 270 s and
276 s and then it increased until reaching the peak of more than 10000 micro strains/s at
time 282.8 s. SI4 also showed two peaks in the strain rate at the time span of 280 s to 285 s
and then it followed a decreasing trend.
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SI1 showed a lower peak in the strain rate with a delay of 3.2 seconds (compared to SI3) in
the middle of the slope and at the toe of the failure surface. Accordingly, the velocity of the
movements can be calculated based on the response time of the SIs and the distance between them, if it is assumed that the peaks of strain rate illustrate the times when the uppermoving-soil mass hits the SIs. Therefore, the velocity of the failure mass between the SI3
and SI1 (with about 10 m distance) is calculated to be about 3 m/s.

Figure 5.36. The average absolute bending strain rate for SI1-4 a) during the last 5 minutes
before the failure, b) a zoomed view into the last 20 seconds.
The strain rate at different depths in the middle part of the failure zone (SI3 and 4) are presented in Figure 5.37. The bending strain rate at the lower end of SI3 (depths of 123 and 140
cm) increased at time 200 s (~86 seconds before the failure). This can be interpreted as the
initiation time of large strains at this point between 123 cm and 140 cm depth, but with opposite signs. This can be an indication of development of a failure surface at the interface of the
soil and the bedrock, in which the Strain Inclinometer has been embedded and grouted. The
horizontal pressure applied to the Strain Inclinometers are back calculated from the bending
strains (as discussed in Section 3.3.6) and illustrated in Figure 5.38a. The hypothesis of the
existence of the shear zone at the lower end of SI3 is supported by the concentration of horizontal pressure at this point (Figure 5.38a). This concentration of large strains and pressures
at the lower end of the Strain Inclinometer can affect the reliability of the calculated deformations, as the deformation calculations are based on the assumption of a fixed boundary
condition.
Comparing the strain rates of SI4 and SI3 (Figure 5.37), it can be concluded that large deformations of failure surface initiated about 1 minute before the failure from the right hand
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side of the field and that these then propagated to the left hand side, at a similar depth of 130
cm. The depth of the failure surface on the left hand side can be seen from the changes in
the pressure profile of SI4 (Figure 5.38b). The magnitude of measured horizontal pressures
by the Strain Inclinometer on the right hand side of the field (SI3) is about 8 times more than
those applied to SI4 on the left hand side. This can be due to the fact that the failure surface
is sliding over the interface between the soil and bedrock on the right hand side, into which
SI3 is grouted, and therefore more pressure is exerted due to the higher stiffness of the mortar connection. Field observations revealed that this Strain Inclinometer 3 was removed from
the bedrock by the landslide.

Figure 5.37. Variations of the bending strain rate during the last 2.5 minutes before the failure
in the landslide triggering experiment (March 2009), for a) SI3, b) SI4.
The progressive changes in the profiles of the bending moment and deformation of SI4 during the last five minutes before the failure are depicted in Figure 5.39. This figure illustrates
the gradual increase in the deformation of the Strain Inclinometer, and the change in the sign
of the bending moment at the depth where the shear zone meets the sensor.

137

5.3 Landslide triggering experiment

Figure 5.38. Profile of horizontal pressure in a) SI3 and b) SI4, during the period of 5 minutes
before failure. Failure time is 286 s. Large arrows in the figures show the direction of down-slope movements, i.e. negative pressures are acting down-slope.

Figure 5.39. Profiles of a) bending moment and b) lateral deformation for SI4 during the period of 5 minutes before failure, failure time is 286 s.
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The changes of average absolute velocity of different Strain Inclinometers during the last 5
minutes of the experiment before failure are illustrated in Figure 5.40. The average absolute
velocity of SI3 and SI4 are calculated to be similar and vary between 0.02 mm/s and 1mm/s
until 20 seconds before the failure. The maximum velocity measured by the SI4 before the
failure is about 100 mm/s which happens about 5 seconds before the failure. The Strain Inclinometer in the middle of slope and at the toe of the landslide (SI1), shows velocities of
about two orders of magnitude less than those of SI3 and SI4, but the soil around SI also
accelerated about 60 seconds before the failure. This Strain Inclinometer measured a maximum velocity of 1 mm/s during the sliding. The maximum velocities measured by the Strain
Inclinometers are less than the maximum velocity of the landslide. This is due to the fact that
the strain gauges might reach their capacity during large deformations and further deformations cannot then be measured by the Strain Inclinometers.
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Figure 5.40. Average absolute velocity of SI1, SI3, and SI4 during the last 5 minutes of experiment before the failure.
Figure 5.41 shows the changes in the horizontal soil pressure, pore water pressure and the
corresponding changes in the effective horizontal pressure measured at a depth of 60 cm in
all 3 clusters during the last 15 seconds before the failure. Horizontal soil pressure (Figure
5.41a) was generally higher in cluster 2, which was located in the compression zone of the
failure surface.
The sensor installed in cluster 3 is located in the middle of the failed mass and measured a
maximum extreme of 12 kPa, about 10 seconds before the failure. Subsequently, it attained
a higher peak of 15 kPa, 5 seconds later. Similar behaviour, but with 5 seconds delay could
be seen in the bending strain rate of SI4, which was also installed in the same cluster (Figure
5.36b). Another peak of pressure was measured at 13 kPa in the upper cluster, another two
seconds later again.
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Figure 5.41. Data measured at a depth of 60 cm in all three clusters during the last 15 seconds of experiment before the failure in the landslide triggering experiment
(March 2009) a) horizontal soil pressure, b) pore water pressure and c) effective
horizontal pressure measured by Gloetzl cells. d) Enlarged view of the changes
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The initial values of the pore water pressure measured by tensiometers in cluster 3 are higher than those in the other clusters, because more rain was supplied to the upper part of the
slope. However, the sensor installed in cluster 2 showed an earlier and quicker reaction before the failure, and finally it reached a higher peak compared to cluster 3 (Figure 5.41b).
Fluctuating behaviour can be seen in the pore pressure measurements of cluster 3. The fluctuating changes of the pore water pressure in cluster 3 might be explains by the dilation of
soil at the shear zone. The pore water pressure decreases due to dilation and consequently
the shear strength will be increased. Increase in the shear strength will reduce the horizontal
earth pressure to the down slope elements and also decreases the rate of movements. However, the water is infiltrating at the same time into the shear zone and increases the pore
water pressure. This increase in pore pressure will result in the reduction of the shear
strength mobilised in the shear zone and accordingly the total pressures measured in the
down-slope elements rise. The tensiometers that were installed in cluster 3 also showed decreases in the pore water pressure some minutes before the failure (Figure 5.42). The tensiometers installed at depths of 30 cm, 60 cm, 120 cm and 150 cm measured decreases of 0.5
kPa, 1.65 kPa, 1.0 kPa, and 1.55 kPa in pore water pressure, respectively. The equivalent
decrease of the pore pressure, when calculated as head, unit agree quite well with the decrease of piezometric height measured by piezometer 4, which is also located close to the
failure surface.
The pressure cell in cluster 2 measured an increasing pressure, with an intermediate peak of
21 kPa, until about 3 seconds before the failure (Figure 5.41a). The intermediate peak
measured in cluster 2 happened about 0.6 seconds sooner than that in cluster 3. However,
the increase of pressure in cluster 3 was higher than that in cluster 2. Similarly, the pore water pressure started to rise very significantly 6 seconds before the final failure (Figure 5.41b).
The average rate of increase in the pore water pressure during the failure was 1.32 kPa/s in
cluster 2. The pore pressure decreased after this peak with an average rate of 0.5 kPa/s for
about 2 seconds and then this drop accelerated at an average rate of 2.5 kPa/s.

Figure 5.42. Pore water pressure measured by tensiometers installed in cluster 3 during the
last 83 minutes of experiment before the failure in the landslide triggering experiment (March 2009).
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The total horizontal pressure measured in cluster 1 in the lower part of the slope showed a
mild increase, starting less than a second after the first intermediate peak of total horizontal
pressure measured in the upper clusters. This increase occurred at a rate of 1.7 kPa/s for 3
seconds and then it is followed by a sudden rise 2 seconds after the peak measured in cluster 2. This sudden increase represents the time when the released upper material hits this
cluster. The pore water pressure started to increase with almost 1.5 seconds delay compared to the starting time of the rise in total horizontal pressure.
In general, the total pressure of cluster 3 followed a decreasing trend with a fluctuating behaviour and the maximum rate of increase in the pore water pressure in cluster 3 was lower
than that in the other 2 clusters. The maximum rate of increase in the horizontal soil pressure
in cluster 2 was almost 2 times more than that of the pore pressure. This observation points
to the possibility of the existence of partially saturated zones in the soil mass at the depth of
60 cm, which is supported by the measurements of tensiometers.
The changes in the effective horizontal stresses at three clusters during the last 15 seconds
before the failure are reported in Figure 5.41c. The effective horizontal stress at cluster 2
reached zero at the time when the increase rate of pore water pressure in cluster 1 was maximum. However, the effective stresses in clusters 3 and 1 were still positive at this time. With
0.1 seconds delay, a sudden increase of 4.5 kPa is calculated in the effective stress of cluster 3 (Figure 5.41d). This sudden increase is followed by a faster decrease. Accordingly, it
can be concluded that during the accelerating phase of the movements, a zero-effectivehorizontal-stress-zone was generated in cluster 3. This observation cannot be considered as
static liquefaction, because the effective stresses reached zero, due to the decrease of total
horizontal stresses and not because of the increases in the pore water pressure. The decrease in the total horizontal pressure might be an indication of the existence of several sliding blocks that have different relative velocities due to different driving and resisting forces at
the slip surface, and they lost contact with each other at some points.
5.3.10 Photogrammetrical analysis (based on Akca et al., 2011)
A 4-camera arrangement was used for the image acquisition to monitor surface movements
using photogrammetric analysis. The cameras operated at a data acquisition rate of circa 5
frames per second (fps). Image measurements were made using the Least Squares image
matching method, which was implemented in two in-house software packages (BAAP and
SGAP) to compute 3D coordinates of the target points. The average 3D point-positioning
precision of ±18 mm was achieved in this experiment (Akca et al., 2011). The coordinates of
63 white target points of tennis ball size, which were pegged to the ground over the slope,
were determined during the experiment (Figure 5.43).
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Figure 5.43. The analysis area for the photogrammetry, the location of the target points, and
the coordinate system adopted for the photogrammetry analysis.
The absolute values of the deformation in the upper part of the SIs are compared to the absolute movements in the Z direction measured by photogrammetric methods in Figure 5.44.
The general trend of movements measured by photogrammetric analysis shows an increase
in the rate of movements about 2.5 hours before the failure, and this increase in the velocity
is enhanced in the last 20 minutes. The results obtained from two methods agree well in the
upper part of the slope at the locations of SI3 and SI4. However, the movements measured
in the middle of the slope by SI1 were much lower than those measured by photogrammetry
methods; although the start time of the increase in the velocities at about 1.5 hours before
the failure, and also the rate of increases are similar in both curves. The differences in the
results might be due to the fact that the movements in middle part of the slope are within the
accuracy range of the photogrammetrical analysis.
Comparing the results of the photogrammetrical analysis with the bending strain approach, it
can be determined that the order of the magnitude of movements and the trends in changes
in the rates of movements indicate good agreement. However, the measured values are not
exactly the same.
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Figure 5.44. Comparison of the results from the photogrammetrical analysis with the bending
strain approach for the landslide triggering experimet (March 2009), a) SI4 in the
upper part of the slope, b) SI3 in the upper part of the slope, and c) SI1 in the
middle of the slope.
Variations in the rate of the movements in the upper part of the slope during the last 30
minutes of the experiment measured by photogrammetrical methods can be recognized
(Figure 5.45). The observed decreases in the velocity might be due to the pull out and/or
breakage of the roots (Schwarz, 2011) or volume changes in the soil mass at the failure surface (Figure 5.27). Dilation might decrease the pore water pressure, and the applied rainfall
can increase it again. This can produce a stepwise movement.
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Figure 5.45. The movements of the upper part of the slope during the last 30 minutes of the
experiment, measured at the location of SI3 and SI4 by photogrammetrical
methods.

5.4 Comparison between the slope monitoring and landslide triggering experiments
The differences between the Slope Monitoring Experiment (SME) and Landslide Triggering
Experiment (LTE) are discussed in this section. Hypotheses will be developed regarding the
question: why did the selected slope remain stable during the SME, despite the fact that the
average rainfall was more intense and longer compared to the LTE?
5.4.1

Initial condition

The slope monitoring experiment was conducted in October 2008, after a relatively dry period, which resulted in development of suctions greater than 15 kPa, at depths of 120 and 150
cm at cluster 3 (Figure 5.46). However, the initial values of suction for the Landslide Triggering Experiment were less than 5 kPa.

Figure 5.46. Comparison between the initial values of pore water pressure at cluster 3 from
the Slope Monitoring (SME) and Landslide Triggering Experiments (LTE).
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The evolution of pore water pressure at depths of 120 and 150 cm at cluster 3, as a function
of normalised time for the two experiments, are compared in Figure 5.47. The normalised
time is defined as “time divided by the duration of the corresponding experiment” i.e. 4.5
days for the SME and 15 hours for the LTE. The graphs illustrate that the PWP at these
depths during the LTR were approximately 3 kPa higher than that in the SME.

Figure 5.47. Comparison between the evolution of pore water pressure at depths of 120 and
150 cm in cluster 3, as a function of normalised time (normalised time:
time/duration of each experiment). SME: Slope Monitoring Experiment (October
2008), LTE: Landslide Triggering Experiment (March 2009).
5.4.2

Drilling rig

A 23 m-deep borehole was drilled 2.5 m above the upper border of the selected slope 12
days before the landslide triggering experiment (04.03.2009) in order to obtain the lithological
profile of the bedrock (Figure 5.24). Details of the findings are summarised by Brönnimann
(2011). However, an important hydrogeological feature is observed by Brönnimann (2011)
which might have a significant effect on the destabilising of the slope in LTE: “vertical joints
at depths of 4 m and 8.5 m through which hundreds of litres of drilling water was rapidly
drained”. This drained water could increase the degree of saturation of the permeable horizontal non-lithified sandstone layer (Figure 3.15) in the upper part of the slope, and favour
the observed exfiltration from the bedrock (Figure 5.27a).
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Figure 5.48. Drilling rig located on top of the test site to bore the 23 m deep drill hole. (Photo:
M. Sperl).
5.4.3

Rainfall pattern and cutting the roots along the longitudinal borders

The intensity of the artificial rainfall applied was set to be higher in the upper half of the slope
during the LTE (as discussed in Section 5.3.1) compared to the SME. The convex shape of
the bedrock in the lower part of the slope and existence of the fissures in this area (Figure
3.16) and additional contribution of the roots in the shear strength of the soil (Section 5.3.2)
could have been factors supporting the stability of the slope during the SME.
5.4.4

Hypotheses

The following factors will be examined with centrifuge modelling and numerical and analytical
simulations as possible explanations for the stability of the Ruedlingen slope during the SME
and its failure during the LTE:


Effect of the bedrock shape (convex form of the bedrock in the lower part of the
slope).



Exfiltration from the bedrock.



Effect of the drainage fissures in the bedrock.



Contribution of the roots in the shear strength of the soil.
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6 Physical modelling in a geotechnical drum centrifuge
A climate chamber and rain simulator were designed and constructed at the Institute of Geotechnical Engineering (IGT) at the Swiss Federal Institute of Technology in Zurich (ETHZ)
(Askarinejad et al., 2012c) to examine a range of hypotheses about the stability of the
Ruedlingen slope under the October 2008 rainfall event and the failure during the March
2009 experiment. The ETH Zurich geotechnical drum centrifuge has a diameter of 2.2 m,
maximum acceleration of 440 g and capacity of 880 ton.g. The channel has a volume of 1.45
m3 and can either be filled with soil or strong boxes can be mounted on two diametrically
opposed 700 mm square infill support plates (Figure 6.1) (Springman et al., 2001). The
channel is driven by the main motor through the outer central shaft, whereas the inner shaft
and the servo motor control the rotation of the tool table, which can rotate either together with
the channel, or at a different speed.

Figure 6.1: Cross section of the 2.2 m diameter geotechnical drum centrifuge at ETH Zurich
(Springman et al., 2001).
A new tool table has been designed for this series of tests, to host the main water supply and
several electrical and data transfer devices. Therefore, the channel and the tool table must
be fully coupled with no relative movement during the tests. This is assured by connecting
them with chains as a backup system to limit any potential differential movements. The ETH
Zurich geotechnical drum centrifuge is shown in Figure 6.2 with the rain simulator setup.
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Figure 6.2: The geotechnical drum centrifuge at ETH Zurich with the rain simulator setup on
the tool table and both strong boxes seen from above.
A series of centrifuge tests was carried out to investigate some hypotheses about the stabilising and triggering mechanisms of the Ruedlingen experiments. The effects of bedrock
shape and hydrogeological interactions between the slope and bedrock were studied in
these tests. The scaling laws, stages of the design of different parts of the new climate
chamber, and the results of the centrifuge tests are explained in this chapter.

6.1 Scaling laws
The scaling laws for the infiltration of rainfall into the soil mass, and the resultant laws for the
rain intensity and duration, will be determined in this section. Moreover, the scaling law for
static liquefaction, as a possible triggering mechanism of fast landslides, is also discussed.
6.1.1

Scaling law for the infiltration and rainfall specifications

According to Darcy’s law, the seepage velocity ( ) in a porous medium between two points is
proportional to the hydraulic gradient ( ) between them. The constant of this proportionality is
called the hydraulic conductivity ( ). The seepage velocity is N times higher in the model
under Ng centrifugal acceleration as established by Schofield (1980). Therefore the seepage
time will be N2 times less than the prototype, as the seepage length is N times shorter in the
model (in macroscopic scale1).
The duration of the rainfall in the N times scaled down model will also be N2 times less than
that of the prototype. The length equivalent of the total precipitated rainfall in the model will

1

This terminology is used to differentiate the grain scale at which the seepage length is the same as
at the prototype scale and hence, the seepage time will be N times less than the prototype (Table 6.1).
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be N times less than that of the prototype and the rain intensity (which is a ratio between the
total rain and the rain duration) will be N times higher in the model. Other scaling laws are
discussed in the next section and summarized in Table 6.1.
Table 6.1: Scaling laws for the rainfall parameters, infiltration process and static liquefaction.
Term [Dimension]
Length (macroscopic) [L]
Seepage velocity (macroscopic and grain scale) [L/T]
Seepage time (macroscopic) [T]
Total rain [L]
Rain duration [T]
Rain intensity [L/T]
Length (particle scale) [L]
Seepage time (grain scale) [T]
Hydraulic gradient (macroscopic) [L/L]
Hydraulic gradient (grain scale) [L/L]
6.1.2

Prototype
1
1
1
1
1
1
1
1
1
1

Model
1/N
N
1/N2
1/N
1/N2
N
1
1/N
N
N

Scaling laws for the static liquefaction mechanism (microscopic)

One of the commonly proposed mechanisms of fast landslides triggered by rainfall is static
liquefaction. Static liquefaction is generally defined as the loss of strength of a loose contractive material under undrained conditions (Olson et al., 2000; Chu et al., 2003; Casini et al.,
2010a). The internal mechanism leading to static liquefaction can be explained by the collapse of saturated voids, which results in local and abrupt increase of the pore pressure
(Take et al., 2004). The locally increased pore pressure reduces the effective stress and
hence the shear strength, and can trigger movements in the soil mass. This chain of events
may lead to the general instability of the slope.
Therefore, the main focus is on the grain scale and structure of the soil used in modelling the
static liquefaction process, and if a similar structure is reproduced in the model using the
same soil as that in the prototype, the scaling factor of the length (L) in this grain scale will be
Lp/Lm=1 (The subscripts p and m stand for prototype and model respectively). This assumption is based on the fact that the structure of the soil in these series of centrifuge tests will be
reproduced by preparation of the models with a given initial water content and void ratio, although ‘younger’ reconstituted models normally have larger voids compared to the natural
samples (Burland, 1990).
The time scale for gravitational falling (Timpact1) of a particle at grain scale would be:
√

1

⇒

√

1

6.1

where L is the falling height, and a is the acceleration.
1

Calculated based on the assumption of falling with zero initial velocity and at a constant acceleration.
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When a particle falls on another one, which is in contact with a saturated void, this results in
a sudden increase in the pore fluid pressure. The velocity of dissipation of this excess pore
pressure can be calculated using Darcy’s law. The flow of liquid from point A to B (Figure
6.3) will be governed by the hydraulic gradient between these two points and the hydraulic
conductivity of soil along the path. The total hydraulic head (H) at points A and B in the model and prototype can be calculated using the following equation.

,

,

,
6.2

where, H is the total hydraulic head1, W is the weight of the falling particle, h is the height of
the saturated pore, is the unit weight of a reference pore fluid at 1g2, and S is the cross
sectional area of the pore.

Figure 6.3: a) Schematic of the slope b) microstructure of the soil pores showing one particle
impacting another one vertically c) conceptual model under Ng acceleration.
The hydraulic conductivity and the distance between points A and B
are similar in the
model and the prototype, accordingly the seepage and the pore pressure dissipation time will
be N times faster in the model compared to the prototype:
⇒

⇒

1
6.3

It is concluded that under Ng acceleration, the impact time of a particle is reduced by a factor
of √1⁄ , while the localised dissipation of the excess pore fluid pressure will N times faster
than the prototype. This means that the increased acceleration provides a condition in which
the excess pore pressure dissipates √1⁄

faster than the collapse of the soil structure.

Therefore, it is recommended to use a pore fluid
the dissipation time in the model.

1

times more viscous than water to reduce

Total hydraulic head is the sum of hydraulic pressure head and elevation head. The elevation heads
of points A and B are assumed to be zero. (The height difference between these two points are neglected, as shown in Figure 6.3c)
2
Generally it is assumed to be equal to the unit weight of water.
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6.2 The basic concept of the climate chamber
The main goal of the climate chamber is to make it possible to investigate several triggering
mechanisms of landslides due to rainfall and hydro-mechanical interactions of the soil and
bedrock. Therefore, a rain simulator was designed that enables the user to apply different
rain intensities on the slope with different durations according to the scaling laws. The size of
the rain droplets and the Coriolis Effect (Schofield, 1980; Take & Bolton, 2002) should be
taken into consideration when planning application of the rainfall.
The size of the rain drops in a prototype varies from 0.3 mm for fine drizzle to more than 2.6
mm in diameter for heavy rain and squalls, depending on the rain intensity. A range of 0.3 to
1mm is measured for light rain (<1 mm/hr) (Tamate et al., 2010). However, the prototype rain
intensities planned for this study are more than 1 mm/hr and the rain drops have diameters
between 1.5 to 2.7 mm, accordingly the model rain drops are 0.03 to 0.054 mm in diameter
for tests under 50g acceleration.
The rainfall is applied over the slope by means of non-uniformly distributed nozzles, which
have been extended below the strong box roof to a certain height above the slope surface to
reduce the Coriolis Effect (Figure 6.4). The fine fraction of the soil can be washed out if the
nozzles are too close to the soil surface. Therefore a series of tests was conducted to investigate the minimum distance from the nozzles to the soil surface to avoid excess surface erosion, which was determined to be 70 to 100 mm, depending on the nozzle type and rain intensity (Tests: T7_1&2, Appendix C). The occurrence of overland flow (runoff) is dependent
on the difference between the hydraulic conductivity of the soil and rain intensity. An efficient
drainage system with filter layers is required to avoid ponding at the toe of the slope.
The process of evaporation was controlled by means of air flow and increase in the ambient
temperature in the drying phase of the tests. The air flow is provided by means of two air
valves, one of which is installed in the direction of the centrifugal rotation and the other facing
in the opposite direction. These two valves open and close together. The pipe connected to
the inlet valve is wrapped in a high resistance wire coil to heat the air. The relative humidity
and temperature of the chamber is measured at two points over the slope and these measurements, together with the suction build up in the soil, provide information to control the
evaporation process.
Measuring the soil movements and volumetric changes of the soil microstructure, together
with the pore pressure fluctuations, are the key aspects in unsaturated soil mechanics and
the coupled hydro-mechanical analysis of rainfall induced landslides. Accordingly, Particle
Image Velocimetry (PIV) and photogrammetric methods are used in these tests to monitor
the movements, and possible swelling and collapse of the soil structure during the wetting
and drying cycles.
The chamber should also be completely air tight to avoid the effects of the turbulent air flows
caused by spinning the centrifuge. The climate chamber is illustrated in Figure 6.4.
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Figure 6.4: A conceptual diagram of the climate chamber with dimensions in centimetres.

6.3 Rain simulator and the tool table
The rain simulator of this climate chamber is composed of a central water tank (CWT), magnetic valves, pipes, water channels grooved into the top plates of the chamber, and the array
of nozzles (Figure 6.5 and Figure 6.6). The CWT is a cylindrical aluminium container with a
capacity of 24.6 litres that is installed in the middle of the tool table on a platform. The water
in the CWT is pressurised by an air tank to 10 bars and regulated by a valve with an output
pressure at 2.5 bars, to ensure there is sufficient water pressure to assure that enough water
reaches the nozzles.
The water height in the CWT is monitored by a pressure difference sensor (PDS- Keller
PD11). This sensor is connected to the top and bottom of the CWT and measures the difference in the pressure at these two points. Since the connection of the sensor to the bottom
part of CWT is not exactly at the centre of the tank (125 mm from the centre), the results
should be corrected for the curved water level arising from the radial direction of the centrifugal acceleration.
The water flow from the CWT is controlled by means of two magnetic water valves. These
valves are connected to two T-valves. High pressure pipes convey the water from the tool
table to the climate chambers, which are installed diametrically opposite each other in the
centrifuge channel.
The pipes are connected to the top plates of the chamber. The inside of the upper plate is
grooved to provide two systems of channels for the water flow. The inner channel is connected to 4 inner nozzles and the outer channel to 18 outer nozzles (Figure 6.6). The two
plates are attached together by epoxy glue and several screws along the channels to make
them completely water tight. This separate channel system provides the possibility of applying 3 different rain intensities during the tests. Moreover, the large number of nozzle ports
provides flexibility to limit the effect of the Coriolis acceleration (Schofield, 1980).
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Different types of Hago mini misting nozzles1 were used. Before each test, all of the nozzles
were tested carefully to check that they were functioning properly, i.e. they produce a uniform
spray cone and perform without dripping. The spray angle and discharge rate of the nozzles
were determined at different pressures and the nozzles were selected to deliver the required
range of rain intensities, based on these data. The applied rain intensity was also backcalculated based on the flow rate of water from the CWT during the tests.
The water pressure within the channels, before pouring through the nozzles fixed to the top
plates of the climate chambers was determined by connecting pore pressure transducers to
the nozzle ports of both inner and outer channels. The results showed that the water pressure reaches 1 bar when no additional air pressure was applied to the water in the CWT.
Therefore, the water pressure in the nozzles is 3.5 bars, if a regulated 2.5 bar air pressure is
applied to the CWT, and all of the nozzles were calibrated for 3.5 bars. The calibration charts
are reported in Appendix C. The water is distributed from the T-valves via Water Distribution
Boxes (WDB) into four pipes that convey it to the back of the bedrock in those models in
which exfiltration from the bedrock is investigated.
The hub of the photogrammetry cameras and the computer to store the data from these
cameras are installed on the tool table, the latter is located beneath the CWT platform in the
middle of the tool table to minimise the centrifugal acceleration acting on it. The photographs
are transmitted inflight through a wireless connection to the control room.

Figure 6.5: Water supply system for the climate chamber mounted on the tool table.

1

http://hago.danfoss.com/
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Figure 6.6: The top plates of the climate chamber, with the two channel system for rainfall
supply.
Two infra-red cameras were also installed on the tool table (Figure 6.5) to monitor the outer
sides of the climate chambers, pipe connections, cables, photogrammetry cameras, and other electro-mechanical systems. Sample images taken inflight by these cameras are shown in
Figure 6.7. These cameras cannot observe the response of the soil models and are installed
only for safety reasons. The data from these cameras are sent via video server to the computer installed on the drum and transmitted to the control room through the slip rings and
remote desktop connection.

Figure 6.7: Images taken inflight by the infra-red cameras on the tool platform from the two
climate chambers.

6.4 Bedrock
A triangular aluminium frame, with an inclination of 38°, was constructed to provide a rigid
underlying layer for the soil slope (Figure 6.8). The top surface of this bedrock was roughened by gluing the same soil to it as that in the overlying layer. A semi-circular element was
also constructed to model the buttress effect (Doglioni et al., 2011) in the lower part of the
slope (Figure 6.8). A 5 mm deep notch is grooved laterally on the top bedrock surface to install filter stones inside, below which there are connections to 4 water pipes (Figure 6.9).
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Water can be pumped through these pipes into the slope to simulate the exfiltration of water
from the bedrock for tests where it is required. Whereas, the rain water that has infiltrated
into the soil mass can also be drained through these filter stones in modelling underlying
fractured bedrock in other tests (Figure 6.8).
The top surface of the bedrock has 8 places to install different sensors, such as Druck
PDCR81 or Keller 2MIX Pore Pressure Transducers (PPTs). The sensors can be located
either at the interface between the bedrock and the slope, or inside the soil mass (Figure
6.9).

Figure 6.8: The bedrock, location of the sensors, and the hydraulic interaction between the
soil and rigid bedrock.

Figure 6.9: The connection of the sensors and the water pipes beneath the bedrock.

6.5 Instrumentation and monitoring
6.5.1

Pore water pressure measurements

Druck PDCR81 PPTs were used in these series of tests to measure the pore water pressure.
They are calibrated to monitor both positive and negative pore pressures. However, these
sensors de-saturate quite quickly when they are installed in unsaturated fine grained soils
because their fluid reservoirs are small relative to the volume of water exchange. However,
this feature makes them very suitable for achieving equilibrium quickly after pore pressure
changes, and hence ideal for making accurate measurements at high frequencies. There157
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fore, the PPTs were saturated with a solution of 50% Glycerine and 50% of water. The viscosity of this fluid is approximately 5.5 times that of water. The higher viscosity of the saturation fluid decreases the hydraulic conductivity and the air entry value of the porous stone,
which results in a slower reaction of the sensor, and a lower value for the maximum measurable suction. However, the increased viscosity of the fluid increases the drag force on the
diffusing air molecules, so that the porous stone can remain saturated for a longer time
(Muraleetharan & Granger, 1999). The comparison between the calibration of PPTs with deaired water and a viscous solution reveals that the calibration chart of each sensor is independent of the saturation fluid.
The results from negative pore pressure measurements with the PPTs showed that the suction values are quite consistent with the Water Retention Curves of the Ruedlingen soil.
Moreover, different sensors saturated with the two fluids measured similar values of suction
in the same model. The equilibrium process for PPTs at different positions on the interface
between soil and bedrock is shown in Figure 6.10. P2 and P3 are located at the same horizontal level in the lower part of the slope and P6 is located in the upper part. The slight increase in suction at the end of the equilibrium curves (at t=134000 s in Figure 6.10) is due to
cutting the slope to make the model for the centrifuge test. Subsequently, the suction decreases after spraying water over the surface of the model. Water was used as pore fluid in
both models.

Pore water
pressure (kPa)

The comparison of measurements from PPTs saturated with water and those with the viscous solution shows that the time to reach equilibrium for the PPTs that are saturated with
viscous fluid is slightly longer, but the final values of suction agree quite well (Figure 6.11).
These results are from the model preparation stage at 1g.
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Figure 6.10: The time to reach equilibrium for PPTs in unsaturated Ruedlingen soil.
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Figure 6.11: Comparison between PPTs saturated with different fluids installed in two different models with water as pore fluid and similar initial water contents and void ratios.
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6.5.2

Slope monitoring

Volumetric strains of the soil structure and movements of the slope were monitored by
means of 1.3 Megapixel IDS uEye UI-6240 C video cameras, which were also used in the full
scale landslide triggering experiments in Ruedlingen (Akca et al., 2011). However, the viewing angle of the cameras had to be changed to cover the whole slope from a mean height of
300 mm. Therefore, wide angle SV_03514 lenses were used. The lenses were calibrated to
reduce the distortion effect on the results. The specifications of the lenses are reported in
Table 6.2.
The slope was illuminated by means of two white LED panels (Figure 6.12). Fixed reference
points for the photogrammetry analysis were glued as sheets onto the walls of the boxes
where they could be seen by all of the cameras. The cameras were fixed on the top plates of
the climate chamber (Figure 6.13 and Figure 6.14).
An MC1302 Microtron high speed camera1 was used to monitor the elevation of the slope
during the tests (Figure 6.15). A recording code was developed by which the images were
recorded in loops and only the last picture of each loop was saved, unless a triggering
mechanism was activated. This measure is taken due to the restrictions in the saving capacity of the computer, and also it provided the opportunity to monitor both slow movements during infiltration and fast slides during failure. The fast recording was triggered when the slope
failure occurred, and all images from the last loop were saved.
The approximate magnitude of the movements of different zones of the slope surface was
monitored using PIV analysis on the images taken by the photogrammetry cameras. The
movements are determined by tracking the textural patches within a predefined search zone
from one image to the subsequent one, and this procedure is followed for a series of images.
The movement of each patch is represented by a vector on the original image, based on this
tracking. Details of the pixel based slope monitoring are discussed in Appendix A.
Table 6.2: The specifications of the photogrammetry camera lenses.
Specification
Lens focal length
Lens view angle

1

3.5 mm
76.6°x 103.6° (Diagonal:132.1°)

www.mikrotron.de
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Figure 6.12: The photogrammetry reference points and illumination system.

Figure 6.13: Diagram of the top plates of the climate chamber and location of the three photogrammetry cameras.

Figure 6.14: Pictures from all three photogrammetry cameras, from two parallel tests, showing the failure scarp and tension cracking at the top of the slope.
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Figure 6.15: a) The high speed camera used for PIV analysis, b) Side view of the slope.

6.6 Centrifuge tests
6.6.1

General setting and instrumentation

Ten centrifuge tests were performed to study the triggering mechanisms of landslides due to
rainfall (Table 6.3). The general setup of the tests is shown in Figure 6.16 to Figure 6.22. The
models were prepared by moist tamping Ruedlingen soil with 15% gravimetric fluid content in
the strongboxes in layers of 20 mm depth, and then trimming to form a 38° slope. Details of
the centrifuge model preparation are discussed in Appendix B. The tests were conducted
under controlled conditions of rainfall intensity and duration, ambient relative humidity, wind,
and temperature.
Table 6.3: Summary of centrifuge tests.
Test
name_stro
ngbox no.

Description and purpose

Bedrock

Rain intensity
(mm/hr)

T8_2

Soil with water as pore fluid (static liquefaction)

Without buttress

2.5

T9_1

Effect of bedrock shape

With buttress

1.27

T9_2

Effect of bedrock shape

Without buttress

1.27

T10_1

Effect of drainage into the bedrock

With buttress

1.27

T10_2

Effect of bedrock shape

Without buttress

1.27

T11_1

Effect of roots

With buttress

1.27

T11_2

Effect of roots

Without buttress

1.27

T12_1

Effect of the exfiltration from the bedrock

With buttress

-

T12_2

Effect of the exfiltration from the bedrock

Without buttress

-

T13_2

Soil with viscous pore fluid (static liquefaction)

Without buttress

2.5
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Figure 6.16: Cross sectional diagram of tests: T8_2, T9_2, T10_2, T13_2, slope with parallel
bedrock (Pore fluid: water or viscous fluid).

Figure 6.17: Cross sectional diagram of test: T9_1, slope with bedrock with buttress (Pore
fluid: water).
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Figure 6.18: Cross sectional diagram of test: T10_1, slope with fractured bedrock (drainage)
with buttress.

Figure 6.19: Cross sectional diagram of test: T11_1, vegetated slope with bedrock with buttress.

163

6.6 Centrifuge tests

Figure 6.20: Cross sectional diagram of test: T11_2, vegetated slope with parallel bedrock.

Figure 6.21: Cross sectional diagram of test: T12_1, exfiltration from the bedrock with buttress.
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Figure 6.22: Cross sectional diagram of test: T12_2, exfiltration from the parallel bedrock to
the slope.

a)

b)
Figure 6.23: Location and name of PPTs on the bedrock for both strongboxes a) box 1, b)
box 2. (Dimensions in mm).
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Seven Druck PDCR80 Pore Pressure Transducers (PPTs) were installed in the models to
monitor the changes in pore fluid pressure. Four of them were installed in box 1 and three
were installed in box 2 (Figure 6.23). Generally, the models in box 1 had a 38° inclined bedrock parallel to the soil surface with a buttress at the toe, and models in box 2 had parallel
bedrock, without a buttress. All PPTs were saturated with the mixture of glycerine and water
and were installed at the interface of the soil and bedrock. The location and the name of
each PPT are shown in Figure 6.23.
Nozzles of varying types, extension length and locations were used in the inner and outer
channels of the rain system in the tests. All of the test-specific nozzle parameters are recorded in the corresponding report for each test (Appendix C).

6.7 Effect of bedrock shape on the stability of slopes
Three sets of tests, with similar geometries but different rain intensities, were carried out to
investigate the effect of the bedrock shape and rain intensity on the stability of the slope. The
specifications and general behaviour of the model slopes with parallel bedrock, and models
with bedrock and a buttress at the toe, are explained in this section. The rain intensity in the
first test series (T7_1&2) was 8 mm/hr at prototype scale, while it was 2.5 mm/hr in the second series (T8_1&2), and 1.27 mm/hr in the last two models (T9_1 and T10_2).
Low rates of pore pressure increase in a slope subjected to rainfall implies that the infiltration
into the slope or development and rise of water tables are governed by hydraulic conductivity
of the material (which is lower than the rain intensity in this case), or dilative behaviour of the
soil at the shear zone. However, abrupt increases in the rate of pore pressure might indicate
collapse of the voids and/or contractive behaviour of the soil at the shear zone during wetting
and shearing.
6.7.1

Slope with a buttress on the bedrock (Test T9_1)

A single MW5 nozzle was used in this test (Appendix C) to provide a rain intensity of 1.27
mm/hr at prototype scale. The nozzle was installed on the inner channel with a 50 mm extension. There was a buttress in the bedrock at the toe of the slope.
The variations in the pore water pressure due to rainfall at different locations of the model are
shown in Figure 6.24. The PPTs installed at points P2 and P7 cavitated during the model
preparation, and showed faulty data. The pore water pressure in the lower part of the slope
(P3) started to increase approximately 100 hours after the start of the rain. It increased from
-4.6 kPa to -4.4 kPa for 100 hours and then it remained constant until the time 310 h (Figure
6.24). A plane strain tension crack developed 293 hours after the start of rainfall, and widened during the next 200 hours (Figure 6.25). The pore water pressure in the upper part of
the slope (P6) started to increase at time 370 h and at times 416 h and 504 h. A local failure
occurred at the toe of the slope at the right hand side at 475 h (Figure 6.25). This local failure
resulted in a retrogressive failure that caused more and deeper tension cracks to open which
increase the macro permeability of the soil in the model. The rate of movements increased at
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the time 540 h. Failure occurred after 600 h, when the peak in pore water pressure in the
upper part of the slope (P6) was also measured.
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Figure 6.24: Pore water pressure above the bedrock, and surface displacement at the same
locations in test T9_1 (bedrock with buttress).

Figure 6.25: Sequence of events on the Ruedlingen model slope with buttress in the bedrock
in test T9_1. Times are at prototype scale.
Slope without a buttress on the bedrock (Test T10_2)
A single MW5 nozzle was used in this test (Appendix C) to provide 1.27 mm/hr rain intensity
at prototype scale. The nozzle was installed on the inner channel with a 50 mm extension.
The location of the nozzle was exactly the same as in test T9_1.
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The variations in the pore water pressure at different locations of the model due to rainfall are
shown in Figure 6.26. The PPTs installed at points P6 and P7 cavitated during the model
preparation and showed faulty data. The PPT at position P2 also showed a low initial value
of -12.3 kPa followed by a sudden jump at time 130 h to a value of -5 kPa. This behaviour
might also be an indication of unreliable readings by the PPT sensor before the time 130 h.
Surface movements started at time 30 h in the lower part of the slope at P2 and tension
cracks developed on the crest of the slope at time 77 h. The surface movement continued to
increase at a constant rate until the time 232 h, when they accelerated (Figure 6.26). The
pore water pressure below the lower part of the slope (P3) increased at a constant rate, before 160 h and between the times 160 h and 208 h. The pore water pressure at P2 increased
from the time 208 h to 238 h with an average rate of 0.055 kPa/h, and then the rate increased to 0.3 kPa/h within the next 20 hours (240 h to 260 h). The PPT at P3 also showed a
similar trend. A local compression failure occurred at the toe of the slope, at the position of
P2, at the time as the accelerating movements were taking place (time 247 h) (Figure 6.27).
The PPT at position P2 attained a peak of 8.2 kPa at 260 h, which corresponded to the time
when a locally fluidised landslide occurred on the right hand side of the slope (viewed from
the crest). The pore water pressure at P3 reached a peak of 7.3 kPa at time 270 h, when a
slide occurred at this part of the slope.
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Figure 6.26: Pore water pressure above the bedrock, and surface displacement at the same
locations in test T10_2 (bedrock without buttress).
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Figure 6.27: Sequence of events on the Ruedlingen model slope without buttress in the bedrock in test T10_2. Times are at prototype scale.
6.7.2

Comparison of tests T9_1 and T10_2 (effect of the bedrock shape)

Pore water pressure increased sooner and more rapidly in the model without a buttress.
Moreover, pore pressure continued to increase in the model without buttress to a value of 8
kPa but the maximum pore water pressure in the model with a buttress reached 1.8 kPa.
This observation can be attributed to the coupling of the hydraulic and mechanical responses
of the slope and indicate that, initially, the buttress played a major role in stabilising this
slope.
The general features of failure mechanisms in these two models can be described as follows:
1- The slope of the model without a buttress started to slide sooner than the model with
a buttress (Figure 6.28). The failure was more generalised in the slope with a buttress, whereas the failure started at some point near the toe of the slope and propagated upwards in the model with a buttress.
2- Either the pore water pressures reached a maximum value, or the rate of increase in
pore pressure decreased when the movements started to occur in both tests.
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Figure 6.28: Comparison of movements in models with and without buttress subjected to a
rain intensity of 1.27 mm/hr (dashed lines: model with buttress).

6.8 Drainage into the bedrock with buttress (test T10_1)
A single MW5 nozzle was used in this test (Appendix C) to provide 1.27 mm/hr rain intensity
at prototype scale, which was exactly the same as in test T9_1. The drainage valves in the
bedrock were open in this model and the bedrock had a buttress in the lower part of the
slope (Figure 6.8).
The sequence of movements is depicted in Figure 6.29. A tension crack occurred in the upper right part of the slope about 200 hours after the start of rainfall. The crack gradually
propagated towards the left side of the slope, and was wider on the right hand side (looking
from the crest). This indicates more displacement on this side of the slope (displacements at
P2 in Figure 6.30). A local failure occurred at the lower right part of the slope 700 hours after
the start of rainfall and it propagated upwards until it reached the upper tension crack, after
further 90 hours. The average propagation speed was 0.15 m/hr at prototype scale. Meanwhile, the movements on the left part of the slope also accelerated and a larger wedge failed
about 900 hours after the start of the rain event.
The changes in pore water pressure in the lower part of the slope (P2 and P3) are illustrated
in Figure 6.30. Both of the PPTs at these points measured slight increases of pore pressure
(~ 0.7 kPa) from the time 160 h to 200 h, corresponding to a time when the tension crack
appeared in the upper part of the slope. The pore pressures stayed relatively constant during
the next 300 hours. A slight decrease in pore pressure occurred at P2 at about 700 h which
was followed by a sudden jump of 2.5 kPa. This corresponded to the time when a local failure occurred at P2. The decrease in pore pressure before failure was also observed in the
second Ruedlingen experiment, and can be attributed to the dilation of the soil as it is
sheared. Several fluctuations in the pore pressure at P2 are measured afterwards, which are
due to the retrogressive failures. However, the pore pressure at P3 reached a peak at time
760 h and a failure on the left hand side of the slope occurred when the pore pressure was
decreasing.
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Figure 6.29: Sequence of events on the Ruedlingen model slope with buttress and drainage
in the bedrock in test T10_1. Times are at prototype scale.

P3
Disp. P7
Disp. P6
Disp. P3
Disp. P2

0
1000

Figure 6.30: Pore water pressure above the bedrock, and surface displacement at the same
locations in test T10_1 (bedrock with buttress and drainage).

6.8.1

Comparison between the tests with and without drainage in the bedrock

The general mechanisms of failure in both tests are quite similar (Figure 6.25 and Figure
6.29). A tension crack occurs in the upper part of the slope and then a local failure happens
in the lower part. The results of the surface displacement measurements (Figure 6.31) illus-
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trate that the main difference between the two tests is the initiation time of the movements.
The model with drainage in the bedrock failed about 250 hours later than the model without
drainage. The pore water pressure increased before the failure initiation in both cases but
similarly, the peak in pore pressure had also an approximate delay of 250 hours.
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Figure 6.31: Comparison of movements and pore water pressure in tests T9_1 and T10_1.
(All measurements for position P3, PWP: pore water pressure).

6.9 Discussion: the effects of bedrock shape and drainage on
slope stability
The effect of the buttress and drainage in the bedrock before the buttress are discussed in
this section based on a comparison of results from tests T9_1 (bedrock with buttress), T10_1
(bedrock with buttress and drainage) and T10_2 (bedrock parallel to the slope surface). All
three models were subjected to rainfall events with intensity of 1.27 mm/hr.
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Figure 6.32: Comparison of three of the model slopes, with and without a buttress, and with a
buttress and drainage, a) pore water pressure at P3, b) average surface displacement of the slopes (Askarinejad et al., 2014).
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Changes in pore water pressure at the interface of the soil and bedrock at the lower part of
the slope above the buttress (P3), and the “average surface displacements” 1 for the three
models are shown in Figure 6.32. The details of the slope behaviour prior to failure are explained in the following subsections.
The initial values of suction in all three models ranged from 3.2 to 4 kPa. The minimum suction required in the soil to stabilise the slope is calculated to be approximately 3.25 kPa. This
value is derived based on the assumption of an infinite slope failure at the interface of the soil
and bedrock, and using the Bishop stress (Bishop, 1959) to calculate the shear strength of
the material, while taking the wetting branch of the Water Retention Curve to determine the
degree of saturation. However, the assumption of infinite slope failure might be conservative,
as the real failure shapes are 3 dimensional (Casini et al., 2010b; Askarinejad et al., 2012b).
The models illustrated two different failure mechanisms. A visible tension crack appeared
approximately along the whole length of the upper part of the slope in all three models, after
an average measured surface movement of ~3 mm. The movements were faster in the model without a buttress, and the motion accelerated and the soil became fluidised after about 8
mm of average movement. In contrast, a local failure occurred at the toe of the slope just
below the buttress in the other two models, which initiated retrogressive failures. A series of
hydro-mechanical coupled numerical simulations, based on the Barcelona Basic constitutive
model (Alonso et al., 1990) were performed using Code Bright software, and the results
showed that the concentration of shear stresses are higher at the interface of the bedrock
and the soil above the buttress and at the lower part of the buttress where the slope is locally
steep and pore pressures are also higher (Figure 6.33). This finding might explain the initiation of local failures in the lower parts of the slope, in models with a buttress.

Figure 6.33: Results of numerical simulation: shear stress in the model with a buttress.
(Askarinejad et al., 2014).
The changes in pore water pressure and acceleration of movements were coupled in all
three tests, according to the measurements. The pore water pressures reached a maximum
value, and then change in pore pressure with time decreased as the movements started to
occur in all tests (Figure 6.32).

1

Average value of surface displacements at P1 to P4.
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The pore water pressure increased sooner and more rapidly in the model without a buttress
(Figure 6.32). This observation can be attributed to the coupling of pore pressure and movement; i.e. the movements accelerate as soon as the pore pressure at the shear zone is larger
than a threshold value and this might lead to collapse of some saturated voids of loose material, resulting in a local peak in pore pressure. The pore pressures continued to increase in
the model without a buttress to a value of ~8 kPa but the maximum pore water pressure in
the model with buttress at P3 was negative (Figure 6.32). This observation can be attributed
to the fact that the slip surface passes exactly over the PPT (P3) in the test with parallel bedrock but the failure depth was shallower at this location in the other two models because of
the buttress.
Failure occurred in the slopes with a buttress later than in the slope without a buttress, which
might be due to arching that could develop behind this convex form in the bedrock. The distribution of mean effective stress in the slope is shown in Figure 6.34. The highest values of
p’ (=1/3∑σ’i), which is proportional to the confining pressure, are calculated to be behind the
buttress (Figure 6.34).

Figure 6.34. Results of numerical simulation: mean effective stress in the model with a buttress (Askarinejad et al., 2014).

Figure 6.35: Results of numerical simulation: pore water pressure (PWP) distribution in the
model with buttress and drainage just above the buttress (Askarinejad et al.,
2014).
The results of the surface displacement measurements in tests with a buttress (with and
without drainage) show that the main difference between these two tests is the time at which
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the movements accelerate (Figure 6.32). The model with drainage in the bedrock failed
about 250 h after the equivalent model without drainage (Figure 6.32). The pore water pressure increased before the failure initiation in both cases and similarly, the peak pore pressures were also delayed by approximately 250 h. These findings imply that the drainage behind the buttress might have had an effect in stabilising the slope (Figure 6.35) although the
initial rate of surface movements of this model was greater than that of the model without
drainage. The difference in the movement rates of these two tests might be due to slight undetected differences in initial void ratio of the models during compaction, or the marginally
different initial pore water pressures.

6.10 Exfiltration from bedrock
Water was injected through the bedrock to the back of the slope in two models. The first
model (T12_1) had buttress in the lower part of the slope, while the bedrock was parallel to
the slope surface in the second test (T12_2). Water flowed out of the central water tank
(Figure 6.5), (which was not pressurised) and was divided into 4 portions by the “water distribution box” on each side of the tool platform. The pressure of the water below the porous
stone in the groove of the bedrock (Figure 6.8 and Figure 6.9) was measured to have an
average value of 109 kPa. The porous stone was a brass alloy and the properties are summarised in Table 6.4.
Table 6.4: Specifications of the porous stone at the exfiltration groove in the bedrock.
Product
type

Porosity
(%)

Intrinsic permeability
(10-12 m2)

Sika_B 80

42

114

Average and minimum pore diameter
(10-6m)
dave
dmin
90
37

Shear
strength
(N/mm2)
80

The discharge of water into each box was measured to be 131 ml/s. The pressure drop over
the porous stone was calculated to be 0.6 kPa according to Darcy’s law, which is negligible
compared to the average exfiltration pressure (109 kPa). Accordingly, the tests replicated the
effect of exfiltration of water from interconnected saturated fissures in the bedrock with approximately 11 m of height difference. The Coriolis Effect has diverted exfiltration to the right
side (viewed from top of the slope) of the model in test T12_1 and to the left side (viewed
from top of the slope) in the test T12_2. Therefore, non-symmetrical failures occurred in
these models.
The slopes failed locally in the vicinity of the exfiltration area with no measureable effect on
the upper part of the slope. Sequences of failures in both tests are shown in Figure 6.36 and
Figure 6.37. It is observed that the slope with the buttress failed after a longer time of exfiltration (19 hours compared to 3.5 hours for a slope without a buttress). However, the sizes of
the failure wedges of both tests are quite similar.
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Figure 6.36: Sequence of events on the Ruedlingen model slope with buttress and exfiltration
from the bedrock in test T12_1. Times are at prototype scale.

Figure 6.37: Sequence of events on the Ruedlingen model slope without buttress and with
exfiltration from the bedrock in test T12_2. Times and dimensions are at prototype scale.
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The changes in pore pressure in the lower part of the slope (P3) are shown in Figure 6.38
and Figure 6.39 for tests T12_1 and T12_2 respectively. The PPTs located at the upper part
of the slope (P6 and P7) did not react to exfiltration (as the failures in both models occurred
only in the lower part of the slope) and therefore they are not shown in the figures.
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Figure 6.38: Pore water pressure above the bedrock at location P3 in test T12_1 (bedrock
with buttress, and exfiltration).
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Figure 6.39: Pore water pressure above the bedrock at location P3 in test T12_2 (bedrock
without buttress but with exfiltration).
The pore water pressure showed an increase in both models after the start of exfiltration.
The initial value of pore pressure was approximately -5 kPa in both cases. The peak pressure in the model with a buttress occurred 13.5 hours after the start of exfiltration and had a
higher value of 3.77 kPa, compared to the pore pressure in the model without a buttress,
which reached a maximum value of 2 kPa and approximately 7 hours sooner.
6.10.1 Comparison between failure mechanisms due to exfiltration from the bedrock
and infiltration of rainfall
The development of pore pressures due to rainfall in the models with a buttress in test T10_2
(infiltration) (Figure 6.26) is compared to that from test T12_2 (exfiltration) (Figure 6.39). The
results show that the value of the triggering pore pressure is slightly higher in test T10_2, but
the time required is much longer compared to the exfiltration mechanism.
However, comparing the results from tests T9_1 (infiltration in a buttressed slope) (Figure
6.24) and T12_1 (exfiltration from the bedrock with a buttress) (Figure 6.38), it can be seen
that the triggering pore pressure for the infiltration mechanism (1.7 kPa) is lower than for exfiltration (3.7 kPa). The difference can be explained by the depth of the failure wedge. The
triggered failure is shallower for the infiltration process and therefore less pore pressure increase is needed to destabilise the soil mass, whereas, exfiltration is occurring at the interface of the soil and bedrock, thus a deeper slip surface will be generated and therefore more
water pressure is required to trigger a failure.
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6.11 Effect of vegetation on slope stabilisation
6.11.1 Introduction
The effects of roots on the behaviour of unsaturated slopes subjected to rainfall were investigated using geotechnical centrifuge modelling. Two parallel tests were conducted on slopes
with and without a buttress on the corresponding bedrock. A control pot was also prepared to
measure the length of the roots before the tests. A direct shear test was conducted to quantify the reinforcing effect of the roots in addition to the centrifuge tests. The soil in the control
pot and direct shear box was compacted with similar initial water content (w = 15%) and void
ratio (e = 1.0) as the centrifuge models.
The specifications of the roots, in terms of the length, growth pattern, and diameter were determined. The contribution of the roots to the shear strength of the soil was estimated based
on their properties and two analytical models: “perpendicular root model” and “fibre bundle
model”. Details of these models are discussed in the following sections. The estimated values of root reinforcement were compared to the results of the direct shear tests. The factor of
safety of the slope in the centrifuge model with parallel bedrock was calculated using a simplified two dimensional infinite slope method, which includes the contribution of the roots and
unsaturated condition of the soil. Lastly, the results of the centrifuge tests on vegetated
slopes are compared to the one without vegetation with and without a buttress on the bedrock, in terms of the surface movements and evolution of the pore water pressure.
6.11.2 Root specifications
Seeds of Avena Sativa (from the family of oats, also commercially known as cat grass) were
planted in control pots (Figure 6.40 a) in order to investigate the shape and pattern of the
roots. The soil in the pots was prepared using the moist tamping method, with an initial water
content of 15% and void ratio of 1.0. The results revealed that 5 seeds, out of the total 43
seeds, grew 4 roots (~12%), 31 seeds grew 3 roots (~72%), 3 seeds grew 2 roots (~7%), and
4 seeds did not grow any roots (~9 %) (Figure 6.40 b & c).
Several grains were attached to the roots depending on the surrounding soil water content,
and therefore the roots were washed from the soil grains to measure the actual root diameter
(Figure 6.41). The diameter of the roots (D) ranged from approximately 0.1 mm to 0.5 mm,
depending on the length and moisture content of the root. The average diameter of the roots
was determined to be Dave = 0.22 mm.
The growth orientation of the roots was generally vertical until they encountered the bottom
of the pots. In addition, very little branching of the roots was observed and each root was
covered by a coat of fine hairs, with length of about 1 mm.
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Figure 6.40: a) Control pot, b) Root shape and length from the control pots, c) The distribution of the numbers of root branches for the seeds planted in the control pots.

Figure 6.41: a) Roots with soil grains. b) Root without any soil grains.
6.11.3 Estimation of the root reinforcement
Two models for the centrifuge tests were constructed using the moist tamping method and
the seeds were planted with vertical and horizontal spacing of 20 mm on the surface of the
slope. This arrangement provided a root area ratio of 0.01%.
6.4
where AR is the cross sectional area of the roots that cross the shear zone plane, with an
area of A.
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The perpendicular root model (Figure 6.42) is used in conventional methods of root reinforcement quantification (Waldron, 1977; Wu et al., 1979; Wu et al., 1988; Wu & Watson,
1998). It is assumed that the root direction is normal to the shear zone, and that the tension
is transferred to them as the planes of the shear band move relative to each other in these
models. Confining stress might also increase due to the tensile force in the reinforcement
(Bucher, 1983).

Figure 6.42: Perpendicular root model (after Gray & Leiser, 1989).
The increase in shear strength of the soil, ∆S, is expressed by the following relationship according to Waldron (1977) and Wu et al. (1979):
6.5
where is the shear strength increase due to root reinforcement, is the average tensile
strength of a root, θ is the angle of shear rotation, and φ′ is the soil internal friction angle.
Several researchers (e.g. Gray, 1974) showed that the internal friction angle of the soil remains almost unaffected by the presence of the roots in the soil matrix. Wu et al. (1979) also
conducted a sensitivity analysis and reported that the value of the bracketed term in Equation
6.5, is fairly insensitive to common variations in θ and φ′ (40–90° and 25–40° respectively)
with values ranging from 1.0 to 1.3 (Pollen & Simon, 2005). A value of 1.2 was, therefore,
selected by Wu et al. (1979) to replace the bracketed term and Equation 6.5 is simplified to:
1

6.6
Several studies (e.g. Operstein & Frydman, 2000; Tosi, 2007) have shown that the tensile
strength of the roots decreases as the root diameter increases and a power law relating the
root tensile strength to the root diameter has been suggested by these authors:
6.7
where a and b are the model parameters, Tr is in MPa and D (root diameter) is in mm.
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De Baets et al. ( 2008) performed an extensive study on root tensile strength of a large variety of plant species and suggested values of a = 4.77, b = 1.52 for Avenula bromoides should
be used in Equation 6.7. 52 tests were performed on this grass, which is from the same family as the grass used in the centrifuge tests and the power relationship had a coefficient of
determination of R2 = 0.6. The range of the root diameters tested was 0.15 to 0.32 mm,
which is similar to the root diameters that were used for these centrifuge tests. Therefore, a
value of 47.6 MPa is assumed for the average tensile strength of the roots in this study 1. The
theoretical value of root reinforcement based on the perpendicular root model can be calculated using Equation 6.6:
1

1

1

1

6.8
However, Operstein & Frydman (2000) showed an overestimation of root reinforcement
based on Wu’s model, and suggested applying a reduction factor of 0.21 to the values calculated according to the perpendicular model (Equation 6.6). The perpendicular root model
assumes that the roots reach their maximum tensile strength simultaneously and that they
break together. This assumption might be a source of overestimation in the reinforcing contribution of the roots, because the roots in a real soil-root system have different tensile
strengths and might break progressively. Another assumption in the Wu’s model is that all
the roots break during shearing. However, several studies have revealed that the roots break
in soils with higher shear strengths but that pull-out could be the dominant failure mechanism
of the roots in wet soils, with lower suction and associated shear strength. The pull-out
mechanism might take place when the friction between the roots and soil is less than the
tensile strength of the root.
Fibre Bundle Models (FBM) have been used to overcome the aforementioned shortcomings
of the perpendicular root model in estimating root reinforcement. The basic principle of the
standard FBM is that the maximum load withstood by the bundle of fibres is less than the
sum of each of their individual strengths. This is because the fibres will not all break at the
same time when a load is applied to the bundle (Pollen & Simon, 2005; Cohen et al., 2009;
Cohen et al., 2011; Schwarz, 2011).
Pollen and Simon (2005) showed that a reduction factor of 0.48 should be applied to the results of the perpendicular root model for grasses (Panicum virgatum). However, the reduction
factor ranges between 0.6 and 0.82 for larger plants (cottonwood, Sycamore tree, Betula
nigra, Pine, and Black willow). They showed that the reduction factors depend more on plant
species than on the number of roots crossing the shear plane. The expected value of root
reinforcement for the centrifuge models varies between the 1.19 and 4.7 kPa, according to
the suggested reduction factors.

6.11.4 Centrifuge model preparation
The soil was compacted in two boxes using the moist tamping method, to the void ratio of
1.0, with initial soil water content of 15%, and then the slope was cut from the compacted soil
1

Root diameter is assumed to be 0.22 mm.
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in the boxes. The seeds were planted on a grid of 20 mm × 20 mm spacing on the slopes
(Figure 6.43). The roots grew on the slope rather than inside the slope in the first attempt, as
shown in Figure 6.44. Therefore, the seeds were taken out and the boxes were tilted by approximately 20° to provide a less steep surface for the grass to grow, and new seeds were
planted (Figure 6.45).

Figure 6.43: Seeds planted in a square grid pattern, with 20 mm spacing, in the centrifuge
models.

Figure 6.44: Roots growing on, rather than into, the slope in the first attempt.

Figure 6.45: Boxes tilted by approximately 20° to provide a less inclined growing surface.
This method was successful and the grass started to grow into the centrifuge models, control
pot and the direct shear box (Figure 6.46).
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Figure 6.46: The grass starting to grow in (a) the centrifuge boxes, (b) the direct shear box
and (c) the control pot.
The height of the grass was more than 10 cm and the average length of the roots was 8.5 cm
after 1 week. The grass was cut so that it was level with the soil surface and the centrifuge
tests were started (Figure 6.47).

Figure 6.47: Cutting the grass to the soil surface before the centrifuge test.
6.11.5 Direct shear test
A direct shear test was also carried out in parallel to the centrifuge tests, to quantify the increase of the soil shear strength due to the root reinforcement. The soil model was prepared
with moist tamping of the same (Ruedlingen) soil as in the centrifuge models, with water content of 15% and void ratio of 1.0.
The seeds were planted on a grid of 20 mm × 20 mm in the direct shear box and it was located in the same room as the centrifuge strong box, to provide the same conditions of temperature, light, and humidity for both models1. Details of the direct shear tests are presented
in Appendix D.

1

Average temperature of 18.5 °C, average relative humidity of 65%.
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The results of the direct shear test, with three different normal loads, are presented in
space in Figure 6.48. The results show a slight increase of 1° in the value of internal friction
angle. An increase in the value of the intersection of the failure envelope and the axis is
also recognised. This increase in the shear strength is about 2 kPa, which agrees well with
the values predicted in Section 6.11.3, based on the combination of the perpendicular root
model and fibre bundle approach.
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Figure 6.48: Comparison of the failure criteria of Ruedlingen soil with, and without, root reinforcement.
6.11.6 Stability of the vegetated slope (2D infinite slope method)
The factor of safety of the vegetated slope in the centrifuge model with parallel bedrock is
calculated based on the infinite slope model (Figure 6.49). Two sets of accelerations act on
the slope in the drum centrifuge: i) centrifugal acceleration (Ng) and ii) earth’s gravity (1g).
Therefore, the weight of the material has two major components (WNg in the direction of the
centrifugal acceleration and W1g in the direction of the earth’s gravity).

Figure 6.49: a) Infinite slope model, b) Failure criteria of the soil with and without vegetation
and the corresponding Mohr’s circles for the stress states before and during the
rainfall.
The factor of safety (FS) is defined as the fraction of the resisting ( ) and driving forces:
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6.9
The resisting force is a function of the effective stress and the contribution of the roots. The
effective stress is defined in Equation 6.10:
6.10
The shear strength is written as:
6.11
where cr is the contribution of the roots to the shear strength, assuming that c’=0 kPa.
The net stress in Equation 6.10 is defined by:
1

6.12
where is the density of the soil and h, L, and are geometrical properties of the unstable
slope segment. The depth of the slope to a plane surface is assumed to be 1 m.
Accordingly, the factor of safety can be written as:
6.13
This Equation can be written as:
6.14

FS (-)

The changes in the factor of safety as a function of the depth of the failure surface are shown
in Figure 6.50. The suction is assumed to be 0 in the calculation of the FS in this Figure. The
FS is marginally below 1 for the failures deeper than 0.03 m. However, the effect of the side
walls of the failure wedge is not taken into account in this simplified 2D model.
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Figure 6.50: Changes in the factor of safety as a function of the depth of the failure surface of
the vegetated slope at model scale.
Therefore, the vegetated slope is expected to be stable with no water table developing over
the bedrock, according to the limit equilibrium method.

185

6.6 Centrifuge tests
6.11.7 Centrifuge test to investigate the root reinforcement effects (T11_1&2)
Two tests of T11_1 & 2 were performed in parallel to investigate the reinforcing effect of
roots on the stability of slopes. The bedrock had a buttress at the lower part in test T11_1
while it was parallel to the slope surface in the test T11_2. The rain was applied by means of
one MW5 nozzle, which was installed at nozzle port I2 in both climate chambers. This nozzle
applies a rain with an intensity of 1.27 mm/hr at prototype scale.
The observations indicate that the vegetated slopes were very well drained during the rainfall
compared to the previous tests, and no overland flow or ponding of water at the toe of the
slopes were seen. This can be due to the increase of the macro-permeability of the slope
because of the penetration of the roots, which drained the rainwater to the deeper points of
the soil profile. The changes in the pore water pressure at the lower part of the slope at P3
are compared for the vegetated slopes, with and without buttress, in Figure 6.51. The initial
pore pressure for the model with a buttress was 4 kPa less than the model without a buttress. This can be due to local differences in the water uptake by the planted grass. The pore
water pressure in the model without a buttress increased earlier than the model with a buttress, but the value of the final change is less (2 kPa and 5 kPa for the slope without and with
buttress respectively). The difference in the reaction time can be attributed to the difference
in the unsaturated hydraulic conductivities of the two models. However, higher values of a
measured increase in the pore water pressure for the model with a buttress can be due to
the accumulation of water above the buttress.
The surface displacements of the two models are also compared in Figure 6.51. No failure
was observed in the models, which agreed well with the prediction using the 2D limit equilibrium method explained in Section 6.11.6. However, the value of final average surface displacement of the model, without a buttress, is approximately twice as much as the model
with a buttress.
The general forms of the surface movements of vegetated slopes show faster initial movements which change into slower one. The movements of the overlying soil on the slope without a buttress can be approximated by two linear phases, which intersect about 1000 hours
after the start of the rain, at approximate shear strain of 0.4% (1.2 mm/294 mm), whereas,
the movements of the soil surface on the slope with a buttress can be approximated well by a
3rd order polynomial function. The final value of the surface velocity of the slope with a buttress is less than that for the soil surface on the slope without a buttress.
The rate of slope deformations generally reduced as the root reinforcement mechanism was
activated. The roots came into action after a certain value of the shear strain as was also
seen in the results of the direct shear tests (Appendix D). Two slight increases in the shear
strength of the soil in direct shear test could be measured at shear strains of 0.8% and 1.5%.
The difference between the shear strains at which the increase in the shear strength occurred in the direct shear test and the centrifuge can be due to the differences in the shearing mechanisms of the two tests.
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Figure 6.51: Changes in the pore water pressure at P3 and average surface displacements
of slopes for the tests with vegetation.
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Figure 6.52: Changes in the pore water pressure at P3 and average surface displacement of
a) the slope without buttress and vegetation, b) the slope without buttress and
with vegetation.
The mechanical and hydraulic behaviour of the vegetated slopes subjected to rainfall are
compared for slopes without vegetation in Figure 6.52 and Figure 6.53. Both figures show
that the reinforcement due to vegetation played a significant role in stabilising the slopes.
The slope without either a buttress or vegetation failed 300 hours after the start of the rainfall
and the pore water pressure in the lower part of the slope also increased rapidly. The slope
with a buttress and no vegetation also failed 600 hours after the rainfall, while the vegetated
slopes either with, or without a buttress were stable during 1800 hours of rainfall.
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Figure 6.53: Changes in the pore water pressure at P3 and average surface displacement of
a) the slope with a buttress and without vegetation, b) the slope with a buttress
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6.12 Static liquefaction
6.12.1 Introduction
Abrupt increases in the pore water pressure due to collapse of the voids is suggested as one
of the theories to explain the static liquefaction process (Chapter 2 and Section 6.1.2). However, the time scale factors relating centrifuge model to prototype, based on excess pore
pressure dissipation and pore collapse, are not the same as discussed in Section 6.1.2. A
possible approach to unify these two time scaling relationships is to decrease the hydraulic
conductivity of the soil through increasing the kinematic viscosity of the pore fluid used in the
model by a factor of
as derived in Section 6.1.2. The centrifuge tests in this study were
performed at 50 g acceleration, therefore the viscosity of the solution of water and glycerine
used as the pore fluid in this series of tests should be approximately 7 times more than that
of the water. The specifications of the selected pore fluid and details of its effects on the hydraulic and shear strength parameters of Ruedlingen soil are discussed in Appendix E.
6.12.2 Centrifuge tests to investigate the static liquefaction
Two tests were performed to compare the effect of viscosity of the pore fluid on the behaviour of slopes under heavy rainfall events in the centrifuge. A viscous solution was used as
the pore fluid in the soil, and also as the applied rainfall with intensity of 2.5 mm/hr (prototype
scale) in the first model (T13_2), while water was used in the second model (T8_2) with the
same rain intensity.
The scaling law for the seepage/infiltration time in these two tests is influenced by the hydraulic conductivity of the soil. The seepage time can be calculated using Darcy’s law.
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⇒
6.15

⇒

&
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{
where

is the seepage/infiltration velocity,

is the hydraulic conductivity, is the hydraulic

gradient, is the seepage time,
is the seepage length (macroscopic), and subscripts p and
m stand for prototype and model, respectively. Accordingly, the scaling law for time for the
model with the viscous solution is

times less than that of the model with water.

6.12.3 Slope with viscous solution as pore fluid (Test 13_2, no buttress)
The sequence of the movements of the soil mixed with viscous solution is shown in Figure
6.54. The upper part of the slope started to move 10 hours after the start of rainfall, according to the PIV measurements (Figure 6.55). The first PPT to react was the one at position P7
(Figure 6.55). Pore water pressure at this point started to increase at time 28 h with a rapid
increasing rate of 0.4 kPa/h for the following 5 hours. The pore pressure rate decreased
slightly when the tension cracks appeared at 34 h and the movements accelerated. The PPT
in the compression zone (P3) reacted at time 62 h and the pore pressure increased at a similar rate to P7 (0.4 kPa/h) (Figure 6.56). The movements accelerated at this time, when a
sudden increase in the pore water pressure at the toe of the slope was observed. Surface
erosion starts to occur near the left border of the slope (looking downwards) at time 41 h
(Figure 6.54) and the rain was stopped at time 45 h to reduce the erosion. Not only did the
movements of the slope not stop, but they accelerated, although there was no rain input and
hence no infiltration into the slope. The pore pressures increased until attaining peak values
approximately at time 50 h (5 hours after the rain stopped) (Figure 6.55 and Figure 6.56).
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Figure 6.54: Sequence of events on the Ruedlingen model slope with viscous solution and
without buttress in the bedrock in test T13_2. Times are at prototype scale.

Figure 6.55: Pore water pressure above the bedrock at location P7 and surface displacement
at the same location in tests T13_2 (VS) and T8_2 (W) (bedrock without buttress) (W.: water, VS: viscous solution, PFP: pore fluid pressure, Disp.: displacement).
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Figure 6.56: Pore water pressure above the bedrock at location P7 and surface displacement
at the same location in tests T13_2 (VS) and T8_2 (W) (bedrock without buttress) (W.: water, VS: viscous solution, PFP: pore fluid pressure, Disp.: displacement).
6.12.4 Slope with water as pore fluid
The slope with water as the pore fluid started to move 34 hours after the start of rainfall. Tension cracks appeared at the crest, and the movements accelerated. The first PPT to react
was the one at position P7 (Figure 6.55). Pore water pressure at this point started to increase
rapidly at 28 h at a rate of 0.41 kPa/h, for the following 5 hours. The pore pressure rate decreased slightly when the tension cracks opened at 34 h. The PPT in the compression zone
(P3) reacted at time 62 h (Figure 6.56) and the pore pressure increased at a similar rate to
P7. The movements accelerated at this time, when a sudden increase in the pore water
pressure at the toe of the slope was observed. A concentrated runoff channel also developed
at the interface of the slope and the left wall (viewed from above) (Figure 6.57).

Figure 6.57: Sequence of events on the Ruedlingen model slope with water and without buttress in the bedrock in test T8_2. Times are at prototype scale.
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6.12.5 Comparison between the behaviour of models with water and a viscous solution as pore fluids
Changes in the pore fluid pressure at the lower (P3) and upper (P7) parts of the slope, and
the corresponding surface displacements of the models with viscous solution and water as
pore fluids are shown in Figure 6.56 and Figure 6.55 respectively. Initial pore pressure in
both models is approximately -4 kPa, and it remained almost constant until the wetting front
reached the bedrock surface and the perched water table started to rise. The reaction of the
slope with the viscous solution, in terms of acceleration of movements and increase of the
pore pressures due to rainfall, occurred sooner than in the model with water in accordance
with the scaling law. Sudden changes in the rate of movements and pore pressures occurred
fairly simultaneously in the model with the viscous solution (Figure 6.56).
One of the main differences between the behaviour of the slopes in terms of movements is
that the speed of the movements changed significantly in the model with viscous solution,
after the increase in the pore pressures. This is dissimilar to the acceleration of the movements in the model with water, which followed a smooth curve even after the sudden increase in the pore pressures.
The pore pressure curves of the model with water attained plateaux after the first sudden
increase, the plateau is more obvious in the upper part of the slope (P7, Figure 6.55). The
pore pressures increased at lower rates until general failure occurred in the model. However,
the rate of increase of the pore pressures in the model with viscous solution did not change
until failure.
These observations might be attributed to the effect of pore pressure dissipation rate on the
failure mechanism of the slopes triggered by rainfall. It should be noted that the sudden acceleration of movements after the abrupt increase of pore pressures, which could be interpreted as static liquefaction, occurred under negative pore pressure conditions.

6.13 Summary
A climate chamber and rain simulator were designed and constructed at the Institute of Geotechnical Engineering (IGT) at the Swiss Federal Institute of Technology in Zurich (ETHZ) to
test the hypotheses about the stability of Ruedlingen slope in Slope Monitoring Experiment in
October 2008 and the failure in Landslide Triggering Experiment in March 2009. A new scaling law was developed to properly model the static liquefaction process in the unsaturated
slopes subjected to rainfall under increased acceleration conditions. Several tests were conducted to study the effect of the bedrock shape and hydrogeological interactions with the
overlying soil mantel on the stability of the slope. The contribution of the roots to the shear
strength of the soil was also quantified using a series of direct shear tests and the roots effect was studied in a model using geotechnical centrifuge.
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7 Analytical and numerical simulations
This chapter focuses on numerical and analytical methods adopted to explain the behaviour
of the marginally stable slope of Ruedlingen before the failure induced by the artificial rainfall
event. The mechanical features of unsaturated soils and reinforcing effects of the vegetation
are implemented in simple infinite slope limit equilibrium analysis and results are compared
to the analytical three dimensional limit equilibrium simulations. The three dimensional geometries include laterally limited slides of the failure block. Basal and lateral root reinforcement has been introduced in these models. Moreover, the possible depth of the failure surface is calculated based on these simplified 3-D models and is compared to the depth of the
real failure surface in the Ruedlingen landslide triggering experiment.
Two dimensional uncoupled hydro-mechanical finite element simulations are carried out to
investigate the effect of the hydraulic interactions of the bedrock with the overlying soil layers
on the pattern of pore pressure distributions in stabilising or destabilising the slope. An additional series of more complex two and three dimensional coupled hydro-mechanical finite
element analyses are performed in order to take the coupled response of the soil into account.

7.1 Analytical modelling (based on Askarinejad et al., 2012b)
7.1.1

Analytical limit equilibrium simulations

The equation for factor of safety (FS) is derived in this section for the infinite slope model,
assuming a shallow, translational soil movement along a planar surface parallel to the
ground. The shear strength of the soil is defined in based on the effective stress formulation
proposed by Bishop (1959) for unsaturated soils.

 '    ua    (ua  uw )
where

is the effective stress,

7.1

is total stress, ua is pore air pressure, uw is pore water

pressure, the quantity s = (ua - uw) is matric suction, and 𝜒 is a material property that depends on the degree of saturation or matric suction.
It is assumed that:

  Sr

7.2

where Sr is the degree of saturation.
Bishop’s effective stress with, 𝜒
will change to the saturated effective stress (Terzaghi,
1936) if the pore pressures at the slip surface become positive. Nonetheless, the slip surface
is presumed to be located above the water table where the soil is unsaturated. The shear
strength of the unsaturated soil, based on the Mohr-Culomb’s failure criterion and Bishop’s
stress can be written as:
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7.3
where

is the shear strength, and

is the internal friction angle of the material.

Figure 7.1: a) The infinite slope model, b) The simplified three dimensional model.
The factor of safety for the 2D infinite slope (Figure 7.1a) is determined by comparing the
resisting shear force ( ) along the slip surface with the driving force due to the slope-parallel
weight component (

):
7.4

where W is the weight of the element and

(

is defined in Equation 7.5:

-

1+

)

1

where, N is the force normal to the failure surface (defined in Equation 7.6),

7.5
represents

the contribution of the roots to the soil shear strength at the base of the element,

and

are geometric parameters defining the element in the infinite slope (Figure 7.1a).
The force normal to the failure surface (N) is defined as:

s

1

7.6
where is the unit weight of the soil. The width of the element is assumed to be 1 m. The
factor of safety can be derived by combining Equations 7.4 to 7.6:

FS 

 hl cos 2 tan  '  Sr s tan  ' l  cr _ b l
 hl sin  cos 

Equation 7.7 can be simplified into 3 major terms:
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FS 

tan  '
tan α

2 Sr s tan  '



 h sin2



2 cr _ b

7.8

 h sin2

The first term on the right hand side of Equation 7.8 is the component related to the friction
angle, the second term is the effect of apparent cohesion due to the unsaturated conditions,
and the third part is the contribution of the root reinforcement from the base.
The two dimensional limit equilibrium analysis (Springman et al., 2003; Casini et al., 2010b)
is extended to a three dimensional geometry for laterally limited slides, in order to account for
the resisting forces along the sides (Ts) of the failure block (Figure 7.1b). The vertical and
lateral reinforcing effect of the vegetation at the base and along the vertical planes of the
failure block is estimated, respectively. The effective depth of lateral root reinforcement (hr)
can be varied. Moreover, the effect of frictional resistance due to the horizontal soil pressures
acting on the walls and the apparent cohesion are taken into account.
The reinforcing effect of the roots in this section is conceptualised as resistant shear and
normal tensile stresses, along the sides and base, and the upper face of the failure block,
respectively. Estimates of the root reinforcement mobilised for the Ruedlingen slope are
based on the distribution of the roots and the mechanical properties of the root bundles, as a
function of the displacement obtained during insitu pull-out tests (Schwarz, 2011). More details on the root reinforcement estimation and models have been presented in Chapters 3
and 6.
The factor of safety for the three dimensional geometry is calculated by Equation 7.4:

FS 

T  2T
f
s
 b
W sin W sin
T

7.9

where,
and are the resisting forces mobilised at the base and along the sides of the
block respectively.
The resisting force at the base ( ) is:
T  N tan  '  S s tan  ' B L  c
BL
b
b
r
r _b

7.10

where
are the width and the length of the block respectively (Figure 7.1b), and
mobilised force normal to the base plane:

s
where,

is the

7.11

are the unit weight of the soil and the height of the block respectively.

The resisting force along a side of the block is determined by:

where

is attributed to the root reinforcement at the side of the element,

the root reinforcement (Figure 7.1b ) and

7.12
is the height of

is normal force applied to the sides. A constant
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value of suction is assumed in this equation over the depth of the soil to the failure surface
for the sake of simplicity.

Ns 

1
K  L h2
2

7.13

where K is a constant horizontal earth pressure coefficient. The factor of safety can be determined by Equation 7.14 according to Equations 7.9 to 7.13 by assuming a horizontal earth
pressure coefficient at rest (K = K0 = 1 - sin ):

s
1

s

7.14

s

s
This equation can be expressed as:

[1

s ]

[1

]

s

7.15

The forces acting at the upper and lower ends of the block are ignored in this analysis, except for the effect of tensional root reinforcement,
, which is evaluated in Section 7.1.3.
Parameters used for the Ruedlingen soil, root reinforcement, and geometry in these analyses
are listed in Table 7.1.
Table 7.1: Parameters used for Ruedlingen soil and vegetation in the infinite slope analyses.
φ' (°)
32

(kN/m3)
16.33

e
1

(°)
38

h (m)

L (m)

b (m)

cr_b (kPa)

cr_s (kPa)

hr (m)

1.1

17

7.5

0.5

4

0.3

The comparison between the two approaches (2D infinite slope and simplified 3D block)
based on Equations 7.8 and 7.15 are illustrated in Figure 7.2 for different assumptions about
the resistance required from the root reinforcement. The factor of safety is calculated based
on the wetting branch of the Water Retention Curve for the Ruedlingen soil, with e = 1.0
(Chapter 4). The results show that the FS derived from the 2D approach for suctions lower
than 4 kPa is about 88% of the FS of 3D approach for the failure width of 7.5 m (on average).
The value for the reinforcing effect of the lateral roots is based on an extensive study of the
pull-out and breakage forces of roots in the test pits excavated adjacent to the field test site.
The selected value (cr_s = 4 kPa) is an average of the measured maximal root reinforcement
at the scarp of the failure zone. The measured values of the lateral root reinforcement vary
between 0 to more than 50 kPa on this slope (Schwarz, 2011).
The lateral root reinforcement is assumed to be uniformly effective at depths of 0 to 0.3 m in
these analytical simulations. Comparing the changes in the FS shown in Figure 7.2 for the
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3D models, with and without lateral root reinforcement, it can be seen that the difference in
the predicted FS is about 3%. This value shows the effect of cutting the roots to a depth of
0.3 m along the longitudinal borders of the experiment site on the stability of this marginally
stable slope.

Figure 7.2. Comparison between 2D infinite slope and simplified 3D analysis, with and without a contribution to the shear resistance derived from the vegetation.
7.1.2

Prediction of potential depth of failure surface

The FS is set to 1.0 to establish the variation of the minimum suction required (or degree of
saturation) with the depth of the inclined failure plane, in order to predict the potential depth
of failure and hence the volume of mobilised material. This is a key factor in landslide hazard
assessment. A similar approach has been used by Springman et al. (2003) and Casini et al.
(2010b).
Equations 7.16 and 7.17 determine the minimum apparent cohesion, shown by c*, required
to have a stable slope, in the 2 and 3 dimensional cases respectively.

2 cr _ b   h sin2
 tan  '
FS  1 c*  1 


2
 tan   h sin2 

7.16
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1⇒

∗

[

(1
s

]

)
7.17

[1

s ]

The results are summarised in Figure 7.3. The analysis based on the 2D infinite slope method (Equation 7.16), either with or without root reinforcement at the base, shows an increasing
value of required apparent cohesion as the depth of failure increases. The stabilising effect of
the vegetation could be replaced by an apparent cohesion of 0.5 kPa. A critical depth of a
shear zone of around 1.3 m is obtained, irrespective of the assumption made about the vegetation, as the suction decreases. This depth is similar in different scenarios of root reinforcement and agrees well with the average depth of failure in reality (h = 1.1 to 1.2 m, Chapter 5).
The stabilising effect of side and base roots can be replaced by an apparent suction value of
about 0.6 kPa and about 0.2 kPa for side vegetation alone.
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Figure 7.3. Minimum required apparent cohesion at factor of safety of unity for different
depths of shear zone (the arrows show the regions with FS > 1).
7.1.3

Effect of variability of root reinforcement with depth

The vertical distribution of tree roots in the soil profile along the scarp is confined to the top
0.6 m of soil, whereas the root network of the grass plants was only effective in the first 0.2 m
of soil, as reported by Schwarz (2011). The root network for both trees and grass plants decays exponentially with depth, according to the findings of several researchers (e.g. Abe &
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Iwamoto, 1990; Schmidt et al., 2001; Docker & Hubble, 2009) and the same observation was
reported by Schwarz (2011) for the Ruedlingen slope.
Accordingly, a conceptual model for the lateral root reinforcement is considered with an exponential decay in the reinforcing contribution of the roots from 0.15 m to 0.6 m in depth
(Figure 7.4a). The same approach that adopted in Section 7.1.1 will be applied to calculate
the factor of safety, with the difference of variable root effects and application of root reinforcing effect to both the side and back of the failure block (Tveg in Figure 7.1). No basal root reinforcement is taken into account in this section, as the depth of failure surface is assumed to
be 1.1 m.
The equation to determine the FS can be written as:

FS 

Tf
W sin



Tb  2Ts  Tveg
W sin

7.18

is defined in Equation 7.10, but the term accounting for the base root reinforcement will be
excluded for the calculations of this section.
is the shear resistance along one side of the failure block:

Ts  Ns tan  '  Sr s tan  ' h L  Fveg _ s

7.19

where
is the normal force applied to the sides, which is calculated according to Equation
7.13, and
is the reinforcing force mobilised by the vegetation on one side of the failure
block:
hr

Fveg _ s  cos  clat L dh

7.20

0

where

is the value of root reinforcement, according to Figure 7.4a.

Likewise, the reinforcing force provided by the vegetation at the back of the failure block (
in Figure 7.1b) is:
hr

Tveg  clat B dh

7.21

0

The factor of safety determined for the simplified 3D block model is compared both with results obtained with full root reinforcement, and after cutting the roots along the longitudinal
borders of the field, representing the first and the second Ruedlingen experiments, respectively. Figure 7.4b shows the variation in the FS with respect to the decrease in suction and
the changes in the maximum value of the root reinforcement. The effect on the FS of cutting
the roots to a depth of 0.3 m along the longitudinal extents of the block is considered.
is
the cohesion attributed to the roots at the surface of the soil. The difference in the FS between the first (full edge) and the second (cut edge) experiments is about 7% for the top root
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reinforcement of

. However, the factor of safety is not lower than 1.0 if the suc1

tion exceeds 1 kPa and if

0

1

.

Maximum root reinforcement (kPa)
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a)
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Figure 7.4. a) Conceptual model for decay of lateral root reinforcement with depth, b) Parametric study on the stability effect of the maximum lateral root reinforcement.

7.2 Uncoupled 2D simulations of Ruedlingen experiments (based
on Bischof, 2010 and Askarinejad et al., 2012b)
The results of the uncoupled numerical simulations of the first and the second Ruedlingen
experiments are presented in this section. The simulations were performed using the finite
element code SEEP/W (Krahn, 2004a) and the plane strain limit equilibrium SLOPE/W
(Krahn, 2004b) module from the GeoStudio software. The hydraulic boundary conditions
were applied to the finite element model produced for the analysis using SEEP/W, and pore
pressure distributions were calculated. The factor of safety of the slope was determined using SLOPE/W, based on the pore pressure distributions exported from SEEP/W for each
time step. The pore pressure distributions were calculated according to Richards’ equation
(Richards, 1931a) for pore fluid flow in the unsaturated soil matrix. The Water Retention
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Curve obtained in the laboratory was fitted with the formula proposed by van Genuchten
(1980). The unsaturated hydraulic conductivity functions derived by Beck (2010) were used
in the analysis.
The shear strength of the unsaturated soils ( ) was applied in SLOPE/W using the extended
form of the Mohr-Coulomb criterion after Fredlund et al. (1978):

 f  c'   '  ua  tan  '   ua  uw  tan  b

7.22

where c’ is the real cohesion between the soil grains due to cementation,
describes the
linear increase of the shear strength due to the increase of matric suction. This linear expression has been questioned in view of increasing experimental evidence (Escario & Saez,
1986; Alonso et al., 1990). Unfortunately, any non-linear variation of

as a function of ma-

tric suction cannot be implemented in the GeoStudio software, so a fixed value of
selected (Table 7.2). The relationship between
Equations 7.3 and 7.22.

and

was

can be derived by comparing

7.23
The most conservative value for
is used in these simulations based on the residual volumetric water content (0.18) and maximum insitu porosity (0.57). The mechanical properties
used for these simulations are summarised in Table 7.2.
Table 7.2: Mechanical properties adopted for the 2D uncoupled numerical simulations.
(kN/m3)
16.3

(°)
32

(°)
10

c’ (kN/m2)

cveg (kN/m2)

0

4

The reinforcing effect of the roots is implemented in the mechanical properties of the model
by introducing additional cohesion (cveg) to the upper 0.3 m of the top soil layer (Figure 7.5
and Figure 7.6). The value is chosen based on the average measurements in the field
(Schwarz & Rickli, 2008; Schwarz, 2011). The calculation of the factor of safety is performed
based on the method of slices after Morgenstern & Price (1965), which considers the moment equilibrium of individual slices.
The geometry of the bedrock is derived from the DPL results (Chapter 3) and is shown for
the left and right hand sides of the test site (looking upslope) in Figure 7.5 and Figure 7.6.
Triangular elements were used for different regions of both models except for the bedrock
region between the two fissures in the lower part of the slope. Finer meshing was used in the
soil regions. The bedrock is considered to be impermeable, compared to the soil layer, with
hydraulic conductivity of 10-20 m/s. It is also assumed to be mechanically stable under the
simulated loads and is modelled as an elastic material. The location and sizes of the fissures
in the bedrock were determined by monitoring the sequences of the changes in the degree of
saturation in the bedrock. The fissures were implemented in the geometry of the models and
were filled with the overlying soil, with similar hydro-mechanical properties.
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Figure 7.5. Geometry of the model based on the DPL results from the left hand side of the
test site, and two rain zones from the slope monitoring experiment (October
2008).

Figure 7.6. Geometry of the model based on the DPL results from the right hand side of the
test site, and location of 7 rain zones based on the landslide triggering experiment (March 2009).
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7.2.1

Effect of the fissures in the first experiment (slope monitoring experiment, October 2008)

A simplified rainfall scenario, which was representative of the first Ruedlingen experiment,
was applied to the numerical model (Figure 7.7). The saturated zone, the critical failure surface and associated factors of safety are shown in Figure 7.8 and Figure 7.9 for the slopes
with and without the fissures in the bedrock, respectively.
80
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Figure 7.7. Simplified rainfall scenario for the first Ruedlingen experiment.
The factor of safety is calculated to be 0.98 after approximately 100 hours of artificial rainfall
for the slope with “draining fissures” in the lower part. However, the factor of safety of the
critical slip surface is equal to 0.16 for the model without fissures in the bedrock. Therefore,
the Ruedlingen slope might have failed during the first experiment in October 2008 if there
were no “draining fissures” in the bedrock in the lower slope behind the buttress, based on
the results of these simulations.

Figure 7.8. Critical slip surface in the 1st experiment, with fissured bedrock derived from 2D
limit equilibrium analysis (after Bischof, 2010).
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Figure 7.9. Critical slip surface in the 1st experiment, with intact bedrock derived from 2D
limit equilibrium analysis (after Bischof, 2010).
7.2.2

Simulation of the landslide triggering experiment

Rain intensity (mm/hr)

The rainfall is applied over the slope with different intensities for seven zones, according to
the real rain event in the Landslide Triggering Experiment (LTE, Chapter 5 and Figure 7.10).
The numerical analyses show that the water applied in rain zone 7 was conveyed through a
fissure in upper part of the slope to the horizontal permeable layer and then it exfiltrated from
the bedrock back into the soil layer, applying an uplifting hydraulic pressure (Figure 7.11).
However, the majority of the infiltrated water drained through the fissures into the bedrock in
the lower part of the slope.
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Figure 7.10. Simplified rainfall scenario of the Landslide Triggering Experiment (LTE) in
March 2009.
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Figure 7.11. Enlarged view of the contour lines of pore water pressure (PWP) in the upper
part of the slope 7 hours after the start of rainfall during the Landslide Triggering
Experiment. White arrows show the flow direction.
The evolution of pore water pressure at different depths of cluster 3 as a response to 15
hours of rainfall (LTE) and the following drying period are illustrated in Figure 7.12. The PWP
at shallower depths (15 and 30 cm) show more dynamic changes according to the variations
in the rain intensity. PWP decreased after the stop of the rain at all depths. The decrease
rate of PWP is higher at the beginning and then it slows down with time over the whole profile. The reason for this observation is the reduction in hydraulic conductivity due to the increase in suction.
120

15 cm

30 cm

4

60 cm

90 cm

2

120 cm

rain _Z7

90

0

60

-2
30
-4
-6

Rain intensity (mm/hr)

PWP (kPa)

6

0
0

2

4

6

8
10
Time (hours)

12

14

16

18

20

Figure 7.12. Pore water pressure at cluster 3 during the 15 hours of rainfall (LTE) and the
following drying period.
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The simulated profiles of pore water pressure at cluster 3 during the LTE are shown in Figure
7.13. The supply of water to the deeper points (depth of 120 cm) through the upper fissure
and the horizontal permeable layer in the bedrock (exfiltration) caused quicker increases in
PWP compared to the shallower depth of 60 cm.
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Figure 7.13. Simulated profiles of pore water pressure at cluster 3 during the LTE using 2D
uncoupled finite element method.
7.2.3

Parametric study of the landslide triggering experiment
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The evolution of factor of safety (FS) as a function of time during the LTE for two cases of
slope with and without root reinforcement is shown in Figure 7.14. The general trend shows
that FS decreases with the rain and attains a minimum value 2.6 hours after the rain stops.
Moreover, the results reveal that the two FS curves for the models with and without root reinforcement are almost parallel and the roots have a more or less constant contribution of
about 7.8% to FS during the whole course of simulated period.

0

35

Figure 7.14. Changes in FS as a function of root reinforcement during the LTE, based on 2D
limit equilibrium analyses (after Bischof, 2010).
The changes in the factor of safety are investigated for two slopes with different bedrock topographies during the application of the rainfall of LTE (Figure 7.16). The geometry of one
slope was modelled based on the topography of bedrock on the left hand side (model LHS)
(Figure 7.5) and the other one according to the right hand side of the field (model RHS)
(Figure 7.6). The results suggest that the FS was initially higher for the Model RHS com-
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pared to LHS. However, the reduction in factor of safety was quicker for this model (RHS)
due to the shallower bedrock and exfiltration process.
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Figure 7.15. The changes in the FS with different bedrock conditions during the LTE, based
on 2D limit equilibrium analyses (after Bischof, 2010).
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The effect of the direction of the upper fissure (Figure 7.6) was also studied and the results
showed a general increase in the factor of safety (Figure 7.16). However, this increase in
factor of safety is not constant during the course of rainfall and it increases with time until 2.6
hours after the rain stopped and FS of the model with upper fissure in original direction started to increase. This observation shows that the upper fissure and the horizontal permeable
layer in the upper part of the bedrock stored the water and therefore, caused a delay in exfiltration of the water into the back of the slope body (Figure 7.16).

0
35

Figure 7.16. The changes in the FS with different bedrock conditions during the 2nd experiment.

7.3 Coupled hydro-mechanical simulations of the behaviour of
slope during rainfall
7.3.1

Introduction to Code Bright

The coupled hydro-mechanical simulations were performed using the finite element software
“Code Bright” (Olivella et al., 1996). The constitutive modelling of the hydro-mechanical responses of unsaturated soils is performed using the Barcelona Basic Model, which was developed by Alonso et al. (1990) and was discussed in Chapter 2. However, the time depend207

7.3 Coupled hydro-mechanical simulations of the behaviour of slope during rainfall
ency of the stresses and strains of the material, i.e. viscosity, is taken into account for the
plastic region based on the formulation suggested by Perzyna (1966). He assumed that the
stresses and strains of the material within the elastic region is not time dependent and the
viscous properties of the soil occur only during the plastic loading. Accordingly, the model
used in “Code Bright” is called an “elastic/viscoplastic” model. The formulations of the nonlinear elastic behaviour, viscoplastic strain rate, flow function, and viscoplastic potential are
discussed in detail in the following paragraphs.
Nonlinear elasticity
A nonlinear formulation, based on the Barcelona Basic Model (Equation 2-25), is used to
define the material behaviour in the elastic region. The equation used in Code Bright is:

1

1

1

1

7.24

where,
is incremental elastic volumetric strain (-), is net mean stress,
is the inclination of the unloading-reloading line in
space as a function of suction, but it is assumed to be constant at different values of suction (
= (-)),
is the elastic stiffness
parameter for changes in suction (-), is the effective mean stress (MPa) and is matric
suction (MPa).
Viscoplascticity
The conceptual illustration of the model is shown in Figure 7.17. The total strain rate ( ̇) is
the summation of the elastic ( ̇ ) and the viscoplastic strain rates ( ̇ ):

̇

̇

̇

7.25

Figure 7.17: Conceptual model for the combined elastic/viscoplastic behaviour (after
Perzyna, 1966).
The general model proposed by Perzyna (1966) calculates the viscoplastic strain rate, based
on the following equation (Figure 7.17):
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〈
̇

〉

with {

〈

〉

〈

7.26

〉

where, is the fluidity parameter (1/s),
is a flow function that is defined as a power law
in Equation 7.27, and Q is the viscoplastic potential (Q = F)

  F   (F F ) N

7.27

0

where, F is the yield function, F0 is a reference value, and N is an exponent that is related to
the consolidation and creep properties of the material.
The modified yield function, based on the method presented by Desai & Zhang (1987), for
unsaturated soils as a function of mean stress (p), deviatoric stress (q) and matric suction
(s), is shown in Equation 7.28.
1

7.28

where, a, , n and are model parameters,
is the preconsolidation stress as a function
of the suction, is a parameter describing the increase in the apparent cohesion with suction, and is a function of the stress invariants.
The model parameters will be defined (Table 7.3) by comparing the above-mentioned equation with the yield function defined for the Barcelona Basic Model (BBM) (Alonso et al.,
1990):
7.29
Table 7.3: Model parameters required to derive the BBM from the “elastic/viscoplastic” model
developed by Desai & Zhang (1987).
Desai and Zhang (1987) model

n

Equivalent BBM

1

-1/9

a

µ

Fs

3

M

1

Hydraulic inputs
The hydraulic part of the code requires two fundamental functions: the Water Retention
Curve and the hydraulic conductivity function. Moreover, the intrinsic saturated hydraulic
conductivities are required in three principal orthogonal directions are required. The wetting
branch of the Water Retention Curve, which is fitted with the van Genuchten model, discussed in Chapters 2 and 4, is used as the input function for the model. The exponential
equation determined for the hydraulic conductivity function of Ruedlingen soil, which is also
discussed in Chapter 4, is used as the input for Code Bright.
7.3.2

Input parameters

The input parameters adopted for the analyses using the BBM and Code Bright will be reported and discussed in this section.
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Nonlinear elasticity
Equation 7.24 is solved for the elastic part of the model behaviour. The list of the parameters
required, and corresponding input values, are reported in Table 7.4.
Table 7.4: Nonlinear elasticity parameters in Code Bright.
Parameter
no.
P1

Symbol

a1

Unit

-

Description
1
, is the slope
of un/reloading line in the
diagram

Input value

Reference

-0.00485

Chapter 4

-0.00415

(Malecki, 2011)

1
, is the
slope of un/reloading line in
P2

a2

-

the

diagram (s

P3

a3

-

P4

G

MPa

in MPa)
Coupling term
Shear Modulus (if P5 0)

-

Poisson’s ratio

P5
P6

tens

MPa

P7

Kmin

MPa

Tension term to avoid tractions
Minimum bulk modulus

0
0.3

(Malecki, 2011)

0
17

(Malecki, 2011)

Viscoplasticity
Three sets of General Parameters should be used as input based on Equations 7.28, 7.29,
and Table 7.3 to simulate the viscoplastic response of the model. These parameters are reported in the following 3 tables.
Table 7.5: 1st set of “General Parameters” of elastic/viscoplastic model in Code Bright.
Parameter
no.
P1

Symbol

P2

P3
P4
P5

Unit

Description

Input value

Reference

1/s

Fluidity parameter

104

(Malecki, 2011)

N

-

3

(Malecki, 2011)

F0

MPa
-

Power of the stress function
(integer value in Equation
7.27)
Reference value
s

-

Non-associative flow parameter

0.075
0
0.3

(Malecki, 2011)

Table 7.6: 2nd set of “General Parameters” of elastic/viscoplastic model in Code Bright.
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Parameter
no.

Symbol

Unit

P1

-

P2

-

P3

-

P4

-

P5

-

P6

-

P7

(

∗

P8

(

∗

P9

)F

MPa

)G

MPa

a

P10

-

Description

Input value

Reference

1

Table 7.3

-1/9

Table 7.3

0

User manual

Power in F and G (integer
value)
Parameter in F and G
Parameter in Fs (Equation
7.28)
Only required when
Corresponds to Mdry in Cam
Clay Model
Initial state of F (first stress
invariant)
Initial state of G (first stress
invariant)
Parameter in F and G
Corresponds to Msat in Cam
Clay Model

0
1.27

Chapter 4

0.075

Chapter 4

0.075

Chapter 4

3

(Malecki, 2011)

1.27

Chapter 4

Table 7.7: 3rd set of “General Parameters” of elastic/viscoplastic model in Code Bright.
Parameter no.
P1

Symbol

Unit
-

P2

-

P3

-

P4

-

P5

MPa

P6

-

Description
The slope of un/reloading line
in the
diagram
The slope of normal consolidation line in the
diagram at zero suction value
Parameter in loading collapse
curve (Equation 2.12)
Parameter in loading collapse
curve (Equation 2.12)
Reference stress in loading
collapse curve (Equation 2.14)

Input value

Reference

0.0097

Chapter 4

0.145

Chapter 4

0.748

Chapter 4

73

Chapter 4

0.001

Chapter 4

-3k (k is the parameter in BBM
describing the increase of
-2.1*
Chapter 4
cohesion with suction)
+3k (k is the parameter in
P8
MPa
BBM describing the increase
2.1*
Chapter 4
of cohesion with suction)
* The value of k is dependent on the stress parameter as discussed in Chapter 2, and assuming the
stress parameter to be equal to the degree of saturation (Equation 7.2), an average value of k for the
Ruedlingen slope during the triggering experiment is estimated to be k = 0.7.
P7

MPa
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Water retention parameters
The unimodal van Genuchten model (van Genuchten, 1980) is used as the water retention
function for the Ruedlingen soil and the corresponding parameters of the wetting branch are
reported in Table 7.8. The general formulation of this model is described in Equation 7.30.
The input values are based on the Ruedlingen soil characterisation which is discussed in
Chapter 4.

(1

(

where, Se is the relative degree of saturation,
the residual degree of saturation,
pressure,
is the water pressure,
eter of the model.

)

)

7.30

is the degree of saturation in the soil,

is the maximum degree of saturation,
is equivalent to the air entry value, and

is

is the air
is the param-

Table 7.8: Water Retention Curve parameters for Ruedlingen soil applied to Code Bright.
Parameter no.
P1

Symbol

Unit
MPa

Description
Air entry value

Input value
0.001297

Reference
Chapter 4

P2

Nm-1

Water surface tension at 20°C

0.072

P3

-

Shape function

0.537

Chapter 4

P4

-

Residual degree of saturation

0.442

Chapter 4

P5

-

Maximum degree of saturation

1

Chapter 4

Hydraulic conductivity function
The equation proposed by Averjanov (1950) for the hydraulic conductivity function is used to
describe the unsaturated flow response in Code Bright. The general form of the equation is a
power function of Se, as given in Equation 7.31:

The constant
ter 4.

7.31
is determined to be equal to 1.7, according to the results presented in Chap-

Intrinsic permeability
Intrinsic permeability (K) is a property of the porous media and is independent from the fluid
flowing through the pores. The relationship between the hydraulic conductivity ( ) and intrinsic permeability is given in Equation 7.32:
7.32
where, is the dynamic viscosity of the fluid,
gravity.
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is the density of the fluid and g is the earth’s
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The saturated intrinsic permeability of the Ruedlingen soil is measured to be
1
, based on the saturated hydraulic conductivity measurements reported in
Chapter 4 and Equation 7.32.
7.3.3

2D simulation of the Ruedlingen triggering experiment

Two simulations were carried out to investigate the effect of exfiltration from the bedrock on
the responses of the overlying soil layer in the second Ruedlingen experiment (landslide triggering experiment). No exfiltration is simulated in the first model (2D_D 1), while water exfiltrates from the bedrock from two locations in the second model (2D_DE 2), which are identified from the photographs taken after the Ruedlingen landslide (Figure 5.27).
Geometry of the models
The geometry of the model 2D_D, location of the fissures in the bedrock, and hydraulic
boundary conditions are shown in Figure 7.18. The bedrock is assumed to be impermeable,
with draining fissures that are located beneath clusters 1 and 2. The lower boundaries of the
model are set as “seepage face”3 lines, where the water can drain out from the model and
the pressure head is kept to zero. The maximum dimension of triangular elements is 0.3 m.

Figure 7.18: Geometry and hydraulic boundary conditions for the 2D numerical model of the
Ruedlingen slope (without exfiltration) (model 2D_D).

1

D: Drainage only
DE: Drainage and Exfiltration
3
Terminology used in Code Bright
2
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Force boundary conditions
The boundary elements defining the bedrock are fixed in both X and Y directions (Figure
7.19), since it is assumed to be stable for both models 2D_D and 2D_DE.

Figure 7.19: Geometry and mechanical boundary conditions for the 2D numerical model of
the Ruedlingen slope (without exfiltration) (both models 2D_D and 2D_DE).
Applied rainfall and exfiltration
Fifteen hours of rainfall, with constant but different intensities, is applied over the lower and
upper parts of the slope. This rainfall scenario is a simplified version of the rainfall that was
applied to the Ruedlingen slope in reality due to limited computational resources. The lower
part of the slope experienced a lower rainfall intensity of 7 mm/hr and the upper slope was
exposed to a higher rainfall intensity of 20 mm/hr. The rain starts at a simulation time of 1
hour and is applied to the models for 2.4 hours before stopping for 51 minutes (simulation
time: 3.4 to 4.25 hr) and then continuing for the next 11.75 hours (Figure 7.20).
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Figure 7.20: Rainfall applied to the ground surface in the upper and lower parts of the slope
(model 2D_D).
Water starts to exfiltrate from the fissures in the bedrock in the upper slope at a simulation
time of 5 hr while the rain is also applied on the soil surface for the second numerical model.
Exfiltration is modelled by applying 9 kPa-constant-head boundary conditions at the desired
locations. The geometry of this model (2D_DE) and the applied rain scenario are shown in
Figure 7.21 and Figure 7.22 respectively.
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Figure 7.21: Geometry and hydraulic boundary conditions for the 2D numerical model of the
Ruedlingen slope (with exfiltration) (model 2D_DE).
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Figure 7.22: Applied rain in the upper and lower parts of the slope and the starting time of the
exfiltration from the bedrock.
Evolution of pore water pressure
The results of the pore water pressure (PWP) evolution from the numerical models are presented in this section. The effects of exfiltration of water from the bedrock on the pore pressure distribution in the slope are also discussed.
The changes in PWP in cluster 3 for models 2D_D and 2D_DE are illustrated in Figure 7.23
and Figure 7.24, respectively. The results of model 2D_D show that the pore water pressure
increases sequentially from the surface downwards and it does not attain a positive value
along the whole profile before the simulation stopped due to divergence in the values at time
11.34 hr1 (10.34 hours after the start of the rain). However, the rate of PWP at depths of 120

1

This is the simulation time which indicates no convergence in the governing equations at one or several nodes and may not be necessarily interpreted as the predicted failure time in reality because it
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and 150 cm of the model 2D_DE, increases abruptly after the start of exfiltration and it
reaches a maximum value of 8.4 kPa at depth of 150 cm at time 9.57 hr (8.57 hours after the
start of the rainfall).

18

10

PWP (kPa)

5
0
Rainfall

-5

100

15 cm
30 cm
60 cm
90 cm
120 cm
150 cm

80
60
40
20

Exfiltration

-10

0
0

2

4

6

8
10
Time (hour)

12

14

16

Rain intensity (mm/hr)

Figure 7.23: The changes in the pore water pressure at cluster 3 based on the coupled numerical simulations of the slope without exfiltration (model 2D_D).

18

50
45
40
35
30
25
20
15
10
5
0

0
With exfiltration (2D_DE)
Field_PWP_15 cm
Without exfiltration (2D_D)
Rain intensity (upper slope) (mm/hr)

-4
-8
-12

Exfiltration

-16
0

2

4

6

8
10
Time (hour)

12

14

16

Rain intensity (mm/hr)

Pore water pressure (kPa)

Figure 7.24: The changes in the pore water pressure at cluster 3 based on the coupled numerical simulations of the slope with exfiltration (model 2D_DE).
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Figure 7.25: Pore water pressure at a depth of 15 cm in cluster 3, based on the field measurements, and numerical simulations, with and without exfiltration, models
2D_DE and 2D_D, respectively.
might be a function of the mesh size and implemented convergence criteria in the code for different
unknowns.
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Changes in pore water pressure at depth of 15 cm in cluster 3 are shown in Figure 7.25. The
results indicate good agreement between the simulated and measured values. However, the
simulations show slightly higher values of pore pressure at this depth. This difference might
have been caused by the inhomogeneity of the real soil in the field and existence of macropores in the soil structure that cause preferential water paths and also the differences between the Water Retention Curves under restricted flow conditions in the laboratory and
those in the field (Askarinejad et al., 2010a; Beck, 2010).
The decrease in pore water pressure due to the 50 minute drying period, starting at simulation time of 3.4 hr, is marginally less significant in the simulations than in the field. It can be
explained by the lack of hysteresis in the input Water Retention Curve of the soil in the simulations. Furthermore, the effect of macro pores might have been the cause of faster drainage
in this period in the field.
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The pore water pressure increases at simulation time 9 hr at 15 cm depth as a possible result of exfiltration from the bedrock and failure occurs approximately 0.5 hours after this increase. On the contrary, no change in the pore water pressure at this depth is calculated for
the model without exfiltration. However, the measured values in the field indicate a slight
increase in the pore pressure at this depth about 1.5 hours before the failure (shown by the
small circle on the graph).
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Figure 7.26: Pore water pressure at a depth of 150 cm in cluster 3, based on the field measurements, and numerical simulations, with and without exfiltration, models
2D_DE and 2D_D, respectively.
Changes in pore water pressure at depth of 150 cm in cluster 3 are shown in Figure 7.26.
The differences between the models with, and without exfiltration are quite significant at this
depth. However, a better agreement is seen between the results of the model with exfiltration
and the measured values in the field. This comparison confirms the effect that exfiltration
would have on the rapid increase of pore water pressure at deeper points in cluster 3.
The contours showing the degree of saturation for both models with (2D_DE) and without
(2D_DE) exfiltration, are shown in Figure 7.27. The figure indicates that the degree of saturation in the middle lower parts of the slopes with and without exfiltration is not very different
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whereas they are significantly different in the upper slope where the landslide initiated, as
marked by the boxes in Figure 7.27.
The effect of the draining fissures in the bedrock on the pore pressure distribution, especially
in the lower part of the slope before the buttress, is also remarkable.

Figure 7.27: Contours of degree of saturation for the models without (model 2D_D) (a) and
with (model 2D_DE) (b) exfiltration from the bedrock.
Profiles of pore water pressure in cluster 3 from the 2D uncoupled simulations and insitu
measurements are compared in Figure 7.28. The results suggest that the exfiltration from the
bedrock played a major role in the distribution of pore pressure in the upper slope. Further
results of these simulations are presented in Appendix I.
a)

-5

c)

PWP (kPa)

0

-10

0

PWP (kPa)

10

-10

0

0

20

20

20

40

40

40

60

60

60

80

100

Depth (cm)

0

Depth (cm)

Depth (cm)

b)

PWP (kPa)
-10

80
100

100

120

120

140

140

140
160

160
1h
5h
9h

3h
7h
10h

10

80

120

160

0

1h
5h
9h

3h
7h
10h

1h
5h
9h

3h
7h
15.2h

Figure 7.28: a) Profiles of Pore Water Pressure (PWP) in cluster 3 from 2D coupled simulations from model without exfiltration (2D_D), b) from model with exfiltration
(2D_DE), c) profiles of PWP in cluster 3 from insitu measurements. (Rain starts
at 1h).
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Displacements
The contours of the total displacement of the elements of the models before the failure for
2D_D and 2D_DE are shown in Figure 7.29 and Figure 7.30, respectively. The approximate
shape of the failure surface of Ruedlingen slope from the landslide triggering experiment is
also depicted in the figures. The results show that the model with exfiltration (2D_DE) experienced higher maximum displacement before failure compared to the one without exfiltration
(2D_D).

Figure 7.29: Resultant displacement contours of the model without exfiltration (2D_D) after
10.34 hours of rainfall (displacements in m).

Figure 7.30: Resultant displacement contours of the model with exfiltration (2D_DE) after
8.57 hours of rainfall (displacements in m).

7.3.4

3D simulation of the Ruedlingen triggering experiment

Four simulations were performed to investigate the effect of fissures, which caused either
infiltration into the bedrock or exfiltration from the bedrock, on the pore pressure distribution
in the soil layer. A summary of the simulations is listed in Table 7.9.
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Table 7.9: Summary of the 3D simulations with Code Bright.
Simulation
name*
Dy_Ey
Dy_En
Dn_Ey
Dn_En

Drainage
Exfiltration
(infiltration)
Yes
Yes
Yes
No
No
Yes
No
No

Failure time** (hours, after the
start of the rainfall)
8.21
8.42
10.6
8.41

* D: Drainage (infiltration), E: Exfiltration, y: yes, n: no.
** This is the simulation time which indicates no convergence in the governing equations at one or
several nodes and may not be necessarily interpreted as the predicted failure time in reality because it
might be a function of the mesh size and implemented convergence criteria in the code for different
unknowns.

Geometry, material and applied rainfall
The depth of the soil layer to the bedrock, which was derived from the DPL results (reported
in Chapter 3), was used to define the three dimensional geometry of the bedrock surface.
The width of the 3D model is 10 m and the shape of the bedrock and soil topography are
shown in Figure 7.31. The rainfall applied is exactly the same as the simplified scenario used
for the 2D models, with two different intensities of 7 and 20 mm/hr for the lower and upper
slope, respectively (Figure 7.22). The rain is applied for 15 hours with a 51-minute stop from
3.4 hours until 4.25 hours of simulation time. The exfiltration starts 4 hours after the beginning of the rain (simulation time of 5 hr). The location of exfiltration from the bedrock is
shown in Figure 7.31. Exfiltration is applied to model by defining constant pressure head
boundary conditions at the interface of the bedrock and overlying soil. This pressure is set to
be 9 kPa.

Figure 7.31: Geometry of the 3D simulation models.
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The properties of the material used for the soil layer in the simulations are the same as those
used in the 2D simulations which were explained in Section 7.3.2. The mechanical behaviour
of bedrock and road materials are considered to be linear elastic with Young’s moduli of 900
and 50 MPa respectively, and a Poisson’s ratio of 0.3. The permeability assigned to the bedrock is K=10-20 m2, which is 7 orders of magnitude less than the permeability of the soil material. However, the road has similar hydraulic properties as the soil. However, the road has
similar hydraulic properties to that of soil. The fissures are assigned the same mechanical
properties as the bedrock and hydraulic properties of the soil mantel. The geometries of the
models, without and with fissures, are shown in Figure 7.32 and Figure 7.33, respectively.

Figure 7.32: Geometry of the 3D model without fissures in the bedrock.

Figure 7.33: Geometry of the 3D model with fissures in the bedrock.
The whole volume of the convex shape, “buttress”, in the bedrock is assumed to have the
same hydraulic and mechanical properties as the fissures because this formation is interpreted to be an accumulation of previous debris and large boulders surrounded by a finer soil
matrix (Brönnimann, 2011; Springman et al., 2012a).
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An unstructured mesh was adopted for the 3D simulations, as shown in Figure 7.34. The
minimum size of the side of an element in the mesh, representing the soil layer, is 0.5 m.

Figure 7.34: Mesh for the 3D models.
Results of the 3D simulations
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The results of the model DY_EY in terms of the evolution of pore water pressure at different
depths of cluster 3 are shown in Figure 7.35. PWP increased at a faster rate in in shallower
depths of 15, 30 and 60 cm and it showed decreases during the 51 minutes dry period starting at time 3.4 hours. However, the deeper points of 120 and 150 cm below surface experienced abrupt increases of 4.5 and 8.7 kPa, respectively, after the start of exfiltration at time 5
hours.
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Figure 7.35: Pore water pressure at different depths in cluster 3, based on the 3D coupled
numerical simulation for the model DY_EY.
The results of the 2D and 3D coupled simulations are compared with the field measurements
for a depth of 150 cm in cluster 3 in Figure 7.36. The general trend suggests that the PWP
did not increase remarkably before the start of exfiltration. However, the simulations show
slight but continuous increase in pore water pressure. This observation might be due to the
existence of local macro-pores in the soil structure which functioned as bypass for the loca-
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tion of the tensiometer installed at this depth. Both field measurements and numerical simulations illustrate increases in pore water pressure after the exfiltration. The values of these
increases agree well, although slight differences in the rate and evolution pattern of PWP are
observed.
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Figure 7.36: Comparison between the evolution of pore water pressure in the field and calculated values from the 2D and 3D coupled simulations at a depth of 150 cm in
cluster 3.
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The increases in the plastic shear strain and total displacement in cluster 3 are shown in Figure 7.37 and Figure 7.38, respectively. The results indicate a significant change in the behaviour of soil mass at this location after the start of exfiltration from the bedrock.
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Figure 7.37: Plastic shear strain at different depths in cluster 3, based on the 3D coupled
numerical simulation for the model DY_EY.
The profiles of the pore water pressure, total displacement and plastic shear strain at different time points during the rainfall are shown in Figure 7.39. The results indicate that the exfiltration a change in the pattern of PWP, particularly for points deeper than 90 cm.
The pore pressure distributions at the end of the simulations are shown in Figure 7.40 for all
four 3D models. The model without drainage and with exfiltration shows the highest values of
pore pressure which read 9 kPa at cluster 3 and also above the buttress in the lower slope.
The effect of drainage in the lower slope is significant in terms of its effect on the pore pres223

7.3 Coupled hydro-mechanical simulations of the behaviour of slope during rainfall

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

80
70
60
50
40
30
20
10
0

Exfiltration

0

5

10
Time (hours)

150 cm
90 cm
30 cm

15

Ran intensity (mm/hr)

Displacement (mm)

sure distribution. The fissures in the bedrock keep the PWP at the interface of the soil and
bedrock in the negative range, which has an effect in stabilising the slope.
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Figure 7.38: Total displacement at different depths in cluster 3, based on the 3D coupled
numerical simulation for the model DY_EY.
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Figure 7.39: Profiles of a) pore water pressure (PWP), b) total displacement, and c) plastic
shear strain (EDP) calculated using coupled 3D simulations for instrumentation
cluster 3 (rain starts at 1 hr).
The contours of the shear strain at the interface of the soil and bedrock are shown in Figure
7.41 for different 3D models at the last step of each simulation (failure times in Table 7.9).
The shear strain is concentrated in the lower part of the slope for models without the infiltration in the draining fissures (Figure 7.41c&d), whereas higher values of shear strain are calculated in the upper part of the slope for the model with draining fissures and exfiltration from
the bedrock (Figure 7.41a). Shear strain is fairly evenly distributed along the slope for the
model without exfiltration and with fissures (Figure 7.41b). The values of the shear strain at
the “simulated failure time” are relatively small. This observation might be due to the size of
the mesh.
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Figure 7.40: Pore water pressure distribution in the 3D models: a) model with exfiltration and
drainage (Dy_Ey), b) model without exfiltration and with drainage (Dy_En), c)
model with exfiltration and without drainage (Dn_Ey), d) model without exfiltration and drainage (Dn_En).

Figure 7.41: Shear strain (-) at the interface of the soil and bedrock in the 3D models: a)
model with exfiltration and drainage (Dy_Ey), b) model without exfiltration and
with drainage (Dy_En), c) model with exfiltration and without drainage (Dn_Ey),
d) model without exfiltration and drainage (Dn_En).
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The surface movements of the slopes at the last step before the “failure” are compared in
Figure 7.42. The concentration of surface movements is located on the upper slope for the
model with draining fissures and exfiltration (Figure 7.42a). While, the movements are distributed along the slope for the model without exfiltration and with draining fissures (Figure
7.42b). Higher values of movement occur in the lower part of the slopes without draining fissures (Figure 7.42c&d).

Figure 7.42: Surface displacement (m) in the 3D models: a) model with exfiltration and drainage (Dy_Ey), b) model without exfiltration and with drainage (Dy_En), c) model
with exfiltration and without drainage (Dn_Ey), d) model without exfiltration and
drainage (Dn_En).
Higher values of surface movements on the left part of the slope (viewing upslope) are due to
the larger values of the elastic vertical component of the soil movement in this region. The
bedrock is generally deeper on the left part of the slope and therefore the accumulated elastic settlements are greater compared to the right part.

7.4 Conclusions of the hydro-mechanical simulations
The results of 2D and 3D coupled and uncoupled simulations suggest the importance of the
hydrogeological interactions of the bedrock and the soil mantel. The results of the uncoupled
simulations revealed that the draining fissures in the bedrock played a major role in stabilising the slope during the first experiment, moreover, the shallower depth of the bedrock and
the presence of a permeable layer in the upper slope might have been factors involved in
triggering the failure in the 2nd experiment.
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The results of the 2D coupled hydro-mechanical simulations confirm that the evolution of the
pore water pressure in the upper slope was strongly affected by the exfiltration of water from
the bedrock, and the contours of shear strain at the interface of the soil and bedrock derived
from 3D simulations showed that the sliding propagated mainly in the upper part of the slope
only when there is an efficient system of fissures at the lower slope combined with exfiltration
at the upper part. However, it should be noted that the effect of the root reinforcement and its
corresponding distribution has not been implemented in these simulations.
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8.1 Summary and conclusions
8.1.1

Experimental field, instrumentation and soil characterisation

The main goal of this doctoral project was to study the effects of hydraulic perturbations on
the stability of unsaturated silty sand slopes and to investigate the mechanisms leading to
the initiation and propagation of the shear deformations, leading to subsequent rapid mass
movements. A steep forested slope was selected on the banks of the River Rhine in Canton
Schaffhausen near Ruedlingen village in northern Switzerland, where several shallow landslides had occurred due to rainfall.
Dynamic probing and Electrical Resistivity Tomography results showed that the bedrock surface lay between 0.5 m to more than 5 m depth, and was laterally inclined. A shallow convex
shape of the bedrock was also detected in the lower part of the slope that might be due to
the accumulation of older blocky landslide materials as a fraction of the horizontal layering of
the Molasse rock. Moreover, geological investigations revealed the existence of isolated
stones, which were embedöded in the matrix of the overlying soil (possible former debris).
The combination of the conventional test pit excavations, insitu dynamic probing, dye tracer
tests, geological surveys, insitu permeability tests and geophysical methods provided a realistic picture of the ground model. Specifically, the geophysical investigations (Gambazzi &
Suski, 2009; Lehmann et al., 2013) were extremely useful to this project, and provided valuable data about the changes in the bedrock type, and also the location of major fissures in
the underlying sandstone, by tracking the variation of the electrical resistivity during the rainfall events.
The lateral root distribution and root strength were estimated experimentally by Schwarz &
Rickli (2008) to quantify the root reinforcement in the soil. Spatial distribution of the contribution of the roots to the shear strength of the soil in the study area were estimated to vary between 1 kPa to 90 kPa (Schwarz, 2011). This information was significantly important in the
analysis of the mechanical behaviour of the slope prior to failure and back calculation of the
factor of safety.
The slope was instrumented to monitor the hydro-mechanical responses to the natural and
the more severe artificial rainfall events. An instrumentation setup with some redundancy
was required as some instruments failed to work in the field due to the undesirable boundary
conditions. The instrumentation setup was planned either to measure, or be able to derive
pore water pressure, volumetric water content, groundwater level, horizontal soil pressure,
acoustic emissions, soil temperature, air temperature, air pressure and humidity, wind speed,
precipitation, electrical resistivity of the ground, surface and subsurface deformations.
Strain Inclinometers (SI) were designed and constructed in the course of this project. The
potential of these sensors to aid in detection of the failure surface depth was confirmed dur-
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ing the scoping laboratory experiments, and then four devices were installed at different locations of the test area.
The geotechnical characteristics of the soil deposits overlying the bedrock (named as
Ruedlingen soil) were determined using insitu and laboratory tests on both disturbed and
undisturbed samples. The characterisation programme included: determination of grain size
distribution, Atterberg limits, Proctor compaction curves, minimum and maximum densities of
the soil. Approximately 60% of the soil was categorised as medium to fine sand with 35% silt
and less than 5% clay. The average liquid and plastic limits of the soil sampled from different
depths were 27% and 20%, respectively. The Ruedlingen soil was categorised as low plasticity silty sand (SM) based on the Unified Soil Classification System (USCS) (Casini et al.,
2010a).
The critical state internal friction angle of undisturbed samples of the Ruedlingen soil was
determined using conventional triaxial tests to be 32.5° (Casini et al., 2010a). Moreover, the
unsaturated shear strength properties of the soil were tested using constant shear drainedundrained triaxial tests (CSD-U), under stress paths representing those that a soil element
would experience in a slope subjected to rainfall. Higher values of internal friction angle (34°
- 35°) were detected in CSD-U tests compared to the results of conventional (un)drained
triaxial compression tests. This finding might lead to the conclusion that the conventional
triaxial tests are not representative of the processes in the landslides triggered by rainfall.
However, conventional tests result generally in lower values of critical state friction angles
which provide more conservative safety factors for endangered slopes.
Volumetric characteristics of the soil under saturated and unsaturated conditions were defined under 1 dimensional conditions using oedometer tests. The undisturbed samples generally exhibited a reduction in volume as a response to a decrease in suction. However, the
responses to wetting for the samples extracted from the same test pit, but taken from different depths, differed slightly. This can be explained by the changes in the fine content and a
slight variation in the structure of the soil with depth.
The saturated hydraulic conductivity of undisturbed soil samples was determined using the
falling head method in the laboratory, and it varied between 10-6 and 10-5 m/s. These results
differed slightly from insitu measurements using the inverse auger method, which revealed
values ranging from 10-7 to 10-4 m/s (Brönnimann et al., 2013). This discrepancy can be attributed to the existence of a heterogeneous network of pores in the ground with a large variation of sizes (micro and macropores). Moreover, the flow direction in the laboratory specimens is mainly 1 dimensional, whereas the percolated water in the soil might travel along a
three dimensional path within a network of pores with possibly higher hydraulic conductivity.
Accordingly, the scale of the test, and the predefined infiltration direction, play major roles in
the laboratory results.
The Instantaneous Profile Method was successfully used to determine the unsaturated hydraulic conductivity function of the silty sand. The results showed two orders of magnitude
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decrease in the hydraulic conductivity of the soil, with 12 kPa increase in suction from full
saturation.
The Water Retention Curve of undisturbed samples was derived using the axis translation
technique and hysteresis was observed in the hydraulic behaviour of the soil. A bimodal
function fit the measurements more consistently than the unimodal van Genuchten method
(van Genuchten, 1980). The results of Mercury Intrusion Porosimetry (MIP) reported by Beck
(2011) also showed that the natural samples from the test site possessed two peaks in the
pore size density functions (bimodal pore size distribution function). The radius of the macro
pores ranged from 20 to 100 microns while the size of the micro pores varied from 0.2 to 10
microns.
The trend lines of the drying branches of insitu WRCs were determined to be less steep than
the line from laboratory results in θ-s space. This observation is attributed to the fact that the
laboratory curve has been derived from a one dimensional drainage path, while threedimensional flow is possible in the field.
8.1.2

Slope monitoring experiment (October 2008)

The behaviour of the slope when it was subjected to a 4.5-day intense artificial rainfall event
was investigated in October 2008, with the intention of causing a landslide of about 150 –
200 m3 volume. Although this experiment was unsuccessful in terms of triggering a landslide,
valuable information regarding the hydro-mechanical responses of the slope during this severe rainfall event were attained, and the reasons for stability were identified following analysis of data from the test. Subsequently, the changes in profiles of pore water pressure and
volumetric water content in the soil mass were monitored under natural meteorological conditions during the period between November 2008 and March 2009.
The results from the slope monitoring experiment in October 2008 indicated that the sequence of the changes in the response profiles of pore water pressure and volumetric water
content did not always illustrate a saturation mechanism that develops from the surface
downwards (top-down). This observation was attributed to the existence of preferential paths
in the soil mass or the spatial differences of the soil structure, as could be detected from the
combined local sprinkling and dye tracer tests performed before the experiment.
A slight increase of 8 mm in the height of the groundwater level outside the test site was
measured during and after the artificial rainfall. This indicated a hydraulic connection via the
fissured bedrock.
The results of the SIs were compared with the surface measurements obtained from photogrammetry analysis (Akca et al., 2011) and it could be concluded that the trend and order of
magnitude of the small deformations measured during this experiment were similar, but the
exact values differed. This can originate from the precision of the two methods and also the
slight difference in the coordinate systems, based on which these measurements and subsequent calculations have been performed.
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Monitoring the inclination at the top of the SIs and the deformation profiles of the slope during
the monitoring experiment in October 2008 revealed that the movements accelerated after a
sudden and sharp increase in the rainfall intensity (67 mm/hr for approximately 20 minutes).
Michlmayr et al. (2008) also detected acoustic emissions at this moment. These observations
can be explained by sudden increase of the hydraulic conductivity of the unsaturated zone
having low suction values, due to the short intense rainfall, and resulting in sudden and rapid
water flow. This increased rate of delivery of water will reduce the effective stresses, and
hence, decrease the shear resistance, which may accelerate any motion and lead to triggering a landslide.
8.1.3

Landslide triggering experiment (March 2009)

Artificial rain was applied to the slope in March 2009 after some adaptive measures concerning the rainfall distribution and reduction of the lateral root reinforcement along the borders of
the test site. Fifteen hours of rainfall was applied with more intensity on the upper part of the
slope, where less root reinforcement and shallower bedrock were expected, and were
enough to trigger a 130 m3 landslide. Exfiltration of water was observed after the failure from
the back of the slip surface.
The results observed from the test site illustrated the close interaction between the pore
pressure development and rate of movements. Drops were detected in the pore water pressure, volumetric water content and ground water level at different points of the slope about 1
hour before failure when the bending strains in the SIs attained peaks. This observation implies the coupling of mechanical and hydraulic responses of the slope.
Precursors of movements were detected before the failure using the horizontal soil pressure
measurements, and surface and subsurface records. The measurements showed accelerating increases of the horizontal soil pressure, measured in a compression zone of the failing
mass, approximately 2.5 hours before the failure.
The external bending work per unit volume of each SI and average absolute bending strain
were defined as indicators of the transmitted energy of the surrounding soil to the sensor.
Therefore, the locations exhibiting more transmitted energy were identified as being less stable areas. The results agreed well with the measured deformation profiles and failure zone of
the landslide. The depth of the failure surface was also successfully determined based on the
location of adjacent strain gauges, which showed divergent tilts along the Strain Inclinometers.
A fluctuating change in the rate of the movements of the unstable part of the slope was recognised during the last 30 minutes before the failure using photogrammetrical methods. The
variations observed in the velocity can be attributed to the pull out and/or breakage of the
roots or volume changes in the soil mass at the failure surface. Dilation might decrease the
pore water pressure, and the applied rainfall can increase it again. This chain of processes
can produce a stepwise movement in downslope direction.
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8.1.4

Physical modelling in a geotechnical drum centrifuge

The differences between the two field experiments were studied in terms of the initial conditions, and 4 hypotheses were investigated further as the triggering mechanisms of the landslide in the March 2009 experiment. A series of centrifuge tests was planned to test these
hypotheses and a climate chamber and rain simulator were designed and constructed at the
Institute of Geotechnical Engineering (IGT) at the Swiss Federal Institute of Technology in
Zurich (ETHZ). Several tests were conducted to study the effect of the bedrock shape and
the hydrogeological interactions with the overlying soil mantle on the stability of the slope.
Two similar slopes with bedrock parallel to the surface, one subjected to rainfall and the other one with exfiltration from the bedrock were tested in the geotechnical centrifuge. The results showed that the values of the triggering pore pressure in both models were similar, but
the time required was much longer for the slope subjected to rainfall, compared to the model
with exfiltration mechanism.
The centrifuge tests also showed that, the geometry of the bedrock, in addition to the hydrogeological effects, can play an important and contrasting role in the stability of the slope.
Arching might develop within the overlying soil layer onto a buttress feature in the bedrock,
which supports the upper unstable slope, whereas, it can also function as an obstacle
against the flow of infiltrated rain and favour ponding of water behind it with the concomitant
effect in the increasing the pore water pressure.
The contribution of the roots to the shear strength of the soil was also quantified using a series of direct shear tests, and the influence of vegetation was studied in two models tested in
the geotechnical centrifuge. These tests revealed that the vegetated slope acted in a more
ductile fashion compared to the slope without additional reinforcement provided by roots.
This observation indicates that larger deformations might be expected prior to failure in the
slopes with well-developed network of roots, compared to the non-vegetated slopes. However, the interconnected network of roots might mobilise a larger volume of unstable soil mass
during failure.
Furthermore, a new scaling law was developed to model the static liquefaction process in the
unsaturated slopes subjected to rainfall under Ng acceleration conditions. It was shown that
a liquid with viscosity
times the viscosity of water should be used as the rain and pore
fluid to simulate the static liquefaction mechanism in the centrifuge correctly, based on the
corresponding scaling laws.
8.1.5

Analytical and numerical simulations

Analytical and numerical methods were adopted to explain the behaviour of the experimental
slope before the failure induced by the artificial rainfall event. The mechanical features of
unsaturated soils and reinforcing effects of the vegetation were implemented in a simple infinite slope limit equilibrium analysis, and results were compared with those obtained from
analytical three dimensional limit equilibrium simulations. Basal and lateral root reinforcement
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was introduced in the 3D models. The possible depth of the failure surface was also calculated based on these simplified 3D models and was compared with the depth of the real failure surface in the landslide triggering experiment. The results predicted reasonable values
for the factor of safety and potential depth of the failure zone, despite the simplifications in
these models.
Two dimensional uncoupled hydro-mechanical finite element simulations were also carried
out. The effect of the hydraulic interactions of the bedrock with the overlying soil layers was
investigated in terms of the pattern of pore pressure distributions and their influence on stabilising or destabilising the slope. Moreover, a series of two and three dimensional coupled
hydro-mechanical finite element analyses were performed, in order to take the coupled responses of the unsaturated soil into account. The results were compared to the field measurements and agreed well regarding the evolution of pore water pressure and location of the
failure. However, the simulated displacements and time of the failure did not match the insitu
measurements as well. This discrepancy might be due to the effect of the finite element
mesh properties, differences in the distribution of the root reinforcement in the model and in
the field, convergence criteria of the code, possible differences between the real geometry
and the model, and simplifications in the constitutive model implemented, amongst other
factors. Nonetheless, these simulations confirmed the importance of the hydraulic interaction
of the bedrock with the overlying soil layers, in terms of drainage and exfiltration, and showed
that these interactions can play a major role in the pattern of pore pressure distributions and
in stabilising or destabilising the slopes.

8.2 Suggestions for future work
The results of the field experiments, centrifuge tests and numerical simulations confirmed the
importance of hydro-mechanical interactions of bedrock and overlying soil on the stability of
the slope. Further research is required to investigate these interactions. Accordingly, fundamental analytical and numerical studies of the influence of the bedrock form on the effective
stress pattern in the soil mantle are suggested. Moreover, the role of direction, location, hydraulic conductivity and interconnectivity of major fissures in the bedrock on the hydraulic
interactions between the soil and bedrock and on the pore water pressure distribution in the
slope are necessary to be further studied using numerical simulations and centrifuge tests.
The centrifuge tests on the model with viscous pore fluid illustrated the effect of the generation and dissipation rates of the excess pore pressure close to the shear zone on the behaviour of the soil before, and during, failure. The abrupt generation of excess pore pressure is
caused by the collapse of the voids due to either wetting or shearing. More in-depth research
on this topic using the Discrete Element Method combined with direct shear and further centrifuge tests is required. The direct shear tests can be performed on unsaturated soils, in
which the evolution of pore water pressure and volumetric strains of the specimen can be
measured during shearing. Recording and analysis of acoustic emissions in the vicinity of the
shear zone can provide additional tool in understanding the void collapse and shearing processes.
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8 Summary, conclusions and outlook
The results of the CSD-U triaxial tests showed higher values of critical state friction angle
compared to the conventional triaxial tests. More research is suggested in this area by performing further CSD-U tests on specimens with different initial conditions in terms of water
content and void ratio to study the effect of this stress path on the shear strength and volumetric behaviour of the soil.
The centrifuge tests revealed that the vegetated slopes exhibited larger deformations before
failure. However, the interconnected network of roots might mobilise larger volumes of soil
mass during failure. Accordingly, a series of additional centrifuge tests on slopes with different distribution of roots are necessary to investigate this process.
The results of the slope monitoring experiment in October 2008 showed sudden and rapid
responses in the pore water pressure and deformations of the soil profile after an abrupt increase in the intensity of the rainfall. More in-depth research is required to investigate this
effect. The hydraulic column, which is developed in the course of this project to measure the
unsaturated hydraulic conductivity of the soil using Instantaneous Profile Method, can serve
as a useful devise to study the change in the rainfall intensity on the subsurface water discharge. These investigations can be combined with a series of centrifuge tests on instrumented soil profiles experiencing a range of rain scenarios in the climate chamber.
The findings of this project regarding the coupling of the pore pressure changes and mechanical behaviour of soil elements within a single slope and measurement of movements,
some hours before the failure, might serve as a basis for further research on a catchment
scale. The preliminary results of this work about the precursors can be combined with further
numerical and physical modelling, to enhance the understanding about the triggering mechanisms and to provide an applicable framework for an early warning system. These steps will
be developed further in the Institute of Geotechnical Engineering (IGT) and also in the
framework of the second phase of TRAMM project (Triggering of RApid Mass Movements in
steep terrain).
Development of a wireless data transmission system for Strain Inclinometers and further research on their potential application in catchment scale as a part of an early warning system
are suggested. However, modifications in the structure of the SIs, the analysis algorithm, and
installation procedure are required to eliminate the effect of localised passive pressure, which
results in unrealistic upward movements “calculated” in case of large deformations. One possibility is to design hinges at different levels along the sensor.
The behaviour of the released mass and its runout specifications on either intact terrain or
inside a stream channel is a topic of further research. A project has been defined in the Institute of Geotechnical Engineering (IGT) and within the framework of a Swiss National Science
Foundation to investigate the “temporary storage and remobilisation” process of sediment in
the stream bed and on surrounding slopes in an active Alpine environment (Springman et al.,
2012b). The climate chamber and rain simulator developed for the geotechnical drum centrifuge will be used to further study the initiation processes and runout properties of debris in a
channel bed.
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8.2 Suggestions for future work
A grooved rain channel system was used in the top plates of the centrifuge climate chamber.
However, bending of the top plates due to increased acceleration results in minor imperfection in the sealing system between the two plates and causes leakage. This problem can be
solved by using a single plate and construction of a piping system on top.
Several research projects showed that the root network for both trees and grass plants decays exponentially with depth (Abe & Iwamoto, 1990). Moreover, the field investigations of
Ruedlingen test site revealed that the root reinforcement was not evenly distributed over the
slope. Therefore, further 3D numerical simulations are suggested to model the decay of the
roots’ contribution to the soil shear strength with depth and a more realistic distribution pattern of root reinforcement over the slope.
The contribution of suction to the shear strength of an unsaturated soil is assumed to be linear in the model used in Code Bright (constant stress parameter, k). However, previous research projects illustrated that this parameter is a function of degree of saturation (S r), as
discussed in Chapter 2. Therefore, it is recommended to modify the code and run the simulations with an Sr-dependent function.
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Four clusters of patches were defined on the surface of the slope, corresponding to the locations of the PPTs (i.e. P2, P3, P6, and P7). A single mesh-generating file was prepared that
identified similar patches for different tests, which simplifies the comparison between displacements in the different tests. The location of the patch clusters is shown in Figure A.1.
The dimension of each patch is 10 pixels and the spacing between them is 30 pixels. The
search zone for PIV analysis was set to 10 pixels. Each cluster consists of 6 patches and the
average value of these 6 patches was reported as the movement of the slope at each corresponding position. A Matlab® code was written to determine different clusters and transform
the image space measurements to object space displacements. A snapshot of the PIV analysis of these four clusters is shown in Figure A.2. The approximate transformation of the results from the pixel coordinates to the physical coordinates (pixel footprint on the ground)
was carried out using the calibration of the photogrammetry cameras. The cameras were
installed in the final positions for the tests and several calibration target sheets were installed
over the bedrock (Figure A.3). The distance between the calibration target points and the
diameter of each point is predefined very precisely by the manufacturer, and the cameras
were calibrated based on this information. Each pixel is equivalent to 0.4138 mm in the lower
part of the slope at positions P2 and P3, while in positions P6 and P7, each pixel is calculated to be equivalent to 0.2857 mm. The general formula, used to calculate the pixel footprint
on the ground in aerial photogrammetry (Kraus, 2000) is reported in Equation A.1.
⁄

A.1

where PF is the pixel footprint on the ground, h is the camera height, f is the focal length of
the camera, and p is the pixel size on the camera sensor. The pixel footprint at positions P2
and P3 (with camera height 300 mm) was calculated to be 0.399 mm, while this parameter
was 0.286 mm for P6 and P7 (with camera height 215 mm).
The PIV tracking method cannot find the correct image correspondences if an image region
is not in focus, the textures are poor, movements are larger than the predefined search zone,
the patches are too small, or the lighting is not steady (White et al., 2003). In such cases,
tracking will return incorrect correspondences (“wild vectors”), which need to be removed
from the PIV results. Manual cleaning of these erroneous vectors can be a time-consuming
process, especially when a substantial number of images are analysed. Measures have been
introduced to filter out “wild vectors” automatically in the data obtained from the centrifuge
tests.
The wild vectors were eliminated automatically by an algorithm developed using Matlab software. Vectors are removed based on the comparison of the size of each vector to the average size of the vectors in that cluster. A vector is eliminated from the calculations during a
specific epoch if the size of that vector is 1.4 times larger than the average value. Similarly, if
the size of a vector is smaller than 0.1% of the average movements, then this vector is also
not taken into account. These factors (1.4 for the upper range and 0.001 for the lower range)
were determined empirically based on manual removals of wild vectors.
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An additional way, in which wild vectors were identified, is that if the displacement of a patch
was larger than the defined search zone, then the corresponding vector was treated as an
outlier. This rule is also included in the wild vector removal algorithm.
The general direction of the movement of surface is downslope. Therefore, another wild vector criterion is based on the direction of the movements: if a patch moved with an absolute
angle of more than 45° toward the left or right hand sides (looking downslope), this is also
recognised as a wild vector and is eliminated automatically by the code.
The photogrammetry images, which are used for this PIV analysis, show the trajectory of the
real movements and any component of the soil movement vector that is normal to the camera will not be observed. Therefore, a simplifying assumption was used for this analysis that
all of the patches move parallel to the slope. This assumption is most erroneous in the zones
where deformations of the soil mass occur normal to the slope surface; e.g. in the compression zones.

Figure A.1: Location of the patch clusters for PIV analysis.
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Figure A.2: Snapshot of the PIV analysis determining the movements of different patches
(axes scale in pixels: 1280 × 1024).

Figure A.3: Calibration plates of the photogrammetry cameras.
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Dry pluviation
The dry soil was pluviated from a constant height into the strongbox. The model was constructed in different layers of similar height (5 mm) with dry Ruedlingen soil and amount of
water was sprayed over each layer uniformly to achieve a gravimetric water content of
.
The main goal of pluviation was to distribute the dry soil particles in the strongbox to achieve
uniform layers with consistent and homogenous density. The density of the soil in each layer
was dependent on the deposition rate, the falling height of the particles, and uniformity of the
pluviation. A sieve with aperture size 0.75 mm and diameter of 450 mm was used to increase
the uniformity of the soil pluviation over the area of the model. This diameter provided a more
uniform soil deposition over the whole area of the centrifuge strongbox (rectangle of 400
mm). The sieve was filled with a thin layer of dry soil while held by a crane at a constant
height over the model, and the sieving was stimulated by regular gentle manual tapping.
The pluviation process was calibrated by monitoring the density of sample for different fall
heights of particles. A 60 × 60 × 25 mm3 box was filled with dry soil using this method and
the density and void ratio was calculated for various fall heights (Figure B.1). The results are
reported in Figure B.2. A general increase in the dry density was observed with rise in the fall
height. However, the increase in density (or decrease in void ratio) is not very significant. The
results of the calibration tests showed a good repeatability of the sample density with constant pluviation height.

Figure B.1: The test setup for calibrating the dry pluviation method.
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Figure B.2: Change in the dry density and void ratio samples prepared by dry pluviation, as a
function of pluviation height.

Moist tamping
The samples constructed using the dry pluviation method suffered from irregular layering in
the structure of the soil model, because the middle part of the box was filled faster by pluviation and the sides and corners were filled by particles rolling from the upper-middle part of
the box (Figure B.3).

Figure B.3: Irregular Layering in the models prepared by dry pluviation.
Therefore, moist tamping was chosen as a more appropriate model preparation method in
order to have more control on the water content, density, geometry, and thickness of layers.
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Figure B.4: Compaction plate for moist tamping.
An aluminium compaction plate was constructed to simplify compaction of the soil on the
bedrock that was 38° inclined to the horizontal plane (Figure B.4). The surface of each compacted layer was manually scratched to a depth of 2 - 5 mm to provide a proper shear connection between the layers. The soil was compacted in 20 mm thick layers. The amount of
moist soil (15% water content) required was calculated based on the exact volume of each
layer needed to reach a void ratio of e = 1.0 for both boxes, either with or without the buttress
(Figure B.5).
The soil was prepared with an initial water content of 15% and kept in sealed bags for a minimum of 24 hours to equalise. Then the soil was compacted in layers to fill the strongboxes
(Figure B.5), and kept overnight in them to equalise. Subsequently, the slope was formed as
part of the compacted soil was removed to prepare the slope after equalisation, which was
monitored by the PPT measurements. A sharped edged thin trimming plate of width of 400
mm (equal to the width of the strong boxes) was used to prepare the slope. The geometry of
the slope was controlled using an aluminium template (Figure B.6).
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Figure B.5: Required mass of moist soil to be compacted in each 20 mm thick layer for a
centrifuge model of a) with buttress, b) with bedrock parallel to the ground surface.

Figure B.6: Aluminium template used to control the inclination and size of the slope.
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Appendix C: Discharge charts and location of the nozzles
Calibration of the nozzles
The discharge charts of the nozzles with 3.5 bar back pressure are shown in Figure C.1.
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Figure C.1: Flow rate of Hago nozzles at 3.5 bars for a) M2, b) MW5, and c) MW7.
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Nozzle ports on the top plate
The nozzle ports on the top plate of the climate chamber are numbered for ease of identification as shown in Figure C.2. The location of each nozzle for each test will be shown in the
next sections by a cone with the type of the nozzle used on each port. The ports without a
“cone” had been kept closed during the centrifuge tests.

Figure C.2: Climate chamber top plate (view from inside of the box) and numbering of the
nozzle ports (I: Inner channel, O: Outer channel).
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Tests: T7-1&2 and T8-1&2
Two M2 and one MW7 nozzles were installed in the inner channel. The location and type of
nozzles used in these tests are shown in Figure C.3.

Figure C.3: Location and types of nozzles for the test T7_1&2 and T8_1&2.
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Tests: T9_1, T10_1&2, T11_1&2
One MW5 nozzle was installed on the port I2 and the rest of the ports were closed. The location of the nozzle is shown in Figure C.4.

Figure C.4: Location of the nozzle in the rain simulator in tests T9_1, T10_1&2, T11_1&2.
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Test: T13_2
One MW7 nozzle was installed on the port I2 and the rest of the ports were closed. The location of the nozzle is shown in Figure C.5.

Figure C.5: Location of the nozzle in the rain simulator in tests T13_2.

Investigation of the minimum distance from the nozzles to the
soil surface
Slope with a buttress at the base of the bedrock (Test T7_1)
The nozzles were elongated using 100 mm extensions and they provided rainfall to an area
of 250 × 250 mm2, with an intensity of 8 mm/hr at prototype scale. The bedrock in this model
has a buttress in the lower part of the slope. The timing of events, described in following paragraphs, is at prototype scale and is relative to the start time of the rainfall.
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The fine particles were eroded immediately after the start of the rain and the extent of the
area exposed to rainfall was clearly recognisable. Two channels were formed on the slope
surface, approximately 20 hours after the start of the rainfall, and these increased in size.
Local failures occurred at the toe of the slope and at the end of one of the channels (time: 58
h). More channels developed on the slope, and a retrogressive failure started to propagate
rapidly from the toe towards the upper parts of the slope (time: 92 h). A tension crack developed at the upper border of the rain zone (259 h). The retrogressive series of failures
reached the tension crack at the crest, and more cracks appeared on the upper part of the
slope. The rain was stopped after 380 hours (Figure C.6).
The sequence of retrogressive failures, due to the simultaneous effect of pore water pressure
increase and erosion, is shown in Figure C.7. A failure occurred at the end of one erosion
channel 93 h after the rainfall had started and this local failure initiated a retrogressive failure
on the slope. The failures increased in size and happened more frequently when they passed
the location of buttress in the bedrock. A second failure started at time 229 h in the middle of
the slope and from just above the buttress.
The changes in pore water pressure are shown in Figure C.8 at different locations in the
slope. The pore pressure started to increase about 20 h after the start of rainfall, with a value
of approximately 0.5 kPa at the lower part of the slope in front of the buttress (P2 and P3).
The pore pressure then attained constant values of -1.3 kPa and -2 kPa at P2 and P3 respectively, until 60 h when the PPT at P2 showed increasing pore water pressure at an average rate of 7 Pa/sec. This rate is approximately 80 Pa/sec. This observation implies that the
flow of water from the slope surface toward the location of P2 is governed mostly by the soil
matrix hydraulic conductivity and not by the conductivity of preferential water paths (macro
pores due to erosion or deep cracks). Pore water pressure increased at both PPT positions
P2 and P3 until 160 h and then decreased until the end of rainfall. Maximum values of pore
pressure at points P2 and P3 were -0.4 kPa and -1.4 kPa respectively. The peak pore pressures coincided with the time when larger portions of the slope failed during retrogressive
failure.
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Figure C.6: Sequence of events in test T7_1. Times are at prototype scale.
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Figure C.7: Sequence of the retrogressive failures in test T7_1. Times are at prototype scale.
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Figure C.8: Pore water pressure measurements for model T7_1 during rainfall for 375 hours
(time is shown at prototype scale).

Slope with bedrock parallel to the surface (Test T7_2)
The nozzles were elongated using 100 mm extensions and they provided rainfall to an area
of 250 × 250 mm2, with an intensity of 8 mm/hr at prototype scale.
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Intensive rainfall caused erosion in this model, similar to test T7_1. Shallow water paths were
formed on the slope about 18 hours after the start of the rainfall. A tension crack appeared in
the upper part of the area exposed to rainfall at 68 h and, the slope was eroded by concentrated runoff at the same time. This implies that two failure mechanisms were active: frictional
sliding and erosion. A retrogressive failure started to occur from the toe of the failure wedge
and this process accelerated the movement of the soil mass and resulted in generation of a
new tension crack (Figure C.9).

Figure C.9: Sequence of events in test T7_2. Times are at prototype scale.
Changes in the pore water pressure are shown in Figure C.10. Pore pressures at positions
P2 and P3 started to increase about 60 hours after the start of the rainfall while the sensor at
P7 did not show any change. The evolution of the pore pressurea at P2 and P3 are shown in
Figure C.10. The slopes of the curves are quite similar, which might imply that the water
permeates into the soil at a rate similar to the rain intensity. The sliding wedge is formed during this period and the tension crack appeared at 68 h. The pressures at the lower part of the
slope attained a peak of 6 kPa at 160 h. This is the time when the movements of the sliding
wedge accelerated. The PPT at the upper part of the slope (P7, refer to Figure 6.23 for the
location) showed an increase in pore water pressure, when the retrogressive failure reached
this point (270 h).
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Figure C.10: Pore water pressure in test T7_2.

Comparison of tests T7_1 and T7_2 (effect of the bedrock shape on the
stability of the slope, rain intensity of 8 mm/hr)
Pore water pressure responded sooner and increased more rapidly at the beginning of the
rainfall event in the model with a buttress, compared to the slope with parallel bedrock. However, the pore pressures continued to increase in the model without buttress up to the a value of 6 kPa, whereas the pressures behind the buttress in model 1 reached a steady state at
about 30 hours and then increased much more slowly to a maximum value of -1 kPa.
The general features of failure mechanisms of these two models can be described as follows:


The main failure mechanism of the slope with parallel bedrock was a general sliding
over the bedrock combined with significant surface erosion. It was a retrogressive
failure process due to concentrated erosion in the model with buttress, which started
from the toe of the slope and caused continuous failures upwards.



The pore pressures increased faster in the model with buttress.



The pore water pressures attained a peak when the failure movements accelerated in
both models.



The rate of pore pressure build-up decreased as the soil mass started to move in
both models.
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Appendix D: Direct shear test on vegetated soil
D.1 Introduction
A direct shear test was also designed in parallel to the centrifuge tests, to quantify the increase of the soil shear strength due to the root reinforcement. The specimen was prepared
with moist tamping of the same soil as centrifuge models with water content of 15% and void
ratio of 1.0.
The changes in pore water pressure during the growth of the grass were measured using
tensiometers installed at different depths in the direct shear box. The test was carried out
using a 250 mm × 250 mm × 110 mm shear box belonging to the institute for geotechnical
engineering (IGT) at ETHZ, which was designed by Teysseire (2005) to reproduce the large
in-situ shear tests under unsaturated conditions. This device was used by Colombo (2009) to
determine the saturated and unsaturated shear strength parameters of Ruedlingen soil. Beck
(2011) also used this shear box to investigate the effect of viscous pore fluid on the unsaturated shear strength parameters of Ruedlingen soil as discussed in Appendix E. The upper
side of the model in the box is covered by a 5 mm thick porous stone and a 250 mm × 250
mm × 15 mm steel plate. The weight of the porous stone and the steel plate apply a constant
normal stress of 1.4 kPa to the specimen. Shearing is applied to the specimen by movement
of the lower part of the box while the upper part is kept still by two fixed arms which are
equipped with two load cells. The sum of these two horizontal forces is considered as the
shear force. The shear box is equipped with the following instruments (Table D.1):
-

1 horizontal LVDT (Linear Variable Differential Transformer, to measure displacement with micron precision)
3 vertical LVDTs
2 horizontal load cells
1 vertical load cell
6 tensiometers (T1 to T6).

Table D.1. Details of the instruments of the direct shear box.
Sensor

Producer/type

Measurement
range

Accuracy

Resolution

Horzontal LVDT

HBM/WA50

50mm

+-0.1% v.

0.002 mm

Horzontal load
cells

HBM/U2B

10kN

+-0.1% v.

0.5 N

Vertical load cell

HBM/C2

10kN

+-0.1% v.

0.5 N

Vertical LVDTs

Precisor/TT10

20mm

+-0.1% v.

0.001 mm

Tensiometers

Soil moisture/2100F

85 kPa

+-0.1% v.

0.1 kPa
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A diagram of the direct shear box is shown in Figure D.1.

Figure D.1: Diagram of the ETHZ-IGT unsaturated direct shear box (after Colombo, 2009;
Beck, 2011).
The soil was compacted in 7 layers of 15, 20, 10, 20, 15, 15, and 15 mm thickness. The top
surface of each compacted layer was scratched to a depth of 5 mm to provide a shear connection to the subsequent layer. The final height of the model was 106 mm (4 mm less than
the planned height). The initial water content was measured to be 15.6%. The final void ratio
and dry density of the model after compaction were 0.968 and 12.95 kN/m3 respectively.
The saturated ceramic tips of the tensiometers were installed through ports in the wall of the
box after the corresponding layers were prepared (Figure D.2). The location of the different
tensiometers (T16) is shown in Figure D.1.
The seeds were planted in a 20 mm × 20 mm grid pattern on the soil after the specimen was
prepared at the same time as seeds were planted in the centrifuge models.

Figure D.2: Installation of the ceramic tips of the tensiometers in the direct shear box.
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Figure D.3: Seeds planted in a 20 mm × 20 mm grid pattern in the specimen in the direct
shear box.

Figure D.4: The grass grew more than 10 cm after 1 week in the direct shear box.
The height of the grass in the direct shear model was more than 10 cm after 1 week (Figure
D.4), after which it was cut before the direct shear test was carried out.

D.2 Changes in the pore water pressure
The changes in pore water pressure were measured during the growth of the grass, using 6
tensiometers installed at different depths of the model. The calibrated values of the tensiometer readings were corrected according to the installation height of each sensor.
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Figure D.5: Pore water pressure in the direct shear box during growth of the grass. 1) planting the seeds in the first attempt, 2) removing the seeds and replanting new
ones (second attempt), 3) sprouting of the blades of grass, 4) cutting the grass.
The evolution of the pore water pressure at different depths of the model is illustrated in Figure D.5. The shallower tensiometers (T3, T4, and T6) show more fluctuations due to the
higher interaction with the ambient air (evaporation). They measure rapid increases in the
pore water pressure after watering the seeds, and also steeper decreases compared to the
deeper tensiometers. However, pore water pressure changes happened more uniformly
along the vertical profile of the sample after the sprouting of the grass (time phase 3 in Figure
D.5). This observation might be attributable to the roots providing vertical drainage paths for
the water to be conveyed more efficiently to the deeper points of the sample during the wetting phase. During the drying phase, the water uptake process of the roots reduces the pore
water pressure faster than the evaporation alone.

D.3 Shearing
The direct shear box was transported with care to the laboratory in which the shear frame
was located after the grass growing period and the consolidation process was started on the
same day as the centrifuge tests were conducted (Figure D.6). The sample was covered by
the porous stone and the top steel plate, and then an additional vertical load was applied to
reach a normal stress of 7.5 kPa. The consolidation process was considered complete when
the vertical displacements ceased to change. The specimen was sheared to a horizontal
displacement of 6 mm and then additional normal stress was applied to consolidate it at 17
kPa. This was followed by the second shearing phase, with a horizontal displacement of 5
mm. The third consolidation load (35 kPa) was applied and the specimen was sheared to the
maximum horizontal displacement of 8 mm. Unfortunately, data from the first consolidation
stage was not saved due to an electrical problem in the laboratory, except for the measurement of a total average settlement of 0.427 mm. The shearing was conducted under con-
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trolled velocity mode with a constant velocity of 10 mm/h. The consolidation loads and the
shearing velocity were the same as those chosen by Colombo (2009) and Beck (2011).
The friction between the upper and lower sections of the box was measured by performing a
preliminary shear test with the empty box, before the soecimen preparation for the main test.
The results are shown in Figure D.7 and interpolated using a linear relationship (Equation
D.1). Accordingly, the shear force was corrected based on the linear equation of the friction
between the upper and lower halves of the box:
(
where,

(

)

D.1

) is the horizontal displacement of the lower part of the box.

The changes in the total normal stress and shear stress of the sample plotted against the
horizontal displacement are shown in Figure D.8.

D.4 Vertical movement measurements
The changes in the height of the sample were measured by three LVDTs. Their location is
depicted in Figure D.1. The general trend of the LVDT measurements show that LVDT 1,
located in the front side of the shear box, does not correspond to the measurements recorded by the other 2 LVDTs. A similar observation was reported by Beck (2011) and Colombo
(2009) and is attributed to “the strong rotating tendency of the top plate due to the design of
the box” (Colombo, 2009). Therefore, each layer of the sample was compacted with care to
be horizontal as exactly as possible and also the rotation of the top plate before the test was
checked to minimise the initial tilting. The sample was sheared up to a maximum horizontal
displacement of 19 mm to reduce the effect of the top plate rotation. The dilation or settlement of the sample during shearing can be also inferred qualitatively by the changes in the
pore water pressure. An increase in pore pressure implies contraction of the soil at shear
band, while a decrease shows dilation.

Figure D.6: Direct shear sample under consolidation.
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Figure D.7: Linear equation for friction between lower and upper sections of the direct shear
box.
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Figure D.8: Three stages of the change in normal and shear stress applied to the sample.

D.5 Normal effective stress and shear strength
The effective normal stress is defined using the approach proposed by Bishop (1959) which
includes the net stress (
), matric suction (s = ua - uw) and the non-linear effective
stress parameter of , which is a function of degree of saturation (Sr) (more details are discussed in Chapter 2). It is assumed that
in the interpretation of this test, as suggested
by several researchers (e.g. Öberg & Sällfors, 1997; Jommi, 2000; Nuth & Laloui, 2008;
Casini, 2012). The effective stress is defined in Equation D.2.
D.2
The shear strength is written as:
(

)

D.3
where cr is the contribution of the roots to the shear strength, where Sr is presented as a
number between 0 and 1.
A summary of the results of the shear test is given in Table D.2. The changes in the shear
stress, vertical strain, and pore water pressure with increasing horizontal displacement at
three different normal stresses in the following sections.
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Table D.2: Summary of the direct shear test conditions for the three loading stages in the
vegetated specimen.
(kPa) s (kPa)
7.5
17
35

11.5
12
12.5

Sr (%)
43.1
43.2
43.6

(kPa)
12.5
22.2
41.5

(kPa)
10.71
17.4
32.4

D.6 Results of the direct shear test with normal stress of 7.5 kPa
The changes in average pore water pressure (PWP), sample height, and shear stress versus
horizontal displacement under a total normal stress of 7.5 kPa are depicted in Figure D.9.
Contractive behaviour was observed up to 1.45 mm horizontal displacement followed by dilatant response. The pore water pressure increased during contractive behaviour. The shear
stress shows a slight jump at a horizontal displacement of 2.19 mm, which is accompanied
by a sudden drop in pore water pressure, part of which was recovered during the increase in
horizontal displacement. This increase in the shear stress can be attributed to the pull out of
the roots. The shear stress reaches a plateau at 4 to 5 mm horizontal displacement, and then
shows a slight decrease, although the pore water pressure decreased at this horizontal displacement.
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Figure D.9: a) Average pore water pressure (PWP) and shear stress versus horizontal displacement under a total normal stress of 7.5 kPa, b) Sample height and shear
stress versus horizontal displacement under total normal stress of 7.5 kPa.
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D.7 Results of the direct shear test with normal stress of 17 kPa
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The normal stress was increased to 17 kPa and the sample was sheared after the consolidation phase. The changes in the average pore water pressure and shear stress versus the
horizontal displacement are shown in Figure D.10. Pore water pressure decreases with increasing horizontal displacement after a slight increase until a shear strain of 0.23 mm. This
is an indication of a dilative behaviour in the sample. The three LVDTs did not show consistent trends in the change of sample height at different points. Similar observations have
been reported by previous researchers using this apparatus. Accordingly, the data of these
sensors are not considered reliable.
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Figure D.10: Average pore water pressure (PWP) and shear stress versus horizontal displacement under total normal stress of 17 kPa

D.8 Results of the direct shear test with normal stress of 35 kPa
The normal stress was increased to 35 kPa and the sample was sheared after the consolidation phase. Pore water pressure showed a decreasing trend with increasing horizontal displacement which was an indication of a dilative behaviour in the specimen (Figure D.11). The
shear stress shows a steady increase to a value of 32.4 kPa after approximately 3% of horizontal displacement.
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Figure D.11: Average pore water pressure and shear stress versus horizontal displacement
under total normal stress of 35.5 kPa
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Appendix E: Viscous pore fluid and its effects on
Ruedlingen soil
The specifications of the selected pore fluid and details of its effects on the hydraulic and
shear strength parameters of Ruedlingen soil are discussed in this appendix.

Solution components of the viscous pore fluid
Maples (2000) defined the Viscosity Blending Index (VBI) to calculate the viscosity of a blend
(Refutas equation):
( (

))
E.1

where is the kinematic viscosity in centistokes (cSt) and
ter and glycerine in the blend.
The values of

and

is the weight percentage of wa-

are calculated for a temperature of

20 °C.
However, this Equation is empirical and the results are approximate. Therefore the viscosities of water, glycerine and viscous solution were tested at different temperatures using a
Rheometer apparatus. A Rheometer measures the shear stress at a given shear rate and
calculates the dynamic viscosity of a fluid. The kinematic viscosity is then calculated by dividing the dynamic viscosity by the density of the fluid. The Rheometer results showed a weight
percentage of
and
. The measured physical properties of the
water, glycerine, and viscous solution are summarised in Table E.1.
Table E.1: Properties of water and viscous solution (after Beck, 2011).
Property

Water

Glycerine

Dynamic viscosity (cP)
Density (g/cm3)
Kinematic viscosity (cSt)

1.08
0.998
1.082

1410
1.26
1119.048

Viscous solution
(measured)
8.726
1.143
7.635

Gravitational viscous solution content (VSC) measurement
(based on Beck, 2011)
The standard approach to measure the water content of a sample is to dry the sample in an
oven at 105°C for 24 hours at atmospheric temperature. However, the boiling point of glycerine is approximately 290°C at atmospheric pressure. Therefore, an oven connected to a vacuum was used to decrease the glycerine vapour pressure which lead to a lower boiling point
for glycerine. The oven was connected with a vacuum pump via a cooling trap filled with ice
cubes and water, between the oven and the vacuum pump to avoid glycerine entering the
pump and damaging it (Figure E.1).
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Figure E.1: VSC measurement setup (Beck, 2011).

Effect of viscous solution on the hydraulic and mechanical
properties of Ruedlingen soil (based on Beck, 2011)
Proctor compaction curves
The compaction curves derived from the standard and modified Proctor tests for Ruedlingen
soil containing water and the viscous solution are shown in Figure E.2. The degree of saturation corresponding to the maximum dry density and optimum pore fluid content is similar for
the standard and modified test and for water and viscous fluid. A higher compaction energy
level which was applied during the modified Proctor test, results in a lower optimum VSC and
higher maximum dry unit weight. The major effects of viscous solution on the compaction
curve are:
1- The change in the dry unit weight of the sample with increasing viscous fluid content
is less pronounced and the curves are flatter compared to the curves of the soil with
water.
2- The maximum dry unit weight is lower compared to the soil with water and occurs at a
higher optimum pore fluid content.
The results illustrate that the compaction efficiency decreases if a more viscous fluid is used.
This can be attributed to the fact that the hydraulic conductivity of the soil decreases with
increase of the pore fluid viscosity and therefore the dissipation of excess pore pressures is
slower.
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Figure E.2: Comparison of the Proctor curves either (Standard or Modified) for viscous pore
fluid and water (dashed lines: water, full lines: viscous solution).

Viscous solution retention curve (VSRC) of Ruedlingen soil (data provided by Beck, 2011)
The simultaneous changes in the volumetric viscous solution content and suction are measured in a hydraulic column to derive the VSRC of Ruedlingen soil. The fluid retention curves
of Ruedlingen soil with water and viscous solution are plotted as suction versus degree of
saturation in Figure E.3. The air entry value is slightly higher for the soil with water (approximately 2.5 kPa) compared to the specimen with viscous solution as pore fluid (about 2 kPa).
This can be attributed to the lower value of surface tension of the viscous solution compared
to water. The air-entry value can be written in terms of surface tension, wetting angle and
corresponding diameter of pores:
( )
E.2
where

is the air entry value (kPa),

is the surface tension of the wetting fluid which is 66

mN/m for glycerine and 72 mN/m for water at 20°C (Bollrich, 2007),

is the wetting angle of

wetting fluid which is approximately 0° for both glycerine and water (Bollrich, 2007), and
is the pore diameter for air entry, which is dependent on the soil structure and does not
change with the pore fluid.
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Figure E.3: Comparison of the fluid retention curves of Ruedlingen soil with water and the
viscous solution.

Hydraulic conductivity function of Ruedlingen soil with viscous solution
(data provided by Beck, 2011)
The unsaturated hydraulic conductivity function of Ruedlingen soil containing a viscous pore
fluid was determined using the Instantaneous Profile Method, as proposed by Daniel (1982)
(Chapter 4).
The tensiometers used in these tests, and also in the direct shear tests, were 2100F
Soilmoisture Probes with a maximum suction measurement capacity of 85 kPa. Volumetric
fluid contents were measured using Time Domain Reflectometers (TDR) (EC-5 Decagons),
which measure the dielectric constant of the media. The TDRs were calibrated for
Ruedlingen soil at a void ratio of 0.9 with pore fluids of water and the viscous solution. The
calibration function was fitted to the measurements using a third order polynomial regression
function. Typical calibration diagrams of TDRs for Ruedlingen soil with water or a viscous
solution are shown in Figure E.4. A greater amount of viscous solution as pore fluid is required, compared to water, to represent the same TDR signal in volts.

Volumetric fluid content
(%)

40.0
TDR 1 (water)

30.0

TDR 1 (VS)

20.0
10.0
0.0
0.30

0.35

0.40

0.45
TDR reading (V)

0.50

0.55

0.60

Figure E.4: Calibration chart of TDR 1 for Ruedlingen soil with either water or a viscous solution (VS) as the pore fluid (after Beck, 2011).
The conductivity function of Ruedlingen soil with a viscous solution as the pore fluid was determined using the changes in suction to calculate the hydraulic gradient and the viscous
solution retention curve (Figure E.3) to derive the corresponding changes in the volumetric
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Hydraulic conductivity (m/s)

fluid contents and passing volume of fluid. The result is shown in Figure E.5, where it is compared to the conductivity function of the Ruedlingen soil with water.
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Figure E.5: Comparison between the conductivity functions of Ruedlingen soil with water and
viscous solution as pore fluid.
The functions have a similar shape and are relatively parallel over the range of suction values with higher hydraulic conductivity for water. However, the two curves are closer at lower
suctions and will remain different by a factor of less than 10 in the suction range presented.
The values of conductivities for low suctions (s < 3 kPa) could not be determined using the
Instantaneous Profile Method, because the volumetric fluid content stayed relatively constant
at suctions lower than the air entry value, which resulted in values near zero of calculated
passing fluid volume, despite non-zero hydraulic gradients. Accordingly, the results are
shown only for suction values of more than 3 kPa (Figure E.3). The maximum values of hydraulic conductivity of the soil with the viscous solution and water are 3.8×10-6 m/s and
2.2×10-5 m/s respectively. The saturated conductivity of Ruedlingen soil with water is approximately 6 times greater than that with the viscous solution. However, this ratio should theoretically be 7. The accuracy of the suction measurements, changes in the temperature (which
affects the viscosity), and the accuracy of the Rheometer apparatus explain this difference.

Unsaturated shear strength of Ruedlingen soil with viscous solution (data provided by Beck, 2011)
Two series of unsaturated direct shear tests were performed to investigate the effects of the
viscous solution as a pore fluid on the shear strength parameters of Ruedlingen soil. Specimens with three different viscous solution contents (VSC1 = 15%, VSC2 = 24% and VSC3 =
VSCsat), and an initial void ratio of 0.9, were sheared after consolidation under normal pressures of 7.5, 15, and 30 kPa. Values of suction were measured at four different elevations
and at six points, while the VSC was kept constant during shearing in the first series of tests.
A specimen with an initial viscous solution content of 15% was consolidated and sheared to
less than the shear strength of the blended Ruedlingen soil to replicate the anisotropic stress
condition of a soil element at depth 1.2 m in the Ruedlingen experiment slope. Details of the
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anisotropic stress calculations are discussed in chapter 4 and in Askarinejad & Springman
(2013). The pore fluid pressure was increased under constant normal and shear stresses
until failure (constant shear drained (CSD) direct shear test). This process replicated the behaviour of a soil element in the shear zone in the Ruedlingen slope under increasing pore
water pressure.
The specimens were prepared using the static compaction method on soils with 15% of VSC.
The additional viscous solution required for specimens with higher VSC was added by injection from the base of the shear box, after static compaction, and before consolidation, because different initial VSCs might have caused differences in the macro and micro soil structure as studied by Colombo (2009). The time required for uniform distribution of the additional injected viscous solution was monitored tensiometers readings. In addition, the final values
VSC at different depths were measured after each test, to check the uniformity of the specimens.
The results of both test series are shown in Figure E.6 in terms of total normal stresses and
in Figure E.7 in terms of effective normal stresses. The effective stresses are defined as proposed by Bishop (1959):
(
where

is the pore air pressure,

)

35

E.3

),

is the pore fluid pressure,

is defined as

is the matric suction.
VSC=15%
VSC=22%
VSC=VSCsat
Constant Shear Drained (CSD) test

30
Shear Stress [kPa]

)

is the effective stress parameter and is assumed to be

equal to the degree of saturation (
the net stress, and

(
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Figure E.6: Results of unsaturated direct shear tests on Ruedlingen soil with viscous fluid, in
space.
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Figure E.7: Results of unsaturated direct shear tests on Ruedlingen soil with viscous fluid, in
space.
The effective friction angle was calculated to be between 27.5° and 33°, having a best regression value of 29.5°, based on the results of these tests. This value is quite similar to that
derived from the results of the direct shear tests performed on Ruedlingen soil with water as
the pore fluid, which was about 29.3° (Colombo, 2009), and which are also shown in Figure
E.7. Accordingly, it can be seen that the effective internal friction angle of remoulded
Ruedlingen soil was not affected significantly as a result of using the viscous solution as the
pore fluid, although more scatter is observed in the data for these tests. The scatter in the
data might be due to the change in temperature, which has an effect on the surface tension
of the solution. The precision of the measurements and uniformity of the specimens also affect the consistency of the results. However, the average value of internal friction angle
slightly increases when natural samples with water as pore fluid are tested and other testing
methods such as conventional or constant shear drained (CSD) triaxial tests are performed
(Casini et al., 2010; Askarinejad & Springman, 2013).
The changes in pore fluid pressure (PFP) and shear displacement of the specimen in the
second series of tests are shown in Figure E.8. The pore fluid pressure increases first in the
lower parts of the specimen, as the viscous solution is injected into the model from the base
of the shear box. The wetting front reaches tensiometer 1 at time 1.44 hours, which corresponds to an equivalent hydraulic conductivity of ~10-7 m/s, agreeing well with the results of
the unsaturated hydraulic conductivity measurements (Figure E.5). The second tensiometer
(T2), installed at a height of 35 mm from the bottom of the box and 20 mm below the shear
zone, started to react approximately 4 hr after the start of fluid injection. But the increase of
pressure at this point was much slower than that of T1. This can be attributed to the slightly
higher values of suction in this region compared to the lower zones, which decreased the
hydraulic conductivity of the soil. The wetting front reached a height of 75 mm at time 16
hours.
The tensiometer installed at this location (T6) showed a minor increase in suction during the
fluid injection which might be due to the volumetric strains of the specimen or evaporation of
the fluid from the upper part of the box.
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The shear displacement increased slowly at a stable rate until time of 15 hours when the
shear strains accelerated. The pore fluid pressure at the nearest location to the shear zone
was -3 kPa, which corresponds to a saturation degree of 82% based on the VSRC (Figure
E.3).

Test time (hours)

Figure E.8: Changes in the pore fluid pressure (PFP) and shear displacement of the specimen under constant shear stresses and increasing pore pressure. (T: tensiometer, refer to Appendix D for the location of each tensiometer). (Time zero is the
start of the fluid injection from the base).
The corresponding point of this test (constant shear test) in the
space, shown in Figure E.7, lies on the upper band of the internal friction angle which is approximately 33°. Similarly, the results of the CSD tests under triaxial stress conditions (Chapter 4) also revealed a
higher value of internal friction angle (34°) compared to the conventional drained and undrained triaxial compression tests.
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F.1: Tensiometers
Soil moisture1 tensiometers were used in the Ruedlingen slope to monitor the pore water
pressure. The pressure transducers were manufactured by the Keller AG company2. All of
the pressure transducers were calibrated in the laboratory before installation of the tensiometers in the field. The calibration factors of the pressure transducers are summarised in Table
F.1.
Table F.1. Calibration factors of the pressure transducers installed on the tensiometers.
Calibration factors*

Sensor No.
a

b

R2

Tensio 2

-16.052

422.58

1

Tensio 3

-16.594

380.31

0.9996

Tensio 4

-16.568

399.45

1

Tensio 5

-16.093

377.37

0.9995

Tensio 6

8.0007

1194.2

1

Tensio 7

7.9933

1207

1

Tensio 8

8.0049

1200

1

Tensio 9

7.9979

1197.5

1

Tensio 10

8.0169

1197.7

1

Tensio 11

7.9996

1201.4

1

Tensio 12

-16.035

404.35

1

Tensio 13

-15.935

398.63

1

Tensio 14

-15.979

375.11

1

T1-1

-16.074

390.62

1

* Pressure (kPa)=a×(sensor reading (mv))+b

F.2: Decagons
The Decagon sensors were calibrated using the same soil as from the field at 3 different volumetric water contents. The calibration chart is shown in Figure F.1.

1
2

http://www.soilmoisture.com/PDF%20Files/tensiom.pdf
http://www.keller-druck.com/home_e/paprod_e/hm_transm_e.asp
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Figure F.1: Calibration chart for the Decagon EC-5 sensors.

F.3 Piezometers
The piezometers were calibrated by submerging them at a defined depth in a water column.
The results are summarised in Table F.2 and presented in Figure F.2.
Table F.2. Calibration factors of the piezometers.
Sensor No.

a*

b*

R2

P1

1.0864

-0.0498

0.9995

P2

1.0336

-0.1835

0.9922

P3

1.0174

-0.1948

0.9971

P4

0.9883

-0.1624

0.9981

P5

1.0523

-0.3463

0.9997

P6

1.0412

-0.2278

0.9996

Applied pressure (kPa)

* Pressure (kPa)=a×(sensor reading (kPa))+b
6
5
4
3

P1
P3
P5

2
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0
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Figure F.2: Calibration charts for the piezometers.
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Appendix G: DPL Results for Ruedlingen test slope
(Askarinejad & Kienzler, 2008)
The DPL tests were performed on 5 transects of the Slope (Figure G.1).

Figure G.1: DPL tests transects.
The results are shown in Figure G.2 to Figure G.7.
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Figure G.2: Shape of the bedrock according to the DPL results for the transect 1.

Figure G.3: Shape of the bedrock according to the DPL results for the transect 2.
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Figure G.4: Shape of the bedrock according to the DPL results for the transect 3.

Figure G.5: Shape of the bedrock according to the DPL results for the transect 4.
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Figure G.6: Shape of the bedrock according to the DPL results for transects 2 to 4.

Figure G.7: Shape of the bedrock according to the DPL results for the transect 5.

Details of the DPL tests for each profile are shown in the following pages.
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Slope monitoring experiment (October 2008)

Figure H-1. Location of the sprinklers, rain gauges and piezometers in the slope monitoring
experiment in October 2008. (CL: instrumentation cluster).
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Figure H-2.Installation depth of each instrument in the clusters for the slope monitoring experiment in October 2008.
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Figure H.3. Variation of pore water pressure in cluster 1 during the slope monitoring experiment (October 2008).
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Figure H.4. Variation of pore water pressure in cluster 2 during the slope monitoring experiment (October 2008).
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Figure H.5. Variation of pore water pressure in cluster 3 during the slope monitoring experiment (October 2008).
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Figure H.6. Variation of volumetric water content measured by TDRs in cluster 1 during the
slope monitoring experiment (October 2008).
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Figure H.7. Variation of volumetric water content measured by Decagons in cluster 2 during
the slope monitoring experiment (October 2008).
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Figure H.8. Variation of volumetric water content measured by TDRs in cluster 2 during the
slope monitoring experiment (October 2008).
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Figure H.9. Variation of volumetric water content measured by TDRs in cluster 3 during the
slope monitoring experiment (October 2008).
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Figure H.10. Variation of air temperature above the field test during the slope monitoring period under natural atmospheric conditions.
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Figure H.11. Variation of the wind speed above the field test during the slope monitoring period under natural atmospheric conditions.
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Figure H.12. Variation of the relative humidity above the field test during the slope monitoring
period under natural atmospheric conditions.
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Figure H.13. Variation of the air pressure above the field test during the slope monitoring
period under natural atmospheric conditions.

H-7

Appendix H : Field measurements

Pore water pressure
Cluster 1
Tensio 4-30cm
Tensio 11-120cm
Rain intensity (mm/day)

Pore water pressure (kPa)

4

Tensio 3-60cm
Tensio 7-140cm

50
45
40
35

0

30
25

-4

20
15

-8

Rain intensity (mm/day)

8

10
5

-12
1-Oct-08

0
31-Oct-08 30-Nov-08 30-Dec-08 29-Jan-09 28-Feb-09 30-Mar-09 29-Apr-09
Date

Figure H.14. Variation of the pore water pressure in cluster 1 during the slope monitoring
period under natural atmospheric conditions.
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Figure H.15. Variation of the pore water pressure in cluster 2 during the slope monitoring
period under natural atmospheric conditions.
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Figure H.16. Variation of the pore water pressure in cluster 3 during the slope monitoring
period under natural atmospheric conditions.
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Figure H.17. Variation of the volumetric water content in cluster 1 during the slope monitoring
period under natural atmospheric conditions measured by Decagons.
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Figure H.18. Variation of the volumetric water content in cluster 1 during the slope monitoring
period under natural atmospheric conditions measured by TDRs.
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Figure H.19. Variation of the volumetric water content in cluster 2 during the slope monitoring
period under natural atmospheric conditions measured by Decagons.
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Figure H.20. Variation of the volumetric water content in cluster 2 during the slope monitoring
period under natural atmospheric conditions measured by TDRs.
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Figure H.21. Variation of the volumetric water content in cluster 3 during the slope monitoring
period under natural atmospheric conditions measured by Decagons.
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Figure H.22. Variation of the volumetric water content in cluster 3 during the slope monitoring
period under natural atmospheric conditions measured by TDRs.
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Landslide triggering experiment (March 2009)

Figure H-23. Location of the sprinklers, rain gauges and piezometers in the landslide triggering experiment in March 2009. (CL: instrumentation cluster).
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Figure H-24. Installation depth of each instrument in the landslide triggering experiment in
March 2009.
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Figure H.25. Variation of pore water pressure in cluster 1 during the landslide triggering experiment (March 2009).
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Figure H.26. Variation of pore water pressure in cluster 2 during the landslide triggering experiment (March 2009).
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Figure H.27. Variation of pore water pressure in cluster 3 during the landslide triggering experiment (March 2009).
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Figure H.28. Variation of volumetric water content in cluster 1 during the landslide triggering
experiment (March 2009).
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Figure H.29. Variation of volumetric water content measured by Decagons in cluster 2 during
the landslide triggering experiment (March 2009).
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Figure H.30. Variation of volumetric water content measured by TDRs in cluster 2 during the
landslide triggering experiment (March 2009).
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Figure H.31. Variation of volumetric water content in cluster 3 during the landslide triggering
experiment (March 2009).
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Figure H.32. Applied rainfall and changes in the groundwater level of the slope during the
Ruedlingen landslide triggering experiment.
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Figure I.1: Profiles of volumetric water content (VWC) in cluster 3 from 2D coupled simulation
of a slope with exfiltration (model 2D_DE) (Rain starts at 1h).
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Figure I.2: Profiles of volumetric water content (VWC) in cluster 3 from insitu measurements.
(Rain starts at 1h).
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Figure I.3: Pore water pressure and volumetric water content at a depth of 30 cm in cluster 3,
based on the field measurements (only PWP), and numerical simulations for the
model with exfiltration (2D_DE).
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Figure I.4: Pore water pressure and volumetric water content at a depth of 60 cm in cluster 3,
based on the field measurements (only PWP), and numerical simulations for the
model with exfiltration (2D_DE).
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Figure I.5: Pore water pressure and volumetric water content at a depth of 90 cm in cluster 3,
based on the field measurements (only PWP), and numerical simulations for the
model with exfiltration (2D_DE).
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Figure I.6: Pore water pressure and volumetric water content at a depth of 120 cm in cluster
3, based on the field measurements (only PWP), and numerical simulations for
the model with exfiltration (2D_DE).

I-5

Appendix I : Results of numerical simulations

10

0.55

0.45
6
4

0.35

2

Field_PWP_150 cm

0

PWP (kPa)

0.25

VWC (-)

-2

0.15

Field_VWC _150 cm

-4

0.05

Volumetric water content (-)

Pore water pressure (kPa)

8

-6
-8

-0.05
0

2

4

6

8
10
Time (hour)

12

14

16

18

Rain intensity (mm/hr)

25
Rain intensity (lower slope) (mm/hr)

Rain intensity (upper slope) (mm/hr)

20
15

Exfiltration
10
5
0
0

2

4

6

8
10
Time (hour)

12

14

16

18

Figure I.7: Pore water pressure and volumetric water content at a depth of 150 cm in cluster
3, based on the field measurements (only PWP), and numerical simulations for
the model with exfiltration (2D_DE).
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Appendix J: Data from the geological borehole (Based
on Brönnimann, 2011)
A geological borehole was drilled (funded by IGT-ETH Zurich) above the selected test site in
order to investigate the lithological profile of the bedrock and provide a supplementary source
of data for the interpretation of the ERT results. The location of the borehole is shown in Figure 3.21. Four piezometer sensors were also installed at the depths of 2.3, 6.8, 18.7, and
21.3 m in the borehole to monitor the fluctuations of the groundwater level in the bedrock.
The data reported here were gathered and analysed by Dr. C. Brönnimann from GEOLEP
(EPF Lausanne).
The lithological profile can be divided into four major parts, based on the observations:
a) Top silty sand layer (0 – 2 m)
b) Weathered bedrock (2 – 2.5 m)
c) Sandstone from the Lower Freshwater Molasse (2.5 – 19 m)
d) Marlstone Lower Freshwater Molasse (19 – 23 m).
The description of the rock and soil type, strength and consistency of the material, condition
of water circulations and joints, estimation of plasticity, description of colour, components and
structure of different layers are summarised in Figure J.1 and Figure J.2. The legend is
shown in Figure J.3.
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Figure J.1: Detailed core description I (Brönnimann, 2011).
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Figure J.2: Detailed core description II (Brönnimann, 2011).
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Figure J.3: Legend for Figures J.1 and J.2 (Brönnimann, 2011).
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