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Abstract

The Netherlands is a country that is being threatened by water, both from the rivers and from the sea.

The Dutch have built dikes to keep their lands from inundation. To ensure the strength and stability of

these dikes, they are being assessed on the basis of several failure mechanisms. One of these failure

mechanisms is Backward Erosion Piping, or piping for short.

In piping, the current underneath a dike is strong enough to take soil particles with it. Tests on piping

in tidal subsoil were conducted in the summer of 2021, where a pipe was found to have grown at

greater depth than expected The occurrence of this deeper piping has rarely been seen before, let alone

described. This lack of knowledge poses a potential safety risk, as it may underestimate the vulnerability

of certain subsoil configurations. Therefore, the objective of this thesis is to develop a comprehensive

understanding of deeper piping and identify the key parameters influencing its formation.

To achieve this objective, a definition of deeper piping and its differentiation from conventional piping is

established. Sub-mechanisms governing deeper piping are examined by analysing the forces responsible

for grain movement and the forces that maintain grain stability. A Finite Element Model of the subsoil

is constructed to quantify the driving forces within the subsoil, which, when combined with resist-

ing forces, enables the determination of whether deeper piping can occur in a given subsoil configuration.

To investigate the factors contributing to deeper piping, a series of simulations are conducted using

this Finite Element Model. By varying the parameter values while keeping other factors constant, the

influence of each parameter on the occurrence of deeper piping was examined. The analysis revealed

that several key parameters significantly affect deeper piping formation, including cohesion force

(𝑐), cohesion anisotropy (𝛼𝑐), permeability and thickness of the top layer (𝑘0 and 𝐷0, respectively),

permeability of underlying layer (𝑘1), permeability anisotropy (𝛼𝑘) and representative grain diameter

𝑑𝑟𝑒𝑝 . Also, it was found that the entrance configuration plays a large role in deeper pipe formation.

These findings provide valuable insights into the mechanisms underlying deeper piping and enhance

our ability to identify subsoil configurations that are prone to this phenomenon. These findings enhance

the identification of subsoil configurations prone to deeper piping, thereby improving risk assessment

and mitigation strategies associated with this failure mechanism.

1



Preface

Dear reader,

Before you lies my master thesis, which partially fulfills the requirements for obtaining a master’s degree

in Civil Engineering at the Delft University of Technology. It is the result of a long, informative and

educational journey. Writing a master thesis has been the most evident example of the fact that getting

a message across can be very challenging. One can have a clear picture in your head of what to tell, but

if one fails to convey that message to the reader, the objective is not reached. In real life, if someone

does not understand what you’re saying, you can rephrase the explanation until they get it. In a thesis,

you’re stuck with the words you choose. This has become all too clear in the past few months, which is

something to learn from.

Luckily, I’ve had a great help from my committee members, pointing out things that were formulated in

an unclear way. Also, you provided me with valuable insights and feedback, and made me see that

piping is a very complex mechanism to describe from scratch. Wim, Bram, Stef and Lisa, I would like to

thank you for your continuous constructive feedback.

Special thanks goes out to Juan, my daily supervisor and chairman, for having our weekly talks. You

kept me on track when I tended to wander off and helped me become a COMSOL ninja, as you often said ;)

Someone else I would like to thank from the bottom of my heart is Romy, who is reading the final

version of my thesis right now, as I’m writing this. You’ve read my thesis so often and talked to me so

much about backward erosion piping, that I think you’re an expert on this subject yourself now ;) Also,

the much-needed emotional support was very much appreciated during the hard times. I’m going to

have a hard time ever repaying you for that.

I would also like to thank my family for the continued interest in my progress and the emotional

support throughout the process. Unfortunately, both of my grandfathers did not live to see me graduate

university, which is something I really would have wanted them to be able to see, but some things are

beyond our control. Opa Fred, opa Coevert, ik heb het eindelĳk gered! Ik hoop dat jullie trots op me

zĳn.

The final ’thank you’ goes out to my parents specifically. Thank you for supporting me emotionally and

financially throughout the last nine years. As soon as I’ve paid off my student loan (or at least nearly so),

I hope to have saved enough money to send you on a nice holiday together.

Steven Coevert,
21st of June, 2023

2



Contents

1 Introduction 11
1.1 Problem description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.2 Objective and Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.4 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Difference between conventional piping and deeper piping 14
2.1 Conceptual difference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.1.1 Conventional piping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.1.2 Deeper piping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 Sub-mechanisms of deeper piping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.1 Force Ratio Parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.2 Horizontal erosion initiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2.3 Continued heave below already-heaved soil . . . . . . . . . . . . . . . . . . . . . 19

2.2.4 Vertical erosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2.5 Vertical grain transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2.6 When does deeper piping occur? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3 Possible physical causes of deeper piping . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3.1 Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3.2 Subsoil configurations assisting the formation of a deeper pipe . . . . . . . . . . 21

3 Model set-up 23
3.1 Model physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1.1 Darcy’s law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1.2 Flow regime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1.3 Fictitious permeability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2 Implementation in COMSOL Multiphysics . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.1 Quasi-steady modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.2 Geometry, permeability zone modelling and properties . . . . . . . . . . . . . . . 24

3.2.3 Meshing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.4 Parametric sweeps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.5 Model output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.3 Modelling the effect of cohesion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.4 When does deeper piping occur? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.4.1 From head gradient to force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.4.2 Heave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.4.3 Horizontal erosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.4.4 Vertical erosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.4.5 Horizontal erosion or vertical erosion . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.4.6 Vertical grain transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.4.7 Cut lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4 Case study: Hedwigepolder experiments 32
4.1 Hedwigepolder experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.1.1 Hedwigepolder geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.1.2 Hedwigepolder boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2 Hedwigepolder in COMSOL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2.1 COMSOL geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2.2 COMSOL mesh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.2.3 COMSOL boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3



Contents 4

4.2.4 Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.3 Deeper piping in COMSOL model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

5 Sensitivity Analysis 39
5.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.2 Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.3.1 Results: comparing horizontal and vertical erosion . . . . . . . . . . . . . . . . . 42

6 Discussion 45
6.1 Modelling simplifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

6.2 Discussion of results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

7 Conclusion 50

8 Recommendations 52

A Appendices 56
A.1 Parametric sweep results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

A.2 Local parameter tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

A.3 Influence parameter graphs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81



List of symbols

Symbol Definition Unit

𝐴𝑐,ℎ𝑜𝑟 Contact area to which cohesion in horizontal direction applies 𝑚2

𝐴𝑐,𝑣𝑒𝑟 Contact area to which cohesion in vertical direction applies 𝑚2

𝑎𝑚𝑎𝑥 Pipe width used in model Geometry 𝑚
𝑐ℎ𝑜𝑟 Cohesion in vertical direction 𝑘𝑃𝑎
𝑐𝑣𝑒𝑟 Cohesion in horizontal direction 𝑘𝑃𝑎
𝐷0 Thickness of Layer 0 𝑚
𝐷1 Thickness of Layer 1 𝑚
𝐷2 Thickness of Layer 2 𝑚
𝐷3 Thickness of Layer 3 𝑚
𝐷ℎ Thickness of erosion channel in fictitious permeability formula 𝑚
𝑑50,0 Grain diameter in Layer 0 for which 50% is smaller 𝑚
𝑑𝑟𝑒𝑝 Representative grain diameter 𝑚
𝑑𝑟𝑒𝑝,0 Representative grain diameter of Layer 0 𝑚
𝑑𝑟𝑒𝑝,1 Representative grain diameter of Layer 1 𝑚
𝑑𝑝𝑖𝑝𝑒 𝑡𝑜𝑝 Distance between top of pipe and ground level 𝑚
𝐹𝐵 Buoyancy force 𝑁
𝐹𝑐,ℎ𝑜𝑟 Cohesion force in horizontal direction 𝑁
𝐹𝑐,𝑣𝑒𝑟 Cohesion force in vertical direction 𝑁
𝐹𝑑𝑜𝑤𝑛 Downwards directed force 𝑁
𝐹 𝑓 𝑙𝑜𝑤,𝑥 Flow force in x direction 𝑁
𝐹 𝑓 𝑙𝑜𝑤,𝑦 Flow force in y direction 𝑁
𝐹 𝑓 𝑜𝑟𝑐𝑖𝑛𝑔,ℎ Driving force in horizontal direction 𝑁
𝐹 𝑓 𝑜𝑟𝑐𝑖𝑛𝑔,𝑣 Driving force in vertical direction 𝑁
𝐹𝐺 Gravity force 𝑁
𝐹𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔,ℎ,𝑚𝑎𝑥 Maximum resisting force in horizontal direction 𝑁
𝐹𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔,𝑣,𝑚𝑎𝑥 Maximum resisting force in vertical direction 𝑁
𝐹𝑢𝑝 Upwards directed force 𝑁
𝐻 Hydraulic head level 𝑚

𝑘0 Permeability of Layer 0 𝑚2

𝑘1 Permeability of Layer 1 𝑚2

𝑘2 Permeability of Layer 2 𝑚2

𝑘3 Permeability of Layer 3 𝑚2

𝑘𝑝𝑖𝑝𝑒 Fictitious permeability of a pipe 𝑚2

𝑘𝑠𝑜𝑖𝑙 Permeability of the soil 𝑚2

𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 Length of the Cut line 𝑚
𝑛𝑔 Number of grains −
𝑥 Coordinate 𝑚
𝑥𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑖𝑝𝑒 X-coordinate of the left side of the pipe 𝑚
𝑦 Coordinate 𝑚
𝛼𝑐𝑜ℎ Cohesion anisotropy factor −
𝛼𝑘 Permeability anisotropy factor −
𝛾𝑠 Effective weight of soil 𝑁/𝑚2

𝛾′
𝑠 Weight of soil 𝑁/𝑚2

𝛾𝑤 Weight of water 𝑁/𝑚2

𝜋 Approximately 3.14159265358 −
𝜙 Friction angle of the soil °

5



List of Figures

1.1 Piping mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2 Conventional and Deeper pipe visualised . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.1 Conventional piping process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Conventional piping flow chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3 Difference conventional and deeper piping . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Deeper piping flow chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5 Horizontal erosion initiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.6 Vertical erosion initiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.7 Vertical grain transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.8 More permeable layer below a less permeable layer, below an impermeable layer . . . . 22

2.9 Water easily entering the more permeable layer . . . . . . . . . . . . . . . . . . . . . . . . 22

3.1 Permeability zone model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 Conditional layering of the soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.3 Area where cohesion is assumed to be able to act on . . . . . . . . . . . . . . . . . . . . . 27

3.4 Pre-heave situations for two different pipe depths . . . . . . . . . . . . . . . . . . . . . . 28

3.5 Post-heave situations for two different pipe depths . . . . . . . . . . . . . . . . . . . . . . 29

3.6 Horizontal erosion force equilibrium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.7 Vertical erosion force equilibrium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.8 Vertical transport force equilibrium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.9 Pipe tip and cut line locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1 Hedwigepolder situation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2 Hedwigepolder boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3 Geometry of COMSOL model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.4 Vertical erosion channel location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.5 Full mesh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.6 Mesh inside and around vertical erosion channel . . . . . . . . . . . . . . . . . . . . . . . 35

4.7 Boundary conditions Hedwigepolder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.8 Flow lines standard piping case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.9 Flow lines Hedwigepolder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5.1 Determining local influence and example influence graph . . . . . . . . . . . . . . . . . . 40

5.2 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graphs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.3 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graphs (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . 44

6.1 Hedwigepolder Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

6.2 More realistic Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

A.1 𝐴𝑐 and 𝑐 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

A.2 𝐴𝑛𝑖𝑠𝑐 and 𝐴𝑛𝑖𝑠𝑘 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

A.3 𝑘0 and 𝑘1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

A.4 𝑘2, 𝑘3 and 𝐷0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

A.5 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

A.6 𝐴𝑐 and 𝑐 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

A.7 𝐴𝑛𝑖𝑠𝑐 and 𝐴𝑛𝑖𝑠𝑘 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

A.8 𝑘0 and 𝑘1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

A.9 𝑘2, 𝑘3 and 𝐷0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6



List of Figures 7

A.10 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

A.11 𝐴𝑐 and 𝑐 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

A.12 𝐴𝑛𝑖𝑠𝑐 and 𝐴𝑛𝑖𝑠𝑘 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

A.13 𝑘0 and 𝑘1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

A.14 𝑘2, 𝑘3 and 𝐷0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

A.15 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

A.16 𝐴𝑐 and 𝑐 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

A.17 𝐴𝑛𝑖𝑠𝑐 and 𝐴𝑛𝑖𝑠𝑘 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

A.18 𝑘0 and 𝑘1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

A.19 𝑘2, 𝑘3 and 𝐷0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

A.20 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

A.21 Local influence of all parameters at 0/3 ∗ 𝐷0 . . . . . . . . . . . . . . . . . . . . . . . . . . 77

A.22 Local influence of all parameters at 1/3 ∗ 𝐷0 . . . . . . . . . . . . . . . . . . . . . . . . . . 78

A.23 Local influence of all parameters at 2/3 ∗ 𝐷0 . . . . . . . . . . . . . . . . . . . . . . . . . . 79

A.24 Local influence of all parameters at 3/3 ∗ 𝐷0 . . . . . . . . . . . . . . . . . . . . . . . . . . 80

A.25 𝐴𝑐 , 𝑐 and 𝐴𝑛𝑖𝑠𝑐 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

A.26 𝐴𝑛𝑖𝑠𝑘 , 𝑘0 and 𝑘1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

A.27 𝑘2, 𝑘3 and 𝐷0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

A.28 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

A.29 𝐴𝑐 , 𝑐 and 𝐴𝑛𝑖𝑠𝑐 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

A.30 𝐴𝑛𝑖𝑠𝑘 , 𝑘0 and 𝑘1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

A.31 𝑘2, 𝑘3 and 𝐷0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

A.32 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

A.33 𝐴𝑐 , 𝑐 and 𝐴𝑛𝑖𝑠𝑐 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

A.34 𝐴𝑛𝑖𝑠𝑘 , 𝑘0 and 𝑘1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

A.35 𝑘2, 𝑘3 and 𝐷0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

A.36 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

A.37 𝐴𝑐 , 𝑐 and 𝐴𝑛𝑖𝑠𝑐 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

A.38 𝐴𝑛𝑖𝑠𝑘 , 𝑘0 and 𝑘1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

A.39 𝑘2, 𝑘3 and 𝐷0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

A.40 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96



List of Tables

4.1 COMSOL input parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2 FRP values for all sub-mechanisms and for every pipe depth, for a pipe width of 5

representative grain diameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5.1 Default parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5.2 Parameter value range and step size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.3 % change of 𝐹𝑅𝑃 as a result of a 10% increase of the most influential parameters, for a

depth of 0/3 times the thickness of Layer 0 . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.4 % change of 𝐹𝑅𝑃 as a result of a 10% increase of the most influential parameters, for a

depth of 1/3 times the thickness of Layer 0 . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.5 % change of 𝐹𝑅𝑃 as a result of a 10% increase of the most influential parameters, for a

depth of 2/3 times the thickness of Layer 0 . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.6 % change of 𝐹𝑅𝑃 as a result of a 10% increase of the most influential parameters, for a

depth of 3/3 times the thickness of Layer 0 . . . . . . . . . . . . . . . . . . . . . . . . . . 42

8



Glossary

Anisotropy
When a material has different properties depending on direction. In the case of hydraulic conductivity,

this means that soils are more conductive in horizontal direction than in vertical direction.

Aquifer
Permeable, water-containing layer of soil, through which water can flow easily.

Cohesion
Attraction between small particles, allowing them to ’cluster’ together.

Conventional pipe
A pipe located on the interface between water-retaining structure and subsoil.

Darcy’s law
A relation between the hydraulic head gradient and the flow velocities, through the permeability. Only

applicable to laminar flows.

Dike
A water-retaining, earthen embankment.

Deeper pipe
A pipe located deeper than a conventional pipe.

Erosion
The removal of material as a result of, in this case, flow of water.

Erosion, Primary
The removal of material at the tip of a pipe, resulting in an increased pipe length.

Erosion, Secondary
The removal of material along the bed of the pipe, transporting away the material that was removed

during primary erosion. Secondary erosion might also contribute to the widening of the pipe.

Fictitious Permeability
A way of describing a water-filled pipe as a soil domain with very large permeability.

Gradient
How quickly a certain value changes in space.

Heave
The mechanism where the hydraulic head gradient inside the soil is large enough to overcome the

weight of the grains, resulting in the grains losing contact and the soil liquefying.

Hinterland
The area on the protected side of a water-retaining structure.

Hydraulic Conductivity
Hydraulic conductivity can be described as how easily water can pass through a medium. It is not the

same as permeability, though is it related to it. However, next to permeability, the hydraulic conductivity

9
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also contains information about density and viscosity.

Hydraulic Head
How high water would rise if one were to apply an observation well in the ground at a certain depth.

Impervious
Something is impervious when nothing can pass through it.

Interface
The plane or line along which something ends and something else begins.

No-flow boundary
A boundary in a Finite Element Model through and along which no flow occurs.

Permeability
The ability of a medium to convey a fluid. This is not the same is hydraulic conductivity, although it is

related to it.

Sensitivity analysis
The process of modelling something, then changing a value slightly and observing the difference in the

outcome caused by this change.

Sub-mechanism
A process that is part of a larger process, in this case, a failure mechanism.

Subsoil
The soil beneath ground level.

Uplift
The mechanism where the pressures underneath an impermeable blanket are such, that it gets lifted up.

It is one of the first sub-mechanisms to occur in conventional and deeper piping.



1
Introduction

The Netherlands is a country that has been threatened by water, both from the sea and from rivers, for

centuries. The Dutch have built dikes to prevent their lands from being inundated. Dikes can fail in

several ways, one of them being known as Backward Erosion Piping, or piping for short. Piping is

a phenomenon where sand is eroded from underneath the dike due to groundwater flow. To make

this possible, first, the impermeable soil layer on the surface (also termed the blanket layer) bursts due

to high pressures underneath (this is termed uplift), after which water starts flowing due to a head

gradient. If this flux of water is strong enough, the water starts eroding sand particles away from under

the dike. See Figure 1.1 below.

Figure 1.1: Piping mechanism explained (Van Beek, 2015[26])

Piping has been the subject of research for many years. One of the first researchers to describe an

equation on piping was Bligh (Bligh, 1910[6]; Bligh, 1916[7]). He related the head difference and seepage

length to the piping phenomenon through a soil constant. After Bligh, many researchers have continued

working on this topic, one of whom being Sellmeĳer (Sellmeĳer, 1988[20]; Sellmeĳer, 2011[19]), who

conceptualised the groundwater system during piping and solved it analytically. His model is used a lot

in daily practice nowadays. Later still, Hoffmans and Van Rĳn (Hoffmans, Van Rĳn, 2018[12]) proposed

yet another approach, which is being criticised, but contains an interesting view on sand transport (Pol,

11
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2020[18]). All of these models are based on the assumption that the pipe forms at the interface between

an impervious body (a dike, concrete structure, etc.) and a permeable subsoil (also termed the aquifer).

This assumption turned out to not always be true (Van der Linde, personal communication). In section

1.1, the problem with this assumption is stated and an observation from a series of two experiments

from 2021 is explained. This is converted into the objective of this thesis in section 1.2. Also, the research

sub-questions used to reach this objective is presented there. Next, the research method is elaborated on

in section 1.3. It describes how the research sub-questions are answered, ultimately leading to fulfilling

the objective of the thesis. Lastly, in section 1.4 the outline of the thesis is presented.

1.1. Problem description
In 2021, Fugro, Deltares and Waterschap Hollandse Delta conducted full-scale piping experiments in

the Hertogin Hedwigepolder (HHP). This is an area where the tide has played a big role in the subsoil

formation. These tidal deposits contain much smaller grains than deposits along rivers. This is because

the larger grains have already been deposited farther upstream (Van den Berg, Boersma, Van Gelder,

2007[3]; Wiersma, 2018[14]).

During these piping experiments, it was observed that a pipe had grown at a greater depth than

assumed by the current knowledge and models: the pipe had not formed at the interface between the

dike and the aquifer, but deeper: under a sandy clay layer (see figure 1.2). Whether or not this layer

can be counted as another part of the blanket, is out of the scope of this thesis, and is, therefore, not be

treated in-depth.

A pipe growing at a greater depth than this dike-aquifer interface has rarely been observed before. It

is yet to be well-understood how a deeper pipe comes into being, or what subsoil configurations (the

combination of dimensions and properties) contribute to the formation of a deeper pipe.

This makes it harder to apply proper piping measures: contractors would simply apply their solution to

the piping problem at the depth of a ‘conventional’ pipe, whereas apparently, this may not be sufficient

in some cases.

Figure 1.2: Conventional (C) and Deeper pipe (D) visualised

1.2. Objective and Research Questions
The objective of this thesis is:

"To identify the key factors influencing the formation of deeper pipes."

For this objective to be reached, it is useful to split it up in parts. The questions answered in this thesis

are:

1. What is the difference between conventional piping and deeper piping?

2. How can a deeper pipe be modelled?

3. Can deeper piping in the Hedwigepolder be explained by the model?
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4. What are the most important parameters contributing to a deeper pipe?

Answering the first sub-question gives insight in the process of deeper piping. It also sets the framework

for the thesis, namely, what the difference between conventional piping and deeper piping is. It also

requires the description of a way to describe deeper piping. After answering it, an idea of what might

be the mechanisms behind deeper piping is established.

Answering the second sub-question defines how a Finite Element-based subsurface flow model can be

built and how it can be used to describe whether or not deeper piping is to be expected. The similarities be-

tween conventional piping and deeper piping are not treated: The focus lies exclusively on the differences.

The third question acts as a verification of the model. As there was little data from the Hedwigepolder

experiment, the only way of verifying the model is to implement the Hedwigepolder experimental

set-up and confirming that deeper piping indeed takes place in that set-up, according to the model.

The answer to the last question helps in understanding which properties are important for the deeper

piping mechanism. This helps identifying in which cases deeper piping is to be expected.

1.3. Methodology
The first question is answered by studying conventional piping and how this is modelled. A liter-

ature study suffices to achieve this. Next, the deeper piping process is described in a similar way

as found for conventional piping in literature. The concept of the ’Force Ratio Parameter’ (FRP) is

introduced here as being the maximum resisting forces divided by the maximum driving forces. These

are described more elaborately in the next phase. Mind that these are not equal to the commonly

used Factor of Safety: though they are calculated identically, the FRP does not automatically imply safety.

The second question aims at finding a way to model the subsurface, such that it describes the flow

pattern in the soil. This is done by means of a literature study. Upon modelling the subsoil, the obtained

flow pattern is converted to flow forces, driving the erosion mechanism. Also, the maximum resisting

forces are quantified. The FRP values can now be quantified more thoroughly. These FRP values are

then used to determine whether or not deeper piping takes place. This cannot be done by means of a

literature study, as this is new.

The third part is carried out by setting up the model as described in the previous part, and implementing

the geometry and boundary conditions from the Hedwigepolder. By running the model and verifying

whether or not deeper piping occurs for this model using the FRP values defined earlier, the model is

verified. Important note 1: The Hedwigepolder experiment serves as a reference case only: it is not the

aim of this thesis to develop a detailed model of the Hedwigepolder experiment. However, a deeper

pipe was observed there, so it is expected that if the model runs correctly, it indeed returns a deeper

pipe when the Hedwigepolder set-up is adopted.

Important note 2: it is not the goal to develop a fully functional model for deeper piping to be generically

applied, the goal of the model is help verify different hypotheses about deeper piping.

The last question is answered by conducting a sensitivity analysis. By changing the parameters one by

one and keeping the other parameters the same, the influence of this parameter on the deeper piping

process is quantified. The parameters which influence the FRP values the most are deemed the most

important.

1.4. Thesis Outline
In Chapter 2, a deeper piping description is proposed. Next, in Chapter 3, a model to describe deeper

piping is described. After that, in Chapter 4, the model is verified. Next, in chapter 5, the most influential

parameters are identified. The discussion of the approach and results are found in Chapter 6, after

which the conclusion is drawn in chapter 7. The thesis is concluded by a set of recommendations in

Chapter 8.



2
Difference between conventional

piping and deeper piping

In this chapter, the conceptual difference between conventional piping and deeper piping is established.

In section 2.1, the conventional piping process is briefly treated and compared to the proposed description

of a deeper pipe. In section 2.2, the sub-mechanisms involved in deeper piping are treated. Lastly, in

section 2.3, possible causes for deeper piping are stated, forming a hypothesis on what is expected to

influence deeper piping.

2.1. Conceptual difference
In this section, the conceptual difference between conventional piping and deeper piping is discussed.

This is done by first explaining the concept on conventional piping. After that, the differences between

this form of piping and the deeper variant is treated.

2.1.1. Conventional piping
The conventional piping process is visualised in Figure 2.1 below. Piping only occurs in case of a high

water event (Figure 2.1b). This high water results in an increased pressure in the subsoil (also Figure

2.1b). This increased pressure might get large enough to lift up the blanket layer (hence the name ’uplift’,

Figure 2.1c). If the blanket is deformed too much, it is expected to burst (Tao, 2020[23]) (Figure 2.1d).

This is the first requirement of piping to take place. Now there is a hole in the blanket layer. If the head

gradients inside the subsoil are large enough to overcome the weight of the soil, the grains lose contact

(the effective stresses reduce to zero), which means they are brought into suspension (Deltares, 2012[10])

(also termed ’heave’, Figure 2.1e).

Now that the soil has been fluidised, the flow moves the grains out of the aquifer (Figure 2.1f). The

removal of sediment at the tip of the pipe is called primary erosion. Primary erosion leads to lengthening

of the pipe (Figures 2.1f, 2.1g and 2.1h). As the pipe gets longer, the grains that are loosened at the tip

need to be able to be transported to the exit hole. This is termed secondary erosion. The process of

primary erosion and secondary erosion repeats until the pipe has grown all the way to the upstream

water body (Figure 2.1h). Once this has occurred, the pipe flow velocities increase, accelerating

secondary erosion, which then leads to widening of the pipe (Figure 2.1i). At some point, so much

soil has been removed from the subsoil that the dike on top of it is not properly supported any more,

leading to settlements and ultimately, collapse of the dike (Figure 2.1j).

In Figure 2.2, the process is shown in a flow chart. It can be seen that after the uplift and heave phases,

horizontal erosion is initiated. After this primary erosion and secondary erosion make the pipe longer

and wider, until it has reached the upstream water body.

14
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(a) Normal situation (b) High water, pressures increase

(c) Blanket gets lifted up (d) Blanket bursts

(e) Heave loosens up the soil (f) Loosened soil gets flushed away, a pipe forms

(g) The pipe gets longer (h) The pipe reaches the upstream water body

(i) The pipe widens rapidly (j) The dike collapses

Figure 2.1: Conventional piping process. Blue: water. Grey: impermeable dike/blanket. Brown: sand layer 0. Yellow: sand layer

1
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Figure 2.2: Conventional piping flow chart

2.1.2. Deeper piping
In deeper piping, the horizontal erosion phase is not initiated until after the pipe has first developed

in vertical direction. This is shown in Figure 2.3. Contrary to the conventional piping case, the upper

layer (the brown in these figures) depicts a sandy clay layer. Four sub-mechanisms need to be satisfied.

First, horizontal erosion should not be initiated after the initial heave phase. Secondly, the heave process

should continue below the part of soil where the initial heave has taken place. Third, the heaved soil at

the bottom of the newly forming (deeper) pipe should be eroded and, lastly, this eroded soil needs to be

transported away. These four criteria are shown in Figure 2.4 and are explained in subsections 2.2.2

through 2.2.5. As soon as the pipe has reached a depth where the horizontal erosion is initiated, the

deeper piping process continues like a conventional piping process: primary and secondary erosion

take place until the pipe has reached the upstream water body.
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(a) High water (b) High water

(c) Uplift and initial heave have taken place (d) Uplift and initial heave have taken place

(e) (f) Pipe goes deeper

(g) Horizontal pipe growth (h) Horizontal pipe growth

Figure 2.3: Difference conventional and deeper piping. Left column: conventional piping. Right column: deeper piping
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Figure 2.4: Deeper piping flow chart

2.2. Sub-mechanisms of deeper piping
Four sub-mechanisms are decisive in the formation of a deeper pipe, rather than a conventional pipe. A

deeper pipe emerges when four criteria are met. First of all, horizontal erosion should not take place

right after the ’initial’ heave phase. This mechanism is treated in subsection 2.2.2. Next, more heave

below the already-heaved part of the subsoil is necessary. This is treated in subsection 2.2.3. Then, the

newly-heaved soil should be eroded from the soil skeleton as treated in subsection 2.2.4. Lastly, this soil

should be transported away through the erosion channel as shown in subsection 2.2.5. However, first

of all, the concept of the Force Ratio Parameter (𝐹𝑅𝑃) is introduced. With the 𝐹𝑅𝑃, it is determined

whether or not a sub-mechanism occurs.

2.2.1. Force Ratio Parameter
Several sub-mechanisms need to occur at certain points in time, while others do not. It is therefore

useful to introduce a parameter that determines whether or not a sub-mechanism takes place. A

sub-mechanism is considered to take place if the forces starting the mechanism are larger than the

forces trying to keep the mechanism from happening. This happens if the driving forces surpass the

maximum resisting forces, breaking the particle equilibrium. The ratio of these forces (the driving force

divided by the maximum resisting force) is named the 𝐹𝑅𝑃. This is not the same as a Factor of Safety

(FoS), as the FoS determines whether something happens or not and if it does not happen, the situation

is safe. The 𝐹𝑅𝑃, however, is also used to determine whether conventional piping occurs or not, which

does not guarantee safety if one of the mechanisms does not happen.

𝐹𝑅𝑃 =
𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔 𝑓 𝑜𝑟𝑐𝑒

𝐷𝑟𝑖𝑣𝑖𝑛𝑔 𝑓 𝑜𝑟𝑐𝑒
(2.1)

If the driving forces are larger than the resisting forces, the value of 𝐹𝑅𝑃 is smaller than 1. If this is the

case, the mechanism occurs. Conversely, if the maximum resisting force is larger than the driving force,

𝐹𝑅𝑃 is larger than 1 and the mechanism is not activated. In case the 𝐹𝑅𝑃 of multiple sub-mechanisms

are smaller than 1 at the same time, it is expected that the mechanism with the lowest 𝐹𝑅𝑃 has higher

chances to progress than the one with the highest 𝐹𝑅𝑃. For example, if 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 = 0.75 and

𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 = 0.5, it is assumed that vertical erosion takes place, and horizontal erosion does not.
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2.2.2. Horizontal erosion initiation
The first mechanism under consideration is the initiation of horizontal primary erosion. This mechanism

is checked when the initial heave mechanism has just taken place. The situation looks as in Figure 2.5a.

In this Figure, the driving and resisting forces (red and black arrows) acting on a grain (the yellow dot)

are shown. For a conventional pipe, the horizontal erosion stage starts at this moment. However, for

deeper piping, the horizontal erosion is not initiated at this moment yet. In terms of the 𝐹𝑅𝑃:

𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 > 1 (2.2)

Or, if both 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 and 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 are smaller than 1:

𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 > 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 (2.3)

Where:

𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 =
𝐹𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔,𝑚𝑎𝑥,ℎ

𝐹𝐹𝑜𝑟𝑐𝑖𝑛𝑔,ℎ
(2.4)

as shown in Figure 2.5b, and 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 as described in subsection 2.2.4. This formula is elaborated

on in chapter 3.

(a) Location under consideration with respect to dike geometry

(b) Force balance horizontal erosion

initiation

Figure 2.5: Horizontal erosion initiation. With grain under consideration (yellow dot), rest of the soil (brown) and the beginning

pipe (blue)

2.2.3. Continued heave below already-heaved soil
Before the flow can erode more particles from the soil bed, the soil at the bottom of the erosion channel

first needs to be loosened as shown in Figure 2.6b. This heave process is identical to the ’initial’ heave

process, but in deeper piping, it keeps occurring underneath the pipe tip for as long as horizontal

erosion does not take place. The 𝐹𝑅𝑃 for this continued heave sub-mechanism is shown in equation 2.5,

where 𝑖 and 𝑖𝑐𝑟 are the occurring hydraulic gradient (the change in pressure head in space) and the

critical hydraulic gradient (the maximum hydraulic gradient that can be resisted without fluidisation),

respectively. These are further elaborated on in chapter 3. Now that the upper layer consists of sandy

clay, a cohesion term needs to be taken into account. This is done by including cohesion in the erosion

sub-mechanisms (both horizontal and vertical). The ’continued heave’ phase is to show the ’willingness’

of the soil to fluidise, if not for cohesion.

𝐹𝑅𝑃ℎ𝑒𝑎𝑣𝑒 =
𝑖𝑐𝑟

𝑖
(2.5)

2.2.4. Vertical erosion
Because of the soil being heaved below the pipe bottom, the grains on the bottom lose contact and the

friction between grains diminishes. This makes the grain more susceptible to being removed. Vertical

erosion makes the pipe longer (in vertical direction) and the 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 is given by equation 2.6.

This formula is elaborated on in chapter 3. The terms in the numerator and the denominator are as

shown in Figure 2.6b.
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𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 =
𝐹𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔,𝑚𝑎𝑥,𝑣

𝐹𝐹𝑜𝑟𝑐𝑖𝑛𝑔,𝑣
(2.6)

(a) Location under consideration with respect to dike geometry (b) Force balance vertical erosion

Figure 2.6: Vertical erosion initiation

2.2.5. Vertical grain transport
After the grain has been eroded, it needs to be transported out of the system through the erosion channel

(much like secondary erosion, but vertical). In order for this to happen, the vertical forces acting on a

grain should be large enough to move it vertically. This is described by equation 2.7 and Figure 2.7.

𝐹𝑅𝑃𝑣𝑒𝑟 𝑡𝑟𝑎 =
𝐹𝑑𝑜𝑤𝑛

𝐹𝑢𝑝
(2.7)

(a) Location under consideration with respect to dike geometry (b) Force balance vertical transport

Figure 2.7: Vertical grain transport

2.2.6. When does deeper piping occur?
A sub-mechanism takes place if its 𝐹𝑅𝑃 is below 1. For deeper piping to occur, specifically, the following

𝐹𝑅𝑃’s should be satisfied:

1. Heave should take place, so 𝐹𝑅𝑃ℎ𝑒𝑎𝑣𝑒 < 1

2. Horizontal erosion does not take place in the top layer (𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 < 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛)

and it should take place in a layer below the top layer (𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 > 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛)

3. Vertical erosion takes place until a layer is found where horizontal erosion takes is initiated,

𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 < 1

4. In all occasions, vertical transport takes place 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 < 1
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2.3. Possible physical causes of deeper piping
In this section, some properties and subsoil configurations expected to contribute to deeper piping are

treated.

2.3.1. Properties
Conventional piping is assumed to take place in a cohesionless, isotropic, homogeneous subsoil. How-

ever, deeper piping is found in cohesive, anisotropic, layered soils. Therefore, it is hypothesised that

cohesion and the subsoil configuration are of large impact on the formation of a deeper pipe. These are

explained briefly in this section. In chapters 3 and 4, these properties are elaborated on.

Cohesion is a soil property where lutum particles (clay particles and particles smaller than clay) of the

subsoil stick together due to electrostatic forces. Clay particles are ’glued’ to larger (sand) grains by

means of capillary forces. This makes the soil mixture in a sandy clay more resistant against erosion. As

is seen in chapter 4, the piping in the Hedwigepolder took place below such a cohesive sandy clay layer.

Clay particles are shaped like plates. As cohesion acts along the surface area of the clay particles,

cohesion has a directional effect (Stockton, Leshchinsky, Olsen, Evans, 2019[22]): in some directions it is

stronger than in other directions. This is henceforth referred to as ’cohesion anisotropy’, or 𝛼𝑐𝑜ℎ . This

may play a role in why erosion in vertical direction occurs, while it does not in horizontal direction,

hence contributing to the formation of a deeper pipe over a conventional one.

The force on a grain and its direction are determined by the magnitude and direction of the groundwater

flow. These are, in turn, influenced by the subsoil configuration. Subsoil configurations describe how

the subsoil is built up. This means a specific combination of for example the amount of layers, the

layer thicknesses, the permeability of each layer, and anisotropy of this permeability. The subsoil

configurations treated in this thesis are a combination of layer thicknesses, permeability and anisotropy

of the permeability.

Cohesion contributes to the resisting term of two out of four of the sub-mechanisms described in section

2.2, as is described in chapter 3. The flow determines the forcing term of all sub-mechanisms, as is seen

in the same chapter. This underlines the importance of these properties. It is expected that these have a

large influence on the deeper piping process.

2.3.2. Subsoil configurations assisting the formation of a deeper pipe
It is expected that deeper piping only occurs in very specific circumstances, otherwise it would have

been seen much more often. For deeper piping to occur, the water must flow into the ditch vertically as

much as possible. This is made easier if the water is allowed to travel horizontally though a deeper

layer, until it has reached below the point where it needs to flow up and out. It, therefore, is expected

that subsoil configurations where two (or more) layers of distinctly different permeabilities are on top

on one another, with the more permeable one below the less permeable one, as shown in Figure 2.8.

It is also expected to be beneficial for deeper piping if the water is allowed to enter the more permeable

layer directly, without first having to penetrate the less permeable layer. This is, for example, be the case

if the less permeable layer was excavated away during dredging of the riverbed, as shown in Figure 2.9.

In this thesis, the subsoil configuration from the Hedwigepolder is assumed. This subsoil configuration

is described in chapter 4.
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Figure 2.8: More permeable layer (yellow) below a less permeable layer (brown), below an impermeable layer (grey)

Figure 2.9: Water can enter the more permeable layer (yellow) easily



3
Model set-up

In this chapter, it is described how a 2D Finite Element Model, thatis used to describe deeper piping,

can be built. The model as presented in this chapter is based on approaches of Aguilar-López et al

(Aguilar-López, Warmink, Schielen, Hulscher, 2018[2]) and Van Dĳk (Van Dĳk, 2023[27]). In section 3.1,

the physics making up the groundwater and pipe flow are shown. Then, in section 3.2, it is shown how

a groundwater model is built in COMSOL Multiphysics. In section 3.3, a way of modelling the effects of

cohesion is proposed, and in section 3.4, the sub-mechanisms mentioned in chapter 2 are elaborated on

and formulated in such a way that the model can be used to determine whether or not deeper piping

occurs.

3.1. Model physics
The subsurface flow can be described using the combined concepts of Darcy’s law and the fictitious

permeability, which is treated in this section.

3.1.1. Darcy’s law
Groundwater flow is described by Darcy’s law. It describes subsurface flow. Darcy’s law assumes

laminar flow, which is reasonable in soil and small pipes. If the pipe, however, gets larger, turbulent

flow can develop, resulting in Darcy’s law being inapplicable. Darcy’s law is formulated as shown in

equation 3.1. From this equation it can be seen that the permeability (𝑘[𝑚2]) is one of the factors that

couples head gradients (∇𝑝[𝑁/𝑚2]) and flow velocities (𝑢[𝑚/𝑠]). The others are the dynamic viscosity

(𝜇[𝑃𝑎 ∗ 𝑠]), the density of the water (𝜌[𝑘𝑔/𝑚3]) and gravitational acceleration (𝑔[𝑁/𝑘𝑔]), but these are

considered to be constant.

𝑢 = − 𝑘

𝜇
∗ (∇𝑝 + 𝜌𝑔) (3.1)

The head gradients are the driving force behind the sub-mechanisms, as the gradients are what makes

water flow. It is, therefore necessary to know the head (gradient) profile in the subsoil. Darcy’s law can

be used for this: in combination with a geometry and boundary conditions, the entire flow pattern in

the soil can be calculated. The boundary conditions are either a flow velocity (Neumann Boundary

condition) at the boundary or a head level (Dirichlet Boundary condition). These are related through

equation 3.1. In this thesis, the boundary conditions are head levels, because in the Hedwigepolder, the

head levels at the boundaries were controlled. These boundary conditions, along with the geometry

that are used in this thesis, are further shown in chapter 4.

3.1.2. Flow regime
As mentioned in the previous subsection, Darcy’s law assumes laminar flow at all times. In subsurface

flow modelling, on pore scale, laminar flow means that the Reynolds number is below 10 (Dybbs,

Edwards, 1984[9]). This number is calculated using equation 3.2.

23
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𝑅𝑒 =
𝜌 ∗ 𝑢 ∗ 𝐿

𝜂
(3.2)

Where 𝜌 is the density of the fluid [𝑘𝑔/𝑚3], 𝑢 is the flow velocity [𝑚/𝑠], 𝐿 is the characteristic length

[𝑚] (in this case, the channel width) and 𝜂 is the dynamic viscosity [𝑁 ∗ 𝑠/𝑚2] 𝑜𝑟 [𝑃𝑎 ∗ 𝑠].

3.1.3. Fictitious permeability
The erosion channel is a part of the domain where the soil has been removed due to erosion. There is a

part of the geometry that is still soil, and there is a part that is a cavity as the result of erosion, through

which water flows. Whereas the flow in soil is described using Darcy’s law, other equations govern

the flow in the pipe. As long as the flow in the pipe is laminar (and thus, head loss is only caused by

cross-sectional dimensions and not friction), the ’fictitious permeability’ model can be used to describe

this flow. This model treats the erosion channel as a domain of soil with very high permeability. Based

on fracture flow (the flow of water through cracks in rock formations in two dimensions) and the cubic

law (that relates the discharge through a crack to the width of that crack to the power 3), Muzychka &

Yovanovich (Muzychka, Yovanovich, 2009[15]) derived equation 3.3 which can be used to describe the

fictitious permeability of the erosion channel. In this equation, 𝑘𝑝𝑖𝑝𝑒[𝑚2] is the fictitious permeability of

the pipe and 𝐷ℎ[𝑚] denotes the hydraulic diameter of the conduit. In case of an infinitely wide pipe (as

is the case in the 2D model), this diameter is equal to the pipe height.

Using the fictitious permeability model allows the description of the entire soil-pipe domain with

Darcy’s law. The denominator value of 64 is based on the assumption of an infinitely wide pipe, which

is reasonable for a 2D model, but might be less realistic in a 3D model.

𝑘𝑝𝑖𝑝𝑒 =
2 ∗ 𝐷2

ℎ

64

(3.3)

3.2. Implementation in COMSOL Multiphysics
For the modelling of deeper piping, the software of COMSOL Multiphysics (COMSOL Multiphysics[1])

is used. COMSOL is a Finite Element Modelling software that solves models in one, two or three

dimensions. The model presented in this thesis is a 2D one. In this section, several aspects about

COMSOL modelling are treated.

3.2.1. Quasi-steady modelling
While COMSOL is capable of calculating time-dependant models (for example, with boundary conditions

changing in time), the model presented in this thesis is quasi-steady state. This implies that for several

points in time, the flow is modelled as a steady-state process. In the model presented in this thesis, this

is done for four moments in time: at the beginning stage of pipe formation (when the pipe is only a few

grain diameters wide) and when the pipe has penetrated through 1/3, 2/3 and 3/3 of the top layer.

3.2.2. Geometry, permeability zone modelling and properties
One of the first things to be put in COMSOL is the geometry of the model. In the case of (deeper)

piping modelling, this geometry represents the subsoil. The flow in the dike body is not calculated,

so the dike body itself does not have to be included in the model geometry. However, the pipe is an

important part of the (deeper) piping mechanism, as the flow in and around it determine whether or not

deeper piping occurs. A problem, though, is that the size of the erosion channel (pipe) in the beginning

stages of pipe formation is not known. A solution to this problem is has been found by Van Dĳk (Van

Dĳk, 2023[27]). She calls this the ’permeability zone method’. The essence is that when inserting the

geometry in COMSOL, an ’outline’ of the pipe is entered. This outline, of width 𝑎𝑚𝑎𝑥 , is wider than the

pipe width (𝐷ℎ) is ever expected to become. See Figure 3.1. By using this method, the model can be run

for several erosion channel sizes without changing the mesh. Changing the mesh is very time-inefficient,

the permeability zone method helps the efficiency of the process.

When the geometry domains are being assigned their properties (this is explained below Figure 3.1),

the actual pipe (the blue in Figure 3.1) can be given the fictitious permeability properties mentioned in

section 3.1.3. The part of the soil that is within the outline but is not actually pipe domain then gets

’regular soil’ properties. This is shown in equation 3.4. The meaning of 𝑘𝑠𝑜𝑖𝑙 is explained in equation 3.5.
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Figure 3.1: Permeability zone model

𝑘 =

{
𝑘𝑠𝑜𝑖𝑙 , if 𝑥 < 𝑥𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑖𝑝𝑒 𝑜𝑟 𝑥 > 𝑥𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑖𝑝𝑒 + 𝐷ℎ

𝑘𝑝𝑖𝑝𝑒 , if 𝑥𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑖𝑝𝑒 ≤ 𝑥 ≤ 𝑥𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑖𝑝𝑒 + 𝐷ℎ

(3.4)

As was seen in chapter 2, deeper piping requires a layered subsoil. One aspect about this layering that

has been investigated in chapter 5 is the thickness of the layer. It is possible to put multiple layers (with

their corresponding properties) as separate layers into the COMSOL geometry. However, this implies

that each time the thickness of a layer is changed in a parametric sweep (explained in section 3.2.4), a

new calculation mesh needs to be created. This remeshing leads to significantly longer calculation times

(if a new mesh needs to be built for every parameter under consideration, this takes much time), and

induces inaccuracies and errors. This problem can be tackled by modelling the subsoil as one single

entity with permeability 𝑘𝑠𝑜𝑖𝑙[𝑚2], and give it properties depending on the y-coordinate. This is shown

in Figure 3.2 and equation 3.5. In this equation, 𝑘0[𝑚2] is the permeability of Layer 0, 𝑘1[𝑚2] is the

permeability of Layer 1, et cetera. 𝐷0[𝑚] is the thickness of layer 0, 𝐷1[𝑚] is the thickness of layer 1, et

cetera.

Figure 3.2: Conditional layering of the soil



3.3. Modelling the effect of cohesion 26

𝑘𝑠𝑜𝑖𝑙 =


𝑘0 , if 𝐺𝑟𝑜𝑢𝑛𝑑 𝑙𝑒𝑣𝑒𝑙 − 𝐷0 ≤ 𝑦 ≤ 𝐺𝑟𝑜𝑢𝑛𝑑 𝑙𝑒𝑣𝑒𝑙

𝑘1 , if 𝐺𝑟𝑜𝑢𝑛𝑑 𝑙𝑒𝑣𝑒𝑙 − 𝐷0 − 𝐷1 ≤ 𝑦 ≤ 𝐺𝑟𝑜𝑢𝑛𝑑 𝑙𝑒𝑣𝑒𝑙 − 𝐷0

𝑘2 , if 𝐺𝑟𝑜𝑢𝑛𝑑 𝑙𝑒𝑣𝑒𝑙 − 𝐷0 − 𝐷1 − 𝐷2 ≤ 𝑦 ≤ 𝐺𝑟𝑜𝑢𝑛𝑑 𝑙𝑒𝑣𝑒𝑙 − 𝐷0 − 𝐷1

𝑘3 , if 𝐺𝑟𝑜𝑢𝑛𝑑 𝑙𝑒𝑣𝑒𝑙 − 𝐷0 − 𝐷1 − 𝐷2 − 𝐷3 ≤ 𝑦 ≤ 𝐺𝑟𝑜𝑢𝑛𝑑 𝑙𝑒𝑣𝑒𝑙 − 𝐷0 − 𝐷1 − 𝐷2

(3.5)

3.2.3. Meshing
Every Finite Element Model requires a calculation mesh. Because the flow inside the pipe works on

a very small scale, the mesh needs to be very fine there. The flow around the pipe is important for

knowing if a sub-mechanism occurs or not. For this reason, close to the pipe, the mesh is also fine.

Farther away from the pipe, the accuracy is not as important, so a coarser mesh is allowed. COMSOL

gives the opportunity for the user to define the mesh manually. How this is used is shown in section

4.2.2. A fine mesh has more elements than a coarse mesh. The more elements a mesh has, the longer it

takes to run the model, as for each node in the mesh, all values need to be calculated. Creating the mesh

itself also takes a considerable amount of time, so when running the model for different parameters (as

is explained in the next subsection), remeshing is to be avoided as much as possible.

3.2.4. Parametric sweeps
COMSOL possesses the ability to run a parametric sweep. This means that the model is run for different

combinations of parameter values (for example, 𝐷0 = 1, 2 or 3 metres). Parametric sweeping is used in

chapter 5 to find the parameters that most contribute to the formation of a deeper pipe. If a parameter

included in the sweep influences the geometry, a new mesh is built for each parameter value. This takes

much time, so nifty tricks like the ’conditional properties’ or permeability zone modelling are useful to

avoid this.

3.2.5. Model output
After running, the COMSOL model returns the results from the Darcy’s law calculation. For every point

in the geometry, the head is returned. The head gradients can, therefore, also be determined, as these

are the spatial derivatives of the head levels. The driving forces behind the sub-mechanisms described

in chapter 2 depend on the head gradient, as is described in section 3.4.

3.3. Modelling the effect of cohesion
In this section, the effect of cohesion, which is an important factor in the resistance terms, is included in

the model. Cohesion is typically represented by a cohesion value (in kPa) multiplied by a surface area

on which the cohesion acts.

The force exerted by cohesion can be modelled separately from the COMSOL simulation. This separate

modelling is done to account for the cohesive forces acting on individual grains and their interactions

within the soil. By incorporating cohesion into the model, its influence on the occurrence of deeper

piping can be evaluated.

To model the effects of cohesion, various approaches can be used depending on the specific characteristics

of the soil being studied. The approach to model cohesion used in this thesis is to assign a cohesive

force to each grain based on the cohesion value and a fraction of the grain’s surface area (𝑆𝐴𝑔𝑟𝑎𝑖𝑛). The

cohesive force can be calculated using equations 3.6 through 3.9, which take into account the contact

area and the cohesion value.

It is important to note that the modelling of cohesion is an additional step that complements the

COMSOL simulation. The cohesive forces obtained from the separate modelling can be incorporated

into the COMSOL model as additional resisting forces acting on the grains.

By including cohesion in the model, it is investigated how cohesive forces contribute to the stability of

the soil and the potential for deeper piping. This allows us to gain insights into the mechanisms and

conditions under which cohesive forces play a significant role in the occurrence of piping.
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Figure 3.3: Area where cohesion is assumed to be able to act on

As mentioned in the introduction of this section, the effect of cohesion is included in the model by

multiplying the cohesive strength 𝑐[𝑘𝑃𝑎] by an area. This are is a fraction of the total surface area of a

sand grain, an shown in Figure 3.3 and equations 3.6 and 3.7. The sand grain is assumed to be a perfect

sphere.

𝑆𝐴ℎ𝑎𝑙 𝑓 𝑔𝑟𝑎𝑖𝑛 =
1

2

∗
𝜕𝑉𝑔𝑟𝑎𝑖𝑛

𝜕𝑑𝑟𝑒𝑝
=

𝜕
(

1

2
∗ 1

6
∗ 𝜋 ∗ 𝑑3

𝑟𝑒𝑝

)
𝜕𝑑𝑟𝑒𝑝

=
1

4

∗ 𝜋 ∗ 𝑑2

𝑟𝑒𝑝 (3.6)

So the total area on which cohesion works is:

𝐴𝑐𝑜ℎ = 𝐴𝑐𝑜ℎ, 𝑓 𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗ 𝑆𝐴ℎ𝑎𝑙 𝑓 𝑔𝑟𝑎𝑖𝑛 (3.7)

Where 𝑆𝐴ℎ𝑎𝑙 𝑓 𝑔𝑟𝑎𝑖𝑛 is one half of the total surface area of the grain [𝑚2], 𝑉𝑔𝑟𝑎𝑖𝑛 is the volume of the grain

[𝑚3], 𝑑𝑟𝑒𝑝 is the representative grain diameter [𝑚] and 𝐴𝑐, 𝑓 𝑟𝑎𝑐𝑡𝑖𝑜𝑛 is the fraction of 𝑆𝐴ℎ𝑎𝑙 𝑓 𝑔𝑟𝑎𝑖𝑛 on which

cohesion works [−], which makes 𝐴𝑐𝑜ℎ the total area on which cohesion acts [𝑚2]. 𝐴𝑐𝑜ℎ is one of the

parameters of which the influence is investigated in chapter 5.

As mentioned in section 2.3, it is very well possible that cohesion is higher in one direction than in the

other. This is named ’cohesion anisotropy’, or 𝛼𝑐𝑜ℎ . This means that the cohesion force in horizontal

direction are different from the one in vertical direction. They are expressed by equations 3.8 and 3.9,

respectively.

𝐹𝑐𝑜ℎ,ℎ𝑜𝑟 = 𝐴𝑐𝑜ℎ ∗ 𝑐ℎ𝑜𝑟 = 𝐴𝑐𝑜ℎ, 𝑓 𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗
1

4

∗ 𝜋 ∗ 𝑑2

𝑟𝑒𝑝 ∗ 𝑐ℎ𝑜𝑟 (3.8)

𝐹𝑐𝑜ℎ,𝑣𝑒𝑟 =
𝐴𝑐𝑜ℎ ∗ 𝑐ℎ𝑜𝑟

𝛼𝑐𝑜ℎ
=

𝐴𝑐𝑜ℎ, 𝑓 𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗ 1

4
∗ 𝜋 ∗ 𝑑2

𝑟𝑒𝑝 ∗ 𝑐ℎ𝑜𝑟
𝛼𝑐𝑜ℎ

(3.9)

The cohesion force is the only force resisting grain erosion once heave has taken place at the location

under consideration. This force is, therefore, very important for the mechanisms described in section

3.4.

3.4. When does deeper piping occur?
A sub-mechanism as described in chapter 2 takes place if its 𝐹𝑅𝑃 is below 1. In that chapter, the 𝐹𝑅𝑃
functions have been defined as the driving forces divided by the resisting forces. However, to be able to

use COMSOL to determine whether or not deeper piping occurs, a more detailed description is required.

That is done in this section. The COMSOL output is read long so-called ’cut lines’, which are the red

lines in the figures included in the description of each sub-mechanism. These are further explained in

3.4.7, but for now, it is important to know that the cut line takes the mean of the output data along that

line.
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3.4.1. From head gradient to force
A sub-mechanism occurs when the driving force is larger than the resisting force. COMSOL returns

head gradients, and not forces. For this reason, the head gradients returned by COMSOL need to be

transformed into a force. For the horizontal direction, this is done as follows:

Firstly, the pressure head (𝐻𝑝[𝑚]) on either side of the grain is transformed to a pressure(𝑝[𝑃𝑎]). This is

done by multiplying by the weight of water (𝛾𝑤[𝑁/𝑚3]), as shown by equation 3.10.

𝑝 = 𝐻𝑝 ∗ 𝛾𝑤 (3.10)

The pressure head gradient

𝜕𝐻𝑝

𝜕𝑥 [−] is defined as the amount the head changes in a certain direction, in

this case the horizontal one. This means that the pressure head at 𝑥 = 1 is

𝜕𝐻𝑝

𝜕𝑥 higher than the pressure

head at 𝑥 = 0. The left and right sides of a grain are one representative grain diameter (𝑑𝑟𝑒𝑝[𝑚]) metres

apart, making the difference in pressure head between either side:

Δ𝑝 =
𝜕𝐻𝑝

𝜕𝑥
∗ 𝑑𝑟𝑒𝑝 ∗ 𝛾𝑤 (3.11)

To transform this difference in pressures to a net horizontal force, the pressure needs to be multiplied by

the area on which it works (𝐴 𝑓 𝑟𝑜𝑛𝑡𝑎𝑙,𝑔𝑟𝑎𝑖𝑛[𝑚2]): the frontal area of the grain, which is equal to:

𝐴 𝑓 𝑟𝑜𝑛𝑡𝑎𝑙,𝑔𝑟𝑎𝑖𝑛 =
1

4

∗ 𝜋 ∗ 𝑑2

𝑟𝑒𝑝 (3.12)

By combining equations 3.10, 3.11 and 3.12, the total net horizontal force (𝐹 𝑓 𝑜𝑟𝑐𝑖𝑛𝑔,ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙[𝑁]) is arrived

at:

𝐹 𝑓 𝑜𝑟𝑐𝑖𝑛𝑔,ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 =
1

4

∗ 𝜋 ∗ 𝑑3

𝑟𝑒𝑝 ∗ 𝛾𝑤 ∗
𝜕𝐻𝑝

𝜕𝑥
(3.13)

Similarly, the force in the vertical direction (𝐹 𝑓 𝑜𝑟𝑐𝑖𝑛𝑔,𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙[𝑁]) is derived to be as shown in equation

3.14. Mind that here, the vertical gradient is used.

𝐹 𝑓 𝑜𝑟𝑐𝑖𝑛𝑔,𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 =
1

4

∗ 𝜋 ∗ 𝑑3

𝑟𝑒𝑝 ∗ 𝛾𝑤 ∗
𝜕𝐻𝑝

𝜕𝑦
(3.14)

3.4.2. Heave
As explained in chapter 2, the first mechanism that needs to occur in deeper piping is secondary heave.

Before heave has taken place, it is checked if 𝐹𝑅𝑃ℎ𝑒𝑎𝑣𝑒 < 1 for the situation depicted in Figure 3.4a (for

heave in the top layer) or Figure 3.4b (for heave just below the first layer). If over this heave cut line the

average head gradient exceeds the critical head gradient as shown in equation 3.15, heave takes place.

This is the Terzaghi (Terzaghi, 1922[24]) heave criterion.

(a) Pipe tip before heave. Pipe tip is somewhere in

the top layer

(b) Pipe tip before heave. Pipe has penetrated top

layer

Figure 3.4: Pre-heave situations for two different pipe depths
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𝐹𝑅𝑃ℎ𝑒𝑎𝑣𝑒 =
𝑖𝑐𝑟𝑖𝑡

𝑖
=

1.65 ∗ (1 − 𝑛)
𝜕𝐻
𝜕𝑦

< 1 (3.15)

After heave has occurred, the situation becomes as shown in Figure 3.5. The next step is to check if

horizontal erosion is initiated. This can only happen if the condition in 3.15 is satisfied.

(a) Pipe tip after heave. Pipe tip is somewhere in

the top layer

(b) Pipe tip after heave. Pipe has penetrated top

layer

Figure 3.5: Post-heave situations for two different pipe depths

3.4.3. Horizontal erosion
After heave has occurred in the soil block under consideration, the question is whether or not horizontal

erosion occurs. In order to determine this, the simplified 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 from chapter 2 needs to be

defined in a more detailed manner. This is done by considering the situation as shown in Figure 3.6b.

(a) Horizontal erosion force equilibrium as

stated in chapter 2 (b) Horizontal erosion force equilibrium more detailed

Figure 3.6: Horizontal erosion force equilibrium

It can be seen that if 𝐹 𝑓 𝑙𝑜𝑤 > 𝐹𝑐𝑜ℎ , horizontal erosion is considered to initiate. The determination of the

flow force 𝐹 𝑓 𝑙𝑜𝑤 is done according to equation 3.13. The cohesion force is calculated by multiplying the

cohesion force (𝑐) by the area over which the cohesion force works (𝐴𝑐𝑜ℎ). The 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 is

then formulated as follows:

𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 =
𝐴𝑐 ∗ 𝑐ℎ𝑜𝑟

1

4
∗ 𝜋 ∗ 𝑑3

𝑟𝑒𝑝 ∗ 𝜕𝐻
𝜕𝑥 ∗ 𝛾𝑤

(3.16)

Horizontal erosion is considered to occur when 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 < 1 and 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 <
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𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 . For deeper piping to occur, horizontal erosion should not take place in Layer 0. It

should, however, do so in a deeper layer. In the case of the Hedwigepolder, this was Layer 1.

3.4.4. Vertical erosion
Vertical erosion in the post-heave situation is in principle identical to the horizontal erosion: cohesion

forces need to be exceeded by the flow forces. There are two differences. The first is that in vertical

erosion, the flow forcing depends on the vertical head gradient, whereas the horizontal erosion depends

on the horizontal gradient. Secondly, the cohesion in vertical direction might be different from the

cohesion in horizontal direction (cohesion anisotropy, as explained in section 2.3)

(a) Vertical erosion force equilibrium as

stated in chapter 2 (b) Vertical erosion force equilibrium more detailed

Figure 3.7: Vertical erosion force equilibrium

𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 =
𝐴𝑐 ∗ 𝑐𝑣𝑒𝑟

1

4
∗ 𝜋 ∗ 𝑑3

𝑟𝑒𝑝 ∗ 𝜕𝐻
𝜕𝑦 ∗ 𝛾𝑤

(3.17)

Vertical erosion, and therefore deeper piping, only takes place if 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 > 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛

and 𝐹𝑅𝑃𝑣𝑒𝑟,𝑒𝑟𝑜<1 for as long as the pipe has not penetrated the first layer yet. Once it has done so, in

deeper piping, 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 < 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 and the pipe develops horizontally.

3.4.5. Horizontal erosion or vertical erosion
To determine whether deeper piping occurs or not, it is necessary to know whether horizontal erosion or

vertical erosion occurs. It is assumed that the erosion takes place in vertical direction if 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛

is smaller than 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 . That means vertical erosion is not strictly limited to situations where

𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 > 1: it could also happen simultaneously with vertical erosion, and it is assumed

that vertical erosion takes place when this sub-mechanism is dominant.

3.4.6. Vertical grain transport
After the grain has been eroded, it needs to be transported away. This is the case if the flow forces 𝐹 𝑓 𝑙𝑜𝑤

are larger than the gravity force working on a grain minus the buoyancy force acting on the grain, as

shown in equation 3.18.
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(a) Vertical transport force equilibrium as

stated in chapter 2 (b) Vertical transport force equilibrium more detailed

Figure 3.8: Vertical transport force equilibrium

𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 =
𝐹𝐺 − 𝐹𝐵

𝐹 𝑓 𝑙𝑜𝑤
=

1

6
∗ 𝜋 ∗ 𝑑3

𝑟𝑒𝑝 ∗ 𝛾𝑠 − 1

6
∗ 𝜋 ∗ 𝑑3

𝑟𝑒𝑝 ∗ 𝛾𝑤
1

4
∗ 𝜋 ∗ 𝑑3

𝑟𝑒𝑝 ∗ 𝜕𝐻
𝜕𝑦 ∗ 𝛾𝑤

=
2 ∗ (𝛾𝑠 − 𝛾𝑤)
3 ∗ 𝜕𝐻

𝜕𝑦 ∗ 𝛾𝑤
(3.18)

Where 𝐹𝐺[𝑁] is the gravity force acting on a grain, 𝐹𝐵[𝑁] is its buoyancy force and 𝛾𝑠[𝑁/𝑚3] is the

weight of soil. The rest of the parameters have already been explained previously.

3.4.7. Cut lines
The driving forces in the 𝐹𝑅𝑃 formulae 3.15, 3.16, 3.17 and 3.18 contain a head gradient term. The value

of the head gradient as inserted in these driving force equations is equal to the mean value of the head

gradient along a measurement line. These measurement lines are termed cut lines. In Figure 3.9, the

locations of the cut lines with respect to the pipe tip are shown for the situation where the pipe has

penetrated through 1/3 of the top layer. If the pipe goes deeper, the cut lines move along downwards

with it.

In this figure, four cut lines can be seen: a horizontal erosion cut line to the left of the pipe tip, a vertical

erosion cut line below the pipe tip, a vertical cut line in the tip of the pipe and a vertical transport cut

line inside the rest of the vertical erosion channel. The average head gradient over the length of these

cut lines is used in the calculation of the horizontal erosion 𝐹𝑅𝑃, the vertical erosion 𝐹𝑅𝑃, the heave

𝐹𝑅𝑃 and the vertical transport 𝐹𝑅𝑃, respectively.

(a) Location pipe tip at a depth of 1/3 times 𝐷0

(b) Zoomed in on location pipe tip at a

depth of 1/3 times 𝐷0

Figure 3.9: Pipe tip and cut line locations



4
Case study: Hedwigepolder

experiments

In this chapter, the Hedwigepolder is modelled in COMSOL Multiphysics. To do so, the geometry and

boundary conditions as they were in the Hedwigepolder experiments are shown in section 4.1. These

are used as the geometry and boundary conditions in the COMSOL model in section 4.2.

Additionally, it is checked if the model presented in chapter 3 succeeds in modelling deeper piping in a

Hedwigepolder-type set-up.

4.1. Hedwigepolder experiments
In the summer of 2021, Fugro, Deltares and Waterschap Hollandse Delta conducted a set of experiments

on piping in a tidal subsoil. Two sections of ground were enclosed with sheet pile walls, and pumping

wells were installed in the crest of the dike down to the bottom of the aquifer to introduce water with a

controlled head level. On the hinterland, a thick clay layer was applied to ensure impermeability. The

combination of the sheet pile walls and this blanket forced the flow out through an excavated ditch.

After the experiment, cement was injected into the formed pipe, allowing for research into its final

shape, size and trajectory.

In this section, the situation as it was at the Hedwigepolder is presented. Doing so, it allows for insertion

into a COMSOL model in the next section. First, the geometry is treated, and then, the boundary

conditions are shown.

4.1.1. Hedwigepolder geometry
The geometry of the Hedwigepolder experiments is shown in Figure 4.1. It can be seen that the distance

between the inlet and the ditch was 10 metres. The ditch itself was 1 metre wide. The hinterland was 5

metres long. The entire geometry was 4 metres thick, consisting of 4 layers numbered Layer 0 through

Layer 3. The respective thicknesses were 0.6m, 1.4m, 0.8m, 1.2m.

Note: after excavation, it was found that the top layer, Layer 0, was cohesive. The value of this cohesion

was, however, not measured. A value of 1𝑘𝑃𝑎 is assumed. This value is an estimate based on the

knowledge that the soil is a sandy clay. These dimensions are based on the design of the piping

experiments, deviations between design and the actual situation after construction are considered

negligible in this thesis.

32
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Figure 4.1: Hedwigepolder situation

4.1.2. Hedwigepolder boundary conditions
At the Hedwigepolder, the head level on the right was kept constant at NAP + 1.3 metres, whereas

on the left, water was injected, of which the head was controlled. The head on the left was increased

from NAP + 1.3 metres, with increments of 30 centimetres, until piping was initiated. The rest of the

boundaries was either an impermeable layer or sheet pile walls. This can be seen in Figure 4.2. Due to

the analysis being a quasi-steady state model, it is assumed that a constant head level difference of 2

metres is maintained.

Figure 4.2: Hedwigepolder boundary conditions

4.2. Hedwigepolder in COMSOL
In this section, it is shown how the situation in the Hedwigepolder is converted to a COMSOL model. In

section 4.2.1, the geometry is treated. In section 4.2.2, the calculation mesh is elaborated on, and in 4.2.3,

the boundary conditions are shown. Then, in section 4.2.4, the model input parameters are treated.

4.2.1. COMSOL geometry
In Figure 4.3, the geometry of the model as put into COMSOL is shown. The geometry consists of two

components (or domains): the subsoil and the vertical erosion channel outline.
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Figure 4.3: Geometry of COMSOL model

COMSOL subsoil
As can be seen in Figure 4.3, the subsoil is modelled as a single domain, so no distinct layers can be seen.

However, in the Hedwigepolder, four layers could be distinguished. This has been taken into account

by describing the subsoil as one entity with conditional properties, as explained in 3.2.2. Using this,

COMSOL treats the subsoil as one entity with one permeability 𝑘𝑠𝑜𝑖𝑙 , but the value of 𝑘𝑠𝑜𝑖𝑙 depends on

the y-coordinate. This permeability is used to describe the groundwater flow. This approach is useful

when in chapter 5, the layer thicknesses are treated as a variable.

Vertical erosion channel outline
The vertical erosion channel is a part of the domain where the soil has been eroded by the flow. Using

the fictitious permeability model as described in chapter 3, this part of the subsoil is described as a soil

domain with high permeability. Using the permeability zone principle as described in chapter 3, the

length and width (𝐷ℎ) of the pipe can be altered. According to this principle, the ’actual pipe’ is not

allowed to outgrow the outlines: the pipe width (𝐷ℎ[𝑚]) always has to be smaller than the width of the

outline (𝑎𝑚𝑎𝑥[𝑚]). The location of the vertical pipe outline with respect to the dike body and the ditch is

shown in Figure 4.4.

Figure 4.4: Vertical erosion channel location
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4.2.2. COMSOL mesh
A finite element method like COMSOL requires a mesh to do calculations. In the model, the mesh inside

the pipe is chosen manually, with a grid size of maximum 𝑎𝑚𝑎𝑥/20 (remember: 𝑎𝑚𝑎𝑥 is the widest the

erosion channel is expected to become), see Figure 4.6. The rest of the mesh is automatically generated

by COMSOL, see Figure 4.5. Close to the pipe, the mesh is extremely fine, as it improves the quality of

the results. Farther away from the pipe, computational accuracy is not as important. For this reason, the

mesh can be set to be coarser to save calculation time, as explained in section 3.2.3.

Figure 4.5: Full mesh

Figure 4.6: Mesh inside and around vertical erosion channel

4.2.3. COMSOL boundary conditions
The boundary conditions inserted in the COMSOL model are shown in Figure 4.7 below. These boundary

conditions are used by the Darcy’s law module to calculate the flow in the soil, and with that, the

magnitude and direction of the flow forces, which act as driving force to the (deeper) piping mechanism.

The ’Head left’ and ’Head right’ boundary conditions coincide with the Head boundary conditions

described in section 4.1.2. As mentioned before, the head level difference between both head boundaries

is kept constant at 2 metres.
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Figure 4.7: Boundary conditions Hedwigepolder

4.2.4. Parameters
The parameters as inserted in the COMSOL model of the Hedwigepolder are as shown in Table 4.1:

Parameter Symbol Value Unit

Weight of the soil 𝛾𝑠 26.5 𝑘𝑁/𝑚3

Weight of the water 𝛾𝑤 10.0 𝑘𝑁/𝑚3

Representative grain diameter of Layer 0 𝑑𝑟𝑒𝑝,0 8.2 ∗ 10
−5 𝑚

Representative grain diameter of Layer 1 𝑑𝑟𝑒𝑝,1 1.15 ∗ 10
−4 𝑚

Permeability of Layer 0 𝑘0 5.90 ∗ 10
−13 𝑚2

Permeability of Layer 1 𝑘1 1.77 ∗ 10
−12 𝑚2

Permeability of Layer 2 𝑘2 4.60 ∗ 10
−12 𝑚2

Permeability of Layer 3 𝑘3 3.54 ∗ 10
−12 𝑚2

Porosity of the soil 𝑛 0.4 −
Permeability anisotropy factor 𝛼𝑘 3 −
Cohesion anisotropy factor of Layer 0 𝛼𝑐𝑜ℎ 1.5 −
Cohesion anisotropy factor of Layer 1 − 0.66 −
Vertical erosion channel outline width 𝑎𝑚𝑎𝑥 50 ∗ 1.15 ∗ 10

−4𝑚 = 5.75 ∗ 10
−3 𝑚

Cohesion value Layer 0 𝑐0 1 𝑘𝑃𝑎
Cohesion value Layer 1 𝑐1 0.01 𝑘𝑃𝑎

Table 4.1: COMSOL input parameters

Using these parameters with the geometry from section 4.2.1, the mesh from section 4.2.2 and the

boundary conditions from section 4.2.3, the model is ready to be run. Combining the results with the

𝐹𝑅𝑃 equations from chapter 3, it is determined if deeper piping occurs in a Hedwigepolder-type set-up.

4.3. Deeper piping in COMSOL model
In this section, it is first shown how the flow in a standard piping case (isotropic, homogeneous subsoil)

looks. The flow lines and 𝐹𝑅𝑃 values are identified, and it is checked if deeper piping could also occur

in such a subsoil, according to the model. After this, it is checked how the flow lines and 𝐹𝑅𝑃 values

change when a geometry like the Hedwigepolder is adopted. It is also checked whether the 𝐹𝑅𝑃 values

describe deeper piping.

As a reference case, a standard piping case is shown. The subsoil in this standard case is homogeneous

(no layers) and isotropic (same properties in all directions). The parameters used in this model are the

same as the parameters described above, except for the following:

• The permeability anisotropy factor (𝛼𝑘) was switched from 3 to 1
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• All layers have the permeability of Layer 1: 𝑘𝑠𝑜𝑖𝑙 = 𝑘1 = 1.77 ∗ 10
−12𝑚2

Henceforth, the vertical erosion channel width (𝐷ℎ[𝑚]) will be described as a number of grains (𝑛𝑔[−])
times the representative grain diameter (𝑑𝑟𝑒𝑝[𝑚]). The model is run for a chosen (arbitrary) channel

width of 5 times the representative grain diameter (𝑛𝑔 = 5) After running, the flow lines look as shown

in Figure 4.8.

Figure 4.8: Flow lines standard piping case

Considering the Hedwigepolder case like described in the previous sections, the flow lines were found

to be different, see Figure 4.9. It can already be seen that the flow lines are more vertically oriented near

the exit. This implies that something in the Hedwigepolder subsoil configuration makes the flow lines

more vertical, and therefore, deeper piping more likely.

(a) Hedwigepolder beginning pipe flow lines

(b) Hedwigepolder flow lines when pipe has penetrated Layer 0

Figure 4.9: Flow lines Hedwigepolder

The 𝐹𝑅𝑃 values of all four sub-mechanisms are shown in Table 4.2. For every depth considered (recall

that this was a beginning pipe (0/3), and when the pipe has penetrated through 1/3, 2/3 and the entire

(3/3) Layer 0). For clarity, only the case where 𝑛𝑔 = 5 is shown.
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𝐹𝑅𝑃 depth = 0/3 ∗ 𝐷0 depth = 1/3 ∗ 𝐷0 depth = 2/3 ∗ 𝐷0 depth = 3/3 ∗ 𝐷0

𝐹𝑅𝑃ℎ𝑒𝑎𝑣𝑒 0.0203 0.2223 0.0219 0.0191

𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 0.1553 0.2789 0.2929 0.0016

𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 0.1085 0.1100 0.1126 0.0103

𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 0.7353 0.8105 0.7414 0.8223

Table 4.2: FRP values for all sub-mechanisms and for every pipe depth, for a pipe width of 5 representative grain diameters

For the beginning pipe (where the pipe depth is equal to 0/3 times the thickness of the top layer 𝐷0), it

can be seen in Table 4.2 that heave (primary heave in this case) takes place, because the 𝐹𝑅𝑃ℎ𝑒𝑎𝑣𝑒 is below

1. Having met this criterion, it is now checked whether horizontal or vertical erosion occurs. It can be

seen that the vertical erosion 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 is smaller than 1 and smaller than 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 .

It is, therefore concluded that vertical erosion takes place. Also, the vertical transport criterion is

met (the value of 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 is below 1 for all stages), so deeper piping is shown to occur. In

the last column, the one that represents the situation once the pipe has vertically penetrated through

the top layer entirely, it can be seen that the erosion takes place horizontally because the value of

𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 is smaller than 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 . The model has, therefore, been shown to be able

to return deeper piping in a Hedwigepolder-type set-up.

It is hypothesised that cohesion anisotropy and the permeability of the two top layers play important

roles in deeper piping. This is tested in chapter 5.



5
Sensitivity Analysis

In this chapter, the most important parameters for the formation of a deeper pipe are listed. This is

done by conducting a sensitivity analysis. In section 5.1, the method is treated. Then, in section 5.2, the

parameters included in the sensitivity analysis are introduced. After that, in section 5.3, the results are

shown.

5.1. Method
As was described in chapter 2, each of the four sub-mechanisms (heave, horizontal erosion, vertical

erosion and vertical transport) have a forcing term and a resisting term. The forcing term was found to

depend on the parameters that influence the flow lines inside the soil domain. These are: 𝛼𝑘 , 𝑘0, 𝑘1, 𝑘2,

𝑘3, 𝐷0, 𝐷1, 𝐷2 and 𝐷3. The resisting terms were found to mostly depend on cohesion and the size of a

grain. The parameters contributing to this are 𝐴𝑐 , 𝑐, 𝛼𝑐 and 𝑑𝑟𝑒𝑝 . These parameters are all be included

in the analysis.

The procedure is as follows. First, the parameters mentioned in the intro of this section are assigned a

’default value’. This is the value they have when they are not being considered. The default value is

defined to be the value of a parameter as in the Hedwigepolder. Then, the first parameter is considered.

Using a parametric sweep as defined in chapter 3, the 𝐹𝑅𝑃 values of all four sub-mechanisms is recorded

for a range of parameter values. This produces a graph in which the 𝐹𝑅𝑃 is plotted against the parameter

value, like described in Figure 5.1. Next, the influence of the parameter on the 𝐹𝑅𝑃 is determined by

finding the slope of this graph, around the default Hedwigepolder value of that parameter (indicated

in Figure 5.1 as (𝑥𝑀 , 𝑦𝑀)). This is done by considering the points to the left (𝑥𝐿 , 𝑦𝐿) and to the right

(𝑥𝑅 , 𝑦𝑅), and applying equation 5.1. This slope is then used to determine how much the 𝐹𝑅𝑃 changes if

the parameter is increased by 10% of its original value. The parameter for which the absolute value of

this change in 𝐹𝑅𝑃 is largest, is considered to be the most influential parameter.

𝑆𝑙𝑜𝑝𝑒 =
𝑦𝑅 − 𝑦𝐿

𝑥𝑅 − 𝑥𝐿
(5.1)

This procedure is conducted for every stage of vertical pipe formation described in section 3.2.1: the

beginning pipe (where the vertical pipe is only a few grain diameters long), the 1/3 pipe (where it has

penetrated one third of Layer 0), the 2/3 pipe and the 3/3 pipe. The 𝐹𝑅𝑃 values vary with chosen pipe

width 𝐷ℎ . To keep the amount of graphs and tables presented in this chapter limited, only the ones

belonging to a pipe width of four grain diameters are presented.

39
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(a) Determining local sensitivity

(b) Influence of parameter on 𝐹𝑅𝑃 for several parameter values

(derivative of image on the left)

Figure 5.1: Determining local influence (left) and example influence graph (right)

5.2. Parameters
In this section, the default parameters are treated, and it is shown which parameter values have been

used in the parametric sweep.

The default parameters are shown in Table 5.1. These are the values a parameter is set to if it is not

considered, and also, this is the value around which the sensitivity of an 𝐹𝑅𝑃 to that parameter is

determined. The values presented in this Table are the ones as they were in the Hedwigepolder.

Parameter Symbol Value Unit

Fraction of grain surface

area on which cohesion works

𝐴𝑐 0.001 −
Cohesion strength 𝑐 1 𝑘𝑃𝑎

Cohesion anisotropy 𝛼𝑐 1.5 −
Permeability anisotropy 𝛼𝑘 3 −
Permeability of Layer 0 𝑘0 5.90 ∗ 10

−13 𝑚2

Permeability of Layer 1 𝑘1 1.77 ∗ 10
−12 𝑚2

Permeability of Layer 2 𝑘2 5.60 ∗ 10
−12 𝑚2

Permeability of Layer 3 𝑘3 3.54 ∗ 10
−12 𝑚2

Thickness of Layer 0 𝐷0 0.6 𝑚
Thickness of Layer 1 𝐷1 1.4 𝑚

Representative grain diameter 𝑑𝑟𝑒𝑝 8.2 ∗ 10
−5

(Layer 0), or 1.15 ∗ 10
−4

(Layer 1) 𝑚
Cut line length 𝐿𝐶𝑢𝑡𝑙𝑖𝑛𝑒 200 ∗ 𝑑𝑟𝑒𝑝 𝑚

Table 5.1: Default parameters

It can be seen that from the parameters mentioned in section 5.1, two parameters are missing: 𝐷2 and

𝐷3. These have been left out of the analysis, because these parameters were used to ensure that the total

thickness of the subsoil remains at 4 metres. This is done to avoid remeshing, as explained in section

3.2.3. Also, it can be seen that the cut line length is included as a variable, as it was found that the length

over which the average head is measured matters as well.

For each parameter, a range of values is put through the analysis. For each parameter, the lowest value,

the highest value and the step size are defined in Table 5.2.
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Parameter Lowest value Highest value Step size Unit

𝐴𝑐 0.001 0.01 0.001 −
𝑐 0 2 0.1 𝑘𝑃𝑎
𝛼𝑐 1 10 0.5 −
𝛼𝑘 1 10 0.5 −
𝑘0 0.1 ∗ 5.90 ∗ 10

−13
4.9 ∗ 5.90 ∗ 10

−13
0.3 ∗ 5.90 ∗ 10

−13 𝑚2

𝑘1 0.1 ∗ 1.77 ∗ 10
−12

4.9 ∗ 1.77 ∗ 10
−12

0.3 ∗ 1.77 ∗ 10
−12 𝑚2

𝑘2 0.1 ∗ 5.60 ∗ 10
−12

4.9 ∗ 5.60 ∗ 10
−12

0.3 ∗ 5.60 ∗ 10
−12 𝑚2

𝑘3 0.1 ∗ 3.54 ∗ 10
−12

4.9 ∗ 3.54 ∗ 10
−12

0.3 ∗ 3.54 ∗ 10
−12 𝑚2

𝐷0 0.25 2.0 0.25 𝑚
𝐷1 0.25 2.0 0.25 𝑚

𝑑𝑟𝑒𝑝 0.1 ∗ 8.2 ∗ 10
−5

4.9 ∗ 8.2 ∗ 10
−5

0.3 ∗ 8.2 ∗ 10
−5 𝑚

𝐿𝐶𝑢𝑡𝑙𝑖𝑛𝑒 50 ∗ 𝑑𝑟𝑒𝑝 500 ∗ 𝑑𝑟𝑒𝑝 50 ∗ 𝑑𝑟𝑒𝑝 𝑚

Table 5.2: Parameter value range and step size

5.3. Results
The results of the analysis are shown in Tables 5.3 through 5.6. These tables show, for every stage of

vertical pipe formation described in section 5.1, the influence of a 10% increase of the parameter value on

the 𝐹𝑅𝑃 values of the four sub-mechanisms. That is: using the slope of the graph (of which an example

is given in Figure 5.1a), the change in 𝐹𝑅𝑃 as a result of a 10% increase of the parameter is estimated. If,

for example, the value in the table is 20.0, it means that the 𝐹𝑅𝑃 changes by 20% upon a 10% increase

of the parameter. Bear in mind that only the results for a pipe width of 4 grain diameters is taken, to

limit the amount of tables shown. The rest of the tables describing % change of the 𝐹𝑅𝑃 values can be

found in Appendix A.1. Appendix A.2 shows the local influence around the Hedwigepolder values and

Appendix A.3 show how these behave at values ’x times’ larger than the Hedwigepolder value.

Sub-mech

Most

important

parameter

Value

More or

less

deeper

piping

Second

most

important

parameter

Value

More or

less

deeper

piping

Third

most

important

parameter

Value

More or

less

deeper

piping

Heave 𝑑𝑟𝑒𝑝 5.14 𝐿𝑒𝑠𝑠 𝑘0 3.74 𝑀𝑜𝑟𝑒 𝛼𝑘 3.06 𝐿𝑒𝑠𝑠
Hor. ero 𝑑𝑟𝑒𝑝 94.8 𝐿𝑒𝑠𝑠 𝐴𝑐 & 𝑐 85.2 𝑀𝑜𝑟𝑒
Ver. ero 𝑑𝑟𝑒𝑝 69.7 𝐿𝑒𝑠𝑠 𝛼𝑐 66.5 𝑀𝑜𝑟𝑒 𝐴𝑐 & 𝑐 59.1 𝐿𝑒𝑠𝑠
Ver. tra 𝑑𝑟𝑒𝑝 363.7 𝑀𝑜𝑟𝑒 𝛼𝑘 13.3 𝑀𝑜𝑟𝑒 𝑘0 11.9 𝑀𝑜𝑟𝑒

Table 5.3: % change of 𝐹𝑅𝑃 as a result of a 10% increase of the most influential parameters, for a depth of 0/3 times the thickness

of Layer 0

Sub-mech

Most

important

parameter

Value

More or

less

deeper

piping

Second

most

important

parameter

Value

More or

less

deeper

piping

Third

most

important

parameter

Value

More or

less

deeper

piping

Heave 𝐷0 65.7 𝑀𝑜𝑟𝑒 𝑘0 9.38 𝐿𝑒𝑠𝑠
Hor. ero 𝑑𝑟𝑒𝑝 22.3 𝐿𝑒𝑠𝑠 𝐴𝑐 & 𝑐 11.0 𝑀𝑜𝑟𝑒 𝑘0 6.54 𝑀𝑜𝑟𝑒
Ver. ero 𝑑𝑟𝑒𝑝 8.31 𝑀𝑜𝑟𝑒 𝛼𝑐 4.79 𝑀𝑜𝑟𝑒 𝐴𝑐 & 𝑐 4.26 𝐿𝑒𝑠𝑠
Ver. tra 𝑑𝑟𝑒𝑝 19.8 𝐿𝑒𝑠𝑠 𝛼𝑘 6.16 𝑀𝑜𝑟𝑒 𝑘0 3.35 𝑀𝑜𝑟𝑒

Table 5.4: % change of 𝐹𝑅𝑃 as a result of a 10% increase of the most influential parameters, for a depth of 1/3 times the thickness

of Layer 0
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Sub-mech

Most

important

parameter

Value

More or

less

deeper

piping

Second

most

important

parameter

Value

More or

less

deeper

piping

Third

most

important

parameter

Value

More or

less

deeper

piping

Heave 𝐷0 103.6 𝑀𝑜𝑟𝑒 𝑘0 8.17 𝐿𝑒𝑠𝑠 𝑑𝑟𝑒𝑝 8.00 𝑀𝑜𝑟𝑒
Hor. ero 𝑑𝑟𝑒𝑝 398.6 𝐿𝑒𝑠𝑠 𝐴𝑐 & 𝑐 143.3 𝑀𝑜𝑟𝑒 𝑘0 114.9 𝑀𝑜𝑟𝑒
Ver. ero 𝑑𝑟𝑒𝑝 96.8 𝑀𝑜𝑟𝑒 𝛼𝑐 59.7 𝑀𝑜𝑟𝑒 𝐴𝑐 & 𝑐 53.1 𝐿𝑒𝑠𝑠
Ver. tra 𝑑𝑟𝑒𝑝 190.8 𝐿𝑒𝑠𝑠 𝛼𝑘 70.4 𝑀𝑜𝑟𝑒 𝑘1 31.4 𝑀𝑜𝑟𝑒

Table 5.5: % change of 𝐹𝑅𝑃 as a result of a 10% increase of the most influential parameters, for a depth of 2/3 times the thickness

of Layer 0

Sub-mech

Most

important

parameter

Value

More or

less

deeper

piping

Second

most

important

parameter

Value

More or

less

deeper

piping

Third

most

important

parameter

Value

More or

less

deeper

piping

Heave 𝐷0 37.6 𝑀𝑜𝑟𝑒 𝑘0 10.4 𝐿𝑒𝑠𝑠 𝑑𝑟𝑒𝑝 10.0 𝑀𝑜𝑟𝑒
Hor. ero 𝑑𝑟𝑒𝑝 1.69 𝑀𝑜𝑟𝑒 𝐴𝑐 & 𝑐 0.72 𝐿𝑒𝑠𝑠

Ver. ero

𝐴𝑐 , 𝑐
& 𝛼𝑐

3.61 𝑀𝑜𝑟𝑒

Ver. tra 𝑑𝑟𝑒𝑝 190.0 𝐿𝑒𝑠𝑠 𝛼𝑘 67.2 𝑀𝑜𝑟𝑒 𝑘1 46.1 𝑀𝑜𝑟𝑒

Table 5.6: % change of 𝐹𝑅𝑃 as a result of a 10% increase of the most influential parameters, for a depth of 3/3 times the thickness

of Layer 0

5.3.1. Results: comparing horizontal and vertical erosion
As deeper piping is a phenomenon that occurs when vertical erosion takes place rather than horizontal

erosion, is it useful to plot the
𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛

𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛
graph. If the graph is above 1, vertical erosion is dominant

and if the line is below 1, horizontal erosion is dominant. These graphs are shown in Figure 5.2. From

these Figures it can be seen that deeper piping is most likely in the following situations:

• Large 𝛼𝑐

• Large 𝛼𝑘

• Large 𝑘0

• Small 𝑘1

• Large 𝐷0

• Small 𝑑𝑟𝑒𝑝

It can furthermore be seen from Figures 5.2a and 5.2b, respectively, that an increase of 𝐴𝑐𝑜ℎ and 𝑐 do not

affect the ratio of horizontal and vertical erosion 𝐹𝑅𝑃′𝑠, because they change the value of the former

just as quickly as the latter. From Figures 5.3a, 5.3b and 5.3d it can be seen that 𝑘2, 𝑘3 and 𝐷1 do not

influence the ratio of horizontal/vertical much.
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(a) 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graph for x times the original value

of 𝐴𝑐𝑜ℎ

(b) 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graph for x times the original value

of 𝑐

(c) 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graph for x times the original value

of 𝛼𝑐𝑜ℎ

(d) 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graph for x times the original value

of 𝛼𝑘

(e) 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graph for x times the original value

of 𝑘0

(f) 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graph for x times the original value

of 𝑘1

Figure 5.2: 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graphs
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(a) 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graph for x times the original value

of 𝑘2

(b) 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graph for x times the original value

of 𝑘3

(c) 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graph for x times the original value

of 𝐷0

(d) 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graph for x times the original value

of 𝐷1

(e) 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graph for x times the original value

of 𝐿𝑐𝑢𝑡 𝑙𝑖𝑛𝑒

(f) 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graph for x times the original value

of 𝑑𝑟𝑒𝑝

Figure 5.3: 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 graphs (continued)



6
Discussion

In this chapter the model and results are discussed. In section 6.1, the modelling simplifications are

discussed, and in section 6.2, the results are discussed.

6.1. Modelling simplifications
Because models are a representation of reality, they come with simplifications and limitations. The

assumptions, simplifications and limitations and the effects of these are mentioned in this section.

Linear behaviour in 𝐹𝑅𝑃
It was assumed in chapter 2 that if for a given set of conditions, both 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 and

𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 are smaller than 1, the smallest of the two occurs. This has been done assum-

ing that for a smaller water level difference, there would be a point where the largest of the two would be

above 1, and the smallest below 1. However, this assumes linear behaviour, whereas such a complicated

flow problem is likely to be nonlinear. This has likely influenced the results. To counter this, the analysis

could be run for a range of water level differences, to see for which one occurs and the other does not.

This also automatically gives insight in the critical head difference. This has not been done in this thesis,

because of storage space limitations and computation time considerations.

Fictitious permeability model
The fictitious permeability model used in this model has the drawback that it can only be used in

laminar flow. The model was checked to comply with this criterion. In this thesis, the size of the vertical

erosion channel was assumed to be small (this assumption is treated later), but in reality it could be

larger. Larger pipe widths cause the pipe width parameter to go up, but the flow velocities to decrease,

as a result of the pressure head decreasing. The Reynolds number is expected to increase as a result of

widening of the pipe (Nur, Afrianita, Ramli, 2019[16]).

If the Reynolds number exceeds a value of 10 at any point, the model as described in this thesis cannot

be applied anymore and a different approach must be sought for. This should be taken into account

when doing research into the vertical erosion channel.

2D flow model versus 3D reality
The fracture flow on which the fictitious permeability model as used in this thesis is based, uses an

infinitely wide pipe. This is reasonable for a 2D model, which means the width of the model is much

bigger than the height. In reality, however, piping problems are three-dimensional: water flows into

the pipe from all sides, and the pipe develops in an all but straight line (tortuosity). This makes the

approach used in this thesis less applicable in 3-dimensional path finding models.

Aguilar-López et al (Aguilar-López, Warmink, Schielen, Hulscher, 2018[2]) proposes not to use the

parallel plate approach, as in the Ĳkdĳk experiment, this approach does not lead to pipe progression.

However, Bersan et al (Bersan, Jommi, Koelewĳn, Simonini, 2013[4]) and Sellmeĳer (Sellmeĳer, 1988[20])

argue that the parallel plate approach can be used.

45
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Quasi-steady state model versus transient reality
In this thesis, it was assumed that the boundary conditions remain constant over time. However,

usually, the water level on the upstream side is determined by either tide or a river water level. These

usually vary in time, which means the boundary conditions are not constant. This also implies that

the flow in the subsoil is not constant in time. Taking into account the typical development rate

of pipes (order of hours to days), the boundary conditions may in reality be different between the

’beginning pipe’ stage and the ’penetrated into second layer’ stage. This effect, however, has been

disregarded in this thesis for the sake of simplicity. Taking this into account would imply running

the model for every stage of pipe formation, for numerous pipe diameters, for a set of parameter

values as well as for multiple water levels, which quickly becomes unfeasible. For this simplification, it

needs to be assumed that the sub-mechanism (horizontal erosion or vertical erosion) with the lowest

𝐹𝑅𝑃 is the one that takes place, which in turn assumes linear behaviour, which is not necessarily the case.

Boundary conditions
An important point to discuss is the fact that the boundary conditions applied during the Hedwigepolder

experiment (and, therefore, in this thesis) were rather unique. A pumping well was installed on the

upstream side (left side of Figure 6.1) of the dike. This well penetrated all layers, which means the

water could already start in a given layer, as can be seen in Figure 6.1. Also, the sheetpile wall at the

downstream side of the geometry does not allow for landward flow, forcing the water out through the

ditch.

In more realistic situations, the water would first have to penetrate from the river into layer 0, then

to layer 1, then 2 then 3, as shown in Figure 6.2. This would (especially with a high permeability

anisotropy) experience much resistance, making the water less likely to even reach Layer 1. Also, the

absence of a sheetpile wall allows for water ’escaping’ the geometry and pressures dissipating as a

result of leakage (Bezuĳen, 1970[5]).

Figure 6.1: Hedwigepolder Boundary Conditions

Figure 6.2: More realistic Boundary Conditions

Erosion after heave
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Throughout the thesis it is assumed that for the erosion sub-mechanisms (in both horizontal and vertical

erosion), cohesion is the only resisting mechanism. In other words, no factors such as friction are present.

Friction is absent if the grains are not in contact, which is true in the case of heave. For this reason, it is

checked if heave occurs, before erosion of any kind is evaluated. It could, however, also be argued that

cohesion is a part of the heave mechanism. This has, however, not been done for the reason that in this

case, there would be no mechanism keeping the grains in place, and erosion would always happen

once heave has taken place. In other words, 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙𝑒 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 and 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 would both be

zero, which would not give any results the way the process is modelled in this thesis. It could, however

be possible to model vertical as heave in vertical direction, in which case the cohesion term should be

included in the heave mechanism and the erosion mechanisms would become obsolete.

Cohesion and -anisotropy
Cohesion takes place between small grains (silt and smaller, also called ’lutum’ (Visser, 1976[28])) only.

In the Hedwigepolder, Layer 0 was a mixture of clay and sand. To take the increased strength due to

cohesion into account, it was modelled as if cohesion works on a fraction of the surface area of a sand

grain, whereas in reality, this is not the case: cohesion works between the smaller particles, which in

turn stick to sand grains (Gu, Huang, Liu, Zhang, Gao, Xue, 2019[11]). Furthermore, it is assumed that a

certain kind of directionality is experienced by the cohesion. This cohesion anisotropy is assumed to

differ per layer. It was assumed that although having the same value, the direction of the anisotropy is

different between Layers 0 and 1. In Layer 0, a cohesion anisotropy of 1.5 means that cohesion is 1.5

times stronger in horizontal direction than in vertical direction, whereas in Layer 1, it means that the

cohesion in vertical direction is 1.5 times stronger than in horizontal direction. It was found that this

was critical in the ability of the model to describe a deeper pipe.

Cohesion value in Layer 1
Layer 1 consists of sand. Therefore, no cohesion is to be expected. However, the 𝐹𝑅𝑃 for the horizontal

erosion and vertical erosion sub-mechanisms depend on cohesion for their resisting terms. To avoid

getting 𝐹𝑅𝑃 values of 0, Layer 1 needs to have at least some cohesion. This was assumed to have a value

of 1/100 times the cohesion of Layer 0. This could be reasonable, because usually in the subsoil, layers

do not change abruptly. It is, therefore, not unthinkable that there is still some cohesion in the top part

of Layer 1, which is where the pipe was observed in the Hedwigepolder.

Erosion channel shape and size
The shape and size of the vertical erosion channel were found to have a large influence on the 𝐹𝑅𝑃
values. However, the development of the vertical erosion channel in the early stages of pipe development

was not recorded in the Hedwigepolder (as no deeper pipe was expected initially), so its size and shape

remain unknown. It is recommended to do more research into these aspects of the vertical erosion

channel. After the experiments, the deeper pipe was filled with cement and excavated, so the final shape

of the channels is known. However, the final size suggests that there may have been turbulent flow, so

the final shape could not be used in this model, as Darcy’s law only works for laminar flow. Instead, this

model assumes a pipe with a constant pipe width.

Local sensitivity versus global sensitivity
In this thesis, the influence of parameters was investigated using the local sensitivity analysis. This is the

sensitivity of a parameter using a reference point. In this case, the reference point are the Hedwigepolder

values. However, the value of one parameter dictates the influence of another. For example, the contact

area on which cohesion works, 𝐴𝑐𝑜ℎ , depends on the surface area of the grain, which in turn depends

on its diameter 𝑑𝑟𝑒𝑝 . Also, the permeability of a layer is related to its grain size distribution, and, thus,

𝑑𝑟𝑒𝑝 (Shepherd, 1989[21]; Chilingar, 1964[8]; Onur, 2014[17]) . These intercorrelations were ignored in

this thesis. Instead, measured values from the Hedwigepolder were used, which should agree with the

relations posted by these papers.

A global sensitivity analysis are often seen as more sophisticated sensitivity analyses. They do not only

take intercorrelations between parameters into account, but also accounts for the stochastic nature of

these variables (Iooss, Lemaitre, 2015[13]). The stochastic nature of elements was outside of the scope of

this thesis.
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Aquifer thickness
In this thesis, it was assumed that the total thickness of the subsoil domain was four metres at all times,

like it was in the Hedwigepolder. It is likely that this has influenced the calculation of the influence of

layers 2 and 3, as a change in 𝐷0 or 𝐷1 influences 𝐷2 and 𝐷3 and the ability of these layers to convey

water. The model could be improved by keeping the transmissivity 𝑇𝑛 = 𝑘𝑛 ∗ 𝐷𝑛 of Layers 2 and 3

constant, rather than their permeabilities. The fact that 𝐷2 and 𝐷3 change when 𝐷0 or 𝐷1 changes

makes the results of the model concerning these parameters unreliable.

Blanket layer definition
In the Hedwigepolder, a very thick and hardly permeable (order of 1 ∗ 10

−16𝑚2
(Geotechdata, 2023[25]))

blanket layer was applied on the hinterland side of the dike (except at the location of the ditch), to

ensure outflow through the ditch. Below this layer was Layer 0, with a permeability of order 1 ∗ 10
−13𝑚2

.

This significant difference in permeability justifies calling the former the blanket layer, and the latter

the aquifer. However, between the permeabilities of Layers 0 and 1 is another order of magnitude

(1 ∗ 10
−13

versus 1 ∗ 10
−12

, respectively). It could, therefore, be argued that Layer 0 is an extra (albeit more

permeable) blanket layer. In this case, the deeper piping process would be reduced to conventional

piping with an unconventionally thick, multiple-layered blanket layer.

Disregarded processes
An aspect that has not been treated in this thesis is the ability of the soil to withstand collapse. The focus

of this report has been to identify how a deeper pipe can come to be, but after coming to be, the newly

formed pipe has to be able to remain intact. Soil grains in the ’walls’ of the vertical erosion channel and

’roof’ of the horizontal erosion channel have not been investigated. However, these are subject to all

kinds of seepage and soil pressure forces, which could lead to collapse of the pipe. This is an interesting

subject for further research.

6.2. Discussion of results
The results of the sensitivity analysis show some interesting findings. These are discussed here.

Impact 𝑑𝑟𝑒𝑝
In chapter 5, it was found that the representative grain diameter (𝑑𝑟𝑒𝑝) had quite a large influence on

several sub-mechanisms. This can be explained by the fact that the flow force on a grain is expressed as

a pressure gradient timed the grain diameter. However, the representative grain diameter of a layer was

simply arbitrarily taken to be the 𝑑50 of that layer (for example, Sellmeĳer (Sellmeĳer, 1988[20]) used 𝑑70

as representative grain diameter, because fit the results better, so 𝑑50 is not necessarily the best value for

𝑑𝑟𝑒𝑝). As this thesis is not calibrated to results regarding pressure or discharges in the Hedwigepolder,

it is not certain if 𝑑50 is the right choice for the representative grain diameter: a if the 𝑑70 were to be

used, the forces on grains would be larger, the contact area of cohesion would be larger, and so, the

weight of the representative particle. All of these influence the 𝐹𝑅𝑃 values, which means that upon

taking a different grain size fractile, these values may vary significantly.

Impact 𝐴𝑐𝑜ℎ and 𝑐
It was also found that the cohesion contact area 𝐴𝑐𝑜ℎ and the cohesion value 𝑐 have a large influence

in the horizontal and vertical erosion processes. This is logical, because for these sub-mechanisms,

cohesion is the only resisting force present. If there are other parameters contributing to the resistance

against erosion, that have not been addressed in this thesis, the effect of cohesion is already different.

Furthermore, as the impact of cohesion is found to be very large, it is required to have a better under-

standing of how cohesion can best be modelled in a sub-mechanism (the way of modelling cohesion

was chosen to be relatively arbitrarily for the impact 𝐴𝑐𝑜ℎ turns out to have). More research into how to

include cohesion in a sub-mechanism is recommended.

Impact 𝛼𝑐𝑜ℎ

It was found that the cohesion anisotropy is an important parameter in deeper piping. It dictates

the directionality of the cohesive strength, which could be explained by the fact that clay particles

are shaped like plates. The fact that the cohesion anisotropy is used in this thesis to work in favor
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of deeper piping (stronger horizontal cohesion in Layer 0, stronger vertical cohesion in Layer 1) can

be explained by (Stockton, Leshchinsky, Olsen, Evans, 2019[22]), who described situations where the

cohesion anisotropy aligns with the layering of the soil, which in this case would mean Stronger effects

in horizontal direction than in vertical direction. It is likely (though not researched) that this effect takes

place differently in Layer 1 than in Layer 0.

Impact 𝛼𝑘

The anisotropy of the permeability is found to work in favour of deeper piping. This can be explained

by the fact that the flow prefers to flow farther in horizontal direction, because in the vertical direction,

it experiences more resistance. This means that the water is tempted to travel its horizontal distance in

layers with higher transmissivity, and then goes straight up towards the exit. This makes the flow lines

more vertical, and deeper piping more likely.

Mind that this is only the case for the boundary conditions as they were in the Hedwigepolder (see

Figure 6.1). In more realistic scenarios, the water would first have to enter Layer 1 through Layer 0 (see

Figure 6.2), which would experience a lot of resistance if 𝛼𝑘 is high: the water would much rather flow

horizontally.

Impact 𝑘0 and 𝑘1

It was found that 𝑘0 and 𝑘1 have a large influence on the deeper piping mechanism. A small value of 𝑘0

results in the flow ’avoiding’ that layer, and choosing a more permeable layer instead. Similarly, a high

value of 𝑘1 attracts flow. The flow is expected to follow the path of least resistance, which means that if

travelling vertically through Layer 0 twice and flowing horizontally through Layer 1 poses less resistance

that only flowing through Layer 0 horizontally, this path is preferred. This does mean, though, that

the water that ’decided’ to go through Layer 1 has to flow vertically up towards the exit. In conclusion,

this would mean a combination of a small permeability in Layer 0 and a high permeability of Layer

1 (relative to Layer 0) is favourable for deeper piping. However, Figures 5.2e and 5.2f show that the

𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛/𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 is largest (in other words: vertical erosion most is most likely) for

large values of 𝑘0 and small values of 𝑘1.

Impact 𝐷0

A large value of 𝐷0 makes it harder for the flow to ’find’ Layer 1, and, therefore, reduces the probability

for deeper piping. Also, if 𝐷0 is larger, there is more soil to erode through before finding the layer where

horizontal erosion starts.

In Appendix A.3 it can be seen that 𝐹𝑅𝑃ℎ𝑒𝑎𝑣𝑒 behaves rather strangely as a result of changes in 𝐷0. This

might be explained by the fact that a cell in the mesh is 𝑎𝑚𝑎𝑥/20 large, whereas 𝑎𝑚𝑎𝑥 was taken to be

equal to 50 grains. This means a cell is 2.5 by 2.5 grains large, while the vertical erosion channel sizes

under consideration (being 4, 5, 6, 7, 8, 10 and 20 grains) operate on that same scale. As a cell is assigned

only one value, a mean value is taken for each cell. If the channel is 1.5 cells big for example, the 0.5 cell

that is not entirely covered by erosion channel properties might behave strangely for this reason. This

could explain the strange behaviour of 𝐷0.

Cut line length
It was found that the cut line length does play a role in whether or not a pipe develops horizontally

or vertically. From Figure 5.3e in chapter 5, it can be seen that for smaller cut line lengths, the values

are much closer to unity than for higher values, implying that one is more likely to find conventional

piping when a short cut line is chosen. Conversely, higher values tend to return a larger likelihood for a

conventional pipe. As the cut line length is to be chosen by the modeller, knowledge on the impact of

this choice is required.
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Conclusion

During two piping experiments in the Hertogin Hedwigepolder, a pipe was found at a greater depth

than expected. This ’deeper piping’ phenomenon had not yet been identified, described or modelled

before. This problem was addressed in this thesis.

What is the difference between conventional piping and deeper piping?
The difference between conventional piping and deeper piping was defined, highlighting the presence

of a vertical erosion channel in the latter. This can only occur if the initial heave sub-mechanism is not

followed by horizontal erosion, but by vertical erosion. This vertical erosion phase consists of more heave

below the already-formed pipe, the erosion of material in vertical direction and the transport of this

material. After the vertical pipe has penetrated through the top subsoil layer, horizontal erosion takes

place like it would have in conventional piping. To assess whether or not these processes take place, the

concept of the Force Ratio Parameter (𝐹𝑅𝑃) was introduced, which is equal to the maximum resisting

term divided by the occurring forcing term. Deeper piping has been defined to take place if 𝐹𝑅𝑃ℎ𝑒𝑎𝑣𝑒 < 1,

𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 > 𝐹𝑅𝑣𝑒𝑟,𝑒𝑟𝑜 and 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 < 1 for as long as the pipe tip is located in the

top subsoil layer, and 𝐹𝑅𝑃ℎ𝑒𝑎𝑣𝑒 < 1, 𝐹𝑅𝑃ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 < 𝐹𝑅𝑣𝑒𝑟,𝑒𝑟𝑜 and 𝐹𝑅𝑃𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 < 1 once the

pipe tip has penetrated entirely through this layer. It was assumed that cohesion could be included in

the mechanism description by including it in the ’erosion’ phase, rather than in the ’more heave’ phase.

This assumption might have been wrong, but had this not been done, heave would imply direct onset of

erosion.

How can a deeper pipe be modelled?
To give more meaning to the 𝐹𝑅𝑃 values, the forcing and resisting terms were elaborated on. The

resistance term for heave was modeled as a critical gradient, while the one for vertical transport was

represented by the submerged weight of a sand grain. Cohesion 𝑐 multiplied by a cohesion contact area

𝐴𝑐𝑜ℎ was used to model resistance forces for horizontal and vertical erosion, and cohesion anisotropy

was introduced to take account of directionality of cohesion. A Finite Element Model, made in COMSOL

Multiphysics, was employed to calculate driving forces by describing groundwater flows using Darcy’s

law. To avoid iterative boundary conditions at the pipe-to-soil interface, the fictitious permeability

model was applied. Uncertainty regarding the size of the vertical pipe was accounted for using the

permeability zone model. These models have their ranges of applicability, which have not been exceeded

in this model. Lastly, the conditional permeability approach facilitated the variation of geometric

properties of the subsurface without the need for constructing a new mesh.

Mind that a proper characterisation of the term ’blanket layer’ might result in deeper piping to be

conventional piping under an unusually thick blanket layer.

Can deeper piping in the Hedwigepolder be explained by the model?
By utilizing these modeling techniques, a model was developed to simulate the conditions in the

Hedwigepolder test site. The Hedwigepolder had four layers on soil, of which the top one had low

permeability compared to the other three. It could be argued that this layer is a kind of ’second blanket

layer’, but for this, a description of the definition of a blanket layer is needed. Furthermore, the boundary
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conditions were such that the water was injected in every layer directly, bypassing the necessity of the

water to penetrate the upper layers first before entering the lower layers.

It was found that the model is able to return a deeper pipe, and with this, the proposed model has been

verified to be able to return a deeper pipe.

What are the most important parameters contributing to a deeper pipe?
Subsequently, the influence of specific parameters on the mechanism of deeper piping was examined.

It was found that numerous parameters play a role in deeper piping, as different sub-mechanisms

often have distinct ’influential parameters’. The following aspects and parameters were identified as

significant contributors to deeper piping. Subsoil configurations that posses many of these traits are

found to be more susceptible to deeper piping, given the boundary conditions and parameters as in the

Hedwigepolder:

• Anisotropy of cohesion (𝛼𝑐𝑜ℎ): Larger values increase the chance of deeper piping.

• Anisotropy of permeability (𝛼𝑘): Larger values increase the chance of deeper piping.

• Permeability of Layer 0 (𝑘0): Larger values increase the chance of deeper piping.

• Permeability of Layer 1 (𝑘1): Smaller values increase the chance of deeper piping.

• Thickness of Layer 0 (𝐷0): Larger values increase the chance of deeper piping.

• Representative grain diameter 𝑑𝑟𝑒𝑝 : Smaller values increase the chance of deeper piping.

To identify the key factors influencing the formation of deeper pipes
The objective of this thesis, has therefore been achieved. This research successfully addressed the

challenges associated with defining and predicting deeper piping. By developing a model and

identifying key influencing parameters, valuable insights into the underlying mechanisms of this

phenomenon were gained. The findings contribute to an understanding of deeper piping.



8
Recommendations

It is recommended to do more research into the following subjects:

Vertical erosion channel shape and size
It was found that the size of the vertical erosion channel can have a large influence on deeper piping.

As the shape (straight) and size (between 3 and 20 grain diameters) of the vertical erosion chan-

nel were simply assumed in this thesis, this forms a big factor of uncertainty. It is therefore strongly

recommended to do more research into the shape and size of the vertical erosion channel in deeper piping.

Turbulence
If the channel size gets larger due to widening of the pipe, the flow might become turbulent. Until that

point, the fictitious permeability model can be used. However, if Reynolds numbers exceed 10, the

turbulent influences become too large to ignore. It is recommended to do research into other ways of

modelling the pipe flow, which do allow for turbulence.

Internal instability
The model can be extended with a suffusion module. This can be done by inserting a grain size

distribution. If this grain size distribution is gap-graded, suffusion is possible. It does, however, need to

be known what the fictitious permeability of the soil is after suffusion. This is an interesting topic for

further research.

Horizontal erosion channel
A small addition to the model could be the horizontal erosion channel. This has not been done in

this thesis, because of the large computational effort and storage limitations, but it would make for a

complete description of the deeper piping process as a whole. Finding an even more efficient way of

modelling might overcome these difficulties. If a horizontal pipe part were to be included in this model,

its size and shape also have to be determined.

Global sensitivity
It is also recommended to do a global sensitivity analysis, to get a comprehensive understanding of

the sensitivity of the sub-mechanism to the parameters, combined with the probabilities of parameters

having certain values.

Wall and roof stability criteria
This thesis has shown how a deeper pipe can come to be. However, after being formed, a pipe also has

to be able to remain intact. Lateral soil pressures on the ’walls’ of the vertical erosion channel and ’roof’

of the horizontal erosion channel are subject to forces like earth pressure and seepage flow forces. These

could potentially make the formed pipe collapse. Aspects like soil arching and cohesion might play a

role in this process.
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Include heave in cohesion term
In this thesis, the following order was used: first show the ’willingness’ of the soil to be heaved, after

which the actual erosion takes place. The former was assumed not to be affected by cohesion, whereas

the latter was. For future research, it might be interesting to include cohesion in the heave term, and

then, either include it in the erosion terms as well, or skip the erosion terms altogether. The argument

for the latter would be that as soon as inter-particle contact is lost (in other words: heave has occurred),

so are all the mechanisms keeping a grain in place.
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A.1. Parametric sweep results
In this Appendix, the % change in 𝐹𝑅𝑃 values for a 10% increase in parameter value for every parameter in the parametric sweep is shown for each of the

stages of pipe development.

0/3 ∗ 𝐷0

Figure A.1: 𝐴𝑐 and 𝑐
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Figure A.2: 𝐴𝑛𝑖𝑠𝑐 and 𝐴𝑛𝑖𝑠𝑘
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Figure A.3: 𝑘0 and 𝑘1
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Figure A.4: 𝑘2, 𝑘3 and 𝐷0
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Figure A.5: 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝
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1/3 ∗ 𝐷0

Figure A.6: 𝐴𝑐 and 𝑐
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Figure A.7: 𝐴𝑛𝑖𝑠𝑐 and 𝐴𝑛𝑖𝑠𝑘
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Figure A.8: 𝑘0 and 𝑘1
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Figure A.9: 𝑘2, 𝑘3 and 𝐷0
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Figure A.10: 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝
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2/3 ∗ 𝐷0

Figure A.11: 𝐴𝑐 and 𝑐
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Figure A.12: 𝐴𝑛𝑖𝑠𝑐 and 𝐴𝑛𝑖𝑠𝑘
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Figure A.13: 𝑘0 and 𝑘1
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Figure A.14: 𝑘2, 𝑘3 and 𝐷0
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Figure A.15: 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝
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3/3 ∗ 𝐷0

Figure A.16: 𝐴𝑐 and 𝑐
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Figure A.17: 𝐴𝑛𝑖𝑠𝑐 and 𝐴𝑛𝑖𝑠𝑘
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Figure A.18: 𝑘0 and 𝑘1
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Figure A.19: 𝑘2, 𝑘3 and 𝐷0
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Figure A.20: 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝
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A.2. Local parameter tables

Figure A.21: Local influence of all parameters at 0/3 ∗ 𝐷0
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Figure A.22: Local influence of all parameters at 1/3 ∗ 𝐷0
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Figure A.23: Local influence of all parameters at 2/3 ∗ 𝐷0
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Figure A.24: Local influence of all parameters at 3/3 ∗ 𝐷0
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A.3. Influence parameter graphs
The red dotted line indicated the default (Hedwigepolder) value.

0/3 ∗ 𝐷0

Figure A.25: 𝐴𝑐 , 𝑐 and 𝐴𝑛𝑖𝑠𝑐
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Figure A.26: 𝐴𝑛𝑖𝑠𝑘 , 𝑘0 and 𝑘1
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Figure A.27: 𝑘2, 𝑘3 and 𝐷0
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Figure A.28: 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝
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1/3 ∗ 𝐷0

Figure A.29: 𝐴𝑐 , 𝑐 and 𝐴𝑛𝑖𝑠𝑐
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Figure A.30: 𝐴𝑛𝑖𝑠𝑘 , 𝑘0 and 𝑘1
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Figure A.31: 𝑘2, 𝑘3 and 𝐷0
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Figure A.32: 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝
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2/3 ∗ 𝐷0

Figure A.33: 𝐴𝑐 , 𝑐 and 𝐴𝑛𝑖𝑠𝑐
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Figure A.34: 𝐴𝑛𝑖𝑠𝑘 , 𝑘0 and 𝑘1
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Figure A.35: 𝑘2, 𝑘3 and 𝐷0
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Figure A.36: 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝
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3/3 ∗ 𝐷0

Figure A.37: 𝐴𝑐 , 𝑐 and 𝐴𝑛𝑖𝑠𝑐
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Figure A.38: 𝐴𝑛𝑖𝑠𝑘 , 𝑘0 and 𝑘1
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Figure A.39: 𝑘2, 𝑘3 and 𝐷0
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Figure A.40: 𝐷1, 𝐿𝐶𝑢𝑡 𝑙𝑖𝑛𝑒 and 𝑑𝑟𝑒𝑝


	Introduction
	Problem description
	Objective and Research Questions
	Methodology
	Thesis Outline

	Difference between conventional piping and deeper piping
	Conceptual difference
	Conventional piping
	Deeper piping

	Sub-mechanisms of deeper piping
	Force Ratio Parameter
	Horizontal erosion initiation
	Continued heave below already-heaved soil
	Vertical erosion
	Vertical grain transport
	When does deeper piping occur?

	Possible physical causes of deeper piping
	Properties
	Subsoil configurations assisting the formation of a deeper pipe


	Model set-up
	Model physics
	Darcy's law
	Flow regime
	Fictitious permeability

	Implementation in COMSOL Multiphysics
	Quasi-steady modelling
	Geometry, permeability zone modelling and properties
	Meshing
	Parametric sweeps
	Model output

	Modelling the effect of cohesion
	When does deeper piping occur?
	From head gradient to force
	Heave
	Horizontal erosion
	Vertical erosion
	Horizontal erosion or vertical erosion
	Vertical grain transport
	Cut lines


	Case study: Hedwigepolder experiments
	Hedwigepolder experiments
	Hedwigepolder geometry
	Hedwigepolder boundary conditions

	Hedwigepolder in COMSOL
	COMSOL geometry
	COMSOL mesh
	COMSOL boundary conditions
	Parameters

	Deeper piping in COMSOL model

	Sensitivity Analysis
	Method
	Parameters
	Results
	Results: comparing horizontal and vertical erosion


	Discussion
	Modelling simplifications
	Discussion of results

	Conclusion
	Recommendations
	Appendices
	Parametric sweep results
	Local parameter tables
	Influence parameter graphs


