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Abstract 

This Thesis describes a comprehensive laboratory investigation into the mechanical 

properties of Bolders Bank glacial till sampled at the PISA project Cowden test site, near Hull 

in Humberside. The PISA project aimed to modernise the foundation design procedures for 

offshore windturbines, many of which are being installed in strata such as the stiff low 

pasticity till encountered at Cowden. Advanced laboratory testing should be of value to a far 

greater range of onshore and offshore applications, covering both static and cyclic loading 

cases. 

High quality rotary and block samples of Cowden till were employed in advanced triaxial and 

other tests, making use of local pore pressure probes, high resolution local strain sensors and 

dual axial bender elements. Static experiments established profiles of compression and 

extension shear strengths and stiffness with depth, as well as tests that investigated 

behaviour under higher effective stress conditions imposed by pile installation, the influence 

of strain rate and sample size. Ring shear experiments investigated residual shear strength 

and soil-steel interface behaviour. Parallel triaxial programmes were run on both natural and 

reconstituted specimens. Small strain drained probing tests investigated the till's cross – 

anisotropic elastic stiffness. A comprehensive programme that imposed thousands of 

undrained cycles investigated the influence of cyclic loading amplitude and deviatoric stress 

offset on the potential for cyclic failure, as well as its impact on stiffness, damping, pore 

pressure development and permanent strain accumulation. The Cowden till's response to 

static and cyclic loading is interpreted within the critical state framework which recognises 

the existence of Kinematic Yield Surfaces (KYS) within the till's large scale yield surface.  

The experiments reveal that the till's large strain mechanical behaviour fits well with key 

features of classical, ductile critical state models with almost no difference between ultimate 

and residual angles of shearing resistance and ultimate compression shear strengths mapping 

onto critical state v – ln(p') lines that were broadly parallel to those found under K0 or isotropic 

normal compression paths. However, corrections had to be made for the effects of the till's 

variable gravel contents when comparing reconstituted and natural specimens. Extension 

tests also showed quite different behaviour at large strains to those seen in compression. 
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Other significant deviations from the classical models include the till's anisotropic elastic 

stiffness response which was confined to a small kinematic (Y1) yield surface and the highly 

non-linear behaviour seen once the surface was engaged. The non-linear secant stiffnesses 

were found to vary with mean effective stress (p') raised to a partial power (around 0.5) over 

the stress range of interest. The site's glacial genesis led to profiles of undrained shear 

strength and Yield Stress Ratio (YSR) that were unlike those expected for sedimentary clays. 

The till responded as if mechanically overconsolidated and manifested significantly higher 

horizontal stiffness than vertical. 

The programme of cyclic experiments also revealed many interesting features. The till could 

respond to undrained cycling in either fully stable, unstable or metastable fashion, depending 

on the applied mean deviatoric stresses and the imposed cyclic amplitudes. Behaviour was 

fully stable within a second Y2 kinematic yield surface which was far larger than the Y1 elastic 

surface, and within this region exhibited almost constant cyclic stiffness and damping ratio 

without developing significant permanent strains or drifts in p' over thousands of cycles. A 

notable feature was the till's tendency to contract under cyclic loading once the cyclic large 

scale yielding (Y3) surface was engaged. Although high level cyclic loading could lead to abrupt 

or creep failure, tests that did not fail under cycling demonstrated no loss of post-cyclic 

undrained shear strength. 

 



7 
 

Acknowledgements 

Firstly, as an experimental researcher, I would like to thank Mr. Steve Ackerley for his 

invaluable technical support throughout my PhD. Without his expertise, very few (if any) of 

the high quality tests presented in this Thesis would have been completed. I also wish to thank 

the rest of the laboratory and administration teams in the Geotechnics Section: Duncan, 

Graham, Alan and Sue. 

This research was partially funded by the PISA JIP project, Imperial College, Orsted and, during 

the last eight and a half months, by my girlfriend and my parents. The financial support of all 

of them is greatly appreciated. 

I would like to thank my supervisor Prof. Richard Jardine for setting such a high bar in the 

quality of the laboratory testing and encouraging me to reach it. The quality of this work 

would not have been as high without his useful critiques and insightful and constructive 

suggestions. His support and patience are greatly appreciated. 

My research was part of a wider project and I would like to express my gratitude to the rest 

of the academic PISA Project team from Imperial College – Prof. Lidija Zdravkovic, Dr. David 

Taborda and Prof. David Potts. I am grateful for their encouragement, interest and help 

throughout my research. I am also grateful for the help provided on numerous occasions from 

the rest of the academic team in the section. 

It has been a privilege for me to be part of the Geotechnics family. I have met incredible 

people and made good friends. I would like to thank all of them. As there are so many, I will 

not list their names here as I would not want to miss anyone. I will instead make sure I thank 

everyone in person. 

I would like to say thanks to my friends back home for their positive distractions and constant 

encouragement. 

I would like to take this opportunity to express my deep love to my family and my lovely 

girlfriend, the people who have been the real support throughout these years. Everything I 



8 
 

have achieved in this research and in my life I owe it to you all. I dedicate the work presented 

in this Thesis to my grandmother, who passed away in February 2016. 

 

 



9 
 

Table of Contents 

Declaration ................................................................................................................................. 3 

Abstract ...................................................................................................................................... 5 

Acknowledgements .................................................................................................................... 7 

Table of Contents ....................................................................................................................... 9 

List of Figures ........................................................................................................................... 17 

List of Tables ............................................................................................................................ 47 

Nomenclature .......................................................................................................................... 51 

Chapter 1: Introduction ........................................................................................................... 59 

1.1 Background ................................................................................................................ 59 

1.2 Research aim and objectives ..................................................................................... 60 

1.3 Thesis layout .............................................................................................................. 61 

Chapter 2: Background review of relative aspects of the mechanical behaviour of clay soils 65 

2.1 Introduction............................................................................................................... 65 

2.2 Behaviour of cohesive soils under monotonic conditions ........................................ 65 

2.2.1 Structure of cohesive soils ................................................................................. 65 

2.2.2 Depositional and post-depositional structure ................................................... 66 

2.2.3 Sensitivity ........................................................................................................... 67 

2.2.4 Stability of structure .......................................................................................... 67 

2.2.5 Large strain behaviour and residual shear strength .......................................... 68 



10 
 

2.2.6 Bounding surfaces .............................................................................................. 69 

2.2.7 The effect of shearing rate on the large strain behaviour ................................. 70 

2.2.8 Shear strength anisotropy ................................................................................. 70 

2.2.9 Yielding of soils................................................................................................... 71 

2.3 Clay response to cyclic loading.................................................................................. 74 

2.3.1 Cyclic loading characteristics ............................................................................. 74 

2.3.2 Laboratory cyclic loading definitions ................................................................. 75 

2.3.3 Cyclic soil parameter definitions ........................................................................ 76 

2.3.4 Factors influencing cyclic behaviour .................................................................. 77 

2.3.5 Consideration for offshore design and interaction contour diagrams .............. 81 

Chapter 3: Cowden till formation and properties ................................................................. 109 

3.1 Geological history of Cowden till ............................................................................ 109 

3.2 Cowden till soil properties identified during earlier studies .................................. 110 

3.2.1 Typical Cowden till soil profile ......................................................................... 111 

3.2.2 Grading and composition ................................................................................. 111 

3.2.3 Index properties ............................................................................................... 112 

3.2.4 Fabric ................................................................................................................ 113 

3.2.5 CPT Profiles ...................................................................................................... 113 

3.2.6 Pore-water pressures and permeability .......................................................... 113 

3.2.7 In-situ stresses and OCR................................................................................... 114 

3.2.8 1-D Behaviour .................................................................................................. 116 



11 
 

3.2.9 Cowden till undrained shear strength profile .................................................. 116 

3.2.10 Behaviour during triaxial shearing ................................................................... 119 

3.2.11 Residual strength ............................................................................................. 120 

3.2.12 Cowden till shear stiffness profile ................................................................... 120 

3.3 Summary ................................................................................................................. 122 

Chapter 4: Sampling and testing: equipment, procedures and data analysis ....................... 143 

4.1 Introduction............................................................................................................. 143 

4.2 Sampling .................................................................................................................. 143 

4.2.1 Sampling site location ...................................................................................... 143 

4.2.2 Rotary coring .................................................................................................... 143 

4.2.3 Block sampling ................................................................................................. 145 

4.3 Testing equipment .................................................................................................. 146 

4.3.1 Oedometer apparatus...................................................................................... 146 

4.3.2 Triaxial apparatus ............................................................................................. 147 

4.3.3 Ring-shear apparatus ....................................................................................... 158 

4.4 Procedures .............................................................................................................. 159 

4.4.1 Sample preparation ......................................................................................... 159 

4.4.2 Setting-up procedure ....................................................................................... 161 

4.4.3 Experimental test codes .................................................................................. 162 

4.4.4 Triaxial testing procedures .............................................................................. 164 

4.4.5 Ring-shear testing procedure .......................................................................... 168 



12 
 

4.4.6 Oedometer test procedures ............................................................................ 169 

4.5 Data analysis ............................................................................................................ 170 

4.5.1 Stresses, areas and corrections for membranes and filter drains ................... 170 

4.5.2 Strains .............................................................................................................. 173 

4.5.3 Stiffness ............................................................................................................ 173 

4.5.4 Volumetric strain ............................................................................................. 174 

4.5.5 Void ratio.......................................................................................................... 174 

4.5.6 Small strain drained cross-anisotropic elastic parameters .............................. 176 

4.5.7 Bender element interpretation ....................................................................... 180 

Chapter 5: Soil profiles, description and characterisation .................................................... 213 

5.1 Introduction............................................................................................................. 213 

5.2 Soil description ........................................................................................................ 213 

5.3 Soil characterisation ................................................................................................ 214 

5.3.1 Water content distribution .............................................................................. 214 

5.3.2 Atterberg limits ................................................................................................ 215 

5.3.3 Particle size distribution................................................................................... 215 

5.3.4 Chemical tests .................................................................................................. 216 

5.3.5 Bulk density ...................................................................................................... 216 

5.3.6 Specific gravity ................................................................................................. 216 

5.4 Soil profiles .............................................................................................................. 217 

5.4.1 CPT profiles ...................................................................................................... 217 



13 
 

5.4.2 Initial mean effective stress profile ................................................................. 218 

Chapter 6: Large strain behaviour ......................................................................................... 235 

6.1 Introduction............................................................................................................. 235 

6.2 Residual shear strength ........................................................................................... 235 

6.2.1 Sample preparation and testing procedures ................................................... 236 

6.2.2 Soil-soil tests .................................................................................................... 236 

6.2.3 Soil-steel tests .................................................................................................. 237 

6.3 Intrinsic properties .................................................................................................. 239 

6.3.1 Compression behaviour of reconstituted till ................................................... 240 

6.3.2 Shearing behaviour .......................................................................................... 242 

6.4 Behaviour of natural Cowden till ............................................................................ 245 

6.4.1 Behaviour in 1-D compression ......................................................................... 246 

6.4.2 Shearing behaviour of natural soil in triaxial compression (TXC) .................... 251 

6.4.3 Shearing behaviour of natural till in triaxial extension (TXE) .......................... 256 

6.4.4 Undrained shear strength ratio Su
TXC/ Su

TXE ..................................................... 258 

6.4.5 Influence of higher mean effective stress ....................................................... 259 

6.4.6 Shearing rate effects ........................................................................................ 262 

6.4.7 Critical state lines and State Bounding Surfaces ............................................. 265 

6.5 Summary and conclusions ....................................................................................... 267 

Chapter 7: Pre-failure stiffness behaviour ............................................................................. 357 

7.1 Introduction............................................................................................................. 357 



14 
 

7.2 Treatment of small strain measurements made in triaxial tests ............................ 357 

7.3 Stiffness characteristics of reconstituted Cowden till ............................................ 358 

7.3.1 Undrained triaxial compression tests .............................................................. 358 

7.3.2 Undrained triaxial extension tests ................................................................... 359 

7.4 Small strain behaviour of natural Cowden till from in-situ stresses ....................... 359 

7.4.1 Vertical undrained stiffness of intact samples in compression tests .............. 360 

7.4.2 Sample size effect on undrained stiffness ....................................................... 363 

7.4.3 Stiffness in extension ....................................................................................... 363 

7.4.4 Stiffnesses defined from TXC and TXE tests .................................................... 364 

7.5 Dynamic laboratory and field measurements of shear stiffness ............................ 365 

7.6 Influence of higher mean effective stress on undrained triaxial stiffness .............. 368 

7.6.1 Test series N-C.................................................................................................. 369 

7.6.2 Variation of Gmax with mean effective stress: Test series N-D ........................ 371 

7.7 Influence of shearing rate on undrained stiffness of specimens tested from in-situ 

effective stresses ............................................................................................................... 373 

7.8 Investigation of the elastic stiffness anisotropy with drained probing tests .......... 375 

7.8.1 Drained probes on soil from 2.0m ................................................................... 376 

7.8.2 Y1 kinematic yield surface at 2.0m ................................................................... 380 

7.8.3 Drained probes on soil from 12.0m ................................................................. 381 

7.9 Effective bulk modulus over the non-linear range ................................................. 383 

7.10 Effect of structure on the stiffness behaviour ..................................................... 385 



15 
 

7.11 Summary and conclusions ................................................................................... 385 

Chapter 8: Cowden till behaviour under cyclic loading conditions ....................................... 479 

8.1 Introduction............................................................................................................. 479 

8.1.1 Testing programme and cyclic stress space ..................................................... 479 

8.1.2 Pore-pressure distribution under cyclic conditions ......................................... 482 

8.1.3 The effect of cyclic loading frequency on the behaviour ................................ 483 

8.2 The main aspects of the Cowden till cyclic response .............................................. 484 

8.2.1 Number of cycles to failure .............................................................................. 485 

8.2.2 Cyclic effective stress paths ............................................................................. 486 

8.2.3 Evolution of strains .......................................................................................... 492 

8.2.4 Mean effective stress contours ....................................................................... 494 

8.2.5 Stiffness degradation ....................................................................................... 494 

8.2.6 Damping ratios ................................................................................................. 497 

8.3 Details of cyclic loading results from in-situ stress conditions ............................... 497 

8.3.1 Cyclic stress-strain curves ................................................................................ 498 

8.3.2 Normalised stiffness degradation curves ........................................................ 500 

8.3.3 Damping ratios with strains ............................................................................. 502 

8.3.4 Permanent strain accumulation ...................................................................... 502 

8.3.5 Mean effective stress changes ......................................................................... 503 

8.4 Tracking the evolution of the cyclic kinematic yield surfaces ................................. 504 

8.5 Comparison between Cowden till and Drammen clay ........................................... 505 



16 
 

8.6 Conclusions.............................................................................................................. 506 

Chapter 9: Summary and recommendations for future work ............................................... 579 

9.1 Summary and conclusions ....................................................................................... 579 

9.2 Recommendations for future work ......................................................................... 584 

References ............................................................................................................................. 587 

Appendices ............................................................................................................................. 605 

 



17 
 

List of Figures 

Figure 2.1 Classification of fabric (Sides and Barden 1971) ..................................................... 85 

Figure 2.2 One-dimensional compression of a clay with sedimentation structure (Cotecchia 

and Chandler 2000) .................................................................................................................. 85 

Figure 2.3 One-dimensional compression of a clay with post-sedimentation structure 

(Cotecchia and Chandler 2000) ................................................................................................ 86 

Figure 2.4 Intact and reconstituted oedometer tests on Berthierville, Bothkennar and 

Queenborough clays (Smith 1992) .......................................................................................... 86 

Figure 2.5 Idealised behaviour of natural and reconstituted clay (Cotecchia and Chandler 

2000) ........................................................................................................................................ 87 

Figure 2.6 Sensitivity contours (Cotecchia and Chandler 2000) .............................................. 88 

Figure 2.7 One-dimensional compression data from a number of natural clays (Cotecchia and 

Chandler 2000) ......................................................................................................................... 88 

Figure 2.8 K0 and 1-D compression data for Sibari clay (Coop and Cotecchia 1995) .............. 89 

Figure 2.9 Behaviour of high OCR clays in undrained shearing; a) low Ip and b) high Ip (Jardine 

et al. 2004) ............................................................................................................................... 89 

Figure 2.10 Undrained effective stress paths on K-consolidated triaxial compression tests 

(Gens 1982) .............................................................................................................................. 90 

Figure 2.11 Isotropic drained and undrained TXC tests with the locus of the constant K virgin 

consolidation test (Gens 1982) ................................................................................................ 90 

Figure 2.12 K-consolidated undrained TXC tests on Lower Cromer till (Gens 1982) .............. 91 

Figure 2.13 Schematic representation of the undrained effective stress paths during fast and 

slow shearing (Leroueil and Hight 2002) ................................................................................. 91 



18 
 

Figure 2.14 Influence of strain rate of the Su in undrained compression tests (Kulhawy and 

Mayne 1990) ............................................................................................................................ 92 

Figure 2.15 Variation of Su (=t) normalised by p'0 and φ' with α rotation of clay and clay-sand 

mixtures from HCA tests (p'0: consolidation mean effective stress) Zdravkovic and Jardine 

(2000) ....................................................................................................................................... 92 

Figure 2.16 Variation of normalised peak deviatoric stress with rotation of the principal stress 

for 10.5m and 5.2m specimens (Nishimura et al. 2007) ......................................................... 93 

Figure 2.17 Variation of the undrained strength Su and of q/2 at first rupture with αf  for Oxford 

clay (Brosse 2012) .................................................................................................................... 93 

Figure 2.18 Scheme of multiple yield surfaces (Jardine 1992) ................................................ 94 

Figure 2.19 Periods and number of cycles characteristics for typical cyclic loading events 

(Andersen et al. 2013).............................................................................................................. 95 

Figure 2.20 Cyclic loading definitions (after Andersen et al. (2013)) ...................................... 95 

Figure 2.21 Mean and cyclic strain definitions ........................................................................ 96 

Figure 2.22 Mean and cyclic pore-water pressure definitions ................................................ 96 

Figure 2.23 Cyclic stiffness definition ...................................................................................... 97 

Figure 2.24 Definition of damping ratio based on a stress-srtain curve (Taborda et al. 2016)

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

Figure 2.25 Variation of shear modulus with shear strain amplitude for seven cohesive 

Canadian soils (Kim and Novak 1981) ...................................................................................... 98 

Figure 2.26 Variation of pore-water pressure and axial strain with number of cycles 

(Georgiannou et al. 1991) ........................................................................................................ 98 

Figure 2.27 Effect of void ratio (Hardin and Black 1968) ......................................................... 99 



19 
 

Figure 2.28 Shear modulus vs void ratio for three experimental formulae (Kokusho et al. 1982)

.................................................................................................................................................. 99 

Figure 2.29 Effect of void ratio and confining stress on the shear modulus (Kim and Novak 

1981) ...................................................................................................................................... 100 

Figure 2.30 Variation of degradation parameter, t with OCR for four Venezuelan clays (Vucetic 

and Dobry 1988) .................................................................................................................... 100 

Figure 2.31 G/G0 vs γ for three consolidation states (Kokusho et al. 1982) .......................... 101 

Figure 2.32 Damping ratio vs shear strain (γ) for three consolidation states (Kokusho et al. 

1982) ...................................................................................................................................... 101 

Figure 2.33 Family of curves showing the relationship between G/Gmax vs γ and λ vs γ for NC 

and OC soils (Vucetic and Dobry 1991) .................................................................................. 102 

Figure 2.34 GN/GN=1 vs number of cycles for different OCRs (Venezuelan clays) (Vucetic and 

Dobry 1988) ........................................................................................................................... 103 

Figure 2.35 The effect of N on the degradation of G/Gmax vs γcyc for different plasticity indices 

(Vucetic and Dobry 1991) ...................................................................................................... 103 

Figure 2.36 Damping ratio vs  shear strain relationship for different confining stresses 

(Kokusho et al. 1982) ............................................................................................................. 104 

Figure 2.37 Simplified a) stress conditions along a potential failure surface beneath a shallow 

gravity structure (Andersen 2009) and b) failure mechanisms around a monopile with low L/D 

ratio (Randolph and Gourvenec 2011) .................................................................................. 105 

Figure 2.38 An example of construction of contours diagrams for number of cycles to failure 

(Andersen 2009)..................................................................................................................... 106 

Figure 2.39 Number of cycles to failure for OCR = 4 Drammen clay tested in triaxial apparatus 

(Andersen 2004)..................................................................................................................... 106 



20 
 

Figure 2.40 Strain contour diagram plot derived after N = 10 for OCR = 4 Drammen clay tested 

in triaxial apparatus (Andersen 2004) ................................................................................... 107 

Figure 3.1 Extent of the Anglian and Devensian ice sheets. Arrows show ice movement 

direction (Lee 2011) ............................................................................................................... 125 

Figure 3.2 Quaternary deposits of the North Sea (Davies et al. 2011) .................................. 126 

Figure 3.3 Cross-sectional diagrams of Quaternary sediments in the Bolders Bank Formation 

(Davies et al. 2011) ................................................................................................................ 127 

Figure 3.4 Satellite view of PISA Cowden test site (www.google.co.uk/maps) ..................... 128 

Figure 3.5 Typical soil profile at Cowden (Powell and Butcher 2003) ................................... 128 

Figure 3.6 PSD curve for Cowden till (Powell and Butcher 2003) ......................................... 129 

Figure 3.7 Casagrande plasticity chart for Cowden till soils Powell and Butcher (2003) ...... 129 

Figure 3.8 Cowden till micro-scale sketch (Powell and Butcher 2003) ................................. 130 

Figure 3.9 Typical cone profile for Cowden till  (Powell and Butcher 2003) ......................... 130 

Figure 3.10 In-situ pore-water pressure and total vertical stress (Powell and Butcher 2003)

................................................................................................................................................ 131 

Figure 3.11 K0 profile for Cowden till ..................................................................................... 132 

Figure 3.12 OCR profile for Cowden till ................................................................................. 133 

Figure 3.13 Oedometer tests on Cowden till in v-log(σ'v) space (Lehane 1992) ................... 134 

Figure 3.14 Undrained strength from in-situ tests (Powell and Butcher 2003) .................... 135 

Figure 3.15 Undrained strength from laboratory tests (Powell and Butcher 2003) ............. 136 

Figure 3.16 Undrained strength from torvane and penetrometer test (Powell and Butcher 

2003) ...................................................................................................................................... 137 



21 
 

Figure 3.17 Stiffness measurements defined from the initial linear portion of the stress-strain 

curves from in-situ loading tests (Powell and Butcher 2003) ................................................ 138 

Figure 3.18 Stiffness measurements from in-situ geophysics (Powell and Butcher 2003) ... 139 

Figure 3.19 Stiffness relationships a) Ghv vs Ghh b) Gvh vs Ghh ................................................ 140 

Figure 3.20 Shear stiffness degradation with strains (Powell and Butcher 2003) ................ 141 

Figure 3.21 Shear stiffness bands from triaxial compression tests on isotropically consolidated 

test (Hird et al. 1991) ............................................................................................................. 141 

Figure 4.1 Location of PISA Cowden test site (www.google.co.uk/maps) ............................ 184 

Figure 4.2 Location of the block sampling area and BH 1 to 4 in relation to the PISA pile tests

................................................................................................................................................ 184 

Figure 4.3 Visual inspection of sample quality a) Class 1 sample; b) Class 2 sample ............ 185 

Figure 4.4 Block sampling procedure employed at Cowden; a) a trench with an up-stand b) 

trimming the block c) sealing the sample d) placing the plywood box and filling the gap with 

expanding foam ..................................................................................................................... 186 

Figure 4.5 Details of a typical oedometer cell (BS 1377 1990) .............................................. 186 

Figure 4.6 Typical oedometer apparatus used in this research ............................................ 187 

Figure 4.7 Low and high pressure oedometer compliance in tests including rigid metal 'sample'

................................................................................................................................................ 188 

Figure 4.8 Detailed drawing of the 100mm triaxial cell ........................................................ 189 

Figure 4.9 Side view of the arrangement of the local instrumentation on a 100mm diameter 

sample .................................................................................................................................... 190 

Figure 4.10 Pressure control block diagram for triaxial equipment ...................................... 191 

Figure 4.11 Water-air interface ............................................................................................. 192 



22 
 

Figure 4.12 Oil-air interface ................................................................................................... 192 

Figure 4.13 Plan view of the arrangement of the local instrumentation on a 100mm diameter 

sample .................................................................................................................................... 193 

Figure 4.14 A photograph of a 100mm diameter sample with local instrumentation ......... 194 

Figure 4.15 STALC3 series load cell; a) internal arrangement (http://www.appmeas.co.uk) b) 

photograph ............................................................................................................................ 194 

Figure 4.16 Radial LVDT supporting system employed in the current research ................... 195 

Figure 4.17 Construction features of a mid-height pore-pressure probe (Hight 1982) ........ 195 

Figure 4.18 Installation details for a mid-height probe (Hight 1982) .................................... 196 

Figure 4.19 Arrangement of bender elements in the triaxial sample (Kuwano and Jardine 

2002) ...................................................................................................................................... 197 

Figure 4.20 Block diagram of the bender element measuring system .................................. 197 

Figure 4.21 Pressure transducer mechanism (www.sokken.co.jp) ..................................... 198 

Figure 4.22 A photograph of a 10bar pressure transducer (uk.rs-online.com) ..................... 198 

Figure 4.23 Strain gauge displacement transducer (Jardine 1986) ....................................... 199 

Figure 4.24 A schematic diagram of a 100cc volume gauge ................................................. 199 

Figure 4.25 Budenberg Dead-Weight Calibrator ................................................................... 200 

Figure 4.26 'Mitutoyo' micrometer ....................................................................................... 200 

Figure 4.27 Schematic diagram of the modified Bishop and Wesley (1975) triaxial stress path 

cell (Aghakouchak 2015) ........................................................................................................ 201 

Figure 4.28 Load cell connection for 38mm diameter cells (after Gasparre (2005)) ............ 202 



23 
 

Figure 4.29 Illustrative sketch of local transducers installed on a 38mm sample (Aghakouchak 

2015) ...................................................................................................................................... 202 

Figure 4.30 Radial belt arrangement for 38mm diameter sample (Schutt 2015) ................. 203 

Figure 4.31 General layout of the ring shear apparatus (Bishop et al. 1971) ....................... 203 

Figure 4.32 Principles of operation of the ring shear apparatus (Bishop et al. 1971) .......... 204 

Figure 4.33 A photograph of the modified ring shear apparatus .......................................... 205 

Figure 4.34 Block sampling cutting process ........................................................................... 205 

Figure 4.35 Trimming tools used for 100mm diameter samples .......................................... 206 

Figure 4.36 Trimming tools used for 38mm diameter samples ............................................ 206 

Figure 4.37 Preparation of the reconstituted sample ........................................................... 207 

Figure 4.38 Consolidation effective stress paths for natural Cowden till samples ............... 207 

Figure 4.39 Consolidation effective stress paths followed in test Series a) N-C and b) N-D . 208 

Figure 4.40 Modes of sample deformation (Germaine and Ladd 1988) ............................... 209 

Figure 4.41 Loading frame diagram for extension modulus of latex membranes (Bishop and 

Henkel 1957) .......................................................................................................................... 209 

Figure 4.42 A photograph of the membrane loading frame used in the current research .. 210 

Figure 4.43 Membrane extension modulus, M ..................................................................... 210 

Figure 4.44 Schematic representation of the bender element signal ................................... 211 

Figure 5.1 Description of Cowden till..................................................................................... 221 

Figure 5.2 Block sample 4, horizon A, 0.73m-1.08m. A photograph of a) fissures with grey 

discolouration; b) rootlets ..................................................................................................... 222 



24 
 

Figure 5.3 Block sample 2, horizon C, 1.73m-2.08m; a) fissure revealed during block cutting as 

sample started cracking; b) surface of an open fissure ......................................................... 222 

Figure 5.4 Small sub-vertical and horizontal fissure without discoloration .......................... 223 

Figure 5.5 Block sample 1, horizon F, 3.15m – 3.50m a) top view b) side B of the block ..... 223 

Figure 5.6 Open fissures a) block sample F1, photograph taken on site b) block sample F3, 

photograph taken in the laboratory ...................................................................................... 224 

Figure 5.7 Water content distribution ................................................................................... 225 

Figure 5.8 Index properties of Cowden till ............................................................................ 226 

Figure 5.9 Particle size distribution curves ............................................................................ 227 

Figure 5.10 Bulk density profile ............................................................................................. 228 

Figure 5.11 Specific gravity profile ......................................................................................... 229 

Figure 5.12 Location of the Cone Penetration Tests ............................................................. 230 

Figure 5.13 Location of the pore-pressure filter (Lunne et al. 1997) .................................... 230 

Figure 5.14 Cone end resistance (qc) profiles from six CPTs ................................................. 231 

Figure 5.15 Sleeve friction (fs) profiles from six CPTs ............................................................ 232 

Figure 5.16 Pore-water pressure (u2) profiles from six CPTs ................................................. 233 

Figure 5.17 Initial mean effective stress profile from rotary cores and block samples ........ 234 

Figure 6.1 Variation of the soil-soil friction angle with vertical stress for reconstituted till from 

3.40m ..................................................................................................................................... 276 

Figure 6.2 Interferometer set up used to measure the centreline roughness of mild-steel 

interfaces ............................................................................................................................... 276 

Figure 6.3 Typical 3D interferometer graph of the surface of a mild-steel interface ........... 277 



25 
 

Figure 6.4 Variation of peak and ultimate angles of shearing resistance with increase in vertical 

stresses for weathered Cowden till ....................................................................................... 277 

Figure 6.5 Variation of ultimate angles of shearing resistance with increase in vertical stresses 

for unweathered Cowden till ................................................................................................. 278 

Figure 6.6 Comparison between weathered and unweathered residual interface friction 

angles ..................................................................................................................................... 278 

Figure 6.7 Continuously increasing interface friction angles with rotational displacement for 

Cowden till under vertical stresses of 60 and 960kPa ........................................................... 279 

Figure 6.8 A photograph of specimen RSI480W after dismantling ....................................... 279 

Figure 6.9 A photograph of the oxidised interface after test RSI240U ................................. 280 

Figure 6.10 One-dimensional compression behaviour of reconstituted Cowden till ........... 281 

Figure 6.11 Normalised 1-Dl compression behaviour of reconstituted Cowden till ............. 281 

Figure 6.12 Isotropic and K0 normal compression lines and swelling curves from reconstituted 

specimens tested in triaxial and oedometer apparatus ........................................................ 282 

Figure 6.13 Stress-strain and pore pressure response during shearing in TXC for reconstituted 

Cowden till ............................................................................................................................. 283 

Figure 6.14 Stress-strain and pore pressure response during shearing in TXC for reconstituted 

Cowden till in semi-log planes ............................................................................................... 284 

Figure 6.15 Stress ratio (q/p') vs axial strain (ε) for reconstituted Cowden till in TXC .......... 285 

Figure 6.16 Effective stress paths for reconstituted Cowden samples ................................. 286 

Figure 6.17 Stress-strain and pore pressure response during shearing in TXE for reconstituted 

Cowden till ............................................................................................................................. 287 

Figure 6.18 Stress-strain and pore pressure response during shearing in TXE for reconstituted 

Cowden till in semi-log planes ............................................................................................... 288 



26 
 

Figure 6.19 Stress ratio (q/p') vs axial strain (ε) for reconstituted Cowden till in TXE .......... 289 

Figure 6.20 Variation of Su/σ'v0 with OCR for K0 consolidated TXC and TXE tests ................. 289 

Figure 6.21 Normal compression and Critical state lines for reconstituted Cowden till ...... 290 

Figure 6.22 Normalised effective stress paths for reconstituted Cowden till samples ......... 290 

Figure 6.23 One-dimensional behaviour of natural Cowden till; a) 0-1.5m b) 1.5-10.15m .. 291 

Figure 6.24 Specific volume – mean effective stress plot for natural Cowden till oedometer 

specimens; depth 0 to 1.5m .................................................................................................. 292 

Figure 6.25 v-ln(p') plot for natural Cowden till oedometer specimens in a) compression b) 

swelling; depth 1.5 to 10.15m ............................................................................................... 293 

Figure 6.26 Example of Casagrande construction to identify the yielding point .................. 294 

Figure 6.27 Yield stress ratio (σ'vy/σ'v0) with depth for intact Cowden till ............................ 295 

Figure 6.28 Apparent Pre-Load APL = (σ'vy - σ'v0) and Yield Stress σ'vy variations with depth for 

intact Cowden till ................................................................................................................... 296 

Figure 6.29 Change in the swelling slopes with increasing vertical effective stresses.......... 297 

Figure 6.30 Normalised one-dimensional behaviour of a) upper and b) lower intact Cowden 

till ........................................................................................................................................... 298 

Figure 6.31 Coefficient of compressibility of natural Cowden till samples in oedometer tests

................................................................................................................................................ 299 

Figure 6.32 Coefficient of consolidation of natural Cowden till samples in oedometer tests

................................................................................................................................................ 299 

Figure 6.33 Permeability of natural Cowden till in oedometer tests .................................... 300 

Figure 6.34 Lower range of permeability of natural Cowden till........................................... 300 

Figure 6.35 Variation of permeability with void ratio in step loading oedometer tests ....... 301 



27 
 

Figure 6.36 Change in deviatoric stress and pore pressure for samples from G.L. to 2.6m in 

natural scale ........................................................................................................................... 302 

Figure 6.37 Change in deviatoric stress and pore pressure for samples from G.L. to 2.6m in 

semi-log scale ......................................................................................................................... 303 

Figure 6.38 Change in deviatoric stress and pore pressure for samples from 2.6m to 5.1m in 

natural scale ........................................................................................................................... 304 

Figure 6.39 Change in deviatoric stress and pore pressure for samples from 2.6m to 5.1m in 

semi-log scale ......................................................................................................................... 305 

Figure 6.40 Change in deviatoric stress and pore pressure for samples from 5.1m to 8.0m in 

natural scale ........................................................................................................................... 306 

Figure 6.41 Change in deviatoric stress and pore pressure for samples from 5.1m to 8.0m in 

semi-log scale ......................................................................................................................... 307 

Figure 6.42 Change in deviatoric stress and pore pressure for samples from 8.0m to 11.50m 

in natural scale ....................................................................................................................... 308 

Figure 6.43 Change in deviatoric stress and pore pressure for samples from 8.0m to 11.50m 

in semi-log scale ..................................................................................................................... 309 

Figure 6.44 Typical pore pressure change at the base and mid-height from specimen 

CR100KUC3_45ML ................................................................................................................. 310 

Figure 6.45 Normalised stress-strain curves for samples from G.L. to 2.6m ........................ 310 

Figure 6.46 Normalised stress-strain curves for samples from 2.6m to 5.1m ...................... 311 

Figure 6.47 Normalised stress-strain curves for samples from 5.1m to 8.0m ...................... 311 

Figure 6.48 Normalised stress-strain curves for samples from 8.0m to 11.5m .................... 312 

Figure 6.49 Normalised stress-strain curves for samples >2.6m ........................................... 312 



28 
 

Figure 6.50 a) A photograph of drilling run 1.80-3.20; b) A photograph of sample 

CR100KUC2.05ML .................................................................................................................. 313 

Figure 6.51 Effective stress paths for samples from G.L. to 2.6m ......................................... 313 

Figure 6.52 Effective stress paths for samples from 2.6m to 5.1m ....................................... 314 

Figure 6.53 Effective stress paths for samples from 5.1m to 8.0m ....................................... 314 

Figure 6.54 Effective stress paths for samples from 8.0m to 11.5m ..................................... 315 

Figure 6.55 Effective stress paths normalised by p' for a) upper and b) lower till ................ 316 

Figure 6.56 Effective stress paths for samples shallower than 2.6m .................................... 317 

Figure 6.57 Effective stress paths for samples deeper than 2.6m ........................................ 318 

Figure 6.58 Undrained strength profile from triaxial compression tests .............................. 319 

Figure 6.59 Comparison between Su from 38mm and 100mm diameter samples with depth

................................................................................................................................................ 320 

Figure 6.60 Comparison between Su from 38mm and 100mm diameter samples ............... 321 

Figure 6.61 Change in q and Δu in TXE tests in the upper till; natural scale ......................... 322 

Figure 6.62 Change in q and Δu in TXE tests in the upper till; semi-log scale ....................... 323 

Figure 6.63 Change in q and Δu in TXE tests in the lower till; natural scale ......................... 324 

Figure 6.64 Change in q and Δu in TXE tests in the lower till; semi-log scale ....................... 325 

Figure 6.65 Normalised stress-strain plot for upper a) and lower b) TXE tests .................... 326 

Figure 6.66 Effective stress paths for upper a) and lower b) Cowden till in extension ......... 327 

Figure 6.67 Effective stress paths normalised by p'0 during TXE tests .................................. 328 

Figure 6.68 Undrained strength profile from triaxial extension tests ................................... 329 



29 
 

Figure 6.69 Triaxial Su profiles from compression and extension tests ................................ 330 

Figure 6.70 Comparison between ultimate undrained strength from TXC and TXE tests .... 331 

Figure 6.71 Comparison between vertically and horizontally measured Su by means of HSV

................................................................................................................................................ 331 

Figure 6.72 Stress-strain and pore-water pressure response under higher p' than in-situ for 

1.60m depth samples in natural scales ................................................................................. 332 

Figure 6.73 Stress-strain and pore-water pressure response under higher p' than in-situ for 

1.60m depth samples in semi-log scales ............................................................................... 333 

Figure 6.74 Relationship between the undrained strength Su and the increase of p' for 1.60m 

test set ................................................................................................................................... 334 

Figure 6.75 Normalised stress-strain behaviour under higher p' than in-situ for 1.60m depth 

samples .................................................................................................................................. 334 

Figure 6.76 Effective stress paths for 1.60m specimens under higher p' than in-situ .......... 335 

Figure 6.77 Stress-strain and pore-water pressure response under higher p' than in-situ for 

3.80m depth samples in natural scales ................................................................................. 336 

Figure 6.78 Stress-strain and pore-water pressure response under higher p' than in-situ for 

3.80m depth samples in semi-log scales ............................................................................... 337 

Figure 6.79 Relationship between the Su and the increase of p' for 3.80m test set ............. 338 

Figure 6.80 Normalised stress-strain behaviour for higher p' test series for 3.80m samples

................................................................................................................................................ 338 

Figure 6.81 Effective stress paths for higher p' test series for 3.80m samples ..................... 339 

Figure 6.82 Stress-strain and pore-water pressure response under higher p' than in-situ for 

8.50m depth samples in natural scales ................................................................................. 340 



30 
 

Figure 6.83 Stress-strain and pore-water pressure response under higher p' than in-situ for 

8.50m depth samples in semi-log scales ............................................................................... 341 

Figure 6.84 Relationship between the Su and the increase of p' for 8.50m test set ............. 342 

Figure 6.85 Normalised stress-strain behaviour for higher p' test series for 8.50m samples

................................................................................................................................................ 342 

Figure 6.86 Effective stress paths for higher p' test series for 8.50m samples ..................... 343 

Figure 6.87 Changes in deviatoric stresses with axial strain for 11.5m rate tests ................ 344 

Figure 6.88 Variation of undrained strength Su with increasing shearing rate for 11.5m set

................................................................................................................................................ 344 

Figure 6.89 Normalised, nominal stress-strain curves for 11.5m rate test set ..................... 345 

Figure 6.90 Nominal effective stress paths for 11.5m rate tests set ..................................... 345 

Figure 6.91 Pore-water pressure response from base and mid-height transducers, 3.50m set

................................................................................................................................................ 346 

Figure 6.92 Changes in deviatoric stresses and pore-water pressures with axial strain for 

3.50m rate tests ..................................................................................................................... 346 

Figure 6.93 Variation of Su with axial strain from 3.50m rate tests ...................................... 347 

Figure 6.94 Normalised stress-strain curve for 3.50m test set ............................................. 347 

Figure 6.95 Effective stress paths from 3.50m rate tests ...................................................... 348 

Figure 6.96 Stress-strain behaviour for 0.9m sample under variable shearing rates ........... 349 

Figure 6.97 Nominal effective stress path for 0.9m specimen under variable shearing rates

................................................................................................................................................ 349 

Figure 6.98 End of shearing points for compression and extension and the interpreted critical 

state M values ........................................................................................................................ 350 



31 
 

Figure 6.99 Critical state line under triaxial compression; lower till, showing curves with and 

without correction for gravel content ................................................................................... 351 

Figure 6.100 Ultimate failure line under triaxial extension, showing curves with and without 

correction for gravel content ................................................................................................. 351 

Figure 6.101 Critical state line from compression and ultimate failure line from extension 

tests, showing curves with and without correction for gravel content ................................ 352 

Figure 6.102 ESPs from TXC, TXE, higher p' and rate tests; a) lower and b) upper till .......... 353 

Figure 6.103 Normalised ESPs from TXC, TXE, higher p' and rate tests for lower Cowden till; 

p'e normalisation made with respect to ''gravel corrected'' isotropic NCL .......................... 354 

Figure 6.104 State bounding surfaces for reconstituted and intact Cowden till, p'e 

normalisation with respect to isotropic NCL*corrected ............................................................. 355 

Figure 7.1 Stress-strain behaviour at small strains in typical 100mm diameter test ............ 392 

Figure 7.2 Stress-strain behaviour at small strains in typical 38mm diameter test .............. 392 

Figure 7.3 Tangent stiffness a) and p' normalised stiffness b) trends for K0 and isotropically 

consolidated reconstituted specimens in compression. Test codes given in Section 4.4.3.1

................................................................................................................................................ 393 

Figure 7.4 Secant stiffness a) and p' normalised stiffness b) trends for K0 and isotropically 

consolidated reconstituted specimens in triaxial compression ............................................ 394 

Figure 7.5 Tangent a) and secant b) stiffness trends normalised by fractional p' power for K0 

and isotropically consolidated reconstituted specimens in compression............................. 395 

Figure 7.6 Tangent stiffness a) and p' normalised stiffness b) trends for K0 consolidated 

reconstituted specimens in triaxial extension ....................................................................... 396 

Figure 7.7 Secant stiffness a) and p' normalised stiffness b) trends for K0 consolidated 

reconstituted specimens in triaxial extension ....................................................................... 397 



32 
 

Figure 7.8 Tangent a) and secant b) stiffness trends normalised by fractional p' power for K0 

and consolidated reconstituted specimens in extension ...................................................... 398 

Figure 7.9 Secant stiffness trends from stress-controlled preshearing at 2kPa/h to qm=50 and 

125kPa a) and the standard deviation S at ε = 0.001, 0.01 and 0.1% axial strain b) ............. 399 

Figure 7.10 Tangent stiffness Eu
tan trends for upper Cowden till .......................................... 400 

Figure 7.11 Tangent stiffness Eu
tan trends for lower Cowden till; a) 3.0-7.0m and b) 7.0-11.50m 

depth ...................................................................................................................................... 401 

Figure 7.12 Profiles with depth of tangent stiffness Eu
tan defined at axial strain levels of 0.001, 

0.01, 0.1 and 1% ..................................................................................................................... 402 

Figure 7.13 Variation of tangent Young's moduli with current p' at 0.001, 0.01, 0.1 and 1% 

axial strain in KUC tests .......................................................................................................... 403 

Figure 7.14 Normalised tangent stiffness Eu
tan /p' curves for upper (0.5 to 2.6m) Cowden till

................................................................................................................................................ 404 

Figure 7.15 Normalised tangent stiffness Eu
tan /p' curves for lower Cowden till; a) 3.0-7.0m 

and b) 7.0-11.50m depth ....................................................................................................... 405 

Figure 7.16 Profiles with depth of normalised tangent stiffness Eu
tan /p' defined at axial strain 

levels of 0.001, 0.01, 0.1 and 1% ........................................................................................... 406 

Figure 7.17 Normalised tangent stiffness [Eu
tan/pref]/[p'/pref]0.5 curves for upper (0.5 to 2.6m) 

Cowden till ............................................................................................................................. 407 

Figure 7.18 Normalised tangent stiffness [Eu
tan/pref]/[p'/pref]0.5 curves for lower Cowden till;  a) 

3.0-7.0m and b) 7.0-11.50m depth ........................................................................................ 408 

Figure 7.19 Profiles with depth of normalised tangent stiffness [Eu
tan/pref]/[p'/pref]0.5 defined 

at axial strain levels of 0.001, 0.01, 0.1 and 1% ..................................................................... 409 

Figure 7.20 Secant stiffness Eu
sec trends for upper Cowden till ............................................. 410 



33 
 

Figure 7.21 Secant stiffness Eu
sec trends for lower Cowden till; a) 3.0-7.0m and b) 7.0-11.50m 

depth ...................................................................................................................................... 411 

Figure 7.22 Profiles with depth of secant stiffness Eu
sec defined at axial strain levels of 0.001, 

0.01, 0.1 and 1% ..................................................................................................................... 412 

Figure 7.23 Variation of secant Young's moduli with current p' at 0.001, 0.01, 0.1 and 1% axial 

strain in KUC tests .................................................................................................................. 413 

Figure 7.24 Normalised secant stiffness Eu
sec /p' curves for upper (0.5 to 2.60m) Cowden till

................................................................................................................................................ 414 

Figure 7.25 Normalised secant stiffness Eu
sec /p' trends for lower Cowden till; a) 3.0-7.0m and 

b) 7.0-11.50m depth .............................................................................................................. 415 

Figure 7.26 Profiles with depth of normalised secant stiffness Eu
sec /p' defined at axial strain 

levels of 0.001, 0.01, 0.1 and 1% ........................................................................................... 416 

Figure 7.27 Normalised secant stiffness [Eu
sec/pref]/[p'/pref]0.5 curves for upper (0.5 to 2.60m) 

Cowden till ............................................................................................................................. 417 

Figure 7.28 Normalised secant stiffness [Eu
sec/pref]/[p'/pref]0.5 curves for lower Cowden till;    a) 

3.0-7.0m and b) 7.0-11.50m depth ........................................................................................ 418 

Figure 7.29 Profiles with depth of normalised secant stiffness [Eu
sec/pref]/[p'/pref]0.5 defined at 

axial strain levels of 0.001, 0.01, 0.1 and 1% ......................................................................... 419 

Figure 7.30 Difference between tangent and secant stiffnesses at 0.001, 0.01, 0.1 and 1% axial 

strain ...................................................................................................................................... 420 

Figure 7.31 Comparison between Eu
tan at a) ε=0.001% and b) ε=0.01% from 38mm and 100mm 

diameter samples................................................................................................................... 421 

Figure 7.32 Comparison between Eu
tan at a) ε=0.1% and b) ε=1% from 38mm and 100mm 

diameter samples................................................................................................................... 422 



34 
 

Figure 7.33 Tangent stiffness Eu
tan trends for TXE Cowden till tests; a) 0 to 3m and b) 3 to 10m 

depth ...................................................................................................................................... 423 

Figure 7.34 Variation of Eu
tan with p' at 0.001, 0.01, 0.1 and 1% axial strain in TXE tests ..... 424 

Figure 7.35 Profiles with depth of KUE tangent stiffness Eu
tan defined at axial strain levels of 

0.001, 0.01, 0.1 and 1% .......................................................................................................... 425 

Figure 7.36 Normalised tangent stiffness Eu
tan/p' trends for TXE Cowden till tests; a) 0 to 3m 

and b) 3 to 10m depth ........................................................................................................... 426 

Figure 7.37 Profiles with depth of normalised KUE tangent stiffness Eu
tan /p' defined at axial 

strain levels of 0.001, 0.01, 0.1 and 1% ................................................................................. 427 

Figure 7.38 Normalised tangent stiffness [Eu
tan/pref]/[p'/pref]0.5 trends for TXE Cowden till tests; 

a) 0 to 3m and b) 3 to 10m depth .......................................................................................... 428 

Figure 7.39 Profiles with depth of normalised KUE tangent stiffness [Eu
tan/pref]/[p'/pref]0.5 

defined at axial strain levels of 0.001, 0.01, 0.1 and 1% ....................................................... 429 

Figure 7.40 Secant stiffness Eu
sec curves for TXE Cowden till tests; a) 0 to 3m and b) 3 to 10m 

depth ...................................................................................................................................... 430 

Figure 7.41 Variation of Eu
sec with p' at 0.001, 0.01, 0.1 and 1% axial strain in KUE tests .... 431 

Figure 7.42 Profiles with depth of KUE secant stiffness Eu
sec defined at axial strain levels of 

0.001, 0.01, 0.1 and 1% .......................................................................................................... 432 

Figure 7.43 Normalised secant stiffness Eu
sec/p' trends for TXE Cowden till tests; a) 0 to 3m 

and b) 3 to 10m depth ........................................................................................................... 433 

Figure 7.44 Profiles with depth of normalised KUE secant stiffness Eu
sec /p' defined at axial 

strain levels of 0.001, 0.01, 0.1 and 1% ................................................................................. 434 

Figure 7.45 Normalised secant stiffness [Eu
sec/pref]/[p'/pref]0.5 trends for TXE Cowden till tests; 

a) 0 to 3m and b) 3 to 10m depth .......................................................................................... 435 



35 
 

Figure 7.46 Profiles with depth of normalised KUE secant stiffness [Eu
sec/pref]/[p'/pref]0.5 

defined at axial strain levels of 0.001, 0.01, 0.1 and 1% ....................................................... 436 

Figure 7.47 Profile of maximum tangent stiffness Eu
tan defined at 0.001% axial strain from KUC 

and KUE triaxial tests ............................................................................................................. 437 

Figure 7.48 Profiles of Eu
tan defined at 0.01. 0.1 and 1% axial strain from KUC and KUE tests

................................................................................................................................................ 438 

Figure 7.49 Profiles of Eu
sec defined at 0.01. 0.1 and 1% axial strain from KUC and KUE tests

................................................................................................................................................ 439 

Figure 7.50 Comparison between the tangent stiffness values at different strain levels from 

samples from identical depths ............................................................................................... 440 

Figure 7.51 Comparison between the secant stiffness values at different strain levels from 

samples from identical depths ............................................................................................... 441 

Figure 7.52 Example of typical a) clear and b) poor output signals (shear waves at 7kHz) .. 442 

Figure 7.53 Increase in Ghv and Ghh with increasing frequency; sample CR100KD12.00 ...... 443 

Figure 7.54 Gmax profile with depth from laboratory and field geophysical measurements along 

with the Eu/3 values from TXC and TXE undrained tests ....................................................... 444 

Figure 7.55 Variability of laboratory Gvh and Ghh from block samples from Horizon F and C

................................................................................................................................................ 445 

Figure 7.56 Comparison between laboratory and field Gvh values ....................................... 446 

Figure 7.57 Gvh vs Ghv plot from bender element measurements ......................................... 446 

Figure 7.58 Gvh vs Eu/3 plot for samples from identical depths ............................................ 447 

Figure 7.59 Gvh vs Ghh plot from bender element measurements ........................................ 447 

Figure 7.60 Tangent stiffness degradation curves for higher p' tests on samples from 1.60m

................................................................................................................................................ 448 



36 
 

Figure 7.61 Secant stiffness degradation curves for higher p' tests on samples from 1.60m

................................................................................................................................................ 448 

Figure 7.62 Normalised tangent stiffness degradation curves for higher p' tests on samples 

from 1.60m ............................................................................................................................ 449 

Figure 7.63 Normalised secant stiffness degradation curves for higher p' tests on samples from 

1.60m ..................................................................................................................................... 449 

Figure 7.64 Eu
tan at 0.001, 0.01, 0.1 and 1% strain for 1.60m test set ................................... 450 

Figure 7.65 Eu
sec at 0.001, 0.01, 0.1 and 1% strain for 1.60m test set ................................... 450 

Figure 7.66 Normalised [Eu
tan/pref]/[p'/pref]0.5 stiffness trends for higher p' tests on samples 

from 1.60m ............................................................................................................................ 451 

Figure 7.67 Normalised [Eu
sec/pref]/[p'/pref]0.5 stiffness trends for higher p' tests on samples 

from 1.60m ............................................................................................................................ 451 

Figure 7.68 Tangent stiffness degradation curves for higher p' tests on samples from 3.80m

................................................................................................................................................ 452 

Figure 7.69 Secant stiffness degradation curves for higher p' tests on samples from 3.80m

................................................................................................................................................ 452 

Figure 7.70 Normalised tangent stiffness degradation curves for higher p' tests on samples 

from 3.80m ............................................................................................................................ 453 

Figure 7.71 Normalised secant stiffness degradation curves for higher p' tests on samples from 

3.80m ..................................................................................................................................... 453 

Figure 7.72 Eu
tan at 0.001, 0.01, 0.1 and 1% strain for 3.80m test set ................................... 454 

Figure 7.73 Eu
sec at 0.001, 0.01, 0.1 and 1% strain for 3.80m test set ................................... 454 

Figure 7.74 Normalised [Eu
tan/pref]/[p'/pref]0.5 stiffness trends for higher p' tests on samples 

from 3.80m ............................................................................................................................ 455 



37 
 

Figure 7.75 Normalised [Eu
sec/pref]/[p'/pref]0.5 stiffness trends for higher p' tests on samples 

from 3.80m ............................................................................................................................ 455 

Figure 7.76 Tangent stiffness degradation curves for higher p' tests on samples from 8.50m

................................................................................................................................................ 456 

Figure 7.77 Secant stiffness degradation curves for higher p' tests on samples from 8.50m

................................................................................................................................................ 456 

Figure 7.78 Normalised tangent stiffness degradation curves for higher p' tests on samples 

from 8.50m ............................................................................................................................ 457 

Figure 7.79 Normalised secant stiffness degradation curves for higher p' tests on samples from 

8.50m ..................................................................................................................................... 457 

Figure 7.80 Eu
tan at 0.001, 0.01, 0.1 and 1% strain for 8.50m test set ................................... 458 

Figure 7.81 Eu
sec at 0.001, 0.01, 0.1 and 1% strain for 8.50m test set ................................... 458 

Figure 7.82 Normalised [Eu
tan/pref]/[p'/pref]0.5 stiffness trends for higher p' tests on samples 

from 8.50m ............................................................................................................................ 459 

Figure 7.83 Normalised [Eu
sec/pref]/[p'/pref]0.5 stiffness trends for higher p' tests on samples 

from 8.50m ............................................................................................................................ 459 

Figure 7.84 Variation of Gvh and Ghh with mean effective stress for 1.35m drained test ..... 460 

Figure 7.85 Variation of Gvh with mean effective stress for 3.40m drained test .................. 460 

Figure 7.86 Variation of Ghh with mean effective stress for 3.40m drained test .................. 461 

Figure 7.87 Variation of Gvh with mean effective stress for 9.75m drained test .................. 461 

Figure 7.88 Variation of Ghh with mean effective stress for 9.75m drained test .................. 462 

Figure 7.89 Variation of the anisotropic ratio Gvh/Ghh with mean effective stress for 

CB100KUC1.35x13BE ............................................................................................................. 462 



38 
 

Figure 7.90 Variation of the anisotropic ratio Gvh/Ghh with mean effective stress for 

CB100KUC3.40x8BE ............................................................................................................... 463 

Figure 7.91 Variation of the anisotropic ratio Gvh/Ghh with mean effective stress for 

CR100KUC9.75x5BE ............................................................................................................... 463 

Figure 7.92 Secant stiffness degradation curves, rate test set for 3.50m samples ............... 464 

Figure 7.93 Variation of Eu
sec with shearing rate at different strain levels; 3.50m rate tests

................................................................................................................................................ 464 

Figure 7.94 Secant stiffness degradation curve from 0.9m ''isotach'' test ........................... 465 

Figure 7.95 Pore-water pressure measured at the base and mid-h during drained axial probing 

in tests on 2.0m specimen ..................................................................................................... 465 

Figure 7.96 Vertical drained stress probes in compression and extension for CB100KD2.00

................................................................................................................................................ 466 

Figure 7.97 Horizontal vs vertical strain plot from vertical drained probing; 2.0m test ....... 466 

Figure 7.98 Positive and negative horizontal drained stress probing for CB100KD2.00 ....... 467 

Figure 7.99 Vertical vs horizontal strain plot from horizontal drained probing; 2.0m test .. 467 

Figure 7.100 Horizontal stress vs vertical strains from horizontal drained probing; 2.0m test

................................................................................................................................................ 468 

Figure 7.101 Undrained stress-strain curves at small strains from compression 

(CR100KUC2.05ML) test ......................................................................................................... 468 

Figure 7.102 Vertical stress vs vertical strain from monotonic drained loading tests .......... 469 

Figure 7.103 Y1 surface contours from drained probing and monotonic undrained 2.0 tests; 

Δq-Δp' space .......................................................................................................................... 469 

Figure 7.104 Y1 surface contours from drained probing and monotonic undrained 2.0m tests

................................................................................................................................................ 470 



39 
 

Figure 7.105 Pore-pressure measured during drained probing for 12.0m specimen ........... 470 

Figure 7.106 Vertical stress vs vertical strain for CB100KD12.00 specimen ......................... 471 

Figure 7.107 Horizontal vs vertical strain plot from vertical drained probing ...................... 471 

Figure 7.108 Horizontal stress vs horizontal strain for CB100KD12.00 specimen ................ 472 

Figure 7.109 Vertical vs horizontal strain plot from horizontal drained probing .................. 472 

Figure 7.110 Horizontal stress vs vertical strain plot from horizontal drained probing ....... 473 

Figure 7.111 Undrained stress-strain curve at small strains for CR38KUC11.50ML ............. 473 

Figure 7.112 Change in volumetric strains with increasing mean effective stress ............... 474 

Figure 7.113 Degradation of effective bulk moduli with volumetric strain for a) compression 

and b) swelling consolidation paths ...................................................................................... 475 

Figure 7.114 Void ratio and p' normalised effective bulk moduli curves for a) compression and 

b) swelling consolidation paths ............................................................................................. 476 

Figure 7.115 Void ratio and [Eu
tan/pref]/[p'/pref]0.5 normalised effective bulk moduli curves for 

a) compression and b) swelling consolidation paths ............................................................. 477 

Figure 7.116 Normalised tangent stiffness [Eu
tan/pref]/[p'/pref]0.5 curves for intact and 

reconstiturec till from 3.0 to 4.0m dpeth .............................................................................. 478 

Figure 7.117 Normalised tangent stiffness [Eu
tan/pref]/f(e)[p'/pref]0.5 curves for intact and 

reconstiturec till from 3.0 to 4.0m dpeth .............................................................................. 478 

Figure 8.1 Cyclic stress space with static failure, M, surface contours at p' = 67kPa defined in 

qcyclic - qmean and qcyclic/2Su - qmean/2Su space ......................................................................... 510 

Figure 8.2 Extent of the maximum and minimum deviatoric stress in relation to the failure M 

envelopes and the compression and extension effective stress paths along with the CS points

................................................................................................................................................ 511 



40 
 

Figure 8.3 Extent of the cyclic amplitude in relation to the monotonic TXC and TXE effective 

stress paths and failure envelopes at qm = -25kPa ............................................................... 511 

Figure 8.4 Extent of the cyclic amplitude in relation to the monotonic TXC and TXE effective 

stress paths and failure envelopes at qm = 50kPa .................................................................. 512 

Figure 8.5 Extent of the cyclic amplitude in relation to the monotonic TXC and TXE effective 

stress paths and failure envelopes at qm = 125kPa ................................................................ 512 

Figure 8.6 Extent of the cyclic amplitude in relation to the monotonic TXC and TXE effective 

stress paths and failure envelopes at qm = 200kPa ................................................................ 513 

Figure 8.7 Contours of number of cycles to failure as a function of qcyc and qmean ............... 514 

Figure 8.8 The combination of mean and cyclic axial strains at end of tests. Numbers represent 

values as εmean/εcyclic in % ....................................................................................................... 515 

Figure 8.9 The ratio of post-cyclic undrained strength to the Su on a virgin specimen from the 

same depth ............................................................................................................................ 516 

Figure 8.10 Cyclic effective stress paths for qcyc = 10kPa from in-situ conditions ................. 517 

Figure 8.11 Cyclic effective stress paths for qcyc = 10kPa (zoomed up from Figure 8.10) ..... 517 

Figure 8.12 Cyclic effective stress paths for qcyc = 25kPa from in-situ conditions ................. 518 

Figure 8.13 Cyclic effective stress paths for qcyc = 25kPa (zoomed up from Figure 8.12) ..... 518 

Figure 8.14 Cyclic effective stress paths for qcyc = 50kPa from in-situ conditions ................. 519 

Figure 8.15 Cyclic effective stress paths for qcyc = 75kPa from in-situ conditions ................. 519 

Figure 8.16 Cyclic effective stress paths for qcyc = 100kPa from in-situ conditions ............... 520 

Figure 8.17 Cyclic effective stress paths for qcyc = 150kPa from in-situ conditions ............... 520 

Figure 8.18 Cyclic effective stress paths for qcyc = 10kPa at qm = 50kPa ................................ 521 

Figure 8.19 Cyclic effective stress paths for qcyc = 10kPa (zoomed from Figure 8.18) .......... 521 



41 
 

Figure 8.20 Cyclic effective stress paths for qcyc = 25kPa at qm = 50kPa ................................ 522 

Figure 8.21 Cyclic effective stress paths for qcyc = 25kPa (zoomed from Figure 8.20) .......... 522 

Figure 8.22 Cyclic effective stress paths for qcyc = 50kPa at qm = 50kPa ................................ 523 

Figure 8.23 Cyclic effective stress paths for qcyc = 50kPa (zoomed from Figure 8.22) .......... 523 

Figure 8.24 Cyclic effective stress paths for qcyc = 75kPa at qm = 50kPa ................................ 524 

Figure 8.25 Cyclic effective stress paths for qcyc = 100kPa at qm = 50kPa .............................. 524 

Figure 8.26 Cyclic effective stress paths for qcyc = 150kPa at qm = 50kPa .............................. 525 

Figure 8.27 Cyclic effective stress paths for qcyc = 10kPa at qm = 125kPa .............................. 525 

Figure 8.28 Cyclic effective stress paths for qcyc = 10kPa (zoomed from Figure 8.27) .......... 526 

Figure 8.29 Cyclic effective stress paths for qcyc = 25kPa at qm = 125kPa .............................. 526 

Figure 8.30 Cyclic effective stress paths for qcyc = 25kPa (zoomed from Figure 8.29) .......... 527 

Figure 8.31 Cyclic effective stress paths for qcyc = 50kPa at qm = 125kPa .............................. 527 

Figure 8.32 Cyclic effective stress paths for qcyc = 75kPa at qm = 125kPa .............................. 528 

Figure 8.33 Cyclic effective stress paths for qcyc = 100kPa at qm = 125kPa............................ 528 

Figure 8.34 Cyclic effective stress paths for qcyc = 10kPa at qm = 200kPa .............................. 529 

Figure 8.35 Cyclic effective stress paths for qcyc = 10kPa (zoomed from Figure 8.34) .......... 529 

Figure 8.36 Mean and cyclic strain definitions ...................................................................... 530 

Figure 8.37 Contours of mean and cyclic strains as a function of qcyc and qmean at N = 10 ... 531 

Figure 8.38 Contours of mean and cyclic strains as a function of qcyc and qmean at N = 100 . 532 

Figure 8.39 Contours of mean and cyclic strains as a function of qcyc and qmean at N = 1000

................................................................................................................................................ 533 



42 
 

Figure 8.40 Variation of |εmean| with N at qm = -25kPa in log-log scale ................................ 534 

Figure 8.41 Variation of mean strain with N at qm = 50kPa in log-log scale .......................... 534 

Figure 8.42 Variation of mean strain with N at qm = 125kPa in log-log scale ........................ 535 

Figure 8.43 Variation of mean strain with N at qm = 200kPa in log-log scale ........................ 535 

Figure 8.44 Contours of average mean effective stress as a function of qcyc and qmean at N = 10

................................................................................................................................................ 536 

Figure 8.45 Contours of average mean effective stress as a function of qcyc and qmean at N = 

100 ......................................................................................................................................... 537 

Figure 8.46 Contours of average mean effective stress as a function of qcyc and qmean at N = 

1000 ....................................................................................................................................... 538 

Figure 8.47 Contours of tangent mean effective stress as a function of qcyc and qmean at N = 10 

defined as change in p' per cycle ........................................................................................... 539 

Figure 8.48 Contours of tangent mean effective stress as a function of qcyc and qmean at N = 

100 defined as change in p' per cycle .................................................................................... 540 

Figure 8.49 Contours of tangent mean effective stress as a function of qcyc and qmean at N = 

1000 defined as change in p' per cycle .................................................................................. 541 

Figure 8.50 Cyclic and backbone stiffness definition ............................................................. 542 

Figure 8.51 A stress-strain loop showing the mismatch of max and min values of q and ε . 542 

Figure 8.52 A set of cyclic stiffness degradation curves calculated for the same test taking into 

account the nonconformity of the minimum and maximum values of stress and strain ..... 543 

Figure 8.53 Cyclic secant stiffness degradation curves with number of cycles at qm = -25kPa

................................................................................................................................................ 543 

Figure 8.54 Cyclic secant stiffness degradation curves with number of cycles at qm = 50kPa

................................................................................................................................................ 544 



43 
 

Figure 8.55 Cyclic secant stiffness degradation curves with number of cycles at qm = 125kPa

................................................................................................................................................ 544 

Figure 8.56 Cyclic secant stiffness degradation curves with number of cycles at qm = 200kPa

................................................................................................................................................ 545 

Figure 8.57 Variation Eu
sec/p' with cyclic amplitude at N = 1, 10, 100 and 1000; qm=-25kPa

................................................................................................................................................ 545 

Figure 8.58 Variation of Eu
sec/p' with cyclic amplitude at N=1, 10, 100 and 1000; qm = 50kPa

................................................................................................................................................ 546 

Figure 8.59 Variation of Eu
sec/p' with qcyc at N=1, 10, 100 and 1000; qm = 125kPa ............... 546 

Figure 8.60 Secant stiffness vs εcyc for qcyc = 10, 25, 50, 75, 100 and 150kPa at qm = -25kPa

................................................................................................................................................ 547 

Figure 8.61 Secant stiffness vs εcyc for qcyc = 10, 25, 50, 75, 100 and 150kPa at qm = 50kPa 547 

Figure 8.62 Secant stiffness vs εcyc for qcyc = 10, 25, 50, 75 and 100kPa at qm = 125kPa ...... 548 

Figure 8.63 Secant stiffness vs εcyc for qcyc = 10kPa at qm = 200kPa ...................................... 548 

Figure 8.64 Damping ratios vs number of cycles from qm = -25kPa ...................................... 549 

Figure 8.65 Damping ratios vs number of cycles at qm = 50kPa ............................................ 549 

Figure 8.66 Damping ratios vs number of cycles at qm = 125kPa .......................................... 550 

Figure 8.67 Damping ratios vs number of cycles at qm = 200kPa .......................................... 550 

Figure 8.68 Cyclic stress-strain loops for specimen CB38KUC3.4_qm-25 at qcyc = 10kPa ..... 551 

Figure 8.69 Cyclic stress-strain loops for specimen CB100KUC3.4_qm-25 at qcyc = 25kPa ... 551 

Figure 8.70 Cyclic stress-strain loops for specimen CB100KUC3.4_qm-25 at qcyc = 50kPa ... 552 

Figure 8.71 Cyclic stress-strain loops for specimen CB38KUC3.4_qm-25 at qcyc = 75kPa ..... 552 



44 
 

Figure 8.72 Cyclic stress-strain loops for specimen CB38KUC3.4_qm-25 at qcyc = 100kPa ... 553 

Figure 8.73 Cyclic stress-strain loops for specimen CB38KUC3.4_qm-25 at qcyc = 150kPa ... 553 

Figure 8.74 Estimated εcreep if no cyclic loading were applied; CB38KUC3.4_qm-25_qc10 .. 554 

Figure 8.75 Dissipated energy with number of cyclic for low amplitude tests ..................... 554 

Figure 8.76 Dissipated energy vs N for medium amplitude tests .......................................... 555 

Figure 8.77 Dissipated energy vs N for all cyclic tests from in-situ state .............................. 555 

Figure 8.78 Dissipated energy vs N in log-log scale ............................................................... 556 

Figure 8.79 Cyclic secant stiffness curves normalised by mean effective stress ................... 556 

Figure 8.80 Eu
sec at N/Eu

sec at N=1 plotted against number of cycles .................................... 557 

Figure 8.81 Cyclic secant stiffness normalised by the maximum available during monotonic 

loading plotted against number of cycles .............................................................................. 557 

Figure 8.82 Cyclic stiffness curves normalised by mean effective stress vs cyclic strain ...... 558 

Figure 8.83 Eu
sec at N/Eu

sec at N=1 plotted against cyclic strain ............................................. 558 

Figure 8.84 Backbone secant stiffness degradation for qcyc = 10kPa ..................................... 559 

Figure 8.85 Backbone secant stiffness degradation for qcyc = 25kPa ..................................... 559 

Figure 8.86 Backbone secant stiffness degradation for qcyc = 50kPa ..................................... 560 

Figure 8.87 Backbone secant stiffness degradation for qcyc = 75kPa ..................................... 560 

Figure 8.88 Backbone secant stiffness degradation for qcyc = 100kPa................................... 561 

Figure 8.89 Backbone secant stiffness degradation for qcyc = 150kPa................................... 561 

Figure 8.90 Damping ratios against cyclic axial strains from qm = -25kPa ............................. 562 

Figure 8.91 Variation of mean axial strain with number of cycles at qm = -25kPa ................ 562 



45 
 

Figure 8.92 Mean strain against number of cycles for qcyc = 10 and 25kPa .......................... 563 

Figure 8.93 Variation of mean axial strain with N at qm = -25kPa in semi-log scale ............. 563 

Figure 8.94 Variation of |εmean| with N at qm = -25kPa in log-log scale ................................ 564 

Figure 8.95 Variation of cyclic axial strain with number of cycles at qm = -25kPa ................ 564 

Figure 8.96 Variation of cyclic axial strain with N at qm = -25kPa in semi-log scale .............. 565 

Figure 8.97 Variation of cyclic axial strain with N at qm = -25kPa in log-log scale ................. 565 

Figure 8.98 Δp' vs N for qcyc = 10 and 25kPa in a) natural and b) semi-log spaces ............... 566 

Figure 8.99 Δp' vs N for qcyc = 50 and 75kPa in a) natural and b) semi-log spaces ............... 567 

Figure 8.100 Δp' vs N for qcyc = 100 and 150kPa in a) natural and b) semi-log spaces ......... 568 

Figure 8.101 Variation of Δp' with number of cycles at qm = -25kPa in a) natural and b) semi-

log spaces ............................................................................................................................... 569 

Figure 8.102 Change in deviatoric cyclic stress and pore-water pressure for N = 50 to 52 for 

qcyc = 150kPa, at in-situ conditions ........................................................................................ 570 

Figure 8.103 Change in deviatoric cyclic stress and mean effective stress for N = 50 to 52 for 

qcyc = 150kPa, at in-situ conditions ........................................................................................ 570 

Figure 8.104 Variation of Δpwp with number of cycles at qm = -25kPa in a) natural and b) semi-

log space ................................................................................................................................ 571 

Figure 8.105 Y2 kinematic yield surfaces tracked from cyclic undrained tests with the 

associated Y3 cyclic yield points ............................................................................................. 572 

Figure 8.106 Comparison between Cowden till and Drammen clay (OCR=1) for the number of 

cycles to failure at Nf = 1, 10, 100 and 1000 .......................................................................... 573 

Figure 8.107 Comparison between Cowden till and Drammen clay (OCR=4) for the number of 

cycles to failure at Nf = 1, 10, 100 and 1000 .......................................................................... 574 



46 
 

Figure 8.108 Comparison between Cowden till and Drammen clay (OCR=40) for the number 

of cycles to failure at Nf = 1, 10, 100 and 1000 ...................................................................... 575 

Figure 8.109 Comparison between Cowden till and Drammen clay (OCR=4) for mean axial 

strain at N = 10 ....................................................................................................................... 576 

Figure 8.110 Comparison between Cowden till and Drammen clay (OCR=4) for cyclic axial 

strain at N = 10 ....................................................................................................................... 577 

 



47 
 

List of Tables 

Table 2-1 Regional Metocean characteristics: 100 year event (Jardine et al. 2012) ............... 84 

Table 3-1 Pleistocene glaciations in England (Bowen et al. 1986) ........................................ 124 

Table 3-2 Holderness stratigraphy ......................................................................................... 124 

Table 3-3 Cowden till 1-D properties defined in v-log(σ'v) space (Lehane 1992) .................. 124 

Table 4-1 Core recovery and sample quality classification.................................................... 182 

Table 4-2 Block sampling summary ....................................................................................... 182 

Table 4-3 Voltage range, resolution and scatter of the triaxial transducers ......................... 183 

Table 5-1 Chemical tests on Cowden till samples.................................................................. 220 

Table 6-1 Summary of Cowden ring shear tests showing vertical stresses at failure, shearing 

rates, residual and peak angles of shearing resistance as well as initial and final water contents

................................................................................................................................................ 269 

Table 6-2 List of static compression and extension tests on reconstituted samples showing 

OCR, initial mean effective stress, void ratio and K0 ............................................................. 269 

Table 6-3 A list of natural and reconstituted oedometer tests showing test codes, depths, 

initial and final water contents .............................................................................................. 270 

Table 6-4 Oedometer parameters from reconstituted tests ................................................. 270 

Table 6-5 Critical state parameters from reconstituted 1-D oedometer tests ..................... 271 

Table 6-6 Oedometer parameters from intact tests ............................................................. 271 

Table 6-7 Critical state parameters from intact 1-D oedometer tests .................................. 272 

Table 6-8 Yield stress ratios, stress and swell sensitivity for Cowden till .............................. 272 



48 
 

Table 6-9 Summary of Cowden static triaxial compression tests, showing test codes, initial 

suctions, final stresses at the end of re-consolidation as well as initial and final void ratios

................................................................................................................................................ 273 

Table 6-10 Summary of Cowden static triaxial extension tests, showing test codes, initial 

suctions, final stresses at the end of re-consolidation as well as initial and final void ratios

................................................................................................................................................ 274 

Table 6-11 Summary of Cowden undrained higher p' tests, showing test codes, initial suctions, 

final stresses at the end of re-consolidation as well as initial and void ratios ...................... 274 

Table 6-12 Summary of Cowden undrained higher shearing rate tests, showing test codes, 

initial suctions, final stresses at the end of re-consolidation, void ratios and estimated in-situ 

K0 values ................................................................................................................................. 275 

Table 7-1 Summary of Cowden drained anisotropically consolidated higher p' tests, showing 

test codes, initial suctions, estimated in-situ p'0, σ'v, K0 , the maximum stresses reached during 

consolidation and void ratios ................................................................................................. 388 

Table 7-2 A list of Gvh and Ghh scalar M and exponent values ''n'' (Eq. (7-2)) from drained higher 

p' tests with BE measurements ............................................................................................. 388 

Table 7-3 Initial conditions for drained probing and monotonic undrained tests from 2.0 and 

11.5m tests, showing test codes, initial suctions, final stresses and void ratios at the end of 

re-consolidation ..................................................................................................................... 389 

Table 7-4 Elastic parameters calculated from drained probing tests on 2.0m specimens; 

Kuwano (1999) approach ....................................................................................................... 389 

Table 7-5 Elastic parameters calculated from drained probing and undrained monotonic tests 

on 2.0m specimens; (Nishimura 2014a, 2014b) approach .................................................... 390 

Table 7-6 Elastic parameters calculated from drained probing tests on 12.00m specimens; 

Kuwano (1999) approach ....................................................................................................... 390 



49 
 

Table 7-7 Elastic parameters calculated from drained probing and undrained monotonic tests 

on 12.00m specimens; (Nishimura 2014a, 2014b) approach ................................................ 391 

Table 8-1 A list of cyclic loading tests .................................................................................... 508 

Table 8-2 Criteria for Y2 kinematic yield surface under cyclic conditions ............................. 509 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 
 

 

 



51 
 

Nomenclature 

*  Denotes effective stress parameters applying to reconstituted soils 

1-D  One-dimensional compression 

A0  Initial sample area 

Ac  Corrected sample area 

APL  Apparent Pre-Load defined as σ'vy - σ'v0 

AWG  Academic Work Group 

b  Stress ratio (σ'2 - σ'3)/(σ'1 - σ'3) 

c'  Cohesion   

Cc  Intact compression index 

Cc*  Reconstituted compression index 

CCxy  Cross-correlation function 

CPM  Cone pressuremeter 

CPT  Cone penetration test 

CRSP  Constant rate of strain pump 

Cs  Intact swelling index 

Cs*  Reconstituted swelling index 

CSL  Critical state line 

CSR  Ratio of qcyc/Su 

CSSM  Critical State Soil Mechanics 
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d0  Initial sample diameter 

dm  Initial diameter of the membrane 

DSS  Direct simple shear apparatus or test 

e  Void ratio 

e*100  Intrinsic void ratio at σ'v = 100kPa. 

e*1000  Intrinsic void ratio at σ'v = 1000kPa. 

ecorrected Void ratio corrected for 8% gravel fraction 

Ed  Shear strain invariant 

E'h  Horizontal effective Young's modulus 

Eu
h

  Undrained horizontal Young's modulus 

Eu
sec  Undrained vertical secant Young's modulus 

Eu
tan  Undrained vertical tangent Young's modulus 

Eu
v
  Undrained vertical Young's modulus 

E'v  Vertical effective Young's modulus 

f(e)  Void ratio function 

Fa  Deviator load in triaxial apparatus 

F'h  Effective stress parameter equal to the slope of σ'h/εh in drained probing tests 

Ft  Torsional force 

Fv  Vertical force 

G'  Effective shear modulus 

Ghh  Shear modulus in horizontal plane 
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Gmax, G0 Maximum elastic shear stiffness 

GN  Shear modulus after N number of cycles 

Gs  Specific gravity 

Gvh, Ghv Shear modulus in vertical plane 

H0  Initial sample height 

HCA  Hollow Cylinder Apparatus 

ICL  Intrinsic compression line 

Ip  Plasticity index 

J'  Coupling modulus 

JIP  Joint industry project 

K'  Effective bulk modulus 

K0  Stress ratio σ'h/ σ'v for zero lateral strain 

L/D  Length over diameter ratio 

LBS  Local bounding surface 

LCT  Lower Cromer till 

LL  Liquid limit 

LVDT  Linear variable differential transformer 

MPM  Menards pressuremeter 

Ms(<2mm) Mass of the solids < 2mm 

Mtotal  Total mass of the sample; 

Mwater, (Mw) Mass of the water; 
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N  Number of cycles 

Nc   Bearing capacity factor 

NCL  Normal compression line 

Neq  Equivalent number of regular cycles 

Nf  Number of cycles to failure 

NGI  Norwegian Geotechnical Institute 

Nk   CPT cone factor  

OCR  Overconsolidation ratio 

p'  Mean effective stress 

p'0  Initial mean effective stress 

p0m  Initial confining pressure 

pcell  Cell pressure in triaxial apparatus 

p'e  Equivalent pressure on the ICL at the same void ratio 

PI  Plasticity index 

PISA  Pile Soil Analysis project 

pl   Limit pressure at infinite cavity expansion 

PL  Plastic limit 

pref  Reference pressure equal to the absolute atmospheric 101.3kPa 

q  Triaxial deviatoric stress 

q15  Load at 15% settlements/plate diameter 

qc   CPT cone resistance 
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qcyc, qcyclic Cyclic deviatoric stress 

qf  Cone friction 

qm, qmean  Mean deviatoric stress 

qmin, qmax Minimum and maximum deviatoric stresses  

r0  Initial sample radius 

SBS  State bounding surface 

Ss  Swell sensitivity parameter 

St  Stress sensitivity 

Su  Undrained shear strength 

t  Degradation parameter 

T  Loading period in cyclic tests 

t100  Time to achieve the limit of primary consolidation 

tf  Required minimum time to failure 

TXC  Triaxial compression test 

TXE  Triaxial extension test 

u2  Position of a single electric CPTU cone 

UU  Undrained unconsolidated test  

v  Specific volume (1+e) 

V0  Initial sample volume 

vs  Shear wave velocity 

Vsolids  Volume of dried particle 
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Vtotal  Total volume of the sample 

Vvoids  Volume of voids 

w  Water content 

wcorrected Water content corrected for 8% gravel fraction 

Y1, Y2, Y3 Kinematic yield points 

YSR  Yield Stress Ratio defined as σ'vy/σ'v0 

α  Orientation of the major principal stress with respect to the vertical 

γ  Shear strains 

ΔH   Change in sample height 

δ'peak  Peak angle of interface shearing resistance 

Δr  Change in sample radius 

δ'ultimate  Ultimate angle of interface shearing resistance 

ΔV  Change in volume measured by the volume gauge 

ε   Axial strain 

εa   Axial (vertical) strain 

εcyclic  Cyclic axial (vertical) strains recorded during cyclic loadign 

εh  Horizontal strains measured in drained vertical and horizontal probing tests 

εmean  Average axial (vertical) strains recorded during cyclic loading 

εr  Radial strain 

εv  Vertical strains measured during drained vertical and horizontal probing tests 

εvol  Volumetric strain 
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λ   Damping ratio 

μ'hh  Poisson’s ratio for horizontal strains due to horizontal strains 

μ'hv  Poisson’s ratio for horizontal strains due to vertical strains 

μu
hh  Undrained Poisson’s ratio for horizontal strains due to horizontal strains 

μu
hv  Undrained Poisson’s ratio for horizontal strains due to vertical strains 

μu
vh  Undrained Poisson’s ratio for vertical strains due to horizontal strains 

μ'vh  Poisson’s ratio for vertical strains due to horizontal strains 

ρ  Density of the soil 

ρw  Density of the water 

σ'   Effective confining stress 

σ*e  Vertical stress on the intrinsic compression line at the same void ratio 

σ'1, σ'2, σ'3, Effective principal stresses 

σh   Horizontal in-situ total stress 

σ'h  Horizontal effective stress 

σv   Vertical in-situ total stress 

σ'v  Vertical effective stress 

σ'vy  Vertical yield stress 

φ'  Effective angle of shearing resistance 
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Chapter 1: Introduction 

1.1 Background 

The Author`s research originally formed part of the Pile Soil Analysis (PISA), Joint Industry 

Project (JIP) which aimed to reduce the costs and develop better design methods for 

monopile windturbine foundations. The research was funded by Carbon Trust, DONG Energy 

and other offshore developers. The Academic Work Group (AWG) comprised Oxford 

University, Imperial College London and University College Dublin. The research extended 

beyond the PISA project through support from Orsted (Dong Energy) and Imperial College. 

The existing, widely used, method for designing monopiles relies on the laterally loaded pile 

design tools specified by DNVGL (2016); API (2010) that are based on the Winkler pile-soil 

interaction model and are known as p-y curves (Winkler 1867). The method assumes that the 

pile behaves as a beam supported by uncoupled horizontal non-linear springs. Each spring 

represents a horizontal soil reaction, p, as a function of displacement, y, at a given depth. The 

original p-y curves were empirically derived from a limited set of lateral load tests on relatively 

small diameter, high L/D ratio piles, as described by Reese and Matlock (1956). Few soil 

parameters are input into the p-y analyses reducing their possible accuracy in particular site 

profiles. Additionally, the high L/D ratios of the original test piles and their flexibility make this 

method's suitability for wind farm monopiles questionable, as wind farms have low L/D ratios 

and behave more rigidly. The design codes recommend that the specified p-y curve methods 

should only be used for determining the lateral ultimate load of piles and caution should be 

taken when using the methods for predicting serviceability loads or the fatigue life of piles 

both of which are crucial to wind turbine design. Research on laterally loaded foundations has 

shown that the lateral response of low L/D foundations is more complex than can be treated 

by the single horizontal reaction curves assumed by the Winkler method with a significant 

contribution to the soil reaction from shear stresses on the foundation perimeter in addition 

to moment and horizontal forces at the base; (Byrne et al. 2017). 
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1.2  Research aim and objectives 

The Author’s contribution to the original PISA project was to help characterise the Cowden 

clay till site at which 16 of the PISA project lateral loading test piles were conducted (Byrne et 

al. 2017). His role was to undertake multiple high quality tests using Triaxial, Ring shear and 

Oedometer apparatus and provide input parameters for the 3D numerical modelling of the 

monopiles. The research continued post-PISA with partial funding from Dong Energy (Orsted). 

The work comprised further high quality static and cyclic experiments in advanced triaxial 

equipment that extended the study, making use of local pore pressure probes, local axial and 

radial strain instruments, biaxial bender element assemblies and lubricated end platens. The 

glacial Cowden tills represent stiff, intact, low-plasticity, high OCR North Sea glacial strata that 

form part of deposits such as the Bolders Bank sequence which is widespread in the UK North 

Sea Sector. The key features of behaviour that were examined are: 

 The non-linearity and pressure dependence of the soils' stiffness for this typical North 

Sea glacial deposit. 

 The shear failure and yielding characteristics of Cowden till that affect larger strain 

behaviour and ultimate capacity. 

 How these features can be inter-related and interpreted within the Critical State 

framework. 

 Rate and ageing effects on stiffness and shear strength to help explain key features of 

the field tests. 

 Shear strength and stiffness anisotropy that is not captured in the classical constitutive 

models. 

 The differences between intact and reconstituted behaviour of Cowden till. 

 The pile-soil interface shear characteristics that affect local shear failure. 

 The behaviour of Cowden till under cyclic loading, allowing the cyclic PISA tests to be 

explained, interpreted and modelled as well as give insight into the till behaviour 

under undrained cyclic conditions. 

The experiments involved natural Cowden till samples as well as reconstituted samples of the 

same material. 
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1.3 Thesis layout 

Chapter 1: Introduction 

This chapter introduces the Author's research, describes its aims and objectives and gives the 

thesis layout. 

Chapter 2: Background review of relative aspects of the mechanical behaviour of clay soils 

This chapter consists of two parts. Part one has an overview of the structure, sensitivity and 

shearing behaviour of low plasticity, high OCR clay soils (such as Cowden till) under static 

loading. This includes pre and post failure behaviour, anisotropy, rate effect, failure modes 

and conceptual framework within which the behaviour is explained. Part two describes the 

behaviour of clays and tills under cyclic loading conditions. In the second part of the chapter, 

cyclic relationships and parameters are outlined as well as factors influencing the cyclic 

behaviour. 

Chapter 3: Cowden till formation and properties 

This chapter outlines the formation of Cowden glacial till and its geological history. It also 

summarises its mechanical properties that have been identified from earlier studies. 

Chapter 4: Sampling and testing: equipment, procedures and data analysis 

The sampling campaigns and sampling methods applied to Cowden during the PISA JIP project 

are outlined in the first part of the chapter. The second part of the chapter provides 

information on the testing equipment used in the research and reports modifications which 

were made to enable the research. The third part describes how the soil samples were 

prepared, saturated and loaded under static and cyclic conditions and the approach taken to 

analyse the stresses, strains and the resulting mechanical parameters.   

Chapter 5: Soil profiles, description and characterisation 

The Cowden till's index properties are outlined in this chapter in terms of water content, 

Atterberg Limits, particle size distribution, bulk density and specific gravity. Cone penetration 
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tests and initial mean effective stress profiles are also reported. Distinctions are drawn 

between the weathered and unweathered units' properties.  

Chapter 6: Large strain behaviour 

This chapter is divided into two parts. The first part details the residual strength and the 

behaviour of reconstituted Cowden till under 1-D compression and triaxial shearing. The 

critical state behaviour of reconstituted material is discussed. A comparison is drawn between 

weathered and unweathered Cowden till. Moving to the natural till, its behaviour at large 

strains is outlined in the second part of the chapter. Oedometer and triaxial shearing 

behaviour in compression and extension are reported and discussed. The shearing strength 

of the soil is presented and profiles with depth of ultimate strength are established. The effect 

of shearing rate and higher mean effective stress on the large strain behaviour is reviewed, 

as well as the influence of sample disturbance and sample size. The behaviour is reviewed 

within a critical state framework and comparisons are made between intrinsic and natural 

properties to identify possible effects of the till's natural structure. 

Chapter 7: Pre-failure stiffness behaviour 

This chapter discusses the highly non-linear stiffness properties of intrinsic and natural 

Cowden till at small strains. It is presented in two parts. The undrained stiffness of 

reconstituted material is reviewed in the first part. The second part reveals the stiffness 

properties of both weathered and unweathered till as well as the maximum shear stiffnesses 

measured using bender element techniques. The influence of strain rate and higher mean 

effective stress on the stiffness are investigated. Finally, the potential anisotropy of the till's 

elastic drained and undrained parameters are investigated through drained probing 

experiments, conducted at very small strains combined with bender element measurements.  

Chapter 8: Cowden till behaviour under cyclic conditions 

The behaviour of the till under undrained cyclic loading is presented in this chapter which is 

supported by eight Appendices. The pore pressure distribution during cyclic loading is 

considered and how it is altered by the cyclic loading amplitudes, period and sample end 

conditions is discussed. The behaviour of the till under different cyclic loading amplitudes and 
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after different levels of pre-loading to various initial shear stresses is then presented in terms 

of contour diagrams, before reviewing in great detail how cyclic stiffness degradation, mean 

effective stresses, strains and damping ratios evolve over a wide range of cyclic loading 

conditions. Finally, the chapter discusses the influence of cyclic loading on the post cyclic 

behaviour of the till. 

Chapter 9: Conclusions and recommendations for future work 

This chapter summarises the main outcomes of the research and makes suggestions for future 

work, noting that investigation of some topics are already in hand as part of the associated 

PISA research project undertaken by Liu (2018). 
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Chapter 2: Background review of relative aspects of the 

mechanical behaviour of clay soils 

2.1 Introduction 

The geotechnical properties of glacial tills depend on their source materials, their 

transportation, sedimentation and post-sedimentation processes, which are reflected also in 

their structure. The geological cycles of loading and unloading, imposed by the advancing and 

retreating glaciers, and the erosional histories are key factors affecting the till's behaviour. 

This chapter reviews the aspects of a soil's structure, its sensitivity, small and large strain 

yielding of clays with the associated frameworks, the behaviour under cyclic loading and the 

influence of various factors on the cyclic response. 

2.2 Behaviour of cohesive soils under monotonic conditions 

2.2.1 Structure of cohesive soils 

Lambe and Whitman (1969) refer to the term 'soil structure' as being defined by the 

orientation and distribution of particles within the soil mass ('fabric') and the forces acting 

between them ('bonding').  

Fabric 

The classification of idealised soil fabrics, given by Sides and Barden (1971) is shown in Figure 

2.1. They recognise two main types of fabric, i) flocculated formed by attractive inter-particle 

forces and ii) dispersed, formed by repulsive forces. Most soil fabrics are rendered more 

complicated by the presence of silt and sand particles. The flocculated fabrics are open and 

represented by the cardhouse, bookhouse and the honeycomb arrangements. The cardhouse 

term refers to single-particle width structures, while the bookhouse term refers to groups of 

particles. The honeycomb is the most open flocculated fabric. The dispersed fabrics are 

represented by the dispersed, turbostratic and the stacked arrangements. They are closely 

packed with the turbostratic forming edge to edge contacts while the stack arrangement 

represents a highly oriented fabric. When the particles are parallel to each other they form 

domains, which are the fundamental units of clay fabric. 
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The depositional environment affects the type of fabric and the two key factors in water 

borne deposits are the rate of deposition and stillness of the water. Slow and still waters lead 

to open fabric with lamination (O’Brien and Slatt 1990) while fast sedimentation in turbulent 

water produces oriented, closed fabric (Burland 1990). 

Bonding 

Bonding between the particles can have electromagnetic, electrochemical, electrostatic and 

intermolecular nature as well as being affected by the viscous layers of absorbed water 

surrounding the clay particles. The degree and strength of any inter-particle bonding depends 

on mineralogy, pore-water chemistry, pressure, temperature and mechanical conditions such 

as strain rates and paths during deposition (Mitchell 1976; Mitchell and Houston 1969; Sides 

and Barden 1971; Mitchell and Soga 2005). 

2.2.2 Depositional and post-depositional structure 

The soil structures which result from different water borne depositional conditions and post-

depositional geological histories can be divided into two broad, 'sedimentation' and 'post- 

sedimentation' classes (Cotecchia 1996; Cotecchia and Chandler 1997, 2000). The 

'sedimentation' structures include those which are formed during the one-dimensional 

deposition and consolidation of the strata. They are characteristic for the normally and lightly 

overconsolidated clays and can present a range of fabric and bonding types. If left undisturbed 

by erosion or any other process the states of such soils lie on the natural sedimentation 

compression curve defined in void ratio – vertical effective stress space with the in-situ 

vertical stress (σ'v) equal to the vertical yield stress (σ'vy), as shown in Figure 2.2. In this case 

the Yield Stress Ratio (YSR = σ'vy / σ'v), which is a measure of structure, is equal to unity. 

However, 'post- sedimentation' structures may develop through the geological processes that 

apply after the sediment's initial one-dimensional consolidation, such as unloading, creep, 

weathering, thixotropy, bonding, cementation and tectonic shearing. The 1-D gross yielding 

points of soils that develop such 'post- sedimentation' structures typically occurs to the right 

of the natural sedimentation compression curve, with the vertical yield stresses (σ'vy) 

exceeding than of the in-situ vertical stress (σ'v), giving YSR > 1, as shown by path O, Y, Z3 in 

Figure 2.3. 
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2.2.3 Sensitivity 

Clay soils that are sensitive manifest significant differences between the behaviour of natural 

and remoulded (or reconstituted) soil samples having the same void ratios or water contents. 

Terzaghi (1944) introduced sensitivity (St) as the ratio of undrained strength (Su) of natural 

soils to the Su of remoulded clays at the same void ratio. Schmertmann (1969) defined a swell 

sensitivity parameter (Ss) which measures the degree of structure by the ratio of swelling 

slope of reconstituted material (C*s) to the slope of its intact counterpart (Cs). Smith (1992) 

conducted high quality oedometer and triaxial tests on three soft clays deposited in still 

glacio-lucastrine, Berthierville clay (St = 50), shallow-marine, Bothkennar clay (St = 7), and high 

energy estuarine environment, Queenborough clay (St = 0), Figure 2.4. He confirmed that the 

depositional environment has a significant influence on each clay's natural structure and 

hence their sensitivities and noted that they can also be derived from oedometer tests by the 

ratio of the yielding stress (σ'vy) of the natural soil to the vertical stress on the normal 

compression line (NCL) at the same void ratio (σ*e) with the oedometer and strength 

sensitivity values giving similar results: 

 𝑆𝑡 = 𝜎𝑣𝑦/𝜎𝑒
∗ Eq. (2-1) 

Cotecchia (1996); Jardine and Chow (1996); Cotecchia and Chandler (2000) also defined 

sensitivity as the ratio between the sizes of the state bounding surfaces of the natural soil and 

its reconstituted counterpart for any fixed void ratio as shown in Figure 2.5. 

Based on their sensitivity framework Cotecchia and Chandler (2000) produced a set of 

sensitivity contours for oedometer tests of samples with particular St values within the void 

index framework proposed by (Burland 1990) as presented in Figure 2.6. 

2.2.4 Stability of structure 

Figure 2.7 shows the one dimensional compression data from a variety of natural clays with 

low sensitivity, compiled by Cotecchia and Chandler (2000), along with the sedimentation and 

intrinsic compression lines (ICL) as defined by Burland (1990). The data show that for many 

water borne deposits, the compression curves converge slowly to the ICL after yielding, 

suggesting that their initial structures are removed by the 1-D compression. Sensitive clays 
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with open fabric, deposited in still environments, exhibit more rapid destructuration and 

convergence to the ICL post gross (Y3) yielding. These soils possess meta-stable structures, 

which are easily destroyed during loading and their behaviour returns to the intrinsic after 

sufficient straining is applied. In contrast Figure 2.8 shows the K0 and one-dimensional curves 

for Sibari clay, deposited in rapid coastal and alluvial environment (Coop and Cotecchia 1995), 

which crosses the ICL and travels down the sedimentation compression curve. Coop and 

Cotecchia (1995) showed that this clay's depositional environment resulted in complex 

macro-structure layering, giving the soil a stable fabric which could not be removed by one-

dimensional loading. Lehane (1992) observed that glacial Cowden till also appears to have a 

stable heterogeneous fabric that cannot be removed by oedometer compression, while the 

Pappadai clay, shown in Figure 2.7, seems to possess both stable and meta-stable elements, 

exhibiting initial convergence after yielding but remaining parallel to the ICL even at high 

stresses. 

2.2.5 Large strain behaviour and residual shear strength 

The large strain behaviour of clays is highly dependent on their clay content. Lupini et al. 

(1981), building on the Skempton's (1964) earlier work on residual strength introduced the 

idea that soils undergo rolling (turbulent) and sliding shearing with a transitional mode in 

between depending on their clay content. Turbulent shearing applies to low clay content soils, 

while the sliding mode is observed in soils with high clay contents. Vaughan et al. (1978) 

speculated that clays with Ip < 25% undergo a rolling shearing mode at large strains with 

similar effective peak (φ'p) and residual (φ'r) angles of shearing resistance, while clays with Ip 

> 30% undergo sliding shearing with φ'p > φ'r. The transitional shearing mode was thought 

characteristic of soils with Ip between 25% and 30%. This soil differentiation provides a useful 

and important distinction between high OCR clays with high or low Ip values under undrained 

shearing as shown in Figure 2.9 (Jardine et al. 2004). Low Ip soils exhibit turbulent shearing 

and ductile behaviours that are well represented by the critical state framework, while high 

Ip materials undergo sliding during undrained shearing to large strains and form shear bands 

that render the classical critical state concepts less applicable. 

Jardine et al. (2004) pointed out that the engineering behaviour of clays is highly dependent 

on their strain hardening (ductility) or softening (brittleness) behaviour and the Atterberg 
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limits and composition of clays (low or high clay content) is not enough to explain the 

phenomena. They highlight that the main factors determining the soil behaviour are 

depositional environment (including geochemistry), stress history, microstructure and 

shearing rate. 

Burland (1990) introduced the term post-rupture strength to characterise the apparently 

stable post-peak behaviour, which brittle high plasticity stiff clays may show after a few 

millimetres of shear displacement. It is believed that the post-rupture stage applies after the 

inter-particle bonds are broken and the effective shear stresses fall close to the critical state 

line. 

2.2.6 Bounding surfaces 

The classical critical state framework (Roscoe et al. 1958, 1963; Roscoe and Burland 1968; 

Schofield and Wroth 1968) was developed on the basis of research on reconstituted ductile 

soils. Nevertheless low Ip natural soils that exhibit ductile behaviour, such as Cowden till, may 

conform to the critical state framework. The central tenet is that, after large distortion, soil 

elements will reach a unique critical state boundary locus (Drucker et al. 1957) at which 

deformations occur without any further changes in the mean and deviatoric stresses or void 

ratio. The classical framework assumes that the deformations remain elastic inside the locus, 

irrespective of the effective stress path, and become plastic as soon as the boundary surface 

is reached. The effective stress of the soil must lie inside or on the boundary surface, as it 

separates the possible and impossible states. The framework is defined in v - p' (in semi-log 

form) and q - p' spaces (or p', q and v in 3D) where the critical state forms a line. If normalised 

by the equivalent pressure on the ICL at failure, p'e, the CSL forms a CS point with the Roscoe-

Rendulic surface on the wet side and the Hvorslev boundary surface on the dry side of the 

critical state point.  

Gens (1982) undertook a comprehensive investigation on the behaviour of reconstituted 

Lower Cromer till (LCT), a low plasticity sandy glacial material, within the critical state 

framework. He conducted drained and undrained triaxial experiments on identical specimens 

consolidated along different K = σ'h / σ'v paths and swelled back to OCR values up to 10. He 

found that the LCT defined a unique critical state line under triaxial compression conditions 
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at ultimate failure that ran parallel to the NCL in e - log(p') space. He also confirmed that 

overconsolidated samples underwent large-scale yielding when they were loaded to the SBS 

and that the Hvorslev SBS is applicable to define yielding on the ''dry'' side. Despite this, the 

classical CSSM failed to predict some aspects of his tests including: i) the different shapes of 

the p'e, normalised undrained effective stress paths followed by normally consolidated 

samples after consolidation to different K values (Figure 2.10) and ii) that the LCT did not 

therefore obey Rendulic's principle which assumes a unique relationship between void ratio 

and p' for normally consolidated soil (Figure 2.11). Gens (1982) confirmed that the SBS 

separates the possible from impossible states but on the wet side it represents the envelope 

that inscribes the Local Bounding Surfaces (LBSs) defined by the constant K-consolidated 

undrained effective stress paths from undrained compression and extension tests, as shown 

in Figure 2.12. The LBSs cannot be crossed by undrained tests performed on samples 

consolidated under the same K values, although drained tests can pass the LBS and travel to 

the ultimate SBS, although this involves large scale (Y3) yielding and the accumulation of 

significant strains. 

2.2.7 The effect of shearing rate on the large strain behaviour 

Undrained triaxial compression tests performed at different strain rates follow different 

effective stress paths, as shown schematically in Figure 2.13 for normally and lightly 

overconsolidated samples of natural clays. As indicated, their Su values increase with 

increasing strain rate, although it is argued that the ultimate CS failure envelope parameters 

remain the same (Leroueil and Hight 2002). Kulhawy and Mayne (1990) compiled data from 

studies on 26 different low OCR clays and found that the average Su increases by 10% per log 

cycle from a reference shearing rate of 1%/h, as shown in Figure 2.14. Research on 

reconstituted low plasticity Lower Cromer till (Hight 1983; Hight et al. 1987) and high plasticity 

Boston Blue Clay (Sheahan et al. 1996) showed that the effects of shearing rate decreased 

with increasing overconsolidation ratio.  

2.2.8 Shear strength anisotropy 

Many sediments that are deposited and compacted under gravity on horizontal ground 

develop cross-anisotropic initial patterns of shear strength and stiffness. The investigation of 
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such anisotropy requires advanced testing equipment which can control the three principal 

stresses and their orientations. Detailed reviews of the types of equipment used to investigate 

anisotropy are given by Tatsuoka (1988), Menkiti (1995), Zdravkovic (1996), and more 

recently by Nishimura (2006), Anh-Minh (2007) and Brosse (2012), who studied such 

anisotropy with Hollow Cylinder Apparatus (HCA). 

The peak undrained shear strengths and angles of shearing resistance are found to vary with 

the orientation of the axis of the principal stress. HCA tests performed on low OCR 

reconstituted clays and silts have been reported by Menkiti (1995), Zdravkovic (1996), Jardine 

and Menkiti (1999) and Zdravkovic and Jardine (2000). Figure 2.15 shown examples of the 

variation of Su and φ' with α (the σ'1 axis orientation with respect to the vertical) for clay and 

clay-sand mixtures. Both Su and φ' decrease as α increases from 0º in compression to 90º in 

extension. Similar behaviour of decreasing Su from its maximum value in compression to its 

minimum in extension has been observed with tests on natural soft clays (Kirkgard and Lade 

1993; Callisto and Calabresi 1998; Porovic 1995; Albert et al. 2003; Leroueil et al. 2003). 

Comprehensive HCA studies have also been performed at Imperial College on London clay 

(Porovic 1995; Anh-Minh 2007; Nishimura 2006) and the Oxford, Kimmeridge and Gault clays 

(Brosse 2012). Figure 2.16 shows the variation of normalised peak deviatoric stress (= 2Su) 

with rotation of the principal stress in London clay for 10.5m and 5.2m specimens. The 

behaviour is very different from that of low OCR reconstituted and natural soft clays, showing 

highest Su at α = 90º (corresponding to extension under triaxial conditions) and the lowest 

undrained shear strength at α = 45º. The strength at α = 0º (triaxial compression) has an 

intermediate value. Similar properties were observed by Brosse (2012) for the three older UK 

stiff clays, with the highest Su being at α = 0º and lowest at α = 45º, as shown in Figure 2.17 for 

Oxford clay. No HCA tests were included in the Author's research on Cowden till, but a 

programme of six tests has been undertaken in parallel work by Liu (2018). 

2.2.9 Yielding of soils 

The yielding of soils is a progressive process reflecting the development of plastic 

deformations and the associated changes in the stress-strain relationships. Following Dafalias 

and Popov (1965) and Mroz (1967) several mathematical model have been proposed  to 

model the progressive yielding of soils (Simpson et al. 1979; Al-Tabbaa and Wood 1989; 
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Stallebrass and Taylor 1997; Puzrin and Burland 1998). High resolution laboratory tests are 

required to investigate the shape of the surfaces, the smoothness of the process and to 

identify any physically distinctive phases (Kuwano and Jardine 2007). Laboratory observations 

led Jardine (1985) and Jardine (1992) to propose the existence of at least two kinematic 

surfaces (Y1 and Y2) inside the classical yielding surface (Y3) marked by gross changes in the 

stress-strain behaviour of the soil. Figure 2.18 from Jardine (1992) shows the current stress 

point surrounded by the kinematic yield surfaces which, once engaged by a moving stress 

path, are dragged with the effective stress point. 

Y1 yield surface 

Within the above framework, the Y1 yield surface marks the end of the linear-elastic region. 

The strains in this region are linear and fully recoverable without any movement at the 

particle contacts. The Y1 yield surface is roughly elliptical or circular (Jardine 1992; Smith et 

al. 1992; Rolo 2003) and is eccentrically located to the current effective stress with a bias 

towards reloading (Rolo 2003; Jardine et al. 2004). The surface is dragged with the effective 

stress point once engaged with possible changes in his shape and size. Jardine (1992) 

speculated that the elastic region can be anisotropic which was confirmed by high resolution 

tests (Smith 1992; Rolo 2003; Gasparre 2005; Anh-Minh 2007; Nishimura 2006; Brosse 2012) 

and shear wave measurements. Early tests indicate anomalies between extension and 

compression moduli within the Y1. However, Clayton and Heymann (2001) and Clayton (2011) 

argued that extended creep and ageing periods can eliminate interactions with residual creep 

rates and bring the compression and extension Y1 stiffness to closer agreement and centre 

the Y1 ''bubble''. 

The range of the linear zone extends from about 1x10-3% to 3x10-3% axial strain in many 

uncemented clays (Jardine 1992; Clayton and Heymann 2001; Cuccovillo and Coop 1997b; 

Rolo 2003), although it can be far longer in cemented and structured soils. Tatsuoka and 

Shibuya (1991) found that the elastic properties within Y1 are not dependent on strain rate, 

although the extent of the linear elastic region increases under faster shearing. 

Y2 yield surface 

Kuwano and Jardine (2007) identify that the Y2 yield surface encompasses an area of stress 

space within which the stress-strain behaviour is non-linear and some plastic strains develop, 
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but the patterns of straining remain predominantly elastic. Behaviour becomes rate 

dependent and more energy loss is accumulated once the Y1 is engaged, which is attributed 

to small scale inter-particle yielding (Jardine 1992). It has been shown (Jardine 1992; Smith et 

al. 1992) that the stress-strain behaviour inside the Y2 surface is hysteretic but load cycles 

that remain within the surface tend to close. Tests by Smith et al. (1992) on low OCR 

Bothkennar clay, Kuwano and Jardine (2007) for sands and by Gasparre (2005) and Hosseini 

Kamal (2012) on stiff clays interpreted the limit of the Y2 yielding zone as the point where the 

strain increment direction changes were noted in drained probing tests and the gradient in 

the deviatoric stress-pore pressure curve deviated from linearity. 

The strain range extent of the Y2 zone has been found to vary from ±0.01% in Magnus till 

(Jardine 1985) to ±0.04% in intact London clay to as high as ±0.07% in cemented soils (Jardine 

1992). 

Y3 yield surface 

Loading paths that engage the Y2 yielding surface and move out towards the SBS develop 

increasing plastic deformations. However, sharp changes in the stress-strain behaviour are 

usually noted at points where the path meets the Y3 yield surface which corresponds to the 

conventional large scale yielding. When normalised by the equivalent pressure, the Y3 surface 

defines the Local Bounding Surface (LBS) and is associated with a marked reduction in 

stiffness, contraction, dilation or failure (Jardine 1992). The location of the surface can be 

logged from: i) changes in the direction of the undrained effective stress paths, ii) strain 

increment direction changes in drained tests and iii) sharp changes in the tangent stiffness. 

Behaviour inside the Y3 surface is no longer considered elastic but is recognised to be highly 

non-linear and potentially dominated by plastic straining in clays. Behaviour within this region 

depends on the mean effective stress level, the degree of ageing, the loading direction in 

relation to the consolidation path and the applied strain rate and level (Jardine 1992; Atkinson 

et al. 1990; Smith et al. 1992; Viggiani and Atkinson 1995b; Clayton and Heymann 2001; 

Clayton 2011). 
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2.3 Clay response to cyclic loading 

2.3.1 Cyclic loading characteristics 

The term cyclic loading is used to describe loading with repeatable nature which can be either 

regular or irregular in terms of amplitude and frequency. Cyclic loading can have 

environmental or anthropogenic origins (Andersen et al. 2013), including: 

- Environmental: temperature fluctuations, waves, seasons, tidal variations, winds, 

ocean currents, earthquakes, impacts from icebergs, drifting ice sheets etc. 

- Anthropogenic: traffic, machine vibrations, machinery operations and rotations, blast, 

etc. 

Cyclic loading return periods vary significantly depending on the source (Andersen et al. 

2013), from periods of approximately 1s during earthquakes, 10 - 20s for ocean waves, tides 

at 12 hour periods (as with diurnal temperature changes) or seasonal cycles that develop over 

months. Return periods are often irregular and Figure 2.19 illustrates the cyclic characteristic 

for some typical cyclic actions.  

The amplitude of loading applied to offshore monopile or jacket pile windturbine foundations 

varies and is related to the Metocean conditions. Jardine et al. (2012) summarised the 

regional Metocean characteristics of a 100 year storm events at four different locations, as 

shown in Table 2-1. The durations of the cyclic loading can also vary substantially depending 

on the source. It can be from 10-30s to a few minutes for earthquakes, hours for diurnal 

changes to a few days for sea storms. Many environmental and some anthropogenic cyclic 

loadings actions apply simultaneously throughout the operational life of some structures, as 

is the case with windturbines where working conditions involve both machine vibrations and 

wind plus wave loadings of varying severity. Such structures experience batches of irregular 

loading cycles which are relatively randomly distributed with time. The cyclic load direction, 

amplitude and frequency can vary significantly from one wave to the next during storms due 

to loading from waves, wind and the rotation of the blades of the windturbine; structural 

resonance can also generate additional displacements and loads.  

The impact of cyclic loading on the foundations is highly dependent on the number of cycles 

experienced during the individual storms or the whole operational life. Depending on the 
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origin of the cyclic loading the number of cycles can reach millions as in the case of the rotor 

actions applied to wind-turbine foundations (Jardine et al. 2012). 

2.3.2 Laboratory cyclic loading definitions 

Although the cyclic loading encountered offshore is irregular and highly variable the cyclic 

soil-element tests, cyclic field tests and laboratory-model experiments are generally only 

feasible within time-limited frames and at rates that are slow enough to allow precise control 

and data acquisition. The common practice is to employ regular amplitude and fixed 

frequencies during laboratory cyclic loading tests on soils (Jardine et al. 2012). The cyclic 

triaxial test paths which can be applied under undrained conditions (which are often 

considered most critical for offshore foundations) are defined by: 

- Mean deviator load: 

 
𝑞𝑚𝑒𝑎𝑛 =

(𝑞𝑚𝑎𝑥 + 𝑞𝑚𝑖𝑛)

2
 Eq. (2-2) 

- Cyclic deviator load amplitude: 

 
𝑞𝑐𝑦𝑐 =

(𝑞𝑚𝑎𝑥 − 𝑞𝑚𝑖𝑛)

2
 Eq. (2-3) 

- Number of cycles, N. 

- Cyclic period, T. 

The cyclic definitions are illustrated schematically in Figure 2.20. 

The values of the maximum and minimum deviator stresses qmax and qmin, defined in Figure 

2.20, are often normalised by the maximum undrained shear strengths available in soil-

element tests. Static ultimate capacity can be used in a similar way with cyclic axial field tests 

on piles or other foundations. 

Cyclic triaxial loading, depending on the average load component, can be symmetrical when 

qmean = 0 or non-symmetrical, when qmean ≠ 0. One-way loading is defined when the qcyc < qmean 

and two-way cyclic when qcyc > qmean. Laboratory cyclic loading tests generally employ either 

stress or strain controlled conditions (Idriss et al. 1978) and it is usual to follow sine waves of 
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either the key stress or srain variable, although other wave forms may be employed. More 

complex loading conditions can be applied in field tests (with vertical, lateral or moment 

loading) or in multi-dimensional laboratory tests, such as Hollow Cylinder Apparatus. 

2.3.3 Cyclic soil parameter definitions 

When soils are subjected to high level cyclic loading under triaxial or simple shear conditions 

they tend to develop irreversible deformations such that the stress-strain curve for unloading 

and reloading are different from the previous loading-unloading loops (Hardin and Black 

1968). Cyclic loading can cause soil elements to fail after certain number of cycles at lower 

loads that can be sustained under monotonic loading and this can also apply to piled 

foundations (Jardine et al. 2012; Jardine and Standing 2012). Andersen (2009) speculated that 

cyclic loading destroys soil structure and causes volumetric reduction. In the case of 

undrained soil conditions pore-water pressures build-up and reduce the effective stresses and 

hence cause strength losses and permanent strain accumulation. The parameters used to 

define the possible impact of cyclic loading include: 

- Permanent mean and cyclic strains as defined in Figure 2.21. 

- Permanent mean and cyclic pore-pressures in undrained tests as defined in Figure 

2.22. 

- Volumetric strains in case of drained tests. 

- Variations in cyclic shear modulus as defined in Figure 2.23. 

- Changes in cyclic damping ratio defined as a function of the area of the stress-strain 

loop to the maximum elastic energy stored during each cycle (see Figure 2.24). 

- Variations in static shear strength as a result of cyclic loading. 

Much of the available cyclic loading literature is concerned with establishing earthquake 

loading data for soil-structure interactions, in which the key requirements of specific site 

response analyses are information on the factors affecting cyclic shear stiffness, its decay with 

shear strain and the associated damping ratio trends. These considerations are reviewed in 

Section 2.3.4. Liquefaction assessment is also vital for many sand sites, but this is not reviewed 

here as the Thesis is concerned with clays. The focus instead is on the quite different 

framework within which cyclic loading actions are considered for offshore foundation 

analyses for which more attention is given to how the style of cyclic loading and the number 
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of cycles imposed affect soil shearing resistance, the development of permanent 

deformations and drifts in mean effective stress (or pore pressure). These issues are 

addressed in Section 2.3.5. 

2.3.4  Factors influencing cyclic behaviour 

The impact of cyclic loading in triaxial or simple shear tests on soils, as defined by the above 

parameters, is controlled by a range of potentially interacting factors. According to Hardin 

and Black (1968) the shear stiffness and damping behaviour developed under any given cyclic 

loading amplitude can be represented by the following general expression: 

 𝐺, 𝜉 = 𝑓(𝜎′, 𝑒, 𝑃𝐼, 𝑁, 𝑆, 𝑂𝐶𝑅, 𝐾, 𝜃, 𝐹, 𝑇, 𝐶) Eq. (2-4) 

Where σ' = confining stress, e = void ratio, PI = plasticity index, N = the number of cycles 

applied, S = degree of saturation, OCR = overconsolidation ratio, K = temperature, θ = soil 

structure, F = frequency of applied stresses, T = secondary effect of time and C = particle 

characteristics. 

Cyclic amplitude 

One of the main factors influencing the cyclic behaviour of clays is the applied amplitude of 

cyclic strain or stress. Experiments on reconstituted (Ishihara 1996) and natural soils with a 

wide range of range of plasticity values, OCRs and confining stresses (Aisiks and Tarshansky 

1968; Thiers and Seed 1968; Idriss et al. 1978; Kim and Novak 1981; Kokusho et al. 1982) 

showed that increasing the strain amplitude led to increasing non-linearity, areas of the q - ε 

loops (reflecting the dissipated energy) and a continuous rotation of the stress-strain loops 

(and hence decreasing stiffness). Kim and Novak (1981) and Vucetic (1994) noted that the 

reduction of the shear modulus and the accumulation of strain becomes marked once the 

shear strain amplitude exceeded a threshold value (around 0.01% for the soils they tested), 

as shown in Figure 2.25.  

Georgiannou et al. (1991) performed undrained stress-controlled triaxial tests on a low 

plasticity Ham river sand–kaolin mixture and reconstituted natural clayey sand soils 

consolidated to OCR 1 and 3. They found axial strains and pore-pressures accumulating 

systematically as the cyclic amplitude increased, with both normally and overconsolidated 
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soils as shown in Figure 2.26 (note that CSR = qcyc/Su). Similar to Kim and Novak (1981), the 

existence of a cyclic threshold condition was observed below which the pore-pressure and 

axial strain accumulation was negligible. The threshold appeared to correlate with strains 

around 0.01%.  

Void ratios 

Studies of cyclic stiffness conducted in resonant column and other apparatus have shown that 

the behaviour depends markedly on void ratio. Figure 2.27 presents data from kaolinite and 

reconstituted Boston Blue clay specimens prepared with flocculated and dispersed structures 

with void ratios ranging from 0.5 to 1.5 (Hardin and Black (1968) with data from Lawrence 

(1965)), showing that the shear stiffness decreases with increasing void ratio and that the 

effect of structure can well be taken into account by a void ratio function of the form: 

 
𝑓(𝑒) =

(2.973 − 𝑒)2

1 + 𝑒
 Eq. (2-5) 

Marcuson and Wahls (1972),  Kokusho et al. (1982), Stokoe and Lodde (1978) and Kim and 

Novak (1981) also undertook small strain moduli tests on artificial and natural clays with a 

wide range of void ratios and confirmed that stiffness decreases with increasing void ratios, 

although they expressed the variations with different functions (see Figure 2.28 and Figure 

2.29) reflecting the contrasting behaviour between artificial and natural soils (Kokusho et al. 

1982). They speculated that factors other than just void ratio, such as inter-particle friction 

forces, fissures, weathering, sensitivity and confining stress, may contribute to the shear 

moduli of soils. 

Idriss et al. (1978) performed strain-controlled triaxial tests on soft marine clays at void ratios 

of 1.6 to 2.1 (originally the data are presented in terms of water content, but assuming 100% 

saturation and an average Gs = 2.71 (Ou 2006) for San Francisco Bay Mud it was transformed 

into void ratio) and concluded, in sharp contrast to the above findings, that the degradation 

of soft clays with respect to cyclic amplitude is independent of the void ratio. Data from 

unconsolidated cyclic tests from the same San Francisco material (Thiers and Seed 1968) at 

larger void ratios (e = 2.3 - 2.6) agrees with Idriss et al. (1978). 
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The effect of void ratio on the damping ratio was investigated by Kim and Novak (1981) with 

natural soil from Canada and reported that up to e = 0.6 the damping ratio decreases with 

increasing void ratio and above 0.6 the damping ratio increases as the void ratio increases 

further. 

Jamiolkowski et al. (1991) concluded that stiffness data should be normalized by the function 

f(e) = e-1.3 and this relationship has been applied in recent experimental programmes at 

Imperial College; see for example Hosseini Kamal (2012). 

OCR 

The effect of OCR on the cyclic loading behaviour has been investigated by Hardin and Black 

(1968), Hardin (1978), Kokusho et al. (1982) and Koutsoftas and Fischer (1980), Vucetic and 

Dobry (1985), Vucetic and Dobry (1988), Andersen et al. (1988), Andersen (2004, 2015) 

amongst others.  

Vucetic and Dobry (1988) employed NGI type DSS apparatus and methodology to test natural 

offshore medium stiff to stiff clays from Venezuela with PI = 45 ± 6 and OCR values ranging 

from 1 to 4 under cyclic shear strain amplitudes of 0.5% to 5%. The results revealed that the 

degradation of clays (defined as GN/GN=1) decreases significantly with increasing 

overconsolidation as shown in Figure 2.30, which compiles data from Vucetic and Dobry 

(1988) and earlier studies from Vucetic and Dobry (1985) and Dobry et al. (1981) on the same 

clays. 

The pore-pressure of normally consolidated clays increases with the number of cycles and 

cyclic shear strain amplitude, while overconsolidated clays try to dilate (decreasing pore-

water pressure) initially and then reverse to show contractive behaviour (increasing pore-

water pressure) with increasing N. The reversal point is related to cyclic shear amplitude in 

such a way that as the amplitude increases the reversal happens at smaller number of cycles 

(Vucetic and Dobry 1985). 

However, Kokusho et al. (1982) found that OCR did not affect the decay of shear modulus 

with strain, as shown in Figure 2.31. Their results are based on experiments of soils with            

PI > 40 and OCR from 1 to 15. In term of damping ratios their tests revealed larger damping 
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ratios for high OCR clays at small shear strain amplitudes, and a diminishing difference with 

increasing the shear amplitude; see Figure 2.32. 

Andersen (2004, 2015) also investigated the OCR effect on the number of cycles to failure 

with Drammen clay in DSS and triaxial apparatus by means of interactive diagrams and found 

that the highest normalised shear stresses (τcyc/SC
u) leading to failure apply for the normally 

consolidated clays with the ratio τcyc/SC
u decreasing with OCR (between 1 to 40). 

Influence of plasticity index 

Vucetic and Dobry (1991) present data showing a strong correlation between the PI and cyclic 

soil response, as illustrated in Figure 2.33, confirming earlier studies by Dobry and Vucetic 

(1987), Hardin and Black (1968), Hardin (1978), Vucetic and Dobry (1991), Anderson and 

Stokoe (1978) and Kokusho et al. (1982), who established clear trends of higher G/Gmax and 

lower damping ratio values with increasing plasticity indices for given shear strains. They 

attributed these trends to the high plasticity soil's larger proportion of small particles with 

high surface area and large particle contacts as well as the electrical and chemical forces 

acting between particles which are larger than the weight of the individual particles and so 

dominate the soil behaviour (Mitchell and Soga 2005).  

Effects ot number of cycles and effective confining stress  

Vucetic and Dobry (1988), following from Idriss et al. (1978), explored with NGI type DSS 

equipment the effect of the number of cycles imposed on the degradation of the shear 

modulus on medium plastic (PI = 10 to 60) clays with OCR between 1 and 4 and found that 

the stiffness ratio GN/GN=1 (which they call degradation index) decreases constantly with 

number of cycles plotting as a straight line in log - log space. Figure 2.34 shows the 

degradation parameter versus number of cycles at OCR 1, 2 and 4 at different cyclic strain 

levels for an offshore Venezuelan clay. Highly plastic soils were less affected by the number 

of cycles than low PI clays and their results for G/Gmax vs cyclic shear strains for plasticity 

indices between 15 and 50 are presented as a family of curves in Figure 2.35. 

The effective confining stress has a pronounced effect on a soil's elastic stiffness. Hardin and 

Black (1968), Kim and Novak (1981) , Kokusho et al. (1982) amongst others, based on 

experimental results from normally and overconsolidated soils proposed that a power 
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function in the form of Eq. (2-6) represents well the increase of shear modulus with confining 

stress. Hardin and Black (1968) suggested the exponent n = 0.5 while Kim and Novak (1981) 

recommended a site specific testing programme to evaluate 'n', based on their experiments 

on natural clays. 

 𝐺𝑚𝑎𝑥 = 𝐴𝑝′𝑛 Eq. (2-6) 

Where A and n are material constants. 

In contrast to stiffness, damping ratio was found to be less sensitive to confining stress as 

shown in Figure 2.36 (Kokusho et al. (1982)). 

Effect of time on stiffness and damping ratio 

Anderson and Stokoe (1978) and Kokusho et al. (1982) investigated the influence of geological 

age on cyclic stiffness and concluded that stiffness increased with age and that the effect is 

more pronounced in high PI soils. 

Idriss et al. (1978) compared the backbone curves (defined as the curve A-B in Figure 2.23) 

derived from cyclic triaxial tests with two monotonic tests sheared at different rates and 

found that the backbone curves from the cyclic tests could be represented by monotonic tests 

performed at similarly fast strain rates which plotted well above the slow monotonic curve. 

Resonant column tests published by Hardin and Black (1968), Afifi and Richart (1973), 

Anderson and Woods (1976), Anderson and Stokoe (1978), Kim and Novak (1981) and 

Kokusho et al. (1982) revealed that the shear modulus increases with consolidation and creep 

period durations not only due to changes in void ratio but also due to other ageing and 

thixotropic effects. 

2.3.5 Consideration for offshore design and interaction contour diagrams 

Offshore foundation analysis often focuses on the style of cyclic loading (as a combination of 

qm and qcyc), the number of cycles imposed (which affects the soil's pre- and post-cyclic 

shearing resistance), the stiffness decay with number of cycles, cyclic loading severity, the 
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development of permanent deformations and drifts in mean effective stress (or pore 

pressure). 

Figure 2.37a) illustrates the loading modes along a potential failure surface beneath a shallow 

gravity structure under cyclic loading (Andersen 2009) while Figure 2.37b) sketches the 

expected simplified failure mechanisms around a rigid, low L/D monopile (Randolph and 

Gourvenec 2011), showing that the loading conditions vary from Direct Simple Shear (DSS) to 

triaxial compression (TXC) and extension (TXE), with continuously changing values and 

orientations of the major (σ'1), intermediate (σ'2) and minor (σ'3) principal stresses. Advanced 

laboratory equipment, which is not yet widely used in practice, is required to fully cover the 

field range of stresses and so fully characterise the soil. 

The cycling loading response of anisotropic clays has been addressed within the simplified 

Norwegian Geotechnical Institute's (NGI) ''contour diagram'' framework (Andersen et al. 

1988). The cyclic contour diagrams express how the soil's strength, strain and mean effective 

stress (pore pressures) characteristics vary as a function of mean and cyclic deviatoric stresses 

(usually normalised by the maximum static undrained shear strength) as well as the number 

of cycles under DSS and triaxial conditions (Andersen et al. 1988; Andersen 2009, 2015; 

Andersen et al. 2013). The contour diagrams are constructed by performing a series of tests 

with different combinations of qcyc and qmean, (and preferably with different OCRs) with each 

test generating a point on the interaction diagram. The corresponding number of cycles to 

failure or permanent and cyclic strains as well as pore pressure changes for different number 

of cycles from each tests can be used in conjunction with linear or logarithmic interpolation 

to construct controur diagrams, confined by the N = 1 trends defined from static DSS or triaxial 

tests, as shown in Figure 2.38. A detailed procedure of how to construct cyclic contour 

diagrams is given by Andersen (2004, 2009, 2015). Examples of contour plots for number of 

cycles to failure and cyclic and average strain accumulation after 10 cycles for OCR = 4 

Drammen clay, tested in triaxial apparatus, are provided in Figure 2.39 and Figure 2.40. As the 

cyclic interactive plots are constructed with directly measured laboratory data, interpolation 

and extrapolation can be used to derive design parameters for different loading scenarios. 

These experimental outcomes can be incorporated within numerical analyses conducted with 

the NGI's ADP framework (Andersen et al. 2013). 
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The contours derived in such a way would represent the soil's response to regular, stress-

controlled qcyc sine waves, which is quite different from the irregular loading patterns 

encountered offshore. A procedure described by Andersen (2004, 2009, 2015) provides a way 

of transforming irregular cyclic storm load histories into equivalent numbers of regular cycles 

Neq with constant qcyc amplitudes that should produce the same cyclic impact on the soil. 
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Table 2-1 Regional Metocean characteristics: 100 year event (Jardine et al. 2012) 

Region Max wind 
speed, 

m/s 

Max 
wave 

height, m 

Max 
current 

speed, m/s 

USA, Gulf of Mexico 50 20 3 

West Africa 25 6 1.5 

N. Norway 39 30 1.8 

UK, Atlantic Margin 40 35 2 
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Figure 2.1 Classification of fabric (Sides and Barden 1971) 

 

Figure 2.2 One-dimensional compression of a clay with sedimentation structure (Cotecchia 
and Chandler 2000) 



86 
 

 

Figure 2.3 One-dimensional compression of a clay with post-sedimentation structure 
(Cotecchia and Chandler 2000) 

 

 

Figure 2.4 Intact and reconstituted oedometer tests on Berthierville, Bothkennar and 
Queenborough clays (Smith 1992) 
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Figure 2.5 Idealised behaviour of natural and reconstituted clay (Cotecchia and Chandler 
2000) 
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Figure 2.6 Sensitivity contours (Cotecchia and Chandler 2000) 

 

Figure 2.7 One-dimensional compression data from a number of natural clays (Cotecchia and 
Chandler 2000) 
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Figure 2.8 K0 and 1-D compression data for Sibari clay (Coop and Cotecchia 1995) 

 

Figure 2.9 Behaviour of high OCR clays in undrained shearing; a) low Ip and b) high Ip (Jardine 
et al. 2004) 
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Figure 2.10 Undrained effective stress paths on K-consolidated triaxial compression tests 
(Gens 1982) 

 

Figure 2.11 Isotropic drained and undrained TXC tests with the locus of the constant K virgin 
consolidation test (Gens 1982) 
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Figure 2.12 K-consolidated undrained TXC tests on Lower Cromer till (Gens 1982) 

 

Figure 2.13 Schematic representation of the undrained effective stress paths during fast and 
slow shearing (Leroueil and Hight 2002) 



92 
 

 

 

Figure 2.14 Influence of strain rate of the Su in undrained compression tests (Kulhawy and 
Mayne 1990) 

 

Figure 2.15 Variation of Su (=t) normalised by p'0 and φ' with α rotation of clay and clay-sand 
mixtures from HCA tests (p'0: consolidation mean effective stress) Zdravkovic and Jardine 

(2000) 
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Figure 2.16 Variation of normalised peak deviatoric stress with rotation of the principal 
stress for 10.5m and 5.2m specimens (Nishimura et al. 2007) 

 

Figure 2.17 Variation of the undrained strength Su and of q/2 at first rupture with αf  for Oxford clay 
(Brosse 2012) 
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Figure 2.18 Scheme of multiple yield surfaces (Jardine 1992) 
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Figure 2.19 Periods and number of cycles characteristics for typical cyclic loading events 
(Andersen et al. 2013) 

 

Figure 2.20 Cyclic loading definitions (after Andersen et al. (2013)) 
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Figure 2.21 Mean and cyclic strain definitions 

 

Figure 2.22 Mean and cyclic pore-water pressure definitions 
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Figure 2.23 Cyclic stiffness definition 

 

 

Figure 2.24 Definition of damping ratio based on a stress-srtain curve (Taborda et al. 2016) 

ε 

q, kPa 
𝜉 =

1

4𝜋

𝐴𝑙𝑜𝑜𝑝

𝐴𝑒𝑙𝑎𝑠𝑡𝑖𝑐
 

B 

A 



98 
 

 

Figure 2.25 Variation of shear modulus with shear strain amplitude for seven cohesive 
Canadian soils (Kim and Novak 1981) 

 

Figure 2.26 Variation of pore-water pressure and axial strain with number of cycles 
(Georgiannou et al. 1991) 
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Figure 2.27 Effect of void ratio (Hardin and Black 1968) 

 

Figure 2.28 Shear modulus vs void ratio for three experimental formulae (Kokusho et al. 
1982) 
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Figure 2.29 Effect of void ratio and confining stress on the shear modulus (Kim and Novak 
1981) 

 

Figure 2.30 Variation of degradation parameter, t with OCR for four Venezuelan clays 
(Vucetic and Dobry 1988) 
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Figure 2.31 G/G0 vs γ for three consolidation states (Kokusho et al. 1982) 

 

Figure 2.32 Damping ratio vs shear strain (γ) for three consolidation states (Kokusho et al. 
1982) 
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Figure 2.33 Family of curves showing the relationship between G/Gmax vs γ and λ vs γ for NC 
and OC soils (Vucetic and Dobry 1991) 
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Figure 2.34 GN/GN=1 vs number of cycles for different OCRs (Venezuelan clays) (Vucetic and 
Dobry 1988) 

 

Figure 2.35 The effect of N on the degradation of G/Gmax vs γcyc for different plasticity indices 
(Vucetic and Dobry 1991) 
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Figure 2.36 Damping ratio vs  shear strain relationship for different confining stresses 
(Kokusho et al. 1982) 

 

 

 



105 
 

 

 

Figure 2.37 Simplified a) stress conditions along a potential failure surface beneath a shallow 
gravity structure (Andersen 2009) and b) failure mechanisms around a monopile with low 

L/D ratio (Randolph and Gourvenec 2011) 

a) 

b) 
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Figure 2.38 An example of construction of contours diagrams for number of cycles to failure 
(Andersen 2009)  

 

 

Figure 2.39 Number of cycles to failure for OCR = 4 Drammen clay tested in triaxial 
apparatus (Andersen 2004) 
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Figure 2.40 Strain contour diagram plot derived after N = 10 for OCR = 4 Drammen clay 
tested in triaxial apparatus (Andersen 2004) 
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Chapter 3: Cowden till formation and properties 

This chapter describes the processes involved in the formation of the Cowden till and outlines 

the geotechnical properties identified during earlier studies conducted by the Building 

Research Establishment (BRE) (Powell and Butcher 2003) and Imperial College London (ICL) 

(Lehane 1992; Lehane and Jardine 1992) at sampling locations near to the PISA tests and 

Author's sampling sites. 

3.1 Geological history of Cowden till 

Lithological and climatic evidence suggests that during the Middle-Late Pleistocene (0.8Ma - 

0.1Ma) the British Isles experienced at least three major ice stages: the Anglian, the 

Wolstonian and the Devensian (Mitchell et al. 1973; West 1980; Mayhem 1985; Rose 1987; 

Bowen et al. 1986). Britain had been through further six glacial periods during the Early 

Pleistocene (2.6Ma – 0.8Ma) as summarised in Table 3-1. The Anglian glaciation was the 

longest and occurred during the Middle Pleistocene. It is represented by two distinct till 

lithologies, the North Sea Drift tills and the Lowestoft tills. The North Sea Drift tills are 

considered to be deposited by the Scandinavian ice sheets which advanced from the north 

east, while the Lowestoft till is deemed to be deposited by the ice sheets which came from 

Scotland. The North Sea Drift tills are brown and sandy with layers of glacio-fluvial sands and 

gravels while the Lowestoft tills are grey, rich silt-clay soils with predominantly chalk clasts. 

The lithology of the till can vary locally depending on the source material. The Late Pleistocene 

Devensian glaciation is usually divided into Early and Late, although examination of end 

moraine forms suggests that it may have involved three major ice advances in Holderness and 

Lincolnshire (Straw and Clayton 1979). Evidence of Early Devensian glaciation in the UK only 

exists in Oxygen Isotopes climate data (Bowen et al. 1986). The Late Devensian glaciation left 

highly variable, usually stiff, silty-sandy tills containing gravel-sized clasts (Davies et al. 2011). 

Some authors, notably Rose (1987) and Bowen et al. (1986) present laboratory and field data 

and observations that the Wolstonian glaciation is in fact Anglian. Figure 3.1 shows the 

approximate extent of the ice sheets during the Anglian and Devensian ice advances (Lee 

2011) suggesting that the site at Cowden was glaciated during both major Pleistocene 

glaciations. A review of stratigraphical and sedimentological studies by Catt and Madgett 
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(1981) and studies of the lithostratigraphic sequences at Holderness by (Lewis 1999) reveal 

that the tills at Cowden were predominantly deposited during the late Devensian or 

Wolstonian glaciations with the sequences summarised in  

Table 3-2. The Anglian and early Devensian deposits may have been subjected to re-working 

and re-deposition during the late Devensian glaciation which created the Bolders Bank 

Formation. Figure 3.2 shows the distribution of the Quaternary sediments in the North Sea 

along the eastern coast of the UK, after Davies et al. (2011), which locates Cowden within the 

Bolders Bank Formation. Figure 3.3 presents two cross-sectional diagrams along the lines 

marked as Section 2 and 3 in Figure 3.2 showing the great depths of sediments similar to 

Cowden till under much of southern North Sea. 

Research by Derbyshire et al. (1985) and Davies et al. (2011) indicates that Cowden till has a 

subglacial genesis. The till was probably subjected to shearing by the creeping glacial ice 

masses which moved on saturated, easily deformable soil beds of fine-grain materials which 

experienced high pore-water pressures. Lodgement and post depositional shearing is 

associated with strongly anisotropic soil fabric and crushed chalk clasts. Remoulding and 

compaction of the till after glacial detachment is more associated with a random, non-

oriented soil fabric. 

Davies et al. (2011) describe the Bolders Bank Formation as highly variable brown silty-sandy 

sediments with occasional gravel-sized clasts. A considerable spatial variation exists within 

the formation with chalk eratics found in one out of three boreholes, in which the clay matrix 

was finer, stiffer and lighter in colour. Shell fragments, igneous and metamorphic rock gravel 

erratics occur with varying angularities. The silt and fine sand grains present reflect significant 

input from source materials of various ages (Silurian, Carboniferous, Jurassic) accumulated 

along the glaciers' routes over Scotland and northern England. Pockets of soft material are 

found occasionally that indicate incorporation of the soft glacial bed into the glacier without 

significant additional reworking.  

3.2 Cowden till soil properties identified during earlier studies 

The Cowden till and its properties have been previously investigated by BRE (Powell and 

Butcher 2003), Imperial College, including the ICP piling studies reported by Lehane (1992) 
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and Lehane and Jardine (1992) and Ove Arup & Partners Ltd (1986) at two adjacent test sites 

located at a distance of approximately 200m to the west from the PISA test site, as showin in 

Figure 3.4. 

3.2.1 Typical Cowden till soil profile 

Cowden till is a clay matrix dominated till with layers of sands and gravels and occasional sand 

lenses. Figure 3.5 shows a typical soil profile from Powell and Butcher (2003). The boundary 

between weathered and unweathered till was identified at a depth of 4.8m at the BRE pile 

test site, on the basis of colour changes associated with oxidation. The weathered till is brown 

in contrast to the dark grey unweathred till. Lehane (1992) set the boundary at 5m at his 

nearby ICP test location. Both unweathered and weathered soils are stiff and stony. Locally 

softer zones were identified in some boreholes by Powell and Butcher (2003) but they 

accounted for less than 1% of the total volume of inspected soil and reflect the inevitably 

variable nature of glacial sediments. An glacial sand layer was encountered between 10-11m. 

Powell and Butcher (2003) identified it as silty sand, while Lehane (1992) recognised it as 

dense sand and gravel. The extent of this layer varies along the site. A more continuous layer 

of sand and gravel is found at 17-18m whose thickness, however, is not constant across the 

site (Powell and Butcher 2003). 

3.2.2 Grading and composition 

Previous grading studies showed that Cowden till is well graded and uniform (Lehane 1992) 

due to thorough mixing of the wet soil in thin layers of melted ice (regelation ice) immediately 

above the base of the glacier (Marsland 1985). Particle size distribution curves for the Cowden 

clay tills and one of its glacial sand layers are shown in Figure 3.6. The PSD curves for the tills 

are broadly similar for the whole profile showing approximately 30% clay content, 40% silt 

and 20% sand and up to 10% gravel.  

Powell and Butcher (2003) estimated that for material larger than 2mm the chalk content is 

in the range of 47-73%. The remainder of the coarse material was derived from sandstone, 

shale, flint, limestone and quartzite. Boulders and cobbles found in the soil were from igneous 

rocks. 
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The heavy minerals identified in the sand fraction are Hornblende, Zircon, Garnet, Staurolite, 

Kyanite, Rutile, Epidote, Clinozoisite, Pyrites and Siderite (Powell and Butcher 2003). They 

were derived from crystaline rocks in Northern England, Scotland and possibly Scandinavia, 

mapping the route of the glaciers. The clay and silt content comprises 66% of the total in-situ 

mass of the till. The clay minerals are Kaolinite, Mica, Chlorite and Vermiculite. 

3.2.3 Index properties 

The variations of bulk density, water content, liquid limit, plastic limit, clay and carbonate 

content established by Powell and Butcher (2003) are shown in Figure 3.5. The index 

properties of Cowden till are relatively consistent in the clay units down to 25m. Greater 

variability exists near the surface, particularly in the most heavily weathered part of the 

profile.  

The bulk densities of the till, obtained from 'good quality' 98mm pushed samples (Powell and 

Butcher 2003), fall around 2.2Mg/m3 and are almost constant with depth between 3 and 17m. 

Lower bulk densities were calculated in the top 3m of the profile, reflecting the lower current 

effective stresses and variations in the index properties associated with the weathering, 

including seasonal variations. Similar, although slightly lower values of 21.3 to 21.9Mg/m3 

were reported by Lehane (1992) down to 10m depth. 

The water content in the top 1.0m of the profile falls around 20%, and is affected by seasonal 

variations and vegetation. Water contents stabilise below 1.0m at around 16.5% and decrease 

to 15% at 16m depth, reducing to around 13-14% at 20.0m. 

The liquid limit decreases markedly over the top 0.5 to 1.0m and then gradually drops with 

depth, from 40% at 2m to around 27% at 25m depth (Lehane 1992; Powell and Butcher 2003). 

The plastic limits follow the water content profile over the unweathered part (below 4m) and 

exceed the natural water content values in the weather till. The Casagrande plasticity chart 

in Figure 3.7 indicates a clay of low to intermediate plasticity. 

The clay content for the Cowden profile falls between 30 and 40% (Powell and Butcher 2003). 

Lehane (1992) reports values between 25 and 30% within the top 10m. Powell and Butcher 

(2003) noted a carbonate depletion in the top 4m, indicating CaCO3 leaching and transfer of 
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carbonates from the weathered into the unweathered till. Deeper in the profile the silty-sand 

and gravel layers show low CaCO3 concentrations, which increase sharply below the second 

gravel layer at 20m.  

3.2.4 Fabric 

Micro and macro scale studies by Powell and Butcher (2003) revealed predominantly sub-

vertical planar, smooth and moderately sized macro fissure discontinuities in the weathered 

till which were not found in the deeper unweathered soil. The fissures in the top 3.5m of the 

profile at the PISA sampling site were investigated by the Author, as described in Chapter 5:. 

On the micro scale Powell and Butcher (2003) observed parallel clay particle orientations 

along micro fissures, clear separation between the sand particle on the micro fissures, 

crushed sand grains, and distinctive separation of large particle by a clay matrix. A typical 

micro-fabric sketch is shown in Figure 3.8. 

3.2.5 CPT Profiles 

Powell and Butcher (2003) present cone CPT resistance profiles from five locations spread 

over 80m across their study site positioned some 200m to the west of the PISA pile test site. 

The traces which are shown in Figure 3.9 identify the two sand/gravel layers, whose 

approximate boundaries are shown with solid lines. The first sand layer varies in level across 

the site but remains relatively constant in thickness while the deeper sand-gravelly layer was 

found at similar depths in all static cone locations, although with variable thickness. The till 

shows consistent CPT qc values of about 2MPa over most of the profile, with some variability 

in the top 4.0m, where the profiles show a pronounced maximum resistance of approximately 

4MPa (Lehane 1992). The till below the second gravel layer, is stiffer, of different age (Powell 

and Butcher 2003) and has higher CPT resistance. 

3.2.6 Pore-water pressures and permeability 

The pore-water pressure profile was measured in Cowden in the 1980s by means of stand 

pipes and hydraulic piezometers. The measurements reported by Powell and Butcher (2003) 

are shown in Figure 3.10, along with the total vertical stress profile and the pore-water 

pressure assumed for the PISA analyses profile down to 15m depth. The free surface water 
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table was found to be between 0.8m (Lehane 1992) and 1m (Powell and Butcher 2003). The 

pore-water profile is sub-hydrostatic to about 7.0m and under-drained, as indicated by the 

arrows in Figure 3.10, by the two sand-gravel layer below this depth. The  two sand-gravel 

layer are either connected to buried river channels or to outcrops in the nearby sea cliffs 

(Powell and Butcher 2003). 

Powell and Butcher (2003) also report in-situ constant head permeability tests on hydraulic 

piezometers indicating permeability higher than 0.05m/year under in-situ conditions in the 

weathered (< 4.5m) and 0.0005 to 0.007m/year in the unweathered till (> 4.5m). 

3.2.7 In-situ stresses and OCR 

Attempts to measure in-situ lateral stresses at Cowden are reported by Powell et al. (1983); 

Powell and Uglow (1985) and Powell (1990). Total stress spade cells, yield stresses from 

oedometer tests, triaxial suction measurements and Menard pressuremeter tests have all 

been undertaken. Best estimate and lower bound trends were interpreted for K0 and OCR 

through widely scattered data as presented in Figure 3.11 and Figure 3.12, respectively. Also 

shown on the figures are the interpreted and adopted best fit trends for K0 and OCR obtained 

from 14 unconsolidated undrained (UU) triaxial tests, 16 suctions tests and 16 oedometer 

tests, all by assuming relationships between Su/σ'v, OCR and hence K0 (Lehane 1992): 

 From the UU triaxial shear strength tests on Magnus still (Jardine 1985): 

 𝑆𝑢

𝜎′𝑣0
= 0.325𝑂𝐶𝑅0.71 Eq. (3-1) 

and assuming simple oedometer stress history: 

 𝐾0 = (1 − 𝑠𝑖𝑛𝜑′)𝑂𝐶𝑅𝑠𝑖𝑛𝜑′ Eq. (3-2) 

(Mayne and Kulhawy 1982) 

Eq. (3-2) is unlikely to be valid for soils such as Cowden till as the sediments have undergone 

multiple reload-unload glacial cycles. 
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 From suction triaxial tests: 

 
𝐾0 =

𝜎′ℎ
𝜎′𝑣

=
3𝑝′ − 𝜎′𝑣

2𝜎′𝑣
 Eq. (3-3) 

The K0 values calculated from suction measurements assuming perfect sampling which is 

unlikely, especially in highly stony tills, leading to large potential errors. 

 Oedometer tests: 

 
𝑂𝐶𝑅𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 =

𝜎′𝑣𝑦

𝜎′𝑣
 

Eq. (3-4) 

The Author's experience show that the oedometer yielding of Cowden till is gradual which 

makes the identification of σ'vy difficult and can lead to questionable OCR values. Lehane 

(1992) used log-log (v - σ'v) plots to identify σ'vy. 

where: 

Su – undrained strength from UU triaxial tests. 

σ'v – vertical effective stress. 

σ'h – horizontal effective stress. 

p' – mean effective stress. 

σ'vy – oedometer yielding effective stress. 

The K0 profile adopted by the Author, as shown in Figure 3.11, took account of the vertical 

fissuring noted in the weathered till, which is incompatible with the high K0 values interpreted 

by Powell and Butcher (2003). 



116 
 

3.2.8 1-D Behaviour 

As noted earlier natural Cowden till does not show clear 1-D compression yielding points 

when presented in e vs log σ'v plots (Robson 1988). The log (1+e) vs log (σ'v) plot suggested 

by Butterfield (1979), was used by Lehane (1992) to aid the identification of the yielding 

points. Figure 3.13 shows data from three intact and one reconstituted Cowden till 

oedometer tests from 3.0 to 9.0m depth in log (1+e) vs log (σ'v) space. A vertical yield stress 

of 550kPa was interpreted from a distinct change in the curvature of the log - log plot. The 

oedometer properties calculated for (1+e) vs log (σ'v) space by Lehane (1992) are summaries 

in Table 3-3. 

3.2.9 Cowden till undrained shear strength profile 

From in-situ tests 

The in-situ undrained shear strength of Cowden till was investigated by BRE with plate loading 

(Marsland 1971, 1975, Marsland and Powell 1980, 1985), pressuremeter (Powell and Uglow 

1985; Powell and Shields 1995) and standard CPT (Powell and Lunne 2005) tests. 

Large (865mm diameter) rigid plates were installed at the base of a 900mm diameter 

borehole and tests conducted promptly after reaching the desired depth to minimise any 

softening from stress relief. Constant displacement rate (2.5mm per minute) tests were 

performed with ''accurate'' settlement measurements being made of the plate and till 

beneath it. The ultimate capacity was defined at a settlements (ρ)/plate diameter (B) ratio of 

0.15, although the bearing pressure was still increasing at that point. Undrained strengths 

were calculated from the plate loading tests as: 

 𝑆𝑢 =
q15 − σv

Nc
 Eq. (3-5) 

where: 

q15 - load at 15% ρ/B settlements. 

σv - vertical total stress at test depth. 
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Nc - bearing capacity factor, taken as 9.6, higher than the customary factor of 9. 

Plate loading tests performed at slower rates suggest a 7% decrease in Su per log cycle down 

to 0.25mm/min, below which the effect diminished (Powell and Butcher 2003).  

Menard pressuremeter (MPM) and Cone pressuremeter (CPM) tests were also used in 

Cowden to evaluate the in-situ Su in conjunction with Eq. (3-6). 

 𝑆𝑢 =
pl − σh

Np
 Eq. (3-6) 

where: 

pl - limit pressure at infinite cavity expansion. 

σh - horizontal in-situ total stress. 

Np - pressuremeter constant = 6.18. 

Static cone and piezocone tests with cone sizes ranging  from 2 to 15cm2 (Powell and Lunne 

2005) were used to investigate the till properties at Cowden. Pore pressure measurements 

were made at the cone face (u1), shoulder (u2) and behind the friction sleeve (u3) position 

(Lunne et al. 1997). The undrained strength from piezocone CPTU tests was calculated from: 

 𝑆𝑢 =
𝑞𝑡 − 𝜎𝑣

𝑁𝑘𝑡
 Eq. (3-7) 

where: 

qt - cone resistance corrected for pore water pressure. 

σv - vertical total stress. 

Nkt – the cone factor corresponding to the corrected cone resistance was assumed equal to 

16 for the upper till and 14 for the lower till. 
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Undrained strengths were also evaluated from standard CPT tests by: 

 𝑆𝑢 =
𝑞𝑐 − 𝜎𝑣

𝑁𝑘
 Eq. (3-8) 

where: 

qc - cone resistance. 

σv - vertical in-situ total stress. 

Nk - cone factor. 

As with the plate loading tests, rate effect checks were undertaken that showed a 15% 

decrease in qc and qt when the rate of penetration was decreased tenfold from the standard 

2cm/sec. 

Figure 3.14 summarises the Su values obtained from the above in-situ tests, showing 

significant scatter that could be related to installation effects, variable test rates, anisotropy 

and macro-fabric features as well as uncertainties related to test analysis. 

From laboratory tests 

Powell and Butcher (2003) report 111 consolidated, relatively rapid, undrained triaxial tests 

to a depth of 25m performed on site within two hours to a few days after sampling. The 

samples were obtained from pushed and hammered samplers, rotary and vibro-coring 

offshore equipment. The pushed sampler tubes were 700mm long and 98mm in diameter 

smooth and had oiled internal walls and a relatively sharp end at an angle of 10-15 degrees. 

The hammered samples were standard U100 equipment. The rotary cores samples were 

obtained with a Christensen Mark II core barrel fitted with a 5m long, 76mm diameter 

stationary inner barrel. The vibro-coring system had 4.6m long thick wall steel tube with an 

inner plastic tube with a diameter of 84mm. The test samples had length to diameter ratio of 

1.5 and were fitted with lubricated ends and filter drains. The pushed and hammered samples 

were tested under cell pressures equal to the total overburden pressures while the rotary and 

vibro-core samples were subjected to pressures twice as high as the overburden pressures. 
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The specimens were sheared at a constant rate of 57.6%/day (11.5 times the Author's 

standard rate). Small scale Torvane and penetrometer tests were also performed on samples 

from different depths.  

Figure 3.15 summarises the Su values from all samples taken by the methods described above 

along with the values reported by Lehane (1992) on Unconsolidated Undrained (UU) triaxial 

tests. The Torvane and penetrometer tests' results performed in the laboratory (Powell and 

Butcher 2003) are presented in Figure 3.16. The triaxial results in Figure 3.15 show a 

considerable scatter, varying by around ±40% from the mean value, depending on the 

sampling method, showing a significant degree of sensitivity to sample disturbance. 

3.2.10 Behaviour during triaxial shearing 

Triaxial tests are reported on anisotropically consolidated reconstituted Cowden till by Gens 

and Hight (1979) and Campos (1984), which showed that in common with Lower Cromer and 

Magnus till, Cowden till displays: 

 Critical state behaviour in which the ultimate triaxial shear strength depends only on 

water content, while the stiffness and dilative characteristics depend systematically 

on OCR. 

 Different behaviours between isotropically and K0 consolidated specimens.  

 Pronounced brittleness in compression with low OCR, K0 consolidated specimens 

which diminished with increasing OCR. Brittleness was not apparent in extension.   

 Shear strength and stiffness anisotropy, both being lower in extension. 

Powell and Butcher (2003) report undrained triaxial compression and extension tests on 

isotropically consolidated and unconsolidated specimens sheared at a rate of 8.6%/day. The 

samples did not show any clear peaks in tests continued to 15% axial strain. However, their 

final states fitted a linear failure envelope with the following effective stress parameters: 

Compression: c' = 0, φ' = 26.7-27º 

Extension: c' = 10kPa, φ' = 30.4º 
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3.2.11 Residual strength 

The residual soil-soil and soil-steel strength of Cowden till has been investigated by 

experiments in the Bishop ring shear apparatus  (Lupini et al. 1981; Lemos 1986; Lehane 

1992), the Bromhead ring shear and shear box apparatus (Powell and Butcher 2003). Lupini 

et al. (1981) reported that the ultimate residual angle of shearing resistance of Cowden till is 

25º. Lemos (1986) found very similar values of 24.5-26.5º and similar angles were found in 

Bromhead ring shear apparatus and reversal shear box tests (Powell and Butcher 2003). 

Lemos (1986) also investigated the soil-interface strength against smooth glass interfaces 

during large displacements and found a constant increase in the angle of shearing resistance 

with increasing strains and a decrease in the ultimate angle with increasing normal stress. He 

reported initial ''peak'' values of 14-19º and ultimate interface angles of 13-22º. Lehane (1992) 

tested Cowden till against stainless steel interfaces and found peak values between 25º and 

28º and ultimate angles in the range of 22-24º. 

3.2.12 Cowden till shear stiffness profile 

Field measurements 

Powell and Butcher (2003) summarise how the stiffness of Cowden till has been investigated 

by plate loading (Marsland 1971; Marsland and Powell 1980, 1985), in-situ pressuremeter 

(Powell and Uglow 1985) and geophysical tests in both the laboratory and field.  

The secant stiffness values determined from plate loading (865mm in diameter) and Menard 

pressuremeter tests are presented in Figure 3.17. The values were defined from the initial 

linear portion of the stress-strain curves which lay roughly in the range of σv to σv + (qu - σv)/3 

(Marsland and Powell 1980, 1985) in the plate loading test and between σh to σh + Su in the 

pressuremeter tests (Powell and Uglow 1985). The plate loading values are calculated by the 

linear elastic relationship: 

 
𝐺 =

∆𝑞

∆𝜌

𝜋

8
𝐵(1 − 𝜇)𝑓(𝑧) Eq. (3-9) 
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Δq - bearing pressure increase. 

Δρ - settlements due to increase in pressure. 

B - loading plate diameter. 

μ - Poisson’s ratio (0.5). 

f(z) - depth factor, taken as 0.85. 

The G values from the MPM were based on the equation: 

 
𝐺 =

1

2

∆𝑝

∆𝑦
 Eq. (3-10) 

Δp - change in pressure 

Δy - change in radial strains 

The two methods give shear moduli that differ tremendously, reflecting a lack of precise 

deformation measurements, uncertainties on the contact between the device and the soil 

and the application of an isotropic linear-elastic framework to highly non-linear and 

potentially anisotropic material. 

Field downhole and crosshole high quality seismic wave measurements were also undertaken 

by BRE in conjunction with laboratory resonant column and bender element tests to evaluate 

elastic (within Y1) shear stiffness (Powell and Butcher 2003). Downhole Gvh measurements 

were made using a loading beam and a heavy 15kg hammer as well as crosshole 

measurements (giving Ghh and Ghv) between 3 boreholes set 5m apart. The interpreted 

stiffness profile with depth is presented in Figure 3.18 and Figure 3.19a) and b) indicates Ghh 

greater than Gvh and Ghv (with Gvh and Ghv differing). These Gmax measurements are at least 

five times higher than those from the plate and the Menard pressumeter loading tests. 



122 
 

Laboratory measurements 

Earlier laboratory measurements show that low plasticity soils such as Cowden till have strain 

level dependent and non-linear stiffness that is sensitive to consolidation history (Jardine 

1985). Figure 3.20 shows the initial stiffness degradation with increasing strain seen from 

resonant column tests on samples from three different depths, extended by applying the 

empirical models of Hardin and Drnevich (1972) and Vucetic and Dobry (1991). The 

measurements show fair agreement over the limited region investigated. Figure 3.21 presents 

upper and lower trends for G/p'0 as seen from instrumented triaxial compression tests on 

isotropically consolidated specimens (Hird et al. 1991). The stiffness values reported by Hird 

et al. (1991) are unlikely to represent the real soil stiffness as the specimens were not 

consolidated to their in-situ stresses.  

3.3 Summary 

The Cowden till was deposited under subglacial conditions during the Devensian and 

Wolstonian glacitions. Laboratory investigation at adjacent locations to the PISA project test 

site (Powell and Butcher (2003), Lehane (1992), Lehane and Jardine (1992), Ove Arup & 

Partners Ltd (1986)) showed that Cowden till is a well graded and uniform clay matrix 

dominated till with layers of sand and gravel, which vary in thickness and depth along the site. 

Detailed index property profiles were established along with numerous in-situ tests (CPTs, 

geophysics, plate loading and pressumeter tests) concentrating on depths greater than 2-3m 

to establish profiles of OCR, undrained shear strength and stiffness. Laboratory tests on 

specimens obtained through various sampling mehtods are also reported. 

While the earlier studies at Cowden provided an essential starting point for the PISA project, 

they did not offer the fully up-to-date ground characterisation study required to make the 

most of the intensive field pile testing and numerical analyses planned for the project. It was 

also recognised that glacial tills are inherently highly variable and that it was vital to undertake 

testing at the specific PISA location. 

The testing programme outlined in the following chapters was designed accordingly: 
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 To establish profiles of index and mechanical properties at the specific PISA test 

location. 

 Detailed testing over the full depth range of interest for the PISA project (0 to 12m) 

and provide all the information required to calibrate advanced critical state 

constitutive models of Cowden till's behaviour, including its highly non–linear stiffness 

reponse. 

 In order to achieve the above the highest quality available tools for sampling, stress 

path testing, local strain and body wave velocity measurements were used. 

 To include an assessment of the till's anisotropy and also its behaviour under high 

pressures in oedometer and triaxial tests and very large strains in ring-shear 

experiments. 

 Investigate for the first time the till's behaviour under undrained cyclic loading, 

covering a wide range of cyclic loading conditions and undertaking high quality local 

measurements of strains, stiffness and pore water pressures. 

 Integrate the above with new, location specific, in-situ testing and undertake checks 

on the potential effects of sample size, gravel content and shear strain rate on the 

mechanical behaviour of Cowden till. 
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Table 3-1 Pleistocene glaciations in England (Bowen et al. 1986) 

Glaciation Name Glacial Event Stage 

Devensian 
Loch Lomond glaciation 

Late Pleistocene 
Dimlington glaciation 

Anglian and 
Wolstonian 

Lowestoft glaciation 
Middle Pleistocene 

North Sea Drift glaciation 

Beestonian 
Glaciation in West 

Early Pleistocene 

Midlands and North Wales 

Pre-Pastonian 
Glaciation in West 

Midlands and North Wales 

Baventian 
Glaciation in West 

Midlands and North Wales 

Bramertonian - 

Antian - 

Thurnian - 

 

Table 3-2 Holderness stratigraphy 

(Catt and Madgett 1981) Lewis (1999) 

Weathered till   

Withernsea Till Withernsea Member 

Skipsea Till Withernsea Member 

Basement Till Bridlington Member 

 

Table 3-3 Cowden till 1-D properties defined in v-log(σ'v) space (Lehane 1992) 

Properties Intact Reconstituted 

Intersection at 1kPa, v 1.77 2.14 

Compression index, Cc 0.15 0.24 

Swelling index, Cs 0.037 0.046 

Yield stress, σ'vy 550kPa N/A 

 

file:///D:/ICL/Progress%20files/Write%20Up/Ch%203%20Till%20formation%20and%20Cowden%20till%20properties/Tables/Glaciations.xlsx%23RANGE!_ENREF_15
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Figure 3.1 Extent of the Anglian and Devensian ice sheets. Arrows show ice movement 
direction (Lee 2011) 
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Figure 3.2 Quaternary deposits of the North Sea (Davies et al. 2011) 
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Figure 3.3 Cross-sectional diagrams of Quaternary sediments in the Bolders Bank Formation 
(Davies et al. 2011)  
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Figure 3.4 Satellite view of PISA Cowden test site (www.google.co.uk/maps) 

 

Figure 3.5 Typical soil profile at Cowden (Powell and Butcher 2003) 

50m 

N 
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Figure 3.6 PSD curve for Cowden till (Powell and Butcher 2003) 

 

Figure 3.7 Casagrande plasticity chart for Cowden till soils Powell and Butcher (2003) 
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Figure 3.8 Cowden till micro-scale sketch (Powell and Butcher 2003) 

 

Figure 3.9 Typical cone profile for Cowden till  (Powell and Butcher 2003) 

15μm 

Approximate scale 

1st sand layer 

2nd sand layer 
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Figure 3.10 In-situ pore-water pressure and total vertical stress (Powell and Butcher 2003) 

1st sand layer 

2nd sand layer 
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Figure 3.11 K0 profile for Cowden till 
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Figure 3.12 OCR profile for Cowden till 
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Figure 3.13 Oedometer tests on Cowden till in v-log(σ'v) space (Lehane 1992) 
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Figure 3.14 Undrained strength from in-situ tests (Powell and Butcher 2003) 
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Figure 3.15 Undrained strength from laboratory tests (Powell and Butcher 2003) 



137 
 

 

Figure 3.16 Undrained strength from torvane and penetrometer test (Powell and Butcher 
2003) 
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Figure 3.17 Stiffness measurements defined from the initial linear portion of the stress-strain 
curves from in-situ loading tests (Powell and Butcher 2003) 
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Figure 3.18 Stiffness measurements from in-situ geophysics (Powell and Butcher 2003) 
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Figure 3.19 Stiffness relationships a) Ghv vs Ghh b) Gvh vs Ghh 
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Figure 3.20 Shear stiffness degradation with strains (Powell and Butcher 2003) 

 

Figure 3.21 Shear stiffness bands from triaxial compression tests on isotropically 
consolidated test (Hird et al. 1991) 
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Chapter 4: Sampling and testing: equipment, procedures and 

data analysis 

4.1 Introduction 

This chapter describes the techniques applied in two sampling campaigns witnessed by the 

Author as well as the oedometer, ring shear and triaxial equipment he employed to 

characterise the Cowden till. The procedures used during testing and the approach taken to 

analyse the stresses, strains and the resulting mechanical parameters are also outlined.  

4.2 Sampling 

4.2.1 Sampling site location 

The Author's research focused on the PISA large-scale pile test site at Cowden, on the 

Holderness coast in north-east England. The site lies approximately 2km north of Aldbrough 

and about 23km north-east from Hull, as shown in Figure 4.1. As discussed in Section 3.2 the 

adjacent areas have been used for research into stiff glacial tills by the Building Research 

Establishment (BRE) since 1976 (Powell and Butcher 2003) and for piling research reported 

by Ove Arup & Partners Ltd (1986), Lehane (1992) and Lehane and Jardine (1992). Figure 4.2 

shows the location of the sampling areas in relation to the position of the PISA test piles. The 

rotary core sampling campaign took place before the installation of the PISA piles at locations 

BH1 to BH4, close to the largest test piles (L1 and L2). The supplementary block sampling was 

run in parallel with the pile testing and the two sampling pits were positioned around 10 to 

15m west from the closest medium test pile (M3). 

4.2.2 Rotary coring 

Coring system employed 

The Geobor-S triple barrel wireline rotary coring system was deployed at Cowden by Concept 

Ltd for the PISA JIP in May - June 2014 to obtain high quality samples. The system employed 

incorporated a plastic liner with a nominal diameter of 100 mm and a length of 1.50 m, a 

second outer barrel which accommodated the plastic liner and an outer barrel ending with 
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an annular drilling bit and drilling fluid flushing system. A core-catcher placed just behind the 

cutting shoe held the sample inside the liner. 

Sample preservation 

All high quality samples retrieved were preserved carefully. The core liners were split, the 

core surface was described in detail and subsampled to around 300 mm lengths. The drilling 

fluid was wiped away by means of fabric cloth, while all softened material was removed as 

quickly as possible by gentle scraping with hand trowels. The prepared samples were then 

carefully preserved with layers of cling film and melted wax and appropriately labelled. The 

samples were encased in cardboard tubes and carefully placed in wooden core-boxes with 

additional bubble wrap protection provided inside the boxes. 

Outcome 

Four boreholes, in total, were drilled at Cowden between May and June 2014 using the 

Geobor-S system with a total drilled length of 47.2m. Due to the stony nature of the material 

and the drillers' difficulties in such strata many samples were grooved deeply, leading to an 

overall successful core recovery rate of only 41.8%. Based on the Author's site notes and a 

visual inspection of the photographic record from site the samples were divided into four 

quality categories as listed in Table 4-1. 

 Class 1 – 100 mm diameter and length >250 mm without deep grooves or large stones, 

Figure 4.3a. 

 Class 1.1 – 100 mm in diameter and length <250 mm with shallow scars and without 

stones. 

 Class 1.2 – samples with diameter < 100 mm and length >250 mm, suitable for small 

diameter soil element testing. 

 Class 2 – unsuitable for high quality testing, Figure 4.3b. 
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4.2.3 Block sampling 

Procedure 

An extensive supplementary block sampling programme was conducted in January and 

February 2015. The procedure is illustrated in Figure 4.4. It started with the excavation of a 

2.1m wide trench to the required sampling depth. Two 0.5m wide channels were excavated 

adjacent to the trench walls leaving an up-stand in the middle. A trench box was placed in the 

pit to support the walls. A spade was then used to cut columns of soil from the up-stand. The 

columns had initial dimensions of 500 x 500 mm. A wide bolster chisel, hand trowel and a 

sharp spade were employed to trim the sides of the column to the required size – 350 x 350 

mm. To prevent moisture loss blocks were then covered with 2 successive layers of cling film 

and wax, a layer of muslin cloth and wax and a final layer of cling film and wax. Pre-made 

plywood boxes, open at both ends were placed around the blocks while the gap between the 

soil and the box was filled with quick-setting expanding polyurethane foam. The top was also 

covered with foam before being enclosed by a plywood lid. After a sufficient time was given 

for the foam to set, the block was detached from the ground by a wire saw. The box was then 

turned upside down, the base was trimmed, preserved with cling film, wax and muslin cloth, 

covered with expanding foam and closed with a second plywood lid. The box was then 

labelled and carefully transported to the laboratory. 

Outcome 

Eighteen block samples were extracted from over a relatively cold five week period (January 

- February 2015) from two different pits - 15 from pit No 1 and 3 from pit No 2. The maximum 

depth reached was 3.5m. The trial pits were fully supported with specialist retaining systems 

for all depths below 1m. The top 0.5m was removed prior sampling as the soil was considered 

disturbed by plant manoeuvres. The profile from 0.5 to 3.5m was divided into six horizons, 

each 0.5m thick. The horizons were named from A to F, A being the top one. The depth of 

each horizon and the corresponding number of blocks extracted from each horizon are 

summarised in Table 4-2. 
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4.3 Testing equipment  

The Author's research involved experiments with up to four 100mm specimen diameter and 

three ''38mm'' triaxial apparatus. Three oedometer cells and two ring shear apparatus were 

also employed and the paragraphs bellow describe the main features of each apparatus. 

4.3.1 Oedometer apparatus 

The oedometer apparatus measures under laboratory conditions the one-dimensional 

compression and swelling behaviour of soils.  

A schematic diagram of the oedometer apparatus employed is provided in Figure 4.5 and a 

photograph of the high pressure oedometer apparatus used in this project is given in Figure 

4.6. The conventional apparatus encloses its samples in a stainless steel confining ring which 

is fitted into a restraining frame and bolted to the base of the cassette. The bottom and the 

top of the sample are in contact with porous stones and the assembly is enclosed in cylindrical 

perspex bath, filled with water to stop drying during testing. Dead weight loads are 

transmitted to the top cap via a loading yoke. The smallest diameter of confining rings used 

was 50mm, yielding a d/h = 2.5. The high pressure cell employed allowed a maximum load of 

400kg and the low pressure equipment was limited to 150kg offering 22MPa and 8MPa 

maximum pressures, respectively, with 50mm diameter samples. The vertical settlements 

were measured by displacement transducers (see Figure 4.6) and logged by a computer 

system. 

The resolution of the displacement transducers used is 0.001mm with practically no drift. The 

temperature was closely controlled so any influence of temperature should be insignificant. 

The displacement transducers were carefully calibrated against a micrometer giving 

coefficients of linear regression very close to unity. Efforts were made to ensure flat and 

parallel ends during sample trimming but some bedding errors are inevitable in combination 

with system compliance effects associated with deformation of the metal parts of the 

equipment. Figure 4.7 shows the system compliance for high and low pressure oedometers, 

which appears to be both load level and path dependent. The low pressure apparatus 

appeared to be more susceptible to such deformations than the high pressure one. 
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4.3.2 Triaxial apparatus 

The triaxial apparatus can control axial and radial stresses simultaneously, but is unable to 

change the orientation of the principal stress, σ1 or the relative magnitude of the intermediate 

stress, σ2. It can maintain σ1 at either 0º (triaxial compression) or 90º (triaxial extension) 

relative to the vertical, with associated values of 

 𝑏 =
𝜎2 − 𝜎3

𝜎1 − 𝜎3
 Eq. (4-1) 

equal to 0 or 1.0 respectively. 

100mm diameter sample apparatus 

The 100mm diameter triaxial apparatus employed is a scaled up and re-engineered version 

of the Bishop and Wesley (1975) triaxial stress path cell. A detailed drawing is given in Figure 

4.8. The main mechanical modifications made in redesigning this apparatus were: 

 A new water-air interface design for the cell pressure control and replacement of the 

ram air-water interface with an air-oil interface system. The latter change helped 

extend the cell's durability but introduced a delayed ram pressure response due to the 

viscosity of the oil.  

 Reductions in all drainage tubing lengths to minimise errors associated with system 

compliance, especially for the volume gauge. 

 A replacement of the conventional cylindrical base piston with a T-shaped piston that 

offered a larger contact area with the oil. The enlarged base piston amplified the ram 

force available for any given oil pressure. 

General set-up of a 100mm triaxial apparatus 

The 100mm diameter triaxial cell operates in a similar way to the Bishop and Wesley (1975) 

apparatus. A 100mm diameter cylindrical sample with a length (L) to diameter (D) ratio of two 

is enclosed in a 0.35mm rubber membrane and placed on a pedestal in the middle of the cell 

and sealed with O-rings at both ends. A porous stone is placed between the pedestal and the 
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sample. The L/D ratio of two improves the degree of uniformity in the strains measured by 

the attached local instruments and the stresses in the middle third of the specimen. The cell 

is filled with water and pressurised by a cell pressure water-air interface that controls the 

radial stresses σr on the sample. The specimen is loaded from the base by vertical movements 

of the base pedestal and the deviatoric force is measured at the top of the sample by means 

of a submerged pressure-balanced internal load cell which connects to the sample via a top 

cap. The Author's tests adopted a rigid connection between the load cell and the top cap 

provided by a linking plate which is screwed to the load cell at one end and bolted to the top 

cap with four securing bolts on the other end, as shown in Figure 4.9. This rigid connection 

was made during the setting up of the sample, before the cell was filled with water and 

pressurised, so any bedding errors associated with imperfections of the base and top of the 

sample were largely overcome during saturation and consolidation. The base of the sample, 

through the porous stone, is connected to a drainage system leading to an Imperial College 

volume gauge, which serves as both a volume gauge and air-water pressure interface. 

The pressure supplies for the cell, back and ram are delivered by an in-house compressors 

capable to supply air at around 1MPa. The air from the pressure compressors is passed 

through a refrigerant drying system before coming into the laboratory main air supply system. 

The pressures are controlled over the 10 (residual pressure) to 800kPa range by Imperial 

College automatic electro-pneumatic controllers (Toll and Ackerley 1988). Precise computer 

controlled stepper-motor driven manostat valves maintain and change the pressures in the 

cell, back and ram interfaces independently. In strain controlled test stages a stepper-motor 

driven pump is connected to the ram hydraulic system and hence to the base piston of the 

apparatus. The computer controlled stepper-motor pump is able to displace oil in 0.0001cc 

increments (Toll 2002). The volumetric changes in the sample are measured by 100cc Imperial 

College type volume gauges. A pressure control block diagram is presented in Figure 4.10. The 

cell, back/pore and ram pressures were measured by means of pressure transducers 

connected to the water-air or oil-air interfaces, which are shown in Figure 4.11 and Figure 

4.12 respectively. 
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Local instrumentation 

Eleven local transducers were attached to the 100mm diameter samples. 

- One submersible load cell 

- Three axial LVDTs 

- Three radial LVDTs 

- One mid-height pore pressure transducer 

- One vertical and two horizontal sets of Bender elements (BE) 

Side and plan views of the arrangement of the instrumentations are presented in Figure 4.9 

and Figure 4.13 respectively. A photograph is shown in Figure 4.14. 

Deviatoric load cell 

A submersible “Applied Measurements Ltd” load cell is mounted on the top of each apparatus 

and rigidly connected to the sample to measure the axial force applied to the sample. The 

load cells used in the research were of the STALC3 series which are designed to operate in 

water pressures of up to 7MPa. The cells incorporate four shear webs, spaced at 90º, Figure 

4.15a) and b). Strain gauges bonded to the walls of the webs allow the force applied to be 

measured. Load cells with ±5kN and ±25kN deviator force capacities were used in the 

''100mm cells'' for compression and extension tests. Their design incorporates a pressure 

compensating system to ensure that there is no change in measured deviator force or 

sensitivity when subjected to cell fluid pressure changes. The STALC3 series load cells have 

accurate temperature compensation, with excellent accuracy and stability for long-term 

testing. 

LVDTs 

The Linear Variable Differential Transformer (LVDT) is an electro-mechanical transducer 

which converts the linear motion of a free moving ferromagnetic rod into an electrical signal. 

The design consists of a cylindrical array with a primary coil centred around two secondary, 

outer, coils. The coils are wound around a hollow glass-reinforced piece, surrounded by a high 

permeability magnetic shield. The whole assembly is enclosed in a stainless steel tube and 
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sealed at both ends. The moving part of the LVDT is a rod made of magnetically permeable 

material, called an armature. 

The primary coil is energised by a 5V, 5kHz AC current creating an alternating magnetic field 

in the central coil. This magnetic field is induced into the secondary coils depending on the 

position of the core. The output of the LVDT is the voltage difference between the two 

secondary coils, which will vary depending on the armature position. When the armature is 

evenly centred between the two outer coils the output signal is zero. There exists a linear 

relationship between the rectified output signal with the position of the core relative to the 

outer coils. 

Six submersible LVDTs were attached directly to samples as proposed by Cuccovillo and Coop 

(1997) and Ackerley et al. (2016) to resolve the axial and radial small strain deformations with 

ranges of 10mm. Three axial and three radial instruments, are spaced at 120° (in plan) around 

the sample as depicted in Figure 4.13 to capture any differential strains during consolidation 

or shearing. 

The LVDTs measuring axial strains were directly glued to the membrane while the LVDTs 

recording radial deformations were positioned vertically in newly designed brass supporting 

bodies, Figure 4.9. A detailed description of the original design and operation of the radial 

system is provided by Ackerley et al. (2016). The essence of the system is that the base of the 

armature rests on the upper face of an L-shaped component. The other side of the L-shaped 

component has a rounded-head screw locked in place which is made in contact with the 

sample.  

The radial system was initially designed to suit the needs of testing stiff plastic clays that 

developed shear bands at relatively small strains. The radial LVDT supporting and adjusting 

assembly required slight modifications to be able to accommodate the large strains required 

to fail the highly dilatant and non-bifurcating Cowden till. The main modifications made, 

shown in Figure 4.16, are: 

- Shorter lower adjustment piece. 

- Enlarged transition plate between the lower and upper adjustment pieces. 

- Tapered hole in the transition plate. 
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- A spring was introduced between the bolt head and the transition plate. 

The shorter lower adjustment section prevented any contact between the bulging specimen 

and the brass pole. The spring and the bolt allowed the upper section to remain vertical and 

free of movement, making possible radial deformations to be measured by the rotation of 

the L-shaped component only. At later stages of the tests when the samples started bulging 

and pushing against the radial assembly the upper part was free to tilt due to the presence of 

the tapered hole in the transition plate and the spring. 

Mid-height probe 

The mid-height pore-pressure probes are built around Druck PDCR 81 miniature silicon 

diaphragm pressure transducer which employs single crystal semi-conductor strain gauge 

bridges. The characteristics of its construction are described in detail by Hight (1982) and are 

shown in Figure 4.17. The probe was installed on the sample in a pre-made hole in the 

membrane and sealed with two O-rings and at least three layers of liquid rubber latex. A layer 

of saturated kaolin was placed between the probe and the sample for better contact between 

the ceramic stone and the soil and to reduce the risk of cavitation during the sample set-up. 

Details on the piezometer probe set-up are presented in Figure 4.18. The mid-height pore-

pressure probe readings were checked against the pore-pressure measured at the base to 

ensure uniform pore-pressure in the sample during consolidation and slow drained tests. The 

readings from the mid-height probe were considered the most representative of the samples' 

actual pore-pressure especially during fast or cyclic testing, due to the base system's slower 

response time. 

Bender elements 

Bender elements provide a fast and non-destructive way to measure the directionally 

dependent shear wave velocities and hence the maximum elastic shear stiffnesses, Gmax. It is 

difficult to evaluate the strains they generate but they appear to be within the small (Y1) 

elastic range of most soils (Kuwano and Jardine 2002). Their main components are the 

piezoelectric ceramic plates insulated by epoxy resin to allow operation in water. The ceramic 

plates are wired in such a way that one is a transmitter and the one is a receiver, installed in 
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diametrically opposite sides of the triaxial samples. A typical bender element set-up at the 

geotechnical laboratories at Imperial College is shown in Figure 4.19 and consists of a pair of 

bender elements embedded in the top and bottom of the 100mm diameter sample allowing 

the Gvh modulus to be calculated, plus two sets of horizontally embedded plates allowing the 

Ghv and Ghh moduli to be evaluated. The transmitting element is connected to a function 

generator which causes it to vibrate and creates a polarised shear wave. When the wave 

reaches the receiver an electrical signal is generated by the vibrating element which is 

amplified before being captured by a digital oscilloscope. A schematic diagram of the bender 

element system is depicted in Figure 4.20. 

In the current research a single sine wave was used to excite the transmitting bender plate 

with frequencies between 2 and 12kHz. These frequencies are appropriate for measuring the 

shear stiffness of stiff clays (Hosseini Kamal 2012). 

The shear stiffness Gmax is related to the density (ρ) of the soil and the shear wave velocity (vs) 

with the relationship: 

 𝐺𝑚𝑎𝑥 = 𝜌𝑣𝑠
2 Eq. (4-2) 

The shear wave velocity is calculated by: 

 
𝑣𝑠 =

𝐿

𝑡𝑎𝑟𝑟𝑖𝑣𝑎𝑙
 Eq. (4-3) 

where: 

- L – distance between the ceramic plates, taken as tip to tip (Viggiani and Atkinson 

1995a) 

- tarrival – arrival time of the shear wave at the receiver. The methods used to interpret 

the arrival time are discussed in a subsequent Section 4.5.7. 
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External instrumentation  

- Three pressure transducers 

- Displacement transducer 

- Volume gauge 

- Temperature transducer 

Pressure transducers 

The cell, back and ram pressures were measured by RS, IND series, pressure transducers. This 

type of transducer incorporates a thin diaphragm with piezo-resistive ceramic strain gauges 

attached to it in conjunction with microprocessor based amplifier, built-in the transducer 

housing. Their operating principle is shown in Figure 4.21. The transducers are temperature 

compensated with an operating temperature range between -20º C to +135ºC. The fluid 

pressures (oil for the ram and water for the cell and back) are acting directly on the side of 

the diaphragm which is without gauges.  

The cell and ram pressure transducers used in this research have a maximum capacity of 

1MPa while the ram pressure transducers have 2.5MPa. A photograph of a 1MPa RS pressure 

transducer is shown in Figure 4.22. 

Displacement transducer 

Strain gauge displacement transducers from various manufacturers are used in the 

geotechnical laboratories at Imperial College. The mechanism of a typical strain gauge 

displacement transducer is presented in Figure 4.23. The axial movement of the plunger 

displaces a tapered wedge. The wedge movement causes a horizontal displacement of 

cantilever arms via ball races. Strain gauges attached to the stem of the cantilever arms 

promote compressive and tensile deflections which are directly related to the axial 

displacements of the plunger (Jardine 1986). The transducers used in this research have a 

travel range of 0-25mm providing a linearly proportional voltage output in relation to the 

movement of the plunger. 
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The displacement transducers are attached to the ram piston to measure the axial 

displacements of the whole pedestal. Apart from the low resolution of the transducer itself, 

measurements are affected by system compliance including bedding errors and tilting of the 

sample so it is not usually possible to measure small strain data reliably with such transducers 

(Jardine et al. 1984). The measurements from the displacement transducers are used for the 

larger strain deformations, after the linear ranges of the locally mounted LVDTs have been 

exceeded.  

Volume gauge 

A schematic diagram of a 100cc volume gauge is presented in Figure 4.24. It consists of a 

piston separating two Bellofram rolling seals at both ends. The upper Bellofram interfaces 

with the water in the back pressure line of the triaxial cell which remains fully saturated while 

the bottom part of the volume gauge is connected to the air supply system. The water 

entering or exiting the sample displaces the position of the piston relative to its initial position, 

which is measured by a displacement transducer fixed to the outer face of the volume gauge 

body. The anvil of the transducer rests on a cross-arm attached to the piston. The 

displacements recorded by the transducer are directly calibrated to the changes in the volume 

of water inside the volume gauge. 

Temperature transducer 

Temperature transducers are installed inside the pressure chamber to monitor the influence 

of cell water temperature changes on the local instrumentation. The temperature in the main 

geotechnical laboratory at Imperial College is controlled at 20ºC with variation is about ±0.3ºC, 

although some larger temperature fluctuations may occur. The temperature control system 

in the teaching laboratory, where two 38mm cells are located, is less precise and the 

temperature is maintained at 21.5ºC with fluctuations of ±1.5ºC. 
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Transducers calibrations, resolution, logging and control 

Transducers' calibrations 

All pressure transducers and load cells were calibrated against dead weights using a 

Budenberg Hydraulic Dead-Weight Calibrator. A detailed description of the calibration 

process for both load and pressure instruments is provided by Sim (2014). The Budenberg 

Calibrator transforms the weight of metal disks with known mass into hydraulic pressure 

which is transferred either to a hydraulic jack or oil-water interface. A reaction frame in 

conjunction with the hydraulic jack is used to calibrate the load cell. A bleeding connection is 

made between the oil-water interface and the transducers to ensure full de-airing of the 

system before the pressure transducers are calibrated. A photograph of the Budenberg 

Hydraulic Dead-Weight Calibrator is presented in Figure 4.25. 

The LVDTs and displacement transducers were calibrated with a precise 'Mitutoyo' 

micrometer having a travel range of 50mm and a precision of 0.005mm, as shown in Figure 

4.26. LVDTs were calibrated with 0.25mm increments until 4mm displacements were reached 

in both directions. The displacement transducers were calibrated with 0.5mm increments for 

the initial 10mm and then with 1mm increments until 25mm was reached.  

Resolution of the transducers 

The continuous analogue signals from the transducers can be measured to within the 

resolution of the Analogue to Digital (A/D) converters employed, which makes the output 

voltage signal readable in a binary form. The converters used in the geotechnical laboratories 

are 16 Bit Datascan 7220 convertors with four DC voltage ranges, namely ±20mV, ±100mV, 

±1.20V and ±10V plus an auto option with a resolution of 0.625μV, 5μV, 40μV and 320μV 

respectively. The resolution (Q) of the analogue to digital convertor is controlled by the 

number of Bits (B) and the voltage ranges (r) of the converter by the following relationship: 

 
𝑄 =

2𝑟

2𝑩 − 1
 Eq. (4-4) 
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The theoretical resolution of each transducer (R) can be calculated from the slope of the 

calibration curve (S) and the value of Q, by: 

 𝑅 = 𝑄. 𝑆 Eq. (4-5) 

The minimum number of Bits required for high quality measurement is 16 (Jardine 1986). 

The voltage output, range, theoretical and actual resolution as well as the accuracy of each 

transducer are listed in Table 4-3. The ranges and voltage outputs are provided by the 

manufacturer, the actual (true) resolution is defined as the smallest part that can be resolved 

by the instrument in the laboratory and the accuracy (scatter) is the maximum deviation of 

the values indicated by the instrument from the true value, as scaled by careful calibration. 

The best resolution was obtained for all displacement transducers over the ±20mV range. 

Before the shearing stages the output voltages of the LVDTs were adjusted by a 

potentiometer to be as close as possible to zero to ensure the highest resolution of the soil 

behaviour over the small strain region.  

The load cells were checked for drifting after each test by checking that the apparent loads 

returned to near zero after dismantling the samples. 

Control and data logging 

The triaxial apparatus is computer controlled by means of a software called TRIAX, developed 

originally at Imperial College and later modified and updated by Toll (2002) at Durham 

University. The operation of the triaxial control system follows a feed-back loop. The analogue 

signal from the instrumentation is digitised by an analogue-digital (A/D) converter before 

being sent to the computer. The software monitors the current state of the specimen and 

based on the input values of the variables set by the operator it determines if any changes in 

the ram, cell or back are required. If so electrical pulses are sent to the control boxes and the 

corresponding pressures are adjusted via the stepper motor driven manostats. The stepper 

motors are geared to provide a 100:1 reduction in the pressure supplied enabling pressure 

adjustments of 0.07kPa to be made (Toll 2002). 
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The triaxial control software is flexible and allows a user-control on all variables which makes 

it suitable for replicating complicated stress paths and cyclic tests. 

The output signal from the local and external transducers is recorded by a data logging system 

and stored as DAT files on the hard drive of a PC. 

38mm diameter sample apparatus 

A schematic diagram of the modified Bishop and Wesley (1975)  38mm diameter triaxial stress 

path cell is presented in Figure 4.27. It has the same operational principle as the previously 

described 100mm diameter triaxial cell. The main differences from the 'large triaxial cell' are: 

- The connection between the sample and the load cell is achieved by a combination of 

Perspex top cap, half-ball and a suction cap as shown in Figure 4.28. The half-ball sits 

in a conical notch in the centre of the top cap ensuring the compressional axial force 

is evenly distributed on the top of the sample. The suction cap allows tension loading 

to develop with σh > σv in static or two-way cyclic loading tests. 

- Water-air ram pressure interface with a smaller volume. 

- Cylindrical ram piston. 

- The size of the sample and as a consequence the number of the local instruments and 

their arrangement. Figure 4.29 shows schematically the position of the local 

transducers attached on the 38mm diameter specimen, which comprise two axial and 

one radial LVDTs, as opposed to three axial and three radial LVDTs in the '100mm cell'. 

The radial LVDT is oriented perpendicular to the longitudinal axis of the sample and is 

supported by a brass frame. The supporting frame consists of two pads, two arms, a 

cross-arm and the LVDT, all connected by pins. The LVDT is pinned at one end of the 

arms twice as far from the cross-arm as to the pads. Because of this assembly, any 

radial deformations measured by the transducer are twice as large as the radial 

measurements of the sample. The radial belt assembly is illustrated in Figure 4.30. 

- The volume of the constant rate strain pump and the size of the volume gauge.  

The mechanical assembly and the principle operation of the smaller CRSP, volume gauge and 

water-air ram and cell pressure interfaces are exactly the same as for the 100mm diameter 
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specimen cell. The water-air ram interface is more responsive than that of the 100mm 

diameter cell which makes the '38mm cell' more suitable for high amplitude cyclic tests. 

4.3.3 Ring-shear apparatus 

Two ring shear apparatus were used in this research work to evaluate the soil-soil and soil-

steel shearing resistance of Cowden till. Both apparatus were able to be set for soil-steel 

interface tests while only apparatus No. 2 was used for soil-soil experiments. A laterally 

constricted ring-shaped specimen is confined between upper and lower porous stones (soil-

soil shearing) or upper porous stone and steel interface at the base (soil-steel interface). The 

specimens have a surface area of 10130.94mm2 and a height of 10mm and 20mm for soil-

steel and soil-soil interface tests respectively. The lateral confinement is provided by two 

confining rings. The specimen is subjected to a constant normal load provided by an actuator 

lever system. The load is transmitted to the top of the sample by a vertical shaft mounted on 

ball bushings allowing vertical and rotational motions. The bottom part of the sample 

assembly is bolted to a rotational table while the top part reacts against two tangential 

Imperial College type load cells via a torque arm. The rotational displacements are measured 

by means of a fixed angular vernier with a graduated scale in degrees. A full 360º rotation is 

equal to 400mm centre line displacements. A gap between the two confining rings is allowed 

to be open via a guided linking yoke before the shearing stages to let only the soil-soil or soil-

steel resistance to be measured (Tika 1979). When opening the gap a pull-up force is applied 

to the sample due to friction between the soil and the confining rings which should be 

compensated and taken into account during calculations. Detailed descriptions of the ring 

shear apparatus and its operational principles are provided by Garga (1970); Bishop et al. 

(1971); Tika (1979); Lupini (1981); Lupini et al. (1981); Lemos (1986). A general layout of the 

original apparatus is shown in Figure 4.31. The operational principle of the apparatus is 

presented in Figure 4.32.  

Significant modifications were made to the original design to suit the needs of the current 

research: 

- Replacement of all dial gauges with displacement transducers. 

- Replacement of the proving rings with strain gauge load cells. 
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- Replacement of the brass specimen confining rings with stainless steel. 

- A more advanced stepper motor manufactured by 'Applied Motion Products' was 

introduced. The motor is controlled by a function generator allowing a precise control 

over the rate of displacements. The motor gear box and the function generator are 

synchronised to 1step/sec = 1Hz. The function generator is set that rotational 

displacements of 400mm/min are achieved with a frequency of 135kHz from the 

function generator. 

- Replacement of the dead load hanger system with a pressure actuator, connected 

directly to the laboratory main pressure supply and computer controlled by TRAIX. 

This modification made possible a precise control over the vertical stresses and a 

detailed logging of all displacements, vertical and torsional loads. 

A photograph of the modified version of the ring shear apparatus is provided in Figure 4.33. 

The effective angle of shearing resistance (φ') measured during a ring shear test is usually 

directly related to the torsional force (Ft) from the two tangential load cells and the vertical 

force (Fv) by the relationship: 

 
𝜑′ = 𝑡𝑎𝑛−1 (

𝐹𝑡

𝐹𝑣
) Eq. (4-6) 

4.4 Procedures 

This section describes the trimming, sample preparation and testing procedures employed 

during the research. 

4.4.1 Sample preparation  

Block samples 

The Cowden block samples had 350x350x350mm dimensions and an approximate weight of 

95kg which made handling and trimming very difficult. Gasparre (2005), Nishimura (2006), 

Anh-Minh (2007), Brosse (2012) and Hosseini Kamal (2012) had used a band saw to cut their 

smaller block samples of stiff plastic clays into rectangular prisms which were later trimmed 
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to cylinders. Unfortunately this method was unfeasible for Cowden till due to its stone 

content and block size. Manual handling and saw cutting was used instead. Initially the 

samples were loaded on a hydraulic lifting table to allow easy manoeuvring and access. After 

turning the whole block around and sawing into the soil from each side the top 100mm of the 

blocks were removed. The water content was measured, after which the surface was levelled 

as quickly as possible and covered with at least three layers of cling film and wax before being 

closed with a plywood piece.  The remaining smaller block (350x350x250mm) was cut into 

three slices using the same 'rotate and saw' method. Each slice (110x350x250mm) was 

preserved with cling film and wax and enclosed in a plywood box. Each of these three slices 

was subsequently divided into three more rectangular prisms with dimensions of 

110x110x250mm and preserved in the same way. The prisms were stored in the plywood 

boxes until opened for final trimming. Figure 4.34 shows schematically the process of 

trimming. The top 100mm of each block were also preserved and stored for preparing 

reconstituted samples and potential 38mm diameter triaxial testing. 

The trimming process improved gradually with time and experience, allowing a quicker 

process to minimise drying of the samples. The block cutting and trimming process took place 

in a sample preparation room that offered relatively high humidity. Two types of trimmers 

were used to form samples with nominal diameter of 100mm and length of 200mm. Figure 

4.35a) shows the devices used to form cylindrical shapes and Figure 4.35b) the mould used to 

trim flat and parallel bases and tops for the specimens. Trimming took between 2.0 and 2.5 

hours. Mist spraying was used frequently during the process as recommended by Brosse 

(2012) to reduce drying. 

Rotary core samples 

The rotary core samples had cylindrical initial shapes with approximately 100mm diameters. 

They were trimmed to nominal lengths of 200mm using the device shown in Figure 4.35b).  

Samples with 38mm diameter were formed from the smaller height rectangular block sample 

prisms, or from rotary core samples. The trimmers used, which are similar to the devices used 

for the 'large samples', are shown in Figure 4.36 a) and b). 
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Reconstituted samples 

The reconstituted specimens were prepared from thin flakes of soil left over from the block 

sample cutting operations, working together with Mr. Tingfa Liu. The soil was mechanically 

broken into small fragments and all large erratics removed. Water was added to increase the 

moisture content to 1.5 times the liquid limit (Burland 1990) and was left to soak with mixing 

taking place each day over 10 days using a power drill fitted with a mixing bit. The resulting 

slurry was sieved through a 2mm sieve and consolidated one dimensionally under 200kPa 

vertical stress in a 229mm diameter consolidometer to form soil 'cakes', shown in Figure 4.37. 

Most of the reconstituted soil prepared in this way was used for the MSc project by Schutt 

(2015) although two 38mm diameter soil specimens from the 'cake' were tested by the 

Author. 

4.4.2 Setting-up procedure 

Both natural and reconstituted samples were set in the triaxial cells by the following 21 steps: 

1. Prepare the membrane – make two circular 12.5mm diametrically opposite holes 

and one 6.5mm hole and gradually build-up latex nipples to accommodate the 

bender elements and the mid-height probe (applicable to only 100mm diameter 

samples). 

2. Prepare the lubricated layers – two double membranes with radial cuts with a 

layer of silicone grease in between (applicable to cyclic tests only). 

3. De-air the porous stone in a vacuum desiccator under -100kPa. 

4. Clear all the water/air lines. 

5. Adjust cell, back and ram pressures. 

6. Refill the interfaces with de-aired water/oil.  

7. Bring the external displacements into their best voltage range. 

8. Prepare saturated kaolin for the mid-height probe. 

9. Install vertical filter drains on specimen surface. 

10. Enclose the sample in rubber membrane using membrane stretchers. 

11. Carve slots for the bender elements (100mm diameter samples only). 
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12. Place the sample on the pedestal and connect the top cap. For the cyclic loading 

tests the double lubricated membranes were introduced before placing the 

sample. 

o The connection of the top-cap in the 100mm diameter cell was essentially a 

load cell connection. 

13. Seal with o-rings. 

14. Introduce the half-ball and the suction cap (38mm diameter samples only). 

15. Install bender elements and pore-pressure probe (100mm diameter samples only). 

16. Seal with o-rings and three layers of liquid rubber (100mm diameter samples only). 

17. Mount the local strain instrumentation. 

18. Assemble the cell and fill with water. 

19. Connect the load cell to the top cap via a suction cap (38mm diameter cell). 

20. Apply 10kPa cell pressure and increase slowly to balance the ram pressure, while 

maintaining zero load. 

21. Open ram pressure valve and start the computer control of the variables. 

4.4.3 Experimental test codes 

The following styles of triaxial tests were conducted by the Author: 

- Undrained isotropically compression (CIU) tests on reconstituted samples. 

- Undrained compression (CAU) and extension (EAU) tests on natural samples re-

consolidated to potentially anisotropic in-situ stresses. 

- Undrained compression (CAU) tests at other than standard shearing rates. 

- Undrained compression (CAU) tests at higher p' than in-situ. 

- Drained anisotropically consolidated (CAD) tests with BE measurements. 

- Drained anisotropically consolidated (CAD) tests including small strain probing stages. 

- Undrained cyclic (CAU Cyc) tests conducted from a range of mean (qm) and cyclic (qcyc) 

deviator stress values. 

Each of the Author's triaxial tests on natural Cowden till has been given a unique code that 

identifies its sample depth and test type specifications as follows: 

First letter:   C  Signifies Cowden site 
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Second letter:  R or B  Signifies Rotary or Block sample 

Third symbol:  38 or 100 Signifies 38 or 100mm sample diameter 

Fourth letter:  K or I  Signifies K or Isotropic consolidation 

Fifth letter:  U or D  Signifies Undrained or Drained shearing 

Sixth letter:  C or E  Signifies Compression or Extension shearing 

Seventh symbol X.Y  Numbers X and Y signify depth below ground 

Eighth symbol  ML or TL Signifies Main or Teaching Laboratory at IC 

Additional letters or symbols may be added to mark special features, such as: 

- Higher mean effective stresses p' than in-situ; most Cowden till tests were performed 

at the estimated in-situ effective stresses. 

- Faster or slower than standard axial strain rates.  

- Tests conducted over an extended range of p' values with Bender Element 

measurements, marked as BE. 

- Direction of drained probing loading, involving small vertical (±v) or horizontal (±h) 

stress increments. 

- Values of qm and qcyc during cyclic loading tests. 

All reconstituted triaxial samples were prepared from trimmings of block samples from 

Horizon F and tested in 38mm diameter triaxial cells, they are given simpler codes: 

First letter:  K or I  Signifies K0 or Isotropic consolidation 

Second letter:  U or D  Signifies Undrained or Drained shearing 

Third letter:  C or E  Signifies Compression or Extension shearing 

Fourth symbol  1, 2 or 10 Numbers signify the OCR values 

Additional ring shear and oedometer tests were also performed to supplement the main 

triaxial testing programme.  

Ring-shear tests have test codes nomenclature as follows: 
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First letter:   RSS or RSI  Ring shear soil-soil or soil-steel interface  

Second symbol: 120,240, etc   Denotes vertical effective stress at failure 

Third letter:  W or U   Signifies weathered or unweathered soil 

The oedometer test codes are as follows: 

- First letter:   OED   Signifies oedometer tests 

- Second symbol: X.Y    Signifies the depth of the sample 

- Third letter:  R or N   Signifies reconstituted or natural soil 

Where the letter 'G' is noted before the test code, the test was carried out by Geolabs Ltd., 

as part of the PISA Project. 

4.4.4 Triaxial testing procedures 

Reconstituted samples: Series R 

Reconstituted 38mm diameter samples were cut from the soil 'cake' described above, which 

were consolidated to σ'v = 200kPa. Most tests were conducted by Schutt (2015). The Author's 

first specimen, after setting it in the triaxial cell, was saturated in an undrained manner, by 

increasing the cell pressure at a rate of 20kPa/h while keeping the back pressure valve closed. 

The sample reached a saturation value, B, close to unity followed by a drained isotropic 

consolidation path to p'=715kPa. The B value was calculated from Eq. (4-7): 

 
𝐵 =

∆𝑢

∆𝜎𝑟
 Eq. (4-7) 

The consolidation rate was 2kPa/h. Sufficient time was allowed for the sample to rest until 

the creep rate was at least 500 times smaller than the intended shearing rate. Finally the 

sample was sheared undrained to failure at a constant rate of 5%/day.  

The second sample was saturated in the same manner and isotropically consolidated to 

p'=700kPa and subsequently swelled back to an OCR=10. The rate of saturation, the B value 
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and the consolidation were the same as the first sample. After the creep criterion was fulfilled 

the sample was sheared undrained to failure at 5%/day. 

Additional undrained triaxial compression and extension tests were performed by Schutt 

(2015) on K0 consolidated reconstituted samples at a range of OCRs (1, 2 and 10). 

The voltages of the local transducers were brought to zero before the shearing to maximise 

the accuracy of the readings. 

Natural samples 

 Series N-A: Undrained compression and extension tests on natural samples 

Compression and extension tests were performed on 35 (100mm and 38mm diameter) 

undisturbed natural samples, trimmed from mainly rotary core samples. The specimens were 

saturated undrained by applying cell pressure at a rate of 20kPa/h. Satisfactory saturation B 

values, above 0.95, were typically reached at cell pressure between 450kPa and 500kPa. 

Ideally, the p' values reached at this stage should reflect the specimens' initial suction 

developed after sampling. Samples were directly re-consolidated from these p'initial values in 

a drained manner to their estimated in-situ stresses as shown in Figure 4.38, assuming the 

pore-water and K0 profiles in Figure 3.10 and Figure 3.11. A consolidation rate of 1kPa/h 

proved to be slow enough with either sample size to provide full drainage and excellent 

agreement between mid-probe and base pore-pressure transducers. Sufficient rest time 

(typically between 24 and 48 hours) was allowed before strain controlled undrained 

compression or extension tests were conducted at the standard 5% axial strain per day. The 

ageing criterion was that the rate of creeping should be about 1000 times smaller than the 

shearing rate.  

The extension test specimens necked from around 6% axial strain so these tests were stopped 

at about 15% strain. The compression tests were usually continued to at least 25% axial strain. 

There was an excellent agreement between the mid-height probe and the base pore-pressure 

readings during undrained shearing, indicating that the adopted shearing rate was sufficiently 

slow to provide full pore pressure uniformity throughout the sample. 

 Series N-B: Undrained compression tests at variable shearing rates 



166 
 

Four 38mm and three 100mm diameter natural specimens from 1.0m, 3.5m and 11.5m depth 

were subjected to different shearing rates than the standard 5%/day from their in-situ 

stresses. The setting, saturation and consolidation procedures were the same as described 

above. 

 Series N-C: Undrained compression tests at higher p' than in-situ 

Nine 38mm diameter undrained compression tests covering weathered (nominal depth of 

1.6m and 3.8m) and unweathered (nominal depth of 8.4m) till were performed. The 

specimens were consolidated in drained manner at a rate of 1kPa/h  to their estimated in-situ 

stresses, twice and four times p'in-situ following direct effective stress paths from their initial 

p' on the isotropic axis, as illustrated in Figure 4.39a). Following a rest period (creep rate < 

0.005%/day) the samples were sheared undrained at the standard shearing rate of 5%/day to 

approximately 30% axial strain. 

 Series N-D: Drained anisotropic consolidation tests 

Three 100mm diameter anisotropic consolidation tests were conducted to investigate the 

dynamic (Bender element) shear stiffness anisotropy at higher stresses than in-situ along their 

anisotropic consolidation paths on samples from 1.35m, 3.40m and 9.75m. 

Samples were consolidated to their estimated in-situ stresses following the procedure 

described for undrained compression and extension tests on natural samples. After the 

standard rest period (creep rate < 0.005%/day) the samples continued their consolidation 

following a linear effective stress path from the origin through the in-situ stress, as illustrated 

in Figure 4.39b). The stresses for the 1.35m sample were increased to 13 times its in-situ stress 

with bender element measurements taken at each round step along the consolidation path. 

The same procedure was applied to 3.40m and 9.75m samples with the stresses raised to 

eight and five times respectively. This test series exploited the maximum cell pressures that 

could be achieved in the triaxial apparatus.  

 Series N-E: Slow drained probing tests 

Slow drained probing tests were conducted on 100mm diameter samples from 2.0 and 11.5m 

depths, equipped with multi-axis bender elements and mid-height probes. They were 
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designed to explore the elastic parameters of Cowden till. Initially all tests were consolidated 

to their in-situ stresses with the standard procedure described above. At the in-situ stress 

points the specimens were left to rest for between two and three weeks. Two samples, one 

weathered and one unweathered, were subjected to single small strain cycles in vertical and 

horizontal directions. The cycles were stress controlled at a rate of 0.3kPa/h. After each cycle 

the specimens were allowed to rest for 24 hours before the next cycle was applied. 

The sample from 2.0m depth was subjected (after the small strain probing excursions) to 

continuous slow stress-controlled drained shearing at a rate of 0.3kPa/h to investigate the 

small strain kinematic yielding characteristics of the till. 

All the above tests were undertaken in the main geotechnical laboratory at Imperial College. 

Although the laboratory is temperature controlled the cells were isolated with bubble wrap 

and aluminium foil as recommended by Gasparre (2005). 

 Series N-F: Undrained cyclic tests at a range of qm and qcyc values 

The cyclic loading testing programme for Cowden till included 18 undrained cyclic tests 

conducted on 100mm and 38mm diameter specimens. It was designed to cover a suitable 

range of mean applied deviatoric stresses qm= (σv - σh), which can be negative, and cyclic 

amplitude (half peak to trough) qcyc values. Five additional tests were performed to 

investigate the effect of loading period on the cyclic behaviour and the pore-pressure 

distribution during cyclic loading. 

The samples were saturated and consolidated as described for the standard tests. After their 

rest periods six specimens were cycled from in-situ stresses (qm = -25kPa) in an undrained 

manner at different amplitudes. Other specimen sets were cycled from higher than in-situ qm 

values. These were loaded undrained to qm = 50kPa, 120kPa and 200kPa. The loading was 

stress controlled at a rate of 2kPa per hour except for the qm = 200kPa, for which the rate was 

5kPa/h. When the desired mean values were reached the samples were rested again to 

achieve creep rates of approxiamtely 0.005% axial strain per day. Stress controlled sinusoidal 

waves were applied to the specimens with periods of 5 minutes per cycle in standard tests, 

while the pore-pressures and the deformations on the samples were measured and recorded. 

A logging period of 5sec was set in TRIAX which proved sufficient to follow the variations over 
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each individual loading cycle. The specimens were generally cycled for at least 2000 or more 

cycles, unless failure occurred at an earlier stage. The soil specimens that survived cycling 

were left to rest undrained for 24 hours before being sheared undrained to failure to 

investigate the post-cyclic static strength. All cyclic tests were performed with lubricated 

ends. 

4.4.5 Ring-shear testing procedure 

The soil-soil and soil-interface properties of Cowden were investigated in two advanced 

Bishop ring-shear apparatus, details of which were given in Section 4.3.3. The soil-interface 

samples were sheared against freshly air-abraded mild steel interfaces with surface 

roughness of 8.3μm, similar to industrial driven piles (Jardine et al. 2005). 

The ring-shear tests were performed in three stages: 

- consolidation 

- fast shearing, applicable only for soil-steel interface tests 

- slow shearing 

The consolidation was executed incrementally, following pause periods. The pause periods 

were long enough to ensure full pore-pressure dissipation and consolidation more than 95%. 

The last loading increment was used to calculate the time for completing the primary 

consolidation (t100) and the required minimum time to failure (tf). 

Fast shearing was undertaken in a series of shearing pulses at a rate of 400 - 500mm/min to 

a total displacement of 5m, as recommended by Ho et al. (2011). A rest period of 10min 

separated the fast shearing pulses, as advised by Jardine et al. (2005). These rest periods 

allowed for the generated pore pressure to dissipate. During the fast shearing stage the gap 

between the interface and the confining rings was closed to minimise soil loss. As a result the 

steel rings were in contact with the interface and the measurements made during this stage 

do not represent soil behaviour and will not be reported. 
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Prior to slow shearing, a gap of approximately 0.1mm between the interface and the confining 

rings was open, as advised by Jardine et al.(2005). The step is necessary to ensure that only 

the soil is in contact with the interface, so the soil-interface shear stresses are measured 

accurately. The shearing rate was chosen on the basis of the consolidation data from the last 

loading stage during consolidation and the minimum time to failure (tf) for 40mm of rotational 

displacement. A factor of safety was applied to the calculated time to failure from the 

consolidation stage to take into account for any errors in the procedure. A rate of 

0.016mm/min was chosen, although the ICP recommends a default shearing rate of 

0.005mm/min. 

4.4.6 Oedometer test procedures 

Eight reconstituted and eight intact samples were tested in 1-D compression. 

Natural samples 

Natural oedometer samples were cut either from rotary cores or block samples. They were 

trimmed manually with a sharp knife while pushing a rigid stainless-steel confining ring into 

the soil. While pushing the ring, the soil was cut slightly ahead to minimise the necessity of 

excessive pressing and reduce the disturbance. In this research only 50mm diameter confining 

rings with a height of 20mm were used. Filter paper was placed at both ends of the soil to 

prevent the porous stones from clogging. The bottom and top porous stones were de-aired 

in a vacuum desiccator. The water content of the soil was measured before the tests from soil 

trimmings and after the tests as well. 

Reconstituted samples 

The reconstituted specimens were prepared from trimmings left from 38mm or 100 diameter 

samples. They were reconstituted at 1.5 times the Liquid Limit as suggested by Burland 

(1990). The samples were soaked and sieved to remove larger inclusions than 0.416μm, as 

recommended in The British Standards (BS 1377 1990). The reconstituted specimens were 

spooned into the already prepared oedometer set and initially loaded only by the top cap. 

Subsequently the load was gradually increased by small steps to avoid soil squeezing between 

the ring and the top cap. 
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4.5 Data analysis 

The data from the triaxial tests, static and cyclic, were analysed using Excel Spreadsheets and 

Matlab codes developed by the Author. The control software, TRIAX, has built-in calculations 

for some of the variables, but additional corrections and calculations were usually required. 

4.5.1 Stresses, areas and corrections for membranes and filter drains 

The following relationships were used to process the raw data from the triaxial pressure and 

load transducers: 

- Horizontal (radial) stress: 

 𝜎ℎ = 𝑝𝑐𝑒𝑙𝑙 Eq. (4-8) 

- Vertical (axial) stress: 

 
𝜎𝑣 = 𝑝𝑐𝑒𝑙𝑙 +

𝐹𝑎

𝜋𝑟2
 Eq. (4-9) 

Where pcell is the cell pressure, Fa is the deviator load measured from the load cell and r is the 

sample radius. The corresponding effective values are calculated by subtracting the pore-

water pressure measured either at the base or at mid-height: 

 𝜎′ℎ = 𝑝𝑐𝑒𝑙𝑙 − 𝑢 Eq. (4-10) 

 
𝜎′𝑣 = 𝑝𝑐𝑒𝑙𝑙 +

𝐹𝑎

𝜋𝑟2
− 𝑢 Eq. (4-11) 

The stress invariants are used to define the current position of the sample in the deviatoric 

stress plane. For a triaxial plane they have the form: 

- Deviatoric stress: 
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 𝑞 = 𝜎𝑣 − 𝜎ℎ Eq. (4-12) 

- Mean effective stress: 

 
𝑝′ =

𝜎′𝑣 + 2𝜎′ℎ
3

 Eq. (4-13) 

Under triaxial compression conditions σ'v is the major principal stress and σ'h is the minor and 

intermediate. Under triaxial extension conditions σ'h is the major and intermediate principal 

stress and σ'v is the minor. 

Area correction 

The deviatoric stress calculated from the load cell force output relies on knowing how the 

cross sectional area changes during consolidation and shearing. Figure 4.40 illustrates the 

different modes of samples deformation. The right cylinder correction in the form of Eq. 

(4-14) was implemented into the control software, TRIAX and was employed by the Author. 

It was proposed by Bishop and Henkel (1957) and is most applicable to samples tested up to 

modest strains with cells quipped with enlarged platens and lubricated ends. The latter were 

employed for cyclic tests by the Author. 

 
𝐴𝑐 = 𝐴0

1 − 휀𝑣𝑜𝑙

1 − 휀𝑎
 Eq. (4-14) 

where Ac is the corrected area, A0 is the initial area, εvol and εa are the volumetric and axial 

strains respectively. 

Membrane and filter drain corrections 

La Rochelle et al. (1988) reviewed the correction equations for membrane restraint from 

Henkel and Gilbert (1952) and Duncan and Seed (1967) and proposed a formula to take into 

account the effect of membrane restraint for a right-cylinder type of deformation: 
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𝜎ℎ = 𝑝0𝑚 + 0.75

𝑀√휀𝑎

𝑑0
 Eq. (4-15) 

where σh is the corrected radial stress, M is the membrane extension modulus, d0 is the initial 

sample diameter, εa is the axial strain and p0m is the initial confining pressure which is defined 

by:  

 
𝑝0𝑚 = 2𝑀1%

𝑑0 − 𝑑𝑚

𝑑0𝑑𝑚
 Eq. (4-16) 

where d0 is the diameter of the specimen at the end of consolidation, dm is the initial diameter 

of the membrane and M1% is the Young's modulus of the membrane at 1% strain. 

 A loading frame system, described by Bishop and Henkel (1957) and Henkel and Gilbert 

(1952), was employed to calculate the extension modulus, M, of a standard 0.3mm 

membrane used in the Geotechnical Section of Imperial College. The compression modulus 

of the membrane cannot be tested so an assumption is made that the compression and 

extension moduli are the same (Henkel and Gilbert 1952). A schematic diagram of the original 

version of the membrane testing frame is shown in Figure 4.41 and a photograph of the frame 

used in this research in Figure 4.42. The membrane was placed between two brass rods. The 

top rod was attached to a supporting arm and the bottom rod to a pan, accommodating the 

weights. The change in the distance between the rods represented the stretching of the 

membrane, which was measured by digital callipers. The load-strain curve from the test is 

plotted in Figure 4.43. The modulus, M, used in Eq. (4-15) is tangent and corresponds to 10% 

strain. The value of M = 0.376N/mm is in very good agreement with Gasparre (2005) who 

tested standard 38mm and 100mm diameter membranes with thicknesses of 0.36mm and 

0.26mm respectively.  

A final point to note is that pre-made vertical filter paper drains have been used on all samples 

tested in this research work to accelerate consolidation and pore pressure equilisation. To 

correct for the resistance provided by the drains the British Standards (BS 1377 1990) suggest 



173 
 

values of 10kPa and 3.5kPa to be subtracted from the final deviatoric stresses measured on 

100mm and 38mm diameter specimens respectively. 

4.5.2 Strains 

The data recorded from the displacement transduces have been analysed by: 

- Axial strain: 

 
휀𝑎 =

∆𝐻

𝐻0
 Eq. (4-17) 

Where ΔH is the change in height measured by the displacement transducers and H0 is the 

distance between the supporting pads glued to the sample for the LVDTs and the initial height 

of the sample in the case of the displacement transducers. 

In the subsequent Chapter 6:, Chapter 7: and Chapter 8: where the undrained large, pre-

failure and cyclic behaviour is discussed the symbol ''ε'' is used to denote axial strain. 

- Radial strain: 

 
휀𝑟 =

∆𝑟

𝑟0
 Eq. (4-18) 

Where Δr is the change in the radial displacements measured by the LVDTs and r0 is the 

initial radius of the sample. 

4.5.3 Stiffness 

The corresponding stiffness quantities, from the stress - strain relationships presented above, 

have been evaluated by: 

- Secant stiffness: 
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𝐸𝑠𝑒𝑐 =

∆𝑞

∆휀𝑎
 Eq. (4-19) 

- Tangent stiffness: 

 
𝐸𝑡𝑎𝑛 =

𝑑𝑞

𝑑휀𝑎
 Eq. (4-20) 

4.5.4 Volumetric strain 

The volumetric strains were calculated by the relationship: 

 
휀𝑣𝑜𝑙 =

∆𝑉

𝑉0
 Eq. (4-21) 

Where ΔV is the change in volume measured by the volume gauge and V0 is the initial sample 

volume. 

The local volumetric strains can be expressed as the sum of the axial (εa) and radial stains (εr) 

as: 

 휀𝑣𝑜𝑙 = 휀𝑎 + 2휀𝑟 Eq. (4-22) 

4.5.5 Void ratio 

The void ratio of each sample was taken as the average value calculated from the following 

relationships: 

 𝑒 = 𝑤𝐺𝑠 Eq. (4-23) 

 𝑒 = 𝐺𝑠(1 + 𝑤)
𝜌𝑤

𝜌
− 1 Eq. (4-24) 



175 
 

 

𝑒 =
𝑉𝑣𝑜𝑖𝑑𝑠

𝑉𝑠𝑜𝑙𝑖𝑑𝑠
=

𝑉𝑡𝑜𝑡𝑎𝑙 −
𝑀𝑡𝑜𝑡𝑎𝑙 − 𝑀𝑤𝑎𝑡𝑒𝑟

𝐺𝑠𝜌𝑤

𝑀𝑡𝑜𝑡𝑎𝑙 − 𝑀𝑤𝑎𝑡𝑒𝑟

𝐺𝑠𝜌𝑤

 Eq. (4-25) 

where: 

w - water content, measured according the British Standards (BS 1377 1990) 

Gs - specific gravity, measured using the small pyknometers method (BS 1377 1990) 

ρ - density of the soil 

ρw - density of the water 

Vvoids – volume of voids 

Vsolids – volume of dried particle 

Vtotal – total volume of the sample 

Mtotal – total mass of the sample 

Mwater – mass of the water 

All relationships are applicable to 100% saturated soil samples. 

As described in Section 4.4.1 the reconstituted samples were prepared by wet sieving, 

removing gravel fraction larger than 2mm (which accounts for approximately 8% of the total 

soil mass) which affects the overall water content that is related to void ratio by Eq. (4-23) to 

Eq. (4-25). To account for the removed gravel content in the reconstituted specimens the 

following correction was applied: 

 
𝑤𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =

𝑀𝑤

𝑀𝑠(<2𝑚𝑚) + 0.08𝑀𝑠(<2𝑚𝑚)
=

𝑀𝑤

1.08𝑀𝑠(<2𝑚𝑚)
=

𝑤

1.08
 Eq. (4-26) 
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𝑒𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =

𝑤𝐺

1.08
=

𝑒

1.08
 

Eq. (4-27) 

where: 

wcorrected –water content corrected for 8% gravel fraction 

w – water content of reconstituted samples without gravel 

Mw – mass of the water 

Ms(<2mm) – mass of the solids < 2mm 

ecorrected – void ratio corrected for 8% gravel fraction 

Gs - specific gravity, measured using the small pyknometers method (BS 1377 1990) 

4.5.6 Small strain drained cross-anisotropic elastic parameters 

The cross-anisotropic elastic behaviour has been formulated by Love (1927), Pickering (1970) 

and Raymond (1970). A detailed review is given by Lings et al. (2000) and Lings (2001).  

Small strain drained vertical probing tests together with either drained horizontal or 

undrained vertical probing tests, combined with one set of vertical and two lateral sets of 

bender element shear wave velocity measurements are required to obtain the fundamental 

cross-anisotropic elastic parameters (Kuwano and Jardine 2002; Lings et al. 2000; Nishimura 

2014b, 2014a). Five of these are independent considering the following relationships: 

 𝐺𝑣ℎ = 𝐺ℎ𝑣 Eq. (4-28) 

 𝜇′𝑣ℎ

𝐸′𝑣
=

𝜇′ℎ𝑣

𝐸′ℎ
 Eq. (4-29) 

 
𝐺ℎℎ =

𝐸′ℎ
2(1 + 𝜇′ℎℎ)

 Eq. (4-30) 
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In Kuwano's (1999) approach drained vertical (axial) probes (with horizontal (radial) effective 

stress held constant) yields two drained elastic parameters directly: 

 
𝐸′𝑣 = (

𝛿𝜎′𝑣
𝛿휀𝑣

)
𝛿𝜎′ℎ=0

 Eq. (4-31) 

 
𝜇′𝑣ℎ = −(

𝛿휀ℎ

𝛿휀𝑣
)
𝛿𝜎′ℎ=0

 Eq. (4-32) 

Drained horizontal probes (with constant vertical effective stress) allow the following 

parameters to be computed: 

 
𝐹′ℎ =

𝐸′ℎ
(1 − 𝜇′ℎℎ)

= (
𝛿𝜎′ℎ
𝛿휀ℎ

)
𝛿𝜎′𝑣=0

 Eq. (4-33) 

 
−

𝐸′ℎ
2𝜇′ℎ𝑣

= −(
𝛿𝜎′ℎ
𝛿휀𝑣

)
𝛿𝜎′𝑣=0

 Eq. (4-34) 

 
−

2𝜇′ℎ𝑣

1 − 𝜇′ℎℎ
= −(

𝛿휀𝑣

𝛿휀ℎ
)
𝛿𝜎′𝑣=0

 Eq. (4-35) 

By measuring the horizontal shear stiffness Ghh with bender elements and coupling the 

horizontal shear stiffness expression from Eq. (4-30) with radial probe measurement, the 

horizontal Young's modulus (E'h) and the horizontal Poisson's ratio (μ'hh) can be evaluated by 

the relationships: 

 
𝐸′ℎ =

4𝐹′ℎ𝐺ℎℎ

(𝐹′
ℎ + 2𝐺ℎℎ)

 Eq. (4-36) 

 
𝜇′ℎℎ =

𝐹′ℎ − 2𝐺ℎℎ

𝐹′ℎ + 2𝐺ℎℎ
 Eq. (4-37) 
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Combining vertical shear wave velocity measurements, giving Gvh, with μ'vh (Eq. (4-32)), E'v 

(Eq. (4-31)) and E'h (Eq. (4-36)) along with Eq. (4-28) (yielding Ghv) and Eq. (4-29) (yielding μ'hv), 

allows all eight parameters can be computed. 

An alternative procedure that does not require drained radial strain measurements (which 

are difficult to conduct) proposed by Nishimura (2014a, 2014b) uses the E'v (Eq. (4-31)) from 

drained vertical probing and the constant volume Ev
u stiffness from undrained compression 

tests where: 

  
𝐸𝑣

𝑢 =
𝛿𝜎𝑣

𝛿휀𝑣
=

𝐸𝑣[2(1 − 𝜇ℎℎ)𝐸𝑣 + (1 − 4𝜇𝑣ℎ)𝐸ℎ]

2[(1 − 𝜇ℎℎ)𝐸𝑣 − 2𝜇𝑣ℎ2𝐸ℎ]
 Eq. (4-38) 

With the use of Ghh from bender element tests Eq. (4-38) can be transformed to give E'h: 

 
𝐸ℎ

′ =
4𝐺ℎℎ(𝐸𝑣

𝑢 − 𝐸𝑣
′)

𝐸𝑣
𝑢 + 4𝑎2𝐸𝑣

𝑢𝐸𝑣
′𝐺ℎℎ + (1 − 4𝑎𝐸𝑣

′)𝐺ℎℎ − 𝐸𝑣
′
 Eq. (4-39) 

where a is calculated from horizontal drained probing tests using only the axial strain 

instruments by the relationship: 

 
𝑎 =

𝜇′ℎ𝑣

𝐸′ℎ
= −

1

2

𝛿휀𝑣

𝛿𝜎′ℎ
 Eq. (4-40) 

When Eq. (4-38) to Eq. (4-40) are combined with vertical and lateral bender element 

measurements and Eq. (4-28) to Eq. (4-31), all eight elastic cross-anisotropic parameters (Gvh, 

Ghv, Ghh, E'v, E'h, μ'vh, μ'hv and μ'hh) can be computed. 

G', K' and J' formulation 

Some simplified constitutive models for triaxial test conditions represent the cross anisotropic 

elastic stiffness by three components G', K', and J'. Performing drained constant q and p' tests 

allow the ''effective shear modulus'' (G'), bulk modulus (K') and a ''coupling modulus'' (J') to 

be found which link the mean effective stress and shear strains by Eq. (4-41). Alternatively 
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the same parameters can be calculated making use of the vertical and horizontal stress probes 

via the equations: 

 [
𝜹𝜺𝒑

𝜹𝜺𝒒
] =

[
 
 
 
𝟏

𝑲′

𝟏

𝑱′
𝟏

𝑱′

𝟏

𝟑𝑮′]
 
 
 

[
𝜹𝒑′
𝜹𝒒

] Eq. (4-41) 

 𝐺′ =
3

4 [
(1 + 2𝜇𝑣ℎ)

𝐸′
𝑣

+
(1 − 2𝜇ℎℎ)

2𝐸′
ℎ

]
=

3𝐸′𝑣𝐹′ℎ
4𝐹′ℎ + 8𝐹′ℎ𝜇𝑣ℎ + 2𝐸′𝑣

 Eq. (4-42) 

 

 

𝐾′ =
1

[
(1 − 4𝜇𝑣ℎ)

𝐸′
𝑣

+
2(1 − 𝜇ℎℎ)

𝐸′
ℎ

]
=

𝐸′𝑣𝐹′ℎ
𝐹′ℎ − 4𝐹′ℎ𝜇𝑣ℎ + 2𝐸′𝑣

 Eq. (4-43) 

 𝐽′ =
3

2 [
(1 − 𝜇𝑣ℎ)

𝐸′
𝑣

−
(1 − 𝜇ℎℎ)

𝐸′
ℎ

]
=

3𝐸′𝑣𝐹′ℎ
2𝐹′ℎ − 2𝐹′

ℎ𝜇𝑣ℎ − 2𝐸′𝑣
 Eq. (4-44) 

Formulation of the undrained parameters 

Once the drained elastic parameters have been evaluated it is possible to map the undrained 

parameters as well. This is though possible only from drained to undrained conditions (Lings 

2001). For undrained conditions μvh = 0.5. The other parameters are calculated from: 

 𝐸𝑣
𝑢 =

𝐸𝑣[2(1 − 𝜇ℎℎ)𝐸𝑣 + (1 − 4𝜇𝑣ℎ)𝐸ℎ]

2(1 − 𝜇ℎℎ)𝐸𝑣 − 4𝜇𝑣ℎ
2 𝐸ℎ

 Eq. (4-45) 

 𝐸ℎ
𝑢 =

𝐸ℎ[2(1 − 𝜇ℎℎ)𝐸𝑣
2 + (1 − 4𝜇𝑣ℎ)𝐸ℎ𝐸𝑣]

(1 − 𝜇ℎℎ
2 )𝐸𝑣

2 + (1 − 2𝜇𝑣ℎ − 2𝜇𝑣ℎ𝜇ℎℎ)𝐸ℎ𝐸𝑣 − 𝜇𝑣ℎ
2 𝐸ℎ

2 Eq. (4-46) 

 𝜇ℎℎ
𝑢 =

(1 − 𝜇ℎℎ
2 )𝐸𝑣

2 + (𝜇ℎℎ − 2𝜇𝑣ℎ − 2𝜇𝑣ℎ𝜇ℎℎ)𝐸ℎ𝐸𝑣 + 𝜇𝑣ℎ
2 𝐸ℎ

2

(1 − 𝜇ℎℎ
2 )𝐸𝑣

2 + (1 − 2𝜇𝑣ℎ − 2𝜇𝑣ℎ𝜇ℎℎ)𝐸ℎ𝐸𝑣 − 𝜇𝑣ℎ
2 𝐸ℎ

2  Eq. (4-47) 
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 𝜇ℎ𝑣
𝑢 =

𝜇𝑣ℎ
𝑢 𝐸ℎ

𝑢

𝐸𝑣
𝑢  Eq. (4-48) 

4.5.7 Bender element interpretation 

The interpretation of the bender elements relies on Eq. (4-2) and Eq. (4-3). The main issue 

with the calculation of Gmax is the reliable determination of the arrival time in Eq. (4-3). Time 

and semi-frequency domain approaches were applied in this research. 

The time domain approach involved a visual determination of the arrival time. Two main 

criteria were applied to identify the arrival time as outlined by Abbiss (1981), Dyvik and 

Madshus (1985), Pincus et al. (1995) Viggiani and Atkinson (1995a) and (1995b), Jovičić et al. 

(1996), Santamarina and Fam (1997) that are listed below and shown schematically in Figure 

4.44:  

- Peak to peak – this method required the first peak from the received signal to be 

established. The time difference between the first peak from the transmitted and 

received signals was interpreted as the arrival time. 

- First deflection/first arrival - this method required the first drop from zero or the first 

cross point between the first bump and the zero of the received signal to be 

determined. This proved to be very difficult to gauge due to an initial dip of the signal 

caused by the near field effect (Sanches-Salinero 1986). The effect of the near field 

can be minimised by optimising the ratios between travel distance to wave length and 

wave length to bender element length, namely by increasing the frequency (Jovičić et 

al. 1996). However, raising the frequency introduced noise and although it reduced 

the near field effect, made the overall signal interpretation still more problematic. 

Another problem is the P-wave reflections from the soil specimen boundaries causing 

interference with the shear wave signals and masking the first arrival of the output 

signal (Otsubo 2016; Santamarina and Lee 2005). 

The semi-frequency domain cross-correlation method gauges the similarity between the 

input wave and the output signals by displacing the input signal relative to the output by time 
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δ (Otsubo 2016; Sanches-Salinero 1986). This semi-frequency domain method is calculated 

by: 

 
𝐶𝐶𝑥𝑦(𝛿) = lim

𝑇→∞

1

𝑇
∫ 𝑥(𝑡)

𝑇

0

𝑦(𝑡 + 𝛿)𝑑𝑡 Eq. (4-49) 

where CCxy is the cross-correlation function, T is the recorded time, x(t) and y(t) are the input 

and output signals respectively. 

Other reasons causing difficulties in the interpretation of the bender signal are: 

- The presence of the specimen boundary (Greening and Nash 2004). 

- Frequency dependency of the material and the system (Greening and Nash 2004; 

Alvarado Gutierrez 2007). 

- Wave dispersion due to inhomogeneity of the material (Greening and Nash 2004). 

- Heat dissipation of wave energy (Greening and Nash 2004). 

- Presence of multiple modes of vibration (Alvarado Gutierrez 2007). 

- Bender element geometry, including area ratio between the cross-section of the 

sample to the area of the bender element (Otsubo 2016). 

- Bender element – soil interaction (Santamarina and Lee 2005). 
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Table 4-1 Core recovery and sample quality classification 

BH No 
BH depth, 

m 
Total recovery, 

m 

Recovery, m 

 Class 1 Class 1.1 Class 1.2 Class 2 

1 12.4 1.9 0.3 1.6 - - 

2 10.5 6.4 3.75 - 2.3 0.35 

3 13.5 7.75 2.62 0.2 1.5 3.42 

4 10.8 3.65 0.54 - 1.6 1.51 

 

Table 4-2 Block sampling summary 

Pit No Horizon Depth, m Blocks per layer 

1 A 0.5-1.0 3 

1 B 1.0-1.5 2 

1 C 1.5-2.0 3 

1 D 2.0-2.5 2 

1 E 2.5-3.0 2 

1 F 3.0-3.5 3 

2 A 0.5-1.0 3 
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Table 4-3 Voltage range, resolution and scatter of the triaxial transducers 

Transducer 
Voltage 
Range, 

mV 
Units 

Unit 
Range 

Theoretical Resolution True 
Resolution 

Scatter 
0-20mV 20-130mV 0.13-1.3V 1.3-10V Units 

Load cell  0-10 N ±5000 1.18 7.7 68.09 515.08 N/Bit 0.15 1.1 

Load cell  0-10 N ±25000 1.42 9.22 81.52 616.72 N/Bit 0.2 4.5 

Pressure transducer 0-100 kPa 0-1000 0.01 0.08 0.73 5.5 kPa/Bit 0.013 0.13 

Pressure transducer 0-100 kPa 0-2500 0.03 0.21 1.83 13.82 kPa/Bit 0.033 0.16 

LVDT  ±5 mm ±5 1.89x10-6 1.23x10-5 1.09x10-4 8.23x10-4 mm/Bit 0.00003 0.00012 

Displ. transducer  0-35 mm 0-25 4.79x10-4 3.11x10-3 2.75x10-2 0.2083 mm/Bit 0.002 0.004 

Volume gauge 0-35 cm3 0-50 0.00084 0.00545 0.0482 0.3645 cc/Bit 0.001 0.002 

Volume gauge  0-35 cm3 0-100 0.00197 0.0128 0.113 0.855 cc/Bit 0.002 0.004 

Temperature  10 Cº 0-100 6.1x10-5 3.97x10-4 0.0035 0.0265 ºC/Bit 0.004 0.015 
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Figure 4.1 Location of PISA Cowden test site (www.google.co.uk/maps) 

 

Figure 4.2 Location of the block sampling area and BH 1 to 4 in relation to the PISA pile tests 

N 

N 
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Figure 4.3 Visual inspection of sample quality a) Class 1 sample; b) Class 2 sample 
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Figure 4.4 Block sampling procedure employed at Cowden; a) a trench with an up-stand b) 
trimming the block c) sealing the sample d) placing the plywood box and filling the gap with 

expanding foam 

 

 

Figure 4.5 Details of a typical oedometer cell (BS 1377 1990) 
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Figure 4.6 Typical oedometer apparatus used in this research 
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Figure 4.7 Low and high pressure oedometer compliance in tests including rigid metal 
'sample' 
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Figure 4.8 Detailed drawing of the 100mm triaxial cell 
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Figure 4.9 Side view of the arrangement of the local instrumentation on a 100mm diameter 
sample 
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Figure 4.10 Pressure control block diagram for triaxial equipment 
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Figure 4.11 Water-air interface 

 

Figure 4.12 Oil-air interface 
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Figure 4.13 Plan view of the arrangement of the local instrumentation on a 100mm diameter 
sample 
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Figure 4.14 A photograph of a 100mm diameter sample with local instrumentation 

 

Figure 4.15 STALC3 series load cell; a) internal arrangement (http://www.appmeas.co.uk) b) 
photograph  

http://www.appmeas.co.uk/
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Figure 4.16 Radial LVDT supporting system employed in the current research 

 

Figure 4.17 Construction features of a mid-height pore-pressure probe (Hight 1982)  
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Figure 4.18 Installation details for a mid-height probe (Hight 1982) 
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Figure 4.19 Arrangement of bender elements in the triaxial sample (Kuwano and Jardine 
2002) 

 

Figure 4.20 Block diagram of the bender element measuring system 
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Figure 4.21 Pressure transducer mechanism (www.sokken.co.jp) 

 

Figure 4.22 A photograph of a 10bar pressure transducer (uk.rs-online.com) 

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiz9_fE5fHRAhWGXRQKHb5XANMQjB0IBg&url=http%3A%2F%2Fwww.sokken.co.jp%2Fen%2Fpressure%2F201011%2Fentry34.html&psig=AFQjCNH8Vfhhves-0mg1yYLh8LZQq-u2xw&ust=1486137976737449
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Figure 4.23 Strain gauge displacement transducer (Jardine 1986)  

 

Figure 4.24 A schematic diagram of a 100cc volume gauge 



200 
 

 

Figure 4.25 Budenberg Dead-Weight Calibrator 

 

Figure 4.26 'Mitutoyo' micrometer 
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Figure 4.27 Schematic diagram of the modified Bishop and Wesley (1975) triaxial 
stress path cell (Aghakouchak 2015) 
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Figure 4.28 Load cell connection for 38mm diameter cells (after Gasparre (2005)) 

 

 

Figure 4.29 Illustrative sketch of local transducers installed on a 38mm sample (Aghakouchak 
2015) 
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Figure 4.30 Radial belt arrangement for 38mm diameter sample (Schutt 2015) 

 

Figure 4.31 General layout of the ring shear apparatus (Bishop et al. 1971)
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Figure 4.32 Principles of operation of the ring shear apparatus (Bishop et al. 1971)
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Figure 4.33 A photograph of the modified ring shear apparatus 

 

Figure 4.34 Block sampling cutting process 

Vertical force actuator 

Function generator 

Load cell 

Sample assembly 

Load cell 

Stepper motor 
Displacement 

transducers 
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Figure 4.35 Trimming tools used for 100mm diameter samples 

 

 

Figure 4.36 Trimming tools used for 38mm diameter samples 
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Figure 4.37 Preparation of the reconstituted sample 

 

 

Figure 4.38 Consolidation effective stress paths for natural Cowden till samples 
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Figure 4.39 Consolidation effective stress paths followed in test Series a) N-C and b) N-D 

a) 

b) 
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Figure 4.40 Modes of sample deformation (Germaine and Ladd 1988) 

 

 

Figure 4.41 Loading frame diagram for extension modulus of latex membranes (Bishop and 
Henkel 1957) 
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Figure 4.42 A photograph of the membrane loading frame used in the current research 

 

Figure 4.43 Membrane extension modulus, M 
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Figure 4.44 Schematic representation of the bender element signal 
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Chapter 5: Soil profiles, description and characterisation 

5.1 Introduction 

This chapter presents the Author's assessment of the PISA Cowden test site's profile and index 

properties, considering water content, Atterberg Limits, particle size distribution, bulk density 

and specific gravity. The cone penetration tests conducted for PISA and the triaxial initial 

mean effective stress profiles will also be reported. Attention is drawn to the distinction 

between layers of different properties within the weathered till and their differentiation from 

the unweathered deposit. 

5.2 Soil description 

A description of the Cowden profile recorded in this study is given in Figure 5.1, along with 

the most noticeable features identified during coring and trial pitting on site and during 

sample preparation. Particular attention is given to the top 4.0m. The soil is broadly divided 

into weathered and unweathered parts, based on a colour change that is evident at around 

4.8m where reddish brown till changes to the dark brown unweathered soil. A surface layer 

of soft to firm material with frequent vertical and sub-vertical fissures was identified in the 

top 1m. The fissures were closed but wet with grey discoloration that penetrated to a depth 

of approximately 20mm, either side of the fissure; photographs are provided in Figure 5.2 

suggesting that the fissures may have been open at recent times implying K0 values no greater 

than unity applied at those times. A greyish discoloration was also observed around 

occasional cobbles.  

During block sample trimming and cutting it was recognised that the top metre of the profile 

has less gravel stone content than the deeper layers and the soil did not detach along the 

weathered fissures. Between 1m to 1.5m the till became noticeable stiffer, without changing 

colour. The stone content, which is of mixed lithiologies (igneous, metamorphic and 

sedimentary rocks) increased. The same grey discoloration along fissures was present, 

although the fissures were not as wet and the till material remained intact. The fissure spacing 

seen in the block trial pits was around one per every metre down to 1.5m. Rootlets were 

observed in all blocks from horizons A (0.5 - 1.0m) and B (1.0 - 1.5m). Between 1.5 to 2.5m 
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depth the till became noticeably stiffer and had an increased gravel and cobble content. The 

till was desiccated and clearly drier than the overlaying soil. The frequency of the major 

vertical fissures increased to approximately one per half metre, and again showed 

discoloration. Photographs of a fissure and an open surface are presented in Figure 5.3. The 

fissure orientation was vertical to sub-vertical with some occasional horizontal fissures, which 

tended to open during block sample cutting and handling. It was noticed during specimen 

trimming that many smaller cracks were present but without the visual change in colour as 

illustrated in Figure 5.4. The smaller fissures connected with the major set and could lead to 

a complete crumbling of the samples along these features. Between 2.5m and 4.8m the 

weathered material remained stiff to hard with a high gravel content derived from igneous 

and metamorphic rocks as well as chalk, limestone and sandstone. Fissures still appeared, 

although less frequently at one per one and half metres. The fissures were tight, only 

propagating vertically and were associated with an orange discoloration which penetrated 

into the surrounding soil by approximately 20mm. Photographs are provided in Figure 5.5. 

The width of the fissures was less than 1mm and were filled with mainly silt as shown in Figure 

5.6. During sample cutting the fissures tended to open. The unweathered material, below 

4.8m, was consistently stiff and dark grey - brown in colour. The stone content remained high, 

but comprised predominantly chalk with occasional hard igneous inclusions. No fissures or 

other macro-fabric features were observed during site sample evaluation or sample trimming 

in the laboratory of specimens below 4.8m.  

5.3 Soil characterisation 

5.3.1 Water content distribution 

Figure 5.7 presents the water content distribution with depth for The PISA site Cowden till, as 

established without any reconsolidation of samples. The water content was obtained 

following the procedure described in the British Standards (BS 1377 1990). Each point is the 

average of a minimum of three values measured from rotary cores and block samples 

trimmings in the laboratory as well as small samples obtained on site by the block sampling 

contractor ESG Ltd. Although the on-site samples were not weighed and dried immediately, 

they show good agreement with the values obtained from laboratory trimmings. The block 

samples' water contents are lower by 1 - 2% than the values from rotary cores at similar 
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depths, suggesting some water take up during Geobor-S sampling, block drying during 

exposure on site, or both. Despite this, the shapes of the profiles are similar. As noted by 

Powell and Butcher (2003) (see Figure 3.5) the water content is relatively high in the top 0.5m, 

around 28%, decreasing to about 15 - 16% at 1.5m and remaining the same to about 3.5m, 

which is the depth of the deepest block sample obtained. These lowest water content values 

reflect the desiccated, hard and fissured area identified on site and during block sample 

cutting. Below this depth the water content rises to between 16.5% and 17% and remains 

constant with depth to about 13.0m.  

5.3.2 Atterberg limits 

Cone penetrometer and rolling thread methods were used to establish the liquid and plastic 

limits respectively, as described in the British Standards (BS 1377 1990). The soil was prepared 

by wet sieving to remove inclusions larger than 425μm, as recommended by BS 1377 (1990).  

Figure 5.8 shows the liquid and plastic limit profiles of Cowden till with depth. Also shown is 

the best fit from the natural water content profile, showing that in its natural state the water 

content is close to the plastic limit. The boundary between weathered and unweathered till 

is not marked by any change in index properties, although the top 1.5m has slightly different 

limits. The plastic limit is highest over the surface 0.5m, with PL = 22%-23% and decreases to 

about 17% at 1.5m. Below this depth the PL decreases gradually with depth from 17 at 1.5m 

to about 15% at 10m. 

5.3.3 Particle size distribution 

Particle size distribution tests were performed by Geolabs Ltd on two weathered and three 

unweathered specimens, covering the whole profile of interest, as part of the PISA project. 

Wet sieving and sedimentation by pipette methods, following the procedures described in 

the British Standards (BS 1377 1990), were adopted to evaluate the grading curves. The 

results are presented in Figure 5.9. All five curves plot within a narrow band, having a clay-

sized content between 28% and 31.5%. The single exception is the sample from 0.73m which 

has less silt and fine sand but the same clay content. As with the Atterberg Limits there does 
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not seem to be any significant difference between the weathered and the unweathered tills' 

grading curves, except within the top 1.5m.  

5.3.4 Chemical tests 

Five chemical tests were performed by Geolabs Ltd. to quantify the till's organic and 

carbonate contents. The results are listed in Table 5-1. Two of the tests were on soil from the 

upper and lower sections of the weathered till. The results show low percentages of both 

components at the surface and increases with depth. Leaching might have caused this gradual 

increase with depth. The other three tests were on specimens from the unweathered part of 

the profile that revealed relatively constant organic and carbonate contents with depth.  

5.3.5 Bulk density 

The bulk density profile of Cowden till, calculated from 38mm and 100mm diameter rotary 

core test specimens and block samples is presented in Figure 5.10. The figure shows no 

significant difference between the values calculated from rotary cores and blocks, or between 

38mm and 100mm diameter specimens. The bulk density of the soil is lowest, around 

1.95Mg/m3, at the shallowest 0.5m and increases to just below a maximum of 2.35Mg/m3 at 

2m. The same high values are measured to a depth of 3.5m, forming a layer of higher density. 

Below, the profile is linear with depth, having an average value of about 2.19Mg/m3.   

5.3.6  Specific gravity 

The specific gravities of particles from each block and representative samples from the deeper 

unweathered rotary cores were measured by the Author using the small pyknometer method 

(BS 1377 1990). The results are summarised in Figure 5.11. Each point represents an average 

value of at least two readings with a scatter of less than 0.03. The highest particle density is 

measured in the upper 2.0m of the profile, varying between 2.72 to 2.74 (the average being 

2.73), reflecting weathering actions such as leaching and possibly farming. The values 

decrease gradually from an average of 2.73 at 0.5m to 2.71 at 4m depth. In the deeper deposit 

the Gs is constant with a mean value of 2.71. 
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5.4 Soil profiles 

5.4.1 CPT profiles 

Static Cone Penetration Tests (CPTs) were performed for the PISA JIP by In Situ Site 

Investigation Ltd to a maximum depth of 20m, or refusal at the locations shown in Figure 5.12. 

Each CPT measured cone end resistance (qc), sleeve friction (fs) and pore-pressure (u2) by 

means of a single electric CPTU cone mounted in the shoulder position, denoted u2, as shown 

in Figure 5.13. The rate of penetration was kept constant at 20mm/s, ±10%. Zero value checks 

were performed before and after each test to ensure no drift occurred during penetration. 

The CPT soundings were performed at the approximate location of each PISA pile before they 

were installed, the four corners of the PISA pile site and near the borehole locations. Three 

additional cone penetration tests were performed near the large piles, following a slight 

change in the original layout of the piles. 

The cone resistance profiles from six CPT tests along a line connecting the north-west (CPT 

'NW') and south-east (CPT 'SE') corners of the PISA pile test site are shown (uncorrected for 

pore pressure) in Figure 5.14. All results plot close to the same general trend. Spikes, caused 

by hard inclusions in the soil are evident, but the profiles are consistently linear between 3m 

and 12m, having a minimum resistance of about 2MPa. A harder layer with resistance values 

up to about 4MPa is evident between 1.5m and 3m. This layer corresponds to the desiccated, 

fissured zone identified during the sampling campaigns and specimen preparation. The tests 

also confirm the location of the first sand layer at 12.5m previously identified by Lehane 

(1992) and Powell and Butcher (2003). This sand layer falls below the toe depth of the largest 

pile installed on site, so its properties have not been investigated in this research.  

Sleeve friction profiles from the same CPTs are presented in Figure 5.15. The cone penetration 

tests show relatively high friction in the desiccated zone, around 210kPa and at the top of the 

unweatherd till, about 150kPa. The rest of the profile has an average value of 75kPa. The fs 

values in the sand layer are scattered with less consistent trends, influenced by the surface 

roughness of the sleeve (DeJong et al. 2001), the moisture content, composition and normal 

load (Potyondy 1961), as well as the size, angularity and texture of the sand grains (Brumund 

and Leonards 1973). 
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The pore-pressure values measured during the CPT tests are given in Figure 5.16. They show 

less consistent trends and significant scatter ranging from -50kPa to +300kPa reflecting a 

tendency to dilate under large shear strains in the highly overconsolidated till. The results are 

not representative of in-situ pore-pressures.  

5.4.2 Initial mean effective stress profile 

As described in Section 4.4 the initial mean effective stress (p'0) was measured after placing 

each triaxial specimen on the pedestal and applying isotropic stresses under undrained 

conditions. Assuming perfect sampling, p'0 should equal the in-situ mean effective stresses in 

isotropic and elastic soils. In the current research the p'0 was calculated as the difference 

between the pore-pressure measured after an approximately 500kPa all around pressure was 

applied, although an increase to 750kPa was required in order to achieve fully stable positive 

pore-water pressure response with three Horizon C samples. 

Figure 5.17 shows the p'0 values obtained from 38mm and 100mm diameter specimens 

prepared from rotary cores and block samples along with seven hollow cylinder apparatus 

(HCA) values measured by the Author's PhD colleague Mr. Tingfa Liu (Liu 2018). The HCA 

specimens were also trimmed from blocks and are shown as a comparison because the 

complex preparation required for each sample takes at least three times longer than for 

triaxial specimens. There exists a clear difference between the initial mean effective stresses 

from rotary cores and block samples as well as between the triaxial and HCA specimens. The 

rotary core measurements form a profile with a scatter range of ±50kPa from the average 

best fit, also presented in Figure 5.17. The values obtained from blocks plot higher than the 

rotary cores and range between 100kPa to 280kPa. As discussed in Section 5.3.1 and shown 

in Figure 5.7 the water contents from the block samples plot as a lower bound of the rotary 

cores, suggesting that both rotary drilling and block drying processes may have changed the 

initial p'0 and water contents. It should be noted though, that sample preparation from blocks 

takes between four to five times longer than for rotary cores, while mist spraying was used 

to minimise any effects, some drying might have occurred. The HCA mean effective stresses, 

ranging between 240kPa and 290kPa, lie towards at the upper bound of the triaxial block 

samples values, reflecting the significantly longer preparation time. 
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The impact of drying during sample trimming is currently being investigated by Liu (2018) by 

means of the filter paper technique (Chandler and Gutierrez 1986) and tests with the Imperial 

College suction probe (Ridley and Burland 1993). It is clear though that the initial effective 

stresses developed by the low plasticity Cowden till samples are highly sensitive to the 

specimens' conditions during field sampling and laboratory test preparation. The initial 

suction measurements appear unlikely to offer any reliable information regarding in-situ 

stress conditions. 
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 Table 5-1 Chemical tests on Cowden till samples 

Depth, 
m 

Organic 
content, 

% 

Carbonate 
content, % 

0.74 0.7 2.7 

3.5 1.3 6.6 

5.93 1.3 12 

7.3 1.5 11 

10.15 1.6 12 
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Figure 5.1 Description of Cowden till 

Weathered till 

Unweathered till 
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Figure 5.2 Block sample 4, horizon A, 0.73m-1.08m. A photograph of a) fissures with grey 
discolouration; b) rootlets 

 

Figure 5.3 Block sample 2, horizon C, 1.73m-2.08m; a) fissure revealed during block cutting 
as sample started cracking; b) surface of an open fissure 
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Figure 5.4 Small sub-vertical and horizontal fissure without discoloration 

 

Figure 5.5 Block sample 1, horizon F, 3.15m – 3.50m a) top view b) side B of the block 

Sub-vertical fissures 

Horizontal fissure 
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Figure 5.6 Open fissures a) block sample F1, photograph taken on site b) block sample F3, 
photograph taken in the laboratory 
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Figure 5.7 Water content distribution 
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Figure 5.8 Index properties of Cowden till
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Figure 5.9 Particle size distribution curves 
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Figure 5.10 Bulk density profile 
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Figure 5.11 Specific gravity profile  
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Figure 5.12 Location of the Cone Penetration Tests 

 

 

Figure 5.13 Location of the pore-pressure filter (Lunne et al. 1997) 
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Figure 5.14 Cone end resistance (qc) profiles from six CPTs 
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Figure 5.15 Sleeve friction (fs) profiles from six CPTs 
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Figure 5.16 Pore-water pressure (u2) profiles from six CPTs 
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Figure 5.17 Initial mean effective stress profile from rotary cores and block samples
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Chapter 6: Large strain behaviour 

6.1 Introduction 

This chapter describes the large strain mechanical behaviour of reconstituted and natural 

Cowden till, focusing on features observed in ring shear, oedometer and triaxial experiments. 

The till's behaviour is reviewed at very large strains, the compressibility and triaxial shear 

strength characteristics are reported and the critical state lines of natural and reconstituted 

soils are identified. Sample size and rate effects are also analysed. The influence on large 

strain behaviour of imposing higher than in-situ mean effective stresses is reported and the 

behaviour of reconstituted soil is examined to provide a benchmark that allows the influence 

of natural structure on the large strain behaviour to be identified, considering the behaviours 

of the weathered and unweathered parts of the Cowden PISA test site profile. 

The pre-failure behaviour of the clay, as observed in the triaxial programme and through 

geophysical testing, is detailed in Chapter 7:, with special emphasis on the non-linear and 

anisotropic stiffness behaviour manifested at small strains. 

6.2 Residual shear strength 

The soil-soil and interface behaviour of weathered and unweathered Cowden till was 

investigated to establish the degree to which the till develops any oriented microstructure 

and residual shear strength when sheared to very large strains. Thirteen drained tests were 

run in the Bishop ring-shear apparatus at a constant shearing rate of 0.016mm/min using the 

apparatus described in Section 4.3.3. The soil-soil tests were designed to measure the residual 

strength of Cowden till and its dependence on vertical effective stress. The interface tests 

aimed to investigate the mobilised angle of friction on the contact between the soil and steel 

piles that have been pre-driven rapidly and its variation with normal effective stresses and 

shearing rates. Table 6-1 lists the vertical effective stresses at failure and the shearing rates 

applied. The interface testing followed the procedures recommended by Jardine et al. (2005) 

as described in Section 4.4.5. 
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6.2.1 Sample preparation and testing procedures 

The ring-shear specimens were prepared from trimmings taken from intact block and rotary 

core samples. The weathered soil specimens were derived from Horizon F (3.0 to 3.5m depth) 

while the unweathered soil was obtained from rotary cores from a depth of 5.0m to 8.0m. 

The trimmed material was then wetted to a slurry. The weathered soil was passed through 

2mm sieves before being 1-D compressed while the unweathered till passed through a 5mm 

sieve before being 1-D re-consolidated to form soil 'cakes', as described in Section 4.4.1. The 

soil required for each ring shear test was cut from the cakes, remoulded at its current water 

content and placed in the apparatus. Following consolidation to the desired initial vertical 

stresses the soil-soil tests were conducted at shearing rate of 0.016mm/min, while the 

interface shear specimens were subjected to fast shearing at a rate of 500mm/min to a total 

displacement of 5m. The fast shearing modelled the displacement history of the soil around 

and adjacent to driven piles during installation (Bond 1989; Lehane 1992; Jardine et al. 2005). 

During this process the confining rings were kept in contact with the interface and as a result 

the measurements do not represent the soil behaviour and are not considered. After a 24h 

rest period a gap of approximately 0.1mm between the interface and the confining rings was 

opened and the specimens were subjected to slow shearing at a standard ring-shearing rate 

of 0.016mm/min. The standard shearing rate was derived from the last loading increment 

during consolidation as described in Section 4.4.5. 

6.2.2 Soil-soil tests 

Three soil-soil experiments were executed on reconstituted till from 3.40m under vertical 

stresses of 120, 240, 480kPa. A plot of the variation of the angle of shearing resistance with 

vertical stresses and the best fit lines is shown in Figure 6.1. The figure shows that the peak 

friction angle is highest at low stresses, and the peak is suppressed and becomes lower as σ'v 

increases. The opposite trend is true for the residual angle, which lowest is at σ'v = 120kPa, 

but as the normal stress increases it reaches a plateau with the soil-soil φ'residual being 24.5º. 

This value is practically the same to the φ'cs = 24.4º reported later in the chapter from triaxial 

compression tests on isotropically and K0 consolidated reconstituted specimens. The 

interpreted residual angle is in agreement with tests by Lupini (1981) and Lemos (1986), who 
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found φ'residual between 24.5º and 26.5º. The initial and final conditions, water contents as well 

as the peak and ultimate angles of resistance are summarised in Table 6-1. 

The soil could not be separated on the shear zone and so a description of the zone was not 

possible.  

6.2.3 Soil-steel tests 

Interfaces 

The samples were sheared against freshly air-abraded mild steel interfaces with an average 

centre-line roughness of RCLA = 8.3μm, which is similar to the roughness of the industrial 

driven piles (Jardine et al. 2005). The centre-line roughness of the interfaces was measured 

by the Author at six locations on three fresh interfaces, using the interferometer available in 

the Geotechnical Laboratories at Imperial College. A photograph of the set-up used is shown 

in Figure 6.2. A typical 3D graph of the surface of the interfaces derived from the 

interferometer is presented in Figure 6.3. 

Ring shear interface tests on weathered till 

The soil-steel tests on weathered reconstituted Cowden till were performed under vertical 

stresses of 60, 120, 240, 480 and 960kPa. Figure 6.4 shows the variation of peak and ultimate 

angles of interface shearing resistance under different vertical stresses. The peak angles were 

developed after relative displacements of 0.3 to 3.0mm. The δ angles reduced to minimum 

values after around 7.0mm displacement, after which further shearing led to continuous 

increase in δ with displacements, although at decreasing rates. The residual values of the 

friction angles were defined at rotational deformations of about 60mm, although some tests 

were sheared to larger strains to investigate the continuously increasing resistance with 

displacements. The peak and ultimate interface resistance is greatest at effective stresses less 

than 100kPa (experiment RSI60W), with δpeak = 22.2º and δresidual = 20.8º, dropping to δpeak = 

20.1º and δresidual = 19.1º at σ'v = 120kPa and remaining relatively constant (± 1º) as σ'v increases 

further, showing no influence of σ'v. 



 
 

238 
 

Lehane (1992) reports ring shear interface tests on sample from another part of the Cowden 

site that gave δpeak between 25º and 28º and δresidual between 22º and 24º on stainless steel 

interfaces with centre-line roughness of 8.5μm. In his ICP tests he found peak pile-soil angles 

ranging from 20º to 25º and residual interface angles between 20º and 24º under axial 

compression loading and 18º from tension pile tests from instruments placed at 2.0 and 6.0m 

depth. The peak and residual δ values found by the Author lie towards the lower range of 

Lehane's (1992) ICP experiments. The discrepancy between the interface angles may be due 

to local variations in the soil properties or to differences in sample preparation. Lehane (1992) 

dried and ground the soil first, passed it through a 0.6mm sieve before remoulding it at w = 

22%. However, interface material and roughnesses are also critically important. Lemos (1986) 

reports δ peak between 14º and 19º and δ residual between 13º and 22º from ring shear tests on 

a range of interfaces with quite different roughnesses and material types. 

The initial and final conditions, water contents as well as the peak and ultimate angles of 

resistance for weathered Cowden till are summarised in Table 6-1. 

After the tests were completed the interfaces were cleaned, dried and their roughness re-

measured. The roughnesses reduced by similar degrees during shearing against the sandy 

Cowden till at normal stresses between 100kPa and 1MPa, with RCLA roughness falling in all 

cases to around 3.5μm. Shearing at stresses lower than 100kPa left slightly higher RCLA to 

around 5μm (test RSI60W).  

Ring shear interface tests on unweathered till 

The unweathered Cowden till was sheared under the same normal stress ranges of 60, 120, 

240, 480 and 960kPa. Unlike the shallower tests, the unweathered specimens developed δpeak 

and δresidual values which were indistinguishable in tests with σ'v ≥ 120kPa. Figure 6.5 shows 

the variation of residual interface angles with vertical stresses, calculated at rotational 

deformations of about 60mm. The mean trend line indicates an increase in δ' with normal 

stresses, reaching an average of 19.1º at σ'v ≥ 350kPa. A comparison between the weathered 

and unweathered residual δ' angles is provided in Figure 6.6. At low to medium stresses (60 

to 240kPa) the weathered till exhibits higher angles with the difference diminishing with 

increasing σ'v. A possible reason for a discrepancy is the difference in the grading curves; 
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recalling that the weathered was sieved through 2mm sieve, while a 5mm sieve was used for 

the unweathered till. A summary of the stresses at failure, peak and residual angles as well as 

initial and final water contents for unweathered ring shear tests is provided in Table 6-1. 

The phenomenon of continuously increasing friction angle with displacements was 

investigated with specimens RSI60W, RSI60U and RSI960U. The samples were brought to 

more than 130mm of displacement and the corresponding δ' angles vs rotational 

displacement plots are shown in Figure 6.7. After reaching their minima, the tests show a 

similar trend of continuously increasing δ' up to a semi stable plateau at about 100mm. The 

results suggest that relatively high deformations (to about 100mm) are required until all 

particles in the shear zone are rearranged to a stable interface residual fabric.  

Although a detailed microscopic investigation of the surface of the specimens was not carried 

out, a visual inspection of the samples and the interfaces made after completing the tests 

showed that the soil which had been in contact with the interface was striated but not 

polished. The contact area of the soil was discoloured by the abraded particles from the 

interface and oxidation. The specimens were separated relatively easy from the interfaces 

and when broken a layer of highly reworked material was visible, as shown in Figure 6.8, 

suggesting that the shearing concentrated within a thin layer between the soil and the 

interface. This layer had a thickness of approximately 0.7 - 0.8mm after drying. Below this 

zone the soil appeared less affected. The interfaces had been smoothed by shearing but were 

not shiny or polished. However, they had experienced oxidation, as can be seen in the 

photograph provided in Figure 6.9. 

6.3 Intrinsic properties 

The intrinsic behaviour of Cowden till was investigated by combining the MSc study 

conducted by Schutt (2015) on reconstituted till with the oedometer, triaxial and ring shear 

experiments carried out by the Author. The reconstituted triaxial test programme comprised 

six K0 consolidated samples taken to OCR = 1, 2 and 10 before undrained shearing in 

compression and extension, along with two isotropically consolidated and swelled specimens 

tested from OCR = 1 and 10 respectively. The K0 consolidated experiments (Schutt 2015) were 

performed with the assistance and supervision of the Author. The specimens were prepared 
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from block sample trimmings from Horizon F, without prior drying, that were slurried and 

formed into consolidated cylindrical blocks, as described in Section 4.4.1 and tested following 

the procedure in Section 4.4.4. The reconstituted triaxial tests are summarised in Table 6-2. 

Eight one-dimensional compression tests were also performed by the Author on 

reconstituted samples in the high and low pressure oedometer equipment. Five additional 

tests were performed on reconstituted material by Geolabs Ltd. as part of the initial PISA test 

site characterisation, as listed in Table 6-3. 

6.3.1 Compression behaviour of reconstituted till 

The results from the reconstituted 1-D compression tests on specimens taken from 1.95 to 

12.0m depth are presented in Figure 6.10, plotted as void ratio (e) – vertical effective stress 

(σ'v). All the curves have a similar shape and apart from one specimen, GEOD0.75R from 

0.75m, form a narrow band, showing similar intrinsic compression and swelling behaviours of 

Cowden till for all depths below the top highly weathered 1.5 to 2.0m of the profile, whose 

much steeper slope is compatible with the layer's higher liquid and plastic limits, higher water 

content and lower silt and sand content. Table 6-4 summarises the compression and swelling 

slopes from all oedometer tests. Excluding GOED0.75R, the compression slopess (Cc*) are 

between 0.177 and 0.292, the average being 0.231, while GOED0.75R showed Cc* = 0.394. 

The corresponding swelling slopes (Cs*) are in the range of 0.035 to 0.076, with an average 

equal to 0.051. The oedometer curves from Figure 6.10 are practically log-linear between 

vertical stress of 100kPa and 1000kPa and may be normalised by the Void Index, Iv (Burland 

1990) using the following relationship: 

 
𝐼𝑣 =

𝑒 − 𝑒100
∗

𝑒100
∗ − 𝑒1000

∗  Eq. (6-1) 

where: 

e – current void ratio. 

e*100 – intrinsic void ratio at σ'v = 100kPa. 
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e*1000 – intrinsic void ratio at σ'v = 1000kPa. 

The normalised intrinsic compression line (ICL*) is then well defined as shown in Figure 6.11.  

To evaluate the intrinsic K0 critical state parameters λ*, κ* and v1*, defined in v - ln(p') space, 

the e - σ'v oedometer data were transformed to specific volume (v = 1+e) – mean effective 

stress (p') plots by applying the Mayne and Kulhawy (1982) K0 - OCR relationship: 

 𝐾0 = (1 − 𝑠𝑖𝑛𝜑′)𝑂𝐶𝑅𝑠𝑖𝑛𝜑′ Eq. (6-2) 

The Author recognises that this expression may be unable to reproduce the K values applying 

in the oedometer under overconsolidated conditions. The transformed 1-D consolidation 

plots along with the compression data from two isotropic consolidation tests (which started 

with initially K0 consolidated fabrics and conditions) are presented in Figure 6.12a). The 

swelling curves are presented in Figure 6.12b) along with the isotropic and K0 normal 

compression lines (NCL*) identified from isotropic triaxial and oedometer tests, which plot 

parallel to each other with a slope of 0.093 and intersect the specific volume axis at unit 

pressure at 2.09 and 2.02 respectively. The values of λ*, κ* and v1* from all depths are 

summarised in Table 6-5. 

As mentioned in Section 4.4.1 the reconstituted samples were prepared by wet sieving, 

removing gravel fraction larger than 2mm which was likely to affect the water content (which 

is related to void ratio) and hence the location of the intrinsic normal compression lines in v - 

ln(p') space (Gens and Hight 1979). Following this the isotropic and K0 NCL* were corrected 

to show the trends expected for samples that had retained the natural till's 8% gravel fraction 

by Eq. (4-27) (see Figure 5.9) and the corrected NCLs* are plotted in Figure 6.12b), having 

corrected slopes λ*corrected = 0.093 and v1*corrected = 2.053 and 1.97 for isotropic and K0 lines 

respectively. 
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6.3.2 Shearing behaviour 

Behaviour in compression 

The variation of deviatoric stress and pore-pressure with axial strains (ε) for K0 and 

isotropically consolidated reconstituted weathered Cowden till, tested under triaxial 

compression, are presented in Figure 6.13 and Figure 6.14 adopting natural stress-strain axes 

and semi-log space respectively. Figure 6.15 displays the q/p' versus axial strain (ε) trends 

while the corresponding effective stress paths followed are shown in Figure 6.16a) and b) for 

isotropically and K0 consolidated specimens. 

The isotropically consolidated samples, IUC1 and IUC10, bulged during shearing in 

compression, without developing any strain localisation and were barrel-shaped after large 

strains. Specimens IUC1 and IUC10 exhibited mainly ductile strain hardening behaviour, 

reaching well-defined plateaux in terms of deviatoric stress and pore pressure over the 10% 

and 15% axial strain (ε) range (Figure 6.13), although after 15% specimen IUC1 showed a 

modest decrease in q, which might reflect the impact of bulging at large strains. The effective 

stress path for IUC1 exhibited ''contractive'' behaviour from the start of the test while the 

OCR=10 specimen showed initial ''contraction'' up to 1% followed by a predominantly 

''dilative'' response (Figure 6.16a)). In the undrained static and cyclic loading tests performed 

by the Author, positive change in the mean effective stress and movements of the ESP to the 

right are refered as being ''dilative'' and negative changes as ''contractive''. Similarly, as 

mentioned earlier, the undrained axial strains εa are referred to simply ε in the following 

chapters. Note that under undrained triaxial conditions (μu = 0.5) the axial strains ε = εs (shear 

strain). 

The K0 consolidated specimens KUC1, KUC2 and KUC10 also bulged during shearing, becoming 

barrel-shaped at large strains without forming shear bands. The normally consolidated 

sample reached its deviator peak at small strains (0.1%) and at low q/p' ratio and strain 

softened continuously as shearing continued. The two overconsolidated specimens showed 

strain-hardening behaviour up to 1% and 5% respectively before manifesting moderate strain 

softening at larger strains (see Figure 6.13 and Figure 6.14). The strain softening becomes less 

pronounced with increasing OCR while the strains at which the samples reached peak q 
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increased with overconsolidated ratio. The K-consolidated OCR = 1 specimen followed a 

markedly contractive path to failure and manifested its peak q at q/p' ratio far below the 

ultimate value derived at large strains, as noted in earlier tests on reconstituted Lower Cromer 

till (Gens 1982) and Magnus till (Jardine 1985). The sample sheared at OCR = 2 switched from 

initially mildly contractive to dilative behaviour at ε = 0.2%. At OCR = 10 the initial contraction 

is followed by dilation to failure. The dilation increases with increasing overconsolidated ratio. 

The stress ratio (q/p') vs axial strain (ε) plot shows the tendency of all samples to converge 

towards a unique final critical state ratio of q/p' = 0.96 in compression. The normalised 

deviatoric stresses are seen to exhibit higher peak values of q/p' at OCR > 1, which increase 

with increasing overconsolidated ratio for both isotropically and K0 consolidated specimens. 

The effective stress path plots in Figure 6.16a) and b) show that the samples tend to a unique 

failure line with an inclination of MTXC = q/p' = 0.96, corresponding to a critical state angle of 

shearing resistance φ'cs = 24.4º, according to Eq. (6-3), which matches the soil-soil residual 

angle from the ring shear tests. 

 
sin(𝜑′𝑐𝑠) =

3𝑀𝑇𝑋𝐶

6 + 𝑀𝑇𝑋𝐶
 Eq. (6-3) 

Behaviour in extension 

Figure 6.17 and Figure 6.18 show the variation of deviatoric stresses and pore-pressures with 

axial strains (ε) for K0 consolidated specimens in TXE tests of reconstituted Cowden till. The 

stress-ratios (q/p') trends are presented in Figure 6.19, while the effective stress paths are 

plotted in Figure 6.16b). 

In extension the samples underwent a substantial loss of total shear resistance due to non-

uniform necking which usually developed from around ε = -9%. The plots presented in Figure 

6.17 and Figure 6.18 all treat the samples as deforming as right cylinders. In cases where 

straining was non-uniform, as in the necking samples, the areas are uncertain and the large 

strain q values are not known reliably. The apparent losses of resistance increased with OCR. 

The effective stress paths developed in extension tests conducted from OCR = 1 and 2 show 

initially contractive behaviour followed by dilative trends at large strains. A purely dilative 
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response was seen from initial shearing into the onset of necking with the OCR = 10 specimen. 

The plot of apparent stress ratios in Figure 6.19 suggests that all samples' curves tend to 

converge after 12% axial strain without reaching a stable q/p' ratio. The q/p' = 0.62 found at 

this point has been adopted as a nominal ultimate state. This ratio defines the assessed       

MTXE = 0.62, which corresponds to a φ' angle equal to 20.2º, according to Eq. (6-4): 

 
sin(𝜑′) =

3𝑀𝑇𝑋𝐸

6 − 𝑀𝑇𝑋𝐸
 Eq. (6-4) 

Experiments with different apparatus are required to define any possible anisotropy or 

dependency on b values of the till's true shear strength behaviour. 

Figure 6.20 shows the variation of compression and extension Su/σ'v0 ratios with OCR for 

reconstituted K0 consolidated Cowden till specimens with log-log axes. The relationships 

follow a power law function in the form of Eq. (6-5). The parameters A and b are tabulated in 

the figure and have triaxial compression values of 0.28 and 0.75, close to those proposed by 

Jardine et al. (2005). 

 𝑆𝑢

𝜎′𝑣0
= 𝐴[𝑂𝐶𝑅]𝑏 Eq. (6-5) 

Critical state line and state boundary surface 

The ultimate critical states (specific volume and mean effective stress) for the five 

reconstituted samples sheared in compression are presented in Figure 6.21. Due to the 

tentative nature of their failure points, the extension tests are not considered. Also shown on 

the plot is the isotropic intrinsic normal compression line, NCL* (see Figure 6.12). The v - p' 

points at the end of shearing indicate the intrinsic Critical state line (CSL*), which as expected 

lies below and is parallel to the isotropic NCL*. In v - ln(p') space the CSL* has a slope Ν* = 

0.093 and intersects the specific volume axis at unit pressure, Γ* = 2.035. Similar to the NCL* 

(see Section 6.3.1) removing the gravel fraction (> 2mm) during sample preparation would 

affect the location of the critical state points in v - ln(p') space, so the final CS* points were 

corrected for the removed 8% gravels and the corrected intrinsic critical state points and their 
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best fit line (with Ν*corrected = 0.093 and Γ*corrected = 1.995) are also plotted in Figure 6.21, along 

with the corrected intrinsic isotropic NCL*. 

It is instructive to consider the effective stress paths of the undrained tests in normalised 

stress space and so define the reconstituted till's State Boundary Surface (SBS). Figure 6.22 

shows the effective stress paths normalised by the ''Hvorslev-defined'' equivalent pressure 

(pe) on the isotropic NCL* to take into account the changes in the void ratios during 

consolidation. All compression tests seem to travel towards a Critical State (CS), which lies 

within a region located between p'/p'e = 0.5 and 0.6, from which an average point can be 

defined, although KUC1 and KUC10 do not quite reach this state. On the extension side, the 

non-uniform failures indicate a wider spread of final values. The Local Boundary Surfaces 

(LBS*) traced by the isotropic and K0 consolidated samples differ considerably, as expected 

by Gens (1982) and Jardine et al. (2004). Test KUC10 has not been considered, as it plots 

higher than the surface defined by the rest. The other four tests indicate the overall State 

Boundary Surface (SBS*) for the reconstituted Cowden till samples from 3.40m depth. The 

SBS* separates the possible and impossible state of the soil (Gens 1982). The SBS* on the dry 

side (Hvorslev surface) follows first the tension cut off and then the normalised ESP of the 

isotropic OCR = 10 tests in compression and extension respectively. Tests KUC1 and KUE1 

define the Local Boundary Surface (LBS*) for Kc = 0.56 (Gens 1982; Jardine et al. 2004). The 

SBS* on the wet side (the Roscoe-Rendulic surface) is identified from tests IUC1, KUC1 and 

KUE1.  

6.4 Behaviour of natural Cowden till 

As noted in Chapter 5:, Section 5.3 the step changes in the mechanical and index properties 

observed in the Cowden profile occur at a shallower depth (notably at around 1.5m and a 

transitional step at 2.5m) than that at which the sample colour changes (identifies the limit 

to the prior oxidation weathering). Samples from 2.5m to 4.5m depth, although weathered 

by oxidation, have similar void ratios and behaviour to the unweathered specimens from 

below 4.5m depth. However, the specimens from the upper 2.5m of the profile exhibit initial 

void ratios, index properties and mechanical behaviours that are different from the rest of 

the weathered profile. 
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The properties of natural Cowden till were investigated with 38mm and 100mm diameter 

triaxial experiments and oedometer tests. The strain-controlled triaxial tests were performed 

in compression and extension, usually at rate of 5% axial strain per day. This rate ensured 

pore-water pressure uniformity throughout the samples during shearing, which was checked 

against mid-height probe measurements. The samples covered the whole profile to 12.0m 

depth. Multiple tests were performed at 0.5m, 3.5m, 5m and 8m depths to check the 

repeatability of the testing procedures and equipment. Most experiments were conducted 

after re-consolidation to estimated in-situ effective stresses. 

Eight one-dimensional compression tests were also performed on intact samples by the 

Author in the high and low pressure oedometer equipment. Five additional Constant Rate of 

Strain (CRS) oedometer tests were conducted by Geolabs Ltd. as part of the initial PISA test 

site characterisation. The oedometer tests cover the full profile in approximately 1m intervals, 

although with a lower frequency below 8.0m depth. 

6.4.1 Behaviour in 1-D compression  

The one-dimensional void ratio (e) – vertical effective stress (σ'v) behaviour of natural Cowden 

till samples is shown in Figure 6.23a) and b) for depths of 0 to 1.5m and 1.5 to 10.15m 

respectively. The data in Figure 6.23a) and b) are re-plotted in a specific volume (v = 1+e) – 

mean effective stress (p') space assuming that the Mayne and Kulhawy (1982) K0 - OCR 

relationship applies (with the initial loading stages being treated as having OCR = 1, despite 

the till's initial YSR profile) in Figure 6.24 for 0 to 1.5m depth and Figure 6.25a) and b) for 

depth range of 1.5 to 10.15m in compression and swelling respectively. It is recognised that 

the relationship between σ'h/σ'v may well be different to that assessed. The intrinsic K0 NCL* 

and corrected for gravel content NCL*corrected identified from oedometer tests on 

reconstituted deeper profile material are also plotted.  

The natural samples tested from 0 to 1.5m depth all plot above the K0 NCL* from the 

reconstituted oedometer tests on material deeper than 2.5m, showing evidence of their more 

open ''weathered'' structure. Samples OED0.5N, OED1.25N and GOED0.75N (Figure 6.24) 

possess initial void ratios almost twice as high as the rest of the profile, which reflects their 

high natural water content and greater plasticity (see Figure 5.7 to Figure 5.9). With the 
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exception of one ''transitional'' specimen from 2.50m depth, the one-dimensional 

compression behaviours of the samples from below 2.5m (Figure 6.25) are closely 

comparable, reflecting the similar initial void ratios (water contents) and index properties of 

the specimens over the main part of the soil profile. 

The natural oedometer specimens were loaded to vertical effective stresses up to 10MPa, 

which caused the samples to yield gradually without revealing any sharp yielding points and 

making the post-yielding behaviour difficult to identify. Nevertheless, the samples from below 

2.50m depth (which have similar initial void ratios) converge towards similar ultimate curves. 

These deeper specimens exhibit a tendency to cross the K0 NCL* (defined from reconstituted 

material from below 2.5m depth) without converging towards the same gradient (Figure 

6.25), although higher stress tests might indicate steeper slopes and coincidence with the K0 

NCL*. The fact that the natural compression curves plot below the NCL* when p' < 1kPa and 

always maintain higher λ (or Cc) indicates that the till developed a dense and insensitive fabric 

through its glacial origin which cannot be removed or modified easily by oedometer 

compression. The compression curves of the samples from the top 2.5m of the profiles, which 

have high initial void ratios, remain distinctly above the intrinsic oedometer compression line 

(the line from the reconstituted test GOED0.75R in Figure 6.24) even at σ'v = 10MPa. The 

average one-dimensional compression and swelling slopes, Cc and Cs respectively, assessed 

from natural samples defined in the e - log(σ'v) plane are listed in Table 6-6. The compression 

slopes are identified from the last portions of the 1-D compression curves, showing higher Cc 

values for samples down to 2.5m, averaging at 0.247, while the reconstituted Cc* from 

GOED0.75R = 0.394. The average values for the samples deeper than 2.5m is 0.154 while test 

OED2.25N, which has an intermediate void ratio, has a compression slope of 0.177. The 

swelling slopes, Cs, show a similar picture to the compression behaviour. The upper profile 

samples have the highest swelling slopes, averaging at 0.068, the OED2.25N test gives Cs = 

0.046 and the deeper specimens have swelling slopes of 0.038, on average. The critical state 

parameters λ, κ and v1 from the one-dimensional oedometer data, presented in v - log(p') 

space in Figure 6.24 and Figure 6.25, are summarised in Table 6-7. The parameters listed in 

Table 6-7 are defined in v - ln(p') space. The average values of λ, κ and v1 for the upper part 

(G.L.-2.5m) of the soil profiles are 0.107, 0.041 and 2.283 respectively. Substantially lower are 

the values for the same parameters in the lower part of the soil profile (deeper than 2.5m), 
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being 0.067, 0.023 and 1.808 for λ, κ and v1 respectively. Test OED2.25N has intermediate λ, 

κ and v1 with 0.077, 0.027 and 2.02 respectively. 

The index (see Figure 5.7 to Figure 5.11) and one-dimensional compression tests indicate that 

the PISA Cowden profile can be divided into three parts – upper, between ground level (G.L.) 

and 2.5m and lower, covering the soil deeper than 2.5m. The CPT profiles (Figure 5.11 to 

Figure 5.16) also identify highly variable shear strengths over an intermediate depth range 

which includes the desiccated, hard layer from 1.5m to 2.5m, which manifested notably 

higher than average undrained shear strengths in triaxial compression and extension tests 

and was seen to have a marked effect on the axial base and shaft resistance as well as the 

radial effective stresses in the ICP field tests at Cowden described by Lehane (1992) and 

Lehane and Jardine (1994). 

Yielding and stress sensitivity 

As mentioned earlier the 1-D yielding of the soil is gradual and even at high vertical effective 

stresses the compression curves continue to diverge from the intrinsic compression line. As 

the tests indicate incomplete yielding, there exists an uncertainty about any 1-D yielding 

points. Estimates were made by applying the Casagrande construction and an example from 

7.0m depth is presented in Figure 6.26, which shows the estimated yielding stress, σ'vy. 

Gasparre (2005) argues that the yielding process is complete when any compression curve 

rejoins the intrinsic NCL*, which may occur at a point such as σ'vu, as illustrated in Figure 6.26, 

although the natural oedometer curves do not converge completely with the NCL*. The 

estimated σ'vy and σ'vu values from each oedometer sample are listed in Table 6-8. Also 

summarized in Table 6-8 are the calculated in-situ vertical effective stresses (σ'v0), the vertical 

effective stresses on the intrinsic compression line at the same void ratio as the first estimate 

of the yielding stresses (σ*e), the stress sensitivity values (St = σ'vy/σ*e), the Yield Stress Ratios 

(YSR = σ'vy/σ'v0) and the Apparent Pre-Load (APL) defined as σ'vy - σ'v0. 

The differences between the upper (G.L.-2.5m) and lower (below 2.5m) parts of the soil 

profile are once again reflected in the yield stresses, YSR and APL values. Figure 6.27 and 

Figure 6.28 show the YSR and APL plus yield stresses with depth along with the mean trend 

lines. Both parameters show a distinct peak in the trend at around 2.0m. As noted earlier 



 
 

249 
 

some distinct aspects of the glacial depositional process appear to have applied at this depth, 

which also marks the boundary between the upper, highly weathered, and lower profile. 

All stress sensitivity values, except those for GOED0.75N (St = 1.895) and OED2.25N (St = 

1.614) are close to, or just below, unity. The average St from all samples is 0.887, suggesting 

that the natural till is not sensitive or cemented and was compacted by glacial ice loading, 

shearing actions or freeze-thaw processes to states denser than those that can be achieved 

by compressing reconstituted specimens. The till was deposited in glacial environment and 

possibly reworked multiple times during ice sheet advances, retreats and probably 

experienced standing ice periods where the glaciers were stationary. 

Swell sensitivity 

Cowden till does not possess a sensitive or cemented structure that allows intact oedometer 

compression curves to extend beyond the intrinsic compression line (discussed above). 

However, changes in the slopes of the swelling curves after further increasing vertical stresses 

indicate that some loss of its natural (post-glacial) structure may occur through compression 

loading. At low effective stresses the swelling curves are flatter (ie stiffer), due to the 

resistance of the compacted glacial structure but as the vertical stresses increase and the 

structure is progressively altered, the swelling gradients increase. Figure 6.29 shows three 

oedometer tests, OED7.00N, GOED7.30N and GOED10.15N which were first consolidated to 

893kPa, 42kPa and 92kPa and swelled back to OCR of 4, 4.5 and 3 respectively. After 

reconsolidation to 3.6MPa (OED7.00N) and 3.0MPa (GOED7.30N and GOED10.15N) they were 

swelled for a second time to OCR of 15 (OED7.00N) and 30 (GOED7.30N and GOED10.15N). 

During the initial swelling the corresponding average swelling gradients in e - log(σ'v) space 

are 0.023, 0.007 and 0.009, while during the second swelling stages imposed, after applying 

higher stresses, the average gradients were two to five times higher at 0.044, 0.021 and 0.044 

for tests OED7.00N, GOED7.30N and GOED10.15N respectively. 

Schmertmann (1969) introduced the Swell Sensitivity (Ss) parameter, defined as the ratio of 

the slopes of the intrinsic to the natural swelling lines (Ss = C*s/Cs) at 1000kPa < σ'v < 10000kPa, 

which is a measure of the material's degree of structuration. The Ss values from all samples 

are summarized in Table 6-8. For all tests, except OED1.25N and GOED3.50N, the Ss values fall 
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slightly above unity, indicating that a complete breakdown of the structure of the intact 

material has not been reached and even greater stresses are required to change the fabric 

towards that of the reconstituted till (although this is highly unlikely to happen). 

Normalised compression behaviour 

Burland (1990) proposed that it is useful to examine the normalised void Index (Iv) - vertical 

effective stress (σ'v) relationships of oedometer tests on natural clay samples. The Cowden till 

data are shown in Figure 6.30 a) and b) for upper and lower natural till samples along with 

the ICL* identified from reconstituted oedometer tests as defined in Figure 6.11. The gravel 

corrected Iv - σ'v ICL* and the sedimentation compression line (SCL) expected by Burland 

(1990) for natural normally-consolidated samples are also plotted as references. The 

normalised plot confirms that samples OED1.25N, OED0.5N and GOED0.75N can be 

considered to have an open or 'loose' natural structure. This measure of the compactness of 

the material explains the higher compressibility of the upper part of the profile. The samples 

from the deeper profile plot well below zero confirming their dense structure. Note that 

slightly better agreement is seen when the ICL curve is adjusted for the natural till's gravel 

content, as seen in Figure 5.9. 

Coefficients of compressibility, consolidation and permeability 

It is customary in engineering practice to calculate from oedometer tests coefficients of 

compressibility, consolidation and permeability for each test stage. These calculations have 

been completed for the Author's stage loaded oedometer tests, giving the results outlined 

below. 

 Coefficient of compressibility: Figure 6.31 shows how the incremental coefficients of 

compressibility (mv) vary with increasing vertical stresses for natural Cowden till. In 

accordance with their high plasticity, water content, more open structure and lower 

initial effective stresses, the upper samples (G.L. – 2.5m) OED0.5N and OED1.25N are 

the most compressible. Their mv curves show peaks at around 200kPa, that decrease 

steeply at stresses higher stresses, but still plot above those of the deeper samples, 

and tend to converge at σ'v = 500kPa. The deeper specimens are all less compressibile, 
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with mv < 0.0001m2/kN in all cases except OED6.00N and OED7.00N, at low effective 

stresses, possibly reflecting disturbance during sample preparation and mounting in 

the oedometer. The deeper sampless mv - σ'v curves, regardless of their weathering 

status, tends to show peaks, followed by gradual decreases of mv with increasing 

stresses, with all samples tending towards a similar ultimate mv curve when σ'v > 

10MPa. 

 Coefficient of consolidation: Figure 6.32 shows the corresponding values of the 

coefficient of consolidation, cv with the lowest coefficients applying to the upper part 

of the profile. Tests OED0.5N and OED1.25N show average cv values of 1.8x10-8m2/s, 

that, surprisingly, do not vary greatly between 60kPa and 8MPa. The deeper 

specimens show higher cv at low vertical stresses followed by a marked decreases as 

large scale yielding commences and void ratios decrease. The deeper samples tend to 

converge towards around 1x10-7m2/s at σ'v = 250-500kPa.  

 Permeability: Figure 6.33 and Figure 6.34 present the variations in deduced 

permeability with increasing vertical stresses. There exists again a significant 

difference between the upper and lower parts of profile. The higher clay content (void 

ratio) upper samples have a permeability of around 3x10-11m/s at stresses up to 

250kPa, which decreases gradually to 1x10-11m/s at σ'v = 8MPa. The lower till samples 

exhibit a range of higher permeability values at low effective stresses, which show 

some convergence from σ'v = 250MPa and decreases gradually to around 1x10-11m/s 

at σ'v > 10MPa. 

Figure 6.35 shows the variations of permeability with void ratio during the step-

loading oedometer tests. Here two distinct populations of the test outcomes can be 

seen, with average slopes Ck = 0.46 (upper) and 0.18 (lower), reflecting the more 

fundamental link between void ratio (rather than effective vertical stress) and 

permeability. 

6.4.2 Shearing behaviour of natural soil in triaxial compression (TXC) 

Twenty four undrained triaxial compression tests were carried out in Series N-A (see Section 

4.4.4) from estimated in-situ (K0) stresses on intact 38mm and 100mm diameter Cowden till 

samples, obtained from rotary cores and block samples. The samples cover the full profile to 
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11.5m. The external shearing displacement rate was equivalent to an axial strain rate of 

5%/day and all tests started from the estimated in-situ stresses. Table 6-9 summarises the 

samples' initial suctions on set up, the pre-shearing p'0 and σ'v, the initial K = σ'h/σ'v values as 

well as the initial and final void ratios. The p'0 values represent the mean effective stresses at 

the start of shearing. Assuming perfect sampling (removing only the deviatoric stresses), the 

initial suction on set up should equal the in-situ mean effective stresses for an isotropic-elastic 

material. However, as noted earlier, the field sampling was not perfect and as shown in this 

and later chapters the Cowden till is far from being elastic or isotropic. 

Stress-strain and pore pressure behaviour 

Figure 6.36 to Figure 6.43 show the overall trends for deviatoric stresses and pore-water 

pressures against axial strain (ε) for all 24 triaxial compression tests (TXC). These are 

presented in eight different plots, covering first the soil profile from ground level to 2.6m 

(Figure 6.36 in natural and Figure 6.37 in semi-log scales), next the 2.6m to 5.1 range (Figure 

6.38 and Figure 6.39 in natural and semi-log scales respectively), the 5.1m to 8.0m (Figure 

6.40 and Figure 6.41) and finally the 8.0m to 11.5m (Figure 6.42 and Figure 6.43) interval. The 

Cowden till behaviour is fully ductile and strain hardens under compressional shearing. All 

samples bulge as they approach failure at axial strains that generally exceeded 25% before 

reaching well defined deviatoric stress plateaux. Although the experiments appeared to show 

constant deviatoric stresses after ε > 25%, in some cases the pore pressures kept decreasing 

at large strains (although at clearly decreasing rates) reaching only semi-stable final 

conditions. 

The potentially non-uniform pore-water pressure distributions developed within 100mm 

diameter samples were investigated by comparing measurements made at the base and mid-

height of the samples. Figure 6.44 illustrates the typical pore pressures response observed 

under monotonic shearing at the standard rate of 5%/day, showing almost identical trends, 

confirming that the tests were run sufficiently slowly for full equilibration. The difference 

between the two probes was no greater 3kPa in all the 100mm diameter tests. As shown in 

Figure 6.36 to Figure 6.44, all manifested pore-pressure gains until reaching a Δu peak 

followed by a continuously dilative trend for p' to increase until failure. Samples shallower 
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than 1.5m tended to show smaller pore-pressure gains and develop their maxima at lower 

axial strains (ε < 1%) than the deeper samples where this developed at 1 to 2% strain. 

Normalised stress-strain curves 

Figure 6.45 to Figure 6.48 show how the stress ratio q/p' developed with axial strain (ε) for all 

24 intact triaxial compression tests conducted from in-situ (K0) conditions. Considering Figure 

6.45, which shows the behaviour of the samples from the top 2.6m of the profile, sample 

CR38KUC1.25TL plots significantly higher than the others, indicating a higher stress ratio at 

failure. The specimen also manifested an anomalously high water content (32.3%) and low 

bulk density (1.91Mg/m3), reflecting the variability and heterogeneous nature of the glacial 

till. Another outlier was sample CR38KUC1.35TL, which plots lower than the mean trend for 

ultimate failure q/p' = 1.09 of the upper profile specimens, excluding these two outlying cases. 

The deeper specimens show less scatter and tend generally to converge to q/p' = 1.0 after 

25% axial strain; Figure 6.49. Specimens CR38KUC10.00ML, CR38KUC10.15TL and 

CR38KUC11.50ML exhibited lower final q/p' ratios (close to 0.9) despite having similar water 

contents, bulk density and plasticity to the rest of the deeper samples. Their behaviour might 

reflect depositional changes associated with the sand layer encountered at 12.0 - 13.0m 

depth. The normalised stress-strain curves do not fully stabilise even at ε > 25% reflecting 

further decreases in pore-pressures even at large strains. Nevertheless, the rates of change 

are low and assuming no further significant changes could develop at larger strains allows 

ultimate q/p' values to be identified.  

The triaxial compression tests confirm the conclusions from the index and oedometer tests 

(Sections 5.3 and 6.4.1) that the top 1.5m soil behaves differently to the deeper profile due 

to its higher plasticity, water contents and OCR. Specimens CR100KUC2.05 and 

CR100KUC2.60 showed intermediate trends. While their index properties matched the lower 

part of the profile their triaxial behaviour was closer to samples from the upper, higher 

plasticity, section. Both samples are from the same borehole, BH03, and 1.80m to 3.20m 

drilling run. The photographic record shows an absence of the features encountered 

elsewhere in this usually desiccated zone and a colour similar to the shallower samples (Figure 

6.50). This discrepancy could be due to geological variability, erroneous depth measurements 

by the drilling team, or potential random sampling disturbance.  
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The triaxial tests confirm that the Cowden test site profile may be divided on the basis of its 

mechanical behaviour by a boundary set around 2.5m depth, which lies above the weathered 

boundary indicated by the colour change seen at 4.8m. 

Effective stress paths 

The KUC triaxial tests' effective stress paths are presented in Figure 6.51 to Figure 6.54. Also 

shown on the plots are the interpreted ultimate failure lines, established from the q/p' trends. 

Most triaxial compression tests conducted from in-situ stresses demonstrate an initially 

contractive small strain stage, which involves modest p' reductions, which are more 

pronounced in the deeper till, followed by a strongly dilatant response which accompanies 

their ductile large strain behaviour. The samples from the highly weathered till are more 

heavily overconsolidated and strongly dilatant, as suggested by the p'0 normalised effective 

stress path plots in Figure 6.55a) and b) which show final p'/p'0 ratios of 4.5 to 6.7 for the 

upper and 1.6 to 5.5 for the lower tills respectively. The initial effective stress path slopes are 

consistent with the trends seen in older, more plastic, high OCR UK clays where their gradients 

were found to reflect their marked stiffness anisotropy with horizontal effective stress 

Young's moduli, E'h, far exceeding the vertical values E'v, see for example Brosse (2012) or 

Brosse et al. (2017). 

Figure 6.56 shows the ultimate failure line (MTXC = 1.09) for the highly weathered top soil 

(<2.6m), which corresponds to an effective angle of shearing resistance φ'cs = 27.5°. The 

ultimate failure line for the deeper samples is shown in Figure 6.57. Their MTXC
 = 1.0, with φ'cs 

= 25.4° value is marginally higher than that of the reconstituted soil or the ring-shear trend. 

Three of the early 100mm diameter experiments, CB100KUC3.45ML, CR100KUC5.10ML and 

CR100KUC8.20 did not progress fully to critical states because shearing had to be halted at 

around ε = 20%, due to incapability of the 100mm diameter cells' instrumentation system to 

accommodate the bulging till specimens, so hindering the soil to develop its full strength. This 

was overcome by modifying the radial LVDT supporting and adjusting assembly as described 

in Section 4.3.2. 
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Undrained shear strength profile in TXC 

The data from the undrained, K consolidated TXC tests are brought together to develop a 

profile of compressive Su from the in-situ conditions that is shown in Figure 6.58. Note that in 

these tests the peak and ultimate points are usually identical and that Su = qult/2. Also 

presented are limited data from hand shear vane (HSV) tests, conducted on site by the Author, 

as well as triaxial compression tests on pushed thin walled 100mm diameter tube samples 

reported by Powell and Butcher (2003). The latter are likely to have been conducted at faster 

rates that the Author's tests. The best fit line shown in Figure 6.58 resembles the shape of the 

CPT cone resistance qc profiles reviewed in Section 5.4.1 and reflects the variation with depth 

of apparent oedometer pre-loading (σ'vy - σ'v0) shown in Figure 6.28 as well as the effect of 

swelling and weathering. The shallowest samples tested were from 0.5m and 0.55m. An 

extension to the ground level indicates (no doubt seasonally varying) Su value of 55kPa, which 

grows with depth from 1m towards a maximum of 160kPa in the desiccated, stiff zone 

identified on site and picked by the CPT soundings between 2m and 3m. At this depth the till 

exhibits significant variability with dSu/dz = 80kPa/m. The Su drops to a minimum of about 

110kPa just above the colour-change that marks the weathered to unweathered boundary at 

4.8m. The till's Su variability between 3.0 to 3.5m depth (just below the desiccated zone) is 

also marked, showing dSu/dz = 58kPa/m. Below 4.8m, the undrained shear strength increases 

at a rate of 5.7kPa per metre. The triaxial tests plot below the hand shear vanes reflecting the 

latter's faster shearing rate and the different applied total stress paths. The historic Powell 

and Butcher's (2003) TXC data from pushed samples plot below the Author's triaxial 

compression tests and show greater scatter. Three tests, CR38KUC1.25TL, CR100KUC7.25TL 

and CR38KUC10.00ML deviate from the mean Su trend, probably reflecting the 

heterogeneous nature of the glacial till and its deposition. Two of the samples 

(CR38KUC1.25TL and CR100KUC7.25TL) developed anomalously low bulk densities, as shown 

in Figure 5.7 and very low initial p', as listed in Table 6-9. Sample CR38KUC1.25TL also had a 

water content double that of samples from identical depth (Figure 5.10), possibly reflecting 

sample disturbance and/or heterogeneity. However, sample CR38KUC10.00ML had 21.6% 

higher Su than specimens from similar depths without any apparent reason. 
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Sample size effects 

Sufficient parallel testing has been undertaken to assess whether sample size had a significant 

influence on the test outcomes. A comparison is made, in Figure 6.59, between the ultimate 

strengths, Su, from 38mm and 100mm diameter samples from similar depths. While the data 

points scatter, the average difference is small (around 2.2%) and the mean trend is close to 

1:1 line, as shown in Figure 6.60. Any sample size effects might reflect the till's variable stone 

and gravel content, the effect of micro-fabric depositional features generated by the glacial 

lodgement till's placement, or meso-fabric features such as fissuring which were identified 

within the block and core samples. As discussed earlier, some of the early 100mm diameter 

tests did not develop their full strengths due to apparatus difficulties which could have 

contributed to the Su
38mm vs Su

100mm
 differences. 

6.4.3 Shearing behaviour of natural till in triaxial extension (TXE) 

Eleven triaxial extension tests were carried out by the Author on intact 38mm and 100mm 

diameter Cowden till samples, obtained from rotary cores. The samples cover the soil profile 

to 10.0m depth. The axial strain rate was 5%/day and the tests started from the estimated in-

situ stresses. Table 6-10 summarises the initial suctions, the pre-shearing p'0 and σ'v, the initial 

K0 values as well as the initial and final void ratios. 

Stress-strain and pore-water pressure 

Figure 6.61 to Figure 6.64 show the variations of deviatoric stresses and pore-water pressures 

with axial strain in the upper (Figure 6.61 and Figure 6.62 with natural and semi-log scales 

respectively) and lower (Figure 6.63 in natural and Figure 6.64 in semi-log scales) Cowden till 

samples tested under triaxial extension (TXE) conditions. The KUE experiments underwent a 

brittle failure, with sample necking commencing after around 6% axial strain, at an earlier 

stage than with the reconstituted specimens described in Section 6.3.2. After necking the 

nominal deviatoric stresses calculated by taking the area from Eq. (4-14) dropped quickly over 

an additional 1-2% of straining, underestimating the true deviatoric stresses within the 

samples' neck zones. In some tests a well-defined constant q plateau was reached, while in 
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others q continued to drop at a decreasing rate as necking progressed. The tests were 

continued until axial deformations of around 15% had developed. 

The till's pore pressures responded to shearing in extension by dropping until minima were 

reached at the onset of necking, followed by slight increases. Well-defined plateaux appeared 

after 8% nominal axial strain. 

Normalised stress-strain curves 

Figure 6.65a) and b) shows how the stress ratio q/p' developed with axial strain for the upper 

and lower TXE tests sheared from K0 in-situ conditions. The extension tests do not show a 

systematic difference between upper, highly weathered, and lower deposits, probably 

reflecting the necking of the samples preventing the development of full and uniform critical 

state conditions. The normalised curves do not converge to any single q/p' value but range 

from 0.65 to 1.09. A nominal average q/p' = 0.9 has been taken as indicating MTXE, which 

corresponds to an effective angle of shearing resistance φ' = 32°. 

Effective stress paths 

The effective stress paths from the extension tests reveal ''dilatant'' behaviour until the onset 

of necking, as shown in Figure 6.66a) and b). The tests indicate that necking failures truncated 

the effective stress paths and led to potentially unrepresentative trends at larger strains. A 

nominal failure line with a q/p' slope of 0.9 is added, as in Figure 6.65, as a solid black line 

through the origin, which is slightly lower than the M values found in compression. Far higher 

peak effective stress ratios developed at earlier test stages with 1.1 < q/p' < 1.9. Figure 6.67 

shows the normalised effective stress paths, q/p'0 vs p'/p'0, revealing that the upper 1.5m is 

the most heavily overconsolidated and exhibits the most strongly ''dilative'' trends. 

Ultimate undrained shear strength profile in TXE 

The peak undrained strength profile from the Author's extension tests is shown in Figure 6.68. 

Also plotted are limited extension data from tests on thin wall pushed tube samples taken 

from below 5m (Powell and Butcher 2003) and the best fit trend through the TXE tests from 

the current study. One sample CR38KUE6.05ML exhibited an anomalously high Su
TXE, although 
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both its water content and density conform well to the water content and bulk density profiles 

from other samples. The historical data from Powell and Butcher (2003) cover the profile 

between 5m and 11.5m and show a trend to decrease with depth below 6.0m, which is in 

contrast to the current Cowden till research. However, as shown in Figure 3.4 their samples 

were taken from a different part of the Cowden site. 

6.4.4 Undrained shear strength ratio Su
TXC/ Su

TXE 

The triaxial apparatus cannot explore the directional dependence and anisotropy of Su 

strength under in-situ stress conditions. It permits only two orientations of the major principal 

stress σ'1 with respect to the vertical, namely 0° (TXC) and 90° (TXE). However, for triaxial 

conditions the intermediate principal stress σ'2 is equal to the minor principal stress σ'3 (σ'2 = 

σ'3) yielding a parameter b=0 in compression and b = 1 under triaxial extension (σ'2 = σ'1). 

Testing inclined samples provide one way of assessing anisotropy, although this cannot be 

applied while maintaining consistent consolidation stress conditions or σ'2 values. Due to 

these limitations, Hollow Cylinder Apparatus (HCA) or other advanced equipment is required 

to explore fully the Su anisotropy. A parallel research programme of six HCA tests on Cowden 

till specimens will be reported by Liu (Liu 2018). However, Figure 6.69 shows the contrasting 

ultimate strength, Su profiles obtained from the Author's TXC and TXE tests. At the top 1.5m 

of the soil profile the compression and extension tests plot close together with only slightly 

higher Su in compression tests, while below that depth the extension tests deliver 

systematically lower ultimate undrained shear strengths. Figure 6.70 compares directly the 

ultimate Su values from nine triaxial compression and extension tests from identical depths. 

Linear regression suggests 25% higher Su in compression, with ratio Su
TXC/Su

TXE = 1.25, which 

is slightly higher than the Su
TXC/Su

TXE = 1.10 from reconstituted K0 OCR = 10 tests. Although the 

necking in extension might have hindered the samples' ability to develop their full strength, 

the results indicate that Cowden till may exhibit shear strength anisotropy. 

Hand shear vane (HSV) tests were inserted and rotated verticallty at the base of the block 

sampling pit excavated at Cowden site and horizontally over the side walls at 0.5, 1.0, 1.2, 1.7, 

2.2, 2.7 and 3.2m depths. Unfortunately, below 2.0m the Su values exceeded the 130kPa HSV 

capacity. The shear vane induces shear failure over a cylindrical surface that has the same axis 



 
 

259 
 

as the vane and over two disk-shaped surfaces that are normal to the axis at either end. Figure 

6.71 compares the measured HSV Su trends from 0.5, 1.0, 1.2 and 1.7m. Clearly the vertically 

inserted vanes lead to higher Su, indicating again some directional dependency in the till's 

undrained shear strength behaviour. 

6.4.5 Influence of higher mean effective stress 

While most testing was conducted from in-situ effective stress conditions, additional 

experiments were undertaken to investigate the till's behaviour under higher effective stress 

conditions, which could be imposed for example by pile installation and subsequent pore-

pressure equilisation (Bond 1989; Lehane 1992; Lehane and Jardine 1994; Pellew 2002). This 

series of experiments included three trios of undrained tests on 38mm diameter specimens, 

trimmed from rotary cores, performed after consolidation to in-situ, two times and four times 

the in-situ stresses on samples from three different depth levels – 1.6m, 3.8m and 8.5m. The 

consolidation procedures are described in detail in Section 4.4.4, Series N-C. A diagram 

showing the effective stress paths imposed during consolidation is provided in Figure 4.39a). 

The tests and their initial conditions are summarised in Table 6-11.  

Undrained tests on 1.60m samples 

Stress-strain and pore-pressure response 

Figure 6.72 and Figure 6.73 show how the deviatoric stresses and pore-pressures varied with 

axial stain for samples from 1.6m, tested at three consolidation conditions. As expected, the 

maximum deviatoric stresses increase with p'. The initial pore pressure rises are also more 

pronounced when the mean effective stresses are higher than in-situ and the pore pressure 

maxima occur at larger axial strains (2% and 2.5% strain for the x2 and x4 specimens 

respectively, while CR38KUC1.65x1 changed at ε = 0.7%). At the end of the tests the pore-

pressures were still decreasing and the q/p' ratios were still reducing. 

However, as shown in Figure 6.74 the undrained strength changes that accompanied the 

increasing mean effective stresses were modest, reflecting the till's high YSR and the minor 

changes seen in void ratio during consolidation. 
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Normalised stress-strain curves and effective stress paths  

The normalised stress-strain behaviour of the 1.60m test set is presented in Figure 6.75 along 

with the q/p' = 1.0 failure line identified for the lower Cowden till from the earlier described 

in-situ stress state tests. The higher p' sample CR38KUC1.60x4 converged more readily to the 

failure q/p' = 1.0 line while the other two specimens plot above the in-situ failure line, 

implying incomplete critical state conditions. The effective stress paths shown in Figure 6.76 

for the samples consolidated to twice and four times the in-situ stresses exhibit larger initial 

p' reduction and the effective stress paths occur to rotate anticlockwise. The ''dilative'' 

changes in the effective stress path directions also apply at later stages than with the sample 

tested from in-situ conditions and the higher p' tests tend to develop larger ultimate shear 

strengths. Consolidation to higher stresses enlarge the Y3 surface allowing higher critical state 

strengths and p' values to develop. 

Undrained tests on 3.80m samples 

Stress-strain and pore-pressure response 

The second set of tests was performed on samples from a nominal depth of 3.80m. Figure 

6.77 and Figure 6.78 show the deviatoric stresses and pore-pressures vs axial strains variation 

during undrained shearing in natural and semi-log scale respectively. Naturally, the ultimate 

failure stresses increase with consolidation to higher mean effective stresses, defining 

deviator stress plateaux reached after 20% axial strain. The pore water pressures also reached 

more stable responses at the end of shearing (ε ≥ 25%). As with the 1.60m depth tests, the 

pore pressure increases and initial anticlockwise effective stress path rotations are seen in 

the tests where p'0 was raised to x2 and x4 the in-situ initial stresses, and the pore pressure 

maxima are developed in a similar strain sequence of 1.5%, 2% and 2.3% axial strain for 

CR38KUC3.90x1, CR38KUC3.80x2 and CR38KUC3.80x4 respectively. 

The variation of undrained strength Su with mean effective stresses, shown in Figure 6.79, 

closely resembles the trends seen for the shallower specimens. 
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Normalised stress-strain curves and effective stress paths 

The normalised q/p' vs ε plot for the 3.80m test set is presented in Figure 6.80. Also shown is 

the q/p' = 1.0 failure line defined by the lower Cowden till specimens. Specimen 

CR38KUC3.90x1 plots above q/p' = 1.0 with ε approaching 30%, while CR38KUC3.80x2 and 

CR38KUC3.80x4 converge to the in-situ line at ε = 25%. The effective stress paths followed in 

the 3.80m set are plotted in Figure 6.81 along with the failure line with a slope of unity. The 

tests terminate at a failure line with a slope of 1.05, slightly steeper than the MTXC identified 

for unweathered Cowden till. As noted already, consolidation to twice and four times the in-

situ stresses leads to more marked initially ''contractive'' behaviour and movement of the 

ultimate critical state points up and to the right. 

Undrained tests on 8.50m samples 

Stress-strain and pore-pressure response 

The third set of variable consolidation pressure tests was on specimens from a nominal depth 

of 8.50m. Figure 6.82 and Figure 6.83 show the overall trends of q and pore-pressures (u) with 

axial strains during undrained shearing with natural and semi-log axes. As before, the ultimate 

deviatoric stress increases with consolidation to higher p', with plateaux developing around 

20% axial strain. Figure 6.84 shows the relationship between Su and consolidation p'. The pore 

water pressures developed during undrained shearing also increase with p' and tend to stable 

values at the end of the tests. The maximum pore pressure developed at strains that 

increased systematically with the initial p', giving ε = 1.4%, 1.9% and 4.3% in tests 

CR38KUC8.00x1, CR38KUC8.70x2 and CR38KUC8.55x4 respectively, as seen in the test series 

on shallower samples. 

Normalised stress-strain curves and effective stress paths 

The normalised q/p' vs ε plot for the 8.50m test set is presented in Figure 6.85 along with the 

q/p' = 1.0 failure line identified from the in-situ stress condition specimens from the lower till. 

The q/p' = 1.0 line seems to describe well the average behaviour of the 8.50m test set, 

although as can be seen in Figure 6.86 the effective stress paths followed at twice and four 

times p'in-situ terminate with slightly greater than 1.0 q/p' ratios. As before, the initial section 
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of the effective stress paths rotate anticlockwise and the final q, p' points progress further 

along the M line as initial p' increases. 

6.4.6 Shearing rate effects 

Test Series N-B was conducted to investigate the effects of shearing rate on the shear strength 

and effective stress reponse of Cowden till. The Series includes a trio of undrained 38mm 

diameter tests, a further set of three undrained 100mm diameter tests and one ''isotach'' 

experiment. The first set of samples was from a nominal depth of 11.50m, sheared at 5, 50 

and 500%/day, while the 100mm diameter tests were from a depth of 3.50m and were tested 

at 0.5, 5 and 50%/day. The isotach experiment was a single 38mm diameter specimen from 

0.9m and the shearing rate was varied from 5 to 500%/day. The experiments and their initial 

suctions, pre-shearing p'0 and σ'v, initial K0 values as well as the initial and final void ratios are 

summarised in Table 6-12. 

Rate effect test set on samples from 11.5m depth 

The preliminary test set's undrained shearing rates were chosen to extend from the standard 

5%/day up to the fastest possible rate that could be achieved in the 38mm diameter cell while 

maintaining adequate data acquisition during shearing. The tests conducted at 500%/day 

showed significantly more scatter than the slower tests, as depicted in Figure 6.87, and it 

proved hard to recover high resolution data from the fast experiments. 

The variation of deviatoric stress with axial strain is shown in Figure 6.87. The pore-water 

pressure changes are not shown as they were measured at the base and were considered 

unlikely to be representative under the faster shearing rates. While the slower tests show 

smooth trends in q, the fastest (500%/day) test showed scatter of up to 12.5kPa in deviator 

stress at large strains, reflecting the Constant Rate of Strain Pump's (CRSP) difficulty in 

maintaining the shearing rate. The Su shearing rate trends shown in a semi-log plot in Figure 

6.88 indicate that increasing the shearing rate by 10 and 100 times leads to Su values that are 

6.1% and 7.7% higher than that determined at 5%/day. However, natural variability between 

individual specimens may have contributed to these apparent trends.  
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Normalised stress-strain (q/p'nominal vs ε) and effective stress path plots are shown in Figure 

6.89 and Figure 6.90, respectively. Note that the presented normalisation, as well as the 

effective stress paths, rely on the pore-water pressures measured by the base pressure 

transducer system, which may not give reliable measurements at higher strain rates. 

Nevertheless, the test trends displayed appear consistent and credible. 

Rate effect test set on samples from 3.50m depth 

A second set of tests was conducted in 100mm diameter triaxial cells on specimens from 

3.50m depth (CR100KUC3.60__0.5%, CB100KUC3.45__5% and CB100KUC3.45__50%). This 

depth was considered to be more representative of the PISA project piles, which penetrated 

up to 10m depth. Mid-height pore pressure probe measurements could also be undertaken 

with the 100mm diameter test specimens. Two of the samples were trimmed from a Horizon 

F block sample and one from a rotary core from a similar depth. Due to the data acquisition 

problems encountered during the preliminary set of tests and the large scatter associated 

with the fastest shearing rate of 500%/day, the main set was performed at slower axial strain 

rates (0.5%, 5% and 50% per day), that spanned the standard shearing rate by factors of 0.1 

and 10.  

Pore-water pressure during strain rate tests 

Figure 6.91 shows the pore-pressure response recorded at the base and the mid-height of the 

samples. Specimens CR100KUC3.60__0.5% and CB100KUC3.45__5% show good agreement 

between the mid-probe and the base measurements confirming uniform pore-pressure 

distributions within the samples. The faster rate test shows more significant discrepancies 

between the base and the mid-probe, which are greatest (around 10% of p') at the points 

where the maximum Δu occurs and reduce to around 1.5% of p' towards the end of the test 

and so have only modest impact on the ultimate q/p' ratio. Bearing in mind the different 

sample sizes, the q/p' data from the 38mm diameter tests, derived from the base 

measurements are likely to be subjected to less error in tests conducted at 50%/day. The 

degree of error in the 500%/day test may have been marginally greater than that seen with 

the 100mm diameter tests at 50%/day. 
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Stress-strain and pore-pressure response  

The trends of deviatoric stresses and pore-pressures for tests CR100KUC3.60__0.5%, 

CB100KUC3.45__5% and CB100KUC3.45__50% are presented in Figure 6.92 showing clear 

increases in ultimate strength and pronounced decreases in the pore-water pressures at 

faster shearing rates. Accelerating the shearing rate enhances the degree of ''dilation'', 

leading to higher mean effective stresses and larger ultimate strengths. A tenfold increase in 

the shearing rate gave 7.7% higher Su than at the standard rate, while decreasing the rate 10 

times led to 22.7% lower Su, as shown in Figure 6.93. The latter change appears to be extreme 

and as with the 38mm tests, variation between individual samples may have affected the 

results. Note also that Su varies very strongly with depth at 3.50m (see Figure 6.58). 

Stress-strain behaviour and effective stress paths 

Figure 6.94 and Figure 6.95 show the normalised stress-strain curves and effective stress 

paths respectively, along with the lower profile static tests' q/p' = 1.0 lines. Specimens 

CR100KUC3.60__0.5%, CB100KUC3.45__5% were halted at strains less than 20% and did not 

progress fully to their critical states, while test CB100KUC3.45__50%, which was sheared to ε 

> 25% terminated at the q/p' = 1.0 line. Accelerating the strain rates leads to clockwise 

effective stress path rotation and an increase in the q, p' values that are mobilised at critical 

state, while M or φ' appear to be unaffected by strain rate. 

Isotach behaviour 

It was postulated that the rate dependency of the Cowden till stress-strain behaviour (after 

undergoing Y3 yielding) could be described within the isotach framework (Suklje 1957) in 

which the stress-strain curves of identical samples tested from the same conditions and along 

the same paths depend systematically and reversibly on the strain rate alone. 

The potentially isotach response of Cowden till was investigated with a single 38mm diameter 

sample tested with axial strain rates that were systematically switched between 5 and 

500%/day. The sample was from 0.9m depth and was prepared from a rotary core. The stress-

strain response under variable shearing rates is shown in Figure 6.96. Also shown are 

projected Δq - ε curves that represent continuous shearing at constant rates of 5 (dashed line) 
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and 500%/day (dotted line). The till exhibits primarily reversible isotach behaviour, although 

some undershooting occurred at one point, as noted in Figure 6.96. Increasing the shearing 

rate from 5 to 500%/day led to 12% increase in q (6% increase per log cycle), which is in broad 

accordance with the rate effect set from 11.50m and the tenfold increase in the shearing rate 

from the 3.5m test set. 

The nominal effective stress path is presented in Figure 6.97. The effect of change in rate is 

clear with the slower rate tests plotting lower than the higher. 

6.4.7 Critical state lines and State Bounding Surfaces 

Summaries of the effective stress states applying at the end of undrianed shearing in terms 

of deviatoric and mean effective stress from all static compression (in-situ, higher p' and rate 

tests) and extension triaxial tests are presented in Figure 6.98. The straight lines fitted through 

the data define the critical state M slopes. The plot confirms that the shallower samples 

exhibit slightly higher M values, possibly due to their weathering, with a slope of MTXC
upper till 

= 1.09, corresponding to a critical state angle of shearing resistance φ'cs = 27.5º. The deeper 

specimens indicate MTXC
lower till = 1.0 and a corresponding critical state angle of shearing 

resistance φ'cs = 25.4º. Also shown in Figure 6.98 is the compression critical state slope M*TXC 

from reconstituted 3.40m Cowden till which plots marginally below the lower till's MTXC with 

a slope of M* = 0.96 and φ*cs = 24.4º.  

On the extension side the end of shearing points exhibit more scatter than the compression 

tests but the best fit line through the nominal test end points indicate a slope of MTXE = 0.9 

and a critical state angle in extension φ'cs = 32.0º. The interpreted intrinsic M*TXE is also 

plotted, which falls below the intact, with M*TXE = 0.62 and φ*cs = 20.2º, although the 

extension critical state conditions could not be determined reliably for either natural or 

reconstituted specimens due to their non-uniform necking failures.  

As noted with the 1-D compression tests (Figure 6.23, Figure 6.24 and Table 6-8) natural 

Cowden till is not a sensitive or cemented soil and possess no significant bonding, but it has a 

natural fabric that leads to some differences in shearing behaviour and shows oedometer 

compression curves that do not converge to the intrinsic compression line even at very high 

effective stresses. Another factor that may contribute to the difference in the critical state M 
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values for natural and reconstituted material, as well as their NCLs and CSLs in v – p' space, is 

the sieving of the reconstituted specimens to remove particles larger than 2mm, which 

comprises around 8% of the total mass of the 3.40m depth specimens (see Figure 5.9). 

The end of shearing points were also considered in terms of specific volume and mean 

effective stress. Measuremens from the lower till compression (in-situ, higher p' and rate 

effect tests) and extension experiments are presented in Figure 6.99 and Figure 6.100 

respectively. In v - log(p') space the tests form a single, well defined critical state line with a 

slope ΝTXC = 0.093 (defined in v - ln(p')), which intersects the specific volume axis at 1kPa 

pressure at ΓTXC = 1.97. Also shown in Figure 6.99 and Figure 6.100 are the isotropic NCL* 

slopes, both uncorrected and corrected for gravel content and the critical state lines from 

reconstituted Cowden till (CSL*) also in uncorrected and corrected form. The ''gravel content 

corrected'' intrinsic CSL* plots marginally above the intact, suggesting higher void ratio at the 

same mean effective stress at critical state, due to lack of natural fabric. Nevertheless, the 

results confirm that taking into account the gravel content, the critical state line for natural 

till is close to that deduced from reconstituted tests. The extension end of shearing points 

exhibit significantly greater scatter. Nevertheless, a straight line drawn through the data with 

the same inclination as the compression tests indicates a nominal extension critical state line 

which plots just below the CSLTXC at specific volume intersection ΓTXE = 1.94, although the 

different Γ value may be an artefact of the indefinite final stress conditions applying to the 

necking TXE specimens. The critical state lines defined by natural and reconstituted 

compression and extension tests along with the intrinsic isotropic compression line are 

brought together in Figure 6.101. 

In Figure 6.102 the effective stress paths from all triaxial TXC (in-situ, higher p' and rate effect 

tests) and TXE test series are brought together along with the identified critical state M slopes. 

Figure 6.103 shows the effective stress paths normalised by the equivalent pressure p'e to 

include the differences in the void ratios within the till profile. The values of p'e were 

calculated following the ''Hvorslev'' procedure by taking the pressure on the gravel-corrected 

intrinsic isotropic NCL*corrected (see Figure 6.12) corresponding to the same void ratio at the 

end of shearing. The triaxial compression p'e normalised ESPs scatter by ±15% to either side 

of a mean critical state point with p'/p'e = 0.42, while the extension tests exhibit a larger 

scatter of ±40% about a lower average p'/p'e = 0.34.  
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A global State Bounding Surface (SBS) is identified on the dry side of critical state (the Hvorslev 

surface) that passes through the scattered normalised ESPs and the mean p'/p'e points for the 

intact compression and extension tests on the lower till, along with a tension cut-off from the 

origin. A complete bounding surface on the wet side (the Roscoe-Rendulic surface) could not 

be identified as no samples were consolidated to high enough stresses to reach to wet of 

critical. An attempt to capture the extent of the Roscoe-Rendulic surface was made by 

plotting the yield points from intact oedometer tests (refer to Section 6.4.1), assuming K0 = 

0.577 and normalised by the corrected isotropic NCL*corrected, which scatter along the K0 line 

with a mean value of 0.3, as illustrated in Figure 6.104. It appears that the progressive yielding 

of the till leads to σ'vy values that fall well inside the SBS expected from the reconstituted 

tests. Nevertheless, the bounding surfaces identified from intact and reconstituted Cowden 

till, brought together in Figure 6.104, show similar slopes and locations on the dry side. 

6.5 Summary and conclusions 

In this chapter the large strain mechanical behaviour of reconstituted and intact Cowden till 

has been investigated in oedometer, triaxial and ring shear apparatus, considering static 

compression and extension tests as well as tests with varying shearing rates and higher than 

in-situ mean effective stresses. Attention has been drawn to the marginally different 

behaviour of the upper weathered and lower unweathered till. 

The series of soil-soil ring shear tests showed that the residual angle of low plasticity Cowden 

till is practically the same as the critical state angle from K0 and isotropic reconstituted triaxial 

tests. Ring shear interface experiments showed lower interface δ' angles of ≈ 19º for both the 

weathered and unweathered till. 

Oedometer intact and reconstituted tests showed a markedly different 1-D behaviour 

between weathered (upper) and unweathered (lower) till with a boundary between the two 

at around 2.5m. This behaviour reflects the different water contents (void ratios), plasticity 

and grading curves of the upper till. 

Triaxial tests on overconsolidated reconstituted Cowden till showed ductile behaviour, with 

pronounced barrelling of the specimens in compression and necking in extension. The critical 

state angles found are 24.4º and 20.2º in compression and extension respectively. However, 
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the effective stress and stress-strain responses were shown to vary markedly with OCR; K0 

consolidated samples failed after relatively small strains in compression and manifested 

brittleness before developing their critical states. 

The intact samples' behaviour showed many common features with the experiments on high 

OCR reconstituted till. Barrelling was observed during triaxial compression tests on intact 

specimens and significant differences in the behaviour were seen between weathered and 

unweathered till. Critical state angles were identified as 27.5º (weathered) and 25.4º 

(unweathered), slightly higher than that for the reconstituted till. In extension, the specimens 

necked at around 6%, masking the different behaviour of upper and lower till and the true 

critical state angles. Nevertheless, a nominal CS angle of 32º was identified. 

The intact triaxial experiments revealed undrained compression and extension shear strength 

profiles in which Su
TXC exceeded Su

TXE by a similar degree to the high OCR reconstituted 

experiments. The Su profile shapes resembled the in-situ CPT's cone end resistance (qc) traces 

presented in Chapter 5:, with 25% higher Su in compression than in extension. 

The influence on Su of higher p' than in-situ was investigated with three trios of 38mm 

diameter specimens. All tests confirmed that raising the mean effective stress leads to a 

modest increase in the ultimate undrained strength and the same critical state angle. 

Further sets of undrained triaxial tests at variable strain rates indicated a degree of strain rate 

sensitivity with a 6.5% increase in Su per log cycle. A single 38mm diameter experiment on a 

0.9m depth specimen confirmed that till strain rate characteristics can be described within 

the isotach framework. 

After normalisation by equivalent pressure (p'e) to allow for the effect of variable void ratios 

the reconstituted experiments provided information on the till's State Bounding Surface. The 

test series on natural till were interpreted in a similar way to identify sections of the intact 

soil's SBS which indicated a well defined Hvorslev surface, which was compatible with that of 

the reconstituted Cowden till. 

The same test series gives insight into the stiffness behaviour of Cowden till which is 

presented and discussed in the next chapter.
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Table 6-1 Summary of Cowden ring shear tests showing vertical stresses at failure, shearing 
rates, residual and peak angles of shearing resistance as well as initial and final water 

contents 

No. Test Code σv' Rate 
φult or 

δult 

φpeak or 

δpeak 
wc initial wc final 

    kPa mm/min º º % % 

1 RSI60W 60 0.016 20.8 22.2 20.83 23.22 

2 RSI120W 120 0.016 19.2 20.2 20.60 21.00 

3 RSI240W 240 0.017 19.0 19.2 21.10 17.99 

4 RSI480W 480 0.016 20.1 20.4 20.75 17.60 

5 RSI960W 960 0.016 18.1 20.7 20.32 18.22 

6 RSI60U 60 0.016 16.5 21.2 19.36 20.65 

7 RSI120U 120 0.016 15.9 N/A 15.98 18.76 

8 RSI240U 240 0.016 17.1 N/A 21.18 17.61 

9 RSI480U 480 0.016 20.3 N/A 19.28 16.92 

10 RSI960U 960 0.016 18.0 19.7 20.59 15.29 

11 RSS120W 120 0.016 24.2 25.4 21.44 19.32 

12 RSS240W 240 0.016 24.5 25.2 20.27 18.24 

13 RSS480W 480 0.015 24.4 24.8 21.18 16.55 

 

 

Table 6-2 List of static compression and extension tests on reconstituted samples showing 
OCR, initial mean effective stress, void ratio and K0 

No. 
Test 
Code 

p'0, kPa Initial e Final e Kconsollidation Kfinal 

1 KUC1 713.6 0.655 0.554 0.55 0.55 

2 KUC2 77.2 0.662 0.560 0.55 0.75 

3 KUC10 294.2 0.642 0.599 0.55 1.60 

4 KUE1 166.3 0.671 0.560 0.55 0.55 

5 KUE2 54.8 0.654 0.572 0.55 0.75 

6 KUE10 278.4 0.65 0.600 0.55 1.60 

7 IUC1 166.4 0.654 0.482 1.00 1.00 

8 IUC10 54.5 0.649 0.531 1.00 1.00 
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Table 6-3 A list of natural and reconstituted oedometer tests showing test codes, depths, 
initial and final water contents 

No. 
Natural  Reconstituted 

Test Code 
Initial 
w,% 

Final 
w,% 

Test Code 
Initial 
w,% 

Final 
w,% 

1 OED0.50N 26.49 17.69 OED1.95R 35.85 13.15 

2 OED1.25N 28.49 18.22 OED2.35R 41.79 14.57 

3 OED2.25N 15.34 12.37 OED2.80R 27.46 14.81 

4 OED3.30N 14.46 10.29 OED3.30R 40.29 16.89 

5 OED4.30N 17.35 12.49 OED3.40R 35.45 14.60 

6 OED6.00N 16.53 11.76 OED3.45R 37.90 10.37 

7 OED7.00N 16.51 11.61 OED3.50R 38.81 16.70 

8 OED7.30N 16.54 10.52 OED12.00R 34.83 14.70 

9 GOED0.75N 26.80 17.30 GOED0.75R 62.50 11.37 

10 GOED3.50N 17.70 11.80 GOED3.50R 45.00 14.04 

11 GOED5.90N 16.80 11.10 GOED5.90R 44.30 13.20 

12 GOED7.30N 16.50 11.70 GOED7.30R 44.20 11.30 

13 GOED10.15N 16.50 11.80 GOED10.15R 46.00 8.70 

 

 

Table 6-4 Oedometer parameters from reconstituted tests 

No Test Code Cc* Cs* 

1 GOED0.75R 0.394 0.064 

2 OED1.95R 0.205 0.053 

3 OED2.35R 0.256 - 

4 OED2.80R 0.177 0.060 

5 OED3.40R 0.251 0.076 

6 OED3.45R(1) 0.212 0.051 

7 OED3.45R(2) 0.221 0.055 

8 OED3.50R 0.235 0.044 

9 GOED3.50R 0.233 0.035 

10 GOED5.90R 0.237 0.035 

11 GOED7.30R 0.256 0.046 

12 GOED10.15R 0.292 0.044 

13 OED12.00R 0.203 0.055 
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Table 6-5 Critical state parameters from reconstituted 1-D oedometer tests 

No Test Code λ* κ* v1* 

1 GOED0.75R 0.171 0.038 2.57 

2 OED1.95R 0.089 0.033 1.989 

3 OED2.35R 0.111 - 2.184 

4 OED2.80R 0.077 0.038 1.988 

5 OED3.40R 0.109 0.045 2.105 

6 OED3.45R(1) 0.092 0.031 2.025 

7 OED3.45R(2) 0.096 0.035 1.992 

8 OED3.50R 0.102 0.027 2.097 

9 GOED3.50R 0.101 0.018 2.127 

10 GOED5.90R 0.103 0.020 2.113 

11 GOED7.30R 0.111 0.024 2.117 

12 GOED10.15R 0.127 0.025 2.172 

13 OED12.00R 0.088 0.034 1.961 

14 IUC1 0.086 - 2.052 

15 IUC10 0.100 0.023 2.126 

 

Table 6-6 Oedometer parameters from intact tests 

No Test Code Cc Cs 

1 OED0.5N 0.233 0.069 

2 GOED0.75N 0.260 0.064 

3 OED1.25N 0.249 0.069 

4 OED2.25N 0.177 0.046 

5 OED3.30N 0.154 0.035 

6 GOED3.50N 0.180 0.046 

7 OED4.30N 0.166 0.044 

8 GOED5.90N 0.145 0.030 

9 OED6.00N 0.136 0.037 

10 OED7.00N 0.154 0.044 

11 OED7.30N 0.150 0.041 

12 GOED7.30N 0.145 0.021 

13 GOED10.15N 0.157 0.044 
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Table 6-7 Critical state parameters from intact 1-D oedometer tests 

No Test Code λ κ v1 

1 OED0.5N 0.101 0.042 2.215 

2 GOED0.75N 0.113 0.041 2.337 

3 OED1.25N 0.108 0.041 2.296 

4 OED2.25N 0.077 0.027 2.020 

5 OED3.30N 0.067 0.021 1.790 

6 GOED3.50N 0.078 0.029 1.915 

7 OED4.30N 0.072 0.026 1.859 

8 GOED5.90N 0.063 0.019 1.781 

9 OED6.00N 0.059 0.023 1.731 

10 OED7.00N 0.067 0.026 1.783 

11 OED7.30N 0.065 0.026 1.795 

12 GOED7.30N 0.063 0.013 1.786 

13 GOED10.15N 0.068 0.027 1.833 

 

Table 6-8 Yield stress ratios, stress and swell sensitivity for Cowden till 

No Test Code σ'v0 σ'vy σ'vu σ*e Cs C*s YSR St Ss APL 

kPa kPa kPa kPa - - - - - - 

1 OED0.5N 15.5 152 891 185 0.069 0.076 9.806 0.822 1.100 137 

2 GOED0.75N 20 362 1711 191 0.064 0.064 18.100 1.895 1.000 342 

3 OED1.25N 27 203 1212 165 0.069 0.044 7.519 1.230 0.633 176 

4 OED2.25N 34 841 1778 521 0.046 0.053 24.735 1.614 1.150 807 

5 OED3.30N 49 698 3481 866 0.035 - 14.245 0.806 - 649 

6 GOED3.50N 52 455 2000 908 0.046 0.035 8.750 0.501 0.750 403 

7 OED4.30N 62 607 1212 511 0.044 0.060 9.790 1.188 1.368 545 

8 GOED5.90N 82 398 2073 1059 0.030 0.035 4.854 0.376 1.154 316 

9 OED6.00N 84 455 1413 1616 0.037 0.051 5.417 0.282 1.375 371 

10 OED7.00N 98 299 1413 764 0.044 0.055 3.051 0.391 1.263 201 

11 OED7.30N 103 732 3481 931 0.041 0.055 7.107 0.786 1.333 629 

12 GOED7.30N 103 348 1957 619 0.021 0.046 3.379 0.562 2.222 245 

13 GOED10.15N 158 438 1848 406 0.044 0.044 2.772 1.079 1.000 280 
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Table 6-9 Summary of Cowden static triaxial compression tests, showing test codes, initial 
suctions, final stresses at the end of re-consolidation as well as initial and final void ratios 

No Test Code 

Initial 
suction 
on set 
up 

Pre-
shearing 
p'0 

Pre-
shearing 
σ'v 

Pre-
shearing 
K0 

Initial 
void 
ratio 

Final 
void 
ratio 

- - kPa kPa kPa - - - 

1 CR38KUC0.50ML 118.0 19.3 14.7 1.5 0.772 0.725 

2 CR38KUC0.55TL 114.8 21.0 16.2 1.5 0.701 0.721 

3 CR38KUC1.00TL 111.0 27.7 20.8 1.5 0.557 0.520 

4 CR38KUC1.25TL 19.4 27.2 23.3 1.5 0.875 0.848 

5 CR38KUC1.35TL 160.0 35.5 26.8 1.5 0.469 0.485 

6 CR38KUC1.65x1 112.5 36.2 26.2 1.5 0.542 0.503 

7 CR100KUC2.05ML 94.0 46.4 34.9 1.5 0.449 0.440 

8 CR100KUC2.60ML 86.6 54.8 41.5 1.5 0.442 0.455 

9 CR38KUC3.00ML 144.5 60.0 45.7 1.5 0.414 0.427 

10 CR38KUC3.10TL 217.8 62.4 47.0 1.5 0.449 0.443 

11 CB100KUC3.45ML 115.5 66.7 50.4 1.5 0.413 0.429 

12 CR38KUC3.70ML 94.4 70.2 51.8 1.5 0.448 0.453 

13 CR38KUC3.90x1 101.1 74.1 56.6 1.5 0.452 0.462 

14 CR38KUC5.10TL 108.0 76.1 57.0 1.5 0.473 0.468 

15 CR100KUC5.10ML 40.0 92.8 69.9 1.5 0.448 0.441 

16 CR38KUC5.35TL 65.6 96.6 73.2 1.5 0.448 0.465 

17 CR38KUC7.05TL 68.4 101.4 101.4 1 0.438 0.434 

18 CR100KUC7.25ML 25.2 88.2 88.2 1 0.483 0.475 

19 CR38KUC7.95ML 77.5 113.5 113.5 1 0.453 0.450 

20 CR38KUC7.95TL 83.5 113.6 113.6 1 0.442 0.448 

21 CR100KUC8.20ML 44.9 121.0 121.0 1 0.440 0.432 

22 CR38KUC10.00ML 70.5 153.1 153.1 1 0.445 0.426 

23 CR38KUC10.15TL 102.0 156.0 156.0 1 0.463 0.451 

24 CR38KUC11.50ML 86.0 198.0 198.0 1 0.472 0.438 
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Table 6-10 Summary of Cowden static triaxial extension tests, showing test codes, initial 
suctions, final stresses at the end of re-consolidation as well as initial and final void ratios 

No Test Code 

Initial 
suction 
on set 
up 

Pre-
shearing 
p'0 

Pre-
shearing 
σ'v 

Pre-
shearing 
K0 

Initial 
void 
ratio 

Final 
void 
ratio 

- - kPa kPa kPa -   - 

1 CR38KUE0.50ML 103.2 19.7 14.7 1.5 0.711 0.745 

2 CR38KUE1.00TL 127.6 27.5 20.6 1.5 0.539 0.586 

3 CR38KUE1.55TL 256.6 37 27.5 1.5 0.445 0.466 

4 CR38KUE2.20TL 235.5 47.6 35.8 1.5 0.456 0.481 

5 CR38KUE3.40ML 88.3 65.9 49.4 1.5 0.457 0.460 

6 CR100KUE4.45ML 57.6 80.2 60.2 1.5 0.483 0.459 

7 CR38KUE5.35TL 116.7 97.5 73.1 1.5 0.448 0.454 

8 CR38KUE6.05ML 84.2 109 81.65 1.5 0.433 0.433 

9 CR38KUE7.45TL 53.6 113.5 113.5 1 0.443 0.432 

10 CR38KUE8.40ML 72.7 120.6 180.6 1 0.482 0.477 

11 CR38KUE10.05TL 114 153.6 153.6 1 0.471 0.463 

 

Table 6-11 Summary of Cowden undrained higher p' tests, showing test codes, initial 
suctions, final stresses at the end of re-consolidation as well as initial and void ratios 

No. Test Code 

Initial 
suction 
on set 
up 

Pre-
shearing 
p'0 

Pre-
shearing 
σ'v 

Pre-
shearing 
K 

Consolid. 
q/p' 
values 

Initial 
void 
ratio 

Final 
void 
ratio 

  kPa kPa kPa - - - - 

1 CR38KUC1.65x1 112.5 36.2 26.2 1.5 -0.4 0.542 0.503 

2 CR38KUC1.50x2 118.2 72.4 55.7 1.5 -0.3 0.500 0.512 

3 CR38KUC1.60x4 104.0 144.8 109.5 1.5 -0.4 0.494 0.486 

4 CR38KUC3.90x1 101.1 74.0 56.5 1.5 -0.4 0.452 0.462 

5 CR38KUC3.80x2 125.1 148.0 112.7 1.5 -0.4 0.458 0.457 

6 CR38KUC3.80x4 147.4 296.0 226.1 1.5 -0.4 0.449 0.432 

7 CR38KUC8.00x1 83.5 113.6 113.6 1 0.0 0.442 0.448 

8 CR38KUC8.70x2 125.3 227.2 227.2 1 0.0 0.452 0.427 

9 CR38KUC8.55x4 69.5 454.4 454.4 1 0.0 0.465 0.411 
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Table 6-12 Summary of Cowden undrained higher shearing rate tests, showing test codes, 
initial suctions, final stresses at the end of re-consolidation, void ratios and estimated in-situ 

K0 values 

No. Test Code 

Initial 
suction 
on set 
up 

Estimated 
in-situ p'0 

Estimated 
in-situ σ'v 

Estimated 
in-situ K0 

Initial 
void 
ratios 

Final 
void 
ratios 

  kPa kPa kPa - - - 

1 CR38KUC11.5_5% 86.0 198.0 198.0 1 0.472 0.438 

2 CR38KUC11.5_50% 65.3 198.0 198.0 1 0.478 0.457 

3 CR38KUC11.4_500% 78.5 197.1 197.1 1 0.461 0.430 

4 CR100KUC3.60_0.5% 37.3 68.0 51.1 1.5 0.455 0.458 

5 CB100KUC3.45_5% 115.5 66.7 50.4 1.5 0.413 0.429 

6 CB100KUC3.45_50% 134.7 66.7 50.4 1.5 0.424 0.435 

7 CR38KUC0.9_isotach 91.7 20.8 14.7 1.5 0.574 0.616 
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Figure 6.1 Variation of the soil-soil friction angle with vertical stress for reconstituted till 
from 3.40m 

 

Figure 6.2 Interferometer set up used to measure the centreline roughness of mild-steel 
interfaces 

Triaxial φ'cs=24.4º 
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Figure 6.3 Typical 3D interferometer graph of the surface of a mild-steel interface 

 

Figure 6.4 Variation of peak and ultimate angles of shearing resistance with increase in 
vertical stresses for weathered Cowden till 

83um 

87um 87um 
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Figure 6.5 Variation of ultimate angles of shearing resistance with increase in vertical 
stresses for unweathered Cowden till 

 

Figure 6.6 Comparison between weathered and unweathered residual interface friction 
angles  

Soil-steel interface tests at a 

rotational rate of 0.016mm/min 

δpeak = δresidual 

Mean trend = 18.5º 
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Figure 6.7 Continuously increasing interface friction angles with rotational displacement for 
Cowden till under vertical stresses of 60 and 960kPa 

 

Figure 6.8 A photograph of specimen RSI480W after dismantling 
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Figure 6.9 A photograph of the oxidised interface after test RSI240U  
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Figure 6.10 One-dimensional compression behaviour of reconstituted Cowden till 

 

Figure 6.11 Normalised 1-Dl compression behaviour of reconstituted Cowden till 
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Figure 6.12 Isotropic and K0 normal compression lines and swelling curves from reconstituted 
specimens tested in triaxial and oedometer apparatus 

a) 

b) 
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Figure 6.13 Stress-strain and pore pressure response during shearing in TXC for reconstituted 
Cowden till 
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Figure 6.14 Stress-strain and pore pressure response during shearing in TXC for reconstituted 
Cowden till in semi-log planes 
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Figure 6.15 Stress ratio (q/p') vs axial strain (ε) for reconstituted Cowden till in TXC 

MTXC=0.96 
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Figure 6.16 Effective stress paths for reconstituted Cowden samples 

MTXE=0.62 

MTXC=0.96 

MTXC=0.96 

a) 

b) 
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Figure 6.17 Stress-strain and pore pressure response during shearing in TXE for reconstituted 
Cowden till 
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Figure 6.18 Stress-strain and pore pressure response during shearing in TXE for reconstituted 
Cowden till in semi-log planes 
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Figure 6.19 Stress ratio (q/p') vs axial strain (ε) for reconstituted Cowden till in TXE 

 

Figure 6.20 Variation of Su/σ'v0 with OCR for K0 consolidated TXC and TXE tests 

MTXE=0.62 

Nominal failure point 
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Figure 6.21 Normal compression and Critical state lines for reconstituted Cowden till 

 

Figure 6.22 Normalised effective stress paths for reconstituted Cowden till samples 

CS point range 
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Figure 6.23 One-dimensional behaviour of natural Cowden till; a) 0-1.5m b) 1.5-10.15m 

a) 

b) 
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Figure 6.24 Specific volume – mean effective stress plot for natural Cowden till oedometer 
specimens; depth 0 to 1.5m 
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Figure 6.25 v-ln(p') plot for natural Cowden till oedometer specimens in a) compression b) 
swelling; depth 1.5 to 10.15m 

a) 

b) 
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Figure 6.26 Example of Casagrande construction to identify the yielding point 
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Figure 6.27 Yield stress ratio (σ'vy/σ'v0) with depth for intact Cowden till 
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Figure 6.28 Apparent Pre-Load APL = (σ'vy - σ'v0) and Yield Stress σ'vy variations with depth for 
intact Cowden till 
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Figure 6.29 Change in the swelling slopes with increasing vertical effective stresses 
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Figure 6.30 Normalised one-dimensional behaviour of a) upper and b) lower intact Cowden 
till 

b) 

a) 
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Figure 6.31 Coefficient of compressibility of natural Cowden till samples in oedometer tests  

 

Figure 6.32 Coefficient of consolidation of natural Cowden till samples in oedometer tests 
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Figure 6.33 Permeability of natural Cowden till in oedometer tests 

 

Figure 6.34 Lower range of permeability of natural Cowden till 

Zoomed in Figure 6.34 
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Figure 6.35 Variation of permeability with void ratio in step loading oedometer tests  
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Figure 6.36 Change in deviatoric stress and pore pressure for samples from G.L. to 2.6m in 
natural scale 

pwp still decreasing 

Stable pwp 
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Figure 6.37 Change in deviatoric stress and pore pressure for samples from G.L. to 2.6m in 
semi-log scale 
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Figure 6.38 Change in deviatoric stress and pore pressure for samples from 2.6m to 5.1m in 
natural scale 

Suction cap problem at 

the start of the tests 
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Figure 6.39 Change in deviatoric stress and pore pressure for samples from 2.6m to 5.1m in 
semi-log scale  
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Figure 6.40 Change in deviatoric stress and pore pressure for samples from 5.1m to 8.0m in 
natural scale 

pwp still decreasing 



 
 

307 
 

 

Figure 6.41 Change in deviatoric stress and pore pressure for samples from 5.1m to 8.0m in 
semi-log scale 
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Figure 6.42 Change in deviatoric stress and pore pressure for samples from 8.0m to 11.50m 
in natural scale 
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Figure 6.43 Change in deviatoric stress and pore pressure for samples from 8.0m to 11.50m 
in semi-log scale 
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Figure 6.44 Typical pore pressure change at the base and mid-height from specimen 
CR100KUC3_45ML 

 

Figure 6.45 Normalised stress-strain curves for samples from G.L. to 2.6m 
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Figure 6.46 Normalised stress-strain curves for samples from 2.6m to 5.1m  

 

Figure 6.47 Normalised stress-strain curves for samples from 5.1m to 8.0m 



 
 

312 
 

 

Figure 6.48 Normalised stress-strain curves for samples from 8.0m to 11.5m 

 

Figure 6.49 Normalised stress-strain curves for samples >2.6m 
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Figure 6.50 a) A photograph of drilling run 1.80-3.20; b) A photograph of sample 
CR100KUC2.05ML 

 

Figure 6.51 Effective stress paths for samples from G.L. to 2.6m 
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Figure 6.52 Effective stress paths for samples from 2.6m to 5.1m 

 

Figure 6.53 Effective stress paths for samples from 5.1m to 8.0m 
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Figure 6.54 Effective stress paths for samples from 8.0m to 11.5m 
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Figure 6.55 Effective stress paths normalised by p' for a) upper and b) lower till 

a) 

b) 
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Figure 6.56 Effective stress paths for samples shallower than 2.6m 

MTXC=1.09 
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Figure 6.57 Effective stress paths for samples deeper than 2.6m 

 

MTXC=1.0 
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Figure 6.58 Undrained strength profile from triaxial compression tests 

𝑑𝑆𝑢

𝑑𝑧
= 58𝑘𝑃𝑎/𝑚 

𝑑𝑆𝑢

𝑑𝑧
= 80𝑘𝑃𝑎/𝑚 
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Figure 6.59 Comparison between Su from 38mm and 100mm diameter samples with depth 
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Figure 6.60 Comparison between Su from 38mm and 100mm diameter samples 

2 tests 
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Figure 6.61 Change in q and Δu in TXE tests in the upper till; natural scale 
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Figure 6.62 Change in q and Δu in TXE tests in the upper till; semi-log scale 
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Figure 6.63 Change in q and Δu in TXE tests in the lower till; natural scale 
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Figure 6.64 Change in q and Δu in TXE tests in the lower till; semi-log scale 
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Figure 6.65 Normalised stress-strain plot for upper a) and lower b) TXE tests 

a) 

b) 
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Figure 6.66 Effective stress paths for upper a) and lower b) Cowden till in extension 

b) 

a) 
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Figure 6.67 Effective stress paths normalised by p'0 during TXE tests 
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Figure 6.68 Undrained strength profile from triaxial extension tests 
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Figure 6.69 Triaxial Su profiles from compression and extension tests 
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Figure 6.70 Comparison between ultimate undrained strength from TXC and TXE tests 

 

Figure 6.71 Comparison between vertically and horizontally measured Su by means of HSV 

Vertical insertion 

Horizontal insertion 
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Figure 6.72 Stress-strain and pore-water pressure response under higher p' than in-situ for 
1.60m depth samples in natural scales 
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Figure 6.73 Stress-strain and pore-water pressure response under higher p' than in-situ for 
1.60m depth samples in semi-log scales 
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Figure 6.74 Relationship between the undrained strength Su and the increase of p' for 1.60m 
test set 

 

Figure 6.75 Normalised stress-strain behaviour under higher p' than in-situ for 1.60m depth 
samples  

q/p'=1.0 
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Figure 6.76 Effective stress paths for 1.60m specimens under higher p' than in-situ 

MTXC=1.0 
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Figure 6.77 Stress-strain and pore-water pressure response under higher p' than in-situ for 
3.80m depth samples in natural scales 
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Figure 6.78 Stress-strain and pore-water pressure response under higher p' than in-situ for 
3.80m depth samples in semi-log scales 
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Figure 6.79 Relationship between the Su and the increase of p' for 3.80m test set 

 

Figure 6.80 Normalised stress-strain behaviour for higher p' test series for 3.80m samples 

q/p'=1.0 
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Figure 6.81 Effective stress paths for higher p' test series for 3.80m samples 

MTXC=1.0 

M=1.05 
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Figure 6.82 Stress-strain and pore-water pressure response under higher p' than in-situ for 
8.50m depth samples in natural scales 
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Figure 6.83 Stress-strain and pore-water pressure response under higher p' than in-situ for 
8.50m depth samples in semi-log scales 
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Figure 6.84 Relationship between the Su and the increase of p' for 8.50m test set 

 

Figure 6.85 Normalised stress-strain behaviour for higher p' test series for 8.50m samples 

q/p'=1.0 
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Figure 6.86 Effective stress paths for higher p' test series for 8.50m samples 

MTXC=1.0 
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Figure 6.87 Changes in deviatoric stresses with axial strain for 11.5m rate tests 

 

Figure 6.88 Variation of undrained strength Su with increasing shearing rate for 11.5m set 
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Figure 6.89 Normalised, nominal stress-strain curves for 11.5m rate test set  

 

Figure 6.90 Nominal effective stress paths for 11.5m rate tests set 
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Figure 6.91 Pore-water pressure response from base and mid-height transducers, 3.50m set 

 

Figure 6.92 Changes in deviatoric stresses and pore-water pressures with axial strain for 
3.50m rate tests 
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Figure 6.93 Variation of Su with axial strain from 3.50m rate tests 

 

Figure 6.94 Normalised stress-strain curve for 3.50m test set 

q/p' = 1.0 

Mean value from Figure 6.58 

6%/log cycle trend 
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Figure 6.95 Effective stress paths from 3.50m rate tests 

MTXC=1.0 
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Figure 6.96 Stress-strain behaviour for 0.9m sample under variable shearing rates 

 

Figure 6.97 Nominal effective stress path for 0.9m specimen under variable shearing rates 

Undershooting 

Constant rate = 5%/day 

Constant rate = 500%/day 
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Figure 6.98 End of shearing points for compression and extension and the interpreted critical 
state M values 
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Figure 6.99 Critical state line under triaxial compression; lower till, showing curves with and 
without correction for gravel content 

 

Figure 6.100 Ultimate failure line under triaxial extension, showing curves with and without 
correction for gravel content 
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Figure 6.101 Critical state line from compression and ultimate failure line from extension 
tests, showing curves with and without correction for gravel content 
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Figure 6.102 ESPs from TXC, TXE, higher p' and rate tests; a) lower and b) upper till 

a) 

b) 
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Figure 6.103 Normalised ESPs from TXC, TXE, higher p' and rate tests for lower Cowden till; 
p'e normalisation made with respect to ''gravel corrected'' isotropic NCL  
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Figure 6.104 State bounding surfaces for reconstituted and intact Cowden till, p'e 
normalisation with respect to isotropic NCL*corrected 

 

 

 

 

 

 

Mean yield point from 

intact oedometer tests 
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Chapter 7: Pre-failure stiffness behaviour 

7.1 Introduction 

Having reviewed in Chapter 6: the Cowden till's large strain behaviour, this chapter reports 

the Author's experimental investigation into the till's pre-failure stiffness characteristics. The 

principal focus is on the highly non-linear undrained stiffness under triaxial conditions, and its 

dependence on mean effective stress level and rate of shearing. The main investigation 

quantified the maximum available undrained vertical stiffness and its degradation with axial 

strain, and also considered the anisotropy of initial stiffness within the cross-anisotropic 

elastic framework by adding data from dual axial dynamic laboratory bender element tests. 

Comparisons are also made with shear stiffnesses interpreted from in-situ shear wave 

measurements and observations are made on the nature of the small strain kinematic yield 

surfaces identified from probing tests. Consideration is given to whether any potential 

relationship exists between the till's stiffness and its degree of weathering. 

The main experimental programme comprised intact till Series N-A to N-E, and the 

reconstituted Series R both of which were outlined in Chapter 4:. Information is provided first 

on how the stiffness data were analysed from the triaxial tests. After this, as in Chapter 6:, 

the reconstituted programme is considered before concentrating on the main intact test 

series. 

7.2 Treatment of small strain measurements made in triaxial tests 

The high resolution load cells and amplified LVDTs used in the undrained triaxial test series 

described in Chapter 6: allowed deviator stresses and axial strains to be resolved to below 

0.5kPa and 5x10-4% respectively. Data gathered over typical undrained compression tests in 

their early stages are shown in Figure 7.1 and Figure 7.2, considering 100mm and 38mm 

diameter samples respectively. Initially linear ‘pseudo-elastic’ ranges are shown that were 

interpreted through the scattered measurements in both cases by a combination of linear 

regression and identification by eye. The linear ranges typically extend to axial strains ε = 

0.001 - 0.002% in K consolidated tests on natural Cowden till and further, up to 0.004%, in the 

reconstituted tills. The best fitting undrained vertical Ev
u moduli = Δq/Δε established over the 
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assumed linear ranges are indicated by arrows in Figure 7.1 and Figure 7.2. As noted earlier, 

under undrained triaxial conditions the axial strain ε = εs, the commonly employed shear 

strain invariant measure, which is equal to Ed/√3, where Ed is the shear strain invariant 

adopted by Potts and Zdravković (2001). The measurements made over the non-linear large 

strain ranges were interpreted by fitting piecewise polynomial stress-strain relationships 

which overlap to give continuous curves. Differentiating these curves allowed tangent 

undrained vertical Young's modulus (Eu
tan = dq / dε) vs axial strain (ε) relationships to be 

derived. The secant undrained vertical Young's modulus Eu
sec is defined as Δq / Δε. Sharp 

changes in the tangent stiffness at the end of the linear (Y1) ranges are seen in some cases 

that give discontinuous stiffness trends at these points. In isotropic elastic soils the vertical 

Young's modulus may be linked simply to the shear stiffness (G) as Eu = 3G, without any 

additional assumptions. However, as shown later, these simple conditions do not apply if the 

soil is anisotropic, as is the case for natural Cowden till. 

7.3 Stiffness characteristics of reconstituted Cowden till 

Six K0 consolidated 38mm diameter reconstituted specimens were sheared in compression 

and extension at OCRs = 1, 2 and 10 after consolidation to the same maximum stresses. Two 

additional isotropically consolidated and swelled samples were tested at OCR = 1 and 10 in 

compression. The description given in Chapter 4: for test Series R, outlines how the tests were 

conducted and Table 6-2 gives further specific details (OCR, p'0, initial and final void ratios as 

well as K0) of these 8 undrained experiments. These data are considered first before reviewing 

the behaviour of the intact specimens. 

7.3.1 Undrained triaxial compression tests 

Figure 7.3a) and Figure 7.4a) show the tangent and secant vertical Young's moduli plotted 

from triaxial compression tests against axial strain for the K0 and isotropically consolidated 

reconstituted till. The pseudo-elastic ranges appear to extend to between 0.003 and 0.004% 

axial strain before highly non-linear stiffness degradation develops once the first (Y1) 

kinematic yield surface is engaged. By definition the tangent and secant stiffnesses have the 

same values at small strains and the tangent stiffness must decay more steeply over the non-

linear range. The initial OCR has a marked effect on the stiffness behaviour, revealing that 
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swelling to lower p' and higher OCR generally reduces stiffnesses and leads to more gradual 

stiffness degradation. However, linear normalisation by the current p', as presented in Figure 

7.3b) and Figure 7.4b), leads to the overconsolidated curves (OCR 2 and 10) plotting higher 

than the equivalent OCR = 1 samples. As demonstrated in Figure 7.5a) and b), normalisation 

to a fractional power (p')0.5 is more appropriate for the Cowden till over the p' levels and OCR 

ranges considered. The one case that differs markedly from the others is the compression test 

from OCR = 10 after K0 consolidation, which was the first test completed by Schutt (2015). 

7.3.2 Undrained triaxial extension tests 

The equivalent plots of tangent and secant extension test Young's moduli are presented 

against axial strain in Figure 7.6a) and Figure 7.7a), covering K0 consolidated and swelled 

reconstituted till. The extension tests show similar trends to the compression experiments. 

The linear axial strain range spans from 0.001 to 0.005%, decreasing with increasing 

overconsolidation ratio. The OCR = 2 and 10 tests reveal lower stiffnesses and more gradual 

stiffness decay with strain than OCR = 1. When normalised by the current mean effective 

stress (see Figure 7.6b) and Figure 7.7b)) the Eu
tan and Eu

sec curves plot closer together than in 

compression forming a narrow band that appears to partially erase the effects of OCR. The 

fractional power plots presented in Figure 7.8 in the form of [Eu/pref]/[ p'/pref]0.5 against axial 

strain, appear to show less convergence than the linearly normalised trends for these 

reconstituted extension tests. 

7.4 Small strain behaviour of natural Cowden till from in-situ stresses 

The small strain behaviour of natural Cowden till under in-situ initial effective stress 

conditions, as seen in the K-consolidated tests described in Chapter 6: and listed in Table 6-9 

and Table 6-10 is now discussed, distinguishing between the upper, highly weathered till, and 

the lower strata from below 2.6m, following the differentiation established in Chapter 6:. As 

with the reconstituted till, the natural soil's undrained stiffness, as measured from triaxial 

tests starting from in-situ stress conditions, is analysed in terms of tangent and secant vertical 

undrained Young's moduli. 
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It is first important to note that a significant degree of stiffness variability was identified from 

multiple static pre-shearing tests on nominally identical samples as part of the cyclic tests 

described in Chapter 8:. A total of 11 samples from 3.00 to 3.50m depth, sheared stress-

controlled at a dq/dt rate of 2kPa/h, exhibited the natural variability in the secant stiffness 

displayed in Figure 7.9a). The plots in Figure 7.9b) identify the mean trend and the standard 

deviation ranges expected over various strain levels. It appears that the intact stiffness data 

can be expected to scatter by up to ±25% about the mean trends at 0.01% strain as a result 

of the stony and potentially fissured nature of the variable till plus any sampling disturbance 

or testing variability. The soil profiles shown in Figure 6.58 and Figure 6.68 indicate that the 

till manifests very marked and systematic variability with depth from 2.0 to 4.0m. It is likely 

that the degree of test variability reduces with depth. This variability must be borne in mind 

when comparing small groups of tests to identify the influence on stiffness of various 

individual factors. 

7.4.1 Vertical undrained stiffness of intact samples in compression tests 

Studies of soil stiffness at small strains often apply a function f(e) to correct for void ratio 

variations. While this question is addressed again at the end of the chapter, normalisation 

was not applied for most of the tests reported because as shown in Figure 5.7, Table 6-9 and 

Table 6-10 variations in water content and void ratio are relatively minor over the main 

section of the Cowden till profile investigated by the Author. 

Tangent stiffness 

The tangent stiffness degradation curves of the upper, highly weathered and lower Cowden 

till are presented in Figure 7.10 and Figure 7.11a) and b) with the undrained vertical tangent 

Young's modulus (Eu
tan) vs axial strain (ε). The ‘pseudo-elastic’ ranges extend to between 

0.001% and 0.002% axial strain and their initial stiffness curves are not always continuous 

with those from the non-linear part of each test, due to sharp changes in tangent stiffness 

that are seen in some cases at the end of the linear (Y1) ranges. The tangent stiffnesses 

available at axial strains of 0.001, 0.01, 0.1 and 1% (along with their best fits, shown as dashed 

lines) are plotted against depth in Figure 7.12. These summary profiles demonstrate the main 

stiffness-depth trends from the linear elastic range, through to the fully plastic, heavily 
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''dilatant'' stage of each experiment where the 1% axial strain tangent moduli represent only 

5% of the initial maximum available stiffness. They also confirm the scatter due to natural 

variability and experimental technique of ±25% at small strains that was noted above. 

The profiles of stiffness (and also Su, see Figure 6.58) reflect the heavily reworked glacial origin 

of the deposit and the present day under-drained pore-water pressure profile. Accounting for 

the ground water level at 1.0m below ground surface and the interpreted change in K0 at 7m 

(see Figure 3.11) the stiffness values do not scale simply or linearly with the current mean 

effective stress (p') over the depth range of interest. Figure 7.13 shows the logarithmic 

variation of tangent Young's moduli with p' at axial strains of 0.001, 0.01, 0.1 and 1%. The 

stiffness appears to increase with the applied (in-situ) mean effective stresses and degrade 

with strains following power law functions with the form: 

 
𝐸𝑢 = 𝐴𝑝𝑟𝑒𝑓 (

𝑝′

𝑝𝑟𝑒𝑓
)

𝐵

 Eq. (7-1) 

The pref is a reference pressure equal to the atmospheric, pref = 101.3kPa. The data show 

scatter reflecting the soils' nature and its current state and the best fitting average 

dimensionless coefficients A and B applying at different strain levels are tabulated in Figure 

7.13. The exponents B are lower than the 0.85 and 0.75 values reported by Jardine (1985b, 

1995) and Viggiani and Atkinson (1995) for other glacial tills at small strains, which these 

Authors noted tended to increase still closer towards unity at larger strains. However, 

Jardine's (1985) tests covered his Magnus North Sea site profile to over 100m depth and were 

therefore run at far higher mean effective stresses. Lower values of the exponent B may have 

been found if his study had focused more on the top 10m, which was of greatest interest to 

the PISA project's test piles, see Byrne et al. (2017). 

Further treatment of these data is given in Figure 7.14 and Figure 7.15a) and b), which show 

the variations of tangent stiffness ratios Eu
tan/p'(current) with axial strain (ε) for upper and lower 

tills (a) 3.0-7.0m and b) 7.0 to 11.5m) respectively. The trends of p' normalised Eu
tan with depth 

are plotted in Figure 7.16. Although the trends are not uniform over the full site profile, the 

normalised Eu
tan values decrease with depth down to 11.5m, confirming that linear p' 



 
 

362 
 

normalisation does not bring the measurements towards any unique relationship. As shown 

earlier (see Figure 7.13 and Eq. (7-1)) the variation of stiffness with mean effective stress and 

its degradation with strains may be represented better by a power law function with an 

exponent of 0.5 and this is illustrated in Figure 7.17 and Figure 7.18 a) and b) which show the 

stiffness trends normalised by fractional power [Eu/pref]/[ p'/pref]0.5 plotted against axial strain 

for upper and lower tills respectively. The trends of [Eu/pref]/[ p'/pref]0.5 at 0.001, 0.01, 0.1 and 

1% axial strain are plotted with depth in Figure 7.19, revealing that fractional power 

normalisation (wih B = 0.5) brings the small strain stiffnesses closer towards a single uniform 

trend. 

Secant stiffness 

Secant stiffness degradation curves for upper and lower Cowden till are presented in Figure 

7.20 and Figure 7.21a) and b) respectively. The variations of secant stiffness with depth at 

axial strains of 0.001, 0.01, 0.1 and 1% are plotted in Figure 7.22, along with their best fit 

curves. The Young's moduli available at 0.01, 0.1 and 1% axial strain are 21%, 73% and 92% 

less on average than the initial maxima. The variation of secant Young's moduli with mean 

effective stress at ε = 0.001, 0.01, 0.1 and 1% is shown in Figure 7.23. The stiffness follows a 

power law function with the form of Eq. (7-1) with the coefficients A and B shown in Figure 

7.23 where the power B is again around 0.5. The secant stiffness ratios Eu
sec/p'(current) vs axial 

strain are presented in Figure 7.24 for upper and Figure 7.25a) and b) for lower (3.0-7.0m and 

7.0-11.50m depth) tills. The normalised secant stiffnesses available at ε = 0.001, 0.01, 0.1 and 

1% are plotted against depth in Figure 7.26 showing once again that linear p' normalisation 

does not bring the stiffness values towards a unique relationship. A global stiffness 

normalisation in the form of [Eu/pref]/[ p'/pref]0.5 on the other hand brings the Eu
sec trends 

closer together. This is illustrated in Figure 7.27 and Figure 7.28 a) and b) showing the 

[Eu
sec/pref]/[ p'/pref]0.5 against axial strain for upper and lower tills and further in Figure 7.29 

which plots the fractionally p' normalised secant stiffness with depth at 0.001, 0.01, 0.1 and 

1%. 

Figure 7.30 compares the tangent and secant stiffnesses at 0.001, 0.01, 0.1 and 1% axial strain. 

At ε = 0.01% the difference between the secant and tangent stiffnesses is 34.6% on average, 

increasing to 82.6% at ε=0.1% and 87% at ε=1%. 
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7.4.2 Sample size effect on undrained stiffness 

The Author's triaxial tests involved a mix of test on 38 and 100mm diameter specimens that 

allowed the effect of sample size on undrained stiffness to be evaluated. Although, as noted 

in Chapter 6:, the sample size did not have any significant impact on the Su measurements, 

the possible effects on stiffness are investigated in Figure 7.31a) and b) which plots the 

tangent stiffnesses, defined at 0.001 and 0.01%, and in Figure 7.32 a) and b) which shows the 

Eu
tan defined at 0.1 and 1% axial strain from five high quality 38mm and 100mm diameter 

sample tests, that were performed at similar depths, along with 1:1 lines. In four out of five 

cases the small strains Eu
tan from the 100mm diameter specimens were higher than those 

from 38mm diameter samples, by an average of 30%. This may reflect better stress uniformity 

and finer control over the axial straining, lower degree of disturbance occurring during set-up 

or the more representative element volumes offered by the larger diameter cells. However, 

as highlighted in Figure 7.9 sample variability also introduces scatter that may play a random 

role when comparing relatively small number of tests. The apparent effects of sample size 

reduce with strain level, as the more highly instrumented 100mm diameter specimens appear 

to exhibit sharper stiffness degradation. It is interesting to note that the effect of sample size 

on stiffness appears to be more pronounced than that seen with shear strength in Section 

6.4.2, although this may reflect also the greater scatter implicit in the stiffness data. 

7.4.3 Stiffness in extension 

Tangent stiffness 

The tangent extension stiffness degradation curves from KUE tests are shown in Figure 7.33a) 

and b) with the undrained tangent extension Young's modulus (Eu
tan) vs axial strain (ε). The 

pseudo-elastic linear range (Y1) is similar to that of the compression tests, extending to 

between 0.001% and 0.002% axial strain. The linear and non-linear portions are again not 

always fully continuous due to sharp changes in tangent stiffness at the limit of the Y1 range. 

Once the Y1 is engaged the Eu
tan - ε behaviour is highly non-linear with a stiffness drop of 90% 

after only 0.1% strain. The variation of the tangent stiffness with mean effective stress at 

different strain levels is plotted in Figure 7.34. There exist a power law relationship between 

Eu
tan and p' with the form of Eq. (7-1). The coefficients A and B are tabulated on the figure. 
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Note the lower exponent which is around 0.4 rather than the 0.5 seen in compression tests. 

Profiles of the tangent stiffnesses available at axial strains of 0.001, 0.01, 0.1 and 1% with 

depth are plotted in Figure 7.35, along with the best fit curves. Linearly normalised stiffness 

ratios Eu
tan/p' are plotted against axial strain and depth in Figure 7.36 and Figure 7.37 

respectively, showing a continuous decrease of the normalised values with depth and 

confirming that linear normalisation is not appropriate for natural Cowden till when tested 

from in-situ conditions. As with the compression tests a global [Eu/pref]/[ p'/pref]0.5 

normalisation brings the stiffness values closer together as shown in Figure 7.38 and Figure 

7.39 which show the normalised stiffness against axial strain and depth. 

Secant stiffness 

The variation of the secant extension stiffness with axial strain is shown in Figure 7.40 a) and 

b). The relationship between the secant stiffness and the mean effective stress at 0.001, 0.01, 

0.1 and 1% axial strain is in the form of Eq. (7-1) and is plotted in Figure 7.41 with the 

parameters A and B listed in the figure. Note the average exponent B = 0.46. After exceeding 

the linear (Y1) range the stiffness degrades quickly and the available Eu
sec at ε = 0.001, 0.01, 

0.1 and 1% is plotted versus depth in Figure 7.42. Eu
sec drops from the maximum available at 

0.001% by 38%, 80% and 94% at strains of 0.01, 0.1 and 1% respectively.  

The ratios Eu
sec/p′(current) vs axial strain and depth are presented in Figure 7.43 and Figure 7.44. 

Again, a fractional power relationship appears to be more appropriate for the natural till as 

demonstrated in Figure 7.45a) and b) and Figure 7.46, although the [Eu/pref]/[ p'/pref]0.5 ratios 

appear to decline gently with depth, implying an exponent marginally lower 0.5. 

7.4.4 Stiffnesses defined from TXC and TXE tests 

As discussed in Chapter 6: the triaxial apparatus is limited to exploring static stiffness 

behaviour with two orientations of the major principal stress, with σ'1 acting either vertically 

with α at 0º (TXC) and σ'2 = σ'3, yielding the intermediate principal stress parameter b=0 or 

horizontally with α at 90º (TXE) and σ'2 = σ'1 giving b = 1. However, the Author's undrained 

compression tests applied only vertical loading increments, while undrained extension tests 
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simply unloaded σv, from in-situ stress conditions and b and α only changed when the test 

paths crossed the isotropic (q = 0) axis. 

Identical specimens should therefore manifest equal initial vertical linear undrained stiffness 

under undrained triaxial compression or extension conditions (Brosse et al. 2017), although 

their curves often diverge as the stress paths advance to different failure conditions. Figure 

7.47 presents the tangent profile of maximum undrained stiffness defined at 0.001% axial 

strain from KUC and KUE tests. Recognising the acknowledged natural and experimental 

scatter, the general trends with depth are similar, although the Eu
TXC and Eu

TXE diverge outside 

of the linear Y1 range, as shown in Figure 7.48 and Figure 7.49 for the tangent and secant 

stiffness values determined at 0.01, 0.1 and 1% axial strain against depth. 

A direct comparison between compression and extension tests on samples from identical 

depths is presented in Figure 7.50 and Figure 7.51 for Eu
tan and Eu

sec respectively, which 

indicate, on average around 23% higher initial stiffness in compression than in extension. At 

larger strains the degradation of stiffness is steeper in extension than in compression. At ε = 

0.01 and 0.1% the ratios of Eu
TXC/Eu

TXE increase to 1.6, especially in the deeper samples. At 

larger strains the KUC and KUE tests tend to converge to give Eu
TXC/Eu

TXE = 1.0 and 1.4 at ε = 

1% for the tangent and secant moduli respectively. The discrepancy seen at larger strains 

between compression and extension reflects the dual effects of varying the σ'1 direction 

(anisotropy) and σ'2 (effect of parameter b) as well as the samples' tendency to develop 

premature necking failures in extension and perhaps some residual creep. 

7.5 Dynamic laboratory and field measurements of shear stiffness 

The undrained vertical Young's moduli measured at very small strains in monotonic triaxial 

tests may be compared with dynamic shear stiffnesses interpreted from laboratory and field 

seismic tests. Two seismic CPT soundings were performed at the PISA site as part of the initial 

test site characterisation. These, at multiple depths, measured the vertically travelling, 

horizontally polarised shear wave velocities Svh, excited by striking a horizontal metal beam 

placed at the ground surface. Shear moduli deduced from these velocities represent the Gvh 

mode of ground deformation. In addition, Gvh, Ghh and Ghv shear moduli were deduced by the 

Author in the laboratory from velocity measurements with bender element assemblies 
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employed in tests on 100mm diameter rotary core and block samples, after reconsolidation 

to the estimated in-situ stresses. A description of the operational principles of the Author's 

bender element systems was provided in Section 4.3.2. Single sine waves with frequencies 

between 2 and 12kHz were employed. 

The stiffness of the sample and the size of the specimens affect the quality of the signal 

(Gasparre 2005; Hosseini Kamal 2012). The Author's signal traces gave in most cases clear 

indications of the S-wave arrival times. Examples of clear and poor output signals from the 

Author's experiments are shown in Figure 7.52a) and b). Also shown is the electro-magnetic 

cross-talk feature seen in some tests, which was clearly distinct from the arrival of the first (P) 

body wave peak and the dip of the output signal before climbing to the peak S-wave arrival. 

The bender data were interpreted employing both the time and the semi-frequency domain 

approaches, which are described in detail in Section 4.5.7. Both methods gave good 

agreement with clear signal traces. In the cases where the signal was scattered the simpler 

peak-to-peak method was preferred. It is important to note that the Gmax implied by the 

measured velocities increased with increasing frequency, particularly with the horizontally 

travelling waves, as shown in Figure 7.53 by the Ghv and Ghh values deduced at frequencies 

between 3 and 12kHz from tests on sample CR100KD12.00, which deviate by about ±9% from 

the mean value. This frequency dependency could possibly reflect a strain rate effect 

associated with higher frequencies or some other, more subtle, feature of the dynamic 

response. While the frequency – shear stiffness curves may have stabilised at higher 

excitation frequencies, the output signals tended to become noisier as frequency increased 

and identifying the first shear wave arrival peaks became more obscure, making reliable 

interpretation more difficult. The Gmax values reported by the Author are the average values 

measured over the 3 to 12kHz frequency range.  

Figure 7.54 plots the Gvh, Ghh and Ghv values obtained from laboratory bender element 

measurements, the average Gvh profile from the two seismic CPTs and the mean trend of Eu/3 

established in Figure 7.12 (noting that G is expected to be Eu/3 for isotropic elastic soil) at 

0.001% axial strain from 38mm and 100mm diameter static TXC tests. The laboratory 

geophysical data were obtained from tests on rotary cores primarily, supplemented by 

experiments on block samples from Horizons B, C, D and F. Horizon F (nominal depth of 3.4m) 

was tested extensively under cyclic conditions and geophysical measurements were made on 
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the samples at their in-situ conditions, showing variability of Gvh = 115MPa ±10% and Ghh = 

112MPa ±15%. The four specimens from around 2.0m in Horizon C gave greater scatter with 

Gvh = 119MPa ±20% and Ghh = 137MPa ±20%. As described later, this same horizon provided 

the specimens employed for one set of drained probing tests. The variability of the bender 

Gvh and Ghh values from these two depths are plotted and marked in Figure 7.55 along with 

the Gvh and Ghh BE profiles established from rotary cores. Despite the observed scatter in the 

stiffness measurements from Horizons C and F, it seems the rotary core bender element G 

values fall below those determined on blocks, which indicates a possible effect of drilling 

disturbance. It is useful to recall here that the rotary samples were exposed to mechanical 

drilling disturbance and contact with drilling mud, while the block sampling took 5 weeks to 

complete and may have allowed a degree of sample drying as the pits were open for extended 

periods. 

The comparisons offered in Figure 7.56 indicate generally good agreement, despite two 

discrepancies of about 20% at ≈2.5 and 4.0m, between laboratory Gvh from bender element 

and Gvh from field geophysics. Figure 7.57 plots the bender Gvh vs Ghv from four tests at 

identical depths showing the agreement expected from an elastic (even if anisotropic) 

material between these two stiffness modes. However, Figure 7.58 shows that the laboratory 

dynamic Gvh values from 100mm diameter samples far exceed (by 70%) the Eu/3 values from 

tests on samples at identical depths, reflecting potentially anisotropy and/or a possible 

frequency dependency of stiffness. 

Although it has been argued that the elastic stiffness is independent of strain rate (Tatsuoka 

and Shibuya 1991), the bender element strain rate is around 105 larger than the standard 

shearing rate of 5%/day adopted in this research work, opening up considerable scope for 

even mild rate effects to influence the results. Misinterpretation of the truly elastic strain 

range could also play a role, as might disturbance in the rotary core samples, although the 

latter appears unlikely as the laboratory bender element trends match those from the field 

within around ±20%. 

A comparison between Gvh and Ghh measured from rotary core and block samples is plotted 

in Figure 7.59. The general trend shows a mildly ''anisotropic'' ratio Gvh/Ghh = 1.09, although 

there are also cases in which Ghh > Gvh. It is useful to recall the trends found by Powell and 
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Butcher (2003) from higher quality field crosshole and downhole seismic measurements, 

shown in Figure 3.19, which indicated a higher ratio with Ghh = 1.4Gvh. The geophysical 

measurements from Horizon C at 2.0m depth are depicted in Figure 7.59 with different 

symbols as they differ from the main trend giving Gvh/Ghh = 0.86 and may reflect the fissured 

and highly desiccated (higher undrained strength) band. The latter was previously identified 

in earlier chapters from CPT profiles, triaxial Su values from compression and extension tests 

and visual observations made on site during block sampling. While the bender element Gvh 

and Ghh values appear broadly similar, this does not signify that the Young's drained and 

undrained moduli, E'v and E'h, Ev
u and Eh

u, are comparably close, or that the till's stiffness is 

isotropic. 

Noting that monopiles experience a high degree of horizontal loading, the full anisotropy of 

the till was investigated more generally, as described later, by the Author's drained probing 

tests. Hollow Cylinder Apparatus tests were also undertaken by Liu (2018) to investigate the 

same question. 

7.6 Influence of higher mean effective stress on undrained triaxial stiffness 

Noting that driven pile installation raises mean effective stresses close to the pile shaft (Bond 

1989; Lehane 1992; Chow 1997; Pellew 2002) the influence on undrained compression 

stiffness of imposing higher than in-situ effective stresses was investigated in test Series N-C. 

The latter included three sets of undrained compression tests performed from in-situ 

effective stresses and also two and four times higher effective stresses, considering samples 

taken from three depths – 1.6m, 3.8m and 8.5m. In addition, in Series N-D, three continuously 

drained ''consolidation'' tests were undertaken on 100mm diameter samples from 1.35m 

(CB100KUC1.35x13BE), 3.40m (CB100KUC3.40x8BE) and 9.75m (CB100KUC9.75x5BE) depths. 

The Series N-D samples CB100KUC1.35x13BE, CB100KUC3.40x8BE and CB100KUC9.75x5BE 

were consolidated to 13, 8 and 5 times the in-situ stresses while bender element 

measurements were performed at multiple points along the specimens' consolidation and 

swelling paths. 

The initial conditions for Series N-C and N-D are listed in Table 6-11 and Table 7-1 respectively. 

The consolidation procedures are described in detail in Section 4.4.4. Both test series 
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maintained the same consolidation q/p' values (q/p' = -0.4 for 1.60 and 3.80m test sets and 

isotropic for the 8.50m set) at all mean effective stress levels. Non-destructive bender 

element tests were also undertaken in Series N-D at multiple effective stress levels on both 

the consolidation and swelling branches of the tests. 

7.6.1 Test series N-C 

Test Series N-C was performed on nine K consolidated 38mm diameter specimens from three 

depths, trimmed from rotary cores and tested at three different effective stress levels. 

Pressure dependency of vertical undrained stiffness at 1.60m 

The samples from 1.60m were all consolidated with K = 1.5. Figure 7.60 and Figure 7.61 show 

the tangent and secant stiffness degradation curves established in undrained compression 

tests conducted with the standard procedures. Stiffness clearly increases with p' level, but 

not linearly, as may be seen by the normalised (by the current mean effective stresses) plot 

in Figure 7.62 and Figure 7.63 respectively. Consolidation to mean effective stresses greater 

than in-situ also reduced slightly the linear elastic zone's strain range (the elastic zones extent 

to 0.0024, 0.0022 and 0.0015% axial strain for specimens CR38KUC1.65x1, CR38KUC1.50x2 

and CR38KUC1.60x4 respectively). It also increased the non-linearity of the curves once the 

Y1 yield surface was engaged, although the curves tend to converge at axial strains larger than 

1%. 

Figure 7.64 and Figure 7.65 show the maximum stiffness at ε = 0.001% and the remaining Eu 

after 0.01, 0.1 and 1% strain for tangent and secant respectively, plotted in log(Eu) vs log(p'0) 

space. These figures allow the dependency of the stiffness on consolidation stress and strain 

levels to be explored with the relationship in the form of Eq. (7-1). The highly weathered 

Cowden till naturally shows that parameter A decreases with strain while the exponent B falls 

between 0.4 and 0.57 with an average value of 0.5, similar to the triaxial tests conducted from 

in-situ stress conditions. The values of the parameters A and B for the tangent and secant 

stiffnesses are tabulated in Figure 7.64 and Figure 7.65 respectively. Following this, a 

fractional power normalisation in the form [Eu/pref]/[p'/pref]0.5 was applied, as for the 

monotonic TXC and TXE tests from in-situ stresses, bringing the stiffness curves closer 
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together as showin in Figure 7.66 and Figure 7.67 for the tangent and secant trends 

respectively. 

Pressure dependency of vertical undrained stiffness at 3.80m 

Figure 7.68 presents the traces of Eu
tan against axial strain (ε), while Figure 7.69 shows the 

trends of Eu
sec vs axial strain (ε) for the 3.80m test set. The normalised tangent (Eu

tan/p') and 

secant (Eu
sec/p') degradation curves are presented in Figure 7.70 and Figure 7.71 respectively. 

In contrast to the shallower 1.60m tests, the 3.80m set does not show a systematic change in 

the extent of the linear strain range with increasing consolidation stresses. The degree of non-

linearity, though, increases with p' and the stiffness curves converge at larger strains. 

Figure 7.72 and Figure 7.73 present the variation of tangent and secant stiffnesses with 

consolidation stresses at axial strains of 0.001, 0.01, 0.1 and 1%. As expected the parameter 

A decreases with axial strains while the exponent B is slightly higher than at shallower depth, 

falling between 0.52 and 0.66 with an average value of 0.59. The values of the parameters A 

and B are listed in Figure 7.72 and Figure 7.73.The values of parameter B are higher than those 

in the shallower highly weathered till. Nevertheless, the global normalisation 

[Eu/pref]/[p'/pref]0.5 works well as illustrated in Figure 7.74 and Figure 7.75 for the tangent and 

secant stiffness trends respectively. 

Pressure dependency of vertical undrained stiffness at 8.50m 

Figure 7.76 and Figure 7.77 show plots of Eu
tan and Eu

sec against axial strain (ε) for the 8.50m 

test set. The corresponding normalised tangent (Eu
tan/p') and secant (Eu

sec/p') degradation 

curves are presented in Figure 7.78 and Figure 7.79 respectively. Unlike the shallower tests, 

the 8.50m set shows an enlargement in the extent of the linear strain range with increasing 

the consolidation stresses. The axial strain ranges of the linear portions are 0.0015, 0.0019 

and 0.0023% for tests CR38KUC8.00x1, CR38KUC8.70x2 and CR38KUC8.55x4 respectively. 

Similar to the shallower two sets the non-linearity of the stiffness degradation curves 

increases with increasing p', although they tend to converge at strains larger than 1%. 

Figure 7.80 and Figure 7.81 present the variation of the tangent and secant stiffnesses with 

consolidation mean effective stress at axial strains of 0.001, 0.01, 0.1 and 1%. As before, the 



 
 

371 
 

parameter A decreases with axial strain while the exponent B rises to show only a gentle trend 

with axial strain from 0.75 to 0.95 for the tangent stiffnesses and from 0.75 to 0.81 for the 

secant stiffnesses, approaching the average values assessed by Jardine (1985), (1995) for a 

100m deep profile of till from the Magnus Northern North Sea offshore site. The values of the 

parameter A and the exponent B are listed in Figure 7.80 and Figure 7.81 for the tangent and 

secant stiffnesses, respectively. Although the exponent B from the 8.50m test set is 

significantly higher than the shallower tests, for completeness, the stiffness trends were 

normalised by (p'/pref)0.5 and plotted against axial strain in Figure 7.82 and Figure 7.83, 

showing that in this deeper part of the profile the linear normalisation brings the stiffnesses 

closer together than the fractional power of 0.5. 

7.6.2 Variation of Gmax with mean effective stress: Test series N-D 

Test Series N-D was performed on 100mm diameter samples from 1.35, 3.40 and 9.75m  

depth (CB100KUC1.35x13BE, CB100KUC3.40x8BE and CB100KUC9.75x5BE), each of which 

was consolidated keeping the same K value (q/p' = -0.4 for 1.35 and 3.40m tests and 0 for the 

9.75m test), to mean effective stresses far higher (13, 8 and 5 times) than the in-situ p', while 

Gvh and Ghh measurements were taken at multiple points along the consolidation and swelling 

paths. These tests exploited the maximum cell pressures achievable in the 100mm diameter 

triaxial apparatus and employed the same consolidation K values for their compression and 

swelling sections. The initial conditions are summarised in Table 7-1. 

Tests on samples from 1.35m depth 

Multiple bender element tests were performed on specimen CB100KUC1.35x13BE, which was 

trimmed from a block sample and consolidated continuously to a maximum mean effective 

stress of 438.1kPa, 13 times higher than the estimated in-situ stresses. Vertically propagating 

shear wave measurements were made at 13 points during consolidation, while horizontally 

propagating, horizontally polarised shear wave soundings were performed up to 12xp'in-situ. 

Unfortunately a leak in the volume gauge occurred and the test had to be terminated before 

undergoing its intended swelling path section. Figure 7.84 shows the variation of Gvh and Ghh 

with mean effective stresses, plotted with log-log axes. A power law best fit line is also shown. 

The figure reveals almost identical Gvh and Ghh values over the mean effective stresses 
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considered, although Gvh < Ghh in the first measurement made at the in-situ effective stress 

levels. The best power law expression in the form of Eq. (7-2) through the G - p' relationship 

has an exponent n of 0.44. Table 7-2 provides a summary of the best fitting parameters. 

 
𝐺 = 𝑀𝑝′𝑟𝑒𝑓 (

𝑝′

𝑝′𝑟𝑒𝑓
)

𝑛

 Eq. (7-2) 

Tests on samples from 3.40m depth 

In similar way specimen CB100KUC3.40x8BE was trimmed from Block F1 and was 

consolidated from in-situ stresses to a maximum mean effective stress of 552.8kPa, eight 

times higher than the estimated in-situ p'. Eight pairs of Gvh and Ghh measurements were 

made along both the consolidation and swelling paths. Figure 7.85 and Figure 7.86 show the 

variation of Gvh and Ghh with mean effective stresses plotted in log - log space along with the 

corresponding power law fit lines. The compression and swelling Gvh and Ghh stiffness trends 

are best described by Eq. (7-2). The exponents and the material constants are shown in the 

figures and listed in Table 7-2. 

Tests on samples from 9.75m depth 

Finally, specimen CR100KUC9.75x5BE was trimmed from a rotary core and was consolidated 

to a maximum mean effective stress of 582.8kPa, five times higher than the estimated in-situ 

p'. Gvh and Ghh measurements were made along the consolidation and swelling paths. Figure 

7.87 and Figure 7.88 plot the variation of Gvh and Ghh with mean effective stresses with 

logarithmic axes. Also shown in the figures are the best fit power law lines. The stiffness 

trends of Gvh and Ghh are best modelled by the power law function in the form of Eq. (7-2). 

The parameters n and M are summarised in Table 7-2 and shown in Figure 7.87 and Figure 

7.88. 

Shear stiffness anisotropy at higher mean effective stresses 

The natural till's mildly different dynamic Gvh and Ghh shear stiffness trends are tracked in 

terms of the ratio Gvh/Ghh and plotted against mean effective stress in Figure 7.89 to Figure 
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7.91 for tests CB100KUC1.35x13BE, CB100KUC3.40x8BE and CB100KUC9.75x5BE 

respectively.  

The shallowest sample CB100KUC1.35x13BE exhibited a Gvh/Ghh ratio of 1.0 at in-situ stress 

that increased to unity at p' twice the in-situ value and remains constant with increasing the 

stresses further. The ratio Gvh/Ghh remained constant at 1.2 with increasing p' for specimens 

CB100KUC3.40x8BE and CB100KUC9.75x5BE.  

7.7 Influence of shearing rate on undrained stiffness of specimens tested from in-
situ effective stresses 

The axial pile loading tests conducted at Cowden by Lehane (1992); Lehane and Jardine 

(1994a) showed that field stiffness varied with loading rate and time. The same features were 

evident in the PISA field tests reported by Byrne et al. (2017). The Author therefore 

investigated this aspect of the till's stiffness. 

A preliminary set of three undrained tests was undertaken on 38mm diameter samples from 

approximately 11.50m depth, which were sheared undrained at the standard external strain 

rate of 5%/day (CR38KUC11.5__5%) and 10 and 100 times faster (CR38KUC11.5__50% and 

CR38KUC11.4__500%, respectively). These shearing rates were chosen to explore the fastest 

possible rate that could be achieved while maintaining adequate data acquisition. The 

500%/day test provided far fewer data points at small strains. The significant inherent scatter 

made it harder to recover data and interpret any small strain stiffness strain rate dependency 

confidently. The scatter associated with the higher shearing rates and possible natural soil 

variability led to suspiciously high rate effects and the results are not presented in this Thesis. 

To further investigate the potentially high rate effect found with the 38mm diameter rotary 

core specimens, a second series of tests was conducted with better instrumented (and more 

representative) 100mm diameter triaxial specimens from 3.50m depth at external axial strain 

rates of 0.5%/day (CR100KUC3.60__0.5%), 5 and 50%/day (CB100KUC3.45__5% and 

CB100KUC3.45__50%, respectively). Their initial conditions are summarised in Table 6-12. 

The true average shearing rates assessed from local instrumentation were 0.62, 4.5 and 

48%/day, respectively. These tests were combined with data from the stress-controlled 

(2kPa/h) pre-shearing stages of three 100mm diameter cyclic tests which were pre-sheared 



 
 

374 
 

to qm = 50 and 125kPa. Test CB100KUC3.4_qm50qc10 was loaded at average local axial strain 

rate of 0.08%/day, CB100KUC3.4_qm50qc50 was loaded at local axial strain rate of 

0.135%/day and CB100KUC3.4_qm125qc50 was sheared at a local axial rate of 0.26% strain 

per day. These tests were performed on 100mm diameter specimens cut from blocks from 

Horizon F. 

Figure 7.92 shows the secant stiffness degradation curves deduced from the stress-strain 

curves presented in Figure 6.92 as well as C2 and C39 (Appendix C). There exist limited data 

at small strains (only 2 points at ε < 10-3% and 10 points between 10-3 to 10-2% axial strain) for 

the highest shearing rate of 50%/day which made the very small range interpretation 

ambiguous. Nevertheless, the elastic stiffnesses and the subsequent degradation rates 

appear to grow with increasing shearing rate. After exceeding the elastic range the 50%/day 

test's stiffness drops slightly below that from the 5%/day test, which may reflect the inability 

of the oil-filled ram piston of the 100mm diameter cell to keep the required constant shearing 

rate or lack of more data to adequately capture the soil behaviour. At ε > 1% the curves appear 

to converge.  

The variations of secant stiffnesses with the true shearing rates assessed from local 

instrumentation at strain levels of ε = 0.001, 0.01 and 0.1%. are presented on semi-log axes 

in Figure 7.93. Logarithmic fitting curves are also proposed tentatively. Similar to the variation 

of Su with shearing rate, discussed in Chapter 6:, Section 6.4.6, the test results indicate that 

decreasing the shearing rate has a more marked effect on the stiffness, with Eu
sec decreasing 

by around 25% when lowering the shearing rate from the standard 5%/day to 0.1%/day, while 

increasing only a few percentage points when the rate increases 10 times to 50% axial strain 

per day. A logarithmic function fitted to the data suggest a 14% increase per log cycle, for the 

range of rates considered, at 0.001% axial strain, reducing to about 10% at 0.1%.  

The dependency of secant stiffness on strain rate can also be appreciated from the isotach 

test described in Section 6.4.6 and illustrated in Figure 6.96. The stiffness – axial strain trends 

presented in Figure 7.94 indicates 6.0% change in Eu
sec per log cycles when the shearing rate 

is varied between 5 and 500%/day, at strain levels exceeding 1.0%. 
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The results imply that even though the apparent rate effect diminishes with increasing rate, 

stiffness may be rate dependent even at ε < 0.001%. It will be recalled that the bender 

element stiffness measurements made at frequencies between 3 to 12kHz (see Figure 7.53) 

also suggest possible rate effects, although this outcome is in conflict with the summary made 

by Tatsuoka and Shibuya (1991) of many (predominantly static) loading tests which indicated 

that rate effects are negligible in the elastic region, unless the loading rate is very low. The 

Author's static tests were undertaken at far lower strain rates than his dynamic 

measurements, which may explain the apparently anomalous rate effects observed in the 

elastic region. It is also worth noting that holding stages imposed in the loading tests 

performed on the PISA monopiles at Cowden indicated less strain rate dependency on the 

field stiffness (Byrne et al. 2017), although these effects were hard to discern over the early, 

small displacement, stages of the experiments. A further factor to consider is the influence of 

non-uniform pore water pressures within tests with rough end platens. The standard shearing 

rate rate (5%/day) allowed full pore pressure equilisation, but this would not be achieved in 

much faster tests. Part of the apparent rate dependency may be due to pore pressure 

redistribution processes. 

7.8 Investigation of the elastic stiffness anisotropy with drained probing tests 

As mentioned in Chapter 4:, Section 4.5.6, many natural soils show anisotropic stiffness and 

this directional dependency is often described in terms of models for cross-anisotropy, or 

transverse anisotropy. Five independent parameters are required to fully characterise the 

general cross-anisotropic compliance matrix, namely Gvh, E'v, E'h, μ'vh and μ'hh, although a 

simpler form may be applied under undrained (zero volumetric change) conditions; see (Lings 

et al. 2000; Lings 2001; Nishimura 2014a, 2014b; Brosse et al. 2017). Comparing Ghh, which 

depends on E'h and μ'hh, with Gvh does not provide enough information to assess whether a 

soil has isotropic or cross-anisotropic stiffness. Additional drained and/or undrained tests are 

required for this purpose. 

The potentially cross-anisotropic elastic stiffness of Cowden till was investigated by slow 

drained tests executed on 100mm diameter samples from two depths, 2.00m and 12.00m, 

after reconsolidation to their estimated in-situ effective stresses following the procedure 

described in Section 4.4.4 for Series N-A. The loading and unloading probing stages followed 
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broadly the procedures described by Kuwano (1999); Gasparre (2005) and Hosseini Kamal 

(2012) as outlined in Section 4.4.4, for Series N-E. The cross-anisotropic elastic parameters 

were obtained by combining the parameters from drained probing and undrained monotonic 

tests with data from Gvh and Ghh mode bender element tests carried out on the same 

specimens, following the derivations by Kuwano et al. (2000) and Lings et al. (2000) as well as 

the alternative ''undrained'' approach proposed by Nishimura (2014a, 2014b). These 

analytical approaches are described in Section 4.5.6. The drained probes aimed to remain 

within the Y1 surface location, although in some cases the linear Y1 ''bubble'' was engaged. An 

attempt was also made to gauge the size of the Y1 kinematic yield surface at 2.0m depth by 

combining the drained probes with a slow static drained test performed after all drained 

probing excursions had been completed and one undrained static compression test from the 

main static programme. The initial conditions of the tests are listed in Table 7-3. All drained 

probing tests were conducted under stress control at 0.3kPa/h after extended periods of 

drained creep. To minimise the effects of temperature on all transducers, the cells were 

wrapped with layers of bubble wrap, aluminium foil and finally covered with a thick plastic 

cover once they had reached their in-situ effective stresses. 

7.8.1 Drained probes on soil from 2.0m 

Slow drained stress probes were executed on samples cut from Block C2, which offered the 

most suitable source material that was available towards the end of the research. Although 

from a desiccated layer, it was considered more representative of the upper half of the profile 

than the shallower Horizons A and B, which were highly weathered and more influenced by 

seasonal changes. It proved difficult to obtain, at the outset, satisfactory degrees of saturation 

(B > 0.95) with Horizon C samples by constant volume (undrained) cell pressure application. 

However, a check performed after consolidation to the estimated in-situ stresses indicated 

the desired final B value. After reaching the in-situ effective stresses the specimen was left to 

creep for at least 14 days until it reached an average axial creep rate of 5.2x10-6 %/h. After 

the shear moduli Gvh and Ghh had been measured by bender element tests, the specimen was 

subjected to a series of vertical and horizontal loading and unloading cycles, while the 

corresponding strains were measured. The vertical LVDTs responded well on loading, 

although in some cases they appeared to become stuck in place during unloading. The new 
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100mm specimen radial measuring system, described by Ackerley et al. (2016), was 

employed, but even this was not able to provide the desired quality of very small strain 

information, especially when the drained probing direction was changed, which made the 

interpretation difficult. Possible reasons for this are lime scale build up on the L-shaped 

component (see Figure 4.16) and inside the LVDT supporting piece during the extended 

laboratory test durations, as well as undesirable roughness developing on the round-headed 

screw which rests on the side of the specimen. These features may have prevented the free 

movement of the LVDT armature at small strains.  

The probes were performed in a stress controlled manner, changing σ'v in the first test set 

and σ'h in the second at a constant rate of 0.3kPa/h while keeping the other effective stress 

constant. Note that σ'v and σ'h were calculated from mid-height pore-pressure probe data, 

not from the base measurements. The corresponding axial and radial strain rates fell around 

2 to 3x10-4%/h, or around 50 times the residual creep rate. Ideally, this factor should exceed 

100 (Jardine 1985; Gasparre et al. 2014), but the implied <2% interactions between creep and 

the till's response to stress probing in compression and extesion were judged to be 

acceptable, given project time constraints. The stress change imposed during probing did not 

exceed 2kPa in any direction. A creep period of at least 24h was allowed between individual 

probing cycles, which proved to be sufficient to reduce any residual creep left from previous 

probing stages to negligible rates and so minimise the effects of the recent stress history 

(Clayton and Heymann 2001). Gasparre (2005) showed that such small loading probes do not 

affect the dynamic shear stiffnesses, so additional BE tests were not necessary between 

individual probing cycles. The drainage provided by the systems of filter paper and single 

bottom drainage led to the mid-height pore-water pressure response illustrated in Figure 7.95 

over a full axial loading cycle. It can be seen that the mid-height probe and the base readings 

remained in generally good agreement with each other. Excess mid-height pore-pressures 

increased by abound 0.1kPa while the axial stress grew by 0.3kPa/h. Assuming (from the initial 

effective stress path slopes of undrained testing presented earlier) that Δu = Δσ'v/2 under 

undrained conditions indicates that the conditions remained predominantly drained with 80% 

of the central excess pore pressures dissipating during loading. Slower loading rates would be 

required to ensure fully drained conditions. 
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The vertical probing excursions on specimen CB100KD2.00 were performed after extended 

creep at in-situ effective stresses with compression (increasing σ'v while keeping σ'h constant) 

followed subsequent unloading, a 24h pause and then further unloading in extension 

(decreasing σ'v, keeping σ'h constant). Figure 7.96 and Figure 7.97 show the σ'v vs εv and εh vs 

εv plots from the two vertical stress probing tests. Note that Figure 7.97 shows the data from 

the first half of the loops only, before the reversal stage. The compression effective stress 

path appears to have remained inside the initial Y1 surface position revealing linear and 

reversible behaviour. Under extension the elastic range appears to have been marginally 

exceeded, as manifested by the stress-strain curve deviation from linearity, shown with an 

arrow on the plot, and the development of finite plastic strains. The drained E'v values in 

compression (71.5MPa) and extension (90.9MPa) differ by ±10% from an average value of 

81.2MPa, potentially as a result of either incomplete drainage or the impact of residual creep 

straining. The linear range in extension reached 0.001% axial strain and was shorter than in 

compression, suggesting that the permitted creep period may not have been sufficient for 

the Y1 kinematic yield surface (KYS) to re-centre fully around the effective stress point. The 

Poisson's ratios μ'vh have broadly similar values of 0.28 ±0.05 under positive and negative 

vertical probing.  

The soil's response under purely horizontal probing is shown in Figure 7.98 to Figure 7.100 in 

terms of σ'h vs εh, εv vs εh and σ'h vs εv. The first probing increased σ'h while keeping σ'v 

constant, followed by unloading and a rest period at in-situ effective stress and a second 

probing involving decreasing σ'h. The stress-strain curve followed during positive horizontal 

probing (CB100KUC2.00_+h) indicated a linear F'h = Δσ'h/Δεh (Eq. (4-33)) to about 0.0025% 

horizontal strain, followed by a deviation from linearity (indicated by the arrow in Figure 7.98) 

as the stress path engaged the Y1 KYS horizintally. On reversal, the radial strain assembly 

appeared to seize-up, making further interpretation impossible. The problem with the radial 

measuring system continued during negative horizontal probing (CB100KUC2.00_-h), 

rendering the radial deformation measurements meaningless. The data from the latter 

horizontal probing stages are therefore not taken into consideration in the assessment of the 

till's elastic cross-anisotropic parameters. 

The elastic parameters, summarised in Table 7-4, were derived making use of the mid-height 

pore-pressure measurements to gauge σ'h and following the Kuwano (1999) procedures from 
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the average stiffness and Poisson's ratio values in vertical probing and from the portion of the 

horizontal probing curves recorded before the LVDT seize-up, in combination with the bender 

element Gvh and Ghh values. Also summarised in Table 7-4 are the routes used to derive the 

parameters, which are set out fully in Section 4.5.6. The Kuwano (1999) approach to 

interpreting the probing tests conducted on 2.0m depth samples suggests modest anisotropy 

with dynamic shear stiffness ratio Ghh/Gvh = 1.17 and E'h/E'v = 1.13. The Poissons ratios μ'vh 

and μ'hv have similar values, around 0.3 while μ'hh appears to have a negative value which may 

be true or might reflect an overestimation of Ghh from bender element tests, the 

underestimation of F'h from horizontal probing or the effects of small excess pore pressures. 

However, the changes in stiffness required to bringing μ'hh to a positive value amount to 

decreasing Ghh and increasing F'h by more than 70%, which cannot be justified by reference 

to any systematic source of measurement or interpretation error. It is interesting that 

negative μ'hh values are also reported for other stiff overconsolidated clays including Oxford 

clay (while Gault and Kimmeridge clays have μ'hh ≈ 0 ) (Hosseini Kamal 2012), London clay 

(Gasparre 2005) and Osaka and Izumi (Nishimura 2014a) clays from Japan. Nishimura (2014a) 

speculates that such behaviour may reflect either the clay's true nature or the failure of the 

cross-anisotropic elasticity to model more complex features of a natural soil's anisotropy. 

The seizure problem associated with the radial strain measuring assembly led to uncertainties 

regarding the parameters computed from drained horizontal probing excursions, so the 

alternative ''undrained'' approach proposed by Nishimura (2014a, 2014b) was also applied. 

The latter retains the use of bi-axial bender elements and drained vertical and horizontal 

probing but employs undrained elastic probing tests in place of the parameters that depend 

most critically on accurate drained radial strain measurements.  

The undrained stiffness required for the calculations was assessed from one of the earlier 

described undrained monotonic compression tests, CR100KUC2.05ML, from 2.0m. The static 

test was approximately 700 times faster than the drained probing tests, so any rate effect 

would influence the results, leading to higher elastic parameters than would be computed 

from slower undrained probing. However, as noted earlier, Tatsuoka and Shibuya (1991) 

argued that no such dependency should apply in the elastic range and the Gvh and Ghh data 

were developed from fast dynamic tests. The vertical stress – axial strain curve for test 

CR100KUC2.05ML, shown in Figure 7.101, gives Eu
v = 115.1MPa. Table 7-5 lists the elastic 
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parameters calculated from the Nishimura (2014a, 2014b) approach. The predicted E'h is 

larger than suggested by the potentially ''seized'' drained horizontal probing tests, indicating 

a far higher anisotropic ratio E'h/E'v = 1.9 (compared to E'h/E'v = 1.13 from drained probing). 

While the latter ratio may be partially due to the rate effect associated with the faster 

shearing rate applied in the monotonic compression test the clear problems associated with 

seize-up of the radial strain assembly and the results from the drained and undrained 

approaches, presented in Section 7.8.3, the Nishimura (2014a, 2014b) approach is considered 

to be more representative. The values of μ'vh and μ'hv from this method are 0.10 and 0.19 

respectively, lower than those computed from purely drained probing, while μ'hh is again 

negative. 

 Although constant q and p' probing tests were not performed, the results can be manipulated 

to predict the ''triaxial'' special case anisotropic effective shear modulus (G'), bulk modulus 

(K') and coupling modulus (J') from Eq. (4-42) to Eq. (4-44) in conjunction with the parameters 

listed in Table 7-4 and Table 7-5.  

The undrained parameters Eu
v, Eu

h, μu
hh and μu

hv can also be deduced from the drained 

parameters making use of Eq. (4-45) to Eq. (4-48). Following these routes, the undrained 

stiffness anisotropic ratios are Eu
h/ Eu

v = 1.75 and 1.45 from the Nishimura (2014a, 2014b) and 

Kuwano (1999) procedures respectively. These ratios indicate that the vertical undrained 

Young's moduli may well be too soft to represent the field response to the predominantly 

horizontal loading imposed by the PISA test piles at Cowden. 

7.8.2 Y1 kinematic yield surface at 2.0m  

Experiments reported by Jardine 1992; Smith 1992; Smith et al. 1992; Kuwano and Jardine 

2007; Gasparre 2005 and Hosseini Kamal 2012 identified the extent in effective stress space 

of the kinematic Y1 elastic yield surfaces applying to a range of soils. The same approaches 

were applied to the tests on Cowden till from 2.0m depth employing the drained vertical and 

horizontal probing tests combined with the undrained test discussed above. Sample 

CB100KD2.00_±v_±h was subsequently sheared drained to failure in compression after all 

drained probing cycles had been completed and sufficient rest time had been allowed. The 
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test was initially stress-controlled at the same rate as the probing cycles, 0.3kPa/h and later 

changed to shear under strain-control (from ε = 0.2%) at a rate of 0.004mm/h (0.05%/d). 

The stress-strain response at small strains from the monotonic drained shearing is presented 

in Figure 7.102, showing E'v = 105.0MPa. The curve shows a divergence from linearity at the 

end of Y1 which was not reached in the probing experiments. The point at which the soil 

behaviour becomes non-linear is marked with an arrow. Figure 7.103 and Figure 7.104 show 

the yield points at the boundary of the linear Y1 zone, determined from the static drained 

probing (in the cases where the elastic zone was engaged), the undrained test from 2.05m 

and the monotonic slow shearing tests in stress (Δq - Δp') and strain (εa - εr) spaces 

respectively. A direct comparison between the drained probing and monotonic test is made 

as both were sheared at the same rate. Although more tests are needed to fully populate the 

stress and strain increment diagrams, it appears that the linear-elastic zone has an 

approximately elliptical shape in q-p' stress space, centred around the origin which extends 

vertically to Δq = ±1.20kPa and horizontally to Δp' = ±0.75kPa. In strain space a circular shape 

emerges with bias towards the positive side. 

The variable strain rates adopted for the drained monotonic test to failure led to ambiguous 

results and the experiment was not able to provide reliable information on the size of the 

second Y2 KYS. Nevertheless, the sizes of Y2 yield surface, both at in-situ stress and when re-

positioned after applying undrained shearing, were investigated during the cyclic loading 

programme and are presented in Chapter 8:. 

7.8.3 Drained probes on soil from 12.0m 

Drained probing cycles were also performed in a different 100mm diameter triaxial cell on a 

rotary core specimen from 12.00m to try to examine the anisotropy of the deeper, 

unweathered till. A singe sample (the only Class 1.1 specimen left at this stage, based on the 

Section 4.2.2 classification) was consolidated to its estimated in–situ stresses, the cell covered 

with insulation and left to rest until the axial creep rate decreased to 1.1x10-5 %/h for the last 

24h before the first probing. The shear moduli Gvh and Ghh had been measured before the 

specimen was subjected to two vertical compression and extension loading cycles, followed 

by purely horizontal loading and unloading. After performing these probes a second drained 
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vertical compression cycle was executed to check if the vertical small strain stiffness had been 

affected by the horizontal stress stages. Creep periods of 24h were allowed between each 

probing stage. The drained probes were applied at a rate of 0.3kPa/h which corresponded to 

strain rates between 1.5x10-4 and 6.0x10-5%/h. This loading rate proved to be sufficiently slow 

to provide good (although not perfect) drainage as shown in Figure 7.105. It is acknowledged 

that the specimen's prior creep rates might have been high enough to have influenced its 

static stress - strain behaviour. The vertical stress changes applied during the first axial 

compression cycle reached 1.0kPa while all subsequent probings went to 1.5kPa. 

Figure 7.106 and Figure 7.107 present the stress-strain and horizontal - vertical strain curves 

from the negative and positive σ'v probings. The two vertical compression probes plot on top 

of each other confirming that small strain drained probing within Y1 has little influence on the 

elastic stiffness. The first compressive probe reached σ'v = 1.0kPa and revealed fully reversible 

behaviour while the second positive vertical loading, which exceeded 1.0kPa developed 

plastic strains on stress reversal, indicating the Y1 KYS was engaged at around 0.0006% strain, 

as shown by the arrow in Figure 7.106. LVDT seize-up occurred on reversal and no strains 

were recorded on unloading after the last probe. The deformations appered linear and 

reversible on the unloading (Δσ'v < 0) stages. Although slight hysteresis occurred, the probing 

appears to have remained in the initial elastic Y1 region. The compression and extension E'v 

values were 200.0MPa and 222.2MPa. The Poisson's ratio μvh' from compressional axial 

probing was μvh' = 0.31 with 0.37 in extension. The stress-strain curves from horizontal 

positive and negative probings are presented in Figure 7.108. Both appeared to remain within 

the initial Y1 KYS and show linear and reversible behaviour, although the compression test 

indicated an upward final kink in the F'h stress-strain curve. Figure 7.109 and Figure 7.110 

present εv vs εh and Δσ'h vs εv plots from the positive and negative horizontal probes. Figure 

7.109 presents the behaviour during the first half of the loops. It is clear that the axial strains 

were sensibly linear and reversible during probing. 

The elastic parameters calculated for the 12.00m specimen following the Kuwano (1999) 

approach are summarised in Table 7-6, where the equations used to derive the parameters 

are also identified. The BE and the probing tests on specimen CB100KD12.00 indicate the 

opposite trend to the shallower specimen, with the vertical drained stiffness appearing 

marginally larger than the horizontal. The ''anisotropic'' ratios are Ghh/Gvh = 0.97 and E'h/E'v = 
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0.84 when the drained parameters are calculated from the vertical and horizontal probing 

tests. The Poisson's ratios μ'vh and μ'hv are 0.34 and 0.24 respectively, while μ'hh is negative, 

as with the 2.0m specimen.  

The drained cross-anisotropic elastic parameters computed following the Nishimura (2014a, 

2014b) approach are presented in Table 7-7. The undrained elastic stiffness required for the 

calculations was assessed from an undrained monotonic compression test on a 38mm 

diameter specimen from 11.50m depth, which may have been subjected to specimen size and 

strain rate effects. The early stage stress-strain curve (at ε < 0.003%) is shown in Figure 7.111, 

revealing Eu
v = 229MPa. A shearing rate difference of more than 1400 times existed between 

the undrained test and the drained probing experiment, which, as noted earlier, could have 

influenced the small strain behaviour. However, E'h predicted from the Nishimura (2014a, 

2014b) approach was found to be close to that from the drained probing tests, giving an 

anisotropic ratio E'h/E'v = 0.89 (E'h/E'v = 0.84 from drained probing). The μ'vh and μ'hv values 

are 0.27 and 0.24, similar to those computed from drained probing while μ'hh is again negative 

with a similar value to that from the Kuwano (1999) method. 

Following the equations outlined in Section 4.5.6 the parameters G', K' and J' can be computed 

from these core results as well as the undrained parameters Eu
v, Eu

h, μu
hh and μu

hv. The 

undrained stiffness ratio from the Nishimura (2014a, 2014b) and Kuwano (1999) procedures 

are Eu
h/Eu

v = 1.12 and 1.08 respectively. It is worth noting that only a relatively modest 

increase in the F'h = Δσ'h/Δεh by 10% would be required to provide a perfect match between 

the two approaches for assessing the stiffness anisotropy with the 12.0m depth specimen. 

The close agreement between the parameters from drained probing interpreted through the 

Kuwano (1999) and the Nishimura (2014a, 2014b) approaches gives higher confidence in 

preferring the Nishimura (2014a, 2014b) approach to the shallower unweathered till tests 

described above (from 2.0m depth) in which the radial strain sensors behaved far less 

favourably. 

7.9 Effective bulk modulus over the non-linear range 

While the main focus of this chapter has been on characterising shear stiffness, the effective 

bulk modulus and its degradation with volumetric strains was also investigated. The triaxial 
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consolidation and swelling tests on two intact 100mm diameter samples conducted in Series 

N-D (CB100KUC3.40x8BE and CB100KUC9.75x5BE) provided information on how volumetric 

strains developed as p' was changed. In addition to these experiments one isotropic 

consolidation and swelling test on a 38mm diameter reconstituted specimen (IUC10 from 

Series R) provided the corresponding data for reconstituted Cowden till.  

The intact samples were consolidated keeping constant q/p' of -0.4 (K = σ'h/σ'v = 1.5) for the 

3.40m depth specimens and 0 (K = 1.0) for the 9.75m test. These experiments employed the 

maximum pressures available with the triaxial equipment, and their initial conditions are 

summarised in Table 6-2 and Table 7-1. The main purpose of the experiments on intact 

samples was to investigate how the bender element shear wave velocities varied with 

effective stress state. The Author stopped the tests for 24h on each bender element test stage 

and allowed drained creep to develop. Consequently the compression and swelling tests were 

not truly monotonic and this procedure led to some variability in the test outcome,which may 

be seen as small steps in the overall p' – εvol curves that also influenced the variations of bulk 

modulus with volumetric strain. 

Figure 7.112 shows the overall outcomes of the consolidation and swelling tests in mean 

effective stress – volumetric strain space. The volumetric strains were calculated using the 

local strain gauges. They were preferred as the volume gauge may be subject to compliance 

and bedding effects. The interpreted effective bulk stiffness moduli from the compression 

and swelling paths are presented in Figure 7.113a) and b), showing a significant scatter in the 

points at εvol < 0.01%. The intact compression K' trends plot closely together and it is 

interesting that the reconstituted curve plots far below those of the natural till samples. The 

swelling K' curves from all three tests plot close together and are above those from the 

compression stages. Attempts to bring the degradation curves together, following both the 

linear and fractional p' normalisation adopted in earlier in the chapter, as well as employing 

an f(e) = e-1.3 function (Jamiolkowski et al. 1991), to take account of the void ratios are 

presented in Figure 7.114 a) and b) and Figure 7.115 a) and b). The plots indicate that either 

normalisation helps to bring the swelling K' trends closer to a unique curve, while the 

normalised compression K' trends exhibit more scatter. 
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7.10 Effect of structure on the stiffness behaviour 

It was shown in Section 6.4.1 that Cowden till is not a sensitive or cemented soil, although the 

natural till has lower swelling (Cs and κ) values and higher bulk stiffness. It might also be 

expected that the glacial genesis of the Cowdent till affected its shear stiffness degradation 

behaviour. To examine this possibility, the normalised [Eu
tan/pref]/[p'/pref]0.5 tangent stiffness 

trends from triaxial compression tests on reconstituted (K0 and isotropically consolidated 

samples with 1 ≤ OCR ≤ 10) and natural samples from similar depths (3.0 to 4.0m depth) are 

plotted together in Figure 7.116 and Figure 7.117 with further normalisation by f(e) applied 

in the second of these figures. Except for the test KUC10, that was found earlier to give 

potentially anomalous results, the normalised stiffness trends plot close together in both 

plots. Applying f(e) = e-1.3 function to take into account the different void ratios between intact 

and reconstituted specimens helps (marginally) to bring the trends towards a unique mean 

curve. 

7.11 Summary and conclusions 

The pre-failure stiffness behaviour of Cowden till has been investigated considering 

reconstituted specimens in Series R and intact till in Series N-A to N-E, covering undrained 

compression and extension experiments, dynamic laboratory and field tests, as well as triaxial 

experiments under higher mean effective stress states and variable strain rates. The elastic 

anisotropy of Cowden till was also investigated through drained and undrained probing tests 

combined with bender element experiments. Finally, the bulk stiffness was evaluated through 

the consolidation and swelling data from intact and reconstituted triaxial specimens, followed 

by a comparison between intact and reconstituted specimens from 3.0 to 4.0m depth. 

The natural till also exhibits significant stiffness variability when tests on nominally identical 

specimens are compared, which amounts to ±25% at 0.01%. Nevertheless, the undrained 

triaxial tests confirmed that the till's behaviour is linear over a very limited range and that 

beyond this highly non-linear stiffness degradation develops. The stiffness curves scale with 

p' raised to a fractional power (p')n, where n ≈ 0.5, over most of the cases investigated. 

The influence on undrained compression stiffness of imposing higher p' than in-situ in test 

Series N-C confirms that both stiffness and the degree of non-linearity increase with mean 
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effective stress level and the Eu - p' relationship can be well described by a power law function, 

although the mean exponent may vary with depth and strain level. 

Triaxial experiments which addressed varying the undrained axial strain rates (from 0.1 to 

425.5% local strain per day) suggest a positive strain rate dependency at all strain levels, which 

was confirmed by performing ''isotach'' tests on an individual specimen. 

Laboratory and field measurements of the dynamic shear stiffness indicate only modest 

differences between Ghh and Gvh trends giving Gvh/Ghh = 1.09 and showing good agreement 

between the Gvh from bender element and field geophysics, suggesting that the disturbance 

applying to both rotary cores and block samples does not affect Gmax measurements unduly. 

However, the Gvh values from both laboratory and field measurements are around 70% larger 

than the Eu/3 stiffness maxima assessed from 100mm diameter samples tested at identical 

depths, suggesting that the till's behaviour is either significantly anisotropic or affected by 

sampling disturbance. 

Small-strain drained and undrained probing tests performed in conjunction with bender 

element tests on 100mm diameter specimens from 2.0 and 11.5m depths allowed stiffness 

anisotropy to be investigated, applying the Kuwano (1999) and the Nishimura (2014a, 2014b) 

interpretive approaches. The experiments on shallower samples point to significant 

anisotropy with a dynamic BE shear stiffness ratio Ghh/Gvh = 1.17 and the drained Young's 

modulus ratios E'h/E'v of 1.13 and 1.9 (with Eu
h/Eu

v = 1.45 and 1.75) according to the Kuwano 

(1999) and Nishimura (2014a, 2014b) methods respectively. In this case, imperfections in the 

radial strain measurements led to the higher ''Nishimura'' method ratios being considered 

more representative of the till's true behaviour. The tests on samples from 12.0m depth 

reveal different trends with Ghh/Gvh = 0.97 and E'h/E'v = 0.84 (Eu
h/Eu

v = 1.08) from the Kuwano 

(1999) method that agree far more closely with the ratios of E'h/E'v = 0.89 and Eu
h/Eu

v = 1.12 

fround from the Nishimura (2014a, 2014b) approach. 

The shape and size of the initial Y1 Kinematic Yield Surface (KYS) was evaluated for the 2.0m 

depth specimens, as having an elliptical shape in q-p' space and extending vertically to 

±1.20kPa and ±0.75kPa in horizontal direction. It was not feasible to resolve the Y2 KYS in the 
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monotonic tests presented in this chapter. However, interpretation of the Y2 KYS is a central 

question in the cyclic testing programme that is presented in the next chapter. 

The effective bulk modulus evaluated for intact and reconstituted specimens showed 

significant scatter even after p' (linear and fractional power) and f(e) normalisation, reflecting 

the impact of tests' different consolidation paths and natural variability. The swelling K' 

stiffness trends were higher than those from compression and the natural till has distinctly 

stiffer volumetric behaviour than the reconstituted soil. 

A comparison between the intact and reconstituted shear stiffness data confirmed that the 

Cowden till's natural structure does not affect its shear stiffness behaviour significantly and 

that the normalised reconstituted and intact shear stiffness trends plot closely together when 

the tests are conducted from similar initial conditions or when due normalisation for void 

ratio, OCR and p' has been applied. 
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Table 7-1 Summary of Cowden drained anisotropically consolidated higher p' tests, showing test codes, initial suctions, estimated in-situ p'0, σ'v, 
K0 , the maximum stresses reached during consolidation and void ratios 

No. Test Code 

Initial 
suction 
on set 
up 

Estimated 
in-situ p'0 

Estimated 
in-situ σ'v 

Maximum 
p' reached 

Estimated 
in-situ K0 

Consolidation 
K values 

''In-
situ'' 
void 
ratios 

1 CB100KUC1.35x13BE 210.9 33.7 25.3 438.1 1.5 -0.4 0.457 

2 CB100KUC3.40x8BE 229.2 69.1 48.9 552.8 1.5 -0.4 0.402 

3 CR100KUC9.75x4BE 41.1 145.7 145.0 582.8 1 0.0 0.411 

 

 

Table 7-2 A list of Gvh and Ghh scalar M and exponent values ''n'' (Eq. (7-2)) from drained higher p' tests with BE measurements 

Test Code 
Gvh

compression Gvh
swelling Ghh

compression Ghh
swelling 

M n M n M n M n 

CB100KUC1.35x13BE 1239 0.44 - - 1239 0.44 - - 

CB100KUC3.40x8BE 1305 0.44 1478 0.42 1079 0.44 1315 0.40 

CR100KUC9.75x4BE 868 0.62 1193 0.60 751 0.60 1057 0.46 
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Table 7-3 Initial conditions for drained probing and monotonic undrained tests from 2.0 and 11.5m tests, showing test codes, initial suctions, 
final stresses and void ratios at the end of re-consolidation 

No Test Code 
Initial 
suction on 
set up 

Pre-
shearing 
p'0 

Pre-
shearing 
σ'v 

Pre-
shearing 
K0 

Pre-
shearing 
void 
ratio 

- - kPa kPa kPa - - 

1 CB100KD12.00_±v_±h 49.2 223.8 223.8 1.0 0.421 

2 CB100KD2.00_±v_±h 388.3 44.0 33.0 1.5 0.461 

3 CR100KUC2.05ML 94 46.4 34.9 1.5 0.440 

4 CR38KUC11.50ML 86.0 198.0 198.0 1.0 0.438 

 

Table 7-4 Elastic parameters calculated from drained probing tests on 2.0m specimens; Kuwano (1999) approach 

Data source 

Parameters 

Drained 

Gvh=Ghv Ghh E'v F'h E'h μ'vh μ'hh μ'hv 

MPa MPa MPa MPa MPa - - - 

 - - 
Eq. 

(4-31) 
Eq. 

(4-33) 
Eq. 

(4-36) 
Eq. 

(4-32) 
Eq. 

(4-37) 
Eq. 

(4-34) 
Eq. 

(4-35) 
Eq. 

(4-29) 
BE tests 131.9 153.7         

Vertical probes   81.2   0.28     

Horizontal probes    54.1 92.0  -0.70 0.35 0.26 0.32 
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Table 7-5 Elastic parameters calculated from drained probing and undrained monotonic tests on 2.0m specimens; (Nishimura 2014a, 2014b) 
approach 

Data source  
Gvh=Ghv Ghh E'v Eu

v α E'h μ'vh μ'hv μ'hh 

MPa MPa MPa MPa 1/MPa MPa - - - 

 - - 
Eq. 

(4-31) 
Eq. 

(4-38) 
Eq. 

(4-40) 
Eq. 

(4-39) 
Eq. 

(4-29) 
Eq. 

(4-40) 
Eq. 

(4-30) 
BE tests 131.9 153.7               

Drained probes     81.2   0.00125         

Undrained probes       115.1   155.3 0.10 0.19 -0.49 

 

Table 7-6 Elastic parameters calculated from drained probing tests on 12.00m specimens; Kuwano (1999) approach 

 Data source 

Parameters 

Gvh=Ghv Ghh E'v F'h E'h μ'vh μ'hh μ'hv 

MPa MPa MPa MPa MPa - - - 

 - - 
Eq. 

(4-31) 
Eq. 

(4-33) 
Eq. 

(4-36) 
Eq. 

(4-32) 
Eq. 

(4-37) 
Eq. 

(4-34) 
Eq. 

(4-35) 
Eq. 

(4-29) 
BE tests 121.2 117.0                 

Vertical probes     211.1     0.34         

Horizontal probes       143.3 177.75   -0.24 0.67 0.19 0.28 
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Table 7-7 Elastic parameters calculated from drained probing and undrained monotonic tests on 12.00m specimens; (Nishimura 2014a, 2014b) 
approach 

 Data source 
Gvh=Ghv Ghh E'v Eu

v α E'h μ'vh μ'hv μ'hh 

MPa MPa MPa MPa 1/MPa MPa - - - 

 - - 
Eq. 

(4-31) 
Eq. 

(4-38) 
Eq. 

(4-40) 
Eq. 

(4-39) 
Eq. 

(4-29) 
Eq. 

(4-40) 
Eq. 

(4-30) 
BE tests 121.2 117.0               

Drained probes     211.1   0.0013         

Undrained probes       229.0   187.4 0.27 0.24 -0.20 
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Figure 7.1 Stress-strain behaviour at small strains in typical 100mm diameter test 

 

Figure 7.2 Stress-strain behaviour at small strains in typical 38mm diameter test 

End of linear range 

End of linear range 

Ev
u = 160.7MPa 

Ev
u = 164.0MPa 
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Figure 7.3 Tangent stiffness a) and p' normalised stiffness b) trends for K0 and isotropically 
consolidated reconstituted specimens in compression. Test codes given in Section 4.4.3.1 

a) 

b) 
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Figure 7.4 Secant stiffness a) and p' normalised stiffness b) trends for K0 and isotropically 
consolidated reconstituted specimens in triaxial compression 

a) 

b) 
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Figure 7.5 Tangent a) and secant b) stiffness trends normalised by fractional p' power for K0 
and isotropically consolidated reconstituted specimens in compression 

a) 

b) 
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Figure 7.6 Tangent stiffness a) and p' normalised stiffness b) trends for K0 consolidated 
reconstituted specimens in triaxial extension 

a) 

b) 
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Figure 7.7 Secant stiffness a) and p' normalised stiffness b) trends for K0 consolidated 
reconstituted specimens in triaxial extension 

a) 

b) 
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Figure 7.8 Tangent a) and secant b) stiffness trends normalised by fractional p' power for K0 
and consolidated reconstituted specimens in extension 

a) 

b) 
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Figure 7.9 Secant stiffness trends from stress-controlled preshearing at 2kPa/h to qm=50 and 
125kPa a) and the standard deviation S at ε = 0.001, 0.01 and 0.1% axial strain b) 

S = 7.7MPa 

S = 15.0MPa 

Mean standard deviation, 

S = 48.5MPa 

a) 

b) 
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Figure 7.10 Tangent stiffness Eu
tan trends for upper Cowden till 
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Figure 7.11 Tangent stiffness Eu
tan trends for lower Cowden till; a) 3.0-7.0m and b) 7.0-

11.50m depth 

b) 

a) 
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Figure 7.12 Profiles with depth of tangent stiffness Eu
tan defined at axial strain levels of 

0.001, 0.01, 0.1 and 1% 

±23% 

±10%  

±19% 

±33% 

Mean trend curves 
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Figure 7.13 Variation of tangent Young's moduli with current p' at 0.001, 0.01, 0.1 and 1% 
axial strain in KUC tests 
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Figure 7.14 Normalised tangent stiffness Eu
tan /p' curves for upper (0.5 to 2.6m) Cowden till 
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Figure 7.15 Normalised tangent stiffness Eu
tan /p' curves for lower Cowden till; a) 3.0-7.0m 

and b) 7.0-11.50m depth 

a) 

b) 
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Figure 7.16 Profiles with depth of normalised tangent stiffness Eu
tan /p' defined at axial strain 

levels of 0.001, 0.01, 0.1 and 1% 
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Figure 7.17 Normalised tangent stiffness [Eu
tan/pref]/[p'/pref]0.5 curves for upper (0.5 to 2.6m) 

Cowden till 
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Figure 7.18 Normalised tangent stiffness [Eu
tan/pref]/[p'/pref]0.5 curves for lower Cowden till;  

a) 3.0-7.0m and b) 7.0-11.50m depth 

 

b) 

a) 
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Figure 7.19 Profiles with depth of normalised tangent stiffness [Eu
tan/pref]/[p'/pref]0.5 defined 

at axial strain levels of 0.001, 0.01, 0.1 and 1% 
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Figure 7.20 Secant stiffness Eu
sec trends for upper Cowden till 
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Figure 7.21 Secant stiffness Eu
sec trends for lower Cowden till; a) 3.0-7.0m and b) 7.0-11.50m 

depth 

a) 

b) 
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Figure 7.22 Profiles with depth of secant stiffness Eu
sec defined at axial strain levels of 0.001, 

0.01, 0.1 and 1% 

Mean trend curves 
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Figure 7.23 Variation of secant Young's moduli with current p' at 0.001, 0.01, 0.1 and 1% 
axial strain in KUC tests 
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Figure 7.24 Normalised secant stiffness Eu
sec /p' curves for upper (0.5 to 2.60m) Cowden till 
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Figure 7.25 Normalised secant stiffness Eu
sec /p' trends for lower Cowden till; a) 3.0-7.0m and 

b) 7.0-11.50m depth 

b) 

a) 
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Figure 7.26 Profiles with depth of normalised secant stiffness Eu
sec /p' defined at axial strain 

levels of 0.001, 0.01, 0.1 and 1% 
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Figure 7.27 Normalised secant stiffness [Eu
sec/pref]/[p'/pref]0.5 curves for upper (0.5 to 2.60m) 

Cowden till 
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Figure 7.28 Normalised secant stiffness [Eu
sec/pref]/[p'/pref]0.5 curves for lower Cowden till;    

a) 3.0-7.0m and b) 7.0-11.50m depth 

b) 

a) 
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Figure 7.29 Profiles with depth of normalised secant stiffness [Eu
sec/pref]/[p'/pref]0.5 defined at 

axial strain levels of 0.001, 0.01, 0.1 and 1% 



 
 

420 
 

 

Figure 7.30 Difference between tangent and secant stiffnesses at 0.001, 0.01, 0.1 and 1% axial strain 
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Figure 7.31 Comparison between Eu
tan at a) ε=0.001% and b) ε=0.01% from 38mm and 

100mm diameter samples 

a) 

b) 
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Figure 7.32 Comparison between Eu
tan at a) ε=0.1% and b) ε=1% from 38mm and 100mm 
diameter samples 

a) 

b) 
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Figure 7.33 Tangent stiffness Eu
tan trends for TXE Cowden till tests; a) 0 to 3m and b) 3 to 

10m depth 

a) 

b) 
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Figure 7.34 Variation of Eu
tan with p' at 0.001, 0.01, 0.1 and 1% axial strain in TXE tests 
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Figure 7.35 Profiles with depth of KUE tangent stiffness Eu
tan defined at axial strain levels of 

0.001, 0.01, 0.1 and 1% 

 

±23% 

Mean trends 
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Figure 7.36 Normalised tangent stiffness Eu
tan/p' trends for TXE Cowden till tests; a) 0 to 3m 

and b) 3 to 10m depth 

a) 

b) 
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Figure 7.37 Profiles with depth of normalised KUE tangent stiffness Eu
tan /p' defined at axial 

strain levels of 0.001, 0.01, 0.1 and 1% 
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Figure 7.38 Normalised tangent stiffness [Eu
tan/pref]/[p'/pref]0.5 trends for TXE Cowden till 

tests; a) 0 to 3m and b) 3 to 10m depth 

b) 

a) 
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Figure 7.39 Profiles with depth of normalised KUE tangent stiffness [Eu
tan/pref]/[p'/pref]0.5 

defined at axial strain levels of 0.001, 0.01, 0.1 and 1% 
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Figure 7.40 Secant stiffness Eu
sec curves for TXE Cowden till tests; a) 0 to 3m and b) 3 to 10m 

depth 

a) 

b) 



 
 

431 
 

 

Figure 7.41 Variation of Eu
sec with p' at 0.001, 0.01, 0.1 and 1% axial strain in KUE tests 
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Figure 7.42 Profiles with depth of KUE secant stiffness Eu
sec defined at axial strain levels of 

0.001, 0.01, 0.1 and 1% 

 

Mean trends 
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Figure 7.43 Normalised secant stiffness Eu
sec/p' trends for TXE Cowden till tests; a) 0 to 3m 

and b) 3 to 10m depth 

a) 

b) 
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Figure 7.44 Profiles with depth of normalised KUE secant stiffness Eu
sec /p' defined at axial 

strain levels of 0.001, 0.01, 0.1 and 1% 
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Figure 7.45 Normalised secant stiffness [Eu
sec/pref]/[p'/pref]0.5 trends for TXE Cowden till tests; 

a) 0 to 3m and b) 3 to 10m depth 

 

a) 

b) 
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Figure 7.46 Profiles with depth of normalised KUE secant stiffness [Eu
sec/pref]/[p'/pref]0.5 

defined at axial strain levels of 0.001, 0.01, 0.1 and 1%
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Figure 7.47 Profile of maximum tangent stiffness Eu
tan defined at 0.001% axial strain from 

KUC and KUE triaxial tests



 
 

438 
 

 

Figure 7.48 Profiles of Eu
tan defined at 0.01. 0.1 and 1% axial strain from KUC and KUE tests
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Figure 7.49 Profiles of Eu
sec defined at 0.01. 0.1 and 1% axial strain from KUC and KUE tests 
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Figure 7.50 Comparison between the tangent stiffness values at different strain levels from 
samples from identical depths  
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Figure 7.51 Comparison between the secant stiffness values at different strain levels from 
samples from identical depths 
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Figure 7.52 Example of typical a) clear and b) poor output signals (shear waves at 7kHz) 

a) 

b) 
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Figure 7.53 Increase in Ghv and Ghh with increasing frequency; sample CR100KD12.00 

Ghh=111±10MPa 

Ghv=116±11MPa 
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Figure 7.54 Gmax profile with depth from laboratory and field geophysical measurements 
along with the Eu/3 values from TXC and TXE undrained tests 
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Figure 7.55 Variability of laboratory Gvh and Ghh from block samples from Horizon F and C 

Horizon F (Blocks F1, F2 and F3) 

Gvh=119MPa ±20%  

Gvh=115MPa ±10%  

Ghh=137MPa ±20% 

Horizon C 

Ghh=112MPa ±15% 
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Figure 7.56 Comparison between laboratory and field Gvh values 

 

Figure 7.57 Gvh vs Ghv plot from bender element measurements 
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Figure 7.58 Gvh vs Eu/3 plot for samples from identical depths 

 

Figure 7.59 Gvh vs Ghh plot from bender element measurements 
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Figure 7.60 Tangent stiffness degradation curves for higher p' tests on samples from 1.60m 

 

Figure 7.61 Secant stiffness degradation curves for higher p' tests on samples from 1.60m 
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Figure 7.62 Normalised tangent stiffness degradation curves for higher p' tests on samples 
from 1.60m 

 

Figure 7.63 Normalised secant stiffness degradation curves for higher p' tests on samples 
from 1.60m 
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Figure 7.64 Eu
tan at 0.001, 0.01, 0.1 and 1% strain for 1.60m test set 

 

Figure 7.65 Eu
sec at 0.001, 0.01, 0.1 and 1% strain for 1.60m test set 
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Figure 7.66 Normalised [Eu
tan/pref]/[p'/pref]0.5 stiffness trends for higher p' tests on samples 

from 1.60m 

 

Figure 7.67 Normalised [Eu
sec/pref]/[p'/pref]0.5 stiffness trends for higher p' tests on samples 

from 1.60m 
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Figure 7.68 Tangent stiffness degradation curves for higher p' tests on samples from 3.80m 

 

Figure 7.69 Secant stiffness degradation curves for higher p' tests on samples from 3.80m 
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Figure 7.70 Normalised tangent stiffness degradation curves for higher p' tests on samples 
from 3.80m 

 

Figure 7.71 Normalised secant stiffness degradation curves for higher p' tests on samples 
from 3.80m 
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Figure 7.72 Eu
tan at 0.001, 0.01, 0.1 and 1% strain for 3.80m test set 

 

Figure 7.73 Eu
sec at 0.001, 0.01, 0.1 and 1% strain for 3.80m test set 
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Figure 7.74 Normalised [Eu
tan/pref]/[p'/pref]0.5 stiffness trends for higher p' tests on samples 

from 3.80m 

 

Figure 7.75 Normalised [Eu
sec/pref]/[p'/pref]0.5 stiffness trends for higher p' tests on samples 

from 3.80m 
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Figure 7.76 Tangent stiffness degradation curves for higher p' tests on samples from 8.50m 

 

Figure 7.77 Secant stiffness degradation curves for higher p' tests on samples from 8.50m 
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Figure 7.78 Normalised tangent stiffness degradation curves for higher p' tests on samples 
from 8.50m 

 

Figure 7.79 Normalised secant stiffness degradation curves for higher p' tests on samples 
from 8.50m 
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Figure 7.80 Eu
tan at 0.001, 0.01, 0.1 and 1% strain for 8.50m test set 

 

Figure 7.81 Eu
sec at 0.001, 0.01, 0.1 and 1% strain for 8.50m test set 
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Figure 7.82 Normalised [Eu
tan/pref]/[p'/pref]0.5 stiffness trends for higher p' tests on samples 

from 8.50m 

 

Figure 7.83 Normalised [Eu
sec/pref]/[p'/pref]0.5 stiffness trends for higher p' tests on samples 

from 8.50m 
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Figure 7.84 Variation of Gvh and Ghh with mean effective stress for 1.35m drained test 

 

Figure 7.85 Variation of Gvh with mean effective stress for 3.40m drained test 

CB100KUC1.35x13BE 

CB100KUC3.40x8BE 
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Figure 7.86 Variation of Ghh with mean effective stress for 3.40m drained test 

 

Figure 7.87 Variation of Gvh with mean effective stress for 9.75m drained test 

CB100KUC3.40x8BE 

CR100KUC9.75x5BE 
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Figure 7.88 Variation of Ghh with mean effective stress for 9.75m drained test 

 

Figure 7.89 Variation of the anisotropic ratio Gvh/Ghh with mean effective stress for 
CB100KUC1.35x13BE 

CR100KUC9.75x5BE 

CB100KUC1.35x13BE 
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Figure 7.90 Variation of the anisotropic ratio Gvh/Ghh with mean effective stress for 
CB100KUC3.40x8BE 

 

Figure 7.91 Variation of the anisotropic ratio Gvh/Ghh with mean effective stress for 
CR100KUC9.75x5BE 

CB100KUC3.40x8BE 

CR100KUC9.75x5BE 
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Figure 7.92 Secant stiffness degradation curves, rate test set for 3.50m samples 

 

Figure 7.93 Variation of Eu
sec with shearing rate at different strain levels; 3.50m rate tests 

13% increase per log cycle 

compared to standard rate 

14% increase per log cycle 

compared to standard rate 

10% increase per log cycle 

compared to standard rate 
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Figure 7.94 Secant stiffness degradation curve from 0.9m ''isotach'' test 

 

Figure 7.95 Pore-water pressure measured at the base and mid-h during drained axial 
probing in tests on 2.0m specimen 

Nominal axial strain rate, %/day  

500  500  5  5  

500  
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Figure 7.96 Vertical drained stress probes in compression and extension for CB100KD2.00 

 

Figure 7.97 Horizontal vs vertical strain plot from vertical drained probing; 2.0m test 

E'v = 71.5MPa 

E'v = 90.9MPa 

μ'vh = 0.33 

μ'vh = 0.23 

Y1 
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Figure 7.98 Positive and negative horizontal drained stress probing for CB100KD2.00 

 

Figure 7.99 Vertical vs horizontal strain plot from horizontal drained probing; 2.0m test 

Y1 

F'h = 54.1MPa 
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Figure 7.100 Horizontal stress vs vertical strains from horizontal drained probing; 2.0m test 

 

Figure 7.101 Undrained stress-strain curves at small strains from compression 
(CR100KUC2.05ML) test 

Eu
v = 115.1MPa 

Y1 
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Figure 7.102 Vertical stress vs vertical strain from monotonic drained loading tests 

 

Figure 7.103 Y1 surface contours from drained probing and monotonic undrained 2.0 tests; 
Δq-Δp' space 

Y1 

E'v = 105.0MPa 

Y1 yield surface 
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Figure 7.104 Y1 surface contours from drained probing and monotonic undrained 2.0m tests 

 

Figure 7.105 Pore-pressure measured during drained probing for 12.0m specimen 

Y1 yield surface 
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Figure 7.106 Vertical stress vs vertical strain for CB100KD12.00 specimen 

 

Figure 7.107 Horizontal vs vertical strain plot from vertical drained probing 

Y1 

E'v = 222.2MPa 

E'v = 200.0MPa 

μ'vh = 0.37 

μ'vh = 0.31 
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Figure 7.108 Horizontal stress vs horizontal strain for CB100KD12.00 specimen 

 

Figure 7.109 Vertical vs horizontal strain plot from horizontal drained probing 

F'h = 153.3MPa 

F'h = 133.3MPa 
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Figure 7.110 Horizontal stress vs vertical strain plot from horizontal drained probing 

 

Figure 7.111 Undrained stress-strain curve at small strains for CR38KUC11.50ML 

Y1 

Eu
v = 229.0MPa 
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Figure 7.112 Change in volumetric strains with increasing mean effective stress 
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Figure 7.113 Degradation of effective bulk moduli with volumetric strain for a) compression 
and b) swelling consolidation paths 

a) 

b) 

From compression 

test stage 

From swelling 

test stage 
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Figure 7.114 Void ratio and p' normalised effective bulk moduli curves for a) compression 
and b) swelling consolidation paths 

b) 

a) 

From swelling 

test stage 

From compression 

test stage 
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Figure 7.115 Void ratio and [Eu
tan/pref]/[p'/pref]0.5 normalised effective bulk moduli curves for 

a) compression and b) swelling consolidation paths 

b) 

From compression 

test stage 

a) 

From swelling 

test stage 
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Figure 7.116 Normalised tangent stiffness [Eu
tan/pref]/[p'/pref]0.5 curves for intact and 

reconstiturec till from 3.0 to 4.0m dpeth 

 

Figure 7.117 Normalised tangent stiffness [Eu
tan/pref]/f(e)[p'/pref]0.5 curves for intact and 

reconstiturec till from 3.0 to 4.0m dpeth 
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Chapter 8: Cowden till behaviour under cyclic loading 

conditions 

8.1 Introduction 

This chapter presents and analyses the behaviour of Cowden till under undrained cyclic 

loading considering data from 23 cyclic triaxial tests on samples from a common depth range 

(3.40 to 3.50m). The cyclic response is investigated with tests conducted from a common 

initial in-situ stress state with constant cyclic loading period and varying mean and cyclic shear 

stresses. The influence of the proximity to the post-yield section of the monotonic effective 

stress paths and shear failure lines is also studied. The effects of cyclic loading on the mean 

effective stress, axial strain, vertical stiffness and damping behaviour are examined in detail. 

The pore-water pressure developed within the samples under different loading amplitudes 

and periods is also explored, as is the influence of cyclic loading on the ultimate undrained 

strength of specimens that survive cyclic loading. Finally the styles of response observed 

under cyclic loading are related to the kinematic yielding behaviour of the Cowden till that 

was discussed in Section 2.2.9 and Section 7.8.2. A comparison is also made between the 

cyclic behaviour of the high OCR till and that of low OCR, marine Drammen clay. 

8.1.1 Testing programme and cyclic stress space 

The cyclic study on Cowden till involved specimens cut from three block samples from Horizon 

F (3.00 – 3.50m depth). As discussed in Section 6.4.2 and Section 7.4.1 and illustrated in Figure 

6.58 and Figure 7.12 the till showed considerable variations in its undisturbed undrained 

shear strength and stiffness over this limited depth range. These variations had some 

influence on the results, partially regarding the response to the undrained pre-shearing 

stages; see Figure 7.9. The specimens were prepared as outlined in Section 4.4.1. At this depth 

the average water content is 15.5 ± 1%, liquid limit LL = 35.2% and plastic limit PL = 16.6% (PI 

= 18.6%). The cyclic triaxial tests were carried out with lubricated ends at the samples' tops 

and the bottoms, which consisted of two double membranes with radial cuts and a thin layer 

of silicone grease in between. Both 38mm and 100mm diameter specimens were tested with 

mid-height pore-pressure probes deployed in all cases, which gave the most representative 
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measurements, as described later. Radial strain belts were not deployed for the 38mm 

diameter tests, as there was insufficient room for the radial measurement assembly in 

conjunction with the essential pore-pressure probes. The preparation and setting up 

procedures were as described in Section 4.4.2. The specimens were saturated in an undrained 

manner, by increasing the isotropic cell pressure until they reached B values larger than 95%, 

followed by direct drained re-consolidation to the estimated in-situ stresses from the 

isotropic axis at a mean effective stress change rate of 1kPa/h. The estimated in-situ mean 

deviatoric stress at the average specimen depth (3.40m) was q = (σ'v - σ'h) = -25kPa, p' = ([σ'v 

+ 2σ'h]/3) = 67kPa, K0 = (σ'h/σ'v) = 1.5 and σ'v = 50kPa. Those specimens which were intended 

to be cycled at mean values q = qm higher than the in-situ q were loaded undrained in a stress-

controlled manner at an axial stress change rate of 2kPa/h until they reached qm values of 

either 50kPa or 125kPa and at a rate of  5kPa/h for specimens intended to be cycled from qm 

= 200kPa. Before cyclic loading the specimens were left to rest until the creep rates decreased 

to less than 0.005% axial strain per day. The measured cyclic response therefore reflected 

principally the till's behaviour after the effects of pre-shearing to the specified qm values had 

settled to give almost steady initial conditions. 

All the cyclic loading tests undertaken are listed in Table 8-1. The main testing programme 

involved 18 undrained cyclic triaxial tests designed to cover a wide range of mean deviatoric 

stresses (qm) and cyclic loading amplitudes (qcyc). The tests were stress-controlled with 

sinusoidal waves applied with (in most cases) periods of 5min (0.0033Hz) per cycle. This rate 

was chosen after initial trial tests as giving the best compromise between: (i) good control 

with the normally static testing control systems, (ii) accurate logging of each cycle and (iii) 

accurate cyclic pore-pressure measurements being made over each whole cycle. The 

deviatoric cyclic interaction approach applied to govern the test programme is presented in 

Figure 8.1 as a combination of imposed qcyc vs qm and Su normalised, qcyc/2Su vs qm/2Su. Also 

shown in the figure are the total stress failure lines established in static tests, taking equal Su 

on the compression (positive) and extension (negative) sides with Su
TXC = Su

TXE = 125kPa. The 

extension test (CR38KUE3.40ML) was chosen because it was the only one at this depth (the 

next closest tests were 1.5m apart) and the compression test (CB100KUC3.45ML) was 

favoured as it was 100mm in diameter and was cut from a block from Horizon F. As there 

exists a minor difference between the undrained strengths in compression and extension 
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(Su
TXC=130kPa; Su

TXE=118kPa) found in the two static tests over this depth range it was 

considered appropriate to normalised both sides of the plot by an average Su = 125kPa ± 5%. 

Figure 8.1 also shows effective stress defined boundaries that correspond to the level of qmax 

or qmin projected vertically (ie at constant p') onto the critical state compression and extension 

M lines from the in-situ p'0 level. 

The mean deviatoric stress values imposed by the Author were qm = -25kPa (in-situ), 50kPa, 

125kPa and 200kPa, corresponding to qm/2Su = -0.1 (in-situ), 0.2, 0.5 and 0.8. The 

corresponding amplitudes studied are qcyc = 10kPa, 25kPa, 50kPa, 75kPa, 100kPa and 150kPa, 

matching normalised qcyc/2Su = 0.04, 0.1, 0.2, 0.3, 0.4 and 0.6.  

Figure 8.2 indicates the maximum deviatoric stress ranges applied during cyclic loading at 

each qm values, along with the critical state slope in compression (which gave M = 1.0) and 

the interpreted failure line in extension (q/p' = 0.9) as well as the monotonic effective stress 

paths from TXC and TXE tests conducted from the same depth with the corresponding critical 

state points. As discussed in Chapter 6: necking failures in extension truncated the effective 

stress paths and led to potentially unrepresentative trends at larger strains. Nevertheless, a 

nominal CSTXE point has been identified on the failure line from the extension effective stress 

path. Individual plots showing the extents of the maximum and minimum deviatoric stresses 

qmax and qmin, applied during all cyclic values imposed at qm = -25kPa (in-situ), 50kPa, 125kPa 

and 200kPa are presented in Figure 8.3 to Figure 8.6. Also indicated are the number of cycles 

Nf required to reach failure in unstable tests; all other tests remained unfailed after the 

application of 1500 to 2000 cycles. The monotonic effective stress paths in compression and 

extension (in absolute stress space q-p') identify the dry side monotonic yielding envelope 

(effectively the Hvorslev surfaces) for this depth and void ratio. The average Hvorslev 

envelope for the unweathered profile below 2.5m was presented in Figure 6.102, although it 

was considered more appropriate to use individual static tests from the same depth as 

bounding envelopes for the cyclic tests due to possible variability in the till's void ratio, index 

properties and shear strength with depth. The starting points of the cyclic tests plot inside the 

effective stress space confined by the static ESPs (Figure 8.2) as a result of the pre-shearing 

to qm = 50kPa, 125kPa and 200kPa being 37.5, 29.0 and 2.0 times respectively slower than the 

monotonic CB100KUC3.45ML test and also their extended undrained pre-cyclic creep stages. 

However, the experiments all cover the effective stress space positioned to the right hand, 
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positive side, of the in-situ stresses at this depth. Also shown in Figure 8.2 to Figure 8.6 are 

the large scale (Y3) yield points identified from the points in the static TXC and TXE tests where 

their effective stress paths rotated to follow strongly dilative trends as they migrated towards 

their final critical state condition (see Section 6.4). 

While most tests involving high qcyc values developed eventual cyclic failures, the low and 

medium amplitude cyclic loading tests with qcyc = 10, 25, 50 and 75kPa (qcyc/2Su = 0.04, 0.1, 

0.2 and 0.3), as shown bounded by ellipses in Figure 8.3 to Figure 8.6, did not fail during cyclic 

loading. Their accumulated axial strains were sufficiently small (εa < 4%) at the end of cycling 

to allow the specimens to be tested monotonically and provide information on the post-cyclic 

shear strength and hence the potential influences of the mean stresses (qm) and cyclic 

amplitudes (qcyc) on the ultimate Su. Undrained creep periods of 24h were allowed following 

the end of cycling before the surviving (cyclically pre-tested) specimens were loaded 

undrained to failure, aiming to reach ε > 25%, at the standard shearing rate of 5%/day.   

8.1.2 Pore-pressure distribution under cyclic conditions 

The rough ends of the triaxial apparatus' base porous stone and the top cap act to resist radial 

soil movement at the boundaries, leading to total stress and consequently pore pressure non-

uniformities under static or cyclic loading, unless the loading is slow enough to allow full pore 

pressure equilibration to occur. To overcome such non-uniformities lubricated ends were 

used in the Author's cyclic series, although this step slowed down the base pore-pressure 

response.  

The pore-water pressure distributions developed during cyclic loading were investigated with 

three specimens equipped with lubricated ends and multiple miniature pore pressure probes. 

All specimens were tested in 100mm diameter cells from in-situ stresses at the same cyclic 

amplitude qcyc = 50kPa, so they share a common test code, namely CB100KUC3.40_qm-

25qc50. The tests are distinguished by the extensions added at the end of the test code, pwp1 

to pwp3, as listed in Table 8-1. Test pwp1 was equipped with two pore-pressure probes 

mounted on the specimens while tests pwp2 and 3 had three. The detailed results which are 

presented in Appendix A revealed that: 
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- Good agreement between the pore-pressures measured at the base and probes over 

each whole cycle could be achieved with cyclic periods T > 30min, however this loading 

period is far from representative of offshore storm conditions, where the cyclic 

periods are usually less than 15s. Testing at this rate and would also render tests with 

large number of cycles unfeasible. 

- Full equilibration of otherwise non-uniform pore-pressures through slow testing may 

lead to measurements that are less representative of ideal element behaviour than 

those made locally under more rapid loading in the middle part of the specimen. 

- The differences between individual miniature probe readings reduce to small values 

(< 2kPa) under cycling with T = 5min, showing that relatively uniform pore-pressure 

distributions apply over the main part of the samples at this rate. 

- While the T = 5min tests are still slower than anticipated in the field, this was the 

fastest rate at which tests could be controlled effectively. 

- While peak and trough sample base measurements are not reliable for cycling with T 

< 30min, the mean base pore pressures recorded in faster cyclic tests are the same as 

those from the pressure probes. 

- The presence of lubricated ends slows down the base response but reduces the non-

uniformity induced by the rough platens. 

- Mid-height pore-pressure probes provide the best measurement of true elemental 

soil behaviour over individual cycles in cyclic tests with periods below 30min. 

8.1.3 The effect of cyclic loading frequency on the behaviour 

As discussed in Chapter 6: shearing rate affects the small and large strain behaviour of 

Cowden till. To extend the static test rate effect study to the cyclic range, two additional 

slower experiments were performed, listed in Table 8-1, from in-situ stresses (qm = -25kPa) 

with qcyc = 100 and 150kPa (qcyc/2Su = 0.4 and 0.6) on 100mm diameter specimens from the 

3.40m depth, cycled with periods of 120min (1.4x10-4Hz) for CB100KUC3.4_qm-25qc100_T 

and T=360min (4.6x10-5Hz) for CB100KUC3.4_qm-25qc150_T. The results are presented in 

detail in Appendix B, indicating: 
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- Reducing the cyclic frequency leads to a further decrease in the average pore water 

pressure recorded during each cycle with broader individual effective stress cyclic 

loops. 

- Slowing the cyclic loading leads to greater cyclic softening, energy dissipation, stiffness 

degradation and more marked permanent strain accumulation. 

- The number of cycles to failure decreased as the cyclic frequency was reduced. 

8.2 The main aspects of the Cowden till cyclic response 

The behaviour of Cowden till under undrained cyclic loading varies markedly with cyclic 

amplitude and the mean deviatoric stress applied to the soil. These loading parameters affect 

the number of cycles to failure as well as the accumulation of permanent strains and pore 

pressures. The impact of cycling can be illustrated by employing the interactive contour 

diagram framework proposed by Andersen et al. (1988), which has been widely used in the 

offshore gravity base and other foundation designs for many years. The cyclic contour 

diagrams express how the soil responds under undrained conditions in a controlled laboratory 

environment to specific combinations of mean and regular cyclic deviatoric stresses 

(Andersen et al. 1988; Andersen 2009, 2015; Andersen et al. 2013). While the cyclic studies 

described by the latter authors have concentrated on mostly low OCR sediments, the Cowden 

till represents a class of relatively unexplored low plasticity high YSR glacial clay tills. A 

particular feature seen in the tests was that the effective stress paths which required the 

paths to engage the Hvorslev surface and ''dilate'' towards a critical state condition were 

inherently less stable under cyclic loading than those that remained within the monotonic 

effective stress path post-yield ''boundaries'' defined from the Hvorslev surface and the 

critical state slopes. Establishing the proximity of the loading paths to the effective stress path 

''boundaries'' and failure surfaces is therefore of paramount importance. 

The following sections outline the individual aspects of the till's response to cyclic loading, 

starting with the first primary concern: how the imposed cyclic stress parameters affect the 

number of cycles that can be applied before cyclic failure develops, followed by the evolution 

of the cyclic effective stress paths, the accumulation of strains under different stress 

conditions, the associated changes in mean effective stress, the cyclic stiffness degradation 

and finally the soil damping trends. Details on individual tests are presented later for in-situ 
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stress experiments and in Appendix C for higher mean deviatoric stresses (qm = 50, 125 and 

200kPa). 

8.2.1 Number of cycles to failure 

Cyclic loading failure is defined in this chapter as the development of i) axial strains, of either 

sign, that exceed 10% or ii) strain rates developing which were too high to be sustained by 

the triaxial equipment following the required stress paths. In some cases tests had to be 

halted due to membrane breach near the mid-height pore-pressure nipple, which may not 

have satisfied the same precise failure criteria.  

The contours of numbers of cycles to failure, Nf, for Cowden till are presented in Figure 8.7. 

The explored cyclic interactive stress space covered qm values ranging from -25kPa to 200kPa 

and qcyc between 10 and 150kPa. Each point on the figure represents a single test and the 

numbers next to each point show the number of cycles at which the tests failed or were 

stopped without a failure developing, with the latter being distinguished by a '>' sign. The 

contours defining failure at N = 10, 100 and 1000 cycles were drawn by logarithmic 

interpolation between the points, similar to the linear interpolation procedure described by 

Andersen (2015). The intersections between the failure contours at N = 10, 100 and 1000 and 

the axis of abscissas are depicted from the 20% mean strain contour (shown later) at the same 

number of cycles. On the extension side the contours are presented as straight, dashed lines, 

as limited tests were performed in that area of the interactive cyclic diagram and there exists 

uncertainty about their exact shape and location. They were interpreted from static extension 

tests on samples from similar depths. The failure contour for Nf = 1 is defined by the average 

Su value from relatively slow static compression and extension tests performed on similar 

depths at 5%/day axial strain rate. The Nf = 1 contour extends from qm = -250kPa to qm = 

250kPa treating the Su values in compression and extension as equal, as explained in Section 

8.1.1. Figure 8.8 separates the stress space into ''safe'' and ''unsafe'' zones, represented by 

the no failure line which is taken as the projected Nf = 1000 contour. In the ''unsafe'' space 

the failure occurs in one of two distinct modes, namely, a combination of large cyclic and 

average strains forming a zone of ''abrupt failure'' or large mean strains with negligible cyclic 

strains that signifies a zone of ''creep failure''. The abrupt failure is typical for specimens 
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cycled symmetrically from in-situ stresses (qm = -25kPa), while the creep failure mode is 

characteristic for tests with higher initial deviatoric offsets and qm ≥ 50kPa. 

Whenever possible, samples that had not failed under cyclic conditions were sheared 

monotonically to failure after cycling. In five cases it was not possible to apply the large strains 

required to reach truly stable critical state and the tests were halted at earlier stages. Figure 

8.9 shows the ratios of the maximum post-cyclic undrained strength (defined where possible 

at ε > 20%) to the maximum undrained strength of the equivalent monotonic compression 

test CB100KUC3.40_ML (Su = 130.5kPa). The post-cyclic monotonic tests which did not reach 

20% axial strains (marked by asterisks) were normalised by the q/2 values developed at the 

corresponding strains in CB100KUC3.40_ML. The tests occupy the ''safe'' zone under the Nf = 

1000 contour and exhibit generally larger post-cyclic Su than the static TXC test with an 

average Su
post-cyclic/Su

TXC = 1.19 (with one exceptional test at qm = 200kPa) indicating that cyclic 

loading at low to medium amplitude leads to microstructure alterations at constant volume 

that allow the till to sustain higher post-cyclic Su. Details on the post-cyclic shearing including 

stress-strain curves and effective stress paths are presented in Appendix D. It is postulated 

that cyclic pre-shearing also occurred as the till was deposited and may have imparted some 

of its high intact undrained shear strength. 

8.2.2 Cyclic effective stress paths 

The effective stress path loops followed during cyclic loading at all qcyc and qm values are 

presented for cycles N = 1, 10, 100, 1000 and the last cycle performed for each specimen. The 

tests aimed for at least 2000 cycles, although the high amplitude experiments with qcyc > 

100kPa (qcyc/2Su > 0.4) failed at N < 1000 and some early experiments were halted earlier at 

about N = 1500. 

Cyclic effective stress paths at in-situ stress (qm = -25kPa) 

Figure 8.3 shows the extent of the maximum and minimum deviatoric stresses applied during 

each cyclic test in relation to the critical state M slope (M = 1.0 and 0.9 in compression and 

extension respectively) and the effective stress paths of monotonic TXC and TXE tests which 



 
 

487 
 

indicated the yielding envelopes (Hvorslev surface) for static compression and extension. Also 

shown is the in-situ starting points for the tests and the monotonic Y3 yielding points. 

Figure 8.10 to Figure 8.17 show the cyclic effective stress paths followed by the six in-situ 

specimens under cyclic amplitudes of 10, 25, 50, 75, 100 and 150kPa (qcyc/2Su of 0.04, 0.1, 

0.2, 0.3, 0.4 and 0.6) along with the CS failure and yielding lines defined by the static TXC and 

TXE tests. The small cyclic q-p' loops of the qcyc = 10 and 25kPa tests are shown zoomed up in 

Figure 8.11 and Figure 8.13 respectively. 

The cyclic effective stress path loops at qcyc = 10kPa (qcyc/2Su = 0.04) show practically no drift 

during the first 100 cycles before indicating mildly ''dilative'' behaviour (in the undrained 

cyclic loading tests a negative change in the pore-water pressure and movements of the ESP 

to the right is refered as ''dilation'' and positive pore water pressure changes as ''contraction'') 

and a 4kPa movement of the ESP to the right in the subsequent 1000 cycles and remaining 

constant over the next 1000 cycles before the test was halted at N = 2015, see Figure 8.11. 

Apparent diurnal pore-pressure fluctuations of up to 2.5kPa (or 3.5% p'0) were observed and 

attributed to daily temperature fluctuations experienced with the air-conditioning control 

achieved in the teaching laboratory which was less precise than that available in the main 

laboratory. The drift related to cyclic loading is expected to be in the order 1.5kPa with 

|Δp'/p'0|= 2.0% over 2000 cycles. The q-p' loops remain far away from the critical effective 

stress failure lines and manifest completely stable responses, as did the specimen cycled at 

±25kPa (qcyc/2Su = 0.1) which moved 3kPa (|Δp'/p'0|= 4.5%) in the first 1000 cycles with 

practically no further movement until the test was stopped at N = 1697 cycles; see Figure 

8.13. As illustrated in Figure 8.12 the cyclic ESP remains within the stress space confined by 

the M envelopes. Both low amplitude tests reveal practically negligible mean effective stress 

drift (less than 5%) and are deemed to have engaged the ''elastic'' very small sized (1.2kPa) Y1 

kinematic yield surface reported in Chapter 7:, but to have remained inside the Y2 kinematic 

yield surface defined by Jardine (1992), Kuwano and Jardine (2007) as discussed further in 

Section 8.4. 

The qcyc = 50kPa (qcyc/2Su = 0.2) test ESP extends marginally below the extension M line. As 

shown in Figure 8.14 initial ''dilation'' and movement to the right during the first three cycles 

was followed by leftward shift in the effective stress path of 12kPa between N = 100 and 1000, 
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slowing down to a further 1.5kPa between N = 1000 and 1477, when the test was stopped 

without an overall cyclic failure. A further ''medium amplitude'' test, qcyc = 75kPa (qcyc/2Su = 

0.3), presented in Figure 8.15 exceeded the extension M line more significantly in its first cycle 

and extended well to the left of the static effective stress path in extension. The test exhibited 

initial ''dilation'' by 8.5kPa and drifted to the right over the first 10 cycles, followed by a 

marked effective stress path direction change to ''contractive'' behaviour. A reduction of p' 

by 18kPa took place between N = 10 and 2212 when the test was stopped, again without an 

overall cyclic failure. Both the qcyc = 50 and 75kPa tests exhibited metastable effective stress 

path loops with maximum changes |Δp'/p'0|> 10% and an effective stress path direction 

change that confirmed they had undergone Y2 yielding. While neither test developed large 

strains, the effective stress path of the qcyc = 75kPa test approached the TXE monotonic Y3 (or 

gross) yielding point. These features were not evident in the lower amplitude tests 

CB100KUC3.4_qm-25qc10 and CB100KUC3.4_qm-25qc25 that did not cross the M line or 

approach Y3 and remained inside the initial Y2 surface limits.  

The higher amplitude experiments, qcyc = 100 and 150kPa (qcyc/2Su = 0.4 and 0.6) shown in 

Figure 8.16 and Figure 8.17, failed after Nf = 237 and 71 cycles respectively. The initial effective 

stress loops of the qcyc = 100kPa test extended well beyond the extension M boundary and Y3 

point and showed marked ''dilation'' after engaging the Hvorslev surface on the extension 

side over the first two cycles. However, this pattern changed swiftly towards subsequent 

''contraction'' towards failure. After N = 100 the q-p' loops seem to be immobile and manifest 

an irregular ''butterflying'' shape. As shown later permanent strains accumulated markedly 

before failure occurred in extension. The qcyc = 150kPa test's effective stress path extended 

from N = 1 across the extension and compression M lines and also exceeded the extension 

Hvorslev surface from monotonic loading. A markedly contractive response was seen from 

the second cycle, confirming the onset of cyclic Y3 yielding at an early stage. The feature of 

cyclic effective stress paths extending beyond the static effective stress path would not be 

expected for a rate independent soil and may reflect the loading rates associated with cyclic 

loading at high amplitude far exceeding those from monotonic tests. Other possible 

explanations include deviations in the Hvorslev surface location due to sample variability, or 

difficulties in TXE test interpretation due to non-uniform necking patterns forming in the 

samples. 
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The high amplitude cyclic tests' ESPs reveal that repetitive loading leads to unstable outcomes 

in extension if the test paths cross the M line and engage a cyclic Y3 yielding point, even 

though the maximum deviatoric stress remains far below the qmax = 2Su limits applying under 

ultimate failure in static tests. The experiments suggest that undrained strength is an 

insufficient measure when characterising the cyclic behaviour of high OCR material such as 

Cowden till. The relative position of the cyclic effective stress points and Y3 points on the 

Hvorslev surface are more significant. The conventional qcyc/qmax normalisation, widely used 

in research and practice with low OCR sediments (Andersen et al. 2013; Andersen 2015) 

should therefore be applied with caution. In particular, cyclic failure criteria expressed in 

normalised qcyc, qm diagrams are likely to be sensitive to the test specimen's ratio of 

p'0/p'Hvorslev surface for the given void ratio, or in other words their initial OCR or YSR. 

Cyclic effective stress paths at qm = 50kPa 

The effective stress loops followed during cyclic loading after pre-shearing to qm = 50kPa are 

presented in Figure 8.18 to Figure 8.26 for cycles N = 1, 10, 100, 1000 (if possible) and the last 

cycle sustained by the specimens under cyclic amplitudes of 10, 25, 50, 75, 100 and 150kPa. 

Figure 8.4 shows the maximum and minimum deviatoric stresses imposed in each cyclic test 

in relation to the critical state failure (M) and Hvorslev surface lines and the Y3 yielding points 

identified in static TXC and TXE tests, along with the starting point for qm = 50kPa (qm/2Su = 

0.2) tests. 

Considering first the qcyc = 10kPa (qcyc/2Su = 0.04) test, shown in Figure 8.18 along with the CS 

failure (M) and static effective stress paths (ESPs) that traces out the Hvorslev surface and a 

zoomed up ESP in Figure 8.19, the test plots below the failure line and exhibits only a slight 

dilative (|Δp'/p'0| = 1.5%) trend during the first 1000 cycles, followed by a gently contractive 

phase with Δp' being less than 1kPa through the tests, indicating practically no overall p' drift 

and stress state which remained inside the Y2 yielding surface based on the criteria proposed 

by Jardine (1992). The tests was terminated at N = 2588 without failure. The qcyc = 25kPa test 

shows an initial dilative change of 2kPa (|Δp'/p'0| = 2.5%) during the first 100 cycles followed 

by ''contraction'' and a small shift to the left (|Δp'/p'0| = 4.5%) until the test was stopped at 

N = 2013, as plotted in Figure 8.20 and Figure 8.21. The cyclic effective stress path plots below 

the M failure line and has a practically stable response with minor drift, indicating that the 
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ESP remained inside the relocated Y2 surface. The effective stress path followed at cyclic 

amplitude of 50kPa, Figure 8.22 and Figure 8.23, extended just over the compression M line 

under loading that brought qmax (the q value at the top of the cycle) to near the Y3 compression 

point level and led to more significant ''dilation'' (|Δp'/p'0| = 9.0%) in the first 100 cycles 

followed by a movement of the loops to the left by 1kPa, indicating a clear engagement of 

the Y2 surface while also exhibiting a broadly stable response and little overall p' drift when 

the test was stopped at N = 2027. Similar to the cyclic tests conducted from in-situ qm = -25kPa 

the response of the soil is stable, provided that the ESPs remain well inside the Hvorslev 

surface and Y3 yielding does not develop. The qcyc = 75kPa test, Figure 8.24, takes the effective 

stress path above the monotonic Y3 point to roughly half way between the M and Hvorslev 

lines. The initial ''dilation'' (|Δp'/p'0| = 8.0%) ceases after 10 cycles and a 10kPa p' loss 

develops up to N = 1193 (|Δp'/p'0| = 13.0%) with and significant strain development, 

indicating probable Y3 yielding. The q-p' loops changed as N > 100 and became less 

symmetrical. Figure 8.25 and Figure 8.26 show the q-p' plots at qcyc = 100 and 150kPa. Both 

high amplitude tests exceeded Y3 and reached the Hvorslev surface at an early stage and 

moved on to fail in compression after 780 and 51 cycles respectively (specimens 

CB38KUC3.4_qm50qc100 and CB38KUC3.4_qm50qc150). Both tests showed ''dilative'' 

behaviour at the beginning of their cyclic loading stages before undergoing a prompt ESP 

direction change after around 3 cycles and moving sharply to the left. The effective stress 

paths tend to ''butterfly wing shapes'' after they engage the Hvorslev surface. The effective 

stress paths became asymmetric and showed their greatest loop widths in the extension 

region even though they developed their maximum q/p' ratios and ultimate failure in the 

compression phases of each cycle. 

Cyclic effective stress paths at qm = 125kPa 

The effective stress path loops followed during cyclic loading at qm = 125kPa are presented in 

Figure 8.27 to Figure 8.33. Figure 8.5 shows the maximum and minimum deviatoric stresses 

imposed in each cyclic test in relation to the static Y3 points, failure (M) and Hvorslev lines 

from static TXC and TXE experiments. 

The cyclic effective stress loops for qcyc = 10kPa (qcyc/2Su = 0.04) test are plotted together with 

the failure envelopes in Figure 8.27. A zoomed plot of the ESP is provided in Figure 8.28. 
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Despite having an ESP that extended beyond the monotonic compression Y3 point and the M 

envelope the specimen experienced only a minor (1.5kPa) increase in p' over the first 1000 

cycles followed by gentle ''contraction'' with |Δp'/p'0| = 1.5% through the test. The test was 

stopped at N = 3500, revealing a stable response with practically no drift and appears to have 

remained within the Y2 yield surface established after relocation to the initial qm effective 

stress point. Figure 8.29 shows the qcyc = 25kPa test with a zoomed plot of the q-p' loops in 

Figure 8.30, with the effective stress path plotting well above the static Y3 and just below the 

Hvorslev surface. The specimen ''dilated'' by 6kPa during the first 400 cycles followed by 

stabilisation and no further drift, revealing |Δp'/p'0| = 6.0%. The specimen seems to have 

engaged the relocated Y2 surface but remained well within its cyclic Y3 limit, as indicated by 

the stabilisation with N. The smaller Y2 range exhibited by this test shows that the Y2 kinematic 

yielding surface, as defined by the stable mean effective stress response criterion, decreased 

in size as a result of its relocation during pre-shearing to qm = 125kPa.  

The qcyc = 50 and 75kPa tests, shown in Figure 8.31 and Figure 8.32, engaged the Hvorslev 

surface immediately, leading to ''dilation'' in the first 100 cycles (|Δp'/p'0| > 25.0%) and drift 

to the right, away from the Hvorslev surface, exhibiting a surprisingly stable response under 

further cycling. Although significant permanent strain accumulation took place over 2000 

cycles, as shown later, the q-p' loops remained symmetrical and of limited width. 

The high amplitude qcyc = 100kPa test, Figure 8.33, engaged the Hvorslev surface and 

immediately developed asymmetrical loops. The specimen exhibited a dilative trend over the 

first 3 cycles, before fast ''contraction'' led to rapid migration of the effective stress path 

towards the origin and failure after only eight cycles. The maximum deviatoric load reached 

is 225kPa, which is 85% of maximum sustained by the static compression test, specimen 

CB100KUC3_45ML. 

Cyclic effective stress paths at qm = 200kPa 

Figure 8.34 shows the cyclic effective stress path for the qcyc = 10kPa test at qm = 200kPa along 

with the failure (M) and static TXC stress path (Hvorslev envelope). Figure 8.35 shows a 

zoomed plot of the cyclic ESP, which just touches the Hvorslev surface leading to ''dilation'' 

by 7kPa (|Δp'/p'0| = 4.0%) during the first 1000 cycles followed by stabilisation (after more 
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than 1% axial strain) without any significant further drift until the test was stopped at N = 

2025, suggesting that the kinematic Y2 surface was engaged at an early stage but may have 

re-centred or enlarged as a result of the first 1000 cycles. The overall effective stress drift fell 

below 5%, although tests with slightly higher qcyc values may well have led to greater Δp'/p'0 

changes. Noting that the Y2 limit was reached at larger qcyc values in the qm = -25 and 50kPa 

tests confirms that the Y2 kinematic surface shrank in size when it was relocated by imposing 

higher values of qm and experiencing the associated shear straining. 

8.2.3 Evolution of strains 

Strain contours 

The contours of accumulated average and cyclic axial strains, as defined in Figure 8.36, after 

N = 10, 100 and 1000 are plotted in Figure 8.37 to Figure 8.39, respectively. The contours 

were evaluated after plotting the accumulated strains for each test after 10, 100 and 1000 

cycles and interpolating linearly between the points. The intersection of the contours with 

the horizontal axis is defined by the strains accumulated during static compression and 

extension tests run at 5%/day axial strain rates. The axial strain contours on the extension 

side, where fewer cyclic tests were performed, are presented as dashed lines extending to 

qcyc = 75kPa due to uncertainties regarding the contours' shape and exact position. The 

contours were drawn based on the strains accumulated during static extension tests and 

following the shape of the contours evaluated from cyclic tests at in-situ stresses. The 

contours are given for εmean axial strain (determined from q = qm stages) of -6, -3, -1, -0.3, -

0.1, -0.03, 0, 0.03, 0.1, 0.3, 1, 3, 10 and 20% and εcyclic = 0.01, 0.03, 0.1, 0.3 and 1%. The three 

plots show that the contours shorten as N increases reflecting the intruding failure zone for 

the qcyc = 100 and 150kPa tests after N = 100 and 1000 respectively. The contours also become 

more inclined as N rises showing the greater dependency of strain accumulation on the 

interacting qcyc and qm components as N and amplitude increase. 

The contours of mean and cyclic strains can be used to produce plots of mean strain as a 

function of number of cycles and mean stress at a given amplitude, or plots of cyclic strains 

as a function of number of cycles and cyclic stress for a constant qmean value. The contours of 

mean and cyclic strains can also be used to predict cyclic stress-strain responses for given 
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combinations of cyclic and mean deviatoric stresses, by interpolation or fitting mathematical 

functions to the data. 

While these strain contours represent the response to regular, stress-controlled cyclic 

deviatoric stress sine waves, the procedure outlined by Andersen (2015) provides a commonly 

applied way of transforming irregular cyclic storm load histories into equivalent numbers of 

regular cycles with constant cyclic amplitudes that (it is assumed) produce the same cyclic 

impact on the soil. The equivalent number of cycles may be evaluated from the experimental 

strain contours, equivalent mean effective stress (or excess pore-pressure) contour plots, or 

by curve-fitting functions. 

Accumulation of average axial strains 

The accumulation of average axial strains with number of cycles for qm = -25, 50, 125 and 

200kPa at all qcyc values considered are presented in log-log form in Figure 8.40 to Figure 8.43. 

The variation of average axial strains plots follow approximately straight lines (as shown on 

the figures along with their slopes) for all metastable tests and also stable tests to the point 

at which their straining ceases, or unstable tests until their final stages. These strains suggest 

that they can be represented as power law functions with the form: 

 휀 = 𝐴(𝑁)𝐵 Eq. (8-1) 

The coefficient B does not vary substantially or systematically with mean or cyclic deviatoric 

stress and has an average value of 0.3. The parameter A on the other hand is affected by both 

qcyc and qm. The Author's analyses suggest that it can be evaluated from Eq. (8-2). 

 
𝐴 = 𝑎 (

𝑞𝑐𝑦𝑐

𝑝′0
)
𝑏

 Eq. (8-2) 

Where parameters a and b vary with qm with the exponential form of Eq. (8-3) and Eq. (8-4). 
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𝑎 = 0.075𝑒

2.34[
𝑞𝑚
𝑝′0

]
 Eq. (8-3) 

 
𝑏 = 2.06𝑒

0.21[
𝑞𝑚
𝑝′0

]
 Eq. (8-4) 

Appendix E demonstrates the validity of the above equations by comparing the values of 

average axial strains predicted (from Eq. (8-1) to Eq. (8-4)) against cyclic amplitude with those 

measured for N = 1, 10, 100 and 1000 at qm = -25, 50 and 125kPa, showing a broadly 

reasonable degree of fit. 

8.2.4 Mean effective stress contours 

The equivalent overall mean effective stress changes recorded over the Nth cycle at q = qm are 

shown as functions of qcyc and qmean in Figure 8.44 to Figure 8.46 for N = 10, 100 and 1000. 

The data are presented as Δp'/p0, in percentages. As Cowden till exhibits generally ''dilatant'' 

initial behaviour, followed by ''contraction'' under medium and high cyclic stress amplitudes 

the overall p' contours resemble the peak and troughs seen in topographic maps, reflecting 

the gradual positive changes in pore-pressure (or negative mean effective stress) at medium 

cyclic stresses and the sudden, sharp changes at large amplitudes. In order to clearly show 

the points at which the ESPs switch directions the mean effective stresses at N = 10, 100 and 

1000 are shown as ''tangent values'', dp'/p'0 per cycle (as evaluated over intervals of 20 cycles) 

in Figure 8.47 to Figure 8.49. The 0% contours, shown with thicker lines, represent the change 

from ''dilation'' to ''contraction'' and these move progressively downwards in the qcyc, qm plots 

as the number of cycles increases.  

8.2.5 Stiffness degradation 

The stiffness degradation of Cowden till under cyclic loading was investigated by examining 

the way in which the secant stiffnesses, developed under each set of stress-strain loops 

changed with number of cycles, axial strains and cyclic loading parameters. 

The undrained cyclic secant stiffness is defined by the slope of the line connecting the tips of 

any given stress-strain loop, Δq/Δε as shown schematically in Figure 8.50. A difficulty in 
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applying the above definition arises from the contours of the q-ε loops, especially at high 

amplitude when the loops become more S-shaped and fail to close, leading to qmax and εmax, 

failing to coincide and qmin not corresponding to εmin. Different maximum values of stress and 

strains may also develop on reloading due to loops failing to close. This issue is illustrated in 

Figure 8.51 which shows the maximum and minimum stress and strain values during the 50th 

cycle at qcyc = 150kPa (qc/2Su = 0.6) tested at in-situ conditions. Clearly the line connecting the 

tips defined by q would have a different slope from the line linking the tips interpreted from 

ε minima and maxima. The loop also failed to close, leading to qmax and εmax points on 

reloading that are different from the points before the first unloading for each loop and hence 

different stiffness values. To overcome this problem the secant stiffness of each cyclic loop 

was taken as the average value of the slopes defined by the tips of q and ε on unloading 

(yielding two degradation curves) and on reloading (yielding two more curves), four 

stiffnesses in total for each stress-strain loop and four stiffness degradation curves for every 

test as shown in Figure 8.52. The maximum difference between the stiffnesses defined for 

each cycle is 5%, even for the highest cyclic amplitudes, and the average value of the four is 

taken as the most representative stiffness measure. 

The degradation of the secant (Δq/Δε) cyclic stiffness followed from trough, point (A) to peak 

point (B), as marked in Figure 8.50, provides the simplest way to compare the stiffness 

degradation of cyclic tests with those conducted statically from in-situ stress condition with 

qm = -25kPa, although it is recognised that the trough, point A, does not correspond to the in-

situ deviator stress (shown in later sections). 

Stiffness degradation with number of cycles 

The trends of the degradation of the cyclic secant stiffness with number of cycles observed 

with specimens cycled from qm = -25 to 125kPa are presented in Figure 8.53 to Figure 8.56. In 

those tests where the effective stress path remained within the till's Y2 kinematic yield 

surfaces and well within the Y3 surface, without experiencing stress path reversal, the stress-

strain loops have narrow widths and the stiffness either falls modestly before stabilising or 

grows slightly with the number of cycles. Cycling within the Y2 kinematic yield surface (at 

constant volume) appears to allow the till to grow, sustain or recover its secant stiffness, 

probably through slight changes in the soil's stress contact fabric. 
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The variations of cyclic stiffness with cyclic loading amplitude at N = 1, 10, 100 and 1000 at qm 

= -25 to 200kPa are presented in Figure 8.57 to Figure 8.59. The stiffness degradation with 

increasing amplitude and number of cycles follows an exponential law with the form: 

 𝐸𝑠𝑒𝑐
𝑢 /𝑝′ = 𝐴𝑒−𝐵𝑞𝑐𝑦𝑐/𝑝′0 Eq. (8-5) 

The coefficient A does not seem to show a consistent variation with number of cycles, qcyc 

and qm and have a mean value of 1950, ±15%. The coefficient B changes with number of cycles 

with the form of Eq. (8-6): 

 𝐵 = 𝑐𝑁𝑑  Eq. (8-6) 

The coefficients c and d in Eq. (8-6) are qm dependent and can be expressed with the 

exponential functions: 

 𝑐 = 1.37𝑒0.3𝑞𝑚/𝑝′0 Eq. (8-7) 

 𝑑 = 0.07𝑒−1.1𝑞𝑚/𝑝′0 Eq. (8-8) 

The ability of the above equations to predict the stiffness variations with number of cycles 

under varying cyclic conditions is demonstrated in Appendix F. 

Stiffness degradation with strains 

The degradation of the cyclic secant stiffness with cyclic strain along with the secant stiffness 

curve from a monotonic TXC test at qm = -25 to 200kPa are plotted in Figure 8.60 to Figure 

8.63. The cyclic amplitude affects both the initial stiffness, due to non-linearity, and the 

subsequent loss of cyclic stiffness. The Eu
sec vs εcyc curves plot below the static curve at low to 

medium stress amplitudes and re-join the monotonic at high qcyc. 
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8.2.6 Damping ratios 

The variation of damping ratios (defined as the ratio of the area of the stress-strain loop to 

the maximum elastic energy stored during each cycle) plotted against number of cycles at qm 

= -25 to 200kPa are presented in Figure 8.64 to Figure 8.67 in log-log form. After the first few 

cycles the plots are reasonably linear (in log-log) with N and start diverging from linearity on 

the onset of failure at qcyc ≥ 100kPa, allowing power law functions with the form of Eq. (8-9) 

to be fitted. The plots show damping ratios decreasing with number of cycles at low to 

medium amplitudes. However, the high qcyc tests that engage the cyclic Y3 envelope show 

sharp increases in damping ratio accompanying the onset of failure. 

 𝐷 = 𝐴(𝑁)−𝐵 Eq. (8-9) 

The coefficient A appears to be insensitive to qm and can be evaluated from Eq. (8-10) for 

different cyclic amplitudes: 

 
𝐴 = 18.1 (

𝑞𝑐𝑦𝑐

𝑝′0
)
0.31

 Eq. (8-10) 

 The coefficient B has similar values for all qcyc but increases with the mean deviatoric stress 

qm with the exponential function: 

 
𝐵 = 0.035𝑒

0.65[
𝑞𝑚
𝑝′0

]
 Eq. (8-11) 

The ability of Eq. (8-9) to Eq. (8-11) to predict the damping variations with N under varying 

cyclic conditions is demonstrated in Appendix G. 

8.3 Details of cyclic loading results from in-situ stress conditions 

The detailed results from most of the cyclic tests (as discussed earlier) are presented in 

Appendix C. However, the trends seen in the six cyclic loading tests, CB38KUC3.4_qm-25qc10, 

CB100KUC3.4_qm-25qc25, CB100KUC3.4_qm-25qc50, CB38KUC3.4_qm-25qc75, 
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CB38KUC3.4_qm-25qc100 and CB38KUC3.4_qm-25qc150, performed from estimated in-situ 

conditions with p'0 = 67kPa and qm = -25kPa (qm/2Su = -0.1) are presented in this section to 

provide examples of the key trends observed.  

As noted earlier the specimens were subjected to qcyc = 10, 25, 50, 75, 100 and 150kPa, 

corresponding to qcyc/2Su = 0.04, 0.1, 0.2, 0.3, 0.4 and 0.6 respectively. The tests conducted 

at other mean deviatoric stresses qm = 50kPa, 125kPa and 200kPa, corresponding to qm/2Su = 

0.2, 0.5 and 0.8 are presented in Appendix C. 

The effects of loading amplitude on the soil behaviour when cycled from in-situ (qm = -25kPa) 

conditions are compared below in terms of cyclic stress-strain curves, normalised stiffness 

and degradation of the backbone curves (extended from Section 8.2.5) as well as damping 

ratios as a function of strains. The influences of qcyc amplitude on the accumulation of 

permanent strains and pore-water pressures with number of cycles are also analysed.  

8.3.1 Cyclic stress-strain curves 

Cyclic deviatoric stress (q) – axial strain (ε) loops are presented in Figure 8.68 to Figure 8.73 

for the qcyc = 10, 25, 50, 75, 100 and 150kPa (qcyc/2Su of 0.04, 0.1, 0.2, 0.3, 0.4 and 0.6) tests 

respectively, showing cycles N = 1, 10, 100, 1000 and the last cycle performed for each 

specimen. The low amplitude tests, qcyc = 10 and 25kPa (qcyc/2Su = 0.04 and 0.1), shown in 

Figure 8.68 and Figure 8.69, exhibit only minor drifting towards extensive axial strains with 

relatively constant q - ε loop shapes and inclinations and hence stiffness. However, both the 

drifts and changes in inclination increase with qcyc. Considering the qcyc = 10kPa test, in Figure 

8.74, the permanent axial strains (εmean = 0.013%) recorded during the cycling are less than 

the εcreep strains of ≈ 0.015%, that could be expected to have developed over the same 7-day 

testing period (by extrapolating the creep stage data with a logarithmic function). Overall, it 

appears that the permanent straining due to cycling was practically negligible and that the 

cyclic effective stress path remained within the Y2 kinematic yield surface as defined earlier 

by the effective stress path trends. 

The medium amplitude tests, qcyc = 50 and 75kPa (qcyc/2Su = 0.2 and 0.3) presented in Figure 

8.70 and Figure 8.71 reveal Y2 yielding and marked changes in the cyclic stress-strain loops 

towards S-shaped forms and clockwise rotations of the loops with increasing N. Extensive 
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(tensile) axial straining again dominated, which reflects the negative bias in qm and the closer 

proximity of the extension Y3 point and the Hvorslev surface. These features are naturally 

more pronounced in the qcyc = 75kPa experiment, although both tests show progressively 

widening loops and loss of cyclic stiffness. 

The high amplitude cyclic loading tests, qcyc = 100 and 150kPa (qcyc/2Su = 0.4 and 0.6), 

presented in Figure 8.72 and Figure 8.73, reveal still more significant cyclic strain 

accumulation over their extension loop sections, with progressively widening and highly S-

shaped loops. The rates of permanent strain drift increased systematically with qcyc and rose 

markedly as the soil underwent Y3 yielding at an early stage in conjunction with the effective 

stress path direction changes (shown in Figure 8.10 to Figure 8.17). Test paths that did not 

exceed the Y3 limit were relatively immobile and showed stable cyclic behaviour.  

The increasing areas of the stress - strain loops developed when the cycling approached the 

Hvorslev surface reflect the increasing proportion of energy being dissipated as N and qcyc 

grow. Figure 8.75 to Figure 8.77 present the dissipated energy per unit volume of soil per 

cycle calculated from the area of each stress-strain loop during cyclic loading for low, medium 

and high amplitude tests respectively. Computing the energy dissipated is straightforward for 

low amplitude cyclic tests where the stress-strain loops are relatively symmetrical and closed. 

A difficulty arises at medium amplitude tests at N > 100 and high amplitude two-way cyclic 

loading where the stress-strain loops are asymmetric and fail to close. To cope with this 

problem a procedure proposed by Azeiteiro et al. (2015) was adopted: 

- The stress-strain half-loops from unloading and reloading during individual cycles 

were isolated. 

- Each half-loop was mirrored to create a symmetrical and closed full stress-strain loop. 

With such a procedure each loading cycle produces two stress-strain loops. 

- The new full loop was centred around its origin and its area estimated using the 

relationship: 

 
𝑊 = ∫𝑞휀𝑎 Eq. (8-12) 
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where q is the deviatoric stress and εa is the axial strain measured during cyclic loading. 

-  The average area values from the mirrored half-loops during unloading and reloading 

were computed and plotted against number of cycles. 

The figures suggest that the qcyc = 10kPa (qcyc/2Su = 0.04) test dissipated little energy, 

confirming that it remained within the Y2 surface. The qcyc = 25kPa (qcyc/2Su = 0.1) tests lost 

initially more than 10 times as much energy as the qcyc = 10kPa experiment but dissipated less 

energy per cycle when N > 200. The medium amplitude (qcyc = 50 and 75kPa) metastable tests, 

whose paths cross the M line and manifest mean effective stress drift, show losses rising with 

N but remaining below 0.3kJ/m3 per cycle before they were halted. The high amplitude tests 

show far higher losses and more steeply climbing rates with maxima of 7kJ/m3 per cycle. For 

clearer visualisation, the energy loss curves are re-plotted in Figure 8.78 in log-log scales that 

show systematic overall trends. 

8.3.2 Normalised stiffness degradation curves  

Normalised stiffness degradation with number of cycles 

The secant stiffness curves plotted in Figure 8.53 are shown normalised by the average mean 

effective stresses recorded during each cycle in Figure 8.79 in order to check whether stiffness 

changes observed during testing are related simply to p' variations generated by cycling. The 

qcyc = 10kPa test's normalised stiffness drops slightly (by 15%), during the first 100 cycles, 

followed by a gain and growth towards a higher stiffness (by 5 %) than was measured during 

the first cycle. The p' normalised stiffness trends observed under qcyc = 25kPa stabilised after 

an approximate loss of 35% by around 500 cycles and remained relatively constant thereafter 

until the test stopped at N=1697 cycles. The low amplitude cyclic loading appears to lead to 

microstructural alterations that allow the till to grow, sustain or recover its secant stiffness at 

constant volume. The medium amplitude qcyc = 50 and 75kPa (qcyc/2Su = 0.2 and 0.3) tests 

show stiffness continuously decreasing with cycling without reaching failure, tying in with the 

energy dissipation plots in Figure 8.78. The high amplitude experiments, qcyc = 100 and 150kPa 

(qcyc/2Su = 0.4 and 0.6) soften rapidly (while dissipating energy markedly) and fail at N=237 

and 71 respectively. 
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Figure 8.80 presents the secant stiffness trends normalised by the values measured at N=1. 

In comparison Vucetic and Dobry's (1988) tests on normally and overconsolidated marine 

clays indicated stiffnesses dropping monotonically with N in a way that allowed the 

degradation under a given cyclic amplitude to be quantified by a single parameter. The 

Cowden till tests show more complex non-linear, stress-amplitude and N dependent 

normalised stiffness trends under low level cycling that cannot be modelled by a single 

degradation parameter. 

Figure 8.81 presents the cyclic secant stiffness normalised by the maximum initial Eu
sec 

stiffness available during the monotonic TXC test conducted from the same depth 

(CB100KUC3.40_ML) plotted against number of cycles. The secant cyclic stiffness available 

during the first cycle at the lowest amplitude of qcyc = 10kPa (qcyc/2Su = 0.04) is 50% of the 

maximum in the static test (Figure 7.10 and Figure 7.14), demonstrating (as marked earlier) 

that even the first test path far exceeds the till's initial elastic (Y1) range, while remaining 

within the till's Y2 kinematic yield surface. The degree of non-linearity (and inelasticity) 

increases with increasing qcyc leading to cyclic secant stiffnesses of only 5% of the maximum 

static stiffness being available under qcyc = 150kPa (qcyc/2Su = 0.6). 

Normalised stiffness degradation with axial strains 

Figure 8.82 presents the cyclic tests' trends for p' normalised Eu
sec with cyclic axial strain, along 

with the secant stiffness curve from the monotonic TXC test for reference. The cyclic stiffness 

curves plot parallel and below the monotonic curve at low and medium amplitude and 

converge with the monotonic at high qcyc. The trends for Eu
sec normalised by Eu

sec at N = 1 are 

plotted against cyclic strains in Figure 8.83, confirming that degradation increases with N and 

the qcyc level. 

Recording the detailed cycle-by-cycles stress - strain loops in each test allowed the variations 

of stiffness with strains to be studied over individual cycles. A direct comparison between the 

static and cyclic stress-strain curves developed during individual cycles is provided in Figure 

8.84 to Figure 8.89 by comparing the secant undrained stiffness from the monotonic test with 

the secant stiffness evaluated from the backbone loading curves (A to B in Figure 8.50) for N 

= 1, 10, 100, 1000 and the last recorded cycle in each test. The cyclic loading curves for the 
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qcyc = 10kPa (qcyc/2Su = 0.04) case, Figure 8.84, show a slightly lower stiffness at N = 1 when 

compared to the monotonic case, with further reductions being seen between N=1 and 100, 

before recovering at larger N. The qcyc = 25kPa (qcyc/2Su = 0.1) test exhibits a similar trend, 

although without the same recovery phase. The two medium amplitude experiments, qcyc/2Su 

= 50 and 75kPa (qcyc/2Su=0.2 and 0.3) show highly non-linear curves that extend to larger 

accumulated strains and slow continuous stiffness loss up to about N = 1000. The high 

amplitude experiments, presented in Figure 8.88 and Figure 8.89, extend to still larger strains 

and converge to the static stiffness curve at ε > 1%, as the specimens approach failure. It was 

not possible in the relatively high strain-rate large amplitude tests to gather enough small 

strain information to indicate the degree to which cycling affected the till's initial elastic 

stiffness. 

8.3.3 Damping ratios with strains 

Figure 8.90 shows the damping ratios plotted against cyclic axial strains (ε) measured during 

the same cyclic loading test from in-situ stresses (with qm = -25kPa and qm/2Su = -0.1). The 

arrows next to each family of points indicate the direction of movement as cycling continued. 

The low amplitude cyclic tests' damping ratios plot as clusters of points that follow a slight 

downward trend. The qcyc = 10kPa (qcyc/2Su = 0.04) test's damping ratio points migrated down 

and to the left, reflecting the decreasing cyclic strains with number of cycles. The qcyc = 25kPa 

experiment shifted down and seems to have remained stable as most of the points plot as a 

compact nest. In contrast, the medium amplitude specimens' damping ratio trends moved 

down and to the right with a tendency to stabilise, as indicated by the arrow in Figure 8.90. 

The high amplitude experiments reveal U-shaped damping ratio clusters. The arrows on the 

plot identify the directions of the observed shifts with N. The tests show temporary minima 

after their initial drops that are followed by a sudden increase in damping towards the onset 

of cyclic failure. 

8.3.4 Permanent strain accumulation 

The growth of permanent mean strains with number of cycles is shown in natural, semi-log 

and log-log plots in Figure 8.91, Figure 8.93 and Figure 8.94. The mean strains are extensive 

in the qm = -25kPa due to the negative q0 value. The zoomed up qcyc = 10kPa (qcyc/2Su = 0.04) 
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test curve (Figure 8.92) clearly shows a stable response after approximately 500 cycles and, 

as argued earlier, the initial part of the test may have been affected by minor ongoing creep 

straining and temperature fluctuations. In contrast the qcyc = 25, 50 and 75kPa tests show 

mean strains continuing to grow, although at decreasing rates, and heading towards final 

plateaux. The higher amplitude tests (qcyc = 100 and 150kPa) show steady strain accumulation 

until rates finally accelerate towards the onset of failure. The failure modes at high amplitudes 

involve a combination of large mean and cyclic strains.  

The accumulation of cyclic strains with number of cycles is presented in natural, semi-log and 

log-log spaces in Figure 8.95 to Figure 8.97. The changes in cyclic axial strain are non-linear 

with N and qcyc and reflect the cyclic secant stiffness trends discussed earlier. 

8.3.5 Mean effective stress changes 

The mean effective stress changes recorded during undrained cyclic loading from in-situ 

stresses are presented between Figure 8.98 to Figure 8.100 showing pairs of natural and semi-

log plots for low, medium and high amplitude tests followed by summary plots in Figure 8.101. 

The qcyc = 10kPa (qcyc/2Su = 0.04), shown in Figure 8.98, gained effective stress continuously 

during the first 1500 cycles and then stabilised, while the qcyc = 25kPa (qcyc/2Su = 0.1) showed 

smaller gains over 300 cycles followed by gentle ''contractive'' changes. The medium (Figure 

8.99) and high amplitude (Figure 8.100) tests exhibit more rapid and significant ''dilative'' 

changes than the low amplitude experiments, followed by more sudden and marked changes 

to ''contraction''. The medium qcyc tests reverse their direction after 5 to 10 cycles, while the 

high qcyc experiments change direction still earlier (after N = 2) and show negative p' changes. 

The soil's initial tendency to ''dilate'' increases with amplitude while the number of cycles at 

which the effective stress path direction changes to be ''contractive'' decreases with qcyc. It is 

worth noting that in the large deviatoric amplitude (qcyc > 100kPa) tests the minimum and 

maximum pore-water pressures do not correspond to the maximum and minimum mean 

effective stress points because the pore pressure traces are almost flat over the positive Δq 

portion of each cycle as shown in Figure 8.102 by sections A to B to C, followed by a marked 

drop (point D) over the negative Δq section. The peak pore pressure, marked by point C, 

occurs mid-way between the maximum and minimum q stages, but the minimum pore-

pressure (D) follows shortly after qmin applies. The corresponding p' traces, presented in 
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Figure 8.103 follow a non-sinusoidal pattern. For reference the changes in pore-water 

pressures for the whole qm = -25kPa test series are shown in Figure 8.104. 

8.4 Tracking the evolution of the cyclic kinematic yield surfaces 

Jardine (1992) proposed that soils manifest at least two kinematic yield surfaces that, once 

engaged, can move with the current effective stress point within the outer, large scale Y3 yield 

surface. The first, elastic Y1, region was considered in Chapter 7: and shown to be 

approximately elliptical in shape with a maximum height of only about ±1.25kPa under the 

conditions expected at the 3.0 to 3.5m depth on which the cyclic test series was focused. The 

second Y2 surface could not be identified reliably in the static tests descried in earlier chapters 

but was evident in the cyclic experiments. Considering five criteria of i) stable effective stress 

conditions over 2000 ±500 cycles, ii) low damping ratios, iii) low energy dissipation per cycle, 

iv) low rates of axial strain development and practically constant cyclic stiffness, Table 8-2 

summarises the cyclic loading ranges over which the cyclic loading appears to have been 

clearly non-linear and yet remained inside the Y2 kinematic yield surfaces applying to the four 

qm cases. Figure 8.105 shows the approximate boundaries of the Y1 (red circles) and Y2 (black 

ellipses) kinematic yield surfaces that surround each qm point along with the points at which 

Y3 yielding developed (shown as squares). The Y1 ''bubbles'' are scaled according to the 

findings from Chapter 7:. 

The Y2 observations were established from undrained cyclic tests that gave no information on 

their relative width and only established their vertical limits. The ellipses shown have nominal 

aspect ratios that are based on the Y1 surface investigation reported in Chapter 7:. Fully 

drained cyclic tests that involve only changes in p' with little or no change in q would be 

required to check the nominal Y2 surface shapes, and it would be highly challenging to conduct 

such tests with large number of cycles. However, it is clear that the extent of the Y2 surfaces 

depend on qm. The maximum ranges are available to the lower qm values and the Y2 surfaces 

shrink markedly once the pre-shearing path crosses the M line and approaches the Hvorslev 

surface, even though the p' values are likely to increase as the Y2 surfaces are engaged and 

re-located under undrained conditions. 
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8.5 Comparison between Cowden till and Drammen clay 

As mentioned in the introduction, the test series on Cowden till represent the first detailed 

and systematic exploration, of which the Author is aware, of the cyclic behaviour of a stiff, 

high OCR, lodgement glacial till. Up to this point offshore wind turbine designers have relied 

on earlier systematic studies involving other types of clay to estimate the cyclic performance 

of their foundations combined with limited check tests on the site specific soils, even when 

working with glacial tills. It is therefore instructive to compare Cowden results with those 

obtained in the classical Drammen clay series performed by NGI and reported by Andersen et 

al. (1980); Andersen (2004, 2015). Drammen clay is a plastic (Ip = 27%), low OCR, uplifted 

marine clay which has been sampled extensively from near Oslo in Norway. 

The failure contours at N =1, 10, 100 and 1000 established for Cowden till (see Figure 8.7) are 

compared in terms of qm and qcyc with the triaxial failure contours established from test series, 

run at NGI on multiple samples, of normally consolidated (OCR = 1), lightly (OCR = 4) and 

highly overconsolidated (OCR = 40) Drammen clay specimens at the same number of cycles 

(Andersen 2004, 2015) in Figure 8.106 to Figure 8.108.  

The NGI tests are usually performed at cyclic period T = 10s and can be expected to show 

greater cyclic resistance than equivalent tests run at the Author's rate of T = 300s. 

Nevertheless, the Cowden till's Nf contours plot significantly higher, and cover a wider qm 

space, than the Drammen clay tests, revealing greater resistance against cyclic loading. 

As discussed in Chapter 6:, the Cowden till displays Yield Stress Ratio (or apparent OCR) of 

around 12.5 (see Figure 6.27) in oedometer tests conducted at the cyclic test series depth 

range (3.0 to 3.5m). In addition a ''SHANSEP'' back analysis with Eq. (8-13) (Jardine et al. 2005) 

of the compression Su = 130kPa for static loading at this depth indicated an equivalent OCR = 

12.6, when Su/σ'v = 2.6 at 3.40m and [Su/σ'v]NC is taken as approximately 0.3 on the basis of 

the reconstituted test series set out in Section 6.3. 

 𝑆𝑢

𝜎′𝑣
= [

𝑆𝑢

𝜎′𝑣
]
𝑁𝐶

𝑂𝐶𝑅0.85 Eq. (8-13) 
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The development of mean and cyclic strains at different qcyc and qm values from Cowden till 

are compared to those from Drammen clay specimens tested at OCR = 4 in terms of mean 

and cyclic strain contour diagrams for the N = 10 case in Figure 8.109 and Figure 8.110. 

Appendix H presents the equivalent comparison for OCR = 1 and 40 cases. As with the failure 

contours Cowden till reveals different patterns of strain accumulation and appears to be more 

resistant and develops lower strains, both average and cyclic, at given combinations of qm and 

qcyc. 

8.6 Conclusions 

1. The cyclic response of Cowden till was investigated in 23 stress-controlled 

experiments on samples from a common average depth of 3.40m, which included 18 

tests with constant cyclic loading periods while the mean and cyclic shear stresses 

were varied systematically. 

2. A series of pilot tests confirmed that i) the cycle-by-cycle pore pressure behaviour 

could be captured reliably in tests equipped with lubricated ends and mid-height pore-

pressure probes run with periods of T = 5min. Other pilot tests revealed that ii) 

increasing the cyclic loading period T leads to greater cyclic softening, energy 

dissipation, stiffness degradation and more marked permanent strain accumulation. 

3. The main cyclic loading programme showed that cyclic loading inside the Y2 kinematic 

yield surface leads to a completely stable response with negligible mean effective 

stress drifts, strain accumulation or stiffness degradation. In fact, cycling inside the Y2 

causes micro-structural alterations at constant volume allowing the till to grow, 

sustain or recover its secant stiffness in a completely stable way. 

4. Tests where the effective stress paths engaged the Y2 yield surface led to progressively 

larger accumulated strains, more marked pore-pressure generation and stiffness 

decay.  

5. Tracking the vertical limits of the Y2 kinematic yield surface showed that the size of 

the Y2 ''bubble'' shrank with pre-shearing once the effective stress path crosses the M 

line and approached the Hvorslev surface, even though the mean effective stress 

increased. 
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6. However, provided the cycling was imposed with qmin and qmax levels that did not 

exceed the cyclic Y3 yield values, which could lie above those seen in slower monotonic 

tests, cycling could continue to affect the soil response negatively, without failure 

developing within 2000 cycles, defining a metastable 'safe' zone. 

7. Once the cyclic Y3 was engaged the specimens underwent an effective stress path 

direction change with cyclic failure ensuing shortly after. A rate effect appears to allow 

the cyclic ESPs to travel beyond the lower static tests' Hvorslev surface.  

8. The Cowden till's cyclic behaviour was seen to be highly dependent on the cyclic 

amplitude and mean deviatoric stress. Cyclic contour diagrams were employed to 

illustrate the interactive effects of these cyclic parameters on the accumulation of 

mean and cyclic strains, mean effective stress and number of cycles to failure. The 

contours of number of cycles to failure revealed that the stress space can be divided 

into ''safe'' and ''unsafe'' zones. In the ''unsafe'' zone failure occurs at N < 1000 in two 

distinct modes: ''abrupt failure'' or ''creep failure'', while the tests in the ''safe'' zone 

exhibit approximately 20% larger post-cyclic Su than the static TXC tests, which was 

attributed to microstructural alterations at constant volume.  

9. Tests at different cyclic stress amplitudes and mean deviatoric stresses showed 

patterns of behaviour that could be captured by empirical equations allowing the 

strains, stiffness and damping ratios to be predicted under given numbers of cycles 

and specified cyclic loading conditions. 

10. Comparisons between the cyclic interaction diagrams of Cowden till and Drammen 

clay (Andersen 2004, 2015) show different patterns of behaviour regarding number of 

cycles to failure (Nf) and induced mean and cyclic strains. It appears that the Cowden 

till can sustain a larger number of cycles and is less susceptible to strain accumulation 

under cyclic loading than the Drammen clay. 

 



 
 

508 
 

Table 8-1 A list of cyclic loading tests 

No. Test Code qm, kPa 
qcyc, 
kPa 

γ,kN/m3 p'0, kPa 
Void 
ratio 

1 CB38KUC3.4_qm25qc10 -25 10 21.64 68.2 0.418 

2 CB100KUC3.4_qm25qc25 -25 25 21.48 67.0 0.430 

3 CB100KUC3.4_qm25qc50 -25 50 21.65 75.9 0.431 

4 CB38KUC3.4_qm25qc75 -25 75 22.16 67.6 0.425 

5 CB38KUC3.4_qm25qc100 -25 100 21.45 76.2 0.433 

6 CB38KUC3.4_qm25qc150 -25 150 21.82 93.1 0.411 

7 CB100KUC3.4_qm50qc10 50 10 21.57 65.3 0.444 

8 CB38KUC3.4_qm50qc25 50 25 21.88 79.6 0.406 

9 CB100KUC3.4_qm50qc50 50 50 21.76 73.7 0.407 

10 CB38KUC3.4_qm50qc75 50 75 21.41 74.0 0.451 

11 CB38KUC3.4_qm50qc100 50 100 21.54 77.8 0.433 

12 CB38KUC3.4_qm50qc150 50 150 21.78 91.5 0.420 

13 CB38KUC3.4_qm125qc10 125 10 21.77 96.4 0.438 

14 CB38KUC3.4_qm125qc25 125 25 21.71 98.9 0.415 

15 CB100KUC3.4_qm125qc50 125 50 21.81 97.8 0.430 

16 CB38KUC3.4_qm125qc75 125 75 21.83 93.1 0.411 

17 CB38KUC3.4_qm125qc100 125 100 21.28 104.8 0.468 

18 CB100KUC3.4_qm200qc10 200 10 21.77 170.6 0.427 

19 CB100KUC3.4_qm-25qc50_pwp1 -25 50 21.98 71.3 0.428 

20 CB100KUC3.4_qm-25qc50_pwp2 -25 50 21.65 67.5 0.442 

21 CB100KUC3.4_qm-25qc50_pwp3 -25 50 22.07 70.3 0.418 

22 CB100KUC3.4_qm-25qc100_T -25 100 21.53 74.7 0.431 

23 CB100KUC3.4_qm-25qc150_T -25 150 21.92 64.4 0.415 

 



 
 

509 
 

Table 8-2 Criteria for Y2 kinematic yield surface under cyclic conditions 

qm kPa 
Stable effective stress 

paths Δp'/p'0 < 5% 
Damping ratio D < 10% 

Dissipated energy per 
cycle < 0.001kJ/m3 

Mean axial strain 
εaxial < εcreep 

Stable cyclic stiffness 
Eu

sec/Eu
sec(N=1) < 10% 

Vertical Y2 
dimensions 

in q-p' 

-25 25kPa < qcyc < 50kPa 10kPa < qcyc < 25kPa 25kPa < qcyc < 50kPa 10kPa < qcyc < 25kPa 10kPa < qcyc < 25kPa 25kPa 

50 25kPa < qcyc < 50kPa 25kPa < qcyc < 50kPa 25kPa < qcyc < 50kPa qcyc ≈ 10kPa 10kPa < qcyc < 25kPa 25kPa 

125 10kPa < qcyc < 25kPa 25kPa < qcyc < 50kPa 25kPa < qcyc < 50kPa qcyc < 10kPa qcyc ≈ 10kPa 15kPa 

200 qcyc ≈ 10kPa qcyc ≈ 10kPa 10kPa < qcyc < 25kPa qcyc < 10kPa qcyc < 10kPa 10kPa 

 



 
 

510 
 

 

Figure 8.1 Cyclic stress space with static failure, M, surface contours at p' = 67kPa defined in qcyclic - qmean and qcyclic/2Su - qmean/2Su space 
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Figure 8.2 Extent of the maximum and minimum deviatoric stress in relation to the failure M 
envelopes and the compression and extension effective stress paths along with the CS points 

 

Figure 8.3 Extent of the cyclic amplitude in relation to the monotonic TXC and TXE effective 
stress paths and failure envelopes at qm = -25kPa 
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Figure 8.4 Extent of the cyclic amplitude in relation to the monotonic TXC and TXE effective 
stress paths and failure envelopes at qm = 50kPa 

 

Figure 8.5 Extent of the cyclic amplitude in relation to the monotonic TXC and TXE effective 
stress paths and failure envelopes at qm = 125kPa 
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Figure 8.6 Extent of the cyclic amplitude in relation to the monotonic TXC and TXE effective 
stress paths and failure envelopes at qm = 200kPa

P'0 = 170.5kPa 

Stable response 
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Figure 8.7 Contours of number of cycles to failure as a function of qcyc and qmean 
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Figure 8.8 The combination of mean and cyclic axial strains at end of tests. Numbers represent values as εmean/εcyclic in % 
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Figure 8.9 The ratio of post-cyclic undrained strength to the Su on a virgin specimen from the same depth 



 
 

517 
 

 

Figure 8.10 Cyclic effective stress paths for qcyc = 10kPa from in-situ conditions 

 

Figure 8.11 Cyclic effective stress paths for qcyc = 10kPa (zoomed up from Figure 8.10) 
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Figure 8.12 Cyclic effective stress paths for qcyc = 25kPa from in-situ conditions 

 

Figure 8.13 Cyclic effective stress paths for qcyc = 25kPa (zoomed up from Figure 8.12) 
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Figure 8.14 Cyclic effective stress paths for qcyc = 50kPa from in-situ conditions 

 

Figure 8.15 Cyclic effective stress paths for qcyc = 75kPa from in-situ conditions 
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Figure 8.16 Cyclic effective stress paths for qcyc = 100kPa from in-situ conditions 

 

Figure 8.17 Cyclic effective stress paths for qcyc = 150kPa from in-situ conditions 

Direction of movement 

after N=2 

 

 

Direction of movement 

after N = 2 

CSTXE 

Static TXC test  

Static TXE test  

CSTXC 

CSTXE 

Static TXC test  

Static TXE test  

CSTXC 

Failure in 

extension  

Failure in 

extension  

Y3
TXC 

Y3
TXE 

Y3
TXC 

Y3
TXE 



 
 

521 
 

 

Figure 8.18 Cyclic effective stress paths for qcyc = 10kPa at qm = 50kPa 

 

Figure 8.19 Cyclic effective stress paths for qcyc = 10kPa (zoomed from Figure 8.18) 
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Figure 8.20 Cyclic effective stress paths for qcyc = 25kPa at qm = 50kPa 

 

Figure 8.21 Cyclic effective stress paths for qcyc = 25kPa (zoomed from Figure 8.20) 
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Figure 8.22 Cyclic effective stress paths for qcyc = 50kPa at qm = 50kPa 

 

Figure 8.23 Cyclic effective stress paths for qcyc = 50kPa (zoomed from Figure 8.22) 
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Figure 8.24 Cyclic effective stress paths for qcyc = 75kPa at qm = 50kPa 

 

Figure 8.25 Cyclic effective stress paths for qcyc = 100kPa at qm = 50kPa 
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Figure 8.26 Cyclic effective stress paths for qcyc = 150kPa at qm = 50kPa 

 

Figure 8.27 Cyclic effective stress paths for qcyc = 10kPa at qm = 125kPa 
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Figure 8.28 Cyclic effective stress paths for qcyc = 10kPa (zoomed from Figure 8.27) 

 

Figure 8.29 Cyclic effective stress paths for qcyc = 25kPa at qm = 125kPa 
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Figure 8.30 Cyclic effective stress paths for qcyc = 25kPa (zoomed from Figure 8.29) 

 

Figure 8.31 Cyclic effective stress paths for qcyc = 50kPa at qm = 125kPa 
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Figure 8.32 Cyclic effective stress paths for qcyc = 75kPa at qm = 125kPa 

 

Figure 8.33 Cyclic effective stress paths for qcyc = 100kPa at qm = 125kPa 
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Figure 8.34 Cyclic effective stress paths for qcyc = 10kPa at qm = 200kPa 

 

Figure 8.35 Cyclic effective stress paths for qcyc = 10kPa (zoomed from Figure 8.34) 
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Figure 8.36 Mean and cyclic strain definitions 



 
 

531 
 

 

Figure 8.37 Contours of mean and cyclic strains as a function of qcyc and qmean at N = 10 
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Figure 8.38 Contours of mean and cyclic strains as a function of qcyc and qmean at N = 100 
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Figure 8.39 Contours of mean and cyclic strains as a function of qcyc and qmean at N = 1000
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Figure 8.40 Variation of |εmean| with N at qm = -25kPa in log-log scale 

 

Figure 8.41 Variation of mean strain with N at qm = 50kPa in log-log scale 
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Figure 8.42 Variation of mean strain with N at qm = 125kPa in log-log scale 

 

Figure 8.43 Variation of mean strain with N at qm = 200kPa in log-log scale 
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Figure 8.44 Contours of average mean effective stress as a function of qcyc and qmean at N = 10 
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Figure 8.45 Contours of average mean effective stress as a function of qcyc and qmean at N = 100 
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Figure 8.46 Contours of average mean effective stress as a function of qcyc and qmean at N = 1000 
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Figure 8.47 Contours of tangent mean effective stress as a function of qcyc and qmean at N = 10 defined as change in p' per cycle 
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contraction 
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Figure 8.48 Contours of tangent mean effective stress as a function of qcyc and qmean at N = 100 defined as change in p' per cycle 

dilation 

contraction 
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 Figure 8.49 Contours of tangent mean effective stress as a function of qcyc and qmean at N = 1000 defined as change in p' per cycle

dilation 

contraction 
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Figure 8.50 Cyclic and backbone stiffness definition 

 

Figure 8.51 A stress-strain loop showing the mismatch of max and min values of q and ε 
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Figure 8.52 A set of cyclic stiffness degradation curves calculated for the same test taking 
into account the nonconformity of the minimum and maximum values of stress and strain  

 

Figure 8.53 Cyclic secant stiffness degradation curves with number of cycles at qm = -25kPa 
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Figure 8.54 Cyclic secant stiffness degradation curves with number of cycles at qm = 50kPa 

 

Figure 8.55 Cyclic secant stiffness degradation curves with number of cycles at qm = 125kPa 
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Figure 8.56 Cyclic secant stiffness degradation curves with number of cycles at qm = 200kPa 

 

Figure 8.57 Variation Eu
sec/p' with cyclic amplitude at N = 1, 10, 100 and 1000; qm=-25kPa 
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Figure 8.58 Variation of Eu
sec/p' with cyclic amplitude at N=1, 10, 100 and 1000; qm = 50kPa 

 

Figure 8.59 Variation of Eu
sec/p' with qcyc at N=1, 10, 100 and 1000; qm = 125kPa 
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Figure 8.60 Secant stiffness vs εcyc for qcyc = 10, 25, 50, 75, 100 and 150kPa at qm = -25kPa 

 

Figure 8.61 Secant stiffness vs εcyc for qcyc = 10, 25, 50, 75, 100 and 150kPa at qm = 50kPa 
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Figure 8.62 Secant stiffness vs εcyc for qcyc = 10, 25, 50, 75 and 100kPa at qm = 125kPa 

 

Figure 8.63 Secant stiffness vs εcyc for qcyc = 10kPa at qm = 200kPa 
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Figure 8.64 Damping ratios vs number of cycles from qm = -25kPa 

 

Figure 8.65 Damping ratios vs number of cycles at qm = 50kPa 
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Figure 8.66 Damping ratios vs number of cycles at qm = 125kPa 

 

Figure 8.67 Damping ratios vs number of cycles at qm = 200kPa 
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Figure 8.68 Cyclic stress-strain loops for specimen CB38KUC3.4_qm-25 at qcyc = 10kPa 

 

Figure 8.69 Cyclic stress-strain loops for specimen CB100KUC3.4_qm-25 at qcyc = 25kPa 
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Figure 8.70 Cyclic stress-strain loops for specimen CB100KUC3.4_qm-25 at qcyc = 50kPa 

 

Figure 8.71 Cyclic stress-strain loops for specimen CB38KUC3.4_qm-25 at qcyc = 75kPa 
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Figure 8.72 Cyclic stress-strain loops for specimen CB38KUC3.4_qm-25 at qcyc = 100kPa 

 

Figure 8.73 Cyclic stress-strain loops for specimen CB38KUC3.4_qm-25 at qcyc = 150kPa 
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Figure 8.74 Estimated εcreep if no cyclic loading were applied; CB38KUC3.4_qm-25_qc10 

 

Figure 8.75 Dissipated energy with number of cyclic for low amplitude tests 
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Figure 8.76 Dissipated energy vs N for medium amplitude tests 

 

Figure 8.77 Dissipated energy vs N for all cyclic tests from in-situ state 
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Figure 8.78 Dissipated energy vs N in log-log scale 

 

Figure 8.79 Cyclic secant stiffness curves normalised by mean effective stress 
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Failure 
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Figure 8.80 Eu
sec at N/Eu

sec at N=1 plotted against number of cycles 

 

Figure 8.81 Cyclic secant stiffness normalised by the maximum available during monotonic 
loading plotted against number of cycles  
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Figure 8.82 Cyclic stiffness curves normalised by mean effective stress vs cyclic strain 

 

Figure 8.83 Eu
sec at N/Eu

sec at N=1 plotted against cyclic strain 
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Figure 8.84 Backbone secant stiffness degradation for qcyc = 10kPa 

 

Figure 8.85 Backbone secant stiffness degradation for qcyc = 25kPa 
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Figure 8.86 Backbone secant stiffness degradation for qcyc = 50kPa 

 

Figure 8.87 Backbone secant stiffness degradation for qcyc = 75kPa 
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Figure 8.88 Backbone secant stiffness degradation for qcyc = 100kPa 

 

Figure 8.89 Backbone secant stiffness degradation for qcyc = 150kPa 
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Figure 8.90 Damping ratios against cyclic axial strains from qm = -25kPa 

 

Figure 8.91 Variation of mean axial strain with number of cycles at qm = -25kPa 
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Figure 8.92 Mean strain against number of cycles for qcyc = 10 and 25kPa 

 

Figure 8.93 Variation of mean axial strain with N at qm = -25kPa in semi-log scale 
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Figure 8.94 Variation of |εmean| with N at qm = -25kPa in log-log scale 

 

Figure 8.95 Variation of cyclic axial strain with number of cycles at qm = -25kPa 
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Figure 8.96 Variation of cyclic axial strain with N at qm = -25kPa in semi-log scale 

 

Figure 8.97 Variation of cyclic axial strain with N at qm = -25kPa in log-log scale 
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Figure 8.98 Δp' vs N for qcyc = 10 and 25kPa in a) natural and b) semi-log spaces 
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Figure 8.99 Δp' vs N for qcyc = 50 and 75kPa in a) natural and b) semi-log spaces 
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Figure 8.100 Δp' vs N for qcyc = 100 and 150kPa in a) natural and b) semi-log spaces 
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Figure 8.101 Variation of Δp' with number of cycles at qm = -25kPa in a) natural and b) semi-
log spaces 
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Figure 8.102 Change in deviatoric cyclic stress and pore-water pressure for N = 50 to 52 for 
qcyc = 150kPa, at in-situ conditions 

 

Figure 8.103 Change in deviatoric cyclic stress and mean effective stress for N = 50 to 52 for 
qcyc = 150kPa, at in-situ conditions 
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Figure 8.104 Variation of Δpwp with number of cycles at qm = -25kPa in a) natural and b) 
semi-log space 
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Figure 8.105 Y2 kinematic yield surfaces tracked from cyclic undrained tests with the 
associated Y3 cyclic yield points
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Figure 8.106 Comparison between Cowden till and Drammen clay (OCR=1) for the number of cycles to failure at Nf = 1, 10, 100 and 1000 
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Figure 8.107 Comparison between Cowden till and Drammen clay (OCR=4) for the number of cycles to failure at Nf = 1, 10, 100 and 1000 
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Figure 8.108 Comparison between Cowden till and Drammen clay (OCR=40) for the number of cycles to failure at Nf = 1, 10, 100 and 1000 
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Figure 8.109 Comparison between Cowden till and Drammen clay (OCR=4) for mean axial strain at N = 10 
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Figure 8.110 Comparison between Cowden till and Drammen clay (OCR=4) for cyclic axial strain at N = 10 
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Chapter 9: Summary and recommendations for future work 

The Author's research comprised advanced laboratory testing that contributed to the recent 

PISA Joint Industry Project. The PISA project's goal was to reduce the cost of wind turbines by 

developing better methods for designing laterally loaded monopiles to support wind turbine 

foundations, although the research is likely find a wider range of applications in both onshore 

and offshore engineering.The laboratory experiments were crucial to numerical modelling 

and interpretation of field tests on large diameter monopiles driven in low plasticity, highly 

overconsolidated, stiff glacial till at the Cowden site. The Author's main focus was on the 

mechanical behaviour of high quality samples taken at Cowden. The Author's research 

extended after the PISA project to investigate further aspects of the site profile and the 

Cowden till's stress-strain and shear strength behaviour. The experiments have been 

interpreted within the critical state framework. Particular emphasis was placed on the non-

linearity and pressure dependence of soil stiffness, as well as considering the till's stiffness 

anisotropy, sensitivity to strain rate and behaviour after shearing to very large strains and 

response to undrained cyclic loading. 

9.1 Summary and conclusions 

Ground profile 

The Cowden PISA site consists of 40m of glacial till underlain by chalk with two continuous 

sand-gravel layers within the top 25m. Cowden till is a silty-sandy glacial sediment located 

within of the Bolders Bank Formation. It shows considerable spatial variation. Fragments of 

sedimentary, igneous and metamorphic rocks with varying angularities are found in a finer 

matrix of clay, silt and fine sand. Pockets of soft material were found occasionally, indicating 

incorporation of the soft glacial bed material. The till was probably deposited during the 

Devensian or Wolstonian glaciations and has been subjected to shearing, erosion, 

remoulding, secondary transportation and subsequent re-compaction.  

The PISA piles penetrated to 10m depth and so the site investigation and the geotechnical 

characterisation concentrated in the top 12.0m which can be broadly divided into weathered 

and unweathered, by a colour change at around 4.8m. The top metre is soft to firm with sub-
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vertical fissures, probably due to extensive weathering and seasonal variations. The deeper 

till becomes stiffer with increasing stone content. There exists a stiff desiccated layer with 

frequent, predominantly vertical fissures between 1.5 and 3.0m and increased cobble 

content. Occasional vertical fissures are found in the stiff to hard till below, where the gravel 

and stone content was around 8%. 

Index properties 

Water contents are highest (around 28%) in the top 0.5m, decreasing to about 15% in the 

desiccated zone, and then rise to between 16.5% and 17.0% over the next ten metres. The 

liquid and plastic limits display similar variations, with clay contents around 30% over most of 

the profile. The bulk density increases from about 2.0Mg/m3 at 0.5m to 2.2 Mg/m3 at 2.0m 

and remains relatively constant with depth. The particle specific gravities vary between 2.72 

to 2.74. 

Static Cone Penetration Tests (CPTs) to 15m confirm the harder desiccated and fissured zone 

found between 1.5m and 3m, where qc values rise to about 4MPa. The CPT traces show their 

minimum (of around 2MPa) below the desiccated zone and then manifested a linear increase 

of 0.08MPa/m depth down to the first sand layer at 12.5m. 

The differences in the index and chemical properties of the upper, weathered, and lower, 

unweathered, Cowden profile are reflected in the compressional and shearing properties of 

the reconstituted and natural till. While the K0 compression curves of reconstituted lower till 

plot close together with an average compression slope (Cc*) of 0.231, the slope of the upper 

highly weathered till is steeper at 0.394. This behaviour is mirrored in the intrinsic critical 

state parameters λ*, κ* and v1* (defined in v-ln(p')). The compression curves of the natural 

till samples below 2.5m are closely comparable, reflecting the similar initial void ratios and 

index properties, with an average slope of 0.154, identified from the last portion of the 1-D 

curve. The upper, highly weathered, till on the other hand possesses initial void ratios which 

are twice as high and exhibits different behaviour, flattening at the end of the compression 

with an average slope of 0.247. The reconstituted till has noticeably higher swelling slopes 

than the natural till; these features are also reflected in the bulk modulus measurements 

made in triaxial tests. 
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Response to large strain shearing in triaxial and ring shear tests 

Undrained compression tests on both natural and high OCR reconstituted Cowden till indicate 

strain hardening, with specimens reaching well-defined deviator stress plateaux at strains of 

about 15 and 25% axial strain (ε) for reconstituted and natural material, undergoing bulging 

without strain localisation. The low OCR reconstituted till exhibited different styles of 

behaviour, with K0 consolidated specimens reaching their peak deviator stresses after 

relatively small strains. All compression tests tended to well defined critical state conditions 

after large strains with clear locations in the v-lnp' plane and MTXC = q/p' = 0.96 and 1.0 for 

the reconstituted and natural tills respectively (MTXC = 1.09 for the highly weathered upper 

1.5m), corresponding to φ'cs = 24.4º and 25.4º (φ'cs = 27.5° for the upper till). A similar ultimate 

φ'residual = 24.5º was found in soil-soil ring shear tests. Parallel interaface ring shear tests 

showed notably lower δ' values in tests against steel interfaces that resembled the PISA test 

piles. 

Extension tests developed necking after reaching their peak deviator stresses from around ε 

= 9% for reconstituted and 6% for natural till specimens. The extension undrained shear 

strengths were systematically lower than those in compression. Only nominal ultimate 

effective stress failure lines could be identified which corresponded to φ' angles of 20.2 and 

32º for the reconstituted and natural till cases respectively. 

Parallel testing on 38mm and 100mm diameter specimens indicated that sample size has little 

effect on undrained strength, although the heavily instrumented 100mm specimen and the 

finer control of the ''large'' cells led to approximately 30% higher initial Young's moduli (at 

strains of 0.001 and 0.01%). 

The influence of raising the mean effective stress was investigated with sets of tests from 

different depths. All tests showed the expected clear undrained strength moderate increase 

with increasing p' and for the stiffness to grow in proportion with p'0.5. Programmes of rate 

effect tests indicated a typical 6 - 7% gain in Su per ten fold change in strain rate. 
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Pre-failure stiffness behaviour 

The pre-failure stiffness and its anisotropy were investigated through locally instrumented 

triaxial tests on reconstituted and intact till combined with laboratoty and field shear wave 

velocity measurements. The pseudo-elastic ranges (or Y1 Kinematic Yield Surfaces) extended 

to between 0.003 and 0.004% axial strain with the reconstituted till and between 0.001% and 

0.002% for the natural till, which also exhibited a significant stiffness variability of ±25%, due 

mainly to the till's depositional environment. 

Dynamic shear wave velocity measurements made in the field and in the laboratory were in 

generally good agreement and bender element tests made in different directions indicate a 

typical Gvh/Ghh ratio of 1.10. However, the dynamic Gvh and Ghh values all indicate far higher 

shear stiffnesses than were interpreted from the undrained triaxial compression tests 

assuming isotropic stiffness, suggesting that the till's stiffness is in fact significantly 

anisotropic. 

Small strain drained and undrained triaxial probing tests indicated Young's modulus ratios 

E'h/E'v = 1.9 and Eu
h/ Eu

v = 1.75 respectively in tests on 2.0m deep samples while 12.0m 

specimens revealed E'h/E'v = 0.89 and Eu
h/Eu

v = 1.12. The shape and size of the elastic Y1 

kinematic yield surface was also established during drained probing and found to have an 

elliptical shape in q-p' space that extended vertically to ±1.20kPa and ±0.75kPa horizontally 

in samples taken at 2.0m depth. Experiments conducted with variable strain rates indicated 

a surprisingly marked influence with stiffness increasing by around 12% per log cycle rise in 

strain rate. 

Response to undrained cyclic loading 

The cyclic behaviour of Cowden till was investigated with 23 undrained, stress-controlled 

cyclic experiments on samples from 3.0 to 3.5m depth, which were all equipped with mid-

height pore-pressure probes and lubricated ends and were cycled with a period T = 5min. The 

cyclic response was shown to be fully stable when the effective stress paths remain inside the 

Y2 kinematic yield surface. Cycling inside the Y2 KYS causes micro-structural alterations at 

constant volume that allow the till to grow, sustain or recover its secant stiffness. The tests 

whose ESPs engaged the Y2 KYS but remained below the gross yielding Y3 point exhibited 
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metastable behaviour where cycling continuing to affect the soil response negatively, but 

without developing failure. Tests that engaged the cyclic Y3 surface underwent an effective 

stress path direction change after small number of cycles with cyclic failure ensuing shortly 

after. 

The cyclic loading experiments provided systematic results that allowed the construction of 

cyclic contour diagrams that illustrated how the interacting loading factors controlled the till's 

number of cycles to failure, accumulation of mean and cyclic strains and mean effective stress 

drift rates. The contour diagrams defined ''safe'' and ''unsafe'' zones as well as the conditions 

under which two distinct failure modes could be identified: ''abrupt failure'' and ''creep 

failure''. The tests in the ''safe'' zone exhibited post-cyclic Su values that were approximately 

20% larger than those applying before cycling. 

Effects of natural soil structure 

The Author's programmes of testing on natural and reconstituted specimens identified many 

key features of behaviour that could be synthesised and shown to be compatible when 

interpreted within the critical state framework. The natural and reconstituted soils exhibit 

only minor differences in their shearing response, from small to large strains and offered 

similar State Boundary Surfaces, reflecting the natural till's low sensitivity and lack of 

cementing. The most significant differences seen concern the swelling and bulk modulus 

characteristics, with the natural till being distinctly stiffer in this regard. 

However, comparisons drawn between the high YSR Cowden till and low OCR Drammen clay 

revealed the importance of geological history and soil composition. Cyclic tests on the two 

soils showed quite different patterns of behaviour, indicating that the Cowden till is less 

susceptible to cyclic loading and can sustain larger number of cycles under the same 

normalised loading conditions, proving less prone to strain accumulation and effective stress 

path migration. 
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9.2 Recommendations for future work 

The Author's work addressed Cowden till's mechanical behaviour under static and cyclic 

undrained conditions in a comprehensive programme of experiments. Nevertheless, several 

aspects still remain to be explored with further research. These include: 

1. More general investigation of the till's shear strength and stiffness anisotropy. As 

discussed in Section 6.4.4, Chapter 6: the triaxial apparatus is limited to exploring only 

two orientations of the major principal stress σ'1 with respect to the vertical which are 

accompanied by jump changes in the intermediate principal stress parameter b. 

Triaxial tests cannot capture fully the anisotropy of strength and stiffness under in-situ 

stress conditions, which requires other advanced equipment such as a Hollow Cylinder 

Apparatus (HCA). Such work is being undertaken by Liu (2018). Further triaxial tests 

can, however, be conducted to explore the cross-anisotropic elasticity in more detail. 

Only a limited investigation was attempted in the Author's work and additional tests 

are recommended to examine the till's elastic stiffness anisotropy in greater detail. 

2. Implementation of the results into foundation design procedures. While the PISA 

project team explored how the static test results may be incorporated into improved 

methods for monopile design under monotonic loading, the cyclic design process has 

yet to be developed fully. The Author's cyclic experiments were presented in this 

Thesis in terms of cyclic interaction diagrams following the framework proposed by 

(Andersen et al. 1988) and by predictive equations proposed to describe how 

permanent strains, damping and cyclic stiffness vary with the applied mean cyclic 

deviatoric stresses. The data reported in this Thesis should aid the development and 

testing of improved cyclic foundation analysis methods. 

3. Extending the cyclic laboratory programme to storm loading conditions. The Author's 

cyclic loading experiments involved regular stress-controlled loading patterns with 

relatively slow loading periods which may not be representative of offshore storm 

conditions, where the cyclic periods are usually less than 15s and the loading pattern 

is highly irregular. Experiments which test the impact of batches of irregular cycling at 

periods which are more representative of offshore conditions would clearly be of 

significant value, as would further regular cyclic loading tests that explored wider 

range of average (qm) and cyclic (qcyc) deviatoric stress conditions. 
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4. Investigation of the lateral loading cyclic response. Offshore wind farm monopiles, 

sustain considerable lateral and moment load cycles. Cyclic experiments that can 

replicate the directional nature of these paths in HCA or other equipment could 

establish whether the cyclic response of Bolders Bank till and similar soils may prove 

to be significantly anisotropic. 

5. A more detailed comparison between Cowden till and other benchmark soils. Such 

work would provide foundation engineers with greater insight into the special 

features of geomaterials such as the Bolders Bank glacial tills, which are widespread 

under the North Sea and are encountered in many UK sector offshore energy 

developments. 
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Appendix A  Pore-pressure response of Cowden till under 

cyclic conditions 

A.1  Introduction 

As discussed in Section 8.1.2, Chapter 8: the rough ends of the triaxial apparatus' base porous 

stone and the top cap act to resist radial soil movement at the boundaries, leading to stress 

and consequently pore pressure non-uniformities under static or cyclic loading, unless the 

loading is slow enough to allow pore pressure equilibration to occur. To overcome this 

problem lubricated ends were used in the Author's cyclic series which slowed down the base 

pore pressure response but reduced the non-uniformities. To investigate the pore-water 

pressure distribution during cyclic loading, three specimens were tested with lubricated ends 

and multiple miniature pore pressure probes in 100mm diameter cells from in-situ stresses 

at the same cyclic amplitude qcyc = 50kPa. 

A.2   Pore pressure tests' specifications 

Test pwp1 had two miniature pore pressure probes. The first (Probe 1) was positioned in the 

middle of the sample, which is the conventional position for 100mm diameter tests. The 

second (Probe 2) was mounted at a distance of 1/3 of the sample's height from the base, as 

shown in Figure A.1a). Both probes were in the middle third of the sample, where the stresses 

and strains should be relatively uniform, due to the adopted height (h) / diameter (d) ratio of 

two. The sample was cycled at a range of loading periods with different number of cycles at 

each period without allowing equilibration pauses between batches. The batches' loading 

periods (T) were 180min (f = 9.3x10-5Hz) for the first 39 cycles, 360min (f = 4.6x10-5Hz) for the 

next N = 24, 1080min (f = 1.5x10-5Hz) for 5 cycles, 6480min (f = 2.6x10-6Hz) for one cycles and 

finally T = 5min (f = 3.3x10-3Hz) for 278 cycles. The pore pressure response against number of 

cycles is presented in Figure A.2 (batches 1 to 4) and Figure A.3 (batch 5) along with the 

loading periods for each batch, shown in minutes.  

To further investigate the response and capture the pressure equilibration closer to the 

samples' ends tests qm-25qc50_pwp2 and pwp_3 were equipped with 3 probes. Transducers 

were mounted at a distance of 20mm from samples' top and bottom ends with one further 
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mid-height pore pressure probe in the middle as shown in Figure A.1b). The specimen was 

subjected to three batches of cyclic loading without equilibration pause periods between 

them. The loading period of batch 1 was 5min (f = 3.3x10-3Hz) for 870 cycles, followed by 313 

(batch 2) and 111 cycles (batch 3) at T = 10 and 30min (f = 1.6x10-3 and 5.5x10-4Hz) 

respectively. The results are presented in Figure A.4 (batch 1) and Figure A.5 (batch 2 and 3). 

The points at which the periods were changed are marked with arrows. Note that tests pwp2 

and pwp3 were identical, so only the results from pwp3 are presented. 

The pore-water pressures measured from the multiple probes and the base transducer are 

presented as the maximum and the minimum values recorded during individual cycles as well 

as the average of the two, defined as PWPaverage = (PWPmax + PWPmin)/2. The different 

transducers are represented by different colours.  

A.3   Results and conclusions 

The tests with multiple probes reveal that:  

(i) the differences between base and probe measurements at peaks and troughs only 

become small with T > 30min, although such high loading periods are not 

representative of offshore storm conditions where the return wave periods are in 

seconds. 

(ii) as the loading period was increased from 5 to 6480min the gap between the base 

and the mid-height measurements closed further tending to a possible threshold 

value where base and probe agree completely. 

(iii) the small difference seen between the multiple probe measurements made at T = 

5min suggest uniform pore-pressure distribution at this loading period and hence 

reliable measurements. 

(iv) the base measurements are not reliable for peaks and troughs at T < 30min but 

the mean values are the same as from the pressure probes at faster rates. 

(v) the presence of lubricated ends slows down the base response and increases the 

system compliance but reduces the non-uniformity caused by the rough platens. 

(vi) the mid-height pore-pressure probe represents real soil behaviour in the tests run at the 

maximum frequency achievable in the Author's tests. 
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Figure A.1 Position of the pore-pressure probes in the multi probe cyclic tests 

 

Figure A.2 Changes in pore pressures due to cycling as functions of N, with T = 180, 360, 
1080 and 6480min (batch 1 to 4) in sample qm-25qc50_pwp1, as measured in the middle 

third and at the base  
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Figure A.3 Cyclic changse in pore-water pressure measured in the middle third and the base 
of sample qm-25qc50_pwp1 at T = 5min (batch 5) 

 

Figure A.4 Cyclic changes in pore pressure measured at three locations at T=5min (batch 1) 
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Figure A.5 Cyclic changes in pore pressures at T=10 (batch 2) and 30min (batch 3) 
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Appendix B  The effect of cyclic loading frequency on the 

cyclic behaviour of Cowden till 

B.1  Introduction 

As presented in Chapter 6: the rate of shearing has a marked effect on the behaviour of 

Cowden till. To study further the influence of shearing rate and consider rate effects on cyclic 

behaviour, two additional slower experiments were performed, as listed in Table 8-1, from 

in-situ stresses with qcyc = 100 and 150kPa on 100mm diameter specimens from the 3.40m 

depth, cycled with periods of 120min (1.4x10-4Hz) for CB100KUC3.4_qm-25qc100_T and 

T=360min (4.6x10-5Hz) for CB100KUC3.4_qm-25qc150_T. The behaviour at different cyclic 

loading frequencies is presented in terms of pore-pressure response, effective stress paths 

and stress-strain behaviour. 

B.2   Pore-water pressure response 

Figure B.1 compares the average pore-water pressure development with number of cycles 

observed at T=5min and 120min at qcyc = 100kPa tests. While the specimens follow similar 

trends, up to 10kPa lower pore pressures are recorded in the slower test. Figure B.2 plots the 

T = 5 and 360min outcomes from tests at qcyc = 150kPa. Still more marked pore pressure 

reductions are seen in slower tests run at this amplitude. The pore pressure responses 

confirm that reducing cyclic frequency leads to more 'dilative' responses being seen in 

medium to high amplitude cyclic tests run from in-situ conditions. 

B.3   Effective stress paths 

The effective stress paths from the T = 5 and 120min tests with qcyc = 100kPa (qcyc/2Su = 0.4) 

are compared at the N = 1 and 10 stages in Figure B.3. The corresponding T = 5 and 360min 

with qcyc = 150kPa (qcyc/2Su = 0.6) ESPs for N = 1 and 9 are presented in Figure B.4. Also plotted 

are the M and Hvorslev surface lines established from static compression and extension 

experiments on lower till samples. In both tests the larger period caused broader effective 

stress cyclic loops to develop that travelled more extended sections parallel to the Hvorslev 

surface on the extension side. 
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B.4   Stress-strain behaviour 

The cyclic stress-strain relationships for tests with qcyc = 100kPa at T = 5 and 120min and qcyc 

= 150kPa at T = 5 and 360min are shown in Figure B.5 and Figure B.6, respectively. They reveal 

loops with larger area in the slower tests with significantly more pronounced S-shapes, 

rotated axes, higher energy dissipation, lower stiffness and larger permanent cyclic and mean 

strains. The energy dissipation evaluated from the stress-strain loops is presented in Figure 

B.7 and Figure B.8 for the qcyc = 100kPa and qcyc = 150kPa tests respectively.  

The corresponding mean permanent strains are presented inFigure B.9 and Figure B.10, while 

the cyclic strains are shown in Figure B.11Figure B.12. Slowing the cycling clearly leads to 

greater cyclic softening and permanent strain accumulation as well as failure after fewer 

cycles. Failure developed at Nf = 82 (defined as a combination of permanent mean and cyclic 

strains that often led to a membrane breach of the mid-height pore-pressure nipple) 

compared to the Nf = 236 in the slower and faster qcyc = 100kPa tests while only nine cycles 

were required in the slower qcyc = 150kPa test compared to 71 cycles at the equivalent 

standard (T = 5min) test. 

The variations in cyclic secant stiffness degradation with number of cycles are presented in 

Figure B.13 and Figure B.14, showing the lower stiffness at T = 120 and 360min compared to 

the equivalent T = 5min tests.  

The associated damping curves are presented in Figure B.15, showing similar shapes for all 

loading periods but the slower tests plot higher and to the right reflecting the larger energy 

losses and larger permanent strain accumulation.  

B.5   Conclusions 

The test results obtained with larger cyclic loading periods suggest that the Author's results 

at the standard T = 5min may underestimate the cyclic strength and stiffness and show larger 

permanent strain and damping ratios compared to those developed under offshore storm 

loading cases where the periods are likely to be shorter, generally less than 15 sec. 
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Figure B.1 Change in pore-water pressure with number of cycles at qcyc = 100kPa 

 

Figure B.2 Change in pore-water pressure with number of cycles at qcyc = 150kPa 

qcyc = 100kPa 

qcyc = 150kPa 
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Figure B.3 Cyclic ESP for qcyc = 100kPa at T = 5 and 120min 

 

Figure B.4 Cyclic ESP for qcyc = 150 at T = 5 and 360min 

qcyc = 100kPa 

 

qcyc = 150kPa 
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Figure B.5 Cyclic stress-strain loops for qcyc = 100kPa at T = 5 and 120min 

 

Figure B.6 Cyclic stress-strain loops for qcyc = 150kPa at T = 5 and 360min 

qcyc = 100kPa 

 

qcyc = 150kPa 
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Figure B.7 Dissipated energy during cyclic loading at qcyc = 100kPa; T = 5 and 120min 

 

Figure B.8 Dissipated energy during cyclic loading at qcyc = 150kPa; T = 5 and 360min 

qcyc = 100kPa 

qcyc = 150kPa 
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Figure B.9 Development of permanent mean strain at qcyc = 100kPa; T = 5 and 120min 

 

Figure B.10 Development of permanent mean strain at qcyc = 150kPa; T = 5 and 360min 

qcyc = 100kPa 

qcyc = 150kPa 
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Figure B.11 Development of cyclic strain at qcyc = 100kPa; T = 5 and 120min 

 

Figure B.12 Development of cyclic strain at qcyc = 150kPa; T = 5 and 360min 

qcyc = 100kPa 

qcyc = 150kPa 
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Figure B.13 Cyclic secant stiffness degradation with N; qcyc = 100kPa; T = 5 and 120min  

 

Figure B.14 Cyclic secant stiffness degradation with N; qcyc = 150kPa; T = 5 and 360min 
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qcyc = 150kPa 
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Figure B.15 Damping ratios for qcyc = 100 and 150kPa 
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Appendix C  Details of cyclic response under range of mean 

deviatoric stresses 

Chapter 8: summarised how the effects of undrained cycling were investigated considering a 

range of initial effective stress conditions that included tests conducted from the in-situ (qm 

= -25kPa) state expected from samples from 3.0 to 3.5m depth and also three higher qm values 

that explored the right hand section of the cyclic interaction diagram shown in Figure C.1. 

Details were given in Chapter 8: of the response seen in the qm = -25kPa tests and this 

Appendix provides similarly detailed information on the experiments that involved stress-

controlled undrained cycling from qm=50kPa, 125kPa and qm=200kPa and applied range of qcyc 

values. The cyclic stress-strain curves, normalised stiffness and damping ratio trends are 

reported. The development of permanent strains and mean effective stress with number of 

cycles are also described. 

C.1   Cyclic response at qm = 50kPa 

Six Cowden till specimens, CB100KUC3.4_qm50qc10, CB38KUC3.4_qm50qc25, 

CB100KUC3.4_qm50qc50, CB38KUC3.4_qm50qc75, CB38KUC3.4_qm50qc100 and 

CB38KUC3.4_qm50qc150 (listed in Table 8-1) were pre-sheared under stress-control at 

2kPa/h to qm = 50kPa (qm/2Su = 0.2) after allowing drained resting periods at their in-situ 

effective stresses. As with the qm = -25kPa tests six individual samples were then loaded at 

cyclic amplitudes of qcyc = 10, 25, 50, 75, 100 and 150kPa respectively, corresponding to 

qcyc/2Su = 0.04, 0.1, 0.2, 0.3, 0.4 and 0.6, after undrained resting was allowed until the creep 

rates decreased to less than 0.005% axial strain per day. The experiments were stress-

controlled, with lubricated ends, and employed 5min cyclic loading periods.  

C.1.1   Behaviour during stress-controlled shearing to qm = 50kPa 

Figure C.2 shows the stress-strain curves followed by the specimens during pre-shearing over 

37.5h to qm = 50kPa (qm/2Su = 0.2) showing non-linear curves that developed 0.2 ±0.07% 

strain, which grew by approximately 0.03% over the subsequent creep period. Also plotted, 

as a reference, is the deviatoric stress (q) – axial strain (ε) curve from sample 

CB100KUC3_45ML, a strain-controlled static test from the same depth that was conducted at 
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5% strain per day, around 38 times faster than the stress-controlled pre-shearing operations. 

The latter therefore accumulated larger permanent strains and lower stiffness than the 

standard monotonic tests, due to the marked rate dependency of stiffness, discussed in 

Chapter 7:. The cyclic test specimens did not follow a single final pre-shearing stress-strain 

curve, indicating the combined impact of natural variability of the Cowden till and testing 

scatter.  

Figure C.3 presents the Effective Stress Paths (ESPs) followed during pre-shearing from qm = -

25 to 50kPa along with the ESP from sample CB100KUC3_45ML. Three nominally identical 

38mm diameter specimens were pre-sheared from slightly different p'in-situ due to difficulties 

experienced with the axial ram pressure control for the 'small' diameter cell employed during 

consolidation to in-situ stresses. The samples exhibit modest p' increases between 0.7kPa to 

9.1kPa with an average value of 6.5kPa. The mean effective stress values at the start of cyclic 

loading are not identical and vary between 65.3 and 92.6kPa with an average value of 77.9kPa 

C.1.2  Cyclic stress-strain curves 

The cyclic stress strain loops developed at qm = 50kPa are presented in Figure C.4 to Figure 

C.9 for qcyc = 10, 25, 50, 75, 100 and 150kPa (qcyc/2Su of 0.04, 0.1, 0.2, 0.3, 0.4 and 0.6). The 

stress-strain behaviour is presented for cycles N = 1, 10, 100, 1000 and the last cycle 

performed for each specimen. The specimens all accumulated positive permanent strains and 

their stress-strain loops migrated to the right (positive axial straining) due to the proximity of 

the compression failure line. As expected the stress-strain drifts increased with amplitude and 

became N dependent as the ESP approached the Hvorslev surface.  

The low amplitude tests CB100KUC3.4_qm50qc10 and CB38KUC3.4_qm50qc25 are 

presented in Figure C.4 and Figure C.5 respectively. The shapes of their stress-strain loops 

changed through the tests with decreasing inscribed area and increasing inclination as N 

increased, indicating a decreasing energy loss and gain in stiffness with number of cycles, as 

discussed later. The apparent total permanent straining observed in the qcyc = 10 test (ε = 

0.019) is larger than that estimated due to residual creep strain pattern over the seven day 

cyclic test period (εcreep ≈ 0.01%), as shown in Figure C.10 , indicating that the accumulated 

permanent strains are due to cyclic loading and residual creep. The energy dissipated in 
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individual cycles, though, is of similar magnitude to that of the qcyc = 10kPa test at in-situ 

conditions and decreases with number of cycles suggesting that the Y2 might not have been 

engaged and the estimated creep strains might have been underestimated. The medium 

amplitude tests with qcyc = 50 and 75kPa, shown in Figure C.6 and Figure C.7, drift more to the 

right and reveal continuously changing q-ε loops towards larger areas and reducing 

inclinations with increasing number of cycles. As discussed in Section 8.3.1 this behaviour 

becomes more pronounced and significant at qcyc = 75kPa, when the effective stress path 

peaks extend well above the M line. The high amplitude cyclic tests, qcyc = 100 and 150kPa, 

are presented in Figure C.8 and Figure C.9. Both specimens fail, at Nf = 780 and 51 for qcyc = 

100 and 150kPa respectively. Marked stress-strain drifting is evident from the beginning of 

each test and increases in rate with N up to failure. The q-ε loop areas increase and move 

towards asymmetric S-shapes after only 10 cycles as the loops' clockwise rotation also 

progresses. The qm = 50kPa experiments show that, as with the cyclic tests conducted at in-

situ qm = -25kPa, the till's cyclic response becomes unstable once the Hvorslev surface is 

engaged, with p' changes, axial stain drifts and stiffness losses accumulating more rapidly. 

Figure C.11 to Figure C.13 present the dissipated energy per unit volume of soil as calculated 

from the area of each stress-strain loop for low, medium and high qcyc tests. The figures show 

that low qcyc tests dissipated little energy during cyclic loading, provided their effective stress 

paths remained inside the Y2 yielding surface, discussed in Chapter 8:, Section 8.3.1. The qcyc 

= 50kPa, whose ESPs crossed the M line, but fell below the Hvorslev surface, shows still 

decreasing energy losses with increasing N, confirming that stable behaviour is expected 

provided the effective stress path remains away from the gross yielding (Y3) point. The other 

medium amplitude test (qcyc = 75kPa) exhibited higher losses that rose with N but fell below 

3x10-1kJ/m3 per cycle. The high amplitude tests reveal far higher energy dissipation as well as 

continuously climbing rates of energy loss until failure. All of the tests' energy dissipated 

curves are re-plotted in Figure C.14. 
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C.1.3   Normalised stiffness degradation curves 

Normalised stiffness degradation with number of cycles 

The secant stiffness trends of the qm = 50kPa experiments (as defined in Figure 8.49) are 

plotted normalised by the average p' recorded during each cycle in Figure C.15. The low 

amplitude tests exhibit an 8% stiffness drop in the first 100 cycles followed by growth towards 

higher stiffness than was measured at N = 1. The tests were halted at N = 2588 and 2013. The 

low qcyc test results are compatible with the stress state remaining within the Y2 boundary 

showing negligible energy dissipation and stiffness growth with the number of cycles. As with 

the in-situ qm = -25kPa cyclic tests, loading to modest qcyc values seems to lead to particle re-

arrangement at constant volume that allow the till to grow, sustain or recover its secant 

stiffness. The medium amplitude tests, which cross the MJ boundary but remain within the Y3 

yield surface, show a continuous stiffness loss with number of cycles at a decreasing rate, in 

accordance with the energy dissipation plot (Figure C.14). The large amplitude tests (qcyc = 

100 and 150kPa) engage the Hvorslev surface and exhibited Y3 yielding, dissipating energy 

markedly which led to rapidly stiffness loss and failure at Nf = 780 and 52.   

The normalised secant stiffness Eu
sec/(Eu

sec at N=1) trends, presented in Figure C.16, show non-

linear, p', qcyc and N dependent behaviour which yields non-monotonic stiffness variations 

with number of cycles that cannot be quantified by the single, single parameter approach 

suggested by Vucetic and Dobry (1988).  

The cyclic secant stiffnesses from the qm = 50kPa experiments, normalised by the maximum 

Eu
sec available during monotonic TXC tests from the same depth, are plotted against number 

of cycles in Figure C.17. The qcyc = 10kPa test, which remains inside the Y2 yield surface, shows 

a maximum cyclic secant stiffness lower than the maximum Y1 seen at very small strain in the 

static test. The tests conducted with higher qcyc amplitudes manifest greater non-linearity and 

progressively lower cyclic stiffness.  

Normalised stiffness degradation with strains 

The cyclic stiffness trends for each qm = 50kPa test are normalised by p' and plotted against 

cyclic strains in Figure C.18, along with the secant stiffness curve from the monotonic TXC test 
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CB100KUC3.40_ML. The cyclic Eu
sec vs εcyc curves plot below the static curve at low to medium 

qcyc, flattening and re-joining the monotonic at high deviatoric amplitudes as the impact of 

non-linearity increases and the soil softens. The Eu
sec/(Eu

sec at N = 1) trends are plotted against 

cyclic strains in Figure C.19, showing a tendency for stiffness recovery at low amplitude and 

increasing stiffness loss with cyclic amplitude and number of cycles. 

The secant stiffness - strain trends evaluated over individual stress-strain cycles' backbone 

curves after N = 1, 10, 100, 1000 and also the last recorded cycle are presented in Figure C.20 

to Figure C.25 for the qcyc = 10, 25, 50, 100 and 150kPa cases are compared with the 

monotonic undrained secant stiffness. Considering the small strain cyclic loading loops from 

qcyc = 10 and 25kPa, shown in Figure C.20 and Figure C.21, the cyclic trends plot above the 

static curve up to N = 1000, suggesting a rate effect due to faster loading under cyclic shearing. 

At larger strains the backbone curves plot below the static relationship with a slight reduction 

at N = 1 and subsequent recovery with number of cycles. The cyclic loading curves at qcyc = 50 

and 75kPa, Figure C.22 and Figure C.23, show a reduction in the first 100 and 1000 cycles 

respectively followed by stabilisation with further cycling. The qcyc = 50kPa test's stiffness at 

small strains also exceeds the maximum static stiffness up to N = 1000, while at qcyc = 75kPa 

only the N = 1 backbone curve has small strain stiffnesses comparable to the static values. 

The stiffness drop and right hand shift of the backbone curves becomes marked with 

increasing amplitude, although at rates that decrease with the number of cycles. The highest 

amplitude tests reported in Figure C.24 and Figure C.25, reveal curves that decrease 

continuously with the number of cycles and re-join the static trend when ε ≥ 0.1%. 

C.1.4  Damping ratio with strains 

Figure C.26 presents the damping ratios, defined as the area of the stress-strain loop 

compared to the maximum elastic energy during each cycle, plotted against cyclic axial strain 

for the qm = 50kPa tests. The directions of movement are indicated by the arrows next to each 

family of plots. The low amplitude tests, qcyc = 10 and 25kPa, show a left-hand drift, reflecting 

decreasing energy dissipation and cyclic strains reducing with the number of cycles. The 

medium amplitude tests travel down and to the right and stabilise eventually. However, the 

more severe qcyc = 100 and 150kPa tests show damping ratios dropping initially before 

increasing sharply at yielding, marking U-shaped curves.  
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C.1.5  Permanent strain accumulation 

The accumulations of permanent average strain (defined in Figure 8.36) are presented with 

natural, semi-log and log-log axes in Figure C.27, Figure C.29 and Figure C.30. A zoomed-up 

plot of the low amplitude tests (qcyc = 10 and 25kPa), shown in Figure C.28, reveals a stable 

response at the end of the qcyc = 10kPa test and decreasing rates of εmean growth with N under 

cycling with qcyc = 25kPa. The medium amplitude tests show a continuous growth in average 

strain although again at rates that decrease with N and may tend towards stabilisation. 

However, the high amplitude tests show strain accumulation which accelerates towards the 

onset of failure. The high amplitude tests fail in compression with large average permanent 

strains. 

The cyclic mean strains, presented in Figure C.31 to Figure C.33 in natural, semi-log and log-

log planes, show highly non-linear trends that are sensitive to the qcyc amplitude and number 

of cycles. 

C.1.6  Mean effective stress changes 

The average mean effective stress changes during cyclic loading at low, medium and high 

amplitudes at qm = 50kPa are presented in Figure C.34 to Figure C.36 with paired plots 

employing natural and semi-log axes, followed by a summary plot in Figure C.38. The lowest 

amplitude test, qcyc = 10kPa, gained mean effective stress over its initial 1500 cycles followed 

by mild tendency to ''contract'', while the qcyc = 25kPa tended to ''dilate'' over the first 100 or 

so cycles before showing a ''contractive'' trend. The medium amplitude tests, qcyc = 50 and 

75kPa, gained mean effective stress over the first 100 and 10 cycles respectively, before 

changing to ''contractive'' behaviour. The high amplitude cyclic tests, qcyc = 100 and 150kPa, 

attempted to ''dilate'' over the first 3 and 2 cycles respectively before developing p' reduction, 

but this pattern reversed in the last 25 cycles before failure. The Δp' curves follow the same 

dilative pattern before manifesting sharp p' direction changes. Low and medium amplitude 

tests follow the ''contractive'' path at decreasing rates until the end of cyclic loading, while 

the high amplitude tests exhibit a second ''dilative'' phase before failure. The amount and rate 

of initial p' gain increases with qcyc, while the number of cycles at which p' changes direction 

decreases with qcyc. As in the in-situ (qm = -25kPa) tests at qcyc > 100kPa, the minimum and 
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maximum pore-water pressures do not correspond to the maximum and minimum mean 

effective stresses, as discussed in Section 8.3.5. The pore-water pressures measured during 

qm = 50kPa are also plotted in Figure C.38. 

C.2  Cyclic response at qm = 125kPa 

Five tests, CB38KUC3.4_qm125qc10, CB38KUC3.4_qm125qc25, CB100KUC3.4_qm125qc50, 

CB38KUC3.4_qm125qc75 and CB38KUC3.4_qm125qc100 were performed maintaining qm = 

125kPa to further explore the interactive diagram shown in Figure 8.1. The tests are listed in 

Table 8-1. The specimens were pre-sheared undrained in a stress-controlled manner at 

2kPa/h qm = -25kPa to qm = 125kPa (qm/2Su = 0.5) after being held for their drained creep 

periods at in-situ stresses. Cyclic amplitudes qcyc = 10, 25, 50, 75, 100 and 150kPa (qcyc/2Su = 

0.04, 0.1, 0.2, 0.3, 0.4 and 0.6) were applied keeping T = 5min after imposing undrained rest 

periods which extended until the creep rates decreased to less than 0.005% axial strain per 

day. 

C.2.1  Behaviour during stress-controlled shearing to qm = 125kPa 

Figure C.39 presents the stress-strain curves followed by the specimens during pre-shearing 

to qm = 125kPa (qm/2Su = 0.5). The q-ε curve from sample CB100KUC3_45ML is also plotted. 

Stress-controlled pre-shearing to qm = 125kPa took 75h, leading to an average strain rate of 

0.27%/day and larger strains accumulated than in the strain controlled monotonic static test, 

which reached qm = 125kPa in 4.3h. The samples did not follow a single stress-strain curve but 

show final points that spread by up to ± 0.3% from a mean value of about 0.9%. Also shown 

in Figure C.39 is the creep which developed at qm = 125kPa, which ranged from 0.15 to 0.33%, 

is 10 times more than that seen on pre-shearing to qm = 50kPa.  

Figure C.40 shows the effective stress paths followed during pre-shearing from in-situ stresses 

to qm = 125kPa together with the ESP from sample CB100KUC3_45ML. The initial conditions 

are more consistent than those in the case of qm = 50kPa. The specimens did not show the 

initial contractive behaviour seen in the faster monotonic tests and appeared more dilative 

from the beginning. The gain in mean effective stresses during pre-shearing varied from 

20.5kPa to 35.5kPa while Δp' amounted to 10.3kPa at qm = 125kPa in the monotonic test 
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CB100KUC3_45ML. The mean effective stresses continued changing slowly during the rest 

pause imposed at qm = 125kPa with further Δp' shifts of 0.5 to 1.5kPa. 

C.2.2  Cyclic stress strain curves 

The cyclic stress – axial strain loops from the qm = 125kPa tests are presented in Figure C.41 

to Figure C.45 for the qcyc = 10, 25, 50, 75 and 100kPa cases respectively considering cycles N 

= 1, 10, 100, 1000 and the last cycle performed on each specimen. Specimen 

CB38KUC1003.4_qm125qc100 failed after eight cycles, so the stress-strain loops are shown 

for N = 1, 4 and 8. The specimens accumulated positive permanent strains, with the loops 

migrating to the right due to the initial effective stress point's proximity of the compressive 

side of the Hvorslev surface and the mean strains increase systematically with qcyc. The low 

and medium amplitude tests, qcyc = 10kPa to 75kPa, presented in Figure C.41 to Figure C.44, 

shows drift to the right which grows with qcyc as well as narrowing q-ε loops and growing 

inclinations that indicate decreasing energy loss and increasing cyclic secant stiffness. Figure 

C.46 shows the estimated creep strains (εcreep = 0.04%) for the qcyc = 10kPa test, revealing 

overall permanent axial strains (εmean = 0.14%) than exceed those that could be associated 

with creep alone, indicating that the effective stress path probably engaged the Y2 surface, 

which appears to have shrunk as a consequence of its relocation by pre-shearing. However, 

the high amplitude qcyc = 100kPa test, Figure C.45, shows a continuous drift and widening of 

the q-ε loops, with both features increasing markedly with the number of cycles. 

Figure C.47 to Figure C.49 present the energy dissipated per unit volume of soil per cycle, 

calculated from the area of each stress-strain loop for low, medium and high qcyc experiments 

respectively. The low and medium amplitude tests show energy loss continuously decreasing 

with number of cycles. The qcyc = 100kPa test also shows a decreasing energy dissipation 

trends up to N = 5, followed by sharp change as the soil structure collapses and the effective 

stress paths heads towards the origin. The set of energy loss curves are brought together in 

Figure C.50, employing log-log axes. 
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C.2.3  Normalised stiffness degradation curves 

Normalised stiffness degradation with number of cycles 

The p' normalised cyclic stiffnesses from the qm = 125kPa experiments are shown in Figure 

C.51. The low amplitude qcyc = 10 and 25kPa tests show stiffness drops over the first 30 cycles, 

followed by recovery and continuous stiffness gain until the tests were stopped at N = 3500 

and 2005. In the medium amplitude case (qcyc = 50 and 75kPa), Eu falls over the first few cycles 

followed by increase in stiffness in the next 100 cycles and by semi-stabilisation as cycling 

continues. The stiffness trends are compatible with the dilative ESP drifts noted that move 

away from the Hvorslev surface, as shown in Figure 8.31 and Figure 8.32. However, the qcyc = 

100kPa test shows a trend for p' to reduce dramatically, which causes Eu
sec/p' to grow initially 

with N. 

The stiffness ratios (Eu
sec at N)/(Eu

sec at N=1) are plotted in Figure C.52, revealing highly non-

linear behaviour and trends which cannot be modelled by a single degradation parameter as 

proposed by Vucetic and Dobry (1988). The cyclic secant stiffnesses at qm = 125kPa is 

normalised by the maximum Eu
sec observed during monotonic loading in test 

CB100KUC3.40_ML and plotted against number of cycles in Figure C.53. The cyclic stiffnesses 

appear far smaller than the static values, partially due to the higher p' values applying to the 

pre-shearing cyclic test specimens. 

Stiffness degradation with strain 

The cyclic stiffness degradation curves, normalised by p', are shown in Figure C.54. The Eu
sec/p' 

curve from the monotonic TXC test CB100KUC3.40_ML is also plotted. At low amplitude the 

curves are non-monotonic, reflecting the initial stiffness drop and the subsequent gain as the 

cyclic strains diminish. At medium to high qcyc the curves gradually tend towards the static 

trend. The cyclic stiffness trends after normalisation by (Eu
sec at N=1) and plotted against cyclic 

strain in Figure C.55 show a tendency for stiffness to exceed the Eu
sec at N = 1 at low amplitude 

and show sharp losses at high qcyc. 

The backbone stiffness curves established through individual stress-strain loops for N = 1, 10, 

100, 1000 and the last recorded cycle are presented in Figure C.56 to Figure C.60 for tests at 
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qcyc = 10, 25, 50, 75 and 100kPa. The qcyc = 10kPa amplitude cyclic curves plot as a nest below 

the static trace. At qcyc = 25kPa the small strain backbone stiffness plots on top of the 

monotonic curve. At medium qcyc amplitudes the initial stiffnesses exceed the monotonic 

values for all N values, but fall below it when ε > 0.001% and re-join the static curve at larger 

strains. The high amplitude cyclic test exhibits stiffnesses which are initially well below the 

static and only re-joining it at ε > 1%. 

C.2.4  Damping ratios 

Figure C.61 presents the damping ratios plotted against cyclic axial strains for the qm = 125kPa 

cyclic tests. The low and medium amplitude tests, qcyc = 10 to 75kPa reveal curves which drop 

down and shift to the left, reflecting the energy dissipation and cyclic axial strains decreasing 

with the number of cycles. The high amplitude test follows the same trend to N = 5, followed 

by an abrupt change in direction on the onset of structural collapse. The arrows drawn next 

to curves indicate the directions of migration.  

C.2.5  Permanent strain accumulation 

The mean strains accumulated under qm = 125kPa cycling are presented with natural, semi-

log and log-log axes in Figure C.62 to Figure C.64. The low and medium amplitude tests reveal 

increasing permanent strains during the first 300 to 500 cycles followed by decreasing rates 

of accumulation, heading towards stabilization. Completely stable responses were not 

reached during the 2000 cycles imposed, but the trends suggest that a plateau might be 

attained after larger numbers of cycles. The high qcyc test showed a steady accumulation of 

strain with number of cycles before a dramatic acceleration on the onset of failure.  

The trends of decreasing cyclic axial strains against number of cycles are presented in Figure 

C.65 to Figure C.67 in natural, semi-log and log-log spaces. 

C.2.6  Mean effective stress changes 

The average mean effective stress changes recorded during low, medium and high amplitude 

cyclic tests with qm = 125kPa are presented in Figure C.68 to Figure C.72. A summary plot of 

all qcyc tests is provided in Figure C.73. Low and medium amplitude tests gain effective stresses 
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in the first 100 to 300 cycles followed by stabilisation under further cycling. The lowest 

amplitude test, qcyc = 10kPa, seems to become contractive after N = 1000 although the scatter 

caused by temperature variation may have overwhelmed the observations of true behaviour. 

The dilative tendency increased with cyclic amplitude, while the number of cycles at which 

semi-stable responses were observed decreased with amplitude. At qcyc = 100kPa the 

specimen attempted to dilate over the first 3 cycles followed by rapid p' reduction as failure 

approached. For completeness the pore-water pressures measured during the qm = 125kPa 

cyclic tests are plotted in Figure C.74. 

C.3  Cyclic response at qm = 200kPa 

One specimen, CB100KUC3.4_qm200qc10, was pre-sheared undrained in a stress-controlled 

manner at a rate of 5kPa/h (higher than the 2kPa/h imposed in the other qm series) to a mean 

deviatoric stress qm = 200kPa (qm/2Su = 0.8) over 45h (twice as long as the equivalent static 

monotonic strain-controlled test) and subjected to cyclic loading with qcyc = 10kPa at T = 5min 

after a creep period of 6 days was imposed. 

C.3.1  Behaviour during stress-controlled shearing to qm = 200kPa 

The stress-strain curve followed by specimen CB100KUC3.4_qm200qc10 are presented in 

Figure C.75, along with the static monotonic TXC test. The stress-strain curve from the pre-

shearing plots below the static test reflecting again a clear rate effect possibly combined with 

scatter related to the natural soil's inherent variability. The accumulated strain to reach qm = 

200kPa was 6.61% while the static test CB100KUC3_45ML generated 4.66% at this q value. 

Straining continued during the creep stage and added a further 1.73%. 

Figure C.76 shows the qm = 200kPa test's pre-shearing effective stress path along with that 

from the monotonic test CB100KUC3_45ML. The effective stress paths are close up to about 

q = 50kPa, after which the cyclic test specimen appeared to follow a more dilative path. During 

the rest pause the specimen continued to shift further to the right, with p' increasing by 

7.0kPa. 
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C.3.2  Cyclic stress-strain curves 

The cyclic stress-strain loops observed under cycling with qcyc = 10kPa after 1, 10, 100, 1000 

and 2025 cycles are presented in Figure C.78, showing the loops' migration to the right by 

1.08% and exceeding significantly the contribution that any continuing creep straining might 

have made in this case (εcreep = 0.28%). It appears that engaging the Y2 yield surface and 

relocating its position by pre-shearing shrinks its size. Despite the apparent Y2 yielding, the 

energy dissipated per cycle remains low and decreased with the number of cycles, as shown 

in Figure C.79. 

C.3.3  Normalised stiffness degradation 

Normalised stiffness degradation with number of cycles 

The variation of cyclic secant stiffness normalised by the current mean effective stress p' is 

presented against number of cycles in Figure C.80. The Eu
sec/p' drops modestly by 9% over the 

first 200 cycles but this is succeeded by continuous increases until the test was stopped at N 

= 2025. 

The stiffness ratio Eu
sec at N/Eu

sec at N=1 is plotted against number of cycles in Figure C.81. The 

specimen exhibited a 5% drop from Eu
sec at N=1 in the first 200 cycles followed by a 25% gain 

in comparison to Eu
sec at N = 1. The cyclic secant stiffnesses normalised by the maximum Eu

sec 

available during monotonic loading, shown in Figure C.82, reveals an initial 20% drop and an 

almost a complete recovery when the test was terminated. 

Stiffness degradation with strains 

The p' normalised cyclic stiffness degradation is plotted against cyclic strains in Figure C.83 

along with the monotonic Eu
sec/p' from test CB100KUC3_45ML. The stiffness ratio Eu

sec at 

N/Eu
sec at N=1 plotted against cyclic strains in Figure C.84 shows a left-hand side drift and gain 

in stiffness. 

The backbone stiffness curves recorded over individual loops after 1, 10, 100, 1000 and 2025 

cycles at qcyc = 10kPa are presented in Figure C.85. They reveal stiffnesses that plot above the 
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static curve at all strains, except for the N = 100 case at very small strains which may reflect 

the experimental scatter. 

C.3.4  Damping ratio 

Figure C.86 shows the damping ratio variation with cyclic axial strain, revealing decreasing 

dampings and cyclic axial strains that reflect decreasing energy loss and cyclic strains as 

cycling continues. 

C.3.5  Permanent strain accumulation 

The permanent average strains developed under cycling are presented against number of 

cycles with natural and log-log scales in Figure C.87 and Figure C.88. The mean strains 

accumulate continuously, but at decreasing rates with number of cycles, reaching 1.09% at N 

= 2025, when the test was stopped. A fully stable εmean – N relationship was not reached, 

although the specimen may have been heading towards a plateau that might have developed 

after larger numbers of cycles. 

The variation of cyclic axial strains with number of cycles is presented in Figure C.89 and Figure 

C.90 in natural and semi-log scales, showing an increase of 8% in the first 100 cycles followed 

by a continuous decrease with N, that match the cyclic stiffness trend outlined above. 

C.3.6  Mean effective stress changes 

The change in the average mean effective stresses recorded at qm = 200kPa are presented in 

Figure C.91 and Figure C.92 with natural and semi-log axes. The plots show increasing mean 

effective stresses over the first 1000 cycles followed by semi-stabilisation. Only slight 

apparent p' decreases were recorded over the test's last 500 cycles. 
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Figure C.1 Cyclic stress space with static failure, M, lines at p' = 67kPa defined in qcyclic - qmean and qcyclic/2Su - qmean/2Su space
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Figure C.2 Stress-strain behaviour during pre-shearing at qm = 50kPa 

 

Figure C.3 Effective stress paths during pre-shearing at qm = 50kPa 

Strain-controlled 
Stress-controlled 
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Figure C.4 Cyclic stress-strain loops for specimen CB100KUC3.4_qm50 at qcyc = 10kPa 

 

Figure C.5 Cyclic stress-strain loops for specimen CB38KUC3.4_qm50 at qcyc = 25kPa 
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Figure C.6 Cyclic stress-strain loops for specimen CB100KUC3.4_qm50 at qcyc = 50kPa 

 

Figure C.7 Cyclic stress-strain loops for specimen CB38KUC3.4_qm50 at qcyc = 75kPa 
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Figure C.8 Cyclic stress-strain loops for specimen CB38KUC3.4_qm50 at qcyc = 100kPa 

 

Figure C.9 Cyclic stress-strain loops for specimen CB38KUC3.4_qm50 at qcyc = 150kPa 
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Figure C.10 Estimated εcreep if no cyclic loading were applied; CB100KUC3.4_qm50_qc10 

 

Figure C.11 Dissipated energy with number of cyclic for low amplitude tests 

End of creep           

Start of cyclic loading 

Time for cyclic loading Creep time 

Estimated εcreep ≈ 0.010%       

if no cyclic loading were 

applied 
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Figure C.12 Dissipated energy with number of cyclic for medium amplitude tests 

 

Figure C.13 Dissipated energy with number of cyclic for high amplitude tests 

Failure 
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Figure C.14 Dissipated energy with N for all cyclic tests at qm = 50kPa 

 

Figure C.15 Cyclic secant stiffness curves normalised by mean effective stress at qm = 50kPa 

Failure 
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Figure C.16 Eu
sec at N/Eu

sec at N=1 plotted against number of cycles at qm = 50kPa 

 

Figure C.17 Cyclic secant stiffness normalised by the maximum Eu
sec available during 

monotonic loading plotted against number of cycles at qm = 50kPa 
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Figure C.18 Cyclic stiffness normalised by mean effective stress vs cyclic strain at qm = 50kPa 

 

Figure C.19 Eu
sec at N/Eu

sec at N=1 plotted against cyclic strain at qm = 50kPa 
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Figure C.20 Backbone secant stiffness degradation curves for qcyc = 10kPa at qm = 50kPa 

 

Figure C.21 Backbone secant stiffness degradation curves for qcyc = 25kPa at qm = 50kPa 

qcyc = 10kPa 

qcyc = 25kPa 
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Figure C.22 Backbone secant stiffness degradation curves for qcyc = 50kPa at qm = 50kPa 

 

Figure C.23 Backbone secant stiffness degradation curves for qcyc = 75kPa at qm = 50kPa 

qcyc = 50kPa 

qcyc = 75kPa 
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Figure C.24 Backbone secant stiffness degradation curves for qcyc = 100kPa at qm = 50kPa 

 

Figure C.25 Backbone secant stiffness degradation curves for qcyc = 150kPa at qm = 50kPa 

qcyc = 100kPa 

qcyc = 150kPa 
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Figure C.26 Damping ratios against cyclic axial strains at qm = 50kPa 

 

Figure C.27 Variation of mean strain with N at qm = 50kPa 
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Figure C.28 Mean strains against number of cycles for qcyc = 10 and 25kPa at qm = 50kPa 

 

Figure C.29 Variation of mean strain with N at qm = 50kPa in semi-log scale 
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Figure C.30 Variation of mean strain with N at qm = 50kPa in log-log scale 

 

Figure C.31 Variation of cyclic strain with number of cycles at qm = 50kPa 

m=0.33 

m=0.20 

m=0.23 

m=0.31 

m=0.62 

m=0.38 
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Figure C.32 Variation of cyclic strain with N at qm = 50kPa in semi-log scale 

 

Figure C.33 Variation of cyclic strain with N at qm = 50kPa in log-log scale 



 
 

C-31 
 

 

 

Figure C.34 Change in p' with N for qcyc = 10 and 25kPa at qm = 50kPa in a) natural and b) 
semi-log scale 

a) 

b) 
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Figure C.35 Change in p' with N for qcyc = 50 and 75kPa at qm = 50kPa in a) natural and b) 
semi-log scale 

a) 

b) 
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Figure C.36 Change in p' with N for qcyc = 100 and 150kPa at qm = 50kPa in a) natural and b) 
semi-log scale 

a) 

b) 

) 
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Figure C.37 Change in mean effective stress with N at qm = 50kPa in semi-log scale 

 

Figure C.38 Change in pore pressure with N at qm = 50kPa in semi-log scale 



 
 

C-35 
 

 

Figure C.39 Stress-strain behaviour during pre-shearing to qm = 125kPa 

 

Figure C.40 Effective stress paths during pre-shearing to qm = 125kPa 

Strain-controlled 

Stress-controlled 
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Figure C.41 Cyclic stress-strain loops at qcyc = 10kPa; qm = 125kPa 

 

Figure C.42 Cyclic stress-strain loops at qcyc = 25kPa; qm = 125kPa 
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Figure C.43 Cyclic stress-strain loops at qcyc = 50kPa; qm = 125kPa 

 

Figure C.44 Cyclic stress-strain loops at qcyc = 75kPa; qm = 125kPa 
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Figure C.45 Cyclic stress-strain loops at qcyc = 100kPa; qm = 125kPa 

 

Figure C.46 Estimated εcreep if no cyclic loading were applied; CB38KUC3.4_qm125qc10 

End of creep           

Start of cyclic loading 

Time for cyclic loading Creep time 

Estimated εcreep ≈ 0.04% if no 

cyclic loading were applied 
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Figure C.47 Dissipated energy with number of cyclic for low amplitude tests; qm = 125kPa 

 

Figure C.48 Dissipated energy with N for medium amplitude tests; qm = 125kPa 
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Figure C.49 Dissipated energy with number of cyclic for qcyc = 100kPa test; qm = 125kPa 

 

Figure C.50 Dissipated energy vs N for all cyclic tests at qm = 50kPa 

Failure 
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Figure C.51 Cyclic secant stiffness curves normalised by p' at qm = 125kPa 

 

Figure C.52 Eu
sec at N/Eu

sec at N=1 plotted against number of cycles at qm = 125kPa 
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Figure C.53 Cyclic secant stiffness normalised by the maximum Eu
sec available during 

monotonic loading plotted against number of cycles at qm = 125kPa 

 

Figure C.54 Cyclic stiffness normalised by p' vs cyclic strain at qm = 125kPa 
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Figure C.55 Eu
sec at N/Eu

sec at N=1 plotted against cyclic strain at qm = 125kPa 

 

Figure C.56 Backbone stiffness degradation curves for qcyc = 10kPa at qm = 125kPa 

qcyc = 10kPa 

rise followed by a drop 
drop followed by a rise 
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Figure C.57 Backbone stiffness degradation curves for qcyc = 25kPa at qm = 125kPa 

 

Figure C.58 Backbone stiffness degradation curves for qcyc = 50kPa at qm = 125kPa 

qcyc = 25kPa 

qcyc = 50kPa 
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Figure C.59 Backbone stiffness degradation curves for qcyc = 75kPa at qm = 125kPa 

 

Figure C.60 Backbone stiffness degradation curves for qcyc = 100kPa at qm = 125kPa 

qcyc = 75kPa 

qcyc = 100kPa 
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Figure C.61 Damping ratios against cyclic axial strains at qm = 125kPa 

 

Figure C.62 Variation of mean strain with N at qm = 125kPa in natural scale 

qcyc = 100kPa test 
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Figure C.63 Variation of mean strain with N at qm = 125kPa in semi-log scale 

 

Figure C.64 Variation of mean strain with N at qm = 125kPa in log-log scale 

m=0.51 

m=0.27 

m=0.17 

m=0.20 
m=0.39 
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Figure C.65 Variation of cyclic strain curves with N at qm = 125kPa in natural plane 

 

Figure C.66 Variation of all cyclic strain curves with N at qm = 125kPa in semi-log plane 

qcyc = 100kPa test 
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Figure C.67 Variation of all cyclic strain curves with N at qm = 125kPa in log-log plane 

 

Figure C.68 Change in p' with number of cycles for qcyc = 10 and 25kPa at qm = 125kPa 
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Figure C.69 Change in p' with N for qcyc = 10 and 25kPa at qm = 125kPa in semi-log scale 

 

Figure C.70 Change in p' with number of cycles for qcyc = 50 and 75kPa at qm = 125kPa 
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Figure C.71 Change in p' with N for qcyc = 50 and 75kPa at qm = 125kPa in semi-log scale 

 

Figure C.72 Change in p' with number of cycles for qcyc = 100kPa at qm = 125kPa 
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Figure C.73 Change in p' with N for all cyclic amplitudes at qm = 125kPa 

 

Figure C.74 Change in pore pressure with N for all cyclic amplitudes at qm = 125kPa 
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Figure C.75 Stress-strain behaviour during pre-shearing to qm = 200kPa 

 

Figure C.76 Effective stress paths during pre-shearing to qm = 200kPa 

Strain-controlled 

Stress-controlled 
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Figure C.77 Estimated εcreep if no cyclic loading were applied; CB100KUC3.4_qm200qc10 

 

Figure C.78 Cyclic stress-strain loops at qcyc = 10kPa; qm = 200kPa 

Creep period Time for cyclic loading 

Estimated εcreep ≈ 0.28% if no 

cyclic loading were applied 

End of creep           

Start of cyclic loading 
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Figure C.79 Dissipated energy with number of cyclic for low amplitude tests; qm = 200kPa 

 

Figure C.80 Cyclic secant stiffness curves normalised by p' at qm = 200kPa 
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Figure C.81 Eu
sec at N/Eu

sec at N=1 plotted against number of cycles at qm = 200kPa 

 

Figure C.82 Cyclic secant stiffness normalised by the maximum Eu
sec available during 

monotonic loading plotted against number of cycles at qm = 200kPa 
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Figure C.83 Cyclic stiffness normalised by p' vs cyclic strain at qm = 200kPa 

 

Figure C.84 Eu
sec at N/Eu

sec at N=1 plotted against cyclic strain at qm = 200kPa 

Direction of movement 

Direction of movement 
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Figure C.85 Backbone stiffness degradation curves for qcyc = 10kPa at qm = 200kPa 

 

Figure C.86 Damping ratios against cyclic axial strains at qm = 200kPa 
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Figure C.87 Mean strains against number of cycles for qcyc = 10kPa at qm = 200kPa 

 

Figure C.88 Mean strains vs N for qcyc = 10kPa in semi-log scale at qm = 200kPa 
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Figure C.89 Cyclic strains against number of cycles for qcyc = 10kPa at qm = 200kPa 

 

Figure C.90 Cyclic strains vs N for qcyc = 10kPa in semi-log scale at qm = 200kPa 
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Figure C.91 Change in p' with number of cycles for qcyc = 10kPa at qm = 200kPa 

 

Figure C.92 Change in p' with N for qcyc = 10kPa at qm = 200kPa in semi-log scale 
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Appendix D  Post cyclic undrained shear strength 

D.1  Introduction  

In order to investigate the effect of cyclic loading on the Cowden till's ultimate static 

(monotonic) shear strength (Su) and stiffness specimens that had survived low and medium 

amplitude cycling, were subjected to undrained shearing to failure, at the standard 5%/day 

shearing rate. All the high amplitude tests underwent cyclic failure, making any post-cyclic 

static loading checks impossible. Before starting the post-cyclic shearing stages, all specimens 

were left to rest undrained for 12 to 24 hours after cycling before being sheared. However, 

time constraints led to the tests being undertaken without imposing the usual (and more 

rigorous) rate criteria. 

D.2  Stress-strain behaviour 

The stress-strain curves followed by the specimens during cyclic loading and post-cyclic static 

loading at qm = -25kPa (in-situ stresses) are shown in Figure D.1 and Figure D.2. The strains 

accumulated during cycling are shown as straight lines at the lower end of the figures. No 

post-cyclic static test was performed on specimens subjected to qcyc = 75kPa. After cyclic 

loading the specimens exhibited steep (stiff) initial stress-strain curves, followed by flattening 

and convergence towards the static stress-strain curve. The specimens all exhibited ductile, 

strain hardening behaviour and reached a plateau after approximately 20% straining.  Test 

CB100KUC3.4_qm-25qc50 (conducted after qcyc = 50kPa) was sheared to only 10% axial strain 

as the membrane ripped close to the pore-pressure probe's nipple.  The ultimate undrained 

strength ranged between 135 and 160kPa, exceeding that from the in-situ static monotonic 

test CB100KUC3.40_ML (Su = 130.5kPa) but falling within the upper range exhibited by some 

other 38mm and 100mm diameter tests from 3.0 to 4.0 m depth, which gave Su values 

between 135 and 165kPa. Low and medium amplitude cyclic loading did not reduce the 

monotonic post-cyclic Su which appear to be controlled fundamentally by void ratio (water 

content). 

Figure D.3 and Figure D.4 show the pre-shearing, cyclic and post-cyclic stress-strain 

relationships for cyclic tests with qm = 50kPa with natural and semi-log axes. Test 
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CB100KUC3.4_qm50qc50, qcyc = 50kPa, was halted at an axial strain ε < 5% due again to 

membrane leakage. These experiments also show steep stress-strain curves at the start of 

shearing, which steepen with the level of cyclic amplitude applied before shearing to failure, 

followed by flattening. The Su ranges from 146 to 166kPa plotting well above the static test 

CB100KUC3.40_ML and towards the upper bound exhibited by other samples from a similar 

depth, indicating no negative influence of cyclic loading on the ultimate monotonic undrained 

strength.  

The qm = 125kPa test specimens followed the stress-strain curves plotted in Figure D.5, 

revealing once again steeply rising deviatoric stresses, exceeding the static test limit, before 

flattening to reach ultimate strength. This extent of the initially steep portion was amplified 

again by qcyc. All tests, apart from that with qcyc = 10kPa, tended to converge to the same 

ultimate stress-strain curve with Su = 163kPa, which exceeds that from the closest monotonic 

test specimen CB100KUC3.40_ML, cut from Block F3, but falling close to the upper bound 

shown by other experiments from 3.0 to 4.0m depth. 

Figure D.6 presents the stress-strain curve from test CB100KUC3.4_qm200qc10. The 

specimen reveals the same initial steep q-ε behaviour as the other cyclic tests but plots just 

below the static test. The post-cyclic experiments at varying qm values show that the applied 

cycling did not degrade the ultimate monotonic undrained strength: all specimens could reach 

the upper bound of Su shown by ''fresh'' static tests without prior cyclic loading. 

D.3  Normalised stress-strain behaviour 

Figure D.7 to Figure D.10 present the variation is stress ratio q/p' against axial stain followed 

by specimens tested from qm values between -25 to 200kPa. Also plotted in the figures is the 

average static q/p' = 1.0 failure line defined by static compression tests on the lower till. The 

normalised curves at qm = -25 and 50kPa flatten and reach the failure q/p' = 1.0 line at axial 

strains larger than 25%. Only two of the five qm = 125 and 200kPa specimens could be sheared 

to strains larger than 20%, and these terminated at q/p' = 1.04, slightly higher than the static 

failure ratio, although the trends appeared to be still decreasing when halted.  
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D.4  Effective stress paths 

The effective stress paths for the post-cyclically sheared specimens are presented in Figure 

D.11 to Figure D.14 for qm = -25, 50, 125 and 200kPa respectively, along with the static M 

failure line from compression tests on the lower Cowden till. The ESP from specimen 

CB100KUC3.40_ML is also plotted as a reference. The ESPs after cyclic loading at qm = -25and 

50kPa show contraction at the start of shearing succeeded by a marked change in the stress 

path direction, climbing steeply to yield and bend to the right towards ultimate failure. The 

tests sheared to more than 20% axial strain reach the M line while the other tests appeared 

to have required further straining to reach the critical state. The qm = 125kPa tests show final 

shearing effective stress paths that rise steeply until they yield and bend to the right towards 

the CSL, with the initial steep climb increasing with qcyc. The tests exhibit larger yielding 

stresses, possibly due to some micro-structural alternations. Although two of the four 

specimens were sheared to ε > 25% they terminated at different ultimate points, reflecting 

perhaps natural variability or possibly some local drainage due to stress non-uniformity. The 

only qm = 200kPa cyclic test was sheared to less than 15% axial strain leading to its final point  

falling short of its critical state line. 

D.5  Post-cyclic stiffness 

The soil stiffness available after cyclic loading was investigated by comparing the post-cyclic 

Eu
sec static stiffness – axial strain curves with those from the monotonic test 

CB100KUC3.40_ML. The stiffness degradation curves at qm = -25 to 200kPa are presented in 

Figure D.15 to Figure D.18 respectively. At qm = -25 and 50kPa the post-cyclic stiffness curves 

plot close to each other and show approximately 20% less stiffness at 0.001% axial strain than 

the monotonic reference before increasing to 30% at 0.1% and finally converge to the static 

at ε > 1% strain. Low and medium amplitude cyclic loading does not appear to have a major 

impact on undrained compression stiffness. The post-cyclic maximum Eu
sec from cyclic tests 

at at qm = 125 with qcyc = 10 and 25kPa is similar to that from the static test, while at 

amplitudes of 50 and 75kPa as well as at qm = 200kPa the Eu
sec at 0.001% appears about 25% 

higher the static. All post cyclic stiffness curves seem to drop slightly below the static curves 

at 0.1% axial strain before rising to exceed it at larger strains. Post-cyclic stiffness appears to 
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benefit from high level cycling due possibly to the ''dilation'' and/or some micro-structural 

processes developing during cycling.
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Figure D.1 Stress-strain curves from low and medium qcyc tests at qm = -25kPa 

 

Figure D.2 Stress-strain curves from low and medium qcyc tests at qm = -25kPa (Zoomed from 
Figure D.1) 

Accumulated strains 

during cyclic loading, 

zoomed in Figure D.2 
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Figure D.3 Stress-strain curves from low and medium qcyc tests at qm = 50kPa 

 

Figure D.4 Semi-log stress-strain curves from low and medium qcyc tests at qm = 50kPa 

Accumulated strains 

during cyclic loading 

Accumulated strains 

during cyclic loading 
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Figure D.5 Stress-strain curves from low and medium qcyc tests at qm = 125kPa 

 

Figure D.6 Stress-strain curves from low qcyc tests at qm = 200kPa 

Accumulated strains 

during cyclic loading 

Accumulated strains 

during cyclic loading 
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Figure D.7 Normalised post-cyclic stress-strain behaviour at qm = -25kPa 

 

Figure D.8 Normalised post-cyclic stress-strain behaviour at qm = 50kPa 

Cyclic loading 
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Figure D.9 Normalised post-cyclic stress-strain behaviour at qm = 125kPa 

 

Figure D.10 Normalised post-cyclic stress-strain behaviour at qm = 200kPa 

Changes due to 

cyclic loading 

Changes due to 

cyclic loading 
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Figure D.11 Post-cyclic effective stress paths at low and medium qcyc; qm = -25kPa 

 

Figure D.12 Post-cyclic effective stress paths at low and medium qcyc; qm = 50kPa 
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Figure D.13 Post-cyclic effective stress paths at low and medium qcyc; qm = 125kPa 

 

Figure D.14 Post-cyclic effective stress paths at low qcyc; qm = 200kPa 
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Figure D.15 Post-cyclic stiffness degradation curves at qm = -25kPa 

 

Figure D.16 Post-cyclic stiffness degradation curves at qm = 50kPa 
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Figure D.17 Post-cyclic stiffness degradation curves at qm = 125kPa 

 

Figure D.18 Post-cyclic stiffness degradation curves at qm = 200kP 
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Appendix E  Comparison between measured and predicted 

average axial strain 

As discussed in Chapter 8:, Section 8.2.3, the variation of average axial strains with number 

of cycles plots approximately as straight lines in log-log space, for all metastable tests and also 

stable tests to the point at which their straining ceases, or unstable tests until their final 

stages, allowing power law functions in the form of Eq. (E-1) to be fitted. It was noticed that 

the exponent B did not vary significantly or systematically with qcyc and qm and has an average 

value of 0.3. On the other hand the parameter A was seen to increase non-linearly with qcyc 

leading to three separate log-log plots of A vs qcyc for each qm value allowing Eq. (E-2) to be 

derived with different values for a and b. Then the parameters a and b from Eq. (E-2) were 

plotted in a semi-log space, due to the negative value of qm at in-situ stress, leading to Eq. (E-

3) and Eq. (E-4), respectively, adding up to four equations which allow the accumulation of 

mean axial strains with number of cycles to be predicted for different qcyc and qm 

combinations. Eq. (E-1) to Eq. (E-4) are the same as Eq. (8.1) to Eq. (8.4) and are shown below 

for completeness. 

The ability of Eq. (8.1) to Eq. (8.4) to predict the accumulation of mean axial strain with the 

number of cycles for different qcyc and qm combinations is demonstrated below. The 

calculated values are compared with those measured in the laboratory for N = 1, 10, 100 and 

1000 under cyclic lading amplitude qcyc = 10, 25, 50, 75, 100 and 150kPa at deviatoric stresses 

qm = -25 (Figure E.1 to Figure E.4), 50 (Figure E.5 to Figure E.8) and 125kPa (Figure E.9 to Figure 

E.12). The predictions are generally good with some significant deviation at qm = 50kPa for N 

= 1 (see Figure E.5), qm = 50kPa for N = 1000 (see Figure E.8) and qm = 125kPa for N = 1 (see 

Figure E.9) 

 휀 = 𝐴(𝑁)𝐵 Eq. (E-1) 

 
𝐴 = 𝑎 (

𝑞𝑐𝑦𝑐

𝑝′0
)
𝑏

 Eq. (E-2) 
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𝑎 = 0.075𝑒

2.34[
𝑞𝑚
𝑝′0

]
 Eq. (E-3) 

 
𝑏 = 2.06𝑒

0.21[
𝑞𝑚
𝑝′0

]
 Eq. (E-4) 
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Figure E.1 Measured and predicted mean axial stains with qcyc at N = 1 for qm = -25kPa 

 

Figure E.2 Measured and predicted mean axial stains with qcyc at N = 10 for qm = -25kPa 
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Figure E.3 Measured and predicted mean axial stains with qcyc at N = 100 for qm = -25kPa 

 

Figure E.4 Measured and predicted mean axial stains with qcyc at N = 1000 for qm = -25kPa 
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Figure E.5 Measured and predicted mean axial stains with qcyc at N = 1 for qm = 50kPa 

 

Figure E. 6 Measured and predicted mean axial stains with qcyc at N = 10 for qm = 50kPa 



 
 

E-6 
 

 

Figure E.7 Measured and predicted mean axial stains with qcyc at N = 100 for qm = 50kPa 

 

Figure E.8 Measured and predicted mean axial stains with qcyc at N = 1000 for qm = 50kPa 
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Figure E.9 Measured and predicted mean axial stains with qcyc at N = 1 for qm = 125kPa 

 

Figure E.10 Measured and predicted mean axial stains with qcyc at N = 10 for qm = 125kPa 
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Figure E.11 Measured and predicted mean axial stains with qcyc at N = 100 for qm = 125kPa 

 

Figure E.12 Measured and predicted mean axial stains with qcyc at N = 1000 for qm = 125kPa
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Appendix F  Comparison between measured and predicted 

stiffness variation with number of cycles 

Equations Eq. (F-1) to Eq. (F-4) which were initially presented in Chapter 8: (Eq. (8-5) to Eq. 

(8-8)) were derived to represent cyclic secant stiffness trends by plotting the p'0 normalised 

Eu
sec vs qcyc in a semi-log space for different number of cycles and fitting exponential functions. 

It was noticed that the parameter A did not vary systematically with cyclic amplitude or qm 

and had a mean value of 1950, ±15%. The exponent B varied linearly with N in a log-log plot 

allowing a power law function in the form of Eq. (F-2) to be adopted. The parameters c and d 

in Eq. (F-2) were qm dependent and when plotted in semi-log space they revealed the 

exponential forms of Eq. (F-3) and Eq. (F-4). 

The ability of Eq. (F-1) to Eq. (F-4) to predict the stiffness variation with number of cycles for 

different qcyc and qm combinations is demonstrated below. The calculated values are 

compared with those measured in the laboratory for N = 1, 10, 100 and 1000 under cyclic 

lading amplitude qcyc =  10, 25, 50, 75, 100 and 150kPa at qm = -25 (Figure F.1 to Figure F.4), 

50 (Figure F.5 to Figure F.8) and 125kPa (Figure F.9 to Figure F.12).  

 𝐸𝑠𝑒𝑐
𝑢 /𝑝′ = 𝐴𝑒−𝐵𝑞𝑐𝑦𝑐/𝑝′0 Eq. (F-1) 

 𝐵 = 𝑐𝑁𝑑  Eq. (F-2) 

 𝑐 = 1.37𝑒0.3𝑞𝑚/𝑝′0 Eq. (F-3) 

 𝑑 = 0.07𝑒−1.1𝑞𝑚/𝑝′0 Eq. (F-4) 
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Figure F.1 Measured and predicted Eu
sec/p' vs qcyc/p'0 at N = 1 for qm = -25kPa 

 

Figure F.2 Measured and predicted Eu
sec/p' vs qcyc/p'0 at N = 10 for qm = -25kPa 
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Figure F.3 Measured and predicted Eu
sec/p' vs qcyc/p'0 at N = 100 for qm = -25kPa 

 

Figure F.4 Measured and predicted Eu
sec/p' vs qcyc/p'0 at N = 1000 for qm = -25kPa 
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Figure F.5 Measured and predicted Eu
sec/p' vs qcyc/p'0 at N = 1 for qm = 50kPa 

 

Figure F.6 Measured and predicted Eu
sec/p' vs qcyc/p'0 at N = 10 for qm = 50kPa 
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Figure F.7 Measured and predicted Eu
sec/p' vs qcyc/p'0 at N = 100 for qm = 50kPa 

 

Figure F.8 Measured and predicted Eu
sec/p' vs qcyc/p'0 at N = 1000 for qm = 50kPa 
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Figure F.9 Measured and predicted Eu
sec/p' vs qcyc/p'0 at N = 1 for qm = 125kPa 

 

Figure F.10 Measured and predicted Eu
sec/p' vs qcyc/p'0 at N = 10 for qm = 125kPa 
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Figure F.11 Measured and predicted Eu
sec/p' vs qcyc/p'0 at N = 100 for qm = 125kPa 

 

Figure F.12 Measured and predicted Eu
sec/p' vs qcyc/p'0 at N = 1000 for qm = 125kPa 
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Appendix G  Comparison between measured and predicted 

damping ratios 

The predictive damping ratio equations Eq. (8-9) to Eq. (8-11) presented in Chapter 8:, Section 

8.2.6 and reproduced below as Eq. (G-1) to Eq. (G-3) were derived following the steps: 

1. Plotting damping ratio against number of cycles in a log-log space and fitting power 

law functions in the form of Eq. (G-1). 

2. It was noticed that the parameter A is insensitive to qm and varies linearly with qcyc 

(normalised by the mean effective stress at the start of the test) in a log-log space, 

allowing Eq. (G-2) to be derived. 

3. The exponent B from Eq. (G-1) had similar values for all qcyc values but increases with 

the mean deviatoric stress qm. As qm has negative value at in-situ stress the B was 

plotted against qm (normalised by p'0) in a semi-log form which led to Eq. (G-3). 

The ability of Eq. (8-9) to Eq. (8-11) to predict the variation of damping ratios for different qcyc 

and qm combinations is demonstrated below. The calculated values are compared with those 

measured in the laboratory for N = 1, 10, 100 and 1000 under cyclic lading amplitude of 10, 

25, 50, 75, 100 and 150kPa at deviatoric stresses of -25kPa (Figure G.1 to Figure G.4), 50kPa 

(Figure G.5 to Figure G.8) and 125kPa (Figure G.9 to Figure G.12). The general fit between 

measured and predicted trends is good, although at qm = 125kPa the predictions 

underestimate the damping. 

 𝐷 = 𝐴(𝑁)−𝐵 Eq. (G-1) 

 
𝐴 = 18.1 (

𝑞𝑐𝑦𝑐

𝑝′0
)
0.31

 Eq. (G-2) 

 
𝐵 = 0.035𝑒

0.65[
𝑞𝑚
𝑝′0

]
 Eq. (G-3) 
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Figure G.1 Measured and predicted damping ratios at N = 1 for qm = -25kPa 

 

Figure G.2 Measured and predicted damping ratios at N = 10 for qm = -25kPa 
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Figure G.3 Measured and predicted damping ratios at N = 100 for qm = -25kPa 

 

Figure G.4 Measured and predicted damping ratios at N = 1000 for qm = -25kPa 
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Figure G.5 Measured and predicted damping ratios at N = 1 for qm = 50kPa 

 

Figure G.6 Measured and predicted damping ratios at N = 10 for qm = 50kPa 
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Figure G.7 Measured and predicted damping ratios at N = 100 for qm = 50kPa 

 

Figure G.8 Measured and predicted damping ratios at N = 1000 for qm = 50kPa 
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Figure G.9 Measured and predicted damping ratios at N = 1 for qm = 125kPa 

 

Figure G.10 Measured and predicted damping ratios at N = 10 for qm = 125kPa 
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Figure G.11 Measured and predicted damping ratios at N = 100 for qm = 125kPa 

 

Figure G.12 Measured and predicted damping ratios at N = 1000 for qm = 125kP 
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Appendix H  Comparison between Cowden till and Drammen 

clay 

Further plots are presented in this Appendix to extend the brief comparison given in Chapter 

8:, Section 8.5 between the undrained cyclic behaviour of low plasticity , high OCR Cowden 

till and that of the higher plasticity, low OCR, marine Drammen clay. The comparisons are 

made in terms of cyclic and mean axial strains at OCR = 1 and 40 by means of strain contour 

diagrams choosing the N = 10 condition. Figure H.1 and Figure H.2 present the contours of 

the average strains evaluated from multiple triaxial tests at OCR = 1 and 40 respectively. The 

equivalent cyclic strains from the same tests are shown in Figure H.3 and Figure H.4.  

As discussed in Chapter 8: the Drammen clay tests were run at cyclic period T = 10s and might 

be expected to show greater cyclic resistance than Cowden till tests which were run at T = 

300s. Nevertheless, the patterns of strain accumulation between the two soils are quite 

different in both normally and overconsolidated states and it appears that Cowden till is more 

resistant to cycling, with lower strains, both average and cyclic, at given combinations qm and 

qcyc. 
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Figure H.1 Comparison between Cowden till and Drammen clay (OCR=1) for mean axial strain at N = 10 
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Figure H.2 Comparison between Cowden till and Drammen clay (OCR=40) for mean axial strain at N = 10 
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Figure H.3 Comparison between Cowden till and Drammen clay (OCR=1) for cyclic axial strain at N = 10 
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Figure H.4 Comparison between Cowden till and Drammen clay (OCR=40) for cyclic axial strain at N = 10 
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