
 

 

● Date written: 27.11.2020 

● Number of words in main text 5895; number of tables 2, number of figures 10. 

----------------------------------------------------------------------------------------------------------------------------- -- 

Numerical modelling of the resistance of the coarse sand barrier against backward 

erosion piping 

Author 1 

● Esther Rosenbrand, Dr. MSc.  

● Unit Geo-Engineering, Deltares, Delft, The Netherlands 

● https://orcid.org/0000-0001-9274-6229  

Author 2 

● Vera van Beek, Dr. MSc.  

● Unit Geo-Engineering, Deltares, Delft, The Netherlands 

● https://orcid.org/0000-0002-8765-3439 

Author 3 

● Adam Bezuijen, Professor 

● Department of Civil Engineering, Ghent University, Ghent, Belgium 

● Unit Geo-Engineering, Deltares, Delft, The Netherlands 

● https://orcid.org/0000-0002-5591-0461 

Corresponding author: 

Esther Rosenbrand 

Deltares 

Boussinesqweg 1 

2629 HV, Delft, the Netherlands 

Email: esther.rosenbrand@deltares.nl 

Tel: +31 88 3357852 

  

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Forcid.org%2F0000-0001-9274-6229&data=02%7C01%7C%7Cf3688db1794948e0147f08d74d458702%7C15f3fe0ed7124981bc7cfe949af215bb%7C0%7C0%7C637062833340303207&sdata=utrlYkRkrI%2FtcnEbJTNy1%2FUv9IDJSm7CYlIQFPvoisk%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Forcid.org%2F0000-0001-9274-6229&data=02%7C01%7C%7Cf3688db1794948e0147f08d74d458702%7C15f3fe0ed7124981bc7cfe949af215bb%7C0%7C0%7C637062833340303207&sdata=utrlYkRkrI%2FtcnEbJTNy1%2FUv9IDJSm7CYlIQFPvoisk%3D&reserved=0
https://orcid.org/0000-0002-8765-3439
https://orcid.org/0000-0002-8765-3439
mailto:esther.rosenbrand@deltares.nl
mailto:esther.rosenbrand@deltares.nl


 

2 
 

Abstract  

The coarse sand barrier (CSB) is a novel remediation measure to reinforce embankments 

against the internal erosion mechanism of backward erosion piping (BEP). The feasibility of the 

CSB is investigated in a research programme consisting of experiments at different scales, 

numerical analysis, and application at a pilot site in the Netherlands. Laboratory experiments 

showed that the CSB increased the critical head drop for BEP by one order of magnitude. In this 

paper, the strength of the CSB is quantified using numerical modelling of the experiments. A 

local, scale-independent, strength criterion for the CSB is derived based on medium-scale 

experiments. The application of this local criterion is illustrated for a field scale model, in which 

the critical head drop that can be retained increases by a factor two to three with the CSB.  

Keywords chosen from ICE Publishing list 

Erosion; Remediation; Embankments, numerical modelling 

List of notations  

COV coefficient of variation, the ratio SD/µ, - 

Cu uniformity coefficient, the ratio d60/d10, - 

hcp effective head drop at the critical time instant for pipe progression, m 

icp local critical hydraulic gradient for primary erosion at the pipe tip, - 

icp,exp measured secant gradient in the barrier at the critical time instant (tc), - 

icp,num strength criterion, critical secant gradient in the barrier for numerical modelling, - 

tc critical time instant for pipe progression, s 

K hydraulic conductivity, m/s 

RD relative density based on void ratio (emax-e)/(emax-emin), - 

SD standard deviation, - 

µ mean, - 

 

 



 

 

1. Introduction 1 

Rising sea levels, in combination with the increase of both population and economic value in 2 

flood prone areas, increase the demand for adequate flood defences (Winsemius et al., 2016). 3 

The failure mechanism of backward erosion piping (BEP) poses a threat to flooding along 4 

embankments; breaches attributed to BEP were reported in the Netherlands (Vrijling et al., 5 

2010), the United States (Navin, 2016) and China (Yao et al., 2009). BEP threatens 6 

embankments founded on a granular aquifer overlain by a cohesive blanket. It is driven by the 7 

hydraulic head drop across the aquifer, which causes seepage and can transport grains out of 8 

the aquifer’s unfiltered exit. This results in a sand boil at the surface, and formation of small 9 

hollow pipes in the aquifer below the blanket. One or more pipes develop predominantly in the 10 

upstream direction if the high-water level persists (Figure 1), and can progress below the 11 

embankment to cause a hydraulic shortcut with the outer water body. At this point, erosion 12 

increases dramatically, causing settlement and deformation of the levee or embankment and 13 

ultimately flooding (van Beek et al., 2011).  14 

The rising risk associated with flooding calls for novel remediation measures, as existing 15 

solutions such as sheet pile walls, seepage berms, or drainage are respectively expensive, 16 

unpopular in densely populated areas, or require maintenance. Therefore, the coarse sand 17 

barrier, CSB, is investigated as a nature based, sustainable and cost-effective solution. The 18 

CSB consists of a trench dug below the embankment toe, that is filled with densified coarse 19 

sand or gravel and prevents the pipe from progressing upstream (Figure 1). As opposed to a 20 

drainage measure, the CSB will only act once a pipe has already formed. This means that 21 

during normal operation there is little to no risk of clogging. 22 

  23 
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 24 

 25 

Figure 1: Concept of the CSB (not to scale). L.h.s. backward erosion piping without a barrier a 26 

pipe can progress upstream below the embankment, r.h.s. the pipe is stopped by the CSB 27 

(modified after Rosenbrand et al., 2020). 28 

The effectiveness of the CSB is based on the theoretical understanding of pipe progression, 29 

which is considered to be governed by: a) primary erosion, the loosening of grains at the pipe tip 30 

driven by the hydraulic gradient at the pipe tip, and b) secondary erosion, transport of grains in 31 

the pipe (e.g., Hanses, 1985; van Beek et al., 2015; Robbins et al., 2018). A well-designed CSB 32 

fulfils the filter rules, and affects primary erosion in two ways: 1. the higher permeability of the 33 

CSB as compared to the background sand reduces the hydraulic gradient in the barrier; 2. a 34 

well sorted barrier with a high relative density (RD) has a higher resistance to erosion 35 

(Rosenbrand et al., 2020). Therefore, a pipe which encounters the barrier is prevented from 36 

progressing upstream and will rather grow parallel to the barrier in the background sand, 37 

seeking the weakest path (Figure 1). This has the added benefit that it reduces the 38 

concentration of flow in the barrier, further reducing the hydraulic gradient in the barrier 39 

(Negrinelli et al., 2016; Rosenbrand et al., 2018).  40 

In order to use a CSB as a reinforcement measure, it’s strength must be quantified, and a 41 

design approach is required to predict the water level that can be retained. The hypothesis is 42 

that resistance of a barrier against primary erosion can be characterised by a critical hydraulic 43 

gradient at the pipe tip, icp. The icp  is expected to be a material property, which depends on 44 

sorting (characterised by the coefficient of uniformity, Cu) and relative density (RD) (e.g. 45 
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Robbins et al., 2018; Schmertmann et al., 2000; Rosenbrand et al., 2020). As icp is expected to 46 

be independent of scale, barrier dimensions, or properties of the background sand, a strength 47 

criterion icp,num based on icp could be used in numerical modelling to predict the strength of a 48 

barrier for any configuration. As the head profile at the pipe tip is nonlinear due to converging 49 

flow to the pipe, the question is over which distance, and in which direction, the gradient is 50 

representative for the process. Although Discrete Element Models (DEM) can be used to 51 

resolve physical processes on a grain scale (e.g. El Shamy & Aydin, 2008; Froiio et al., 2019 ) 52 

these are computationally expensive. Horizontal secant gradients over 0.10 m upstream of the 53 

pipe tip, appeared suitable to characterise icp in BEP experiments on homogeneous sands 54 

(Robbins et al., 2018). Gradients over this scale can be analysed using Finite Element Models 55 

(FEM), which can also be applied on the field scale. 56 

The characterisation of icp,num is addressed in the current paper, which is part of a feasibility 57 

study to investigate the potential of a CSB. The feasibility study consists of experiments at three 58 

scales followed by application at a pilot location in the Netherlands. Small-scale tests were used 59 

as a proof of concept, the medium-scale tests are used to test the concept and quantify a 60 

strength criterion, and the large-scale tests were intended to serve as a verification. 61 

Experiments at all scales are presented and analysed in Rosenbrand et al. (2020). The 62 

experiments showed that the barrier provides a significant strength gain in terms of the total 63 

head drop that can be retained. Pore water pressure measurements inside the barrier 64 

suggested that the critical gradient inside the barrier, icp,exp is indeed a suitable indicator of 65 

barrier strength. As the gradients were measured over a fixed distance and not exactly at the 66 

pipe tip, numerical modelling is required to confirm this. The medium-scale tests were used for 67 

modelling a strength criterion as the CSB is too thin in the small-scale tests, and in the large-68 

scale tests the number of unknown variables was too large (Rosenbrand and van Beek, in 69 

press). The large-scale test did reveal that 3D effects might play a role, which is relevant as a 70 

2D modelling approach is envisaged for design.  71 

The current paper presents the modelling of the medium-scale tests, and the selection of a 72 

strength criterion that characterises the resistance of the CSB against erosion, icp,num. The 73 

conclusions and implications of modelling the large-scale experiment are briefly discussed. 74 
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Finally, a prediction method for modelling the strength of the CSB on a field scale is presented 75 

and used to illustrate the effect of the CSB on the critical head drop that can be retained.  76 

2. Experiments 77 

A summary of the experiments is provided to support the modelling strategy, details are 78 

provided in Rosenbrand et al. (2020). Small- and medium-scale experiments were performed in 79 

a rectangular set-up with a transparent acrylate cover, so that pipe progression could be 80 

observed. Sample dimensions (l×w×d) are 0.480×0.300×0.100 m for small, and 81 

1.910×0.881×0.404 m for medium scale tests. The large-scale tests were performed by building 82 

an aquifer (3 m deep, 5 m wide, seepage length 15 m) covered by a cohesive clay blanket in the 83 

Delta Flume facility of Deltares. For all tests, the barrier was placed directly underneath the 84 

cover, perpendicular to the flow direction, along the entire width of the set-up. The barrier was 85 

0.3 m thick in most medium-scale tests and in the large-scale tests. The barrier depth was 86 

varied in medium-scale tests and was 0.5 m in the large-scale tests. Pore pressure transducers 87 

(PPT) were installed at the top and at the bottom of the set-ups. Flow entered through a filter 88 

along the entire upstream end of the box for small- and medium-scale tests and left through a 89 

hole in the top of the acrylate cover. For the large-scale tests, the aquifer surface was in contact 90 

with the upstream water body, and flow exited through a ditch dug parallel to the flow direction 91 

(in order to concentrate flow to the centre of the set-up). The head drop was increased 92 

stepwise. Plan views of the samples and locations of pore pressure transducers are included in 93 

S1.  94 

The piping process was followed based on visual observations and measurements for the small- 95 

and medium-scale tests. One or more pipes formed at the outlet hole and progressed 96 

predominantly in the upstream direction up to the barrier. With increasing head drop, the pipe 97 

progressed parallel to the barrier interface, along the width of the set-up. Some barrier grains 98 

rolled into the pipe (crumbling), and some short (a few centimetres) pipes formed at the edge of 99 

the barrier along the width of the set-up. These came to a halt, and further head increments 100 

were required for the pipe to lengthen further. In medium-scale tests, one head increment 101 

caused a significant progression of the pipe, which reduced the hydraulic heads in the barrier 102 

and upstream. This step could be observed visually and in pore pressure measurements, and is 103 

considered as the critical step to characterise the barrier strength, referred to as the progression 104 
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step. The barrier was too thin in small-scale tests to determine this step. In some cases, the 105 

progression step also led to the pipe breaching through the upstream interface of the barrier, 106 

causing failure. In one large scale experiment, due to the test configuration a different failure 107 

mechanism occurred, therefore only the other large-scale experiment is analysed in this paper. 108 

As the cover in large-scale experiments was a cohesive clay blanket, the progression step was 109 

deduced from pore water pressure measurements. Pore water pressure measurements 110 

indicated that the pipe only progressed a limited distance parallel to the barrier prior to the 111 

progression step, possibly due to a relatively fast rate of applying the load in this experiment.  112 

The time interval, tc, preceding the progression step, is the last stable situation prior to the 113 

progression step and thus the critical time instant for progression. The pore pressures at the 114 

critical time instant are modelled in order to determine a strength criterion for a CSB.  115 

3. Modelling the medium-scale experiments 116 

The objective of the models is to determine the head profile in the barrier at tc and define the 117 

length over which the critical secant gradient is suitable as a strength criterion, icp,num. For 118 

design, it is highly desirable to use 2D models (cross section of the embankment). Progression 119 

of the pipe parallel to the barrier, results in an effectively 2D flow field inside the barrier 120 

(Negrinelli et al., 2016; Rosenbrand et al., 2018), therefore 2D models are used to analyse the 121 

medium-scale tests.  122 

The pipe is modelled as a constant head boundary condition along the upper boundary of the 123 

flow domain (Figure 2), running from the outlet hole to the furthers point that crumbling or short 124 

pipes had formed inside the barrier. The head loss in the pipe is assumed to be negligible, 125 

which is supported by measurements (Rosenbrand et al., 2020). The flow field is predominantly 126 

2D due to the pipe forming parallel to the barrier along the entire model. The presence of a short 127 

pipe inside the barrier does introduce a 3D component, due to convergence of flow to the pipe 128 

tip. However, as typically multiple short pipes are inside the barrier, the 2D models are 129 

considered appropriate. For the large-scale test, where the pipe did not progress parallel to the 130 

barrier interface along the entire set-up, 2D models were less appropriate (Rosenbrand and van 131 

Beek, in press), as discussed at the end of this chapter. This Chapter describes the models, and 132 

presents and analyses the main results, further data is available upon request.  133 

3.1 Model description 134 
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Modelling is done using the finite element groundwater model DgFlow (van Esch et al., 2013) 135 

using first order elements. Steady state flow is modelled using the Darcy equation. The mesh 136 

has 0.001 m quadrilateral elements inside the barrier; the element size increases gradually to 137 

0.005 m at the upstream and downstream sides. A higher level of mesh refinement did not 138 

significantly affect the computed strength criterion (Rosenbrand et al., 2018).   139 

The inlet and the outlet are modelled as constant head boundary conditions (Figure 2), other 140 

boundaries are closed. The pipe length, the upstream head and the head in the pipe are based 141 

on measurements and observations at tc. The critical head drop hcp is the head drop up from the 142 

upstream head boundary up to the pipe. Two models with a 0.30 m and with a 0.45 m thick 143 

barrier are shown in Figure 2.  144 

a)145 

 146 

b)147 

 148 

Figure 2. Models for barrier thickness 0.30 m (a) and 0.45 m (b). The barrier is the area with 149 

vertical lines, the other soil blocks consist of background sand with different RD. Flow is from 150 

left hand side (inlet =dashed black line) to right hand side (outlet is the pipe = solid black line). 151 

The pipe length inside the barrier at the critical time instant differs per model (Table 1). 152 
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The initial hydraulic conductivity, K, for the different layers is based on the correlation between K 153 

and RD, which was derived from column permeability experiments for these soils. There can be 154 

some difference between the RD of the background sand on the different sides of the barrier 155 

due to the method of preparation. The modelled K is adjusted in order to fit the head profile 156 

inside the barrier and match the flow rate measurement. An overview of the models and 157 

modelled hydraulic conductivities is shown in Table 1.  158 

Table 1. Overview of numerical models. 159 
 soil type RD 

barrier 
barrier dimensions pipe 

length in 
barrier+,** 

head 
drop** 

Hydraulic conductivity m/s  

test barrier
‡ 

Back-
ground† 

 depth, 
m 

thick- 
ness, 

 m 

m m barrier up-
stream 

down-
stream 

below 

M23 GZB1 B15 0.81 0.40 0.30 0.06 3.48 1.3E-3 7.1E-5 8.0E-5 N/A 
M24 GZB2 B25 1.04 0.40 0.30 0.12 1.06 9.3E-4 1.6E-4 2.1E-4 N/A 
M25 GZB1 B25 1.01 0.125 0.30 0.06 1.91 1.5E-3 1.8E-4 2.1E-4 2.10E-04 
M26 GZB1 B25 0.89 0.40 0.30 0.08 1.73 1.1E-3 1.6E-4 1.9E-4 N/A 
M27 GZB1 B25 0.59 0.40 0.30 0.08 0.76 1.7E-3 3.0E-4 2.9E-4 N/A 
M28 GZB2 MZ 0.85 0.40 0.30 0.04 0.61 1.3E-3 3.2E-4 3.6E-4 N/A 
M29 GZB1 B25 0.91 0.125 0.30 0.04 1.12 1.4E-3 1.9E-4 2.1E-4 2.70E-04 
M30 GZB1 B25 0.94 0.20 0.30 0.08 1.92 1.4E-3 1.7E-4 2.2E-4 2.70E-04 
M31 GZB1 B25 0.87 0.20 0.45 0.15 1.94 1.5E-3 1.9E-4 2.4E-4 1.47E-04 
M32 GZB1 B25 0.83 0.20 0.45 0.18 1.41 1.6E-3 1.9E-4 2.4E-4 2.08E-04 
M33 GZB1 B25 0.85 0.40 0.30 0.11 1.76 1.3E-3 1.9E-4 2.1E-4 N/A 
M34 GZB1 B15 1.06 0.20 0.30 0.04 3.61 1.4E-3 7.0E-5 7.4E-5 7.49E-05 
M35 GZB5 B25 1.00 0.20 0.30 0.07 4.12 4.0E-3 2.1E-4 2.3E-4 2.93E-04 
M36 GZB5 B25 0.85 0.20 0.30 0.07 5.52 5.1E-3 1.9E-4 2.4E-4 2.93E-04 

‡ GZB1 mixture with d50  1.402 mm, Cu 3.7, GZB2 mixture with d50  0.870 mm, Cu 2.5; GZB5 mixture with d50  2.259 mm, Cu 3.2 160 

†MZ = Metselzand (d50 0.377 mm, Cu 2.4), B15 = Baskarp 15 (d50 0.151 mm, Cu 1.6), B25 = Baskarp 25 (d50 0.228 mm, Cu 1.6) 161 

+ based on visual observation with an estimated uncertainty 0.02 m.  162 

** at tc.  163 

3.2 Results and analysis 164 

3.2.1 Assessment of the models 165 

To assess how well the model approach, with the assumptions of 2D flow and no head loss in 166 

the pipe, represents the experiments, three aspects are assessed. The modelled head profile is 167 

compared to the measured heads in the pore pressure transducers that are placed in the 168 

sample just below the perspex plate at the top, and just above the bottom of the set-up (Figure 169 

3). By making small adjustments to K for the soils in the models, a good fit was obtained, as 170 

shown in Figure 3. The fit inside the barrier is quantified by comparing the measured gradient in 171 

the barrier, icp,exp, to the modelled gradient over that same distance (Figure 3). The deviation is 172 

less than 5% for the experiments in which the pipe was present in the barrier below the 173 

downstream pore pressure transducer. In one experiment (M32), this was not the case, 174 

therefore the measured gradient icp,exp  does not reflect the gradient upstream of the pipe tip. 175 

This illustrates the need for the numerical models for determination of the strength criterion.  176 
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 177 

Figure 3: Modelled head profile (line) and measurements at the top (black) and bottom (grey) of 178 

the set-up for test M29. PPTU (upstream in the barrier) and PPTD (downstream) are used to 179 

calculate the measured gradient over the barrier  icp,exp. 180 

The ratio of the modelled K to the value that is expected based on RD serves as a second 181 

means of model evaluation (Table 2). The modelled ratios for the background sand upstream of 182 

the barrier are consistently higher than values based on RD, but the difference is small relative 183 

to the expected uncertainty for RD (uncertainty for RD is approximately 0.2).  184 

The modelled ratios for the barrier show no consistent over- or underestimation, and match the 185 

expected values well, with two exceptions. Those are tests M25 and M34, for which the RD 186 

estimate based on preparation is higher than for other tests. For M34 thin bands of fine sand 187 

were observed in the barrier after preparation. Although these did not appear to affect the 188 

progression of the pipe in the barrier, these might also have affected the RD estimate. For M25 189 

there was no obvious cause of the high RD. The hydraulic conductivity below and downstream 190 

of the barrier has relatively less effect on the modelled head profile. Due to the assumptions of 191 

no head loss in the pipe and 2D flow, larger deviations between models and reality would be 192 

expected downstream of the barrier.  193 

The ratio of the modelled flow rate to the measured flow rate is a third means to assess the 194 

models, this ratio is between 1.00 and 1.04 for all models (Table 2). 195 
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Overall, these models provide a reasonable representation for modelling the head in the barrier 196 

and upstream of the barrier. Therefore, this approach is considered appropriate to investigate 197 

icp,num.  198 

Table 2. Numerical modelling results. 199 

test 
Ratio hydraulic conductivity model over hydraulic conductivity 

based on preparation 
Ratio modelled flow rate 
over measured flow rate 

Horizontal secant gradient 10 
cm upstream of pipe tip 

 barrier upstream downstream below 

M23 0.9 1.1 1.1 N/A 1.00  1.23  
M24 0.9 1.1 1.2 N/A 1.03  0.82  
M25 1.4 1.2 1.2 1.2 1.01  1.37  
M26 0.9 1.1 1.1 N/A 1.03  1.27  
M27 0.9 1.0 1.0 N/A 1.00  0.67  
M28 1.0 1.1 1.0 N/A 1.04  0.76  
M29 1.1 1.2 1.3 1.4 1.02  0.94  
M30 1.2 1.0 1.2 1.3 1.01  1.26  
M31 1.1 1.1 1.4 N/A 1.00  1.19  
M32 1.2 1.1 1.2 1.2 1.03  0.82  
M33 1.0 1.2 1.1 N/A 1.03  1.24  
M34 1.5 1.0 1.1 1.0 1.02  1.32  
M35 1.2 1.3 1.5 1.2 1.02  1.36  
M36 1.2 1.2 1.2 1.1 1.01  1.32  

 200 
3.2.2 Head profiles 201 

To assess whether a local gradient upstream of the pipe is a good indicator of erosion 202 

resistance, and whether this is indeed not affected by barrier dimensions or background sand 203 

properties, the modelled head profiles along the top of the model are shown in Figure 4 for tests 204 

with GZB1. A point of inflection occurs at the upstream end of the barrier due to the hydraulic 205 

conductivity contrast between the background sand and the barrier. The head drop is 206 

predominantly dissipated over the background sand upstream of the barrier, resulting in the high 207 

head drop over the samples with the finer B15 background sand (M23 and M34, grey lines). 208 
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a)  209 

b)  210 

Figure 4 Modelled head profiles along the upper boundary of the model upstream of the pipe tip 211 

for tests with GZB1 from the inlet (a), and close-up at the pipe tip (b). Duplicate tests have the 212 

same line style. Head profiles are referenced to 0.0 m head in the pipe for comparison. 213 
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The head profile curves sharply towards the pipe tip (Figure 4b). This is due to the singularity 214 

created by modelling the pipe as a boundary condition with no depth and no head loss in the 215 

pipe. In reality, the pipe will have some depth and resistance, and there might be some 216 

loosening of grains at the tip of the pipe. Therefore, the modelled head profile in the first 0.02 m 217 

upstream of the pipe tip is considered less realistic than the profile in the rest of the model.  218 

Head profiles inside the barrier lie closely together for most tests. This would be expected if 219 

indeed a local gradient characterises erosion resistance, as the GZB has a similar RD in these 220 

tests (except in M27 which has a lower RD). The head profiles for tests M27, M29 and M32 are 221 

lower than for the other tests. M27 has a lower RD, therefore a lower head profile is expected. It 222 

is unclear why M29 and M32 are lower, duplicate tests (M25 and M31 respectively) have similar 223 

head profiles to the other tests, indicating that the difference is not related to the test 224 

configuration. Observations during the tests and evaluation of the models in Section 2.2.1 225 

provides no explanation for tests M29 and M32 being outliers, therefore these tests probably 226 

reflect variation inherent to the barrier materials. This variation must be considered in 227 

determining an appropriate value of the design criterion.  228 

3.2.3 Characterisation of strength criterion 229 

The expectation is that the local horizontal secant gradient over a given distance characterises 230 

erosion resistance and can therefore be used as icp,num, however, the calculated vertical and 231 

diagonal gradients are also considered. Figure 5 shows the secant gradients in the horizontal, 232 

vertical and diagonal direction from the pipe tip over different distances. The computed secant 233 

gradients over distances of 0.2 or 0.4 m may overestimate the actual gradients due to the 234 

singularity at the pipe tip. 235 
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 236 

Figure 5: Modelled secant gradients upstream of the pipe tip in the horizontal, vertical and 237 

diagonal direction. 238 

The appropriate icp,num is selected based on the assumption that the modelled gradient at the 239 

critical time instant is the same for tests on the same material at the same RD. Therefore, the 240 

variation among modelled gradients, expressed by the coefficient of variation (COV = SD/µ), is 241 

shown for secant gradients for the tests with a dense GZB1 (RD>0.75) in Figure 6. Two outliers 242 

(M29 and M32) have a large effect on the total variation, as is shown by considering the dataset 243 

without those two values. However, there is no reason to reject these test results.  244 

  245 



 

13 
 

 246 

Figure 6: Coefficients of variation (COV = SD/µ) for secant gradients for tests on GZB1 with a 247 

high RD. 248 

The horizontal and vertical gradients show a similar amount of variation, which is less than the 249 

variation for diagonal gradients. The large number of measurements in the top of the set-up, 250 

make the modelled horizontal head profile most reliable, which favours the use of a horizontal 251 

criterion. The COV of horizontal gradients decreases with increasing distance, which might be 252 

due to the relatively larger influence of measurement and model uncertainty on modelled 253 

gradients over shorter distances. That might suggest that the gradient over a longer distance is 254 

best to characterise the strength criterion, however, from a physical perspective this is less 255 

plausible. Pipe progression is considered to be governed by local fluidisation of a group of 256 

grains near the pipe tip, and the relevant distance for the criterion is expected to approximately 257 

reflect the side of the fluidised group. Probably there was not one unique distance over which 258 

the fluidisation occurred in the experiments, as the fluidisation may have been affected by 259 

millimetre to centimetre scale variations in the RD of the material.  260 

Therefore, the horizontal gradient over 0.10 m is selected as the strength criterion, icp,num, the 261 

same distance as used by Robbins et al. (2018). Considering these physical effects, in 262 

combination with the numerical uncertainty due to the singularity at the pipe tip and the 3D 263 
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nature of the flow field close to the pipe tip, the selected strength criterion should be considered 264 

as a practical decision in order to enable modelling of the strength of a CSB.  265 

3.2.4 Effect of RD on icp,num 266 

The measured gradients over the barrier, icp,exp (Rosenbrand et al., 2020) indicated that the 267 

resistance against erosion of the barrier is higher at a higher RD, and that the resistance of 268 

barriers with a higher Cu (GZB1 Cu 3.7; GZB5 Cu 3.2) is similar, whereas GZB 2 with a lower Cu 269 

(2.5) has less resistance. These findings are reflected in the modelled gradients in Figure 7.  270 

 271 

Figure 7: Modelled critical secant gradient icp,num versus relative density. 272 

The majority of the tests were done on GZB1 with a relatively high RD, between 0.79 and 1.07, 273 

those tests show some correlation of a higher icp,num with a higher RD. The one test with GZB1 274 

with an RD of 0.55 does show a significantly lower icp,num. as expected. Due to the small variation 275 

of RD values, and variation that appears to be inherent to the material, no correlation is derived 276 

for icp,num as function of RD. For practice, a barrier with a high RD is recommended to optimise 277 

the strength. 278 

3.2.5 Effect of contrast on critical head drop 279 

The critical head drop, hcp, that can be retained by the barrier is shown a function of the 280 

hydraulic conductivity contrast between the barrier and the background sand upstream in Figure 281 
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8. The higher the contrast, the larger the portion of the head drop that is dissipated in the 282 

background sand (Figure 4). Therefore, a higher critical head drop can be applied before the 283 

critical gradient in the barrier, icp,num , is achieved. In the selection of a barrier material, a high 284 

contrast is desired, provided that the barrier satisfies the filter rules with respect to the 285 

background sand.  286 

  287 

Figure 8: Modelled critical head drop up to the pipe versus hydraulic conductivity contrast. 288 

4 Large-scale experiment: 3D effects 289 

The large-scale experiment (L02) tested the effectiveness of the barrier GZB2. The process of 290 

pipe progression was inferred from pore pressure measurements and experience with the 291 

medium-scale experiments in Rosenbrand et al. (2020). The pipe appears only to have 292 

progressed a limited distance parallel to the interface between the barrier and the background 293 

sand; at least 1.2 m, but less than 2.3 m. Therefore, the flow field had a significant 3D 294 

component, and both a 2D and a 3D model were used to model this experiment (Rosenbrand 295 

and van Beek, in press). Due to convergence of flow from the sides in the 3D model, the head 296 

profile was steeper at the pipe tip than in a 2D situation. As the dimensions and location of the 297 

pipe could not be directly observed, there were too many variables to fit the 3D model and verify 298 

the strength criterion that was derived based on medium-scale tests, as was the original 299 
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intention in order to test the hypothesis. The most important finding for field scale application is 300 

that the pipe may not always progress parallel to the barrier edge prior to the progression step. 301 

This results in the 3D flow situation, and accordingly a higher local gradient at the pipe tip than 302 

predicted in a 2D model.  303 

5. Extrapolation to the field scale 304 

Small- and medium-scale experiments showed approximately one order of magnitude increase 305 

of the critical head drop could be realised with a barrier (Rosenbrand et al., 2020). However, 306 

scale effects are expected to reduce the increase of the critical head drop for the field. Although 307 

the strength criterion itself is scale independent, at a larger scale more flow converges to the 308 

barrier, reducing the overall critical head drop. Numerical modelling can be used to determine 309 

the effect of the barrier for design, as illustrated in this chapter.  310 

5.1 Model description 311 

For practitioners, a design approach using 2D steady state groundwater flow models is 312 

envisaged, as 3D models are computationally expensive, complex to construct and require too 313 

many assumptions regarding pipe dimensions. Possible 3D effects due to the risk of a pipe not 314 

progressing parallel to the entire barrier could be addressed by deriving a correction factor for 315 

design.  316 

Models for design would be similar to those used for the medium-scale experiments. For 317 

demonstration of the effect of a CSB, a schematisation is made for a case such as might be 318 

encountered along the main rivers in the Netherlands. The schematisation, model parameters, 319 

and boundary conditions are shown in Figure 9.   320 

  321 
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 322 

Figure 9: Schematisation of a CSB in a field case. River and embankment are not actually 323 

modelled but represented by a constant head boundary (river) and a closed boundary (bottom 324 

of embankment). Note barrier and pipe are not to scale.  325 

The left-hand side of the model represents the midpoint of the river, which is a symmetry axis. 326 

The CSB is placed in the top of the aquifer just below the cover layer. Steady state groundwater 327 

flow is modelled according to Darcy’s law. The pipe is modelled just below the blanket layer as a 328 

boundary condition with a constant head. This assumes there is zero head loss in the pipe itself. 329 

This, conservative, assumption is only applicable for a situation with an effective CSB. Due to 330 

the higher head drop that can be retained by the CSB, the pipe downstream of the CSB is larger 331 

than a pipe in a uniform aquifer, resulting in less resistance to flow in the larger pipe. For BEP in 332 

a uniform aquifer, the head loss in the pipe due to secondary erosion cannot be neglected.   333 

Whereas in experiments the length of the pipe in the barrier was observed, for prediction a 334 

value has to be estimated a priori. A short pipe length results in a higher modelled gradient, due 335 

to flow converging in the barrier to a shorter pipe. The shortest observed length in the medium-336 

scale test is 0.04 m; this conservative value is used to illustrate the effect of a barrier.  337 

Whereas in the medium-scale experiments the distance between the outlet hole and the barrier 338 

can be modelled entirely as the pipe outflow boundary, this is not representative for the field 339 

scale (Rosenbrand and van Beek, in press). A line in a 2D model corresponds to an area in a 340 

3D consideration. For the 2D models of the medium-scale experiments, the approach was 341 

appropriate as pipes occupied a significant portion of the area between the outlet hole and the 342 

barrier. On the field scale, the width of the pipe relative to the total area covered by the blanket 343 
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in front of the barrier is much smaller. Therefore, the pipe downstream of the barrier is only 344 

modelled over a distance that represents the pipe that forms parallel to the barrier edge in the 345 

background sand. Based on findings from the excavation of one of the large-scale tests, which 346 

did not lead to failure of the barrier (Rosenbrand et al., 2019), a length of 0.26 m in front of the 347 

barrier is used. To allow for seepage through the blanket layer, the surface of the blanket is 348 

modelled by a constant head boundary. The side and bottom boundaries of the model, as well 349 

as the length representing the base of the embankment are closed (Figure 8).  350 

For illustration purposes, the strength criterion of the barrier is the average icp,num for the 9 tests 351 

on GZB1 with an RD > 0.75, which is 1.2. For application in practice, a design philosophy is 352 

required to determine a design value of the barrier strength based on the required probability of 353 

failure. The river head boundary condition is a fictious 1 m, the head in the pipe and at the 354 

surface of the blanket in the hinterland are both 0 m. This means that the head drop in the sand 355 

boil over the blanket is negligible for this example.  356 

The mesh is locally refined in the barrier to 0.02 m elements, a 5 m zone of refined elements is 357 

placed around the barrier from which the element size gradually increases to 20 m at the sides 358 

and bottom of the model (S2 Figure S2.1).  359 

The hydraulic conductivity of the natural soil is based on what can be encountered in the river 360 

area in the Netherlands, and hydraulic conductivity of the barrier is based on the correlation 361 

between RD and GZB1. The hydraulic conductivity contrast between the barrier and the 362 

background sand based on the values (shown in Figure 9) is 13. The permeability of the blanket 363 

can be highly variable. The effect of the permeability of the blanket is investigated to 364 

demonstrate its effect on the concentration of flow to the pipe.  365 

For a head drop of 1 m between the outer water body and the pipe, the model is used to 366 

compute the gradient 0.10 m upstream of the pipe tip i1m,num. As groundwater flow scales 367 

linearly, the ratio icp,num/i1m,num equals the critical head drop, hcp.  368 

5.2 Results and discussion 369 

The modelled head profiles are shown in Figure 10, these illustrate that the head drop is mainly 370 

dissipated upstream of the barrier (head distributions are shown in S2 Figures S2.2 and S2.3). 371 

The head profile in the barrier is higher for a less permeable blanket, as there is less leakage to 372 

the surface through the blanket, resulting in a higher head in the aquifer close to the barrier.  373 
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 374 

Figure 10 Modelled head profiles for field example. 375 

The critical head drops are 10.5 (high Kblanket) and 7.7 m (low Kblanket). Using the Sellmeijer 376 

calculation rule (Sellmeijer et al., 2011), which used to assess BEP in the Netherlands 377 

(Ministerie van Infrastructuur en Milieu, 2017), the critical head drops would be 3.6 (high Kblanket) 378 

or 3.7 m (low Kblanket) respectively. Thereby the barrier provides a two to threefold increase. 379 

Although the effect of Kblanket on the critical head drop with a CSB is expected, it is to be noted 380 

that this does not play a significant role in the Sellmeijer rule. Thus, a barrier is a particularly 381 

promising measure in areas where seepage to the hinterland contributes significantly to 382 

dissipation of pore water pressures in the aquifer.  383 

For design, a safety philosophy is required in order to account for natural variability in the 384 

strength of the barrier material, and the possibility that the pipe progression is incomplete along 385 

the barrier resulting in 3D flow. This would presumably result in a lower criterion that can be 386 

used for design, and thereby a lower strength gain. Nonetheless, the demonstration shows that 387 

despite scale effects, the barrier is a promising reinforcement measure providing a significant 388 

increase in critical head drop that can be retained.  389 

6. Conclusions 390 

This paper formed the second step in the investigation of a coarse sand barrier (CSB) as a 391 

novel remediation measure against backward erosion piping. The CSB is a trench filled with 392 

densified coarse sand or gravel which is placed below the toe of an embankment at the top of 393 

the aquifer just below the blanket layer. The first step consisted of analysis of the laboratory 394 

experiments at three scales to test the CSB, in Rosenbrand et al. (2020). 395 
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In step two, numerical modelling of the laboratory experiments was used to derive a local 396 

strength criterion that characterises the resistance of a CSB against BEP. The local strength 397 

criterion, which is considered to be independent of scale, can be applied for design by means of 398 

numerical modelling. This was illustrated by a field scale example, which illustrates that the CSB 399 

increased the critical water level that could be retained by a factor 2-3.  400 

The local strength criterion is a function of the RD of the CSB, a high RD provides a higher 401 

resistance. A higher overall head drop can be retained when the hydraulic conductivity contrast 402 

between the barrier and the background sand is higher, which in combination with the location 403 

of the CSB can be optimised in design.  404 

For design, a safety philosophy is required to determine a characteristic value for the strength 405 

criterion, accounting for natural variability of the material. This philosophy should also account 406 

for possible strength reduction due to 3D effects, which might reduce the strength gain in certain 407 

circumstances. The next steps in the feasibility study involve application of the CSB at a pilot 408 

location in the Netherlands, development of the safety philosophy for design, and assessment of 409 

the CSB for situations where the CSB is not level with the aquifer as in the current analysis but 410 

protrudes into the cover layer as might occur in certain field situations.  411 
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List of figure captions 477 

Figure 1: Concept of the CSB (not to scale). L.h.s. backward erosion piping without a barrier a 478 

pipe can progress upstream below the embankment, r.h.s. the pipe is stopped by the CSB 479 

(modified after Rosenbrand et al., 2020). 480 

Figure 2. Models for barrier thickness 0.30 m (a) and 0.45 m (b). The barrier is pink, the other 481 

soil blocks are background sand with different RD. Flow is from left hand side (inlet =dashed 482 

black line) to right hand side (outlet is the pipe = solid black line). The pipe length inside the 483 

barrier at the critical time instant differs per model (Table 1). 484 

Figure 3: Modelled head profile (line) and measurements at the top (black) and bottom (grey) of 485 

the set-up for test M29. PPTU (upstream in the barrier) and PPTD (downstream) are used to 486 

calculate the measured gradient over the barrier icp,exp. 487 

Figure 4 Modelled head profiles along the upper boundary of the model upstream of the pipe tip 488 

for tests with GZB1 from the inlet (a), and close-up at the pipe tip (b). Duplicate tests have the 489 

same line style. Head profiles are referenced to 0.0 m head in the pipe for comparison. 490 

Figure 5: Modelled secant gradients upstream of the pipe tip in the horizontal, vertical and 491 

diagonal direction. 492 

Figure 6: Coefficients of variation (COV = SD/µ) for secant gradients for tests on GZB1 with a 493 

high RD. 494 

Figure 7: Modelled critical secant gradient icp,num versus relative density. 495 

Figure 8: Modelled critical head drop up to the pipe versus hydraulic conductivity contrast. 496 

Figure 9: Schematisation of a CSB in a field case. River and embankment are not actually 497 

modelled but represented by a constant head boundary (river) and a closed boundary (bottom 498 

of embankment). Note barrier and pipe are not to scale.  499 

Figure 10 Modelled head profiles for field example. 500 

List of table captions 501 

Table 1. Overview of numerical models. 502 

Table 2. Numerical modelling results. 503 
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