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Abstract 

Deltas often form the economic heart of countries and the foundation for social and 

agricultural activities. Dikes protect these valuable areas from flooding by rivers. The stability 

of dikes constructed in such areas is crucial in countries such as the Netherlands. This 

research focused on a specific type of dike failure named piping. Piping is a process in the 

subsurface and is divided into three phases:  

1. A groundwater flow starts running from the river into a permeable layer (aquifer) 

towards the protected polder. The hydraulic head in the aquifer increases, resulting in 

upward pressure beneath the low permeable top layer. 

2. The top layer breaches when the hydraulic head exceeds the critical hydraulic head. 

Such a breach forms a hydraulic connection between the aquifer and the surface, 

resulting in water flow towards the surface. 

3. The water flow erodes a pipe directly beneath the top layer in the opposite direction 

of the groundwater flow. Continuous erosion may result in failure of the dike. 

 

The current method to calculate piping contains three formulas to calculate each phase of the 

process [Föster et al., 2012]. The output is the minimal seepage length from the river towards 

the polder that is necessary to prevent piping. This method has a two-dimensional approach 

and fails to consider three-dimensional variations in the subsurface architecture and 

properties. In addition, the Sellmeijer formula that calculates the third phase has a large 

dependency on grain size.   

 

The aim of this research was to investigate the behavior of groundwater flow in 

heterogeneous sub-surfaces (first phase) by using a three-dimensional groundwater model 

(iMOD) and visualize the risk for breaching of the top layer during a flood wave (second 

phase). Heterogeneity is implemented in the models by schematizing a fossil channel belt 

with varying properties on top of the thick aquifer. The results are compared with the results 

of the prescribed method for calculating piping [Föster et al., 2012].  

 

The risk in days for breaching of the top layer during a flood wave is set as an indicator for 

the risk of piping. This risk depends on the properties of the channel belt. Situations with a 

narrow channel belt result in more risk (days) for breaching of the top layer compared to a 

wide channel belt. On the other hand, this risk for breaching of the top layer covers a larger 

area for wide channel belts, while the number of days with this risk is less. Considering 

channel belts that partly incise in the underlying aquifer, the risk for piping is larger than the 

traditional method for calculating piping suggests. The aquifer thickness is significantly less 

at the isolated part of a channel belt and therefore the calculations with Sellmeijer result in 
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small values for the required seepage length. At these locations, the groundwater flow is not 

induced by the connection of the channel belt with the river, but the incision nearby. A two-

dimensional approach cannot take this in consideration. The results from three-dimensional 

calculations show a risk for breaching of the top layer located at the isolated part of the 

channel belt within the distance of the required seepage length. This will result in three-

dimensional development of piping because the erosion moves in the direction of the largest 

hydraulic head. These results show that three-dimensional groundwater models like iMOD 

are a useful tool for investigating the behavior of groundwater flow underneath dikes in 

heterogeneous subsurfaces. 

 

This research forms the foundation for further research to three-dimensional modeling of 

groundwater flow underneath dikes. Recommendations are formulated based on the results of 

this research and the available tools in iMOD. The first steps that should be made are: 

 investigating the influence of a breached top layer in the polder on the hydraulic 

head; 

 investigating the preferential paths of groundwater flow from the river towards a 

breach in the top layer through a heterogeneous subsurface. 

 

  



VI 

 

 

Contents 
1 Introduction ...................................................................................................................................................... 1 

1.1 Piping as a three-phase process .............................................................................................................. 1 

1.2 Observations ........................................................................................................................................... 3 

1.3 Calculating piping .................................................................................................................................. 4 

1.4 Problem definition .................................................................................................................................. 5 

1.5 Research aim and research question ....................................................................................................... 6 

1.6 Approach ................................................................................................................................................ 7 

2 Geological and physical description of the study area substrate....................................................................... 8 

2.1 Study area and available data ................................................................................................................. 8 

2.2 Properties of braided river and meandering river deposits relevant to piping ....................................... 10 

3 Methods and model settings ........................................................................................................................... 16 

3.1 Introduction to iMOD ........................................................................................................................... 16 

3.2 Modeling process .................................................................................................................................. 17 

3.3 Schematization of different scenarios ................................................................................................... 18 

3.4 Input parameters ................................................................................................................................... 20 

4 Results ............................................................................................................................................................ 24 

4.1 Simple schematizations ........................................................................................................................ 24 

4.2 Complex schematizations ..................................................................................................................... 28 

4.3 Sellmeijer.............................................................................................................................................. 30 

5 Discussion ...................................................................................................................................................... 31 

6 Conclusion ..................................................................................................................................................... 35 

7 References ...................................................................................................................................................... 37 

Appendix I: Results of the pumping tests ................................................................................................................ 41 

Appendix II: RUN-files ........................................................................................................................................... 42 

Appendix III: IDV-files ........................................................................................................................................... 43 

Appendix IV: Matlab-files ....................................................................................................................................... 44 

Appendix V: Calculations with the Sellmeijer formula ........................................................................................... 45 

 

  



VII 

 

 

Equations 

Equation 1.1 Formula to calculate the hydraulic head at the toe of the dike .............................................................. 4 

Equation 1.2 Formula to calculate bursting of the top layer, including 0,3d reduction .............................................. 4 

Equation 1.3 The improved Sellmeijer formula ......................................................................................................... 4 

Equation 3.1 Basic formulation Darcy’s law ........................................................................................................... 16 

Equation 3.2 Formulas to calculate storage coefficient for confined layers ............................................................. 22 

 

Figures 
Figure 1.1 Schematic cross section of a dike with the parameters for calculating the hydraulic head ....................... 2 

Figure 1.2 Backward erosion creates a pipe that can eventually result in a failure of the dike .................................. 2 

Figure 1.3 Two observed boils near a dike ................................................................................................................ 3 

Figure 2.1 An overview of the research area .............................................................................................................. 8 

Figure 2.2 Lithological cross section of the channel belt in the research area ........................................................... 9 

Figure 2.3 Holocene channel belts in the Rhine-Meuse delta .................................................................................. 11 

Figure 2.4 The internal architecture of a longitudinal bar and a transverse bar ....................................................... 12 

Figure 2.5 The complex architecture of a meandering river .................................................................................... 13 

Figure 2.6 Example of a point bar, which is deposited on top of a channel floor .................................................... 14 

Figure 2.7 The development of a meandering river in 58 years ............................................................................... 15 

Figure 2.8 Horizontal and lateral migration of a meandering river .......................................................................... 15 

Figure 3.1 Flow chart of the modeling process. ....................................................................................................... 18 

Figure 3.2 Cross-sectional description how a partly incised channel belt is modelled ............................................. 19 

Figure 3.3 Schematization of the Holocene channel belt on top of thick sand ......................................................... 20 

Figure 3.4 The flood wave that is modeled in all calculations and the flood wave from 1995 ................................ 21 

Figure 4.1 Hydraulic head at the dike for two channel belt orientations .................................................................. 25 

Figure 4.2 Hydraulic head at the inner toe of the dike, in line the river for two channel belt orientations ............... 26 

Figure 4.3 Duration of ϕ > ϕcritical for varying width of the channel belt .............................................................. 27 

Figure 4.4 Relation between the polder and the center of the channel belt. ............................................................. 28 

Figure 4.5 Duration of ϕ > ϕcritical for varying incision width ............................................................................... 29 

Figure 4.6 Hydraulic head in the channel belt and the underlying sand body. ......................................................... 29 

Figure 4.7 Hydraulic head for three different situations .......................................................................................... 30 

Figure 4.8 Duration of ϕ > ϕ critical for the three different situations ..................................................................... 31 

Figure 5.1 Results of the Sellmeijer formula plotted on the results of calculations with iMOD .............................. 34 

 

Tables 
Table 1.1 Parameters used in the formulas to calculate piping. ................................................................................. 5 

Table 2.1 Summary of the dataset. ............................................................................................................................. 9 

Table 3.1 Values used for each scenario with a simple schematization of the subsurface. ...................................... 18 

Table 3.2 The values for each parameter used for schematizations of the subsurface. ............................................ 22 

Table 3.3 Critical hydraulic head for various top layer thickness. ........................................................................... 23 

Table 3.4 The used input values for the Sellmeijer formula..................................................................................... 23 

Table 4.1 Results of the Sellmeijer formula. ............................................................................................................ 30 

 

file:///D:/WORD/Report_20160418.docx%23_Toc448953666
file:///D:/WORD/Report_20160418.docx%23_Toc448953666
file:///D:/WORD/Report_20160418.docx%23_Toc448953667
file:///D:/WORD/Report_20160418.docx%23_Toc448953667


1 

 

1 Introduction 

Deltas provide people with the benefits of logistical accessibility, drinking water and fertile 

soil for agriculture and pose a growing water management challenge. This is amplified by the 

worldwide growth in human populations in delta areas, such as the Rhine-Meuse delta. This 

leads to extensive infrastructure development but also increases the risk posed to populations 

in such areas given the constant threat of flooding from the rivers and the sea. In response, 

societies have invested considerable time and resources in the construction of dikes along the 

rivers and polders. These dikes are designed to protect low-lying areas from flooding and to 

regulate the flow of rivers. During a flood wave, the water level in the river rises and 

groundwater will seep from the river into permeable sand layers towards the polder. This 

influences the stability of the dikes with an increasing risk of failure. Therefore, the dikes 

must meet strict safety requirements for height and stability, which are set by the government. 

Geotechnical calculations are made for designing and testing of dikes in order to meet these 

safety requirements. A distinction is made between different forms of dike failure with a 

specific approach to confirm compliance with the requirements. This study focuses on one 

specific form of dike failure named piping.  

1.1 Piping as a three-phase process 

Vrijling et al. [2010] and Förster et al. [2012] give a detailed explanation of the process of 

piping and current predicting/designing methods. The process is divided in three phases: (1) 

groundwater flow from the river towards the polder, (2) bursting of the top layer followed by 

backward erosion (3) from the polder towards the river. A significant risk of dike failure as a 

result of piping is expected when all phases of this process take place in succession. This 

paragraph summarizes the three phases explained by these authors. 

 

Phase 1: ground water flow and increasing water pressure.  

Along a cross-section from an inundated floodplain, across the dike and to the protected 

polder, the hydraulic head of the upper groundwater system will increase as the water level in 

the river rises with the arrival of a flood wave (Figure 1.1). If the open channel of the river 

connects to a permeable sand body (aquifer), a groundwater flow will start running towards 

areas with a lower hydraulic head. The aquifer forms a hydraulic connection between the 

river and the polder, which is generally covered by a confining top layer (aquitard) of peat 

and/or clay. Groundwater barely flows through this poor permeable layer, resulting in 

increasing water pressure in the aquifer. 
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Figure 1.1 Schematic cross section of a dike with the parameters for calculating the hydraulic head [TAW, 1985]. 

 

Phase 2: breaching of the top layer.  

The risk for breaching of the top layer depends on the weight of the top layer and upward 

water pressure induced by the water level in the river. The top layer becomes buoyant as the 

hydraulic head (ϕ) reaches the critical hydraulic head (ϕz,g). As the hydraulic head exceeds the 

critical hydraulic head (ϕ>ϕz,g), the top layer will breach because the upward pressure is larger 

than the weight of the top layer. This results in a vertical hydraulic connection between the 

aquifer and the surface. Groundwater will flow through the breach towards the surface and a 

boil will appear. Note that a buoyant top layer in the direct vicinity of the dike also potentially 

reduces the stability of the dike, but this is considered as an independent way of potential dike 

failure, not failure due to piping. 

 

Phase 3: backwards erosion.  

The vertical water flow through the breached top layer erodes sand and brings it towards the 

surface (Figure 1.2). When such groundwater flow is sustained long enough, a horizontal pipe 

will form in the opposite direction of the groundwater flow (backward erosion). The hydraulic 

head will decrease as the pipe grows and the hydraulic resistance decreases. The erosion 

continues as the water level in the river keeps increasing. Continuous erosion could 

eventually result in failure of the dike. 

 

 
Figure 1.2 Backward erosion creates a pipe that can eventually result in a failure of the dike [Koopmans and Van 

den Berg, 2015]. 

 

Aquifer 

Top layer 
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1.2 Observations 

Dike breaches due to piping have been observed in the past. During the high water event in 

1926, a dike failed close to the village Zalk [Vrijling et al., 2010]. The inhabitants and 

employees of the water board observed a small boil at the inner toe of the dike. After a short 

period, the boil started to grow which resulted in a breach of the dike. During the high water 

events in 1993 and 1995, hundreds of small boils were seen along the dikes of all major rivers 

(Figure 1.3), but none developed in a dike breach [Rijkswaterstaat Projectbureau VNK, 

2015]. Eighty percent of these boils arose on Holocene channel belts [Taal, 2015]. Other dike 

failures in the Netherlands attributed to piping occured in Nieuwkuijk in 1880 and Tholen in 

1894 [Vrijling et al., 2010]. The danger of piping is recognized in other countries as well. A 

dike failed as a result of piping in New Orleans during hurricane Katrina. The breach occured 

a few hours after the water level increased [Vrijling et al., 2010]. In addition, in Hungary 

piping is regularly causing (potential) dike failures. The subsurface architecture in Hungary is 

considered as vulnerable to piping: a layer of fine sand on top of a 300 meters thick layer of 

highly permeable gravel [Vrijling et al., 2010]. Dike breaches occur regularly as a result of 

the financial constraints on applying appropriate preventative measures. 

 

 

Figure 1.3 Two observed boils near a dike, with sand eroded from the aquifer towards the surface 

[https://beeldbank.rws.nl, Rijkswaterstaat].  
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1.3 Calculating piping 

The Dutch government has adopted a method to calculate piping for testing and designing 

dikes. This paragraph explains the formulas used for this method. The definitions of the 

parameters used in the formulas are listed in Table 1.1. During the first phase, the water level 

in the river (  ) rises, resulting in an increased hydraulic head (  ) at the inner toe of the dike. 

This location has the smallest distance from the river and therefore the highest hydraulic 

head. Equation 1.1 is the prescribed formula to calculate the hydraulic head at the inner toe of 

the dike [TAW, 1985]. Figure 1.1 shows the parameters that are used for this formula in a 

cross-section. The second phase occurs when the hydraulic head exceeds the critical hydraulic 

head (   ≥     ). Equation 1.2 is the prescribed formula to calculate the critical hydraulic head 

[Föster et al., 2012]. It assumes that after the cohesive top layer has breached, the hydraulic 

head cannot exceed the critical hydraulic head because water is able to flow towards the 

surface.  

 

 

The third phase is calculated with the recently improved formula of Sellmeijer [2011], which 

is shown in Equation 1.3. It assumes a standard dike, built on a homogeneous sand body and 

horizontal layer boundaries [Knoeff et al., 2009 and Förster et al., 2012]. It can either 

calculate the required seepage length (L) or the critical hydraulic head (∆Hc). For this 

research, the required seepage length is considered as output of the model and ∆Hc as input. 

The unit of the critical hydraulic head is in meters and is calculated by subtracting the 

hydraulic head from the critical hydraulic head (ϕcrit-hp). Piping is expected to occur when the 

available seepage length is smaller than the required seepage length. 

 

Equation 1.3 The improved Sellmeijer formula [Sellmeijer, 2011]. 
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Equation 1.1 Formula to calculate the hydraulic 

head at the toe of the dike [TAW, 1985]. 
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Equation 1.2 Formula to calculate bursting of the top 

layer, including 0,3d reduction [Föster et al., 2012]. 

          
        

  
 + 0,3d 

 



5 

 

Table 1.1 Parameters used in the formulas to calculate piping. 

symbol parameter unit 

   hydraulic head [m+NAP] 

  seepage factor [m] 

  permeability of the aquifer  [m/d] 

  hydraulic resistance of the top layer [d] 

  thickness of the top layer [m] 

   vertical permeability of the top layer [m/d] 

      critical hydraulic head [m+NAP] 

      head of top of permeable layer [m+NAP] 

    surface head [m+NAP] 

   (ground) water level in hinterland [m+NAP] 

   unit weight of water [kN/m3] 

    unit weight of dry soil [kN/m3] 

     unit weight of wet soil [kN/m3] 

   critical hydraulic head [m] 

    unit weight of particles [kN/m3] 

   unit weight of water [kN/m3] 

  rolling angle [°] 

  White coefficient [-] 

  intrinsic permeability [k μ/γw] 

    70% value of a grain size distribution [m] 

     average d70 in small-scale tests (2,08 E-4 m) 

  thickness of the aquifer [m] 

  seepage length [m] 

   relative density [-] 

    average RD in small-scale tests (0,725) 

 

1.4 Problem definition 

The method to calculate piping is a steady-state 2D approach. The parameters used in the 

formulas are limited to one characteristic value and without time dependency. Choosing the 

correct value for each parameter is difficult for datasets with a wide distribution. Engineers 

are forced to choose safe values to deal with this wide distribution and uncertainties in the 

parameters. This results in the construction of (unnecessary) expensive dikes. In the Rhine-

Meuse delta, many dikes are built on top of heterogeneous deposits of meandering rivers. The 

following parameters contain large variations in deposits of meandering channel belts: 

permeability (k), thickness of the top layer (d), thickness of the aquifer (D), grain size (µm). 

The Sellmeijer formula is recently improved by practicing many small-, medium- and large-

scale experiments [Knoeff et al., 2009; Sellmeijer et al.    11    rster et al., 2012]. The new 

model fits more accurate with the results from the experiments for homogeneous fine 
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sediment (d70 = 180 µm) and less accurate with coarser sand (d70 = 250 µm) with a difference 

of 25% between measurements and predictions. ARCADIS [2012] has done an explorative 

study on the effects of the new Sellmeijer formula of almost 700 km of dike. The outcome 

was that the new Sellmeijer formula calculates up to two times more required seepage length 

compared to the old formula [Sellmeijer, 1989]. Koopmans and Van den Berg [2015] have 

studied small-scale variability in grain size, permeability and top layer thickness of a fossil 

channel belt in the center of the Rhine-Meuse delta. The variation in the data (d70 and layer 

thickness) of this study is large: choosing the right input value to give a realistic result is hard. 

Using safe values for grain size and layer thickness in the calculations will give extraordinary 

large required seepage lengths. Geological knowledge, such as sand-depth maps [Cohen et al., 

2009], are considered a good first predictor for the risk of piping.  

 

The limitation of the prescribed method to calculate piping is its two-dimensional approach 

for the first phase (groundwater flow) and the third phase (backwards erosion). It results in 

large uncertainties in required seepage lengths. In addition, the improved Sellmeijer formula 

results in larger required seepage lengths. The risk for piping is hard to determine for complex 

subsurfaces with large variations in grain size and layer thickness because the formulas do not 

consider these three-dimensional variations. The need for a new or modified method to 

calculate the piping process is high. 

1.5 Research aim and research question 

The aim of this research was investigating the behavior of ground water flow in 

heterogeneous subsurfaces (first phase) by using a three-dimensional groundwater model 

(iMOD) and visualize the risk for breaching of the top layer during a flood wave (second 

phase). The results are compared with the results of the prescribed method for calculating 

piping. This thesis is a pilot study for further research. Therefore, the formulation of new 

hypotheses is important and an aim in this research. 

 

The following research question is formulated: 

What are the advantages and challenges of using a three-dimensional model for calculating 

groundwater flow underneath dikes in heterogeneous subsurfaces, and how does this relate to 

the current method? It is postulated that such a model is necessary for a proper 

understanding of the behavior of piping. 
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1.6 Approach 

In order to address the aim of this research, a three-dimensional groundwater model named 

iMOD [Vermeulen and Minnema, 2014] is used to investigate the hydraulic head induced by 

an arriving flood wave in a subsurface with simple and complex heterogeneity. The 

subsurface schematization is based on borehole descriptions and core penetration tests, which 

are collected for an explorative study to heterogeneity of meandering and braiding river 

deposits [Koopmans and Van den berg, 2015]. Geological knowledge about these different 

deposits is used to supplement the knowledge from the field data. Schematizations with 

simple variations consider a straight homogeneous sand body with varying dimensions and 

orientations, deposited on top of a thick permeable sand body. Complex schematizations 

consider a channel belt with shapes and dimensions based on the channel belt occurring in the 

research area. A distinction is made in permeability for different lithological units within the 

channel belt. This is a first step in modeling heterogeneity for groundwater flow underneath 

dikes. The hydraulic head, which is output of the calculations with iMOD, is compared with 

critical hydraulic head for bursting of the top layer. The number of days the hydraulic head 

exceeds the critical hydraulic head is set as a measure for the risk of piping. This measure is 

used to investigate the advantages and challenges of three-dimensional groundwater 

modeling. The results are compared with the results of the traditional method for calculating 

piping.  
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2 Geological and physical description of the study area substrate 

2.1 Study area and available data 

The study area is located in the central part of the Rhine-Meuse delta, north of the river Waal 

and close to the village IJzendoorn. Figure 2.1 shows the primary dikes along the river and 

marks the research area within the dashed circle. A small lake is present at the riverside of the 

dike, created by sand mining. During a flood wave, water will enter the aquifer from this lake 

and the river. At three locations, the dike has failed in the past at the exact location of the 

channel belt. Three small pools are located at the inner side of the dike, which are formed by 

dike breaches (Figure 2.1). It is not proved that piping caused these dike failures, but it 

confirms the potential risk of fossil channel belts close to the surface.  

 

 

Figure 2.1 An overview of the research area. Previous research is carried out within the area indicated by red 

dashed circle [Koopmans and Van den Berg, 2015]. Red lines are the primary dikes, orange arrow are the 

locations of dike failures from the past. The dashed blue line shows the location of the lithological cross section. 

 

In this research area, a study to specify the natural variations in different parameters that the 

Sellmeijer formula uses was carried out by Koopmans and Van den Berg [2015] to collect a 

large amount of data. In total 256 boreholes are performed in a square area of 75x75 m with a 

distance of five meter between the boreholes and to a depth of four meter. The collected 

parameters are layer thickness, lithological unit, estimation of grain size and surface elevation 

(Table 2.1). More than 300 sieve tests are performed to determine the grain size. Fourty core 

penetration tests (CPT) are performed to a depth of ten or thirty meters. Thirty CPTs are 
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performed in the toes on the inside and outside of the dike. Ten CPTs are performed 

perpendicular on the channel belt. One mechanical drilling is accomplished to a depth of 37 

meters to perform three pumping tests to determine the permeability of the aquifers 

(Appendix I). The presence of a channel belt results in large local variations layer thickness 

and grain size. The channel belt deposits are hydraulically connected to the active river and 

the underlying Pleistocene deposits. Such hydraulic connections allow groundwater 

exchange. Figure 2.2 shows a lithological cross-section from the channel belt, created with 

the data from the borehole descriptions and CPTs [Taal, 2015]. The architecture of the 

channel belt contains large variations in layer thickness and grain size (coarse sand is red, fine 

sand is yellow). Channel fillings are marked by the red circles. The red arrow marks the 

location of the incision. The top layer (green) varies between 0.5 and 3 meter in this cross-

section.  

 

 

Figure 2.2 Lithological cross section of the channel belt in the research area [Taal,2015].The location of this 

profile is given in Figure 2.1. 

 

Table 2.1 summarizes the data that is collected by this previous research in the study area. It 

shows the data from the pumping tests, borehole descriptions and sieve tests. More data is 

collected (CPTs and borehole descriptions), which can be found in Slot and Hertogh (2015). 

 

Table 2.1 Summary of the dataset collected by Slot and Hertogh, [2015]. 

parameter n min value max value average value 

grain size, d70 (µm) 256 162 728 420 

top layer thickness channel belt (m) 256 0.2 2.4 1.4 

surface head (m+NAP) 256 5.3 5.7 5.5 

permeability channel belt (m/d) 1 10 10 10 

permeability Pleistocene aquifer (m/d) 9 16 105 59 
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2.2 Properties of braided river and meandering river deposits relevant to piping 

River deposits dominate the substrate in the Rhine-Meuse delta in the Netherlands. At two to 

ten meters depth, a thick layer of dominantly sand and gravel is present that is deposited 

during the Late Pleistocene by braided rivers. It is overlain by more heterogeneous deposits 

from meandering rivers and floodplains. These buried the deeper formations as the sea head 

rose. In the central and lower parts of Rhine-Meuse delta, this resulted in the following 

typical physical setting: large areas with clay and peat between channel belts on top of older 

deposits from the Late Pleistocene. Figure 2.3 shows the fossil channel belts in the Rhine-

Meuse delta, which are formed during the Holocene. The physical setting differs along the 

rims of the delta, at the upstream end, and in the IJssel valley to the northeast of the main 

delta. In the latter area, aeolian deposits are of relevance as the substrate is present 

immediately below the dike. These are uniform and in that substrate, the restrictions of the 

current calculation methods for piping are less problematic. Therefore, the focus in this study 

is on the more heterogeneous deposits of river systems underlying the dikes. 

  

 
Figure 2.3 Holocene channel belts in the Rhine-Meuse delta [Cohen et al., 2012]. 

 

The data shows that the deposits of the braided river system are 30 meters thick and 7 meter 

below the surface [Slot and Hertogh, 2015]. At 35-40 meters depth the Formation of Sterksel 

is present[Westerhoff, 2003]. This formation is considered as the bottom boundary for the 

schematizations in this research. Directly below it, a widespread clay layer isolates deeper 

aquifers. Therefore, only the first aquifer influences the direct groundwater flow underneath 

dikes. Holocene deposits cover the permeable Pleistocene layer, containing layers of 

permeable and impermeable materials. This paragraph explains the hydraulic difference in 

permeability and conductive properties between braided and meandering river deposits. The 
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properties of the Pleistocene sand body mainly effects on the first phase of piping, where a 

head-gradient induced groundwater flow through this layer towards the polder is considered. 

 

During the Weichselien (115.000 – 11.700 years ago), the mean sea head was up to 110 

meters lower than the present situation [Berendsen, 2008]. The main rivers in the Netherlands 

were flowing through a valley that became the Rhine-Meuse delta during the Holocene. The 

slope of the river was relatively large because there was no influence from the sea, the 

weather conditions were cold and vegetation was sparse [Berendsen, 2008]. The resulting 

river style was that of braiding rivers. The river system deposited sand and gravel layers (the 

Kreftenheye formation) that are 0.5 meter below the surface in the East of the Netherlands 

and 15 meter below the surface in the West. Typical grain sizes of sand and gravel of this 

formation are respectively 210 - 2000 µm and 5.6 - 63 mm [Busschers and Weerts, 2003]. 

The top part of the Kreftenheye Formation contains finer grained sediment than the layers 

below. Deposits of braided river systems are dominated by sand and gravel, and generally 

contain very little mud and silt [Prothero and Schwab, 1996]. This means low variability 

between horizontal and vertical permeability. In addition, the permeability of these deposits is 

relatively high compared to other types of river systems. The accretion of subunits in the 

deposits (bar lobes and channel fills) is generally vertical, lateral accretion is less common 

[Gibling, 2006]. The internal architecture depends on the location in the river. Longitudinal 

bars divide the river in multiple channels, aggrade downstream and are formed during high-

flow-velocity conditions [Prothero and Schwab, 1996]. Cross-bedded sets in sand and gravel 

are frequent and show avalanche stratification (Figure 2.4). Fining upward sequences are 

formed as the bars migrate downstream [Lunt et al., 2004]. The grain size decreases towards 

the surface as the bar-head migrates over the bar-tail. Longitudinal bars can become islands if 

vegetation is able to grow on top of these bars. In the Rhine-Meuse delta this did only occur 

at the end of the Weichselien because the temperature was generally too low. Transverse bars 

are generally formed at the side of the river. These bars are formed during low-flow-velocity 

conditions and aggrade perpendicular to the flow direction [Prothero and Schwab, 1996]. 

Figure 2.4 shows the deposition patterns of longitudinal bars and transverse bars. The top of 

the Wijchen member (clay and silt) covers the braided river deposits with a thickness of 0.5 – 

1.0 meter [Berendsen 2008]. The Wijchen member forms the boundary between Pleistocene 

and Holocene deposits. The layer is not always present because of incision of younger river 

systems. 
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Figure 2.4 The internal architecture of a longitudinal bar and a transverse bar [Prothero and Schwab, 1996]. 

 

The Holocene deposits are relevant to all three phases in the piping process. Permeable 

deposits, allow groundwater exchange from deeper deposits or from the river into the channel 

belt. The channel belt is covered by a top layer of clay, which is formed by suspended load, 

settled in the wake of high water events. The thickness of this confining top layer influences 

the second phase of the piping process. The top of the sand layer directly beneath the top 

layer is eroded during the final phase of piping. Grain size distribution is therefore an 

important variable for the final phase. At the beginning of the Holocene 11.700 years ago, the 

Rhine-Meuse river system transferred from a braiding system into a meandering system 

[Berendsen, 2008]. This change in fluvial style is caused by the combination of sea level rise 

that decreased the slope of the river and vegetation growth [Berendsen, 2008]. Meandering 

river deposits contain a wide range in grain size [Koopmans and Van den Berg, 2015; 

Prothero and Schwab, 1996]. Figure 2.5 shows a schematic cross section of a meandering 

river. Different lithological units are showed in the figure. Permeable deposits within the 

channel belt are the most relevant for piping. The properties of these deposits are discussed 

below. 
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Figure 2.5 The complex architecture of a meandering river, large variations in grain size are found within the 

channel belt [Cohen et al. 2009]. 

 

Channel lag deposits form the basal bottom boundary of a meandering channel belt. Bed load 

(coarse sand and gravel) is transported during high discharges and will not leave the channel 

[Prothero and Schwab, 1996; Berendsen, 2008]. This layer of course sediment has a high 

permeability. It can be recognized during the field research by its sharp boundary between 

other lithological units. Spatial variations in permeability of bed forms on a small scale have 

large influence on groundwater flow [Bridge, 2003]. Meandering river channels incise older 

deposits. If the older deposits consist of sand layers, access for ground water is created to 

flow from older sandy deposits into the channel belt. The risk for piping becomes larger 

because the thickness of the aquifer becomes significantly larger, resulting in a higher 

hydraulic head [Sellmeijer, 2006]. Point bars are located at the inner bend of a meander and 

are characteristic for this fluvial style. Point bars are deposited on top of older channel lag 

deposits (Figure 2.6) with vertical and lateral accretion [Berendsen, 2008; Prothero and 

Schwab, 1996 and Gibling, 2006]. The deposited material on top of point bars is finer, with 

an increasing grain size towards the base of the point bar [Miall, 1996]. The deposition 

pattern is diagonal, which is recognizable by reactivation surfaces that contain clay or silt, 

which is deposited when high water decreases to normal water level.  
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Figure 2.6 Example of a point bar, which is deposited on top of a channel floor [Miall, 1996]. 

 

Toonen et al. [2012] investigated different abandoned river channel fills. Such fills result in 

variations in top layer thickness. The resulting avulsion-splay complexes contain almost all 

clastic units, depending on the distance from the bifurcation [Berendsen, 2008]. In general, 

the filling contains fine sediment [Bridge, 2003]. The filling of the channel is longitudinally 

and vertically sorted. Close to the bifurcation, thick layers of sand are deposited, while the 

grain size and the layer thickness become smaller as the distance from the bifurcation 

increases [Toonen et al., 2012].  

 

Natural levees are located at the inner and outer bend of a meandering river. The material is 

generally fine sand at the base of the levee, and becomes finer as the levee increases in height 

(fining upward) because coarse material cannot overtop the levee as it increases in height 

[Berendsen, 2008]. The preservation of the deposited material depends on many factors: the 

distance between an active river and the fossil channel belt, the timescale and the stage of the 

river [Lewin and Macklin, 2003]. During an incising stage, the river erodes vertically into 

older deposits. The river erodes horizontally during aggrading stage, with more preservation 

of sediment. Figure 2.7 shows the development of the Allier. The deposited material within 

the channel belt is not preserved entirely. Figure 2.8 shows the horizontal and lateral 

migration of a meandering river in a cross section. The result of this dynamic behavior is 

large variations in grain size and layer properties. 
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Figure 2.7 The development of a meandering river in 58 years [Van Dijk et al., 2012]. 

 

 

Figure 2.8 Horizontal and lateral migration of a meandering river [Lewin and Macklin, 2003]. 
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3 Methods and model settings 

3.1 Introduction to iMOD 

The software package iMOD (interactive modeling) is used to model the subsurface and 

calculating groundwater flow [Vermeulen and Minnema, 2015]. iMOD is designed to 

visualize and analyze three-dimensional subsurface data. In addition, it contains the 

MODFLOW calculation engine for executing groundwater calculations. This makes it a tool 

for calculating the first phase of the piping process with a three-dimensional schematization 

of the subsurface. The calculations for groundwater flow are based on Darcy’s law (Equation 

3.1) and volumetric budget. The volumetric budget is based on the incoming and outgoing 

groundwater in the model. Groundwater flow is calculated with a finite difference approach 

and uses a block grid for multiple subsurface layers. The Input Data File (IDF) contains the 

necessary input data for each parameter to run the model. An IDF is a raster file and contains 

a parameter-value for each raster point. iMOD is able to run either steady-state or transient 

calculations. A flood wave is simulated by transient calculations with a varying water level in 

the river for each time step. A more detailed description of the calculation methods in iMOD 

and MODLOW is given by Harbaugh [2005] and Vermeulen and Minnema [2015]. 

 

Equation 3.1 Basic formulation Darcy’s law [Harbaugh, 2005]. 

  
  (     )

 
 

 

Where 
   volumetric flow      [m3/s] 
   hydraulic conductivity of the material in the direction of flow [m/s] 
   cross-sectional area perpendicular to the flow   [m2] 
       head difference across the prism parallel to flow  [m] 
    length of the prism parallel to the flow path   [m] 

 

The river-package (RIV) in iMOD is developed to simulate a river [Vermeulen and Minnema, 

2015]. The RIV-package allows a higher water level than the surface elevation, assuming that 

water only will enter the aquifer. The RIV-package contains four parameters: conductance, 

bottom elevation, water level and infiltration.  

 Conductance (m
2
/d) of the river represents the discharge of water that seeps from the 

river into the aquifer. The amount of mud and clay on the riverbed influences the 

river conductance. More resistance caused by this less permeable material results in a 

lower conductance and therefore less water seeping into the aquifer.  

 iMOD uses the bottom elevation (m+NAP) to determine which aquifers are 

connected with the river. 
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 iMOD assumes an unlimited capacity of water in the river [Vermeulen and Minnema, 

2015]. This means that water level (m+NAP) will be a consistent value, given by the 

user for each time step.  

 The infiltration factor (-) is a measure for water that infiltrates from the aquifer 

towards the river as the hydraulic head is larger than the river level.  

 

3.2 Modeling process 

Figure 3.1 shows a flow chart of the modeling process. The green blocks represent different 

input parameters that are used to schematize the subsurface, boundary conditions and 

calculation settings. This information is input for iMOD (blue blocks). The parameters that 

contain local variations are stored in IDFs (Appendix III), for example permeability contains 

variations within each model layer. Parameters without local variations are either stored in 

IDFs or used as fixed value in the RUN-file to save data storage (Appendix II). The RUN-file 

describes the calculation settings and refers to the input data. iMOD reads the RUN-file and 

executes the calculation. The output of the transient calculations is an IDF with the hydraulic 

head for each time step and each layer. iMOD does not take bursting of the top layer into 

account (phase 2 of the piping process). Therefore, the hydraulic head can exceed the critical 

hydraulic head for breaching of the top layer. The output data used for this research is the 

hydraulic head, which is calculated for each time step. The results are exported to Matlab 

(Appendix IV). Scripts are created to import, store and analyze the data. Figures are created to 

investigate the behavior of the hydraulic head and to compare the hydraulic head with the 

critical hydraulic head. Finally, the results of the Sellmeijer formula are compared with the 

results of iMOD (Appendix V).  

 

 

Figure 3.1 Flow chart of the modeling process. 
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3.3 Schematization of different scenarios 

Two different schematizations of the subsurface are created in iMOD. The first 

schematization contains simple three-dimensional variations. The second schematization 

contains complex three-dimensional variations in lithological units within the channel belt. 

Both schematizations contain an aquifer with a thickness of 30 meters that represents the 

Pleistocene deposits. The simple schematization contains a straight channel belt on top of the 

Pleistocene deposits. This results in varying top layer thicknesses because the channel belt is 

deposited closer to the surface. In addition, the permeability varies between the Holocene and 

Pleistocene deposits. Different scenarios are modeled to investigate the influence of the 

orientation, width and incision width of the channel belt. Table 3.1 summarize the values that 

are used for each investigated scenario. Figure 3.2 shows the investigated scenarios of the 

simple schematization.  

 

Table 3.1 Values used for each scenario with a simple schematization of the subsurface. 

scenario width incision width orientation 

orientation of the 

channel belt 

700 m 700 m 45 and 90° 

width of the channel 

belt 

20, 40, 60, 80, 100, 200, 300, 

400, 500, 600 and 700 m 

equal to the width 90° 

incision width of the 

channel belt 

700 m 0, 20, 40, 60, 80, 100, 200, 

300, 400, 500 and 600 m 

90° 

 

 

 
Figure 3.2  Cross-sectional description how a partly incised channel belt is modelled (yellow = aquifer, green = 

aquitard). The arrows indicate the orientation of the channel belt which are investigated. 
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The complex schematization is modeled for a larger area with a higher resolution. This was 

necessary to implement small variations. The channel belt is created with five layers with a 

thickness of one meter (Figure 3.3). Each layer represents a different lithological unit, based 

on architecture of meandering river deposits (Figure 2.5). The dimensions and shape of the 

channel belt are based on sand depth maps (Figure 2.3). The schematization contains coarse 

material at the bottom of the channel belt. The sediment becomes finer as it gets closer to the 

surface. The top of the channel belt is one meter below the surface and represents natural 

levees and a residual channel filled with clay.  

 

 
Figure 3.3 Schematization of the Holocene channel belt on top of thick sand body from the Pleistocene era. Green 

is clay, yellow is sand and orange is gravel. The location of the river is indicated by the shapes, which are in 

contact with the channel belt. Each layer of the Holocene channel belt is one meter thick. (a) top layer of clay. (b) 

Natural levees of fine sand with a low permeability and channel fill deposits of clay. (c) Fine sand, spread over a 

large width including a small residual channel. (d) Coarse sand with a permeability of 10 m/d. (e and f) Channel 

lag deposits of gravel with a high permeability of 105 m/d, in contact with the thick sand body below. 

 

Three scenarios are investigated with this complex schematization: (1) a channel belt 

connected with the river, (2) a channel belt incises the Pleistocene sand body and (3) the 

combination of both hydraulic connections. Figure 3.3f shows the hydraulic connection with 

the Pleistocene sand body by a layer of gravel. For the scenario without incision, this 

connection is removed by changing this layer of gravel to clay. The hydraulic properties of all 

(a) 

(c) 

(e) (f) 

(d) 

(b) 
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layers of the channel belt are changed to schematize a scenario of a channel belt without 

hydraulic connection with river. The hydraulic connection with the river is removed by 

changing the aquifers that are in contact with the river to clay within a distance of 100 meters 

from the river. 

3.4 Input parameters 

The input parameters used to create the schematizations of the subsurface are explained in 

this paragraph. An overview of all used values is given in Table 3.2 at the end of this 

paragraph. The dimensions of the model, used in the simple schematization are 2.000 x 2.000 

meters with a pixel size of 10 x 10 meters. The dimensions of the complex schematization are 

3.000 x 4.000 meters with a pixel size of 5 x 5 meters. For all calculations, the boundary 

conditions at the edge of the model were set to active. This means that groundwater can exit 

the model at the edges, depending on the gradient of the hydraulic head. This is considered as 

the best option because the models are relatively small. Other options are a fixed hydraulic 

head and inactive boundaries. Both are limiting ground water flow at the edge of the model 

(edge effects), which could affect the behavior of ground water because the model is 

relatively small. The following assumptions simplify the model by limiting the number of 

variable parameters: 

 the dike is absent in the schematization because it is separated from the sand body 

and therefore the influence on the hydraulic head is expected to be low; 

 no infiltration from the river through the top layer in the floodplain because it is 

assumed that this layer only contains clay; 

 the horizontal permeability and vertical permeability are for all lithological units 

identical and no anisotropy within both aquifers and aquitards are implemented in the 

schematization. 

 

The maximum water level during a flood wave at the research location is a prescribed value 

of NAP+12.1 m [Ministerie van Verkeer en Waterstaat, 2006]. The duration is set on 21 days, 

based on the flood wave in 1995. Figure 3.4 shows the used flood wave in red. The flood 

wave starts with NAP+6 m, which is equal to the used hydraulic head in the polder. The total 

period used for each calculation is 32 days.  
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Figure 3.4 The flood wave that is modeled in all calculations and the flood wave from 1995 at the location of the 

research area [http://live.waterbase.nl/]. 

 

The river bottom is assumed to be at the bottom of the aquifer at a depth of NAP-30 meters. 

The reason for choosing this value is the small lake between the river and the dike. This lake 

is created by sand mining and is expected to be deep. Therefore, the vertical surface of the 

aquifer that is connected with the river is large, resulting in a high value for the river 

conductance. The distance between the river and the polder was set in the schematizations as 

35 meters, although the real distance is between 150 and 250 meters. This is in line with the 

calculations with Sellmeijer that are executed by Koopmans and Van den Berg [2015] 

because this is the distance that is protected by the water board. It allows comparisons with 

the results of this research. The width of the dike is 65 meters, making the total available 

seepage length for piping 100 meters. The layer properties are based on the data from 

drillings and CPTs that is collected by Slot and Hertogh [2015]. According to the CPTs, the 

boundary between the Pleistocene sand body and the Holocene channel belt is six meters 

below the surface. This is visualized in the lithological cross-section (Figure 2.2). This 

boundary is used in all schematizations. The top layer thickness at the channel belt varies 

between 0.5 and 3 meters. A top layer thickness of one meter is chosen for this research. Each 

lithological layer is modeled with four IDFs. Two IDFs describe the top elevation and bottom 

elevation of each layer. Two IDFs represent the parameters of each lithological unit. These 

parameters are permeability (m/d) and storage coefficient (-). The storage coefficient is a 

measure for the amount water that can be stored in each layer. Aquifers (sand and gravel) are 

modeled with a relatively high permeability and a small storage coefficient. Aquitards (silt 

and clay) generally have a low permeability with a high storage coefficient. The permeability 

of the Holocene and Pleistocene deposits is based on the results from the pumping test [Slot 

and Hertogh, 2015]. The storage coefficients for confined layers are calculated with Equation 

3.2, with typical values for each lithological unit [Domenico and Mifflin, 1965; Batu, 1998]. 

The storage coefficient of unconfined layers is larger than of confined layers and have a large 
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dependency on specific yield [Heath, 1983]. In general, the storage of unconfined layers 

ranges from 0.1 to 0.3 [Lohman, 1972]. The first meter of clay beneath the surface is modeled 

with a storage coefficient of 0.3. 

 

Equation 3.2 Formulas to calculate storage coefficient for confined layers [Duffield, 2015]. 

          

 

Where 
   Storage coefficient   [-] 
    Specific storage   [m-1] 
    Layer thickness   [m] 

 
Table 3.2 The values for each parameter used for the simple and complex schematizations of the subsurface. 

parameter simple 

subsurface 

complex 

subsurface 

unit 

model dimensions 2.000 x 2.000  3.000 x 4.000 m 

grid size 10 x 10  5 x 5  m 

surface head 6 6 m+NAP 

width of the flood plain 35 35 m 

width of the dike 65 65 m 

width of the river 1000 1000 m 

groundwater level 6 6 m+NAP 

top layer thickness (channel belt) 1  1  m 

top layer thickness (without channel belt) 6  6  m 

thickness of the channel belt 5  5  m 

thickness Pleistocene deposits 30  30  m 

bottom boundary elevation -40 -40 m+NAP 

river conductance 500 500 m
2
/d 

river infiltration 1 1 - 

river bottom -30 -30 m+NAP 

thickness bottom layer (aquitard) 10 10  m 

permeability fine sand 10
 

10 
 

m/d 

permeability gravel - 105 m/d 

permeability silt  - 1 m/d 

permeability Pleistocene sand body 59 59 m/d 

permeability clay (aquitard) 0.01 0.01 m/d 

specific storage fine sand 0.00017 0.00017 m
-1

 

specific storage gravel - 0.00008 m
-1

 

specific storage silt - 0.00075 m
-1

 

specific storage Pleistocene sand body 0.00008 
 

0.0008 
 

m
-1

 

storage coefficient anthropogenic soil (1
st
 m) 0.3  0.3 m

-1
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The risk for breaching of the top layer is calculated with the hydraulic head (output of the 

calculation with iMOD) and the critical hydraulic head. Therefore, the critical hydraulic head 

is an input parameter. The critical hydraulic head is calculated for top layer thicknesses 

varying between one and six meters. Table 3.3 shows the used values for different parameters 

and the results. Other parameters used for these calculations are density of the top layer (16 

kN/m), density of water (10 kN/m) and the surface head (NAP+6 meters).  

 

Table 3.3 Critical hydraulic head for various top layer thickness. 

top layer 

thickness 

(m) 

depth of base 

top layer 

(m+NAP) 

weight of the 

top layer (kN) 

0.3d (m) critical 

hydraulic head 

(m+NAP) 

1 5 16 0.3 6.9 

2 4 32 0.6 7.8 

3 3 48 0.9 8.7 

4 2 64 1.2 9.6 

5 1 80 1.5 10.5 

6 0 96 1.8 11.4 

 

The required seepage length is calculated with the formula of Sellmeijer (Equation 1.3). The 

values used for these calculations are summarized in Table 3.4. The values for the top layer 

thickness are equal to the values used in the schematization in iMOD. The smallest, average 

and largest values for grain size (d70) are used from a dataset of more than 300 sieve tests 

[Slot and Hertogh, 2015]. 

 
Table 3.4 The used input values for the Sellmeijer formula. 

parameter value unit 

surface head 6 m+NAP 

width flood plain 35 m 

width dike 65 m 

groundwater level 6 m+NAP 

top layer thickness 1 and 6  m 

thickness aquifer 4, 30 and 35  m 

Permeability aquifer 10, 52 and 59 m/d 

grain size 162, 420 and 728 µm 

water level 12.1 m+NAP 
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4 Results 

4.1 Simple schematizations 

Figure 4.1b and Figure 4.1c show the influence of different channel belt orientations on the 

hydraulic head. It presents a top-view of the river, dike and polder. The dashed red lines are 

the boundaries of the channel belt with a fixed width of 700 meters. The dashed blue line 

indicates the river. Black lines indicate the boundaries of the dike. The figure shows the 

hydraulic head during the maximum water level in the river. The hydraulic head is lower at 

the location of the channel belt where the top layer is thin. The lowest hydraulic head is found 

at the center of the channel belt. The hydraulic head at the center of the channel belt decreases 

as the orientation angle between the river and the channel belt becomes increases from 45° to 

90° (Figure 4.1a). The hydraulic head at the edges of the channel belt varies with an 

orientation of a 45° angle. In Figure 4.1a, the left side of the channel belt contains larger 

differences in hydraulic head between the edge and the center of the channel belt compared to 

the right side.  

 

 

Figure 4.1 (a) Hydraulic head at the inner toe of the dike, in line the river (y = 900 meters). (b and c) Hydraulic 

head in the aquifer during maximum water level in the river for two channel belt orientations, Note that the x-axis 

and y-axis are not at the same scale. 

 

(b) (c) 

(a) 
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Figure 4.2 shows the influence of varying channel belt width on the hydraulic head. Figure 

4.2a shows a cross section in line with the river at the inner toe of the dike. The hydraulic 

head at the center of the channel belt (x = 1000 m) is relatively small compared to channel 

belts with a limited width. Figure 4.2b shows the relation between width of the channel belt 

and the difference between hydraulic head at the center of the channel belt and the polder 

( polder/ channel belt) at the location of the dike. The difference in hydraulic head is larger for 

wide channel belts compared to narrow channel belts. 

 

 

Figure 4.2 (a) Hydraulic head in line with the river at the inner toe of the dike with varying width of the channel 

belt. (b) Relation between width of the channel belt and the difference between hydraulic head at the center of the 

channel belt and the polder ( polder/  channel belt). 

 

The duration of the risk for breaching of the top layer is showed Figure 4.3. The figure shows 

only the polder. Breaching of the top layer cannot occur in between the river and the outer toe 

of the dike because the weight of the top layer is much larger than the hydraulic pressure. The 

inner toe of the dike is present at y = 900 m. This duration is calculated with the hydraulic 

head and Equation 1.2. It shows the number of time steps (days) that the hydraulic head 

exceeds the critical hydraulic head (  >  cr). More days with this condition means larger 

risks. The hydraulic head did not exceed the critical hydraulic head at the white areas. The 

risk for breaching of the top layer is larger for narrow channel belts. In addition, this risk 

extends over a larger distance away from the dike compared to a wide channel belt. For wide 

channel belts, the risk for breaching of the top layer decreases more significantly towards the 

center of the channel belt. The maximum number of days with a risk for breaching of the top 

layer is 16. 

 

(a) (b) 
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Figure 4.3 Duration of   >  critical for varying width of the channel belt. Only the polder is visualized in the 

figure, because the top layer will not breach at the location of the dike or floodplains. 

 

Figure 4.4 shows the influence of varying incision width on the hydraulic head. Figure 4.4a 

compares the hydraulic head of channel belts with a large incision width (400 m) and a small 

incision width (40 m). The dashed lines present the hydraulic head within the channel belt 

(L2). The continuous lines show the hydraulic head in the Pleistocene sand body (L4). For 

both incision widths, the hydraulic head in both aquifers are equal at the location of the 

incision. The hydraulic head inside the channel belt (L2) decreases as the distance from the 

incision becomes larger. Figure 4.4b shows the relation between width of incision and the 

difference between hydraulic head at the center of the channel belt and the polder 

( polder/  channel belt) at the location of the dike. The difference in hydraulic head is largest for 

large incision widths. 

 

(a) 

(c) (d) 

(b) 
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Figure 4.4 (a) Hydraulic head in the channel belt (L2) and the underlying sand body (L4) at the inner toe of the 

dike (y = 900 m). (b) Relation between width of incision and the difference in hydraulic head between the polder 

and the center of the channel belt. 

 

The duration of the risk for breaching of the top layer with varying incision widths is showed 

in Figure 4.5. The hydraulic head did not exceed the critical hydraulic head at the white areas. 

Figure 4.5a is a situation with an isolated channel belt (incision width = 0 meter). The 

hydraulic head in the channel belt is induced by groundwater flow through the channel belt. 

Figure 4.5b, c and d show incision widths of 40, 200 and 400 meters. The risk for breaching 

of the top layer for all incision widths is largest at the location of the incision. The risk 

becomes less as the distance from the river and/or the incision becomes larger.  

 

Figure 4.5 Duration of   >  critical for varying incision width, which varies between 0 and 400 meters. Only the 

polder is visualized in the figure, because the top layer will not breach at the location of the dike or floodplains. 

(a) (b) 

(a) (b) 

(c) (d) 
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4.2 Complex schematizations 

Figure 4.6 shows the hydraulic head in the channel belt (a) and the Pleistocene sand body (b) 

during the maximum water level in the river. The sharp boundaries in hydraulic head within 

the channel belt are located at the transitions of layer properties within the channel belt. At 

these locations, the thickness of the channel belt and/or the top layer changes. A reduced 

hydraulic head in the Pleistocene sand body is present at the locations where the channel belt 

incises, indicated by the black arrow in the figure. 

 

 

Figure 4.6 Hydraulic head during maximum water level in the river in the channel belt (a) and the underlying 

sand body (b). 

 

 

Figure 4.7 (a) Hydraulic head in the channel belt at the inner toe of the dike in line with the river, for three 

different situations. The channel belt is located between x = 1350 and 3000 meters. (b) Hydraulic head in the 

channel belt and the underlying sand body (dashed) with incision (black) and without incision (red). 

 

Figure 4.7a compares the hydraulic head for three different hydraulic connections of the 

channel belt. It shows the hydraulic head located at the inner toe of the dike during the 

maximum water level in the river. The scenario of a channel belt that is hydraulically 

connected with the river and the Pleistocene sand body ( basic) shows the largest hydraulic 

head. The scenario with a channel belt incised in the Pleistocene sand body ( incision) shows 

similar results. The hydraulic head within a channel belt that is only hydraulically connected 

with the river ( river) is lower. Figure 4.7b shows the differences in hydraulic head between 

(a) (b) 

 NAP+12.1 m 

 NAP+6 m 

(a) (b) 
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the channel belt (L3) and the Pleistocene sand body (L7) for scenarios  basic and  river. The 

hydraulic heads for scenario  basic are equal at the location of the incision between x = 1600 

and 2700 meters. Scenario  river shows different hydraulic heads in the channel belt and 

Pleistocene sand body. The hydraulic head in the Pleistocene sand body is for  river contact larger 

than  basic. Figure 4.8 shows the number of days with a risk for breaching of the top layer (  > 

 critical) for the three scenarios. The hydraulic head did not exceed the critical hydraulic head at 

the white areas. The risk is in all scenarios largest at the location of the natural levees, which 

are modeled as fine sand with a low permeability. Between the natural levees, a residual 

channel is modeled with 1-2 meters thick layer of clay. The top layer is thicker at these 

locations, resulting in a lower risk for breaching. The results of the scenario with only 

incision as hydraulic connection shows similar results are the basic scenario with hydraulic 

connections by incision and with the river. The risk for breaching of the top layer is lower for 

the scenario with a channel belt only connected with the river. 

 

 
Figure 4.8 Duration of   >   critical for the basic situation with incision and contact with the river (a), the situation 

with only contact with the river (b) and the situation with only incision in the underlying sand body (c). 

 

 

(b) (c) 

(a) 

levees 

residual channel 
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4.3 Sellmeijer 

Table 4.1 shows the output of the Sellmeijer formula (L) for nine different input variations. 

Calculations 1-3 simulate a channel belt on top of an aquifer with a total thickness of 35 

meters. Calculations 4-6 simulate a channel belt that is isolated from the Pleistocene sand 

body and only hydraulically connected with the river. Calculations 7-9 simulate a thick top 

layer (six meters) on top of the Pleistocene sand body. The results are only applicable for 

locations where the top layer is breached. 

 

Table 4.1 Results of the Sellmeijer formula. 

nr d (m) d70 (µm) D (m) k (m/d) L (m) 

1 1 162 35 52 299 

2 1 420 35 52 196 

3 1 728 35 52 153 

4 1 162 4 10 92 

5 1 420 4 10 60 

6 1 728 4 10 47 

7 6 162 30 59 216 

8 6 420 30 59 141 

9 6 728 30 59 110 
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5 Discussion 

This research investigated the advantages and challenges of using a three-dimensional model 

for calculating groundwater flow underneath dikes in heterogeneous subsurfaces. This 

groundwater flow is the first phase in the process of piping. Simple and complex three-

dimensional schematizations of the subsurface are made to investigate the behavior of the 

hydraulic head on three-dimensional variations in subsurface architecture. This chapter 

discusses the results of this research and its contribution to the understanding of piping.   

 

The hydraulic head has a dependency on the thickness of the top layer. A thick top layer 

results in a larger hydraulic head compared to a thin top layer. A larger hydraulic resistance 

for a thick top layer causes this. In contrast, a thin top layer has a tendency to breach with a 

lower hydraulic head. This explains the dependency of the hydraulic head on the width of the 

channel belt, where the top layer is relatively thin. A large width results in more water 

seeping through the thin top layer. The hydraulic head decreases as the width of the channel 

belt increases. Channel belts with limited width result in more days with a risk for breaching 

of the top layer, while this risk for wide channel belts covers a larger area. Taal [2015] 

concluded that most observations of piping are found at disturbances in the subsurface like 

trees, fences and ditches. Therefore, wide channel belts form a larger risk for piping than 

narrow channel belts because more disturbances in the subsurface can be expected in a larger 

area.  

 

Another investigated scenario is a channel belt with a limited incision in the underlying sand 

body. The hydraulic head is largest at the location of the incision. Groundwater flows from 

the Pleistocene sand body into the channel belt. This results in a decreasing hydraulic head in 

the channel belt, as the distance away from the incision becomes larger. The Sellmeijer 

formula does not consider this mechanism.  

 

Figure 5.1 shows the area with a risk for piping plotted on the results of this research (Figure 

4.3d and Figure 4.5c). The results of the Sellmeijer formula used for this figure are number 

one, four and seven from Table 4.1. These contain the smallest grain size and therefore the 

largest required seepage length. The available seepage length is 100 meters. The combination 

of a top layer thickness of one meter and a 35 meters thick aquifer results in 299 meters 

required seepage length. This length regards for the full width of the channel belt, when the 

channel belt incises the underlying sand body entirely (Figure 5.1a). Using the properties of a 

channel belt that is not incised in the underlying sand body (D = 4 meters) results in 92 meters 

required seepage length. The thickness of the aquifer (D) varies for the schematization of a 
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partly incised channel belt. This schematization of the subsurface results in, when following 

the strict method of Sellmeijer, no risk for piping between the edge of the incision and the 

boundary of the channel belt because the thickness of the channel belt is four meters. 

Comparing this with the risk for breaching of the top layer leads to contradictory results. The 

Sellmeijer formula considers a straight line between the river and the polder because it is 

limited by its two-dimensional approach. Therefore, the breached top layer of the channel belt 

that is located beside the incision, but within the required seepage length of 299 meters, is not 

considered by the Sellmeijer formula (red circles in Figure 5.1b). At these locations, the top 

layer can breach, which could result in erosion. This erosion is expected in the direction of the 

largest hydraulic head [Förster et al., 2012] towards the incision of the channel belt, not in the 

direction of the river.  

 

Figure 5.1 Results of the Sellmeijer formula plotted on the results of calculations with iMOD (area marked in 

black). 

 

The complex schematizations of the subsurface used in this research contain variations in top 

layer thickness, channel belt thickness, permeability and incision width. The risk for 

breaching of the top layer is largest at the locations with a top layer thickness of one meter. In 

addition, the hydraulic head is influenced mainly by groundwater entering the channel belt 

from the underlying sand body. Groundwater entering the channel belt directly from the river 

influences the hydraulic head less significant. A comparison with the Sellmeijer formula does 

not lead to useful results. The channel belt contains too many variations in the input 

parameters for the Sellmeijer formula. In addition, the direction of the erosion is not expected 

towards the river, but in the direction of the incision. Other findings of the results are: 

 The risk for breaching of the top layer is largest at the edge of the channel belt. Here, 

the hydraulic head has a large dependency on the hydraulic head induced by a thick 

top layer. This could lead to accelerated erosion of the aquifer. The Sellmeijer 

formula only uses the critical hydraulic head and does not consider this dependency.  

(a) (b) 
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 The risk of breaching of the top layer is lower for channel belts that are isolated from 

the underlying sand body. The results of the Sellmeijer formula show that piping will 

not occur, which is caused by the limited thickness of the isolated channel belt. This 

only accounts for isolated channel belts because the groundwater flow is only induced 

by the hydraulic connection with the river. 

 

The models used in this research are based on field data from a study area in the Rhine-Meuse 

delta. This data is used to choose the right input values for the parameters to create the 

schematizations. iMOD uses two parameters that are not present in the dataset. The storage 

coefficient is based on suggested values from literature. The storage coefficient of the top 

layer has a large influence on groundwater flow. Additional (literature) research to improve 

the parameter estimations of this layer will lead to better predictions of hydraulic head. 

Another assumed parameter is the conductance of the river. For this research, a worst-case 

value is used. This assumes that water from the river can flow easily into the aquifer, resulting 

in a high hydraulic head. Additional fieldwork will give more information about the 

conductance, which leads to better predictions of the hydraulic head. 

 

Part of the aim of the research was formulating an approach for further research. The next 

steps that should be taken to improve the understanding of piping with three-dimensional 

groundwater models are explained below. Breaching of the top layer is for this research 

investigated by making a comparison between the critical hydraulic head and the calculated 

hydraulic head. The effect of a breached top layer on the behavior of groundwater flow is not 

investigated. iMOD provides a tool to implement a well into a model. The principle of a well 

is equal to a breached top layer: groundwater is able to flow from the aquifer towards the 

surface. The most useful aspects to investigate are the hydraulic head at the location of the 

well and the influence on the hydraulic head in the surrounding area. The discharges through 

the well and well size are expected to have large influence on the hydraulic head. iMOD is 

able to calculate flow directions. This tool is useful to investigate the three-dimensional 

behavior of groundwater flow. Groundwater flow directly beneath the top layer and in the 

direction from the river towards the well is most relevant for piping. This could be the route 

of erosion. Furthermore, this method can exclude situations with a risk for piping. The flow 

direction and therefore erosion could move away from the river too. This influences the 

stability of the dike less. Additional research with conceptual schematizations in iMOD could 

prove this expectation.  

 

Meandering river deposits contain large variations in grain size. This is explained in chapter 

2.2. This research only implemented variations in permeability in the models, with the 
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assumption that all layers are permeable. Impermeable lithological units like reactivation 

surfaces of point bars will result in differences in horizontal and vertical permeability. It is 

recommended to investigate this feature of meandering river deposits because the influence 

on groundwater flow is expected to be large. 
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6 Conclusion 

This study proves that three-dimensional groundwater models like iMOD are a useful tool for 

investigating the behavior of groundwater flow underneath dikes in heterogeneous 

subsurfaces. Groundwater flow from the river into the aquifer towards the polder is calculated 

successfully with iMOD. The calculated hydraulic head shows explainable dependencies on 

three-dimensional variations in the subsurface. The largest dependency is on variations in top 

layer thickness and the thickness of the aquifers. Most parameters that are used to schematize 

subsurface and its properties came from existing datasets that are collected for the current 

method to calculate piping. This contributes to the applicability and reliability of the 

calculations in iMOD. 

 

The risk in days for breaching of the top layer during a flood wave is set as an indicator for 

the risk of piping. This risk depends on the properties of the channel belt. Situations with a 

narrow channel belt result in more risk (day) for breaching of the top layer. On the other 

hand, this risk for breaching of the top layer covers a larger area for wide channel belts, while 

the number of days of this risk is less.  

 

For partly incised channel belts, the risk for piping is larger than the traditional method for 

calculating piping suggests. The aquifer thickness is significantly less at the isolated part of 

the channel belt and therefore the calculations with Sellmeijer result in small required seepage 

lengths. At these locations, the groundwater flow is not induced by the connection of the 

channel belt with the river, but by the incision nearby. A two-dimensional approach cannot 

take this into consideration. The results from three-dimensional calculations show a risk for 

breaching of the top layer, located at the isolated part of the channel belt within the distance 

of the required seepage length. This will result in three-dimensional development of piping. 

 

This research forms the foundation for further research to three-dimensional modeling of 

groundwater underneath dikes. Recommendations are formulated based on the results of this 

research and the possibilities of iMOD. The first steps that should be made are: 

 investigating the influence of a breached top layer on the hydraulic head; 

 investigating the directions of groundwater flow from the river towards a breach in 

the top layer through a heterogeneous subsurface. 
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Appendix I: Results of the pumping tests 

 

Slot and Hertogh [2015] determined the values for permeability for the Holocene and 

Pleistocene deposists (Table A1). The weigthed average for permeability of all layers is 52.0 

m/d. For the Holocene deposits (nr 2 and 3), the weighted average is 10 m/d and for the 

Pleistocene deposits (nr 4 – nr 12) is 59.0 m/d. 

 
Table A1 Results of the pumping test executed by Slot and Hertogh [2015]. 

nr layer thickness 

(m) 

head 

(m+NAP) 

kD (m²/d) k 

(m/d) 

 surface  6   

1 top layer 1 5  0,01 

2 sand, moderate coarse 2,8 2,2 40 10 

3 sand, moderate fine 2,4 -0,2 40 10 

4 sand, very coarse 2,9 -3,1 46 16 

5 gravel, fine 0,8 -3,9 84 105 

6 sand, extremely coarse 4,2 -8,1 219 52 

7 sand, very coarse 3,9 -12 92 24 

8 gravel, fine 4 -16 421 105 

9 sand, extremely coarse 1 -17 37 37 

10 sand, very coarse 4 -21 140 35 

11 sand, extremely coarse 3 -24 92 31 

12 gravel, fine 6 -30 632 105 

13 bottom     
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Appendix II: RUN-files 

The RUN-files are stored on the supplied disk 
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Appendix III: IDV-files 

The IDV-files are stored on the supplied disk 
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Appendix IV: Matlab-files 

The Matlab-files are stored on the supplied disk 
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Appendix V: Calculations with the Sellmeijer formula 

The calculations are stored on the supplied disk 

 


