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Abstract
In the integrated water management program Room for the River in the Netherlands, a new way of flood reduction
was presented by the replacement of groynes by longitudinal dams. It provides lower water levels during floods and
higher water levels during dry periods, which is good for safety and navigation. Other effects are better circumstances
for aquatic biota and a more dynamic river bank. To predict and model the dynamics of the riverbank, it is important
to know its composition. In this study, the riverbank behind the longitudinal dam in the Waal near Wamel was
explored with electrical resistivity tomography: a method to derive soil morphometrics to greater depths based on
their resistivity. Eleven resistivity transects are obtained and analysed, and validated by auger profiles. The results
of this study show clear patterns in spread of clayey and sandy deposits within the natural levee, but thin layers
of different texture are hardly recognizable in the resistivity measurements. With the obtained data it is possible
to assess soil texture and erodibility of the river bank, although there are also other factors that play a role in the
riverbank erosion.

Keywords: Waal, longitudinal dams, ERT, riverbank erosion, river management

Table of contents
1 Introduction
1.1 Context and motivation
1.2 Research questions
1.3 Thesis contents

1
1
3
3

2 Field site and data
2.1 Field site
2.2 Data

5
5
6

3 Methods
3.1 ERT
3.2 Auger profiles
3.3 Comparison ERT and texture
3.4 Evaluation of riverbank development

9
9
12
12
15

4 Results
4.1 ERT transects
4.2 Auger profiles
4.3 Deriving clay content from resistivity
4.4 Evaluation of river bank development

17
17
29
31
32

5 Discussion
5.1 Interpretation ERT transects
5.2 Comparison ERT and auger profiles to obtain soil texture
5.3 Linking soil texture to erosion

35
35
37
37

6 Conclusions

39

Acknowledgements

i

List of abbreviations and symbols

iii

References

v

A Metadata Fieldwork

ix

B Explanation of the link between groundwater and river water

xi

|

1

1 | Introduction
1.1

Context and motivation

River deltas are attractive places for economic activities and mostly have a high population density. At the same
moment they act as corridor for species, water and sediments. These factors make deltas very dynamic, but at the
same time very vulnerable regions (Bucx et al., 2010). The Rhine-Meuse delta in the Netherlands is a region that
contains all of the mentioned aspects (Makaske et al., 2019). After extreme river water levels in 1995 that nearly
caused dike breaches, an integrated water management program for the larger rivers was introduced: Room for the
Rivers (RfR). This program aims at long term policy on water safety, instead of ad hoc measures. (Rijke et al.,
2012)
An integrated water management measure that was developed is the replacement of groynes by longitudinal dams
(LDs, see figure 1.1) in the Waal river, the main lowland river of the Rhine (Huthoff et al., 2011; de Ruijsscher,
2020). The main aims of this measure are lower water levels during high discharge, higher water levels in the
navigation channel during low discharge and improved conditions for river biota in order to reach the goals of the
European Water Framework Directive (WFD) (van Vuren et al., 2015).
In the WFD, the natural conditions of rivers are central to increase the indigenous biodiversity (Council of European
Union, 2000). Next to this, the floodplains of the rivers are protected by the European nature legislation
Natura2000 (Council of European Union, 1992). To meet the requirements of this legislation, it is inevitable that
there is more sediment transport after the LD implementation (van Vuren et al., 2015).

Figure 1.1: Comparison between the situation with groynes and LDs. In the traditional groyne situation, there is one
channel with concrete embankments. in the situation with LDs, there is a main channel with concrete embankments
and a connected side channel (that is separated from the main channel by the LD) with a more natural river bank.
From Collas et al. (2018).
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CHAPTER 1. INTRODUCTION

River bank development
Increased dynamics of river banks are beneficial for river biodiversity (Collas et al., 2018; Stoffers et al., 2021).
However, extreme erosion is not desirable in most cases, as it causes land loss, damages infrastructures and fills up
navigation channels (van Vuren et al., 2015; Havinga, 2016). In erosion models, the grain size distribution of the
sediment is the impelling property to cause instability (e.g. Bouyoucos, 1935; Roslan et al., 2013; Fox and Felice,
2014). Based on differences in texture, coarser fluvial deposits can form highly conductive zones which become
supersaturated earlier than the rest of the soil, also known as preferential flow or piping (Hencher, 2010; Semmens
and Zhou, 2019). The cohesion of the soil decreases due to a decrease in soil water tension and can cause bank
failures (Wilson et al., 2007), but clay can act as cohesive force within the soil matrix (e.g. Bouyoucos, 1935;
Roslan et al., 2013; Morgan, 2005).
For loose sedimentary deposits without rock, the cohesive force within the soil is most dependent on clay content.
Therefore the erodibility is dependent on clay content, with a higher erodibility for sediment with a clay content
below 30%. (Bouyoucos, 1935; Morgan, 2005) For this reason, I assume that the erodibility of the river bank can
be assessed by the determination of clay content for different locations within the floodplain.

Knowledge gap
There are some publications on the installation of the LDs available. For example the dissertation by de Ruijsscher
(2020) about streamflow around LDs, the substrate of the side channel was mapped and reported by Collas et al.
(2019), the deposition of sediments after floods were mapped by van Winden et al. (2018), and Carranza et al.
(2022) did research to the rate of river bank retreat and aggradation (see figure 1.2) and possible causes for it.
Next to these publications, the erosion sensitivity of dynamic river banks of the Meuse were investigated by
Mosselman et al. (2021) and two more general reports describe the sediment balance in the Dutch rivers (Havinga,
2016; Barneveld et al., 2021). What all these publications have in common, is their demand for more precise
geological information.
The Waal river, where the LDs are installed, is located in an area with heterogeneous Holocene sedimentary
deposits of the Rhine-Meuse delta (Berendsen and Stouthamer, 2002; Semmens and Zhou, 2019). Deposits with
heterogeneous composition give problems in models when they are not investigated towards a high resolution,
(Herweijer, 1997; Mosselman et al., 2021), for example when modeling groundwater flow or bank stability along a
river (Wilson et al., 2007; Fox and Felice, 2014; Semmens and Zhou, 2019). For this reason is it useful to map the
geology of the river bank next to the LDs to estimate the impact of geology on the erosion rates behind the LD.

Filling the knowledge gap
There are different ways to analyze the geology of an unknown deposit. Hartemink and Minasny (2014) present a
comparison paper for different methods to research soil properties (including texture). With modern technologies
like satellite imagery, soil data from large areas may be inferred, but the main insights in the subsurface will come
from measurements of soil profiles and ground penetrating devices. Common problems for these methods are the
limited penetration depth, which is not a big problem for soil science that focuses on the root zone, but is a
problem in hydrogeological studies. Ground penetration radar (GPR) is less able to use in clay rich soils, because
the signal attenuates by the clay. Also the available wavelength bands of satellites can only penetrate the topsoil,
and is not useful in the research of deeper layers.
The most suitable methods at greater depths are classical texture classification with augering and the digital
morphometric method Electrical Resistivity Tomography (ERT) (Hartemink and Minasny, 2014; Reynolds, 2011), in
which a generated electrical signal is a measure of the geological properties. However, it should be evaluated if the
results of these methods correspond with each other and if they can be used to make a model of the heterogeneous
Holocene fluvial deposits. Augering gives vertically a high resolution, but is very labour intensive, is destroying
locally the profile and gives no information in horizontal directions. ERT gives information in two dimensions, so
can clarify the distribution of different textures throughout the field. It is applied already at other locations to
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Figure 1.2: Erosion (red) and aggradation (blue) of the river bank before and after LD installation, from Carranza
et al. (2022).

explain subsurface collapse features and landslides (Reynolds, 2011), and could be applicable as well in this research
for river bank erodibility.

1.2

Research questions

Main question:
How is riverbank erosion behind the LD linked to the river bank composition?
Sub questions:
• How are sand and clay distributed within the natural levee?
• How are the deposits linked to the development of the river bank?
• How is the observed erosion linked to the soil texture?
• How will the river bank behind the LD develop?

1.3

Thesis contents

Chapter 2 introduces the research area and available data. Chapter 3 describes how ERT and augerings are used to
explore the morphology of the research area. Chapter 4 show the outcomes of this exploration, which are analysed
and discussed in chapter 5. The thesis ends with the conclusions in chapter 6.

|
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2 | Field site and data
2.1

Field site

The field site of this thesis is the river bank of the Waal near the village Wamel in the Netherlands (see figure 2.1).
This is also the area where earlier research was done on the installation of LDs (Huthoff et al., 2011; van Winden
et al., 2018; Carranza et al., 2022). This area is part of the floodplain of the Waal and is not protected by a
summer dike. It is flooded when the Waal has higher than normal water levels (normal discharge: 600-2600 m3 s−1 ;
normal water level: 3.10-6.85 m+NAP (Rijkswaterstaat, 2022)).

Figure 2.1: An overview of the research area and its location (red dot) within the Netherlands.

Currently, the Waal is split into two channels at normal water levels, in which the main channel (230 m width)
transports most discharge. Before the construction of the LDs, the riverbank was about 260 m width. It stemmed
from the normalization projects of Rijkswaterstaat in the first half of the 20th century, but the normalisation of the
Waal river already began halfway the 19th century. Before this time, the Waal was 500-600 m wide and less deep
and had islands in the middle.(Kadaster, 1821; van Til, 1979; de Ruijsscher, 2020) The bank that is researched
developed for the largest part over the last 170 years, before this time it was part of the river.
The river was at this location notorious for its shallow depth and connected shipping problems (Nusteling, 1974),
and there was discussion on the property rights of the islands and responsibility for the river management.
Therefore some maps were made (see figures 2.2 and 2.3) to register the shallow parts of the river before the
normalisation had started.
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CHAPTER 2. FIELD SITE AND DATA

Figure 2.2: The Waal river seen from the North with Wamel in the background. From a court piece in the year 1559.
(van Holt, 1559)

Figure 2.3: Bathymetry map of the Waal by Beyerinck (1826)

2.2

Data

Because the research area is closely linked to the river, the river strongly influences the (ground)water levels and
composition. The water level is monitored every 10 minutes by Rijkswaterstaat on the other side of the river
(Rijkswaterstaat, 2022). Except water levels, also data on water quality is available on this portal. The electrical
conductivity is an important parameter in the ERT measurements that are done in this research, which is further
explained in section 3.1. A broader explanation of the connectivity between the river water and the groundwater is
given in appendix B. For the ERT, there were already two transects measured by the team of Carranza et al.
(2022), which were not published but the data were provided to me.

2.2. DATA
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There is an earlier research by Cohen et al. (2009) throughout the fluvial areas in the province of Gelderland, which
contains sand depth maps, but these are of a resolution that do not fit the needs for adequate erosion prediction. In
general, the Dutch Organisation for Scientific Research (TNO) has information about the Dutch subsoil with a high
spatial resolution. It has different data sets of soil profiles (TNO, 2021) from which the following are important for
this research. Of interest are mainly the data set of BRO Regis II: this is a set that provides the information of the
geology (and hydraulic properties) to a depth of hundreds of meters. Another data set is the BRO GEOtop. This
set consists of profiles until a depth of 50m below MSL and has more information about the age and composition of
the top deposits (see figure 2.4). The amount of profiles of the research area is very limited and the profiles are
completely different in composition. Furthermore are most augerings from the BRO data set not deeper than 2.50m
below surface levels, so these do not cover the deeper soil. For this reason it is also needed to obtain validation
data by augering. This is elaborately described in section 3.2.

Figure 2.4: Transect modified from GEOtop (TNO, 2021) with the locations of old channels (different colors of
infilled river beds mean different age) within the Holocene deposits.
For the exploration of changes it is important to have good reference points. To determine for locations also the
elevation, the elevation map from AHN is used (AHN, 2021). Also some bathymetry maps from the dataset by
Carranza et al. (2022) are available for this research. To compare the current situation with the past, the map by
Beyerinck (1826) is very useful as there are very few maps that contain quantitative data from before the river
normalisation.
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3 | Methods
3.1

ERT

ERT is a commonly used technique to derive information of the deeper soil based on the difference in resistivity
between different geological structures (e.g. Hartemink and Minasny, 2014; Reynolds, 2011; Singha et al., 2020).
The relationship between porosity and resistivity that was found by Archie (1942) and the classification of different
geological materials with ERT by Palacky (1988) were used in this research as a way to go from a resistivity signal
to texture of the subsoil.

Figure 3.1: The (logarithmic) scale of resistivity and conductivity of various Earth materials, from Palacky (1988)

3.1.1

General explanation ERT

Different chemical composition of the soil gives differences in electrical conductivity. When the separate
conductivity is known, it is possible to disentangle the component based on measured conductivity. A way to derive
the conductivity σ at some location is measuring the resistivity ρ there as they are the inverse of each other:
ρ=

1
σ

(3.1)

Resitivity is actually not a real parameter that can be measured, but it can be derived from a measured resistance
R, which you multiply by the distance it had to pass between two measurement locations. This is also the reason
why the unit of the resistivity is Ωm (Ω is the unit of resistance and m the unit of distance). The parameter for
distance is the geometric factor K, which is dependent on the electrode configuration (Reynolds, 2011):
ρ=R·K

(3.2)

There are a lot of explanatory publications available on the ERT method (e.g. Reynolds, 2011; Singha et al., 2020).

10
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CHAPTER 3. METHODS

Configurations to measure resistivity

There are different ways to measure resitivity in the soil, based on the location of the transmitter and receiver (the
current electrodes) and the locations of the resistance determinations (the potential electrodes). Different
configurations are mostly referred to as arrays. For this research the arrays Wenner-Schlumberger and Dipole-Dipole
(see figure 3.2) were used, and therefore these are treated more elaborately here.

Figure 3.2: Dipole-dipole (a) and Wenner-Schlumberger (b) arrays, from AL-Hameedawi et al. (2021). C1 and C2
are the current electrodes, M and N are the potential electrodes.
In the Wenner-Schlumberger array, the resistance is measured by potential electrodes in between the current
electrodes. The distance between the potential electrodes is given by the distance a. The distance between the
current electrode and the potential electrode is an, what means that the distance between the current electrode and
the potential electrode is always a factor of a. The distance between the currents is therefore a+2an (see figure
3.2b). This configuration has a high horizontal ( 23 m) and vertical resolution ( 32 m) and the maximal depth is 31.7
m, but the location of the potential electrodes (in the middle between the current electrodes) can cause artefacts in
a transect underneath measured objects (Clément et al., 2009; Reynolds, 2011; AL-Hameedawi et al., 2021).
In the dipole-dipole array, the resistance is measured by potential electrodes at the same side of the the current
electrodes. The distance both between the potential electrodes and between the current electrodes is given by the
distance a and the distance between the inner current electrode and the inner potential electrode is an, what means
that the distance between the current electrodes and the potential electrodes is a factor of a (see figure 3.2a). This
configuration has a high horizontal resolution ( 12 m) and a high vertical resolution ( 12 m), butt the depth is less
deep: 27.5 m. Though, the location of the electrodes can cause artefacts skewed to the surface level in your
transect (Clément et al., 2009; Reynolds, 2011; AL-Hameedawi et al., 2021).

3.1.3

Equipment and settings

The IRIS Syscal Pro Switch (IRISInstruments, 2021) was used in this research with a multicore cable with a
maximum of 96 electrodes at maximal spacing of 5m. The spacing of the electrodes influences the resolution of the
transect: the smaller the spacing, the higher the resolution and the smaller the maximal depth (AL-Hameedawi
et al., 2021). In this case the electrode spacing was set to 2 meters, to get both a high resolution and a good
spatial spread and deep enough measuring depth.
With the software Electre Pro (that comes with the equipment and can be downloaded from the producers
website), configurations were uploaded to the Syscal Pro Switch hardware. An automatic array was created by
choosing the right array, electrode spacing and number of electrodes in this program. The array was loaded to the

3.1. ERT
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equipment from the PC. In this way, an automatic array makes sure that the right configuration is loaded, so the
transformation with equation 3.2 is already calculated for every measurement by the software.
After the measurements the Syscal Pro Switch hardware was connected to the PC again and the data are
downloaded with the software Prosys II (that comes with the equipment and can be downloaded from the producers
website). To download the data, the settings are on the hardware: "memory" > "download", and in Prosys II:
"Communication" > "Data download" > "Syscal Pro" > "Download". In this way, a .bin-file was obtained that was
the source for the tomographs that were made by inversion of the data.

3.1.4

Analysis ERT data

For the inversion of the data obtained in the field, the open source software ResIPy (Blanchy et al., 2020) was used.
To make the data readable for this program, the .bin-file had to be exported to a .csv-file. This was done in Prosys
II by "File" > "Export and save" > "Spreadsheet". When the data of more surveys are stored in one file, they need
to be separated before inversion by hand in a program that is suitable for this (for example Microsoft Excel). A
proper .csv-file was loaded into ResIPy in the tab "Importing">"Data".
Subsequently in the tab "Importing">"Electrodes X/Y/Z" a .csv-file with the elevation was added. In this research
the elevation was obtained from AHN3 (National altitude monitoring agency of the Netherlands AHN, 2021). In
the webviewer of this agency a transect was drawn with the tool "hoogteprofiel" from a begin coordinate to an end
coordinate (in RD, Dutch coordinate system), which was exported as .csv-file. In this file, the column "Elevation"
was renamed "Z". Column "X" got the distance of the electrode from the begin point, based on the nearest point
in the column "distance". All other rows and columns were deleted from this file.
Then under the tab "Mesh" the mesh was set to a triangular mesh of 15 meters depth, as the depth of interest is at
least in this investigation not deeper, to save computation time. Other settings were not changed in this research,
for an explanation of the possible settings, see Blanchy et al. (2020). Under the tab "Inversion" the inversion was
done.
The apperent resistivity was read from the transect by moving your cursor over it in ResIPy. For the interpretation
of the transect, there is the option to go for a normal or a logartihmic scale and set the minimal and maximal
values of the scale. The regions of clay (assumed as hardly erodible) are <100 (=102 ) Ω m and the regions of
gravel and sand (assumed as erodible) are >500 (≈ 102.7 ) Ω m according to Palacky (1988) (see figure 3.1). At
least these range has to be covered to get an insight in the distribution of sand and clay in the transect.
To analyse the reliability of the apparent resistivity, there was the option to find the Normalised Inversion Error
under the tab "Post Processing" and it can also be set to a certain threshold. It was also possible to add a "depth
of investigation" (DOI) line in the transects, which is the border between reasonable values, and values where the
noise has too much impact to have explanatory value (Asch et al., 2015).

3.1.5

Field measurements

The field campaign was composed of five locations at the levee along the Waal in Wamel, distributed evenly over
the area. Therefore, the distance between the different transects is approximately 600 m. This covers both high and
low elevated parts of the levee, and both strongly and hardly human influenced soils (Kadaster, 2021). To get extra
spatial insight, the transects were measured both perpendicular and parallel to the river. On one location there were
already two transects parallel to the river available, amounting the number of transects in this research to eleven, of
which nine are obtained in this research.
The configuration was set to 96 electrodes at distance 2 m, which gave a transect length of 2 · (96 − 1) = 190 m.
The proposed begin and end point of the transect were found with GPS of a cellphone. In between these points
measurement tape was put in a straight line. At every 2 meters an electrode was connected to the multicore cables
that were connected to the Syscal Pro Switch.

12
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Figure 3.3: Dutch soil classification triangle for fluvial de-Figure 3.4: USDA soil classification triangle for fluvial deposits, from ten Cate et al. (1995).
posits, from USDA (2022).

3.2

Auger profiles

For the verification of the ERT, auger profiles were needed to justify that the measured resistivity was caused by the
geological depositions and not by other features. Based on the transects, locations were chosen to auger on a
location on the transect. The augering was done with an extendable "Edelman" auger, see for specifications
Eijkelkamp (2010). The augering was done as deep as possible to get a good insight over the whole depth of the
transect. Though, mostly the groundwater level was the limiting factor in loose sedimentary deposits to auger
deeper, so this factor determined maximum auger depth.
The classification of the augering was done according to the Dutch Soil classifaction standard (established by
Bakker and Schelling, 1966). This method was preferred over the international classification, as there is a finer
division between differences in clay content. Not all classification criteria were used, as the interest was mainly soil
texture. Every 10 cm depth was sampled and classified in a soil class of the Dutch soil classification (figure 3.3),
which class was denoted on the auger record.

3.3
3.3.1

Comparison ERT and texture
Archies law

The ERT equipment only measures resistivity between two electrodes. This means that it does not measure clay
and sand content. Palacky (1988) gives ranges in which different geological materials can be classified, but this is a
rather general and rough estimation. A more precise distribution of the clay and sand, including ratios of sand and
clay was determined using Archies law (Archie, 1942):
−n
ρt = ρw φ−m Sw

(3.3)

with ρt the apparent resistivity measured by ERT, ρw the resistivity of the fluid (groundwater in this case), φ is the
−n
porosity, m is the cementation exponent, Sw is the water saturation and n is the saturation exponent. Sw
is
assumed to be 1 for the water saturated part of the soil and can in that case be left out of the equation. As the
measurement period for this research was a wet period, the soil was mostly about field capacity, and the part below

3.3. COMPARISON ERT AND TEXTURE
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the groundwater table was of course saturated, so the water saturation term was left out. In the following
subsections the other parameters for Archies law are treated.

Apparent resistivity (ρ0 )
The apparent resistivity is measured with ERT, and the resistivity values at an augering location are taken from the
inversion in ResIPy (section 3.1). Because this was done with two different electrode configurations, there are two
values for every location.

Water resistivity (ρw )
Water resistivity was derived from the water resistivity of the Waal, as the water from the Waal has a continuous
influence on the groundwater in the researched area, see figure B.2. There were no measurements on electrical
conductivity of the water in the Waal near Tiel, but the water in the Waal comes from the Rhine, so the water
resistivity was computed with the conductivity measured in the Rhine at Lobith (see for more information appendix
B):

Figure 3.5: histogram of σ
The EC (σ) from 3.5, that is normally distributed with mean 58.4 mS/m and standard deviation 8.8 mS/m, can be
transferred into resistivity easily by equation 3.1. The outcome is showed in figure 3.6, that gives a normal
distribution of water resistivity (ρw ) with mean 17.5 Ωm and standard deviation 2.7 Ωm.

Figure 3.6: histogram of ρw

14
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Porosity (φ)
From the augering records, soil classes are translated to clay content by taking the median clay content.
Subsequently porosity is calculated with this clay contentt by the empirical formulas from Shevnin et al. (2007):
φmixture = (φsand − Cclay ) + φclay Cclay ≈ (0.25 − Cclay ) + 0.55 · Cclay

(3.4)

for the cases Cclay < φsand and
φmixture = φclay Cclay ≈ 0.55 · Cclay

(3.5)

for the cases Cclay ≥ φsand .
An overview of the outcomes is presented in table 3.1. The translations of the Dutch texture classes to the
international classes can be found in figures 3.3 and 3.4
Table 3.1: Porosity per soil class
Dutch soil class

median clay content

accompanying porosity

Kleiarm zand
Kleiig zand
Zeer lichte zavel
Lichte zavel
Matig lichte zavel
Zware zavel
Lichte klei
Zware klei

0.025
0.07
0.10
0.15
0.18
0.21
0.30
0.50

0.2388
0.2185
0.2050
0.1825
0.1690
0.1555
0.1650
0.2750

Cementation factor (m)
The cementation factor (m) was fitted through the combination of the factors above (ρt = apparent resistivity from
ERT read from the inversed transect; ρw = resistivity water; φ = estimated porosity from augering classifications)
by linear modelling in Rstudio. The range of possible outcomes with varying cementation factors for the maximal
and minimal values for each class are also evaluated.
−m = log(

3.3.2

ρt
)/log(φ)
ρw

(3.6)

Translation from apparent resitivity to clay content

With the empirical cementation factor, the resistivity for every point in the transects can be transformed into clay
content by combining equation 3.3 and equation 3.5. Equation 3.4 cannot be taken into account, as in this
equation the porosity of the sand and gravel grains determine the porosity rather than clay content. So the
combined equation is:
ρt = ρw · (0.55 · Cclay )−m

(3.7)

for for the cases φsand ≤ Cclay ≤ φclay . Rewriting this equation to make clay content a dependent variable of
explanatory value ρt delivers:
1 ρt −1/m
( )
(3.8)
Cclay =
0.55 ρw
at the range ρw · (0.55)−m ≤ ρt ≤ ρw · (0.55 · 0.25)−m . Below ρw · (0.55)−m the EC caused by the internal
conductivity of the clay mineral is greater than the EC caused by the porosity of the material (Reynolds, 2011).
Above ρw · (0.55 · 0.25)−m the porosity is no longer dependent on clay content (the cohesive parts), but on the
porosity of the sand or gravel (the non cohesive parts; Reynolds, 2011). These non cohesive parts are highly
erodible (Morgan, 2005).

3.4. EVALUATION OF RIVERBANK DEVELOPMENT

3.4
3.4.1

|

15

Evaluation of riverbank development
Future erodibility derived from ERTs

The erodibility based on texture was given by the ERTs in a 3D-map. In this map, the clayey and sandy regions
have a different color in the transect. This map was made in the 3D mapping tool in ArcGIS.

3.4.2

Reconstruction of the natural situation

To answer the question if the river is inclined to evolve back to the natural situation, it is needed to make a
comparison with that situation. A 3D map of the natural river bank was constructed, to show if the highly erodible
regions correlate with the old river bed location.
The map of the old river bed was constructed based on a map from 1826 (figure 2.3). The Bathymetry was
measured in the old map at a level 2.5 m+"Tielsch peil". According to Storm Buying (1864) the zero level of
Tielsch peil was 2.494 m+NAP, so the water level at the bathymetry map is estimated 5m+NAP as the precision of
the bathymetry measurements were in decimeters. The old map was aligned in ArcGIS with marking points that are
recognizable in both the old and current map. All depth measurements that are in the map were added into ArcGIS
(Add Features) as point data with an added elevation value in the attribute table (Add Field). Subsequently with
ordinary kriging (e.g. de Gruijter et al., 2006) an area covering bathymetry map was constructed (Analyst toolbox
> interpolation or raster interpolation toolbox > Kriging).

3.4.3

Comparison of current with the natural situation

The current land elevation is available in ArcGIS (AHN, 2021) and the natural situation elevation map was
obatained as described in section 3.4.2. With the tool Raster Calculator (Spatial Analyst Tools > Map Algebra >
Raster Calculator) the natural situation was subtracted from the current elevation map to obtain the difference in
elevation.

|

17

4 | Results
In this chapter, the results of this research are presented. Section 4.1 shows the transects obtained with ERT.
Section 4.2 gives the main outcomes of the outcomes from the validation augerings. In section 4.3 the translation
from resistivity measurements towards geology is made, and in section 4.4 an overview is given and compared with
the development of the area.

4.1

ERT transects

In the map in figure 4.1 the locations of the measured transects are shown. Every transect has a letter that
corresponds to the transects presented in the following sections. An overview of the metadata of the transects is
given in appendix A.

Figure 4.1: Overview of the ERT transects. Each letter corresponds to a seperate transect with that letter.
The transects were measured with both Wenner-Schlumberger and Dipole-Dipole configurations. Transects E and G
(section 4.1.5 and 4.1.7) were lacking good data with the Dipole-Dipole configuration, and therefore only the
Wenner-Schlumberger configuration was presented for these transects.
In the individual transects the resistivity was presented at a logarithmic scale, ranging from 101.9 to 102.8 Ω.m, so
log(ρ) = 1.9 − 2.8log(Ω.m). The basis of all transects was set to -2m+NAP and the top to 8m+NAP, as in this
way most transects covered the upper 10 meters of the research area. The surface level was projected in the
transects with a dotted line, the depth of investigation was projected in the transects with a dashed line. In the
following subsections, the transects are shown and discussed separately.
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Transect A

The transect showed low resistivity for the region below 3m+NAP at distance 25-85m and for the region above
5m+NAP at distance 110-190m. The high elevated parts near the river show in both configurations heterogeneity
in resistivity. On the other hand, there is homogeneous high resistivity below 3m+NAP at distance 90-180m. The
Wenner-Schlumberger configuration had a greater depth of investigation compared to Dipole-Dipole.

Figure 4.2: Transect A in Wenner-Schlumberger configuration perpendicular to the river, with the Waal river at the
left side.

Figure 4.3: Transect A in Dipole-Dipole configuration perpendicular to the river, with the Waal river at the left side.
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Transect B

This transect was done over 94 meters with 48 electrodes. This has lead to a horizontally less elaborate transect. It
shows a homogeneous distribution of resistivity horizontally, but vertically there is a typically distribution of higher
resistivity in the upper 2 meters of the transect. What also is visible in both transects, is the thicker high-resistivity
layer in the left part of the transect.

Figure 4.4: Transect B in Wenner-Schlumberger configuration parallel to the river.

Figure 4.5: Transect B in Dipole-Dipole configuration parallel to the river.
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Transect C

This transect had low resistivity values for the largest part of the top meter of the soil. In the middle of the
transect, where a sudden topographic difference is visible, the resistivity is though a bit lower over the whole depth
of the transect. At the river side of this topographic difference, there is a high resistivity region from 4m+NAP to
the bottom of the transect, whereas at the land side of this topographic difference, the resistivity was slightly lower
below 0m+NAP. There is little difference in output between both configurations.

Figure 4.6: Transect C in Wenner-Schlumberger configuration, with the Waal at the right side.

Figure 4.7: Transect C in Dipole-Dipole configuration, with the Waal at the right side.
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Transect D

This transect had good results for the Wenner-Schlumberger configuration, but the Dipole-Dipole configuration was
malfunctioning at distance 110-190 m. The left side of this transect was a dry pond, the right side of the transect
was the natural levee. The resistivity values from both configurations were in the same order of magnitude at the
same locations. At the top 2 meters (5-7m+NAP) at distance 0-100m, low resistivity values were observed and the
elevation of the surface was located a bit lower within the area. In the middle of this transect typically high
resistivity values were measured at the level lower than 4m+NAP.

Figure 4.8: Transect D in Wenner-Schlumberger configuration, with the Waal at the right side.

Figure 4.9: Transect D in Dipole-Dipole configuration, with the Waal at the right side.
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Transect E

This transect was characterized by low resistivity values in both configurations. Only in the region between
1m+NAP to 4m+Nap at distance 5-40m the resistivity values are somewhat higher. there are also two spots of
higher resistivity located around 3m+NAP at distance 100m and around 4m+NAP around distance 125m. Next to
that, the depth of investigation for the Dipole-Dipole configuration is between 2m+NAP and 4m+NAP, while for
Wenner-Schlumberger it is untill below the transect bottom.

Figure 4.10: Transect E in Wenner-Schlumberger configuration, the Waal is located at the left.

Figure 4.11: Transect E in Dipole-Dipole configuration, the Waal is located at the left.
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Transect F

This transect only had a Wenner-Schlumberger configuration (figure 4.12) as the Dipole-Dipole transect had an
almost empty dataset. On the left side of the transect (at Distance 10m), the depth of investigation was very
shallow at the location where a gas pipeline was crossing the transect. In the middle of the transect, the resistivity
values were low, but From distance 110 to the right, there were also higher resistivity values modeled between
approximately 2m+NAP and 5m+NAP.

Figure 4.12: Transect F in Wenner-Schlumberger configuration.
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Transect G

This was a transect from the data set by Carranza et al. (2022). The whole transect has relatively low resistivity
values, but there is a clear pattern in both configurations that the top and the left region of the transect have
slightly higher resistivity values.

Figure 4.13: Transect G in Wenner-Schlumberger configuration.

Figure 4.14: Transect G in Dipole-Dipole configuration.
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Transect H

This transect is also from the data set of Carranza et al. (2022). This transect shows, like the parallel transect G, a
somewhat lower resistivity region in the bottom and right side of the transect. However, there is a stronger division
between the left side, with high resitivity, and the right side with only low resistivity.

Figure 4.15: Transect H in Wenner-Schlumberger configuration.
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Transect I

The whole transect has lower resistivity values on the top than deeper in the transect. There is at approximately
distance 120m a sudden transition with lower resistivities at the right side and higher values towards the river.
There is also an elevation gradient of the surface, with about 1 meter higher elevation at the river side than the
inland part of the levee.

Figure 4.16: Transect I in Wenner-Schlumberger configuration, with left the Waal.

Figure 4.17: Transect I in Dipole-Dipole configuration, with left the Waal.
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Transect J

All transect show a distribution of high resistivity in the lower part of the transect, with somehow lower resistivity in
the upper 3 meters of the soil. In the Wenner-Schlumberger configuration, the horizontal distribution of resistivity
is very homogeneous, but in the Dipole-Dipole there is a sudden vertical region with lower resistivity.

Figure 4.18: Transect J in Wenner-Schlumberger configuration, with right the upstream part of the levee and right
the downstream part.

Figure 4.19: Transect J in Dipole-Dipole configuration, with right the upstream part of the levee and right the
downstream part.
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Transect K

There is more than a meter elevation difference between the high region close to the river and the lower elevated
region more inland. Almost everywhere in this transect are high resistivity values measured, except in the top 2
meters in the lower elevated part of the transect.

Figure 4.20: Transect K in Wenner-Schlumberger configuration, with the Waal at the left side.

Figure 4.21: Transect K in Dipole-Dipole configuration, with the Waal at the left side.
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Auger profiles

To find the explanatory value of the soil resistivity for clay content, on every transect was at least one auger profile
sampled, see the map in figure 4.22. Soil texture class was observed for every 10 cm between the surface and the
maximal auger depth. The auger descriptions are presented in table 4.1. The metadata are in appendix A.

Figure 4.22: Overview of the augerings to validate the ERT transects.
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Table 4.1: Obtained profiles by augering. Codes: S=Sand, LS=Loamy Sand, SL=Sandy Loam, L=Loam, CL=Clayey
Loam, C=Clay.
depth (cm) | auger number
-10
-20
-30
-40
-50
-60
-70
-80
-90
-100
-110
-120
-130
-140
-150
-160
-170
-180
-190
-200
-210
-220
-230
-240
-250
-260
-270
-280
-290
-300
-310
-320
-330
-340
-350
-360
-370
-380
-390
-400
-410
-420
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-440
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-470
-480
-490
-500
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Deriving clay content from resistivity
Determining the cementation factor (m)

The cementation factor was obtained by linear modelling through the porosity estimations and resistivity values
with equation 3.6. The obtained values are shown in table 4.2. The range of possible outcomes with varying
between the maximal and minimal values for each class are also included in the table to have an idea of the range
of uncertainty. Water resistivity plays a major role, but the difference between the configurations not.
Table 4.2: obtained m values
configuration

m

standard Error

Adjusted R2

Range of m caused by
Soil class

EC variability

WS
DD

1.40
1.408

0.025
0.025

0.83
0.86

1.38-1.40
1.37-1.41

1.14-1.78
1.15-1.78

With this obtained cementation factor, from the clay content a range for ρ0 could be calculated and compared with
the findings from the augerings.

4.3.2

Translation from apparent resitivity to clay content

Clay content as dependent variable of explanatory value ρt delivers parameters which were filled in in equation 3.8:
Cclay =

1
ρt −1/1.4
ρt −0.71
(
)
≈ 1.82 · (
)
0.55 17.5
17.5

(4.1)

at the range 40 Ωm ≤ ρt ≤ 281 Ωm. Below 40 Ωm the resistivity was not caused by the porosity, but by the
internal electrical conductivity of clay particles. Above 281Ωm the porosity is no longer dependent on clay content,
but on the grain size distribution of the coarser particles in the soil. For this reason, resisitvity in the transect in
section 4.1 higher that 102.4 will have a higher erodibility based on cohesiveness.
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Evaluation of river bank development
ERT overview

The ERT results are depicted in the 3D map in figure 4.23. The lighter colors are sandy deposits, the darker colors
are clay deposits.

Figure 4.23: Overview of the transects within the research area, from norteastern direction. Wamel is the village
located at the left side and Tiel is located at the right side of the figure.
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Natural situation

The bathymetry map was digitalised and interpolated as described in section 3.4. The result is figure 4.24. The
map shows that in the natural situation the thalweg (line of lowest elevation of the river bed) does not follow the
same pattern as the course of the river. Next to this, the river was about twice as broad, but with a lot of shallow
parts (notice that it was obtained at a water level of 5 m+NAP).

Figure 4.24: Digitalised and interpolated version of the bathymetry map from 1826 (figure 2.3).
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Comparison current with natural situation

The subtraction of the natural bathymetry from the current elevation map gives the map in figure 4.25. This map
shows the thickness of the sediments that filled up the old river bed (and when negative: how much sediment
eroded away). This shows that for the research area the most sediments were deposited in the region around the
Veerweg. The closer to the river bed, the more aggradation.

Figure 4.25: Elevation difference between AHN4 (2020-2022) and the bathymetry map from 1826 (figure 4.24).
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Interpretation ERT transects

In this section the transects are interpreted and discussed per location. This will give in the end an idea how
differences in sand and clay content are located within the research area. In general, low resistivity is connected to
high clay contents and high resistivity points towards coarse materials like coarse sand and gravel.

5.1.1

Location of transect A and B

In transect A typically the top soil was more clayey further away from the river, which is also visible in the higher
resistivity close to the river and the lower resistivity more inland for the top soil. This is a known phenomenon that
the coarser sediments settle closer to the river as the energy loss next to the main channel makes it impossible to
carry it further ("Fining upward"; e.g. Jongmans et al., 2015; Makaske, 2001).
In the the deeper soil, the regions with high resistivity are caused most likely by coarse river sands deposited in the
naturally broad river channel. The high resistivity region at the right side of the transect could be connected to the
side channel that was located there around 1900 AD (Kadaster, 2021) and the high resistivity at the left side of the
transect could be sandy deposits in the main channel between the groynes. The sandy deposits can also be the bed
load of the channels before the normalisation started (as the side channel was not that deep, see figure 4.24), but
the high resistivity does not indicate clayey deposits.
Probably the low resistivity region at distance 25-90m is caused by a clayey bank that is located here, as the river
had locally a sand bank in the period before the Waal normalisation had begun (van Holt, 1559; Kadaster, 1821;
Beyerinck, 1826). The low resitivity region is also recognizable in transect B, where it shows a sloping clay bank
with the top in the eastern (stream upward) part. The clayey deposits should have been here before the Waal was
here, as within the riverbed mainly sandy banks are deposited by the river and ripples and dunes are normally
oriented in the other direction (Haque and Mahmood, 1985; Jongmans et al., 2015). This could mean that when
the river bank retreats in this part of the natural levee, the clay bank will cause again a shallow part in the channel
as it seems not really sensitive to erosion.

5.1.2

Location of transect C and D

Both transect C and D show a typical fining upward sequence, with low resistivity regions (clayey) covering high
resistivity regions (sandy/gravelly). Remarkable is the low resistivity (clayey) deposit on the higher part of the
natural levee in transect C. In transect C is a transition region at distance 100 m, where at the left possibly a
"shallow" side channel of the river was located with finer bottom sediments (lower resistivity). This lower resistivity
range was not observed in transect D, so it may indicate a local shallow clayey deposit, but probably does not range
far.
In both transects a high resistivity region is located at the place where until approximately 1920 AD a gully was
located perpendicular to the river (Kadaster, 2021). As the resistivity is very high there, it might contain more
gravelly deposits that filled up this old gully. As there are very coarse sediments underneath the top soil, this part of
the levee can be vulnerable to erosion.

5.1.3

Location of transect E and F

Compared to the other transects, these transects have very low resistivity values. This indicates that this part of the
research area has a higher clay content over the whole depth. The high clay content also causes a limited DOI for
the Dipole-Dipole configuration.
This location is also the part of the floodplain that was already indicated as land above river levels on old maps
(van Holt, 1559; Kadaster, 1821; Beyerinck, 1826; Kadaster, 2021). It could be that the clayey deposits prevented
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the river from further erosion of the natural levee. If this is true, also in the future this part of the river will not be
vulnerable to erosion by the river.
However, there are also regions in the transects that have a higher resistivity than typical for the clay range
(Palacky, 1988). This would mean that at these locations also some sandier deposits can be found. In transect E
this is in the region from the river until 30 m away from the river and in the middle of the transect at a depth of 2
m below the surface. As the region in the middle of the transect is isolated, it will not be prone to erosion, but in
the less clayey part close to the river erosion cannot be excluded.
In transect F are also two regions that can possibly contain more sandy deposits. Mainly the region at the right side
of the transect will contain some sandy deposits as this part used to be part of the riperian zone before the river
normalisation (Kadaster, 1821). The high resistivity zone at the left side of the transect is probably an artefact
caused by the gas pipeline that is crossing the transect there.

5.1.4

Location of transect G and H

These locations are in a clayey part of the levee, where most bank retreat is (figure 1.2) according to Carranza
et al. (2022). It is also the location where the ancient "Tielse krib" groyne is located (see figure 2.3). There is at 60
m from the left side a low resistivity region, most visible in the Wenner-Schlumberger configuration, which is in the
location of the ancient groyne. This implies that the old groyne is possibly constructed with clay. At the right side of
the groyne is a gully that is filled up with a mixture of sandy and clayey sediments. At the right side of the transect
is the old clayey land visible that is connected to the clayey deposits that are also found in transects E and F.
Transect H is in a region with a lot of clay on the place where the old land was located according to the maps from
the begin of the 19th century (Kadaster, 1821; Beyerinck, 1826). The location with high resistivity is connected to
the location where still water was on these maps. Probably this water was filled up with coarse sediments.

5.1.5

Location of transect I

The topsoil has lower resistivity and was observed as clayey soil. Where the Waal was located in the beginning of
the 19th century, sandy deposits are underneath a clay layer of about a meter thickness on the top. The transition
in the subsoil at distance 120 m shows the transition from the old land on the right to the old river bed on the left.
The deposits of the old land are a bit more clayey than the filled gully, but the subsoil is still more sandy than the
topsoil.

5.1.6

Location of transect J and K

The transect are a good example of a fining upward sequence: close to the river the deposits are sandy and the
surface level is higher, with the finest grained sediments in the top. More inland there are clayey deposits in the
lower part of the natural levee. For both transects the whole subsoil consists of highly resistive material as sand an
gravel.
However, in both transects a vertical low resitivity region can be noticed. These spots are in both transects on
places where a (former) fence was recognised in the field and on maps. To check this, one of the augerings was
done on the low resistivity spot in transect J.

5.1.7

Overview total area

There is a strong link between the thickness of the sandy deposits and the change in elevation by the filling of the
river channel after the river normalisation. Good examples are transects E, F, G and H: the sandier deposits are
here typically the thickness of the elevation change between the years 1826 and 2021, see figure 4.25. Next to that,
the locations that were before the normalisation already part of the floodplain are in general very clayey.

5.2. COMPARISON ERT AND AUGER PROFILES TO OBTAIN SOIL TEXTURE
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Comparison ERT and auger profiles to obtain soil texture

The auger profiles show that thin layers (<50 cm) of a different textured layer is not visible in the measured value
for resistivity. This is probably caused by the inversion settings, combined with the electrode spacing of the ERT.
Therefore it is impossible to model in a finer grid than approximately 50 cm. Dependent on the importance of these
thin layers for the erosion model, the ERT may be less suitable for investigations on the layering.
Mainly clayey layers of 10-30 cm thick are present in the auger profiles, but are not observed in the resistivity
transects. This may cause a lot of the differences between the observations from both methods. Augering is
sometimes needed to validate unexpected patterns in resistivity transects. For example augering 1 that was on the
low resistivity spot in Dipole-Dipole transect J. Here the augering disproved the low apparent resistivity. Afterwards
a map showed a former fence there, so remnants of that fence might have disturbed the resistivity transect locally.
On the other hand, on transect E and F there was in the resitivity transects a transition observed from low
resistivity towards somewhat higher resistivity in the former riparian zone. Augering clarified that at about a meter
accurate the transition zone was found back (auger profiles 5, 6 and 7). It has to be mentioned that this is also
caused by the great differences in clay content within these profiles: sand and heavy clay and are opposite in both
clay content and resistivity. This enhances the correlation between the both parameters, but as the clay content can
deviate with about 30% (between ±35-65%) for heavy clay and about 100% (between ±0-5%) for sand, the
precision is not great. This could be improved by lab analysis of the soil samples, but it is very labour intensive to
analyse the clay content of 480 samples. On top of that the samples are disturbed during the augering, so lab
analysis would also not be able to measure the clay percentage reliably.
By combining the clay content-porosity relationship from Shevnin et al. (2007) and Archies law, the erodibility
based on cohesiveness of the soil particles could be estimated accurately (significant, with coefficients of
determination of 0.83 and 0.86 for the Wenner-Schlumberger and Dipole-Dipole configuration respectively). Even
though thin layers were not recognised in the resistivity transects and the estimation for the EC of the groundwater
is not very straightforward. The last could be improved by doing EC measurements in the field.
Another point that was not taken into account, but can have a huge influence is the water saturation factor. In the
measurement period there was almost every day precipitation, so the soil did not dry out, and the part of the soil
that was below the water level of the Waal was probably saturated. However, with a linear decreasing water
saturation, the apparent resistivity increases exponentially.
Major advantages of ERT over augering are that it is less labour intensive, it does not disturb the profile and it is
possible to do investigations under the groundwater level. Because ERT gives information in two directions, it is
also more precise in mapping transition zones.

5.3

Linking soil texture to erosion

The locations where Carranza et al. (2022) found most bank retreat are also the locations where sandy deposits are
in between clayey deposits and the river (see section 4.1.7). The top soil is covered there also with clay. This means
that after a flood, when the water level in the river decreases rapidly, a negative pressure can occur within the
non-cohesive sand as it has a higher hydraulic conductivity than the surrounding clay. Subsequently the process of
seepage undercutting occurs: the water erodes a part of the sand layer away and the overlying soil collapses (Fox
and Felice, 2014; Wilson et al., 2007; Hencher, 2010; Langendoen and Simon, 2008).
Only classifying a river bank as sandy or clayey is therefore not enough to predict erosion. Places where sand is
dominant throughout the profile is not necessarily erosion sensitive: it mostly has a higher and more homogeneous
hydraulic conductivity than clay with sandy layers in between. This means that there is almost no preferential flow
that causes erosion gullies (Wilson et al., 2007). The non-cohesive top layer is easily dragged by the water during
floods, but this seems a less severe erosion process. It indicates that bank undercutting is a dominant process in
this river bank compared to tension failure of the non-cohesive parts of the river bank (Fox and Felice, 2014;
Langendoen and Simon, 2008).
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On the other hand, the locations with clay from the surface level until below the bottom level of the side channel
will be hardly erodible as they are to cohesive to erode away and there will be no seepage undercutting as the
bottom level of the clay package is below he lowest possible river water levels. For that reason the water pressure is
mostly too high to make piping possible.

Other factors determining erodibility
The morphology that is visible in the old bathymetry map (figure 4.24) shows that the location with the highest
river bank retreat rate is located at the outer bend of the natural thalweg of the river. It might be useful to do
further research on this possibly "wandering thalweg" and if the river is developing back to a river system with pools
and riffles (Leopold and Wolman, 1957).
Furthermore, most erosion seems to take place at the transition between high and low discharges in the river. In
earlier research, models were run for cases with a continuous discharge at a low or a high discharge level (de
Ruijsscher, 2020; Vermeulen et al., 2014), while piping only occurs at dropping water levels in the river (Langendoen
and Simon, 2008). Therefore it is useful to do a bank stability analysis based on the outcomes of this research.
Factors that could also be of importance for bank undercutting are waves and other turbulent flows that are not
caused by the morphology of the river, but turbulence and waves caused by ships or waves caused by the wind.
Especially when the water levels rise to a higher level than the top of the LD, the river bank is exposed to these
phenomena.
Another factor that may increase the piping process is the burrowing of animals. Next to moles, mice and
earthworms that dig holes in the ground, birds nest in the riverbank. The corridors made by these animals locally
increase the hydraulic conductivity and therefore the preferential flow increases (Hencher, 2010). This can be
prevented by vegetation or concrete cover on the river bank (Morgan, 2005).
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This research looks at the distribution of different deposits in the riverbank behind the LD in the Waal to assess the
erodibility of the riverbank. Even though I did not measure the EC of the groundwater and the soil water content,
significant correlations were found between clay estimations from ERT and from auger profiles. With these data,
the local clay content, that relates to the erodibility, was assessed over about the top ten meters of the soil for
every transect.
Though, layering of deposits on decimeter scale is not possible when covering a greater distance and depth with
ERT. Next to that, the precision of the clay content determination was not very high. Improvements of the method
could be that the EC of the groundwater is measured, soil moisture is measured (and especially needed when the
soil is drier), and the soil sample texture is analysed instead of classified.
Within the research area, clayey deposits are covering the top soil on most locations. Over the area the typical
fining upward sequence was found, with a higher elevated sandy part close to the river, and a lower elevated part
further away from the river that is covered with clay.
The locations that were already land before the river normalisation typically have a high clay content in the deeper
soil as well. In the region that used to be part of the river bed, the deeper soil consists of gravel and sand. Except
for the location of a former island in the river, where a remnant of a clayey island structure is left. This could mean
that the cohesiveness of the soil is less in the filled up river bed than on the older parts of the floodplain.
Erosion of the river bank is not only dependent on the soil texture of the river bank, but if the river bank is very
clayey, it is not inclined to retreat. Most erosion is visible on a location where a clay layer covers a sand layer: the
sand erodes away and the clay layer is undercut. This process can go on until the sandy layer is fully eroded away.
Behind this region are clayey deposits over a greater depth, which will have a lower erodibility due to the higher
cohesiveness. On other locations with sandy deposits, mainly drag of sand during floods is the driving erosion
process. There was no tension failure observed as erosion process in the sandy parts of the researched area.
Altogether ERT was a suitable method to assess clay content and erodibility for the unexposed part of the soil.
Therefrom was clear how the clay content is distributed within the research area. It showed that locations with
layering of clay and sand suffered more from bank retreat than locations with generally non-cohesive material.
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List of abbreviations and symbols
Abbreviation or Symbol

Meaning and units

EC
ERT
LTD
m
m+NAP
RfR
RWS
WFD
ρ
ρ0
ρw
σ
φ

Electrical Conductivity in S/m (Siemens/meter)
Electrical Resistivity Tomography
Longitudinal Training Dam
cementation factor (no units)
meters above Normaal Amsterdams Peil (Dutch reference level)
Room for the River
Rijkswaterstaat (Dutch National Water Authority)
European Water Framework Directive
Resistivity in Ω.m (ohm · meter)
Measured Resistivity in Ω.m (ohm · meter)
Water Resistivity in Ω.m (ohm · meter)
Conductivity in S/m (Siemens/meter, but often measured in mS/m or µS/cm)
Soil Porosity (no units)
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ix

For these tables, the coordinates are registered with a cellphone and saved as location in Google Maps (Google,
2022); for the water level in the Waal was the day average value taken from the measurement location "Tiel Waal"
from the water information dashboard of Rijkswaterstaat (Rijkswaterstaat, 2022).
Table A.1: Metadata of the ERT transects
Transect

Date

Water level Waal
(m+NAP)

Begin Coordinates

End Coordinates

A
B
C
D
E
F
G
H
I
J
K

10/10/2021
02/02/2022
15/10/2021
09/10/2021
08/10/2021
08/10/2021
24/06/2021
24/06/2021
15/11/2021
16/10/2021
11/10/2021

2.99
4.20
2.93
2.97
2.94
2.94
4.35
4.35
2.77
2.87
3.00

51.877472,5.437907
51.876855,5.437876
51.880070,5.444983
51.881551,5.446593
51.884719,5.452638
51.884650,5.454059
51.885830,5.458998
51.885286,5.459357
51.886426,5.460827
51.887058,5.468886
51.887432,5.469413

51.876307,5.440003
51.877424,5.438860
51.881844,5.445257
51.881142,5.444058
51.883084,5.453394
51.883960,5.451577
51.885268,5.456406
51.884717,5.456721
51.884740,5.461356
51.887051,5.471727
51.885869,5.468355

Table A.2: Metadata of the Augerings
Augering

Transect

Date

Water level Waal (m+NAP)

Coordinates

1
2
3
4
5
6
7
8
9
10
11
12
13

A and B
D
C
C and D
F
E and F
E
G
H
I
I
J and K
K

28/10/2021
09/12/2021
09/12/2021
09/12/2021
26/11/2021
26/11/2021
26/11/2021
15/11/2021
15/11/2021
16/12/2021
16/12/2021
16/12/2021
16/10/2021

2.82
4.53
4.53
4.53
2.59
2.59
2.59
2.77
2.77
4.24
4.24
4.24
2.87

51.877180,5.438430
51.881260, 5.444823
51.881413,5.445186
51.881319,5.445162
51.884255,5.452511
51.884301,5.452853
51.884458,5.452810
51.885600,5.457680
51.885020,5.458060
51.885412,5.461131
51.885320,5.461155
51.887040,5.469150
51.887112, 5.470827
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B | Explanation of the link between groundwater and river water
Groundwater levels
According to the isohypse map (figure B.1), the research area should have groundwater levels at, or even above, the
surface level. This is an interpolation problem due to a lack of piezometers in the area. However, it indicates that
water is infiltrating from the river into the groundwater.

Figure B.1: This map shows the calculated hydraulic head via interpolation in between piezometers, from Grondwatertools (2022).

The research team of the WUR installed 25/05/2021 three piezometers in the floodplain, which are measuring
water pressure every hour. To make an estimation on the influence of the Waal, I plotted the Waal levels and
piezometer values over time (figure B.2). The water levels follow the same pattern. When leaving out the negative
piezometer data (at those moments, the water level is lower than the piezometer and thus the water pressure is
<0), the groundwater level and river level can be compared. This leads to a significant (p<0.001) relation between
both levels for all 3 piezometers, see B.1. The intercept is the level of the diver in the piezometer; the rate is the
increase groundwater levels with the increase of river level; R2 is the correlation coefficient, and the number of
measured hours is given.
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APPENDIX B. EXPLANATION OF THE LINK BETWEEN GROUNDWATER AND RIVER WATER

Figure B.2: The fluctuations of the groundwater level measured in piezometers (cm water pressure in the piezometer)
and the water level of the Waal (cm+NAP).
Table B.1: Comparison river water level and groundwater levels
piezometer

intercept

rate

R2

number of data

1
2
3

456
334
443

0.77
0.85
0.89

0.51
0.40
0.62

2293
4528
2689

EC data
The EC data of the Rhine at Lobith was taken, as it is the nearest upstream measurement location of EC. When a
downstream measurement location was taken, it could be influenced by the sea, but the sea water Tiel has no
influence on the river water in Tiel. This data set was obtained by Rijkswaterstaat and open source (Rijkswaterstaat,
2022). It was obtained twice a month manually with a conductivity meter. The result is shown in figure B.3.
This is an unexpected bimodal distribution in which one of the two peaks with a factor 10 difference. According to
Reynolds (2011), groundwater has a resistivity 10-50 Ωm (≈20-100 mS/m) and runoff water has a resistivity
20-100 Ωm (≈10-50 mS/m). The expectation was a normal distributed range between ±10 and 100 mS/m as that
will give proper resistivtity values for the river water in the Rhine, which is a mixture of groundwater and rainwater.
As EC is mostly measured in µS/cm for river water, which is a factor 10 greater than mS/m, I guessed that the
data from Rijkswaterstaat (2022) were partly calculated back to mS/m and partly not calculated back, while it
should have been. When all EC values greater than 100 were divided by 10, the distribution becomes normal.
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Figure B.3: The EC data of the Rhine at Lobith from Rijkswaterstaat (2022).

Figure B.4: histogram of EC after correction.

