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Summary

In this thesis the influence of a foreshore and heterogeneities in the subsoil on the piping safety analysis is
researched. The Netherlands is very vulnerable to floods and therefore lots of dikes are present along the
shore and main rivers. These dikes can fail in several ways. One way is by means of pipe formation below
a dike body. Pipe formation occurs due to eroding particles from the sandy subsoil below the dike. Erosion
starts when high water level differences across the dike occur. The eroding particles are transported out of the
subsoil to the surface through a fracture in the inland cover layer. This fracture can only occur if the pressures
below this cover layer exceed the weight of the cover layer. If the fracture is present, pipe formation starts
here and progresses to the outer water at the other side of the dike, leaving a pipe below the dike and thereby
eventually leading to an open connection between the outer water and the inside of the dike. When this open
connection occurs, the erosion starts to speed up and the dike will collapse after some time.

Piping is a complex problem and is investigated a lot in the last century. In 2006 J. Sellmeijer came up with a
design formula. This formula was revised and adapted in 2011. The revised formula from 2011 is the currently
used design formula for the piping safety analysis in the Netherlands. The Sellmeijer formula is derived for
homogeneous, uniform soil conditions. The subsoil is, however, very heterogeneous and it is therefore ex-
pected that the Sellmeijer formula underestimates the resistance against piping of a cross-section. In the
current safety analysis, the influence of the foreshore is described in a certain way in which a representative
seepage length, which can be put into the Sellmeijer formula, is calculated. This seems a good approach, but
the effects of the presence of holes on a foreshore are not incorporated in detail in the safety analysis.

In this thesis the influence of a foreshore and heterogeneities in the subsoil is investigated by use of the nu-
merical D-Geo Flow model. In this numerical model, cross-sections can be created in which heterogeneities
and variations in geometry can be applied and results can be generated. D-Geo Flow calculates the ground-
water flow, the water flow along the pipe and the limit state equilibrium of the particles in the pipe. The
results computed with D-Geo Flow are not verified, as the model is, for now, only validated for simple con-
figurations. This study proves that for more complex geometries, the model approaches the results from the
Sellmeijer formula in the limits.

The research in this thesis is done for the two subjects, the foreshore and the subsoil heterogeneities, sep-
arately. For both research parts a general study and a case study is done. In the general foreshore study, the
influence of the length of the foreshore and the flow resistance of the foreshore cover layer is determined. In
the foreshore case study research, local foreshores are modelled and the influence of permeability and holes
on these foreshores is determined. In the soil heterogeneity general research, the influence of a resistance
layer in the cross-section is determined. This resistance layer is a continuous horizontal layer throughout
the whole cross-section. The influence of the depth and flow resistance of this layer is searched for. In the
case study heterogeneity research, local subsoil compositions are made based on local and regional data.
From these compositions, heterogeneities were identified. The influence of a specific heterogeneity is then
searched for.

The current approach of reducing the seepage length if a foreshore cover layer is relatively permeable seems
the right approach, based on the findings in this thesis. However, the extent of reduction and the exact ap-
proach is questionable, but was not searched for in this thesis. It can, based on the findings in this thesis, be
concluded that the influence of a hole on the foreshore is significant and the condition of this hole is very im-
portant for the outcome of the safety analysis. If a hole on the foreshore does not reach the aquifer, but some
resistance against flow is present, the increases in safety analysis result can be approximately 20-30%, based
on the cases and assumptions in this thesis. An improvement on the piping safety analysis would therefore
be to assess holes on the foreshore in more detail.

From the heterogeneity research it can be concluded that a heterogeneous subsoil is more resistant to pip-
ing than homogeneous soils, as used in the Sellmeijer formula. The identified heterogeneities in this thesis
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influenced the critical head result positively as well as negatively. But out of nine identified heterogeneities
, only two had a negative influence. The influence of the identified heterogeneities ranged from -26% to
+139%. From the general research the conclusion can be drawn that a resistance layer, crossing the whole
cross-section, always increases the resistance against piping. It was beforehand expected that this positive in-
fluence would increase with increasing flow resistance of the resistance layer until a maximum was achieved
when the layer is impermeable. The research proved however that for some geometries, the largest positive
influence was found for resistances between 20-500 days, which is not at impermeability. This phenomenon
is described as "one-way sealing".

Finally is can be said that the research objective: "Improve the piping safety analysis by including the effects of
the foreshore and soil heterogeneities.” is met, as more knowledge is gained of the influence of a foreshore and
heterogeneities in the subsoil. This knowledge can be applied on the decisions which have to be made in the
piping safety analysis.



Contents

Summary v

1 Introduction 1
1.1 Subject introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Introduction into piping. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Research description 3
2.1 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Research objective. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.3 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.4 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3 Literature and Background study 7
3.1 Piping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.1.1 Piping mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.1.2 Piping research through history . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.1.3 Piping assessment in the Netherlands . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.1.4 Historical piping cases in the Netherlands . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.2 Variabilities in the subsoil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.1 Heterogeneity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.2 Anisotropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.3 Subsoil study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3.2 Dutch subsoil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.3.3 Soil samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3.4 Soil characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4 Case selection and standard model set-up 19
4.1 Case introduction: Lekdijk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.2 Standard model set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2.1 Standardization of the cases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.2.2 Boundary conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.2.3 Geometry of the model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2.4 Model set-up and validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

I Foreshore 23

5 General Foreshore research 27
5.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.2 Standard model and approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.3 Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.4 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

6 Case study specific research 31
6.1 Geometry information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

6.1.1 Foreshore geometry of Salmsteke . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
6.1.2 Foreshore geometry of Honswijk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
6.1.3 Foreshore geometry of Den Oord . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

6.2 Modelling the foreshore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
6.2.1 Introduction and assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
6.2.2 Standard foreshore models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

vii



viii Contents

6.3 Variations of the foreshore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.3.2 Variations in the models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

6.4 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.4.1 Hydraulic conductivity of the foreshore . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.4.2 Width of the holes on the foreshore . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
6.4.3 Depth of the holes on the foreshore . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.4.4 Silting up of the holes on the foreshore. . . . . . . . . . . . . . . . . . . . . . . . . . . 42

6.5 Application general foreshore research on cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
6.5.1 Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
6.5.2 Adjustment of the application of the general research on the cases . . . . . . . . . . . . 44

7 Conclusions 47
7.1 General research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
7.2 Case study specific research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

7.2.1 Hydraulic conductivity of the foreshore . . . . . . . . . . . . . . . . . . . . . . . . . . 47
7.2.2 Variation of the holes on the foreshore . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
7.2.3 Application general research on case studies. . . . . . . . . . . . . . . . . . . . . . . . 49

II Soil heterogeneities 51

8 General soil heterogeneity research 55
8.1 Introduction and model set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
8.2 Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
8.3 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

9 Case study specific soil heterogeneity research 61
9.1 Introduction/Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

9.1.1 Creating the cross-section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
9.2 Heterogeneities in the Case cross-sections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

9.2.1 Salmsteke cross-section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
9.2.2 Honswijk cross-section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
9.2.3 Den Oord cross-section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

9.3 Modelling the heterogeneities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
9.3.1 Salmsteke . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
9.3.2 Honswijk. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

9.4 Analysis of the results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
9.4.1 Analysis Salmsteke results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
9.4.2 Analysis Honswijk results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

10 Conclusions 77
10.1 General soil heterogeneity research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
10.2 Case study specific soil heterogeneity research. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

10.2.1 Heterogeneities in the cross-section . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
10.2.2 Application general research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

III Discussion, Conclusions and Recommendations 79

11 Discussion 81
11.1 Foreshore. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
11.2 Soil heterogeneity research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

12 Conclusions 89
12.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
12.2 Conclusions Foreshore. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
12.3 Conclusions Soil heterogeneities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90



Contents ix

13 Recommendations and further research 91
13.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
13.2 Implementing the results in the safety analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
13.3 Further research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

Glossary 93
List of Symbols 95
List of Figures 97
List of Tables 101
Bibliography 103

IV Appendices 105
A Piping research through history 107
B Appendix: Samples subsoil study 111
C Soil characteristics 117
D D-Geo Flow 121

D.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
D.2 Working with D-Geo Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
D.3 Limitations of D-Geo Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

E Appendix: Results foreshore sensitivity analysis 125
E.1 Hydraulic conductivity of the foreshore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
E.2 Width of the entry points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
E.3 Depth of the entry points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
E.4 Silting up of the entry points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

F Appendix: Generic Foreshore results 137
F.1 Initial seepage length = 50m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
F.2 Initial seepage length = 100m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
F.3 Representative seepage lengths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

G Appendix:Case samples 141
G.1 Salmsteke . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
G.2 Honswijk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
G.3 Den Oord . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

H Appendix: GeoTop model 149
H.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
H.2 Description of the model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
H.3 Determining the soil types(lithoclasses) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
H.4 Model uncertainties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

I Appendix: Results generic subsoil research 153
I.1 Hydraulic conductivity aquifer = 20m/day. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
I.2 Hydraulic conductivity aquifer = 40m/day. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

J Appendix: Results heterogeneity models 161
J.1 Salmsteke . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
J.2 Honswijk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163





1
Introduction

1.1. Subject introduction
The Netherlands is very vulnerable to floods. Not only because large parts of the Netherlands are located
below sea level, but also because it’s home to some large rivers like the Rhine and the Meuse. Because of this
continuing threat of flooding, the Netherlands has always been busy protecting itself against this threat. To
have a consistent and regulated protection against flooding, the rules concerning flood protections are regu-
lated by law.

Figure 1.1: Water depth in the Netherlands in case of
flooding [1]

This law is named the Dutch Water Act. In this act, design and
assessment rules for all the flood protections in the Nether-
lands are stated.

As described above, the Netherlands has a very large flood
protection system. This flood protection system consists of
"natural defences" like dikes and dunes, but also of "artifi-
cial defences" like sluices, locks and barriers. Another sep-
aration is made between "primary" and "regional" flood de-
fences. Primary defences protect the land against floods
from mainly the North Sea (and its branches), the Wadden
Sea and the main rivers (Rhine and Meuse). The Nether-
lands is protected by around 3500 km of primary defences.
Regional defences are all the non-primary defences. Re-
gional dikes protect the land from floods from inland wa-
ter.

After the flood of 1953, the flood protection system of the
Netherlands was changed under the influence of the "Delta-
committee". This lead to the Delta-Works, but also to a
new insight in flood protection. Flood defences had to
be designed and assessed based on the probability of ex-
ceedance of a certain water level. This water level was
defined based on the consequence in case of flooding.
For years this was the standard norm of flood defences
[2].

In 2017, the philosophy changed. Instead of a norm based on the exceedance of a certain water level, the
new norm is based on the risk of flooding. The risk of flooding is a combination of probability and the con-
sequences [1]. Flooding is dependent on failure. Failure is the incapability of a dike to retain the outer water.
Flood defences can fail in different ways. These ways are called failure mechanisms. The failure mechanisms
can occur separately, but can also influence each other. An overview of the failure mechanisms of a dike can
be seen in fig. 1.2.

1
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Figure 1.2: Failure mechanisms [3]

1.2. Introduction into piping
One of the major failure mechanisms of dikes is piping, particularly Backward Erosion Piping (from now on
called piping). Piping consists of 3 main stages: Uplift, Heave and Piping. Piping is the erosion process of sand
particles in an aquifer covered by in impermeable cohesive layer (the blanket). An aquifer is a water-bearing
permeable layer. When piping occurs, particles are transported from the aquifer to the surface, causing the
formation of little channels, the so called pipes. The formation of pipes may, eventually, have effects on the
stability of the dike and even cause dike failure. Piping is the main subject of this thesis and the process of
piping will be explained in more detail in section 3.1.1.

The assessment for piping in the Netherlands is based on rules developed by J.B.Sellmeijer (1988), which
were adjusted in 2011. Sellmeijer describes the equilibrium of the soil particles, more information about the
method can be found in section 3.1.2. A lot of research has been done to understand the processes of piping,
but still a lot is unknown. A major insecurity is the fact that soils are very variable. Because piping depends
for a major part on the soil conditions, a lot can be gained when these insecurities are reduced.

In the piping safety analysis, based on the rules of Sellmeijer, some soil characteristics are needed. To make
a safe prediction of unknown characteristics, the characteristics of the soil are chosen in a conservative way
in the Netherlands. This, on one hand, leads to a safe prediction and could therefore be assumed a good pre-
diction, but on the other hand it leads, most likely, to an underestimation of the actual strength and thereby
higher costs.



2
Research description

In this chapter this Thesis will be introduced and described. First the problem will be stated, after which the
research objective and research question will be formed.

2.1. Problem Statement
Sellmeijer’s formula (2011) is the core for the current piping safety analysis for dikes. Although the formula
by Sellmeijer describes the erosion process more accurately than the old analysis rule of Bligh (1910), some
remarks can be placed.

Sellmeijer’s formula is based on a standard geometry: an impermeable cohesive layer covering a permeable
homogeneous aquifer. In practice, the shallow subsurface in the Netherlands is strongly heterogeneous[4].
These heterogeneities are present on a micro- and macro-scale. On a micro-scale, the porosity and the grain
sizes throughout the layer may vary [4]. Also the placement direction of the grains may vary. Grains are never
completely round and, because of their alluvial deposition, they are placed on their flat side. This placement
orientation results in an directional inequality in the ease of water flow through the layer. This ease of flow-
ing is called the hydraulic conductivity. The inequality of hydraulic conductivity between the horizontal and
vertical direction is called anisotropy. On a macro-scale, the aquifer may contain different sub-layers like clay
or gravel layers [4]. Another macro-scale heterogeneity is the presence of anomalies in the aquifer, like, for
instance, an old river bed [5].

Sellmeijer’s formula was based on 2D steady flow and describes the progression of the pipe. Studies [6] [7] re-
vealed that the 2D assumption is incorrect and may lead to unsafe predictions about the critical head/gradient.
Assuming steady flow, according to laboratory experiments, is conservative. The response of the aquifer to
changes in the hydraulic boundary conditions is timedependent and therefore not completely steady [7].

Unless some remarks can be placed, Sellmeijer’s formula is the base of the piping safety analysis in the Nether-
lands. As the formula acquires several characteristics of the soil and the geometry of the cross-section, data
is needed. For the soil , however, the exact composition and characteristics are uncertain. Nowadays the soil
is not mapped in enough detail to acquire the enough information to create a cross-section, which is repre-
sentative enough to give a realistic outcome of the safety analysis. This means some assumptions have to be
done. Due to the uncertainty, the soil is assumed to be homogeneous with conservative chosen characteris-
tics.

In the piping safety analysis the geometry of the cross-section, for instance the foreshore, can be of influ-
ence on the result of the safety analysis. It is unclear when and under which conditions the foreshore has to
be incorporated in the safety analysis. The uncertainty of the influence of the foreshore leads to a safe and
conservative choice whether the foreshore has to be included or not. Next to that, the location of the fore-
shores (outside the dike protection zone), makes it, due to political boundaries, hard to incorporate it in the
safety analysis.

Conservative choices are used to overcome uncertainties. Making conservative choices seem to be a good
approach, because it leads to safe dikes. However, conservative choices and thereby underestimation of the

3
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strength can lead to an over-designed dike, which lead to unnecessary costs. An increase in the accuracy in
the safety analysis for piping would reduce these unnecessary costs.

2.2. Research objective
As stated above in the problem statement (section 2.1), the choices in the safety analysis for piping are, due
to uncertainties, conservative and can lead to unnecessary costs. The safety analysis can be improved when
more knowledge is gained about the influence of the foreshore and heterogeneities in the subsoil and this
knowledge can be applied in the safety analysis, resulting in a more realistic outcome. The research objective
can therefore be described as:

“The research objective of this thesis is to improve the piping safety analysis by including the effects of the fore-
shore and soil heterogeneities.”

2.3. Research questions
The main research question of this thesis is:

“What is the effect of the foreshore and soil heterogeneities on the result of the piping safety analysis?”.

To answer this research question, a research will be conducted by use of case studies. These case studies
will be defined later. To give a stepwise approach to answer the research question, sub-research questions are
defined in two parts, one with the focus on the foreshore (part I) and one with the focus on the soil hetero-
geneities (part II):

1. • How can the available data be translated to representative foreshore scenarios?
• How can these scenarios be modelled in D-Geo Flow?
• What is the result of the foreshore scenarios from D-Geo Flow?
• What is the difference between the results from D-Geo Flow and the result from the current safety

analysis?
• How can the influence of the foreshore be incorporated in the safety analysis?

2. • How can the available data be translated to representative soil scenarios with local heterogeneities?
• What is the result of the soil scenarios from D-Geo Flow?
• What is the difference between the results from D-Geo Flow and the result from the current safety

analysis?
• How can the influence of the soil heterogeneities be incorporated in the safety analysis?

2.4. Approach
The focus of this thesis is to search for the influence of a foreshore and heterogeneities. The first step is un-
derstanding the problem. This is done by studying literature. From the literature study, knowledge of the
piping mechanism, how it is assessed in the Netherlands and what parameters are of influence, is amassed.
This literature study is the start of the research and will be followed by a number of steps to give answer to the
research question.

Cases are used as the core of this thesis. The chosen cases have to be relevant for this research and must,
at least, include a foreshore. The cases are chosen along the river Lek, because of the availability of data from
the safety analysis. This availability of data of the safety analysis gives also good insights in which values are
used for the parameters in the analysis.

To search for the influence of the foreshore and soil heterogeneities, a model must be used. In this research
the model D-Geo Flow is used, which will be explained later on in this thesis. Per case a standard model will
be set-up. As in the different cases, different values for certain parameters are used, the outcome of the cases
is hard to compare. Therefore the depth of the aquifer, the hydraulic conductivity of the aquifer and the grain
size will be transformed to standardized values.

To asses the influence of the foreshore, case specific information of the foreshore must be collected. By use of
elevation maps and more local data, the geometry of the foreshore can be determined. After the geometry is
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determined, some information about the soil characteristics in the foreshore must be collected. To limit the
variability in the foreshore, it is assumed to have a homogeneous composition. For this homogeneous com-
position, characteristics must be assumed. For all the cases, the same foreshore characteristics will be used to
prevent the additional effect on the result when other characteristics are used. When the information about
the geometry and the characteristics of the foreshore is known, the standard foreshore models per case can
be set-up. Depending on the geometry of the foreshore, some variations on the standard foreshore models
are made to see how certain factors influence the result. The variations are made based on the uncertainty in
assumptions by setting up the standard foreshore model and on expert judgement.

Figure 2.1: The approach depicted in a scheme

For the assessment of the influence of the heterogeneities,
information about the subsoil is needed. As the soil is
very variable and lots of heterogeneities can be present,
only the Holocene layer is mapped in more detail. In
the assumptions for the standard model a depth of 30m
is assumed. The Holocene layer will not reach this
depth. Beneath the Holocene layer a Pleistoceen layer
is present. The Pleistoceen layer below the Holocene
layer will be assumed to be homogeneous. The first
step in modelling the subsoil is to determine, per case,
the depth of the Holocene-Pleistoceen boundary. Af-
ter the boundary is known from local data, the subsoil
can be mapped. After the soil is mapped, the hetero-
geneities, on aquifer scale, which can be identified are
named. To see how the heterogeneities influence the re-
sults, they will be added to the standard model per case
one at a time. The geometrical and soil characteristics of
heterogeneities will be varied to overcome the uncertain-
ties.

After the results of both focus areas are generated, the results
will be analysed and conclusions will be drawn based on the
analysis. The limits of this thesis and in the choices made,
will be discussed in the discussion, after which recommen-
dation for further research will be made.
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Literature and Background study

3.1. Piping
3.1.1. Piping mechanism
Piping is the erosion process of sand particles in an aquifer covered by in impermeable cohesive layer(the
blanket). An aquifer is a water-bearing permeable layer. When piping occurs, particles are transported from
the aquifer to the surface, causing the formation of little channels, the so called pipes. The forming of pipes
may, eventually, have effects on the stability of the dike and even cause a dike failure.

For piping to occur, some condition must be present. Firstly, the dike section geometry must be sensitive
to piping. Piping can only occur in a aquifer, covered by a cohesive, impermeable layer[4]. The cohesive layer
op top of the piping sensitive layer(the aquifer) is needed, because a "roof" must be present to prevent the
collapse of the pipe(s)[4],[8].

Secondly, the hydraulic boundary conditions for piping to occur must be present. Transport of particles can
only occur if water flow through the aquifer, from the upstream side of the dike(the wet side) to the down-
stream side(the dry side), is present. The upstream side water level is, for clarity, from now on called the outer
water level an the downstream side water level is called the inner water level. The transport of sand particles
is caused by a significant hydraulic gradient over the aquifer. The hydraulic gradient is the outer water level
minus the inner water level. Dike sections with high outer water levels with a low inner water level are there-
fore vulnerable to piping.

Figure 3.1: Sand boil

Pipes below the cohesive layer are formed
when sand particles from the aquifer are
washed out. For particles to wash out, an open
and unfiltered exit must be present[4]. In case
of a cohesive impermeable layer on top of the
aquifer, the open exit is formed due to hy-
draulic fracturing. In case of hydraulic frac-
turing, high water pressures, caused by a high
outer water level, cause the blanket to crack
under uplift pressures[5]. The open, unfiltered
exit, the exit channel, allows the water flow to
increase and to wash out sand particles from
the aquifer. The exit channel is filled with the
sand particles from the aquifer, these particles
are fluidized[9]. This fluidization is caused by
pore pressures exceeding the effective stresses
of the particles, turning it into a fluid state[4].
When these fluidized particles are washed out, the initiation of the pipe(s) below the blanket have started,
this is called heave. The washed-out particles are deposited around the exit channel, resulting in sand boils
at the surface, as can be seen in fig. 3.1.

7
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After the initiation of the pipe has started, the pipe may progress. The pipe progresses from the inner to
the outer side. This process is called backward erosion piping. During backward erosion piping, sand parti-
cles may continue to erode. This progressive process is more or less uniform, until a length of around 40%
of the total seepage path. When this length is reached, the progression will accelerate until it reached the
outer side[8]. When the outer side is reached, an open connection is formed through the aquifer between the
inner and outer side[5]. When the open connection is present, the resistance of the sand particles disappears.
This reduction of resistance, allows the water to flow freely through the pipe(s). Causing a rapid increase in
flow velocity[4]. A rapid increase in flow erodes sand particles around the pipe(s), causing a widening of the
pipe(s). The formation of these hollow spaces below the dike result in subsidence or fracture of the dike and
eventually failure. An overview of the steps in the piping process can be seen in fig. 3.2.

The above described process occurs when the hydraulic gradient is large enough for the pipe(s) to progress.
However, after the initiation of the pipe has occurred, the progression of the pipe can form a new equilib-
rium, depending on the hydraulic gradient throughout the layer. If this new equilibrium is reached, the flow,
caused by the gradient, is insufficient to erode particles. When the flow is insufficient, the sand boil will turn
into a boil, which produces "clean" water[9], [10]. This equilibrium situation will hold until the flow is strong
enough to erode the sand particles again. Reaching the equilibrium situation before failure also implies that
the presence of sand boils do not always indicate a critical situation[11].

The conditions for and the process of piping, explained above, can often be found at river levees[4]. Stud-
ies show that piping has been an important failure mechanisms for river dikes in the USA, China and the
Netherlands[12].

Figure 3.2: Piping process [13]

3.1.2. Piping research through history
Throughout the years, a lot of research has been done for piping.In this section the most important research
will be named and explained. At the beginning of the 1900’s, people became aware of the occurrence of
piping. Several researchers have investigate the phenomenon of piping. A short explanation what they did is
described in appendix A. The most important researcher, for this thesis, was Sellmeijer in 1998 and 2011.
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Sellmeijer(1988 & 2011)
The method by Sellmeijer (1988) was the first method that theoretically accounted for the processes of piping
[14]. He combined the equation for groundwater flow with flow equations in a pipe. The model of Selle-
meijer is basically an equilibrium model that checks whether a critical development of the piping channel
is reached [5]. To develop a model, he assumed a simplified situation. In his simplification he assumed a
standard, simple geometry in which a permeable, homogeneous aquifer is covered by an impermeable (clay)
blanket and/or levee. He assumed steady state seepage and a constant upper and lower head boundary. Sell-
meijer assumed that the sediment transport in the pipe is dominated by erosion of particles at the bottom
of the pipe [4]. The erosion of the particles is based on White’s(1940) equilibrium approach [7]. The flow
through the pipe is described as Poiseuille flow between two parallel boundaries.
Curve fitting on numerical calculations resulted in a formula, relating sand characteristics to geometric prop-
erties of the sand bed [15]. His model was was calibrated with large scale tests in the Delta Flume [16].

In 2011, the approach by J.B. Sellmeijer, was revised because of renewed knowledge. Through a multivariate
analysis based on numerous conducted tests, the influence of various sand characteristics was determined
[17]. Based on this analysis , the formula was adjusted in 2011. This adjusted design rule is the design stan-
dard for dikes(or levees) in the Netherlands. The adjusted design rule describes the critical hydraulic head as
a product of three contributors: a resistance FR , a scale FS and a geometry factor FG [8]:

∆Hc = L ·FR ·FS ·FG (3.1)

FR = η ·
γ
′
p

γw
· tanθ(

RD

RDm
)0.35 (3.2)

FS = d70m

3p
κL

· (
d70

d70m

)0.4 (3.3)

FG = 0.91 · (
D

L
)

0.28
( D

L )2.8−1
+0.04

(3.4)

In which [13]:
∆Hc = critical hydraulic head [m]
L = Horizontal seepage length [m]
η = White’s constant [−]
γ
′
p = unit weight of the soil particles [kN /m3]

γw = unit weight of water [kN /m3]
θ = bedding angle[°]
RD = Relative density [−]
RDm = mean relative density from the small scale tests (=0.725) [−]
d70m = mean d70 in the small scale tests (= 2.08∗10−4) [m]
κ = intrisic permeability [m2]
d70 = grain diameter for which 70% of the particles are smaller [m]

3.1.3. Piping assessment in the Netherlands
The assessment of the dikes in the Netherlands for piping consists of a multi staged approach[7] and is de-
scribed in "Bijlage iii, Sterkte en veiligheid regeling primaire waterkeringen 2017"[18]. The first step is a check
to determine if a dike section is sensitive to piping, this is the elementary assessment. If a section is sensitive
to piping the section is subjected to a detailed assessment. In this detailed assessment, the three main stages
of piping (uplift, heave and progression) are checked on their probability of occurrence.

Elementary assessment
In the elementary assessment, the dike section is checked on its piping sensitivity. Multiple characteristics of
the dike section are assessed on their presence or absence. The check consists of 5 steps:

Step 1: Is the flood defence a dike or a dam?
Step 2: Is the dike or dam made of clay on a sandy foundation?
Step 3: Does the subsoil consist of only natural elements?
Step 4: Does the dike or dam suffices the time-dependency conditions?
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Step 5: Does the dike or dam geometry suffices the geometry conditions?

If all these questions can be answered with "YES", the assessment can continue to the detailed assessment.
If one of the first three questions can be answered with "NO", the dike section is not sensitive to piping. If
the last two questions are answered with "NO"1, the dike sections must be assessed with a "situation specific
assessment" or "toets op maat". This "situation specific assessment" is an assessment, specifically designed
for this dike section.

Detailed assessment
In the detailed assessment, the failure probability of a dike section for piping is determined by combining the
lowest failure probabilities of the three main mechanisms(uplift, heave and progression). How these failure
probabilities are determined will now be explained.

Uplift
The failure probability for Uplift is calculated using a stability factor Fu . This factor is calculated by dividing
the critical head difference across the dike ∆φc,u by the occurring head difference across the dike ∆φ. The
translation from the stability factor to the failure probability will not be addressed, but can be seen in "Bijlage
iii, Sterkte en veiligheid regeling primaire waterkeringen 2017"[18]. The critical head difference can be seen
as the resistance against uplift and the occurring head difference as the load. The critical head difference is
calculated according to eq. (3.5).

∆φc,u = Dbl anket · (γsat −γw ater )

γw ater
(3.5)

In which:
Dbl anket = Blanket thickness [m]
γsat = Saturated unit weight of the blanket [kN /m3]
γw ater = unit weight of water [kN /m3]

The occurring head difference is calculated according to eq. (3.6).

∆φ= (h −hexi t ) · rexi t (3.6)

In which:

h = Hydraulic head at the outer side of the dike [m]
hexi t = Hydraulic head at the exit point(ground level) [m]
rexi t = Damping- or response-factor at exit point [−]

Heave
The failure probability for Heave is calculated using a stability factor Fh . This factor is calculated by dividing
the critical heave gradientic,h by the calculated heave gradient i . The translation from the stability factor
to the failure probability will not be addressed, but can be seen in "Bijlage iii, Sterkte en veiligheid regeling
primaire waterkeringen 2017"[18]. The critical heave gradient is assumed to be 0.3 in the assessment. The
calculated heave gradient is calculated using eq. (3.7):

i = (h −hexi t ) · rexi t

Dbl anket
(3.7)

In which:

h = Hydraulic head at the outer side of the dike [m]
hexi t = Hydraulic head at the exit point(ground level) [m]
rexi t = Damping- or response-factor at exit point [−]
Dbl anket = Blanket thickness [m]

1The conditions for step 4 and 5 can be found in "Bijlage iii, Sterkte en veiligheid regeling primaire waterkeringen 2017"[18]
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Progression
The failure probability for Heave is calculated using a stability factor Fp . The stability factor for progression
is calculated using eq. (3.8):

Fp = ∆Hc

h −hexi t − rc ·Dbl anket
(3.8)

In which:

∆Hc = Critical head difference across the dike [m]
h = Hydraulic head at the outer side of the dike [m]
hexi t = Hydraulic head at the exit point(ground level) [m]
rc = Reduction factor for the exit head loss (=0.3, see intermezzo) [−]
Dbl anket = Blanket thickness [m]

Intermezzo: 0.3d-rule [13]
The hydraulic gradient used in the rule of Sellmeijer is reduced by a factor of 0.3 times
the thickness of the blanket(Dbl anket ) in situations with a covering layer (e.g. clay and
/ or peat) on a piping-sensitive sand or soil layer. By this reduction, The additional
resistance of the fluidized sand grains in the uplift channel is taken into account. This
reduction is known as the "0.3d-rule".

The critical head difference across the dike(∆Hc ) is calculated using the rules of Sellmeijer (eq. (3.1)).

Including foreshore in the safety assessment
Including a foreshore in the safety analysis has effect on the seepage length, which is included in the Sellmei-
jer formula. However, due to seepage through the foreshore and presence of dips, its length can not just be
added to the initial seepage length. Two aspects has to be examined in the use of the foreshore in the safety
analysis:

1. The presence of a possible entry point on the foreshore;
2. The representative foreshore length.

1. Presence of holes
In the analysis, the presence of holes on the foreshore must be determined. These holes could be dips or
waterways in the foreshore, where water penetrates through the foreshore into the aquifer or. If this is the
case, the seepage length has to be chosen from this entry point to the exit point.

2. Representative seepage length
In the safety analysis the representative seepage length is determined by use of fig. 3.3. In this figure, λ1 is the
representative foreshore length.

Figure 3.3: Determine the representative seepage length, foreshore[19]
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This representative foreshore length (λ1) is determined using the following formula:

λ1 =
√

khaq ∗Daq ∗ d f

k fv

(3.9)

In which:

khaq = horizontal hydraulic conductivity of the aquifer;
Daq = thickness aquifer;
d f = thickness foreshore;
k fv = vertical hydraulic conductivity of the foreshore.

Lseep f i c =λ1 ∗ tanh
L1

λ1
(3.10)

3.1.4. Historical piping cases in the Netherlands
In the Netherlands, no recent cases of dike failure due to piping occurred, although signs of pipe formation
were observed in the form of sand boils. In the Netherlands, three dike failures due to piping are known and
documented [9, 13]:

• Dike breach at Nieuwkuijk (1880)
• Dike breach at Tholen (1894)
• Dike breach at Zalk (1926)

The three dike failures are documented by laymen, unaware of the phenomenon piping. Piping was also
not known at that time, the information about these cases is therefore questionable and is therefore not ex-
plained in more detail[9, 13].

Figure 3.4: Ringing of a sand boil[20]

Other cases in the Nether-
lands do not describe fail-
ure due to piping, but de-
scribe the formation of sand
boils. During the high wa-
ters of 1993 and 1995, around
300 sand boils were observed
along the main rivers (Rhine,
Waal, IJssel and Meuse)[9].

In 1993, high discharges through
the Rhine and Meuse caused
extremely high waters in the
rivers. At around 120 places,
sand boils were noticed: 40
along the Rhine, 40 along the
Waal, 30 along the IJssel and
10 along the Meuse. As no
dike failed, the sand boils
didn’t indicate a failure situa-
tion. This also due to the effectiveness of emergency mitigation measures, like boil ringing (see fig. 3.4)[20].

In 1995, extremely high water levels occurred again. The water level of the Meuse was lower than in 1993,
but the water level of the Rhine was higher. Sand boils, noticed in 1993, returned and some more were no-
ticed. Around 180 sand boils were noticed during this high water. Most of them along the Rhine, Waal and
Lek. Just like in 1993, no failures occurred, as emergency measure were taken to prevent dangerous situations
[21].
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3.2. Variabilities in the subsoil
In soils, lots of variabilities are present at different scales. Not only the composition of the soil can differ
from place to place, also the characteristics of the soil can vary throughout a soil layer. In this part, some
variabilities of the subsoil below a dike are explained.

3.2.1. Heterogeneity
Heterogeneity is a very wide concept. In general is the heterogeneity of a material referred to as non-uniform
in the composition or one of the characteristics of this material.
In this case, large scale heterogeneity is referred to as a inhomogeneous composition of the subsoil. A hetero-
geneous subsoil is defined as a soil with two or more elements or layers. The soil in these layers or elements
vary in characteristics. Small scale heterogeneity is referred to as varying characteristics throughout the same
soil type. This can, for example, mean grain size differences in a soil type. A heterogeneous subsoil can,
because of large and small scale heterogeneities, have more than one variation.

3.2.2. Anisotropy

Figure 3.5: Anisotropy and Heterogeneity [22]

When an element or body is anisotropic, it means that it
has directional-dependent properties [13]. In this thesis,
anisotropy is referred to as the directional difference of the hy-
draulic conductivity in a soil element or layer. The two direc-
tions which are dominant in this thesis are the vertical and hor-
izontal direction.

Anisotropic behaviour is therefore defined as an inequality in
the horizontal and vertical component of the hydraulic con-
ductivity.

Anisotropy, as defined above, is governed by the placing of the
soil particles. As most of the particles are not perfect spheres,
but prismatic, columnar or plate-shaped particles, the place-
ment orientation affects the hydraulic conductivity [23]. Soil is
mainly deposited by sedimentation processes, this sedimenta-
tion causes the particle arrangement to be more parallel than random[24]. From this, in combination with
the fact that during sedimentation particles tend to land on their flat side, it can be concluded that the hori-
zontal hydraulic conductivity is higher than the vertical hydraulic conductivity.

Anisotropy on a small scale can lead to anisotropy on a large scale. A subsoil, composed of multiple soil
types can be anisotropic, even though most of the layers are isotropic. The magnitude of anisotropy of a sub-
soil therefore depends on the spatial variations in the subsoil, as well as the soil types composing this subsoil.
In addition, the weight of the overlying material, the "geostatic pressure", tends to reduce the hydraulic con-
ductivity with depth [13].

The anisotropic conditions of a soil type are not very well known. Anisotropy is expressed in an anisotropy
coefficient, dividing the horizontal hydraulic conductivity by the vertical hydraulic conductivity. In literature
ranges are given, but no clear numbers. The value for the anisotropy coefficient, clearly, depends on the soil
type. Soil types with more rounded particles, like sand and gravel, will have a lower coefficient than soils with
plate-shaped particles, like clay. The choice for the anisotropy coefficient for the different soil types will be
addressed later.

3.3. Subsoil study
3.3.1. Introduction
In this section the Dutch subsoil will be examined. The composition of the subsoil of the regions useful for
this thesis will be analysed. This composition must be known to create models which are representative for
the situation in practice. In this part, the areas of interest are the main river, lakes and coastal areas. As
this thesis focusses on piping, the first 30-40m of the subsoil is of interest. The first 30-40m of the subsoil is
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determined by Pleistoceen and Holocene deposits, on these will be focussed in this section.

3.3.2. Dutch subsoil

Figure 3.6: Parent material in the Netherlands [25]

As stated in the introduction, flood defences are present near
the coast, rivers and lakes. The subsoils in these areas are dif-
ferent due to their deposition. To make a distinction between
the different areas in the Netherlands, a classification in made
based on the parent material. Parent material is the upper layer
of sediment. The different parent materials in the Netherlands,
as can be seen in fig. 3.6, are:

• Fluviatile clay
• Marine clay
• Sand
• Peat
• Loess (Löss)

For the areas of interest, fluviatile clay and marine clay are the
most important parent materials.

Fluviatile clay
Fluviatile clay formations consist mainly of sand and clay

deposited by the rivers Rhine, Meuse and IJssel. For the fluvi-
atile clay district, two distinctions can be made based on their
origin: the Meuse valley and the River lands. In both these areas
the lower subsoil is dominated with coarse sand deposits from
the Pleistoceen, these are linked to the Kreftenheye formation [26]. Locally also deposits of peat and loam can
be present, these are deposited in the Boxtel formation [27], but in general it can be assumed that the lower
subsoil consist of pleistoceen coarse sand.

Figure 3.7: Holocene Formations [25]

For the Meuse Valley the subsoil mainly consists of sand,
which gradually becomes finer going upward. In the Meuse
Valley are also gravel deposits below a thin layer of sand are
present [28]. The Meuse Valley is determined by deposits in the
Beegden formation [29].

For the River lands the subsoil is determined by the for-
mations of Echteld [30] and Naaldwijk [31]. However, the
Naaldwijk formation is more a marine than a fluviatile for-
mation. This also implies that the River Lands, as exam-
ined here, do not cover the whole area of the main rivers,
but only cover the area of the Echteld formation, as can be
seen in fig. 3.7. The River Lands subsoil is governed by
fine to medium sand deposits with, locally, thin layers of
clay.

Marine clay
The subsoils in the marine clay area consist mostly of

Holocene deposits by the North Sea. Below the Holocene deposits, Pleistoceen deposits of coarse sand are
present. As in fig. 3.7 can be seen, the main formation is the Naaldwijk formation [31]. Locally, the Nieuwkoop
formation [32] is present. The Naaldwijk formation mainly consists of fine sand to heavy clay deposits. As the
Naaldwijk formation covers a large area, variations are present in this area. To make a distinction based on
the location, the Naaldwijk formation district is divided in the following regions:

• The Delta area: covering the south-west part of the Netherlands
• The IJsselmeer area: covering the area around the IJssel lake
• The Waddenzee area: covering the north east part of the Netherlands along the Wadden Sea
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3.3.3. Soil samples
To verify the compositions of the soil as described above. Soil samples are analysed. These samples are
collected from ’Dinoloket’ [33]. To have a good view of the subsoil, the samples had to be at least 20m below
ground level and had to be on or very close to the dike. To give an image, the following samples are taken for
the following areas:

• Fluviatile clay district:

– Meuse Valley
– River Lands
– IJssel

• Marine clay district:

– Delta
– IJsselmeer
– Waddenzee

Figure 3.8: Sampling of the different areas

The sample locations can be seen in fig. 3.8. The samples
itself can be seen in appendix B. From these samples it can be
concluded that the descriptions above meet the situations in
practice, as the layers, described above, are indeed present in
the samples. The samples contain all sorts of different layers
and are very different, but looking at the general trend of these
samples, it can be concluded that the above described compo-
sitions are indeed a representation of the situation in practice.
The problem, however, is that the samples are taken at one lo-
cation. To translate the samples to a cross section, assumptions
for the progression of the layer through the subsoil are needed.
The development of the models and therefore the cross sec-
tions will be explained at a later stage in this thesis.

3.3.4. Soil characteristics
In the previous section (3.3.3), samples of the subsoil are exam-
ined. In this part the different soil in these samples are named
and are characterized, as the characteristics of the soil types are
important in modelling the subsoil. In the samples, the follow-
ing soil types are distinguished [33]:

• Gravel
• Sand

– Coarse sand
– Medium sand
– Fine sand

• Clay

– Clay
– Clayey sand or sandy clay

• Peat

Because soil is more variate than the variations named above, the characteristics of the different soil types
will be given as a range of values. As not all the soil characteristics are needed in this thesis, only the charac-
teristics needed for the models will be discussed. For the models (in D-Geo Flow) the following soil charac-
teristics are needed:

Horizontal hydraulic conductivity Kx [m/d ay]
Vertical hydraulic conductivity Ky [m/d ay]
Particle diameter D70 [m]
Porosity n [−]
Compressibility α [m2/N ]
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As the horizontal hydraulic conductivity is, mostly, named as the hydraulic conductivity, the vertical hy-
draulic conductivity is mostly undefined and chosen as the same as the horizontal hydraulic conductivity.
However, this thesis focusses, partly, on the influence of the anisotropy. Therefore the hydraulic conductivity
will be named as one (the horizontal component) and a anisotropy coefficient (C A = Kx

Ky
) will also be discussed

as a soil parameter. As the vertical hydraulic conductivity is dependent on both the horizontal hydraulic con-
ductivity and the anisotropy coefficient it will from now on not be named as a separate characteristic.

The sources and the different values of the soil characteristics can be seen in appendix C. In the following
a summary and conclusion of this research to soil characteristics is given.

Summary
The characteristics for the soil types which will be used in the models are based on different literature. As

the literature mainly gave ranges of values, the chosen characteristics are an assumption. For this thesis it is
chosen to determine all the values by assumptions based on literature except for the hydraulic conductivity.
As this is the most influential characteristic. The characteristics of the different soil types can be seen in the
table below:

Table 3.1: Summary soil characteristics

Soil types Hyd. conductivity Particle diameter Porosity Compressibility
- K - [m/d ay] D70 - [m] n - [−] α - [m2/N ]
Gravel 50.0-100.0 1.5∗10−2 0.30 1.0∗10−8

Coarse sand 20.0-50.0 1.0∗10−3 0.39 1.0∗10−7

Medium sand 5.0-20.0 3.0∗10−4 0.39 1.0∗10−7

Fine sand 1.0-5.0 1.5∗10−4 0.39 1.0∗10−7

Clayey sand/Sandy clay 0.1-0.5 2.0∗10−5 0.40 -
Clay 0.002 - 0.15 2.0∗10−6 0.41
Peat 1.0 - 5.0 - - -

The characteristics in this table, based on the literature, must be applied to the models made in D-Geo
Flow. However, in D-Geo Flow, not all values for the different characteristics are allowed. In the user man-
ual [34] the ranges for the different characteristics are given. For the relevant characteristics these are sum-
marized in table 3.2. Instead of the hydraulic conductivity, the intrinsic permeability is used. The relation
between the hydraulic conductivity (K)[m/d ay] and the intrinsic permeability (κ)[m2] is: K = 3600∗24∗κ

1.35∗10−7 .

Table 3.2: Characteristics ranges in D-Geo Flow

Parameter Particle Diameter Intrinsic permeability Hydraulic conductivity Porosity Compressibility
Symbol D70 κ K n α

Minimum 1∗10−4 10−16 6.40∗10−5 0.20 10−10

Maximum 8∗10−4 10−6 6.40∗105 0.90 10−5

Combining the values from the literature and the allowed values from the user manual, the values which
will be used in the models can be seen in table 3.3.
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Table 3.3: Summary definitive soil characteristics

Soil types Hyd. conductivity Particle diameter Porosity Compressibility
- K - [m/d ay] D70 - [m] n - [−] α - [m2/N ]
Gravel 50.0 - 100.0 8.0∗10−4 0.30 1.0∗10−8

Coarse sand 20.0 - 50.0 8.0∗10−4 0.39 1.0∗10−7

Medium sand 5.0 - 20.0 3.0∗10−4 0.39 1.0∗10−7

Fine sand 1.0 - 5.0 1.5∗10−4 0.39 1.0∗10−7

Clayey sand/Sandy clay 0.1 - 0.5 1.0∗10−4 0.40 1.0∗10−6

Clay 0.002 - 0.15 1.0∗10−4 0.41 1.0∗10−6

Peat 1.0 - 5.0 2.0∗10−4 0.50 1.0∗10−6
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Case selection and standard model set-up

Figure 4.1: The river Lek ([35])

As described in the approach, the influence of the foreshore
and heterogeneities in the soil is searched for by use of case
studies. From these cases, scenarios will be modelled in D-
Geo Flow. In this chapter a general introduction into the case
choice, the cases and the standard model set-up is given.

4.1. Case introduction: Lekdijk
The Lek is a branch of the Rhine, flowing through the mid-
dle of the Netherlands, as can be seen in fig. 4.1. The Lek is
located in the River Land and continues the Nederrijn west-
erly and is followed by the Nieuwe Maas. The river is part
of the main steam of the Rhine. The water levels of the
Lek are therefore directly dependent on the discharge of the
Rhine.

As the Lek is located in the River Lands, soil compositions typ-
ically for this area, as described in section 3.3 can be expected along the Lek: A Pleistoceen coarse sand layer,
covered by Holoceen medium to fine sands with a gradually fining in upward direction and thin layer(s) of
clay and peat. From the soil sampling it can be concluded that this assumption is right.

Along the Lek, three cases are chosen for this thesis. The cases are chosen based on the available data and the
relevance for this thesis, as a foreshore must be present. The cases which will be evaluated are:

1. Salmsteke (DP15,102);
2. Honswijk (DP44,225);
3. Den Oord (DP44,154).

Figure 4.2: Location of the case studies along the Lek
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The location of these cases can be seen in fig. 4.2. At the location of these cases a safety analyses is done.
Some assumptions from these analyses is used in this thesis and the results are used as comparison material.
In the safety analysis the following values are used:

Table 4.1: Input characteristics of the safety analysis and the result (Crit. Head) of the safety analysis

Case Seep. length Thick. aq. Hyd. cond. aq. Part. diam. Crit. head
[m] [m] [m/d ay] [m] [m]

Salmsteke 58.09 40.83 22 1.63∗10−4 3.09
Honswijk 121.72 55 45 2.00∗10−4 4.31
Den Oord 100.82 50 40 2.00∗10−4 3.89

In the safety analysis these cases were assessed following the standard pipint safety analysis in the Nether-
lands, see section 3.1.3. For each case counts that the strength against piping was insufficient. The result in
terms of critical head from the safety analysis can be seen in the last column of table 4.1.

4.2. Standard model set-up
In this section the standard models per case will be set-up. Standard characteristics for the models will be
chosen, geometry determined and boundary conditions defined.

4.2.1. Standardization of the cases
From the safety analysis it became clear that all the case sections do not fulfil the current standards. The
influence of the foreshore and heterogeneities is determined for standardized models. In these standardized
models the hydraulic conductivity, the thickness of the aquifer and the grain size are chosen to be equal for
all the case sections.

Thickness of the aquifer
For the thickness of the aquifer 30m is chosen. This 30m is chosen, because by the verification by Stoop(2018)[13],
based on the findings of Robbins and van Beek(2015)[36], it became clear that for this depth the model is valid.

Hydraulic conductivity of the aquifer
The hydraulic conductivity is chosen to be 20 m/d ay . This value is chosen based on the report by Deltares
[37]. The values for the hydraulic conductivity is chosen just above the average of the median values for dike
section 15. As dike section 15 contains the Salmsteke case and is located next to the dike section of the other
cases, this value is assumed to be a good representation on these locations.

Grain size of the aquifer
The grain size, the D70, is 0.0002m and this is equal to the values of the grain size of the cases at Honswijk and
Den Oord and is a usual used value for the grain size in the piping safety analysis.

With the assumptions for the parameters above, the cases are standardized. The result from the safety analy-
sis is also changed, as the input parameters are changed. The "new" results according to the approach of the
safety analysis, the Sellmeijer formula, can be seen in column 4 of table 4.3.

4.2.2. Boundary conditions
The boundary conditions in D-Geo Flow models describe the influence of the surroundings around the
model. In Stoop(2018)[13] an explanation of the different boundary conditions is given. As the approach
for the models in this thesis is similar to the models used by Stoop(2018), the same boundary conditions will
be assigned. An overview of the assigned boundary conditions in the models can be seen infig. 4.3.
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Figure 4.3: Standard boundary conditions which will be used for all models, a detail is shown for the exit point configuration

The boundaries in fig. 4.3 are:

Table 4.2: Standard model Boundary Conditions

Line Boundary condition type
A-B-C-D Submerged Boundary
D-E-F Seepage Boundary
F-G Constant Head Boundary 1

G-H-I Seepage Boundary
I-J Constant Head Boundary
J-K-L-M-N-O-A No-Flow Boundary

The two boundary conditions where input is needed are the Submerged boundary condition and the
Constand head boundary conditions. For the Submerged boundary condition the input changes with every
model. The only thing held constant with this boundary condition is the increase in head per time step. The
step size is chosen to be 0.1m/time-step. This means when an increase in head of 10m is chosen, 100 time-
steps have to be done. To limit the calculation time, the minimum amount of steps is chosen to be desirable.
But as the exact critical head is unknown, this can be an iterative process. If the model is overloaded (a much
higher head is chosen than the actual critical head), the model gives no wrong answers, this is due to the
instantaneous connection between the head along the pipe and the applied head (see [34]).

The constant head boundary is chosen at ground level to create no other effect on the result. This means
that water is free to flow out of the exit point.

4.2.3. Geometry of the model
In Stoop(2018)[13] it is already stated that the length of hinterland is of influence on the result. As stated in
Stoop(2018), the influence is minimized when the hinterland length is sufficient. The influence of the hinter-
land is minimized when the distance is at 4 times the thickness of the aquifer, as the aquifer is standardized
at a depth of 30m, the hinterland should be at least 120m.

The exit configuration, as can be seen in fig. 4.5 is taken from Stoop(2018). Stoop looked at the differences
when the exit configuration is changed. This was of very little influence, so this configuration is chosen to be
governing.

Blanket and levee geometry, the parts "above" the pipe are of minor influence on the critical head result,
as Stoop concluded. To limit the influence they have to be impermeable. The hydraulic conductivity is there-
fore, similar to the findings of Stoop chosen at 0.002m/day. The height of the dike is chosen differently per
case and the height of the blanket is chosen to be 0.5m.

The only residual geometry parameter is the seepage length (or in D-Geo Flow the pipe length). The seepage
length follows from the safety analysis from the cases and is, thereby, for each case different. An overview of
the seepage lengths which are used in the safety analyses can be seen in table 4.1.

1A heave boundary could be used, but in the comparison with the results from the models with the Sellemijer formula results, an addi-
tional calculation step must be done. It is therefore chosen not to use a heave boundary. Next to that requires D-Geo Flow the advanced
computations for a heave boundary, increasing the calculation time for the computations.



22 4. Case selection and standard model set-up

4.2.4. Model set-up and validation
Now the geometry, the standardized soil characteristics and the boundary conditions are known, the standard
models can be set up. As the models of the different cases are very similar, except for the seepage length and
dike height, only one standard model is depicted below(Salmsteke). The exit configuration is the same for
each case.

Figure 4.4: Standard model in D-Geo Flow for the Salmsteke case, overview

Figure 4.5: Standard model in D-Geo Flo for the
Salmsteke case, exit configuration

The validity of the standard models is checked ac-
cording to the approach in the safety analysis, with the
Sellmeijer formula. In the table below the old results
from the safety analysis are depicted next tot the results
of the standardized models and the new results accord-
ing to the safety analysis. In the last column the dif-
ference between the results according to the safety anal-
ysis and the results from the standard models is de-
picetd.

As can be seen in table 4.3 the differences between the re-
sults from the standard model and the results from the Sell-
meijer rules are very small. From this it can be assumed that
the standard model can be used as a representation of the
approach according to the safety analysis, based on the Sellmeijer formula.

Table 4.3: Difference Safety Analysis-Standard Model and results from Sellmeijer

Case: Saf. ana. result(old) Std. models result Validity check on standard model (new)
Critical head [m] Critical head [m] Critical head [m] Difference with std. model

Salmsteke 3.09 3.40 3.37 0.03 m
Honswijk 4.31 6.2 6.27 0.07 m
Den Oord 3.89 5.3 5.42 0.12 m
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Introduction

The foreshore is an elevated piece of land, next to a water body and outside of the dike protection area. This
means that during high water levels on the river, the foreshore could be flooded. From safety point of view it
is the area which is unprotected. As the foreshore is a higher elevated piece of land than the river bed it, most
likely, covers the aquifer, but it is uncertain whether the foreshore seals the aquifer. Therefore more research
on the influence of a foreshore on piping is useful.

The foreshore research in this Thesis is conducted two ways. First a general research is conducted to un-
derstand how and to what extend a foreshore can influence the critical head result. Secondly a case study
research is conducted at the case study locations determined in section 4.1. In this case study research, local
foreshores will be modelled and analyses will be done to determine the influence of variations of and on the
foreshore on the critical head result. After the case study research, the application of the general research on
the cases will be checked.
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General Foreshore research

5.1. Introduction
To give a general advise about the use of the foreshore in the safety analysis, a general research is conducted.
The conclusions from this general research will be applied and verified with the case studies in the next chap-
ter. In this chapter the effects of the foreshore with respect to its resistance and length on the critical head
result are searched for.

5.2. Standard model and approach
To search for the effects of the resistance and length of the foreshore, a standard model is created. This
standard model is then varied to give some insights in the effects. The standard model is the basic set-up
as is mentioned before in this report, with the following characteristics:

• The aquifer is 30m thick;
• The hydraulic conductivity of the aquifer is 20 m/day;
• The seepage length, without foreshore, is 50m;
• The exit configuration is similar to fig. 4.5.

Figure 5.1: Schematic cross-section of the varied foreshore length, not on scale, river located on the left

To search for the effects of the resistance and the length, the foreshore length is varied from 50m to 250m
with steps of 50m, see fig. 5.1. For each step the resistance of the foreshore is varied. This variation gives,
per foreshore length, a graph in which the increase in critical head, in percentages, can be seen. In this way,
the increase in critical head can easily be determined when the foreshore characteristics are known. The
resistance of the foreshore is determined by the following formula:

c = D f or eshor e

K f or eshor e
(5.1)

As the hydraulic conductivity of the foreshore cover layer K f or eshor e can be varied more easily than the
cover layer thickness, the cover layer thickness D f or eshor e is held constant. It must, however, be verified that
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if the c value is constant, but the combination of cover layer thickness and hydraulic conductivity is different,
the model gives the same results. The results of the verification can be seen below:

Table 5.1: Verification of influence of varying combinations of the foreshore thickness and hydraulic conductivity on the critical head
result

Cov. Lay. thickness D Hyd. cond. Cov. Lay. K Resistance c Critical head
0.5 m 0.002 m/day 250 days 5.30m
1.0 m 0.004 m/day 250 days 5.30m
2 m 0.008 m/day 250 days 5.20m
4 m 0.016 m/day 250 days 5.20m

As can be seen in table 5.1 the differences between the configurations are not significant, it can be as-
sumed that the c-value, independent of the combination of D and K, gives a steady outcome.

The model with a seepage length of 50m and no foreshore, gives a critical head result of 3.0m, this is the
reference level for the computations with the foreshore.

For the computations, the c-value is varied from 2000 to 0.025 days. It is assumed that the foreshore re-
sistances in reality will fit in this range. The boundaries can be determined by the standard model and the
Sellmeijer formula. The lower boundary represents the case without foreshore, where only the initial seepage
length contributes to the critical head result, which is 3.0m. The lower boundary is determined by the stan-
dard model with a seepage length of 50m and no foreshore. The upper boundary is the boundary in which
the foreshore is incorporated in the seepage length. The upper boundary results are calculated by use of the
Sellmeijer formula. A summary of the boundaries can be seen in table 5.2. The results of the research can be
verified with these boundaries.

Table 5.2: Lower and upper boundaries from the foreshore model computations (see fig. 5.1). Lower boundaries are calculated with the
standard model, upper boundaries are calculated with the Sellmeijer formula

Foreshore length[m]: Seepage length[m]: Lower bound. in crit. head [m] Upper bound. in crit. head [m]
50 100 3.0 5.4
100 150 3.0 7.7
150 200 3.0 10.0
200 250 3.0 12.2
250 300 3.0 14.4
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5.3. Results
The computations in D-Geo Flow with the different foreshore lengths give the results depicted in fig. 5.2. It
is good to notice that the Lvoor in the graph is the foreshore length, this is not the total seepage length as the
initial seepage length of 50m has to be added to the foreshore length. The results are depicted in the graph
below (fig. 5.2). The numerical results can be seen in appendix F.

Figure 5.2: Results of the general foreshore research in terms of increase in critical head with respect to the standard model, with a
starting seepage length of 50m

5.4. Analysis
The graph, as can be seen in fig. 5.2, is the visual representation of the results in table F.1 and table F.2 in
appendix F. To conclude on these results, they have to be analysed. This will be done in this section.

As explained before, the results could be tested against the "expected boundaries", calculated with the Sell-
meijer formula, which can be seen in table 5.2. The results from the computations are compared with these
boundaries, to see if they are similar. The results for low resistances are located on the L0-line, this indicated
that the results are in line with the lower boundaries from table 5.2. The upper limit, as already explained is
not constant over the different seepage lengths. As the graph only shows the increase in critical head, the ab-
solute value has to be extracted from table F.1 in appendix F . The "expected" and the "computed" boundaries
are put next to each other in the table below (table 5.3). The difference is also shown in green if the difference
is less than 5% (which is assumed to be acceptable) and in red if the difference is larger than 10%.

Table 5.3: Comparison "expected"(Sellmeijer) and "computed"(D-Geo Flow) Lower and upper boundaries

Foreshore length Lower bound. expected- computed Upper bound. expected- computed
[m] (in crit. head) [m] (in crit. head) [m]
50 3.0 - 3.0 0% 5.4 - 5.3 1.9%
100 3.0 - 3.0 0% 7.7 - 7.8 1.3%
150 3.0 - 3.0 0% 10.0 - 10.0 0%
200 3.0 - 3.0 0% 12.2 - 11.9 2.5%
250 3.0 - 3.0 0% 14.4 - 14.1 2.1%

In table 5.3 it can be seen that the differences are very small, this means the computations are similar to
the expected results, calculated with the Sellmeijer formula. This, firstly, verifies the model, and , secondly,
shows that the Sellmeijer formula can be applied on the cases with a foreshore if the foreshore conditions are
similar to the the boundary limit conditions.
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It also becomes clear that the "zone of influence", the range in which the largest variability can be seen, is
from ± 2.5 to ± 100 days. Outside this zone, the results are more or less constant. A foreshore will, most likely,
have a resistance in the same order.

The differences between the results for other foreshore lengths are for resistances smaller than 2.5 days very
small, even almost 0. This means that for resistances of 2.5days and smaller, the effect of the foreshore length
is negligible. However, a small increase in comparison with the L0-line can be seen.

The diverging differences in results with increasing resistance, is due to the effect that the lower boundary
is the same for each foreshore length and the upper boundary is very variable due to the total seepage length
variation.

The graph as can be seen above is with a initial seepage length of 50m. To see if the effect of adding a foreshore
with several hydraulic conductivities is similar with a different initial seepage length, the same computations
are done, but with a initial seepage length of 100m. The results of these computations can be seen below
(fig. 5.3).

Figure 5.3: Results of the general foreshore research in terms of increase in critical head with respect to the standard model, with a
starting seepage length of 100m

As can be seen in the figure above, the similarities with fig. 5.2 are clear. However, the values are a lot
lower. This means that for different initial seepage lengths, the increase in critical head is also different. This
has to be taken into account in the application of the general research on the cases.
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Case study specific research

6.1. Geometry information
As the foreshore is an elevated piece of land next to the river with a certain height and thickness, these param-
eters are necessary to create a model. The first step in creating a foreshore model is to create a height profile
of the cross-sections at the case study locations.

Tp create the height profile of the cross-sections, the AHN is used. The AHN (Actueel Hoogtebestand Neder-
land) is a digital height map of the Netherlands[38]. The height map is created by laseraltemetry: Helicopters
and airplanes are used to fly over an area and map the height profile with a laser pointed at the surface, this
creates a detailed result. The last AHN measurement cycle is the AHN3, this cycle is started in 2014 and will
be finished in 2019. The area of interest, the area around the Lek, is mapped in 2014-2015. This means the
data is relatively up-to-date and therefore applicable in this Thesis. An overview of the AHN3 data for the area
of interest can be seen in fig. 6.1.

Figure 6.1: Height profile along the Lek

The foreshore geometry will be determined using the AHN. From the AHN data a cross-sectional height
profile is created at the locations of the cases. This cross-sectional height profile is then modelled in D-Geo
Flow. The modelling approach is explained further on in this Thesis. Per case a height profile is created from
the AHN and can be seen below. For clarity, the river side is located on the right side of the height profile,
where a rapid decrease in height can be seen.
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6.1.1. Foreshore geometry of Salmsteke
The cross-sectional height profile can be seen in fig. 6.2. This profile will be the base of the foreshore model.

Figure 6.2: Cross-sectional height profile of Salmsteke, river is located at the right

As the model requires a horizontal separation between the foreshore cover layer and the aquifer, a lower
boundary level for the foreshore cover layer must be chosen, this is the horizontal separation line between
the foreshore cover layer and the aquifer. For the model, a separation level of NAP+1m is chosen, this is the
lowest point in the cross-sectional height profile.

6.1.2. Foreshore geometry of Honswijk
The cross-sectional height profile can be seen in fig. 6.3. This profile will be the base of the foreshore model.

Figure 6.3: Cross-sectional height profile of Honswijk, river is located at the right

The horizontal separation level between the foreshore cover layer and the aquifer is chosen to be at
NAP+2.25m. This is the lowest point on the foreshore.

6.1.3. Foreshore geometry of Den Oord
The cross-sectional height profile can be seen in fig. 6.4. This profile will be the base of the foreshore model.

Figure 6.4: Cross-sectional height profile of Den Oord, river is located at the right

The horizontal separation level between the foreshore cover layer and the aquifer is chosen to be at
NAP+3m. This is the lowest point on the foreshore.
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6.2. Modelling the foreshore
6.2.1. Introduction and assumptions
Before the models can be set-up some assumptions must be done. As already explained, the foreshore will
be added to the standard models, as introduced in section 4.2. In section 6.1 it was already explained that
the foreshore cover layer is separated from the aquifer by a horizontal line. The level of this separation line is
already determined.

For the geometry of the foreshore, linear interpolation between two points is used in D-Geo Flow. As input,
D-Geo Flow requires boreholes, consisting the local soil information and heights. The geometry of a model
in D-Geo Flow is the result of interpolation between these boreholes. To create a representative model, the
boreholes are chosen at the locations where rapid changes in height can be seen.

In the cross-sectional height profiles of the cases, see fig. 6.2 to fig. 6.4, holes can be seen on the foreshore. At
the location of these holes, the cover layer on the foreshore is not present or thin. These holes define, in the
models in D-Geo Flow, the possibilities where a pipe could form. As a first assumption, the holes are assumed
to reach to the aquifer, so no foreshore cover layer is present. This is, however, a first assumption and will be
analysed in more detail. As the exact geometry of a hole is hard to determine from the AHN data, it is, for now,
assumed that the geometry is similar to the geometry of the exit point in the standard model (see fig. 4.5).

As the composition of the foreshore is still unknown, assumptions have to be done for the hydraulic con-
ductivity and the grain size. As the foreshore, most likely, is formed by river deposits in low flow velocity
areas, the deposits are fine grained and not very permeable, therefore a hydraulic conductivity of 0.1m/day is
assumed. The influence of the hydraulic conductivity of the foreshore on the results is analysed later on. The
grain size is assumed to be 0.0002m.

Now the assumptions above are defined, the standard foreshore model per case can be set-up.

6.2.2. Standard foreshore models

Salmsteke standard foreshore model
To define the holes, the cross-sectional height profile must be analysed. In this profile, two "dips" in the
foreshore can be seen, these are the lowest points on the foreshore. Together with the location for the exit
point, the holes define the possible seepage lengths in the models. For this case the holes can be defined as
can be seen in fig. 6.20.

Figure 6.5: Cross-section of Salmsteke, pointing out the holes in the foreshore.

The corresponding seepage lengths with these holes can be seen in fig. 6.6. When no holes are present,
the distance between the exit point and the river is the seepage length, this is 300m. In the standard model a
foreshore hydraulic conductivity of 0.1m/day is used. A schematic figure of the standard foreshore model, in
which all the holes reach to the aquifer(are open), can be seen in fig. 6.6.
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Figure 6.6: Schematic representation of the standard foreshore model for Salmsteke, river located at the right, not on scale

Figure 6.7: Schematic representation of the detail from fig. 6.6, holes pointed out

Now the standard model is set-up, the first computation can be done. The result of the standard fore-
shore model will be used as a reference level. As the foreshore hydraulic conductivity is defined at 0.1 m/day,
there will be seepage through the foreshore into the aquifer, this will affect the result, which makes it hard to
compare the results with the Sellmeijer formula. The critical head result of the standard foreshore model is
4.8m.

Honswijk standard foreshore model
The holes in the foreshore for the cross-section of Honswijk are determined at the locations which can be

seen below, the arrows indicate the locations of the holes in the foreshore.

Figure 6.8: Cross-section of Honswijk, pointing out the holes in the foreshore

The corresponding seepage lengths of these holes are 105m and 125m. The distance between the river
and the exit point is 360m. The standard foreshore model can now be set up.

Figure 6.9: Schematic representation of the standard foreshore model for Honswijk, river located at the right, not on scale
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Figure 6.10: Schematic representation of the detail from fig. 6.9, holes pointed out

The critical head result of the standard foreshore model is 6.2m. This computation is done with the as-
sumption of the hydraulic conductivity of the foreshore of 0.1m/day.

Den Oord standard foreshore model
The holes on the foreshore for the cross-section of Den Oord are determined at the locations which can

be seen below:

Figure 6.11: Cross-section of Den Oord, pointing out the holes in the foreshore

The corresponding seepage length of the hole is 135m. The river side is located at 545m from the exit
point. The standard foreshore model set-up can be seen in fig. 6.12.

Figure 6.12: Schematic representation of the standard foreshore model for Den Oord, river located at the right, not on scale

Figure 6.13: Schematic representation of the detail from fig. 6.12, holes pointed out

The critical head result of the standard foreshore model is 7.5m. This computation is done with the as-
sumption of the hydraulic conductivity of the foreshore of 0.1m/day.
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The critical head results of the standard foreshore models are the base for the case specific foreshore research.
These results will also be the reference level for the research. Because the results of the standard foreshore
models differ from the results of the standard models from section 4.2, this difference is depicted below. The
results can be seen in table 6.1.

Table 6.1: Critical head results of the standard foreshore models(with holes) and the results from the standard model(no foreshore)

Salmsteke Honswijk Den Oord
Standard foreshore model [m]: 4.8 6.2 7.5
Standard model [m]: 3.4 6.2 5.3
Difference [m]: 1.4 0.0 2.2

6.3. Variations of the foreshore
6.3.1. Introduction
Modelling the foreshore leads to several assumptions, this decreases the certainty. To decrease the uncer-
tainty of the results, several assumptions are varied. In this section the variations will be named and a sen-
sitivity analysis is done to see what the effect of the assumptions is on the result. This improves the under-
standing of several components on the safety analysis. The results are expressed in an increase in critical
head with respect to the results of the standard foreshore models models from table 6.1

6.3.2. Variations in the models
As previously said, several assumptions in the modelling phase will be varied. The effects are determined by
a sensitivity analysis, this means wide ranges of values are used. In all the cases, the same variations are used
to create a good image of the effects on the results. The following variations are done:

1. Hydraulic conductivity of the foreshore;
2. Width of the hole on the foreshore;
3. Depth of the hole on the foreshore;
4. Silting up of the hole on the foreshore.

For the cases of Salmsteke and Honswijk, where two holes are present on the foreshore, the variations are
done for the first hole. However, two situations will be computed, variations hole 1, given hole 2 is open (as in
the standard configuration, see fig. 4.5) and variations given hole 2 is closed. In this case the hole is assumed
to be absent on the foreshore.

Good to note is that an open hole is a hole which creates an open connection of the surface with the aquifer.
So in case of an open hole, no resistance is present in the hole and the water can flow into the aquifer.

Hydraulic conductivity of the foreshore
In the set-up for the standard foreshore model, the hydraulic conductivity of the foreshore was assumed

to be 0.1m/day. To say more about the effect of variations in hydraulic conductivity of the foreshore, the value
of the hydraulic conductivity of the foreshore is varied with standard steps: 0.001 m/day - 0.01 m/day - 0.1
m/day - 1.0 m/day - 10 m/day.
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Width of the holes on the foreshore

Figure 6.14: Schematic figure of the width variation of the holes

The holes on the foreshore, as defined in sec-
tion 6.2.2, are in fact dips in the foreshore where
pools will be formed or a creek is present. As a first
assumption, the geometry of the holes is chosen to
be the same as the exit point geometry, so a width of
0.1m and walls of 0.1m wide. In reality the holes can
be much wider. The effect of the width of a hole on
the critical head result is searched for. As the width
of the holes is uncertain and it is even more uncer-
tain which width reaches to the aquifer, the bottom
width of the holes is varied. To limit the amount of
variations, the width and the slope of the walls are
not varied. The values the bottom width of the holes
is varied with is: 0.1m - 0.5m - 1.0m - 5.0m. the wide range of values result in a good understanding in how
bottom widths of holes on the foreshore affect the critical head result. As more than one hole can be present
on the foreshore, the effect of more holes will be examined.

Depth of the holes on the foreshore

Figure 6.15: Foreshore variations

(a) Schematic figure of the depth variation in the entry points

(b) Schematic figure of the silting up variation in the entry points

The assumption for the standard model was
that the holes reach to the aquifer. As it is un-
certain whether this is actual true, the effects of
less deep holes are searched for. To search for
this effect, the depth of the holes is decreased as
an percentage of the initial depth of 0.5m, so for
10% - 25% - 50% - 75%. The material in the
holes is the same as the cover layer on the fore-
shore, with a hydraulic conductivity of 0.1m/day.
As more than one hole can be present on the
foreshore, the effect of more holes will be exam-
ined.

Silting up of the holes on the foreshore
The phenomenon of silting up is added to the

sensitivity analysis by expert judgement. When wa-
ter is flowing over the foreshore, the flow velocity
can be very low, as the river flowing area is very wide.
When the flow velocity drops, sediment is deposited
on the foreshore. This sediment, or silt, can be de-
posited in the holes and seal the aquifer, this can in-
fluence the critical head result. A range of silt de-
posit thickness is added. The range is: 0.05m - 0.10m - 0.15m -0.20m. The hydraulic conductivity of the silt
is assumed based on expert judgement and research on sediment deposits [39]. De Lange states in his article
that the hydraulic conductivity can be assumed as 0.001m/day. However, after consulting de Lange about the
case study locations, it is assumed that the hydraulic conductivity of silt is 0.01m/day.
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6.4. Sensitivity analysis
In the sensitivity analysis the effects of the above named variabilities are presented, explained and analysed.
The reference levels for the results from the analyses are the results of the standard foreshore models. This
standard foreshore model has the following characteristics (see section 6.2.2):

• The holes are "open";
• The bottom of the holes reach to the aquifer;
• The hole geometry is as described in fig. 4.5;
• The foreshore has a hydraulic conductivity of 0.1m/day.

The results of the standard foreshore models are:

Table 6.2: Standard foreshore model critical head results

Salmsteke Honswijk Den Oord
Standard foreshore model result: [m] 4.8 6.2 7.5

6.4.1. Hydraulic conductivity of the foreshore
The results are depicted as an in-/decrease in critical head with respect to the critical head result of the stan-
dard foreshore model (see table 6.2). In the configurations, the holes on the foreshore are open. To create an
image of the influence of the hydraulic conductivity of the foreshore on the critical head, the results, which
can be seen in appendix E.1, are plotted in the graph below.

Figure 6.16: Influence on the critical head result of the variation of the hydraulic conductivity
of the foreshore cover layer, in comparison with table 6.2. The red line indicated the standard

foreshore model, with a hydraulic conductivity of the foreshore cover layer of 0,1 m/day.

An increase in hydraulic
conductivity of the foreshore
cover layer means water can
flow with more ease through
this layer. Increasing hy-
draulic conductivities will there-
fore lead to a decrease in crit-
ical head. Decreasing hy-
draulic conductivity lead to
more resistance to flow through
the cover layer, which will
lead to an increase in critical
head. In fig. 6.16 this trend
can also be seen. It can how-
ever be seen that the graph is
not symmetrical for all three
cases.

An explanation for the asym-
metry can be found in the ge-
ometry of the foreshore. The
location and number of holes
in the foreshore, as well as the
thickness of the foreshore influence the results and thereby the shape of the graph. The results of the three
cases are explained separately.

In the Salmsteke case, two holes are present on the foreshore on a distance of 80m and 150m from the exit
point. The average thickness of the foreshore cover layer is around 2m. It can however be seen in fig. 6.20
that this thickness is very variable. In fig. 6.16, the results of Salmsteke are depicted with the blue line. It
can be seen that increasing hydraulic conductivity has more effect on the critical head result than decreasing
hydraulic conductivity. This can be explained by the fact that the holes on the foreshore are assumed to reach
to the aquifer. so water can penetrate into the aquifer via these holes. An increase in hydraulic conductivity
of the foreshore cover layer has more effect than a decrease, because with a decrease the water still reaches
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the aquifer via the holes. With an increase, this also occurs, but at a low hydraulic conductivity of the fore-
shore cover layer, the water also penetrates through this cover layer. The presence of holes limits the effect
of decreasing hydraulic conductivity more than it limits the effect of increasing hydraulic conductivity of the
foreshore cover layer.

For the Honswijk case, two holes are present on the foreshore at distances of 105m and 125m from the exit
point. The average thickness of the foreshore cover layer is around 1m. The same trend as for the Salmsteke
case can be seen. The effect of a decrease in hydraulic conductivity of the foreshore cover layer has less effect
than an increase. The above described influence of the presence of two holes in the foreshore define this dif-
ference in in-/decrease, as the presence of holes limits the effect of decreasing hydraulic conductivity more
than it limits the effect of increasing hydraulic conductivity of the foreshore cover layer.

In the case of Den Oord, where one hole is present on the foreshore at a distance of 135m from the exit point
and the average thickness is around 2m, a different trend can be seen than for the two other cases. This can
be explained by two things, the presence of only one hole and the absence of foreshore cover layer between
the dike and the hole, as can be seen in fig. 6.12. The absence of more holes cause a less asymmetric shape of
the graph above.

The different shapes of the lines in graph 6.16 are now explained. For Salmsteke and for Honswijk the same
explanation was found for the shape of the graph. However, it can be seen that the amount of in-/decrease
the two cases is different. This difference originates in the the position of the holes and the thickness of the
foreshore cover layer. As already said, the holes limit the effect of increasing/decreasing hydraulic conduc-
tivity of the foreshore. This effect is limited even more when the holes are located close to each other. In the
Honswijk case, the distance between these holes is very small compared to the distance which can be seen
in the Salmsteke case. The very low increase in critical head with decreasing hydraulic conductivity for Hon-
swijk can be explained by this fact. This also holds for the increase in hydraulic conductivity, but the thickness
of the foreshore cover layer strengthens this effect. Therefore a larger difference between the two cases can
be seen for an increase in hydraulic conductivity of the foreshore cover layer than for a decrease.
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6.4.2. Width of the holes on the foreshore
The variation in width of the holes in the foreshore cover layer will affect the critical head result, as the area
of contact of the outer water with the aquifer will change. For the cases of Salmsteke and Honswijk, two
holes in the foreshore cover layer were defined. In the introduction of this section it was explained that two
computations will be done if two holes are present on the foreshore:

1. Width variations of hole 1, given hole 2 is open;
2. Width variations of hole 1, given hole 2 is closed.

Good to note is that hole 1 is the hole most close to the dike, see fig. 6.7 and fig. 6.10. The influence of the
hole width variation for the three cases on the critical head result can be seen below. For the cases in which 2
holes were present on the foreshore, two lines are depicted.

In fig. 6.17 the influence of the hole width on the critical head result can be seen. As can be seen in the
graph the influence with an increase in width of 50x is only 8%, in comparison with the standard foreshore
model. In the graph it can be seen that the lines flatten. In other words: the increase in influence decreases
with increasing width. It can however be seen that for the case of Den Oord, the line flattens less than for the
other cases, which have more or less the same shape. This can be explained by the absence of a second hole
in the foreshore of Den Oord, which is present at Salmsteke and Honswijk.

Figure 6.17: Influence on critical head results of the variation of the hole width on the foreshore for the three cases, in comparison with
table 6.2

The influence of the second hole can be seen by comparing the two lines of Salmsteke or Honswijk. For
Salmsteke it becomes clear that the influence of the presence of the second hole is negligible. For Honswijk
it can be seen that closing the second hole leads to an increase in critical head. The difference between these
cases is explainable by the location of the two holes. As for Salmsteke the distance between the holes is very
large, resulting in hardly any influence of the second hole on the first hole. For Honswijk the holes are very
close to each other, resulting in more influence of the second hole.
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6.4.3. Depth of the holes on the foreshore
The depth of the holes will affect the result of the critical head, because of more resistance on the foreshore
against seepage into the aquifer. It was in the standard foreshore model assumed that the holes on the fore-
shore were "open", this meant the holes reached to the aquifer, resulting in an open connection between the
aquifer and the outer water.

For the cases of Salmsteke and Honswijk, two holes in the foreshore cover layer were defined. In the in-
troduction of this section it was explained that two computations will be done if two holes are present on the
foreshore:

1. Depth variations of hole 1, given hole 2 is open;
2. Depth variations of hole 1, given hole 2 is closed.

Good to note is that hole 1 is the hole most close to the dike, see fig. 6.7 and fig. 6.10. In the graph below, the
results for the depth variation of the hole on the foreshore can be seen. As said, for the cases of Salmsteke and
Honswijk, two computations are done.

Figure 6.18: Influence on critical head results of the variation of the hole depth on the foreshore for the three cases,in comparison with
table 6.2

In fig. 6.18 it can be seen that for all the cases, the same shape appears: A rapid increase with a little
decrease in depth, after which the increase remains constant for other variations. This means that if the
depth of a hole is a little bit decreased, the resistance in this hole is enough to resist the water from flowing
through this hole. Another way of explanation is that if a hole does not reach to the aquifer, the pipe will not
be formed at that location and the length of the pipe increases, leading to an increase in critical head. The
amount of increase is determined by the length at which a next possibility of pipe formation is present, so or
at the river side or at a next hole. This immediately explains the difference within the cases, as for an open
hole 2, the next possibility is relatively close by, in comparison with the case where this hole is also closed.
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6.4.4. Silting up of the holes on the foreshore
If a hole is silted up, a thin layer of silt is deposited in the hole. This thin silt layer increases the resistance
on the foreshore and will thereby affect the critical head result, as in the standard foreshore models the holes
were assumed to reach to the aquifer.

For the cases of Salmsteke and Honswijk, two holes in the foreshore cover layer were defined. In the in-
troduction of this section it was explained that two computations will be done if two holes are present on the
foreshore:

1. Silting up variations of hole 1, given hole 2 is open;
2. Silting up variations of hole 1, given hole 2 is closed.

Good to note is that hole 1 is the hole most close to the dike, see fig. 6.7 and fig. 6.10. In the graph below, the
results for the silting up variation of the hole on the foreshore can be seen. As said, for the cases of Salmsteke
and Honswijk, two computations are done.

Figure 6.19: Influence on critical head results of the variation of the silt deposit thickness in the holes on the foreshore for the three
cases, in comparison with table 6.2

From the graph above, the same can be concluded as from the depth variations of the holes. If a little
resistance is present in the holes, the critical head increases rapidly. After this rapid increase in critical head,
the critical head value remains constant. A little resistance in a hole, even only 5cm of silt, can cause a large
increase in critical head. The difference in the amount of increase for the different lines is the cause of the
location of the other possibility where a pipe can be formed from. This is or another hole in the foreshore or
the river.

6.5. Application general foreshore research on cases
6.5.1. Application
To see if the results from the general foreshore research can be applied on case studies, the results of the
general research chapter 5 are applied on the cases to see if the results from the case study research can be
approached. All the cases, if possible, will be used.

The generic research is based on a foreshore cover layer with no holes and a constant thickness. To com-
pare the results of the general research and the case study research, additional computations are done for the
cases with a situation where no holes on the foreshore are present. These results can be seen below:
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Table 6.3: Critical head results of the cases when no holes on the foreshore are would be present

Case: Salmsteke Honswijk Den Oord
Foreshore with no holes 6.2m 7.7m 9.8m

To compare these results, an assumption for the case study foreshore thickness must be done , based on
the geometry. The average, or representative, thickness must be determined to determine the representative
resistance of the foreshore.

Salmsteke case application
The Salmsteke case has an initial seepage length of 58.09m and a total seepage length(with foreshore

included) of 300m. The graph from the general research with the seepage length of 50m will be used to ap-
proach the case study result. The 250m line will be used, as the foreshore length (=total length - initial seepage
length) is around 250m.

The average thickness for the Salmsteke case is determined based on the AHN-height profile, see the figure
below.

Figure 6.20: Cross-section of Salmsteke with the holes and the river pointed out

As a first estimate, the foreshore cover layer thickness is determined on 1.5m. This will be evaluated later
on. As the foreshore hydraulic conductivity was assumed to be 0.1m/day, the resistance is determined at 15
days. When looking at fig. 5.2 at the 250m line at a resistance of 15 days, the increase in critical head should
be 140%. As the result of the standard model was 3.4m (see section 4.2), the result is expected to be 8.16m.
The result from the computation of the case foreshore without holes is 6.2m, see table 7.1. This is a difference
of 1.96m in critical head. As this difference is quite large, en explanation must be found.

The difference in critical head can be caused by several factors. One is the difference in initial seepage length,
the difference between between the initial seepage lengths for both computations is around 8m. When look-
ing at the two graphs from the general foreshore research, it can be concluded that an increase in seepage
length leads to a decrease in the increase percentage in critical head.

Another cause can be the choice of thickness of the foreshore. Another approach could be to choose the
thinnest part of the foreshore as representative thickness. This would result in a thickness of the foreshore
for Salmsteke of 0.5m, leading to a representative resistance of 5 days. According to the graph in fig. 5.2, the
increase in critical head would be 70%, this leads to a critical head of 5.8m, which underestimates the critical
head result from the case study.

Honswijk case application
The case study location at Honswijk gives an initial seepage length of 121.72m and a total seepage length

of 360m (foreshore included). This makes that the foreshore has a length of around 240m. The best choice of
graph from the general research for this case would be the graph with the initial seepage length of 100m and
a hydraulic conductivity of 20 m/day. The correct line which should be used is the 250m foreshore line.

The average thickness is estimated based on the AHN-height profile, which can be seen in fig. 6.21.
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Figure 6.21: Cross-section of Honswijk with the holes and the river pointed out

As the first estimate, an average foreshore cover layer thickness is chosen to be 1m. This will be evalu-
ated in a later stadium. As the hydraulic conductivity of the foreshore is 0.1m/day. The average resistance is
10days. Using the graph in fig. 5.3 and following the 250m foreshore line to a resistance of 10days, the increase
in critical head is 60%. The result of the standard model of Honswijk, which should be used as reference level,
was 6.2m (see section 4.2. An increase of 60% leads than to a critical head of 9.9m. From the results from
table 7.1, it can be seen that for a foreshore without holes in the cover layer, the result is 7.7m. An explanation
for this will be searched for.

Several factors can cause the difference in critical head. The initial seepage length was proven to be of large
influence on the increases in critical head. When comparing the graphs from the general research for 50 and
100m it can be concluded that with increasing initial seepage length, the increase in critical head decreases.
Because of the initial seepage length difference of 21.72m between the Honswijk case and the general re-
search the increase in critical head can be less.

Another cause can be a wrong estimation of the representative thickness of the foreshore. Previously the
average thickness was chosen to be the representative thickness. Another approach would be to choose the
thinnest part of the foreshore as representative. The thinnest part has a thickness of 0.5m, this would lead
to a foreshore resistance of 5 days. Looking at the graph in fig. 5.3, the increase in critical head for a 5 days
resistance is 40%. This would lead to a critical head of 8.7m, this also overestimates the result from the case
study.

Den Oord case application
The Den Oord case has an initial seepage length of the standard model of 100.82m and a total seepage

length, in which the foreshore is included, of 545m. Because of the computational choices in the general
research the maximal foreshore length was chosen to be 250m. The case of Den Oord therefore falls out of
the scope of the results of the general research. Comparing and drawing conclusion is therefore difficult and
would lead to uncertain answers. The Den Oord case is therefore not evaluated in the application.

6.5.2. Adjustment of the application of the general research on the cases
In the application of the general research on the cases it became clear that the results are different. These
differences in results are due to differences in initial seepage length and cover layer thickness. By empirical
ways an approach is developed to use the general research results to predict the influence of the foreshore in
cases, if it is in the scope of the general research (foreshore lengths to 250m).

The following problems arose in the application:

1. The initial seepage lengths are not similar. Initial seepage lengths have a large influence in the progres-
sion of the graphs;

2. The foreshore does not have a continuous thickness, therefore the representative foreshore cover layer
thickness is hard to estimate.

To come up with a solution to these problems, the following is suggested:

1. To solve the problem of different seepage lengths, a factor is added to the result. This factor, Cseep , is
the ratio between the initial seepage length from the general research and the initial seepage length

from the case study: Cseep = Li ni tg en

Li ni tcase
;

2. To solve the problem of the representative thickness, the increase of the critical head for the aver-
age thickness(average resistance) and for the minimum thickness(minimum resistance) is determined.
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This is translated to a critical head, by multiplying the initial critical head with the increase. This two
critical heads are then averaged to come up with the representative critical head.

This results in the following formula and input:

Hcrr ep =
Hcrcav

+Hcrcmi n

2
Hcrnew = Hcrr ep ∗Cseep

(6.1)

The parameters will be explained by using them on the cases:

Adaptation on Salmsteke
The average thickness of the Salmsteke case was 2.0m and the minimum thickness was 0.5m. With a

hydraulic conductivity of 0.1m/day, this leads to resistances of 20 and 5 days. Looking at graph fig. 5.2, this
gives increases in critical head of 140% and 70%. When these increases are added to the initial head of 3.4m,
the new critical head become 8.16 and 5.8m. The representative critical head then becomes:

Hcrr ep = Hcrcav +Hcrcmi n
2 = 8.16+5.8

2 = 6.98m

The next step is determining the Cseep , this is done in the following formula, using the case seepage length
of 58.09m and the general research seepage length of 50m:

Cseep = Lseepg en

Lseepcase
= 50

58.09 = 0.86

The final result then becomes

Hcrnew = Hcrr ep ∗Cseep = 6.98∗0.86 = 6.00m

The result of the formula above, 6.00m, is very close to the "desired" result of 6.2m from the computations
in table 7.1. The result slightly underestimates the result from the case study computation, which makes it a
safe estimation.

Adaptation on Honswijk
The average thickness of the Honswijk case was 1.0m and the minimum thickness was 0.5m. With a

hydraulic conductivity of 0.1m/day, this leads to resistances of 10 and 5 days. Looking at graph fig. 5.3, this
gives increases in critical head of 60% and 40%. When these increases are added to the initial head of 6.2m,
the new critical head become 9.9 and 8.7m. The representative critical head then becomes:

Hcrr ep = Hcrcav +Hcrcmi n
2 = 9.9+8.7

2 = 9.3m

The next step is determining the Cseep , this is done in the following formula, using the case seepage length
of 121.72m and the general research seepage length of 100m:

Cseep = Lseepg en

Lseepcase
= 100

121.72 = 0.82

The final result then becomes:

Hcrnew = Hcrr ep ∗Cseep = 9.3∗0.82 = 7.64m

The result of the formula above, 7.64m, is very close to the "desired" result of 7.7m from the computations
in table 7.1. The result slightly underestimates the result from the case study computation, which makes it a
safe estimation.





7
Conclusions

7.1. General research
The results from the general research, as depicted in fig. 5.2 and fig. 5.3, show that the influence of the fore-
shore, for one initial seepage length, is equal for different foreshore lengths if the resistance of the foreshore
is less than 2.5 days. This means that if the foreshore is significantly permeable the foreshore can not be in-
cluded in the seepage length for the safety analysis. It must however be noticed that for a resistance of 2.5
days or less, a slight increase in critical head is present. To translate this in terms which can be used in the
safety analysis, fig. F.1a and fig. F.1b, in appendix F show representative seepage lengths, which can be in-
cluded in the safety analysis.

If the resistance of the foreshore exceeds the 2.5 days value, an increase in critical head can be seen. This
increase gains effect by increasing foreshore length. This increase continues to larger resistance values, until
a equilibrium situation is present. The foreshore resistance value at which this equilibrium starts is depen-
dent on the length of the foreshore. At lower foreshore length, this equilibrium is reached in an earlier stadium
than for larger foreshore lengths. The critical head value of this equilibrium state is comparable with the crit-
ical head calculated with the Sellmeijer formula, see table 5.3.

In the models, assumptions are done for the characteristics of the dike and the blanket. From the compu-
tations, it can be concluded that, for the assumed characteristics, a little seepage through the dike into the
aquifer is present. This can be seen in fig. F.1a and fig. F.1b. In these figures it can be seen that for very resistant
foreshores, the representative seepage length is different from the actual seepage length. This indicates seep-
age through the dike. In reality this seepage can also be present, based on the characteristics of the material
used in the dike, although in the analyses the dike is always assumed to be impermeable.

7.2. Case study specific research
In the previous sections, the influence of the foreshore on the critical head result in the cases of Salmsteke,
Honswijk and Den Oord have been evaluated. After varying several properties of or on the foreshore, conclu-
sions can be drawn. These conclusions should lead to more insights in the way of incorporating the foreshore
in the safety analysis for piping.

7.2.1. Hydraulic conductivity of the foreshore
The in-/decrease in critical head as a result of the variation of hydraulic conductivity of the foreshore can be
seen in fig. E.1. In this figure can be seen that the variations can result in a change in critical head of 30%.
In section 6.4.1 an explanation of the in-/decreases was given. The changes in critical head can be explained
with the amount and location of the holes and the geometry of the foreshore.

In reality the hydraulic conductivity of the foreshore will never reach a value of 10 m/day, as in that case
the foreshore will be neglected. The same holds for a hydraulic conductivity of 0.001m/day. This value will
not be present in the whole foreshore as this is a value for compacted clay, which is not present on the fore-
shore. The influence of the hydraulic conductivity is thereby limited to an increase of 13% and a decrease of
20% for the Salmsteke case, an increase of 3% and a decrease of 10% for the Honswijk case and an increase of
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13% and a decrease of 9% for the Den Oord case.

From this analysis it can be concluded that the case whether a foreshore can be included or not also has to
address the hydraulic conductivity of the foreshore, as this is clearly of influence. This is already incorporated
in the safety analysis in a specific way, it must however be evaluated if this approach is the right one.

7.2.2. Variation of the holes on the foreshore
The holes were in the analysis varied on several aspects:

• Width;
• Depth;
• Silting up.

The variations in width of the holes on the foreshore leads, in general, to a decrease in critical head. As
more area of the aquifer is in direct contact with the outer water. The influence is limited to a maximum value
of 6-8% decrease in critical head, for an increase in hole width of 50x (from 0.1m to 5m). The influence of a
second hole, if present, is only significant if the second hole is very close to the first hole.

For the variation in depth and in silt thickness in the holes, the general conclusion is: When a hole is present
on the foreshore, it has to be ensured that this hole reaches to the aquifer, is this not the case then the hole
can be neglected as a starting point for a pipe and the next possible option must be assessed. Even a very
small layer in a hole between the aquifer and the outer water can seal the aquifer, which results in a longer
seepage length.

This conclusion can be drawn based on the following comparison between the results from the cases and
computations of the foreshore where no holes are present for all the cases. The results of these computations
can be seen below:

Table 7.1: Critical head results of the cases when no holes on the foreshore are would be present

Case: Salmsteke Honswijk Den Oord
Foreshore with no holes 6.2m 7.7m 9.8m

Drawing these results in the graphs of the variations in depth and silt thickness, the following graphs
result:

Figure 7.1: Foreshore variations including the "no hole computations"

(a) Hole depth variation, including the lines for the "no hole computations"

(b) Silt thickness variation, including the lines for the "no hole
computations"

In the graphs above, it can be seen that the "no hole computations" approach the horizontal parts of the
graphs very closely. Hereby the above stated conclusion holds: "When a hole is present on the foreshore, it
has to be ensured that this hole reaches to the aquifer, is this not the case then the hole can be neglected as a
starting point for a pipe."

In the safety analysis the presence of a hole could lead to the choice to neglect the foreshore and calculate the
critical head with the seepage length from this hole. From the analysis it became clear that it is very useful
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to check whether this hole indeed is in contact with the aquifer, as this could influence the safety analysis
significantly.

7.2.3. Application general research on case studies
After applying the findings from the generic research it can be concluded that the results from the general
research are useful in the prediction of the influence of a foreshore. However, two significant differences
between the general research and the case study research arose: The resistance of the foreshore and the dif-
ference in initial seepage length.

The resistance of the foreshore is, in practical situations, like in the case study, hard to predict. The actual
thickness and the hydraulic conductivity of the foreshore cover layer are no determined values, so estima-
tions must be done. To simplify this, two values are required, a minimal and an average resistance. For both
these values the expected increase in critical head must be determined and then averaged. This average value
can then be used.

To account for the difference in initial seepage length, the initial seepage length from the general research
divided by the initial seepage length from the case study, results in a correction factor for the difference.

The two values are multiplied to come to the final result. This final results slightly underestimates the critical
head, but it is assumed to be a safe first estimation.





II
Soil heterogeneities
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Introduction

With soil heterogeneities, layers in a cross-section other than normal sand, are meant. The scope of this The-
sis is to focus on heterogeneities in the Holocene layer, as this is the most variable deposit in the subsoil.
Heterogeneities in the cross-section affect the flow of water though the cross-section, thereby influencing the
critical head result.

The research to soil heterogeneities is done in two parts. A general part, in which the general effect of a
continuous heterogeneity thought the whole cross section is determined. After which a case study specific
research is done. In the case specific part, local data is used to identify local heterogeneities. The influence
of the identified heterogeneities on the critical head result is then determined. If is is possible, the general
research will be applied to see if it is possible to approach the results of the case specific research.
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8
General soil heterogeneity research

8.1. Introduction and model set-up
When a constant horizontal layer throughout the whole, from now on called "resistance layer", is present in
the aquifer, with a hydraulic conductivity lower than the aquifer’s hydraulic conductivity, three flow scenarios
can occur. Before the flow scenarios are named, an overview of the parameters which will be used in this
chapter will be named by use of the figure below (see fig. 8.1).

Figure 8.1: Overview of the parameters in an example model

The three flow scenarios are described below, in fig. 8.2 a visual representation of the scenarios is given.

Flow scenario 1 :Water can flow through the resistance layer downwards and upwards, in this case the water
will penetrate in the lower sand layer and eventually flow back through the resistance layer upward
(fig. 8.2a);

Flow scenario 2 :Water can flow through the resistance layer downwards, but is stopped from flowing up-
ward, in this case the lower sand layer will drain the water from the upper sand layer(fig. 8.2b);

Flow scenario 3 :Water can’t flow through the resistance layer to the lower sand layer, in this case the lower
layer is sealed and water only flows through the upper sand layer(fig. 8.2c).
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Figure 8.2: Three flow scenarios

(a) Flow scenario 1:2 way flow through resistance layer (b) Flow scenario 2:1 way flow through resistance layer

(c) Flow scenario 3: No flow through resistance layer

To see how a resistance layer influences the result of the piping safety analysis, the scenarios as described
above are computed. To see when which scenario occurs, the thickness, hydraulic conductivity and placing
height of the resistance layer is varied. Because working with three unknown parameter is difficult, the factor
"c" is introduced. The c-factor can be explained as the resistance a layer gives to vertical flowing of water
through the layer.

cl = Dl /Kl (8.1)

In which cl is the resistance in days, Dl the thickness of the resistance layer and Kl the hydraulic conductivity
of the resistance layer.

As one value of "cl " can have different meanings: a high Dl and low Kl value or a low Dl and high Kl value.
To check if, for one cl -value, the results are the same with different computations a verification is done, as
can be seen in table 8.1. If these computations result in the same critical head, it can be concluded that the
composition of the cl -factor (Dl -Kl value ratio) does not affect the result.

Table 8.1: Verification

Thickness Dl Hydraulic conductivity Kl Resistance cl Critical head
0.5 m 0.00025 m/day 2000 days 4.05 m
1.0 m 0.0005 m/day 2000 days 4.05 m
2 m 0.001 m/day 2000 days 4.05 m
4 m 0.002 m/day 2000 days 4.05 m

To see when which scenario occurs, the cl -value is varied. It is chosen to use a thickness of the resis-
tance layer of 0.5m. In this way only the hydraulic conductivity and the placing height are varied. To limit the
amount of computations, a seepage length and a hydraulic conductivity of the aquifer (sand layers) is chosen.
The seepage length is chosen to be 50m and the hydraulic conductivity of the aquifer is chosen at 20 m/day.

Two limit states, most likely, limit the results when the cl -value is varied per depth:

• The lower stateundary is computed by deleting the resistance layer and see what the result of the com-
putation is;: When the whole aquifer will be used for water flow. This bo

• The upper state: When only the aquifer part above the resistance layer will be used for water flow. This
boundary is computed by deleting the sand layer below the resistance layer and the resistance layer,
resulting in a relatively thin sand layer.
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The results for the boundaries can be seen in the table below (see table 8.2). The "upper" boundary is
a continuous result, as the thickness of the whole model doesn’t change per placing height of the resistance
layer. The results are depicted in the critical head.

Table 8.2: Limit states for the different heights of the resistance layer

Depth layer [m] Lower state (∆Hcr ) [m] Higher state (∆Hcr ) [m]
2 3.0 6.4
3 3.0 5.6
4 3.0 5.0
5 3.0 4.8
6 3.0 4.4
7 3.0 4.2
8 3.0 4.0
9 3.0 3.9
10 3.0 3.8

8.2. Results
Per depth, the hydraulic conductivity(Kl ) for the resistance layer is varied(and so the c-value). To do this in
a structured way, with workable numbers, the results for each depth are computed with the same numbers,
which can be seen in the tables in appendix I. These table depict all the results of the computations as a
increase in critical head in comparison with the standard model, with a critical head of 3m. As a summary of
these results a graph is computed in which the increase(or decrease) in critical head is depicted in percentages
per depth and cl -value. This percentage is relative to the "lower" boundary, as the current safety analysis uses
a continuous hydraulic conductivity for the aquifer.

Figure 8.3: Results for L=50m, K=20m/day
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To give more insights in how a layer influences the critical head, more models are set-up. The following
models are set-up:

• Hydraulic conductivity of the aquifer (K)= 20m/day;

– Seepage length (L)= 25m;
– Seepage length (L)= 50m;
– Seepage length (L)= 100m.

• Hydraulic conductivity of the aquifer (K)= 40m/day;

– Seepage length (L)= 25m;
– Seepage length (L)= 50m;
– Seepage length (L)= 100m.

The results of these models can be seen in appendix I.

8.3. Analysis
The three flow scenarios as described in section 8.1 should be clear in the graphs. In this section the results
will be analysed to see whether this is true.

The three flow scenarios, as described in section 8.1 are in order of increasing hydraulic conductivity of the
resistance layer:

Flow scenario 1: The "normal" situation in which the flow progresses in both ways through the resistance
layer , this results in lower critical heads, but increasing with increasing resistance of the resistant layer;

Flow scenario 2: One way flow through the layer(only downward), this results in an even higher critical head,
as the water is drained to the lowest part of the aquifer and the flow area is small;

Flow scenario 3: No flow through layer, this results in a high critical head, as there is less aquifer area through
which the flow can progress.

As the trend of the graphs, for different seepage lengths and hydraulic conductivities of the aquifer, is rela-
tively similar, the results will be analysed by looking at one particular graph. The analysis below is done based
on the graph for an initial seepage length of 50m and a hydraulic conductivity of the sand layer of 20m/day.
This graph can be seen in fig. 8.3.

Looking at fig. 8.3 it can be concluded that for small depths flow scenario 2 occurs. For larger depths this
flow scenario remains absent. The absence of flow scenario 2 is the result of the lower increases in critical
head for deeper layers. If the difference in critical head between the case in which the resistance layer is very
permeable and the case in which it is impermeable is not very large, the transition between flow scenario 1
and 3 is very rapid, resulting in the absence of flow scenario 2.

In fig. 8.4 the transitions between the flow scenarios are shown. It must be noted that the flow scenario 2
does not occur for every depth of the resistance, but only if this depth is small. For resistance layer depths for
which flow scenario 2 does not occur, the boundary between flow scenario 1 and 2, becomes the boundary
of flow scenario 1 and 3. In other words, flow scenario 3 replaces flow scenario 2, see the dashed part of the
boundary line.
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Figure 8.4: The 3 mechanisms showed as 3 zones for L=50m, K=20m/day





9
Case study specific soil heterogeneity

research

9.1. Introduction/Approach
In section 2.4 it was stated that the influence of the heterogeneities in the Holocene layer would be inves-
tigated. To determine the separation between the Holocene and Pleistocene depostits, the Regis-model is
used. Regis is a hydro-geological model which describes, among other things, the deposits. As the Holocene
deposit is, in the Regis model, identified as one deposit, the Holocene boundary can easily be determined.

Heterogeneities in the cross-section can be identified if the subsoil of the cross-section is mapped. Map-
ping the cross-section can be done based on the available data. Data about the soil can be present in for
example, the form of core-drillings, CPT-tests or other methods to identify soil layers. There are also subsoil
models available based on stochastic interpolation, like the GeoTop model.

9.1.1. Creating the cross-section
To create the best possible cross-section, local data is preferred, but this data is scarce. A collection of local
data samples can be seen at Dinoloket [33]. From Dinoloket, local samples can be extracted to map the soil.
In this Thesis, the focus has been placed on the heterogeneities in the Holocene layer, as is could be possi-
ble that the samples do not cover the whole reach of the Holocene layer, they have to be completed. As an
assumption, the GeoTop model, which is explained in appendix H, is used to complete the local samples, if
necessary. As this model is not very certain on local level it is only used as a completion source for the local
data from samples. Completing the local samples with GeoTop is done with much care, because of the un-
certainty of the GeoTop model.

Per case the mapping of the soil, as a preparation for the model set up, will be done in the following order:

1. Determine the Holocene depth boundary from Regis;
2. Collect all the samples close to the case location;
3. Complete the samples, if necessary, with the GeoTop model;
4. Determine the cross-section of the case;
5. Identify the heterogeneities in the cross-section;

9.2. Heterogeneities in the Case cross-sections
9.2.1. Salmsteke cross-section

Holocene boundary
As explained in the introduction of this chapter, the Holocene depth boundary is determined by use of the
Regis model. From the Regis model, the cross-section of the case can be extracted, containing several deposit
layers, see fig. 9.1. As can be seen in the figure, the Holocene depth boundary is at a height of around NAP-
10m. The boundary is more or less horizontal and it can therefore be assumed that the boundary throughout
the cross-section, which is also depicted in the figure, is constant.
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Figure 9.1: Cross section Salmsteke case, deposit layers[33]

Samples

Figure 9.2: Location of the
samples for the Salmsteke case

As explained in the introduction of this chapter, samples will form the base
of the cross-section. As a start, the available samples from Dinoloket[33],
close to the cross-section, will be collected. However, in this case, addi-
tional samples are taken for the safety analysis. In appendix G the collec-
tion of these samples can be seen. The collection of samples consist of sam-
ples from Dinoloket and boreholes and probing samples from the additional
research for the safety analysis. An overview of the sample locations can be
seen in fig. 9.2. The red line in this figure depicts the location of the cross-
section.

To create a useful cross-section out of the samples, the samples are trans-
formed to the same format. The probing samples, therefore, have to
be interpreted [40]. The interpreted samples and the boreholes have
to be combined to create a cross-section, however, when looking at the
samples it can be seen that they do not cover the whole Holocene
layer.

To create a total cover of the Holocene layer, the samples have to be completed.
The completion of the samples is, because of lack of data, done with the data
from the GeoTop model. The GeoTop model is explained in more detail in ap-
pendix H. The downside of the GeoTop model is that the information in this
model is in voxels of 100x100x0.5m (length x width x depth). This means that in
horizontal way, the precision is on scale of 100m. In vertical way the precision
is on scale of 0.5m. The soil types in the GeoTop model are added to the voxels
by stochastic interpolation based on the available data from samples at several locations. An overview of the
GeoTop model at the location of the Salmsteke case can be seen in fig. 9.3.
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Figure 9.3: Cross section Salmsteke case, soil type layers according to GeoTop[33]

Because the GeoTop model is not very accurate, the information must be handled with care. It is therefore
assumed that only the heterogeneities which are present on more or less the same height in 3 voxels in a
row are used to complete the boreholes, this covers the whole cross-section. From fig. 9.3, the following
heterogeneities are identified:

• A clay layer with the bottom on NAP -10m with a thickness of 0.5-1.0m throughout the whole cross-
section;

• A peat layer with the bottom on NAP -9m with a thickness of 0.5-1.0m throughout the whole cross-
section;

• A clay layer with the top on NAP -7 m with a thickness of 1.0-2.0m throughout the whole cross-section.

Soil model
These heterogeneities, identifies from the GeoTop model, are added to the samples from Dinoloket, if

these samples do not cover this range in height. The remaining "spaces" in the boreholes are assumed to be
sand as was used in the standard models. The completed boreholes can are put in D-Geo Flow in the form of
boreholes. D-Geo Flow creates, according to these boreholes a cross-section, based on linear interpolation
between the specific layers in these boreholes. The cross-section from D-Geo Flow can be seen in fig. 9.4.

Figure 9.4: Cross section from D-Geo Flow, from boreholes and GeoTop, case Salmsteke

From the model,generated directly from the boreholes, a workable model must be made. In section 4.2,
the set-up for the standard model is explained. As the results are compared with the results from the standard
model, the current model must be adapted to the standard model form. This means, the foreshore is not
entirely included and the hinterland is added, with the same properties as in the standard model. This results
in the model which can be seen below.
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Figure 9.5: Workable cross-section from D-Geo Flow, simplified from fig. 9.4 case Salmsteke

In the cross-section above, four heterogeneities can be seen, these are numbered with their corresponding
model numbers:

Model 1: A clay layer at the inner toe of the cross-section with a thickness of 2.5m, placed at 1.5m below the
toe, reaching from the centre of the dike to the end of the cross section;

Model 2:: A clay layer with the top on NAP -7 m with a thickness of 1.0-2.0m throughout the whole cross-
section;

Model 3: A peat layer with the bottom on NAP -9m with a thickness of 0.5-1.0m throughout the whole cross-
section;

Model 4: A clay layer with the bottom on NAP -10m with a thickness of 0.5-1.0m throughout the whole cross-
section.

These heterogeneities will be added to the standard model one by one to see how a specific heterogeneity
influences the critical head result. The characteristics of the soil types which will be added can be seen in
table 3.3.

9.2.2. Honswijk cross-section

Holocene boundary
The Holocene depth boundary for the Honswijk case, as can be seen in fig. 9.6, can be assumed at NAP-7.5m.
Also in this case the layer can be assumed to be horizontal throughout the cross-section.

Figure 9.6: Cross section Honswijk case, deposit layers[33]
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Samples

Figure 9.7: Location of the
samples for the Honswijk case

The collection of samples, as depicted in fig. 9.7 can be seen in
appendix G. The samples are collected from Dinoloket. The cross-
section is depicted with the red line. As in this case all the samples
are taken from Dinoloket([33]), the samples already have the same for-
mat. The samples can be seen in appendix G. From the samples a
cross-section must be made. However, the samples do not cover the
whole reach of the Holocene layer. This means they have to be com-
pleted. As described before, the GeoTop model is, carefully, used to
complete the samples. The GeoTop cross-section of the Honswijk case
can be seen in fig. 9.8. The GeoTop model is used only when clear
heterogeneities can be seen, in other words, if the heterogeneities are
present in 3 voxels in a row, with this choice the uncertainty is lim-
ited. The voxels of the GeoTop model are 100x100x0.5m (length x
width x depth). The GeoTop model is described in more detail in ap-
pendix H.

As described before, the GeoTop model must be handled with care. This means
that only the heterogeneities which can be seen in 3, sequential, voxels are
used in this analysis. From the GeoTop model in fig. 9.8, the following hetero-
geneities can be seen:

• A clay layer at a height of NAP-5m with a thickness of 1-1.5m, located from
the left boundary of the cross-section(foreshore included) to 150m to the
right;

• A coarse sand layer at a height of NAP-4m, with a thickness of 0.5-1.0m,
located in the middle of the cross-section between 100m and 320m in
fig. 9.8.

Figure 9.8: Cross section Honswijk case, soil type layers according to GeoTop[33]

Soil model
These heterogeneities from GeoTop are added to the samples from Dinoloket, if they do not conflict with

the data from the samples. in this case the clay layer heterogeneity does not conflict with the data from
the samples, but the coarse sand layer does. This means only the clay layer heterogeneity is included in
the samples. The remaining "spaces" are assumed to be sand as it was used in the standard models. The
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completed samples are put in D-Geo Flow in the form of boreholes and D-Geo Flow creates a cross-section,
based on linear interpolation between the specific soil layers in the boreholes. As the dike was not included
in the amples, it is added according to the data from the AHN. The cross-section from D-Geo Flow can be
seen in fig. 9.9.

Figure 9.9: Cross section from D-Geo Flow, from boreholes and GeoTop, case Honswijk

As can be seen in the figure above, the model is very variable, in other words, a lot of layers can be seen.
To make the model workable, it is transformed by use of the standard model, as the result of the standard
model is compared with the results of the model with the heterogeneities. The adapted model can be seen in
fig. 9.10. In this model the foreshore is not entirely included, an exit point is created and a hinterland with a
blanket is added.

Figure 9.10: Workable cross-section from D-Geo Flow, simplified from fig. 9.4 case Honswijk

In fig. 9.10 the simplified cross-section can be seen. This cross-section will now be used to identify the
heterogeneities in the cross-section. The heterogeneities which are not horizontal will be assumed to be
horizontal with variations in height to simulate the skewed orientation. The identified heterogeneities are:
Model 1: A clayey sand layer at ground level with a thickness of 1.5m and located between the left boundary

and the middle of the outer slope of the dike;
Model 2: A clayey sand layer below at ground level, but below the blanket in the hinterland with a thickness

of 3.5m and located at the middle of the inner slope of the dike with a length of 100m;
Model 3: A clay layer below the blanket in the hinterland with a thickness of 3.5m and located at the right

boundary with a length of 75m;
Model 4: A peat later at a depth of NAP-2.5m with a thickness of 2.5-3.0m. and located from the right bound-

ary to the middle of the inner slope of the dike;
Model 5: A clay layer at a depth of NAP -4 to -5m with a thickness of 1.5-2.5m throughout the whole cross-

section.
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9.2.3. Den Oord cross-section

Holocene boundary
The Holocene boundary can be determined by looking at fig. 9.11. In this figure it can be seen that the
holocene boundary can be drawn around NAP-7 to -7.5m. Because a boundary must be chosen to model
the case in the right way, NAP -7.5m is chosen to be the Holocene boundary in this case.

Figure 9.11: Cross section Den Oord case, deposit layers[33]

Samples

Figure 9.12: Location of the samples for the Den Oord case

The collection of samples, as depicted
in fig. 9.12 can be seen in appendix G.
The samples are collected from Dinoloket.
The cross-section is depicted with the red
line. In this case all samples are col-
lected from Dinoloket [33], all the sam-
ples have therefore the same format. An
overview of the samples can be seen in
appendix G.3. As not all the samples
cover the whole Holocene layer, the sam-
ples have to be completed. For this, as
in the previous case, the GeoTop model is
used.

With the use of the GeoTop model, the same
approach as in the previous case is used. Only
the heterogeneities which can be seen in 3 vox-
els in a row, horizotally and vertically, are used.
The voxels of the GeoTop model are 100 x 100
x 0.5m (length x width x height).
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Figure 9.13: Cross section Den Oord case, soil type layers according to GeoTop[33]

Soil model
From the GeoTop cross-section of the Den Oord case, see fig. 9.13,only one clear heterogeneity is identi-

fied, this is the clay layer at a depth of NAP -2.5 - -4m, with a thickness of around 1.5 - 2.0m. This heterogeneity
is added to the samples from Dinoloket, if it does not conflict with the data from the samples. Combining the
findings from GeoTop with the samples, it becomes clear that a clay layer of at least, 6m is present. This clay
layer is present at ground level to a depth of around NAP-3 to -4m. This layer can therefore be identified as a
cover layer.

In the safety analysis, cover layers are assessed against heave and uplift, this is however outside the scope
of this Thesis. Therefore this case study location is not relevant for the research to heterogeneities in the
subsoil.
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9.3. Modelling the heterogeneities
The heterogeneities described in the previous section will be modelled in this section. The results will be
presented and analyses will be done. Because of uncertainty, the hydraulic conductivity is not used as a
determined value in the computation, but a range of values is used. These ranges, for the different soil types,
can be seen in table 3.3 .

9.3.1. Salmsteke

(a) Model 1, Salmsteke

(b) Model 2, Salmsteke

(c) Model 3, Salmsteke

(d) Model 4, Salmsteke

As described in the previous section, the cross-section,
determined from local data, holds the following hetero-
geneities and corresponding models:

Model 1: A clay layer at the inner toe of the cross-section
with a thickness of 2.5m, placed at 1.5m below the
toe, reaching from the centre of the dike to the end
of the cross section;

Model 2: A clay layer with the top on NAP -7 m with a
thickness of 1.0-2.0m throughout the whole cross-
section;

Model 3: A clay layer with the bottom on NAP -10m with
a thickness of 0.5-1.0m throughout the whole cross-
section;

Model 4: A peat layer with the bottom on NAP -9m with
a thickness of 0.5-1.0m throughout the whole cross-
section.

These heterogeneities will be added one by one to the
standard model from section 4.2, in the sequence as can
be seen above. The resulting 4 models can be seen in ap-
pendix J.1. The results from these models will be com-
pared to the result of the standard model(see section 4.2),
this critical head result was 3.4m. In the following the re-
sults will be presented as an in-/decrease in critical head
with respect to the result of the standard model..

As an overview, the results are presented in a histogram which can be seen in fig. 9.15. The numerical re-
sults can be found in tables J.1 to J.4 in appendix J.1.
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Figure 9.15: Summary of the results of modelling the heterogeneities for the Salmsteke case, results depicted as an in-/decrease in
critical head in percentages

In fig. 9.15 the results can be seen. In this histogram the results of the different models can be seen in
which the corresponding heterogeneities were added. The results of the models are a range of values because
of the variation in input of the hydraulic conductivity, placing height and depth of the heterogeneities.

9.3.2. Honswijk

(a) Model 1, Honswijk

(b) Model 2, Honswijk

(c) Model 3, Honswijk

(d) Model 4, Honswijk

(e) Model 5, Honswijk

The heterogeneities identified in the Holocene layer of
the Honswijk cross-section, as described before, are:

Model 1: A clayey sand layer at ground level with a thick-
ness of 1.5m and located between the left boundary
and the middle of the outer slope of the dike;

Model 2: A clayey sand layer below at ground level, but
below the blanket in the hinterland with a thickness
of 3.5m and located at the middle of the inner slope
of the dike with a length of 100m;

Model 3: A clay layer below the blanket in the hinterland
with a thickness of 3.5m and located at the right
boundary with a length of 75m;

Model 4: A peat later at a depth of NAP-2.5m with a thick-
ness of 2.5-3.0m. and located from the right bound-
ary to the middle of the inner slope of the dike;

Model 5: A clay layer at a depth of NAP -4 to -5m with a
thickness of 1.5-2.5m throughout the whole cross-
section.

As in the Salmsteke case, the heterogeneities, as
named above, will be added to the standard model for
Honswijk from section 4.2. The critical head result of
this standard model from section 4.2 is 6.2m. This re-
sult will be used as the reference level to determine the
in-/decrease in critical head when the heterogeneities are
added to the model.

In fig. 9.17 the results are presented in a histogram per model. The model numbers are in the same se-
quence as the heterogeneities are explained above. The numerical results can be seen in tables J.5 and J.9
in appendix J.2.
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Figure 9.17: Summary of the results of modelling the heterogeneities for the Honswijk case, results depicted as an in-/decrease in
critical head in percentages

In fig. 9.17 the results can be seen. In this histogram the different models can be seen in which the corre-
sponding heterogeneities are added. The results of the models are a range of values because of the variation
in input of the hydraulic conductivity, placing height and depth of the heterogeneities.

9.4. Analysis of the results
In the previous section the heterogeneities were modelled and the results were presented. In this section the
results will be interpreted and analysed.

9.4.1. Analysis Salmsteke results
In fig. 9.15 the results can be seen. The band width of the diagram represents the results of the models is be-
cause of the variation in input of the hydraulic conductivity, placing height and depth of the heterogeneities.
The models (1 to 4) will be analysed separately in this section.

Model 1 - Salmsteke
In the first model a clay layer at the inner toe of the cross-section with a thickness of 2.5m is placed 1.5m
below the toe. Reaching from the centre of the dike to the end of the cross-section.

Figure 9.18: Model 1 Salmsteke, schematic flow pattern

The increase in critical head, with respect to the standard model, is from 9 to 20%. The increase can be
explained by the fact that the clay layer at the inner toe is a lot less permeable (lower hydraulic conductivity)
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than the surrounding sand layer. As the pipe will form just below the dike, in the sand layer. The flow veloci-
ties in this layer must be sufficient for the sand to erode.

Figure 9.19: Schematic flow pattern around exit point
-Model 1 Salmsteke- (detail from fig. 9.18)

In this case the clay layer complicates the water flow,
as the hydraulic conductivity is a lot lower than the
sand layer. The flow area around the exit point,
where piping starts, is thereby limited to the small
strip of sand above the clay layer. The process
can be seen in figs. 9.18 and 9.19. Fig. 9.18 de-
picts the overview of the flow pattern and fig. 9.19
depicts the process described above in detail. The
blue arrows depict the flow pattern. The red ar-
rows are the flow vectors which are complicated by
the clay layer due to its lower hydraulic conductiv-
ity.

The hydraulic conductivity of the clay layer defines the
impact of the clay layer on the flow velocities. A lower
hydraulic conductivity lead to lower flow velocities. The
range in the results, from fig. 9.15, is hereby explained: A
lower hydraulic conductivity leads to lower flow velocities in the layer, which leads to a less water transporta-
tion to the exit point, which leads to a higher resistance to erosion and thereby a higher critical head of the
model.

Model 2 - Salmsteke
The second model contains a horizontal clay layer throughout the whole cross-section. This clay layer

has a thickness of 1.0-2.0m and is placed at NAP-7m

The increase in critical head can be explained by the processes described in chapter 8. A resistance layer
(lower hydraulic conductivity) can seal the lower part of the aquifer, the part below this layer. This reduction
in flow area leads to an increase in critical head. Even if the layer is not sealed, but the added, more resistant,
layer has a lower permeability than the surrounding aquifer, the water flow to the exit point is complicated
and the critical head will increase.

As explained in chapter 8 the results from this chapter will be checked with the results from the case studies.
The starting point is to determine which graph must be used. As the seepage length for the Salmsteke case
is 58m and the hydraulic conductivity of the aquifer is 20m/day, the graph in fig. I.2 can be used and can be
seen as a good approximate. The depth of the layer is NAP-7m, so the 7m line must be used. The results from
the graph and the comparison with the results from the case studies can be seen in table 9.1.

Table 9.1: Comparison general and case study research, model 2

C-value [d ay s] (D/K) Crit. head inc. fig. I.2 [%] Crit. head inc. case study [%] Difference [%]
500 40 47 7
6.67 29 32 3
1000 40 47 7
13.33 40 41 1

The depicted increase in critical head is the increase with respect to the standard model. In the table
can be seen that the differences are very small between the general research and the result from the case
study research. The general research slightly underestimates the increase, but this is, most likely, due to the
difference in seepage length. It can, with these findings, be concluded that the general research, for this case
is a good estimate.

Model 3 - Salmsteke
In the third model a peat layer was added at a depth of NAP-9m. The layer has a thickness of 0.5-1.0m.
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For the third model, the same holds as the second model. The increase in critical head can be explained
by the fact that a horizontal layer throughout the cross-section can seal the lower part of the aquifer. This
decreases the flow area and thereby increases the critical head. However, peat layers do not have a sufficient
low hydraulic conductivity to seal the lower aquifer part, but the hydraulic conductivity is a lower that the
hydraulic conductivity of the aquifer. This results in more resistance against water flow through the layer,
which leads to less water flow to the exit point, which leads to an increase in critical head.

For this model also holds that the results from the general subsoil research can be applied. The increase
in critical heads from the general research and from the case study will be compared to see what the differ-
ence is and if thereby the results from the general research can be applied. The comparison can be seen in
table 9.2. The bottom of the layer is placed at a depth of NAP-9m, so the 8m line must be used.

Table 9.2: Comparison general and case study research, model 3 - Salmsteke

C-value [d ay s] (D/K) Crit. head inc. fig. I.2 [%] Crit. head inc. case study [%] Difference [%]
0.5 7 6 1
0.1 0 3 3
1.0 7 9 2
0.2 0 3 3

From the comparison in table 9.2 it can be concluded that the results from the general research are, again,
applicable on the case study, as the difference is very small. For all the results, except for c=0.5 days, the
general research slightly underestimates the results, but this can be explained by the difference in seepage
length. The higher value at c=0.5 days will, most likely be the result of the step size in the computations.
However, the difference is only 1%, which is not a significant.

Model 4 - Salmsteke
In the fourth model a clay layer throughout the cross-section is added with the bottom at a depth of NAP-

10m and a thickness of 0.5-1.0m.

The explanation for the increase in critical head can be found in the analysis of the previous two models,
as the explanation is the same for this model. The only difference is the resistance to flowing and the placing
height. Again, the results of this case will be compared to the general subsoil research, to see how this gen-
eral research can be applied on the cases. The comparison between the two can be seen in table 9.3. As the
bottom of the layer is placed at a depth of NAP-10m, the 9m line must be used in this comparison.

Table 9.3: Comparison general and case study research, model 4 - Salmsteke

C-value [d ay s] (D/K) Crit. head inc. fig. I.2 [%] Crit. head inc. case study [%] Difference [%]
250 33 35 3
3.33 16 17 1
500 33 35 2
6.67 22 26 4

In this case it can, similar to the other models, be seen that the difference between the results from the
general research and the case study is very small, this makes the general research applicable on the case and
this model. The small difference which is present is the result of the difference in seepage length between the
general research and the case study.

9.4.2. Analysis Honswijk results
In fig. 9.17 the results can be seen. The band width of the diagram represents the results of the models is be-
cause of the variation in input of the hydraulic conductivity, placing height and depth of the heterogeneities.
The models (1 to 4) will be analysed separately in this section. The models (1 to 5) will be analysed separately
in this section.
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Model 1 - Honswijk

The first model contains a clayey sand layer at the outer toe of the dike. The layer is placed directly below
ground level and has a thickness of 1.5m. The layer reaches from the left boundary of the cross-section to the
middle of the outer slope of the dike.

The results show a large increase in critical head of 34 to 139%. This large increase can be explained by
the fact that the clayey layer prevents the water to seep into the aquifer. The clayey sand layer has a lower
hydraulic conductivity than the aquifer which results in more resistance against flowing through the layer.

Figure 9.20: Model 1 Honswijk, schematic flow pattern

In fig. 9.20 the schematic flow pattern to the exit point can be seen. The red arrows show the flow through
the clayey sand layer. This flow is resisted by the clayey sand layer and will therefore be a lot less than the flow
through the surrounding sand. Therefore the pipe formation, which needs a large enough flow velocity for
the particles to erode, will be complicated, resulting in a high critical head.

Model 2 - Honswijk

The second model contains a clayey sand layer below the exit point. It reaches from the middle of the
inner slope to the right boundary. The layer is placed at ground level and has a thickness of 3.5m.

The decrease in critical head, as can be seen in fig. 9.17, can (partly) be explained, in contrary with the other
results, not by looking at the hydraulic conductivity, but by looking at the particle diameter. As section 3.3.4
states, the particle diameter of clayey sand/sandy clay is half the size of the particle size of the aquifer.

In this configuration you would expect the critical head to increase instead of decrease, because of the in-
crease in flow resistance around the exit point, this will be explained later. However, due to the smaller parti-
cle size, less flow velocity is needed to erode the particles. As the pipe forms, partly, through the clayey sand
layer, the critical head decreases because of more erosion in the clayey sand layer. To verify the above stated
explanation, the computation for this model are done again, but this time with a particle size equal to the
particle size of the surrounding aquifer. The results can be seen below:

Table 9.4: Results case Honswijk, model 2, including computations with other particle size

Hyd, cond, [m/d ay] Critical head [m] D70 = 0.0001m Critical head [m] D70 = 0.0002m
0.1 5.7 (-8) 6.7 (13)
0.5 4.6 (-26) 5.1 (-17)

In the table above it can be seen that the change in particle size has effect on the critical head. However,
in contrary with the expected, the results are not all positive. This can be explained by the fact that, unless the
flow resistance to the exit point is increased, the total resistance against piping is decreased, due to the fact
that the water around the exit point can not flow away from due to the increase in critical head around the
exit point. This is illustrated by the figures below. The mechanisms causing the increase(1) and decrease(2)
are depicted separately in respectively fig. 9.22aand fig. 9.22b, a schematic overview can be seen in fig. 9.21.



9.4. Analysis of the results 75

Figure 9.21: Model 2 Honswijk, schematic flow pattern

(a) Model 2 Honswijk, schematic flow pattern causing the increase in
critical head(1)

(b) Model 2 Honswijk, schematic flow pattern causing the decrease in
critical head(2)

Model 3 - Honswijk
In the third model, a clay layer is present at the right boundary below ground level. The layer is 3.5m thick

and is placed at the right boundary with a length of 75m.

The results in fig. 9.17 show that the influence of the clay layer at the right boundary is 0. This can be ex-
plained by the fact that the soil composition around the pipe has not changed in comparison with the stan-
dard model. A layer at the right boundary could affect the flow pattern in the cross-section, however, in this
case the layer is not significant enough to achieve that. Therefore the influence is 0.

Model 4 - Honswijk
A peat layer of 2.5-3.0m thickness is added in the fourth model. It is placed at a depth of NAP-2.5m and is

located from the right boundary to the inner slope of the dike.

The decrease in critical head can be explained by examining the flow in the cross-section. If a pipe is formed,
water flows to the exit point. This causes an increase in water pressure around the exit point. A part of the
water is drained to the surroundings, dependent on the local soil properties.

Figure 9.23: Model 4 Honswijk, schematic flow pattern

In this case the peat layer blocks this drainage to the surrounding. Without the drainage of water to the
surrounding soil, the pressures around the exit point increase and the flow velocity will increase. This in-
crease will result in more erosion and thereby a decrease in critical head.
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Figure 9.24: Schematic flow pattern around exit point
-Model 4 Honswijk- (detail from fig. 9.23)

However, at the other side, the layer, which is also posi-
tioned left of the exit point, will also prevent some water
to flow to the exit point. This decrease of flow to the exit
point would increase the critical head. These processes
are depicted in fig. 9.23 and fig. 9.24, these figures give a
schematic image of the flow in the cross-section(fig. 9.23)
and in more detail around the exit point (fig. 9.24). It can,
according to the results, which are a decrease in critical
head, be concluded that the effect of lack of drainage to
the surrounding is of more significance than the blockage
of flow to the exit point. This is explainable by looking at
the model. The layer reaches to just left of the exit point,
which makes the blockage of water flow to exit point min-
imal. As the layer reaches to the right boundary, the lack
of drainage can be expected to have a larger effect on the critical head.

Model 5 - Honswijk
Model 5 contains a horizontal continuous clay layer at a depth of NAP -4 to -5m. The layer is 1.5-2.5m

thick and crosses the whole cross-section.

In chapter 8 the process which occurs when a continuous horizontal layer is added to the cross-section, is
explained. As the clay layer which is added to the cross-section has a lower hydraulic conductivity than the
hydraulic conductivity of the aquifer, the aquifer part below the clay layer can not contribute entirely to the
flow capacity of the cross-section. Less flowing area result in less water flow to the exit point and thereby an
increase in critical head.

In chapter 8 it was explained that the results of this general research will be checked with the results from
the case studies. To determine what the increase in critical head is according to the general research, the
correct graph must be selected. As the hydraulic conductivity of the aquifer, in the case study, is 20m/day and
the seepage length is 121.72m, the graph with K=20m/day and Lseep=m will be used. This seepage length is
lower than the seepage length from the case study, so a little difference in results can be expected.

In the correct graph, the correct line must be chosen. As the layer is located at a depth of NAP -4 to -5m
and the ground level is at NAP+3m, the 7 and 8m graph must be used. The comparison between the results
from the case study and the results according to the general research can be seen in table 9.5.

Table 9.5: Comparison general and case study research, model 5 - Honswijk

Depth [N AP −m] C-value [d ay s] (D/K) Crit. head inc. fig. I.3 [%] Crit. head inc. case [%] Difference [%]
4 (7m line) 750 64 74 10

10 40 45 5
1250 62 71 9
16.7 68 65 43

5 (8m line) 750 56 63 7
10 34 39 5
1250 55 66 11
16.7 58 52 6

In table 9.5, the difference between the case study results and the results according to the general research
can be seen. It can be seen that the differences are in the order of 5-10%. This differences can be explained by
the fact that the seepage lengths are not equal. A difference in seepage length has influence on the shape of
the graph and the values of the general research. However, the difference are small enough to use the general
research result as an estimate. Except 2 results, all the results from the general research slightly underestimate
the increase in critical head, this is therefore also a safe assumption.
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10.1. General soil heterogeneity research
The results from the general research, as depicted in fig. I.1 to fig. I.6, show that the three flow scenarios, which
were expected, are present. Depending on the seepage length and the hydraulic conductivity the graphs have
different shapes, although the trend is more or less the same.

In fig. 8.4 the three zones in de graph, corresponding to the flow scenarios are depicted. With this the con-
clusion can be drawn that the most resistance against piping, or highest critical head,(zone 2) is not present
at the moment of largest resistance of the resistance layer, but at the moment water only passes the layer one
way (only downward). This one way flow of water through a resistance layer occurs for lower hydraulic con-
ductivities than the hydraulic conductivities for no flow through the layer. This, however, does only hold for
shallow layers (depth of 5m and less), thereby also depending on the initial seepage length and the hydraulic
conductivity of the aquifer. For the configurations where the second flow scenario(one way flow) does not
occur, it is replaced by the third flow scenario(no flow), see fig. 8.4.

As expected do less deep resistance layers influence the critical head more and also more rapidly. This ef-
fect damps with increasing resistance layer depth. It can also be seen that the zone of increase reaches from
a resistance of 1 day to a resistance of 20 days. Below 1 day, almost no increase in critical head is present, and
above 20 days, flow scenario 2 or 3 occurs.

From the computations for several seepage length, it became clear that for increasing seepage length, the
results become more divergent. For a small seepage length, the results per depth of the resistance layer are
relatively close to each other in comparison with a larger seepage length. The increase in critical head per
resistance layer depth is also higher for larger seepage lengths.

The results were computed for two hydraulic conductivities of the aquifer. It can be concluded that the trend
of the results does not change with varying hydraulic conductivity of the aquifer, but the specific values of the
results do change.

10.2. Case study specific soil heterogeneity research
10.2.1. Heterogeneities in the cross-section
From the literature study it was concluded that heterogeneous soils would increase the resistance against
piping. Looking at fig. 9.15 and fig. 9.17 it can be concluded that the influence of specific heterogeneities in
the cross-section can be positive as well as negative. The heterogeneities having a positive influence on the
result complicate the flow of water through the cross-section, causing a high critical head. This increase in
critical head can even be in the order of 140%.

Heterogeneities having a negative influence on the critical head or cause higher water pressures around the
exit point, by complicating the drainage of water from the exit point, or ease the pipe formation because of
smaller eroding particles.
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For all heterogeneities hold that the placing (in height and in horizontal direction), the thickness and the
soil characteristic determine the extent of their influence. One constant trend is that shallow heterogeneities
have more influence than deeper heterogeneities, positive and negative, depending on the above named vari-
ations. The same trend holds for heterogeneities with very low hydraulic conductivities. The influence of a
layer increases by decreasing hydraulic conductivity.

10.2.2. Application general research
In the analysis of the influence of the heterogeneities, the results were checked with the findings from the
general research, if a layer through the whole cross-section was present. From the comparison of the results
it became clear that the general research can be applied relatively easily. The prediction according to the gen-
eral research were on point and had a maximum difference of 10%.

Despite the differences in initial seepage length, the results from the general research approach the results
from the case study research very closely. Increasing difference in seepage length , however, increases the
difference in result.
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11
Discussion

In the discussion, the results are discussed and evaluated. As this Thesis split in two main subjects, both
subjects are discussed separately. For both research parts, the foreshore research (section 11.1) and the sub-
soil heterogeneity research(section 11.2), the most important findings are named and discussed. For both
subjects, the limitations and shortcomings of the research are discussed.

11.1. Foreshore
The effect of a foreshore on the result of the piping safety analysis (critical head result) is conducted in two
ways. A general part and a case study specific part . In the general part, the effects of a foreshore are deter-
mined for a variation in foreshore cover layer resistance and a variation in foreshore length. In the case study
specific part realistic foreshores are modelled and analysed. Sensitivity analyses are performed on possible
variations.

General foreshore research
In the general foreshore research, standard models are varied in foreshore length and resistance. With this ap-
proach the effects of increasing foreshore length, increasing foreshore resistance and a combination of both
are searched for. The effects of the variations in foreshore length and resistance are explained and discussed.
As a conclusion to this discussion, a graph is presented depicting the discussed effects, see fig. 11.1.

Effect of increasing foreshore resistance
The resistance of the foreshore cover layer has a large influence on the hydraulic conductivity. Less water can
penetrate the aquifer through the foreshore cover layer by increasing resistance, this results in lower water
pressures in the aquifer, which leads to more resistance to piping. Values of increasing resistance reach from
the lower boundary, which is determined by the situation without foreshore, to the higher boundary, which
approaches the result from the Sellmeijer formula in which the whole foreshore is included.

The increase in critical head is not linear, but has a typical S-shape (on logarithmic scale). This shape also
states that the degree of increase is largest in the middle range of the resistances. The exact range is depen-
dent on the foreshore length, but, in the computations done, it starts around a foreshore resistance value of
2.5days. Below the 2.5days value, the increase in critical head is equal for different foreshore lengths. This
can be explained by the fact that the foreshore gives a resistance to vertical water flow, but below a value of
2.5days, this resistance is so small, that water still can flow through the foreshore. For resistance values larger
than 2.5days, the results start to diverge until a value for which no further increase of the critical head can be
seen. This resistance value is larger for increasing foreshore lengths.

Effect of increasing foreshore length
Increasing foreshore length leads, to an increase in critical head. As this seems logical, its not always the case.
Until a foreshore cover layer resistance value of 2.5days, the influence of the foreshore length is similar for
all foreshore lengths. As water can just flow through the foreshore for this value. For resistances higher than
2.5days, the length of the foreshore has an increasing effect by increasing resistance. This means that the dif-
ferences between the results for different foreshore lengths becomes larger for larger resistances. The increase
in critical head progresses, for each foreshore length, to a specific value. This specific value approaches the

81



82 11. Discussion

critical head results from the Sellmeijer formula in which the whole foreshore length is included. This "limit
value" becomes higher for larger foreshore length, as well as the resistance at which this value is reached. In
other words: for smaller foreshore lengths, the "limit value" is reached in an earlier stadium.

Effect of changing initial seepage length
Changing the initial conditions for the model, in this case the seepage length, affects the results. As the initial
critical head is already higher for longer seepage length, the effect of including a foreshore is smaller than
for shorter initial seepage lengths. Changing the initial seepage length has effect on the values, but has no
influence on the shape of the graph. This states that the findings, discussed in the previous subsections, also
hold for the results if other seepage lengths are used.

Summary
In the graph below, the discussed effects of changing components can be seen. As the variation in resistance
is one of the axis, no specific line for this effect in included. Three lines can be seen in the graph:

1. Begin situation for showing the effects: Line 1, foreshore length= 100m, initial seepage length is 50m;
2. Foreshore length variation: Line 2, foreshore length= 200m, initial seepage length is 50m;
3. Initial seepage length variation: Line 3, foreshore length= 100m, initial seepage length is 100m;

The arrows indicate the actual effect of the variations.

Figure 11.1: Summary discussion general foreshore research

In the graph above, three lines, explained in the summation above, can be seen. The blue line (Line 1)
can be seen as the 0-situation in this comparison. When only the foreshore length is increased, Line 2 occurs
from Line 1. The difference between Line 1 and Line 2 indicates the change in influence on the critical head
when the foreshore length is increased. Increasing only the initial seepage length, Line 3 occurs from Line
1. The difference between Line 1 and Line 3 indicates the change in influence on the critical head when the
initial seepage length is increased.

Limitations
In approaching the research several assumptions are done, limiting the research and are, possible, sub-

jects for further research.

In the standard model, the hydraulic conductivity of the aquifer was assumed(20 m/day). Changing this
assumption would affect the results. As already has been seen, changing the initial conditions results in dif-
ferent results. The influence of changing the hydraulic conductivity of the aquifer has not been included in
this research. The same holds for more initial seepage lengths. As this research was limited to two initial
seepage lengths, the effect of the initial seepage length is based on two findings.
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In the set-up of the standard model, homogeneous conditions for both the subsoil and the foreshore were
assumed in composition and thickness. Influence of heterogeneous compositions of the subsoil on the effect
of a foreshore are thereby excluded, but could be of importance. This heterogeneity was also excluded from
the foreshore. As in reality the foreshore would not be a continuous layer, having the same properties through
its whole reach, this could also affect the results. Next to heterogeneity in soil property sense, the heterogene-
ity in geometrical characteristics of the foreshore is not included. The effect of thinner/thicker parts in the
foreshore could be of interest and would, most likely, also affect the general conclusions. The effect of a vary-
ing height foreshore can also contribute to the application of the general foreshore research to practical cases.

Case specific foreshore research
In the case study foreshore research, local foreshore geometries were analysed and variations were applied.
The hydraulic conductivity of the foreshore, the presence of holes in the foreshore and the properties of these
holes were varied to see how they influence the result. This influence was in comparison with the standard,
case specific, foreshore model. This includes a foreshore in which holes are present. These holes are deter-
mined using the AHN. The difference in critical head result between a foreshore in which holes are present or
not is depicted in the figure below. In this figure also the results of the standard models, in which no foreshore
is present, is shown.

Figure 11.2: Results of the standard model, standard foreshore model and a model with a full foreshore(without holes) for all three cases

The progression of the lines for each case is the result of the comparison of the critical head result of the
models. This includes the standard model, with the seepage length following from the safety analysis, the
standard foreshore models, with seepage length corresponding to the holes determined from the AHN and a
full foreshore model in which no holes are present. In the following table, the seepage lengths of the standard
models and seepage lengths as the result of the holes in the standard foreshore model can be seen.

Table 11.1: Seepage lengths of the different models, as an explanation of fig. 11.2

Case: Salmsteke Honswijk Den Oord
Init. Seep. Length 58.09m 121.72m 100.82m
Seep. Length Holes 80m-150m 105m-125m 135m
Seep. Length River 300m 360m 545m

For the cases of Salmsteke and Den Oord a more or less linear progression of the lines in fig. 11.2 can be
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seen. This is due to the increase of seepage length between the standard model, standard foreshore model
and the model with a full foreshore. For the case of Honswijk something else occurs. As the seepage length
from the standard model (121.72m) does not differ a lot from the seepage lengths as a result of the holes (105-
125m) there is no increase in critical head result between the standard model and the standard foreshore
model.

Standard foreshore models
The geometry of the standard foreshore models for the cases was determined based on the AHN. As the

AHN-3 data is reasonably up-to-date, this data can be assumed as correct. The choice of layer separation is
debatable, as the depth of the foreshore cover layer was limited to a constant depth, determined using the
AHN. In reality this depth would not be constant and even be deeper or less deep. This would affect the
resistance of the foreshore and thereby the results.

Hydraulic conductivity of the foreshore
The hydraulic conductivity of the foreshore cover layer greatly influences the critical head result. As the

information about the actual hydraulic conductivity of the foreshore cover layer was absent, the assumption
of 0.1m/day was done. Variation of this assumption lead to large differences in critical head. A higher hy-
draulic conductivity decreases the resistance in the foreshore, where a lower hydraulic conductivity increases
the resistance. The extent of the influence of a changing hydraulic conductivity of the foreshore cover layer
is governed by the geometrical characteristics of the foreshore. The cover layer thickness and the position of
the holes on the foreshore determine this extent.

Variations on the foreshore
In the standard foreshore model, holes were identified based on the AHN. The properties of these holes

were varied, as the exact properties can not be determined from the AHN. The influence of the properties of
a hole is mainly due to the fact whether the hole reaches to the aquifer or not. Even for a small layer between
the aquifer and the outer water in a hole, it holds that a pipe will form from another point at which the outer
water and the aquifer are in direct contact. If there is contact between the outer water and the aquifer, the
area of contact is of less significant influence, as an increase in contact area of 50x only causes a decrease
in critical head of 8%, where a small layer of silt of 0.05m in a hole causes an increase of more than 20%. In
analysing a foreshore it is therefore better to focus on the fact if a hole reaches to the aquifer than to focus on
the area of aquifer exposed to the outer water. As mentioned in the previous subsection, the results are based
on a hydraulic conductivity of the foreshore cover layer of 0.1m/day. A change in hydraulic conductivity of
the foreshore cover layer could influence the effect of several variations, however it is expected that the trend
is the same for different hydraulic conductivities.

Application general foreshore research on the cases
Applying the results of the general research on the cases brought up some difficulties. The cause of these

were the differences in initial seepage length and the fact that a foreshore from a case is not horizontal with
a continuous thickness. To overcome these differences, some correction factors were used. These correc-
tion factors were the result of trial-and-error calculations in which the case study results were approached.
Using the results from the general research and adapting these results with the correction factors, the case
study results were closely approached. It is however the question if this is just coincidence or if it is widely
applicable.

Limitations
As all the variations of the foreshore are done with the assumption that the hydraulic conductivity of the

foreshore cover layer is 0.1m/day, the effect of a change in hydraulic conductivity on the other conclusions
is not accounted for. The effect of a different assumption of hydraulic conductivity of the foreshore cover
layer is therefore uncertain, it can however be expected that the results, for different hydraulic conductivities,
follow the same trend as the current results do.

From the AHN the foreshore geometry was determined. To model this, a horizontal separation line between
the foreshore cover layer and the aquifer must be chosen. This was also done by use of the AHN. This assump-
tion is rough and based on a geometry, where the separation could better be determined from soil samples,
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to see until what depth the foreshore cover layer reaches. Next to this, the horizontal separation line is also
incorrect. In reality this separation will not be completely horizontal. The influence of these differences with
the reality is not searched for in this thesis.

In this research the variations of the foreshore were done one by one to check their influence. It is how-
ever not determined what the effect of a combination of these variations would be.

In the choice for the standard model, homogeneous compositions of the foreshore and the aquifer were as-
sumed. In reality this will not be the case. This change will change the results, the extent is however uncertain
and is not searched for in this thesis.

11.2. Soil heterogeneity research
The research to the effects of soil heterogeneities on the critical head result is conducted in two ways: A
general research and a case specific research. In the general research the influence of a continuous layer
throughout the whole cross-section is determined by changing the depth of this layer and its resistance. In
the case specific research, local heterogeneities are identified based on local data and the effect of a specific
heterogeneity is determined.

General soil heterogeneity research
In the general heterogeneity research, a continuous horizontal layer (resistance layer) throughout the whole
cross-section is added to a standard model. This layer is then varied with respect to its resistance and depth.
In this research, variations on initial situations are done and their effects will also be discussed.

Effect of increasing resistance
Increasing resistance has a very significant effect on the critical head result. As with increasing resistance
less water can penetrate through the layer into the lower aquifer, the results are affected. The progression of
the results is not linear, but has a typical shape (on logarithmic scale). As expected, an increase in critical
head by increasing resistance is present. This increase continues to a value which can be approached by the
Sellmeijer formula if only the top part of the aquifer, the part above the resistance layer, is accounted for.
However, for some depths of the resistance layer, the increase in critical head for very high resistance values
is not the largest. A flow scenario, for lower resistances of the resistance layer, can occur where water can seep
through the resistance layer into the lower aquifer, but can not flow back into the higher aquifer, causing the
largest increase in critical head. This flow scenario occurs more frequently for lower depths of the resistance
layer. The left and right boundary of the graphs can be approached by use of the Sellmeijer formula. The left
boundary is for the case where the whole aquifer works as flow area, accounting the whole thickness of the
aquifer in the Sellmeijer formula. The right boundary is determined by the case where only the upper part
of the aquifer(above the resistance layer) is accounted for in the Sellmeijer formula. In all the graphs it can
be seen that the section in which the largest increase in critical head is between 1 and 20 days. This is the
transition area between full flow through the resistance layer and no flow through the layer.

Effect of increasing depth
Increasing depth of the resistance layer decreases the influence on the critical head. This is due to the effect
that the difference in critical head between the two boundaries(left and right) is smaller for deeper resistance
layers, as the top aquifer thickness is larger for deeper resistance layers. The probability of occurrence of the
mechanism were water is drained into the lower layer, causing higher increases than the the right boundary,
is larger for less deep layers, as the resistance is higher in the cross-section.

Effect of changing initial conditions
A change in initial conditions, the initial seepage length and the hydraulic conductivity of the aquifer, causes
some differences in results. The values for certain resistances differ, but the shape of the graphs, for different
initial conditions, is relatively similar. Increasing the initial seepage length results in increasing influence on
the critical head. The ratio between the seepage length and the aquifer thickness becomes larger, causing
an amplification of the influence on the critical head. Increasing hydraulic conductivity of the aquifer de-
creases the influence on the critical head, because water flow is more easier through the aquifer, the effect of
a resistance layer is less.
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Summary
In the graph below, the effect of the changing components is visualized. In this graph, changes in values and
shapes can be seen. In this graph 4 lines can be detected:

1. Begin situation: Line 1, Kaq =20m/day, Lseep=50m, Depth=3m;
2. Depth variation: Line 2: Kaq =20m/day, Lseep=50m, Depth=5m;
3. Seepage length variation: Line 3: Kaq =20m/day, Lseep=100m, Depth=3m;
4. Hyd. Cond. aquifer variation: Line 4: Kaq =40m/day, Lseep=50m, Depth=3m;

Figure 11.3: Summary discussion general soil heterogeneity research

In the figure above, the lines represent the situations explained by the summation above. The blue line
(Line 1) has to be seen as a starting point in this comparison. Increasing the depth of the resistance layer,
the influence on the critical head becomes less, resulting in Line 2. The difference between Line 1 and Line
2 indicates the difference in influence on the critical head if the depth of the resistance layer is increased. If
the initial seepage length is increased, the influence on the critical head also increases. Line 1 shifts therefore
up in the graph, resulting in Line 3. The difference between Line 1 and Line 3 is the effect of increasing initial
seepage length on the influence on the critical head. If the hydraulic conductivity of the aquifer is increased,
the influence on the critical head is decreased, see Line 4. The difference between Line 1 and Line 4 is the
effect of increasing hydraulic conductivity of the aquifer on the influence on the critical head.

Limitations
Computations are done for several initial seepage lengths and hydraulic conductivities of the aquifer. The

influence of the change in initial conditions was discussed, however, not enough computations are done to
give an answer to how the results are exactly influenced by a change in initial conditions.

The influence of a horizontal continuous resistance layer was determined. In reality, layers are not com-
pletely horizontal and continuous. The effect of the resistance layer being not horizontal and discontinuous
are therefore not included in this thesis. However in reality, a layer in the subsoil is, most likely, not com-
pletely horizontal with changing thickness.

This research only covers the influence of a continuous resistance layer. Heterogeneities in this layer can
influence the effect on the critical head, as well as holes in this layer. Next to this, heterogeneities in the
aquifer around this resistance layer could also affect the degree of influence of the resistance layer.

Case specific heterogeneity research
In the case specific research, cross-sections were developed in which the heterogeneities were identified. Be-
cause of uncertainty two values of the hydraulic conductivity were used for the heterogeneities, these values
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follow from the literature study.

The cross-sections were created based on local samples and completed with the GeoTop model, if necessary.
Although this model was handled with care, the uncertainty in this model is very large, hereby the question
arises if the heterogeneities determined with the GeoTop model are present in practice. It gives however still
a good impression in how a certain heterogeneity influences the critical head result.

Effect of the heterogeneities
Heterogeneities in the subsoil influence the critical head results. The extend of this influence is however
very dependent on the properties of the heterogeneity. Heterogeneities preventing the water from seeping
into the aquifer have a large positive influence on the critical head results. Where heterogeneities around
the exit point can have positive, as well as negative influences on the critical head, depending on their hy-
draulic conductivity and particle diameter. Heterogeneities reaching through the whole cross-section, which
are less permeable than the aquifer, do always have a positive effect on the critical head, the extend of this
influence is determined by the placing height and hydraulic conductivity of this heterogeneity. For almost
all heterogeneities hold that the influence is in a range, dependent on the range of hydraulic conductivities,
depths and thickness of the heterogeneities . It was proven to be possible that in the range of hydraulic con-
ductivity the changing point from a positive to negative effect is present. The one heterogeneity far from the
pipe formation, had no influence on the critical head result. However, it can not be said that this holds for all
heterogeneities out of the path of the pipe, as they still can influence the flowing conditions in a cross-section.

Application general research
Applying the general research results on the cases prove to be easy and accurate. Some slight differences

were present, but they can be explained by the difference in initial seepage length. It became however clear
that for increasing difference in initial seepage length, the differences in results also increase. The general
research results can however only be applied on heterogeneities crossing the whole cross-section. It is also
unclear how accurate the results are when a layer is not horizontal with a continuous thickness.

Limitations
The approach in creating a cross-section with heterogeneities comes with some difficulties and uncer-

tainties. The uncertainty of the GeoTop model was already addressed, but has to be named. After the samples
were made, by use of local samples completed with GeoTop, it was chosen to put these samples, in the form
of boreholes, in D-Geo Flow and let D-Geo Flow create a cross-section by use of linear interpolation between
the input boreholes. This causes the problem that between the boreholes the layers, assigned in the bore-
holes, were assumed to continue. However, in reality, the heterogeneities can be interrupted, creating gaps
in the heterogeneity. By Stoop(2018)[13], it was determined that gaps in a heterogeneities the cross-section
can be of large influence. With this remark, the results from the case specific heterogeneity research can not
be assumed to represent the reality in detail, but the results give a good image of how a certain heterogeneity
can influence the result of the critical head.

The effect of the heterogeneities is determined by modelling the heterogeneities in the cross-section one-
by-one. In this way the effect of the heterogeneities was determined separately per heterogeneity. The result
for a heterogeneous cross-section, in which all the heterogeneities are incorporated is not computed. As the
heterogeneities could reduce or enlarge each others’ effects, the result is different.

The heterogeneities which were added to the cross-section were assumed to be a constant soil body. With
this it is meant that there are no heterogeneous properties throughout the soil body. Effects of heterogeneous
properties throughout one soil body are, with this assumption, not included in this thesis.





12
Conclusions

12.1. Introduction
In this thesis, a study is done to analyse how a foreshore and heterogeneities in the subsoil influence the result
of the piping safety analysis. This study is done by use of a model, D-Geo Flow. Insights in how a foreshore
or heterogeneities influence the safety analysis result, can improve the piping safety analysis. In this chapter
the final conclusions, based on the study in this thesis, are presented. As final conclusion an answer is given
to the main research question:

"What is the effect of the foreshore and soil heterogeneities on the result of the piping safety analysis?".

After answering this question, it can be concluded if the research objective of this thesis is met. The research
objective hold:

"Improve the piping safety analysis by including the effects of the foreshore and soil heterogeneities."

12.2. Conclusions Foreshore (part I)
The main objective for the foreshore research was to give answer to the question what the effects of a fore-
shore are on the result of the piping safety analysis and how this can improve the piping safety analysis. A two
way approach was used to answer this: A general approach and a case specific approach.

In the safety analysis of piping, a foreshore, if present, is included in the seepage length. Holes on the fore-
shore can reduce this seepage length, as well as the hydraulic conductivity of the foreshore cover layer, for
which a representative seepage length is determined. This representative seepage length is then used in the
Sellmeijer formula. From this thesis, it can be concluded that the approach of reducing the seepage length
when a permeable foreshore cover layer is present is the right approach, as the hydraulic conductivity of the
foreshore cover layer highly influences the critical head result. The extent of this influence is dependent on
the foreshore length, thickness of the foreshore cover layer, hydraulic conductivity of the foreshore and the
presence or location of holes on the foreshore.

The properties a hole on the foreshore can greatly affect the critical head result. The largest influence can
be found in the presence of some resistance in a hole. If the hole does not reach the aquifer, but some resis-
tance in presence in this hole, the aquifer is "sealed" at the location of this hole, so almost no seepage will
occur through this hole into the aquifer. This resulted, in the cases used, to increases in critical head up to
30%. The influence of hole width, especially the part reaching to the aquifer is of less influence. An increase
of 50x the width of a hole reaching to the aquifer results is a decrease in critical head of around 8%.

In the choice of seepage length and the handling of the holes in the foreshore, the holes need to be assessed
closely. Choosing a less long seepage length because of the presence of a hole on the foreshore could under-
estimate the resistance to piping, as a small resistance in a hole leads to the same situation as the hole would
not be present. This finding leads to the insight that a cross-section could be more resistance against piping
than thought beforehand.
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12.3. Conclusions Soil heterogeneities (part II)
The main objective for the soil heterogeneity research is to see how a heterogeneous soil effects the result of
the piping safety analysis. The research is done in a general and a case specific part.

In the safety analysis, the subsoil is assumed to be homogeneous with certain characteristics. From this re-
search it can be concluded that the assumptions underestimate the actual resistance against piping. Hetero-
geneities in the subsoil influence the critical head result in a positive and negative way, however, the positive
influences are larger and overshadow the negative effects. As only two out of nine identified heterogeneities
proved to decrease the critical head result with a maximum of -26%, where the positive heterogeneities in-
crease the critical head with a maximum 139%. It can be concluded that based on the findings in this thesis,
a heterogeneous cross-section is more resistant to piping than a homogeneous cross-section.

A layer with a lower hydraulic conductivity than the aquifer(resistance layer) crossing the whole cross-section
always increases the critical head in comparison with a situation without such a layer. This extent of increase
is determined by the resistance against vertical flowing of this layer. Higher resistances lead to higher crit-
ical heads. Dependent on the geometry of the cross-section, however, a flow scenario can occur for which
the critical head is not at its highest at the highest resistance. This flow scenario, the "one-way flow", occurs
for resistances for the resistance layer between 20 and 500days. The occurence of this scenario increases for
decreasing resistance layer depth.

The answer to the main research question can now be formulated:

The effect of the foreshore and soil heterogeneities on the result of the piping safety analysis is locally specific.
The approach used in the safety analysis in incorporating the foreshore should focus more on the properties
of holes on the foreshore, as they influence the result very significantly. The effect of soil heterogeneities on
the result of the piping safety analysis is per heterogeneity different, but a heterogeneous subsoil has a higher
resistance against piping than the currently used homogeneous subsoil.

The objective: "Improve the accuracy of the piping safety analysis by including the effects of the foreshore and
soil heterogeneities", is, by answering the research question, met. As more knowledge about the effects of the
foreshore and soil heterogeneity can be used in the decisions which have to be made in the piping safety
analysis.
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Recommendations and further research

13.1. Introduction
In this chapter, recommendations are given based on the findings in this thesis. The recommendations are
both for the most important implementations of the findings in this thesis on the safety analysis, as for the
further research which would improve the knowledge of piping and the piping safety analysis.

13.2. Implementing the results in the safety analysis
In the safety analysis of piping the choice of the seepage length, including the foreshore, is determined based
on the permeability conditions of the foreshore and the presence of holes on the foreshore. This research
made clear that the approach of reducing the seepage length if a permeable foreshore is present is the right
way. The method and extent of reducing was not in the scope of this thesis. The way holes on the foreshore
are incorporated in the analysis is not correct. The implementation of the findings concerning holes on the
foreshore would be to assess a hole on the foreshore in more detail to determine if this hole reaches to the
aquifer or not.

The influence of a continuous, horizontal layer throughout the whole cross-section was examined in a gen-
eral heterogeneity research part. The application of this research proved that the results from this general
research can be applied relatively easy on practical situations. If, at a certain location, it is known such a layer
is present, the results from this research can estimate the influence of such a layer on the critical head in an
easy and quick way.

13.3. Further research
Piping is a very complex problem to understand and a lot of research has already been done. However, in this
thesis, several aspects of the piping problem arose for which the knowledge is insufficient to really understand
the processes of piping. Therefore several aspects for further research are named.

Foreshore
The general foreshore research revealed that the characteristics on the foreshore cause difficulties in assum-
ing which representative values have to be used. A more in depth research in choosing these values could,
probably, eventually lead to a stepwise choice pattern resulting in a accurate prediction of the critical head
when a foreshore is present.

Another foreshore related topic for further research is the comparison of the general foreshore research from
this thesis with the current approach in determining a representative seepage length in case of a more per-
meable foreshore cover layer. If these results will prove to be similar, the current approach is the right way. If
differences are found, a better approach could be determined.

One-way sealing
The general soil heterogeneity research resulted in generic results, directly applicable on several components
of the case. This research also revealed that the maximum increase in critical head does not occur at imper-
meability of a layer, but when the layer is nearly impermeable, so water only progresses through the layer in
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one way(downward). One ways sealing of the aquifer could be a good solution to prevent piping, if construc-
tion is possible. A research to the application of this finding is suggested.

Soil characteristics
In this thesis, several soil characteristics where used, based on literature. This literature study proved that soil
characteristics are hard to determine and that wide ranges of these characteristics are given. More research
into the soil characteristics and soil characteristic predictions could lead to a big improvement in the piping
safety analysis.

D-Geo Flow
The research in this thesis was conducted in D-Geo Flow. D-Geo Flow, a graphical interface model, is, for now,
only validated for simple soil-compositions. This can also be seen in the validation of the standard model in
this thesis, see section 4.2. The question is however if the results, generated from D-Geo Flow for more com-
plex situations are also valid. This is therefore a good subject for further research. With this recommenda-
tion, also a downside arises. Generating real life results of complex soil compositions is hard, expensive and
time-consuming. For that reason the recommendation for further research is in two ways: To continue the
validation of D-Geo Flow for other compositions and to search for ways how to generate reliable, real life re-
sults for complex compositions. A hopeful outcome of this thesis was that in the limit of some variations, the
Sellmeijer formula was approached, this indicates, but not proves, the correctness of the model, if Sellmeijer
is assumed as correct.

Soil composition
The soil heterogeneity research revealed a shortcoming in knowledge in how to predict the subsoil composi-
tion. The data which is available is limited and interpretations in soil layer progression through the cross-
section have to be made to come up with a schematic representation of the subsoil. A topic for further
research would be to search for ways in how to interpret and transfer the available data to create a repre-
sentative cross-section. This would greatly increase the accuracy of the piping safety analysis. As this is a big
and difficult subject, a good start is to determine in more depth what kind of heterogeneities determine the
resistance against piping in a cross-section.

Foreshore and heterogeneities
In this research, two topics were analysed: The foreshore and the heterogeneities in the subsoil. To increase
the knowledge in how heterogeneities in a cross-section (which also includes the foreshore) influence the
result of the piping safety analysis, the two topics have to be combined in a coupled research. It is, for now,
still unclear whether variations in the subsoil influence the effect of a foreshore ans vice-versa. This could
however, be of great importance in the choices and results of the safety analysis.

Anisotropy
This research emerged as a follow-up on the research by Stoop(2018)[13]. In his research he searched for
the effect of anisotropy on the result of the piping safety analysis. In this thesis, the anisotropy was left out
of consideration. It is therefore recommended to firstly determine the amount of anisotropy for several soil
types and secondly to see how anisotropy influences the results which were presented in this thesis. This
would close the gap between the model and reality and thereby increase the accuracy of the piping safety
analysis.



Glossary

Term Description

Anisotropy The inequality between horizontal and vertical flow of water through the soil

Aquifer The permeable layer below the dike through which groundwater can flow,
consists of sand or gravel soil types, in this layer pipe formation occurs

Blanket An impermeable layer at ground level, covers the layers underneath

Critical head (result) The head which a cross-section, at maximum, can resist. It is the value for
which the pipe formation reaches its last equilibrium.

Foreshore A piece of elevated land between the river flowing bed and the dike. It is
located out of the dike protection zone and can therefore be flooded during
high water conditions

Heave The process in which the pressures caused by groundwater flow exceeds the
effective stress of the soil particles, causing fluidization and washing out of
the particles. Follows the mechanism of uplift before pipe formation occurs.

Heterogeneity An inhomogeneous component in the subsoil.

Holocene formation Type of formation deposited in the Holocene era, the last 11000 years. De-
posit is very heterogeneous.

Hydraulic conductivity Determines the ease of water flow though a soil. High values indicate easy
flow, where low values indicate complicated flow.

Piping Pipe formation process in which sand particles are eroded from the aquifer,
causing a pipe below the dike to form. This erosion is caused by a hydraulic
gradient across the dike body. Follows the processes of heave and uplift.

Piping safety analysis Can be in the form of assessment and design. The way a cross-section of a
dike is tested to check its resistance to piping.

Resistance layer Horizontal heterogeneity reaching through the whole cross-section. This
layer has a lower hydraulic conductivity than its surroundings

Samples Site tests containing information about the soil. Can be in different forms as
boreholes or CPT-probings.

Silting up Mechanisms were, by flooding of a foreshore, particles are deposited on the
foreshore.

Uplift Mechanisms in which the pressures in the aquifer cause the blanket to crack.
Pressures are induces by the difference in head across a dike. Precedes heave
and piping.

93





List of Symbols

Symbol Description Unit

c Resistance d ay s
d f Thickness of the foreshore cover layer m
d70 Grain diameter for which 70% passes the particular sieve m
d70m Mean grain diameter (from small scale tests(2.08∗10−4) m
h Hydraulic head m
hexi t Hydraulic head at exit point m
i Heave gradient −
khaq Horizontal hydraulic conductivity of the aquifer m/d ay
kv f Vertical hydraulic conductivity of the foreshore cover layer m/d ay
n Porosity −
rc Reduction factor for exit head loss −
rexi t Damping or response factor at exit point −

Cl Resistance of the resistance layer d ay s
Cseep Correction coefficient seepage length difference −
Daq Thickness of the aquifer m
Dbl anket Thickness of the blanket m
D f or eshor e Thickness foreshore cover layer m
Dl Thickness of the resistance layer m
Fp Pipe progression stability factor −
Hcrcav

Critical head for average resistance of foreshore m
Hcrcmi n

Critical head for minimal resistance of foreshore m
Hcrnew Critical head result, after correction m
Hcrr ep Representative critical head m
K Hydraulic conductivity m/d ay
K f or eshor e Hydraulic conductivity foreshore cover layer m/d ay
Kl Hydraulic conductivity of the resistance layer m/d ay
Kx Horizontal hydraulic conductivity m/d ay
Ky Vertical hydraulic conductivity m/d ay
Li ni tcas Initial seepage length from case m
Li ni tg en Initial seepage length from general foreshore research m
L(l ) (Seepage) Length m
Lseep f i c Fictive seepage length m
RD Relative density −
RDm Mean relative density (from small scale tests(0.725)) −

α Compressibility M 2/N
γ′p Unit weight particles kN /m3

γsat Unit weight saturated soil kN /m3

γw(ater ) Unit weight water kN /m3

η White’s constant −
κ Intrinsic permeability m2

λl Representative foreshore length m
∆Hc Critical hydraulic head difference m
∆φ Head difference m
∆φc,u Critical head difference across the dike m
Θ Bedding angle deg
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A
Piping research through history

Clibborn and Beresford (1902)
Colonel J. Clibborn was perhaps the first to describe the process of piping, although this term was not used.
His interest originated from a number of weir failures in Egypt and India [36]. Clibborn and Beresford de-
scribed a relation between the head across the structure (H), a coefficient describing the geometry and soil
parameters(E) and the seepage length(L) [14]:

L = E ·H (A.1)

Their formula was used for the design of diversion weirs constructed in Egypt and India [36].

Bligh (1910)
The first real description of piping was done by British engineer for the Royal Navy, W.G. Bligh. During his
time in India, numerous weirs failed due to piping. As a design rule, he came up with an empirical rule
known as the creep theory. His empirical rule describes the relation between the maximum allowable head
across a structure(Hcr ) and the seepage length(L). The relation between these parameters was described by
the percolation coefficient or creep ratio(Ccr eep ):

Ccr eep = L

Hcr
(A.2)

He defined the creep ratio for various soil types, shown in table A.1. As the formula by Bligh provided a
safe critical head to prevent piping, it has been a base for the design of dams, weirs and dikes for a long time
[13] [15]. The advantage of Bligh’s approach is the simplicity, due to the small number of input parameters.

Terzaghi (1922)
Terzaghi presented in 1922 a concept of a vertical critical gradient, which occurs when the upward seepage
forces exceed the downward gravitational forces . If this critical gradient is reached, the sand fluidizes and
boils. This process, already described in section 3.1.1, is referred to as heave [36]. The critical heave gradient
was described by Terzaghi in the following relation [4]:

ic = (γs −γw )

γw
· (1−n) (A.3)

In which n is the porosity, γs is the unit weight of the saturated soil and γw is the unit weight of water. The
formula by Terzaghi describes the heave criterion, so the initiation of the pipe(s), this does not imply that
pipe(s) will form.

In the Dutch assessment method for piping, it is assumed that the vertical exit gradient must exceed 0.5
for sand boils to form [13], when this occurs, assessment for piping is needed. The criterion for heave is [9]:
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io = (φ0 −hp )

D
≤ ic (A.4)

In which φ0 is the hydraulic head at the bottom of the top layer, where the exit gradient is maximum, hp is
the inner water level(free water level or ground level) and D is the aquifer thickness [9] .

Lane (1935)
When piping occurs in a vertical way, the formula of Lane(1935) can be used. Lane revised the creep ratio
concept by Bligh to more accurately account for the increased resistance to flow provided by cut-offs [36],[13].
He based this revision through a review of 278 dams, he adjusted the creep ratio from Bligh to a ratio known
as the weighted creep ratio. Lane (1935) suggested the following relation [36]:

∆Hc =
1
3 Lh +Lv

Cw,cr eep
(A.5)

In which ∆Hc is the critical hydraulic head across the structure, Lh and Lv are the horizontal and vertical
seepage lengths and Cw,cr eep is the weighted creep ratio. While the creep ratios from Lane (1935) are a sig-
nificant improvement over the ratios from Bligh(1910), the largest shortcomings of Bligh’s approach are not
overcome by Lane, because the safety factor against piping is unknown and no site-specific conditions can
be accounted for [36]. The weighted creep ratios can be seen in table A.1 next to the creep ratios from Bligh.

Table A.1: Creep ratios for different soil types by Bligh(1910) and Lane(1935) [9]

Soil types Median grain size [µm]1 Ccr eep (Bligh) Cw,cr eep (Lane)
Very fine sand, silt <105 8.5
Very fine sand 105-150 18
Fine sand(mica) 18 7
Moderate fine sand(quartz) 150-210 15 7
Medium sand 210-300 6
Coarse sand 300-2000 12 5
Fine gravel 2000-5600 9 4
Medium gravel 5600-16000 3.5
Coarse gravel >16000 4 3
1Indications conform NEN 5104 (Sep, 1989)

USACE (1956)
The United States Army Corps of Engineers, with Bennet(1946), developed analytical solutions for assessing
levee-underseepage [36]. This approach is known as the Blanket Theory in the United States. In this it is as-
sumed that all seepage through the blanket (cover layer) is vertical and through the foundation(aquifer) is
horizontal. The Blanket Theory is very accurate for situations where the permeability of the blanket is signif-
icantly lower than the permeability of the aquifer (factor >10) [36]. The United states adopted this approach
as their primary guideline in their manual "Design and Construction of levees" [41]. The governing criterion,
used in the United States, for designing against piping is the exit gradient. The design guidelines can be seen
in [41].

Schmertmann(2000)
Schmertmann developed an a method with empirical factor derived from several experiments. His empiri-
cally based method incorporated numerous factors based on theory, such as the influence of pipe orientation
and anisotropy. The method is based on point gradients, the local gradients upstream of the advancing pipe
[36]. These local gradients are compared to the local critical gradients to determine the factor of safety. These
critical gradients are derived from laboratory tests [36]. Schmertmann acknowledged the influence of the
uniformity coefficient of the soil [12]. The disadvantage of Schmertmann’s method is the difficulty of using it,
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although it is, perhaps, the most comprehensive model for assessing piping.

Hoffmans(2014)
Hoffmans describes an analytical model based on Ohm’s law. The flow underneath the blanket is determined
by the resistance and the potential differences of the soil. The flow through the aquifer is schematised by
different flows: groundwater flow on the upper side, vertical flow towards the pipes, pipe flow on the entry
points, pipe flow on the inner side and groundwater flow on the inner side. The groundwater flow is modelled
by Darcy’s law and is laminar. The pipe flow, described by Hagen-Poiseuille flow is also laminar [8].

The model distinguishes the critical head for heave and the critical head for initiation. Shields is used, af-
ter adjusting it for laminar flow, for the motion of the particles. Critical gradients of Shields and Darcy are
used to calculate the critical hydraulic gradient [8].

Just like Sellmeijer’s model does Hoffmans’ model use a isotropic homogeneous aquifer as a schematization.
But Hoffmans assumes two layers in the aquifer, one layer affecting the hydraulic head and the other layer
not. The thickness of the layer influencing the hydraulic head is approximated with a relation between the
discharge through the layer, the hydraulic conductivity and the gradient. The formulas used for the model by
Hoffmans can be seen in [7, 8].





B
Appendix: Samples subsoil study

Figure B.1: Sampling of the different areas
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(a) Samples Meuse valley(1)

 

(b) Samples Meuse valley(2)

 

(a) Samples River Lands(1) (b) Samples River Lands(2)

(a) Samples River Lands(3) (b) Samples River Lands(4)

 

(a) Samples River Lands(5) (b) Samples IJssel river(1)
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(a) Samples IJssel river(2) (b) Sampels Delta area(1)

(a) Sampels Delta area(2) (b) Sampels Delta area(3)

(a) Sampels Delta area(4) (b) Sampels Delta area(5)

(a) Sampels Delta area(6) (b) Sampels Delta area(7)
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(a) Sampels Delta area(8)

 

(b) Sampels Delta area(9)

(a) Samples IJsselmeer area(1) (b) Samples IJsselmeer area(2)

(a) Samples IJsselmeer area(3) (b) Samples IJsselmeer area(4)

(a) Samples IJsselmeer area(5) (b) Samples IJsselmeer area(6)
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(a) Samples IJsselmeer area(7) (b) Samples Waddenzee area(1)

 

(a) Samples Waddenzee area(2)

 

(b) Samples Waddenzee area(3)





C
Soil characteristics

Hydraulic conductivity
As described above, only the horizontal hydraulic conductivity is discussed in this part. The hydraulic con-
ductivity is the ease by which water flows through a soil. As the flow of water through a soil type is dependent
on the open spaces in the soil and the connection of these spaces, each soil type has a different hydraulic
conductivity. Smedema and Rycroft(1983)[42] state that the same soil types have different values of the hy-
drauluic conductivity due to the variability in soils and came up with a generalized table, describing the hy-
draulic conductivities of soil types. As in this Thesis, the soil classification by Dinoloket [33] is used, the table
by Smedema and Rycroft is adjusted to this classification.

Förster(2017) [19] describes the hydraulic conductivity of the permeable sand and gravel layers, depending
on their origin. The values are implemented on the classification as stated above by the Dinoloket. The values
described are representative for the assessment in the Netherlands.

Bear(1972)[43] also described the hydraulic conductivity. The values were modified to the classification.

Table C.1: Hydraulic conductivities(K) in [m/d ay]

Soil types K-value [42] K-value [19] K-value [43]
Gravel 30-50 58.8-84.7 86.4-864
Coarse sand 10-30 24.2-58.8 8.64-86.4
Medium sand 1-5 8.1-13.0 4.32-8.64
Fine sand 1-3 0.9-4.4 0.864-4.32
Clayey sand or sandy clay 0.2-2 -
Clay 0.002-0.2 - 0.000864 - 0.0864
Peat - - 0.864-8.64

Anisotropy coefficient
The anisotropy coefficient is the directional inequality in hydraulic conductivity and is defined as C A = Kx

Ky

in which Kx is the horizontal and Ky the vertical hydraulic conductivity. Anisotropy is described in sec-
tion 3.2.2. The value of the anisotropy coefficient is not very well known and is dependent on the soil type.
Forster(2017) [19] states that the coefficient can value from 2 to more than 10, for respectively sand and clay,
where other literature state that the coefficient can vary from 1 to 40 [24]. According to the literature it can be
concluded that the hydraulic conductivity is dependent on the soil type and that for coarse soils the hydraulic
conductivity is smaller than for fine soils and with this it is assumed, for now, that the coefficient has a linear
dependency to the soil types. With this assumption, the following values for the different soils are chosen:
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Table C.2: Anisotropy coefficient(C A )

Soil types Anistropy coefficient [19]
Gravel 0
Coarse sand 2
Medium sand 4
Fine sand 6
Clayey sand or sandy clay 8
Clay 10
Peat -

Particle diameter
The particle diameter used in the models and the piping assessment is the D70 grain size. The D70 is the

grain size for which 70% of the mass percentage passes the sieve with a mesh of D . The particle diameter
has a direct influence on the distribution of spaces in the soil and therefore on the flow of water through the
soil. As all the soil parameters, the grain size also has a range, due to the variability of the soil, from this
range the D70 can be concluded. In ISO 14688-1 [44] the grain sizes of sands are given. Krumbein(1937) [45]
defined a classification scale based on the grain size, the grain size distribution is adapted to the classification
fromDinoloket

Table C.3: Particle diameter

Soil types Particle diameter [44] [m] Particle diameter [45] [m]
Gravel - 2.0∗10−3 - 3.2∗10−2

Coarse sand 6.3∗10−4 - 2.0∗10−3 5.0∗10−4 - 1.0∗10−3

Medium sand 2.0∗10−4 - 6.3∗10−4 2.5∗10−4 - 5.0∗10−4

Fine sand 6.3∗10−5 - 2.0∗10−4 1.25∗10−4 - 2.5∗10−4

Clayey sand or sandy clay - -
Clay ≤ 2.0∗10−5 9.8∗10−7 - 3.9∗10−6

Peat - -

Porosity
The porosity of the soil is the amount of open spaces in the soi. These "open" spaces can be filled with a

liquid or air. Yu(1993) [46] defined the range for the porosity for the different soil types.

Table C.4: Porosity

Soil types Porosity [−] [46]
Gravel 0.25-0.36
Coarse sand 0.31-0.46
Medium sand -
Fine sand 0.25-0.53
Clayey sand or sandy clay -
Clay 0.34-0.57
Peat -

Compressibility
Compressibility is the amount of loss in volume. It is expressed in [m2/N ]. From the ranges the compres-

sion is given in, the lowest value is chosen for the models. The compression values for the different soil types
are [47]:
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Table C.5: Compressibility

Soil types Compressibility [m2/N ] [47]
Gravel 1.0∗10−8 - 5.2∗10−8

Coarse sand 1.0∗10−7 - 1.0∗10−8

Medium sand 1.0∗10−7 - 1.0∗10−8

Fine sand 1.0∗10−7 - 1.0∗10−8

Clayey sand or sandy clay -
Clay 2.0∗10−6 - 1.3∗10−7

Peat -





D
D-Geo Flow

D.1. Introduction ([48])
To see how several aspects influence the result of the critical head, D-Geo Flow is used. In D-Geo Flow cross-
sections can be modelled and calculation can be done. D-Geo Flow is a graphical interface. In fig. D.1 the
user interface can be seen.

Figure D.1: D-Geo Flow interace

It is the graphical interface for the
computing platform DGFlow. In
DGflow the finite element method
is used to compute the results.
In D-Geo Flow a piping module
is present to predict whether pip-
ing can occur or not, given a cer-
tain water level. This module is
based on the model by Sellmei-
jer, in which the force balance of
the grains in the top of the ero-
sion channel is assessed. In D-Geo
Flow the subsoil can be modelled
and 2D transient groundwater flow
calculations can be performed. In
this calculations time-dependence,
compressibility and changes in the
phreatic line are incorporated. In the following sections D-Geo Flow is explained in more depth and the
downsides of the program are named. For the scientific background of the DGFlow platform, the D-Geo Flow
manual[49] is recommended.

D.2. Working with D-Geo Flow
As explained is D-Geo Flow a graphical user interface. This means that , if it’s done in the right way, you
see what you are doing. How to work with D-Geo Flow will explained in the steps that have to be taken to
calculated with D-Geo Flow.

Materials
In D-Geo Flow the materials that will be used have to be put in manually. Two types of materials can be dis-
tinguished: Soils and Water.

Soils
Per soil type, several soil parameters must be put in. Also a soil type name and color have to be chosen. These
parameters will later determine the flow pattern and erosion. The soil parameters which have to be put in
D-Geo Flow are:

• Porosity (n) [−]
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• Compressibility (α) [m2/N ]
• Grain particle density (ρs ) [kN /m3]
• Particle diameter (D70) [n]
• White’s constant (η) [−]
• Bedding angle (Θ) [deg ]
• Hydraulic conductivity (Kx,y ) [m/d ay]

Per soil types most of the parameters differ. However, for some parameters it is recommended by Förster[9]
to use set values. The parameters with the follwing values are recommended:

• White’s constant (η) = 0.25
• Bedding angle (Θ) = 37 deg
• Grain particle density (ρs ) = 2.65∗103 kN /m3

Water
The input values for water are already given by D-Geo Flow. These are the values for fresh water. Water used
in the models can be assumed as fresh water, so these properties do not have to be changed.

Boreholes

Figure D.2: Example of a borehole in D-Geo Flow

To create a cross-section, D-Geo Flow uses linear interpolation
between boreholes. These boreholes have to be put into D-Geo
Flow. The boreholes consist of information about the soil at
that specific location in the cross-section. The boreholes con-
sist therefore the following information:

• A name: Boreholes can be named, D-Geo Flow automati-
cally gives numbers to the boreholes, but they can be ad-
justed;

• X-location: location in the 2D cross-section (see fig. D.1);
• Top level: the ground level height at that location;
• Soil layering: per soil layer a upper boundary, a lower

boundary and soil layer have to be assigned.

An example of a borehole with different layers can be seen in
fig. D.2. When several boreholes are created, D-Geo Flow in-
terpolated the soil layers between these boreholes to create
a cross-section. The cross-section can only be changed by
changing the boreholes.

Boundary conditions
For D-Geo Flow to calculate, all boundaries of the model need to have a boundary condition. In D-Geo Flow
5 types of boundary conditions can be assigned:

1. Head boundary: A constant head, has to be assigned to the boundaries which are in contact with a
uniform head in time and space;

2. Flux boundary: A boundary at which water is crossing the boundary in or out of the model;
3. Seepage boundary: A boundary through which water can seep into the outer atmosphere;
4. Submerging boundary: A variable head, has to be assigned to the boundaries which are in contact with

water level which are time-variable;
5. No-flow boundary: Assigned to locations where no flow crosses the boundary.

Each of these boundaries have their specific characteristics. More information about the characteristics
of these boundaries can be seen in Stoop(2018)[13].
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Pipe
When the cross-section is, almost, done, a pipe can be assigned. In D-Geo Flow a pipe must be added manu-
ally and must be, at both sides, in contact with the outer atmosphere. This means entry and exit points must
already be added in the model, by use of the boreholes. In D-Geo flow the pipe must be horizontal.

Grid
The last step in making the model is generating the grid. In the grid menu, two values must be chosen: The
default mesh coarseness and the Pipe coarseness. The mesh coarseness is the size of one side the an element
in the grid. A low values states that small elements are generated. The pipe coarseness is the dividing factor
of the elements along the pipe. This means that the size of an element is divided by the pipe coarseness value
and therefore more elements will be present along the pipe to improve the accuracy of the calculations along
the pipe.

A low value of the Default mesh coarseness leads to smaller elements and therefore an increase in calculation
duration. The same counts for a high value of the pipe coarseness.

D.3. Limitations of D-Geo Flow
With the use of D-Geo Flow, some limitations occur, as the software is relatively new, no solutions can yet be
implemented in the software. In this section the limitations will be summed up.

• Changing the cross-section in an easy way. In D-Geo Flow, the cross-sections are created by use of
interpolation between boreholes. If a cross-section has to be changed all the boreholes have to be
changed in order to do so. This is a time-consuming and impractical way in changing the cross-section;

• The development of the pipe, or in D-Geo Flow the modelling of the pipe, can only be horizontal in
D-Geo Flow. This horizontal pipe also has to be placed directly beneath the dike body. This is, partly,
due to the fact that D-Geo Flow can not calculate vertical erosion. This makes the prediction of the pipe
progression unreliable if, in practice, the pipe proves to progress in an un-horizontal way;

• Complex cross-sections are difficult to model. If a complex cross-section is modelled, the D-Geo Flow
software can gives some errors. This is due to the fact that D-Geo Flow, for long thin elements, can not
create a grid with the given grid properties. In fact, no triangles can be generated, but elements with
more than three sides are then generated. These errors are unclear in where the problem occurs or how
to solve the problem. This can cause a time-consuming search for the problem;

• If a grid for a complex cross-section can be generated, D-Geo Flow can take forever to give a result. This
makes it hard to model complex, extensive cross-sections;

• As D-Geo Flow is a user interface, it seems to be easy in use, However, because of the simple interface,
implementation of models with a complex composition is very time-consuming;

• The preparation steps to create a model are very clear. However, the calculation is a black box. It is
unclear to see what and how the software is doing its calculations;

• The calculation time prediction is not very accurate. If calculations are performed, a screen pops up in
which the progression of the calculation can be seen in time and in percentages. These percentages are
correct, but the time prediction is not correct;

• 3D-flow calculations are not possible. This makes a spatial variation along the dike impossible to put
in the model and can lead to misleading results.
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Appendix: Results foreshore sensitivity

analysis

E.1. Hydraulic conductivity of the foreshore
Salmsteke

Table E.1: Results of the hydraulic conductivity variations of the foreshore, case Salmsteke

Hyd. Cond. Foreshore: K = 0.001 m/day K= 0.01m/day K = 0.1 m/day K =1.0 m/day K =10 m/day
Critical head result [m]: 5.5 5.4 4.8 3.8 3.4

Honswijk

Table E.2: Results of the hydraulic conductivity variations of the foreshore, case Honswijk

Hyd. Cond. Foreshore: K = 0.001 m/day K= 0.01m/day K = 0.1 m/day K =1.0 m/day K =10 m/day
Critical head result [m]: 6.4 6.3 5.9 4.8 4.1

Den Oord

Table E.3: Results of the hydraulic conductivity variations of the foreshore, case Den Oord

Hyd. Cond. Foreshore: K = 0.001 m/day K= 0.01m/day K = 0.1 m/day K =1.0 m/day K =10 m/day
Critical head result [m]: 8.7 8.5 7.5 6.8 6.6
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Figure E.1: Hydraulic conductivity variation of the foreshore
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E.2. Width of the entry points
Salmsteke

Table E.4: Results with bottom width variations of the entry points on the foreshore, case Salmsteke

Bottom width pool 1: →
Bottom width pool 2: ↓ W=0.1m W=0.5m W=1.0m W=5.0m

W=0.1m 4.8 4.7 4.7 4.4
W=0.5m 4.9 4.7 4.6 4.4
W=1.0m 4.9 4.7 4.6 4.5
W=5.0m 4.8 4.8 4.5 4.4

Figure E.2: Graphical result of the width variation, case Salmsteke
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Honswijk

Table E.5: Results with bottom width variations of the entry points on the foreshore, case Honswijk

Bottom width pool 1: →
Bottom width pool 2: ↓ W=0.1m W=0.5m W=1.0m W=5.0m

W=0.1m 6.3 6.1 6.0 5.9
W=0.5m 6.2 5.9 6.0 5.8
W=1.0m 6.1 6.1 6.0 5.8
W=5.0m 6.1 6.1 6.0 5.8

Figure E.3: Graphical result of the width variation, case Honswijk
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Den Oord

Table E.6: Results with bottom width variations of the entry point on the foreshore, case Den Oord

Bottom width pool: W=0.1m W=0.5m W=1.0m W=5.0m
Critical head result [m]: 7.5 7.4 7.3 6.9

Figure E.4: Graphical result of the width variation, case Den Oord
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E.3. Depth of the entry points

Salmsteke

Table E.7: Results of the depth variations of the entry points on the foreshore, case Salmsteke

Depth percentage filled ent.point 1: →
Depth percentage filled ent.point 2: ↓ 0% (0m) 10% (0.05m) 25% (0.125m) 50% (0.25m) 75% (0.375m)

0% (0m) 4.8 5.8 5.8 5.8 5.8
10% (0.05m) 5.0 6.0 6.0 6.1 6.1
25% (0.125m) 5.0 6.1 6.1 6.1 6.1
50% (0.25m) 5.0 6.2 6.1 6.1 6.2
75% (0.375m) 5.0 6.1 6.1 6.2 6.2

Figure E.5: Graphical result of the depth variation, case Salmsteke
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Honswijk

Table E.8: Results of the depth variations of the entry points on the foreshore, case Honswijk

Depth percentage filled ent.point 1: →
Depth percentage filled ent.point 2: ↓ 0% (0m) 10% (0.05m) 25% (0.125m) 50% (0.25m) 75% (0.375m)

0% (0m) 6.2 6.9 7.0 6.9 6.9
10% (0.05m) 6.4 7.7 7.7 7.7 7.7
25% (0.125m) 6.5 7.7 7.7 7.8 7.8
50% (0.25m) 6.5 7.5 7.7 7.6 8.1
75% (0.375m) 6.5 7.7 7.8 7.6 7.8

Figure E.6: Graphical result of the depth variation, case Honswijk
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Den Oord

Table E.9: Results of the depth variations of the entry points on the foreshore, case Den Oord

Depth percentage filled ent.point: 0% (0m) 10% (0.05m) 25% (0.125m) 50% (0.25m) 75% (0.375m)
Critical head result [m]: 7.5 9.8 9.8 9.8 9.8

Figure E.7: Graphical result of the depth variation, case Den Oord
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E.4. Silting up of the entry points

Salmsteke

Table E.10: Results of the silting up variations of entry points on the foreshore, case Salmsteke

Thickness silt layer ent.point 1: →
Thickness silt layer ent.point 2: ↓ H=0m) H=0.05m H=0.10m H=0.15m H=0.20m

H=0m 4.8 5.8 5.7 5.7 5.7
H=0.05m 5.0 6.2 6.2 6.2 6.2
H=0.10m 5.0 6.2 6.2 6.2 6.1
H=0.15m) 5.0 6.2 6.1 6.1 6.2
H=0.20m 5.0 6.2 6.2 6.2 6.2

Figure E.8: Graphical result of the silt thickness variation, case Salmsteke
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Honswijk

Table E.11: Results of the silting up variations of entry points on the foreshore, case Honswijk

Thickness silt layer ent.point 1: →
Thickness silt layer ent.point 2: ↓ H=0m) H=0.05m H=0.10m H=0.15m H=0.20m

H=0m 6.2 6.9 6.9 6.9 6.9
H=0.05m 6.4 7.9 7.8 7.8 7.8
H=0.10m 6.4 7.8 7.8 7.9 7.9
H=0.15m) 6.4 7.8 7.8 7.9 7.9
H=0.20m 6.4 7.8 7.8 7.9 7.9

Figure E.9: Graphical result of the silt thickness variation, case Honswijk
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Den Oord

Table E.12: Results of the silting up variations of entry points on the foreshore, case Den Oord

Thickness silt layer: H=0m H=0.05m H=0.10m H=0.15m H=0.20m
Critical head result [m]: 7.5 9.8 9.8 9.8 9.8

Figure E.10: Graphical result of the silt thickness variation, case Den Oord





F
Appendix: Generic Foreshore results

F.1. Initial seepage length = 50m

Table F.1: Results generic foreshore research(1), 50m initial seepage length

C-value foreshore [d ay s]: 2000 1500 1000 500 250 100 50 25 10 5
L-foreshore Hcr [m]
50 5.3 5.3 5.3 5.35 5.3 5.3 5.2 5 4.9 4.6
100 7.8 7.8 7.8 7.5 7.5 7.3 7.2 6.7 5.8 5
150 10 10 9.6 9.5 9.3 8.8 8.2 7.3 5.9 5
200 11.9 11.9 11.8 11.6 11.6 10.2 9.4 7.7 6 5
250 14.1 14.1 14 14 13.4 11.7 9.7 8 6.1 5

Table F.2: Results generic foreshore research(2), 50m initial seepage length

C-value foreshore [d ay s]: 2.5 1 0.5 0.25 0.1 0.05 0.025
L-foreshore Hcr [m]
50 4.2 3.7 3.5 3.3 3.1 3 3
100 4.2 3.7 3.5 3.3 3.1 3 3
150 4.3 3.7 3.3 3.2 3.1 3 3
200 4.4 3.7 3.3 3.2 3.1 3 3
250 4.4 3.7 3.3 3.2 3.1 3 3

F.2. Initial seepage length = 100m

Table F.3: Results generic foreshore research(1), 100m initial seepage length

C-value foreshore [d ay s]: 2000 1500 1000 500 250 100 50 25 10 5
L-foreshore Hcr [m]
50 7.7 7.7 7.7 7.7 7.7 7.7 7.5 7.5 7.2 7.0
100 9.9 9.9 9.9 9.9 9.7 9.5 9.4 8.8 8.0 7.4
150 10 10 9.6 9.5 9.3 8.8 8.2 7.3 5.9 5
200 11.9 11.9 11.8 11.6 11.6 10.2 9.4 7.7 6 5
250 14.1 14.1 14 14 13.4 11.7 9.7 8 6.1 5
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Table F.4: Results generic foreshore research(2), 100m initial seepage length

C-value foreshore [d ay s]: 2.5 1 0.5 0.25 0.1 0.05 0.025
L-foreshore Hcr [m]
50 6.5 6.1 5.7 5.7 5.4 5.4 5.3
100 6.6 6.1 5.6 5.7 5.4 5.4 5.3
150 4.3 3.7 3.3 3.2 3.1 3 3
200 4.4 3.7 3.3 3.2 3.1 3 3
250 4.4 3.7 3.3 3.2 3.1 3 3

F.3. Representative seepage lengths
A good way to see how the foreshore can be used in the safety analysis is to express the results of the generic
safety analysis in a representative seepage length, as this can be used in the Sellmeijer formula. To achieve
this, the results from the generic research are translated, by rewriting the Sellmeijer formula, to a representa-
tive seepage length. This is done for both the case with the initial seepage length of 50m and for the case with
the initial seepage length of 100m. The results can be seen in figs. F.1a and F.1b.
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Figure F.1: Representative seepage lengths

(a) Results expressed in representative seepage lengths, initial seepage length of 50m

(b) Results expressed in representative seepage lengths, initial seepage length of 100m

Some comments can be placed by the above depicted graphs. As a maximum foreshore resistance, 2000
days was chosen, in the graphs can be noticed that even for this large resistance a minimal seepage through
the foreshore occurs, as the representative seepage length is lower than the pipe length in the model(initial
length + foreshore length). The difference between these two gets larger by increasing the foreshore length,
this is however logical as more area leads to more seepage. It can also be seen that there’s a difference between
the results of the two initial seepage length. As the difference with a longer initial seepage length is larger, it
can be concluded that some seepage occurs through the dike. This difference is however not significant.





G
Appendix:Case samples

G.1. Salmsteke

Figure G.1: Location of the samples for the Salmsteke case
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(a) Sample B38E1906

(b) Sample B38E0792

(a) Sample B02 (b) Sample B-15.102-AL

(a) Sample B05
(b) Sample B07



G.1. Salmsteke 143

0 10 20

2

1

0

-1

-2

-3

-4

-5

-6

-7

-8

-9

-10

-11

-12

-13

-14

-15

-16

-17

-18

Conusweerstand qt (MPa)

N
.A

.P
.

D
ie

pt
e 

in
 m

et
er

s 
to

v

MAAIVELD = 2.00 m tov N.A.P.

8 7 6 5 4 3 2 1 0
Wrijvingsgetal (%)Waterspanning (MPa)

0 0.20.10 0.05 0.10 0.15 0.20
Plaatselijke wrijving (MPa)

Project: Detailtoetsing A-keringen van de Nederrijn en Lekdijk project Centraal Holland
Opdracht: 02P006468

INPIJN-BLOKPOEL Ingenieursbureau

Sondering volgens NEN-EN-ISO 22476-1 klasse2

Conusoppervlak      cm
2

2-10-2015Datum: 
Sondering: S15.102+00_ALUitvoerder: X:

Y: 

125872.00

441821.00

Pagina: 1/1

2.3

3.9

3.8

3.5

3.3

2.9

2.9

2.6

2.4

H
el

lin
g 

in
 º

2.3GWS (m-mv):Conusnummer SUBP-10

Figure G.5: Samples Salmsteke:S15 102 AL
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Figure G.6: Samples Salmsteke:S15 102 BERM
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G.2. Honswijk

Figure G.7: Location of the samples for the Salmsteke case
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(a) Sample B39A0111 (b) Sample B39A0112

(a) Sample B39A1182 (b) Sample B39A0113

Figure G.10: Sample B39A1073
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G.3. Den Oord

Figure G.11: Location of the samples for the Den Oord case
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(a) Sample B39A1263 (b) Sample B39A1271

(a) Sample B39A1272 (b) Sample B39A1273

Figure G.14: Sample B39A1274



H
Appendix: GeoTop model

H.1. Introduction
The dutch subsoil is mapped by the Geological service of TNO, a knowledge institute in the Netherlands.
Mapping the soil is done by use of several computer models, one of these models is the GeoTop model. The
GeoTop model is a 3D-model in which the subsoil to a depth of around 30-50m is mapped. In the GeoTop
model, information about the soil types (lithoclasses) with some physical and chemical characteristics can
be found.

H.2. Description of the model
The GeoTop models gives the information about the soil in a 3D image which is divided in voxels. The voxels
in the model are 100x100x0.5m (width x length x height). The base of the model is the information from the
samples (core-drillings, boreholes, etc.) which can be found at Dinoloket([33]), this information is supple-
mented with sample data from external sources.

Figure H.1: Coverage GeoTop model[50]

Next to the samples which are used for
the model, digital maps, for instance ge-
ological maps, are also used to make the
model as complete as possible. As the soil
is not measured in detail at all locations,
the available data is translated to a com-
plete model by use of interpolation tech-
niques, this will be explained later. The
GeoTop model does not cover the whole
area of the Netherlands. An overview of
the mapped areas can be seen in fig. H.1.
In this figure different areas can be seen,
these modelareas are the areas which are
mapped at once based on the available
data.

As described above, the GeoTop model is a
made out of voxels which contain a certain in-
formation about the soil. The voxelmodel can
be described as an area which is divided in
"boxes" of the same size in length, width and
height. These boxes, or from now on voxels,
have certain soil characteristics. In one voxel these characteristics are uniform. For this Thesis, the soil type
characteristics are of the highest interest. How the soil type, or lithoclass, is determined per voxel will be
explained in the next section.
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H.3. Determining the soil types(lithoclasses) [51]
Because the soil type is, at most places, determined by an interpolation method, the soil type is displayed as
a "most probable soil type". In the GeoTop model, 9 classes are used:

1. Organic material (peat);
2. Clay;
3. Clayey sand or sandy clay;
4. Fine sand;
5. Medium coarse sand;
6. Coarse sand;
7. Gravel;
8. Shells.

To determine the soil type, the subsoil is divided per geological unit, these geological units can be seen as
the different deposits in the subsoil. Per geological unit, each soil class has a probability of occurrence(estimate).
Also a global ratio of occurrences is needed. In the following step the probability of occurrence for each class
is conditioned to the global ratio(target). Conditioning can best be explained by an example.
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Example: assigning soil classes
Initial data

Table H.1: Estimate data

Voxel no. Soil class 1 Soil class 2 Soil class 3
1 0.3 0.4 0.3
2 0.2 0.7 0.1
3 0.6 0.1 0.3
4 0.5 0.1 0.4

Target data:

• Soil class 1 : 0.3;
• Soil class 2 : 0.6;
• Soil class 3 : 0.1

Target voxels:

• Soil class 1 : 0.3∗4 = 1.2;
• Soil class 2 : 0.6∗4 = 2.4;
• Soil class 3 : 0.1∗4 = 0.4.

Step 1:
Highest target voxel: Soil class 2.
Highest estimate for soil class 2: Voxel 2 → Voxel 2 gets soil class 2.
1 out of 2.4 voxels filled, next highest target voxel is used.

Step 2:
Highest target voxel: Soil class 1.
Highest estimate for soil class 1: Voxel 3 → Voxel 3 gets soil class 1.
1 out of 1.2 voxels filled, next highest target voxel is used.

Step 3:
Highest target voxel: Soil class 3.
Highest estimate for soil class 3: Voxel 4 → Voxel 4 gets soil class 3.
1 out of 0.4 voxels filled, next highest target voxel is used.

Step 4:
Highest target voxel: Soil class 2.
Last voxel: Voxel 1 → Voxel 1 gets soil class 2.
2 out of 2.4 voxels filled. All voxels are now filed.

Table H.2: Conditioning result

Voxel no. Soil class:
1 2
2 2
3 1
4 3
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H.4. Model uncertainties([52])
In the GeoTop model, two clear uncertainties can be identified:

1. Uncertainty in geological unit;
2. Uncertainty in soil class.

In the set-up of the GeoTop model, the most important source are the samples from Dinoloket([33]). Most
of the samples do not cover the whole 30-50m in depth of the GeoTop model, this means that when going in
depth, less and less samples remain. This states that for the deeper voxels the soil class or geological unit
must be determined based on less data and more and more based on estimations. These estimations are
made based on stochastic interpolation techniques. In the stochastic interpolation techniques the probabil-
ities of occurrence of the several soil classes is determined based on around 100 calculations per voxel.

In this Thesis the heterogeneities in the Holocene layer are used. The Holocene deposit, in comparison with,
for instance, the Pleistocene deposit, is a very variable deposit. More variations in the deposit can lead to a
more inaccurate estimation, as more possibilities per voxel can occur.
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Appendix: Results generic subsoil research

I.1. Hydraulic conductivity aquifer = 20m/day

Seepage length =25m

Table I.1: Results continuous layer- Lseep=25m - Kaq=20m/day

Layer depth m: 10 9 8 7 6 5 4 3 2
C-value layer K-value layer
2000 0.00025 17.6 17.6 23.5 23.5 29.4 35.3 47.1 58.8 82.4
1000 0.0005 17.6 17.6 23.5 23.5 29.4 35.3 47.1 58.8 82.4
500 0.001 17.6 17.6 23.5 23.5 29.4 35.3 47.1 58.8 82.4
200 0.0025 17.6 17.6 23.5 23.5 29.4 35.3 47.1 58.8 82.4
100 0.005 17.6 17.6 23.5 23.5 29.4 35.3 47.1 58.8 82.4
50 0.01 17.6 17.6 23.5 23.5 29.4 35.3 47.1 58.8 82.4
20 0.025 17.6 17.6 17.6 23.5 29.4 35.3 47.1 58.8 82.4
10 0.05 11.8 17.6 17.6 23.5 29.4 29.4 41.2 52.9 64.7
5 0.1 11.8 11.8 17.6 17.6 23.5 29.4 53.3 41.2 58.8
2 0.25 5.9 5.9 11.8 11.8 11.8 17.6 23.5 29.4 35.3
1 0.5 5.9 5.9 5.9 5.9 11.8 11.8 11.8 17.6 23.5
0.5 1.0 5.9 5.9 5.9 5.9 5.9 5.9 11.8 11.8 11.8
0.2 2.5 0.0 0.0 0.0 0.0 5.9 5.9 5.9 5.9 5.9
0.1 5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.9
0.05 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.025 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Figure I.1: Result: Seepage length=25m, Hydraulic conductivity aquifer = 20m/day
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Seepage length =50m

Table I.2: Results continuous layer- Lseep=50m - Kaq=20m/day

Layer depth m: 10 9 8 7 6 5 4 3 2
C-value layer K-value layer
2000 0.00025 26.7 26.7 33.3 40 46.7 60 66.7 86.7 106.7
1000 0.0005 26.7 26.7 33.3 40 46.7 60 66.7 86.7 106.7
500 0.001 26.7 33.3 33.3 40 46.7 60 66.7 86.7 106.7
200 0.0025 26.7 33.3 33.3 40 46.7 60 73.3 93.3 113.3
100 0.005 26.7 33.3 33.3 40 46.7 60 73.3 93.3 113.3
50 0.01 26.7 33.3 33.3 40 46.7 60 73.3 93.3 113.3
20 0.025 26.7 33.3 33.3 40 46.7 53.3 66.7 80 106.7
10 0.05 20.0 26.7 26.7 33.3 40 46.7 56.7 66.7 80
5 0.1 13.3 20.0 20.0 26.7 26.7 33.3 40 46.7 53.3
2 0.25 6.7 13.3 13.3 13.3 13.3 20.0 20.0 20.0 26.7
1 0.5 3.3 6.7 6.7 6.7 6.7 13.3 13.3 13.3 13.3
0.5 1.0 3.3 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7
0.2 2.5 0.0 0.0 0.0 0.0 0.0 0.0 3.3 3.3 6.7
0.1 5 0.0 0.0 0.0 0.0 0.0 0.0 3.3 3.3 3.3
0.05 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.025 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Figure I.2: Result: Seepage length=50m, Hydraulic conductivity aquifer = 20m/day
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Seepage length =100m

Table I.3: Results continuous layer- Lseep=100m - Kaq=20m/day

Layer depth m: 10 9 8 7 6 5 4 3 2
C-value layer K-value layer
2000 0.00025 43.4 50.9 54.7 62.3 73.6 77.4 96.2 107.5 137.7
1000 0.0005 47.2 50.9 54.7 62.3 73.6 81.1 100 118.9 141.5
500 0.001 47.2 50.9 58.5 66.0 73.6 84.9 103.8 122.6 149.1
200 0.0025 47.2 50.9 58.5 66.0 77.4 88.7 107.5 134.0 183.0
100 0.005 47.2 50.9 58.5 69.8 81.1 88.7 107.5 134.0 175.5
50 0.01 47.2 50.9 58.5 66.0 77.4 88.7 107.5 130.2 167.9
20 0.025 39.6 43.4 47.2 54.7 62.3 69.8 81.1 96.2 107.5
10 0.05 32.1 32.1 35.8 39.6 43.4 50.9 54.7 58.5 69.8
5 0.1 20.8 24.5 28.3 32.1 28.3 28.3 32.1 35.8 39.6
2 0.25 13.2 13.2 13.2 13.2 13.2 13.2 13.2 13.2 17.0
1 0.5 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4
0.5 1.0 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7
0.2 2.5 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7 1.9
0.1 5 5.7 5.7 5.7 5.7 5.7 5.7 5.7 1.9 1.9
0.05 10 5.7 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9
0.025 20 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9

Figure I.3: Result: Seepage length=100m, Hydraulic conductivity aquifer = 20m/day
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I.2. Hydraulic conductivity aquifer = 40m/day
Seepage length =25m

Table I.4: Results continuous layer- Lseep=25m - Kaq=40m/day

Layer depth m: 10 9 8 7 6 5 4 3 2
C-value layer K-value layer
2000 0.00025 23.1 23.1 23.1 30.8 30.8 38.5 38.5 61.5 69.2
1000 0.0005 23.1 23.1 23.1 30.8 30.8 38.5 38.5 61.5 69.2
500 0.001 23.1 23.1 23.1 30.8 30.8 38.5 38.5 61.5 69.2
200 0.0025 23.1 23.1 23.1 30.8 30.8 38.5 38.5 61.5 92.3
100 0.005 23.1 23.1 23.1 30.8 30.8 38.5 38.5 69.2 92.3
50 0.01 23.1 23.1 23.1 30.8 30.8 38.5 38.5 69.2 92.3
20 0.025 23.1 23.1 23.1 30.8 30.8 38.5 38.5 69.2 92.3
10 0.05 15.4 23.1 23.1 30.8 30.8 38.5 38.5 61.5 84.6
5 0.1 15.4 15.4 23.1 23.1 30.8 38.5 38.5 61.5 69.2
2 0.25 15.4 15.4 15.4 23.1 23.1 30.8 30.8 46.2 53.8
1 0.5 7.7 15.4 15.4 15.4 15.4 23.1 23.1 30.8 38.5
0.5 1.0 7.7 7.7 7.7 15.4 15.4 15.4 15.4 23.1 23.1
0.2 2.5 7.7 7.7 7.7 7.7 7.7 7.7 7.7 15.4 15.4
0.1 5 7.7 7.7 7.7 7.7 7.7 7.7 7.7 7.7 7.7
0.05 10 7.7 0.0 7.7 7.7 7.7 7.7 7.7 7.7 7.7
0.025 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.7 7.7
0.0125 40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Figure I.4: Result: Seepage length=25m, Hydraulic conductivity aquifer = 40m/day
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Seepage length =50m

Table I.5: Results continuous layer- Lseep=50m - Kaq=40m/day

Layer depth m: 10 9 8 7 6 5 4 3 2
C-value layer K-value layer
2000 0.00025 25.0 29.2 33.3 41.7 45.8 58.3 66.7 70.8 104.2
1000 0.0005 25.0 29.2 33.3 41.7 45.8 58.3 66.7 70.8 104.2
500 0.001 25.0 29.2 37.5 41.7 50.0 58.3 66.7 70.8 108.3
200 0.0025 25.0 29.2 37.5 41.7 50.0 58.3 66.7 70.8 108.3
100 0.005 29.2 33.3 37.5 41.7 50.0 58.3 70.8 75.0 108.3
50 0.01 29.2 33.3 37.5 41.7 50.0 58.3 70.8 75.0 120.8
20 0.025 25.0 29.2 37.5 41.7 50.0 58.3 70.8 75.0 120.8
10 0.05 25.0 29.2 33.3 37.5 45.8 54.2 66.7 70.8 104.2
5 0.1 20.8 25.0 29.2 33.3 37.5 45.8 54.2 54.2 75.0
2 0.25 16.7 16.7 20.8 20.8 25.0 29.2 33.3 33.3 41.7
1 0.5 8.3 12.5 12.5 12.5 16.7 16.7 20.8 16.7 25.0
0.5 1.0 4.2 8.3 8.3 8.3 8.3 12.5 12.5 8.3 16.7
0.2 2.5 4.2 4.2 4.2 4.2 4.2 8.3 4.2 4.2 8.3
0.1 5 0.0 0.0 0.0 0.0 4.2 4.2 0.0 0.0 4.2
0.05 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.025 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0125 40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Figure I.5: Result: Seepage length=50m, Hydraulic conductivity aquifer = 40m/day
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Seepage length =100m

Table I.6: Results continuous layer- Lseep=100m - Kaq=40m/day

Layer depth m: 10 9 8 7 6 5 4 3 2
C-value layer K-value layer
2000 0.00025 34.1 45.5 47.7 56.8 65.9 70.5 88.6 106.8 136.4
1000 0.0005 34.1 45.5 47.7 56.8 65.9 70.5 88.6 109.1 138.6
500 0.001 38.6 45.5 50.0 54.5 65.9 75.0 90.9 111.4 140.9
200 0.0025 40.9 47.7 52.3 59.1 68.2 75.0 95.5 118.2 150.0
100 0.005 40.9 47.7 52.3 61.4 70.5 81.8 100.0 122.7 163.6
50 0.01 40.9 47.7 54.5 59.1 72.7 84.1 102.3 122.7 168.2
20 0.025 40.9 45.5 50.0 59.1 68.2 77.3 93.2 118.2 140.9
10 0.05 34.1 38.6 43.2 47.7 56.8 61.4 70.5 111.4 93.2
5 0.1 25.0 27.3 31.8 34.1 38.6 40.9 43.2 50.0 54.5
2 0.25 13.6 15.9 15.9 18.2 18.2 22.7 20.5 20.5 27.3
1 0.5 9.1 9.1 9.1 9.1 9.1 11.4 11.4 9.1 11.4
0.5 1.0 4.5 4.5 6.8 6.8 4.5 4.5 4.5 4.5 4.5
0.2 2.5 2.3 2.3 2.3 2.3 2.3 2.3 2.3 0.0 2.3
0.1 5 0.0 2.3 2.3 2.3 2.3 2.3 0.0 0.0 0.0
0.05 10 0.0 0.0 2.3 2.3 0.0 0.0 0.0 0.0 0.0
0.025 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0125 40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Figure I.6: Result: Seepage length=100m, Hydraulic conductivity aquifer = 40m/day
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J.1. Salmsteke
Model Salmsteke 1

Figure J.1: D-Geo Flow model, Salmsteke model 1

Table J.1: Results case Salmsteke, model 1

Hyd, cond, [m/d ay] Critical head [m] In-/decrease in Crit. head [%]
0.002 4.1 20
0.15 3.7 9

Model Salmsteke 2

Figure J.2: D-Geo Flow model, Salmsteke model 2

Table J.2: Results case Salmsteke, model 2

Thickness [m] Hyd, cond, [m/d ay] Critical head [m] In-/decrease in Crit. head [%]
1.0 0.002 5.0 47

0.15 4.5 32
2.0 0.002 5.0 47

0.15 4.8 41
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Model Salmsteke 3

Figure J.3: D-Geo Flow model, Salmsteke model 3

Table J.3: Results case Salmsteke, model 3

Thickness [m] Hyd, cond, [m/d ay] Critical head [m] In-/decrease in Crit. head [%]
0.5 1 3.6 6

5 3.5 3
1.0 1 3.7 9

5 3.5 3

Model Salmsteke 4

Figure J.4: D-Geo Flow model, Salmsteke model 4

Table J.4: Results case Salmsteke, model 4

Thickness [m] Hyd, cond, [m/d ay] Critical head [m] In-/decrease in Crit. head [%]
0.5 0.002 4.6 35

0.15 4.0 17
1.0 0.002 4.6 35

0.15 4.3 26
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J.2. Honswijk
Model 1 Honswijk

Figure J.5: D-Geo Flow model, Honswijk model 1

Table J.5: Results case Honswijk, model 1

Hyd, cond, [m/d ay] Critical head [m] In-/decrease in Crit. head [%]
0.1 14.8 139
0.5 8.3 34

Model 2 Honswijk

Figure J.6: D-Geo Flow model, Honswijk model 2

Table J.6: Results case Honswijk, model 2

Hyd, cond, [m/d ay] Critical head [m] In-/decrease in Crit. head [%]
0.1 5.7 -8
0.5 4.6 -26

Model 3 Honswijk

Figure J.7: D-Geo Flow model, Honswijk model 3

Table J.7: Results case Honswijk, model 3

Hyd, cond, [m/d ay] Critical head [m] In-/decrease in Crit. head [%]
0.002 6.2 0
0.15 6.2 0
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Model 4 Honswijk

Figure J.8: D-Geo Flow model, Honswijk model 4

Table J.8: Results case Honswijk, model 4

Thickness [m] Hyd, cond, [m/d ay] Critical head [m] In-/decrease in Crit. head [%]
2.5 1.0 5.7 -8

5.0 5.7 -8
3.0 1.0 5.7 -8

5.0 5.6 -10

Model 5 Honswijk

Figure J.9: D-Geo Flow model, Honswijk model 5

Table J.9: Results case Honswijk, model 5

Depth N AP − [m] Thickness [m] Hyd, cond, [m/d ay] Critical head [m] In-/decrease in Crit. head [%]
-4 1.5 0.002 10.8 74

0.15 9.0 45
2.5 0.002 10.6 71

0.15 10.2 65
-5 1.5 0.002 10.1 63

0.15 8.6 39
2.5 0.002 10.3 66

0.15 9.4 52
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