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Abstract

Offshore oil and gas developments involve the installation of numerous structures on the

seabed, such as pipelines and subsea foundations, which must remain in-situ. Periodic

tidal currents, internal waves and tropical storms cause localised increases in hydro-

dynamic flow around these structures. This can lead to local scour of seabed sediments

resulting in self-burial or settlement of structures without scour protection. To predict

the effect of scour on structures, the erosion behaviour of the underlying marine sed-

iment must be quantified. Improved erosion and scour prediction formulas can help

ensure safety, reduce project risk and may allow optimisation of infrastructure invest-

ment.

This thesis first undertakes a preliminary assessment of sediment mobility on Aus-

tralia’s North West Shelf (NWS). The erosion properties of marine sediments recovered

from the NWS are measured and, when combined with realistic metocean data, indic-

ate a high likelihood of sediment mobility on the NWS. This suggests a need for subsea

design that accounts for sediment mobility.

Secondly, an extensive series of experimental studies was undertaken to investigate

the performance of a recirculating flume, known as an O-tube. An O-tube has the ability

to reproduce large combined wave and current conditions near the seabed, typical of

storm conditions under which mobility of marine sediments may occur. The O-tube

has been used throughout this thesis to conduct erosion and pipeline scour experiments.

The hydrodynamics of an O-tube are investigated theoretically and experimentally, and

a set of governing equations are defined that couple the pressure (supplied by the pump

in the O-tube) to the bulk flow rate. Together with a series of velocity measurements

which give a detailed description of the velocity field within the O-tube, this work

provides the hydrodynamic basis for subsequent detailed laboratory erosion studies on

marine sediments.

Following the preliminary assessment, a larger laboratory study was undertaken using

the O-tube to measure the erosion properties of artificial silica and carbonate sediments,

as well as marine sediments originating from the NWS that were prepared to represent

a range of field conditions. For marine sediments with no fines content (i.e. minimal

grains with diameter less than 75 μm), the threshold shear stress and erosion rate were

found to be in good agreement with the empirical Shields curve and classical bedload

transport formulas. Density and angularity did not appear to have a significant effect

on the measured erosion properties of these sediments.

For finer marine sediments, the erosion properties were found to be highly correlated

with the amount of fine material (i.e. the mass fraction of grains with diameter less
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than 75 μm) and the bulk density. Measurements showed an increase in threshold shear

stress (and a reduction in erosion rate) with increasing bulk density and fines content. A

comprehensive comparison of the erosion measurements is made with existing predictive

models in the literature for fine grained sediments. These existing models, however,

show a lack of consensus. Consequently, a new theoretical model has been developed

in this thesis to interpret the threshold shear stress and erosion rate measurements

assuming the seabed to be an inelastic porous medium. The new model considers

a force balance between the disturbing hydrodynamic shear stress across a particle

surface, the particle weight and a suction force defined in terms of the erosion rate

and soil permeability. The resulting predictive formula is calibrated and found to

agree well with erosion data from this study and existing literature concerning erosion

measurements of fine quartz sediments and mud-sand mixtures.

Finally, model scale experiments of scour beneath a pipeline have been conducted

to investigate the extent and rate of the developing scour process. Comparing these

results with the element-scale erosion data, theoretical analysis was used to develop a

new empirical formula describing the rate of pipeline scour for fine grained sediments

that move predominately due to entrainment into suspension. This formula, together

with an existing empirical formula for coarser sediments moving in bedload, can be

used to assess the temporal development of scour beneath offshore pipelines assuming

erosion threshold and rate parameters are known from erosion testing. This represents

the first example of erosion rate measurements used directly to estimate the scour rate

for pipelines and improve design predictions for scour.



‘She’ll be right... ’

X



Acknowledgements

I would like to express my deepest appreciation to:

Amy Dombroski.

Bart Thompson.

Cameron Norsworthy.

COFS | UWA | LRF | ARC.

Cornelia Mohr.

Cyra.

Dave White.

Fremantle Doctor.

Grace Conlan.

Hannah Branston.

Jim Waters.

Joe Tom.

Kristina Mohr.

Liang Cheng.

Lisa Melvin.

Lucile Quéau.

Mark Randolph.

Sam Stanier.

Scott Draper.

Simon Downing.

Simon Leckie.

Wayne Galbraith.

Wilfried Mohr.

Will Wilson.

XI





Contents

Thesis Format and Authorship V

Publications arising from this thesis VII

Abstract IX

Acknowledgements XI

Table of Contents XVI

List of Figures XIX

List of Tables XXI

Nomenclature XXVI

1 Introduction 1

1.1 Sediment mobility on Australia’s North West Shelf . . . . . . . . . . . . 1

1.2 Research aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Assessing the likelihood of sediment mobility . . . . . . . . . . . 3

1.2.2 Establishment of experimental design to investigate sediment trans-

port . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.3 Interpretation of erosion element measurements . . . . . . . . . . 3

1.2.4 Application of erosion measurements to predict scour beneath

pipelines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Seabed mobility on the North West Shelf of Australia 7

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 North West Shelf metocean conditions . . . . . . . . . . . . . . . . . . . 8

2.3 Sediments on the North West Shelf . . . . . . . . . . . . . . . . . . . . . 11

2.3.1 Selected North West Shelf sediments . . . . . . . . . . . . . . . . 11

2.4 Erosion resistance of North West Shelf sediments . . . . . . . . . . . . . 13

2.5 Excess pore pressure under wave loading . . . . . . . . . . . . . . . . . . 17

2.5.1 Determination of the dissipation term . . . . . . . . . . . . . . . 18

2.5.2 Calibration of the Verruijt pore pressure source term . . . . . . . 20

2.6 Mobility analysis example using North West Shelf conditions . . . . . . 22

2.6.1 Classical sediment transport . . . . . . . . . . . . . . . . . . . . . 22

XIII



Contents

2.6.2 Pore pressure build-up . . . . . . . . . . . . . . . . . . . . . . . . 23

2.6.3 Seabed mobility summary . . . . . . . . . . . . . . . . . . . . . . 24

2.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3 The hydrodynamics of a recirculating (O-tube) flume 29

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 O-tube facilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 Hydrodynamics of an O-tube . . . . . . . . . . . . . . . . . . . . . . . . 34

3.4 Solutions for flow rate as a function of impeller rotation speed . . . . . . 36

3.4.1 Steady flow conditions . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4.2 Oscillatory flow conditions . . . . . . . . . . . . . . . . . . . . . . 37

3.5 Control of the O-tube in combined wave and current conditions . . . . . 38

3.6 Variation in pressure around an O-tube . . . . . . . . . . . . . . . . . . 39

3.7 Detailed description of the flow field in the O-tube . . . . . . . . . . . . 42

3.7.1 Mean velocity under steady flow conditions . . . . . . . . . . . . 43

3.7.2 Mean velocity under oscillatory flow conditions . . . . . . . . . . 44

3.8 Turbulence intensities in the test section . . . . . . . . . . . . . . . . . . 44

3.9 Logarithmic profiles and shear stress . . . . . . . . . . . . . . . . . . . . 47

3.10 Example applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.10.1 Non-cohesive threshold shear stress . . . . . . . . . . . . . . . . . 48

3.10.2 Pipeline scour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.11 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4 A laboratory investigation into the threshold shear stress of marine

sediments 57

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.2 Sediments analysed in this study . . . . . . . . . . . . . . . . . . . . . . 59

4.3 Experimental design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3.1 Measurement of shear stress in erosion tests . . . . . . . . . . . . 65

4.3.2 Definition of threshold shear stress . . . . . . . . . . . . . . . . . 67

4.3.3 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.3.4 Erosion test procedure . . . . . . . . . . . . . . . . . . . . . . . . 68

4.4 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.4.1 Observations of erosion . . . . . . . . . . . . . . . . . . . . . . . 68

4.4.2 Threshold shear stress measurements . . . . . . . . . . . . . . . . 70

4.4.3 Variation of threshold shear stress with particle shape . . . . . . 71

4.4.4 Variation of threshold shear stress with bulk properties . . . . . 72

4.5 Interpretation of results based on existing models . . . . . . . . . . . . . 73

4.5.1 Interpretation based on angularity . . . . . . . . . . . . . . . . . 74

4.5.2 Interpretation based on bulk density . . . . . . . . . . . . . . . . 75

4.5.3 Interpretation based on fines content . . . . . . . . . . . . . . . . 75

4.5.4 Interpretation based on other soil properties . . . . . . . . . . . . 76

XIV



Contents

4.6 A new model to predict threshold shear stress for fine sediments . . . . 79

4.6.1 Threshold of motion accounting for particle weight . . . . . . . . 80

4.6.2 Threshold of motion accounting for particle weight and suction

force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.7 Comparison of the new model to existing measurements . . . . . . . . . 84

4.7.1 Comparison with Roberts et al. (1998) . . . . . . . . . . . . . . . 85

4.7.2 Comparison with Torfs (1995) and Ye (2012) . . . . . . . . . . . 86

4.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5 A laboratory investigation into the erosion rate of marine sediments 99

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2 Experimental Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.2.1 Sediments used . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.2.2 Erosion testing setup and procedure . . . . . . . . . . . . . . . . 102

5.3 Type 1 sediments: No fines content . . . . . . . . . . . . . . . . . . . . . 104

5.4 Type 2 sediments: Natural fines content . . . . . . . . . . . . . . . . . . 108

5.5 Type 3 sediments: Varying fines content . . . . . . . . . . . . . . . . . . 112

5.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.6.1 A theoretical argument for the correlation between permeability

and erosion rate . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6 Predicting the rate of scour beneath subsea pipelines in marine sedi-

ments under steady flow conditions 129

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6.2 Sediments used in experiments . . . . . . . . . . . . . . . . . . . . . . . 131

6.2.1 Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.2.2 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.3 Erosion testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.3.1 Testing approach . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.3.2 Erosion test results . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.3.3 Interpretation of apparent erosion rate . . . . . . . . . . . . . . . 140

6.3.4 Mode of erosion for tested samples . . . . . . . . . . . . . . . . . 141

6.4 Model pipeline scour experiments . . . . . . . . . . . . . . . . . . . . . . 146

6.4.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.4.2 Experimental results: Scour profiles . . . . . . . . . . . . . . . . 147

6.4.3 Experimental results: Equilibrium scour depth and time scale of

scour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.5 Interpretation of scour rate using erosion test measurements . . . . . . . 155

6.5.1 Scour via transport along the bed . . . . . . . . . . . . . . . . . 155

6.5.2 Scour via entrainment into suspension . . . . . . . . . . . . . . . 159

6.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

XV



Contents

6.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

7 Concluding remarks 167

7.1 Original contribution and main findings . . . . . . . . . . . . . . . . . . 168

7.1.1 Assessing the likelihood of sediment mobility . . . . . . . . . . . 168

7.1.2 Establishment of experimental design to investigate sediment trans-

port . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

7.1.3 Interpretation of erosion element measurements . . . . . . . . . . 168

7.1.4 Application of erosion measurements to predict scour beneath

pipelines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

7.2 Recommendations for further research . . . . . . . . . . . . . . . . . . . 170

7.2.1 Investigation on the in situ erosion behaviour of marine sediments 170

7.2.2 Elaboration of the proposed model . . . . . . . . . . . . . . . . . 170

7.2.3 Investigation of the erosion of marine sediments under high shear

stresses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

7.2.4 Investigation of the equilibrium scour depth for fine grained sed-

iments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

XVI



List of Figures

1.1 Video and sonar data from a Remotely Operated Vehicle (ROV). . . . . 1

1.2 Development of local bathymetry around a NWS pipeline. . . . . . . . . 2

2.1 Bathymetry of the North West Shelf. . . . . . . . . . . . . . . . . . . . . 9

2.2 Cyclone tracks of the North West Shelf from 2001–2011. . . . . . . . . . 10

2.3 North West Shelf characteristics. . . . . . . . . . . . . . . . . . . . . . . 12

2.4 Particle size distribution of selected sediments. . . . . . . . . . . . . . . 13

2.5 Pictures (taken through a microscope) of the selected soils. . . . . . . . 14

2.6 Mini O-tube facility at the University of Western Australia. . . . . . . . 14

2.7 Erosion rates and determination of threshold shear stresses. . . . . . . . 15

2.8 Threshold shear stresses in comparison with Shields data. . . . . . . . . 16

2.9 Top view of sediment sample after erosion test. . . . . . . . . . . . . . . 17

2.10 Shaking table setup. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.11 Measured excess pore pressure dissipation. . . . . . . . . . . . . . . . . . 19

2.12 Excess pore pressure measurements and analytical solution. . . . . . . . 21

2.13 Pore pressure S-N curves. . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.14 Excess pore pressure build-up 1m below seabed for a selected storm event. 24

2.15 Seabed mobility matrix for typical NWS storms. . . . . . . . . . . . . . 25

3.1 Photographs of the Mini O-tube at the University of Western Australia. 31

3.2 Detailed dimensions of the O-tube. . . . . . . . . . . . . . . . . . . . . . 32

3.3 Impellor used to drive flow around the O-tube. . . . . . . . . . . . . . . 33

3.4 Comparison of measured flow rate with steady impeller rotation speed N . 36

3.5 Comparison between wave measurement and theoretical predictions. . . 39

3.6 Comparison of peak measured flow rate. . . . . . . . . . . . . . . . . . . 40

3.7 Prediction of flow rate in combined steady and oscillatory conditions. . . 41

3.8 Comparison of rotation speed against pressure difference across the im-

peller. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.9 Schematic pressure distribution along the O-tube. . . . . . . . . . . . . . 43

3.10 Normalised contours of streamwise velocity in the yz plane. . . . . . . . 45

3.11 Normalised contours of amplitude in streamwise oscillatory velocity in

yz plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.12 Contours of turbulence intensity in the yz plane. . . . . . . . . . . . . . 46

3.13 Stream wise velocity profiles measured for different surfaces. . . . . . . . 49

3.14 Calculated shear stresses for different surfaces. . . . . . . . . . . . . . . 49

3.15 Calculated shear stresses for a smooth surface along the test section. . . 50

XVII



List of Figures

3.16 O-tube test section with sample holder. . . . . . . . . . . . . . . . . . . 51

3.17 Measurements of threshold shear stress for uniform sediments. . . . . . . 51

3.18 Photograph of an experiment with a model pipeline and experimental

results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.1 Particle size distribution for tested sediments. . . . . . . . . . . . . . . . 60

4.2 Microscopic picture of marine and artificial sediments tested. . . . . . . 61

4.3 Logarithmic profiles for a smooth surface and two rough surfaces. . . . . 66

4.4 Comparison of experiments on bed roughness with data from Nikuradse. 66

4.5 Erosion rate data with the respective plots of erosion depth profile . . . 69

4.6 Threshold shear stresses of tested sediments samples. . . . . . . . . . . . 70

4.7 Erosion rate measurements. . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.8 Effect of density variation on threshold shear stress. . . . . . . . . . . . 72

4.9 Effect of fines content on threshold shear stress threshold. . . . . . . . . 74

4.10 Acting forces on a particle in a flow. . . . . . . . . . . . . . . . . . . . . 79

4.11 Permeability against voids ratio with data from Rowe Cell test and LSQ

fits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.12 Comparison of measurements with predictions. . . . . . . . . . . . . . . 85

4.13 Comparison of data from Roberts et al. (1998) with predictions. . . . . 86

4.14 Reinterpretation of the threshold shear stress from Torfs (1995). . . . . 88

4.15 Dimensionless prediction the data from Torfs (1995) and (Ye 2012). . . 89

4.16 Summary of predicted dimensionless thresholds. . . . . . . . . . . . . . . 90

4.17 Assessing the capability of the predicting model. . . . . . . . . . . . . . 91

5.1 Dimensionless threshold shear stress for sediments moving in bedload. . 103

5.2 Erosion rates and bedload transport rates of artificial sediments. . . . . 106

5.3 Bedload transport rates of uniformly sieved NWS sediments. . . . . . . 107

5.4 Bedload transport rate of NWS sediments with 0% fines content. . . . . 108

5.5 Dimensionless threshold shear stress for sediments with varying density. 109

5.6 Erosion rate measurements for 3 different NWS sediments. . . . . . . . . 110

5.7 Fitted parameter M plotted as a function of bulk density. . . . . . . . . 112

5.8 Dimensionless threshold shear stress for sediments with increasing fines

content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.9 Erosion rate measurements for sediments with different fines content. . . 115

5.10 Fitted parameter M as a function of fines content. . . . . . . . . . . . . 116

5.11 Fitted parameter M as a function of fines content considering bulk density.117

5.12 Permeability against voids ratio with data from Rowe cell test. . . . . . 118

5.13 Erosion parameter M against permeability. . . . . . . . . . . . . . . . . 119

5.14 Erosion rate measurements for NWS3-T2 compared with predictions. . . 122

5.15 Before and after photographs of the erosion sample NWS3-T2. . . . . . 123

5.16 Fitted erosion rate gradient compared with predicted values. . . . . . . 124

6.1 Particle size distribution of sediments used in analysis. . . . . . . . . . . 132

XVIII



List of Figures

6.2 Images of marine sediments and artificial sediments. . . . . . . . . . . . 133

6.3 Photographs of sediments before and after erosion step test. . . . . . . . 136

6.4 Erosion rate measurements presented as a function of shear stress. . . . 137

6.5 Mean erosion depth as a function of time. . . . . . . . . . . . . . . . . . 138

6.6 Threshold Shields parameter as a function of median grain size. . . . . . 139

6.7 Control volume around the erosion sample. . . . . . . . . . . . . . . . . 141

6.8 Erosion profile scans at different shear stresses. . . . . . . . . . . . . . . 143

6.9 Dimensionless bedload transport rate as a function of dimensionless shear

stress. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.10 Illustration and photograph of model pipeline. . . . . . . . . . . . . . . . 146

6.11 Example scour development for artificial sediments. . . . . . . . . . . . . 150

6.12 Example scour development for marine sediments. . . . . . . . . . . . . 151

6.13 Scour hole development in time. . . . . . . . . . . . . . . . . . . . . . . . 153

6.14 Equilibrium scour depth against shear stress normalised by threshold

shear stress. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.15 Non-dimensional time scale as a function of Shields parameter. . . . . . 154

6.16 Control volume defined beneath a pipeline. . . . . . . . . . . . . . . . . 157

6.17 Comparison of time scales with derived equations. . . . . . . . . . . . . 157

6.18 Predicted scour hole development compared with measurements. . . . . 161

XIX





List of Tables

2.1 Example for 10 and 100 year return period events. . . . . . . . . . . . . 10

2.2 Soil properties of a laboratory and three North West Shelf sediments. . 13

2.3 Consolidation coefficient and effective stress. . . . . . . . . . . . . . . . . 19

2.4 Selected storm conditions and input parameters. . . . . . . . . . . . . . 22

2.5 Erosion thresholds compared with calculated seabed shear stresses. . . . 23

3.1 Summary of key MOT properties. . . . . . . . . . . . . . . . . . . . . . 34

4.1 Properties of sediments tested. . . . . . . . . . . . . . . . . . . . . . . . 59

4.2 Influence of particle shape on threshold shear stress. . . . . . . . . . . . 62

4.3 Influence of sediment bulk density on threshold shear stress. . . . . . . . 63

4.4 Influence of particle size distribution on threshold shear stress. . . . . . 63

4.5 Symbols used from Figure 4.6 onwards (if not differently assigned). . . . 64

5.1 Testing schedule for marine sediments with manipulated PSD. . . . . . . 105

5.2 Soil properties of three North West Shelf sediments. . . . . . . . . . . . 108

5.3 Testing schedule for marine sediments with varying density. . . . . . . . 109

5.4 Testing schedule for marine sediments with varying fines content. . . . . 113

6.1 Properties of sediments used in the analysis. . . . . . . . . . . . . . . . . 132

6.2 Fitted erosion rate parameters based on erosion test results. . . . . . . . 134

6.3 Model pipeline scour experiments performed. . . . . . . . . . . . . . . . 148

XXI





Nomenclature

Latin Characters

a Fitting coefficient

a1, a2, a3 O-tube specific constants

a′
1, a′

2 O-tube specific constants (a1, a2 divided by a3)

A Area or activity

b Breadth or fitting coefficient

B Pore pressure accumulation factor

cv Coefficient of consolidation

CK−C Kozeny-Carman coefficient

Clay Percentage of particles < 2 μm

Cu Uniformity index

d Particle diameter

d50 Median grain size

D Diameter of pipeline or deposition rate

D̄ Averaged deposition rate

DH Hydraulic diameter

D∗ Dimensionless grain size

e Voids ratio or embedment

E True erosion rate
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Chapter 1

Introduction

1.1 Sediment mobility on Australia’s North West Shelf

Australia’s North West Shelf (NWS) holds large quantities of hydrocarbon resources

resulting in numerous offshore development projects. The offshore extraction of oil and

gas involves subsea infrastructure, such as pipelines, which require a high level of design

reliability. Challenging environmental conditions that dominate the NWS, comprising

tidal currents, internal waves and tropical storms exert large hydrodynamic loading on

pipelines, other subsea infrastructure and the seabed. These hydrodynamic loadings

are locally amplified due to the alteration of flow patterns in the immediate neigh-

bourhood of structures that can lead to an increased displacement of nearby seabed

sediment. Over time, the local bathymetry close to the pipe changes due to scour and

sedimentation resulting in a variation of embedment depth along the pipe. For example,

a recent field survey study by Leckie et al. (2015) analysed scour and lowering observa-

tions of a 12 inch pipeline on the NWS using data from Remotely Operated Vehicles

(ROV). Figure 1.1(a), 1.1(b) and 1.1(c) show by example representative snapshots of a

pipeline from three angles taken from a ROV on-board camera.

(a) Port view. (b) Top view. (c) Starboard view.

(d) Sonar profile with contour lines.

Figure 1.1: Video and sonar data from a Remotely Operated Vehicle (ROV) taken
from Leckie et al. (2015).
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Leckie et al. (2015) noted that this pipeline did not show significant spanning fol-

lowing the initial lay process; however, the images show that a significant span formed

beneath the pipeline due to sediment mobility (e.g. scour). By means of sonar readings,

they were able to quantify the local bathymetry close to the pipe obtaining profiles as

shown in Figure 1.1(d).

They combined multiple sonar readings along the pipe and obtained a detailed 3D

seabed topography around and beneath the pipeline which is shown in Figure 1.2. By

comparison with sets of data over a 4 year time span, they found that the whole sections

of pipeline lowered relative to the far field by up to 0.8 times the pipe diameter, and that

the local bathymetry of the pipeline is mainly defined by scoured spans and embedded

span shoulders.

These field observations contradict the traditional stability design approach, which

treats the seabed as immobile and unaffected by sediment transport. Earlier analyt-

ical calculations from Damgaard and Palmer (2001) underline these findings and they

suggested a more realistic approach that considers the pipeline resting on an unstable

seabed.

(a) Bathymetry in year 2002. (b) Bathymetry in year 2006.

Figure 1.2: Development of local bathymetry around a NWS pipeline. Surface has
been smoothed with a 7 m moving average (parallel to the pipeline)
(Leckie et al., 2015).

Therefore, it is likely that spanning 1 and subsequent lowering of a pipeline will take

place on mobile seabeds, leading to variation in embedment depth along the pipe. This

variation significantly affects the load response of the pipeline due to hydrodynamic

loading from waves and current, or expansion and contraction arising from pressure

and temperature differences between the pipeline content and its environment. Being

able to predict self-burial mechanisms, which lead to lateral soil resistance and a de-

crease of hydrodynamic forces, could reduce the risk of pipeline failure (e.g. fatigue,

local buckling etc.). This may lead to a reduction in engineered stabilisation measures

(e.g. concrete weight coating, rock dumping, trenching or rock bolting). Stabilisation

measures are costly and constitute a significant proportion of the overall cost of an off-

shore pipeline which is approximately USD 4 million per km (Randolph and Gourvenec,

2011).

1A pipeline is spanning when a pipe segment is not supported by the seabed due to scour.
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Therefore, anticipating possible pipeline embedment due to scour may lead to large

potential cost savings through reduced design conservatism. In order to justify changes

in traditional design methods, however, an enhanced understanding of the erosion be-

haviour of marine sediments is required, and needs to be interpretable in terms of scour

beneath subsea pipelines, which is the focus of this thesis.

1.2 Research aims

The foregoing introduction clearly describes the need for: (i) fundamental research

on the erosion behaviour of NWS sediments; and (ii) the application of these data

to predict scour around offshore pipelines. Hence, the following research aims were

elaborated to address these topics.

1.2.1 Assessing the likelihood of sediment mobility considering

realistic field conditions

• Reviewing the characteristics and conditions that are dominant on the NWS of

Australia and describing scenarios for possible sediment mobility under realistic

metocean conditions.

1.2.2 Establishment of experimental design and methodologies to

investigate sediment transport

• Calibration of the recirculating flume (O-tube) and respective measurement devices.

• Determination of characteristic flow conditions within the test section of the flume

to enable interpretation of erosion tests.

• Development of suitable methods and effective testing procedures to relate meas-

ured erosion parameters, such as erosion threshold and erosion rate of NWS sed-

iments, to hydrodynamic loadings (e.g. bed shear stress).

1.2.3 Interpretation of erosion element measurements

• Investigation of the erosion behaviour of artificial and natural sediments in order

to gain knowledge on the influencing soil properties (e.g. bulk density, particle

size distribution).

• Comparison of obtained erosion threshold trends with literature.

• Formulation of a predictive model for the erosion threshold applicable to fine and

coarse grained sediments.
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1.2.4 Application of erosion element measurements to predict scour

beneath pipelines

• Investigation of the maximum scour depth and rate of scour development beneath

pipelines.

• Formulation of an appropriate relationship between erosion element testing and

pipeline model testing in order to obtain a predictive tool for scour modelling

beneath pipelines.

1.3 Thesis outline

This thesis is comprised of seven chapters which systematically work through the steps

required in order to address each of the research aims proposed above.

Chapter 2 sets the scene for the theoretical and experimental work in this thesis

by providing the relevant background information about the NWS environment. By

first analysing the metocean conditions and reviewing typical sediment characterist-

ics, the reader gains knowledge about the challenging environment on the NWS that

may affect safe installation or operation of subsea infrastructure, such as pipelines and

foundations. Preliminary experiments and subsequent analysis show the likelihood of

potential stability issues (e.g. liquefaction and/or sediment transport) under realistic

metocean conditions and builds the framework for the following chapters.

Chapter 3 reviews the experimental facility (O-tube) used for the subsequent sediment

transport studies by describing the experimental design and set-up. The extension

of classical hydrodynamic equations leads to a better understanding and improved

control of the flow within the O-tube, which benefits future research with this facility.

Fundamental measurements carried out for this part of the thesis (such as the flowrate,

flow field, mean flow profiles, turbulence and seabed shear stress) provide the basis for

interpretation of the presented erosion data in subsequent chapters.

Chapters 4 and 5 deal exclusively with the erosion behaviour of marine sediments

found on the NWS, which can generally be divided into the threshold of sediment

motion and the erosion rate as a function of the applied hydrodynamic loading. In

Chapter 4 an extensive series of experiments using the O-tube focuses on the initi-

ation of particle motion. This study explores the analysis and interpretation of various

soil properties affecting the erosion threshold, and proposes a new model that spans

both coarse and fine grained behaviour. Chapter 5 complements Chapter 4 with

additional tests investigating the erosion rate of the tested NWS sediments. In both

chapters, the results obtained are set in the context of research reported in the literat-

ure and are finally presented in terms of newly developed models that enable prediction

of fine grained sediment erosion.
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Chapter 6 closes the thesis with scour prediction underneath a model pipeline in-

vestigating the maximum scour depth and rate of scour. This chapter builds on the

interpreted erosion properties obtained in Chapter 4 and 5; and, together with small-

scale pipeline tests, the development of a formula predicting the time scale of scour for

finer sediments.

Chapter 7 summarises the main outcomes of the research and provides concluding

remarks as well as recommendations for further research.
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Chapter 2

Seabed mobility on the North West

Shelf of Australia

Abstract. Under cyclonic conditions, sediment on the North West Shelf (NWS) of

Australia may become mobile in shallow water due to classical sediment transport or

local liquefaction, and this can affect, for example, the on-bottom stability of subsea

pipelines. In this chapter, three calcareous sediments sampled from the NWS are ana-

lysed together with realistic metocean data to illustrate this potential for sediment

mobility on the NWS. Specifically, experiments are performed in a recirculating flume

(known as an O-Tube) to measure the erosional behaviour and an additional series

of experiments are performed using a shaking table, on which each of the sediments

have been liquefied and excess pore pressure measurements recorded to back calculate

the consolidation coefficient. Soil characterisation data, threshold velocity measure-

ments and shaking table results have then been combined to illustrate the potential for

sediment mobility for each of the NWS sediments. Best practice models are used to

calculate wave and current combined shear stress at the seabed and excess pore pres-

sure accumulation. We find that for these sediments, freshly deposited in laboratory

samples, mobility due to sediment transport or liquefaction is very likely in cyclonic

conditions on the NWS. Liquefaction is most likely for loosely packed silt, whilst sed-

iment transport is most likely for sand. However, we also show that in more extreme

cyclonic conditions there are a subset of sediments that can become mobile due to both

sediment transport and liquefaction.
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Chapter 2 Seabed mobility on Australia’s NWS

2.1 Introduction

Australia’s energy supply and export business is heavily dependent on subsea pipelines

that are used to transport hydrocarbons from field to shore. During their lifetime,

these pipelines are designed to remain stable on the seabed despite hydrodynamic

loading from severe storms and cyclones. However, present design methods typically

assess pipeline stability assuming that the pipeline is resting on an immobile seabed.

Damgaard and Palmer (2001) showed that this assumption is fundamentally flawed and

suggested that a more realistic approach is to consider the pipeline to be resting on

an unstable seabed, in which the seabed can move due to sediment transport and/or

wave-induced liquefaction.

Costly methods such as trenching, anchoring, and rock dumping have been used to

stabilize pipelines. The Capital Expenditure (CAPEX) cost of this stabilization can add

up to 30% of the total pipeline CAPEX (Brown et al., 2002). Consequently, it would

appear that more appropriate design methods should be developed to assess pipeline

stability, which account for sediment mobility. This requires a thorough understanding

of sediment transport and the potential for liquefaction of sediments on the NWS.

The purpose of this chapter is to investigate the erosion resistance and liquefaction

behaviour of NWS soils under realistic metocean storm conditions. We begin by re-

viewing the metocean conditions on the NWS and the range of sediments found on the

seabed. We then measure the erosion resistance of three NWS sediments and compare

them with each other and with other published results. Next we consider the lique-

faction behaviour of the same three sediments, using a combination of shaking table

experiments and the pore pressure model due to Verruijt (1995). Finally, we combine

our erosion and liquefaction results together with the metocean data to summarise

potential sediment mobility on the NWS.

2.2 North West Shelf metocean conditions

Near-bed velocities on the NWS are due to tidal currents, wind driven currents, waves

and wave-induced currents. Each of these components varies with water depth across

the continental shelf. A plot of the bathymetry of the NWS is given in Figure 2.1. The

inner/middle shelf, shown orange/brown, is close to the coast where the depth generally

ranges from 0–150 m. The outer shelf, shown yellow, connects to the deeper ocean floor

with a depth more than 1000 m.

The lateral extent of the shelf acts to amplify the semidiurnal tidal constituents,

leading to strong tidal currents that reverse twice daily (Holloway, 1983). Due to the

change in amplitude and phase of the semidiurnal tide along the coast, the resulting

pressure gradient also promotes along shelf currents in the order of 0.2 to 0.3 m/s (Hol-

loway, 1983). Recent evidence suggests that this along shelf current may be amplified

by the Holloway current. This current is believed to be a result of a seasonal wind

driven increase in water levels in the Gulf of Carpentaria, which drive a south-westerly
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Figure 2.1: Bathymetry of the North West Shelf (Google-Maps, 2013; Whiteway,
2009).

flow along the NWS in March at the termination of the northwest monsoon (Holloway,

2009).

Strong tidal forcing on the NWS, combined with density stratification through the

water column, also results in significant internal wave activity along the edge of the

inner/middle shelf. This can lead to soliton currents orientated inline with the shelf

slope, which reach near-bed velocities in excess of approximately 0.5 to 1.0 m/s. Soliton

currents are most significant in the summer, where strong solar heating promotes strat-

ification (Whiteway, 2009).

In addition to tidal currents and internal waves, the NWS experiences monsoonal

weather patterns. In the summer (December to March), an inflow of moist west to

northwest winds prevails, producing convective clouds and heavy rainfall. In the winter

(April to November), the southeast monsoon dominates and a steady south easterly air-

flow brings cool dry air from the Australian continent (Australian Bureau of Meteoro-

logy, 2013a). These seasonal winds and climate conditions influence the local sea waves

on the NWS. In contrast, the swell component is mainly dependent on the Southern

Ocean swells. These swells travel from the southwest throughout the year and tend to

be more severe during winter when wave heights can reach up to 2 m. Swell periods

are generally of the order of 12 to 18 seconds.

The NWS is subjected to intense cyclonic activity. A tropical cyclone in the southern

hemisphere is defined as a clockwise rotating low pressure system in the tropics. The

Australian cyclone season runs from November to April and on average includes 2.2

tropical cyclones crossing per year in the NWS region. The tropical cyclone tracks

from 2001 to 2011 are shown in Figure 2.2, which illustrates that the cyclones generally

originate in convective areas of latitude of 5 to 15 degrees south and move mostly

west-southwest (Australian Bureau of Meteorology, 2013b). During their travel over
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Category
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Figure 2.2: Cyclone tracks of the North West Shelf from 2001–2011 (Australian Bur-
eau of Meteorology, 2013b; Google-Maps, 2013).

Input of cyclonic events Approximate return period
10 year 100 year

h (m) 20–200 20–200
Hs (m) 5–9 10–15
Tp (s) 9–12 12–13

Uc (m/s) 0.2–0.4 0.4–0.6

Table 2.1: Example for 10 and 100 year return period events.

the NWS, cyclones tend to track to a more southerly direction. Depending on storm

size, intensity, relative location and forward speed, these tropical cyclones have typical

wind speeds up to 40 knots, generating waves of 6 to 18 seconds peak period from any

direction, with significant wave heights ranging up to 10 m or more.

In order to assess the potential mobility of the seabed, one has to define the underlying

loading conditions, namely the velocity of currents and waves. Table 2.1 shows an

example range of 10 and 100 year cyclonic events on the NWS with the respective

water depth, significant wave height, peak period and current velocity. These values

are representative of locations close to existing developments on the NWS. Wave and

current velocities across the wider NWS can vary from these ranges given in Table 2.1.

Using a known or specified water depth, significant wave height and peak-period,

the maximum bottom orbital velocity can be calculated providing a wave spectrum is

chosen. In this chapter, we adopt a JONSWAP spectrum and use the methodology

outlined in Soulsby (1987).
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2.3 Sediments on the North West Shelf

2.3 Sediments on the North West Shelf

The seabed on the NWS consists mostly of uncemented and poorly cemented calcareous

deposits. The sediments are principally composed of small shell fragments and residues

from marine fauna, with little terrigenous material (i.e. originating from land). As

shown in Figure 2.3(a), the calcareous sediments range from gravel to sand to silt.

Sediments on the inner shelf, particularly in regions with strong currents, are higher in

gravel content. Sand is generally more common on the shelf and upper continental slope,

whereas very silty sand, silts and calcareous muds are typically, but not exclusively,

located on the slope and deep ocean floor. The conditions are highly non-uniform,

with many sediments being poorly sorted and significant variability being evident over

short lateral distances. This heterogeneity is partly due to the repeated exposure and

inundation of the NWS during periods of sea level regression. A typical cross-section

of a historic or present shoreline in the Australian tropical environment is shown in

Figure 2.3(b). Such former river channels, reefs and lagoon systems are present across

the submerged NWS, even in water depths of up to 180 m (Hengesh et al., 2011). The

high carbonate content is important because it is commonly known that the mechanical

response of calcareous soil behaviour differs significantly to that of a non-calcareous

material. Individual grains are typically angular and weak, which usually leads to high

compressibility, high porosity and brittle particles (Jewell and Khorshid, 1988).

2.3.1 Selected North West Shelf sediments

The remainder of this chapter focuses on three sediments: a silty SAND (S-M), a very

silty SAND (SM) and a sandy SILT (MS). These sediments have been sourced from

the NWS and provide a representative range of the sediments found on the shelf in

water depths ranging from 20–200 m. To aid in comparison, artificial silica sand with

a uniform particle size distribution is also considered. This sand is referred to herein

as laboratory SAND (SP). Table 2.2 lists the properties of the different sediments ana-

lysed. The soil particle density, water density and specific gravity were determined

in accordance with Australian Standard (AS1289.3.5.1-2006). The soil porosity was

determined from a subsample prepared in the same way as the samples used in the sub-

sequent erosion and liquefaction experiments. Specifically, the sand sediment samples

were mixed with water, poured into the relevant sample holder and consolidated under

a 200 mm water column for at least 2 hr.

The silt was prepared to a predefined water content, placed in the sample holder, and

left to settle under its own self-weight for at least 24 hr. Separate experiments tracing

the settlement of the soil over 48 hr showed that the above mentioned consolidation

time was sufficient to obtain full pore pressure dissipation and settlement.

It should be noted that the preparation procedure outlined above does not estab-

lish the structure of an in situ soil. However, the method of preparation adopted is

repeatable and allows for easier inter comparison across the experiments.

The particle size distribution (PSD) of the soils is shown on Figure 2.4 and was de-
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(a) Sediment map

(b) Typical cross section of historic or present-day coastline

Figure 2.3: North West Shelf characteristics.
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2.4 Erosion resistance of North West Shelf sediments

Silica soil Calcareous soils

Soil parameters Uniform SAND Silty SAND Very silty SAND Sandy SILT
(SP) (S-M) (SM) (MS)

d50 (mm) 0.18 0.26 0.19 0.06
Fines1(%) 0 8 16 53

Cu (–) 2 3 8 112
Gs (–) 2.67 2.78 2.74 2.76

ρbulk (kg/m3) 1942 1934 1768 1678
ρ′ (kg/m3) 942 934 768 678

n0 (–) 0.44 0.48 0.55 0.61
k (m/s) 2.3E-04 8.1E-05 9.0E-06 9.0E-10

1 < 75 μm

Table 2.2: Soil properties of a laboratory and three North West Shelf sediments.
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Figure 2.4: Particle size distribution of selected sediments.

termined through a sieve and a hydrometer analysis according to Australian Standards

(AS1289.3.6.1-2009 and AS1289.3.6.3-2003). The permeability was approximated using

the empirical relationship k ≈ 10−2(d10)2, where k is in m/s and d10 is in mm.

Additionally, pictures were taken through a microscope of each sediment to improve

interpretation of the PSD results (shown in Figure 2.5). These pictures also illustrate

the angularity of the calcareous sediment grains (compared with the laboratory sand

shown in Figure 2.5(a)) and the marine origin of the grains.

2.4 Erosion resistance of North West Shelf sediments

The erosion resistance of the sediments listed in Table 2.2 was investigated in an annular

flume called the Mini O-Tube (MOT), operated at the University of Western Australia.

As shown in Figure 2.6, the MOT provides a rectangular test section (200 mm ×

300 mm × 1800 mm) in which the sediments are exposed to a propeller driven flow.
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Chapter 2 Seabed mobility on Australia’s NWS

(a) Laboratory SAND (SP). (b) Calcareous silty SAND (S-M).

(c) Calcareous very silty SAND (SM). (d) Calcareous sandy SILT (MS).

Figure 2.5: Pictures (taken through a microscope) of the selected soils.
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(b) Sketch of Mini O-tube.

Figure 2.6: Mini O-tube facility at the University of Western Australia.

The facility can simulate steady currents, oscillatory flows and combined oscillatory

and current flows with a maximum steady current velocity of up to 2 m/s. For the

present study, the soil samples were prepared in a semi cylindrical sample holder of

200 mm length and 72 mm diameter. This sample holder was then placed in a false

floor within the MOT working section. The profile of the sample surface is measured

using a 3D laser scanner with an accuracy given by a standard deviation of 0.15 mm.

The flow velocity was measured 0.05 m above the flume bed using an Acoustic Doppler

Velocimetry (ADV).

Supplementary tests proved that the velocity profile in the near-bed region satisfies

a logarithmic velocity distribution which is mathematically defined as

U(z) = 2.5
(

τ

ρ

)
1

2

ln
(

z

z0

)

, (2.1)

where U is the velocity at a depth z, τ is the shear stress, ρ is the water density and z0
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Figure 2.7: Erosion rates of the sediments and their threshold shear stress (shown as
coloured dots).

is the seabed roughness length which depends on the velocity and is calculated based

on the empirical fit of Christoffersen and Jonsson (1985) to experimental data (see for

example Soulsby (1997), p. 47). More details on the shear stress calculation can be

found in Section 4.3.1. The ADV was located downstream of the sample above the

smooth flume bed, rather than directly above the sample. However, for the range of

sample roughness tested, the difference in the velocity 0.05 m above the flume bed

would have been less than 2% if the ADV was placed over the undisturbed sample.

Turbulence intensity in the streamwise direction was measured to be between 5–10%

across the range of experiments.

The threshold shear stress for erosion was determined under steady current conditions.

The soil was exposed to a starting velocity of 0.1 m/s above 0.05 m above the seabed

and incrementally increased by 0.05 m/s every 3 minutes. After each time increment

the average erosion depth over the whole sample was measured by scanning the sample

surface using the 3D laser scanner. The threshold shear stress was defined as particle

movement sufficient to cause significant erosion. As shown in Figure 2.7, this can be

identified by the start of a steadily increasing erosion rate which is calculated from the

3D surface scans.

This interpretation of the measurements is in good agreement with visual observa-

tions during the tests. After the threshold shear stress for erosion was reached, the

procedure was continued until most of the sediment was eroded or suspended sediment

obstructed a clean scan of the sample, subsequently the test was stopped. Erosion test-

ing showed that the threshold shear stress is dependent on the sediment type, increasing

with the silt fraction of the sediment. It is informative to compare the threshold shear

stress results to the empirical Shields curve, which essentially defines the threshold

shear stress in terms of the median sediment grain size. This comparison is made in

Figure 2.8, in which a series of data is taken from Soulsby and Whitehouse (1997) and
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Figure 2.8: Threshold shear stresses (Soulsby and Whitehouse, 1997).

plotted together with the empirical Shields curve and the sediments tested herein.

The comparison of the erosion resistances from this study with the Shields curve

shows good agreement for the laboratory SAND and calcareous silty SAND. Both of

these sediments exhibited mainly bedload transport in the erosion tests, with the erosion

mode being particle by particle movement, occurring smoothly and uniformly across

the sample. The resulting surface profile was smooth and free from channel features,

as shown in Figure 2.9(a) and 2.9(b).

In contrast to the sands, the finest sediment tested (i.e. the sandy SILT) exhibited far

greater erosion resistance compared to the Shields curve. The mode of erosion for this

sample was also very different to the sandier samples tested, as can be anticipated from

the photograph of the partially eroded sample in Figure 2.9(d). Visual observations

during the test suggested initially random erosion of individual flocs. These flocs were

lifted into suspension reducing visibility through the water column. Subsequently, mass

erosion occurred as indicated by the removal of material clumps. It is suggested that

this mode of erosion can be explained through the external fluid stresses exceeding the

cohesive bed strength and or the strength resulting from internal pore pressure gradient

(Winterwerp and Kesteren, 2004). The removal of these clumps led to the ruptures and

channels observed in Figure 2.9(d). These features resemble the photographs of mass

erosion reported by Winterwerp and Kesteren (2004).

Finally, the erosion pattern from the very silty SAND showed a mix between the

sandy SILT and the silty SAND erosion patterns. This is depicted in Figure 2.9(c),

which shows the voids left by removal of discrete larger particles as well as small scale

voids left by clumps of material. Comparison with the Shields curve shows that this

sediment has a much higher threshold shear stress and might be referred to as ‘cohesive’.

We also note that this sediment (and the sandy SILT) has fines content exceeding 10%.

The cohesive behaviour observed in these samples is, therefore, in agreement with

Whitehouse (1998) who suggests that cohesive sediment transport equations should be
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2.5 Excess pore pressure under wave loading

(a) Laboratory SAND (SP). (b) Calcareous silty SAND (S-M).

(c) Calcareous very silty SAND (SM). (d) Calcareous sandy SILT (MS).

Figure 2.9: Top view of sediment sample after erosion test (flow from left to right).

used to describe erosion when a sediment contains more than 10% fines (noting that

fines are defined as particles with a diameter less than 63 μm in Whitehouse, 1998).

Finally, we note that in the experiments the silty sand and very silty sand displayed

non-homogenous erosion close to larger particles and this had an effect on the overall

erosion of the sample.

2.5 Excess pore pressure under wave loading

Progressive waves passing over a shallow seabed can cause significant dynamic pres-

sures, resulting in a time varying shear stress in the soil. These shear stresses can

act to generate excess pore pressure in the soil, which can lead to partial or full lique-

faction. Verruijt (1995) mathematically described this problem by means of the one

dimensional Biot consolidation equation for a homogeneous and isotropic soil. The

governing differential equation describing the excess pore pressure can be expressed in

a non-dimensional manner as

∂(u/σ′)
∂(t/T )

= cvT
∂2(u/σ′)

∂z2
+ B

(

τcyc

σ′

)

exp
(

−a
t

T

)

, (2.2)

where the rate parameter a is defined as

a = Bτcycmv
(1 − n0)

∆n
, (2.3)

with mv = k
γwcv

,

where u is the pore pressure, σ′ is the effective stress, t is the time, T is the period, cv

is the coefficient of consolidation, B is the pore pressure accumulation factor, τcyc is

the peak cyclic shear stress, mv is the coefficient of volume compressibility, n0 is the
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Figure 2.10: Shaking table setup.

initial porosity, ∆n is the maximum change in porosity, k is the permeability and γw

is the unit weight of water.

Equation (2.2) can be split into a dissipation term (first term on the right hand side)

and a source or generation term (second term on the right hand side). In this chapter,

we perform experiments to explore the dissipation and use the Verruijt (1995) model

to predict the generation of excess pore pressure.

2.5.1 Determination of the dissipation term

To investigate the pore pressure dissipation rates in each of the sediments, a sample

was placed in a cylindrical container (d = 0.30 m, h = 0.25 m) and subjected to shaking

motion with a peak acceleration of 1g and a shaking period of 15 Hz (see Figure 2.10).

As soon as the soil is fully liquefied (taken to be the point when the measured excess

pore pressure equals the initial effective stress), the shaking is stopped and the pore

pressure dissipation is traced using five pore pressure sensors spaced equally through

the soil depth.

Figure 2.11 shows the dissipation of the excess pore pressure over time for all four

sediments at a certain soil depth. The initial excess pore pressure varied due to the

different effective unit weights of the soil and different total soil depth (as shown in Table

2.3). The dissipation times range from 10 s for the laboratory sand up to 17 hr for

the calcareous sandy silt. By fitting the analytical solution of Terzaghi’s consolidation

Equation (2.4), one can obtain the coefficient of consolidation.

∂(u/σ′)
∂(t/T )

= cvT
∂2(u/σ′)

∂z2
. (2.4)

The above parabolic partial differential equation (PDE) can be solved by assuming two

boundary conditions and one initial condition for a finite, isotropic soil. These are:
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2.5 Excess pore pressure under wave loading

Soil type
cv γ′ z Lt

(m2/s) (kN/m3) (m) (m)

SP 5.7E-3 9.2 0.159 0.209
S-M 7.8E-4 9.2 0.157 0.207
SM 4.3E-5 7.5 0.177 0.227
MS 1.5E-6 6.7 0.178 0.228

Table 2.3: Consolidation coefficient and effective stress.
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Figure 2.11: Measured excess pore pressure dissipation.
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1st boundary condition: Zero excess pore pressure at seabed.

u(0, t) = 0. (2.5)

2nd boundary condition: Impermeable bed at the soil depth Lt.

∂u(Lt, t)
∂x

= 0. (2.6)

Initial condition: Excess pore pressure equals effective stress due to full liquefaction.

u(z, 0) = f(z) = γ′z, (2.7)

where γ′ is the effective unit weight of the soil. The analytical solution can be then

expressed as

u

σ′ =
1
σ′

∞
∑

n=1

2γ′

Ltk2
n

sin(knLt) sin(knz) exp(−λ2
nt), (2.8)

with n = 1, 2, 3,..., where kn = (n−0.5)π
Lt

and λn =
√

cv(n−0.5)π
Lt

.

Figure 2.12 gives a comparison between the measured dissipation curves and the

analytical solution. To best fit to the analytical solution, the coefficient of consolidation

was adjusted using a least squares method. Very good agreement can be found with a

standard deviation for u/σ′ ranging 0.057–0.017. In general, the sands show a larger

discrepancy to the analytical calculation. This may be due to the shorter dissipation

times, which might cause a slight delay in the pore pressure readings, or a variation

in cv during dissipation (whereas cv is assumed constant in the solution). As the

dissipation time gets longer a better recording accuracy is observed. However, despite

these discrepancies, the single calculated coefficient of consolidation for each sediment

describes the dissipation reasonably well.

2.5.2 Calibration of the Verruijt pore pressure source term

Verruijt’s source term is expressed as

∂(u/σ′)
∂(t/T )

= B(τcyc/σ′) exp(−a
t

T
), (2.9)

with a defined by Equation (2.3). By integrating Equation (2.9), one obtains the

following relation for regular cyclic loading of an undrained sample,

u

σ′ =
B(τcyc/σ′)

a
(1 − exp(−a

t

T
)). (2.10)
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Figure 2.12: Comparison between excess pore pressure measurements and analytical
solution.

Ensuring that the ratio of the maximum excess pore pressure to effective stress equals

1, such that

umax

σ′ =
−∆n

σ′mv(1 − n0)
= 1 (2.11)

and, hence, a = Bτ/σ′. One can then reduce Equation (2.10) to

u

σ′ = 1 − exp
(

−B N(τcyc/σ′)
)

, (2.12)

where N = t/T is the cycle number. This relationship is plotted in Figure 2.13 for

various choices of the parameter B and a constant excess pore pressure ratio (u/σ′) of

0.99. For a given cyclic shear stress ratio (τcyc/σ′), these lines, therefore, define the

number of cycles required to liquefy an undrained sample. Verruijt (1995) states that

for loose sand, values for B of 10−3 are reported.

In Figure 2.13, the relationship from Equation (2.12) is compared with data for

calcareous sand and silty sand taken from Carter et al. (1999). It is evident that,

regardless of the value chosen for B,the Verruijt model does not match this experimental

data well. This suggests that an improved pore pressure generation model is required

to better match experimental data for calcareous sands in order to provide improved

estimates of pore pressure generation. However, in this chapter we maintain the Verruijt

model and adopt a value of B = 0.01. Because of this choice, our model may over-

estimate pore pressure generation for cyclic shear stress ratios smaller than 0.07, in the

sense that less cycles are needed to liquefy the soil, as compared with the data from

Carter et al. (1999) for sand or silty sand. Conversely the number of cycles to cause

liquefaction may be higher than Carter et al. (1999) for higher shear stress ratios than

0.07.
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Figure 2.13: Calibration of the pore pressure model from Verruijt (1995) with pore
pressure data for calcareous sediment from Carter et al. (1999).

Input of cyclonic events
Storm conditions

Storm 1 Storm 2 Storm 3

ARP (year) <10 10 100
h (m) 50 50 50

Hs (m) 4 8 12
Tp (s) 7 10 12

τ (Pa) 0.13 2 5.8

τcyc/σ′ (–)1 0.01 0.04 0.07

1 1 m below seabed

Table 2.4: Selected storm conditions and input parameters.

2.6 Mobility analysis example using North West Shelf

conditions

From the estimated range of metocean data in Table 2.1, typical storm conditions

have been selected to be representative of less than 10 year, 10 year and 100 year

return period events. These input parameters, comprising water depth, significant wave

heights and peak period, are shown in Table 2.4 and are used to investigate mobility

of the NWS sediments.

2.6.1 Classical sediment transport

Adopting linear wave theory and assuming a JONSWAP wave spectrum (with a peak

enhancement factor of 2.5), the on-bottom wave velocity is calculated to determine the

seabed shear stress assuming a seabed roughness length (z0) of 0.3 mm for sand with

shells (see Soulsby, 1997, p. 49). The calculation of wave-induced seabed shear stress

is outlined in Soulsby (1997). No current velocities are considered in order to keep the
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2.6 Mobility analysis example using North West Shelf conditions

Soil type τcr (Pa)
τ/τcr (–)

Storm 1 Storm 2 Storm 3

SP 0.17 0.8 12 34
S-M 0.19 0.7 11 30
SM 0.36 0.4 6 16
MS 0.47 0.3 4 12

Table 2.5: Erosion thresholds compared with calculated seabed shear stresses.

calculation simple and the loading comparable with the liquefaction calculation.

The different storm conditions generate seabed shear stresses. Table 2.5 summarises

these shear stresses, normalised by the critical seabed shear stress for each soil. This

table shows that for the 10 year and 100 year storm events, all the threshold shear

stresses are lower than the calculated storm shear stress, and hence are assessed to be

mobile. For the least severe storm, no sediment movement is expected across all of the

sediments because the storm-induced shear stress is less than the threshold value.

The calculation approach used to assess sediment mobility in Table 2.5 is commonly

used in practice and straightforward to adopt for any wave and soil condition. However,

sediment transport depends on many complicated and interactive processes which are

not well understood. Important assumptions such as the logarithmic velocity profile

and the chosen seabed roughness length, which can be found in detail in Soulsby (1997),

contribute to uncertainty in these illustrative assessments.

2.6.2 Pore pressure build-up

To assess the potential for pore pressure build-up under the three idealised storm con-

ditions, the wave parameters in Table 2.4 are used to determine the shear stress based

on the solution given by Yamamoto et al. (1978) for a fully saturated poro-elastic soil.

By means of the calculated shear stresses, the soil properties and the calibrated pore

pressure model, Equation (2.2) can be numerically solved with a simple finite difference

approximation assuming the boundary conditions from Equation (2.5) and (2.7), and

zero initial excess pore pressure throughout the sample. As an example, Figure 2.14

shows the solution for all four sediments at 1 m soil depth for the 100 year storm event

assuming an impermeable boundary at 20 m soil depth. Liquefaction is reached for

the sandy SILT and very silty SAND after ∼4000 cycles (i.e. ∼ 13 hr). Only partial

liquefaction occurs for the laboratory SAND and silty SAND, which dissipate excess

pore pressure more quickly. These excess pore pressure curves assume B = 0.01 for all

the sediments. Although the pore pressure generation model adopted herein may be

too simplified, the results in Figure 2.14 do suggest that excess pore pressure genera-

tion is likely for NWS sediments described in this chapter, and the dissipation rates –

which were determined experimentally – indicate that this excess pore pressure could

be sustained for several hours, which is comparable to the duration of a storm.
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Figure 2.14: Excess pore pressure build-up 1 m below seabed calculated with Ver-
ruijt’s pore pressure model for Storm 3.

2.6.3 Seabed mobility summary

Figure 2.15 summarises the sediment mobility of the calcareous NWS sediments and

the laboratory sand tested herein. It should be noted that this plot treats both the

potential for mobility due to liquefaction and classical sediment transport independently.

However, the figure indicates that, for particular storm conditions, liquefaction (i.e. full

or significant partial liquefaction) can occur at the same time that the applied shear

stress at the seabed is close to or exceeds the threshold shear stress. This indicates

that there is likely to be interdependence between sediment transport and liquefaction

in practical conditions, and suggests a potentially important area of possible future

research.

2.7 Conclusion

A set of experiments on sediment transport and liquefaction has been carried out and

combined with simple theoretical models to illustrate the potential seabed mobility

of three NWS and one laboratory soil under realistic metocean conditions. These

calculations suggest that different soils may become mobile due to sediment transport

and/or liquefaction.

Specifically, the selected NWS sandy SILT and very silty SAND will both liquefy

and move due to sediment transport forces in sufficiently large cyclonic events (i.e. 100

year return periods). In contrast, the laboratory SAND and the silty SAND will only

succumb to sediment transport because these sediments dissipate excess pore pressures

quickly and avoid full liquefaction. The weakest storm event showed no sediment trans-

port and only full liquefaction for the sandy SILT.

The laboratory observations of sediment transport show that these NWS sediments,

particularly those with a significant fraction of fines, have a different mobility to that
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Figure 2.15: Seabed mobility matrix for typical NWS storms (Storm 1: Square,
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predicted using conventional methods calibrated to clean siliceous sands. Future re-

search will focus on better defining and quantifying the erosion mechanisms of these

sediments, particularly those which exhibit behaviour described as ‘cohesive’, as well

as clarifying the nature of the ‘frictional’ seabed shear stress required to drive erosion.

A better understanding will allow for a more accurate prediction of the threshold shear

stress and erosion. This is a particularly urgent need in regions such as the NWS,

where there is no distinction between ‘clean’ and ‘cohesive’ sediments, but instead a

continuous spectrum from coarse to fine soils, often poorly sorted with widely mixed

particle sizes.

The simple pore pressure model from Verruijt (1995) can illustrate liquefaction trends

very clearly, but shows several disadvantages which include an inflexibility that hampers

accurate calibration of the model parameters and, hence, an inaccurate development of

the excess pore pressure rate. Other models should be investigated to model liquefac-

tion.

The fact that both mobility types could theoretically coexist leads to the conclusion

that the interaction of liquefaction and sediment transport is also of relevance. Conven-

tional methods for assessing pipeline stability do not yet cover this aspect suggesting

that there is the potential for improved design reliability through better underlying

science.
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Chapter 3

The hydrodynamics of a recirculating

(O-tube) flume

Abstract. An O-tube flume (described recently by An et al., 2013) is a horizontal

closed-circuit flume that can be driven by an inline impeller-type pump to produce

steady and/or oscillatory flow over a mobile seabed. An O-tube has the ability to

reproduce large combined wave and current conditions near the seabed, typical of (cyc-

lonic) storm conditions. In this chapter, we investigate the hydrodynamics of an O-tube

and show applications of this technology. First, we derive a dynamic equation to ex-

plain the coupling between pressure and flow rate within the O-tube. This result can

be thought of as an extension of the classical hydrodynamic equations developed for

U-tubes and allows for improved control of the flow within the O-tube by providing a

prediction of the non-linear interaction between steady flow (i.e. currents) and unsteady

flow (i.e. waves). We demonstrate this improved control by comparing measurements

of flow rate taken from an O-tube with the dynamic equation. Secondly, we present

velocity measurements to give a detailed description of the flow field within the O-tube,

including mean flow profiles, seabed shear stress and turbulence. Finally, we conclude

the chapter by providing two example applications of the facility to study sediment

transport and scour.
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Chapter 3 The hydrodynamics of a recirculating flume

3.1 Introduction

Many different flumes have been developed to study scour and morphodynamics at the

laboratory scale in steady and/or oscillatory flows. These include (i) open top flumes,

which can be configured with a wave paddle, (ii) stationary or unidirectional flumes

fitted with an oscillating trolley (e.g. Bagnold and Taylor, 1946; Hammond and Collins,

1979) and (iii) enclosed flumes (or oscillating water tunnels) in which water may be

allowed to oscillate freely in a vertical U-tube or is driven by a range of piston type

arrangements (such as the large oscillating tunnel at Delft Hydraulics, the Aberdeen

Oscillating tunnel, and the Pulsating water tunnel; Ribberink and Al-Salem, 1994;

O’Donoghue and Wright, 2004; Murray, 1992).

As is to be expected, each of these different flumes has both advantages and disad-

vantages. Open top flumes with a wave paddle, for example, reproduce the kinematics

of orbital wave motion, but they are limited to wave velocities and periods below that

which lead to wave breaking and to significant wave reflection within the flume. In

comparison, trolleys in stationary and unidirectional flumes are not limited by wave

breaking and reflection, but they do not reproduce the same kinematics as a progressive

wave and can be inaccurate if the inertia force is large (Davies and Wilkinson, 1978). U-

tubes are not limited by inertia force and, as is typical for all oscillating water columns

that do not feature a free water surface, they are not limited by wave breaking criteria.

However, they are usually limited to the resonant period of the water mass and are

difficult to adapt to incorporate steady current velocities. Piston driven water tunnels

can be adapted to incorporate steady current (for example the Tokyo University Water

Tunnel and the HR Wallingford Pulsating Water Tunnel; Ahmed, 2002; Murray, 1992),

however, the oscillatory flow amplitude in these facilities is limited by the length of the

piston stroke.

In this chapter, we focus on a new recirculating flume concept known as an O-tube.

This flume comprises a horizontal fully enclosed circulating water channel, which in-

cludes a rectangular test section and an impeller-type pump driven by a motor (see An

et al., 2013; Figure 3.1 and Figure 3.2). This arrangement has the relative advantages

that (i) currents can be introduced easily, and (ii) wave velocities are limited only by

the pump characteristics and not by wave breaking, resonance of the water mass or the

stroke of a piston (see Section 3.4). These advantages reflect the motivation for the de-

velopment of the O-tube concept, which is to investigate stability of subsea pipelines on

mobile seabeds in extreme (cyclonic) storm wave and current conditions (Cheng et al.,

2010). However, like all enclosed flumes, the O-tube is limited in the sense that it can-

not reproduce the same pressure variation and orbital flow kinematics experienced near

the seabed under a progressive wave. This difference can be important for reproducing

and interpreting physical phenomena such as seabed liquefaction.

In light of this limitation, the primary aim of this chapter is to provide a theoretical

description of the hydrodynamics within an O-tube which can be seen as an extension

of the classical approach that Streeter (1958) presented for U-tubes. In particular, the
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3.1 Introduction

(a)

(b)

Figure 3.1: Photographs of the Mini O-tube (MOT) at the University of Western
Australia. See An et al. (2013) for details of the Large O-tube (LOT).

derived relationship between the flow rate and pressure within the tube is important for

optimising the control of the flume under combined wave and current conditions, and

for interpretation of experiments including the observed phenomena such as sediment

transport and seabed liquefaction. A second aim of this chapter is to give a detailed

description of velocity measurements within the working section of an O-tube. These

measurements summarise mean flow, seabed shear stress, turbulence and secondary

flow. The chapter then concludes by describing recent experiments undertaken in an O-

tube. A thorough description of the technology and control of an existing O-tube flume

constructed at the University of Western Australia (and described briefly in Section 3.2)

is presented by An et al. (2013).
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Figure 3.2: Detailed dimensions of the Mini O-tube (MOT). Coordinate system also shown.
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3.2 O-tube facilities

(a) (b)

Figure 3.3: Impellor used to drive flow around the MOT. (a) Removed from tube. (b)
Within tube. The impeller shows slight surface corrosion due to its envir-
onment. This corrosion does not measurably influence its performance.

3.2 O-tube facilities

Two O-tubes have been constructed at the University of Western Australia. The first

is a ‘Large’ O-tube (LOT) with an overall length of 24 m, breadth 7.8 m and a working

section of 17.4 m (length) × 1.4 m (high) × 1.0 m (wide). This O-tube can achieve

a maximum steady current velocity of up to 3 m/s and an oscillatory flow velocity of

up to 1 m/s – 2.5 m/s, respectively, for wave periods of 5–13 s (see An et al., 2013,

for further details). The LOT can be used for 1:1 scale experimental studies of subsea

pipelines in, for example, cyclonic conditions representing the North West Shelf offshore

Australia.

The second O-tube is approximately 5 times smaller than the LOT, and is termed

the ‘Mini’ O-tube (MOT); see Figure 3.1 and 3.2. The MOT has a working test cross-

section 1.8 m (length) × 0.3 m (high) × 0.2 m (wide) and measures 6.4 m long. Soil

is placed in a 0.1 m deep by 0.2 m wide cavity at the bottom of the working section.

Compared with the LOT, the MOT has the advantage that it requires less sediment

to fill and nourish the working section (so that small scale tests and erosion testing

can be undertaken with prototype sediment) and it allows for testing at comparatively

reduced scale (so as to examine scale effects). The experimental results discussed in

this chapter are from the MOT.

The MOT comprises of a motor-impeller system (Figure 3.3), 150 mm diameter PVC

pipe sections, two 200 mm long flow straighteners at each end of the test section (with

internal honeycomb diameter of 25 mm), two vertical tubes to bleed air from the system

at each end of the test section and one transparent working section. A summary of

the dimensions and other specifications of the MOT are given in Table 3.1. Although

preliminary CFD modelling was undertaken to select the overall dimensions of the LOT,

the dimensions of the MOT were not optimised in any quantitative manner since it was

originally designed merely as a proof-of-concept for the LOT.

33



Chapter 3 The hydrodynamics of a recirculating flume

Specification Quantity

Length of O-tube 6.4 m
Breadth of O-tube 2.5 m
Height of test section 0.3 m
Width of test section 0.2 m
Length of test section 1.8 m
Maximum steady velocity 1.5 m/s
Oscillatory flow amplitude, period and 0.5 m/s, 2.5 s, 1.3 kPa/m
pressure gradient 0.9 m/s, 5 s, 1.1 kPa/m

1.1 m/s, 7.5 s, 0.9 kPa/m
1.2 m/s, 10 s, 0.8 kPa/m
1.5 m/s, 12.5 s, 0.8 kPa/m

Rated power of drive motor 5.5 kW
Maximum rotation speed 2970 rpm

Table 3.1: Summary of key MOT properties.

3.3 Hydrodynamics of an O-tube

In contrast to well-established methods for predicting U-tube flow (e.g. Streeter, 1958;

Richardson, 1967; Biery, 1969), at present there is no hydrodynamic theory to describe

bulk flow within an O-tube flume. In this section, we develop the equivalent theory for

an O-tube starting from the most basic dynamic equation describing flow within the

O-tube (or any enclosed water flume generally)

∂u

∂t
+

1
ρ

∂p

∂x
+ u

∂u

∂x
= −F, (3.1)

where ρ is fluid density, u(x, t) and p(x, t) are the (bulk) velocity and pressure, averaged

over the cross-sectional area of the O-tube, x is the position along the O-tube (see

Figure 3.2) and t is time. The term, F , on the right hand side of (3.1) represents

O-tube wall resistance per unit mass of fluid in the O-tube. Continuity also implies

that the volumetric flow rate within the O-tube (again as in any enclosed water flume)

can only be a function of time; i.e.,

Q(t) = u(x, t)A(x), (3.2)

where Q is the volumetric flow rate and A(x) is the cross-sectional area of the tube.

Unlike the flow rate, the average velocity will vary around the O-tube (for example,

due to variations in cross-sectional area at the entrance and exit to the O-tube working

section) and is, therefore, not independent of position. Substituting (3.2) into (3.1)

leads to

1
A

∂Q

∂t
+

1
ρ

∂p

∂x
+

1
2

∂

∂x

(

Q2

A2

)

= −F. (3.3)
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3.3 Hydrodynamics of an O-tube

This can now be integrated around the O-tube, either side of the propeller, to give

∆p = a1
dQ

dt
+ ρ

∫ L

0
F dx, (3.4)

where a1 = ρ
∫ L

0 A−1dx is a constant related to the mass of water in the O-tube (and can,

therefore, be obtained from calibration as shown later), while ∆p(t) = p(0, t) − p(L, t)

is equal to the driving pressure from the impeller. Note that the third term on the left

hand side in (3.3) disappears because the integral is closed around the O-tube.

Following the usual assumptions of flow in pipe networks the integral on the right

hand side of (3.4), which describes the resistance along the pipe, can be rewritten as

ρ

∫ L

0
F dx = f

∫ L

0

ρu2

2DH
dx +

∑

ki
ρu2

i

2
, (3.5)

where f is the pipe friction factor (which can be obtained from the well-known Moody

diagram; Moody, 1944), DH is the hydraulic diameter, and ui and ki are the local

average velocity and head loss coefficient associated with the ith bend, expansion, con-

traction etc. along the pipe. Allowing for flow in both directions, (3.5) can, therefore,

be rewritten in terms of the flow rate as

ρ

∫ L

0
F dx = a2Q|Q|, (3.6a)

with

a2 =
∫ L

0

ρf

2A2DH
dx +

∑ ρki

2A2
i

, (3.6b)

where Ai is the cross-sectional area at the locations of head loss. Importantly, like the

parameter a1, the parameter a2 in (3.6a) should also be a constant value for a given

O-tube, and could, therefore, be obtained simply from calibration (explained further

below).

Using (3.6a), (3.4) now becomes

∆p = a1
dQ

dt
+ a2Q|Q| (3.7)

so that the flow rate is related to the pressure via a non-linear first order differential

equation. The form of (3.7) illustrates that the pressure supplied by the impeller is

balanced by the acceleration of fluid within the pipe (the first term on the right hand

side) and the drag losses in the pipe (the second term on the right hand side).

In practice, the pressure (or head) delivered by an impeller is typically proportional

to the square of its rotation speed (via the Affinity Laws) and so, preserving signs, (3.7)

can be rewritten as

N |N | = a′
1

dQ

dt
+ a′

2Q|Q|, (3.8)

where N is the rotation speed of the impeller (typically measured in revolutions per
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Figure 3.4: Comparison of measured flow rate with steady impeller rotation speed N .
The best fit trend line suggests that a′

2 = 4.14 × 109 rpm2s2/m6 . Crosses
represent forward flow, and circle’s represent reverse flow. See Figure 3.9
for definition of forward/reverse flow.

minute (rpm)) and the coefficients are a′
1 = a1/a3 and a′

2 = a2/a3, where a3 (1.6 ×

10−3 Pa/rpm) is a constant of proportionality between the pressure and the square of

the rotation speed of the impeller (and can be obtained from, for example, measure-

ments such as those reported later in Figure 3.8.

Equation (3.8) is the final governing equation which relates the impeller speed to the

flow rate in the O-tube. In the following sections, we consider some simple solutions

to (3.8) and compare the results with measurement from the MOT. These solutions

ultimately allow for both constants a
′

1 and a
′

2 to be obtained empirically so that (3.8)

can then be used to predict the flow rate produced in the O-tube for any chosen

impeller rotation speeds. It would be possible to non-dimensionalise Equation (3.8),

but dimensions are retained herein to allow for easy interpretation of the coefficients

a′
1 and a′

2.

3.4 Solutions for flow rate as a function of impeller

rotation speed

3.4.1 Steady flow conditions

The first solution we consider is for steady flow. In this case, the rotation speed of the

pump will be constant and so the first term on the right hand side of (3.8) vanishes.

Consequently, (3.8) reduces to the solution

Q = N/
√

a′
2. (3.9)

This result implies that the flow rate will be proportional to the rotation speed of the
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3.4 Solutions for flow rate as a function of impeller rotation speed

impeller, and that the coefficient a′
2 can be obtained from the gradient of a plot of

measured steady flow rate as a function of pump rotation speed.

To test this relationship, the impeller within the MOT was run at different steady

rotation speeds and the resulting flow rate was measured by integrating cross-sectional

mean velocity profiles (sampled at 50 Hz and averaged over 6 minutes; see Section 3.7

for more details). Figure 3.4 presents these measurements for flow in both directions

(i.e. propeller run in forwards and reverse rotation) and indicates a clear linear relation-

ship between flow rate and pump speed, in agreement with (3.9). From the gradient

of the best fit line a′
2 = 4.14 × 109 rpm2s2/m6 for clockwise and anti-clockwise flow

directions. This value is dependant on the geometry of the O-tube (and losses within

the pipe etc.) and should, therefore, be a fixed value for a given O-tube and impeller

arrangement. Additionally to the empirical approach, one can estimate a′
2 by using

equation (3.6a) accumulating all potential frictional and minor losses due to bends and

cross-section changes in the O-tube. A ‘broad brush’ calculation showed good agree-

ment with measured values based on Figure 3.4. This consistency gives confidence in

Equation (3.9).

3.4.2 Oscillatory flow conditions

A second analytical solution to (3.8) can be obtained for oscillatory flow conditions if it

is assumed that the non-linear frictional losses are small compared with the acceleration

of water in the O-tube, so that the second term on the right hand side of (3.8) can

be neglected. This is most likely to be appropriate for short period oscillatory flow

with small peak flow rate. Adopting this assumption the solution to (3.8) can then

be obtained for a sinusoidal variation in rotation speed of N0 cos(ωt), where ω is the

angular frequency, by setting |N |N = N2 over the first quarter cycle and by exploiting

even and half wave symmetry in the solution. This leads to the solution over the first

period T (= 2π/ω) of

Q(t) =



























X(t) , t ≤ T
4

X(T
2 − t) , T

4 < t ≤ T
2

−X(t − T
2 ) , T

2 < t ≤ 3T
4

−X(T − t) , 3T
4 < t ≤ T

, (3.10)

where

X(t) = sign(cos(ωt)) ×
πN2

0

4ωa
′

1

(

2ωt

π
+

sin(2ωt)
π

)

. (3.11)

For t > T the flow rate can be obtained by noting that the solution is periodic

(i.e. Q(t + T ) = Q(t)).

To explore the validity of (3.10), Figure 3.5 shows an example measurement of flow

rate over time recorded in the O-tube. In order to obtain the measured time-varying

flow rate over a wave cycle, velocity measurements (sampled in intervals of 20 ms)
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Chapter 3 The hydrodynamics of a recirculating flume

were ensemble-averaged over 50 waves and then integrated over the cross-sectional area

(see Section 3.7 for more details). The input rotation speed was sinusoidal with an

amplitude of N0 = 875 rpm and a wave period of 10 s. Using a′
1 = 1.18 × 108 m3/rpm2

the solution from (3.10) is in very good agreement with this measurement. The slight

discrepancy after the minimum and maximum flow rate is a result of small frictional

losses and/or a delay in the impeller response at the zero angular velocity crossing point.

In order to show these phenomena, Equation (3.8) was solved using a′
2 from the previous

steady flow condition test (see Section 3.4.1). Fitting this non-linear prediction to the

measurement explains clearly that the faster decrease in flow rate after the amplitude

of the wave cycle is due to frictional losses.

From (3.10) and (3.11) it is also possible to show that the peak flow rate Q0 occurs

at T/4 (and every half-period following this) and it is equal to

Q0 =
πN2

0

4ωa
′

1

. (3.12)

Hence, measurement of the peak rotation speed N0 and peak flow rate Q0 can be

used to determine the constant a
′

1. We have compared this relationship between the

peak impeller speed and peak flow rate with measurements taken in the MOT. Fig-

ure 3.6 presents the measured results for waves (representing an ensemble-average over

50 waves) with varying input rotation speeds (296 rpm, 593 rpm, 889 rpm, 1185 rpm,

1482 rpm) and periods (7.5 s, 10 s, 12.5 s). It can be seen that the relationship in (3.12)

(see Figure 3.6(b)) shows excellent agreement with measurements for sufficiently small

peak period (so that the assumptions underlying its derivation are correct) simplifying

the calibration of a′
1 = 1.18 × 108 m3/rpm2.

Figure 3.6(a) also includes predictions based on the full form of Equation (3.8) using

a′
1 and a′

2 equivalent to that used in Figure 3.5. The predicted peak flow rates show

good agreement with the measurements across the full range of measurements.

3.5 Control of the O-tube in combined wave and current

conditions

When both steady (current) and oscillatory (wave) pressure is applied via the pump,

the form of (3.8) suggests that the steady and unsteady flow will interact non-linearly

(note that this interaction is dependent on the flume and is distinct from non-linear

interaction in, for example, the wave and current boundary layer). For these combined

flows (3.8) can be solved numerically, using the values for a′
1 and a′

2 calibrated from

steady and oscillatory only conditions, to predict the resulting flow rate. To demon-

strate this, Figure 3.7 presents an input rotation speed having a periodic variation

around a non-zero mean speed. Reasonable agreement is shown between the measured

flow rate that results from this input rotation speed and the prediction based on (3.8).

The agreement is clearly much better than a prediction based on a simple superposition

of the linear component and the periodic component (i.e. simply the addition of the
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Figure 3.5: Comparison between wave measurement (solid black line) and two the-
oretical predictions due to (3.9) on the one hand neglecting frictional
losses (dashed line) and on the other hand considering frictional losses
(dotted line). The O-tube specific constants were chosen as a′

1 = 1.18 ×
108 m3/rpm2 and a′

2 = 4.14 × 109rpm2s2/m6. The peak rotational speed
is 889 rpm.

steady flow from (3.9) and the oscillatory flow from (3.10) using the same calibration

factors for a′
1 and a′

2). The superimposed result is a poorer prediction in terms of both

phase and magnitude.

3.6 Variation in pressure around an O-tube

So far we have investigated the relationship between impeller rotation speed and flow

rate, showing good agreement between theory and measurements in the MOT. This

implies that the pressure supplied by the impeller is indeed proportional to the square of

its rotation speed (as assumed via the affinity laws). To further confirm this conclusion,

Figure 3.8 presents measurements of the pressure difference across the impeller as a

function of steady rotation speed (in this figure measurements were obtained using

differential silicon-diaphragm pressure sensors sampling at 50 Hz). The results are in

excellent agreement with the assumed relationship.

The results in Figure 3.8 confirm the pressure change at the impeller. Next, we

investigate how this supplied pressure varies around the O-tube. Our motivation for

investigating this is that, as mentioned in the Introduction, these variations can have

important implications for understanding the potential of, for example, seabed lique-

faction within the O-tube. To investigate variations in pressure, readings were made at

10 locations for an oscillatory flow Q0 = 0.022 m3/s with a period of 10 s. Figure 3.9

presents the measurement results in terms of the amplitude in pressure measured at

each location along the O-tube. This amplitude was obtained from an ensemble average

of the time varying pressure over 50 waves.
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Figure 3.6: Comparison of peak measured flow rate Q0 with the square of the peak
input impeller speed N0, divided by 4 times the wave frequency divided
by π. The measurements were taken for a wave period of 7.5 s (filled
diamonds), 10.0 s (circles) and 12.5 s (squares). (a) The line is an ap-
proximate relationship based on (3.12) with a′

1 = 1.18 × 108 m3/rpm2.
(b) The full line with diamonds is the fit based on the full Equation (3.8)
for a wave period of 7.5 s, the dashed line with circles for 10 s and the
dotted line with squares for 12.5 s with a′

1 = 1.18 × 108 m3/rpm2 and
a′

2 = 4.14 × 109 rpm2s2/m6.
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to (3.9) and (3.10).

It can be seen in Figure 3.9 that the amplitude in pressure varies linearly along

the tubular and working sections of the O-tube, with a larger gradient in the tubular

section where the average velocity is larger (note that a black line is used for flow in

the positive x direction and a red line for the reverse direction). It can also be seen

that zero pressure occurs within the test section at s ∼ 5.65 m, which coincides with

the centre of water mass either side of the impeller. Each of these results is expected

based on the form of Equation (3.8) if the non-linear drag (the second term on the right

hand side) is negligible in comparison to acceleration.

In terms of interpreting the potential for seabed liquefaction in the O-tube, an im-

portant observation from Figure 3.9 is that the pressure distribution within the test

section is similar to that expected under the node of a standing wave (assuming linear-

ity through and close to the node) as opposed to the sinusoidal variation in pressure

expected for a linear progressive wave. This difference is unavoidable for a water tun-

nel, in which the free surface cannot be simulated, and implies that the potential for

generating momentary liquefaction of a soil within an O-tube may be inhibited. This

is because momentary liquefaction requires a large upward pressure gradient in the

soil which can only be produced by a significant reduction in water pressure above the

seabed. This reduction in pressure may occur under the wave trough of a progressive

wave (Sumer et al., 1999), but not at the centre of the O-tube working section where

there is a node in pressure.

Despite the pressure distribution within the O-tube resembling a standing wave, this

does not inhibit the ability for a soil within the O-tube to experience liquefaction due

to the build-up of excess pore pressure (see, for example, Sassa and Sekiguchi, 2001).

This is because the applied shear stress causing the generation of excess pore pressure
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is dependent on the spatial pressure gradient (Teh, 2003), as opposed to temporal

fluctuations in pressure at a fixed point on the seabed. The actual magnitude in the

spatial pressure gradient required to cause liquefaction of a given sediment type depends

on the particular characteristics of the sediment (De Groot et al., 2006). However, to

give an indication, Sumer and Fredsøe (2002) have shown that sandy silt can liquefy

when the pressure gradient exceeds 1.1 Pa/m (assuming a 1.6 s period). This pressure

gradient can be reached in the MOT/LOT using wave periods in the range of 2.5–5 s

(Table 3.1).

3.7 Detailed description of the flow field in the O-tube

To characterise the flow within the O-tube, a series of measurements were performed

covering steady and oscillatory flow conditions. Measurements from this campaign

are reported in the following subsections. It should be noted that all velocity read-

ings reported herein were made with an Acoustic Doppler Velocimeter (ADV) from

Nortek that can recover simultaneous measurements at 35 points distributed at a spa-

tial resolution of 1 mm in the vertical direction. During the campaign, a smooth false

floor resulting in cross-sectional dimensions of the working section to the dimensions

b × h = 0.2 m × 0.2 m (see Figure 3.2).

Mean velocities for steady flow conditions were extracted by averaging the recorded

velocity time-series over at least 6 min (which was found to recover repeatable mean

velocities within a few percent of the true mean value). Oscillatory velocities were
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ensemble-averaged over 50 wave periods (in a similar manner to Jensen et al., 1989 and

Sleath, 1987).

All velocity measurements were made over the full vertical range of the ADV (i.e. 35 mm)

with the closest velocity measurement taken 10 mm above the test bed. As we will show

later, the velocity profile obtained was in very good agreement with theoretical expecta-

tions. We present velocity measurements in the remainder of this chapter using a right

handed co-ordinate system with the origin at the central bottom of the working section

(see Figure 3.2).

3.7.1 Mean velocity under steady flow conditions

We start by considering the velocity profiles in steady flow. Figure 3.10 presents con-

tours of the normalised mean streamwise velocity at x = 0 (i.e. a horizontal cut through

the centre of the working section) for steady flow conditions. These measurements were

made for two different flow rates, namely (i) 0.008 m3/s and (ii) 0.019 m3/s and res-

ults are presented in Figure 3.10 for each flow rate both with and without the flow

straighteners (which are located at each end of the test section; see Figure 3.2). Within

the cross-section the measured flow velocities were restricted to the dashed measuring

area indicated in Figure 3.10 due to the limited access of the ADV. The contour plots

were compiled by piecing together velocity profiles obtained at 9 ADV locations in the

y direction and 4 ADV locations in the z direction.

As shown in Figure 3.10, at any flow rate (Q = 0.008 m3/s and Q = 0.019 m3/s)

a velocity peak forms towards the outer wall of the test section (i.e. y/b < 0) at a

height of roughly z/h > 0.6. The lateral location of the peak velocity (to the left of the

centre of the working cross-section) is in agreement with the findings from Rowe (1970),

Patankar et al. (1975) or Sudo et al. (1998), who investigated flows with homogeneous

inlet conditions around a bend, and is a result of centrifugal forces in the bend of the O-
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tube which result in an increased pressure (and, therefore, a decrease in velocity) close

to the inner wall (An et al., 2013). This asymmetry in the flow profile is likely to be a

common characteristic to all O-tubes and is important to characterise for experimental

interpretation.

Comparison of Figure 3.10(a) with 3.10(b) and 3.10(c) with 3.10(d) also indicates the

effect of the flow straightener on the flow profile. It is clear that the straightener does

change the cross-sectional flow profile causing a slight decrease in velocity towards the

confining walls of the working section. However, the flow straightener does improve the

flow turbulence as described in Section 3.8. Additionally, it should be noted that a com-

parison of the recorded velocities below a height of z/h = 0.25 using a flow straightener

(compare Figure 3.10(b) with 3.10(c)) are relatively similar regarding velocity profile

and magnitude.

Measurements at x = 0 were also made of the secondary flows at each ADV meas-

urement location. Despite the non-uniformity in the flow profiles shown in Figure 3.10,

these measurements showed that secondary velocities in the working section were smal-

ler than 5% of the bulk stream-wise velocity at all points in the cross-section. Because

these secondary velocities were small, accurate profiles of the secondary flows could not

be generated. The limited size of the secondary flows is reassuring, and important to

verify given that the flow is driven by an impeller.

3.7.2 Mean velocity under oscillatory flow conditions

Figure 3.11 shows the amplitude in velocity obtained from ensemble averaged velocities

of the oscillatory flow at x = 0. The particular profile shown in Figure 3.11 is for

oscillatory flow of period 10 s and Q0 = 0.008 m3/s, generated by a sinusoidal time-

varying impeller speed. The results presented in Figure 3.11 were similar to those

obtained for all peak flow velocities with period ≤ 10 s. It is clear from Figure 3.11

that the velocity profile is much more uniform than in the steady flow experiments, and

this agrees well with preliminary results presented in An et al. (2013). The boundary

layer tends to start around z/b = 0.2 and forms a bulge towards the bottom, which is

consistent with that observed by Jensen et al. (1989). The boundary layer thickness

increases only slightly towards the outer wall. These results are suggestive of a well-

defined velocity profile within the O-tube for oscillatory flow conditions.

3.8 Turbulence intensities in the test section

Turbulence intensity can have important implications for the time-varying seabed shear

stress and sediment mobility. To investigate the turbulence intensity within the O-

tube, measurements are given in Figure 3.12 for the steady current profiles presented

in Section 3.4.1. The turbulence intensity in this figure was calculated from time series

measurements of the velocity when the correlation value of the ADV was above 97%
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Figure 3.10: Contours of streamwise velocity normalised by the maximum velocity
in the yz plane for two different steady flow rates (Q = 0.008 m3/s
and Q = 0.019 m3/s) measured at the centre of the working section
(x = 0 mm) both with and without flow straightener.
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Figure 3.12: Contours of turbulence intensity in the yz plane at x = 0 for the flow
rates and conditions shown in Figure 3.10.
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(implying a reliable and accurate velocity measurement) and was based on the formula

TI =
√

u′2/ū, (3.13)

where u′ is the velocity fluctuation around the mean velocity ū.

From Figure 3.12 it can be seen that the turbulence intensity varies over the cross-

section, with the minimum turbulence intensity located generally toward the centre of

the test cross-section were the streamwise flow is greatest. This is in agreement with

well-known observations of flow in rectangular conduits (see, for example, Melling and

Whitelaw, 1976).

Figure 3.12 also indicates that the turbulence intensity reduces significantly close to

the location of maximum streamwise velocity when a flow straightener is used. This is

true both at low and high flow rate. The turbulence intensity is also smaller at higher

mean flow rates.

It should be noted that acoustic noise from the axial flow pump might have in-

creased the turbulence measurements despite excellent correlation in the velocity read-

ings, therefore, care should be taken interpreting the presented results.

3.9 Logarithmic profiles and shear stress

Finally to better interpret the velocity profiles presented in Section 3.7.1, we have

also examined the vertical velocity profile of the streamwise velocity in the test section.

Firstly, the vertical velocity is compared with logarithmic profiles providing estimations

of shear stress calculations. Secondly, shear stress variations are shown for (i) different

seabed condition at the centre of the test section and (ii) different locations along the

test section showing a developed profile.

Measurements of 22 different steady flow rates with three seabed types: a smooth

bed, and two rough sandy beds (prepared by gluing uniform sand with a median grain

size of 0.19 mm and 0.54 mm, respectively, to the surface of the false floor.) Figure 3.13

presents all of the velocity profiles for these different flow rates and test bed conditions.

For the smooth test bed measurements, Figure 3.13 shows that all the velocity profiles

agree well with Clauser’s equation (Clauser, 1956)

u+ = (1/0.41) ln(z+) + 4.9, (3.14)

where z+ = zu∗/ν and u+ = u/u∗. Here z+ is the wall coordinate, made dimensionless

with the friction velocity u∗ and the kinematic viscosity ν. u+ is the dimensionless

velocity which is the velocity in the x direction as a function of z, divided by the

friction velocity. For each velocity profile shown in Figure 3.13, the seabed roughness

length was calculated using the empirical fit of Christoffersen and Jonsson (1985) to the

results of Nikuradse (see Nikuradse, 1933), together with the friction velocity obtained

assuming a logarithmic velocity profile and the measured velocity at a distance 6 mm

from the seabed.
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The good agreement in Figure 3.13 underlines the assumption of Clauser (1956)

that the wall flow is not influenced by the turbulent free stream flow (presented in

Section 3.7.1). It also implies that the bed shear stress can be calculated from velocity

measurements made within the logarithmic region near the bed of the O-tube.

For the velocity measurements made using the two rough surfaces, Figure 3.13 il-

lustrates that a logarithmic velocity distribution is again appropriate. The best fit

relationship for both bed roughnesses in Figure 3.13 was found to be

u+ = (1/0.41) ln(z/z0) + 0.3, (3.15)

where z/z0 is the distance z to the wall divided by the seabed roughness length z0.

A key metric in sediment transport is the shear stress at the seabed. As a final

exercise, the shear stress for the smooth and rough bed cases were, therefore, also

calculated for each flow conditions using two different approaches. Firstly, the friction

velocity was obtained by fitting a logarithmic profile of the form u = u∗/0.41 ln(z/z0)

to each velocity profile using a series of point measurements between 6 mm and 12 mm

above the seabed. The shear stress was then calculated according to ρu2
∗. Secondly, the

velocity at 6 mm above the seabed was used to calculate the friction velocity assuming

a logarithmic velocity distribution and an estimate for z0 based on Christoffersen and

Jonsson (1985).

A comparison of the computed shear stress using both approaches across a range of

mean flow rates is given in Figure 3.14. It is evident from this figure that both methods

give very similar results (to within 4% for shear stress across all seabed types and flow

rates). Therefore, either method is adequate to calculate the shear stress acting on the

bed within the working section of the MOT (i.e. a fit to all velocity measurements or

an empirical estimate based on one point measurement).

Additional to the variation in shear stress due to changing bed surfaces, measure-

ments were performed to quantify the change in shear stress along the test bed in the

working section. Figure 3.15 shows only a minimal change in shear stress 200 mm

before and 200 mm after the centre of the test section. This leads to the conclusion

that the velocity profile is fully developed at the position x = −200 mm and hence does

not change over the next 400 mm. The shear stress can be assumed as nearly constant

over this part of the test section simplifying the interpretation for any test that might

be performed in this region of the test section. Details on applications in the MOT are

shown in the following section.

3.10 Example applications

3.10.1 Non-cohesive threshold shear stress

In any flume it is important to confirm that results for key properties, such as sediment

threshold shear stress, are consistent with experimental results in the literature. To en-

sure this is the case in the MOT, the erosion properties of a number of uniform sediments
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Figure 3.14: Calculated shear stresses using a best least squares fit of the logarithmic
profile between 6 mm and 12 mm above the seabed at x = 0 mm for
a smooth bed (crosses), a sand with grain diameter 0.19 mm (circles)
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Figure 3.15: Calculated shear stresses using a best least squares fit of the logarithmic
profile between 6 mm and 12 mm above the seabed for a smooth bed
at x = −200 mm (circles), at x = 0 mm (crosses) and x = 200 mm
(diamonds). Comparative shear stresses computed using a roughness
length derived empirically for a smooth test bed (as outlined in the text)
is shown as a continuous line.

have been tested. Specifically, measurements of threshold velocity were conducted by

placing sediment into a sample holder that resembled one half (cut lengthwise) of a

circular cylinder with a diameter of 76 mm and a length of ∼200 mm (see Figure 3.16).

The sample was then placed within the centre of the MOT working section (so that

variations in velocity are small across and along the sample). Steady currents were

then introduced in a stepwise fashion until significant erosion was observed. Erosion

was quantified via scanning the surface of the sample periodically with a 3-D laser

scanner (see, for example, Mohr et al., 2013). The corresponding threshold shear stress

was then back calculated from measurement of the velocity profile over the sample.

Results for loose uniform sediment (ranging from 15 μm limestone to 540 μm siliceous

sand) are given in Figure 3.17 and compared with the well-known Shields curve (Shields,

1936; refitted by Soulsby and Whitehouse, 1997) and laboratory data compiled by

Soulsby and Whitehouse (1997). Good agreement is observed across the range of grain

sizes, and this gives confidence in using the O-tube for erosion testing.

Preliminary testing results obtained for others sediments, including calcareous sedi-

ments (ranging from silty SAND to sandy SILT), are reported in Mohr et al. (2013).

3.10.2 Pipeline scour

The MOT has also been used to study scour under model pipelines (Figure 3.18(a)).

Recent work has considered the critical point at which scour initiates (i.e. the onset

of scour) in steady currents (Zhang et al., 2013) and the critical point at which scour
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Figure 3.18: (a) A 50 mm model pipeline placed rigidly within the MOT working sec-
tion at a nominal initial embedment into the sand. (b) Non-dimensional
parameter Ucr/gD(1 − n)(s − 1) (see Zhang et al., 2013 for further de-
tails) describing onset of tunnel scour in steady currents as a function of
normalised pipeline embedment e/D. Experimental results from (Sumer
and Fredsøe, 2002) shown as dots with trend line. Results obtained with
the MOT by (Zhang et al., 2013) shown as crosses.

initiates in combined wave and currents (Zang et al., 2010). These studies have demon-

strated good agreement with published measurements of the onset of scour beneath

pipelines, equilibrium scour depths in wave and current only conditions and time-scale

of scour development. A comparison of MOT results with published results for the

onset of scour in steady currents is given in Figure 3.18(b).

3.11 Conclusions

An O-tube is a recirculating flume that can be used to simulate wave and currents rep-

resentative of ambient to cyclonic field conditions at the seabed. A key advantage of an

O-tube driven by an impeller is that it can reproduce oscillatory flow with peak velocity
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limited only by the power/efficiency of the impeller; and this ensures that high velocity

current and oscillatory flow can be reproduced. However, like all enclosed flumes an

O-tube is limited in that it does not reproduce the same orbital wave kinematics or

the same relationship between pressure and velocity at the seabed. In this chapter, the

actual relationship between pressure and flow rate in an impeller driven O-tube has

been derived in terms of a dynamic equation extending classical work for flow in closed

conduits such as U-tubes (Streeter, 1958). Analytical solutions have been given relating

the impeller rotation speed to the flow rate in steady and oscillatory flow, respectively.

Calibration in these conditions has been shown to allow for optimum control of flow

rate in combined wave and current conditions.

Based on the relationship between pressure and flow rate derived in this chapter,

interpretation of physical phenomena in the O-tube can be improved. For example,

by measuring the pressure variations along the O-tube, which are consistent with the

dynamic equation, it has been shown that the pressure variation within the working

section of an O-tube is similar to that under a node of standing wave. Consequently,

seabed liquefaction may be simulated in an O-tube, since the spatial pressure gradient

that leads to cyclic shear stresses within the seabed is reproduced.

Finally, detailed measurements of steady and oscillatory flow have been given to

characterise the mean flow, flow asymmetry, turbulence and bed shear stress with the

working section of an O-tube. This has documented the cross-sectional velocity profile

in the O-tube, which is likely to be similar for all O-tube flumes of similar geometry,

and the influence of flow straighteners on this profile. Turbulence intensity and shear

stress measurements were found to be in agreement with published literature for flow

in a rectangular cavity.
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Chapter 4

A laboratory investigation into the

threshold shear stress of marine

sediments

Abstract. This chapter presents a new model for sediment erosion based on test res-

ults obtained for marine sediments sourced from the North West Shelf of Australia,

supported by other results for artificial silica and carbonate sediments. The erosion

tests were undertaken to investigate how the physical sediment properties, including

(i) the particle shape and size distribution (including median grain size, fines content),

(ii) bulk density, and (iii) hydraulic permeability, correlate with threshold shear stress

(i.e. the shear stress required to cause incipient motion). For marine sediment that

had limited fines content (i.e. minimal grains with diameter less than 75 μm) it was

found that the threshold shear stress was in good agreement with the empirical Shields

curve, whilst bulk density and particle shape appeared to have comparatively small

influence. For finer marine sediment, it was found that both the fines content and the

bulk density can lead to large changes in threshold shear stress, in qualitative agree-

ment with general findings from the literature. However, existing predictive formulas

and models available in the literature give poor quantitative agreement with the data

across multiple sediment types. To better explain the experimental measurements, a

new theoretical model has been developed assuming that the seabed is an inelastic

porous medium. The new model considers a force balance between (i) the disturb-

ing hydrodynamic shear stress acting across the surface of eroding particles, (ii) the

particle weight, and (iii) a suction force defined in terms of the erosion rate and soil

permeability. The resulting predictive formula is found to agree well with erosion data

from this study and existing literature concerning erosion measurements for fine quartz

sediments and clay-sand mixtures. Therefore, the formula has wider applicability than

other models, suggesting that the inclusion of permeability within models for erosion

gives an improved theoretical basis.
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4.1 Introduction

In offshore engineering, the prediction of sediment erosion is fundamental to the design

of offshore structures, such as foundations, piles and pipelines that are placed on the

seabed. This is because ocean currents, tidal currents and waves can initiate sediment

transport around the structure, leading to scour and significant changes in the local

bathymetry. In turn, these changes in bathymetry can alter the hydrodynamic loading

and geotechnical resistance; therefore, affecting the stability of the structures. Outside

of offshore engineering, the prediction of sediment erosion is also important, for example,

in the fields of environmental engineering, sedimentology and coastal management.

Motivated by the importance of predicting sediment erosion, numerous previous stud-

ies have focused on predicting the threshold shear stress of different sediments. The

majority of this work has focused on sediments with individual grains that are well-

rounded (i.e. spherical) and uniformly graded (Miller et al., 1977), for which it has

been shown by many authors that the well-known Shields curve typically gives a very

good prediction of the threshold shear stress (Shields, 1936; Soulsby and Whitehouse,

1997). In comparison to these commonly studied sediments, natural marine sediments

can be comprised of irregular shaped grains and may be widely graded, being composed

of a range of particle sizes. Marine sediments have been found to exhibit very different

threshold shear stresses to predictions using the Shields curve (see, for example, White-

house et al., 2000; Winterwerp and Kesteren, 2004; Torfs, 1995; Grabowski et al., 2011).

In particular, Mohr et al. (2013) showed significant differences in threshold shear stress

compared with Shields curve predictions for silty sand and sandy silt recovered from

the North West Shelf of Australia.

For sediments exhibiting higher threshold shear stress than predicted by the Shields

curve, the increase in threshold shear stress is often attributed to particle angularity

(Mantz, 1977; Collins and Rigler, 1982; Allen, 1984; Komar and Clemens, 1986) or

to the bulk properties of the sediment if it has significant fines content (i.e. more

than 10% by mass of sediment finer than 63 μm; Whitehouse et al., 2000). For finer

sediments, for example, it has been shown experimentally that the threshold shear

stress is dependent on bulk density and the particle size distribution or fines content

(see, for example, Paphitis, 2001; Lick and McNeil, 2001; Torfs, 1995; Panagiotopoulos

et al., 1997). These finer sediments are often sticky to the touch and because of this

they are commonly referred to in the literature as cohesive sediments, even if there

are no cohesive bonds between the particles (Whitehouse et al., 2000; Winterwerp and

Kesteren, 2004).

In the present chapter, a comprehensive set of erosion tests on artificial and marine

sediments is presented to explore, systematically, how particle shape and bulk proper-

ties of the sediment affect threshold shear stress. The experimental results are compared

in detail with existing theoretical models (including the Shields curve) and predictive

empirical formulas for fine sediments. Motivated by the experimental results, a new

theoretical model is then introduced that assumes that the seabed is an inelastic porous
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Sediment type Abbreviation d50 Fines1 Clay2 Cu Gs

(mm) (–) (–) (%) (%)

Marine sediments
NWS1 0.31 7.5 0.9 3 2.78
NWS2 0.18 17.7 2.7 8 2.74
NWS3 0.12 38.9 8.2 112 2.76

Artificial sediments
SS1 0.54 0 0 1 2.75
SS2 0.19 0 0 2 2.67
CS1 0.08 46.9 0 2 2.71

1 < 75 μm
2 < 2 μm

Table 4.1: Properties of sediments tested.

medium. This model leads to a description of the erosion mechanism that includes a

dependency on the hydraulic permeability. The model has been calibrated and com-

pared to the experimental data from this study and to existing data from literature, and

shows promising agreement. Finally, the collective conclusions from the experimental

measurements and the new predictive model are discussed.

4.2 Sediments analysed in this study

Three groups of sediments have been investigated in this study, including (i) two uni-

form silica sands, (ii) one artificial carbonate silt and (iii) three marine sediments

sourced from the North West Shelf of Australia. The Particle Size Distribution (PSD)

for each sediment is presented in Figure 4.1 and specific information on the PSD, spe-

cific gravity and voids ratio are given in Table 4.1. All soil classification tests were

performed according to Australian Standards (incl. AS1289.3.6.1-2009; AS1289.3.5.1-

2006; AS1289.5.5.1-1998).

The three marine sediments in Table 4.1 include NWS1, NWS2 and NWS3, and

can be described as a Silty SAND, a Very silty SAND and a Sandy SILT, respectively.

Observations under the microscope, as shown in Figure 4.2, reveal that most particles

of these sediments are non-symmetric, exhibiting rough and smooth surface textures

and irregular shapes. The underlying particle shape gives rise to a high voids ratio and

a large density range (and is typical of calcareous sediment; see Jewell and Khorshid,

1988).

In comparison to the marine sediments, the two silica sands SS1 and SS2 and carbon-

ate sediment CS1 exhibit almost uniform particle size distribution (Figure 4.1). The

microscopic pictures in Figure 4.2(d) and 4.2(e) show that both SS1 and SS2 are com-

prised of smooth rounded particles, whereas CS1 particles exhibit a regular crystalline

shape.
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Figure 4.1: Particle size distribution for tested sediments.

4.3 Experimental design

The erosion tests were performed in a recirculating flume (referred to as an O-tube),

which comprises a horizontal fully enclosed circulating water channel and includes a

rectangular test section with dimensions 1.8 m (length) × 0.3 m (high) × 0.2 m (wide)

(see An et al., 2013; White et al., 2014). The sediments were prepared in a sample

holder of length 150 mm and width 72 mm and placed in a cavity at the bottom of

the test section in order to carry out erosion tests. More details on the testing facility,

including the velocity distribution in the test section, are given by Mohr et al. (2016a).

Three sets of experiments (comprising a total of 44 individual erosion tests) were

carried out in order to investigate the influence of mean particle size and shape, bulk

density, fines content and permeability on the threshold shear stress.

The first set of experiments focused on measurement of threshold shear stress for the

artificial and uniformly graded subsamples of the marine sediments obtained by sieving.

These tests were conducted to investigate the influence of irregular grain shape, and to

compare the results of the artificial sediments with the well-known Shields curve. The

samples prepared are listed in Table 4.2 and are labelled ‘T1’.

The second set of tests focused on the influence of bulk density on threshold shear

stress for each of the marine and artificial sediments. Table 4.3 shows the range of bulk

densities tested with each of the sediments labelled ‘T2’. For the artificial sediments,

the lowest densities were produced by natural settling and the denser ones by shaking

the soil for 1 minute. For the marine sediments, the soil was mixed with different

quantities of water to obtain different densities.

The third set of tests focused on the influence of particle size distribution and fines

content on threshold shear stress for the marine sediments. To undertake these ex-

periments, the marine sediments were sieved into particle fractions smaller and larger
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(a) NWS1 (b) NWS2

(c) NWS3

(d) SS1 (e) SS2

(f) CS1

Figure 4.2: Microscopic picture of marine and artificial sediments tested.
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Sample Fines1 d50 ρbulk τcr

(%) (mm) (kg/m3) (Pa)

SS1-T1 0 0.5 1974 0.252

SS2-T1 0 0.2 1958 0.159

0 0.2 2033 0.159
NWS1-T1 0 0.5 1985 0.252

0 3.5 - 1.0–1.5

0 0.2 2016 0.159
NWS2-T1 0 0.5 1970 0.252

0 3.5 - 1.0–1.5

1 < 75 μm

Table 4.2: Influence of particle shape on threshold shear stress.

than 75 μm (which is the grain size used herein to define the fine fraction), and then

recombined in different ratios to achieve the fines contents listed in Table 4.4. Each of

the samples in this set of tests was labelled ‘T3’.

Each experiment type is identified by the symbols shown in Table 4.5. Table 4.5

shows also the symbols used for data obtained from literature.
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Sample
Fines1 d50 ρbulk τcr

(%) (mm) (kg/m3) (Pa)

1890 0.214
1928 0.256

NWS1-T2 7.5 0.31 1928 0.308
1956 0.362
1971 0.421

1779 0.192

NWS2-T2 17.7 0.18
1830 0.271
1852 0.315
1914 0.595

1624 0.258
1670 0.550

NWS3-T2 38.9 0.12
1691 0.609
1707 0.609
1715 0.738
1731 0.957

SS1-T2 0 0.54 1974 0.252

SS2-T2 0 0.19
1986 0.159
1986 0.159

CS1-T2 46.9 0.08
2036 0.150
2090 0.181

1 < 75 μm

Table 4.3: Influence of sediment bulk density on threshold shear
stress.

Sample
Fines1 d50

2 ρbulk τcr

(%) (mm) (kg/m3) (Pa)

0 0.33 1877 0.218
5 0.32 1877 0.216

NWS1-T3
7.5 0.31 1928 0.212
10 0.30 1928 0.256
15 0.29 1915 0.354
30 0.23 1843 0.332

0 0.22 1830 0.198
5 0.21 1830 0.236
10 0.20 1841 0.276

NWS2-T3
15 0.19 1852 0.232

17.7 0.18 1830 0.271
30 0.14 1852 0.304
50 0.075 1779 0.289
100 0.026 1734 0.786

NWS3-T3
39 0.12 1707 0.609
100 0.013 1739 0.844

1 < 75 μm
2 Calculated diameter based on changes in fines con-

tent

Table 4.4: Influence of particle size distribution on threshold
shear stress.
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Sediment type Abbreviation/Source Description Figure Symbol

Natural sediments

NWS1-T... NWS sediment 4.6, 4.7, 4.8, 4.9, 4.10, 4.12, 4.13, 4.16 �

NWS2-T... NWS sediment 4.6, 4.7, 4.8, 4.9, 4.10, 4.12, 4.13, 4.16 �

NWS3-T... NWS sediment 4.6, 4.7, 4.8, 4.9, 4.10, 4.12, 4.13, 4.16 •
Magalhaes and Chau (1983) Shale particles 4.7 ◭

Paphitis et al. (2002)
Mussel particles 4.7 N

Cockle particles 4.7 H

Prager et al. (1996) Calcareous sand 4.7 •

Smith and Cheung (2004)
Natural calcareous sand 4.7 �

Sieved calcareous sand 4.7 �

Artificial sediments

SS1-T... Silica sediment 4.6, 4.7, 4.8 ♦

SS2-T... Silica sediment 4.6, 4.7, 4.8, 4.9, 4.10, 4.12, 4.16 ©

CS1-T... Carbonate sediment 4.6, 4.8, 4.9, 4.10, 4.12, 4.16 �

Roberts et al. (1998) Quartz sediments 4.6, 4.7, 4.8, 4.9, 4.10, 4.12, 4.13, 4.16, 4.17 ×, ×

Torfs (1995) Kaolin-sand mixtures 4.6, 4.7, 4.8, 4.9, 4.10, 4.15, 4.16 ∗, ∗

Ye (2012) Kaolin-sand mixtures 4.6, 4.7, 4.8, 4.9, 4.10, 4.12, 4.15, 4.16 +, +

Soulsby and Whitehouse (1997) Uniform sediments 4.6, 4.7 ×

Table 4.5: Symbols used from Figure 4.6 onwards (if not differently assigned).
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4.3.1 Measurement of shear stress in erosion tests

Prior to conducting erosion testing, initial experiments were undertaken to investigate

how velocity measurements just upstream of the sample location could be related to

the hydrodynamic shear stress acting on the sediment samples. It was necessary to

understand this relationship because velocity measurements could not be taken over

the samples during erosion testing due to the need to accommodate the 3D erosion

scanner (described in more detail in Section 4.3.2).

These initial experiments consisted of measuring the streamwise velocity near the

bed just upstream of the sample and at the location of the sample. This was performed

for three surface roughnesses of the flume bed: (i) a smooth test bed made from PVC

and (ii) two rough seabeds made by gluing uniform sand with a median grain size of

0.19 mm and 0.54 mm, respectively, to the test bed at the location of the sample and

up to 1 m upstream of the sample location.

Velocity measurements for each of the three scenarios are shown in Figure 4.3 for

several bulk flow velocities. It can be seen that the measurements are consistent with

a logarithmic profile having the form

U(z) =
u∗

0.4
ln
(

z

z0

)

, (4.1)

where z is the height above the sample surface, U is the streamwise velocity above the

bed and u∗ is a friction velocity related to the seabed shear stress such that τ = ρu2
∗,

where ρ is fluid density (taken to be 1000 kg/m3 in this work). The parameter z0 in

(4.1) is a bed roughness length obtained by fitting to the measurements. Across the

different roughness scenarios, this length agreed well with the empirical formula given

by Christoffersen and Jonsson (1985) (see Figure 4.4), who define the bed roughness as

z0 =
ks

30

[

1 − exp
(

−
u∗ks

27ν

)]

+
ν

9u∗
, (4.2)

where ks is the Nikuradse roughness which is taken herein to be 2.5 × d50 following

Soulsby (1997). The previous stated value of ks is commonly used for rounded quartz

grains; however, considering the work from Weill et al. (2010), this value appears also

to be reasonable for biogenic sand, despite large differences in particle shape.

Finally, the velocity measurements made at the sample location for each scenario

were almost indistinguishable from those measured just upstream of the sample. Based

on this result and the findings in Figure 4.3 and Figure 4.4, it was decided to use

Equations (4.1) and (4.2) to estimate the shear stress on the sample in all of the

erosion tests based on measurements of the velocity profile above the flume bed just

upstream of the sample. During each of the erosion tests, the roughness of the test bed

surface upstream of the sample was chosen to best match the erosion sample roughness.
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4.3.2 Definition of threshold shear stress

The criterion introduced by Neil and Yalin (1969), which is based on counting grains

in motion, is a common approach that is used to determine the initiation of sediment

movement, and in turn the threshold shear stress, using visual observation. However,

in the present study most tested samples included fine particles (not easily visible to

the naked eye) making the use of this criterion impractical. Therefore, in the present

study the threshold shear stress was defined as the point when the erosion rate of the

sample exceeded a specific reference value. This approach is consistent with that used

or suggested by many researchers (see, for example, Vanoni, 1964; Miller et al., 1977;

Buffington and Montgomery, 1997; Paphitis, 2001).

A 3D laser scanner was used to measure the level of the samples at regular intervals

in time (see Section 4.3.4). Using these measurements, an apparent erosion rate (η =

∆ζ̄/∆t) was calculated by dividing the measured incremental erosion depth, averaged

over the sample area, by the time increment of the applied shear stress. Due to the

fact that initial movement of the sample might only occur at a few isolated spots,

the average erosion rate is believed to give a good indication of the mean shear stress

when sediment movement is significant, and minimises some of the effects associated

with instantaneous stresses due to turbulent fluctuation (Paintal, 1971). The threshold

shear stress in this work has been defined as the highest measured shear stress for an

erosion rate below 10−7 m/s (or 0.36 mm/hr).

4.3.3 Sample preparation

Each sediment sample subjected to erosion testing was prepared in a specific and repeat-

able way. For sediments that did not have any fine fraction, traditional wet pluviation

(see Donahue et al., 2008) was used. In this method, a thin slurry of material is poured

into a large tub and allowed to settle naturally. Subsequent coring was then undertaken

using the sample holder, to create the test sample. In contrast, sediments with a fine

fraction were mixed to a thick slurry (to maintain a homogeneous mixture) using a

measured quantity of water to achieve a target density. The slurry was then poured

into a container which was subsequently cored with the sample holder. Sample holders

with sediment having no fine fraction were rested at least for one hour prior to erosion

testing, whereas finer sediments were allowed 24 hours to settle. Samples were then

levelled (if necessary) with a plastic straight edge ensuring a flat surface for erosion

testing and were carefully placed in the recess of the false floor in the flume.

Water content measurements were made before and after testing. To obtain the water

content before the test, a second sample was prepared from the slurries specifically for

water content measurement. The water content after the test was taken from the sample

itself. Since erosion is a surface phenomenon, care was taken to only sample within the

first 20 mm from the surface and at three locations across the sample. Measurements

showed that the sample preparation method was repeatable (to within ±1% in water

content) and that differences in water content measurements before and after the test
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were generally small (1–2%) across all samples.

4.3.4 Erosion test procedure

To perform an erosion test, a steady shear stress of ∼0.02 Pa was first generated in the

flume and then increased in a stepwise manner every 3 minutes. After each interval,

any observation of sediment movement was noted and a 3D surface scan of the sample

was recorded.

In addition to the step tests, supplementary tests were undertaken to measure the

erosion depth every 30 seconds under steady flow conditions. The erosion rates were

then obtained from the initial slope on a plot of the mean erosion depth as a function

of time. These results showed generally good agreement with the step test results over

the range of shear stresses considered.

4.4 Experimental results

4.4.1 Observations of erosion

Figure 4.5 gives an example set of results for two samples, namely NWS2-T2 and NWS3-

T2. In this figure, post processing of the 3D surface scans has been used to obtain an

apparent erosion rate and this has been used to determine threshold shear stresses of

0.315 Pa and 0.957 Pa, respectively, using the reference erosion rate of ∼10−7 m/s.

Figure 4.5 also shows profiles of the two samples (taken lengthwise through the sample)

at different times during the tests. It can be seen that there are differences in the erosion

patterns for the two samples, and this was a result of differences in the mode of erosion.

For instance, for sample NWS2-T2 particles were observed to move grain-by-grain in

bedload transport following initiation of motion. As a result, erosion initiated generally

at the upstream edge of the sample, leading to uneven erosion across the sample as

the shear stress increased (i.e. compare Profile 1 with Profile 3). In contrast, for

sample NWS3-T2 the flume became cloudy very quickly following threshold conditions,

indicating entrainment into suspension. As a result, erosion was observed to occur

uniformly across the sample at shear stresses close to threshold, indicative of Profile 1

and Profile 2. However at higher shear stresses (above ∼1.7 Pa), the erosion of small

clumps of particles was observed. These clumps moved in a sporadic fashion and led

to a more irregular erosion profile, as can be seen in Profile 3.

The observations for the samples included in Figure 4.5 were representative of the

range in erosion modes observed across all of the different marine and artificial sed-

iments tested. More specifically, at shear stresses close to threshold conditions the

uniform silica sands (SS1 and SS2), the carbonate sediment (CS1), and two of the mar-

ine sediment (NWS1 and NWS2), were found to move mainly as bedload transport in

a similar manner to NWS2-T2. These samples tended to move particle-by-particle and

displayed preferential erosion at the upstream edge of the sample. For the finer sedi-

ments, and in particular each of the NWS3 sediments tested, the water became cloudy
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Figure 4.5: Erosion rate data with the respective plots of erosion depth profile (ζ)
(at the centre position) for two marine sediments. Also shown is the
determination of the threshold shear stress at an erosion rate of 10−7 m/s
and the observed erosion mechanism across the tested shear stress range.
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at shear stresses just above the threshold shear stress indicating that fine particles

had been entrained and washed from the surface of the sample. This initial erosion

process appeared to be a continuous and uniform process and is consistent with the

mechanism of surface erosion described by, for example, Torfs (1995). At higher shear

stresses, surface erosion was accompanied by the abrupt removal of clumps of sediment,

which appeared to resemble the process of mass erosion described by Winterwerp and

Kesteren (2004).

4.4.2 Threshold shear stress measurements

All of the threshold shear stresses measured across the three sets of experiments are

listed in Table 4.2, Table 4.3 and Table 4.4, respectively. To investigate these measure-

ments, the threshold shear stresses are plotted as a function of average particle size in

Figure 4.6 for all of the samples except for the uniformly sieved marine sands. Also

shown on this figure is the Shields curve together with data compiled by Soulsby and

Whitehouse (1997), as well as data for quartz sediments obtained from Roberts et al.

(1998), and kaolin-sand mixtures obtained from Torfs (1995) and Ye (2012).

Based on the data shown in Figure 4.6, it can be seen immediately that regardless

of density or particle size, the threshold shear stresses of the artificial sediments SS1,

SS2 and CS1 are in very good agreement with the Shields curve lying well within the

scatter of the data compiled by Soulsby and Whitehouse (1997). Since these sediments

are similar in particle shape and size to sediments that have been used to compile

the Shields curve, this result provides some confidence in the present erosion testing

setup. The definition of threshold shear stress and the calculation of shear stress give

reasonable results. It also suggests that for these particular sediments the grain size,

rather than the bulk density, is the key determinant of threshold shear stress.

In contrast to the artificial sediments, Figure 4.6 shows large differences in threshold

shear stresses between the Shields curve and marine sediments tested in this study.
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Figure 4.7: Threshold shear stresses of uniformly sieved NWS sediments with uni-
form silica sediments in comparison with the Shields curve and scatter
after Soulsby and Whitehouse (1997) and data of natural sediments from
Paphitis et al. (2002), Prager et al. (1996), Smith and Cheung (2004)
and Magalhaes and Chau (1983). Data from this test study overlap
as shown in figure. Estimated error bars for NWS1-T1 and NWS2-T1
with d50 = 3.5 mm are due to uncertainty in shear stress calculation and
threshold shear stress definition for coarse particles.

Such differences are also apparent in the results reported by Roberts et al. (1998),

Torfs (1995) and Ye (2012). This behaviour for finer sediments is well-known, and in

the following sections we investigate if this behaviour is influenced mostly by particle

shape or bulk soil properties.

4.4.3 Variation of threshold shear stress with particle shape

The first set of experiments (summarised in Table 4.2) included erosion testing of two

of the marine sediments sieved to form three separate subsamples with uniform grading

and average grain diameters of 0.2 mm, 0.5 mm and 3.8 mm, respectively. To investigate

if the grain shape has a significant effect on the erosion properties, Figure 4.7 shows the

measured threshold shear stress for these samples together with the silica sediments SS1

and SS2 (which have coincident average grain size but are composed of more rounded

particles), as well as the Shields curve. Existing data from Magalhaes and Chau (1983),

Prager et al. (1996), Paphitis et al. (2002) and Smith and Cheung (2004) concerning

sediment with varying degrees of particle angularity are also plotted.

For an average grain size diameter of 0.2 mm and 0.5 mm, it can be seen in Figure

4.7 that the uniform marine sediments exhibit very similar threshold shear stresses

to artificial sediments having the same average grain diameter and are in very good

agreement with the Shields curve. This agreement is consistent with that observed for

the angular particles tested by Paphitis et al. (2002) and Smith and Cheung (2004). For

an average grain size of 3.8 mm, the measured threshold shear stress of the sieved marine

sediment agrees less well with the Shields curve but exhibits a similar magnitude of

threshold shear stress compared to the experiments from Magalhaes and Chau (1983).
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Figure 4.8: Effect of density variation on threshold shear stress considering tests in
Table 4.3, the kaolin mixtures from Torfs (1995) and Ye (2012) and quartz
sediments from Roberts et al. (1998) with d50 = 0.006 and 0.048 mm.

Based on the collective set of measurements shown in Figure 4.7, it appears, therefore,

that the particle angularity of the marine sediments tested in this chapter does not,

independently, appear to have a significant effect on the threshold shear stress. However,

it is consistent with Prager et al. (1996).

4.4.4 Variation of threshold shear stress with bulk properties

Bulk density

The second set of experiments (summarised in Table 4.3) focused on sediments prepared

at different bulk densities. Figure 4.8 shows a comparison of the threshold shear stress

as a function of bulk density for each of these sediments. Focusing on each sediment

separately, it can be seen that there is a positive correlation between density and

threshold shear stress. This correlation is significant for the marine sediments (and

especially the finer marine sediment NWS3-T2) but is much less significant for the

artificial sediments and may be due, in part, to the fact that the artificial sediments

only support small changes in density whilst the marine sediments support larger ranges

in bulk density owing to their particle shape and distribution.

Figure 4.8 also presents data from Roberts et al. (1998), Torfs (1995) and Ye (2012) as

well as the predictive formula presented by Mitchener et al. (1996). Both the predictive

formula and the data from Roberts et al. (1998) for quartz sediment (shown only for d50

of 0.006 mm and 0.048 mm) show a qualitatively similar trend to the marine sediments

tested herein. These results further suggest that the functional relationship between

threshold shear stress and bulk density is generally different for different sediments,

meaning that density is not a reliable predictor of threshold shear stress for a sediment
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unless testing results are available for the particular sediment.

This conclusion is confirmed by the results from Torfs (1995) for various kaolin-sand

mixtures (and, therefore, different particle size distributions), which show significant

variation in threshold shear stress but are recorded at a constant bulk density. A

similar conclusion can also be drawn from the results presented by Ye (2012). In this

case, however, it is interesting to note that a failure to appreciate that different sediment

can have a different relationship between bulk density and threshold shear stress, may

lead to an erroneous conclusion that the threshold shear stress reduces with bulk density

for mud-sand mixtures.

Fines content

The third set of experiments (summarised in Table 4.4) focused on sediments with

different bulk densities. Figure 4.9 presents the measured threshold shear stress as a

function of fines content for these sediment samples, together with additional data from

Table 4.3. A line of constant density has been drawn through the data for NWS2 (for

a density of ∼1800–1850 kg/m3). Based on this line, it can be observed that below

50% fines content, a slight increase in shear stress threshold occurs with increasing

fines content. Beyond 50% fines content, a more rapid increase occurs. For the marine

sediments NWS1 and NWS3, there was insufficient data to draw isolines, however

the slope of the trend lines in Figure 4.8 suggest that the fines content influences the

threshold shear stress (i.e. NWS3, which has a higher fines content, has a much stronger

correlation with density than NWS1).

To further explore the effect of fines content, lines of constant density have been

drawn on Figure 4.9 for the experimental data from Torfs (1995) and Roberts et al.

(1998) for a similar bulk density, namely 1850 kg/m3 (which is similar to the suggested

trend line for NWS2-T3). In the former data, a clear increasing trend in threshold

shear stress can be observed with fines content. For the latter, the threshold shear

stress changes only slightly for fines contents less than 80%, before increasing slightly

towards a fines content of 100%.

Even though all three isolines correspond to similar densities, the threshold shear

stress and the transition regime defined by the fines content are different for different

sediments; therefore, no general relationship can be developed, even considering both

soil properties.

4.5 Interpretation of results based on existing models

In the previous section, the threshold shear stress for fine-grained marine sediments

obtained from the NWS of Australia were found to exceed the Shields curve by an

amount that is dependent on both the bulk density and the fines content. Over the

years, a number of predictive models have been introduced to explain the increase in

threshold shear stress for fine-grained sediments. In this section, we explore some of
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Figure 4.9: Effect of fines content on threshold shear stress with data considering
changes in threshold due to density variation in form of error bars (see
Table 4.3). Also shown data for kaolin mixtures from Torfs (1995) and
Ye (2012); and quartz sediments from Roberts et al. (1998) with ρbulk =
1850 kg/m3 (shown error bars indicate variations due to density). Black
line indicates trend line for NWS2-T3 at ρbulk ∼ 1800–1850 kg/m3 and
grey lines represent interpolation assuming ρbulk = 1850 kg/m3.

these models in light of the present experimental measurements.

4.5.1 Interpretation based on angularity

Various researchers have concluded that increases in threshold shear stress (as compared

with the Shields curve) may arise due to the angularity of soil particles. Therefore,

various studies have used properties such as shape factor or settling velocity / equivalent

diameter to account for the effects of particle angularity on measured threshold shear

stress (see Prager et al., 1996; Paphitis et al., 2002 and Smith and Cheung, 2004).

Whilst there are clear physical arguments that support the finding of these earlier

works, Figure 4.7 shows that for median grain sizes smaller than 0.6 mm uniformly

sieved marine sediments tend to be in very good agreement with the Shields curve and

similar-sized silica sediments. Additionally, possible changes in surface roughness due

to the particle shape appeared not to result in a significant difference in the underlying

shear stress calculation and might, therefore, only have a small effect on the threshold

shear stress (see Weill et al., 2010).

Hence, the angularity of particles does not appear to explain, by itself, the increased

threshold shear stresses measured for the finer sediments in this study. This does not

imply that angularity is entirely negligible, since it is very likely that particle angularity

will affect the range in bulk density that can be achieved for particular sediment (and

particle size distribution), and in turn the range in shear stress. However, angularity

does not appear to independently explain the present results.
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4.5.2 Interpretation based on bulk density

Many studies have shown that increases in threshold shear stress are correlated with

bulk density for fine sediments having mean particle sizes smaller than 50–100 μm and

a significant fraction of fines (e.g. Torfs, 1995; Roberts et al., 1998; Briaud et al., 2001;

Lick et al., 2004; Partheniades, 2009). This has been demonstrated both for artificial

mixtures and for natural sediments (Postma, 1967, Williamson and Ockenden, 1992;

Mitchener et al., 1996; Jepsen et al., 1997; Roberts et al., 1998; Houwing, 1999; Lick

and McNeil, 2001).

Mitchener et al. (1996) collected a comprehensive set of data and looked at the effect

of bulk density changes on the critical erosion threshold. Based on erosion experiments

using artificial mixed sediments comprising under-consolidated deposited beds, they

fitted an empirical relationship (τcr = 0.015(ρbulk − ρ)0.73) to explain threshold shear

stress in terms of bulk density. Whilst this empirical formula is a convenient means to

predict threshold shear stress, erosion testing results from this study, as well as data

from Torfs (1995), Roberts et al. (1998) and Ye (2012) clearly show differences between

measurements and this empirical formula. Furthermore, the present testing results

show that bulk density, by itself, cannot be used to explain the trends in threshold shear

stress. In particular, the influence of bulk density appears to become more significant

for finer sediments (see Figure 4.8), whilst varying the particle size distribution has

been shown by Torfs (1995) to give different threshold shear stress when bulk density

is not changed.

4.5.3 Interpretation based on fines content

A different traditional approach to explore the erosion threshold of a sediment is to

look at the particle size distribution, which is commonly reduced to the fines content

with fines defined as particles < 63 μm in diameter for most studies (e.g. Torfs, 1995;

Roberts et al., 1998 etc.) or < 75 μm in diameter for this study and Ye (2012) . Various

researchers found that the erosion threshold seem to either increase steadily or abruptly

with an increase in the fine particle fraction. (Grissinger et al., 1981; Kamphuis and

Hall, 1983; Nalluri and Alvarez, 1992; Lick et al., 2004; Mitchener et al., 1996; Van

Ledden et al., 2004).

Various studies, for example, define a range of fines content at which a transition of

the shear stress threshold occurs:

• Mitchener et al. (1996) stated a change in erosion behaviour at 3 to 15% for

artificially produced mixtures based on results from Torfs (1995) (3% for kaolinite,

7–13% for montmorillonite) and Alvarez-Hernandez (1990) (5–15% for laponite

clay).

• Panagiotopoulos et al. (1997) observed for sand mud mixture with Combwich

mud a slow increase in threshold shear stress with a sudden increase at around

30% mud content.
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• A summary of the laboratory results from Le Hir et al. (2008) for natural mud

mixtures shows a transition at a mud content of 25–40%.

As shown in Figure 4.9, this transition for a constant density (∼1800–1850 kg/m3)

for our manipulated NWS2 soil is between 40% and 75% fines. For the data from

Roberts et al. (1998) with a density of 1850 kg/m3, the transition is around 75% fines

and for Ye (2012) at an assumed value of 10% fines irrespective of density.

This range of recommendations is perhaps due to the combined influences of particle

shape, bulk density and also fines content. This might explain the contradicting case

from Williamson and Ockenden (1992) and Williamson (1994) who conducted in situ

and laboratory tests on naturally-mixed sediments and mud-sand mixtures above 50%

fines. They observed that a further increase in mud content decreases the shear stress

threshold (after Panagiotopoulos et al., 1997). This decrease might be due to changing

density. Panagiotopoulos et al. (1997) suggest that the sand might have led to better

drainage behaviour and hence a rapid compaction influencing the threshold shear stress.

A summarising trend was shown by Mitchener et al. (1996) using various sets of

erosion tests on artificially mixed mud-sand mixtures of either natural or artificial origin.

In their Figure 4.8, they suggest a steady increase in threshold shear stress from 0 to

30% mud content, a maximum around 30 to 50% and a subsequent decrease with further

mud content. Whitehouse et al. (2000) presented a similar idea of a peak threshold

shear stress at 20% fines, citing Chesher and Ockenden (1994). As shown by Figure 4.9,

a decrease in particle size (or an increase in fines) results in an increase in threshold

shear stress assuming constant density, but the respective gradient is dependent on the

sediment type.

4.5.4 Interpretation based on other soil properties

Besides the previously mentioned soil properties, plasticity index (PI) and soil un-

drained shear strength, su, are sometimes considered to be in correlation with the

threshold shear stress. Threshold shear stress is also sometimes explained via a link to

interparticle forces (i.e. cohesive forces). Interparticle forces and the quantities, PI and

su, have not been explicitly investigated in this study to examine potential correlations

with the underlying erosion test data. However, some preliminary inferences can be

drawn for these parameters from observations of the erosion experiments and the review

of literature which is provided below and is followed by a brief discussion on ‘cohesive’

forces.

Plasticity index

Various studies have related the plastic behaviour of sediments to the threshold of

motion taking the PI as a measure (Smerdon and Beasley, 1959, Jacobs et al., 2011,

Winterwerp, 2012). The PI is determined via the Atterberg limit tests and for a given

sediment the activity (A) of the sediment can be defined for the underlying sediment
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by

A =
PI

% clay content
, (4.3)

where PI is the difference between the moisture contents at the liquid and plastic

consistency limits (i.e. the Atterberg limits). The moisture content definition is weight

of water / weight of solids, and is expressed as a percentage. PI is a property of a soil

type, and is invariant with the density state (it is effectively a measure of the difference

in density that causes a specified difference in strength or consistency). Based on the

clay content and an approximation of A ∼ 0.72 from Ye (2012) for NWS sediment, we

can, for example, obtain a PI of 6% for the sediment NWS3. This value is in good

agreement with an estimated PI range of 6–9% for NWS sediments with similar PSDs.

From Table 4.3, we can find that the threshold shear stress of NWS3 varies between

0.26–0.96 Pa due to density changes. This fourfold variation in threshold shear stress

indicates that PI alone will inevitably lead to scattered prediction of threshold shear

stress (see for example Smerdon and Beasley, 1959, Jacobs et al., 2011 or Winterwerp,

2012). PI may be, therefore, a rather imprecise predictor for the threshold shear stress,

which is in agreement with the conclusions of Grissinger (1966) and Kamphuis and Hall

(1983).

Undrained shear strength

For very soft fine-grained soils, as tested in this study, it is common to parameterise

the mechanical strength via a yield stress, which is effectively the undrained strength

at a low strain rate (Boukpeti et al., 2012). Commonly used measurement devices are

rotary viscometers in order to obtain shear stresses at different strain rates, resulting

in a yield stress (Hackley and Ferraris, 2001). By means of these rotary viscometers,

studies by Migniot (1968), Otsubo and Muraoka (1988) and Wang (2013) related the

yield stress to the threshold shear stress of initial sediment motion. The experimental

results show positive correlation between threshold shear stress and yield stress but no

unique agreement across multiple soil types.

During our erosion testing, we generally observed a grain-by-grain erosion mechanism

which is usually described as surface erosion (see Winterwerp and Kesteren, 2004). This

failure mechanism is fundamentally different to the one obtained by rotary viscometers

which rather measures the bulk resistance being the integral of the resistance mobilised

across a large number of aggregates or particles (Mehta, 1991). Relating this bulk

resistance to mass erosion (which is the failure of the test bed due to large shear stresses)

may be appropriate, but it is a different process to grain-by-grain erosion. Interestingly,

the study by Otsubo and Muraoka (1988) investigated the threshold shear stress for

mass erosion (i.e. defined by them as the process when ‘the bottom bed begins to

be destroyed by current’) with yield stress. They found an almost linear relationship

between this critical shear stress and the yield stress exhibiting a gradient of 0.79.

Otsubo and Muraoka (1988) show that the threshold for mass erosion must be smaller
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than the yield stress considering that during an erosion test failure occurs at the weakest

bed section where as the yield stress is rather a space-averaged strength of the material.

This finding is in agreement with Partheniades (2009) and observations made within

this study showing that erosion initially tends to start at ruptures or imperfections of

the sediment bed. Therefore, the yield stress may be a useful indicator for mass erosion,

but it is less likely to be a generally-applicable parameter for predicting the onset and

rate of grain-by-grain erosion.

Cohesive forces

Colloidal interactions of particles are generally considered in terms of the van der Waals

attraction and double layer repulsion (DLVO theory). The relative importance of these

forces compared to gravitational and hydrodynamic forces varies with particle diameter

and sediment packing. For example, neglecting repulsive forces, van der Waals forces

can dominate over gravitational forces (assuming two perfect spherical particles) for a

particle size smaller than 60 μm and 15 μm for kaolin and silica, respectively, when the

particles are at the optimal separation (Santamarina, 2003 and Wang, 2013). However,

for these dimensions, the van der Waals force varies highly non-linearly with particle

spacing and is only at this maximum when the spacing is at or close to 0.003 μm.

The example above assumes ideal conditions. However under realistic conditions, the

van der Waals forces will not generally reach these high optimal values due to factors

including the non-sphericity and surface roughness of the particles, the relative orient-

ation of the two particles, the non-uniformity of the surface charge etc. Additionally,

the forces appear to be significant only over a very narrow range of particle separation

which may not be present in an assembly of irregular particles. The brittleness of the

van der Waals forces – in the sense that they reduce rapidly with changes in separation

from the optimal spacing – means that they may only have a minimal influence on the

force balance of particles close to the threshold of erosion. The erosion experiments

from Roberts et al. (1998) on quartz sediments (which are generally considered as ‘non-

cohesive’) showed that the threshold shear stress increases with decreasing particle size

considering sediments smaller than d = 125 μm. This diameter is almost one order of

magnitude larger than the idealised value for a silica sediment at which van der Waals

cohesive forces come into play (see above), suggesting that these forces do not control

entirely the rise in erosion resistance with reducing particle size.

Additionally, compiled erosion threshold results by Soulsby and Whitehouse (1997)

based on uniform silica sediments with similar size and grading show that the onset

of erosion is generally dominated by gravitational forces despite the presence of finer

particles that would be prone to cohesive forces based on the calculated maximum

van der Waals forces given above. This suggests that these idealised forces are an

over-estimation of the influence of such cohesive forces in natural sediments.

78



4.6 A new model to predict threshold shear stress for fine sediments

Figure 4.10: Acting forces on a particle including a suction force which results in a
flow within the soil matrix.

4.6 A new model to predict threshold shear stress for fine

sediments

Whilst reasonably accurate predictions of threshold shear stress are available for coarse

sediments, as discussed above there appears to be no generally-applicable formula for

fine sediments. In this section, we introduce a new theoretical model in an attempt to

better interpret the threshold shear stress measurements.

This new model is motivated by the fact that in all of the present experiments surface

erosion was observed close to threshold conditions, indicating that individual particles

were being removed continuously from the surface. Winterwerp and Kesteren (2004)

refer to this erosion mode as a drained process that is distinct from mass erosion (in

which failure of the soil, presumed to be at an undrained rate, is evident).

During surface erosion, we assume herein that the removal of particles may be thought

of conceptually as lifting a small object (under the action of hydrodynamic forces) from

an inelastic porous medium. Neglecting cohesive forces, the forces acting on the particle

will, therefore, include the particle weight, the disturbing hydrodynamic shear stress

(acting across the area of the particle) and a suction force that is related to the rate at

which the particle is removed from the seabed and the seepage flow, which is defined

by the soil permeability, through the porous medium (see Figure 4.10).

In this force balance, when the hydrodynamic disturbing force is less than the particle

weight no erosion can occur. However, if the disturbing force exceeds the particle weight

erosion can occur, but at a rate that is dependent on the permeability of the sediment

and the amount by which the net force from the hydrodynamic flow and the suction

exceeds the particle weight.

This new model appears to have some conceptual advantages. Firstly, it will be seen

to limit naturally to a force balance between the hydrodynamic disturbing force and

the particle weight when the permeability is high (and so the suction force is negligible).

Hence, the model is consistent with the Shields curve for coarse grained particles having
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sufficiently high permeability. Secondly, the model suggests that as the hydrodynamic

disturbing force increases well above the particle weight, the suction force may become

large for fine sediments. Consequently, at some point one would expect the force to

become of sufficient magnitude to induce failure in the soil, which is consistent with

observations of mass erosion at large shear stresses.

To develop the theoretical model, we firstly establish a generalised force balance

assuming only a hydrodynamic disturbing force and particle weight in the following

subsection. We then extend this model by introducing a suction force.

4.6.1 Threshold of motion accounting for particle weight

Many approaches have been introduced in the literature to describe the initiation

of sediment motion. These approaches involve either a moment balance for an indi-

vidual particle or a force balance in the streamwise or vertical directions. Nevertheless,

the principle forces involved include (i) a hydrodynamic disturbing force (due to drag

and/or lift) that is related to hydrodynamic shear stress, and (ii) the particle weight.

Therefore, using either a momentum balance or force balance leads to an equilibrium

equation at the initiation of motion of the form (e.g. Wiberg and Smith, 1987; Lick

et al., 2004)

Fh = αFw, (4.4)

where α is a constant that is dependent on the choice of momentum or force balance,

Fh is the hydrodynamic disturbing force (i.e. the initiation force) at the threshold

condition and Fw is the particle weight (i.e. the gravitational force).

Generally, Fh can be expressed in terms of the threshold shear stress and the cross

sectional area of a particle. This leads to

Fh = βτ

(

πd2

4

)

, (4.5)

where β accounts for both the degree to which the particle shape differs from a sphere

and the particular mechanism through which the shear stress acts on the particle

(i.e. through lift and/or drag). Noting that the submerged particle weight can be

given simply as

Fw = γ
π

6
(ρs − ρ) gd3, (4.6)

where γ is a constant accounting again for the shape of the actual particle compared

with a sphere, Equation (4.4) can,therefore, be rewritten to give

θcr =
τcr

(ρs − ρ) gd
=

2
3

αγ

β
. (4.7)

The right hand side of this expression is well known to be dependent on the grain
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Reynolds number, i.e.,

θcr =
τcr

(ρs − ρ) gd
=

2
3

αγ

β
= F(Re), (4.8)

where F(Re) is simply the well-known empirical Shields curve and the grain Reynolds

number is defined as

Re =
u∗d

ν
. (4.9)

Knowledge of the empirical Shields curve (or a different empirical curve to experimental

data, such as that given by Soulsby and Whitehouse, 1997) is, therefore, sufficient to

define the threshold shear stress via (4.8).

4.6.2 Threshold of motion accounting for particle weight and suction

force

We now assume that an additional suction force acts to inhibit the movement of the

particle. This force arises as a result of a suction pressure that develops when the

particle is lifted from the seabed. This pressure must be sufficient for fluid to seep into

the volume left by the particle, at a rate that matches the rate at which the particle is

removed.

In terms of the suction pressure ∆p, we define the suction force Fs acting on a particle

to be

Fs = δ1∆p

(

πd2

4

)

, (4.10)

where δ1 is a correction factor dependent on both the shape of the particle and the

proportion of the particle’s projected area over which the suction pressure acts. For

an inelastic porous medium, the suction pressure ∆p can be related to the seepage

velocities within the soil according to Darcy’s law

∆p = ρgl
u

k
, (4.11)

where k is the hydraulic permeability, l is a characteristic length over which the suction

pressure is established (which we will take to be some multiple of the particle diameter;

i.e. l = δ2d), and u defines the apparent seepage velocity.

Finally, since water must replace the volume that was originally occupied by the

moving particle, we will assume that u is equal to the rate at which the particle moves

vertically upwards. Assuming that particles are removed continuously and uniformly

across the surface of the soil sample (as appears to be the case for fine sediments; see

Figure 4.5(b)), this rate at which the particles move upwards may be approximated by

the volumetric erosion rate (ηv) which is related to the apparent erosion rate by

η =
1

1 − ǫ
ηv, (4.12)
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where ǫ is the soil porosity. Hence, (4.10) can be rewritten as

Fs =
π

4
δ1δ2(1 − ǫ)ρg

η

k
d3. (4.13)

Using the suction force described in (4.13), we now consider a force balance on a particle

that is being eroded at rate η, such that

Fh = α′ (Fw + Fs) . (4.14)

In this expression, the constant α′ is a constant that depends on the equilibrium con-

dition considered and is equivalent to α in (4.4) in the limit when η → 0, so that the

force balance no longer includes a suction force.

Substituting the forces from (4.5), (4.6) and (4.10) into (4.14) now leads to

τ

(ρs − ρ)gd
= F′(Re) ×

(

1 +
3
2

δ1δ2
(1 − ǫ)

γ

ρ

ρs − ρ

η

k

)

. (4.15)

In this expression, the function F′(Re) is not generally the same as the function presen-

ted in (4.8), except in the limit of incipient motion (i.e. when η → 0); in which (4.15)

more generally, becomes exactly the same as (4.8). In many studies, however, the

threshold shear stress for fine sediments is not associated with incipient motion but

is instead defined as the shear stress at which the apparent erosion rate is equal to a

specific reference value that can be measured reliably (for example, Roberts et al., 1998

define threshold shear stress as the shear stress coinciding with an apparent erosion

rate of 10−6 m/s). If we label this reference value as η′
cr (equal to 10−7 m/s for the

experiments in this chapter), then the measured threshold shear stress from (4.14)

becomes

τ ′
cr

(ρs − ρ)gd
= F′(Re) ×

(

1 +
3
2

δ1δ2
(1 − ǫ)

γ

ρ

ρs − ρ

η′
cr

k

)

. (4.16)

This measured threshold shear stress τ ′
cr is necessarily larger than the shear stress

predicted based on the Shields curve because a suction force must be overcome to erode

the particles at the rate η′
cr. The increase in measured shear stress is not representative

of a cohesive force, although it does scale with the inverse of the soil permeability and

so, for a given reference erosion rate, it would be larger for soils with low permeability.

For the coarse-grained region of Shields curve, where the permeability is likely to be

higher, the adjustment will be less significant, as shown later.

In the remainder of this chapter, we look to explore the validity of (4.16) with

reference to our own erosion testing results and a group of existing results in the

literature. To undertake this comparison, we have assumed that the function F′(Re)

can be approximated by the empirical Shields curve (i.e. F ′(Re) ∼ F(Re) = θcr). As

mentioned above, this will be accurate when η = 0 (ensuring consistency with the

Shields curve) but it should also be a good approximation provided η is small. With
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this assumption (4.16) becomes

τ ′
cr

(ρs − ρ)gd
= θcr

(

1 +
3
2

δ1δ2
(1 − ǫ)

γ

ρ

ρs − ρ

η′
cr

k

)

(4.17)

or

θ′
cr

θcr
= 1 +

3
2

δ1δ2
(1 − ǫ)

γ

ρ

ρs − ρ

η′
cr

k
, (4.18)

where the left hand side is the ratio of the measured critical shear stress (for a reference

erosion rate η′
cr) to the critical shear stress predicted by the Shields curve.

The only remaining unknown parameter in (4.18) is δ′ = δ1δ2(1 − ǫ)/γ. We will

assume that this parameter is constant in the remaining comparison with actual erosion

samples. Our reasons for this assumption are that the porosity of the soil samples vary

between just 0.41–0.65 and the specific gravity varies between just 2.67–2.78. Hence, if

we make the reasonable assumption that the particle shape is similar across the samples

(which defines δ1) and the normalised seepage length scale is also similar (which defines

δ2) then it follows that δ′ should not vary significantly. The parameter δ′ is explored

empirically for the NWS samples in the following subsection.

Calibrating the theoretical model

To determine the permeability of the marine sediments used in the present study, a

series of Rowe cell tests (with consolidation steps in combination with constant head

tests) were carried out. These tests were performed for NWS1-T2, NWS2-T2 and

NWS3-T2 (i.e. for each of the marine sediments with natural particle size composition)

and the artificial sediments SS2 and CS1. To perform the Rowe cell tests, fully saturated

mixtures of the sediments were poured into the cell. Following this, consolidation stages

of 20, 40, 80 and 160 kPa were modelled to prevent vertical movement of the sample

and to enable testing across a range of densities. A vertical head difference of 10 kPa

was applied over the soil sample. The upward flow rate was measured by means of the

water outflow from the sample, and this was used to deduce the permeability. Figure

4.11 presents measurements of permeability as a function of voids ratio e for each of

the sediments tested. Based on this data, a relationship of the following form has been

fitted (following Mesri and Olson, 1971)

log(k) = a log(e) + b, (4.19)

where a and b are fitted coefficients. Equation (4.19) was then used to estimate the

permeability for each of the natural sediments (having different bulk density) subjected

to erosion tests. To illustrate if this approximation required extrapolation or interpol-

ation of the Rowe cell measurements, Figure 4.11 shows the densities for the erosion

tests on top of the fitted curves. It can be seen that for the artificial sediments, as well

as NWS1-T2 and NWS2-T2, the Rowe cell samples exhibited similar densities to that

of the erosion test samples (hence interpolation of the permeability measurements was
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Figure 4.11: Permeability against voids ratio with data from Rowe Cell test and LSQ
fits. Permeabilities for each soil are deduced by means of measured water
contents from erosion threshold tests in Table 4.3. Additional data from
Rowe Cell tests on kaolin-sand mixtures from Suzuki (2014) linked with
the prepared voids ratios (using a consolidation pressure of 8 kPa) for
Ye (2012)’s erosion threshold experiments.

required). For NWS3-T2, the densities in the erosion tests were lower than the tested

densities in the Rowe cell test (hence extrapolation of the permeability measurements

was required in these cases).

Using the calculated permeability for each of the samples from (4.19) and noting that

η′
cr = 10−7 m/s, Figure 4.12(a) shows θ′

cr/θcr as a function of permeability k for each of

the marine sediments listed in Table 4.1. To produce this figure, a single value of δ′ = 9

was found to give the best agreement. This fitted curve indicates that deviations to the

Shields curve are only expected for soil samples with permeability larger than 10−5 m/s

if the threshold shear stress is defined at an erosion rate of η′
cr = 10−7 m/s. Below this

permeability, the measured threshold shear stress will increase as permeability reduces.

To compare the results with the Shields curve, Figure 4.12(b) presents threshold

shear stress as a function of average grain diameter. On this figure, the measured data

is shown (as black dots) together with the predictions based on the fitted line in Figure

4.12(a) (as red dots). It is evident that the fitted curve in Figure 4.12(a) (which involves

just one empirical constant) captures the range of results remarkably well.

4.7 Comparison of the new model to existing

measurements

To further investigate the new model, comparison is made in this section to a range of

existing data in the literature. These data were selected from studies with sufficient

information to either use or approximate the parameters necessary for the suggested
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Figure 4.12: Comparison of measurements from Table 4.3 with predictions using
Equation (4.18).

model. The criteria were principally:

• Definition of threshold shear stress with an associated erosion rate, or provision

of erosion rate data to allow a rate-defined threshold shear stress to be defined.

• Information on sediment type, sample densities and PSD to approximate or es-

timate permeability.

Throughout this section, the empirical parameter δ′ has been fixed at a value of 9

(i.e. no attempt was made to alter this value to better fit the data).

4.7.1 Comparison with Roberts et al. (1998)

Firstly, comparisons are made with the extensive set of results compiled by Roberts

et al. (1998) for quartz sediments having various particle size distributions and bulk

densities. Roberts et al. (1998) defined threshold shear stress for these sediments at an

erosion rate of η′
cr = 10−6 m/s (Roberts et al., 1998, p. 3), but they did not explicitly

measure permeability. To determine the permeability, we have, therefore, used the

Kozeny-Carman equation to compute the permeability as a function of the particle size

distribution and density reported for each sample by Roberts et al. (1998). The use

of the Kozeny-Carman equation is likely to be a reasonable approximation for quartz

sediments (Mitchell and Soga, 1979), and allows the permeability to be written as (after

Chapuis and Aubertin, 2003)

k = CK-C
g

µρ

1
S2G2

s

(

e3

1 + e

)

, (4.20)

where CK-C is the Kozeny-Carman coefficient, µ is dynamic viscosity, S is the specific

surface, and e is the voids ratio. The constant CK-C was taken as 0.2, which is usually

taken for uniform spheres (Carman, 1956). The specific surface (S) of fine-grained non-

plastic soils was approximated based on the formula of Chapuis and Legare (1992).
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Figure 4.13: Comparison of data from Roberts et al. (1998) with predictions using
Equation (4.18). The used diameters in this figure vary slightly from the
original ones as they were taken from his digitised PSD curves. These
PSD curves were needed to estimate permeability and hence predict the
shear stress threshold.

Figure 4.13(a) presents the complete set of measured threshold shear stresses from

Roberts et al. (1998) plotted against the calculated permeability together with the

prediction from Equation (4.18) using η′
cr = 10−6 m/s. It can be seen in the figure

that there is agreement between measured data and predictions. The results indicate

that the increased threshold shear stresses measured by Roberts et al. (1998) can be

attributed not to cohesive forces, but to suction.

The measured shear stresses due to Roberts et al. (1998) lie well above the values

obtained for the marine sediment in our study, and Equation (4.17) suggests that this

is due, in part, to the fact that Roberts et al. (1998) used a higher reference erosion

rate to define the threshold shear stress. Figure 4.13(b) presents the same threshold

shear stress results from Figure 4.13(a), but plotted against particle diameter. Excellent

agreement is obtained between the prediction from (4.17) and the measured data for

average grain sizes ranging between 0.008 mm and 0.06 mm. For finer material, the

predictions underestimate the threshold shear stress. This disagreement may be due

to limitations in the estimation of permeability using the Kozeny-Carmen equation. A

better fit to the Roberts et al. (1998) data may be achieved using actual permeability

measurements.

4.7.2 Comparison with Torfs (1995) and Ye (2012)

Additional comparisons have also been made with the threshold shear stress results

reported by Torfs (1995) and Ye (2012) for kaolin-sand mixtures. These studies did

not report permeability and exact threshold shear stresses for a specific erosion rate.

Firstly, kaolin mixtures from Torfs (1995) were paired based on PSD and bulk dens-

ities with similar mixtures given by Suzuki (2014). Consequently, estimated ranges of
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permeability were found for four sets of kaolin mixtures from Torfs (1995). As shown

in Figure 4.14, the respective erosion data were converted to apparent erosion rates

using the following formula

η =
1 − ǫ

ρs
ηw, (4.21)

where ǫ is the porosity (which equals 0.47 for the taken kaolin-sand mixtures from

Torfs, 1995), ρs is the particle density and ηw is the erosion rate based on weight.

Subsequently, these sets were analysed regarding the threshold shear stress at an erosion

rate of η′
cr = 5 × 10−7 m/s resulting in a best estimate for the threshold shear stress

and were provided with an error bar due to scatter in the erosion rate data.

Secondly, Ye (2012) used the same material and kaolin:sand ratios as Suzuki (2014)

for their kaolin-sand sediments, and so the results from Suzuki (2014) have been used

directly to quantify the respective permeability in a similar manner as performed in

this study (see Figure 4.11). The shear stresses reported by Ye (2012) were obtained

using a similar experimental procedure to that used for the marine sediments presented

in this chapter. Based on the data presented in Ye (2012) it is apparent that η′
cr ∼

5 × 10−7 ± 3 × 10−7 m/s.

Figure 4.15 presents the data from Torfs (1995) and Ye (2012) together with the

prediction from (4.17) for η′
cr ∼ 5 × 10−7 ± 3 × 10−7 m/s. It can be seen that the

theoretical model trends well with the experimental data. Indeed the agreement is in

much better agreement that the Shields curve present in Figure 4.6, where it can be seen

that the data from Ye (2012) exceeds the Shields curve by an order of magnitude. The

present model suggests that most of this increase was due to a suction force experienced

at an erosion rate of η′
cr ∼ 5 × 10−7 ± 3 × 10−7 m/s.

Similar to the interpretation of Torfs (1995) data described above, erosion data from

Jacobs (2011) was reinterpreted resulting in a similar trend as the data shown in Figure

4.15.

4.8 Discussion

In this chapter, a series of new erosion test results have been presented for marine and

artificial sediments. The threshold shear stresses for these samples have been measured

and compared with existing data and with predictive models. Generally, it has been

found that threshold shear stresses for sediments without any fines content agree well

with the empirical Shields curve. For sediments with fines content, the threshold shear

stress exceeded the Shields curve prediction by up to an order of magnitude.

The experimental data have been interpreted using a number of theories and explan-

ations in the literature that have been developed to explain the increase in threshold

shear stress for finer sediments. None of these interpretations, however, explained the

results conclusively. Motivated by this finding a new theoretical model has been in-

troduced. This model introduced a suction force (defined in terms of the erosion rate
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Figure 4.14: Reinterpretation of the threshold shear stress at 5 × 10−7 m/s for ka-
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and soil permeability) into the force balance model for particle erosion. The theory

predicts that the measured threshold shear stress for fine sediment may be higher than

the empirical Shields curve by an amount that depends on the hydraulic permeability

of the sample and the reference erosion rate that is used to define threshold shear stress.

Figure 4.16 shows a summary of all of the present marine sediment threshold shear

stress results, plotted together with the data reported by Roberts et al. (1998), Torfs

(1995) and Ye (2012). Collectively, the new model appears to be consistent with this

existing data set, suggesting that the increased threshold shear stress reported in these

studies may have been due mainly to the existence of a suction force. This would imply

that these sediments are not strictly cohesive; i.e. suction, rather than cohesive forces

explain the increase in measured shear stress. This conclusion is consistent with the

fundamental model for soil strength – critical state soil mechanics – that is central to

modern geotechnical engineering (Schofield and Wroth, 1968; Schofield, 2005; Atkinson,

2007).

An advantage of the new model is that although it is relatively simple, it is potentially

able to explain the trends observed with density and particle size distribution because

both of these bulk properties affect the permeability of the soil. Changes in permeability

may also explain trends observed by authors who have suggested that the shape of

particles, the plasticity index, and the orientation and fabric of the sediment particles

alter the threshold shear stress (Tavenas et al., 1983). Future studies are needed to

investigate these trends in more detail. As mentioned above, the model is also consistent

with the empirical Shields curve when permeability is large (i.e. greater than ∼10−4 m/s

based on the date in Figure 4.16). It may also be used to explain why mass erosion

is observed at larger shear stress (when presumably the suction force is large and
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failures instead extend deeper, finding zones that are weaker and perhaps of differing

permeability instead of surface erosion).

A key outcome from the new model is that the reference rate of erosion that is used to

define threshold shear stress may explain much of the scatter in existing experimental

data for fine sediments. For example, if the data from Roberts et al. (1998) are rein-

terpreted so that threshold shear stress is defined as the shear stress at which point

the erosion rate equals 4 × 10−6 m/s (∼15 mm/hr), consequently the threshold shear

stress increases (see Figure 4.17). Existing theoretical models linking bulk properties

to threshold shear stress would not be able to explain this increase. However, as shown

in Figure 4.17, the model introduced in this chapter can explain this increase well.

Further work is needed to compare the new theoretical model with a greater set of

experimental data to confirm if it is generally applicable. In performing this additional

work it will be important to estimate, as accurately as possible, the soil permeability

and the erosion rate at threshold conditions, since the suction force is sensitive to both

these inputs. Additional work is recommended involving microscopic investigations of

the mechanism of particle erosion for fine sediments so as to justify if the proposed

physical model presented herein can be observed directly.
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Chapter 5

A laboratory investigation into the

erosion rate of marine sediments

Abstract. Laboratory experiments have been carried out to investigate the erosion

behaviour of marine sediments using an annular flume. This chapter discusses erosion

rate measurements from these experiments for a range of sediments sourced from the

North West Shelf (NWS) of Australia. A particular focus is placed on how the erosion

rates of the sediments vary due to changes in grain size distribution and fines content.

When fines content is removed from the NWS sediments they erode at a rate that

is consistent with the classical bedload transport formulae proposed for non-cohesive

sands. However, when the fines content is maintained or increased the erosion rate at

a given shear stress is sensitive to changes in bulk density and the relative amount of

fines. Across the different sediments tested no unique relationship was found between

changes in the erosion rate and changes in the bulk density or fines content. More

specifically, we find that the erosion rate at a given shear stress reduces with increases in

density and fines content, but by an amount that is different for different sediments. In

contrast, we show that there appears to be a unique relationship between permeability

and erosion rate, such that permeability may be used to predict the erosion rate for the

NWS sediments at any density. By reinterpreting existing experimental results in the

literature, we find that this same relationship between permeability and erosion rate is

apparent for quartz sediments as well as the NWS sediments. We propose a theoretical

explanation for this trend, which fits well the erosion rate behaviour of finer sediments

close to the threshold shear stress.
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5.1 Introduction

Australia’s North West Shelf (NWS) is home to Australia’s largest oil and gas resource

developments, with further growth underway. Many subsea structures are installed on

the seabed, such as pipelines and subsea foundations. Periodic tidal currents, internal

waves and tropical storms cause a local increase of sediment transport capacity around

those structures. This leads to local scour of seabed sediments which can result in

self-burial or settlement of structures without scour protection. Leckie et al. (2015), for

example, have recently summarised scour and settlement observations of a pipeline on

the NWS.

Due to the effect of scour on structures, the erosional behaviour of natural subsea

sediments must be quantified to ensure safety, reduce environmental risk and optimise

infrastructure investment. This is particularly challenging on the NWS of Australia

where the sediments are biogenic, well sorted, angular, and they exhibit large dens-

ity variations and erosion behaviour that potentially differs from classical predictions.

These characteristics make them different to the uniform, sand-sized sediments that

have been the focus of most classical sediment transport studies (Shields, 1936; Miller

et al., 1977; Soulsby, 1997).

Generally, sediment erosion properties are summarised in terms of (i) the critical

condition for initiation of erosion (i.e. the threshold shear stress) and (ii) the erosion

rate as a function of the excess shear stress McCave (1984).

Differences in the threshold shear stress of NWS sediments, compared with uniform

silica sand, have been reported by Mohr et al. (2013, 2016b). These results showed that

particle size and grain density measurements are insufficient to isolate the threshold

shear stress for NWS sediments. For marine sands more generally, previous experi-

mental work has shown that the grain shape, density and particle size distribution

influence the initiation of movement (Prager et al., 1996; Paphitis et al., 2002; Smith

and Cheung, 2004), whereas for fine grained marine sediments the erosion threshold

appear to be higher (McCave, 1984; Winterwerp and Kesteren, 2004), indicating a de-

pendence on the content on finer sediment. Based on the collection of results available

in the literature, the erosion threshold is often related empirically to water content, fines

or clay content, undrained shear strength and plasticity index, but none of these para-

meters consistently captures the erosion properties across all sediment types (McCave,

1984; Mohr et al., 2016b).

To date, very few studies have focused on the erosion rate of marine sediments. The

few studies investigating biogenic sands (i.e. Prager et al., 1996; Paphitis et al., 2002;

Smith and Cheung, 2004) or fine marine sediments such as calcareous ooze (Southard

et al., 1971) and clay (Lonsdale and Southard, 1974) focus mostly on the initiation of

motion. Hence, the relationship between transport rates of sandy marine sediments

or the erosion rate of fine grained marine sediment (including NWS sediments) and

their basic soil characteristics such as bulk density or particle size distribution is poorly

understood.
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The main aim of this chapter is to investigate how the underlying characteristics of

marine sediments affect their erosion rate as a function of shear stress. Experiments

have been carried out on natural sediments originating from Australia’s NWS and some

artificial silica and carbonate sediments using a recirculating flume. Soil properties

including particle size distribution, bulk density and permeability were measured con-

currently with erosion testing, so as to systematically explore how these characteristics

affect the erosion properties of the sediments.

5.2 Experimental Approach

5.2.1 Sediments used

Three different biogenic sediments from the NWS of Australia have been used in this

study. These sediments are the same as those introduced in Mohr et al. (2013) and

comprise a silty SAND, a very silty SAND and a sandy SILT. In this chapter, they are

referred to throughout as NWS1, NWS2 and NWS3, respectively.

To explore the erosion rate properties of these sediments, the samples have been

sieved to systematically vary their grain size distribution. This led to three different

types of samples:

Type 1: Marine sediments without any fines content (i.e. all the fine material with

diameter less than 75 μm was sieved out);

Type 2: Marine sediments with all of their natural fines content (i.e. the natural

sediment without any change to the particle size distribution), and

Type 3: Marine sediments with a fines content varying between 0% and 100%.

This particular range of sediment types was chosen so as to isolate the effect that

fines content has on the erosion properties of the sediments. This approach is, therefore,

similar to that often taken in exploring artificial sand/mud mixtures (e.g. Mitchener

et al., 1996; Panagiotopoulos et al., 1997; Jacobs et al., 2011) except that in this case

natural sediments are used.

For each type of sediment, samples with different density were prepared. This was

achieved by mixing the sediments with different measured quantities of water to form

a homogenous slurry or paste. The samples were then poured into a sample holder

(described below) and allowed to consolidate over 24 hours. Density measurements

were made by subsampling.

To assist interpretation of the experiments, two artificial silica sands (referred to

throughout as SS1 and SS2) were also tested. These sediments were uniformly-graded

and are described below.
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5.2.2 Erosion testing setup and procedure

The erosion properties of each of the sediments (both sieved and prepared at different

densities) were investigated in a recirculating annular flume called the Mini O-Tube

(MOT), operated at the University of Western Australia. The MOT provides a rectan-

gular test section (200 mm × 300 mm, × and 1800 mm long) in which the sediments

are exposed to a constant flow velocity provided by an axial flow pump (Mohr et al.,

2016a).

The working section of the MOT has a recess hole that can accommodate a sediment

sample prepared in a semi-cylindrical holder. The sample surface occupies a rectangular

plan area of 150 mm × 72 mm; see Mohr et al. (2016b). The surface profile of the sample

(i.e. the height of the sample across its plan area) is recorded using a 3-D laser scanner.

Flow velocity was measured with an Acoustic Doppler Velocimeter (ADV) Profiler over

a region 35 mm above the bed at a location just upstream of the sample. The sampling

frequency was 50 Hz. The mean velocities measured with the ADV are transformed

to shear stresses by assuming a logarithmic velocity distribution close to the test bed

and the empirical fit of the seabed roughness length (z0) of Christoffersen and Jonsson

(1985) based on Nikuradse (1933)’s experimental data (see Mohr et al., 2016b for more

details). Complementary information regarding the actual measurements, the shear

stress calculation and hydrodynamic conditions within the working section such as flow

patterns, turbulence intensities or pressure distributions are described by Mohr et al.

(2016a).

Two types of tests were conducted using the MOT to investigate the erosion beha-

viour. Firstly, a sample was exposed to constant levels of shear stress for a period of

3 minutes, in increments of velocity of ∼0.04 m/s measured 35 mm above the seabed.

The erosion depth over the whole sample plan area was measured using the 3-D laser

scanner. In the second type of test, a constant shear stress was applied via a flow velo-

city of approximately 1.2, 1.4 and 1.6 times the velocity associated with the threshold

shear stress. For the sediments SS1-T1 and SS2-T2 this is extended to 3 to 4 times

the velocity associated with the threshold shear stress. During the tests scanning was

performed at a frequency of 0.1 Hz to measure the erosion depth rate regularly, or at

intervals of 30–60 seconds if the turbidity was too large for more frequent scanning.

These two types of tests are referred to as either ‘step’ tests or ‘constant shear stress’

tests, respectively.

For each of the sediments, the threshold shear stress for erosion was defined, using

the step tests, as the shear stress increment at which the erosion rate first (and con-

sistently) exceeded 10−7 m/s. Defining the shear stress in terms of an erosion rate in

this way is relatively common (see, for example, Roberts et al., 1998 or Buffington and

Montgomery, 1997 for an overview). The dimensionless bedload transport rate asso-

ciated with an erosion rate of 10−7 m/s is approximately between 10−4 to 10−3 m/s

for the sandy samples (see discussion in Section 5.3). This range in transport rate is

consistent with that adopted by Smith and Cheung (2004) and is consistent with the
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Figure 5.1: Dimensionless shear stress of artificial sediments (♦, SS1-T1; ©, SS2-T1),
marine sediment without fines (�, NWS1-T1; �, NWS2-T1) and uniformly
sieved marine sediments (�, NWS1a-T1 and NWS1b-T1; �, NWS2a-T1
and NWS2b-T1). The line indicates the Shields curve after Soulsby and
Whitehouse (1997) and the crosses are data compiled by Soulsby and
Whitehouse (1997).

definition of ‘weak transport’ from early studies by Kramer (1935). Additionally, based

on our definition, the threshold shear stress estimates for the silica sands used in this

study were in very good agreement with the well-known Shields curve (see Mohr et al.,

2016b and Figure 5.1 herein). In the subsequent analysis, this threshold shear stress

(associated with the erosion rate of 10−7 m/s) is generally defined as τcr, whereas the

threshold shear stress obtained from the Shields curve is noted as τ∗
cr.

The erosion rate was calculated at different levels of shear stress from the step test

experiments as the change in the surface height of the sample (averaged over the plan

area of the sample) divided by the duration that the shear stress was applied (i.e. 3

minutes). For the constant shear stress tests, the same approach was used, but the

rate was calculated every 10 s using the average change in surface height obtained

from the scans recorded at 0.1 Hz. In the steady shear stress tests, the erosion rate

was initially constant, but began to reduce as the cumulative erosion increased. In

the following interpretations, the erosion rates obtained from the constant shear stress

tests are taken from the initial part of each test stage. Due to the fact that only the

initial part (and hence shallow erosion depth) were considered non-uniformities of the

flow due to erosion were minimal.

In the remainder of the chapter, we discuss erosion test results for each type of

sediment in turn, beginning with sediment having no fines (type 1), then sediment

with all natural fines intact (type 2) and finally we consider sediment with varying

fines content (type 3). Discussion and conclusions follow.
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5.3 Type 1 sediments: No fines content

The type 1 sediments tested are shown in Table 5.1 together with their geotechnical

and erosion properties. These sediments include two artificial silica sediments (SS1-T1

and SS2-T1) and two marine sediments (NWS1-T1 and NWS2-T1) with all of their

fines content sieved out.

Four additional sediments are also listed in Table 5.1. These sediments were obtained

from the NWS1-T1 and NWS2-T1 sediments following further sieving to form samples

with relatively uniform grain size fractions having d50 ∼ 0.2 mm and 0.5 mm. These

additional samples are labelled with suffixes ‘a’ and ‘b’ in Table 5.1, and are similar

in grain size distribution to the silica sands. NWS3 was not tested without fines as it

mostly comprised of fine particles.

Following erosion testing on all the samples in Table 5.1, the threshold shear stress

was obtained from the step tests. These threshold shear stress measurements are sum-

marised in Table 5.1 and they are compared with the well-known Shields curve in Figure

5.1 (including the empirical fit given by Soulsby and Whitehouse, 1997). In Figure 5.1,

the threshold shear stress has been made non-dimensional according to

θcr =
τcr

ρg(Gs − 1)d50
, (5.1)

where θcr is threshold shields parameter, τcr is the threshold shear stress, ρ is the water

density (taken to be 1000 kg/m3 throughout), g is the acceleration due to gravity, Gs

is the relative density of the sediment and d50 is the average particle size. The grain

size has been made non-dimensional according to

D∗ =
[

g(Gs − 1)
ν2

]1/3

d50, (5.2)

where ν is fluid viscosity (taken to be 1 × 10−6 m/s2 throughout).

It can be seen in Figure 5.1 that very good agreement is obtained with the Shields

curve for all sediments in Table 5.1. This suggests that despite the different origin

(artificial or marine) the threshold shear stress is very similar to that predicted based

on median grain size alone. The agreement between NWS1a-T1, NWS2a-T1 and SS1-

T1, as well as NWS1b-T1, NWS2b-T1 and SS2-T1, suggests that the angular shape of

the NWS sediments compared to the rounded silica sands does not significantly affect

the threshold shear stress. This result is similar to that found by Paphitis et al. (2002)

for biogenic sediments consisting of cockles and mussels.

In each of the erosion rate experiments for the sediments in Table 5.1, it was observed

that the sediment moved in bedload (i.e. sediments moved along the seabed) following

initiation of motion. This observation is consistent with the criterion for threshold of

suspension, which requires u∗ > ws, where u∗ =
√

(τ/ρ) is the friction velocity and

ws is the settling velocity (Soulsby, 1997). For example based on the median grain

size of the tested sediment in Table 5.1, the calculated settling velocity using equation
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Soil name
d50 Gs Cu Fines1 D∗ τcr θcr

(mm) (–) (–) (%) (–) (Pa) (–)

SS1 0.54 2.75 1 0 13.9 0.26 0.028
SS2 0.19 2.67 2 0 4.8 0.16 0.051

NWS1-T1 0.33 2.78 2 0 3.1 0.22 0.038
NWS2-T1 0.22 2.74 3 0 5.7 0.20 0.053
NWS1a-T1 0.20 2.78 1 0 5.2 0.16 0.046
NWS2a-T1 0.20 2.74 1 0 5.1 0.16 0.044
NWS1b-T1 0.50 2.78 1 0 13.0 0.25 0.029
NWS2b-T1 0.50 2.74 1 0 12.9 0.25 0.029

1 < 75 μm

Table 5.1: Testing schedule for marine sediments with manipulated PSD (type 1).

SC(102) given in Soulsby, 1997 for natural sands gives always larger values than the

friction velocity at up to twice the threshold shear stress. This suggests that particles

will erode in bedload rather than go into suspension when subjected to shear stresses

at or just above threshold.

Based on the observation of bedload transport, it is appropriate to compare the

measured erosion rates for the sediments in Table 5.1 with classical bedload transport

rate formulae. To make this comparison, the bedload transport rate is calculated using

the following expression assuming no entrainment into suspension is occurring

qb = (1 − ǫ)Lη, (5.3)

where ǫ is the porosity, L is the sample length (in this study, L = 150 mm) and η

is the (apparent) erosion rate. Similar approaches calculating the transport rate are

presented in Nairn (1998), Ye (2012) and Mohr et al. (2015). This transport rate can

then be made non-dimensional according to

Φ =
qb

[

g(Gs − 1)d3
50

]1/2
, (5.4)

where qb is the volumetric bedload transport rate and Φ is the dimensionless bedload

transport rate.

For non-cohesive sands and gravels several classical empirical bedload transport rate

formulae have been proposed in the literature, including those due to Meyer-Peter

and Müller (1948), Van Rijn (1984), Yalin (1963), Madsen (1991), Wilson (1966) and

Nielsen (1992). In this work, we have chosen to compare with the empirical formula due

to Yalin (1963), which has been shown to agree well with experimental data compared

to other bedload equations (see Wiberg and Smith, 1989). Yalin’s expression is given

by

Φ = FY θ0.5(θ − θcr), (5.5a)
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Figure 5.2: Data from erosion tests showing erosion rates and transport rates. In both
figures SS1-T1 measurements are shown as �/♦and SS2-T1 are shown as
•/©. Black symbols indicate results from step tests and white symbols
indicate results from constant shear stress tests. The lines in (b) are
calculated for θcr determined from the Shields curve. The grey data with
the symbols ×, +)are taken from Gilbert and Murphy (1914) and Wilson
(1966) respectively and fitted with a solid grey line using the expression
from Yalin (1963) assuming θcr ≈ 0.03.

with

FY =
0.365
θcr

[

1 −
1
a

ln(1 + a)
]

, (5.5b)

a = 2.45 θ−0.5
cr G−0.4

s (θ − θcr). (5.5c)

To compare to this empirical formula, Figure 5.2(a) presents the measured erosion rate

(η) for each of the silica sands that are used to compute the bedload transport rates

shown in Figure 5.2(b).

In this second figure, it can be seen that the dimensionless transport rate for the

artificial sediments agrees well with the empirical formula due to Yalin (1963) using

the respective critical Shields parameter, and is at least within the scatter of existing

published data on bedload transport measurements (see Wiberg and Smith, 1989).

The agreement of the new results is especially good given that slight discrepancies

between the data from literature and this study are expected due to subtle difference in

experimental facilities, testing procedures, sediments and also the evaluation of shear

stresses and transport rates. An additional point to make on Figure 5.2 is that the

results for the step tests are consistent with the constant shear stress tests. This

provides additional confidence in the experimental testing setup.

To investigate if the marine sediments also agree with the classical Yalin (1963)

formula, Figure 5.3 presents the measured bedload transport rate for the uniformly-

sieved marine sediments NWS1a-T1, NWS1b-T1, NWS2a-T1 and NWS2b-T1, whilst
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mensionless shear stress. Uniformly sieved marine sediments NWS1b-T1
(�,�) and NWS2b-T1 (�,♦) with a median grain diameter of 0.5 mm and
NWS1a-T1 (�,�) and NWS2a-T1 (�,♦) with a median grain diameter
of 0.2 mm. Data for calcareous material from Smith and Cheung (2004)
showing sieved sands with median grain diameter of 0.43 & 0.60 mm (+,
∗) and 0.27 mm (×). The dashed and solid lines are the empirical relation-
ship due to Yalin (1963) calculated for θcr determined from the Shields
curve. Solid symbols indicate results from step tests and open symbols
indicate results from constant shear stress tests.

Figure 5.4 presents the same data for NWS1-T1 and NWS2-T1. Focusing firstly on

Figure 5.3, it can be seen that the uniformly sieved sediments agree reasonably well with

the empirical formula due to Yalin (1963). Furthermore, additional data for uniform

calcareous sediments (with very similar grain diameter) which have been reinterpreted

from Smith and Cheung (2004) also agree well. Figure 5.4 shows that for NWS1-T1

and NWS2-T1 agreement with the empirical formula of Yalin (1963) is fair and the

experimental data lie within the expected scatter of the curve.

Hence it is apparent, based on both Figure 5.3 and 5.4, that the threshold shear

stress and the transport rate for the uniformly sieved marine sediments (including the

NWS sediments tested herein and the reinterpreted calcareous sediments investigated

by Smith and Cheung (2004)) appear to correlate well with existing formula for sands

moving in bedload and are not significantly affected by their grain shape.

As a final remark, we note that variations in the preparation method for the silica

and marine sediments (i.e. different consolidation time and preparation) had minimal

effect on results shown in Figure 5.2 and 5.3. This observation is in agreement with

findings from literature (e.g. White, 1970; Smith and Cheung, 2004).
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Soil name d50 Gs Cu Fines1 Clay2

(mm) (–) (–) (%) (%)

NWS1-T2 0.31 2.78 3 7.5 0.9
NWS2-T2 0.18 2.74 8 17.7 2.7
NWS3-T2 0.12 2.76 112 38.9 8.2

1 < 75 μm
2 < 2 μm

Table 5.2: Soil properties of three North West Shelf sediments.

5.4 Type 2 sediments: Natural fines content

To investigate the effect of fine particles, erosion testing was also conducted on the three

NWS sediments with their natural fines content (i.e. without sieving). The properties

of these natural sediments are listed in Table 5.2. Table 5.3 presents additional details

for these sediments prepared at different density, and includes measurements of the

threshold shear stress and erosion rate parameters obtained from the step erosion tests.

To allow interpretation, the results for threshold shear stress are presented in Figure

5.5. It can be seen in this figure that as the fines content rises the threshold shear

stress rises (i.e. they plot higher above the empirical Shields curve), with the difference

to the Shields curve becoming more pronounced with increased density. The increase

with density is largest for NWS3-T2, which has the highest natural fines content.
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Soil name
ρbulk τcr M n

(kg/m3) (Pa) (m/(Pans)) (–)

1890 0.214 7.4E-05 1.6
NWS1-T2 1928 0.308 5.1E-05 2.3

1971 0.42 4.5E-05 3.0

1830 0.271 8.0E-05 1.9
NWS2-T2 1852 0.315 1.5E-05 2.5

1914 0.595 3.1E-07 2.5

1624 0.258 4.5E-06 1.5

NWS3-T2
1691 0.609 1.1E-06 2.7
1715 0.738 3.0E-07 2.8
1757 0.957 1.6E-07 3.0

Table 5.3: Testing schedule for marine sediments from Table 5.2 with varying density
(type 2).
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Figure 5.6: Erosion rate measurements for samples in Table 5.3. Black lines indicate
the best fit of Equation (5.6) and the grey line indicates the transformed
erosion rate from Equation (5.5a).
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5.4 Type 2 sediments: Natural fines content

Across all of the erosion testing for the sediments in Table 5.3, it was observed that

the sediment did not generally move in bedload, but that particles went into suspension

or a combination of suspension and bedload. For this reason, the erosion results from

the step tests have been fitted to a general erosion formula of the form

η = M (τ − τcr)n , (5.6)

where M and n are fitting parameters, τ is the applied bed shear stress and τ∗
cr is the

threshold bed shear stress obtained from the Shields curve (shown in Figure 5.5). This

threshold was chosen in the expectation that erosion can occur as soon as gravitational

forces are exceeded (see Section 5.6 for further discussion).

The form of Equation (5.6) is similar to that suggested by Winterwerp and Kesteren

(2004) and Whitehouse et al. (2000). For context, the range in n reported by Roberts

et al. (1998) for coarse quartz sediments was 1.6 (for d50 = 1.35 mm) to 2.2 (for d50 =

0.222 mm). Although it should be noted that their definition of critical shear stress is

slightly different to that in Equation (5.6).

The fitted curves based on Equation (5.6) are shown in Figure 5.6 for each of the

NWS sediments together with the measurements from erosion step test starting from

the threshold defined by the Shields curve. Also shown on these figures are the empirical

bedload transport rates due to Yalin (1963), computed based on the threshold shear

stress from the Shields curve and converted to an equivalent erosion rate using Equation

(5.3). Comparison to this empirical formula shows that it typically gives poor agreement

for NWS3-T2 and NWS2-T2 at higher density. For NWS1-T2 and NWS2-T2 at low

density the empirical formula gives more reasonable agreement and was consistent with

observations of more significant bedload transport for these samples.

In Figure 5.6, it is clear that the erosion rate reduces, for a given shear stress, as

the density of the sample increases. This trend is most pronounced for NWS2-T2 and

NWS3-T2, which have more fines content. For instance, assuming a constant shear

stress, comparison of the medium density sample of NWS2-T2 to the lowest density

indicates a difference in erosion rate of an order of magnitude at a shear stress of 0.5 Pa.

The fitted parameters M and n are listed in Table 5.3 for each of the sediments.

It can be seen that n varies over a similar range to that presented by Roberts et al.

(1998), and shows less variation than the coefficient M . To explore the more significant

variation in M , Figure 5.7 is a plot of this parameter as a function of density for each

of the sediments. It can be seen that M appears to be a linear function of density but

that the slope of the linear line is different for the different sediments. The line is steep

for sediment with a higher percentage of fines such as NWS2-T2 and NWS3-T2 and

is close to zero for the coarsest sediment (NWS1-T2). Similar trends to that shown in

Figure 5.7 have been given by Roberts et al. (1998) for quartz sediments. Therefore,

in summary, it is clear that density alters the erosion rate for marine sediments with

high fines content, but by an amount that is different for different sediment.

In addition to the quantitative erosion rate differences in Figure 5.7, the density of
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Figure 5.7: Fitted parameter M as a function of bulk density with square symbols
for NWS1-T2, diamond symbols for NWS2-T2 and circular symbols for
NWS3-T2. Dashed lines show trend.

the sample was found in the experiments on NWS2-T2 to alter the mode of erosion. At

the smallest density of 1830 kg/m3, for example, the NWS2-T2 sediment moved mostly

in bedload transport exhibiting a similar erosion rate to that predicted based on Yalin

(1963). In contrast, at higher densities the threshold shear stresses increased signific-

antly and the particles were taken into suspension at shear stresses above threshold.

5.5 Type 3 sediments: Varying fines content

The fines1 (or clay2) content is often described as having a decisive effect on the

threshold shear stress, causing the erosion rate to decrease once the fines (or clay) con-

tent increases. To investigate this expectation, a total of 8 erosion experiments were

performed on NWS2-T3 and NWS3-T3 sediments with varying levels of fines content

(listed in Table 5.4). The PSDs for these sediments were manipulated by separating the

fines from the coarse fraction, and then recombining them to form mixtures with fines

percentages of 0, 18, 30, 50 and 100 for NWS2-T3 and 0, 39 and 100 for NWS3-T3.

NWS2-T3 has a ratio of clay to silt-sized particles of 0.15 and NWS3-T3 of 0.21 (hence

the clay content ranges from 0–18% for NWS2-T3 and 0–21% for NWS3-T3). Testing

was not conducted on NWS1-T3 as the natural fines content was small.

For all the sediments in Table 5.4 samples were prepared by mixing the sediment

with a measured quantity of water to achieve a loose sample. The reason for this was

to try and ensure changes in the fines content were the main variable leading to changes

in erosion rate. A step erosion test was conducted for each sample and the resulting

erosion rate was fitted to Equation (5.6).

1Percentage of particles <75 μm for present study (<63 μm after British Standard)
2Percentage of particles <2 μm

112



5.5 Type 3 sediments: Varying fines content

Soil name
Fines1 d50 ρbulk τcr M n
(%) (mm) (kg/m3) (Pa) (m/(Pans)) (–)

0 0.22 1830 0.198 9.7E-5 1.8
17.7 0.18 1799 0.271 8.0E-5 1.9

NWS2-T3 30 0.14 1852 0.262 9.2E-5 2.0
50 0.075 1779 0.289 4.8E-5 2.4
100 0.026 1734 0.786 3.2E-6 4.9

0 0.21 1824 0.198 1.0E-4 1.8
NWS3-T3 38.9 0.12 1691 0.609 1.1E-6 2.8

100 0.013 1739 0.844 3.4E-7 2.0

1 < 75 μm

Table 5.4: Testing schedule for marine sediments from Table 5.2 with varying fines
content (type 3).

Figure 5.8 presents the non-dimensional threshold shear stress for each of the mixed

sediments (with tabulated values given in Table 5.4). At low fines content, the NWS

sediments show similar values to the Shields prediction and lie within the scatter band

of previous data for clean sands. However, with decreasing median grain size due

to increasing fines, the dimensionless threshold parameter increases above the Shields

curve.

The erosion rates for the sediments in Table 5.4 are plotted in Figure 5.9. It can be

seen that with increasing fines/clay content the erosion rate decreases. This is reflected

by the decrease of M and n in Table 5.4; the parameter M again varying significantly

more than n.

Figure 5.10 is a plot of the variation in the parameter M for each of the sediments in

Table 5.4, as a function of fines content. Even though the density is not kept constant

across the samples in Table 5.4 (because keeping the density the same is difficult to

achieve), the value of M decreases consistently in Figure 9 with fines content. This

suggests that the fines/clay content appears to be the dominating factor for these

sediments.

Across all of the results in Figure 5.10, the value of M can be seen to drop suddenly

for NWS2-T3 at between 30 and 50% fines content, whilst it drops for NWS3-T3 at

between 0 and 39% fines content. These changes in M are likely to be because the

addition of fine grained material leads to a change in the granular structure, with

silt and clay-sized particles occupying the voids and altering the permeability of the

sediment. It should also be noted that the density of the samples in Figure 5.10 are

slightly different, with a trend of reducing density with fines content (see Table 5.4).

This reinforces the fact that the change in granular structure due to fines content is

controlling the reduction in M with increased fines content that is seen in Figure 5.10.

This is because the reduced density at the higher fines contents would be expected to

have the reverse effect on M .

Hence, it is clear that the erosion rate of the sediments (as indicated by changes
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and circular symbols for NWS3-T3. The solid line indicates the Shields
curve shown as the empirical fit from Soulsby and Whitehouse (1997) and
the crosses are data compiled by Soulsby and Whitehouse (1997).

in the parameter M) is dependent on the fraction of fines. However, the relationship

between the fines fraction and M is different for NWS2-T3 compared with NWS3-T3

and so, as in the case of density, the relationship is dependent on the sediment type.

5.6 Discussion

The erosion rate properties of marine sediments recovered from the NWS of Australia

have been examined in this chapter. The particle size distribution has been manipulated

by changing the fines content from 0 to 100%, while the bulk density has been varied

from approximately 1624 to 1971 kg/m3. Collectively, it has been shown that the

erosion behaviour is similar to that implied by classical empirical formulas for sand when

the marine sediments have no fines content. However, as the fines content increases the

erosion rate reduces. The amount of fines content and the bulk density then lead to

changes in the erosion rate and the mode of erosion.

To understand how bulk density and fines content collectively affect the threshold

shear stress, Figure 5.11 presents all of the erosion data from the sediments in Table

5.3 and Table 5.4. In this figure, it appears that there is a particular fines content

at which the sediment erosion rate starts to reduce significantly (i.e. by an order of

magnitude in terms of the parameter M). The particular fines content at which this

transition occurs reduces as the density of the sediment increases. For instance, this

fines content is between 30–50% for NWS2-T3 comparing across the samples in Table

5.3, but appears to be at a fines content of less than 18% when the density increases.

Hence, the results show that the density and fines content affect erosion rate in a
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coupled manner (i.e. they are not independent effects).

An important realisation based on the observed interdependence of density and fines

content is that either parameter on its own is unlikely to be useful for predicting erosion

properties of previously-untested sediment. Because of this, it would be ideal if a

different single soil parameter, which accounts for the dual effects of density and fines

content, could be found to explain trends in erosion rate.

To try and obtain a single soil parameter, it is hypothesised that changes in soil

permeability due to density and fines content are responsible for the changing erosion

properties. This is consistent with permeability being a parameter that reduces by

orders of magnitude (in much the same way as the erosion rate) as the density and the

fines fraction of a soil is varied. This variation in permeability is quantified, for example,

by the Kozeny-Carman equation (Aubertin et al., 2005), which gives a predictive for-

mula for permeability as a function of the specific surface of a sediment (considering

the full PSD) and the voids ratio.

To investigate if there is a correlation between permeability and erosion rate, a series

of Rowe cell tests (with consolidation steps in combination with constant head tests)

were carried out to obtain the permeability of NWS1-T2, NWS2-T2 and NWS3-T2

(i.e. the marine sediments with natural particle size composition listed in Table 5.3)

and the artificial sediments. To perform the Rowe cell tests, fully saturated mixtures of

the sediments were poured in a slurry state into the cell. Following this, consolidation

stages of 20, 40, 80 and 160 kPa were modelled to prevent vertical movement of the

sample and to enable testing across a range of densities. A vertical head difference

of 10 kPa was applied over the soil sample with a height of 30–35 mm resulting in a

hydraulic gradient. The upward flow rate was measured by means of the water outflow
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of the sample to deduce the permeability.

Figure 5.12 presents measurements of permeability as a function of voids ratio e for

each of the sediments tested. Based on this data, a relationship of the following form

has been fitted (following the suggestion of Mesri and Olson, 1971)

log(k) = a log(e) + b, (5.7)

where a and b are fitted coefficients. Based on the approximation in (5.7), it was

possible to estimate the permeability for each of the natural sediments (having different

bulk density) subjected to erosion tests. To illustrate if this approximation required

extrapolation or interpolation of the Rowe cell measurements, Figure 5.12 is a plot

of the densities for the erosion tests on top of the fitted curves. It can be seen that

for the artificial sediments, as well as NWS1-T2 and NWS2-T2, the Rowe cell samples

exhibited similar densities to that of the erosion test samples (hence interpolation of the

permeability measurements was required). For NWS3-T2, the densities in the erosion

tests were lower than the tested densities in the Rowe cell test (hence extrapolation of

the permeability measurements was required in these cases).

To explore the trend between erosion rate and permeability, the coefficient M is

plotted in Figure 5.13 as a function of permeability. M has been plotted in this figure

as a proxy for erosion rate, since the coefficient n was shown to vary between 1.5–3 (see

Table 5.3), and so changes in M , therefore, control most of the changes in the slope

of the erosion rate curve for small shear stresses. The results in Figure 5.13 show that
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there is a reasonably consistent relationship between the erosional parameter (M) and

permeability when the permeability is less than ∼10−6 m/s. This trend appears to be

the same for all of the sediments tested and is an interesting result because it suggests

that permeability may be a more useful parameter than density or fines content to

define the erosion rate.

To further investigate the relationship between permeability and erosion rate, Figure

5.13 also presents erosion data on quartz sediment from Roberts et al. (1998). To plot

these additional data, it has been noted that Roberts et al. (1998) presented some of

their erosion rate measurements in terms of an empirical formula of the form

η = Aρmτn, (5.8)

where ρ is the density and A, n and m are fitting constants calculated by Roberts

et al. (1998) for the different sediment types they tested. Equation (5.8) is very similar

to Equation (5.6) for fine sediments having τ∗
cr ≈ 0. Hence, it has been assumed that

M ∼ Aρm. It is also noted that Roberts et al. (1998) used a similar sized sample length

of 150 mm to that used in the present study.

Roberts et al. (1998) did not report measurements of permeability; however, the

Kozeny-Carman equation can be used to estimate the permeability for their sediment

mixtures (and this is likely to be a reasonable approximation for quartz mixtures;

Mitchell and Soga, 1979). The Kozeny-Carman equation can be written after Chapuis
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and Aubertin (2003) as

k = CK-C
g

µρ

1
S2G2

s

(

e3

1 + e

)

, (5.9)

where CK-C is the Kozeny-Carman coefficient, µ is the dynamic viscosity, S is the

specific surface and e is the voids ratio. The coefficient CK-C was taken as 0.2, which is

usually taken for uniform spheres (Carman, 1956). The specific surface S of fine-grained

non-plastic soils was approximated based on the formula of Chapuis and Legare (1992).

Of course, it should be noted that using the Kozeny-Carman equation can lead to errors

in permeability of up to almost one order of magnitude. Additionally, one should note

that the data obtained from different erosion studies use different testing techniques

and assumptions, suggesting that any comparison should be conducted with caution.

The interpretation of Roberts et al. (1998)’s erosion coefficient and the estimated

permeability from Equation (5.9) leads to the data presented in Figure 5.13. It can

be seen that, despite the assumptions made in reinterpreting the data, there is a re-

markably similar trend to that observed for the erosion behaviour of the marine NWS

sediments and artificial sediments tested in this study.

As a final comparison, M has also been plotted against permeability for a range of

particle sizes assuming (i) the bedload transport expression of Yalin (1963) (which has

been converted to an erosion rate via Equation (5.3) taking L = 150 mm, and then

fitted to the empirical equation in (5.6) to obtained a value for M) and (ii) permeability

calculated from the Kozeny-Carman equation assuming single-sized sediment at a voids

ratio of 0.4 (see Figure 5.13, bold black line). Complementary to this assumed material,

two red curves are shown representing a loose single-sized sediment (e = 0.8) and a

more graded material (assuming a doubled specific surface compared to a single-sized

sediment).

It can be seen in Figure 5.13 that the resulting curves (each plotted for a different

density and particle size distribution) are in very good agreement with the measured

data when permeability >10−5 m/s. Specifically, assuming a sample length of 150 mm,

the results suggest that for any material obeying the bedload transport relationship of

Yalin (1963) M is expected to vary between 10−3 and 10−5 m/(Pans), whereas marine

sediments can have M -values far below 10−5 m/(Pans) if their permeability is low.

5.6.1 A theoretical argument for the correlation between

permeability and erosion rate

Mohr et al. (2016b) have suggested that if the seabed is an inelastic porous medium,

erosion can be explained in terms of a force balance including particle weight, a disturb-

ing force dependent on hydrodynamic shear stress and a suction force related to the

rate at which sediment is being removed from the seabed. This leads to the following
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relationship involving shear stress and erosion rate

τ

(ρs − ρ)gd
= F′(Re) ×

(

1 +
3
2

δ′

Gs − 1
η

k

)

, (5.10)

where Gs is the specific gravity, δ′ is a constant based on particle shape and a charac-

teristic length of the water flow in the soil (taken herein to be 9, based on results in

Mohr et al. (2016b) who find that this value is appropriate for many different types

of sediments) and k is the permeability of the sediment. The term F is an empirical

function depending on the grain Reynolds number. In Mohr et al. (2016b), this value is

taken to be equal to the critical Shields parameter based on the empirical Shields curve

(i.e. F′ ∼ θ∗
cr), which is likely to be a good assumption when the shear stress is not

much larger than the critical shear stress predicted by the Shields curve. Rearranging

Equation (5.10) with F = θ∗
cr leads to

η = Mse (τ − τ∗
cr) , (5.11)

with Mse = 2
3

(Gs−1)k
δ′τ∗

cr

.

In Equation (5.11), τ∗
cr = θ∗

cr(ρs − ρ)gd is the critical Shields parameter at zero

erosion rate (given by the empirical Shields curve) and is, therefore, smaller than the

shear stress values estimated throughout this chapter (which correspond to an erosion

rate of 10−7 m/s). It is also important to note, as mentioned in Mohr et al. (2016b), that

the relationship given by Equation (5.11) assumes that the erosion process is a drained

process, and is only expected to be valid when the sediment is experiencing surface

erosion (see Torfs, 1995 and Winterwerp and Kesteren, 2004 for further discussion on

surface erosion). If the shear stress and erosion rate are too high, the seepage force

can be sufficient to cause ‘clumps’ of material to be removed/sheared from the sample.

This failure mode is often described as mass erosion (see Winterwerp and Kesteren,

2004) and appears to be representative of undrained failure.

To compare Equation (5.11) with the present experimental data Figure 5.14 is a

plot of the result from (5.11) together with the erosion rate measurements for NWS3-

T2. Also shown on Figure 5.14 are (i) a dashed vertical lines indicating the threshold

shear stress corresponding to the Shields curve, (ii) a red horizontal line indicating the

threshold shear stress corresponding to an erosion rate of 10−7 m/s, and (iii) a vertical

line indicating when ‘clumps’ of sediment were first observed to be removed from the

sample, indicating initiation of mass erosion. To demonstrate the transition to mass

erosion, Figure 5.15 presents photographs of the sample before and after a constant

shear stress test with ∼1.3 and ∼2.3 times the threshold shear stress. At ∼1.3 times

the threshold shear stress, no clumps had been dislodged, and the sample surface is

evidently smooth. In comparison, at ∼2.3 times the threshold shear stress clumps had

been dislodged, leading to a rougher sample surface. Collectively, the photographs in

Figure 5.15(b) and 5.15(c) show clearly the patterns that are also described by Win-

terwerp and Kesteren (2004) for surface and mass erosion, respectively. Additionally,
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Figure 5.14: Erosion rate measurements for the sediment NWS3-T2 for different dens-
ities showing the initial erosion rate against predicted value from Equa-
tion (5.11).

these photographs are set in relation to an equivalent step test in Figure 5.14(c) of

similar density agreeing well with the indicated regions for surface and mass erosion.

As shown in Figure 5.14, the best fitted solid lines to the experimental data show

very good agreement with predicted dotted lines based on Equation (5.11) prior to the

initiation of mass erosion across all of the densities for which samples of NWS3-T2 were

tested.

To compare with the additional samples tested (NWS1-T2, NWS2-T2), Figure 5.16

shows the prediction for Mse based on Equation (5.11) for all samples, together with the

gradient from a linear regression to measurements just above τ∗
cr that appeared to be

linearly related. This approach was necessary as for all tests NWS1-T2 and NWS2-T2

(besides NWS2-T2 with a density 1914 kg/m3) no mass erosion (i.e. no dislodgment

of clumps) was observed. Generally, we noted that any fit to the tested sediments

was below an erosion rate of 2.5 × 10−7 m/s (compare Figure 5.14). Finally, good

agreement is obtained in Figure 5.16 comparing the gradient between the predictions

and measurements exhibiting a linear correlation with permeability.

The results in Figure 5.14 explain partly the linear trend in Figure 5.13, since (for the
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(a) Prepared sample before erosion.

(b) Eroded sample at a density of 1715 kg/m3 with a constant shear stress at
∼ 1.3 times the threshold showing mainly artefacts of surface erosion.

(c) Eroded sample at a density of 1707 kg/m3 with a constant shear stress at
∼ 2.3 times the threshold showing mainly artefacts of mass erosion.

Figure 5.15: NWS3-T2 sediment sample before and after erosion testing exhibiting
a threshold shear stress (τcr) of ∼0.74 Pa. The flow is from left to
right. For each photograph, the respective shear stress is indicated in
Figure 5.14(c) which shows the erosion curves for NWS3-T2 with similar
density.
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Figure 5.16: Comparison of the fitted initial erosion gradient in black with predicted
values in red based on Equation (5.11). Square symbols are NWS1-T2,
diamond symbols are NWS2-T2 and circle symbols are NWS3-T2.

range of data explored in this chapter) M controls the initial slope of the erosion curve

defined by Equation (5.6) where surface erosion is the dominant mechanism of erosion.

Further research must be undertaken to understand the influence of permeability in

the higher shear stress region or if other parameters, such as the undrained shear

strength, are a more suitable parameters when mass erosion is observed (as suggested,

for example, by Winterwerp and Kesteren, 2004).

5.7 Conclusion

The classic empirical equation for bedload transport rate due to Yalin (1963) appears to

be suitable for marine sediments that are not cohesive (i.e. threshold shear stress agrees

with the empirical Shields curve). This agreement is most clear when the grading of the

marine sediment is close to uniform, and implies that non-cohesive materials originating

from the NWS erode in a similar manner to non-cohesive sands of a similar grain size.

This finding is underlined by reinterpreting data from Smith and Cheung (2004) for

other calcareous sediments.

For marine sediments with an increased fraction of fines (sufficient that their threshold

shear stress exceeds that predicted from the empirical Shields curve) the erosion beha-

viour deviates from the traditional bedload transport equations. In this regime, both

density and fines content affect the erosion rate.

For the tested marine sediments, the erosion rate for a given shear stress decreases

with increasing density and fines content. Furthermore, the sensitivity to density in-
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creases drastically with an increase in fines content.

A unique relationship between permeability and erosion rate (defined in terms of the

fitted parameter M) has been observed for marine sediments obtained from the NWS

of Australia. A very similar trend has also been observed by reinterpreting the data in

Roberts et al. (1998) for quartz sediment, suggesting that permeability may be a useful

metric to predict erosion rate behaviour of untested marine sediments.

The erosion rate close to threshold conditions (in which the mode is surface erosion)

appears to be consistent with the theoretical model presented by Mohr et al. (2016b).

This suggests that the relationship between erosion rate and threshold shear stress

can be explained based on a force balance between particle weight, suction force and

disturbing force due to hydrodynamic shear stress. Further experiments are required to

investigate the suitability of this model in more detail, and to consider which parameters

control the erosion behaviour of marine sediments at larger shear stresses when mass

erosion is observed.
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Chapter 6

Predicting the rate of scour beneath

subsea pipelines in marine sediments

under steady flow conditions

Abstract. Model scale experiments of scour beneath a submarine pipeline, coupled

with erosion testing, have been undertaken using two marine sediments and five artifi-

cial sediments having a wide range of grain size. The experiments reveal that for both

the marine and artificial sediments the time scale of scour beneath the pipeline depends

on the erosion properties of the sediment. For coarser sediments, mobilised mainly in

transport along the bed, the rate of scour is found to agree well with the existing empir-

ical formula of Fredsøe et al. (1992). In contrast, for finer sediments that are mobilised

mainly through entrainment into suspension and can have relatively high erosion resist-

ance, the rate of scour is different to that predicted using the same empirical formula.

To explain this result, theoretical arguments are used to relate the rate of scour beneath

a pipeline to the fundamental erosion properties of the sediment; namely the transport

rate along the bed and the true erosion rate of the sediment. These arguments lead

to two new empirical formulas that may be used to predict the time scale of the scour

process beneath subsea pipelines. The first formula is appropriate when the sediment

scours predominantly via transport of sediment along the bed, and is consistent with

the empirical formula due to Fredsøe et al. (1992). The second formula is appropriate

when sediment erodes mainly via entrainment into suspension, as is often the case for

fine or ‘cohesive’ sediments. Collectively, the two formulas may be used in practice to

make predictions of the rate of scour for pipelines in marine sediments and artificial

sediments, provided erosion testing results are available.

129



Chapter 6 Scour beneath subsea pipelines

6.1 Introduction

When a submarine pipeline is placed on a mobile seabed, local erosion of sediment

(i.e. scour) can occur beneath the pipeline owing to the enhanced sediment transport

near the pipeline. In practice, the scour process is important for the stability of the

pipeline because the scour can lead to self-burial. The self-burial affects the lateral

stability of pipelines in storms (e.g. Palmer, 1996 and Draper et al., 2015) and leads to

variations in lateral soil resistance that can also influence the lateral buckling behaviour

of pipelines (e.g. Borges-Rodriguez et al., 2013).

For pipelines placed on a uniform sand bed, the mechanisms of scour beneath a

pipeline that lead to self-burial have been summarised in detail by Sumer and Fredsøe

(2002). Empirical formulas have been developed to predict, for example, the maximum

depth of scour (e.g. Kjeldsen et al., 1973; Sumer and Fredsøe, 2002) and the rate

at which scour occurs beneath a pipeline (Fredsøe et al., 1992). These results feed

directly into more complex models for scour development in three dimensions along a

pipeline (Cheng et al., 2014a, 2009) and the extent and rate of pipeline lowering and self-

burial (Fredsøe et al., 1988; Sumer et al., 2001). Collectively, the empirical formulas

can, therefore, be used to provide predictions of scour-induced changes to pipeline

embedment, which may be used in pipeline stability design and thermal management

provided the seabed is representative of the sediments used to establish the empirical

formulas. In practice, however, pipeline routes cross a range of seabeds comprised of

marine sediments with varying soil properties. Real marine sediments can have different

erosion properties to the uniform sands that are often used in laboratory experiments.

These properties include the threshold shear stress (i.e. the seabed shear stress required

for erosion), the volumetric transport rate (e.g. Roberts et al., 1998 and Whitehouse

et al., 2000) and the mode of sediment movement (i.e. transported along the bed or

entrained into suspension; Roberts et al., 2003). Extrapolation of the empirical scour

formulas that have been developed primarily based on experiments in uniform sand is

unlikely to be valid for all marine sediments.

This expectation is consistent with the experimental findings of Pluim-van der Velden

and Bijker (1996) who conducted a series of sediment erosion tests and a series of

model pipeline scour experiments on artificial sand-kaolin mixtures and natural sand-

silt sediment with a range of kaolin and silt percentages by mass. Their experiments

indicated that with an increase in the percentage of fine material (i.e. kaolin or silt) the

threshold shear stress of the sediment increased. They also reported that scour occurred

much more slowly for the artificial mixtures as the percentage of kaolin increased. More

recently, Leckie et al. (2015) have reviewed survey data of scour and pipeline lowering

of an actual pipeline on the North West Shelf (NWS) of Australia over a period of

several years. In that work, soil classification and erosion testing of samples recovered

from the location of the pipeline indicated that the seabed was predominantly silty

sand with a threshold shear stress higher than that predicted by the empirical Shields

curve. When analysing the increase in length of scour holes between the initial surveys,
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they found that the horizontal scour rate along the pipeline was slower than predicted

using continuous near-bed current velocity measurements and the empirical formulas

developed by Cheng et al. (2009), which are based on scour experiments in uniform

sand. Subject to the accuracy of the metocean and survey data used by Leckie et al.

(2015), this result is again consistent with the expectation that empirical formulas based

on experiments in uniform sands are not appropriate for all marine sediments.

Motivated by these earlier findings, the primary aim of this chapter is to investig-

ate scour beneath subsea pipelines in marine sediments (which may or may not have

similar erosion properties to the uniform sand), with a particular emphasis placed on

predicting the rate at which scour develops underneath a pipeline in steady currents.

This is an important first step towards understanding the more complete scour and

self-burial process for marine sediments. To work towards this primary aim, model

scale experiments of scour beneath a fixed pipeline in steady currents have been per-

formed using two reconstituted marine sediments sourced from the NWS of Australia

and five artificial sediments, which have been sieved to provide relatively uniform grain

size distribution. Collectively the artificial sediments cover a range of grain sizes. The

two marine sediments are very different in particle size composition and particle shape

to the uniform sands that have been used in previous pipeline scour studies.

To supplement the model pipeline experiments, a separate set of erosion tests have

also been undertaken and analysed in detail to assess the erosion properties of the two

reconstituted marine sediments and the artificial sediments. This testing has been per-

formed both to aid interpretation of the model scour tests and to investigate how erosion

testing results may be used in practice to predict the scour rate beneath pipelines.

6.2 Sediments used in experiments

6.2.1 Description

The grading characteristics and physical properties of the marine and artificial sed-

iments used in this study are listed in Table 6.1 and the Particle Size Distribution

(PSD) curves are shown in Figure 6.1. The two marine sediments in Table 6.1 and

shown in Figure 6.2, referred to as NWS1 and NWS2, are representative of very silty

SAND and sandy SILT, respectively, and are both composed of small shelf fragments

and residues from marine fauna. The individual grains for both of the two sediments

are typically angular and brittle.

The artificial sediments in Table 6.1 consist of two subtypes: (i) silica sands SS1

and SS2, and (ii) carbonate sediments CS1, CS2 and CS3. It can be seen that the

silica sands SS1 and SS2 have almost uniform particle size with no fines content (see

Figure 6.1), whilst the carbonate sediments are similar or slightly less uniform than

the silica sands, which is in contrast to the well graded marine sediments. Collectively,

the artificial sediments cover a range in median grain size of 15 to 540 μm. The silica

sands (SS1 and SS2) and the coarsest carbonate sediment (CS1) are similar in grain
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Soil name d50 Fines1 Clay2 Cu Gs Symbol
(mm) (%) (%) (–) (–)

NWS1 0.18 17.7 2.7 8 2.74 +

NWS2 0.12 38.9 8.2 112 2.76 ×

SS1 0.54 0 0 1 2.75 �

SS2 0.19 0 0 2 2.67 •
CS1 0.08 46.9 0 2 2.71 �

CS2 0.025 83.5 0 7 2.73 N

CS3 0.015 98.6 9.2 11 2.71 H

1 < 75 μm
2 < 2 μm

Table 6.1: Properties of sediments used in the analysis.
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Figure 6.1: Particle size distribution of sediments used in analysis.
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(a) NWS1 (b) NWS1

(c) NWS2 (d) NWS2

(e) SS1 (f) SS1

(g) CS1 (h) CS1

Figure 6.2: Images of marine sediments and artificial sediments taken through a
microscope.
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Soil name ǫ M n τcr

(–) (m/(Pans)) (–) (Pa)

NWS1 0.52 1.280E-04 1.74 0.271
NWS2 0.61 2.768E-06 1.70 0.609

SS1 0.44 7.108E-05 1.68 0.260
SS2 0.41 1.050E-04 1.73 0.159
CS1 0.39 7.735E-05 1.77 0.150
CS2 0.42 5.349E-06 2.49 0.120
CS3 0.44 3.571E-06 2.69 0.120

Table 6.2: Fitted erosion rate parameters based on erosion test results.

size composition to the sediments that have been used to derive the existing empirical

formula for the rate of scour beneath a pipeline given by Fredsøe et al. (1992).

6.2.2 Sample preparation

Throughout the testing program care was taken to ensure that samples were prepared

consistently in both pipeline scour experiments and erosion tests. For the silica sands

traditional wet pluviation (see Donahue et al., 2008) was used to prepare the samples

to mimic marine deposition. The sediment was mixed with water to form a thin slurry

which was poured into an erosion sample container on the bottom of the flume used for

the model pipeline testing. In contrast to the silica sands, for the carbonate sediments

and the marine sediments a sample was first mixed homogeneously with a measured

quantity of water to form a thick slurry to avoid segregation. The slurry was then

poured directly into the sample holder or the bottom of the flume used for the model

pipeline testing. The samples were rested for at least 1 hour for silica sands or 24

hours for marine and carbonate sediments to ensure full consolidation. Water content

measurements conducted before and after each test are shown in the form of porosity

values in Table 6.2. Erosion and model experiments showed a reproducibility of the

water content within 1–2%.

6.3 Erosion testing

6.3.1 Testing approach

Prior to undertaking the model pipeline experiments, erosion testing experiments were

performed on each of the sediments to assess their erosion properties. In this study,

sediments were prepared in a sample holder of length 150 mm and width 72 mm. The

holder was then placed flush within the bottom of an enclosed water flume (with internal

dimension 200 × 200 mm) so that a rectangular plan area of sample could be eroded

(see Figure 6.3). The tests were performed using tap water with a temperature of

∼20 deg. The density of the water and the viscosity are taken to be 998 kg/m3 and
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1.003 × 10−6 m2/s, respectively, in all calculations performed in this chapter (Kestin

et al., 1978). Further details on the O-tube flume and its flow characteristics, including

mean flow profiles, turbulence intensity and bed shear stress, can be found in Section

3.7 to 3.9. To commence an erosion test, a steady current velocity was introduced and

increased every 3 minutes. After each increment in velocity the average erosion depth

over the area of the sample was measured using a SICK ranger 3-D laser scanner. An

apparent erosion rate (η) was then calculated by dividing the measured incremental

erosion depth, averaged over the sample area, by the time increment of 3 minutes (we

refer to this rate as ‘apparent’ for the reasons outlined in Section 6.3.3). Throughout

the testing, the velocity was measured upstream of the sample using a Nortek Vectrino

II Acoustic Doppler Velocimeter. Figure 6.3 presents photographs before and after step

test experiments using NWS1 and NWS2 samples. It was found that experiments with

and without the ADV gave similar apparent erosion rate results, indicating that the

ADV had minimal influence on the erosion results.

The particular erosion test setup and procedure described above were chosen because

it had been shown to give threshold shear stress measurements consistent with literature

for uniform silica sands (see Mohr et al., 2013) and to provide sufficient data for later

comparison with the model scale pipeline scour testing.

Compared to other erosion studies (McNeil et al., 1996; Briaud et al., 1999 and

Roberts et al., 2003), the samples were not moved vertically upwards during the ex-

periment to keep the sediment surface flush with the surrounding channel. This might

result in the ‘shielding’ of the erosion sample due to cumulative erosion and, therefore,

might alter the shear stress during the later stages of an erosion test. To investigate

this possibility, an additional set of ‘constant shear stress’ erosion tests were performed

which comprised the measurement of the erosion rates every 30 seconds under steady

flow conditions. The total duration of these tests was dependent on the rate of erosion

and typically varied from 0.5–10 minutes.

6.3.2 Erosion test results

Erosion rate measurements obtained for each of the sediments are shown in Figure 6.4

as a function of seabed shear stress. In this figure, the shear stress values have been

obtained from the velocity measurements according to

τ = ρ

[

0.4U(z)
ln( z

z0
)

]2

, (6.1)

where ρ is the water density, U(z) is the measured velocity at a certain depth above

the seabed and z0 is a roughness length which is calculated based on the empirical fit of

Christoffersen and Jonsson (1985) and a Nikuradse roughness ks = 2.5d50 (see Soulsby,

1997; p. 47). Mohr et al. (2016b) justified the use of the method above by comparing it

to measurements of logarithmic velocity profiles with varying seabed roughness length

similar to the range studied in this chapter.
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(a) Before - NWS1

(b) After - NWS1

(c) Before - NWS2

(d) After - NWS2

Figure 6.3: Photographs of the (a, b) NWS1 and (c, d) NWS2 sediments before and
after the performed erosion step test. Flow is from the left in both figures.
Erosion was measured repeatedly by a 3-D laser scanner throughout the
test.
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Figure 6.4: Erosion rate measurements presented as a function of shear stress for (a,
b) artificial sediments and (c, d) marine sediments. Black filled symbols
are data obtained from ‘step’ erosion tests; open or bold symbols are data
obtained from ‘constant shear stress’ erosion tests. The lines show fits
due to Equation (6.2).
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Figure 6.5: Example measurement of mean erosion depth as a function of time for
several samples subject to ‘constant shear stress’ tests. Linear lines show a
best fit to the measurements for the first 10 measurement points. Symbols
as defined in Table 6.1.

Figure 6.4 shows the erosion rate against the calculated shear stress for two sets of

data. The dark symbols are obtained from the erosion tests in which the current was

increased every 3 minutes (referred to from hereon as ‘step’ erosion tests), whereas the

white symbols have been derived from the ‘constant shear stress’ erosion tests. In the

latter case, the rates were obtained from the initial slope on a plot of the mean erosion

depth as a function of time, as shown in Figure 6.5. Importantly, Figure 6.4 shows that

the erosion rate measurements are similar in both the ‘step’ and ‘constant shear stress’

results, giving confidence in both data sets. For this reason, both sets of results have

been treated as one combined data set.

Comparing the erosion rate measurements for the different sediments in Figure 6.4,

it can be seen that there are differences in threshold shear stress (defined herein as the

shear stress at η = 10−7 m/s, which was the smallest reliable measurement which could

be practically made with the underlying test setup) and the erosion rate for a given

shear stress. For example, the finer carbonate sediments CS2 and CS3 erode more

slowly than CS1 and the silica sands SS1 and SS2. Likewise, NWS2 exhibits smaller

erosion rates at a given shear stress than NWS1.

To quantitatively compare these differences, a trend line has been fitted to the data

in Figure 6.4 using a least squares method

η = M (τ − τcr)n , (6.2)

where τcr represents the threshold shear stress at an erosion rate of 10−7 m/s, and both

M and n are parameters chosen to optimise the fit. Fitted values for these parameters

are summarised in Table 6.2 for each of the sediments, and the corresponding trend
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Figure 6.6: Threshold Shields parameter of the tested sediments as a function of di-
mensionless grain size. The solid line represents the modified Shields curve
fitted by Soulsby and Whitehouse (1997). Vertical lines define uncertainty
of measurements.

lines are shown in Figure 6.4. Firstly focusing on the threshold shear stress, Figure

6.6 shows the dimensionless shear stress against the average grain diameter, using the

definition of

θcr =
τcr

ρg(Gs − 1)d50
, (6.3)

where θcr is the dimensionless threshold shear stress, Gs is the specific gravity of the

sediment grains and g is acceleration due to gravity. The dimensionless grain size has

been computed according to

D∗ =
[

g(Gs − 1)
ν2

]1/3

d50, (6.4)

where ν is the kinematic viscosity of water. Figure 6.6 also shows a Shields curve fitted

by Soulsby and Whitehouse (1997) which may be used to predict the threshold shear

stress of uniform sediments. Good agreement is found between the artificial sediments

and the empirical Shields curve. In contrast to the artificial sediments, the marine

sediments lie above the Shields curve, with NWS1 falling just above the curve and

NWS2 well above the curve. This result is consistent with similar tests shown by Mohr

et al. (2013). As a result the finer sediments in this study (and NWS2 in particular)

could be referred to as ‘cohesive’ sediments following standard convention (although it

is important to note that this does not imply that inter-particle forces are the principle

physical explanation for the increased erosion resistance observed for these sediments).

The two fitting parameters in Equation (6.2) (i.e. M and n) define the rate at which

erosion occurs once the shear stress exceeds the threshold shear stress. It can be seen
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that the constant M in Table 6.2 tends to reduce as the sediments become finer, which

is expected given the general observation above that the finer sediments tend to move

less (in terms of volumetric rate) at a given shear stress. In terms of the parameter

n, it can be seen that the fitted values are in the range 1.65–1.75 for the silica sands

and marine sediments. For the finer sediments CS2 and CS3 the value of n is greater,

ranging between 2 and 3. This trend of an increasing n as the particle size reduces is

consistent with that obtained by Roberts et al. (1998) for quartz sediments.

6.3.3 Interpretation of apparent erosion rate

To better interpret the measurements of the rate of change in mean sample height

(i.e. the measurements of ‘apparent’ erosion rate), we now aim to relate them to the

transport rate along the bed (i.e. the amount of sediment transported along the bedload

and/or sheet flow, denoted as qb herein) and the true erosion rate (i.e. the amount of

sediment entrained off the bed into suspension at a given shear stress, denoted as E

herein).

The relationship between the apparent erosion rate, the transport rate along the

bed and the true erosion rate can be obtained for the present experimental setup by

performing a simple control volume analysis. To do this, we start by noting that the

continuity equation for sediment can be expressed, in one-dimension, as

∂ζ

∂t
= −

1
1 − ǫ

[

∂qb

∂x
+ E − D

]

, (6.5)

where ζ(x, t) is the bed level at any location along the sample, ǫ is the porosity of the

seabed, x is position along the bed, t is time.qb is the transport rate along the bed, E is

the true erosion rate and D is the rate of deposition. Therefore, if we define a control

volume that encloses the erosion test sample, as shown in Figure 6.7, application of

Equation (6.5) to the control volume leads to

dζ̄

dt
= −η = −

1
1 − ǫ

[

qb,out − qb,in

L
+ Ē − D̄

]

, (6.6)

where ζ̄ is the average erosion depth across the sample, L is the length of the sample,

Ē and D̄ are the true erosion rate and the deposition rate averaged across the sample

area, and the parameters qb,in and qb,out define the volumetric transport rate along the

bed into and out of the control volume, respectively. In Equation (6.6), we have also

noted that the left hand side of the Equation is equal to the mean change in sample

height over time, which is the same as the apparent erosion rate with a change of sign.

It is possible to simplify Equation (6.6) in several ways. Firstly, since the sample is

placed in a flume with no upstream sediment supply (and the amount of recirculating

material observed was minimal) it follows that qb,in = 0. Secondly, since the sample

is short we will assume that deposition is insignificant (i.e. D̄ ∼ 0). Finally, since

the shear stress along the sample is close to spatially uniform at the start of the test,

Ē is taken to be the true erosion rate at any point on the sample (i.e. Ē ∼ E) and

140



6.3 Erosion testing
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Figure 6.7: Control volume around the erosion sample used to establish Equation
(6.6).

the transport rate out of the control volume is taken to be the bedload transport rate

(i.e. qb,out ∼ qb). With each of these simplifications, Equation (6.6) can be rewritten as

η ∼
1

1 − ǫ

[

qb

L
+ E

]

. (6.7)

Equation (6.7) now provides a general expression relating the apparent erosion rate (η)

measured in an erosion test to the transport rate (qb) and the true erosion rate (E).

For the special cases in which sediment moves only in bedload transport, or only due

to entrainment into suspension, Equation (6.7) can be simplified to give, respectively,

η ∼
1

1 − ǫ

qb

L
(6.8)

and

η ∼
1

1 − ǫ
E. (6.9)

Thus, the apparent rate can be converted to a transport rate or a true erosion rate

directly in these two special cases.

6.3.4 Mode of erosion for tested samples

To investigate if the apparent rates presented in Section 6.3.2 should be interpreted as a

bedload transport rate, a true erosion rate or as a combination of the two, direct obser-

vations of the mode of transport were made during erosion testing. These observations

indicated that the silica sands (SS1 and SS2) and the coarsest carbonate sediment (CS1)

tended to move in bedload transport. In contrast, for the finer carbonate sediments

(CS2 and CS3) the water in the flume became cloudy, indicating suspended transport.

The marine sediments appeared to exhibit both bedload transport and suspension with

the former more dominant for NWS1. Close inspection showed that the sediments

generally moved particle by particle at shear stresses close to threshold which is often

described in literature as surface erosion (see Winterwerp and Kesteren, 2004). At

shear stresses well above threshold, small clumps of marine sediment were observed to

dislocate randomly across the sample which appeared to intensify with further increases
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in shear stress.

These observations of the mode of transport were consistent with scans of the erosion

profile recorded during the erosion tests. For example, Figure 6.8 shows the erosion

pattern for each of the samples across the range of shear stresses tested. Profiles for SS1,

SS2 and CS1 indicate preferential erosion at the upstream edge of the sample indicating

bedload transport. This is because during transport along the bed, the spatial gradient

is always the largest at the front of the sample due to no upstream sediment supply (we

note that this deduction assumes that the shear stress is relatively uniform across the

sample). Alternatively, the finer sediments CS2 and CS3 have uniform erosion patterns,

indicating that particles across the sample have been entrained into suspension (and

that the shear stress is close to uniform across the sample). For the marine sediments,

Figure 6.8 shows that the erosion patterns are part way between the coarser and finer

sediment results. However, NWS1 appears to be more closely associated with the

erosion patterns for the silica sands and it is, therefore, more likely to have moved

in bedload than via entrainment into suspension. In contrast, the erosion pattern

for NWS2 is slightly more uniform indicating a larger fraction of entrainment into

suspension.
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Figure 6.8: Erosion profiles (a) from step tests with low shear stresses < 1 Pa, (b) from constant shear stress tests with high shear stresses
[NWS1 (0.60 Pa), NWS2 (1.30 Pa), SS1 (2.23 Pa), SS2 (1.48 Pa), CS1 (1.20 Pa), CS2 (1.92 Pa), and CS3 (1.93Pa)]. Flow direction
from top to bottom.
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In summary, it appears that SS1, SS2 and CS1 eroded primarily in transport along the

bed across the range of shear stresses tested. Consequently, the apparent erosion rate,

parameterised by the fitted values in Table 6.2, may be converted to a bedload transport

rate via Equation (6.8). Alternatively, CS2 and CS3 were entrained into suspension

and this suggests that their apparent erosion rate is better interpreted as a true erosion

rate via Equation (6.9). For the marine sediments, the apparent erosion rate is unlikely

to be related directly via Equation (6.8) or Equation (6.9) to the more fundamental

properties of transport rate or true erosion rate, respectively. Nevertheless, it appears

that NWS1 may experience more transport along the bed, whilst NWS2 exhibits more

suspended transport.

As a check on these conclusions, we have computed the transport rate along the bed

for each of the artificial and marine sediments using the relation in Equation (6.8) and

presented the results on Figure 6.9(a) and Figure 6.9(b), respectively. The transport

rates in both figures have been made non-dimensional according to

Φ =
qb

[g(Gs − 1)d3
50]

1

2

=
(1 − ǫ)Lη

[g(Gs − 1)d3
50]

1

2

, (6.10)

where the porosity has been calculated based on the soil properties listed in Table 6.1

and Table 6.2. Also shown on Figure 6.9 are predictions of non-dimensional transport

rate due to the empirical model of Yalin (1963), which has been shown to agree well

with experimental data compared to other classical bedload equations (Wiberg and

Smith, 1989). Yalin’s expression taken from Soulsby (1997) is given by

Φ = FY θ0.5(θ − θcr), (6.11)

with

FY =
0.635
θcr

[

1 −
1
a

ln(1 + a)
]

, a = 2.45θ−0.5
cr G−0.4

s (θ − θcr), (6.12)

where θcr has been calculated based on the measured values given in Table 6.2.

Beginning with Figure 6.9(a), it is evident that the transport rates for SS1, SS2

and CS1 all tend to agree well with the empirical formula of Yalin (1963) and are at

least within the scatter of existing experimental data. Hence, converting the apparent

erosion rate to a transport rate for these sediments leads to results consistent with the

classical model. For the finer sediments (i.e. CS2 and CS3) the agreement with the

calculated bedload transport rate and the classic bedload transport prediction of Yalin

(1963) is less satisfactory, as might be explained by the fact that these sediments did

not erode via transport along the bed. Finally, for the marine sediments in Figure

6.9(b) the agreement with Yalin’s formula is reasonable, but not as convincing as for

the artificial sediments SS1, SS2 and CS1. This is again expected given that erosion

testing for these sediments indicated transport along the bed, but also some suspended

load transport (especially NWS2).
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Figure 6.9: Dimensionless bedload transport rate plotted as a function of dimension-
less shear stress for (a) artificial sediments and (b) marine sediments. La-
belled lines are empirical fits due to Yalin (1963) assuming the threshold
shear stresses given in Table 6.2. Additional data is taken from Soulsby
(1997). Error bars on three SS1 data points in (a) show the sensitivity of
computed bedload transport rate to the erosion test sample length. The
upper and lower bounds on these error bars are for erosion sample lengths
of 100 mm and 250 mm, respectively.
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Figure 6.10: Model pipeline placed above the seabed (a) illustration, (b) photograph
at the start of an experiment with SS1.

6.4 Model pipeline scour experiments

6.4.1 Experimental setup

Pipeline scour experiments were performed in the small recirculating (O-Tube) flume

at the University of Western Australia under steady current conditions. (Note this is

the same flume as that used in for the erosion tests in Section 6.3) In each experiment,

a 40 mm diameter model pipeline was fixed a small distance e (less than 3 mm) above

a flat seabed prepared with marine or artificial sediment. In most experiments, the

seabed extended approximately 0.8 m either side of the pipeline. However, for the finer

sediments (i.e. CS2 and CS3) and the marine sediments, the seabed only extended 250

mm either side of the model pipeline to reduce the amount of sediment required for

testing. A definition sketch and a photograph from an experiment are given in Figure

6.10.

In total, 25 experiments were performed, as listed in Table 6.3. The testing schedule

included between two and six different steady current velocities for each of the sediments.

For each experiment, scour was measured using a video camera located outside the O-

Tube working section and synchronised to the motor driving flow around the O-Tube.

The velocity 100 mm upstream of the pipe was measured using a Nortek Vectrino

profiler and related to the shear stress as described above. The ranges of the free field

shear stress τ shown in Table 6.3 were chosen to give a range of scour rates and scour

depths. These cover live bed scour (τ/τcr > 1) conditions for all sediments; no clear

water scour conditions (τ/τcr < 1) were tested. The ranges of free field shear stresses
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listed in Table 6.3 are within the range of shear stresses tested in the erosion tests

outlined in Section 6.2. For the fine carbonate sediments CS2 and CS3, the erosion

testing covered shear stresses in excess of that expected beneath the pipeline. Image

analysis was used to extract the scour depth (measured vertically beneath the pipeline

and denoted by S in 6.10(a)), from the video records. The scour depth recorded by

the camera was the scour depth observed from the outside wall of the O-Tube looking

along the pipeline. Depending on the flow speed and sediment type, the scour depth

varied by up to 10% along the pipe, with the largest scour at the walls. For sediments

moving along the bed (e.g. SS1, SS2, CS1), it was apparent that the increased scour

depth at the wall coincided with the existence of a horseshoe vortex. To correct for

this boundary effect, the scour depth was assessed at the middle of the pipe, which

was visible from the video. In contrast for the finer sediments (e.g. CS2, CS3, NWS1

and NWS2), the scour profile was taken at the wall due to reduced visibility caused by

suspended sediment; therefore no correction was performed.

6.4.2 Experimental results: Scour profiles

In each of the experiments, scour started immediately after the target velocity within

the O-tube was introduced. Scour profiles for the artificial sands at different stages in

the scouring process are illustrated in Figure 6.11. Focussing initially on the silica sands

and coarse carbonate sediment (i.e. SS1, SS2 and CS1) it can be seen that scour starts

directly beneath the pipeline and a small mound of sediment develops downstream of

the pipe. This mound was formed by sediment eroded from beneath the pipeline and

is noticeably smaller as the particle size reduces (compare CS1 with SS1) and the flow

velocity increases (compare left to right in the figure). It can also be noted that for

SS1, SS2 and CS1 the scour hole remains smooth as scour develops, with the profile

under and upstream of the pipeline appearing very similar to those presented by Mao

(1986) and Draper et al. (2015) for experiments in sands without fine material.

In contrast to the silica sands and the coarsest carbonate sediment, it can be seen

in Figure 6.11 that the finer carbonate sediments (i.e. CS2 and CS3) exhibit different

patterns of scour hole development. For instance, the scour hole can be seen to initiate

mainly beneath the pipeline, but some development slightly downstream of the pipeline

can also be observed. Furthermore, as the scour hole develops it becomes very irregular

in profile compared with the smoother holes formed in the coarser sediments. These

irregular profiles are very similar to those reported by Pluim-van der Velden and Bijker

(1996) for marine and artificial sand-silt mixtures. In the present experiments they

were caused by sporadic suspension of sediment from beneath the pipeline. Figure 6.11

also shows that there is no mound of sediment observed downstream of the pipeline in

any of the CS2 and CS3 experiments, which is consistent with scour occurring through

entrainment of sediment from beneath the pipeline.

Similar results to those presented in Figure 6.11 are given in Figure 6.12 for NWS1

and NWS2. It can be seen in these figures that scour development in the NWS1 sedi-
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Time scale, T (s)

Sample Test
τ

(Pa)
Se/D
(–)

Best fit
to exper-

iment

Prediction
from

Fredsøe
et al.

(1992)

Prediction using
erosion data

Based
on Eq.
(6.14)

Based
on Eqs.

(6.15) &
(6.16)

Based
on Eq.
(6.22)1

Based
on Eq.
(6.31)

NWS1
1 0.595 0.81 20 49 24

NA
2 1.151 0.82 10 16 7

NWS2

3 0.957 0.38 400 21

NA

338
4 1.119 0.42 370 16 278
5 1.295 0.56 270 13 283
6 1.485 0.78 250 10 306

SS1

7 0.316 0.29 40 172 53

NA
8 0.525 0.47 50 74 33
9 0.695 0.79 45 46 34
10 0.996 0.84 22 25 19
11 1.620 0.85 5 11 8

SS2

12 0.232 0.30 50 229 59

NA
13 0.368 0.70 70 106 58
14 0.672 0.79 30 39 22
15 0.902 0.84 20 24 14
16 1.171 0.86 5 15 9

CS1
17 0.181 0.42 200 308 182

NA18 0.529 0.74 30 52 40
19 0.970 0.84 15 19 15

CS2
20 0.366 0.13 180 79

NA
157

21 0.506 0.51 250 46 265
22 0.667 0.68 150 29 173

CS3
23 0.365 0.23 500 72

NA
365

24 0.505 0.41 300 42 260
25 0.665 0.57 140 27 168

1 Sample length was 150 mm in all erosion tests.

Table 6.3: Model pipeline scour experiments performed.
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6.4 Model pipeline scour experiments

ment is reasonably consistent with the silica sand and CS1 scour profiles; i.e. relatively

smooth scour holes develop during the scour process and a small mound of sediment

forms downstream of the pipeline. In contrast to NWS1, the NWS2 case exhibits scour

profiles that are more irregular and do not show significant mounds of sediment down-

stream of the pipeline. These observations are more consistent with the fine carbonate

sediments CS2 and CS3.
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Figure 6.11: Example scour development for artificial sediments.
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Figure 6.12: Example scour development for marine sediments.
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Chapter 6 Scour beneath subsea pipelines

6.4.3 Experimental results: Equilibrium scour depth and time scale

of scour

Figure 6.13 presents the scour depth under the pipeline at regular intervals for each of

the artificial sediments. The general shape of all of the scour curves shown in Figure

6.13 are similar to those presented previously by Mao (1986) and Fredsøe et al. (1992),

with the scour depth approaching an ‘equilibrium value’ after a sufficiently long period

of scour. This equilibrium depth, and the time required to reach it, is different for

different sediments and different velocities. Fredsøe et al. (1992) suggested that the

scour hole development (such as that shown in Figure 6.13) can be represented by

S(t) = Se

[

1 − exp
(

−
t

T

)]

, (6.13)

where Se is the equilibrium scour depth, t is time and T is the time scale of the scour

process, which can be defined in terms of the equilibrium scour depth and the scour rate

(dS/dt) at the start of the scour process (i.e. dS/dt = Se/T , at t = 0). An alternative

expression that fits the data slightly better than Equation (6.13) is the profile given by

S(t) = Se

(

t

t + T

)

, (6.14)

which is defined in terms of the same equilibrium scour depth and essentially the same

time scale as Equation (6.13) provided the fit matches equally the initial scour rate

(since it also follows that dS/dt = Se/T , at t = 0 for the expression in Equation (6.14)).

The parameters in Equation (6.14) have been fitted to each of the measured data in

Figure 6.13, resulting in the fitted values summarised in Table 6.3.

Figure 6.14 shows the equilibrium scour depths for each of the experiments as a

function of the upstream shear stress normalised by the threshold shear stress. Looking

firstly at the data for the silica sands and the marine sediments, it is evident that the

equilibrium scour depth increases with shear stress until the shear stress exceeds 1–2

times the threshold shear stress and live bed conditions are established. At this point,

the equilibrium scour depth becomes almost independent of the applied shear stress.

This trend is relatively consistent with that obtained for previous scour studies in sands

and coarse grained silts (see, for example, Sumer and Fredsøe, 2002).

The results for the finer artificial sediments (CS2 and CS3) in Figure 6.14 show a

similar trend to the silica sands, except that the scour depths are slightly lower for

shear stresses less than ∼4 times the threshold shear stress. A reason for this slightly

delayed increase may be the angular nature of the scour holes that form for these finer

soils, which lead to more efficient flow separation and lower shear stresses at the bottom

of the hole. However, we also caution that the threshold shear stress for these finer

sediments is small, and so error in the horizontal location of these measurements is

large in Figure 6.14.
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Figure 6.13: Scour hole development in time. Solid lines represent best fit due to Equation (6.14).
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To compare the rates of scour, Figure 6.15 shows the time scales for each of the

pipeline scour experiments. In this figure, the time scale has been made non-dimensional

in the same way as Fredsøe et al. (1992), so that

T ∗ =
[

g (Gs − 1) d3
50

]
1

2

D2
T. (6.15)
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6.5 Interpretation of scour rate using erosion test measurements

Also shown in Figure 6.15 are additional data and a best fit to this data presented by

Fredsøe et al. (1988). The equation describing the best fit line is given by

T ∗ =
1
50

θ− 5

3 . (6.16)

The data in Figure 6.15 indicates that the time scale for the silica sands (SS1 and SS2),

as well as the coarse carbonate sediment CS1 and the marine sediment NWS1 agree well

with Equation (6.16) across the range of conditions modelled. In contrast, the data for

the fine carbonate sediments (CS2 and CS3) and the marine sediment NWS2 lie well

above the empirical relationship given by Equation (6.16). Consequently, for these finer

sediments, which are observed to erode predominantly via entrainment into suspension

in the erosion testing, scour occurs more slowly than predicted from Equation (6.15)

and Equation (6.16).

6.5 Interpretation of scour rate using erosion test

measurements

The results in Section 6.4 show that the rate of scour is dependent on the mode in which

sediment is mobilised during scour beneath the pipeline. For example, when transport

along the bed is the predominant mode (as for SS1, SS2, CS1 and NWS1) the existing

empirical formula due to Fredsøe et al. (1992) provides good predictions. Alternatively,

when sediment erodes mainly through entrainment into suspension (i.e. CS2, CS3 and

NWS2) this same formula gives poorer predictions. To explain the reason for these

results, in this section we investigate the rate of scour theoretically for sediments that

exhibit transport along the bed and entrainment into suspension, respectively.

6.5.1 Scour via transport along the bed

Assuming that sediment moves along the bed only (via bedload transport or sheet flow

with minimal suspension), the sediment budget for a control volume drawn beneath a

pipeline (as shown in Figure 6.16) can be written as

dζ̄

dt
= −

1
1 − ǫ

[

qb,out − qb,in

D

]

, (6.17)

where ζ̄ is now the average sediment depth within the control volume, qb,in is the rate

at which sediment enters the control volume and qb,out is the rate at which sediment

leaves the control volume. At the start of the scouring process, it will normally be

the case (even in live bed conditions) that qb,out ≫ qb,in because of amplification of

shear stress beneath the pipe. Noting this and assuming that (i) the average depth ζ̄

is proportional to the scour depth, and (ii) that the transport rate leaving the control

volume is proportional to the maximum rate beneath the pipeline (qb,max), Equation
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(6.17) can be rewritten at the start of scouring so that

dS

dt

∣

∣

∣

∣

t=0
∝ −

1
1 − ǫ

qb,max|t=0

D
. (6.18)

From Equation (6.13) or Equation (6.14) it also follows that at the start of the scouring

process the scour rate is given by

dS

dt

∣

∣

∣

∣

t=0
= −

Se

T
. (6.19)

Hence, equating Equation (6.18) and Equation (6.19) leads to

T ∝ Se(1 − ǫ)
D

qb,max|t=0

. (6.20)

Equation (6.20) shows that the time scale of scour is inversely proportional to the rate

of change in transport rate along the bed beneath the pipeline (given by qb,max|t=0 /D).

In other words, it is the spatial gradient in transport rate that causes scour at the pipe

and controls the time scale of the process. Using the results in Section 6.3 for sediment

transported along the bed, Equation (6.20) can be rewritten as

T ∝
Se

ηmax,0

D

L
, (6.21)

where ηmax,0 is the apparent erosion rate, computed based on the maximum shear

stress beneath the pipeline at the start of scour. To use Equation (6.21) in practice

requires that the constant of proportionality in Equation (6.21) is determined through

comparison with experiments. Based on the arguments leading to Equation (6.21), this

constant should be dependent on the geometry of the scour hole and on the ratio of

the maximum transport rate under the pipe to the transport rate leaving the control

volume. It is, therefore, reasonable that these dependencies should be relatively similar

for different sediments if the scour hole develops in a similar way under the pipeline.

To investigate Equation (6.21) in more detail, the time scale of scour for sediments

NWS1, SS1, SS2 and CS1 (which were observed to erode via transport along the bed

in erosion testing and had similar scour hole profiles in the pipeline experiments) are

plotted in Figure 6.17(a) against the right hand side of Equation (6.21). In this figure,

ηmax,0 has been calculated using Equation (6.2) evaluated with an amplified shear stress

of 6 times the free field shear stress to represent the shear stress under the pipeline (the

factor of 6 is assumed following Fredsøe and Hansen, 1987). It can be seen in Figure

6.17(a) that the experimental results do indeed appear to line up on a single line, despite

the range of velocities and sediments tested. This line corresponds to a proportionality

constant of 2.8, and suggests that the time scale of scour beneath the pipeline may be

predicted for any sediment scouring mainly via transport along the bed according to

T = 2.8
Se

ηmax,0

D

L
. (6.22)
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Figure 6.16: Control volume defined beneath a pipeline at the start of the scour pro-
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Comparison with Fredsøe et al. (1992) in live bed conditions

We now look to confirm if Equation (6.22) is consistent with the empirical formula

given in Equation (6.16) by Fredsøe et al. (1992) for sands in live bed conditions. To

do this, we can substitute Equation (6.2) and Equation (6.15) into Equation (6.22),

which leads to

T ∗ D2

[g(Gs − 1)d3
50]

1

2

= 2.8Se(1 − ǫ)
D

qb,max|t=0

. (6.23)

If we now introduce the dimensionless transport rate from Equation (6.10) and re-

arrange, this becomes

T ∗ = 2.8Se(1 − ǫ)
D

Φb,max|t=0

, (6.24)

where Φb,max corresponds to qb,max. Now, for most sediments (including those tested

in this chapter) it follows that ǫ ∼ 0.4–0.5 and, in live bed conditions, Se/D ∼ 0.6–0.8.

Furthermore, in Section 6.3 it was shown that for coarse grained sediments eroding

via transport along the bed (in bedload or sheet flow) the dimensionless transport rate

agrees well with the classical empirical formula due to Yalin (1963). This empirical

formula for the transport rate is one of several proposed in the literature (see Chapter

9 in Soulsby, 1997; for example), which all tend to have the form

Φ = A(θ − θcr)b, (6.25)

where the constant A usually takes a value of ∼10 for sand, and the exponent b has

a value of between 1.5–1.7. Substituting for Equation (6.25), as well as the range in

values for porosity and equilibrium scour depth, Equation (6.24) can be rewritten as

T ∗ = B(γθ − θcr)−b, (6.26)

with B = 0.08–0.14 and b = 1.5–1.7,

where γ represents the amplification factor under the pipeline (assumed as 6 herein).

Hence, in live bed conditions if we assume that γθ ≫ θcr, we have

T ∗ = B′ × θ−b, (6.27)

with B′ ∼ 1
100– 1

250 and b ∼ 1.5–1.7.

Equation (6.27) is very similar to the expression from Fredsøe et al. (1992) in Equation

(6.16), accounting for the scatter in existing experimental data. This suggests that

Equation (6.16) is likely to be applicable for any marine sediment having a similar

transport rate to that given by classic transport formulas such as Yalin (1963), and

that Equation (6.22) is consistent with Fredsøe et al. (1992) in live bed conditions.
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6.5.2 Scour via entrainment into suspension

The analysis in the previous section assumed that the sediment was transported along

the bed. If this is not the case then the seabed at the start of scour will erode everywhere

that the shear stress exceeds the threshold shear stress. Furthermore, the maximum

change in bed level will occur at the location where erosion is a maximum, such that

(

∂ζ

∂t

∣

∣

∣

∣

t=0

)

max

= −
1

1 − ǫ
(E|t=0)max , (6.28)

where (E|t=0)max is the maximum true erosion along the bed at the start of the scouring

process. Assuming that this maximum coincides with the location of the scour hole, it

follows that

dS

dt

∣

∣

∣

∣

t=0
= −

1
1 − ǫ

(E|t=0)max . (6.29)

Equating Equation (6.29) to the gradient of Equation (6.13) or Equation (6.14) at t = 0,

therefore, gives

Se

T
=

1
1 − ǫ

(E|t=0)max . (6.30)

Finally, making use of Equation (6.9), Equation (6.29) can be written as

T =
Se

ηmax,0
, (6.31)

where, again, ηmax,0 is the apparent erosion rate computed based on the maximum

shear stress beneath the pipeline at the start of scour.

Equation (6.31) demonstrates that for sediments entrained into suspension the time

scale of scour can be written directly in terms of the apparent erosion rate and the

equilibrium scour depth. Furthermore, unlike the relationship for transport along the

bed, Equation (6.31) is a direct equality rather than an argument of proportionality.

To test the relationship in Equation (6.31), we have computed the maximum apparent

erosion rate according to

ηmax,0 = M (γτ − τcr)n , (6.32)

where M , n and τcr have been obtained from the erosion testing results in Section 6.3

and γ again defines the amplification on the free field shear stress under the pipe (again

taken to be 6).

Table 6.3 gives the resulting time scale computed from Equation (6.31) and Figure

6.18 presents comparisons between the measured scour data and Equations (6.14) and

(6.31) using the measured equilibrium scour depth and the computed time scales. Col-

lectively, it can be seen that for the finer artificial and marine sediments the prediction

from Equation (6.31) is in reasonable agreement with the experiments; and is much

better than that obtained using Equations (6.14) and (6.15). This finding is again sum-

159



Chapter 6 Scour beneath subsea pipelines

marised in Figure 6.15 showing the non-dimensional time scale as a function of Shields

parameter. Reasonable agreement is shown using the non-dimensional predictions from

Equation (6.31) predicting the experimental data for CS2, CS3 and NWS2.

6.6 Discussion

In this chapter, we have reported erosion testing and experimental results of scour

beneath a model pipeline in two marine sediments and a range of artificial sediments.

It has been observed that for both the marine sediments and the artificial sediments

the scour profile and the rate of scour appear to be dependent on the mode in which

the sediment is mobilised. Specifically, for marine and artificial sediments which are

mobilised in transport along the bed the existing empirical formula due to Fredsøe

et al. (1992) tends to predict the time scale of scour well. In contrast, for finer marine

or artificial sediments that are mobilised mainly through entrainment into suspension,

the scour hole profiles are irregular and the rate of scour does not agree well with the

existing empirical formula.

To understand the disparity in the time scale of scour, theoretical arguments have

been used to relate the time scale of scour to the apparent erosion rate which may be

measured in erosion testing. These arguments have led to two different relationships,

depending on whether the sediment is mobilised via transport along the bed only, or

via entrainment into suspension. In the former case, it has been shown that the time

scale of the scour process may be estimated according to

T = 2.8
Se

ηmax

D

L
. (6.33)

This expression is entirely consistent with the formula suggested by Fredsøe et al. (1992)

in live bed conditions for the sediments tested herein. In contrast, for the finer sediments

(which may or may not be ‘cohesive’) the time scale of the scour process has been shown

to be a function of the true erosion rate, such that

T =
Se

ηmax
. (6.34)

Both Equations (6.33) and (6.34) can be used provided that erosion testing results

are available. These results may be obtained easily using the experimental approach

outlined in Section 6.3.3, or via other erosion testing apparatus (such as those already

mentioned in this chapter). Furthermore, because the apparent erosion rate may be

measured directly, both Equations (6.33) and (6.34) allow differences in erosion prop-

erties (as may be expected for ‘cohesive’ sediments for example) to be captured in the

prediction.

An obvious limitation of Equations (6.33) and (6.34) is that they require that the

scour process is entirely by transport along the bed or entrainment into suspension.

However, for more general conditions in which a soil may be transport via mixed erosion
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Figure 6.18: Scour hole development in time computed based on Equation (6.14) us-
ing measured equilibrium scour depth and computed time scale based on
Equation (6.31). Black dashed line in each figure represents prediction
based on Equation (6.14) and the time scale formula taken from Fredsøe
et al. (1992) for the experiment with the largest shear stress.
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modes (as would be the case for a sand at high velocity, or for a graded sediment) it is

possible that Equations (6.33) and (6.34) might be used collectively to bound the likely

time scale of scour, or in a superposed form based on the relative contributions of each

component. In either case, the combined use of both equations is expected to give a

better indication of the scour rate than is possible with existing formulas. In terms

of the functional form of the resulting relationships between time scale and apparent

erosion rate, it is interesting to note that when Equation (6.34) is substituted into

Equation (6.14) it leads to the same predictive formula as that proposed by Briaud et

al. (1999) for predicting scour around piles in fine cohesive sediments. Hence, Equation

(6.34) is consistent with existing research in this regard.

Finally, we note that the analysis in this chapter has been focused on vertical scour

beneath a fixed pipeline. In practice, scour is three-dimensional, with scour propagating

along the pipeline. Further work is needed to extend the present analysis to this more

complicated but realistic scenario. However, we note that the method proposed by

Cheng et al. (2014b, 2014a), which used the vertical scour formula of Fredsøe et al.

(1992) so as to calculate the scour rate along a pipeline, may provide a means to do

this. Further work could also be undertaken to extend the present analysis to wave and

combined wave and current conditions. For uniform sands, Fredsøe et al. (1992) have

already presented an extended timescale formula for wave conditions, but an extension

is still required for uniform sands in combined wave and currents.

6.7 Conclusions

The following conclusions have been formed based on this study:

The erosion properties of sediment have been found to have a significant effect on

the scour hole shape and the rate of scour beneath a model pipeline both in artificial

sediments and marine sediments.

For artificial and marine sediments that were observed to move predominantly in

transport along the bed in erosion testing (e.g. SS1, SS2, CS1 and NWS1 herein), the

time scale of the scour process was found to be in agreement with an existing empirical

formula due to Fredsøe et al. (1992) developed based on experiments in uniform sand

and coarse grained silt.

For sediments that were ‘cohesive’ and observed to move predominantly via entrain-

ment into suspension in erosion testing (e.g. CS2, CS3 and NWS2 herein), the time

scale of scour was an order of magnitude larger than that predicted by the empirical

formula due to Fredsøe et al. (1992) in the present experiments.

Based on control volume arguments two new empirical formulas have been developed

to predict the time scale of scour in terms of the apparent erosion rate measured via

erosion testing. The first of these formulas (6.33) is developed on the assumption of

transport along the bed and has been shown (i) to explain well the experimental results

for coarse sediments, and (ii) to be consistent with the empirical formula of Fredsøe et

al. (1992). The second empirical formula (6.34) is developed assuming that scour occurs
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mainly via entrainment into suspension and has been shown to give good agreement

with the pipeline scour experiments on fine cohesive sediments that appear to erode

mainly through entrainment into suspension.

Both of the two new formulas may be used provided erosion testing results are avail-

able. For sediment that erodes due to transport along the bed as well as entrainment

into suspension, the use of Equations (6.33) and (6.34) separately is not likely to be

valid to predict the time scale of scour under the pipeline. However, in combination

the two predictive formulas may be used to estimate the actual time scale of scour.
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Chapter 7

Concluding remarks

This thesis investigated the erosion behaviour of marine sediments, with a strong focus

on those originating from the NWS of Australia. Establishing theories and setting

up experimental facilities (e.g. the O-tube) to investigate sediment transport enabled

extensive study of the erosion threshold and rates of both artificial and marine sands

and silts. A variety of experimental work enabled systematic analysis of the parameters

that govern erosion processes. Interpretation of the experimental data and discussions

considering relevant literature showed similar trends in erosion behaviour; however, no

suitable method was found in the literature to accurately predict or estimate threshold

shear stresses for the experimental data.

A novel way of predicting the erosion threshold is suggested, considering a force

balance including a resisting force developing due to suction during sediment removal.

Agreement of the available data with the predictive formula is demonstrated for both

the presented erosion experiments and erosion data from literature. Comparing the pro-

posed relationship with literature demonstrates that this approach matches well known

trends, which previously have been suggested to correspond to various physical prop-

erties for threshold determination. The theory is also applied to the interpretation of

erosion rate measurements on fine grained sediments, which leads to a new perspective

to viewing the overall erosion process.

The erosion experiments are then demonstrated to be directly applicable for predict-

ing scour beneath model pipelines. Extending previous theories for sediments moving

in bedload, a formula using simple erosion quantities from element tests is introduced

to determine the time scale of scour for fine sediments that move predominantly in

suspended load. Pairing fundamental experiments to determine the erosion behaviour

of marine sediments with the practical application of scour around pipelines provides

novel insights to increase understanding of the occurring sediment transport processes.

In order to guide the research, a series of research aims were listed in Chapter 2.

The following section revisits these objectives and summarises the main contributions

of this thesis to literature and points out the key findings of the research. Additionally,

recommendations for future research are provided.
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7.1 Original contribution and main findings

7.1.1 Assessing the likelihood of sediment mobility considering

realistic field conditions

A review of NWS characteristics in terms of metocean conditions and typical seabed de-

posits illustrated the expected 10 and 100 year return periods of hydrodynamic loading

of waves and currents. Preliminary experiments on sediment transport suggest that dif-

ferent soils may become mobile due to these conditions. The NWS sands are expected

to move due to sediment transport forces under large cyclonic conditions (i.e. 100 year

return period) and possibly under smaller 10 year return period events. Tested NWS

silts were predicted to remain stable under the proposed hydrodynamic forces. In con-

trast, very silty sands may experience sediment movement in sufficiently large cyclonic

events (i.e. 100 year return period). The laboratory observations of sediment transport

show that these NWS sediments, particularly those with finer particles, have different

mobility characteristics compared to those predicted using conventional methods cal-

ibrated to clean siliceous sands. This clearly demonstrates that traditional approaches

that do not adequately differentiate between sediment types can be flawed, and new

design guidelines are required that cover the range of sediments that can be commonly

encountered.

7.1.2 Establishment of experimental design and methodologies to

investigate sediment transport

The actual relationship between pressure and flow rate in an impeller-driven O-tube

has been derived in terms of a dynamic equation extending classical work for flow in

closed conduits, such as U-tubes. Analytical solutions have been given which relate

the impeller rotation speed to the flow rate in steady and oscillatory flow. Subsequent

calibration using the developed theory for the O-tube has been shown to allow optimal

control of the flow rate and, together with supplementary measurements, leads to a

detailed understanding of the flume characteristics. These characteristics comprise the

pressure distribution, the cross-sectional velocity profile, flow asymmetry, turbulence

and the variation in bed shear stress distribution (i) along the working section and

(ii) for different surface roughness lengths. The latter shear stress measurements were

found to be in very good agreement with published literature for flow in a rectangular

cavity confirming the appropriateness of sediment transport research using this type of

annular flume.

7.1.3 Interpretation of erosion element measurements

Threshold shear stresses for marine sediments have been measured and analysed. It is

found that classic empirical equations for bedload transport rate (such as Yalin, 1963)

appear to be suitable for marine sediments that appear to move in bedload, and the

threshold of relatively sandy materials generally conforms with the empirical Shields
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curve. This agreement is most convincing when the grading of the marine sediment is

closer to uniform. This implies that marine sediments with small percentages of fines

erode in a similar manner to quarzitic sediments of similar grain size and shape. This

finding is also confirmed by newly interpreted data from Smith and Cheung (2004) for

calcareous sediment.

In contrast, for marine sediments with an increasing fraction of fines, the erosion

behaviour deviates from the traditional equations (e.g. the Shields curve and bedload

transport formulae). The experimental data have been interpreted using a number of

theories and explanations suggested in literature that have been developed to explain

the increase in threshold shear stress and the changes in erosion rate for finer sediments.

None of these interpretations, however, appeared to conclusively explain the erosion

results on the marine sediments used in this study.

Motivated by this finding, a novel theoretical model has been developed in this thesis

that is based on a force balance between the disturbing hydrodynamic shear stress

across a particle surface, the particle weight and a suction force defined in terms of the

erosion rate and soil permeability. This theory predicts that the measured threshold

shear stress for fine sediment may be higher than the empirical Shields curve by an

amount that depends on the hydraulic permeability of the sample and the reference

erosion rate defining threshold conditions. Implicitly, the model also predicts the initial

rate of eroded material when moving particle by particle (i.e. surface erosion).

Initial calibration using the test data from this thesis and subsequent comparison

of the model with experimental data from the underlying study and other reinter-

preted erosion data (Roberts et al., 1998; Torfs, 1995 and Ye, 2012) showed good

agreement and suggests that suction, rather than cohesive forces may explain the un-

derlying erosion behaviour. Considering soil specific properties in the form of permeab-

ility changes, the model follows general trends observed by authors who have suggested

that the shape of particles, the plasticity index, and the orientation and fabric of the

sediment particles alter the threshold shear stress (Tavenas et al., 1983). The model is

also consistent with the empirical Shields curve when permeability is large (i.e. greater

than ∼10−4 m/s). It may also be used to explain why mass erosion is observed at lar-

ger shear stress when presumably the suction force is large and the soil fails in clumps

instead of particle by particle (i.e. surface erosion).

7.1.4 Application of erosion element measurements to predict scour

beneath pipelines

Laboratory experiments on a small scale pipeline model investigated the maximum

scour depth and time rate of scour beneath model pipelines using artificial and natural

sediments with varying particle size distributions. The model experiments reveal that

both scour threshold and rate parameters are strongly related to the mode of sediment

transport (i.e. moving along the bed or entrained into suspension). Existing empir-

ical formula for time scale and estimates for the maximum scour depth for sediments
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moving predominantly in bedload transport (e.g. Fredsøe et al., 1988) were in good

agreement with the experimental data from this study. However, for sediments mov-

ing predominantly in suspended load smaller scour depth and slower scour rates were

observed than that reported by Sumer and Fredsøe (2002) and Fredsøe et al. (1988),

respectively. This led to the development of a new theoretical formula considering

finer sediments which are mobilised mainly through entrainment into suspension. By

combining erosion element and pipeline model tests, this formula enables a time scale

prediction of scour occurring beneath subsea pipelines which is in good agreement with

the experimental data from this and other studies.

7.2 Recommendations for further research

The outcomes from the research presented within this thesis suggest new perspectives

and questions on sediment transport and its application to subsea infrastructure design.

Potential areas for further work include improved modelling techniques and further

development of models and ideas, such as:

7.2.1 Investigation on the in situ erosion behaviour of marine

sediments

The underlying study broadens the knowledge on the erosion behaviour of NWS sed-

iments. However, all experiments were conducted under laboratory conditions using

reconstituted marine samples, which is in clear contrast to actual in situ conditions.

The conducted erosion experiments comprise exclusively unidirectional flow conditions

of disturbed samples; whereas under realistic conditions, the undisturbed sediment is

exposed to hydrodynamic loading of a temporary and unsteady nature that may heav-

ily affect erosion properties. Therefore, it is recommended that this study be compared

with available in situ measurements, and that additional experiments considering oscil-

latory flow or wave action be conducted.

7.2.2 Elaboration of the proposed model on the entrainment

mechanism of marine sediments considering suction forces

The proposed model for predicting threshold shear stresses and the initial erosion rate

shows promising agreement with the available test results and literature; however, spe-

cifically designed experiments are needed to further verify and validate this formula.

Fundamental work assessing the mechanics of suction forces is suggested in order to

(i) specifically demonstrate their existence as proposed and (ii) explore the range of

constants that are necessary to calibrate the model. Permeability is a highly vari-

able quantity to measure and measurements should be made on the particular erosion

samples tested if possible to avoid interpolation or extrapolation errors. To precisely

define threshold shear stress for the suggested model, careful experimental design, sys-

tem control and measurements are required to actually determine the erosion rate at
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threshold. The model appears to predict threshold shear stresses very well for the in-

vestigated range of sediments, which were mainly silty. However, the performance of

the model for clayey sediments is unknown at this stage; and further work is needed to

test the model for clays and determine whether an extension of the model incorporating

cohesive forces is required.

7.2.3 Investigation of the erosion of marine sediments under high

shear stresses

The underlying study explores in detail the erosion rate during surface erosion. In

contrast, the failure of fine grained samples due to mass erosion is only briefly addressed

and needs further investigation. It appears that in particular the parameter n from the

fitting Equation (6.2) appeared to be very sensitive to measurements at high shear

stresses and hence dependent on mass erosion (considering rather fine material). This

needs to be addressed experimentally. An alternative may be to conduct further work

to explore if permeability can be used to describe the mass erosion that is commonly

described as an undrained failure mechanism, or if a soil strength parameter might be

more appropriate to use. The latter is implied by research from Otsubo and Muraoka

(1988) finding an almost linear relationship between the threshold shear stress for mass

erosion and the yield stress of the sediment sample.

7.2.4 Investigation of the equilibrium scour depth beneath a pipe for

fine grained sediments

The study successfully describes the time rate of scour beneath subsea pipelines for arti-

ficial and marine sediments using erosion element tests. Tentative trends for equilibrium

scour depth are presented, but show no clear relationship for the finest sediments tested

(these sediments generally move in suspended load). It is evident that traditional estim-

ates for sediments moving in bedload are inappropriate for these predictions; therefore,

a larger range of experiments are recommended to explore this research topic in more

detail. Additionally, the presented results focused on small scale pipeline models under

laboratory soil conditions investigating vertical scour. In the field, however, scour is

three-dimensional with scour propagating along the pipeline induced by combined wave

and current conditions leading to more complicated scenario in reality. Even though

vertical scour formulae could be used to calculate scour rates along the pipeline (as

proposed by Cheng et al., 2009) or extended formulae for wave conditions (Fredsøe

et al., 1992), further work needs to be done considering actual metocean and scour

observations experienced by offshore pipelines in the field.
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