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Summary

Piping is one of the most important threats for the safety of Dutch levees, especially for the
sections that are located along the main rivers. Based on research conducted in the past years,
several piping mitigating measures have been developed that prevent the pipe from
progressing upstream. One of these measures is the coarse sand barrier (CSB). The CSB is a
trench of coarse sand that prevents fine sand from upstream of the barrier from being eroded,
and thereby hinders the pipe from progressing upstream below the dike.
The CSB seems to be a promising measure based on small-scale, medium-scale and large-
scale experiments (phase 2a, 2b, 2c of the feasibility investigation for the CSB), but those
experiments also raised several questions which are addressed in additional medium-scale
experiments in the current report (phase 2bi). These questions regard the definition of the
critical step to determine the strength of the CSB, the effect of barrier dimensions and elevation
above the aquifer, and the need to investigate the natural strength variability that can be
expected in the experimental results.

The current phase, similar to the previous phases, shows that the CSB can provide a significant
amount of resistance against piping. In the current phase, a distinction is made between
experiments in which the barrier is level with the aquifer, as was also the case in phase 2a, 2b
and one test in 2c, and experiments where the barrier protrudes into the cover layer. The latter
situation is expected to be more representative of what will be constructed in practice, as it will
be difficult to construct a barrier that is exactly level with the aquifer. This configuration was
also tested in one test in 2c. In the current investigation, one experiment was performed on the
medium-scale with this configuration.

In this analysis report, a critical progression step is characterised that represents barrier
strength, for experiments where the barrier is level with the aquifer. The critical gradients in the
barrier at the progression step are quantified by means of numerical modelling, and these
confirm the finding from phase 2b that the horizontal gradient upstream of the pipe tip over 0.10
m is a suitable strength criterion for design. Based on the experiment set, which includes
replicate tests, a design criterion can be derived, taking into consideration the influence of
natural variability in the experiments and the overall safety philosophy. The derivation of this
criterion, and the critical design criteria are derived in Deltares (in preparation, 2).

For a barrier that protrudes into the cover layer, additional mechanisms govern the strength. A
slope forms in the barrier. In the experiment, horizontal pipes formed from the end of the slope
that progressed up to the upstream barrier interface, after which failure occurred due to heave
at the upstream end of the barrier. If the barrier had protruded higher into the cover layer, which
is  likely to be the case for field application, the slope would have reached to the upstream end
of the barrier, in which case horizontal pipe formation would not occur. Strength prediction for
this case can be based on the stability of a slope under outward seepage in combination with
a heave criterion. Both of these are known in literature, however, as only one test has been
conducted it is recommended to verify this failure mechanism.
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1 Introduction

1.1 General framework
According to the current safety assessment method for piping, applied in the Netherlands, large
sections of dike need to be reinforced. One of the sections that failed the safety assessment
criteria is located along dike stretch 38-1, nearby the village of Gameren. A dike stretch of
0.3 km failed the safety assessment criteria in the third safety assessment round, that was
conducted in the period 2006-2011 and will need to be reinforced within short term. However,
this is not the only dike section that will need to be reinforced. Indicative studies show that
approximately half of the levees that are maintained by the Dutch Water Authority Rivierenland
will not pass the current safety assessment criteria for piping.

Traditional reinforcement methods, like berms to increase seepage length, become less and
less attractive due to the large required seepage length. Increasing the seepage length is not
practical in densely populated areas. Several alternative (and innovative) methods are available
that require less space. One of these methods is the coarse sand barrier. This method entails
the replacement of existing sand with coarse sand in a trench directly below the blanket layer.
The blanket layer is restored after trenching.

The regional Water Authority Rivierenland intends to apply the coarse sand barrier at the pilot
location Gameren as an innovative measure. Although experiments in the laboratory and at the
IJkdijk (a former full-scale test facility in the North-Eastern part of the Netherlands), indicate the
potential of the method, it is required to conduct a feasibility study to investigate whether the
method offers sufficient resistance against piping in the field, both for the intended pilot location
and for other comparable locations. Based on the result of this feasibility study and the
exploration of alternative measures, a preferential measure will be selected for the pilot
location.

The approach to the original feasibility study is described in (Deltares 2017a) and consists of
the following phases:

· Phase 1: Literature study filter requirements and pre-selection of barrier material.
· Phase 2a: Small-scale experiments and numerical simulation.
· Phase 2b: Medium-scale experiments and numerical simulation.
· Phase 2c: Large-scale experiments and numerical simulation.

The feasibility study is oriented towards one pilot location, but much of the knowledge
developed in this study will be applicable in a more generic sense (at other locations). The
study focusses explicitly on the technical feasibility of the measure and will not address the
practical aspects of installing the coarse sand barrier in the field. Phase 1 was reported in
Deltares memo 11200952-003-GEO-0001 and has led to the selection of barrier materials used
for the small-scale experiments in phase 2a Deltares memo 11200952-004-GEO-0001. The
small-scale experiments are reported in a Factual Report (Deltares 2017b) and analysed in
Deltares (2017c). This led to the selection of barrier materials for the medium-scale
experiments of phase 2b Deltares memo 11200952-007-GEO-0010. The results of phase 2b
are reported in a Factual Report (Deltares 2018a) and Analysis Report (Deltares 2018b), and
phase 2c is reported in a Factual Report (Deltares 2019a) and Analysis Report (Deltares
2019b).
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The first phases (1-2c) of the feasibility study showed the coarse sand barrier to be a promising
measure. This raised additional questions regarding the effect of barrier dimensions, as well as
the need to investigate the natural variability that can be expected in the test results. This is the
reason for a second series of medium-scale experiments, which are analysed in this report.
The current analysis can be seen as an extension of the analysis in phase 2b, including both
medium-scale experiments and numerical simulation, and will therefore be referred to as phase
2bi.

1.2 Focus of the analysis
The factual reports for the additional experiments that were conducted in phase 2bi are
presented in Deltares (2019c). These results are analysed in the current report together with
results from the original set of medium-scale experiments from phase 2b (Deltares, 2018a and
2018b).

To quantify the strength of the barrier for situations where the barrier top is level with the aquifer,
a criterion needs to be identified that predicts pipe formation into the barrier. Damage to the
barrier – i.e. initial pipe formation into the barrier, caused by primary erosion – was initially
considered as failure of the barrier, since the width of the barrier is small in practice and the
initiation of a pipe into the barrier is relatively easy to predict. However, observations on the
first small- medium- and even Delta Flume tests indicate that the pipe does progress through
the barrier in steps, whereby the head has to be raised significantly above the head that causes
damage. This is accounted for theoretically, in the conceptual model that was developed for
piping in the presence of a CSB in Deltares (2018b). Therefore, the point at which the pipe
progresses significantly in the barrier, as indicated both by visual observations and by head
measurements in the barrier, is selected as a criterion for barrier strength.

The hypothesis is that the local horizontal gradient in the barrier at the tip of the pipe
characterises the strength of a given barrier material at a given relative density, i.e. implying
that different tests with the same barrier material show the same local critical gradient in the
barrier, regardless of the configuration, dimensions of the barrier or the surrounding material.
The analysis in this report is targeted at testing this hypothesis.

Based on the experiments conducted in phase 2b, the research questions that are addressed
by phase  2bi are:

· What critical step characterises the strength of the barrier? What is the local critical
gradient upstream of the pipe, at which the pipe progresses into the barrier in medium-
scale experiments?

· What is the influence of the hydraulic conductivity contrast and grain size contrast of the
chosen barrier material and original material on the resistance to piping?

· What is the variability among results on the same material?
· What are effects of geometry? Does an increased thickness of the barrier lead to

additional strength? How does the depth of the barrier affect the piping process?
· Does the penetration of the barrier into the cover layer generate additional resistance?
· Does reloading or long-term loading affect the progression of the pipe in the barrier?

In the test where the barrier protrudes above the top of the aquifer, a different failure mechanism
was observed. Therefore, this test is analysed separately of the other tests, which are referred
to as the standard tests. This is an important test as in the practice the penetration of the barrier
into the cover layer is more likely to be the norm than the exception.
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2  Experiments

The current Chapter provides a brief description of the set-up, execution, and experimental
programme. Full detail regarding the experiments can be found in the Factual Report (Deltares,
2019c).

2.1 Set-up
The experimental set-up and the experiments are reported in the Factual Reports for the first
and second series of medium-scale tests (Deltares, 2018a and Deltares, 2019c). The set-up is
the same as in the first phase of the medium-scale tests for the basis experiments, which are
the experiments in which the barrier is level with the cover layer. One test is conducted where
the barrier extends above the surface of the background sand, the schematisation for this is
shown in this Section.
A schematic overview of the set-up used for the standard tests, where the barrier does not
protrude into the cover layer, is shown in Figure 2.1. The inner dimensions of the container
used are 1914*881*404 mm.
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Figure 2.1 Schematic figure showing the set-up of the experiment for the standard tests including locations of the
pore pressure transducers and the barrier inside the sample. Barrier dimensions are variable. There is a
round pump circuit and flow measurements are made intermittently, every 5 minutes

For the test where the barrier does protrude into the cover layer, a 0.10 m thick layer of silicone
is placed below the lid on the upstream and downstream side of the barrier. As a consequence
of this, the barrier extends 0.10 m above the background sand, as shown in Figure 2.2.
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Figure 2.2 Side view of the set-up used for tests MS 37 with the barrier protruding above the aquifer.

A scale drawing of the box with the locations of transducers in the top and bottom of the model
is shown in Figure 2.3, and a close-up of the barrier is shown in Figure 2.4. For test MS 37, due
to the presence of the silicon layer, only transducers inside the barrier, in the bottom of the
model, and transducer h23 give readings (i.e. transducers h6, h7, and h18-h22 do not as the
silicone layer is below these).
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Figure 2.3 Scale drawing of set-up including the location of the barrier (dark grey) indicating centre of coordinate
system (x, y, z = 0, 0, 0) at the centre of the outlet hole in the top of the sample (light grey). Pore
pressure transducers are present in the top of the model (top figure, black circles) and in the bottom of
the model (bottom, transparent circles).
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Figure 2.4 Close-up of the pore pressure transducers (black circles) in the top of the model inside the barrier.

2.2 Experiment execution
During the experiments, the head drop across the sample is incrementally increased. The size
of the increments of head applied were increased progressively as the head drop over the
sample was larger, since the relative effect of a certain change is different for a head drop of
0.10 m than for a head drop of 1.50 cm. Tests started with increments of 1 cm, the increment
size was increased by 1 cm approximately every 13 increments. Generally, the head is
increased after every 5 minutes, but if erosion at the tip of the pipe is observed, the head is
maintained until an equilibrium is reached at the tip of the pipe. During these tests, laser
measurements of the pipe depth were made at several points in time after the pipe had
progressed inside the barrier. These required the application of a constant head drop for a
period of ca. 0.5 to 1 hour.
For two tests, MS-GZB5-B25-35 and MS-GZB5-B25-36, the effect of long-term loading is
assessed by maintaining a constant head drop for ca. 4 hours.
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During the tests, the following data is collected:

· Hydraulic head at several locations in the box from pressure transducers (with a sampling
frequency of 1 Hz and an estimated uncertainty of 0.25 kPa (Deltares, 2019c).

· Visual observations of erosion and pipe progression, registration each five minutes.
· Photographs are taken with a frequency of approximately 0.1 Hz.
· Flow is recorded manually each five minutes with the estimated uncertainty of ca.15%

during the test (uncertainty arising from time taken to collect sample and uncertainty in
weight of the sample).

· The temperature of the water flowing into the model and coming out of the model is
continuously measured.

· Measurements of pipe depth are performed, the results of these are outside the scope of
the current investigation, with the exception of measurements of the slope in the barrier.

2.3 Experimental program
This report provides an analysis of all medium-scale experiments of phase 2b and phase 2bi.
In the medium-scale tests, three barrier materials have been tested (GZB1, GZB2 and GZB5),
with three background materials (Metselzand, Baskarp fine sand (B15) and Baskarp coarse
sand (B25)). GZB3 was used only in column experiments performed at the US Army Corps of
Engineers (USACE) facilities, and in small-scale tests.
The majority of the variations have been conducted using GZB1 as this was considered the
most likely candidate for field application. Barrier depth, barrier thickness, and relative density
were varied with this material. When a stronger barrier was desired, GZB5 was designed, and
this barrier was also used to investigate the effect of long-term loading and reloading. The effect
of a barrier that penetrates into the cover layer above the sand body has been investigated with
GZB2, as this is expected to be the weakest material and penetration of the barrier into the
cover layer is expected to provide a higher strength. With a stronger barrier material, failure of
the barrier could possibly not be achieved in the laboratory.
Experiment MS 21 was affected by a gap at the top of the sample, therefore results are not
considered representative and these are not analysed in the current report. In experiment MS
22 background sand washed over the upstream side of the barrier, suggesting there might also
have been a poor contact there, therefore this test is also not considered for quantification of
barrier strength (Deltares 2018b).

The experimental programme is presented in Table 2.1. Tests number 21 through 28 are part
of the first series (phase 2b), tests 29-34 are part of the second series (phase 2bi).
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Table 2.1 Experimental programme

Test name Short
name

Barrier
material

Background
sand

Barrier
thickness,
m

Barrier
depth,
m

Motivation

MS-GZB1-B15-
21+ MS21 GZB1 B15 0.292 0.404

GZB1 with fine background
sand

MS-GZB2-B15-
22+ MS22 GZB2 B15 0.294 0.404

GZB2 with fine background
sand

MS-GZB1-B15-23 MS23 GZB1 B15 0.280 0.404
 GZB1 with fine
background sand
(repetition of MS 21)

MS-GZB2-B25-24 MS24 GZB2 B25 0.289 0.404 Basis test GZB2

MS-GZB1-B25-25 MS25 GZB1 B25 0.306 0.125
GZB1 with shallower
barrier of 0.125 m

MS-GZB1-B25-26 MS26 GZB1 B25 0.309 0.404 Basis test GZB1

MS-GZB1-B25-27 MS27
GZB1 low
RD

B25 0.300 0.404 GZB1 low relative density

MS-GZB2-MZ-28 MS28 GZB2 Metselzand 0.300 0.404
GZB2 with different
background sand

MS-GZB1-B25-29 MS29 GZB1 B25 0.302 0.125 Duplicate of test MS 25

MS-GZB1-B25-30 MS30 GZB1 B25 0.302 0.202
GZB1 with intermediate
barrier depth of 0.20 m

MS-GZB1-B25-31 MS31 GZB1 B25 0.457 0.202
GZB1 effect of thicker
barrier

MS-GZB1-B25-32 MS32 GZB1 B25 0.460 0.202 Duplicate of MS 31

MS-GZB1-B25-33 MS33 GZB1 B25 0.306 0.404 Duplicate of MS 26

MS-GZB1-B15-34 MS34 GZB1 B15 0.295 0.202
GZB1 barrier depth of 0.20
m and finer background
sand

MS-GZB5-B25-35 MS35 GZB5 B25 0.298 0.202

GZB5 barrier depth 0.20 m
including long term loading
at head drop > progression
head drop

MS-GZB5-B25-36 MS36 GZB5 B25 0.306 0.202

GZB5 barrier depth 0.20 m
including long term loading
at head drop damage and
at head drop progression
head drop. Also effect of
reloading

MS-GZB2-B25-37 MS37 GZB2 B25 0.292 0.404
Effect of barrier penetrating
into the cover layer

+ this test was unsuitable for determination of barrier strength due to a small gap or poor connection between the sample and
the cover.
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2.4 Soil properties
Soil properties relating to grain size distribution and porosity are summarised in Table 2.2.
Barrier materials GZB1, GZB2 and GZB5 are composed of a mixture of sands and gravel with
different sizes, i.e. GZB1 is made up of 50% coarse filter sand, 30% fine filter sand and 20%
Metselzand.

Table 2.2 Soil properties

Metselzand Baskarp B15 Baskarp
B25 GZB1 GZB2 GZB3 GZB5*

d10, mm 0.187 0.103 0.150 0.413 0.375 0.738 0.777

d50, mm 0.377 0.151 0.228 1.402 0.870 0.912 2.259

d60, mm 0.440 0.161 0.246 1.510 0.927 0.961 2.509

Cu =d10/d60 2.4 1.6 1.6 3.7 2.5 1.3 3.2

minimum porosity 0.318 0.356 0.352 0.293 0.304 0.353 0.296

maximum porosity 0.405 0.480 0.459 0.401 0.406 0.447 0.412

* For this material the 3 samples used for the grainsize distribution curve showed some variation therefore an average is
used.

Relative density is computed based on porosity in this report, this is referred to as RD or as
RDn.

2.4.1 Angle of repose
As the internal friction angle of the material is of interest for the analysis of experiment MS 37,
an estimate of this was made by pouring samples of barrier material and measuring the slope
angle, the angle of repose, for dry samples. This was done for GZB2, the barrier material used
in MS 37, as well as for only the coarser fraction of this barrier material (which is basically
GZB3). This angle might be relevant in case the finer grains were washed out at the top of the
sample during the experiment. The results were similar, GZB2 had an angle of 34.0° (standard
deviation (SD) of 1.0o) and the fine Filterzand had an angle of 35.5° (SD 1.8°).

2.4.2 Hydraulic conductivity
The relation between hydraulic conductivity and porosity for background sands and barrier
materials, and more details of sand characteristics are provided in Deltares (2019c).

The relationship between porosity and permeability was fit better by a Kozeny-Carman relation
than by the linear trend which was used for all soils in the first phase of medium-scale
experiments (Deltares 2019c). This is a relation of the form:

3

20 1 2(1 )
nk x

n
= ×

-
 or

3

20 2 2(1 )
nK x

n
= ×

-

where  is the hydraulic conductivity, or  the intrinsic permeability,  or  are constant
for a given material, this is the fitting parameter. As there is a theoretical basis for a Kozeny-
Carman relation, a Kozeny-Carman relation was derived for all samples used in phase 2bi
(Deltares 2019c).
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The hydraulic conductivity of the samples Baskarp 25, GZB1, GZB2, and GZB5 was measured
prior to and after flushing the samples in order investigate the influence of the possible removal
of fines (Deltares 2019c).
For GZB1 and for GZB2, washing led to a higher hydraulic conductivity at a given porosity.
Those materials both contain a fine fraction of Metselzand which was also observed to have a
fine fraction that would remain in suspension during preparation. This suggests that the
correlation for the washed samples can be considered most reliable for those materials. Note
that in the factual report (Deltares, 2019c), the hydraulic conductivity estimate was calculated
based on the porosity that was computed after preparation using the correlation for the
unwashed samples only. In the current report, the correlation for washed samples is used to
estimate the hydraulic conductivities for the data analysis.

For GZB5 a lower value was found for the washed sample, that barrier material did not contain
Metselzand. This suggests that the difference in this case is not due to a removal of fines, but
rather to the difficulty in obtaining reproducible results for these materials with a relatively broad
grain size distribution. Therefore, the data from the washed and unwashed samples was
considered as one population and a coefficient was derived for that.
For Baskarp 25 the difference is negligible and therefore the data was also combined.

An overview of the used coefficients is shown in Table 2.3, all coefficients are reported in
Deltares (2019c).

Table 2.3 Fitting parameters for Kozeny-Carman relation between porosity and permeability (x1 and  x2) and
standard deviation for the fit ( and ).

Sample x1 [m/s] σ1 [m/s] x2 [m2] σ2 [m/s]
B15 5.2510-4 5.20·10-6 5.55·10-11 5.56·10-13

B25 combined 1.63·10-3 1.01·10-5 1.68·10-10 1.05·10-12

GZB1 washed 2.19·10-2 2.69·10-4 2.24·10-9 2.78·10-11

GZB2 washed 1.98·10-2 3.36·10-4 2.01·10-9 3.43·10-11

GZB5
combined

6.54·10-2 7.70·10-4 6.65·10-9 7.89·10-11

Notes: x refers to the factor in the equations on the left-hand side. σ refers to one
standard deviation of x.

In Table 2.4 interpolated hydraulic conductivities are provided for 90% relative density.
The relative density from the preparation is shown in Table 2.5
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Table 2.4  Expected hydraulic conductivity for applied materials at 90% relative density based on Kozeny-Carman
relation.

Sand RD n k
[-] [-] [m/s]

GZB1 mixture 0.90 0.304 1.27E-03
GZB2 mixture 0.90 0.314 1.31E-03
GZB5 mixture 0.90 0.308 3.97E-03
Metselzand* 0.90 0.327 4.14E-04
Baskarp fine (B15) 0.90 0.368 6.58E-05
Baskarp coarse (B25) 0.90 0.363 1.91E-04

*No Kozeny-Carman relation was fit for this sample, the linear relation from phase 2b is used, as this produced results which
were consistent with the modelled hydraulic conductivity already.

Table 2.5  Relative density estimate of the soils in the tests based on the preparation.

Short name of test Relative density
upstream

Relative
density below
barrier

Relative density
barrier

Relative density
downstream

MS 23 0.91 - 0.79 0.84
MS 24 1.07 - 1.05 0.93
MS 25 1.10 0.96 1.01 0.95

MS 26 1.07 - 0.87 0.94
MS 27 0.57 - 0.55 0.63
MS 28 1.07 - 0.83 0.97
MS 29 1.01 0.76 0.90 0.91

MS 30 1.01 0.76 0.92 0.91
MS 31 1.00 1.08 0.85 0.79
MS 32 0.97 0.92 0.81 0.87
MS 33 0.97 - 0.83 0.89

MS 34 0.85 0.80 1.07 0.82
MS 35 1.04 0.71 0.99 0.91
MS 36 1.04 0.66 0.83 0.87
MS 37 0.80 - 0.86 0.94
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Table 2.6 Porosity estimate of the soils in the tests based on the preparation.

Short name of test Porosity upstream Porosity below
barrier

Porosity barrier Porosity downstream

MS 23 0.367  - 0.316 0.376
MS 24 0.345  - 0.299 0.359
MS 25 0.341 0.356 0.292 0.357
MS 26 0.344  - 0.307 0.358

MS 27 0.398  - 0.342 0.392
MS 28 0.312 - 0.321 0.321
MS 29 0.350 0.378 0.304 0.362
MS 30 0.350 0.378 0.301 0.362

MS 31 0.352 0.343 0.309 0.374
MS 32 0.355 0.360 0.314 0.366
MS 33 0.355  - 0.311 0.364
MS 34 0.374 0.381 0.285 0.378

MS 35 0.347 0.383 0.297 0.362
MS 36 0.347 0.389 0.316 0.366
MS 37 0.347 - 0.319 0.359
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3  Analysis of Experimental results

This chapter analyses the experimental results of the medium-scale experiments that were
performed during phase 2b and phase 2bi, (Deltares, 2018a and 2019c). As the results in the
first series of medium-scale tests were analysed in Deltares (2018b) the emphasis is on the
analysis of the results from the second series of medium-scale tests in Deltares (2019c).
First, an overview of the observations is provided, this is an update of the overview provided in
Deltares (2018b). Subsequently the measurements are addressed. A large amount of data was
collected, therefore only the most significant topics are presented here.

In the first set of tests, there was a limited number of tests, and two barrier materials were tested,
whereby GZB1 was tested at high and low relative density. The new tests were predominantly
conducted using GZB1 at a high RD. Therefore, analysis and comparison of those tests can give
some insight into what behaviour is ‘typical’ for a given barrier and what behaviour is affected by
geometry.

As the failure mechanism is different for the experiment where the barrier penetrates into the
cover layer, this experiment is described separately from the other experiments in the last
section of the chapter.

3.1 Observations

3.1.1 Pipe progression observations
Pipe progression in the background sand is similar to that in the small-scale experiments
(Deltares 2017c) and was summarized for the first set of medium-scale experiments in Deltares
(2018b).

The following sequence of events was observed:

· One or several pipes formed at the outlet hole and progressed towards the barrier as the
head drop was increased;

· After reaching the barrier, the pipe in the background sand progressed in the direction
perpendicular to the flow as was also observed in the small-scale experiments and
described by Negrinelli et al. (2016):

o The exception is test MS 28 where the pipe directly progresses into the barrier,
probably due to the combination of a relatively high resistance against primary
erosion of the background sand (Metselzand) and the small hydraulic
conductivity contrast (Deltares 2018b).

· There is crumbling of the barrier at the interface between the barrier and the pipe, as a
natural slope is formed in the barrier. This slope is subjected to an outward directed
gradient and therefore the angle can be less than the friction angle of the barrier material
(Kovacs, 1982; van Rhee and Bezuijen, 1992). The degree of crumbling is more
significant than in the small-scale experiments, which corresponds with the larger pipe
depth downstream of the barrier. The crumbling zone parallel to the direction of flow was
estimated to be in the order of one centimetre into the barrier in the medium-scale tests,
whereas in the small-scale tests this was in the order of millimetres. The crumbling was
not yet considered as piping in the barrier. Due to extensive crumbling the damage point
was difficult to register in the medium-scale experiments.
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· Close to the barrier, at the centre of the model, the pipe is deeper, a deeper hole is
eroded in the background sand. The depth of this hole, and the depth of the pipe parallel
to the barrier, appears to be greater than the depths that were observed during the small-
scale experiments.

· During the tests, the deepest point tends to shift away from the barrier gradually, due to
deposition of eroded barrier grains in the hole. It is also observed that the pipe parallel
to the barrier sometimes moves further downstream, due to deposition of heaver barrier
particles into the pipe.

· At damage, one or several pipes are observed to grow into the barrier, there is some
subjectivity in the determination of this point due to crumbling prior to the damage point:

o In test MS 28 (GZB2, Metselzand), the pipe enters the barrier and immediately
progresses parallel to the downstream barrier interface. This was the only test
where the pipe had not progressed parallel to the interface in the background
sand.

· As the head drop is increased, there is progression of pipes in the barrier, and additional
pipes enter the barrier in some tests. The progression is sometimes in small steps of 0.5 -
2 cm and sometimes in more significant steps of 5 - 24 cm. In several tests, a pipe inside
the barrier is observed to branch into a T-shape with both tips progressing in one or more
head increments.

· In three tests with a high contrast between the hydraulic conductivity of the background
sand (MS 34, MS 35 and MS 36) something that appeared like a small sand boil was
observed in the pipe that had formed parallel to the barrier in the background sand. .

· In test MS 36, barrier material that eroded into the pipe downstream appears to have
partially blocked the pipe which was parallel to the barrier. This may affect the further
progression of the pipe inside the barrier.

· Due to the high flow rates the flow regime in the pipe may have been turbulent. The
computed grain Reynolds numbers in Deltares (2018a and 2019c) indicate that flow in the
sand was probably laminar. Turbulence in the pipe may have affected erosion inside the
pipe, and indirectly at the pipe tip.

Pipe progression where the barrier penetrated into the cover layer differs significantly from the
piping process described above, this is described in Section 3.3.

3.1.2 Piping process: the critical progression step
During phase 2b, several progression steps inside the barrier were identified, and the critical
growth step that characterised the strength of the barrier, ‘long growth’ was defined as the step
where the pipe progressed past half way through the barrier, but not through the upstream
interface. Typically, long growth occurred when the pipe progressed a significant distance within
one step, which also reduced the measured gradients over the barrier. In the majority of the tests
this point could therefore clearly be identified. There was only one test in which this was not the
case, this was the only test with a barrier that did not have the full depth of the model. Here there
was no significant progression step prior to the progression in which the pipe breached the
upstream interface of the barrier. This led to the increased emphasis on tests with a shallow
barrier, in order to establish whether the occurrence of a long growth step was related to barrier
depth.

During the new series of experiments (phase 2bi), there was not always a long growth step as it
was defined in phase 2b. There are always steps in which the pipe progresses, but determining
which steps are more important when they do not affect measured heads in the barrier is
subjective. Therefore, a different step is selected to characterise the strength of the barrier than
in phase 2b. This is the progression step, which is defined as the step in which there is
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significant progression of the pipe, which causes a drop in the gradients that are
computed from the measured heads over the barrier. The critical point for progression is
the point just before the pipe progresses, so this is the head drop that is applied prior
increasing the head drop to cause the progression step.
The characterisation of this progression step is to some extent dependent on the distance over
which the gradients inside the barrier are considered, and is therefore limited in the experimental
setup to the gradients over 0.27 m inside the barrier.

It must be emphasised that the selection of a critical step is necessary for the objective of
determining a criterion for barrier resistance against primary erosion. The selection made in this
investigation is considered appropriate based on the available data, however, this is a practical
selection. Micromechanical modelling of intergranular forces and groundwater flow might
provide a better characterisation of barrier strength, but this is beyond the scope of this feasibility
study.

The revised definition of the critical step to characterise barrier resistance against primary
erosion in this part of the investigation has no consequences for the analysis of tests MS 24, MS
28, MS 26, and MS 23 from the first series of medium-scale experiment. The point that was
characterised as the long growth step is the step that would also be considered to be the
progression step.
For test MS 25, there was no long growth step. Therefore, the failure step (i.e. the step at which
the pipe breaches the barrier) would be considered the progression step. For test MS 27, the
step in which the pipe progressed beyond half way through the barrier occurred after the
gradients over the barrier had fallen. Therefore, these two tests are analysed and modelled again
with the new definition of the progression points. The critical gradient for MS 25 was 1.23 and is
now 1.37; for test MS 27 the gradient was 0.64 and now is 0.67.

The selected progression step means that failure is the progression step in those tests where
there is no other step prior that reduces the gradients in the barrier significantly. Table 3.1 shows
whether or not there was a progression step prior to failure. In the majority of the tests there is
a progression step prior to failure. However, there is no clear distinction which will predict
whether a progression step will occur before failure. However, as discussed in Section 3.1.3 in
some cases loading at constant head drop at or after the progression head drop resulted in
gradual progression of the pipe. This means that even for those tests where progression did not
lead to failure, failure might have occurred at that head drop if the head drop had been
maintained for a longer period at the progression head drop.
For the three sets of duplicate tests there was a progression step prior to failure in one test but
not in the other test. Those tests are listed below:

- a 0.125 m deep barrier of standard thickness 0.300 m (MS 25 & MS 29);
- a 0.200 m deep and 0.450 m thick barrier (MS 31 & MS 32);
- a 0.404 m deep barrier of standard thickness 0.300 m (MS 26 & MS 33)
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Table 3.1 Overview of experiments indicating tests in which the progression step caused failure of the barrier.
(tests are sorted by barrier type (tests with the same barrier type together ) and geometry(subsequently tests
are sorted into test with the same barrier thickness and tests with the same barrier depth))

Test name Barrier
thickness

Barrier depth Progression step  =
failure step?

MS-GZB1-B25-26 0.300 0.404 no
MS-GZB1-B25-33 0.300 0.404 yes
MS-GZB1-B15-23 0.300 0.404 no
MS-GZB1-B25-25 0.300 0.125 yes
MS-GZB1-B25-29 0.300 0.125 no
MS-GZB1-B25-30 0.300 0.200 yes
MS-GZB1-B15-34 0.300 0.200 no
MS-GZB1-B25-31 0.450 0.200 yes
MS-GZB1-B25-32 0.450 0.200 no
MS-GZB5-B25-35 0.300 0.200 no
MS-GZB5-B25-36 0.300 0.200 no
MS-GZB1-B25-27 0.300 0.404 no
MS-GZB2-B25-24 0.300 0.404 no
MS-GZB2-MS-28 0.300 0.404 no
MS-GZB2-B25-37 0.300 0.404 No progression step.

The outline of the pipe shape prior to and after the progression step for tests 23-37 is shown in
Figure 3.1 through Figure 3.3.
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Outline of pipe shape at critical step before progression and after progression

MS-GZB1-B25-26 (duplicate of MS 33) MS-GZB1-B25-33 (duplicate of MS 26)

MS-GZB1-B15-23 MS-GZB1-B25-25 (duplicate of MS 29)

MS-GZB1-B25-29 (duplicate of MS 25) MS-GZB1-B25-30

Figure 3.1 Outline of the pipe shape at the critical point before progression (blue) and after the progression step (red).
Background images are the sample after the progression step.
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Outline of pipe shape at critical step before progression and after progression

MS-GZB1-B15-34 MS-GZB1-B25-31 (duplicate of MS 32)

MS-GZB1-B25-32 (duplicate of MS 31)
MS-GZB5-B25-35

MS-GZB5-B25-36 MS-GZB1-B25-27
Figure 3.2 Outline of the at the critical point before progression (blue) and after the progression step (red). Background

images are the sample after the progression step. If progression caused failure the failure path is not
outlined as this can be identified from the presence of the background sand in the barrier.
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Outline of pipe shape at critical step for progression and after progression

MS-GZB2-B25-24 MS-GZB2-MS-28
Figure 3.3 Outline of the at the critical point for progression (blue) and after the progression step (red). Background

images are the sample after the progression step.

As there is no clear indication of what causes the progression step to result in the pipe
breaching the upstream interface, using this step as a strength criterion implies that no residual
strength can be assumed for the design of the barrier. Although a correlation with the length of
the pipe in the barrier or with the head drop increment which is applied at the progression step
could be expected, this is not found in the data.
The four tests with a higher hydraulic conductivity contrast, MS 23, MS 34, MS 35 and MS 36
all have a progression step which does not lead to failure, as discussed in Section 3.1.5, this
could be due to the higher concentration of flow in the barrier to the pipe. On the other hand,
two of these tests are with GZB1 and two are with GZB5 and it is possible that with a larger
number of experiments there would also be cases with a high contrast where the progression
step does lead to failure.

3.1.2.1 Representative measurements of gradients in the barrier
Heads over the barrier are measured at three locations along the barrier width. The gradient
computed from the pair of transducers that is closest to the location where pipe grows during
the progression step is presented as the most representative gradient for that test. As the pipe
sometimes progresses diagonally through the barrier, the pair of transducers that is most
representative for progression is not necessarily the most representative for the later stages of
the test. However, after progression, the pipe length is so long that the measured gradients over
the entire barrier contain little information regarding the local gradient directly upstream of the
pipe tip. An overview of the transducer pairs that are most representative of the progression step
is shown in Table 3.2.
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Table 3.2 Overview of transducer pair that is considered most representative for the gradient in the barrier at the
critical progression step

Test name Representative
pair for
progression

Motivation

MS-GZB1-B25-26 h8-h15

Pipe progresses below west from an existing pipe in the barrier. There is no pipe
below h16 which therefore underestimates the gradient and h8-h15 is more
appropriate.

MS-GZB1-B25-33 h8-h15
Pipe progresses between centre and east from an existing pipe, but there was no
pipe below h17 which would underestimate the gradient

MS-GZB1-B15-23 h9-h16
Pipe progresses below h9-h16. (h15 measures significantly lower head than h16
or h17 and than transducers downstream so h15 is possibly less reliable).

MS-GZB1-B25-25 h8-h15
Pipe progresses between centre and west from an existing pipe in the barrier, but
there appears to be no pipe below h16 which would underestimate the gradient

MS-GZB1-B25-29 h8-h15 Pipe progresses between centre and east but closest to centre.

MS-GZB1-B25-30 h8-h15
Pipe progresses between centre and east from an existing pipe, but there was no
pipe below h17 which would underestimate the gradient

MS-GZB1-B15-34 h8-h15 Pipe progresses below transducers in the centre

MS-GZB1-B25-31 h9-h16
Pipe progresses in the west side of the model. Due to thicker barrier these
gradients are only over part of the barrier as opposed to in the other tests.

MS-GZB1-B25-32 h8-h15
Pipe progresses from the centre to the west. Due to the thicker barrier these
gradients are only over part of the barrier as opposed to in the other tests.

MS-GZB5-B25-35 H10-h17

Pipe progresses closer to transducers in the centre, but the deposited barrier
material in the pipe in the centre gives a lower head in the pipe in the barrier in
h17 than in h15. Therefore, this gradient is considered more representative.

MS-GZB5-B25-36 h10-h17 Pipe progresses below transducers in the east
MS-GZB1-B25-27 h8-h15 Pipe progresses below transducers in the centre

MS-GZB2-B25-24 h8-h15
Pipe progresses from the centre to the east from an existing pipe, but there was
no pipe below h17 which would underestimate the gradient.

MS-GZB2-MS-28 h8-h15 Pipe progresses between the centre and the west

MS-GZB2-MS-37 n.a

Due to the formation of a slope in the barrier, gradients measured at the top of the model

do not characterise gradients inside the barrier.

3.1.3 Effect of long-term loading and of reloading
Experiment MS 36 was used to investigate the effects of long term and reloading explicitly.

During this test, the head drop at which damage occurred was maintained for four hours after
damage. During this period there was only a slight progression of the pipes in the barrier. There
was crumbling, and one of the pipes along the downstream barrier interface progressed ca. 1-2
centimetres (in the east side of the model). The gradient in the barrier (in the east side where
the pipe progressed) declined from 0.435 to 0.400 during this period. That corresponds to a
reduction of the head drop over the barrier of ca. 1 cm. During this period, the head loss over
the upstream filter increased by ca. 2 cm, which could be the cause of a slight reduction of the
gradient in the barrier. This head loss over the filter means that there was a slight reduction in
the loading on the sample during the period in which the applied head drop on the set-up was
constant.
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During several, but not all, other experiments, the head drop was maintained constant for a
shorter period of time, typically 30-55 minutes, at a head drop that was less than the critical
progression head drop, but higher than the head drop where some damage had occurred. The
objective was not explicitly to analyse the effect of prolonged loading, but to measure the depth
of the pipe using laser measurements. Due to the acquisition of the laser data, there were less
detailed visual observations during these intervals. Sometimes a little erosion was observed, but
it was not considerable. However, for several tests some progression was observed in the step
directly after the constant head period. It cannot be ruled out that some of that erosion occurred
during the constant head period. The computed gradients over the barrier also showed some
variation during the constant head intervals, however, the difference in the computed gradients
was sometimes a slight increase and sometimes a slight decrease and the effect is less than
the measurement accuracy of the transducers.

Based on the theory, long term loading is not expected to lead to progressive erosion inside the
barrier if the gradient just upstream of the pipe tip is below the critical gradient for pipe
progression. Although, loading at a constant head drop could erode the pipe in the background
sand downstream if the pipe in the background sand had not reached the equilibrium pipe depth,
the assumption is that the head loss in the pipe downstream of the barrier is very small and does
not contribute significantly to the total head drop. Even though a constant head drop was applied
over the set-up, the head drop over the sample might have not been entirely constant if there
was a change in the resistance in the filter upstream of the sample (which was probably a
consequence of the recirculation of water as discussed in Section 3.2.2). This could cause a
slight reduction in the load on the barrier over time, even if a constant head drop was applied to
the entire set-up.

As it will be assumed for design that there is no residual strength, progression during constant
loading at the head drop of the progression step, or at higher head drops does not affect the
assessment of the barrier strength. Indeed, maintaining a constant head drop (on the set-up)
over a longer period of time that was equal to or higher than the progression head drop was
observed to cause gradual continued erosion in tests MS 26, MS 29 and MS 34. In test MS 36
on the other hand, maintaining the head drop of the critical progression step for four hours had
no significant effect on pipe progression in terms of lengthening of the pipe. The size of the pipe
that was furthest inside the barrier increased slightly during this period, but this was mainly
widening at the tip of the pipe as shown below. The gradient over the barrier at the side where
the pipe progressed increased from 0.59 to 0.63 from 14:20 to 17:30, but then started to decline
to 0.60 at 18:15. A decline of gradients could be due to an increase of resistance downstream,
if eroded barrier material accumulates in the pipe, or if the head drop over the sand boil
increases. An increase of the resistance over the filter could also contribute to a reduction of the
load on the barrier. During the constant loading at the progression head drop in MS 36, the
resistance over the upstream filter increased by ca. 1 cm, however, this is effect is negligible
compared to the applied head drop of 6.2 m.
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Figure 3.4 outline of the pipe in the barrier directly after the progression step, and after 4 hours of constant head
drop at the applied upstream head of the progression step.

Maintaining a constant head drop for almost 3 hours at a head drop 0.7 m higher than the critical
head drop for progression, did result in pipe progression and eventually failure in test MS 36. In
test MS 35, maintaining a constant head drop that was higher than the head drop for the critical
progression step also caused failure due to stepwise progression of the pipe over a period of
almost 3 hours.

Reloading from 1 m below the head drop that caused damage up to the damage head drop, or
from 1 m below the head drop that caused progression to the progression head drop did not
cause significant pipe progression in test MS 36.
In tests MS 35 and MS 36 several pipes (3 in test MS 35 and 2 in test MS 36) progressed through
the barrier reaching almost upstream prior to failure (Figure 3.5 through Figure 3.7). In the other
tests, only one pipe progressed this far into the barrier. Possibly this difference is the
consequence of the long-term loading at a constant head drop, however, it is not clear why this
should be the case. The presence of multiple pipes in the barrier can be considered favourable
for strength because there is less concentration of flow to the tip of the pipes.
Another possible cause for this qualitative difference would be if the barrier grains that are
eroded in the progression steps are deposited in the pipe parallel to the barrier, reducing its
hydraulic conductivity. This causes the pipe in the background sand to move further downstream
and increases the head in the pipe in the barrier locally. In test MS 36 the deposition of barrier
material in the pipe below transducer h20 appears to have had this effect.
This difference is probably not due to the higher hydraulic conductivity contrast in tests MS 35
and MS 36. Although this contrast is higher than in the other tests; tests with B15 background
sand, MS 23 and MS 34, also have a high contrast (Section 3.1.5) but in those tests one pipe
progresses to failure.
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Outline of pipe shape prior to failure

MS-GZB1-B25-26 (duplicate of MS 33) MS-GZB1-B25-33 (duplicate of MS 26)

MS-GZB1-B15-23 MS-GZB1-B25-25 (duplicate of MS 29)

MS-GZB1-B25-29 (duplicate of MS 25)
MS-GZB1-B25-30

Figure 3.5 Outline of pipes in the barrier prior to failure
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Outline of pipe shape prior to failure

MS-GZB1-B15-34 MS-GZB1-B25-31 (duplicate of MS 32)

MS-GZB1-B25-32 (duplicate of MS 31) MS-GZB5-B25-35

MS-GZB5-B25-36
MS-GZB1-B25-27

Figure 3.6 Outline of pipes in the barrier prior to failure
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Outline of pipe shape prior to failure

MS-GZB2-B25-24 MS-GZB2-MS-28

Figure 3.7 Outline of pipes in the barrier prior to failure (test MS-GZB2-B25-37 is not shown)

3.1.4 Effect of barrier geometry
Tests with a thicker barrier (MS 31 and MS 32) have a longer pipe inside the barrier at the critical
progression step than the other tests. This could also be expected to be partially due to the
definition of the progression step and the location of the head transducers in the barrier. The
progression step is the step where the pipe progresses and causes a significant reduction of the
hydraulic gradients measured between the upstream barrier interface and the point 0.27 m
downstream of this. For the thicker barriers, growth of the pipe in the downstream end of the
barrier, i.e. downstream of the transducers used to compute the gradient, will have less effect
on the computed gradient than for the thinner barriers where the downstream end of the barrier
is close to the downstream transducers.
The barrier thickness does not appear to affect whether the progression step causes failure, this
happened in one test but not in the other. No other significant differences were observed
between the behaviour of a thicker barrier and the other tests.
The longer length of the pipe in the barrier prior to progression is favourable for the strength of
a field situation, as there is less concentration of flow to the pipe tip with a longer pipe, due to
the larger outflow area, and thus a lower gradient upstream of the pipe.
In the experiments, increasing the barrier thickness reduces the thickness of the background
sand upstream, which offsets the benefit of a thicker barrier on the maximum head drop that can
be applied somewhat. On a field scale, the increase of the barrier thickness from 0.30 m to 0.45
m would have a negligible effect on the resistance upstream and therefore give a larger strength
increase.

As discussed in Section 3.1.2, the depth of the barrier does not affect whether or not the
progression step causes failure.
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3.1.5 Effect of hydraulic conductivity contrast
The hydraulic conductivity contrast between the barrier and the upstream and downstream sand
that is expected based on preparation is shown in Table 3.3.
In three tests with a high hydraulic conductivity contrast, one or more small sand boils were
observed inside the pipe downstream of the barrier (tests MS 34, MS 35 and MS 36). With a
higher hydraulic conductivity contrast there would be a stronger vertical flow component inside
the barrier, however flow in the background sand would be expected to be less. On the other
hand, a higher contrast could allow a greater head drop over the entire set-up and therefore ta
higher gradient in the background sand. The presence of the sand boils did not appear to affect
the barrier stability in these tests, and this phenomenon was not further investigated in this
report.

The four tests with the highest hydraulic conductivity contrast, MS 23, MS 34, MS 35 and MS 36
were tests in which the progression step did not lead to failure. This could be related to the strong
concentration of flow inside the barrier to the pipe, that means that lengthening of the pipe in the
barrier has a larger effect on reducing the hydraulic gradient at the pipe tip than in tests with a
lower contrast.

Table 3.3  Hydraulic conductivity contrast between barrier and background sand downstream, based on relative
density from preparation

Short
name of

test

Hydraulic conductivity contrast:
conductivity barrier/ conductivity

background sand downstream

Hydraulic conductivity contrast:
conductivity barrier/ conductivity background

sand upstream

MS 23 16 18

MS 24 3.9 4.6

MS 25 4.8 5.8

MS 26 5.7 6.7

MS 27 6.0 5.6

MS 28 2.6 3.2

MS 29 5.3 6.0

MS 30 5.1 5.8

MS 31 4.9 6.3

MS 32 5.7 6.4

MS 33 5.6 6.3

MS 34 10 11

MS 35 18 21

MS 36 22 27

MS 37 5.1 4.3

3.2 Head measurements
As explained in Section 3.2.2 the head loss over the upstream filter is computed and subtracted
from the applied head drop. The figures in this section show the head drop corrected for the loss
over the filter for all tests except for tests MS 30 and MS 31. In those tests the head drop over
the filter could not be computed due to leakage in transducer h1. For those tests the applied
head drop is shown.
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3.2.1 Flow rate vs. Head Drop
The flow rate at a given head drop is mainly controlled by the background sand and not
significantly affected by barrier type, barrier depth or barrier thickness as shown in Figure 3.8.
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Figure 3.8 Head drop over the set-up as a function of flow rate for tests with GZB1 at a high RD (head drop is
corrected for head loss over the filter for all tests except MS 30 and MS 31).

3.2.2 Head loss over the upstream filter
The head loss over the upstream filter is computed as the difference between the head in the
tank upstream of the sample (measured using h24) and the head at the inlet of the sample,
determined by extrapolating the heads measured in h1 and h2 on the bottom of the sample. For
tests MS 30 and MS 31 transducer h1 was not functioning and therefore the head drop over the
filter could not be computed for those tests.
The head loss over the filter is partially dependent on the background sand, and increases with
increasing flow rate, as shown in Figure 3.9.
For a given flow rate, the head loss over the filter is highest with the fine background sand
Baskarp B15, subsequently with coarser Baskarp B25 at a high relative density and least with
Metselzand and with B25 at a low relative density. This would be expected based on the
respective hydraulic conductivities of the soils.
Overall, the tests show a similar trend of increasing head loss over the filter with increasing flow
rate. Figure 3.9 shows that the head loss over the filter is higher in the second day than in the
first day for tests MS 35 and MS 36, and higher in the third than in the second day in MS 36.
Test MS 34 also shows a drop in the computed head drop over the filter from flow rates 7.5 to 8
litre/min, but this was due to switching on the pump at that point which affected the upstream
head measurement and not the actual resistance of the filter.
In order to examine the head loss over the filter in more detail, this is shown for only tests with
B25 with a high RD, excluding tests MS 35 and MS 36 in Figure 3.10. These tests show that the
head drop over the filter increases slightly during periods of constant head drop. This would
suggest a process of clogging by finer particles which might be due to the recirculation of water
during these experiments. An increase in the head loss over the filter means that the applied
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load on the sample was not entirely constant although the load on the set-up was. However, for
test MS 36, where the effect of long term loading was explicitly studied, the increase in the
resistance of the filter was relatively small relative to the applied head drop (0.6 % and 0.1%)
during the two prolonged periods of constant head drop.

Figure 3.9 Computed head loss over the upstream filter for tests using Baskarp 25 (B25) with a high relative density
as background sand. Top full range of data, bottom close-up. MS30 and MS31 not computed due to
measurement error.
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Figure 3.10 Computed head loss over the upstream filter.

When the computed head loss over the filter is scaled by the flow rate, a gradual increase can
still be seen over time in Figure 3.11. That would correspond to clogging by finer particles. This
is not expected to have significant consequences for the interpretation of the experiments.

Figure 3.11 Computed head loss over the upstream filter divided by flow rate versus time since the start of the test,
for tests with GZB1 or GZB2 at high RD with B25 background sand.
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3.2.3 Experimental gradient over the barrier
The critical experimental gradient over the barrier depends on the barrier type therefore the
results are shown per barrier type. The results for tests with GZB1 are shown in Figure 3.13.
The gradient over the barrier is based on head measurements in the row of h8-h10 and the row
of h15-h17 (Figure 3.12). The representative transducer pair is selected based on the location
of the pipe at the progression step (Section 3.1.2). As in Section 3.2.1, the head drop shown is
corrected for head loss over the filter, except in tests MS 30 and MS 31.

Figure 3.12 Transducers used to calculate the ‘measured’ gradient over the barrier, distance between upstream and
downstream transducers is 0.27 m, distance between transducers in the centre and to the sides is 0.22m.

The barrier thickness affects the measured gradient profile as function of head drop, due to the
location of the downstream barrier interface relative to the transducers (downstream interface is
further downstream, but the upstream interface is at the same position). Figure 3.13 shows that
the computed gradients over the barrier are initially lowest for the two tests with a 0.45 m thick
barrier. The barrier interface is further downstream from the interval used to compute the
gradient than in the other tests with a 0.30 m thick barrier. Convergence of flow towards the pipe
in front of the barrier causes steeper gradients close to the interface. For the 0.30 m barriers,
this is close to the location of the downstream transducer resulting in a steeper experimental
gradient.
When the pipe progressed further inside the barrier in test MS 31 (in the growth steps prior to
the progression step), it reaches below transducer h16, raising the experimental gradient.  In
test MS 32 the pipe progresses in between the transducers in the centre and east end, which is
probably the reason that the computed gradients remain lower. This would imply that the
gradient upstream of the pipe in the barrier is higher than indicated in Figure 3.13 for test 32; the
gradient upstream of the pipe tip is assessed by modelling in Chapter 3.3.
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With a finer background sand, the gradient profiles rise less as a function of applied head drop.
This would be expected as more head drop is dissipated over the background sand upstream,
compared to experiments with lower hydraulic conductivity contrasts. The representative profile
for test MS 23 is lower than for MS 34 with the same background sand.  In test MS 23, the barrier
is 0.40 m deep, whereas the barrier is 0.20 m deep in MS 34. A deeper barrier would be expected
to intercept more flow, and therefore a higher gradient inside the barrier, however this is not
always the case.  The head profile in the barrier depends also on the length of the pipe in the
barrier. As shown in Appendix B, the horizontal gradient in the barrier can therefore be higher or
lower in the case with a shallow barrier, depending on the distance over which the gradient is
considered and the length of the pipe in the barrier. The reported relative density from
preparation is very high for test MS 34, 1.07, and for test MS 23 this is only 0.79 which could
contribute to this difference. As a consequence of this, the hydraulic conductivity contrast
between the barrier and the background sand upstream is 18 for MS 23 and only 11 for MS 34.
The lower relative density of the barrier material results in a lower critical gradient for test MS
27.
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Figure 3.13 Experimental gradient over the barrier for tests with the same geometry with GZB1. Filter corrected head
drop is shown for all tests except MS 30 and MS 31. Triangles indicate the critical step for pipe
progression.

The experiments with GZB2 and with GZB5 are shown in Figure 3.14. Tests MS 35 and MS 36
with GZB5 lasted multiple days. In MS 35, the progression step occurred during the first day;
during the second day, the head drop was increased to the same level as during the first day
and then maintained constant. At constant applied head drop the gradient inside the barrier
gradually decreased as the pipe progressed in the barrier as shown by the falling gradient on
day 2 at the maximum applied head drop.
During MS 36, the head was increased only to damage on the first day, and the progression
step occurred on the second day. On the third day the gradient also declined at constant head
drop as the pipes progressed inside the barrier. Due to some variation in the head loss over the
upstream filter during the test, the head drop in the figures is not exactly constant, when the
applied head drop over the set-up was constant.
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Figure 3.14  Experimental gradient over the barrier for tests with the same geometry: left hand side with GZB2 at a
high relative density barrier depth 0.40 m, thickness 0.30 m; right hand side with GZB5 at a high relative
density barrier depth 0.20 m, thickness 0.30 m. Filter corrected head drop is shown.

A comparison between GZB1 and GZB2 with the same barrier dimensions is shown in Figure
3.15, and a comparison between GZB1 and GZB5 (until the day with the progression step) is
shown in Figure 3.16.
Comparison of GZB1 and GZB2 shows that the critical gradient in the barrier is higher in GZB1
than in GZB2, in accordance with the findings in the first phase of the medium-scale tests in
Deltares (2018b). As with the comparison of tests with the same barrier material in Figure 3.13,
the gradient increases steepest for tests with a lower hydraulic conductivity contrast.
Comparison of GZB1 and GZB5 shows that the critical gradient in the barrier is similar for the
two materials. This suggests that the critical gradient is mainly affected by Cu, and not greatly
by grain size, which is in accordance with results from the cylinder experiments discussed in
Deltares (2018b and c). The increase of the gradient in the barrier as a function of head drop
reflects the hydraulic conductivity of the background sand, which is lowest in MS 30 with B15.
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Figure 3.15  Experimental gradient over the barrier for tests with the same geometry (0.40 m deep, 0.30 m thick
barrier) with GZB1 and GZB2.
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Figure 3.16 Experimental gradient over the barrier for tests with the same geometry (0.20 m deep, 0.30 m thick
barrier) with GZB1 and GZB5. The total head drop over the set-up is shown for MS 30, for the other tests
the filter corrected head drop is shown.

3.2.4 Head drop in pipe downstream of the barrier
The head drop in the pipe downstream of the barrier at the critical point for progression is
assumed to be negligible for the numerical modelling of the experiments. Transducers h18-h23
are in locations where the pipe forms in the background sand, therefore these can be used to
assess the head difference in the pipe at the critical point for pipe progression.
An overview of the maximum difference among transducers in the pipe is shown in Table 3.4.
For all tests with GZB1 and GZB2, the values of 0.02 m or smaller indicate that the resistance
in the pipe downstream is in the limit of the measurement accuracy of these tests. That suggests
that the head loss in the pipe can be considered as negligible for modelling the experiments at
this scale. Note that a head difference of 0.02 m over the length of ca. 0.5 m in the experiments
would still correspond to a gradient of 0.04. At the field scale, if the pipe length is in the order of
metres, the total head loss in the pipe become more significant. However, the dimensions of the
pipe might also be larger as there is more convergence of flow towards the pipe.

For the two tests with GZB5, MS 35 and MS 36, differences between transducers downstream
is somewhat higher, however, this does not necessarily indicate a higher resistance in the
downstream pipe. For MS 36 the erosion of barrier material that is deposited below a transducer
in the pipe (h20) is the cause of a higher head at that location, if that measurement is neglected,
the head difference in the downstream pipe would be 0.01 m for that test. For MS35 the head in



11200952-052-GEO-0002, Version 0.3, July 9, 2019, draft

Analysis Report Coarse Sand Barrier 39

h18 is significantly lower than the other heads, and the head in h23 is higher than the heads in
h18-h22 upstream (h18 = 0.11 m, h19-h21 = 0.14 m, h22 = 0.13 m and h23 = 0.15 m). Barrier
material appears to be present below h19 and h20, and possibly in the delta that forms below
h21 at the time of the progression step, which might account for higher values below these three
transducers. It is not clear what caused the high head measurement in h23 in MS35, the
measured head in this transducer was initially lowest, but it rose throughout the first day of this
test and during the second day this head was again higher than the other heads downstream of
the barrier. This rather suggests a measurement artefact.

Table 3.4 Maximum head difference among transducers in the pipe downstream of the barrier at the critical point for
pipe progression

Test name Maximum head difference in pipe, m
MS-GZB1-B25-26+ 0.01
MS-GZB1-B25-33 0.02
MS-GZB1-B15-23 0.02
MS-GZB1-B25-25 0.01
MS-GZB1-B25-29 0.02
MS-GZB1-B25-30 0.01
MS-GZB1-B15-34 0.01
MS-GZB1-B25-31* 0.02
MS-GZB1-B25-32* 0.01
MS-GZB5-B25-35** 0.03
MS-GZB5-B25-36++ 0.03
MS-GZB1-B25-27 0.01
MS-GZB2-B25-24 0.02
MS-GZB2-MS-28- 0.02
MS-GZB2-MS-37 n.a***

+h22 is unreliable in this test and therefore not used.
*For tests with a thick barrier only h21 to h23 can be used to compute the head loss in the pipe downstream.
- The pipe did not develop parallel to the barrier so only h21-h23 are used
** Possibly this value is unreliable due to measurement artefact in h23 and deposition of barrier material below
transducers h19-h21.
++High value due to deposition of barrier material below h20, neglecting h20 the maximum difference would be 0.01
***Due to configuration of the experiment there is a vertical segment of the pipe downstream, which means that the
head loss in the pipe in this test is not comparable to that in the other tests.
Tests are sorted into similar geometry and material types in order to facilitate comparison among similar tests, test MS-GZB2-
B25-37 has a different failure mechanism.
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3.2.5 Overview of head drop at progression and failure
The head drop at progression and at failure is shown below for tests with a barrier that is level
with the background sand. Note that the progression at constant head drop for some tests, as
discussed in Section 3.1.3. shows that possibly the pipe would also have lengthened further if
the head increment had not been increased after the progression step. That means that the
difference between progression and failure does not necessarily translate to residual strength.

Table 3.5 Critical head drop for progression and for failure calculated from the filter to the lowest head in the pipe in
the barrier.

Test name Critical head drop for
progression, m

Critical head drop for
failure, m

MS-GZB1-B25-26 1.73 2.61
MS-GZB1-B25-33 1.76 1.76
MS-GZB1-B15-23* 3.48 5.34
MS-GZB1-B25-25 1.91 1.91
MS-GZB1-B25-29 1.12 1.57
MS-GZB1-B25-30** 1.92 1.92
MS-GZB1-B15-34 3.61 4.88
MS-GZB1-B25-31** 1.94 1.94
MS-GZB1-B25-32 1.41 1.80
MS-GZB5-B25-35 4.12 5.07
MS-GZB5-B25-36 5.52 6.09
MS-GZB1-B25-27 0.76 1.33
MS-GZB2-B25-24 1.06 1.32
MS-GZB2-MS-28 0.61 0.65

*No failure occurred at the maximum applied head drop
**Correction for head drop over filter  based on  head drop in other tests as shown in Appendix A
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3.3 Effect of barrier penetrating into the cover layer
This section addresses experiment MS 37, in which the barrier penetrates into the cover layer.
First the set-up is briefly described, details can be found in the Factual Report (Deltares, 2019c).
During this experiment, a laser was used to measure the depth of the surface of the barrier
below the surface. The technical details regarding the laser measurements are presented in
Appendix 8G. A detailed analysis of the laser measurements is presented in Appendix 8H.
In this section, the piping process is described, combining visual observations with head
measurements and laser measurements in order to facilitate the overall understanding.

3.3.1 Set-up
During this experiment the geometry of a barrier that penetrates into the cover layer was
constructed by placing an impermeable silicone layer of 0.10 m thickness below the lid of the
set-up on the upstream and downstream sides of the barrier as shown in Figure 3.17.

Figure 3.17 Schematic illustration of the side of the set up with an impermeable cover layer for experiment MS 37.

As a result of this there are no pore pressure measurements in the top of the set-up at the
locations of the silicone layer. Also, no direct observations or laser measurements could be
made in this area. However, the barrier itself could be observed and the depth of the slope
below the surface could be measured using the laser.

3.3.2 Observations and measurements
When the head drop was applied, a sand boil formed at the outlet hole, but pipes initially
progressed to the sides of the model rather than upstream to the barrier in the other tests. This
was probably due to the effect of the silicone cover layer on the flow field. Multiple pipes
reached the edge of the silicone layer along the width of the set-up. Pipes reaching the silicone
layer, first progressed some distance parallel to the layer. The pipes were prevented from
progressing further upstream by the vertical drop of 0.10 m at the edge of the silicone layer,
until the gradient was high enough to fluidize sand at the edge of the silicone layer and formed
a sand boil on the east side of the centre line. Once this sand boil had formed, the pipe could
rapidly progress to the barrier below the silicone layer.

A slope formed inside the barrier as soon as the pipe reached the barrier. The slope was caused
by erosion of material from the barrier into the pipe. The eroded material was directly observed
in the sand boil downstream of the silicone layer, indicating that the flow rate was high enough
to transport the barrier material.

The first development of the slope was reconstructed based on the camera images taken in
the first seconds. Due to the temporal resolution of the images, individual grain motions could
not be identified in images of the test. A semi-circular erosion crater was formed in the barrier,
indicating that the barrier was immediately eroded when the pipe reached the barrier, and that
there was little or no widening of the pipe parallel to the barrier. The next images show
predominantly a widening of the eroded slope parallel to the barrier interface. Within several
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minutes the outline of the slope appears to become stable. The first laser measurement (36)
was made 20 minutes after the pipe reached the barrier.

When the head drop was maintained constant at the level where the pipe reached the barrier
(1.62 m overall head drop), the erosion front appeared relatively constant. The second laser
measurement (37) was made 2 hours and 20 minutes after the first and this also indicates a
similar slope. At the end of the first day, the head drop was reduced to zero and another laser
measurement (38) also indicated no change in the slope. The next day, reloading to the same
overall head drop also did not cause significant additional erosion, indicating that an equilibrium
was reached. A fourth laser measurement was made at that head drop, 39. The depth of the
slope at the different laser measurements, as well as the angle of the slope are analysed in
Appendix 8H. At the steepest point in measurement 39, the slope is relatively linear, with an
angle of 25°.

Figure 3.18 Laser measurements of the depth of the slope inside the barrier. Head drop is only up to h23 to exclude
head loss over the sand boil, and the upstream head is corrected for filter loss upstream. Due to a gap
in the data storage, no head drop to the barrier could be computed for measurements 36 and 37. The
applied head drop over the entire set-up was 1.62 m for measurements 36, 37, and 39 and 0 m for 38.

Further head increments after measurement 39 caused widening of the slope parallel to the
barrier interface, as well as progression of the slope upstream. The depth of the slope on the
second day in the laser measurements is shown in the figure below.
In between laser measurements 39 and 40 as the head drop is increased, the slope
predominantly widens along the edge of the barrier, the upstream progression is more limited.
The sand boil (or two sand boils close to each other) at the edge of the impermeable layer
was located in the east end of the model and the slope predominantly progressed in that
direction. During laser measurement 40 there was no equilibrium in the barrier or in the pipe
downstream. Erosion was observed on the barrier, and the head loss over the sand boil at the
outlet hole increased between the beginning and end of the laser measurement indicating
transport of eroded material out of the model.
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Figure 3.19 Laser measurements of the depth of the slope inside the barrier. Head drop is only up to h23 to exclude
head loss over the sand boil, and the upstream head is corrected for filter loss upstream.
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The applied head drop of laser measurement 40 is maintained constant for 1.5 hours (from
12:50 to 14:25). Laser measurement 41 is also made at this head drop. During the entire period
(including during measurement 41) there was erosion. The head drop in the barrier itself
decreases due to increased resistance at the outlet hole. In between measurements 40 and
41, the location of the sand boil at the interface of the impermeable layer shifts towards the east
side of the model (the boil clogged, and a new boil formed). Also, the deepest end of the slope
was observed to be deeper than the bottom of the cover layer (0.10 m) at 13:45-13:50. There
was a very brief drop in the heads in the barrier at that moment, however, the head at the outlet
hole increased (h23), by a larger amount and after that both the head at the outlet and in the
barrier remained higher than before, whilst the applied head drop was still constant (as shown
below).

Figure 3.20 Measured heads in the downstream end of the barrier and at the outlet hole and the applied filter
corrected head drop (black on r.h.s. axis). Vertical lines indicate times when the pipe was observed to
be at the barrier, when the slope depth is 0.10 m and when the slope is at the upstream interface. The
datapoint indicates the point at which the depth of the slope was observed to be lower than the
impermeable layer.

The net effect is a reduction of the head drop between the barrier and the head at the outlet,
as shown below. As the head at the outlet hole increased during the period in which a constant
head drop was applied, the loading on the barrier decreased. So, the erosion continued, whilst
the head drop decreased.
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Figure 3.21 Head drop between the downstream end of the barrier and at the outlet hole and the applied filter
corrected head drop (black on r.h.s. axis). Vertical lines indicate times when the pipe was observed to
be at the barrier, when the slope depth is 0.10 m and when the slope (pipe) is at the upstream interface.
The datapoint indicates the point at which the depth of the slope was observed to be lower than the
impermeable layer.

Measured gradients in the barrier fell during this period and the effective head drop also
decreased, as shown below.
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Figure 3.22 Gradients in the barrier during the experiment (on left hand side axis) and applied head drop (r.h.s. axis).
Vertical lines indicate times when the pipe was observed to be at the barrier, when the slope depth is 0.10
m and when the slope is at the upstream interface. Black line is the filter corrected head drop over the
entire set-up, grey is up to the transducer h23 at the outlet hole. The difference between the two indicates
the head loss over the sand boil.

During the laser measurement 41, the sand boil shifted to the west side of the centre (the boil
in the east stops and is replaced by a new boil in the west side). The shift of the location of the
sand boil appears to correspond to the shift of the location where most erosion occurs in the
barrier. This caused further widening of the slope in the barrier now more to the west side of
the model. Grains were eroded first at the toe of the slope, and then grains from higher up rolled
down the slope.

The shifts of the location of the sand boil at the edge of the impermeable layer could be due to
deposition of barrier material partially clogging the pipe between the barrier and the boil. This
cannot be directly observed due to the presence of the impermeable cover layer. In the test,
the boil progressed to the east side of the model until it reached close to the side wall. The lack
of flow from the side probably caused a shift to the west end of the model.

Prior to reaching a stable situation, the head drop was further increased. In between laser
measurements 41 and 42, erosion was predominantly between the centre and west side of
the model, corresponding to the location of the sand boil. The slope progresses upstream
slowly.

During measurement 42, there is only a slight increase in the resistance downstream, and the
slope appeared to be quite stable, although some grain transport can be observed,
suggesting there is no real equilibrium situation.
In between measurements 42 and 43 erosion predominantly appears to cause widening of the
upstream end of the slope (which touches the cover layer). At 17:45-17:50, at an overall head
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drop of 4.76 m, it was observed that erosion at the top of the slope formed a pipe-like shapes
at the sides of the slope. The pipes formed at the sides of the slope. Within the next head
increments, one pipe progressed significantly, and the progression direction was partly parallel
to the barrier interface.  When the pipe reached the upstream interface of the barrier this did
not yet lead to failure. The head drop was maintained constant for 25 minutes for laser
measurement 43. During this time there was some erosion of grains on the slope and in the
pipes, so there was probably not an equilibrium situation.
Further raising of the head drop caused erosion in the pipe and on the slope. Subsequently,
failure appears to be due to heave at the upstream end of the barrier. Background sand was
transported from the upstream tip of the pipe through the barrier. A top view in which the outline
of the erosion front prior to failure in the barrier is marked below. The moment that fine sand
entered the barrier, at 18:50-18:50 with a head drop of 5.88 m, is marked as failure and the
experiment was stopped. The sand entered the barrier on the west side of the model,
approximately at the end of the pipe that can be seen running from the end of the slope to the
west.

Figure 3.23 Top view of the pipe in the barrier in the last head increment prior to failure, failure occurred at the west
side of the model (top of this figure).

Overall it seems that there was only an equilibrium situation inside the barrier in
measurement 39 at a head drop from the inlet to the barrier of 1.25 m. The angle of the slope
was 25° at the steepest part of the slope (Appendix 8H). During that measurement the
resistance at the outlet hole is constant, as are the heads in the barrier, and no erosion is
observed. During the measurements 36 and 37 on day 1, head data was not recorded
therefore it was not possible to establish whether there were changes in the resistance at the
outlet hole.

For measurements 42 (head drop 3.18 m) and 43 (head drop 4.15 m) near the end of the
experiment there was probably no equilibrium situation. There was more scatter in the laser
measurements at the toe of the slope which might be due to the presence of eroded barrier
material that was not transported downstream through the pipe.

Angles were calculated nonetheless for the steepest parts of the slope in Appendix 8H, as
well as for a broader part of the slope. For both sets of measurement the steepest part of the
slope had an angle of 25-26°, similar to the slope in measurement 39.
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Due to the higher hydraulic loading at the time of measurements 42 and 43, a shallower slope
angle would be expected if there had been an equilibrium situation. This is assessed in
Chapter 4.

The average slope angle over a broader part of the slope was 25° in laser measurement 42,
but only 22° in measurement 43. The measurements indicate that the depth of the toe of the
slope is less in measurement 42 than in 43, suggesting that erosion is limited by the transport
capacity of the pipe downstream of the barrier.
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4  Numerical modelling

This Chapter concerns the numerical modelling of the experiments of both the first and second
phases of medium-scale tests for the coarse sand barrier feasibility study. Modelling the 3D
reality of the pipe in the experiments in a 2D model requires some simplification, which is
discussed first in Section 4.1, the effect of using different assumptions in the 2D schematisation
is investigated in detail in Appendix 8B.

One experiment was conducted with the barrier penetrating above the top of the sand sample
(into the cover layer), test MS 37. This is modelled separately in Appendices 8C, 8D and 8E,
and discussed in Section 4.5. The other experiments are considered the ‘standard’
experiments. A brief overview of the ‘standard’ models and the modelling procedure is given in
Section 4.1.1 and 4.1.2, the factsheets of the models for the tests are shown in Appendix 8A.
The results, including the computed strength criterion in the form of the gradient over 0.1 m
upstream of the pipe tip, are discussed in Section 4.2. Section 4.3 analyses the results in order
to establish whether alternative strength criteria would be more appropriate. This involves
comparison of the head profiles to the head profiles that were measured by USACE-ERDC
(2019). Section 4.4 investigates the effect of relative density on the selected strength criterion.

4.1 2D numerical simulations of medium-scale experiments
This section presents the numerical simulation of the medium-scale experiments. The purpose
of these models is to characterise the strength of the barrier, by modelling the critical situation
for the progression step (as defined in Section 3.1.2).

The models will be used:

1. To compare the modelled hydraulic conductivity to the hydraulic conductivity that would be
expected based on the reported relative density of the samples, to assess the reliability of
the modelled fits.

2. To investigate the modelled local gradients inside the barrier for the progression step, in
particular, to compute the local gradient upstream of the pipe tip over 0.10 m which was
defined as the preliminary strength criterion in the first phase of medium-scale tests.

3. To analyse the modelled head profiles in order to investigate alternative possible strength
criteria.

4. To analyse the effect of relative density on the selected strength criterion.

The critical conditions for the progression step are considered to be the conditions in the last
head increment that is applied before the progression of the pipe. The heads measured 1
minute before the application of the head increment and the flow rate for that interval are used
for fitting the numerical simulations. Hydraulic conductivities are fit to match the measured head
profile and flow rate at this step.

In the 2D models used to model the experiments, the pipe is present from the outflow boundary
up to the barrier, and into the barrier by the distance of the furthest pipe that was observed in
the experiment. The pipe has no physical depth in the models. This approach to modelling is
consistent with the approach that was used in the first medium-scale phase of the feasibility
study (Deltares, 2018b).
Due to the simplifications made in modelling the experiments, there is a limit to the degree of
accuracy with which the models can reproduce the actual heads, especially close to the pipe.
In this project it is assumed that the models capture enough of the physical reality in order to
be able to characterise a strength criterion that can be used for prediction of pipe progression.
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Figure 4.1 demonstrates the effect of 2D modelling choices in 3D. In reality, the pipe only
progresses from the outlet hole to the barrier over a limited width (or in some experiments
several pipes progress to the barrier). Inside the barrier, there is crumbling along the interface
along the width of the model, and often several pipes enter the barrier.
The modelling approach that is used in for the experiments corresponds to a 3D situation where
the pipe has the width of the entire set-up in the background sand downstream and inside the
barrier. The alternative approach is to model the pipe in the background sand over a limited
length downstream of the barrier corresponding to the progression of the pipe parallel to the
barrier, and over a limited distance inside the barrier that corresponds to the zone of crumbling,
or the zone where pipes are present along the width of the model rather than the distance of
the longest pipe in the barrier. The difference between the two approaches is investigated in a
sensitivity analysis in Appendix 8B.

Figure 4.1 Representation of the reality in 2D models. Top figure is schematisation of the situation at the critical
point for progression. Bottom figures show the 2D model (in profile) and the plan view of the
corresponding 3D situation. Left is the 2D schematisation where the pipe is modelled from the outlet
hole up to the furthest length of the pipe in the barrier. (Not to scale).

The sensitivity analysis compares modelling a pipe from the outlet hole to the barrier to
modelling only a 0.04 m long pipe downstream of the barrier. Neither schematisation is entirely
representative of the true 3D situation. The former corresponds to an infinitely wide pipe, the
latter neglects the presence of the outlet hole and pipe between the outlet hole and the pipe
downstream of the barrier (Figure 4.1). Reality will be an intermediate between these two
schematisations. In practice, several pipes might form that progress to the barrier. The
sensitivity analysis was carried out considering a 4 cm pipe inside the barrier, corresponding to
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a short pipe or crumbling, and 0.12 m into the barrier, corresponding approximately to the
furthest distance that a pipe was observed to have progressed into the 0.30 m thick barriers at
the critical progression step.

The sensitivity analysis shows that the difference between these two schematisations can be
expected to be:

· Negligible with regards to the modelled flow rate for the geometry and most common
hydraulic conductivity contrast for the medium-scale experiments.

· The modelled hydraulic conductivity of the barrier is somewhat lower (i.e. RD somewhat
higher) for the barrier material in models with a pipe from the outlet hole to the barrier if
the hydraulic conductivity is adjusted to fit a given set of measured heads in the barrier.
The magnitude of this effect is expected to be relatively small for the models of the
experiments (less than 10%).

The effect of a longer or shorter pipe downstream of the barrier is mainly relevant for prediction
models in which the hydraulic conductivities are fixed input. Then, modelling a shorter pipe
downstream results in a higher modelled gradient inside the barrier, so a weaker barrier. The
effect is larger for situations with a shorter pipe inside the barrier.
In the field, the barrier will have a much smaller depth relative to the aquifer than in the
experiments and in these simulations. In the experiments even with a shallow barrier, most flow
converges to the barrier and therefore to the pipe in the barrier. With a much deeper aquifer,
flow at greater depth may bypass the barrier and then the effect of the pipe downstream and of
the leakage length will become more significant.

4.1.1 Model and mesh

4.1.1.1 Modelling of the pipe
The pipe is modelled as a constant head boundary condition; the assumption is that there is no
head loss in the pipe. The length of the pipe inside the barrier is based on observations of the
furthest point that the pipe tip has progressed into the barrier at the critical point, which differs
for each of the experiments. These estimates were difficult to make and therefore an uncertainty
of ca. 2 cm is estimated for the comparison between the pipe and the model. Due to the
interface between the pipe and the barrier that is obtained by modelling the pipe several
centimetres inside the barrier, the relative effect of a adding a pipe depth of a few millimetres
is negligible. Therefore, the pipe is modelled with no depth. The pipe length into the barrier is
shown in Table 4.1.
For tests MS_GZB1_B25_25 and MS_GZB1_B25_27, the progression point that is identified
in Chapter 2 is different from the ‘long growth’ step in the models of the first phase of the
feasibility study (Deltares, 2018b). Therefore, the pipe length in Table 4.1 also differs from the
pipe length that was used in the models of the first phase.
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Table 4.1 Pipe length inside the barrier for numerical simulation models (test MS 37 is not simulated with the basis
models and not shown here)

Test Model
name

Motivation of test Pipe length modelled
inside the barrier at
the long growth step
m

MS-GZB1-B25-26 MS26 GZB1 with B25: basis
test

0.08

MS-GZB1-B25-33 MS33 GZB1 with B25: basis
test & duplicate of MS26

0.11

MS-GZB1-B15-23 MS23 GZB1 with B15: finer
background sand

0.06

MS-GZB1-B25-25 MS25 GZB1 with B25: shallow
barrier (0.125 m)

0.06

MS-GZB1-B25-29 MS29 GZB1 with B25: shallow
barrier (0.125 m) &
duplicate of MS25

0.04

MS-GZB1-B25-30 MS30 GZB1 with B25: shallow
barrier (0.20 m)

0.08

MS-GZB1-B25-34 MS34 GZB1 with B15: shallow
barrier (0.20 m)

0.04

MS-GZB1-B25-31 MS31 GZB1 with B25: shallow
barrier (0.20 m) and
thick barrier (0.45 m)

0.15

MS-GZB1-B25-32 MS32 GZB1 with B25:
shallow barrier (0.20 m)
and thick barrier (0.45
m) & duplicate of MS31

0.18

MS-GZB5-B25-35 MS35 GZB5 with B25: shallow
barrier (0.20 m)

0.07

MS-GZB5-B25-36 MS36 GZB5 with B25: shallow
barrier (0.20 m)

0.07

MS-GZB1-B25-27 MS27 GZB1 with B25:
low RD

0.08

MS-GZB2-B25-24 MS24 GZB2 with B25: basis
test

0.12

MS-GZB2-MZ-28 MS28 GZB2 with Metselzand:
basis test

0.04

*The pipe length used in the model is based on the maximum length that the pipe is observed to progress inside the barrier
prior to the step that is modelled (the pipe length at the critical condition for that step, the uncertainty on this value is estimated
to be in the order of 2 cm.
Tests are sorted into similar geometry and material types in order to facilitate comparison among similar tests, test MS-
GZB2-B25-37 has a different failure mechanism.

4.1.1.2 Material parameters: hydraulic conductivity
As there could be a different porosity in the background sand upstream of the barrier,
downstream of the barrier, and below the barrier, these are distinguished as different soil types.
In the factual reports (Deltares, 2018a, 2019a), estimates are made of the hydraulic conductivity
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of the barrier and the upstream background sand and the combined hydraulic conductivity of
the interface between the barrier and the upstream background sand, based on the measured
hydraulic heads in pore pressure transducers. The hydraulic conductivity that was estimated
over the interface did not indicate that there was any reduction of permeability of the upstream
end of the barrier due to the formation of a filter cake.
The expected hydraulic conductivity was computed based on the porosity of the materials that
was estimated during preparation, and the correlation between porosity and hydraulic
conductivity that was determined by using column experiments (Deltares, 2018a and Deltares,
2019c).
These estimates of hydraulic conductivity were used to determine the starting values for the
hydraulic conductivity of the soil zones in the numerical simulation. These values were adjusted
in order to better reproduce the measured head distributions and flow rates.

The assumptions for the hydraulic conductivity in the numerical simulations are:

· Isotropic.
· Homogeneous within one soil type.

The models with the locations of the different zones are shown in Figure 4.2.
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Figure 4.2 Model with materials used for numerical simulations. From top to bottom: barrier thickness 0.30 m and
depth 0.404 m; barrier thickness 0.30 m and depth 0.125 m; barrier thickness 0.30 m and depth 0.20 m;
barrier thickness 0.45 m and depth 0.20 m. Dark blue = background sand upstream of the barrier, dark
red = background sand downstream of the barrier, light blue = background sand below the barrier, light
red = barrier.

4.1.1.3 Mesh
The model size and the mesh are similar to the mesh that was determined for the prediction of
the medium-scale experiments in Deltares (2017c) and Deltares (2018b). A mesh with
quadrilateral elements is used. Element dimensions and mesh refinement are as in the
prediction models, with a structured mesh and elements of 1 mm by 1 mm in the top of the
barrier. The mesh is the same for all medium-scale models regardless of barrier depth and this
is shown in Figure 4.3.
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Figure 4.3 Mesh in the medium-scale model, top full model, bottom close-up inside the barrier

In Deltares (2018b), the barrier was present between -0.505 m and -0.805 m (relative to the
outlet hole. The location of the downstream barrier interface for the newer tests is estimated in
the Factual Report. Due to expected variation along the width and depth of the model, the
estimated location is rounded to the nearest centimetre in the models, and the barrier is
modelled at that location. Concretely this means that sometimes the 0.30 m thick barrier is from
-0.495 to -0.795 rather than from -0.505 to -0.805.
The location of the downstream barrier interface for the tests with a thicker barrier is
approximately at -0.345 m, which means that the upstream interface is at approximately the
same location as for the tests with a 0.30 m thick barrier. The barrier depth, thickness and the
location of the downstream barrier interface are shown in Table 4.2.

Table 4.2 Upstream and downstream boundary conditions and head drop in numerical simulation models

Test Barrier thickness, m Barrier depth, m Location downstream
interface, m

MS-GZB1-B25-26 0.300 0.404 -0.505
MS-GZB1-B25-33 0.300 0.404 -0.505
MS-GZB1-B15-23 0.300 0.404 -0.505
MS-GZB1-B25-25 0.300 0.125 -0.505
MS-GZB1-B25-29 0.300 0.125 -0.495
MS-GZB1-B25-30 0.300 0.200 -0.495
MS-GZB1-B25-34 0.300 0.200 -0.495
MS-GZB1-B25-31 0.450 0.200 -0.345
MS-GZB1-B25-32 0.450 0.200 -0.345
MS-GZB5-B25-35 0.300 0.200 -0.495
MS-GZB5-B25-36 0.300 0.200 -0.495
MS-GZB1-B25-27 0.300 0.404 -0.505
MS-GZB2-B25-24 0.300 0.404 -0.505
MS-GZB2-MZ-28 0.300 0.404 -0.505
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4.1.1.4 Boundary conditions: head drop
The upstream head corrected for head drop over the filter is used in the models. For two tests
the head loss over the filter could not be accurately determined (tests MS 30 and MS 31). For
those tests the relation between flow rate and head loss over the filter from other tests with the
same filter and background sand was used in order to estimate the probable head loss over
the filter. This is shown in the Factsheets for those tests in Appendix A.
As a downstream boundary condition, the lowest head that was measured in the pipe inside
the barrier was used. The upstream heads, corrected for the upstream filter head loss and the
head loss in the pipe, at the different steps are shown in Table 4.3.

Table 4.3 Upstream and downstream boundary conditions and head drop in numerical simulation models

Test Upstream
head, m

Downstream
head, m

Head drop,
m

MS-GZB1-B25-26 1.83 0.10 1.73
MS-GZB1-B25-33 1.89 0.13 1.76
MS-GZB1-B15-23 3.61 0.13 3.48
MS-GZB1-B25-25 2.01 0.10 1.91
MS-GZB1-B25-29 1.19 0.07 1.12
MS-GZB1-B25-30 2.00 0.08 1.92
MS-GZB1-B25-34 3.71 0.10 3.61
MS-GZB1-B25-31 2.07 0.13 1.94
MS-GZB1-B25-32 1.48 0.07 1.41
MS-GZB5-B25-35 4.26 0.14 4.12
MS-GZB5-B25-36 5.05 -0.47 5.52
MS-GZB1-B25-27 0.81 0.05 0.76
MS-GZB2-B25-24 1.13 0.07 1.06
MS-GZB2-MZ-28 0.65 0.04 0.61

Tests are sorted into similar geometry and material types in order to facilitate comparison among similar tests, test MS-
GZB2-B25-37 has a different failure mechanism.

4.1.2 Procedure
Measured heads and flow rates are used to calibrate the hydraulic conductivity of the soils in
the numerical simulations. The aim is to match all heads reasonably well; however, a priority is
given to a match of the heads on the upstream side of the barrier in the top of the model. Those
are considered most significant for the computation of the local horizontal gradients, the
computation of which is the main purpose of the numerical models.
The heads on the downstream side of the barrier are considered less important to fit well. In
the models, these all have the head boundary condition that was used in the pipe.  In the
experiments, heads may be higher, if the pipe does not pass below the transducers, or lower,
if there is a slight head drop in the pipe the head in the transducer at the exit hole may have a
slightly lower head than at the barrier.

The modelling procedure in the first phase of medium-scale tests involved modelling a damage
and short growth step to fit the hydraulic conductivities. The fitting of three points in time with
the same set of hydraulic conductivity values gave a poorer fit to the progression step in some
of those tests. Therefore, the tests from the first phase were modelled again, whereby only the
progression step was used to fit the hydraulic conductivity.

For two tests, MS25 and MS28, the progression step differs from the long growth step that was
modelled in Deltares (2018b), as explained in Section 2. For test MS25, the failure step
corresponds to the progression step, this was not modelled before. For MS28 the point at which
the step that was considered to be ‘long growth’ was observed later than the point at which the
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pipe progression actually caused the gradients over the barrier to fall. So, the long growth step
was after the progression step, and the progression step is what is modelled.

In principle, the downstream head that is used to fit the pipe in the models is the lowest head
that is measured inside the pipe inside the barrier. This is considered most representative as a
downstream boundary condition. If a higher head were used, the modelled critical gradients
would be less. Therefore, the modelling is a best guess approach, not a conservative approach.

4.2 Results and analysis factsheets
Fact sheets of the models are presented in Appendix 8A. The current section presents an
overall analysis of these.

4.2.1 Hydraulic conductivity
The hydraulic conductivity that is fit in the basis models is constrained by the measured flow
rate and head profiles. The hydraulic conductivity of the background sand upstream has a
dominant control on the flow rate and can therefore be modelled quite well. The conductivity of
the barrier relative to the conductivity of the background sand, i.e. the hydraulic conductivity
contrast, is determining for the head profile inside the barrier.
However, there is a relatively large uncertainty regarding the hydraulic conductivity of the
material downstream of the barrier in the models. There are few measurements on the bottom
of the set-up, especially for tests in the first phase of the medium-scale tests where one
transducer in the bottom of the set-up was unreliable. Measurements in the top are not relevant
as the pipe is modelled at the top of the model. The hydraulic conductivity of the background
sand downstream also has a relatively small effect on the flow rate and head profile inside the
barrier, and therefore on the computed strength criteria.

4.2.1.1 Comparison to correlation with porosity
Correlations were derived between porosity and hydraulic conductivity in Deltares (2019c). The
porosity that was determined by preparation can therefore be used to calculate the expected
hydraulic conductivity. A Kozeny type fit was used, in which hydraulic conductivity is expressed
as:

3

20 1 2(1 )
nk x

n
= ×

- Eq. 4.1

Where the constant  is the correlation parameter,  is the porosity and  is the hydraulic
conductivity at 20oC. As the mean temperature during the tests varied in the range of 17oC to
20oC, the temperature dependence of the viscosity of water was taken into account to compute
the hydraulic conductivity that would be expected based on the porosity.

For barrier materials GZB1, GZB2 and GZB5 , hydraulic conductivity tests were performed with
the barrier material prepared using the proportions of the different fractions as described in
Chapter 2, but also with ‘washed’ barrier material where the material had been repeatedly
flushed with fresh water to remove fines. For GZB1 and GZB2 this resulted in significantly
higher hydraulic conductivities for the washed samples (Deltares, 2019c). This is probably due
to the removal of the fine fraction from the Metselzand which is used to prepare those barriers.
For Baskarp 25 and for GZB5 there was no significant difference between washed and
unwashed samples. In the experiments, which were prepared by placement in a thin layer of
water (Deltares, 2019c) it was observed that there was fine material suspended in the water
during preparation of the barriers GZB1 and GZB2 (Deltares 2018a), which means that it is
possible that the composition of the barrier is more comparable to the samples in the washed
permeability tests. Therefore, this chapter makes the comparisons for those materials based
on the ’washed’ parameters.
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The modelled (i.e. hydraulic conductivity that gives the best match to the head measurements
in the numerical models) and expected hydraulic conductivities based on preparation for the
background sand upstream and for the barrier are shown in Figure 4.4 through Figure 4.7
respectively. The ratio of the modelled hydraulic conductivity over the hydraulic conductivity
that is expected based on preparation is shown in Table 4.4.

Figure 4.4 Modelled hydraulic conductivity of background sand upstream and hydraulic conductivity that is
expected based on relative density from preparation and column experiments for this soil.

Figure 4.5 Modelled hydraulic conductivity of background sand below the barrier and hydraulic conductivity that is
expected based on relative density from preparation and column experiments for this soil.
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Figure 4.6 Modelled hydraulic conductivity of background sand downstream and hydraulic conductivity that is
expected based on relative density from preparation and column experiments for this soil.

Figure 4.7 Modelled hydraulic conductivity of barrier and hydraulic conductivity that is expected based on relative
density from preparation and column experiments for this soil.

The modelled hydraulic conductivity of the background sand upstream is typically somewhat
higher than it would be based on the correlation. The ratio between the predicted and modelled
hydraulic conductivities is close to 1, values are only 1.1 to 1.2 (with at maximum 1.3), which is
within the expected range considering the uncertainties involved in the measurements,
correlation and modelling. The values that can be fit for this soil body are strongly constrained
by the measured flow rate, as this is dominated by the hydraulic conductivity of the background
sand upstream.

For the background sand below the barrier and downstream there is also typically an
overestimation in the models, however the degree of overestimation can be larger, up to a
factor 1.5. The hydraulic conductivity of the background sand downstream affects the head
profile that is modelled in the barrier, by affecting the hydraulic conductivity contrast. However,
the fit in the bottom of the barrier is also affected by uncertainty regarding the pipe location in
the model as opposed to reality. Therefore, a larger mismatch between modelled hydraulic
conductivity and hydraulic conductivity based on preparation might indeed be expected.
The hydraulic conductivity of the background sand below the barrier has a smaller effect on the
modelled head profiles, making it more likely that there is a mismatch between the modelled
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and measured values. This also means that the difference between the expected and modelled
values does not have a significant effect on the strength criterion.

Table 4.4 Ratio of modelled hydraulic conductivity to hydraulic conductivity based on porosity from preparation
and correlation derived based on column tests.

Test Background sand
upstream

Background sand
below barrier

Barrier Background
sand

downstream
MS-GZB1-B25-26 1.1 n.a 0.9 1.1
MS-GZB1-B25-33 1.2 n.a 1.0 1.1
MS-GZB1-B15-23 1.1 n.a 0.9 1.1
MS-GZB1-B25-25 1.2 1.2 1.4 1.2
MS-GZB1-B25-29 1.2 1.4 1.1 1.3
MS-GZB1-B25-30 1.0 1.3 1.2 1.2
MS-GZB1-B25-34 1.0 1.0 1.5 1.1
MS-GZB1-B25-31 1.1 n.a 1.1 1.4
MS-GZB1-B25-32 1.1 1.2 1.2 1.2
MS-GZB5-B25-35 1.3 1.2 n.a 1.5
MS-GZB5-B25-36 1.2 1.1 n.a 1.2
MS-GZB1-B25-27 1.0 n.a 0.9 1.0
MS-GZB2-B25-24 1.1 n.a 0.9 1.2
MS-GZB2-MZ-28 1.1 n.a 1.0 1.0

Tests are sorted into similar geometry and material types in order to facilitate comparison among similar tests, test MS-
GZB2-B25-37 has a different failure mechanism.

The hydraulic conductivity of the barrier is modelled very well for most tests, this is within a
range of 0.9 to 1.2 times the predicted hydraulic conductivity for the washed barrier, with two
exceptions, MS 25 and MS 34 where the ratio is slightly higher, 1.4 and 1.5 respectively. For
those two tests, the RD of GZB1 based on preparation is higher than for the other tests, 1.01
and 1.07 respectively. Possibly the estimated RD of the barrier is somewhat too high for those
tests. In test MS 34, bands of fine sand were observed in the barrier after preparation, possibly
this affected the RD estimate, or the hydraulic conductivity of the barrier (which might have not
been entirely homogeneous as assumed in the modelling).

There is uncertainty in the models arising from sources such as:

· Measurement accuracy in the transducers used for the fit.
· Assumption of uniform isotropic permeability per soil type.
· Estimates of the location of the pipe in the model.
· Estimates of the location of the barrier in the model.
· Use of a 2D model.

However, overall, the correspondence between the modelled and expected hydraulic
conductivities suggests that the models are reasonable.

As the relative density of the barrier is expected to be correlated to the barrier strength, this
parameter is important in the analysis of the strength criterion in the rest of this chapter. It is
possible to use the relation between hydraulic conductivity and porosity to calculate the relative
density based on the hydraulic conductivity values that are fit in the numerical models.
However, this introduces uncertainty, namely the uncertainty in the correlation that is derived
and the uncertainty in the fit of the models. The latter is affected by factors such as the
measurement accuracy of the transducers, but also by the fact that the hydraulic conductivity
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is fit for four soil bodies per model (or three for a deep barrier).  Therefore, the relative density
values that were based on preparation are considered more reliable and used.
The hydraulic conductivity contrast downstream may also be expected to affect the strength
criterion, due to its influence on the convergence of flow in the barrier. The hydraulic
conductivities that are fit in the model are used to compute this, rather than the values that
could be computed based on porosity and the correlation. The reason is that although the
assumptions that are made in the modelling may affect the modelled hydraulic conductivity
contrast (e.g. distance pipe progression into the barrier contrast, homogenous hydraulic
conductivity, location of the barrier interface, 2D model) this set of assumptions corresponds
well with the measured head profile and thus the computed strength criterion.

4.2.2 Flow rate
Overall, the modelled flow rate approximates the measured flow rate within a margin of 5%.
Due to the 2D modelling of a 3D situation using a pipe along the entire top of the model, an
overestimation by the models might also be expected.  A sensitivity analysis was done to
analyse the effect of not modelling the pipe from the exit hole in Appendix 8B. This showed that
the effect on the modelled flow rate is negligible for the medium-scale configuration for the
hydraulic conductivity contrasts in these tests. This means that the effect of modelling a 3D flow
field in the 2D models was not the cause for deviations, and a fit of 5% to the measurements is
considered acceptable, especially considering the 15% estimated uncertainty of the flow rate
measurements.

4.2.3 Head contours inside the model
The depth of the barrier has a significant effect on the head contours and the flow velocity
vectors. The deeper the barrier is, the more water converges from the deeper part of the model
upwards in the barrier. For the shallower barriers, more flow progresses below the barrier to
the background sand, and leaves the models through the pipe downstream of the barrier. This
is illustrated in the figures of three tests with background sand B25 and GZB1. Note the different
spacing of the head contours below the barrier for the three cases.

Figure 4.8 Hydraulic head distribution in the model is indicated by the background colour the range spans the head
drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled
by velocity. Model MS 33 with barrier depth 0.404 m, pipe length inside the barrier is 0.11 m.
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Figure 4.9 Hydraulic head distribution in the model is indicated by the background colour the range spans the head
drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled
by velocity. Model MS 30 with barrier depth 0.200 m, pipe length inside the barrier is 0.08 m.

Figure 4.10 Hydraulic head distribution in the model is indicated by the background colour the range spans the head
drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled
by velocity. Model MS 29 with barrier depth 0.125 m, pipe length inside the barrier is 0.04 m.

4.2.4 Head profiles
Modelled head profiles upstream of the pipe tip are of interest for analysing the barrier strength.
The horizontal head profiles were used to compute the strength criterion of a gradient over 0.1
m upstream of the pipe tip in Deltares (2018b).  However, vertical head profiles are also of
interest as vertical gradients at the pipe tip are also high.

4.2.4.1 Horizontal head profiles GZB1
To compare the modelled head profiles for tests with GZB1, the modelled head is referenced
to a 0 m head in the pipe downstream (i.e. the modelled head minus the head in the
downstream boundary condition). Along the top of the model, distances are referenced to the
distance from the pipe tip (i.e. the distance minus the location of the pipe tip). The modelled
horizontal profiles are shown in Figure 4.11 and in close-up in Figure 4.12.

Note that duplicate tests have the same colour but different symbols in these figures in order
to allow for comparison.
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Figure 4.11 Modelled head profiles for tests with GZB1 (heads are shown relative to the head at the pipe tip).(‘cold’
colours are used for 0.30 m thick barriers at high RD, ‘warm’ colours for 0.45 m thick barriers and for the
test with a low RD). Warm colours = red, purple; cold colours the others.
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Figure 4.12 Modelled head profiles for tests with GZB1 close-up (heads are shown relative to the head at the pipe
tip).(‘cold’ colours are used for 0.30 m thick barriers at high RD, ‘warm’ colours for 0.45 m thick barriers
and for the test with a low RD).

Figure 4.11 shows the clear effect of the barrier on the head profile, which causes a point of
inflection in the head profile at the interface between the background sand and the barrier. The
head upstream is predominantly dissipated over the background sand upstream of the barrier,
which results in the highest head drop over the samples with B15 background sand.

The head profiles inside the barrier are of importance to assess the hypothesis that a given
barrier material at given RD has a given strength. This strength should be reflected by a similar
gradient over a given distance. As all tests, except for MS 27, have a relatively high RD, these
would be expected to give similar head profiles in Figure 4.12.

MS 27 is clearly lower, which would be expected for a lower RD. The majority of the tests are
quite close together, but tests MS 32 and 29, and to a lesser extent MS 31 are lower. It is not
immediately clear what caused this difference. The fit between the modelled hydraulic
conductivity and the expected hydraulic conductivity from preparation is reasonable, and the
flux is also well modelled. The difference also does not appear to be due to the geometry or
combination of barrier material and background sand for test MS 29, as the duplicate test (MS
25 is a duplicate of MS 29) does have a higher head profile. Both tests MS 31 and MS 32 are
on the low side, and these are the tests with a thicker barrier. This could be due to the thickness
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of the barrier and the location of transducers relative to the downstream interface of the barrier.
However, the difference between these two tests is larger than the difference between MS31
and the other tests, indicating that this effect is probably not significant in relation to the overall
uncertainty margin of the results.
During test MS32, it was observed that the pipe progressed inside the barrier when the head
drop was maintained constant at a level that was below the progression head drop (as noted
in Section 3.1.1, this did not appear to be the case in other experiments).

The modelled head profiles do not provide a clear indication of whether the progression step
will lead to a new equilibrium or to failure, which might have been expected. The two duplicate
test with a 0.40 m deep, 0.30 m thick barrier, MS 26 and MS 33 show very similar modelled
head profiles inside the barrier. For test MS 33 the progression step was the failure step, for
test MS 26 there was still residual strength. Barrier thickness also does not appear to affect
whether the progression step leads to failure, as this is the case in test MS 31 but not in test
32.

4.2.4.2 Horizontal head profiles GZB5
The horizontal head profiles for the two tests with GZB5 are shown together with the profile for
GZB1 with the same geometry (MS 30 & MS 34). These figures show that the higher critical
head drop for GZB5 is predominantly due to the higher hydraulic conductivity contrast. The
head profile inside the barrier is very similar for all four tests, which indicates a similar resistance
of the barrier against primary erosion. Thus, the larger grains size of GZB5 does mean that a
higher overall head can be retained, due to the higher hydraulic conductivity contrast, but it
does not seem to give a higher critical gradient for progression. This indicates that grain size is
less important to barrier strength than relative density, or sorting.
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Figure 4.13 Modelled head profiles for tests with GZB5 and for the test with GZB1 with the same geometry (heads
are shown relative to the head at the pipe tip).

4.2.4.3 Horizontal head profiles GZB2
The horizontal head profiles for the two tests with GZB2 are shown together with the profile for
GZB1 with the same geometry (MS 26, MS 33, MS 23 & MS 27). These figures show the clear
distinction between the strength of GZB1 and GZB2, which have a different grain size
distribution. GZB2 has a lower Cu and a lower head profile in the barrier than GZB1 with a
similar RD. Test MS 27, GZB1 with a lower RD barrier (of 0.55), has an even lower critical
gradient in the barrier, than GZB2.
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Figure 4.14 Modelled head profiles for tests with GZB2 and for the test with GZB1 with the same geometry close-up
in the barrier (heads are shown relative to the head at the pipe tip).

4.2.4.4 Vertical head profiles GZB1
If the strength of the barrier were determined by the combination of flow from below and from
upstream of the pipe, the combined horizontal and vertical gradients would be relevant to
characterise barrier strength. In this case, it would also be expected that the tests where the
horizontal critical gradient is relatively low, have a higher vertical gradient which caused
progression to occur. The vertical head profile below the pipe tip is shown for tests with GZB1
in Figure 4.15 and Figure 4.16. These figures show tests MS 32 and MS 29 which had a lower
horizontal head profile in the barrier also have a lower vertical head profile, and MS 31 is also
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on the low side. This indicates that the lower horizontal critical gradient, which is indicated by
the lower horizontal head profile, for those two tests is not due to a larger vertical loading.
The vertical gradient profiles inside the barrier are highest for the two tests with the highest
contrast, tests MS 23 and MS 34. The higher contrast would be expected to give more vertical
convergence of flow to the pipe at the barrier.
The relation between vertical and horizontal gradients for the selection of a strength criterion is
analysed in more detail in Section 4.3.2.

Figure 4.15 Modelled head profiles below the pipe tip for tests with GZB1 (heads are shown relative to the head at
the pipe tip).



11200952-052-GEO-0002, Version 0.3, July 9, 2019, draft

Analysis Report Coarse Sand Barrier 69

Figure 4.16 Modelled head profiles below the pipe tip for tests with GZB1 close-up of the barrier, (heads are shown
relative to the head at the pipe tip).

4.2.4.5 Vertical head profiles GZB5
The vertical head profiles below the pipe tip for the two tests with GZB5 are shown together
with the profile for GZB1 with the same geometry (MS 30 & MS 34). Like the horizontal
profiles, these figures show that the higher critical head drop for GZB5 is predominantly due
to the higher hydraulic conductivity contrast. The profile for MS 34 with GZB1 and fine
background sand is comparable to the profiles for GZB5.
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Figure 4.17 Modelled head profiles below the pipe tip for tests with GZB5 and for the test with GZB1 with the same
geometry (heads are shown relative to the head at the pipe tip).

4.2.4.6 Vertical head profiles GZB2
The vertical head profiles below the pipe tip for the two tests with GZB5 are shown together
with the profile for GZB1 with the same geometry ((MS 26, MS 33, MS 23 & MS 27). Like the
horizontal head profiles these show the higher heads in GZB1 at a high RD.
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Figure 4.18 Modelled head profiles below the pipe tip for tests with GZB2 and for the test with GZB1 with the same
geometry (heads are shown relative to the head at the pipe tip).

4.2.5 Gradients inside the barrier
The gradient inside the barrier was computed directly from the measurements, which is referred
to as the measured gradient, in Section 3.2.3. That gradient can be computed at 3 locations
along the width of the model, in the centre and at 0.22 m from the centre on either side, as
shown in Figure 3.12.
In Section 3.1.2, the pair of transducers that was most representative for the gradient inside
the barrier at the progression step was selected (Table 3.2). Those measurements were given
priority in fitting the models. Table 4.5 shows the measured gradients in the barrier for the three
transducer pairs, and the gradient that was considered most representative. This is typically
the highest gradient that is measured over the barrier in this step. This would be expected as
that gradient is typically at the location where there is a pipe below the downstream transducer
(h15-17) which means the head in that transducer is lower than the other heads downstream.
For the tests with a thicker barrier the measured gradient over 0.27 m corresponds to
approximately the upstream 2/3rd of the barrier, as the downstream barrier interface is further
away from the row of transducers h15-h17. In the models for the experiments with thicker
barrier, h21, which is at the downstream end of the barrier, is used as the boundary condition
for the pipe rather than one of the transducers h15-h17. This approach is consistent for
modelling, for tests with a 0.30 m thick barrier, h15-h17 are in the downstream end of the
barrier, for tests with a 0.45 m thick barrier, h21 is in the downstream end of the barrier.
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Table 4.5 Overview measured gradients over the barrier at the critical progression point

Test name Most
representative
pair

Gradient
h8-h15

Gradient
h9-h16

Gradient
 h10-h17

MS-GZB1-B25-26 h8-h15 0.64 0.61 0.63
MS-GZB1-B25-33 h8-h15 0.58 0.58 0.53
MS-GZB1-B15-23 h9-h16 0.81 0.61 0.63
MS-GZB1-B25-25 h8-h15 0.80 0.72 0.70
MS-GZB1-B25-29 h8-h15 0.56 0.51 0.50
MS-GZB1-B25-30 h8-h15 0.70 0.70 0.67
MS-GZB1-B15-34 h8-h15 0.74 0.77 0.78
MS-GZB1-B25-31* h9-h16 0.53 0.65 0.54
MS-GZB1-B25-32* h8-h15 0.38 0.36 0.29
MS-GZB5-B25-35 h10-h17 0.73 0.55 0.73
MS-GZB5-B25-36 h10-h17 0.64 0.60 0.71
MS-GZB1-B25-27 h8-h15 0.32 0.23 0.26
MS-GZB2-B25-24 h8-h15 0.39 0.36 0.36
MS-GZB2-MS-28 h8-h15 0.42 0.40 0.25
MS-GZB2-MS-37 No progression step 0.64 0.61 0.63

* For these tests with a thicker barrier, the transducers h15-h17 are far from the barrier edge, resulting in lower gradients over
this distance for these two tests.
Tests are sorted into similar geometry and material types in order to facilitate comparison among similar tests, test MS-
GZB2-B25-37 has a different failure mechanism.

The modelled gradient inside the barrier typically matches the computed gradient based on
head measurements (referred to as the ‘measured’ gradient) to within 5%, Table 4.6.
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Table 4.6 Measured and modelled gradients at the most representative location for the progression step

Test name Measured gradient,

 -

Modelled gradient,

-

Ratio model/ measured,
-

MS-GZB1-B25-26 0.64 0.66 1.03
MS-GZB1-B25-33 0.58 0.59 1.03
MS-GZB1-B15-23 0.61 0.64 1.05
MS-GZB1-B25-25 0.80 0.79 0.99
MS-GZB1-B25-29 0.56 0.57 1.01
MS-GZB1-B25-30 0.70 0.68 0.97
MS-GZB1-B15-34 0.74 0.74 1.01
MS-GZB1-B25-31* 0.65 0.64 0.99
MS-GZB1-B25-32* 0.38 0.53 1.39
MS-GZB5-B25-35 0.73 0.74 1.01
MS-GZB5-B25-36 0.71 0.71 1.01
MS-GZB1-B25-27 0.32 0.35 1.07
MS-GZB2-B25-24 0.39 0.38 1.00
MS-GZB2-MS-28 0.42 0.43 1.02

* For these tests with a thicker barrier, the transducers h15-h17 are far from the barrier edge, resulting in lower gradients over
this distance for those two tests.
Tests are sorted into similar geometry and material types in order to facilitate comparison among similar tests, test MS-
GZB2-B25-37 has a different failure mechanism.

There are two models where the modelled gradient is more than 5% higher than the measured
gradient:

In test MS 27, the ratio of modelled to measured gradients is 1.06. In that test, heads
upstream of the barrier and inside the barrier are either over- or underestimated slightly
in the model, and improving the fit for some transducers worsens it for others. Thus,
the current fit is considered acceptable. Possibly the low RD of the sample also resulted
is some degree of heterogeneity in the sample as this was more difficult to prepare.
- For test MS 32, the ratio of modelled to measured gradients is 1.4. This is because
the downstream transducer that is used to compute the gradient (h15) is next to the
pipe in the experiment, but due to the pipe length, the pipe is modelled below the
transducer (as the model is 2D). The head boundary condition in the pipe in the model
is the head that is measured in transducer (h21) which is lower than in (h15). This
means that for this case, the measured gradient (from h8-h15) is less representative of
the situation upstream of the pipe tip, and the model is considered to be more reliable
indicator of the gradients upstream of the pipe (see also the factsheet for this model in
Appendix 8A).
This effect is not observed in the other tests as the head that is used as the downstream
boundary condition is typically also the head that is measured in the downstream
transducer used to compute the gradient. The only other exception is test MS 31 also
with a thicker barrier where h21 is used for the downstream boundary condition.
However, in test MS 31, the pipe in the barrier is shorter (0.15 m) and therefore this is
not modelled below h16. The head profile that is modelled in the factsheet for that test
(in Appendix 8A) matches the measured heads, resulting in a good match between the
modelled and measured gradients.
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4.2.6 Strength criterion: horizontal gradient over 0.1 m upstream of the pipe tip
Based on the first analysis of medium-scale tests in Deltares (2019b) the gradient over 10 cm
upstream of the pipe tip was selected as a preliminary strength criterion. The modelled
gradients are shown in Table 4.7. The next section first evaluates alternative strength criteria,
and effect of relative density is then analysed in Section 4.4

Table 4.7 Modelled gradient upstream of the pipe tip.

Test name Modelled gradient upstream of pipe tip
over 10 cm, icrit,10cm

-
MS-GZB1-B25-26                                   1.27
MS-GZB1-B25-33 1.24
MS-GZB1-B15-23                                   1.23
MS-GZB1-B25-25                                   1.37
MS-GZB1-B25-29                                   0.94
MS-GZB1-B25-30                                   1.26
MS-GZB1-B15-34                                   1.32
MS-GZB1-B25-31                                   1.19
MS-GZB1-B25-32                                   0.82
MS-GZB5-B25-35                                   1.36
MS-GZB5-B25-36                                   1.32
MS-GZB1-B25-27                                   0.67
MS-GZB2-B25-24                                   0.82
MS-GZB2-MS-28                                   0.76

Tests are sorted into similar geometry and material types in order to facilitate comparison among similar tests, test MS-
GZB2-B25-37 has a different failure mechanism.

The icrit,10cm is shown as a function of relative density and porosity in the figures below. The
correlation between icrit,10cm and porosity and relative density is analysed in detail using data
from the USACE tests in Section 4.4. The data from these tests show a positive correlation
between icrit,10cm  and RDn for all three barrier materials. For GZB1, the three tests where icrit,10cm

is relatively low have icrit,10cm which are comparable to those of GZB2,  whereas the other tests
have icrit,10cm that are comparable to GZB5. For two of the lower outliers no explanation has
been found, for the experiment with low RD, RD may be the cause for deviation, although the
value is considerably lower.
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Figure 4.19 Critical gradient upstream of the pipe tip, icrit,10cm, as function of relative density, RDn, and porosity.

4.2.7 Reynolds number at the pipe tip
In the factual reports of the two series of medium-scale tests (Deltares, 2018a and 2019c) grain
Reynolds numbers were estimated for the barrier and for the background sand based on the
average flow rate through the set-up. Those indicated flow was in the regime where Darcy’s
law applies, values were well below 10, and typically below 1, throughout the entire test.
Convergence of flow to the pipe will result in locally higher flow rates. An estimate of the
Reynolds number at the pipe tip at the critical step for progression is therefore made using the
computed gradients over 10 cm upstream of the pipe tip and the hydraulic conductivity of the
barrier.
The grain Reynolds number Re was calculated as in (Bear, 1972) by:

=

Where  is d50,  is (average) flow velocity (estimated by icrit,10cm*hydraulic conductivity from
model),  is kinematic viscosity. Bear notes that Darcy’s law can be assumed to be valid for
flow around grains when Re is less than 1 to 10. Beyond this he distinguishes a transition zone
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up to Re about 100, and only beyond this point, flow would be turbulent. A grain  of 1 – 10
can be considered as a rough indicator of the limit where Darcy’s law is valid. At higher grain
Reynolds number, the flow will be in the transitional or turbulent regime, gradually deviating
from the Darcian flow.

Table 4.8 Estimated grain Reynolds numbers

Test name Estimated grain Re
MS-GZB1-B25-26 2.03
MS-GZB1-B25-33 2.26
MS-GZB1-B15-23 2.24
MS-GZB1-B25-25 2.92
MS-GZB1-B25-29 1.77
MS-GZB1-B25-30 2.42
MS-GZB1-B15-34 2.60
MS-GZB1-B25-31 2.50
MS-GZB1-B25-32 1.82
MS-GZB5-B25-35 12.22
MS-GZB5-B25-36 15.08
MS-GZB1-B25-27 1.57
MS-GZB2-B25-24 0.66
MS-GZB2-MS-28 2.03

Tests are sorted into similar geometry and material types in order to facilitate comparison among similar tests, test MS-
GZB2-B25-37 has a different failure mechanism.

The values for the tests on GZB1 are all below 3, this suggests that flow is in the Darcy regime.
For the two tests on GZB5 the flow rates and D50 are higher, and therefore the estimated grain
Re are higher, this might be in a transition zone to more turbulent flow.
The modelled gradients over 10 cm are based on 2D models, and might therefore
underestimate the gradient directly upstream of the pipe tip to some extent. These secant
gradients are also the average gradient over 10 cm, and directly upstream of the pipe tip
gradients will be higher. The question is whether the steep increase at the pipe tip which is
modelled numerically actually occurs in practice, due to the finite size of the grains and the
finite depth of the pipe which is not considered in the numerical model. Therefore, the gradient
over 10 cm is considered as an acceptable scale to assess flow upstream of the pipe tip.

4.3 Characterisation of suitable strength criteria
The preliminary strength criterion, the horizontal gradient over 0.1 m upstream of the pipe tip,
was selected based on analysis of only a limited number of experiments from the first series of
medium-scale tests. This means there was relatively little data on which to base a comparison
between alternative criteria.
With a larger dataset, with more variation regarding the effect of the geometry of the barrier, an
improved alternative strength criterion may prove more appropriate. The secant gradient
upstream of the pipe tip is still considered as the driving force for particle mobilisation, but the
distance over which the strength criterion should be determined is a question. The distance of
0.10 m which was selected in Deltares (2018b), was partly based on practical considerations,
and because the small number of tests from the first phase of medium-scale experiments did
not indicate that another distance would be more appropriate.
The hypothesis is that the strength criterion is a local gradient in the barrier over a given
distance, and that the magnitude of the critical gradient is a material property. To determine the
optimal distance for this criterion, the distance is sought where differences among tests on the
same material are minimal. This is done in Sections 4.3.1 (in which only horizontal gradients
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are considered but using data from both the USACE experiments and the medium-scale tests)
and 4.3.2 (in which only medium-scale experiments are considered but where vertical gradients
and flow rate are also considered). In this step, variations in the RD among tests are not
explicitly considered for the medium-scale tests. Those tests are considered as high RD, if the
RD is greater than 0.79 (i.e. all tests except test MS 27). Also, the assumption that geometry,
background sand and other factors related to the experimental set-up do not affect the critical
gradient is made.

In Section 4.4, the effect of small variation among the RD of different tests on the critical
gradient over the selected distance is analysed, for tests on the same barrier material.

4.3.1 Comparison of medium-scale tests to cylinder tests
Cylinder tests were performed by USACE, these are reported in a Memorandum (USACE-
ERDC, 2019). A brief preliminary summary of the results in the Memorandum was provided in
Summary Cylinder Experiments Memorandum USACE, which is included in Appendix 8F. An
analysis report or memo by USACE is in preparation, this resulted in some small changes
compared to the results in the Memorandum (communication USACE, august 2019). For the
analysis of the USACE and medium-scale results in this section, the known changes are taken
into account.

Due to the different geometries of the different set-ups in the USACE experiments and the
medium-scale tests, it was expected that the critical gradient is similar over tests with the same
material at the same RD over the distance that characterises the strength of the barrier, but
differs over other distances (assuming that indeed the horizontal gradient governs pipe
progression). The USACE experiments additionally provided the opportunity to directly
measure upstream of the pipe tip, whereas this is not the case in the medium-scale tests,
therefore the USACE experiments were initially considered to be a better way of determining
the strength criterion. As the USACE tests are easier to perform than the medium-scale tests
a larger number of experiments could also be performed in order to assess the effect of RD on
the barrier strength.

However, due to the different set-ups, factors affecting the strength, such as arching, may also
be different between the tests. Additionally, it is also possible that the vertical gradient also
affects barrier strength, and this vertical gradient is significantly lower in the cylinder tests.
These effects, less arching in the cylinder tests and a lower vertical gradient would partially
offset each other, making it difficult to distinguish them. Therefore, in this Report, the final
selection of the strength criterion is based on the medium-scale tests alone, in Section 4.3.2.

The current section compares the head profiles that were measured in the cylinder tests to
those that were modelled in the medium-scale tests. In order to compare secant gradients for
both tests, a polynomial function was fit to the measured head profiles in the cylinder tests
(Deltares, 2019c). The secant gradient over different distances is computed as the linear
gradient between the pipe tip and the point a given distance upstream. This done for the
polynomial functions fit to the cylinder tests, and for the modelled head profiles for the medium-
scale tests. It would be preferable to also model the cylinder experiments, however this was
not done. As the head profiles are measured closely spaced upstream of the pipe tip in the
cylinder tests, the measured profiles give a good indication of the head profile that would be
expected in a model as well. In a model the head would increase steeper at the tip of the pipe,
due to nonlinear convergence of flow.

4.3.1.1 GZB1
The measured head profiles from the cylinder tests, and the modelled head profiles for GZB1
are shown in Figure 4.20. There is one test where the RD in the cylinder tests is relatively high,
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but lower than in the medium-scale tests. A duplicate test of that test, test 30 in USACE-ERDC
(2019) was eventually considered unsuitable. The head profile for the cylinder test with a lower
RD, Tube 14, is higher than the medium-scale test with a comparable RD.

Figure 4.20 Measured head profile upstream of the pipe tip for cylinder experiments, and modelled head profile
upstream of the pipe tip for medium-scale tests. (RDn refers to relative density based on porosity, heads
are shown relative to the head at the pipe tip).

A comparison of the secant gradients over different distances from the pipe tip is shown in
Figure 4.21.

Figure 4.21 Secant gradients computed from models (MS tests) and from fit to measured head profiles (USACE
tests).

Secant gradients for tube 28 are comparable to the medium scale tests, but a little on the low
side for short distances and on the high side for the larger distance. The secant gradient profile
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for tube 14 is very flat, which gives a reasonable correspondence with the low density medium-
scale test at short distances.

Possibly, the flatter profiles of the secant gradients versus distance for cylinder tests could be
attributed to a stronger convergence of flow in the deeper medium-scale tests.

4.3.1.2 GZB2
For GZB2 material, two cylinder tests were performed in a barrier configuration, with a
background sand in front of the barrier, as well as four uniform tests, with only barrier material.
The barrier configuration could affect the head profile as there is more convergence of flow to
the pipe at the barrier in the downstream end of the barrier.
This could be expected to result in steeper head profiles close to the pipe tip for barrier tests
than for uniform tests. This effect is apparent in the head profiles shown in Figure 4.22 and
Figure 4.23. Tube 27 with a barrier configuration does have a higher head profile close to the
pipe tip than tube 15 with the same RD, and tube 62 with a slightly lower RD.

Figure 4.22 Measured head profile upstream of the pipe tip for cylinder experiments, and modelled head profile
upstream of the pipe tip for medium-scale tests. (RDn refers to relative density based on porosity, heads
are shown relative to the head at the pipe tip). Note that new critical points were determined for test 21
and test 19, therefore these profiles not shown.

Figure 4.23 Measured head profile upstream of the pipe tip for cylinder experiments, and modelled head profile
upstream of the pipe tip for medium-scale tests close-up. (RDn refers to relative density based on
porosity, heads are shown relative to the head at the pipe tip). Note that new critical points were
determined for test 21 and test 19, therefore these profiles not shown.
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The secant gradients in Figure 4.24 are relatively flat for the cylinder tests.

Figure 4.24 Secant gradients computed from models (MS tests) and from fit to measured head profiles (USACE
tests). Note that new critical points were determined for test 21 and test 19, therefore these profiles not
shown.

Despite the higher RD of the medium-scale tests (0.83 and 1.05), the secant gradients in the
medium-scale tests are comparable to the secant gradients in the tube tests with a somewhat
lower RDn (0.45-0.73) for distances greater than ca. 2 cm. The secant gradients for the cylinder
tests over 1 cm are considered less reliable, as the closest measurement to the pipe tip is at 2
cm from the tip. Therefore, the polynomial profile that is fit to these measurements will not
reflect a much steeper gradient over shorter distances. However, the very steep gradients
which are modelled for the medium scale-tests may also not occur in reality.

4.3.1.3 Analysis
In the medium-scale tests, there would be more convergence of flow from below and from the
sides to the pipe tip, which might be expected to result in steeper head profiles close to the
pipe tip, and a larger reduction in the secant gradient with greater distance. The difference
between a configuration as a barrier and as a uniform sand would also be expected to affect
the head profile. This means that there is a different dependency of the secant gradient on the
distance over which it is measured/modelled for different tests. If there is one true distance to
determine a strength criterion, this would be the distance where tests of materials with the same
RD, but different set-ups or configurations have the same gradient.

The secant gradients for both GZB1 and GZB2 tend to be more dependent on distance for the
medium-scale tests than for the cylinder test. This would be in accordance with a stronger
convergence of flow from below in this set-up. However, the expected difference between tests
with a barrier configuration or uniform configuration is not clearly shown in the results.

Overall, the measured secant gradients for the two types of test show a reasonable
correspondence. This suggests that indeed the local gradient upstream of the pipe tip is an
indicator of barrier strength, and that this can be determined using different set-ups.
However, an optimal distance cannot be determined from this comparison. There is overlap
among the results for secant gradients over different distances, and the cylinder tests are
typically done with a lower RD than the medium-scale tests, which means that they would be
expected to have a lower critical gradient. Besides this, other factors also affect the comparison
of secant gradients between cylinder tests and medium-scale tests:
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· 2D models are fit to 3D reality to create the profiles for the medium-scale tests. In reality
the head profiles for the medium-scale tests might be steeper close to the pipe tip, and
flatter further from the pipe tip than in the models. On the other hand, the strong
convergence even in the 2D models may not be as strong in reality. Due to this, as well
as due to uncertainty regarding the exact location of the pipe tip in the medium-scale
tests, gradients over very short distances are considered to be relatively more uncertain
than gradients over longer distances.

· In the cylinder tests the measured heads are used to fit a polynomial function to compute
secant gradients. As the closest measurement points upstream of the pipe tip are 2 cm
away from the tip, any strong convergence of flow at closer distances is underestimated
for those tests. Therefore, gradients over longer distances from the pipe tip are considered
more representative of the gradients in the sample.

· Possibly different effect of arching is different in the two types of set-up. This could affect
the resistance against erosion leading to differences between the medium-scale tests and
the cylinder tests.

· There is significant variation among the results for cylinder tests with the same barrier
material.

Although the secant gradient over a very short distance from the pipe tip might be expected to
be most representative for describing this grain scale mechanism, the evaluated gradients over
the shortest distances are also considered to be least reliable.

There is a significant variation among results for cylinder tests with the same material at the
same RD. In cylinder tests, the pipe has to progress along the centre of the model. This differs
from the medium-scale tests where the pipe can enter the weakest point inside the barrier.
Although all samples are prepared carefully, some degree of heterogeneity might be present.
This might possibly contribute to bigger differences among results in the cylinder tests.
For the barrier materials, it was observed that some segregation into layers occurred during
preparation of the cylinder tests, this may also have affected the results to some extent.
For cylinder tests with a uniform configuration, the pipe was first initiated, then stopped by
lowering the head drop, and re-initiated by raising the head drop again. The re-initiation was
the critical point. If there was some heterogeneity inside the sample, the pipe might possibly
have stopped at a slightly stronger point, which would also lead to a somewhat higher estimate
of the critical gradient. This explanation is speculative, and the effect might be insignificant.

Considering the aforementioned drawbacks, the appropriate distance for a strength criterion
for the barrier materials is investigated by considering the results from the medium scale tests
alone in Section 4.3.2.
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4.3.2 Selection of distance for strength criterion
The models of the medium-scale tests are used to compute the secant gradient over different
distances, both the horizontal gradient upstream of the pipe tip, and the vertical gradient below
the pipe tip. These gradients, and the ‘diagonal’ gradient computed by the combination of these
are investigated to characterise an appropriate distance for the strength criterion. The criterion
where the variation among tests with the same barrier material at the same RD is least is
expected to be the most appropriate strength criterion. This is because the head profile in the
barrier is affected by factors such as geometry and background sand. If the strength is governed
by the gradient over distance  m, the gradients over m should be the same for tests with
the same barrier, but over other distances the secant gradients can be different due to effects
of geometry and background sand.
To quantify the variation, the coefficient of variation, (CoV = standard deviation / mean) is used.

The selection is based on the tests on GZB1 at high RD. There are only 2 tests on GZB2 or on
GZB5 which is insufficient to characterise the appropriate distance based on those tests. There
is only one test with GZB1 with a low RD which is also not sufficient to identify the most
appropriate distance.

Although there is variation among the RD of the barrier, in the range of 0.79 to 1.08 based on
preparation, these are treated as the same RD for the selection of the strength criterion. The
effect of RD on the chosen strength criterion is analysed in Section 4.4.
The secant gradient profiles for the medium-scale models are shown as function of the distance
over which the secant gradient is computed in Figure 4.25. This shows that horizontal gradients,
over all distances, are higher than vertical gradients for the same test. The secant gradients for
test MS 32 and MS 29, and to a lesser extent MS 31 are lower than the other tests. These
outliers were also noted in the analysis of experimental results in Chapter 3 and the analysis of
the modelled head profiles in Section 4.2.4.
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Figure 4.25 Secant gradients computed based on modelled head profiles for the critical step in the medium-scale
tests with GZB1 at a high RD.

The CoV for gradients over each distance are shown in Figure 4.26. First the entire dataset for
GZB1 at a high RD is considered, second it is also shown what the values would be if tests MS
29 and MS 32, the two outliers on the low side, were not taken into account.
In both cases the horizontal gradients show less variation than vertical or diagonal. This
suggests that the horizontal gradient over a given distance would be appropriate strength
criterion, supporting the hypothesis.



11200952-052-GEO-0002, Version 0.3, July 9, 2019, draft

Analysis Report Coarse Sand Barrier 84

Figure 4.26 Coefficient of variation for secant gradients for GZB1 at a high RD with and without outliers MS 29 and
MS 32.

Figure 4.26 shows that without the two outliers the CoV would be lower, as can be expected.
However, using all data would suggest that a gradient over as large as possible a distance
(0.18 for this series of tests) gives least variation. Using the set of data without the outliers
indicates that a distance of 0.10 m is more appropriate. However, a close consideration of the
outlier tests in Section 4.3.2.1 shows that there is no clear reason to discard those outlier
results.

For both test MS 31 and MS 32, the barrier is wider than in the other experiments. The critical
step is characterised by the point where the gradients over the barrier fall (gradients in h8-h15;
h9-h16; h10-h17). These gradients are computed are over almost the entire barrier in the other
tests but over the upstream part of the barrier for these tests. This is probably the reason that
the pipe is already further into the barrier at the step that is used to model the critical gradient
(pipe lengths are 0.15 m in MS 31, 0.18 m in MS 32). As the pipe tip is further away from the
edge of the barrier, this would lead to a more 3D flow situation in those tests than in the other
tests. That could affect the degree to which the models are able to capture the head profile
upstream of the pipe in the barrier, as the 2D model will underestimate the head profile for a
3D situation. However, due to the method of fitting the model to the measured heads in the
barrier, this would not have a significant effect on the modelled gradient upstream of the pipe
tip. (this would have an effect on the permeability of the barrier that is fit in the model). As in
test MS 31, 2 pipes had grown into the barrier at the critical step, and in test MS 32 there was
only 1 pipe, the degree of underestimation would be greatest in MS 32.
To indicate what would be the effect of not considering these two tests, the CoV are shown for
the dataset of GZB1 tests with a high RD and barrier width of 0.30 m (7 tests) in Figure 4.27.
This also gives the smallest CoV for a distance of 0.10 m, however, the effect of distance is
negligible.
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Figure 4.27 Coefficient of variation for secant gradients for GZB1 at a high RD with and without thicker barriers

If the intention is to apply a thicker barrier in the field, then it would not be appropriate to not
use the two tests with a thicker barrier for the determination of the strength criterion. Rather
these two tests would be more representative than the other tests. The predictive models would
also have a larger difference between the 2D and 3D situation.

4.3.2.1 Analysis of outlier tests
As the critical head profiles are significantly lower than in the other tests for tests MS 29 and
MS 32, the question can be raised whether there is anything in the test that would account for
this.  Several factors are discussed here.

If the pipe progressed further away from transducers, this would mean that the heads used to
model the gradient in the barrier are on the low side. For test MS 29, pipe progression occurred
just beside the centre of the model, not exactly at the location of the transducers but close to
these. Therefore, the gradient that was measured in the centre, which was the highest of the
three measured gradients in the model at that step, is used and seems representative.
For test MS 32 the barrier was thicker, and the downstream row of transducers used to compute
the experimental gradients were not in a pipe. Therefore, these measured lower gradients
would indeed underestimate the gradient. However, in the model of this test, the head in
transducer h21, which was in the pipe downstream of the barrier is used, therefore the
downstream head used to model the gradient is considered be representative. The pipe
progressed from the centre towards the east side of the model during the progression step, but
the transducers on the upstream side of the barrier in the centre and in the east showed the
same head, therefore this would be expected to characterise the gradient upstream of the pipe.

The RD of the barrier based on preparation is 0.90 (MS 29) and 0.81 (MS 32). The mean RD
for this set of tests is 0.89 (SD 0.09). So, this does not sufficiently account for the different
behaviour.
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In summary there is no indication that the head measurements that are used to model the head
profile are lower or more likely to underestimate the head upstream of the pipe than for other
experiments in this investigation.

The measured flow rates at the critical step also indicate that the flow rate for MS 29 is
significantly lower than the flow rate in MS 25 (5.91 l/min and 10.26 l/min respectively). As the
flow rate in the model is related to the loading at the pipe tip, this is a measure, independent
from the head measurements, that also indicates a weaker barrier in MS 29 than in MS 25.
However, here it is also important to consider that the barrier in MS 25 has a relatively high RD
(1.01). For MS 32 the flow rate is also lower than for test MS 31 with the same configuration
(8.08 l/min and 10.89 l/min respectively). Here the barriers have a similar RD (0.81 and 0.85
respectively).

4.3.2.2 Discussion & recommendation
Alternative strength criteria, not based on the assumption of a critical gradient for pipe
progression inside the barrier, could be the flow rate or the total head drop at the critical step.
The total head drop is known to be scale dependent, and strongly dependent on the background
sand, and is therefore not suitable as a strength criterion. Even for these tests at one scale, the
CoV of the head drop at the critical step is 0.39 (for tests on GZB1 at high RD). This is clearly
higher than for the secant gradients upstream of the pipe tip (over all distances considered in
this section).
For the flow rate the CoV is 0.17 (including all tests on GZB1 at high RD. This is lower than for
the overall head drop, but still higher than for the secant horizontal gradients that are
considered.
Thus, the results of the foregoing analysis do not provide any indication that the hypothesis that
the barrier strength is governed by a horizontal gradient upstream of the pipe tip is incorrect, or
that an alternative criterion is more appropriate.
Analysis of the secant gradients over different distances shows that there is relatively little
variation among the tests. The CoV of the computed secant gradients appears to decrease
slightly with distance when the entire dataset is considered, however, the effect of distance on
the CoV of the gradients is very small.
In the initial phase a gradient of 0.1 m upstream of the pipe tip was used, based on practical
considerations. Based on the physical process of grain mobilisation, a smaller distance might
be expected, on the other hand in several tests the pipe was observed to progress an even
longer distance in the barrier at the critical step. For GZB1, 0.1 m corresponds to approximately
70 times the D50. As there is no strong indication that a longer distance is more appropriate, the
criterion over 0.1 m is therefore maintained.

4.3.2.3 Pipe length
The pipe length at the critical point in the experiments is used to model the experiments and to
compute the strength criterion. A larger pipe in the barrier results in a larger outlet area, and a
lower head profile in the barrier. For a predictive model, the pipe length will be unknown, and a
length has to be assumed. A conservative estimate would be a shorter pipe length, as this
results in higher gradients inside the barrier at a given head drop. However, this selection will
have to be made based on the overall safety philosophy for the CSB.

The pipe lengths in the barrier in the models are shown in  Table 4.1, for GZB1 at a high RD
with a thickness of 0.30 m, the mean pipe length is 0.07 m and the CoV is 0.37. There are two
tests with the minimum pipe length of 0.04 m. The pipe length is longer for the thicker barrier,
0.15 m and 0.18 m.

The length of the pipe in the predictive model of a thicker barrier requires careful consideration.
Based on the first phase of medium-scale experiments (phase 2b), a length of 4 cm was
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suggested for predictive models with a 30 cm thick barrier. This corresponds to the shortest
observed pipe length at the critical progression step in the tests. Although pipes are not present
along the entire width of the model in the tests, there is crumbling of the barrier. Therefore, a 4
cm pipe in the 2D model can be considered a reasonable approximation. If a thicker barrier is
used, a longer pipe might be appropriate, the pipe lengths in the barrier were 18 cm and 15 cm
in the two tests with a thicker barrier. However, as the crumbling zone is not expected to
increase significantly in length it is recommended to only have a modest increase in the
modelled pipe length in prediction models, such as an increase of the same ratio as the ratio
by which the barrier thickness increases i.e. for a 45 cm barrier instead of 30 cm barrier a pipe
of 6 cm instead of 4 cm. The selection of an appropriate length should be tied in with the overall
safety philosophy for the CSB.

4.3.2.4 Distance of strength criterion for GZB5
As shown in Section 4.2.4, the head profiles at the critical step for GZB5 are comparable to
those for GZB1. The pipe length in the barrier at the critical progression step is also similar,
0.07 m for both tests. This suggests that the same strength criterion can be used for this
material as it has a similar Cu (GZB1 Cu = 3.7; GZB5 Cu = 3.2) despite having a larger grain
size (GZB1 50 = 1.40 mm, GZB5 50 =  2.26 mm). Using the criterion over the same distance
does mean that this distance is only ca. 45 grains for GZB5, rather than the 70 grains for GZB1.

Based on experience that the size of the pipe at its tip is related to the grain size (Van Beek,
2015), one would expect that the distance of the strength criterion is also related to the grain
size.

If the criterion were selected over the same number of grains, this would be over 16 cm for
GZB5, which would reduce the critical gradients from 1.36 (MS 35) and 1.32 (MS 36) to 1.07
and 1.04. Although this might be due to the slightly lower Cu of the GZB5 tests, the limited
number of tests and the scatter in the results make it difficult to assess this.
Overall, the influence of grain size and Cu would require further investigation.

4.4 Relative density
The effect of relative density, or porosity, on the critical gradient is essential to assess whether
the barrier must be well compacted in the field. In the medium-scale test series there was only
one test with a lower RD (of 0.55), and this test has a lower , . In the cylinder tests, a
wider range of RD’s could be tested and these are used to assess the effect of RD.
In this report, RD refers to the relative density based on porosity (not based on void ratio). The
RD is an indication of the porosity of a sample relative to the maximum and minimum porosities
that that particular soil can have. This measure is useful to compare the state of different
samples to each other. In order to have an indication of the volume of voids relative to the
sample volume, the porosity is a better indicator.

The icrit,10cm is shown as a function of RD and of porosity. Overall the critical gradient shows an
increasing trend with increasing density of the sample, i.e. with decreasing porosity.
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Figure 4.28 Critical gradient over 0.1 m upstream of pipe tip, icrit,10cm, versus relative density (based on porosity) for
cylinder tests with a uniform sample (circles), cylinder tests with a barrier configuration (squares) and
medium-scale tests, triangles. Colour indicates the material.

Figure 4.29 Critical gradient over 0.1 m upstream of pipe tip, icrit,10cm, versus porosity for cylinder tests with a uniform
sample (circles), cylinder tests with a barrier configuration (squares) and medium-scale tests, triangles.
Colour indicates the material.

Considering the figure where ,  is related to porosity also illustrates the effect of sorting
on the porosity. Samples with a broader grainsize distribution, GZB1, GZB2, and GZB5 have
a lower minimum and maximum porosity than uniform samples, so samples are more spread
out along the porosity axis.

As Cu and grain size may also have an effect on the strength, a correlation of the critical
gradient with RD or porosity should ideally be derived based on considering only tests on a
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given material. And, as the actual strength might be different in the cylinder tests than in the
MS tests, the derivations should ideally be based on tests on either of these set-ups.
However, the number of tests available is then limited:

· B15: 1 cylinder test
· B25: 3 cylinder tests
· MZ: 3 cylinder tests
· S4070: 7 cylinder tests
· GZB1: 2 cylinder tests (barrier
· GZB2: 6 cylinder tests (4 uniform, 2)
· GZB3: 2 cylinder tests (uniform)
· GZB1: 10 medium-scale tests
· GZB2: 2 medium-scale tests
· GZB5: 2 medium-scale tests

In order to analyse the correlation between RD or porosity and icrit,10cm for tests in the same set-
up on the same sample the tests on GZB1 in the medium-scale, GZB2 in the cylinders and 40-
70 sand in the cylinders are used first.

Subsequently, as differences between the strength criterion in the two set-ups might be small,
and as the relatively uniform sands Baskarp 15, Baskarp 25, GZB3 and S4070 (properties
described in the Factual Report) might have a similar strength and relation between strength
and RD or n, the analysis is also performed with those data as one dataset (using data from
the cylinder experiments). Similarly cylinder tests with GZB1, in combination with medium-scale
tests on GZB1 and GZB5 are also combined.
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Figure 4.30 Linear fit of correlation  between icrit,10cm and RD for soil S4070 in the cylinder tests. (value is slope of the
line between icrit,10cm and RD or n respectively, r2 is the correlation coefficient of the fit).

The slope of the line between RD and icrit,10cm for the S4070 soil is 0.25, approximately the same
as was found in the first analysis of cylinder experiments in Deltares (2018c). In that analysis
there were less datapoints, and the new datapoints confirm the trend that was already found.
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Figure 4.31 Linear fit of correlation between icrit,10cm and RD for soil GZB2 in the cylinder tests. (value is slope of the
line between icrit,10cm and RD or n respectively, r2 is the correlation coefficient of the fit).



11200952-052-GEO-0002, Version 0.3, July 9, 2019, draft

Analysis Report Coarse Sand Barrier 92

Figure 4.32 Linear fit of correlation between icrit,10cm and RD for soil GZB1 in the medium-scale tests. (value is slope
of the line between icrit,10cm and RD or n respectively, r2 is the correlation coefficient of the fit).

For both barrier materials, GZB1 and GZB2, the slope of the line between RD and icrit,10cm is
much steeper than for the S4070, 1.3 (GZB1) and 1.6 (GZB2).

4.4.1 Interpretation
A speculative interpretation of the correlations that were found for the effect of RD on the critical
gradient is given here. This is based on a limited number of datapoints, and correlation
coefficients are not very high, therefore additional experiments would be required to verify this.

Various authors have found that the zone of grains close to the tip of a pipe are loosened. The
size of this zone can be expected to be grain size dependent. Loosening of grains over part of
the distance over which the secant gradients is computed will reduce the secant gradient
somewhat. This will be the case independent of the Cu or RD of the material.

To compare the effect of RD on the critical gradient between materials with very different
grainsizes, the gradient over a similar group size should be compared. As it is expected that
the size of the loosened zone is grainsize dependent, this will ensure that the loosened zone
occupies a similar proportion of the distance over which the secant gradient is computed. For
barrier materials GZB1 and GZB2, the d50 is larger than in the S40-70 sand, and therefore the
influence of the loosened zone on the icrit,10cm would be larger.
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4.5 Modelling of experiment with barrier top above sand aquifer
This section concerns the modelling of experiment MS-GZB2-B25-37, in which the barrier
penetrates 0.1 m into the cover layer. The experimental observations are described in Section
3.3. In this test when the pipe reached the barrier a slope formed, which progressed in the
upstream direction. Pipes formed from the end of the slope, which progressed upstream and
failure was considered as the point where heave occurred at the upstream tip of one of the
pipes which was at the upstream interface of the barrier. This allowed transport of background
sand through the barrier.

The critical point for failure for this test is considered as the point just before heave caused the
background sand to flow into the barrier. For modelling the strength of such a situation, the
vertical gradient at the upstream side of the slope at the critical point for fluidisation could be
appropriate. This requires insight into the angle of the slope in the barrier, which determines
the distance over which vertical gradients need to be exceeded. A shallower slope will lead to
a shorter distance, which results in a lower strength. Thus, for a prediction model, it is important
to be able to predict what slope is stable at the hydraulic gradients that occur in the field.

The erosion of a slope subjected to an outward directed seepage has been investigated by
several researchers, who propose relations to compute the slope angle as a function of the
outward directed hydraulic gradient. A brief summary is presented in Section 4.5.1.

In MS37, the slope inside the barrier was measured at several times during the test. The slope
that was measured during the last measurement, which was 0.65 m below the critical head
drop, is modelled in Appendix 8C as well as a situation where the slope had progressed all the
way to the upstream barrier interface. The modelled hydraulic gradients perpendicular to the
slope were significantly higher than models (van Rhee and Bezuijen, 1992; Phillippe and
Richard, 2008) would predict for a slope with the measured angle (Section 4.5.3.2). This means
that the slope would be expected to be unstable.  Observations also showed that erosion
occurred whilst these slopes were being measured.
Besides not having reached an equilibrium yet, there could be other factors that cause the
modelled slope in the barrier to be steeper than expected based on theory:

- A more permeable zone at the surface of the slope could reduce the outward gradient
locally( similar to a falling apron for slope stability), which is presented in Appendix 8D,

- The hydraulic conductivity of the barrier material as a whole could have been higher than
in the original model, which is investigated in a sensitivity analysis in Appendix 8E.

- A combination of the effects mentioned above, and the lack of an equilibrium at the time of
het measurement is also possible. Additional experiments in which an equilibrium situation
is established prior to laser measurements will be required to assess slope stability.

Section 4.5.2 first briefly presents the models and then Section 4.5.3 presents an overall
analysis of the results of those 3 appendices.

As it is probable that no equilibrium was achieved during the measurements on which the
models in this section are based, this means that the measured slopes are not appropriate for
design of a CSB. This section is intended purely to provide insight into the physical mechanisms
that occurred, and not for design criteria.

4.5.1 Stability of a slope subjected to outward seepage
The gradient perpendicular to of the slope surface, is of interest to determine whether the slope
is expected to be stable. Several authors have formulated expressions to compute the
equilibrium of forces for a slope subjected to outward seepage.
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For a continuum approach considering the equilibrium of forces on a block of soil on an infinite
slope, Kovacs (1981), van Rhee and Bezuijen (1992) and Philippe and Richard (2008) derive
similar expressions. Rewriting these equations gives the stable slope angle as function of the
gradient perpendicular to the slope (where the outward directed gradient is positive) as:

, = − arcsin (1 − )( − )  sin ( )

Eq. 4.2

Symbols
- ,  = angle of the slope, degrees
-   = porosity
-  = density of water, kg/m3

-  = density of grains, kg/m3

-  = angle which characterises internal friction in the soil, degrees
-   = gradient perpendicular to the slope (outward direction is positive), -

The difference among these authors formulations lies in the interpretation of the parameter that
characterises the internal friction of the soil. This is referred to as the angle of friction in Kovacs
(1981), and as the internal friction angle in Van Rhee and Bezuijen (1992). Phillippe and
Richard (2008) refer to =  as the effective friction coefficient but note that it is unclear if
there is a link between the angle  and the angle of internal friction which is commonly used in
soil mechanics at higher stress conditions. Those authors also derived a stability criterion based
on a particle approach, which gives the same relation as the continuum approach but with a
different interpretation of the angle , which is now a mean geometrical stability angle. The
authors specify that the angle  therefore means the angle at which the infinite slope is stable
when there is no water flow into or out of the slope, i.e.  = 0 in Eq. 4.2. This latter definition
allows the determination of  as part of their test series by Philippe and Richard (2008). They
note that this angle is in the order of 6o-9o higher than the angle of repose. Here they describe
the angle of repose as the angle where the surface of a granular bed is linear in the purely
hydrostatic situation.

For flow out of the slope, Philippe and Richard (2008) note that the detection of the onset of
instability by direct observation is difficult as erosion is progressive. They perform tests on glass
beads by tilting the sample gradually at constant flowrate. They observe that initially the sample
seems to gradually move as a whole, but that the erosion then concentrates at the upper
surface which leads to partial flattening of the slope.

Based on Eq. 4.2 the equilibrium slope angle is presented as a function of the hydraulic gradient
in Figure 4.33. Note that Eq. 4.2 will result in imaginary numbers when the term inside the

() expression is greater than 1, however, this situation is not likely to occur in practice as
this would require a hydraulic gradient that is significantly higher than 1.
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Figure 4.33  Equilibrium slope angle computed using Eq. 4.2 (for = 2650 / ). Top effect of  at
constant porosity, bottom effect of porosity at constant

These figures provide several useful insights:

• When there is no flow, the  is equal to , and independent of porosity;
• When there is flow,  is higher for denser samples, due to the larger soil weight,

counteracting the hydraulic forces, the effect of RD on the friction angle is not accounted
for in the calculations

• For a given porosity and a flat surface ( = 0) the critical gradient is independent of the
friction angle (as the critical gradient is now only determined by the weight of the soil
counteracting the seepage force);

• A higher internal friction results in a steeper slope for a given hydraulic load;
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4.5.2 Models

4.5.2.1 Geometry
The models are based on the last laser measurements prior to failure, which are presented in
Appendix 8G and Appendix 8H. There was erosion of the slope in the barrier between the last
measurement and failure. The slope in the barrier does not reach the upstream barrier interface
along the entire width of the model at failure (Figure 4.34). The failure occurs at the end of the
pipe that progressed from the slope to the edge of the barrier.

Figure 4.34 Top view of the pipe in the barrier in the last head increment prior to failure, failure occurred at the west
side of the model (top of this figure).

As a 2D model is used to model the critical slope, both the last measured slope (which touches
the cover layer), and a slope which reaches the upstream interface of the barrier, are modelled,
as shown in Figure 4.35. Note that this is a schematisation in order to obtain an impression of
the hydraulic outward gradients on the slope at the head drops that were applied. The case
with a slope reaching to the upstream interface of the barrier was not actually observed in the
experiment, but may be closer to reality than the other simulations, since a pipe was present at
the modelled situation.

Observations indicate that the deepest point of the toe of the slope was below the impermeable
cover layer at the critical point for failure. Laser measurements, analysed in Appendix H have
a too high uncertainty to be able to reliably determine the bottom of the slope, the estimated
slope depth indicate that the bottom of the slope is more or less around the bottom of the
impermeable cover layer. Therefore, models are made both for the case where the toe is below
the impermeable layer, creating a contact between the void and the pipe downstream, and
where this is not the case, in order to investigate the effect on the head profile.
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Figure 4.35  Geometry used in the models (in Appendix 8C and 8E), dark red is void, pink is barrier, blue is
background sand upstream (dark) and downstream (light) of the barrier, white is the silicone layer. The
top of the slope in the barrier is modelled to the upstream end of the barrier, (l.h.s.) as well as touching
the cover layer (middle & l.h.s). The toe of the barrier is modelled to below the cover layer (l.h.s. &
middle) and touching the side of the protrusion (r.h.s.).

On the downstream end of the barrier, the pipe is modelled as a vertical boundary condition,
with a depth of 1 cm or 2 cm, refer to Appendix 8C for a full description of boundary conditions.
The different depths of the pipe were found not to have a significant effect on the modelled
gradient exiting the slope. Note that this does not mean that the pipe had this depth, the depth
of the pipe could not be observed in the experiments. It might also have been deeper. Although
this depth does not affect the modelling of the experiments, when a design is made, the depth
of the bottom of the slope is relevant as it influences the height of the top of the slope above
the aquifer on the upstream side of the barrier.

The analysis of a more permeable layer at the surface of the slope (Appendix 8D) is
conducted using a model where the thickness of the more permeable zone increases with
depth in the barrier as shown in (Figure 4.36).

The sensitivity analysis addressing the possibility that the entire barrier was more permeable
(Appendix E) is done using models where the bottom of the slope extends below the cover
layer, for the top of the slope reaching the cover layer and for the top of the slope reaching
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the upstream end of the barrier (Figure 4.35).

Figure 4.36  Geometry used in the models in Appendix 8D, dark red is void, pink is more permeable layer at the
surface of the barrier, grey is the barrier with the standard permeability, blue is background sand
upstream (dark) and downstream (light) of the barrier, white is the silicone layer. The toe of the barrier is
modelled to below the cover layer (l.h.s. & middle) and touching the side of the protrusion (r.h.s.).

An overview of the geometry of the models is shown in Table 4.9, refer to Appendix 8C for
details regarding the mesh.

Table 4.9 Overview of model geometries, for detailed dimensions refer to the appendices.
Model name Slope top

touches
cover or
upstream
end of
barrier

Slope
toe
above
or
below
bottom
of cover
layer

Slope
angle,
°

Depth pipe
downstream,
m

More
permeable
layer

Appendix

MS37_1 Cover Above 19.4 0.010 No 8C
MS37_2 Cover Below 23.3 0.010 No 8C
MS37_3 Cover Above 19.4 0.020 No 8C
MS37_4 Cover Below 23.3 0.020 No 8C
MS37_5 Upstream

end
Below

18.4 0.020
No 8C

MS37_1_ZoneK Cover Above 19.4 0.010 Yes 8D
MS37_1_ZoneK2 Cover Above 19.4 0.010 Yes 8D
MS37_2_ZoneK Cover Below 23.3 0.010 Yes 8D
MS37_2_ZoneK2 Cover Below 23.3 0.010 Yes 8D
MS37_2_2KB Cover Below 23.3 0.010 No 8E
MS37_2_KBPlus2Sig Cover Below 23.3 0.010 No 8E
MS37_2_KB_RD60 Cover Below 23.3 0.010 No 8E

MS37_5_2KB
Upstream
end

Below
18.4 0.020

No 8E

MS37_5_KBPlus2Sig
Upstream
end

Below
18.4 0.020

No 8E

MS37_5_KB_RD60
Upstream
end

Below
18.4 0.020

No 8E

No 8E
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4.5.2.2 Boundary conditions
The head is measured at the outlet hole in h23. This head is applied along the top of the model
from the outlet hole to the start of the impermeable cover, as the pipe runs there.

The pipe then passes down below the impermeable cover layer and then horizontally to the
barrier interface. There will be a higher head drop in the vertical section of the pipe than in the
horizontal section, therefore the head boundary condition at the top of the model is less than
the head in the horizontal pipe that runs below the impermeable layer to the barrier. The head
in this lower pipe is based on the lowest head that was measured in the barrier.

Boundary conditions for one model (model 4 where the upstream tip of the slope is at x = -
0.750 m and y = 0 m and the downstream tip is at x = -0.495 m and y = -0.110 m and the pipe
depth at the barrier is 0.02 m) is shown in Figure 4.37.

Figure 4.37 Boundary conditions for model 4, green is upstream head, yellow is head in pipe at the barrier and blue
is head at outlet hole.

For Appendices 8C and 8E, which contain the modelling of the slope and the sensitivity of the
modelled gradients out of the slope to the hydraulic conductivity of the barrier, the heads used
as inputs are the heads that are measured in the critical step for failure, i.e. in the time interval
18:45-18:50. The upstream head is corrected for head loss over the filter is 4.94 m. The head
in the pipe at the barrier based on h17, the lowest head in the barrier, is 0.06 m. The head at
the outlet is 0.00 m. This means that there is a head drop of 0.06 m between h17 and h23.
Strictly speaking the models 1-4 do not have the geometry that was present at failure, but the
geometry that was present during the last laser measurement. However, due to the linear
nature of saturated flow, the modelled gradients and flow rates can be scaled to different head
drops, so that conclusions can be drawn about the groundwater flow situation during the laser
measurements as well.
In model 5, the slope extends to the upstream end of the barrier, which was not observed in
the test, as in the test a pipe formed from the end of the slope that progressed to the upstream
end of the barrier. The modelled slope is therefore shallower than the slope that occurred in
the barrier, however, as the slope in the barrier was probably not in equilibrium it means that
measured slopes were probably too high.

For Appendix 8D (effect of more permeable layer on top of slope), as only the geometry where
the top of the slope  touches the cover layer is modelled (models 1 and 2), the input used is the
average values of the heads that are measured whilst the laser measurement is made, i.e.
from 17:55 to 18:15. This analysis is also intended to analyse whether the measured slope
could be in equilibrium with the outward directed gradient, which is the reason that the head at
the measurement is used as the boundary condition. The upstream head is corrected for head
loss over the filter is 4.62 m. The head in the pipe at the barrier based on h17, the lowest head
in the barrier, is 0.46 m. The head at the outlet is 0.40 m. This means that there is a head drop
of 0.06 m between h17 and h23. The high head at the outlet is due to the head drop in the sand
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boil. (In Appendix 8C, the critical point is modelled, when the outlet head was lowered, i.e. this
was negative, which resulted in the head in h23 being 0 m).

4.5.2.3 Material parameters
The hydraulic conductivity in the basis models in Appendix 8C is based on the relative density
during preparation and the correlation between hydraulic conductivity and porosity that was
derived based on column experiments (Deltares, 2019c). This gives:

· Background sand upstream: 2.28e-4 m/s
· Background sand downstream: 1.92E-4 m/s
· Barrier: 1.38E-3 m/s based on the ‘washed’ GZB at RD 0.86 (Deltares, 2019c).

The compressibility of water is 0, the density 998.2 kg/m3, and the viscosity 1.0016 mPa.s.

For the more permeable zone in Appendix 8D, two alternatives are considered.
As it is possible that the finer grains washed out of the barrier at this looser zone, the hydraulic
conductivity of the fine filter sand (which is the coarsest component of GZB2 making up 80%
of the barrier material) at RD 0 is used for models MS37_1_ZoneK and MS37_2_ZoneK,  this
is 1.47E-2 m/s, a contrast of 11 with the barrier material.
Another option is that the relative density of the barrier material is lower at the surface, but that
fines were not washed out. For models MS37_1_ZoneK2 and MS37_2_ZoneK2 the hydraulic
conductivity of GZB2 with a RD of 0 is used. This gives a hydraulic conductivity of 3.75E-3 m/s
and a contrast of 2.7 with the barrier material.

In Appendix 8E, three options for a more permeable barrier are modelled:

· MS37_X_2KB: the hydraulic conductivity of the barrier is twice as high as in the basis
model, 2.76E-3 m/s.

· This corresponds to a RD of the barrier of 0.28 which very unlikely to have been the case
in the experiment. The estimated RD based on preparation is 0.87 and the estimated
uncertainty on the RD determination is only ca. 0.20;

· MS37_X_KBplus2Sig: here correlation coefficient, x , of the fit between porosity and
hydraulic conductivity =

( )
is increased by 2 times the standard deviation of  to

calculate the hydraulic conductivity of the barrier (for the RD of 0.86 measured during
preparation).

· MS37_X_KB_RD60: the hydraulic conductivity of the barrier corresponding to a RD of
0.60, 1.89E-3 m/s.

A summary of the hydraulic conductivity of the barrier and the contrast with the background
sand upstream and downstream is given in Table 4.10 .
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Table 4.10 Overview of hydraulic conductivity in models.
Model name Contrast

barrier/background
upstream

Contrast
barrier/background
downstream

Contrast
permeable
zone/barrier

Appendix

MS37_1 6.1 7.2 n.a 8C
MS37_2 6.1 7.2 n.a 8C
MS37_3 6.1 7.2 n.a 8C
MS37_4 6.1 7.2 n.a 8C
MS37_5 6.1 7.2 n.a 8C
MS37_1_ZoneK 6.1 7.2 10.6 8D
MS37_1_ZoneK2 6.1 7.2 2.7 8D
MS37_2_ZoneK 6.1 7.2 10.6 8D
MS37_2_ZoneK2 6.1 7.2 2.7 8D
MS37_2_2KB 12.1 14.4 n.a 8E
MS37_2_KBPlus2Sig 6.9 8.2 n.a 8E
MS37_2_KB_RD60 8.3 9.9 n.a 8E
MS37_5_2KB 12.1 14.4 n.a 8E
MS37_5_KBPlus2Sig 6.9 8.2 n.a 8E
MS37_5_KB_RD60 8.3 9.9 n.a 8E

4.5.3 Results and analysis
An example of the flow profile in the barrier (from Appendix 8C) is shown in  Figure 4.38.

An analysis of the individual results for the different calculations is presented in Appendices 8C
and 8D, results from Appendix 8E are only analysed in the current chapter, which presents an
overview of the main results from the three appendices.  This section first addresses which of
the model configurations can reproduce measured head profiles well, and which models are
therefore most representative of the experiment. Subsequently the outward gradient on the
slope, which is used to analyse slope stability, the horizontal gradient at the top of the slope,
which is used to analyse the formation of pipes, and the vertical gradient at the upstream end
of the barrier, which is used to analyse fluidisation, are presented.
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Figure 4.38 Head distribution in model MS37_2. Top head scale ranges from 4.94 m to 0 m. Arrows indicate flow
direction, magnitude indicates flow velocity magnitude. White contour lines indicate head from 0 m to
0.5 m in 0.02 m intervals. Middle, materials (red = void; pink = barrier; dark blue = background sand
upstream; light blue = background sand downstream; white is location of impermeable layer). Bottom
close-up of barrier head scale ranges from 0.06 m (head boundary condition for pipe at the barrier) to
0.5 m.

4.5.3.1 Modelled head profiles and flow rate
In order to analyse which model configurations, match the head measurements, the modelled
head profiles are compared to measured heads in this section. The configurations where
measured head profiles correspond well with the measurements are considered to be most
representative of the experiment, and therefore appropriate for analysis of the slope stability,
for the formation of pipes, and for fluidisation at the upstream end of the barrier.

The modelled heads in the top of the barrier are too high for the models where the toe of the
slope is not below the bottom of the impermeable layer if the barrier is modelled using a uniform
hydraulic conductivity based on the RD from preparation as shown in Figure 4.39. This is
because in these numerical models there is no contact between the void and the pipe
downstream. That means that using the measured head in the void as the boundary condition
for the pipe, which was done in the models, would not be correct.
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With a more permeable layer at the surface of the slope the models with a shallower slope, i.e.
where the toe is not below the bottom of the impermeable layer, can also match the measured
head profile, as shown in Figure 4.40.

Figure 4.39 Modelled and measured heads in the top of the barrier for models in Appendix 8C, where the barrier has
a uniform hydraulic conductivity based on the RD from preparation (0.86). In models 1 and 3 the toe of
the barrier is shallower than the bottom of the impermeable layer. The modelled head and measured
heads are corresponding to the critical step for failure.

Figure 4.40 Modelled and measured heads in the top of the barrier, for models in Appendix 8D, where the barrier
has a more permeable layer at the surface of the slope. In model 1 the toe of the barrier is shallower
than the bottom of the impermeable layer. The modelled and measured heads correspond to the period
of the laser measurement.

The head profile in the bottom of the model is measured at 5 locations throughout the model,
and therefore provides a better indication of the goodness of the models than the head in the
top of the model in the void. The modelled head profile for different geometries with the same
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hydraulic conductivity of the barrier is shown in Figure 4.41, again the models where the barrier
toe is above the bottom of the impermeable layer overestimate the head, both in the barrier
and downstream of the barrier. With a more permeable layer at the surface of the slope the
models with a shallower slope can also provide a better match to the measurements. However,
as the observations indicate that the depth of the bottom of the slope was below the depth of
the impermeable layer at the critical point, the models in which this is the case (models 2, 4,
and 5) are considered most representative of the critical situation. Therefore, the analysis of
the gradients in the next sections is based only on the models where the toe of the slope is
deeper than the bottom of the impermeable layer.

Figure 4.41 Modelled and measured heads in the bottom of the barrier for models in Appendix 8C, where the barrier
has a uniform hydraulic conductivity based on the RD from preparation (0.86). In models 1 and 3 the toe
of the barrier is shallower than the bottom of the impermeable layer. The modelled and measured heads
are corresponding to the critical step for failure.

Figure 4.42 Modelled and measured heads in the bottom of the barrier, for models in Appendix 8D, where the
barrier has a more permeable layer at the surface of the slope. In model 1 the toe of the barrier is
shallower than the bottom of the impermeable layer. The modelled and measured heads correspond to
the period of the laser measurement.
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The effect of a higher hydraulic conductivity of the barrier (as compared to the hydraulic
conductivity that would correspond to the RD that was determined during preparation) is shown in
the head profiles in the bottom of the models for models 2 (Figure 4.43) and 5 (Figure 4.44). Both
models have the depth of the toe of the slope below the bottom of the impermeable layer, as this
is considered most representative of the critical state in the barrier (to be discussed in Section
Both models have the depth of the toe of the slope below the bottom of the impermeable
layer, as this is considered most representative of the critical state in the barrier.
). In model 2, the top of the slope touches the cover layer, as was the case during the last laser
measurement. In model 5, the top of the slope reaches the upstream end of the barrier, as was
the case at the critical point for failure. As the slope toe is below the bottom of the impermeable
layer, all models result in the same head in the void above the barrier.

Figure 4.43 Modelled and measured heads in the bottom of the barrier, for model 2, where the top of the slope
touches the cover layer in Appendix 8C and 8E.  Left hand side entire model, right hand side close-up of
the barrier. The modelled and measured heads are corresponding to the critical step for failure.

Figure 4.44 Modelled and measured heads in the bottom of the barrier, for model 5 where the top of the slope
touches the upstream end of the barrier in Appendix 8C and 8E.  Left hand side entire model, right hand
side close-up of the barrier. The modelled and measured heads are corresponding to the critical step for
failure.

The hydraulic conductivity of the barrier does not have a significant effect on the fit all the way
upstream, or for the points downstream of the barrier. Inside the barrier, the head is matched
best in the models where the hydraulic conductivity of the barrier matches an RD of 0.6, which
is significantly lower than the RD estimated based on preparation, which is 0.86.
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Just upstream of the barrier, the head is best modelled by the original model, where the
hydraulic conductivity is based on preparation.

The flow rates that are computed using the different models are shown in Table 4.11. As the
applied head drop in Appendix 8D is lower than in Appendices 8C and 8E,  the flux of these
models is also lower, despite the more permeable zone at the top of the model.
In order to show the effect of the more permeable zone on the flow rate, the results from
Appendix 8D are also scaled by

( ℎ  ℎ / ℎ  ℎ ℎ )
in order to have the same head drop as the models from Appendices 8C and 8E.

Table 4.11 Overview of flow rates.
Model name Flow rate in

experiment, l/min
Flow rate in
model, l/min

Ratio
modelled/measured
flow rate at head
drop in experiment

Modelled
flow rate
at failure
head
drop

MS37_1 25.53 27.29 1.07 27.29
MS37_2 25.53 28.44 1.11 28.44
MS37_3 25.53 27.44 1.07 27.44
MS37_4 25.53 28.44 1.11 28.44
MS37_5 25.53 28.55 1.12 28.55
MS37_1_ZoneK* 21.76 24.04 1.10 28.21
MS37_1_ZoneK2* 21.76 23.68 1.09 27.78
MS37_2_ZoneK* 21.76 24.24 1.11 28.45
MS37_2_ZoneK2* 21.76 24.23 1.11 28.43
MS37_2_2KB 25.53 29.33 1.15 29.33
MS37_2_KBPlus2Sig 25.53 28.64 1.12 28.64
MS37_2_KB_RD60 25.53 28.91 1.13 28.91
MS37_5_2KB 25.53 29.39 1.15 29.39
MS37_5_KBPlus2Sig 25.53 28.71 1.12 28.71
MS37_5_KB_RD60 25.53 28.99 1.14 28.99

* modelled flow rate  is scaled by the ratio of the head drop from the inlet to the outlet at failure and this head drop in
the model, i.e. × 4.94/4.21

The flow rate is overestimated by ca. 10% in all models. The overestimation is smallest in the
models where the pipe does not reach below the toe of the impermeable layer. The effect of a
more permeable zone on top of the barrier on the total flow rate is negligible for models where
the toe of the barrier comes below the bottom of the impermeable layer. There is an effect when
the toe does not come below the layer, but this is less representative of the critical state. The
more permeable barrier does slightly increase the total flow rate, but the effect is also relatively
small. The hydraulic conductivity of the background sand has the main effect on the flow rate.
The overestimation may be due to the modelling of a 3D situation in 2D.

4.5.3.1. Discussion
These results show that it is not possible to unambiguously determine the hydraulic conductivity
of the barrier, or even the depth of the toe of the slope, based on the correspondence between
measured and modelled heads and flow rates. Based on observations, however, it could be
concluded that the toe of the slope was at least below the bottom of the impermeable cover
layer at the time of the laser measurement, and also later at the critical point.
The hydraulic conductivity of the barrier and background sand in the basis models is based on
estimates of porosity from preparation. These result in a 10% overestimation of the flow rate.
The head in the bottom of the barrier is fit slightly better with a higher hydraulic conductivity of
the barrier (corresponding to a RD of 0.60 instead of 0.85) but this increases the hydraulic
conductivity contrast and results in a worse fit of the measured head just upstream of the
barrier.
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As explained in Section 4.5.2.3 it is considered unlikely that the estimated porosity during
preparation is much lower than the actual porosity that was achieved. However, it is entirely
possible that the hydraulic conductivity of the barrier was somewhat higher than modelled in
the basis model. The effects on the modelled outward hydraulic gradients at the slope, required
for analysis of the stability of the slope, the modelled horizontal hydraulic gradients, required
for the analysis of pipe formation, and the modelled vertical gradients, required for the analysis
of the fluidization of the barrier at the upstream side, are shown in the next sections.

4.5.3.2 Outward hydraulic gradient on the slope
The outward seepage gradient on the slope is computed both by evaluating the modelled head
at the slope surface and 0.05 m perpendicular to the slope in the barrier, and by using the
modelled velocity at the slope surface and the hydraulic conductivity of the material on the slope
surface. These results are shown in Appendices 8C and 8D for those models, an example for
the models in Appendix 8C is shown in Figure 4.45. The absolute gradient is shown.
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Figure 4.45 Computed gradients along the slope in the barrier (modelled gradients at head drop applied at critical
step for failure).

The gradient is more or less constant along the length of the slope. At the toe of the slope there
is a singularity due to the boundary condition of the pipe and those values are not reliable. At
the top of the slope there is the impermeable boundary of the cover layer or upstream end of
the model. For the models shown where the slope has a uniform hydraulic conductivity, the
point gradients based on velocity are the same as those for head drop over 5 cm. For the
models in Appendix 8D, with a more permeable zone, there is a difference as the gradient over
5 cm includes both the permeable zone and the intact zone of the barrier, whereas the point
gradient only reflects the gradient in the more permeable zone, as shown in Figure 4.46.
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Figure 4.46 Computed gradients along the slope in the barrier in model 2 with a more permeable zone (modelled
gradients at head drop applied during measurement of slope angle).

The outward hydraulic gradient in the middle of the slope is shown for the models in Table 4.12.
The results from the models are scaled to the head drop (between the upstream end of the
sample and the pipe at the barrier) that occurred during the time the laser measurement was
made. This means that the values from models in Appendix 8C and 8D are scaled by
4.15 /4.88 .

Table 4.12 Overview of outward directed gradient in the centre of the slopes, scaled to the head drop at the time of
the last laser measurement

Model name Gradient computed based on
head drop over 0.05 m, -

Gradient computed based
on velocity on the slope
surface, -

MS37_2 0.99 0.99
MS37_4 0.98 0.99
MS37_5 0.99 1.00
MS37_1_ZoneK 0.77 0.09
MS37_1_ZoneK2 0.73 0.31
MS37_2_ZoneK 0.82 0.09
MS37_2_ZoneK2 0.87 0.36
MS37_2_2KB 0.52 0.53
MS37_2_KBPlus2Sig 0.88 0.89
MS37_2_KB_RD60 0.75 0.75
MS37_5_2KB 0.52 0.53
MS37_5_KBPlus2Sig 0.90 0.91
MS37_5_KB_RD60 0.74 0.75

For the models with a uniform hydraulic conductivity, there is no difference between the point
gradients and the gradients over 0.05 m in the middle of the slope. This is due to the relatively
uniform flow out of the slope along most of the slope.



11200952-052-GEO-0002, Version 0.3, July 9, 2019, draft

Analysis Report Coarse Sand Barrier 110

The point gradients are much lower for the models with a more permeable zone at the top of
the barrier. This is because those gradients are only in the permeable zone, whereas gradients
over 0.05 m are also over the intact barrier.

The analysis of slope stability is done considering the equilibrium of forces on a block of soil on
an infinite slope, based on work by as in e.g. Kovacs (1981), van Rhee and Bezuijen (1992)
and Philippe and Richard (2008). Rewriting their equations gives the stable slope angle as
function of the gradient perpendicular to the slope (where the outward directed gradient is
positive) as:

, = − arcsin (1 − )( − )  sin ( )

Eq. 4.3

Symbols
- ,  = angle of the slope, degrees
-   = porosity
-  = density of water, kg/m3

-  = density of grains, kg/m3

-  = angle which characterises internal friction in the soil, degrees
-   = gradient perpendicular to the slope (outward direction is positive), -

The slope angles which are in equilibrium with the modelled gradients are computed for an
angle of internal friction of 35° and density of grains of 2650 kg/m3. The results in Table 4.13
show that the equilibrium angles are substantially lower than the measured angles for the
models with a uniform hydraulic conductivity at the expected RD.

Table 4.13 Overview of the equilibrium slope angle for the modelled outward directed gradient in the centre of the
slopes, scaled to the head drop at the time of the last laser measurement. Based on angle of internal
friction of 35°.

Model name Slope angle in equilibrium
with modelled gradient based
on head drop over 0.05, -

Slope angle in equilibrium
with modelled gradient
based on velocity on the
slope surface

MS37_2 5 5
MS37_4 5 5
MS37_5 5 4
MS37_2_ZoneK 10 32
MS37_2_ZoneK2 9 24
MS37_2_2KB 19 19
MS37_2_KBPlus2Sig 8 8
MS37_2_KB_RD60 13 13
MS37_5_2KB 20 19
MS37_5_KBPlus2Sig 8 7
MS37_5_KB_RD60 13 12

These results are shown graphically in Figure 4.47, this figure shows the equilibrium slope
angle as a function of the outward directed gradient, as well as the modelled slope angle and
gradient. Gradients are shown both over 0.05 m and at the surface of the slope. The results
are plotted for the modelled slope angles, 18.4° for models with geometry MS37-5 (where the
top of the slope touches the upstream end of the barrier) and 23.3° for models with geometry
MS37-2 (where the top of the slope touches the cover layer above the barrier).
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Figure 4.47 Slope angle as a function of the outward directed gradient, . Predicted relations are for angle of internal
friction, , and porosity of 0.319 (corresponding to experimental preparation for barrier). Model results
show the modelled gradient and the slope angle that was used in the model.

The model results show that the geometry of the slope in the model (the slope angle) has a
fairly small effect on the modelled gradients (Figure 4.47, and Table 4.13). Gradients are the
same for models MS37-2 and MS37-5 with the same hydraulic conductivities. This is probably
because the flow through the model is controlled by the hydraulic conductivity of the
background sand, and the outflow area (i.e. the slope in the barrier) is similar in the two models.

The modelled gradients match best with the equilibrium gradients for the models with a more
permeable zone (if the point gradients on the surface of the slope are considered) or for the
models where the hydraulic conductivity of the barrier is twice the value that would be expected
based on preparation.

Both situations are considered unlikely. The presence of a more permeable zone along the
entire slope might be expected if the barrier material were prone to segregation, however, there
is no indication that this should be the case. For an internally stable material, possibly a more
permeable zone is present at the bottom of the slope where material rolls down the slope, but
less likely higher up on the slope. The error on the porosity determination in preparation is also
not expected to be large enough to account for a factor two higher hydraulic conductivity. That
means that probably the slope that was measured is too steep for an equilibrium slope.

Based on observations, there was probably an equilibrium situation during measurements 36-
39 (Appendix H). This was during the first phase of the test, but not at the critical step or during
the last laser measurements which were used for the models in this chapter. The slope in the
barrier was in the order of 25° during measurement 39, at a head drop of 1.25 m. Although the
slope was much shallower than in the models which are used in this chapter, a first indication
of possible gradients in the barrier is obtained by scaling the modelled gradient of ca. 1 (Table
4.12, for the models with the expected hydraulic conductivity based on preparation) by the ratio
between the head drop in the model to the head drop at the time of measurement 39. That
would give an outward directed gradient of  0.3, which would be in equilibrium with a slope
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angle of 26°. This is only a very coarse approximation due to the use of a model with a different
slope than the slope that occurred, however, this equilibrium slope angle does appear to be in
agreement with the slope angles that theory predicts. That supports the suggestion that the
main reason that the modelled gradients are not in equilibrium with the measured slope angle
is that there was no equilibrium during the last laser measurement.

4.5.3.3 Horizontal gradient at the top of the slope
Pipe formation is observed at the top of the slope. Therefore, in the models where the top of
the slope touches the cover layer, the horizontal gradient should be in the order of magnitude
of the critical gradient for pipe progression in the barrier for the horizontal failure mechanism
that is discussed in Section 4.3. The gradients are modelled over only 0.045 m upstream of the
slope tip from the models MS37-1 through MS37-4 (as the slope extends up to 0.045 m from
the upstream barrier interface). The gradients over 0.045 m cannot be directly compared to the
critical gradient for pipe progression of GZB2 that was found over 0.10 m in Deltares (2019b),
as the distance over which these are computed is shorter. The critical gradient for pipe
progression that was modelled over 0.1 m was 0.76 and 0.82 for the two high relative density
tests. Considering that the gradients is highest closest to the pipe tip, a higher value would be
expected over the shorter distance.

The modelled gradients are scaled by the head drop at the point of pipe progression and shown
in Table 4.14. Values with the basis hydraulic conductivity are only slightly lower than the
gradients over 0.10 m which were found for GZB2. Considering that 3D convergence of flow
may have played a role, the occurring gradients might have been higher than the modelled
gradients and pipe progression could be plausible. For the models with a higher hydraulic
conductivity, the gradients are lower, making pipe progression less plausible, although still
possible depending on the effect of 3D convergence of flow.

Table 4.14 Overview of horizontal gradient over 0.045 m at the top of the slopes, scaled to the head drop at the
critical point for pipe progression

Model name Modelled horizontal gradient
at top of slope over 0.045 m

MS37_2 0.79
MS37_4 0.79
MS37_5 n.a
MS37_2_ZoneK 0.69
MS37_2_ZoneK2 0.72
MS37_2_2KB 0.41
MS37_2_KBPlus2Sig 0.70
MS37_2_KB_RD60 0.59
MS37_5_2KB n.a
MS37_5_KBPlus2Sig n.a
MS37_5_KB_RD60 n.a

4.5.3.4 Vertical gradient at the upstream end of the slope
The vertical gradients at the upstream end of the barrier at the critical step for failure should be
high enough to fluidize the grains. This fluidisation can only occur for model 5 where there is
also space for fluidisation, however, results for model 2 and 4 are also shown. Here there is no
space above the upstream end of the barrier. The model results are scaled to the head drop at
failure to show the vertical gradients, these are over 0.10 m for models 2 and 4 as the slope
has the full height of the protrusion, in model 5 there is 0.01 m of void above the slope and
therefore the vertical gradient is shown over 0.09 m.
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Table 4.15 Overview of vertical gradients at the upstream end of the slopes, scaled to the head drop at the critical
point for failure. Gradient is over 0.10 m for models 2 and 4, and over 0.09 m for model 5 due to the
presence of 0.01 m void at the upstream end of the slope in model 5.

Model name Modelled vertical gradient at
upstream end of the slope, -

MS37_2 1.23
MS37_4 1.23
MS37_5 1.60
MS37_2_ZoneK 1.20
MS37_2_ZoneK2 1.21
MS37_2_2KB 0.64
MS37_2_KBPlus2Sig 1.09
MS37_2_KB_RD60 0.91
MS37_5_2KB 0.83
MS37_5_KBPlus2Sig 1.45
MS37_5_KB_RD60 1.19

Vertical gradients are higher in model 5 due to the presence of the void directly above the slope.
For failure, a space must be present at the top of the slope, and model MS37-5 would be most
applicable. Considering that for the models with a lower RD, the required gradient for heave
would also be lower, and that 3D convergence of flow could have led to higher gradients than
those which are modelled, all variants of model 5 could explain the observed heave at the
upstream end of the barrier.

4.5.4 Conclusions
This chapter presented the results of modelling the penetration of the barrier into the cover
layer at the critical step for failure, and at the time during which slopes were measured. The
laser measurements of the slope were used to schematise modelled slopes. Gradients
perpendicular to the slope were computed to assess whether it was likely that slopes were in
equilibrium with the outward directed flow. Horizontal gradients at the top of the slope were
computed to analyse pipe formation at the end of the slope. Vertical gradients below the top of
the slope were analysed in order to assess whether heave was likely.

The slope angles indicated by the measurements during the last stages of the test were in the
order of 20°. With the modelled hydraulic gradients, the slopes would not be expected to be in
equilibrium. The possibility of mismatch between the modelled permeability and the actual
permeability of the barrier was investigated by modelling. However, the most likely explanation
for the results is that the slope was not in equilibrium during the laser measurement. This means
that the measured slope angles cannot be used to inform models of the barrier strength. This
does raise the question why the slopes would require a longer time to reach equilibrium, and
whether, given a longer period at constant head drop, the slopes would continue eroding to a
less steep equilibrium profile.

The modelled vertical gradients at the top of the slope are higher than the gradients that would
be required in order to cause heave. This suggests that during the experiments, heave at the
upstream end of the slope was prevented until there was enough space for this to occur. This
would imply that in the situation where the barrier protrudes further into the cover later, heave
might occur at a lower head drop.

Considering the uncertainty regarding the used measurements it is recommended to perform
additional experiments in which, an equilibrium situation is achieved prior to laser
measurements.
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5 Conceptual model

A conceptual model for the situation where the barrier is level with the cover layer was reported
in Deltares (2019b). This model was found to describe the observed piping process in the new
experiments as well. Some modifications are made as discussed in Section 5.1.
 For the situation where the barrier penetrates into the cover layer, a new tentative conceptual
model is suggested, which is presented in Section 5.2.

5.1 Barrier level with the aquifer
The only differences in the conceptual model are related to the progression of the pipe through
the barrier.
The progression of the pipe through the barrier in steps which is observed in the experiments
is related to the reduction of the pore water pressure at the tip of the pipe when the pipe has
lengthened. The amount of lengthening which occurs will depend on the size of the head
increment, and how close the conditions were to the critical condition, as this affects the size
of the area in which grains are fluidised. In the previous test series, a progression step was
observed after which the pipe typically did not breach the upstream interface between the
barrier and the background sand. There is conceptually no reason for the pipe to stop prior to
breaching the interface, and the new series of tests indeed contains more tests where the pipe
does breach this interface.
In the current test series, it was observed that the pipe could progress slowly at a constant
upstream head, when the applied head drop exceeded the head drop for progression.
Progression at constant loading would not be expected based on the conceptual model, as
lengthening of the pipe reduces the loading at the tip of the pipe. However, it is possible that at
these high head drops, the gradients in the barrier are very close to critical. Small effects of
erosion downstream and locally weaker spots might in that case contribute to a gradual erosion
process. However, this is a speculative explanation and not fully understood.

5.2 Barrier protruding in cover layer
For the situation where the barrier penetrates into the cover layer, a new tentative conceptual
model is suggested, which is presented in this chapter. As this is based on the behaviour of
only one experiment, this is tentative, and may be subject to alteration. It is intended to
formulate the hypothesis of the process and to indicate several research questions.

In the experiment with the barrier protruding into the cover layer, the pipe first had to progress
vertically downwards a distance of 0.10 m to get below the silicone layer that simulates the
cover layer. As a consequence of this, the total applied head drop at the point where the pipe
reaches the barrier was already high, 1.62 m. This may have affected the process. Therefore,
the conceptual model is formulated for the situation which was observed, and indicates where
differences might be expected in a situation where the pipe could grow horizontally to the
barrier.

5.2.1 Pipe formation downstream of the barrier
Pipe initiation and progression to the barrier is similar to the situation where the barrier does
not protrude into the cover layer in a field situation.
In the experiment, pipes initially progressed to the sides of the model rather than upstream to
the barrier, this probably was due to the effect of the silicone layer on the flow field and is not
representative for practice. This also resulted in multiple pipes reaching the silicone layer over
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the full width of the set-up. Pipes reaching the silicone layer first progressed parallel to the layer
in the test. This probably resulted in an effectively 2D flow field.
In the experiment, the vertical drop of 0.10 m at the edge of the silicone layer stopped pipe
progression until the gradient was high enough to fluidize sand at the edge of the silicone layer
and form a sand boil. Once this formed, the pipe could rapidly progress to the barrier below the
silicone layer. However, this means that the head drop at which the pipe reached the barrier
was higher than it would be in a normal situation, and presumably the pipe downstream was
also larger in the experiment than it would otherwise have been.

5.2.2 Damage of the barrier
When the pipe reached the barrier in the centre of the model, flow inside the barrier converges
to the pipe tip. As the support to the vertical side of the barrier is removed, grains from the
barrier roll into the pipe. In the experiment, a slope formed as grains appeared to roll from all
directions to the pipe (due to the temporal resolution of the images, individual grain motions
could not be identified in images of the test).
In the experiment, there appears to have been very limited progression of the pipe parallel to
the barrier prior to erosion of the barrier. This is indicated by the formation of a semi-circular
erosion crater inside the barrier when the pipe reached the barrier as shown below. This differs
from the case of a barrier that is level with the aquifer. In that case, when the pipe reaches the
barrier there can be erosion of grains from the barrier or from the background sand to the sides
of the pipe, and as the background sand is more erodible the pipe will first progress parallel to
the barrier.

Figure 5.1 Illustration of the pipe at the barrier and the formation of a circular slope.

Possibly the high head drop at damage in the test also played a role, causing significant erosion
of the barrier immediately when the pipe reaches the barrier. The high head drop would have
resulted in a deeper pipe in the background sand which allows for significant erosion of the
barrier, and consequent blocking of the pipe. At the point the pipe reached the barrier, the flow
rate in the test was sufficient to transport eroded barrier grains through the pipe, as indicated
by the observation of barrier material in the sand boil downstream of the silicone layer.

There might be more parallel progression if the pipe reached the barrier at a lower head drop.
In that case, eroded barrier material could temporarily remain close to the barrier, blocking the
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pipe and preventing further erosion in the barrier at that location and forcing the pipe to progress
parallel to the barrier.

Within approximately 1 minute of the pipe reaching the barrier, the erosion crater inside the
barrier widened parallel to the barrier interface as shown below. The widening of the erosion
crater inside the barrier could be due to lateral progression of the pipe downstream of the barrier
simultaneous with erosion of the barrier.

Figure 5.2 Illustration of widening of the slope in the barrier (speculative)

Inside the barrier a slope formed as shown below.

Figure 5.3 Illustration of the slope in the barrier (speculative)

The head drop was retained constant over a period of 2 hours and 20 minutes after the pipe
reached the barrier, during which time an equilibrium situation seems to have been established.
Unloading and reloading did not cause significant erosion of the barrier. The angle of the slope
in the barrier (parallel to the flow direction) was computed based on the laser measurements
of the slope, in the steepest section (Appendix 8H) and found to be ca. 25°.
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The slope angle is lower than the angle of repose, which would be expected as there is flow
directed out of the slope. The angle at which a slope is stable with an outward directed gradient
can be computed (e.g. Kovacs, 1981, van Rhee and Bezuijen, 1992, Philippe and Richard,
2008). The measured slope angle appears to correspond quite well to the hydraulic loading at
this point in the experiment (Section 4.5.4).
Parallel to the barrier edge, the slope in the barrier appears to be less steep. It is not clear what
is the cause of this. A shallower slope might be expected if there was limited progression of the
pipe parallel to the barrier, or if the parallel pipe were less deep than the pipe that reached the
barrier, so that material cannot be removed from the bottom of the slope. Or the gradients
converging from the sides of the model might have been higher, as this would theoretically
explain shallower slopes.

5.2.3 Erosion in the barrier
When the head drop was increased, the slope progressed upstream in the barrier, but not all
the way through the barrier. The slope also widened further.

A constant head drop was maintained for 1.5 hours. During this time there was continued
erosion in the barrier and the head at the outlet hole increased due to the transport of grains to
the sand boil at the outlet.
The location of the sand boil at the edge of the silicone layer appeared to shift (or the boil
stopped and a new one formed). This might be due to clogging of the pipe by the eroded barrier
material. The erosion of the slope appears to be more significant in the barrier just upstream of
the location of the sand boil, which would be expected as the eroded material is transported
away from the barrier at that location. This indicates that erosion in the slope in the barrier is in
some degree limited by erosion in the pipe downstream, although this is not included in
theoretical models for the stability of a slope subject to outward seepage.

On a larger scale, the pipe could on the one hand progress further parallel to the barrier,
creating a more 2D flow field and a wide slope in the barrier. This could be expected if barrier
material remained in the parallel pipe that had formed in the background sand. On the other
hand, if eroded barrier material were transported further downstream at the location where the
pipe reached the barrier, and barrier material remained in the smaller parallel pipe and partially
clogged the pipe parallel to the barrier, that would result in preferential erosion of the barrier at
that location and a 3D flow situation.

The extent of parallel progression, and the influence of eroded barrier material on this could be
affected by the initial high head drop in the current experiment, as well as by the head drop that
is required to lift the eroded barrier material at the edge of the impermeable layer. Besides this,
the hydraulic conductivity contrast, grain size contrast and scale would also affect the
dimensions and development of the pipe downstream of the barrier.

Increasing the head drop caused further progression of the slope both parallel to the barrier
edge and upstream in the barrier. The steepest part of the slope was in line with the sand boil
downstream. As noted earlier, this suggests that the possibility to transport material away from
the barrier in the pipe downstream affects the angle of the slope in the barrier. Although there
was possibly no equilibrium situation (the head drop in the sand boil was increasing indicating
erosion still occurred), the slope was measured. The slope angle was ca. 26° on the steepest
part of the slope (Appendix 8H), this angle was also found by averaging over a wider area. This
is steeper than would be expected for a slope which is subjected to the hydraulic loading that
was applied in the experiment at that point in the test (based on numerical modelling in Chapter
4). Possible causes are that the slope was not in equilibrium during the measurement, or that
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part of the barrier or the entire barrier had a higher hydraulic conductivity than modelled to
compute the outward hydraulic gradient. The first appears highly probable, however, in a
granular material it would be expected that an equilibrium situation were established quite fast.
The other two factors could contribute to establishing a steeper slope.

5.2.4 Horizontal pipe formation
The top of the slope is in contact with the cover layer in the experiment. Pipes formed from the
edge of the slope to the upstream end of the barrier as shown below. This indicates that the
critical gradient for primary erosion was exceeded at this point. Numerical modelling in Chapter
4 suggests that the critical gradient for primary erosion was indeed exceeded.

Figure 5.4 Illustration of the formation of pipes at the top of the slope.

The pipes formed at the sides of the slope. This could be due to the concentration of flow at
the edges of the slope, resulting in the highest gradients. Within the next head increment, one
pipe progressed significantly, and the progression direction was more parallel to the barrier
interface, only slightly in the upstream direction. The pipe progressed to the upstream interface
of the barrier, but this did not yet lead to failure. As the head was further increased, erosion
could be observed in the pipe, as well as erosion of the slope in the barrier.

The slope angle was measured, although there was still some erosion suggesting there was
no equilibrium. The slope angle was ca. 25° on the steepest part of the slope (Appendix 8H).
Over a wider area the angle was ca. 22° indicating a levelling off of the slope as compared to
the previous measurement. As noted for the previous measurement, these slopes angles are
higher than the slope angle that would be expected with the modelled outward gradients.

Considering that the height by which the protrusion reaches into the cover layer will be larger
in the field, and that an equilibrium slope would be less steep, it is likely that the formation of
horizontal pipes at the end of the slope would not occur in the field, if the barrier had the same
width. In such a case, the top of the slope would touch the upstream end of the barrier rather
than the layer on top.

5.2.5 Failure by heave
At the end of the test, failure appears to result from heave at the upstream end of the barrier
(Sketch 8 side view). At this point the head drop had been increased further above the head
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drop at which the pipe grew to the upstream interface. The vertical gradient at the upstream
end of the barrier was higher than required for heave already at the head drop at which the
pipe reached the upstream interface. Possibly there was insufficient space for heave prior to
failure.

If the slope reached to the upstream end of the barrier rather than to the impermeable cover
layer, the lack of space would not be a limiting factor and heave would be expected when the
vertical gradient at the upstream end of the slope exceeds the heave gradient.

5.2.6 Research questions
The conceptual model described above accounts for several aspects of the observed
behaviour during the experiment, however other aspects are less well understood. Besides
this, only one experiment has been performed by using this configuration which is a rather
small basis for a generalisation.

In the field, the barrier will protrude further into the cover layer and then the horizontal
formation of pipes will probably not occur. For design it will be important to establish whether
indeed, the heave process will be the critical process that determines the stability of the
barrier. This should be investigated by means of an additional test. As the slope of the barrier
affects the vertical distance over which heave occurs, another question is whether an
equilibrium slope angle can be predicted based on the theory, as in the current experiment
the observed slopes are steeper. A steeper slope would result in a higher strength, therefore
use of the theory would be safe, however, the observation of a steeper slope does raise the
question why this is the case, and whether the experiment is representative for the field
situation.
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6  Conclusions & Recommendations

Based on analysis of the medium-scale experiments several conclusions can be drawn for the
piping mechanism in the presence of a CSB. Different mechanisms operate when the barrier
is level with the background sand and when the barrier protrudes into the cover layer, therefore
these situations are considered separately in Sections 6.1 and 6.2. Subsequently
recommendations are made in Section 6.3.

6.1 Conclusions for CSB level with the aquifer
The step in which the pipe progresses such a distance in the barrier that this affects the
measured heads in the barrier is considered an appropriate step to characterise the strength
of the barrier. In this step the pipe could progress to failure by breaching the upstream interface
of the barrier, but this is not always the case. The horizontal gradient over 10 cm upstream of
the pipe tip at the critical point for this step appears to be a reasonable strength criterion: in the
text defined as the ‘critical gradient’. Note that the selection of both of the progression step and
of the distance for the criterion are largely based on practical considerations. The progression
step is reflected in head measurements, and therefore can be detected in analysis of the large
scale tests for validation. The gradient over 10 cm from the pipe tip is relatively constant for
multiple tests with the same material and therefore appears to characterise strength to an
acceptable level.

The critical gradient was determined by use of 2D models, although the flow field is 3D inside
the barrier. However, as the models were fit to measured heads, this is expected to have a
small effect on the critical gradients that were computed. In the models the pipe is present from
the outlet hole to the barrier. For these tests, that boundary condition, as opposed to only
modelling a pipe of limited distance that represents the pipe parallel to the barrier, does not
have a significant effect on the results. However, this is different on the field scale, there
gradients in the barrier can be significantly higher if only the pipe parallel to the barrier is
modelled as opposed to modelling the pipe from the outlet hole to the barrier (Deltares, in
preparation 1).

The critical gradient is dependent on the relative density, a higher RD leads to a higher critical
gradient. The tested materials with a higher Cu have a higher critical gradient. The grainsize
does not appear to have a significant effect on the critical gradient for the tested materials.
Based on these tests, which include replicate tests, a design criterion can be derived, taking
into consideration the influence of natural variability in the experiments and the overall safety
philosophy. The derivation of this criterion, and the critical design criteria are derived in Deltares
(in preparation, 2).

Although tests with a thicker (0.45 m as opposed to 0.30 m) have the same critical gradient,
the thicker barrier provides additional strength because the pipe progresses further into the
barrier prior to the progression step. This means there is a larger outflow area, which leads to
less concentration of flow at the pipe tip, and a higher head drop can be applied. This also
provides additional strength in the field. For design it is not known which length the pipe will
have prior to the progression step. There is variation in the lengths of the pipes that were
measured in the tests and the choice should be based on a safety philosophy for barrier design.
This is treated in Deltares (in preparation 2).

The measured flow resistance in the pipe in the background sand is in the same order of the
measurement accuracy, and therefore negligible, at the critical step for tests on this scale.
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Eroded barrier material that remains in the pipe in the background sand parallel to the barrier
did cause a slightly higher head measurement at that location. For field application, the head
drop in the pipe downstream might be more significant.

Long term loading at a head drop below the progression head drop did not cause a significant
progression of the pipe in the barrier. At head drops of progression or higher, gradual
progression was observed, however, as the pipe also sometimes progressed to failure in the
progression step, for design the progression step should be considered as the failure step
(although this does not lead to failure in some cases).

6.2 Conclusions for CSB protruding into cover layer
The erosion process for the test where the barrier protrudes into the cover layer appears to be
governed by the formation of a slope in the barrier and subsequently formation of pipes at the
upstream end of the slope and finally heave at the upstream end of the barrier. Criteria that are
relevant in this case are:

· The equilibrium slope angle.
· The critical horizontal gradient for erosion in the barrier.
· The heave criterion at the upstream end of the slope.

Here it is important to note that for a situation where the height that the barrier protrudes into
the cover layer is larger than in the current experiment, which is most probable in the field, the
second criterion will not be relevant as the slope progresses to the upstream end of the barrier
rather than reaching the cover layer on top of the barrier.

At the end of the experiment, the slope angle (parallel to the flow direction) in the barrier, that
was computed from the depth measurements made by the laser, was steeper than equilibrium
slope angles that are predicted based on theory for outward directed seepage. The reason for
this discrepancy was not very clear. One possibility is that erosion was still occurring during the
measurement, which could be a reason for the steeper slopes. However, for a granular slope
equilibrium would be expected to establish  quite fast and it is not clear why this was not the
case. There is an indication that transport of eroded material in the pipe downstream of the
barrier was a limiting factor, however, theoretical models for slope stability under outward
seepage do not account for such an effect. The current test was not suitable to analyse the
head drop in the pipe downstream of the barrier, and transport in this pipe, because of the way
in which the set-up had been modified for this test.
The slope angle is important as this affects the height over which material is fluidized at the
upstream end of the barrier.

6.3 Recommendations
The erosion mechanism where the slope protrudes into the cover layer is most likely to prevail
in the field, as in practice it is unlikely that it is possible to construct the barrier exactly level with
the cover layer.
As only one test was conducted in this configuration it is recommended to perform additional
tests in order to assess whether the observed mechanisms occur indeed. As the height of the
barrier above the aquifer will be larger in the field, such tests should also be conducted in a
geometry where the upstream end of the slope in the barrier touches the upstream end of the
barrier, rather than the cover layer at the top of the barrier, which occurred during the test that
was analysed. Those tests require modification of the set-up in order to be able to observe the
pipe downstream of the barrier, to measure pore water pressures in the pipe downstream of
the barrier.
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It is not understood why in experiments the measured slope (parallel to the flow direction) is
steeper than expected based on theory. Possibly this is related to the short time allowed to
reach equilibrium. It is recommended to explicitly establish equilibrium in  additional tests to
assess whether the slopes will be flatter and how long this process requires.

For the series of tests where the barrier is level with the background sand, additional analysis
of the results  could provide further insight into whether factors such as: barrier depth, the length
of the pipe in the barrier, grain size, contrast, and others affect the critical gradient. Due to the
possible effects of a large number of parameters, the investigation of this is complex and might
be extended beyond the scope in the current investigation. Also, the factors which affect
whether or not the progression step leads to failure might be further investigated, revealing the
likelihood of residual strength, as well as the correlation between vertical and horizontal critical
gradients.

However, for practice the horizontal mechanism is unlikely to govern the strength, as it appears
most likely that barriers will be constructed which protrude into the cover layer. If, as foreseen
for the pilot location, the barrier thickness is in the order of 0.45 m, it is likely that the height is
such that slopes that form in the barrier reach until the upstream end of the barrier and not to
the cover layer on top of the barrier. Then, barrier strength is governed by the heave criterium
at the upstream end of the slope. If wider barriers are constructed, the slopes that form could
reach the top of the barrier, in that case the horizontal formation of pipes would be relevant and
provide additional strength. For such application, a use of the horizontal strength criterion would
be recommended.
Another aspect that is not fully analysed at the current stage is the vertical gradients in the
background sand below the pipe parallel to the barrier. Small sand boils were observed in the
pipe parallel to the barrier in a few tests with a high hydraulic conductivity contrast, however,
that was not investigated further, this could be addressed for field conditions.

From the perspective of construction there are several points to consider. These are
addressed in a separate report (Deltares, in preparation 2). If a broadly sorted barrier material
is applied segregation during placement should be avoided. For a barrier protruding into the
cover layer, geological variation of the height of the surface of the aquifer could play a role. In
order to ensure that failure occurs by means of heave mechanism at the upstream end of the
barrier, a clay wall at the upstream end of the barrier could be constructed as described in
Appendix I.



11200952-052-GEO-0002, Version 0.3, July 9, 2019, draft

Analysis Report Coarse Sand Barrier 124

7 References

Deltares, (2017a). Feasibility study on the effectiveness of a coarse sand barrier as a piping
measure. Report 1220240-004-GEO-0003.

Deltares, (2017b). Factual report small scale experiments coarse sand barrier. Deltares report
11200952-004-GEO-0003.

Deltares, (2017c). Analysis report coarse sand barrier. Analysis of small-scale configuration
(phase 2a). Deltares Report 11200952-006-GEO-0006.

Deltares, (2018a). Factual Report Medium-scale Experiments Coarse Sand Barrier. Phase 2b.
Deltares report 11200952-007-GEO-0004

Deltares, (2018b). Analysis Report Coarse Sand Barrier. Analysis of medium-scale
configuration (phase 2b). Deltares report 11200952-007-GEO-0013 (New version Jan. 2019)

Deltares, (2018c). Primary Erosion Tests for the Coarse Sand Barrier. Deltares report
11200952-035-GEO-0001.

Deltares, (2019a). Factual report Delta Flume Experiments Coarse Sand Barrier Deltares report
11200952-010-0008.

Deltares, (2019b). Analysis report coarse sand barrier. Delta Flume tests (phase 2c). Deltares
report 11200952-012-GEO-0001.

Deltares, (2019c). Factual Report coarse sand barrier medium-scale experiments stage II.
Deltares report 11200952-041-0001.

Deltares, (in preparation 1). Toepasbaarheid grofzandbarrière bij Gameren. Deltares report
11200952-058-GEO-0001.

Deltares, (in preparation 2). Ontwerp- en beoordelingsmethode grofzandbarrière (OBM-GZB).
Deltares report 11200952-058-GEO-0001.

Kovacs, G., 1981, Seepage Hydraulics, Elsevier Scientific Publishing Company, Amsterdam,
Oxford, New York.

Philippe, P. and Richard, T., 2008, Start and stop of an avalanche in a granular medium
subjected to an inner water flow. Physical Review E. 77, 041306.

van Beek, V.M., 2015, Backward Erosion Piping, Initiation and Progression. PhD Thesis. Delft
University of Technology, Delft, the Netherlands.

Van Rhee, C., Bezuijen, A., 1992, Influence of Seepage on Stability of Sandy Slope. Journal of
Geotechnical Engineering. 118(8), pp 1236-1240.

USACE-ERDC (2019). Memorandum for record. Subject: Cylindrical piping test results on
Dutch sands. 19 January 2019



11200952-052-GEO-0002, Version 0.3, July 9, 2019, draft

Analysis Report Coarse Sand Barrier 125

8 Appendices



11200952-052-GEO-0002, Version 0.3, July 9, 2019, draft

Analysis Report Coarse Sand Barrier A-1

A Modelling of the standard experiments



 

Memo 
 
 
 
 
 
 
Date 

December 6, 2018 
Number of pages 

6
  

Contact person 

Esther Rosenbrand 
Direct number 

+31(0)88 335 7852
E-mail 

Esther.Rosenbrand @deltares.nl
 

Subject 

Modelling test MS-GZB1-B15-23 
 
 

 
 

 

 

1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB1_B15_23.  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was a progression step prior to failure, and this step is modelled. The critical 
point (the head drop just prior to) the progression step is modelled, at which the pipe had 
developed 6 cm into the barrier. The heads and gradients in the west side of the barrier are 
considered most representative for the critical gradient at the location where the pipe 
progressed.  
In this experiment the transducer with the lowest head in the barrier (transducer h15 in the 
centre at x=-0.515 m) was significantly lower than the other transducers in the barrier parallel 
to this transducer (h16 and h17 at x-0.515m and 0.2 m from the centre to either side of h15). It 
was also significantly lower than transducers in the pipe downstream of the barrier, therefore 
the transducer that is considered most representative for the head in the pipe (transducer h16) 
is used rather than the lowest transducer as in the other experiments.  
 
 
Table 1.1  Model dimensions 

Dimension Length, mm 
Model width, m 0.881

Model depth, m 0.403

Model length, m 1.753

Barrier width, m 0.300

Barrier depth, m 0.404

Location of downstream barrier interface, m relative to 

outflow 

-0.505 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3 

18 1.05e-3 998.6 
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Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with most 

representative 

head for the 

downstream 

pipe in the 

barrier 

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 6 H16 0.13 3.61 

2 Model results 
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2.1 Hydraulic conductivity 
Correlations between porosity and hydraulic conductivity of the barrier materials were derived 
both for the barrier material and for the ‘washed’ barrier material, where the barrier mixture was 
flushed to remove fines prior to the hydraulic conductivity test.  
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

7.1E-05 6.4E-05 7.0E-05 1.1 1.0 

Hydraulic 

conductivity 

background sand 

below barrier 

n.a.   n.a. n.a. n.a. 

Hydraulic 

conductivity 

barrier 

1.3E-03 

1.1E-03  

based on 

correlation GZB 1 

 
n.a. 

1.2 

n.a. 
1.4E-03 

based on 

correlation GZB 1 

washed 

0.9 

Hydraulic 

conductivity 

background sand 

downstream 

8.0E-05 7.1E-05 n.a. 1.1 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  
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Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

16 (20 washed) 16 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

18 (22 washed) 18 

 
 

2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  
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2.3 Modelled and measured heads 
 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 

2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate 

Progression 8.57 8.61 1.0 
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3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the west (h16-h9) are considered most representative for pipe 
progression.  
 
Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient

Progression 0.61 0.64 1.05

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 1.2.  

4 Comments 

Hydraulic conductivities in the model are comparable to those that would be expected based 
on the correlation with relative density.  
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB2_B25_24  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was a progression step prior to failure, and this step is modelled. The critical 
point (the head drop just prior to) the progression step is modelled, at which the pipe had 
developed 12 cm into the barrier. The heads and gradients in the centre of the barrier are 
considered most representative for the critical gradient at the location where the pipe 
progressed.  
 
Table 1.1  Model dimensions 

Dimension Length, mm
Model width, m 0.881

Model depth, m 0.403

Model length, m 1.753

Barrier width, m 0.300

Barrier depth, m 0.404

Location of downstream barrier interface, m relative to 

outflow 

-0.505 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3 

19 1.03e-3 998.4 
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Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with most 

representative 

head for the 

downstream 

pipe in the 

barrier 

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 12 H15 0.07 1.13 
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2 Model results 

2.1 Hydraulic conductivity 
Correlations between porosity and hydraulic conductivity of the barrier materials were derived 
both for the barrier material and for the ‘washed’ barrier material, where the barrier mixture was 
flushed to remove fines prior to the hydraulic conductivity test. 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

1.6E-04 1.5E-04 1.8E-04 1.1 0.9 

Hydraulic 

conductivity 

background sand 

below barrier 

n.a. n.a. n.a. n.a. n.a. 

Hydraulic 

conductivity 

barrier 

9.3E-04 

7.1E-04  

based on 

correlation GZB 2

n.a. 

1.3 

n.a. 1.0E-03 

based on 

correlation GZB 2 

washed 

0.9 

Hydraulic 

conductivity 

background sand 

downstream 

2.1E-04 1.8E-04 n.a. 1.2 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  
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Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

3.9 (5.8) 4.3 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

4.6 (6.8) 5.7 

 

2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  
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2.3 Modelled and measured heads 
 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 

2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate 

Progression 5.44 5.60 1.03 

 

3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the centre (h15-h8) are considered most representative for pipe 
progression.  
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Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient

Progression 0.39 0.38 1.00

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 0.82.  

4 Comments 

Hydraulic conductivities of the background sand in the model are slightly higher in the model 
than  based on preparation, however, the maximum difference is small. For the barrier, the 
modelled hydraulic conductivity falls between the values expected based on GZB 2 and GZB2 
washed.  
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB1_B25_25.  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was no significant progression step prior to failure, therefore the progression 
step coincides with the failure of the barrier. The critical point (the head drop just prior to) the 
failure step is modelled, at which several pipes had developed in the barrier and the furthest 
pipe had developed 6 cm into the barrier. The heads and gradients in the centre of the barrier 
are considered most representative for the critical gradient at the location where the pipe 
progressed.  
 
Table 1.1  Model dimensions 

Dimension Length, mm 
Model width, m 0.881 

Model depth, m 0.403 

Model length, m 1.753 

Barrier width, m 0.300

Barrier depth, m 0.125

Location of downstream barrier interface, m relative to 

outflow 

-0.505 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3 

19 1.03e-3 998.4 
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Table 1.3  Boundary conditions 

Step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with lowest 

head in pipe 

in barrier

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 6 H15 0.10 2.01 

 

2 Model results 

2.1 Hydraulic conductivity 
 
Correlations between porosity and hydraulic conductivity of the barrier materials were derived 
both for the barrier material and for the ‘washed’ barrier material, where the barrier mixture was 
flushed to remove fines prior to the hydraulic conductivity test. 
 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

1.8E-04 1.5E-04 1.7E-04 1.2 1.1 

Hydraulic 

conductivity 

background sand 

below barrier 

2.1E-04 1.7E-04 n.a. 1.2 n.a. 

Hydraulic 

conductivity 

barrier 
1.5E-03 

8.4E-04 based 

on correlation 

GZB 1 
n.a. 

1.8 based on 

correlation GZB 1 

n.a. 
1.1E-03 based 

on correlation 

GZB 1 washed

1.4 based on 

correlation GZB 1 

washed

Hydraulic 

conductivity 

background sand 

downstream 

2.1E-04 1.8E-04 n.a. 1.2 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  
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Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

4.8 (6.0 washed) 7.3 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

5.8 (7.3 washed) 8.4 

 

2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  
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2.3 Modelled and measured heads 
 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 

2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min 

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate

Progression 10.26 10.33 1.01

 

3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the centre (h15-h8) are considered most representative for pipe 
progression.  
  



 

 

 
 
Date 

December 6, 2018 
Page 

5 of 5
 

 

 
 
 

Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient 

Progression 0.80 0.79 0.99 

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 1.4.  

4 Comments 

Hydraulic conductivities in the model are higher than the hydraulic conductivities that would be 
expected based on the column permeability tests. However, the modelled hydraulic 
conductivity of the upstream background sand is in accordance with the hydraulic conductivity 
that was estimated based on measured flow rate and head drop in the Factual Report.  
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB1_B25_26.  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was a progression step prior to failure, and this step is modelled. The critical 
point (the head drop just prior to) the progression step is modelled, at which the pipe had 
developed 12 cm into the barrier. The heads and gradients in the centre of the barrier are 
considered most representative for the critical gradient at the location where the pipe 
progressed.  
 
Table 1.1  Model dimensions 

Dimension Length, mm
Model width, m 0.881

Model depth, m 0.403

Model length, m 1.753

Barrier width, m 0.300

Barrier depth, m 0.404

Location of downstream barrier interface, m relative to 

outflow 

-0.505 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3 

19 1.03e-3 998.4 

 
Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm 

Transducer 

with lowest 

head in pipe 

in barrier

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 8 H15 0.10 1.83
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2 Model results 

2.1 Hydraulic conductivity 
Correlations between porosity and hydraulic conductivity of the barrier materials were derived 
both for the barrier material and for the ‘washed’ barrier material, where the barrier mixture was 
flushed to remove fines prior to the hydraulic conductivity test. 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

1.6E-04 1.5E-04 1.5E-04 1.1 1.1 

Hydraulic 

conductivity 

background sand 

below barrier 

n.a. n.a. n.a. n.a. n.a. 

Hydraulic 

conductivity 

barrier 
1.1E-04 

1.0E-03 based 

on correlation 

GZB 1 
n.a. 

1.1 based on 

correlation GZB 1 

n.a. 
1.3E-03 based 

on correlation 

GZB 1 washed 

0.9 based on 

correlation GZB 1 

washed 

Hydraulic 

conductivity 

background sand 

downstream 

1.9E-04 1.8E-04 n.a. 1.1 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  

 
Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

5.7 (7.2 washed) 5.8 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

6.7 (8.5 washed) 6.9 
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2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  
 

2.3 Modelled and measured heads 
 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 
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2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min 

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate

Progression 9.31 9.56 1.03

 

3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the centre (h15-h8) are considered most representative for pipe 
progression.  
 

Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient

Progression 0.64 0.66 1.03

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 1.3.  

4 Comments 

Hydraulic conductivities in the model match those that were expected based on the correlation 
with porosity.  
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB1_B25_27.  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was a progression step prior to failure, and this step is modelled. The critical 
point (the head drop just prior to) the progression step is modelled, at which the pipe had 
developed 8 cm into the barrier. The heads and gradients in the centre of the barrier are 
considered most representative for the critical gradient at the location where the pipe 
progressed.  
 
Table 1.1  Model dimensions 

Dimension Length, mm
Model width, m 0.881

Model depth, m 0.403

Model length, m 1.753

Barrier width, m 0.300

Barrier depth, m 0.404

Location of downstream barrier interface, m relative to 

outflow 

-0.505 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3 

19 1.03e-3 998.4 

 
Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with lowest 

head in pipe 

in barrier

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 8 H15 0.05 0.81
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2 Model results 

Correlations between porosity and hydraulic conductivity of the barrier materials were derived 
both for the barrier material and for the ‘washed’ barrier material, where the barrier mixture was 
flushed to remove fines prior to the hydraulic conductivity test. 

2.1 Hydraulic conductivity 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

3.0E-04 2.8E-04 3.2E-04 1.1 0.9 

Hydraulic 

conductivity 

background sand 

below barrier 

n.a.  n.a. n.a. n.a. n.a. 

Hydraulic 

conductivity 

barrier 
1.7E-03 

1.6E-03 based 

on correlation 

GZB 1 
n.a. 

1.1 based on 

correlation GZB 1 

n.a. 
2.0E-03 based 

on correlation 

GZB 1 washed

0.8 based on 

correlation GZB 1 

washed

Hydraulic 

conductivity 

background sand 

downstream 

2.9E-04 2.6E-04 n.a. 1.1 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  

 
Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

6.0 (7.6 washed) 5.1 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

5.6 (7.1 washed) 5.6 
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2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  
 

2.3 Modelled and measured heads 
 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 
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barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 

2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min 

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate

Progression 7.21 7.04 0.98

 

3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the centre (h15-h8) are considered most representative for pipe 
progression. As this is an experiment with a barrier with a lower relative density, gradients are 
lower than in the experiments where the barrier had a higher relative density.  
 
Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient

Progression 0.32 0.34 1.06 

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 0.66.  

4 Comments 

Hydraulic conductivities in the model match those based on preparation quite well.  
The hydraulic gradient inside the barrier is somewhat overestimated, this is due to a slight over 
estimation of the head in the barrier, however, there is some degree of over or under 
estimation for all heads inside the barrier and upstream of this, and improving the fit on one 
head worsens the others. Therefore, the current schematisation is considered adequate.  
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB2_MZ_28  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was a progression step prior to failure, and this step is modelled. The critical 
point (the head drop just prior to) the progression step is modelled, at which the pipe had 
developed 4 cm into the barrier. The heads and gradients in the centre of the barrier are 
considered most representative for the critical gradient at the location where the pipe 
progressed.  
In this test, the pipe had not progressed parallel to the barrier interface prior to damage. 
However, after damage the pipe did progress parallel to the downstream barrier interface, 
inside the barrier.  
 
Table 1.1  Model dimensions 

Dimension Length, mm 
Model width, m 0.881 

Model depth, m 0.403 

Model length, m 1.753

Barrier width, m 0.300

Barrier depth, m 0.404

Location of downstream barrier interface, m relative to 

outflow 

-0.505 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3 

20 1.00e-3 998.2 
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Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with most 

representative 

head for the 

downstream 

pipe in the 

barrier 

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 4 H15 0.04 0.65 

2 Model results 

2.1 Hydraulic conductivity 
Correlations between porosity and hydraulic conductivity of the barrier materials were derived 
both for the barrier material and for the ‘washed’ barrier material, where the barrier mixture was 
flushed to remove fines prior to the hydraulic conductivity test. 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

3.2E-04 3.0E-04 3.2E-04 1.1 1.0 

Hydraulic 

conductivity 

background sand 

below barrier 

n.a. n.a. n.a. n.a. n.a. 

Hydraulic 

conductivity 

barrier 
1.3E-03 

9.6E-04 based 

on correlation 

GZB 2 
n.a. 

1.3 based on 

correlation GZB 2 

n.a. 
1.4E-03 based 

on correlation 

GZB 2 washed

0.9 based on 

correlation GZB 2 

washed

Hydraulic 

conductivity 

background sand 

downstream 

3.6E-04 3.7E-04 n.a. 1.0 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  
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Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

2.6 (3.8) 3.5 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

3.2 (4.8) 3.9 

 
 

2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  
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2.3 Modelled and measured heads 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 

2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min 

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate

Progression 5.55 5.78 1.04

 

3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the centre (h15-h8) are considered most representative for pipe 
progression.  
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Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient 

Progression 0.42 0.43 1.02 

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 0.76.  

4 Comments 

Modelled hydraulic conductivities relatively similar to the expected hydraulic conductivities 
based on relative density.  
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB1_B25_29.  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, the pipe stopped after the significant progression step. The critical point (the head 
drop just prior to) the progression step is modelled, at which the pipe had developed 4 cm into 
the barrier. The heads and gradients in the centre of the barrier are considered most 
representative for the critical gradient at the location where the pipe progressed.  
 
Table 1.1  Model dimensions 

Dimension Length, mm 
Model width, m 0.881 

Model depth, m 0.403 

Model length, m 1.753 

Barrier width, m 0.300 

Barrier depth, m 0.125 

Location of downstream barrier interface, m relative to 

outflow 

-0.495 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3 

17 1.08e-3 998.8

 
Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with lowest 

head in pipe 

in barrier

Downstream head 

in model, m 

Upstream head model, 

M 

Progression 4 H15 0.07 1.19 
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2 Model results 

2.1 Hydraulic conductivity 
Correlations between porosity and hydraulic conductivity of the barrier materials were derived 
both for the barrier material and for the ‘washed’ barrier material, where the barrier mixture was 
flushed to remove fines prior to the hydraulic conductivity test. 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

1.8E-04 1.6E-04 1.9E-04 1.2 0.9 

Hydraulic 

conductivity 

background sand 

below barrier 

3.0E-04 2.1E-04 n.a. 1.4 n.a. 

Hydraulic 

conductivity 

barrier 
1.3E-03 

9.3E-04 based 

on correlation 

GZB 1
n.a. 

1.4 based on 

correlation GZB 1 

n.a. 
1.2E-03 based 

on correlation 

GZB 1 washed 

1.1 based on 

correlation GZB 1 

washed 

Hydraulic 

conductivity 

background sand 

downstream 

2.3E-04 1.8E-04 n.a. 1.3 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  

 
Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

5.3 (6.6 washed) 5.7 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

6.0 (7.6 washed) 7.2 
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2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  

2.3 Modelled and measured heads 
 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 



 
 

 

Memo
 

Date 

December 6, 2018
Page 

4 of 4
 
 

2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min 

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate

Progression 5.91 5.85 0.99

 

3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the centre (h15-h8) are considered most representative for pipe 
progression.  
 
Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient

Progression 0.56 0.56 1.0

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 0.93.  

4 Comments 

Hydraulic conductivities in the model are higher than the hydraulic conductivities that would be 
expected based on the column permeability tests for the background sand. However, the 
modelled hydraulic conductivity of the upstream sand is in accordance with the hydraulic 
conductivity that was estimated based on measured flow rate and head drop in the Factual 
Report. The match for the washed barrier is quite good.  
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB1_B25_30.  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was no progression step prior to failure, and therefore the progression step is 
the failure step. The critical point (the head drop just prior to) the progression step is modelled, 
at which the pipe had developed ca 8 cm into the barrier. The heads and gradients in the 
centre of the barrier are considered most representative for the critical gradient at the location 
where the pipe progressed.  
 

1.1 Head drop over filter 
In this test, the head drop over the filter could not be computed as the transducer h1 close to 
the filter suffered from leakage.  
In order to estimate the head loss over the filter, the computed loss of the filter is shown as a 
function of flow rate for other tests with B25 as background material in Figure 1.1. The values 
for three tests are very similar, for one test, MSP 25 the estimated head loss is lower. It is not 
clear what caused this difference in that test. The trend indicated by the three similar tests is 
used to estimate the head drop over the filter for the current test.  
At the progression flow rate in test MSP 31, 10.14 l/min the head loss in the filter would be ca. 
0.10 m.  
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Figure 1.1 Head loss over the filter in test with Baskarp B25 

 
Table 1.1  Model dimensions 

Dimension Length, mm 
Model width, m 0.881 

Model depth, m 0.403 

Model length, m 1.753 

Barrier width, m 0.300 

Barrier depth, m 0.200 

Location of downstream barrier interface, m relative to 

outflow 

-0.345 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3

19 1.03e-3 0.998 

 
Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with lowest 

head in pipe 

in barrier

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 8 H15 0.08 2.00 
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2 Model results 

2.1 Hydraulic conductivity 
Correlations between porosity and hydraulic conductivity of the barrier materials were derived 
both for the barrier material and for the ‘washed’ barrier material, where the barrier mixture was 
flushed to remove fines prior to the hydraulic conductivity test. 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

1.7E-04 1.6E-04 1.4E-04 1.0 1.2 

Hydraulic 

conductivity 

background sand 

below barrier 

2.9E-04 2.2E-04 n.a. 1.3 n.a. 

Hydraulic 

conductivity 

barrier 
1.4E-03 

9.5E-04 based 

on correlation 

GZB 1
n.a. 

1.5 based on 

correlation GZB 1 

n.a. 
1.2E-03 based 

on correlation 

GZB 1 washed

1.2 based on 

correlation GZB 1 

washed 

Hydraulic 

conductivity 

background sand 

downstream 

2.2E-04 1.9E-04 n.a. 1.2 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  

 
Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

5.1 (6.4 washed) 6.5 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

5.8 (7.3 washed) 8.4 
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2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  
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2.3 Modelled and measured heads 

 
 

Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 

2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate 

Progression 10.14 10.31 1.02 
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3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the centre (h15-h8) are considered most representative for pipe 
progression.  
 
Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient

Progression 0.70 0.66 0.95

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 1.2.  

4 Comments 

Hydraulic conductivities in the model are somewhat higher than expected based on preparation 
for the background sand below and downstream of the barrier. The flow rate is slightly 
overestimated, but that would be expected considering that the pipe is a distance into the 
barrier in this 2D model, and in 3D the pipe would only be present over a limited width.  
The model matches the measured heads reasonably well, however, the head on the upstream 
side of the barrier is somewhat underestimated, resulting in an underestimation of the gradient 
over the barrier. The heads in the background sand upstream of the barrier are slightly 
overestimated in the top of the model, but slightly underestimated in the bottom of the model. 
Modifying the barrier hydraulic conductivity to improve the fit inside the barrier would worsen 
the fit upstream. As it is unknown which of these is more representative of reality the current 
schematisation is considered adequate.  
 
 
 
 
 
 

hol
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB1_B25_31.  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was a progression step prior to failure, and this step is modelled. The critical 
point (the head drop just prior to) the progression step is modelled, at which the pipe had 
developed 15 cm into the barrier. The heads and gradients in the centre of the barrier are 
considered most representative for the critical gradient at the location where the pipe 
progressed.  
 

1.1 Head drop over filter 
In this test, the head drop over the filter could not be computed as the transducer h1 close to 
the filter suffered from leakage.  
In order to estimate the head loss over the filter, the computed loss of the filter is shown as a 
function of flow rate for other tests with B25 as background material in Figure 1.1. The values 
for three tests are very similar, for one test, MSP 25 the estimated head loss is lower. It is not 
clear what caused this difference in that test. The trend indicated by the three similar tests is 
used to estimate the head drop over the filter for the current test.  
At the progression flow rate in test MSP 31, 10.89 l/min the head loss in the filter would be ca. 
0.10 m.  
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Figure 1.1 Head loss over the filter in test with Baskarp B25 

 
Table 1.1  Model dimensions 

Dimension Length, mm 
Model width, m 0.881 

Model depth, m 0.403 

Model length, m 1.753 

Barrier width, m 0.45 

Barrier depth, m 0.20 

Location of downstream barrier interface, m relative to 

outflow 

-0.345 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3

19 1.03e-3 0.998 

 
Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with lowest 

head in pipe 

in barrier

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 15 H21 0.13 2.07 
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2 Model results 

2.1 Hydraulic conductivity 
Correlations between porosity and hydraulic conductivity of the barrier materials were derived 
both for the barrier material and for the ‘washed’ barrier material, where the barrier mixture was 
flushed to remove fines prior to the hydraulic conductivity test. 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

1.9E-04 1.7E-04 1.8E-04 1.1 1.0 

Hydraulic 

conductivity 

background sand 

below barrier 

1.5E-04 1.5E-04 n.a. n.a. n.a. 

Hydraulic 

conductivity 

barrier 
1.5E-03 

1.0E-03 based 

on correlation 

GZB 1
n.a. 

1.4 based on 

correlation GZB 1 

n.a. 
1.3E-03 based 

on correlation 

GZB 1 washed

1.1 based on 

correlation GZB 1 

washed 

Hydraulic 

conductivity 

background sand 

downstream 

3.0E-04 2.1E-04 n.a. 1.4 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  

 
Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

4.9 (6.1) 5.1 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

6.3 (7.9) 8.0 
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2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  

2.3 Modelled and measured heads 
 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 
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2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.   

  

Experimental flow 

rate, 

 l/min

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate 

Progression 10.89 10.89 1.00 

 

3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the west (h16-h9) are considered most representative for pipe 
progression.  
 
Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient 

Progression 0.65 0.64 0.98 

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 1.2.  

4 Comments 

Hydraulic conductivities in the model are higher for the background sand below the barrier and 
downstream of the barrier, and for the barrier, compared to the conductivities that would be 
expected based on the column permeability tests. The ratio of these is 1.2-1.3 times the values 
that would be expected based on preparation. The heads in the barrier are somewhat 
underestimated in the model, however this is intentional as the pipe was present in, and 
progressed in, the west side of the model. This fit does match the measured gradient in the 
west side of the model. Therefore, this fit is considered adequate.  
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB1_B25_32.  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was a progression step prior to failure, this progression step is modelled. The 
critical point (the head drop just prior to) the progression step is modelled, at which the pipe 
had developed ca 18 cm into the barrier. The heads and gradients in the centre of the barrier 
are considered most representative for the critical gradient at the location where the pipe 
progressed as these are closest to where the pipe is located. However, the measurements in 
the barrier both in the centre and at the sides are not above the pipe, which means that these 
will overestimate the head in the pipe. The pipe is located just to the side of measurements h15 
and h8 in the barrier.  
 

1.1 Head drop over filter 
In this test, the head drop over the filter was computed and indicated an increase of the 
resistance during periods of constant flow rate as shown in Figure 1.1. Those are periods 
where the head drop is maintained constant for almost an hour in order to facilitate laser 
measurements of the pipe depth. This suggests there was possibly some clogging of the filter 
during this time. At the critical point for the progression step, which is just prior to a period of 
constant flow in which the resistance increases further, with a flow rate of 8.08 l/min the 
computed head loss over the filter is 0.13 m. 
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Figure 1.1 Head loss over the filter in test with Baskarp B25 

 
Table 1.1  Model dimensions 

Dimension Length, mm 
Model width, m 0.881 

Model depth, m 0.403 

Model length, m 1.753 

Barrier width, m 0.450 

Barrier depth, m 0.200 

Location of downstream barrier interface, m relative to 

outflow 

-0.345 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3

18 1.05e-3 998.6 

 
Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with lowest 

head in pipe 

in barrier

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 18 H21 0.07 1.48 
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2 Model results 

Correlations between porosity and hydraulic conductivity of the barrier materials were derived 
both for the barrier material and for the ‘washed’ barrier material, where the barrier mixture was 
flushed to remove fines prior to the hydraulic conductivity test. 

2.1 Hydraulic conductivity 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

1.9E-04 1.7E-04 1.8E-04 1.1 1.1 

Hydraulic 

conductivity 

background sand 

below barrier 

2.1E-04 1.8E-04 n.a. 1.2 n.a. 

Hydraulic 

conductivity 

barrier 
1.6E-03 

1.1E-03 based 

on correlation 

GZB 1 
n.a. 

1.5 based on 

correlation GZB 1 

n.a. 
1.4E-03 based 

on correlation 

GZB 1 washed 

1.2 based on 

correlation GZB 1 

washed 

Hydraulic 

conductivity 

background sand 

downstream 

2.4E-04 1.9E-04 n.a. 1.2 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  
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Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

5.7 (7.1) 6.8 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

6.4 (8.1) 8.5 

 

2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  
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2.3 Modelled and measured heads 
 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 

2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate 

Progression 8.08 8.31 1.03 

 

3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the centre (h15-h8) are considered most representative for pipe 
progression but they underestimate the actual gradient due to 3D effects. The pipe has a 
length whereby it has passed h15 in the downstream end of the barrier, in the model it 
therefore had the head boundary condition of the lowest head measured in the pipe in the 
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experiment. However, in the reality the pipe is next to h15 not below it, and therefore the 
measured head is higher. For this reason, the gradient over the barrier is underestimated by 
the measurements. 
 
Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient

Progression 0.38 0.53 1.5 

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 0.82.  

4 Comments 

Hydraulic conductivities in the model are approximately 1.2 times higher than conductivities 
that would be expected based on the column permeability tests. However, the hydraulic 
conductivity estimated for the background sand upstream of the barrier, based on the head 
drop and flow rate, during the test is also higher than would be expected based on the column 
hydraulic conductivities.  
The modelled gradient is higher than the measured gradient over the barrier between h15 and 
h8. This is because in the model the pipe is at the location of h15 whereas in the experiment 
the pipe is to the side of h15. The boundary condition in the model is the lowest head that is 
measured in the pipe in the barrier, which is measured at h21. The higher heads in the 
transducers to the side of the pipe do indicate that there is a 3D flow pattern inside the barrier.  
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB1_B25_33.  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was no progression step prior to failure, therefore the failure is the 
progression step. The critical point (the head drop just prior to) the progression/failure step is 
modelled, at which the pipe had developed 11 cm into the barrier. The heads and gradients in 
the centre of the barrier are considered most representative for the critical gradient at the 
location where the pipe progressed.  
 
Table 1.1  Model dimensions 

Dimension Length, mm
Model width, m 0.881

Model depth, m 0.403

Model length, m 1.753

Barrier width, m 0.300

Barrier depth, m 0.404

Location of downstream barrier interface, m relative to 

outflow 

-0.505 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3 

18 1.05e-3 998.6 

 
 
Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with lowest 

head in pipe 

in barrier

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 11 H15 0.13 1.89 
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2 Model results 

2.1 Hydraulic conductivity 
Correlations between porosity and hydraulic conductivity of the barrier materials were derived 
both for the barrier material and for the ‘washed’ barrier material, where the barrier mixture was 
flushed to remove fines prior to the hydraulic conductivity test. 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

1.9E-04 1.7E-04 1.9E-04 1.2 1.0 

Hydraulic 

conductivity 

background sand 

below barrier 

n.a. n.a. n.a. n.a. n.a. 

Hydraulic 

conductivity 

barrier 
1.3E-03 

1.1E-03 based 

on correlation 

GZB 1 
n.a. 

1.2 based on 

correlation GZB 1 

n.a. 
1.3E-03 based 

on correlation 

GZB 1 washed 

1.0 based on 

correlation GZB 1 

washed 

Hydraulic 

conductivity 

background sand 

downstream 

2.1E-04 1.9E-04 n.a. 1.1 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  
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Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

5.6 (7.1 washed) 6.2 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

6.3 (7.9 washed) 6.8 

 

2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  
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2.3 Modelled and measured heads 
 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 

2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min 

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate

Progression 10.31 11.25 1.03

 

3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the centre (h15-h8) are considered most representative for pipe 
progression.  
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Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient 

Progression 0.58 0.59 1.03 

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 1.2.  

4 Comments 

Hydraulic conductivities in the model are slightly higher (factor of 1.1-1.2) than the hydraulic 
conductivities that would be expected based on the column permeability tests for the 
background sand. This modelled hydraulic conductivity is comparable to the hydraulic that was 
estimated in the Factual report based on measured heads and flow rate. The hydraulic 
conductivity of the barrier (washed) corresponds well with the value that would be expected 
based on preparation. 
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB1_B15_34. During this test, lenses of the background sand were observed inside the 
barrier at the sides of the model. These were the result of the preparation method. Possibly 
these influenced the head profile.  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was a progression step prior to failure. The critical point (the head drop just 
prior to) the progression step is modelled, at which the pipe had developed 4 cm into the 
barrier. The heads and gradients in the centre of the barrier are considered most 
representative for the critical gradient at the location where the pipe progressed.  
 
Table 1.1  Model dimensions 

Dimension Length, mm 
Model width, m 0.881 

Model depth, m 0.403 

Model length, m 1.753 

Barrier width, m 0.300

Barrier depth, m 0.200

Location of downstream barrier interface, m relative to 

outflow 

-0.495 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3 

17 1.08e-3 998.8 
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Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with lowest 

head in pipe 

in barrier

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 4 H15 0.10 3.71 

 

2 Model results 

2.1 Hydraulic conductivity 
Correlations between porosity and hydraulic conductivity of the barrier materials were derived 
both for the barrier material and for the ‘washed’ barrier material, where the barrier mixture was 
flushed to remove fines prior to the hydraulic conductivity test. 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

7.0E-05 6.8E-05 7.0E-05 1.0 1.0 

Hydraulic 

conductivity 

background sand 

below barrier 

7.5E-05 7.3E-05   1.0 n.a. 

Hydraulic 

conductivity 

barrier 
1.4E-03 

7.4E-04 based 

on correlation 

GZB 1 
  

1.9 based on 

correlation GZB 1 

n.a. 
9.3E-04 based 

on correlation 

GZB 1 washed

1.5 based on 

correlation GZB 1 

washed

Hydraulic 

conductivity 

background sand 

downstream 

7.4E-05 7.0E-05   1.1 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  
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Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

11 (13) 19.0 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

11 (13 20.0 

 

2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  
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2.3 Modelled and measured heads 
 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 

2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min 

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate

Progression 8.02 8.21 1.02

 

3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the centre (h15-h8) are considered most representative for pipe 
progression.  
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Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient 

Progression 0.74 0.74 1.01 

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 1.3.  

4 Comments 

The hydraulic conductivity of the background sand is similar in the model and based on the 
reported porosity and the correlation derived for this sand from the column tests. For the 
barrier, the modelled hydraulic conductivity is significantly higher than would be expected 
based on the column tests, a factor 1.5 difference for the washed barrier. 
The modelled head profile still overestimates the heads in the downstream end of the barrier. 
Reducing the hydraulic conductivity of the barrier in the model further would improve that fit, 
but in that case the head measured inside the barrier on the upstream end, and the head in the 
background sands would not be estimated as well any more.  
One cause of the overestimation in the downstream end could be that the pipe length in the 
barrier is underestimated in the visual observations. Therefore, the model was also made with 
a 6 cm long pipe in the downstream end of the barrier. In combination with the same hydraulic 
conductivity for the background sand as in the current model, but with a slightly higher 
hydraulic conductivity in the barrier (1.22e-3 m/s) this results in a similar gradient upstream of 
the pipe tip as in the current model, 1.3. The modelled profile is slightly better as shown in 
Figure 4.1.  
Rather than having underestimated the pipe length, it is also possible that the local relative 
density close to the pipe tip was lower than the average relative density of the barrier. The 
reported  relative density of the barrier is very high for this test, whereas the preparation 
method was comparable to the other tests.  
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Figure 4.1 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB5_B25_35.  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was a progression step prior to failure. The critical point (the head drop just 
prior to) the progression step is modelled, at which the pipe had developed 7 cm into the 
barrier. The heads and gradients in the centre of the barrier are considered most 
representative for the critical gradient at the location where the pipe progressed.  
 
Table 1.1  Model dimensions 

Dimension Length, mm 
Model width, m 0.881 

Model depth, m 0.403 

Model length, m 1.753 

Barrier width, m 0.300 

Barrier depth, m 0.200 

Location of downstream barrier interface, m relative to 

outflow 

-0.495 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3 

20 1.00e-3 998.2 
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Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with lowest 

head in pipe 

in barrier

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 7 H17 0.14 4.26 

 

2 Model results 

2.1 Hydraulic conductivity 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

2.1E-04 1.6E-04 1.9E-04 1.3 1.1 

Hydraulic 

conductivity 

background sand 

below barrier 

2.9E-04 2.4E-04   1.2 n.a. 

Hydraulic 

conductivity 

barrier 

4.0E-03 3.4E-03   1.2 n.a. 

Hydraulic 

conductivity 

background sand 

downstream 

2.9E-04 1.9E-04   1.2 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  

  



 

 

 
 
Date 

January 30, 2018 
Page 

3 of 5
 

 

 
 
 

 
Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

18 17 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

21 19 

 

2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  
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2.3 Modelled and measured heads 
 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 

2.4 Flow rate  
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min 

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate

Progression 27.19 27.70 1.02

 

3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the centre (h17-h10) are considered most representative for pipe 
progression.  
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Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient 

Progression 0.73 0.74 1.01 

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 1.4.  

4 Comments 

The modelled head in the barrier underestimates h14 and h15 slightly, probably because the 
pipe is just to the side of these transducers. The model overestimates the hydraulic 
conductivities of the barrier and background sand upstream and below the barrier by a factor 
1.2, which is probably not significant. The hydraulic conductivity of the background sand 
downstream is overestimated by a larger factor, which is probably due to the extensive erosion 
downstream that occurred during this test where the barrier was stronger than in other tests.  
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1 Model 

This factsheet summarises the input and results of the numerical simulation of the experiment 
MS_GZB5_B25_36.  
All distances are computed relative to the centre of the outlet hole at the top of the setup. 
Horizontally the upstream direction is negative; vertically, the downward direction is negative.  
As experiments did not indicate the formation of a filter cake, this zone of the barrier has the 
same hydraulic conductivity as the barrier in the computation. 
 
In this test, there was a progression step prior to failure. The critical point (the head drop just 
prior to) the progression step is modelled, at which the pipe had developed 7 cm into the 
barrier. The heads and gradients in the centre of the barrier are considered most 
representative for the critical gradient at the location where the pipe progressed.  
 
Table 1.1  Model dimensions 

Dimension Length, mm 
Model width, m 0.881 

Model depth, m 0.403 

Model length, m 1.753 

Barrier width, m 0.300 

Barrier depth, m 0.200 

Location of downstream barrier interface, m relative to 

outflow 

-0.495 

 
Table 1.2  Fluid properties in model 

Temperature oC Dynamic viscosity, Pa.s Density, kg/m3 

20 1.00e-3 998.2 

 
  



 
 

 

Memo
 

Date 

January 30, 2018
Page 

2 of 5
 
 
Table 1.3  Boundary conditions 

step Pipe maximum 

length in barrier, 

 

 cm* 

Transducer 

with lowest 

head in pipe 

in barrier

Downstream head 

in model, m 

Upstream head model, 

m 

Progression 7 H17 -0.47 5.05 

 

2 Model results 

2.1 Hydraulic conductivity 
 
Table 2.1  Hydraulic conductivities, computed based on the temperatures during the experiment  

 Modelled 

hydraulic 

conductivity, 

m/s 

Hydraulic 

conductivity 

estimated based 

on column 

permeability 

test, 

m/s 

Hydraulic 

conductivity 

estimated based 

on flow rate and 

head drop 

measurement in 

Factual Report, 

m/s

Ratio 

conductivity 

model 

/conductivity 

column test 

Ratio 

conductivity 

model / 

conductivity FR 

Hydraulic 

conductivity 

background sand 

upstream 

1.9E-04 1.6E-04 1.9E-04 1.2 1.0 

Hydraulic 

conductivity 

background sand 

below barrier 

2.9E-04 2.6E-04   1.1 n.a. 

Hydraulic 

conductivity 

barrier 

5.1E-03 4.4E-03   1.2 n.a. 

Hydraulic 

conductivity 

background sand 

downstream 

2.4E-04 2.0E-04   1.2 n.a. 

* The hydraulic conductivity in the Factual Report is estimated by considering 1D flow using measured flow rates and heads 

for the background sand upstream of the barrier and for the barrier.  
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Table 2.2  Hydraulic conductivity contrast 

 Based on column permeability 

tests

In numerical model 

Hydraulic conductivity contrast 

between barrier and background sand 

downstream  

22 21 

Hydraulic conductivity contrast 

between barrier and background sand 

upstream  

27 27 

 

2.2 Head distribution 
 

 
Figure 2.1 Hydraulic head distribution in the model is indicated by the background colour the range spans the head 

drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity, scaled by 

velocity.  
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2.3 Modelled and measured heads 
 

 
Figure 2.2 Modelled hydraulic head in the top of the model and in the bottom of the model. Measured heads are 

shown in black crosses. Possibly unreliable measured heads are shown in red crosses. Measured heads over the 

barrier at the location that is considered most representative for the location where the pipe progressed are shown in 

black circles. The location of the barrier is shown in black solid lines. 

2.4 Flow rate 
Table 2.3  Experimentally measured flow rate and flow rate computed from the numerical simulation model.  

  

Experimental flow 

rate, 

 l/min 

Modelled flow rate,  

l/min 

ratio experimental 

flow rate/modelled 

flow rate

Progression 34.45 34.93 1.01

 

3 Gradients 

3.1 Comparison to measured gradients 
The measured heads in the centre (h17-h10) are considered most representative for pipe 
progression.  
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Table 3.1  Modelled and measured gradients over the barrier at the location that is representative for pipe progression 

  

Measured gradient Modelled gradient Ratio modelled over 

measured gradient 

Progression 0.71 0.71 1.01 

 

3.2 Over distance of strength criterion 
The modelled gradient over 10 cm upstream of the pipe tip is 1.3.  

4 Comments 

Modelled hydraulic conductivities match the hydraulic conductivity that is expected based on 
preparation relatively well, they overestimate this by a factor of ca. 1.2 which is probably not 
significant.  
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B Sensitivity analysis for modelling the pipe boundary
condition

In the 2D models used to model the experiments, the pipe is present from the outflow boundary
up to the barrier, and into the barrier by the distance of the furthest pipe that was observed in
the experiment. This approach to modelling is consistent with the approach that was used in
phase 1 of the feasibility study (Deltares, 2018b). The current appendix demonstrates the effect
of 2D modelling choices in 3D.
In reality, the pipe only progresses from the outlet hole to the barrier over a limited width (or in
some experiments several pipes progress to the barrier). . Inside the barrier, there is crumbling
along the interface along the width of the model, and often several pipes enter the barrier.
Figure B.1 demonstrates how the 2D modelling schematisation relates to a 3D situation.
The modelling approach that is used in the main report corresponds to a 3D situation where
the pipe has the width of the entire set-up in the background sand downstream and inside the
barrier (left hand side in Figure B.1).
An alternative approach is to model the pipe in the background sand over a limited length
downstream of the barrier corresponding to the progression of the pipe parallel to the barrier,
and over a limited distance inside the barrier that corresponds to the zone of crumbling, or the
zone where pipes are present along the width of the model rather than the distance of the
longest pipe in the barrier (right hand side in Figure B.1).
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Figure B.1 Representation of the reality in 2D models. Top figure is a schematisation of the situation at the critical
point for pipe progression. Bottom figures show the 2D model in profile, and a plan view of the
corresponding 3D situation below. Left is the schematisation where the pipe is modelled from the outlet
hole up to the furthest length of the pipe in the barrier, right is a situation where the pipe is modelled at
the location of the pipe parallel to the barrier in the background sand and inside the barrier along the
distance where there are pipes and crumbling.

For modelling the experiments, the hydraulic conductivity of the soils was fit to reproduce the
measured head profile and flow rate. As the head profile is measured at several points inside
the barrier, the models would be expected to result in a similar local gradient and strength
criterion, regardless of the schematisation of the pipe in the model. The hydraulic conductivity
whereby the model matches the measured results, and therefore the hydraulic conductivity
contrast, would be different for different schematisations of the pipe downstream. This was
already shown in an analysis of modelling the pipe for the second Delta Flume experiment in
in Deltares (2019b). The current appendix shows the effect of modelling the pipe boundary
conditions for the medium-scale set-up. The parameters are selected to be representative for
the situations that are encountered at the progression step in the medium-scale experiments.

B.1 Sensitivity analysis schematisation
The model dimensions and mesh are the same as those used for the analysis of the tests, i.e.
quadrilateral elements with an element size of 0.001 m inside the barrier.
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The analysis is conducted for the situation where the barrier has the entire depth of the model,
and for the situation where the barrier has a depth of 0.125 m, i.e. the two extremes for which
experiments were done. The barrier has a thickness of 0.30 m and is present from -0.505 m to
-0.805 m relative to the centre of the outlet hole.

Figure B.2 Schematisation of the model with a deep (top) and a shallow (bottom) barrier. Yellow is barrier material,
green is background sand. The origin is shown at the outlet hole at the top of the model.
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B.1.1 Boundary conditions
The boundary conditions used are the full pipe length from the outlet hole and a pipe that only
reaches 0.04 m downstream from the barrier interface, both combinations are modelled until
0.04 m into the barrier, corresponding to a short pipe or crumbling, and 0.12 m into the barrier,
corresponding approximately to the furthest distance that a pipe was observed to have
progressed into the 0.30 m thick barriers at the critical progression step.

Figure B.3 Boundary conditions used for the sensitivity analysis. Yellow downstream boundary, green upstream
boundary.
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B.1.2 Hydraulic conductivity
Three different hydraulic conductivity contrasts are used, 4, 10 and 50. The contrast in the
medium-scale tests is typically in the order of 7 with outliers of 27 and 3. The background sand
has a hydraulic conductivity of 1.96 e-4 m/s for all simulations.

B.1.3 Overview of simulations
The head drop applied in all simulations is 1 m.

Table B.1 Overview of simulations for sensitivity analysis

Schematisation
nr

Model name Length of
pipe inside
the barrier,
m

Length of
pipe in the
background
sand, m

Hydraulic
conductivity
contrast*

Sens1 S_D_Pfull_P4cm_Clow 0.04 0.547 4
Sens2 S_D_Pfull_P12cm_Clow 0.12 0.547 4
Sens3 S_D_P04_P4cm_Clow 0.04 0.04 4
Sens4 S_D_P04_P12cm_Clow 0.12 0.04 4
Sens5 S_S_Pfull_P4cm_Clow 0.04 0.547 4
Sens6 S_S_Pfull_P12cm_Clow 0.12 0.547 4
Sens7 S_S_P04_P4cm_Clow 0.04 0.04 4
Sens8 S_S_P04_P12cm_Clow 0.12 0.04 4
Sens1_2 S_D_Pfull_P4cm_Cmed 0.04 0.547 10
Sens2_2 S_D_Pfull_P12cm_Cmed 0.12 0.547 10
Sens3_2 S_D_P04_P4cm_Cmed 0.04 0.04 10
Sens4_2 S_D_P04_P12cm_Cmed 0.12 0.04 10
Sens5_2 S_S_Pfull_P4cm_Cmed 0.04 0.547 10
Sens6_2 S_S_Pfull_P12cm_Cmed 0.12 0.547 10
Sens7_2 S_S_P04_P4cm_Cmed 0.04 0.04 10
Sens8_2 S_S_P04_P12cm_Cmed 0.12 0.04 10
Sens1_1 S_D_Pfull_P4cm_Chigh 0.04 0.547 50
Sens2_1 S_D_Pfull_P12cm_Chigh 0.12 0.547 50
Sens3_1 S_D_P04_P4cm_Chigh 0.04 0.04 50
Sens4_1 S_D_P04_P12cm_Chigh 0.12 0.04 50
Sens5_1 S_S_Pfull_P4cm_Chigh 0.04 0.547 50
Sens6_1 S_S_Pfull_P12cm_Chigh 0.12 0.547 50
Sens7_1 S_S_P04_P4cm_Chigh 0.04 0.04 50
Sens8_1 S_S_P04_P12cm_Chigh 0.12 0.04 50

* hydraulic conductivity of the background sand is 1.96 m/s for all simulations.

B.2 Results sensitivity analysis
The objective of the analysis is to investigate how the modelling of the pipe affects the modelled
head profile in the barrier, in particular over the distance of 0.27 m where measurements are
available in the experiments and over the 0.10 m upstream of the pipe tip of the strength
criterion, and the flow rate. An overview of the simulations and these results is shown in Table
B.2.
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Table B.2 Overview of results of simulations for sensitivity analysis

Schematisation
nr

Model name Flow rate,
l/min

Gradient over
fixed
distance of
0.27 m, -

Gradient over
0.10 m
upstream of
the pipe tip, -

Sens1 S_D_Pfull_P4cm_Clow 5.74 0.70 1.25
Sens2 S_D_Pfull_P12cm_Clow 6.09 0.49 1.05
Sens3 S_D_P04_P4cm_Clow 5.60 0.77 1.41
Sens4 S_D_P04_P12cm_Clow 6.03 0.52 1.11
Sens5 S_S_Pfull_P4cm_Clow 5.19 0.78 1.29
Sens6 S_S_Pfull_P12cm_Clow 5.53 0.56 1.17
Sens7 S_S_P04_P4cm_Clow 5.08 0.83 1.42
Sens8 S_S_P04_P12cm_Clow 5.49 0.58 1.21
Sens1_2 S_D_Pfull_P4cm_Cmed 6.46 0.36 0.66
Sens2_2 S_D_Pfull_P12cm_Cmed 6.69 0.23 0.49
Sens3_2 S_D_P04_P4cm_Cmed 6.41 0.38 0.71
Sens4_2 S_D_P04_P12cm_Cmed 6.67 0.23 0.51
Sens5_2 S_S_Pfull_P4cm_Cmed 5.80 0.40 0.68
Sens6_2 S_S_Pfull_P12cm_Cmed 6.01 0.27 0.56
Sens7_2 S_S_P04_P4cm_Cmed 5.76 0.42 0.72
Sens8_2 S_S_P04_P12cm_Cmed 6.00 0.27 0.58
Sens1_1 S_D_Pfull_P4cm_Chigh 7.04 0.09 0.16
Sens2_1 S_D_Pfull_P12cm_Chigh 7.10 0.05 0.11
Sens3_1 S_D_P04_P4cm_Chigh 7.04 0.09 0.17
Sens4_1 S_D_P04_P12cm_Chigh 7.10 0.05 0.11
Sens5_1 S_S_Pfull_P4cm_Chigh 6.31 0.10 0.16
Sens6_1 S_S_Pfull_P12cm_Chigh 6.36 0.06 0.13
Sens7_1 S_S_P04_P4cm_Chigh 6.30 0.10 0.17
Sens8_1 S_S_P04_P12cm_Chigh 6.36 0.06 0.13

B.2.1 Head distribution
The modelled head distribution is shown for two simulations with a shallow barrier, a contrast
of 4, and a pipe length of 0.04 m inside the barrier in Figure B.4 (pipe to the outlet hole) and
Figure B.5 (pipe 0.04 m downstream of the barrier). The flow velocity arrows indicate the larger
outflow area.
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Figure B.4 Hydraulic head distribution in the model is indicated by the background colour the range spans the head
drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity.
Simulation Sens5, hydraulic conductivity contrast 4, pipe length inside the barrier 0.04 m, barrier depth
0.123 m and pipe length downstream to the exit hole.

Figure B.5 Hydraulic head distribution in the model is indicated by the background colour the range spans the head
drop in the model. The head drop is divided into 40 contour lines. Vectors represent flow velocity.
Simulation Sens7, hydraulic conductivity contrast 4, pipe length inside the barrier 0.04 m, barrier depth
0.123 m and pipe length downstream of the barrier 0.04m.

B.2.2 Horizontal head profiles
The effect of modelling a shorter pipe in the background sand downstream on the horizontal
head profiles is shown in Figure B.6 for a 0.04 m pipe in the barrier and in Figure B.7 for a 0.12
m pipe in the barrier, both are for simulations with a contrast of 10.
With a shorter pipe downstream, the head profile in the barrier is slightly higher than with the
longer pipe downstream. This effect is largest when the pipe in the barrier is also short, as there
is a smaller outflow area.
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Figure B.6 Modelled head profile

Figure B.7 Modelled head profile
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B.2.3 Vertical head profiles
The effect of modelling a shorter pipe in the background sand downstream on the vertical head
profiles is shown in Figure B.6 for a 0.04 m pipe in the barrier and Figure B.7 for a 0.12 m pipe
in the barrier for simulations with a contrast of 10.
With a shorter pipe downstream, the head profile in the barrier is slightly steeper than with the
pipe down to the outlet hole. This effect is largest when the pipe in the barrier is also short, as
there is a smaller outflow area.

Figure B.8 Modelled head profile
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Figure B.9 Modelled head profile

B.2.4 Effect of downstream pipe length

B.2.4.1 Flow rate
The effect of the modelled pipe length in the background sand on the modelled flow rate is
shown in Figure B.10 and Figure B.11. The modelled flow rate is slightly lower when the length
of the pipe in the background sand is only 0.04 m as opposed to the 0.547 m to the outlet hole.
However, the relative effect is very small, the biggest effect is a reduction of the flow rate by
2.5% for a simulation with a deep barrier and a 0.04 m pipe inside the barrier with a contrast of
4. As expected, the effect of the length of the background sand downstream is smaller for the
simulations with a longer pipe in the barrier, as this provides a longer outflow area, and for
simulations with a higher contrast, as more flow concentrates to the pipe inside the barrier.

The hydraulic conductivity of the background sand upstream of the barrier has the dominant
control on the flow rate. Modelling the experiments to fit the measured flow rate, using a
schematisation with a pipe from the outlet would therefore give a very slight underestimation of
the hydraulic conductivity upstream of the barrier. Considering that the maximum difference in
this sensitivity analysis is 2.5%, and that the difference for a contrast of 10, which is closer to
the contrast in the experiments, is < 1% this estimation error can be considered negligible.
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Figure B.10 Modelled flow rate as a function of hydraulic conductivity contrast.
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Figure B.11Relative effect of pipe length in the background sand on flow rate as a function of hydraulic conductivity
contrast. Ratio of the flow rate with a 0.04 m pipe in the background sand over the flow rate with a pipe
to the outlet hole in the background sand.

The vertical velocity of water leaving the model through the pipe is highest at the furthest tip of
the pipe inside the barrier (-0.545 m) as shown in Figure B.12. Due to the constant head
boundary in the pipe at this point, a singularity occurs at this point. For a model where the pipe
downstream is only 0.04 m long, the vertical velocity along the entire length of the pipe inside
the barrier is higher than for the model with the longer pipe downstream.  Another peak can be
observed in the velocity at the other end of the pipe, on the downstream side of the barrier. For
the model where the pipe is only 0.04 m long downstream of the barrier, the vertical flow velocity
into the pipe along the pipe length is higher than for the model where the pipe is to the outlet
hole. Because the total flow rate is predominantly controlled by the hydraulic conductivity of the
background sand, the total flow is not much larger for the models with a longer pipe downstream
of the barrier. Thus, the same flow rate is spread over a longer outflow length, resulting in lower
flow velocities.
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Figure B.12Vertical flow velocity along the top of models Sens 5 and Sens7. Top along the entire top boundary of
the model, bottom close-up of the top boundary of the model close to the pipe.

B.2.4.2 Horizontal gradient over the barrier at measurement locations
The effect of the downstream pipe length on the gradient over the barrier (over the 0.27 m
between the locations of the transducers on the upstream and downstream sides of the barrier)
is shown in Figure B.13 and Figure B.14. The effect is largest for the case of a low conductivity
contrast, a deep barrier and a short pipe inside the barrier, similar to what was observed for the
effect on flow rate. Note that for the model with a contrast of 50, the relative effect is higher for
a shallow barrier than for a deep barrier. The difference between the relative effects for a
shallow and a deep barrier probably has to do with the combined effects hydraulic conductivity
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contrast and barrier depth on the relative amounts of the flow that exit through the pipe in the
barrier and that exit through the pipe downstream.
Overall, the modelled gradient over the barrier is higher when the pipe downstream of the
barrier is shorter, as more flow concentrates towards the pipe in the barrier. The maximum
effect is a 10% higher local gradient for a low contrast of 4; for a contrast of 10, which is more
representative of the contrast in the experiments, the effect is 6% or less. For a contrast of 50,
the effects are less than 2%.

As the hydraulic conductivity contrast in the models of the experiments is modified to match the
measured heads in the upstream and downstream ends of the barrier, the modelled gradient
will not be under- or overestimated by modelling a shorter or longer pipe downstream, but the
hydraulic conductivity contrast will be. This was also shown for the modelling of the Delta Flume
in Deltares (2019b). With a shorter pipe downstream of the barrier, heads in the barrier are
higher for a given hydraulic conductivity contrast (see also Figure B.6 and Figure B.7).
Increasing the contrast reduces the heads inside the barrier. Therefore, with a shorter pipe in
the model, a higher contrast (a higher hydraulic conductivity of the barrier) is required to match
the same head profile. So, modelling the experiments with a pipe from the outlet hole to the
barrier may cause a slight underestimation of the contrast, and therefore of the hydraulic
conductivity of the barrier and therefore a slight overestimation of the RD of the barrier.
The degree to which the contrast is overestimated will depend on the geometry (barrier depth
and pipe length) and hydraulic conductivity contrast. However, considering that the maximum
relative difference for a contrast of 10 is in the order of 6% the effect for the modelling of the
experiments is expected to be relatively small.
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Figure B.13 Modelled gradient over 0.27 m inside the barrier as a function of hydraulic conductivity contrast.
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Figure B.14Relative effect of pipe length in the background sand on gradient over 0.27 m inside the barrier as a
function of hydraulic conductivity contrast. Ratio of the gradient with a 0.04 m pipe in the background
sand over the gradient with a pipe to the outlet hole in the background sand.

B.2.4.3 Horizontal gradient over 0.1 m upstream of the pipe tip
The effect of the downstream pipe length on the horizontal gradient over 0.10 m just upstream
of the pipe tip is shown in Figure B.16 and Figure B.14. The relative effect is largest for the
case of a low conductivity contrast, a deep barrier and a short pipe inside the barrier.

As noted in Section B.2.4.2 when the experiments are modelled, the modelled heads are fit by
adjusting the hydraulic conductivity of the materials in the model. This means that the modelled
gradient over 0.1 m upstream of the pipe tip will not be over- or underestimated due to modelling
a long pipe. The effect of modelling a shorter pipe downstream is important for making
predictions in situations where the hydraulic conductivity is an input parameter, i.e. for design
computations.
The situation in the experiments, with an impermeable boundary downstream of the pipe, also
represents an extreme case as all water is forced to exit through the pipe. In reality there will
always be some degree of leakage downstream of the barrier, which reduces the effect of the
modelled pipe length to some extent.
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Figure B.15 Modelled gradient over 0.10 m inside the barrier as a function of hydraulic conductivity contrast.
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Figure B.16Relative effect of pipe length in the background sand on gradient over 0.10 m inside the barrier as a
function of hydraulic conductivity contrast. Ratio of the gradient with a 0.04 m pipe in the background
sand over the gradient with a pipe to the outlet hole in the background sand.

B.2.5 Horizontal and vertical tangent gradient profiles
The modelled heads are used to compute the tangent gradients (head difference between
successive points/distance between them) in order to obtain a tangent gradient profile. This
differs from the secant gradient, which was found as strength criterion in the first phase of the
medium-scale tests, in that the secant gradient is computed between the pipe tip and the head
modelled at a distance of 0.10 m upstream of this.
The horizontal and vertical tangent gradient profiles are shown as a function of distance from
the pipe tip for models with a 0.04 m pipe in the barrier Figure B.17, and for models with a 0.12
m pipe in the barrier Figure B.18. These are simulations with a hydraulic conductivity contrast
of 10.
These figures show that both the horizontal and the vertical tangent gradients at the pipe tip
rise strongly near the pipe tip.
As observed for the head profiles, with a short pipe in the barrier, the effect of having only a
0.04 m pipe downstream of the barrier as opposed to a pipe that extends to the outlet hole, is
largest. The absolute effect on the vertical tangent gradients is slightly higher than on the
horizontal tangent gradients.
The effect of the pipe length inside the barrier on the modelled profiles is significantly larger,
with a 0.04 m long pipe inside the barrier, the tangent gradients are higher than with a 0.12 m
pipe inside the barrier, as would be expected due to a larger outflow area.
Vertical tangent gradients are higher with a deeper barrier than for a shallower barrier, for the
distance up to 0.10 m from the pipe tip.  Horizontal tangent gradients closest to the pipe tip are
also highest for the deeper barrier for the pipe 0.04 m into the barrier, but at increasing distance
from the pipe tip the tangent gradients for the shallower barrier become higher. The location of
this crossover point will depend on the geometry of the model and the hydraulic conductivity
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contrasts. For the pipe 0.12 m in the barrier, the horizontal gradients are higher for a shallow
barrier at all distances, however, the vertical gradients are lower for a shallow barrier.

Figure B.17 Computed tangent gradients as function of distance from the pipe tip
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Figure B.18 Computed tangent gradients as function of distance from the pipe tip

B.3 Consequences for modelling experiments
The sensitivity analysis has compared the effect of modelling a pipe from the outlet hole to the
barrier to the effect of modelling only a 0.04 m long pipe downstream of the barrier. Neither
schematisation is entirely representative for the true 3D situation. The former corresponds to
an infinitely wide pipe, the latter neglects the presence of the outlet hole and pipe between the
outlet hole and the pipe downstream of the barrier. Reality will be an intermediate between
these two schematisations.

The sensitivity analysis shows that:

· the difference between these two schematisations can be expected to be negligible with
regards to the modelled flow rate for the geometry and most common hydraulic
conductivity contrast for the medium-scale experiments.

· the modelled hydraulic conductivity of the barrier is somewhat lower (i.e. RD somewhat
higher) for the barrier material in models with a pipe from the outlet hole to the barrier
when the objective is to fit the same measured heads in the barrier. The magnitude of this
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effect is expected to be relatively small (less than 10% effect on the modelled local
gradient) for the models of the experiments.

The effect of modelling a longer or shorter pipe downstream of the barrier on the modelled
horizontal gradient over 0.1 m upstream of the pipe tip inside the barrier is mainly relevant for
prediction models in which the hydraulic conductivities are fixed input. Then modelling a shorter
pipe results in a higher modelled gradient. The effect is most significant for situations with a
shorter pipe inside the barrier.
In the field, the barrier will have a much smaller depth relative to the aquifer than in the
experiments and in these simulations. In the experiments even with a shallow barrier, most flow
converges to the barrier and therefore to the pipe in the barrier. With a much deeper aquifer,
flow at greater depth may bypass the barrier and then the effect of the pipe downstream, and
the leakage length of the aquifer downstream of the barrier will become more significant.
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C Modelling experiment MS 37: basis model

This appendix concerns the modelling of experiment MS-GZB2-B25-37, in which the barrier
penetrates 0.1 m into the cover layer. The experimental observations are described in the main
report in Section 3.3 and in Appendix H.
In this test when the pipe reached the barrier a slope formed, which progressed in the upstream
direction. Pipes formed from the end of the slope, which progressed upstream and failure was
considered as the point where heave occurred at the upstream tip of one of the pipes which
was at the upstream interface of the barrier. This allowed transport of background sand through
the barrier. The critical point for failure for this test is considered as the point just before heave
caused the background sand to flow into the barrier.

In order to model the strength of a barrier in such a configuration, several aspects are important.
Firstly, the outward gradient on the slope, which is used to analyse slope stability. Secondly,
the horizontal gradient at the top of the slope, which is used to analyse the formation of pipes.
And thirdly, the vertical gradient at the upstream end of the barrier, which is used to analyse
fluidisation. Measurements were made of the depth of the surface of the barrier during the test.
The measured slopes are analysed in Appendix H. These are used as a basis for schematising
the slope in the models in this section. Those models are used to compute the gradients that
were acting at the critical point in the experiment.

As a 2D model is used to model the critical slope, both the last measured slope (which touches
the cover layer), and a slope which reaches the upstream interface of the barrier, are modelled.
Note that this is a schematisation in order to obtain an impression of the hydraulic outward
gradients on the slope at the head drops that were applied. The case with a slope reaching to
the upstream interface of the barrier was not actually observed in the experiment.

Observations indicate that the deepest point of the toe of the slope was below the impermeable
cover layer at the critical point for failure. Laser measurements, analysed in Appendix H have
a too high uncertainty to be able to reliably determine the bottom of the slope, the estimated
slope depth indicate that the bottom of the slope is more or less around the bottom of the
impermeable cover layer. Therefore, models are made both for the case where the toe is below
the impermeable layer, creating a contact between the void and the pipe downstream, and
where this is not the case, in order to investigate the effect on the head profile.
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C.1 Model geometry and mesh

C.1.1 Geometry

The models used are shown in Figure C.1.

MS37_1 and MS37_3

MS37_2 and MS37_4

MS37_5
Figure C.1 Models showing the materials (red = void; pink = barrier; dark blue = background sand upstream; light

blue = background sand downstream; white is location of impermeable layer). The two top models have
the upstream tip of the slope 45 mm from the barrier edge, and the bottom of the slope is at elevation -
0.09 m (MS37_1 & MS37_3) and -0.11 m (MS37_2 & MS37_4) respectively. The slope in the bottom
model runs from -0.11 m elevation on the downstream interface of the barrier to -0.01 m on the
upstream interface (MS37_5).

In the model, the barrier is present between x coordinates x = -0.795 m and x = -0.495 m and
y coordinates y = 0.000 m to y = -0.404 m.
The impermeable layer is present from the upstream side, x = -1.385 m to x = -0.795 m and
from x = -0.495 m to x = -0.12 m with depths from y = 0.000 m to y = -0.100 m (all distances
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relative to the centre of the exit hole at the top of the model). Below the impermeable layer,
background sand is present up to the bottom of the model at y = -0.404 m. Downstream of the
impermeable layer, background sand is present from x = -0.120 m to x = 0.368 m and y = 0.000
m to y = -0.404 m.

The slope of the barrier in the model is a schematisation that is based on the last available
laser measurements. In those measurements the slope in the barrier is present up to ca. 0.045
m from the upstream interface of the barrier, in the profiles in the centre of the model. Note that
there is quite a large uncertainty in this distance due to both the measurement accuracy of the
laser, 0.0025 m for distances in the x and y direction (Appendix G), and due to the estimation
of the location of the laser frame of reference (Appendix H).
Observations indicate that the deepest point of the toe of the slope was below the impermeable
cover layer at the critical point for failure. Laser measurements, analysed in Appendix H have
a too high uncertainty to be able to reliably determine the bottom of the slope, the estimated
slope depth indicate that the bottom of the slope is more or less around the bottom of the
impermeable cover layer. Therefore, models are made both for the case where the toe is below
the impermeable layer, creating a contact between the void and the pipe downstream, and
where this is not the case, in order to investigate the effect on the head profile.

Therefore, a model is made in which the slope runs from:

· x= -0.750 m y=0.00 m to x=-0.495 m y=-0.09 m (19-degree slope), models MS37_1 and
MS37_3, where the depth of the pipe at the barrier is 0.01 m in model 1 and 0.02 m in
model 3;

· x= -0.750 m y=0.00 m to x=-0.495 m y=-0.11 m (23-degree slope), model MS37_2 and
MS37_4, where the depth of the pipe at the barrier is 0.01 m in model 2 and 0.02 m in
model 4.

At the point prior to failure, the slope had progressed further in the barrier and pipes had formed
from the slope up to the upstream barrier interface, therefore a model is also made where the
upstream side of the slope is 0.01 m below the surface
• x = -0.795, y=-0.01, and the downstream side of the slope is at x=-0.495 m y=-0.11 m

(18-degree slope), model MS37_5.

The depth of the pipe at the barrier interface is not known therefore the effect of a pipe depth
of 0.01 m and 0.02 m is modelled for the two models where the upstream tip of the slope is
0.045 m from the upstream barrier interface. As the effect was small, only the version with a
0.01 m deep pipe is modelled for the third model where the slope runs all the way upstream in
the barrier. Note that this does not mean that the pipe had this depth, the depth of the pipe
could not be observed in the experiments. It might also have been deeper. Although this depth
does not affect the modelling of the experiments, when a design is made, the depth of the
bottom of the slope is relevant as it influences the height of the top of the slope above the
aquifer on the upstream side of the barrier.

The void which is present above the slope in the model is modelled as a material with a
hydraulic conductivity that is 106 higher than the hydraulic conductivity of the barrier (i.e.
effectively has no resistance to flow). The impermeable material is not modelled. The models
are shown in Figure C.1.
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An overview of the models is shown in Table C.1.

Table C.1 Overview of model geometries

Model
name

x-coordinate
slope
upstream, m

y- coordinate
slope
upstream, m

x-coordinate
slope
downstream, m

y- coordinate
slope
downstream, m

Slope
angle,
degrees

Depth of
pipe at
barrier, m

MS37_1 -0.750 0.000 -0.495 -0.090 19.4 0.010

MS37_2 -0.750 0.000 -0.495 -0.110 23.3 0.010

MS37_3 -0.750 0.000 -0.495 -0.090 19.4 0.020

MS37_4 -0.750 0.000 -0.495 -0.110 23.3 0.020

MS37_5 -0.795 -0.010 -0.495 -0.110 18.4 0.010

C.1.2 Mesh
An unstructured mesh is used, due to the geometry of the slope in the barrier. Elements at the
top of the barrier are refined to a size of 1 mm, the remainder of the model has element size 1
cm, giving a high level of mesh refinement.

Figure C.2 Close-up of the mesh in the barrier. Dark red is void, pink is barrier, light blue is background sand
downstream, dark blue is background sand upstream, black is mesh.

C.1.3 Boundary conditions
The head is measured at the outlet hole in h23. This head is applied along the top of the model
from the outlet hole to the start of the impermeable cover, as the pipe runs there.

The pipe then passes down below the impermeable cover layer and then horizontally to the
barrier interface. There will be a higher head drop in the vertical section of the pipe than in the
horizontal section, therefore the head boundary condition at the top of the model is less than
the head in the horizontal pipe that runs below the impermeable layer to the barrier. The head
in this lower pipe is based on the lowest head that was measured in the barrier.

Boundary conditions for one model (model 4 where the upstream tip of the slope is at x = -
0.750 m and y = 0 m and the downstream tip is at x = -0.495 m and y = -0.110 m and the pipe
depth at the barrier is 0.02 m) is shown in Figure C.3.
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Figure C.3 Boundary conditions for model 4, green is upstream head, yellow is head in pipe at the barrier and blue
is head at outlet hole.

Heads used as inputs are the heads that are measured in the critical step for failure, i.e. in the
time interval 18:45-18:50. The upstream head is corrected for head loss over the filter is 4.94
m. The head in the pipe at the barrier based on h17, the lowest head in the barrier, is 0.06 m.
The head at the outlet is 0.00 m. This means that there is a head drop of 0.06 m between h17
and h23.

C.1.4 Material parameters
The hydraulic conductivity is based on the relative density during preparation and the
correlation between hydraulic conductivity and porosity that was derived based on column
experiments. This gives:
• Background sand upstream: 2.28E-4 m/s
• Background sand downstream: 1.92E-4 m/s
• Barrier: 1.38E-3 m/s based on the ‘washed’ GZB (Deltares, 2019a).
The compressibility of water is 0, the density 998.2 kg/m3, and the viscosity 1.0016 mPa.s.

C.2 Results

C.2.1 Head distribution
As the pipe depth at the barrier was not found to have a significant effect, the head distributions
are shown for models MS37_1, MS37_2, and MS37_5.
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Figure C.4 Head distribution in model MS37_1. Top head scale ranges from 4.94 m to 0 m. Arrows indicate flow
direction, magnitude indicates flow velocity magnitude. White contour lines indicate head from 0 m to
0.5 m in 0.02 m intervals. Middle, materials (red = void; pink = barrier; dark blue = background sand
upstream; light blue = background sand downstream; white is location of impermeable layer). Bottom
close-up of barrier head scale ranges from 0.06 m (head boundary condition for pipe at the barrier) to
0.5 m.
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Figure C.5 Head distribution in model MS37_2. Top head scale ranges from 4.94 m to 0 m. Arrows indicate flow
direction, magnitude indicates flow velocity magnitude. White contour lines indicate head from 0 m to
0.5 m in 0.02 m intervals. Middle, materials (red = void; pink = barrier; dark blue = background sand
upstream; light blue = background sand downstream; white is location of impermeable layer). Bottom
close-up of barrier head scale ranges from 0.06 m (head boundary condition for pipe at the barrier) to
0.5 m.
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Figure C.6 Head distribution in model MS37_5. Top head scale ranges from 4.94 m to 0 m. Arrows indicate flow
direction, magnitude indicates flow velocity magnitude. White contour lines indicate head from 0 m to
0.5 m in 0.02 m intervals. Bottom left, materials (red = void; pink = barrier; dark blue = background sand
upstream; light blue = background sand downstream; white is location of impermeable layer). Bottom
right close-up of barrier head scale ranges from 0.06 m (head boundary condition for pipe at the barrier)
to 0.5 m.
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The head distributions clearly show that in case the slope ends above the pipe, MS37_1, the
head in the void above the barrier is higher than the head in the pipe. This is because there is
no contact between the void and the pipe downstream, and a strong convergence of flow to the
downstream end of the slope. A close-up of the head contours shows that water would flow
downwards into the slope at the downstream end of the slope (Figure C.7), creating a
downward gradient into the barrier material at the slope surface. This would tend to push barrier
material into the pipe downstream, but also increases the effective stresses in the barrier just
in front of the pipe.

Figure C.7 Close-up of model MS37_1 (top) and MS37_2 (bottom). Contour lines are spaced 0.02 m apart. Colour-
scale ranges from 0.06 (blue) to 0.5 (red).

C.2.2 Head profiles
The head profiles in the models are compared to the measurements (at the critical point for
failure 18:45-18:50) in Figure C.8. As observed in Section C.2.1, modelled heads are high for
the models where there is no contact between the void and the pipe downstream. With the
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boundary condition that was measured in the barrier applied for the pipe downstream of the
barrier, this results in a significant over-estimation of the measured heads. When there is a
connection between the void and the pipe downstream there is no difference among the models
MS37-2, MS37-4 and MS37-5. The head in the models is the same as the head that is
measured.
If there were no connection between the void and the pipe, the use of the head that was
measured in the void as the head boundary in the pipe in the model would not be correct. A
lower head would then be needed, however there are no measurements to inform this head.

For the modelled situation it is probable that the bottom of the slope was deeper than the edge
of the impermeable layer. This is supported by visual observations. Therefore, models MS37-
1 and MS37-3 are probably not representative of the actual situation; models MS37-2, MS37-
4 and MS37-5 are more appropriate. This is also confirmed by the modelled and measured
head profiles at the bottom of the models, those also fit well for models MS37-2, MS37-4 and
MS37-5.

Figure C.8 Modelled and measured heads in the top of the barrier

In the experiment a slight drop in the heads in the barrier is observed at the point that the
observations indicate that the depth of the slope is deeper than the bottom of the impermeable
layer. The large difference between the modelled heads for a shallower slope suggest that a
sharper drop would be expected. Possibly, during the experiment, the material at the toe of the
slope had a higher hydraulic conductivity than the rest of the barrier. Erosion on the slope could
result in some deposition of barrier material at the toe of the slope. The fine fraction could then
be washed out, and the deposited material would have a lower RD than the remainder of the
barrier. The current model does not account for this zone, and would therefore overestimate
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the head in the void above the slope if the slope were shallower than the bottom of the
impermeable layer.

Figure C.9 Modelled and measured head profiles in the bottom of the model

C.2.3 Gradients
In the tests and models where the barrier is level with the surface of the background sand, the
gradient at the tip of the pipe is modelled to find a strength criterion. In the current models,
besides the gradient at the downstream interface of the barrier, the gradient perpendicular to
of the slope surface, and the vertical gradient on the upstream side of the barrier are considered
most relevant for the erosion process.
The gradient at the toe of the slope can be relevant for erosion of the barrier material into the
pipe downstream. The gradient perpendicular to the slope (in combination with the angle of
repose) will be relevant for erosion along the slope and the progression of the erosion front
upstream in the barrier. When the failure occurs, the vertical gradient below the end of the slope
can be expected to play a role in fluidizing the barrier material and transporting the background
sand.

C.2.3.1 Horizontal gradient at the upstream end of the slope
The formation of pipes at the upstream end of the slope towards the end of the experiment
indicates that local horizontal gradients mobilised barrier grains, in a process which is probably
similar to the progression a pipe in a barrier that is level with the sand aquifer. This would be
expected if local horizontal gradients at the top of the slope were high enough.
The gradients are modelled over only 0.045 m upstream of the slope tip from the models MS37-
1 through MS37-4 (as the modelled slope extends up to 0.045 m from the upstream barrier
interface). Those gradients are shown in Table C.2. Note that the values from models MS37-1
and MS37-3 are less representative of the critical situation as the slope in the barrier does have
a depth greater than the bottom of the impermeable layer. The values are shown to illustrate
the effect of the higher pressure in the void above the barrier slope on the computed gradients.
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The gradients over 0.045 m cannot be directly compared to the critical gradient for pipe
progression of GZB2 that was found over 0.10 m in Deltares (2019b), as the distance over
which these are computed is shorter. The critical gradient for pipe progression that was
modelled over 0.1 m was 0.76 and 0.82 for the two high relative density tests. Considering that
the gradients is highest closest to the pipe tip, a higher value would be expected over the
shorter distance.
These models were computed using the upstream head of the point prior to failure. At pipe
formation, the head drop between the inlet and the pipe at the barrier was 3.75 m, whereas the
head drop in the model was 4.88 m. Therefore, the modelled values at the point of failure in
Table C.2 are scaled by 3.75/4.88 i.e. by 0.77 in order to obtain the horizontal gradients at the
point of pipe formation. The values of 0.79 for models MS37-2 and MS37-4 show that it is not
unlikely that horizontal gradients at the top of the slope caused the observed pipe formation,
especially considering that the occurring gradients may have been higher than the modelled
gradients due to 3D convergence of flow.

Table C.2 Horizontal gradient in models between top of the slope and 0.045 m upstream of this (upstream end of
the barrier) gradient is modelled with the applied head drop (up to the pipe at the barrier) of failure, 4.88
m whereas first pipes formed at a head drop of 3.75 m. Thus, the representative horizontal gradient at
the point of failure was scaled by a factor 0.77 in order to obtain the horizontal gradient at the point of
pipe formation.

Model name Horizontal gradient over
0.045 m modelled with
critical head drop for failure
(5.73 m)

Horizontal gradient over
0.045 m modelled with
critical head drop for
pipe formation (4.76 m)

MS37_1 0.93 0.71
MS37_2 1.03 0.79
MS37_3 0.92 0.71
MS37_4 1.03 0.79
MS37_5 n.a n.a

C.2.3.2 Gradients perpendicular to the slope
The gradient on the slope face can be computed by dividing the flow velocity on the slope by
the hydraulic conductivity, giving a point value, or by computing the head drop between the
point 5 cm away from the slope in the barrier (perpendicular to the slope) the computed profiles
are shown for models MS37-2 and MS37-4 and MS37-5 (As MS37-1 and MS37-3 probably
overestimate the pore water pressures in the void).

The difference between MS37-2 and MS37-4 is negligible for gradients computed over 5 cm.
For gradients computed based on velocities the results diverge at the bottom of the slope. This
is due to the singularity where the downstream tip of the slope coincides with the tip of the pipe
for model MS37-2. This point gradient is not considered reliable, which this is also the case for
MS37-5.

As the gradients on a single point close to a singularity in the model will not be representative,
the gradient computed based on head differences over 5 cm can be considered more
representative. Those gradients are relatively constant along the length of the slope and they
are in the range of 1.0-1.4 for the three models.

Van Rhee and Bezuijen (1992) derive a relation for the hydraulic gradient perpendicular to the
slope surface at which a slope is stable under the influence of seepage. This is given by:
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= −
(1 − )∆ sin( − )

sin ( )

Where  is porosity, ∆ is the relative grain density ( − )/ ,  is the internal friction angle
and  is the slope angle. For a slope angle ≅ 20 degrees, = 0.319 for the intact barrier
material after preparation, and the modelled ≈ −1, the internal friction angle should be 82°,
which is much higher than realistic. This indicates that the slopes is probably not in equilibrium.
With an internal friction angle of 35°, the slope angle would be in the order of 4° at equilibrium.

Besides not having reached an equilibrium slope at the time of the laser measurements,
another possible explanation is that the surface of the slope is loosened locally and therefore
has a higher hydraulic conductivity and lower gradient than in the current model. This possibility
is investigated numerically in Appendix D.  Another possibility is that the modelled hydraulic
conductivity of the entire barrier is too low, which is investigated Appendix E. The overall
analysis of results of these three Appendices is presented in Section 4.5 of the main report.

Figure C.10  Computed gradients along the slope in the barrier

C.2.3.3 Vertical gradients at the upstream end of the slope
The vertical gradient is computed at the upstream side of the barrier. For models MS37-1
through MS37-4 the barrier is present over 0.10 m and the gradient is computed over this
distance. For MS37-5 the top of the slope is at y = -0.01 m, i.e. there is only 0.09 m of barrier
material. The gradient is computed over both 0.09 m, and over 0.10 m (which means over 0.09
m of barrier material and 0.01 m of void).

Gradients are highest in the models MS37-1 through MS37-4, however, as there is no space
for heave due to the presence of the cover layer the upstream interface of the slope must first
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progress to the upstream side of the barrier before fluidisation can occur. In MS37-5 this is the
case and the vertical gradient is above 1, indicating that fluidisation is likely, or rather that the
gradient is higher than the equilibrium vertical gradient. Possibly fluidisation did not occur at
lower gradients due to lack of space, i.e. because the pipe first had to progress to the upstream
interface and achieve a minimum depth to allow fluidisation to occur.

Table C.3 Vertical gradient in models at the upstream end of the barrier, for test MS37-5 the vertical gradient over
0.10 m includes 0.01 m of void, therefore the vertical gradient over 0.09 m is also shown.

Model name Vertical gradient over
0.10 m

Vertical gradient
over 0.09 m

MS37_1 1.10 n.a
MS37_2 1.23 n.a
MS37_3 1.09 n.a
MS37_4 1.23 n.a
MS37_5 1.45 1.60

C.2.4 Flow rate
The modelled flow rates are shown in Table C.4. These overestimate the measured flow rate,
which might be expected as these are 2D models of a 3D situation. In the test the slope is
present along much of the width of the barrier, but the depth in the centre is larger than to the
sides. The objective of these models is not explicitly to match the flow rate. As the modelled
and measured head profiles show good correspondence for models MS37_2, M37_4 and
MS37_5, the comparison between the modelled and measured flow rate is considered
acceptable. (Any change to improve the modelled flow rate whilst maintaining the same good
match for the head profile would involve changing all hydraulic conductivities by the same
fraction, which would leave the modelled head distributions and gradients unaltered).

Table C.4 Modelled and measured flow rates

Model name Modelled flow rate,
l/min

Measured flow rate,
l/min

Ratio modelled
/measured flow rate

MS37_1 25.53 27.29 1.07
MS37_2 25.53 28.44 1.11
MS37_3 25.53 27.44 1.07
MS37_4 25.53 28.44 1.11
MS37_5 25.53 28.55 1.12
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C.3 Conclusions: failure mechanism
The objective of this analysis was to model the experiment in order to assess the gradients that
were acting on the slope, affecting slope stability, at the top of the slope, affecting pipe formation
at the top of the slope, and vertical gradients at the upstream end of the barrier, affecting
fluidisation. In order to assess which geometrical configurations were most likely the modelled
head profiles are compared to measurements of the heads during the test.
Models where the slope bottom is shallower than the bottom of the impermeable layer indicate
that this would cause a significant gradient downwards into the slope tip. This gradient might in
reality be less as the barrier material that rolls down to the slope tip has a lower relative density
than the overall barrier. These models overestimate the head that was measured in the void at
the top of the barrier. As observations indicated that the toe of the slope was deeper than the
bottom of the impermeable cover layer, these models are considered less representative of the
critical situation.

The models where the bottom of the slope is deeper than the bottom of the impermeable layer
do have a high outward directed gradient. High gradients at the bottom of the slope would
account for the observations that that erosion of the slope appeared to occur by erosion of the
material at the downstream toe, and subsequently erosion of materials from upstream. The
removal of material at the downstream side of the toe would steepen the slope and promote
erosion from higher up until the slope profile is stable. The gradients out of the slope would
contribute to a slope that is less steep than the angle of repose. In the experiment, it was
observed that erosion continued during a period in which the applied head drop was maintained
constant for ca. 1.5 hours (whilst the bottom of the slope was shallower than the bottom of the
impermeable layer). This continued erosion over a period in which upstream head is not altered,
suggests that erosion of material at the slope toe is to some extent limited by the space and
transport capacity of the pipe downstream of the barrier. During this period, the head at the
outlet hole increases due to deposition of eroded material, reducing the overall head drop. This
indicates that secondary erosion in the pipe downstream of the barrier does play a role at this
point in the experiment. The head is increased prior to reaching an equilibrium situation.

Models indicate that the time at which the slope bottom becomes deeper than the bottom of
the impermeable layer should cause a strong reduction of the heads measured in the top of the
model above the slope. A reduction of these heads was observed in the test, but the effect was
relatively smaller and rapidly after this the head increased again due to an increase of the head
in the outlet hole. It appears likely that the hydraulic conductivity of the barrier material at the
toe of the slope was higher than in the rest of the barrier, due to the deposition of eroded
material from higher up in the slope. That would result in a less sharp drop of the measured
head above the slope. The effect of a more permeable zone on the surface of the slope is
analysed by means of numerical modelling in Appendix D.

After the observation that the bottom of the slope is deeper than the impermeable layer (at head
drop 2.42 m), further head increases caused further progression of the erosion front in the
barrier.
At a much higher head drop (4.76 m) formation of pipes is observed at the upstream end of the
slope. At this point the depth of the surface of the slope, which is used for the models in this
Section, was measured. During the measurement some erosion of grains was observed,
suggesting that the slope had not yet reached an equilibrium profile.
The slope was deepest in the centre of the model, but the pipes formed to the sides of the
slope. Possibly convergence of flow contributed to slightly higher horizontal gradients at the top
of the slope in those areas. Modelled horizontal gradients over 0.045 m at the upstream end of
the slope in the 2D models MS37-2 and MS37-4 are in the order of 1. The critical gradient for
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pipe progression in a barrier that is level with the background sand, is found to be ca. 0.8 over
0.10 m for GZB2 at a high RD (Deltares, 2019b). Given that gradients over a shorter distance
from the pipe tip would be higher due to convergence of flow, the modelled gradients are in the
same range and indicate that pipe formation would indeed be expected.

The measured slope profile, in combination with the modelled gradient perpendicular to the
slope was used to compute the internal friction angle at which such a slope would be stable
based on van Rhee and Bezuijen (1992). This led to a value of 82°, which is clearly unlikely.
With an internal friction angle of 35°, a slope with an angle of ca. 4° would be in equilibrium.
Possibly the material on the surface of the slope had a lower RD, and a higher hydraulic
conductivity than the rest of the barrier, for example if finer grains washed out of the top layer
of the slope. This would result in locally lower hydraulic gradients, which might account for the
slope profile that was measured, this is analysed in Appendix D. However, it appears most
plausible that the measured slope was not in equilibrium, and that further erosion would have
occurred at a constant head drop.

After the pipe reaches the upstream side of the barrier on one location, further head increases
are required before background sand is washed into and over the barrier through one of these
pipes. That was considered as the failure point. The modelled gradients indicate that the vertical
at the upstream end of the barrier at this point is in the order of 1.6. This would be expected to
be more than sufficient to fluidize the barrier material and transport the background sand
through the barrier. Possibly, the gradients could become so high due to a lack of space for
heave initially.

In summary the erosion process observed in the test is considered to consist of:

· The pipe reaching the barrier.
· Crumbling of barrier material into the pipe, and transport of barrier material through the

pipe.
· Progressive erosion of a slope in the barrier, the top of the slope contacts the cover layer.
· Formation of pipes at the upstream edge of the slope, and progression of these to the

leading upstream end of the barrier.
· Fluidisation of barrier material at the upstream side of the barrier and transport of

background  sand through the barrier, this is considered failure.

The erosion process that has been described in this Section is speculative but has some
ground, this process is further developed in a tentative Conceptual Model in the main report in
Chapter 5 . If this process occurred, that would imply that the barrier strength will be strongly
dependent on the progression of the slope in the barrier. Fluidisation at the upstream interface
can only occur once the erosion front, either the slope or a pipe extending from the slope has
progressed up to the upstream interface of the barrier and has reached some depth. In this
experiment, the pipe had progressed to the upstream interface, but the fluidization only
occurred after some further head increases. Possibly the depth of the pipe at the interface
initially limited the fluidisation in the experiment. The amount of space at the upstream top of
the barrier when the slope had progressed upstream may be different for different geometries
of the barrier. If the height of the barrier above the cover layer is greater relative to the width,
the slope would reach the upstream end of the barrier without contacting the cover layer, and
horizontal pipes would not form.

The progression of the erosion front to the upstream barrier interface will depend on the erosion
of barrier material, forming a slope in the barrier. This requires sufficient space in the pipe
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downstream, through (secondary) erosion of the background sand and/or transport of barrier
material through the pipe. Besides on the removal of barrier material, the slope profile will also
depend on the barrier dimensions, the barrier properties (angle of repose) and the hydraulic
gradient out of the barrier.
The measured angle of the slope in the barrier is significantly steeper than would be expected
with the modelled hydraulic gradients. One cause might be that the material on the slope
surface has a higher hydraulic conductivity than the rest of the barrier, another reason might
be that the permeability of the entire barrier is higher than in the models. The most likely
explanation  is that the measurement was made before the slope had eroded to the
equilbrium profile, however, the effect of a more permeable layer is analysed in Appendix D,
and the sensitivity of the results to the hydraulic conductivity of the entire barrier is analysed
in Appendix E.

The formation of pipes progressing from the erosion front, as observed in this test would also
be expected to depend on the slope profile in combination with the barrier dimensions. If the
barrier had been thinner than the 0.3 m in this test, it is likely that the erosion front would have
progressed to the upstream interface of the barrier without the formation of pipes, whereas with
a thicker barrier the pipes might have been more pronounced. In practice the ratio between the
height and width of the protrusion is likely to be higher than in the current test, therefore it is
less likely that horizontal pipe formation will play a role.
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D Modelling experiment MS 37 extension: effect of more
permeable layer at the surface of the slope

D.1 Motivation: tentative failure mechanism
The situation where the barrier protrudes into the cover layer could provide additional strength
for the CSB. Observations indicate that in this situation an erosion front appears to progress
upstream inside the barrier as the head drop is increased, and that failure occurs due to vertical
heave at the upstream side of the barrier once the erosion front has created sufficient space
there.

For modelling the strength of such a situation, the vertical gradient at the upstream side of the
slope at the critical point for fluidisation could be appropriate. This requires insight into the angle
of the slope in the barrier, which determines the distance over which vertical gradients need to
be exceeded. A shallower slope will lead to a shorter distance, which results in a lower strength.
Thus, for a prediction model, it is important to be able to predict what slope is stable at the
hydraulic gradients that occur in the field.

In MS 37, the slope inside the barrier was measured at several times during the test, these
slopes are presented in Appendix H. The slope that was measured during the last
measurement, was modelled in Appendix C. The modelled hydraulic gradients perpendicular
to the slope were significantly higher than models (van Rhee and Bezuijen, 1992; Phillippe and
Richard, 2008) would predict for a stable slope with the measured angle. This means that the
slope would be expected to be unstable, yet it was observed in the experiment. However, the
slope was measured directly after raising the head drop, and might not have been in equilibrium
with the applied head drop. Observations of erosion in Appendix H indicate that this is a
probable explanation.

Another possible cause of this mismatch is the uniform hydraulic conductivity that is used for
the barrier material in Appendix C. On the surface of the slope, the material may be less dense,
if the fine fraction of the barrier were washed out due to high flow out of the slope. This would
only be expected to affect a thin portion of the barrier, but this would result in low gradients on
the surface, which might increase slope stability.

In this Appendix, the slope stability is further analysed by means of numerical modelling of the
slope with a more permeable upper layer, and consideration of existing models predicting slope
stability under outward flow. Another possible cause is that the hydraulic conductivity of the
entire barrier is too low in Appendix C. This would be the case if the porosity that was achieved
significantly differed from the porosity that was estimated during preparation, or if the correlation
coefficient that was derived for the correlation between porosity and hydraulic conductivity were
lower than the value used. The effect of a higher hydraulic conductivity of the entire barrier is
modelled in Appendix E and analysed in the main report.

D.2 Model geometry and mesh
The models used are the modifications of models MS37-1 and MS37-2 in Appendix C. As
Appendix C showed that pipe depth at the barrier did not have a significant effect, variations
MS37-3 and MS37-4 are not necessary. As the objective is to analyse the stability of the slope
as it was measured, model MS37-5 whereby the modelled slope is shallower as this extends
upstream is also not considered relevant.
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In Appendix C, the critical head drop was used at which background sand entered the barrier,
as the objective was to analyse the critical step. In the current appendix, the objective is to
analyse slope stability, therefore the head drop and heads that were measured at the time that
the slope was measured, i.e. the average values between 17:55 and 18:15 are used.

D.2.1 Geometry
Due to the erosion of barrier material at the downstream end of the barrier and the formation of
a slope in the barrier, a zone of more permeable, less dense material, would be expected to be
larger downstream than upstream. This could be due to grains rolling down the slope and being
deposited there. Therefore, this zone is modelled from 0.02 m below the surface of the slope
on the downstream side of the barrier, and 0.005 m below the barrier surface at -0.74 m, i.e.
0.01 m from the upstream end of the slope.
The models used are shown in Figure D.1.

MS37_1_ZoneK & MS37_1_ZoneK2

MS37_2_ZoneK &MS37_2_ZoneK2
Figure D.1 Models showing the materials (red = void; pink = more permeable zone in barrier; grey = barrier; dark

blue = background sand upstream; light blue = background sand downstream; white is location of
impermeable layer). The models have the upstream tip of the slope 45 mm from the barrier edge, and
the bottom of the slope is at elevation -0.09 m (MS37_1_ZoneK) and -0.11 m (MS37_2_ZoneK)
respectively. The more permeable zone starts 50 mm from the barrier edge at an elevation 5 mm below
the slope surface and runs to the downstream end of the barrier to 20 mm below the slope surface.

As in Appendix C, the barrier is present between x coordinates x = -0.795 m and x = -0.495 m
and y coordinates y = 0.000 m to y = -0.404 m.
The impermeable layer is present from the upstream side, x = -1.385 m to x = -0.795 m and
from x = -0.495 m to x = -0.12 m with depths from y = 0.000 m to y = -0.100 m (all distances
relative to the centre of the exit hole at the top of the model). Below the impermeable layer,
background sand is present up to the bottom of the model at y = -0.404 m. Downstream of the
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impermeable layer, background sand is present from x = -0.120 m to x = 0.368 m and y = 0.000
m to y = -0.404 m.
The slope of the barrier in the model is a schematisation, based on the last available
measurements as described in Appendix C.

The depth of the pipe (boundary condition) at the barrier interface of the barrier was found to
have a negligible effect in Appendix C. The pipe depth is therefore modelled to the depth of the
high permeability zone, i.e. to -0.11 m for model MS37_1_ZoneK &K2, and to -0.13 m for model
MS37_2_ZoneK &K2,

The void which is present above the slope in the model is modelled as a material with a
hydraulic conductivity that is 106 higher than the hydraulic conductivity of the barrier (i.e.
effectively has no resistance to flow). The impermeable material is not modelled.

An overview of the models is shown in Table D.1 and in Table D.2.

Table D.1 Overview of model geometries

Model name x-coordinate
slope
upstream, m

y- coordinate
slope
upstream, m

x-coordinate
slope
downstream, m

y- coordinate
slope
downstream, m

Slope
angle,
degrees

Depth of
pipe at
barrier, m

MS37_1_ZoneK -0.750 0.000 -0.495 -0.090 19.4 0.010

MS37_1_ZoneK -0.750 0.000 -0.495 -0.090 19.4 0.010

MS37_2_ZoneK -0.750 0.000 -0.495 -0.110 23.3 0.030

MS37_2_ZoneK -0.750 0.000 -0.495 -0.110 23.3 0.030

Table D.2 Overview of model geometries

Model name x-coordinate
bottom of
permeable layer
upstream, m

y- coordinate
bottom of
permeable layer
upstream, m

x-coordinate bottom
of permeable layer
downstream, m

y- coordinate bottom
of permeable layer
downstream, m

MS37_1_ZoneK -0.745 -0.009 -0.495 -0.110

MS37_1_ZoneK -0.745 0.009 -0.495 -0.110

MS37_2_ZoneK -0.745 0.009 -0.495 -0.130

MS37_2_ZoneK -0.745 0.009 -0.495 -0.130

D.2.2 Mesh
An unstructured mesh is used, due to the geometry of the slope in the barrier. Elements at the
top of the barrier are refined to a size of 1 mm, the remainder of the model has element size 1
cm, giving a high level of mesh refinement.
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Figure D.2 Close-up of the mesh in the barrier. Dark red is void, pink is barrier, light blue is background sand
downstream, dark blue is background sand upstream, black is mesh.

D.2.3 Boundary conditions
As in Appendix C, the head is measured at the outlet hole in h23. This head is applied along
the top of the model from the outlet hole to the start of the impermeable cover, as the pipe runs
there.

The pipe then passes down below the impermeable cover layer and then horizontally to the
barrier interface. There will be a higher head drop in the vertical section of the pipe than in the
horizontal section, therefore the head boundary condition at the top of the model is less than
the head in the horizontal pipe that runs below the impermeable layer to the barrier. The head
in this lower pipe is based on the lowest head that was measured in the barrier.

Heads used as inputs are the average values of the heads that are measured whilst the laser
measurement is made, i.e. from 17:55 to 18:15. The upstream head is corrected for head loss
over the filter is 4.62 m. The head in the pipe at the barrier based on h17, the lowest head in
the barrier, is 0.46 m. The head at the outlet is 0.40 m. This means that there is a head drop of
0.06 m between h17 and h23. The high head at the outlet is due to the head drop in the sand
boil. In Appendix C, the critical point is modelled, when the outlet head was lowered, i.e. this
was negative, which resulted in the head in h23 being 0 m (again due to the resistance in the
sand boil).

D.2.4 Material parameters
The hydraulic conductivity is based on the relative density during preparation and the
correlation between hydraulic conductivity and porosity that was derived based on column
experiments. This gives:

• Background sand upstream: 2.28E-4 m/s.
• Background sand downstream: 1.92E-4 m/s.
• Barrier: 1.38E-3 m/s based on the ‘washed’ GZB (Deltares, 2019a).

The compressibility of water is 0, the density 998.2 kg/m3, and the viscosity 1.0016 mPa.s.



11200952-052-GEO-0002, Version 0.3, July 9, 2019, draft

Analysis Report Coarse Sand Barrier D-22

To estimate the hydraulic conductivity for the more permeable zone, two alternatives are
considered. As it is possible that the finer grains washed out of the barrier at this looser zone,
the hydraulic conductivity of the fine filter sand (which is the coarsest component of GZB2
making up 80% of the barrier material) at RD 0 is used for models MS37_1_ZoneK and
MS37_2_ZoneK,  this is 1.47E-2 m/s, a contrast of 11 with the barrier material. For models
MS37_1_ZoneK2 and MS37_2_ZoneK2 the hydraulic conductivity of GZB2 with a RD of 0 is
used. This gives a hydraulic conductivity of 3.75E-3 m/s and a contrast of 2.7 with the barrier
material.

D.3 Results

D.3.1 Head distribution
The head distributions in Figure D.3 and Figure D.4 show that the model where the toe of the
slope is above the bottom of the impermeable layer results in a higher head in the void above
the barrier, similar to what was found in Appendix C. However, the difference between the
heads in the two models is much smaller due to the presence of the more permeable zone at
the toe of the slope, which is in contact with the pipe for both models. This effect is larger for
the higher hydraulic conductivity of the more permeable zone in models MS37_1_ZoneK and
MS37_2_ZoneK (Figure D.3 and Figure D.4) than for the lower hydraulic conductivity of this
zone in MS37_1_ZoneK2 and MS37_2_ZoneK2 (Figure D.5).

Figure D.3 Head distribution in model MS37_1_ZoneK (top) and MS37_2_ZoneK (bottom). Head scale ranges from
0.5 m to 0.4 m. White contour lines indicate head from 0.4 m to 0.6 m in 0.01 m intervals.
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Figure D.4 Head distribution in model MS37_1_ZoneK (top) and MS37_2_ZoneK (bottom). Head scale ranges from
0.5 m to 0.4 m. White contour lines indicate head from 0.4 m to 0.6 m in 0.01 m intervals.

Figure D.5 Head distribution in model MS37_1_ZoneK2 (top) and MS37_2_ZoneK2 (bottom). Head scale ranges
from 0.5 m to 0.4 m. White contour lines indicate head from 0.4 m to 0.6 m in 0.01 m intervals.



11200952-052-GEO-0002, Version 0.3, July 9, 2019, draft

Analysis Report Coarse Sand Barrier D-24

D.3.2 Head profiles
The head profiles in the models are compared to the measurements. This shows that with the
more permeable zone, head is still overestimated in the models where the toe of the slope is
shallower than the impermeable layer (models MS37-1-ZoneK and ZoneK2). The models with
a deeper slope fit the data best. This can be expected, as the head that was modelled in the
pipe is based on the head that was measured inside the void, if the head in the pipe were
modelled slightly lower, the models with a shallower slope would also match the data.
This indicates that the presence of a more permeable layer at the surface could explain the
relatively small effect of the slope toe reaching below the bottom of the impermeable layer that
was observed in the experiments.

Figure D.6 Modelled and measured heads in the top of the barrier
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Figure D.7 Modelled and measured head profiles in the bottom of the model

D.3.3 Flow rate
The modelled flow rates are shown in Table D.3. These overestimate the measured flow rate,
which might be expected as these are 2D models of a 3D situation. In the test, the slope is
present along much of the width of the barrier, but the depth in the centre is larger than to the
sides. The objective of these models is not explicitly to match the flow rate, and the comparison
between the modelled and measured flow rate is considered acceptable. (Any change to
improve the modelled flow rate whilst maintaining the same good match for the head profile
would involve changing all hydraulic conductivities by the same fraction, which would leave the
modelled head distributions and gradients unaltered).
The presence of the more permeable zone has a negligible effect on the total flow rate.

Table D.3 Modelled and measured flow rates

Model name Modelled flow rate,
l/min

Measured flow rate,
l/min

Ratio modelled
/measured flow rate

MS37_1_ZoneK 24.04 27.29 1.10
MS37_1_ZoneK2 23.68 28.44 1.09
MS37_2_ZoneK 24.24 27.44 1.11
MS37_2_ZoneK2 24.23 28.44 1.11

D.3.4 Modelled gradients perpendicular to the slope
The gradient on the slope face can be computed by dividing the flow velocity on the slope by
the hydraulic conductivity, giving a point value, or by computing the head drop between the
point 5 cm away from the slope in the barrier (perpendicular to the slope). The point measure
will reflect the gradient inside the more permeable zone which is modelled on the surface of
the slope, the 5 cm gradient will be an averaged value as this is computed for a zone consisting
of intact barrier material and more permeable material.
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The results are shown in  Figure D.8, note that the magnitude of the gradient is shown. The
modelled gradient is constant along most of the slope, due to the flow lines being perpendicular
to the slope. With a slope that is shallower than the depth of the impermeable layer, in model
1, there is a very high gradient directed into the slope right at the toe of the slope.
The point gradients are significantly lower than the gradients over 5 cm, due to the high
hydraulic conductivity of the surface layer. Clearly, the more permeable this layer is, the lower
the gradient, as the total flow rate is mainly controlled by the background sand.
The modelled gradients are compared to a criterion for slope stability in the next section.
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Figure D.8 modelled gradients perpendicular to the slope. Top model 1 where the slope ends at -0.09 m, i.e. 0.01
m above the bottom of the impermeable zone. Bottom model 2 where the slope ends at -0.11 m, i.e.
0.01 m below the bottom of the impermeable zone.

D.4 Analysis of slope stability
The analysis of slope stability is done considering the equilibrium of forces on a block of soil on
an infinite slope, based on work by as in e.g. Kovacs (1981), van Rhee and Bezuijen (1992)
and Philippe and Richard (2008). Rewriting their equations gives the stable slope angle as
function of the gradient perpendicular to the slope (where the outward directed gradient is
positive) as:
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, = − arcsin (1 − )( − )  sin ( )

Eq. 8.1

Symbols
- ,  = angle of the slope, degrees
-   = porosity
-  = density of water, kg/m3

-  = density of grains, kg/m3

-  = angle which characterises internal friction in the soil, degrees
-   = gradient perpendicular to the slope (outward direction is positive), -

The modelled hydraulic gradients perpendicular to the slope in the centre of the slope are
shown in Table D.4

Table D.4 Modelled gradients perpendicular to the slope. Gradients are averaged over a distance of 0.05 m along
the surface of the slope to get a representative value.

Model name Gradient computed over
distance of 0.05 m from
slope surface, -

Gradient computed at the
slope surface (point
gradient), -

MS37_1_ZoneK 0.77 0.09
MS37_1_ZoneK2 0.73 0.31
MS37_2_ZoneK 0.82 0.09
MS37_2_ZoneK2 0.87 0.36

For the measured slope angle of ca. 20°, and  of 35°, the critical gradient is shown as a
function of porosity in Figure D.9, in combination with the modelled point gradients. The same
combination with the average gradient over the top 0.05 cm of the slope is shown in Figure
D.10.
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Figure D.9 Computed equilibrium gradient as function of slope angle  for internal friction angle  = 35o, modelled
point gradients on the surface of the slope are also shown.

Figure D.10 Computed equilibrium gradient as function of slope angle  for internal friction angle  = 35o, modelled
gradients over the first 5 cm from the surface of the slope surface are also shown.
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The gradients over 0.05 m from the slope surface would indicate that the slope might be
unstable, if a larger volume of material could slide down the slope. This was not observed
during the experiment at the point when this slope was measured. In the experiment, the space
available downstream of the slope (in the pipe) could have been limited, which might have
prevented such a failure.

The point gradients modelled at the surface however would suggest that the slope is stable, as
no large gradient can be built up over the zone with a high hydraulic conductivity. At the time
the slope stability was measured, erosion of a few particles at the time on the surface of the
slope was observed. Typically, it was observed that some material eroded at the toe of the
slope, and that subsequently some material eroded from higher up. This could be due to
transport of particles inside the pipe at the toe of the slope, which creates space for some
erosion at the slope toe and further progression of the slope.

The angle of  of the soil on the slope could differ from the 35o that was used to plot the data
of the experiment in the figures above. However, the range within which this angle can be
expected to vary is not sufficient to alter the position of the points relative to the computed
stability criterion significantly.

D.5 Conclusions
In this appendix the objective is to analyse the effect of a more permeable zone on the surface
of the slope. Basis numerical models in the previous appendix showed that the local gradients
in the barrier were so high that a homogeneous slope, would not be expected to be stable
based on the continuum approach for slope in van Rhee and Bezuijen (1992). An explanation
for the measured slope angles is that the slope was not in equilibrium during the measurement.
However, a more permeable zone at the surface of the slope could also cause a slope to remain
steeper. Such a zone, where the barrier material has a lower RD and/or where the finer portion
of the barrier grains are washed out, could possibly be present due to the erosion of material
into the pipe and the flow perpendicular to the slope.

This analysis shows that:

· Including a more permeable zone below the slope surface would account reasonably well
for the measured head profile, and for fact that the point at which the slope toe reached the
bottom of the impermeable layer did not cause a large drop in the measured heads in the
barrier.

· Modelled point gradients perpendicular to the slope at the surface of the slope can be very
low if a zone with high hydraulic conductivity is modelled.

· Modelled gradients over a thicker area of the slope would still indicate an unstable slope
during the experiment. However, this sliding failure might have been prevented by lack of
space downstream of the slope in the experiment.

o In the experiment the impermeable cover layer was modelled by a rigid silicone
block, in reality the cover layer may be eroded by the water flow and a slope might
therefore erode more easily.

This analysis contributes to the understanding of the slope stability; however, given that
measured slopes were probably not in equilibrium this is not sufficient to be able to define a
criterion for stability that can be used for prediction. Therefore, it is recommended to perform
additional tests with a slope in the barrier to verify the failure mechanism.
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The likelihood of the top layer of finer grains being washed out of the slope is also a question.
As the barrier material has been designed to prevent segregation, this would not be expected.
If grains were to roll down the slope and accumulate at the toe of the slope, a zone of more
permeable grains might be present there, but not further upstream where the material would
be expected to remain intact.
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E  Modelling experiment MS 37 extension: sensitivity to
hydraulic conductivity of the barrier

E.1 Introduction
This Appendix contains the sensitivity analysis regarding the effect of the modelled hydraulic
conductivity of the barrier on the results for models of a barrier penetrating into the cover layer.
The reason for this analysis is to assess which hydraulic conductivity of the barrier, results in
outward directed gradients at which the slope would be expected to be stable. With the
hydraulic conductivity that is expected based on the porosity that was computed after
preparation of the sample, the outward directed gradients on the slope are higher, indicating
that the slope was not yet in equilibrium during the measurement. The question arose whether
uncertainty in the hydraulic conductivity of the barrier could contribute to a situation where the
slope was in equilibrium. The results of this analysis are analysed integrally with the results
from models in  Appendices C and D in the main report. Therefore, this analysis only presents
the model input.
The models are presented in Appendix C: Modelling experiment MS 37: basis model. These
are models where the barrier has eroded, forming a slope in the barrier as shown in Figure 8.1.

MS37_2

MS37_5
Figure 8.1: Models showing the materials (red = void; pink = barrier; dark blue = background sand upstream; light

blue = background sand downstream; white is location of impermeable (cover) layer).

The results of those models showed that at the critical situation, the outward gradients on the
slope in the barrier and the vertical gradient on the upstream end of the barrier are high. In
particular the outward gradient on the slope is higher than would be expected based on the
equilibrium model presented in van Rhee and Bezuijen (1992) and in Philippe and Richard
(2008). Probably the slope was measured prior to achieving an equilibrium situation. However,
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modelled gradients could be higher than the actual gradients occurring in the experiment if the
hydraulic conductivity of the barrier were lower in reality than in the models. In the models, the
hydraulic conductivity of the background sand and of the barrier are based on the correlation
between porosity and hydraulic conductivity, which was derived specifically for these materials.
The porosity was determined during preparation. The modelled head profile was compared to
the measured head profile and found to match reasonably well.

The current memo analyses the sensitivity of the results to the hydraulic conductivity of the
barrier.

E.2 Model input
The models are described in Appendix C. In Appendix C, model MS 37_2 and MS 37_5 are
considered most representative for the state at which the slopes were measured and the critical
state for failure respectively (Figure 8.1). Therefore, these two models are used for the
sensitivity analysis.

The only variable which is changed is the hydraulic conductivity of the barrier. Three options
are compared to the basis case (with hydraulic conductivity of 1.38 m/s corresponding to RD
0.86):

· 2×KB: the hydraulic conductivity of the barrier is twice as high as in the basis model,
2.76E-3 m/s.

· This corresponds to a RD of 0.28 which very unlikely to have been the case in the
experiment, the estimated uncertainty on the RD determination is ca. 20%;

· KB RD60: the hydraulic conductivity of the barrier corresponding to a RD of 0.60, 1.89E-3
m/s.

· KB plus 2 : here correlation coefficient, x , of the fit between porosity and hydraulic
conductivity =

( )
is increased by 2 times the standard deviation of  to calculate

the hydraulic conductivity of the barrier (for the RD of 0.86 measured during preparation).
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F Summary Cylinder Experiments Memorandum USACE
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G Memo Laser measurements method
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1 Introduction 

This memorandum describes the laser distance measurement apparatus which was used to 
measure erosion progress during medium-scale experiments. These experiments were 
conducted for the coarse sand barrier project (Deltares reference 11200952). The purpose of 
this memorandum is to assess the measurement uncertainty, particularly for the final 
experiment (MS 37) of the experimental programme (HBO2). In this experiment a barrier 
protruding 100 mm into the cover layer was simulated. 
 
The measurement consists of three individual measurands; distance in the x-, y- and z-
direction. The z-direction corresponds to the depth and the x- and y-direction the distance 
perpendicular and parallel to the flow, respectively.  

2 Setup 

2.1 General Description 
The z-direction is measured with an optical distance sensor (Micro Epsilon optoNCDT 1605-
100), further referred to as laser. The y-direction is recorded with a cable extension position 
sensor supplied by AE sensors (type ASM WS17KT), further referred to as distance sensor. 
The x-direction is recorded with a tape measure mounted on a frame. The laser and the 
distance sensor are mounted on a linear guidance rail. Figure 2.1 provides an overview. By 
manually moving the laser in the y-direction at various x-positions a three-dimensional scan of 
the surface is obtained.  
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Figure 2.1 - Top view of laser-distance measurement.  

2.2 Laser Measurement  
The principle of the laser is triangulation, as shown on the left-hand-side of Figure 2.2. For the 
OptoNCDT 1605-100, the start of the measuring range (SMR) is 170 mm, the midrange (MR) 
is 220 mm and the end of measuring range (EMR) is 270 mm. This is only true if the refraction 
index is constant over the whole ray path and in air, which is not the case in the application of 
the medium-scale experiments. There is a change in refraction at the interfaces of the acrylate 
(Perspex) container cover in both air and to water.  
 

 
Figure 2.2 - Measurement principle of triangulation, adopted from [1].  
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In order to correct for this, additional calibration is required using the actual medium-scale 
setup. This has been done by filling the medium-scale setup with water and using a laboratory 
scissor jack to create different distance. The distance was validated using a tape measure.   
Results are shown in Figure 2.3. 

 
Figure 2.3 - Calibration Results.  

 

 
Figure 2.4 – Error from Calibration. 

 
Because, at the time of calibration, it was not anticipated that the pipe depth would exceed 
50 mm the calibration range was limited. However, the last HBO2 medium-scale piping 
experiment had erosion depth in excess of 100 mm. Therefore, after completion of the 
medium-scale experiments a second calibration was done over the entire range. Results are 
shown in Figure 2.5 and Figure 2.6. 
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What can be seen is that after about 60 mm the range sensor starts to exceed the sensor 
range and the error begins to increase. This happens before the measurement range of 100 
mm because the start of the measuring range was set before the start acrylate-water interface. 
This was done in order to avoid obstructions (e.g. pressure sensors cables, frame 
reinforcements).  
 
The second calibration was performed in a more controlled setup, which resulted in a smaller 
calibration error and subsequently less scatter in the data.  

 
Figure 2.5 – Results of post-project calibration. The error bars are is the peak-to-peak measurement noise. 

 

 
Figure 2.6 – Error from post-project calibration.  
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2.3 Distance Sensor 
The distance sensor was calibrated by a two-point measurement and assuming a linear 
behaviour over the entire measurement range. The quoted non-linearity is 0.1% of the 
measurement range (2500 mm), i.e. 2.5 mm [2].  

2.4 Refence System 
The laser measurements have been offset to indicate, approximately, 0 mm at zero erosion. 
The distance measurements in the x-direction are related to the tape measures on the frame. 
Distance measurements in the y-direction are not offset and just direct output from the sensor 
multiplied with a single sensitivity coefficient.  

3 Combined Measurement Uncertainty Slope 

3.1 Laser Measurement 
Within the measurement range, the measurement uncertainty is estimated to be in the order of 
3 mm. This is a combined uncertainty from calibration, sensors specifications and data 
acquisition. Beyond the measurement range (i.e. 60 mm), the uncertainty rapidly increases to 
the order of centimetres and data outside this range should be used cautiously.  

3.2 Distance Measurement 
The uncertainty of distance measurement is assumed equal to the non-linearity, i.e. 2.5 mm. 
The sensor output is directly related to the supply voltage, but the stability of the used voltage 
supply is expected to be sufficient.  

3.3 Resulting Slope Measurement 
For experiment MS 37 the slope α of the barrier was measured. By selecting an initial linear 
section (within the laser measurement range) and applying linear regression in that section. 
This data is then used to calculate the slope: 
 

 
 
Where z is the slope depth at corresponding horizontal slope length y. Figure 3.1 shows an 
example. The resulting measurement uncertainty εα can be assessed using simple 
propagation of uncertainty: 
 

 
Or simplified: 

 
 
Where εz (3 mm) and εy (2.5 mm) are the uncertainty in slope depth and length, respectively.  
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Figure 3.1 – Slope measurement for Experiment MS 37, adopted from [3].  

 
For the example shown in Figure 3.1 the resulting uncertainty in slope would be about 1°. 

4 References 

[1] Instruction Manual optoNCDT 1605, Micro-Epsilon, document X9751007-B010033MSC. 
 
[2] POSIWIRE® Cable Extension Position Sensors, WS17KT Position Sensor Datasheet, 
document DB-WS17KT-E-2017-04. 
 
[3] Laser measurements slope angled (draft status).  
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H Laser measurements slope angles

This Appendix concerns the analysis of the laser measurements that were performed for
experiment MS 37. During this experiment the barrier protruded into the cover layer. When the
pipe reached the barrier, a slope formed in the barrier due to erosion of barrier material. The
slope progressed upstream as the head drop was increased. At some point pipes formed from
the end of the slope. Failure appeared to occur due to heave at the upstream tip of one of these
pipes, the background sand was washed over the barrier. This process is described in detail in
the main report. A laser was used to measure the depth of the surface of the slope, technical
details regarding these measurements are provided in Appendix G.

H.1 Reference system
The reference system of the laser differs from the reference system with the outlet hole as the
origin (Appendix G). For the ease of data analysis, and to link the features in the laser data to
the observed erosion, the laser data is presented in terms of the estimated reference frame.
Note the uncertainty in the distance measurement of the laser of 2.5 mm (Appendix G),
additionally the reference frame is estimated based on observed locations of transducers and
the barrier edge in the measurement and in figures. The additional uncertainty in estimating the
frame of reference does not impact the calculated slopes. As shown in Appendix G, the
estimated uncertainty for the computed slope angle is ca. 1°, within the measurement range.

H.2 Analysis of slope progression
Measurements were performed at different times during the experiment, 3 measurements were
done with the same applied head drop, the head drop at which the pipe reached the barrier
(laser measurements 36, 37, 39). Measurement 38 was done after the head drop was lowered
to 0 m at the end of the first day. Four measurements were done at higher head drops. An
overview of the head drops and comment on the stability of the slope in between and during
the measurements observations is provided in Table H.1.

The depth measurements are shown in top view in Figure H.1 and Figure H.2.The applied head
drop includes head loss over the filter and in the sand boil at the outlet, therefore in this
Appendix, the head drop from the inlet (corrected for filter loss) to the lowest head measured
in the void above the barrier is considered most appropriate for analysis.

Figure H.1 shows the measurements which were made 20 minutes after damage of the barrier,
(36), after two hours and 20 minutes at the same applied head drop (37), after lowering the
head drop to 0 m at the end of day 1 (38), and after applying the same head drop again on the
second day (39).  There is no significant progression of the slope in the barrier at constant head
drop, and the reduction of the head drop at the end of day 1 and the reloading to the same
head drop also seems to have caused no significant erosion. This is in accordance with
observations.
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Figure H.1 Overview of depths measured by the laser during the first four measurements. The head drop to the
barrier is unknown for measurements 36 and 37 as there was a gap in data storage.
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Figure H.2 Overview of depths measured by the laser the second day of the experiment.
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Figure H.2.shows the progression of the slope as the head is further increased during the
second day of the experiment. In between 39 and 40 the slope predominantly widens along
the edge of the barrier; the upstream progression is more limited. The sand boil (or two boils
close to each other) which transports material from the barrier to the outlet hole is located in
the east end of the model and the slope predominantly progressed in that direction. During
laser measurement 40 there was no equilibrium in the barrier, erosion was continuing and the
head loss over the sand boil increased between the beginning and end of the laser
measurement.

The applied head is constant for measurements 40 and 41, but the head drop to the barrier is
less in 41 due to the higher resistance at the outlet hole. In between those measurements,
the location of the sand boil shifts towards the east side of the model (the boil stops and a
new one forms). Also, in between these measurements the deepest end of the slope was
observed to be deeper than the bottom of the cover layer.

During the laser measurement 41, the sand boil shifts to the west side of the centre (the boil
in the east stops and is replaced by a new boil in the west side). The shift of the location of
the sand boil appears to correspond to the shift of the location where most erosion occurs in
the barrier. During measurement 41, the slope appeared quite stable although there was still
some erosion. Also, the head loss downstream increased between the beginning and end of
the laser measurement, which means that the loading on the barrier decreased.

In between measurements 41 and 42, erosion was predominantly between the centre and
west side of the model, corresponding to the location of the sand boil. During measurement
42, there is only a slight increase in the resistance downstream, some grain transport can be
observed on the slope.

In between measurements 42 and 43 erosion predominantly appears to cause widening of
the upstream end of the slope (which touches the cover layer). Pipes are observed to form
from the upstream end of the slope in between the two measurements, some grain movement
in the pipes occurs during the laser measurement.

Overall it seems that there was only an equilibrium situation inside the barrier in
measurement 39. During that measurement the resistance at the outlet hole is constant as
are the heads in the barrier, no erosion is observed. During the measurements 36 and 37 on
day 1, head data was not recorded therefore it was not possible to establish whether there
were changes in the resistance at the outlet hole.

H.3 Analysis of last laser measurement
Laser measurement 43 is the last laser measurement, however, this is not at the critical point
just before failure. Failure occurred at a head drop of 4.88 m (from upstream to the lowest
head measured) whereas the average head drop was only 4.15 during the last laser
measurement. Nonetheless the angle of the slope during this measurement can be relevant
for analysis of the slope stability. Note however, that erosion still occurred during the laser
measurement, so that this was not an equilibrium situation.

The steepest part of the slope was between the centre and west side of the model. Plotting the
depth as a function of the distance from the outlet hole in, Figure H.3, shows that the slope is
relatively linear in that area. At the downstream end of the barrier, the toe of the slope, there is
more scatter in the data than higher up on the slope. The range of the laser is approximately
0.1 m which means that measurements at that location are close to the limit of the laser
capability (refer to Appendix G). Therefore, the measurements all the way at the edge of the
barrier are less reliable than higher up on the slope.
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Figure H.3 Top row: 3D view of the laser measurement for 43, left hand side, all data, right hand side, the
measurements between estimated distances of 0.05 m and 0.22 m from the centreline, the location
where the  slope is steepest. Bottom row left hand side, a top view of the slope depth; right hand side, x-
z plane view of the slope, red dots are measured slopes, black dotted line is average slope.

In order to assess the slope angle, a linear regression is made to the measurements between
0.58 m and 0.65 m from the outlet hole. This avoids the scatter in the measurements which can
be observed near the downstream toe of the slope and also the effect of the reinforcement
beam on top of the lid. In this area, the depth is approximately within the upper limit of the depth
to which the laser is calibrated (Appendix G). In order to assess the depth of the slope, the
depth of the surface of the barrier in the laser measurements is estimated based on the intact
portion of the barrier at the upstream side, and depth of the toe of the slope is calculated by
extrapolating the line that is fit to the slope. Figure H.4 illustrates how this is done for the
average of the slopes measured between 0.05 and 0.22 m from the outlet hole. Note that the
peaks at 20 mm above the surface are locations with no data, corresponding to the presence
of the reinforcement beams on top of the set-up. As shown in Appendix G, the uncertainty in
the computed slope angle is in the order of 1°.
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Figure H.4 Linear regression to estimate slope angle for the average slope between 0.05 m and 0.22 m from the
centreline (estimated distances due to uncertainty regarding the laser coordinate system).

The linear fit was computed in the manner described above for the individual lines of laser
measurements, so at a constant distance from the centre of the model, for distances between
0.05 and 0.14 m from the centre of the model (estimated distances). These results are shown
in Table H.1. That table also shows the hydraulic gradient out of the slope, at which this slope
would be in equilibrium computed after van Rhee and Bezuijen (1992) for an angle of internal
friction of 35°.
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Table H.1 Slope fit to measured laser data for measurement 43

Estimated
distance
from centre
of the model
, m

slope toe
depth in in
laser
reference
system, mm

horizontal
length slope,
mm

slope angle,
degrees R2

depth
surface of
barrier in
laser
reference
system, mm

estimated
height of
the slope,
mm

equilibrium
outward
hydraulic
gradient, -

average
0.05>&
 < 0.22 m 94 228 22 0.999 -2.2 92 0.44
average 0.04>
& <0.10 104 222 25 0.995 -2.2 102 0.34
0.05 101 231 24 0.964 -2.2 99 0.37
0.06 103 230 24 0.972 -2.2 101 0.37
0.07 109 212 27 0.979 -2.2 107 0.27
0.08 105 212 26 0.979 -2.2 103 0.31
0.09 102 230 24 0.977 -2.2 100 0.37
0.1 92.5 260 20 0.962 -2.2 90 0.51
0.11 94.5 254 20 0.97 -2.2 92 0.51
0.12 92.5 252 20 0.968 -2.2 90 0.51
0.13 96.8 241 22 0.976 -2.2 95 0.44
0.14 90.4 257 19 0.959 -2.2 88 0.54

An average slope angle over a wider distance is considered more representative than the
measurement along a single line. Note also that the R2 for the lines fit to the averaged data are
higher than for the lines fit to data for only one measurement line parallel to the centreline. To
obtain an indication of the steepest part of the slope, the average slope was fit using the laser
measurements along the steepest 5 cm (between 0.04 m and 0.10 m from the centre of the
model), this is shown in Figure H.5.
This shows an average angle of 25° and a slope depth of 0.106 m, i.e. at the edge of the
impermeable cover layer the slope depth is estimated to be this deep. As uncertainty in the
depth measurement is ca. 3 mm, and the location of the barrier edge has been estimated the
uncertainty in the slope depth is higher. Additionally, the pipe in the barrier is likely to be deeper,
so that the total slope depth is higher than indicated in Table H1, therefore this is referred to as
the estimated height of the slope.
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Figure H.5 Linear regression to estimate slope angle for the average slope between 0.04 m and 0.10 m from the
centreline (estimated distances due to uncertainty regarding the laser coordinate system).

H.4 Analysis of development of slope between second to last and last measurement
The average slope is also computed between 0.05 m and 0.22 m, and between 0.04 m and
0.10 m from the centreline for the measurement made in laser measurement 42. Those results
are compared to those for the last step in Table H.2. During both measurements erosion still
occurred and the head at the outlet hole was not constant.
This shows that the average slope over the wider distance, from 0.05 m to 0.22 m from the
centre is shallower in the last measurement than in the earlier measurement. The slope angle
decreased from 25° to 22°. The steepest part of the slope, 0.04 m to 0.10 m from the centre, is
relatively constant.

A higher hydraulic gradient during the second measurement would lead to a lower equilibrium
slope angle, which could contribute to the levelling off of the slope. However, there was
probably not an equilibrium situation. The estimated depth of the toe of the slope is less for the
average measurement from 0.05 m to 0.22 m in the latter laser measurement, however the
uncertainty regarding the estimated depth is such that this difference may not be significant.  It
would be expected that the depth of the toe decreased if the erosion of material in the barrier
is faster than the transport of material through the pipe. Horizontal pipes formed from the top
of the slope in between measurements 42 and 43. Although the pipes are not included in the
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fit to compute the slope angle, the eroded material could have contributed to the toe of the
slope becoming less deep.

Table H.2 Slope fit to measured laser data for measurement 43 and 42

Laser
measurement

Estimated
distance
from centre
of the
model , m

slope toe
depth in in
laser
reference
system,
mm

horizontal
length
slope, mm

slope
angle,
degrees

R2

depth
surface of
barrier in
laser
reference
system,
mm

height
of the
slope,
mm

equilibrium
outward
hydraulic
gradient, -

43 average
0.05>&
 < 0.22 m 94 228 22 0.999 -2.2 91.8 0.44

43 average
0.04> & <
0.10 104 222 25 0.995 -2.2 101.8 0.34

42 average
0.05>&
 < 0.22 m 98 214 25 0.999 -2.1 95.9 0.34

42 average
0.04> & <
0.10 103 209 26 0.997 -2.1 100.9 0.31

H.5 Analysis of stable slope
Laser measurement 39 is considered to be the most representative of an equilibrium situation.
Therefore, the slope is analysed for this situation. Figure H.6 shows the slopes.
The steepest slopes appear to be those close to the centre, however, due to the presence of
transducers data is not reliable here. Therefore, the area between estimated distance -0.02
mand -.07 m from the centreline are used.



11200952-052-GEO-0002, Version 0.3, July 9, 2019, draft

Analysis Report Coarse Sand Barrier H-14

Figure H.6 Laser measurement 39, and selected location for slope analysis.

Comparing the slopes with those for measurement 43 in Figure H.3 shows that there is less
scatter at the downstream toe of the slope. This could be due to several causes. The slope was
in equilibrium in measurement 39, so the measurement would not be affected by eroded grains
which is different from measurement 43. Also, the depth of the slope is less in measurement
39 so this is not at the limit of the laser measurement range.

The slope does not progress as far upstream in measurement 39, which means that the data
used for the linear fit is selected between -0.53 m and -0.60 m from the outlet hole. The laser
measurement was not carried out as far upstream as in measurement 43, therefore the area
between -0.67 m and -0.64 m from the outlet hole is used to determine the depth of the surface
of the barrier in the laser reference system. The fit is shown in Figure H.7.
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Figure H.7 Fit to the average slope for laser measurement 39.

The slope angle of 26° is similar to in measurements 42 and 43, however the applied head drop
up to the barrier is much lower, 1.25 m as opposed to 4.15 m at measurement 43. The slope
was stable during measurement 39, and probably not during measurements 42 and 43, so it is
likely that those latter slopes would level off if the head drop were maintained constant to reach
equilibrium.

H.6 Analysis of slope width
The shape of the slope appears to be strongly related to the location of the sand boil in front of
the slope. This is the location where eroded barrier material can be transported. With respect
to this, the situation in the experiment will differ from the field. In the experiment a sand boil is
present due to the cover layer protruding vertically 0.10 m into the background sand. This will
not be the case in the field. It is quite possible that this additional resistance affects the transport
of material away from the barrier, and also the number of pipes at the barrier. Therefore,
additional tests will be required in which this vertical drop is not present.
Considering this, in combination with the uncertainty regarding the reference system and
measurement distances in the direction perpendicular to the flow direction, no analysis of slope
angles perpendicular to the flow direction was made.
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H.7 Conclusion & recommendations
The results of the analyses in this appendix are used in the numerical finite element modelling
of the slope, and for the analysis of observations and the development of the conceptual model
in the main report. Unfortunately, there was probably not an equilibrium situation during
measurements 40-43, and therefore measured slopes, with slope angles in the order of 25°,
are probably steeper than an equilibrium slope would be. That means that the measured slopes
cannot be used for design.

The main recommendation for laser measurements are:

· Perform measurements in an equilibrium situation.
· Provide a means for referencing the laser data to the set-up.
· If possible, apply a system with a larger measurement range.

H.8 Table of laser measurements
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Table H.1 Overview of laser measurements

Laser
measurement
no

time
hh:mm

total
head
drop, m

head at
upstream
end, m

transducer
with lowest
head above
barrier

head in
transducer
with
lowest
head
above
barrier, m

head in
transducer
h23, m

head drop
to barrier,
m

head
drop to
h23, m

flow
rate,
l/min Analysis of erosion

36 20 min
after damage

Start 06:25 1.62 n.a n.a n.a n.a n.a n.a 6.84
It is not clear if there is more material in the sand
boil giving a higher head loss which might explain

the reduction of flow rate over time.
End 06:50 1.62 n.a n.a n.a n.a n.a n.a 6.74
Average 1.62 n.a n.a n.a n.a n.a n.a 6.77

37 2 hr &20
min after
damage

Start 08:20 1.62 n.a n.a n.a n.a n.a n.a 6.61

It is not clear if there is more material in the sand
boil giving a higher head loss which might explain

the reduction of flow rate over time.

End 08:45 1.62 n.a n.a n.a n.a n.a n.a 6.59

Average 25 1.62 n.a n.a n.a n.a n.a n.a 6.6

38 after
lowering head

drop at the
end of day 1

n.a n.a n.a n.a n.a n.a n.a n.a n.a

n.a n.a n.a n.a n.a n.a n.a n.a n.a
n.a n.a n.a n.a n.a n.a n.a n.a n.a

39 2at same
head drop as

day 1

Start 11:20 1.62 1.45 h17 0.20 0.12 1.25 1.34 6.26

The slope looks stable

End 11:40 1.62 1.45 h17 0.20 0.12 1.25 1.34 6.26

Average 20 1.62 1.45 h17 0.20 0.12 1.25 1.34 6.26
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Laser
measurement
no

time
hh:mm

total
head
drop, m

head at
upstream
end, m

transducer
with lowest
head above
barrier

head in
transducer
with
lowest
head
above
barrier, m

head in
transducer
h23, m

head drop
to barrier,
m

head
drop to
h23, m

flow
rate,
l/min Analysis of erosion

40

Start 12:55 2.12 1.90 h17 0.33 0.19 1.58 1.71 8.01

Erosion occurred between laser measurements 39
and 40, the slope predominantly appears to

widen. The furthest point of the slope upstream
close to the centre does not seem to progress as

much. Erosion also occurs during the laser
measurement.

End 13:20 2.12 1.90 h17 0.35 0.22 1.55 1.68 7.92

Average 25 2.12 1.90 h17 0.33 0.21 1.57 1.69 7.94

41

Start 13:50 2.12 1.89 h17 0.39 0.28 1.50 1.61 7.56
 Between measurement 40 and 41 erosion

continues at constant applied head. The sand boil
moves to the east end of the model, and the

erosion slope in the barrier also follows. In the
pipe downstream you see the barrier material

that is eroded and a pipe in the background sand
alongside it widening and moving further to the

side of the model. After the pipe reaches the east
side of the model, the sand boil location switches
location to somewhere between the centre and
west. This seems to also shift the main zone of

erosion more to the h16 side of the centre now.
Now there appears to be more erosion around
the centre, widening the upstream end of the
slope, so from a half oval shape to a more 2D

shape.
In between the two measurements the deepest
part of the slope is observed to be deeper than

0.10 m.

End 14:15 2.12 1.89 h17 0.46 0.39 1.44 1.50 7.28

Average 25 1.89 h17 0.44 0.36 1.46 1.54 7.34
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Laser
measurement
no

time
hh:mm

total
head
drop, m

head at
upstream
end, m

transducer
with lowest
head above
the barrier

head in
transducer
with
lowest
head
above
barrier, m

head in
transducer
h23, m

head drop
to barrier,
m

head
drop to
h23, m

flow
rate,
l/min Analysis of erosion

42

Start 16:50 4.02 3.63 h17 0.45 0.39 3.18 3.24 16.43

In between 41 and 42 the erosion concentrates
between the centre and west side of the barrier,

but there is also some erosion in the east side.
Along the slope slightly deeper channels appear to

form, i.e. not a uniform surface.
Material transport appears to concentrate mainly
to the location of the sand boil, the slope barely

seems to be in the barrier on the west end of the
model. During the measurement some material

transport is observed.

End 17:05 4.02 3.63 h17 0.44 0.38 3.19 3.25 16.33

Average 15 4.02 3.63 h17 0.45 0.39 3.18 3.24 16.33

43

Start 17:55 5.06 4.61 h17 0.47 0.41 4.14 4.20 21.19

Between 42 and 43 erosion appears to be mainly
widening the upstream end of the slope (which

touches the cover layer). Pipes form from the top
of the slope between 43 and 42. Some erosion is
observed during the laser measurement, and just

afterwards prior to increasing the head drop.

End 18:20 5.06 4.61 h17 0.46 0.40 4.16 4.22 21.31

Average 25 5.06 4.61 h17 0.46 0.40 4.15 4.21 21.60
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I  Memo Resterend onderzoek HBO2
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Onderwerp
Resterend onderzoek HBO2

Nut en noodzaak HBO2+

Een barrière kan in de praktijk niet exact op de interface van klei en zand aangebracht worden.
Er is daarom altijd sprake van een inkassing: de GZB steekt een stukje in de slecht
doorlatende deklaag. De medium-schaalproef uit HB02, waarin een situatie met inkassing is
beproefd laat zien dat de grofzand barrière in geval van een inkassing anders bezwijkt dan
zonder inkassing. Daarbij laat deze proef zien dat de inkassing veel sterktewinst biedt. Omdat
een inkassing in de praktijk altijd aanwezig zal zijn en de sterktewinst nodig is voor de locatie
Gameren, is besloten om deze situatie aan te houden voor het ontwerp. Deze memo licht toe
wat er aan resterend onderzoek nodig is om zeker te zijn van een veilig ontwerp voor de GZB
in Gameren. Hiertoe wordt eerst toegelicht wat het faalmechanisme voor doorloopsheid
(wanneer de pipe door de barrière breekt) is in geval van een inkassing en welke parameters
een rol spelen bij het falen.

Concept faalmechanisme grofzand barrière met inkassing

Figuur 1 laat de kritieke situatie zien voor een GZB met inkassing. De pipe is ontwikkeld naar
de barrière en de korrels uit de GZB zijn in de pipe gerold totdat een natuurlijke helling is
ontstaan, die in evenwicht is met het uitstromende water. Wanneer de waterstroming groot
genoeg is om de GZB over afstand ‘h’ te fluïdiseren, kan de pipe doorgroeien naar de
bovenstroomse zijde:

· Het fluïdiseren van zand kan voorspeld worden met het heave-criterium van Terzaghi:
wanneer de gradiënt over afstand ‘h’ groter is dan ca. 1, zal het zand fluïdiseren.

· De afstand ‘h’ wordt bepaald door de natuurlijke hellingshoek onder invloed van
uitstromend water. Hiervoor is een criterium beschikbaar: het criterium van Van Rhee
en Bezuijen.

Het bovenstaand concept kent het voordeel dat beide criteria gangbaar zijn in de geotechniek.



Datum
4 september 2019

Ons kenmerk
11200952-061-GEO-0001

Pagina
2 van 3

Figuur 1: kritiek configuratie GZB met inkassing

Hierbij wordt opgemerkt dat bij verlopende deklaag de veiligheid lager kan zijn dan verwacht,
omdat de hoogte ‘h’ hierdoor afneemt. Om dit aspect af te dekken, kan een kleiwandje aan de
bovenstroomse zijde worden aangebracht. Hierdoor neemt de veiligheid nog verder toe dan
reeds met berekeningen is vastgesteld en wordt een kleinere afhankelijkheid van het Van
Rhee en Bezuijen criterium vastgesteld.

Noodzakelijk onderzoek voor een gevalideerd ontwerp

Het bovenstaande concept faalmechanisme is vastgesteld op basis van ervaring met piping en
één enkele medium-schaalproef uit HBO2. Hoewel het waarschijnlijk is dat het mechanisme
plaats zal vinden zoals bovenstaand omschreven, is er op dit moment dus slechts één proef
met inkassing en verliep ook deze proef niet precies volgens het hier beschreven
maatgevende mechanisme.  In de proef uit HBO2 trad bovenstaand mechanisme wel op, maar
was dit niet maatgevend: de inkassing was slechts 10 cm hoog, waardoor de natuurlijke helling
in de GZB niet tegen de bovenstroomse rand van de barrière aankwam en fluïdisatie pas op
kon treden na horizontale pipe-ontwikkeling in de GZB. Bovendien was de helling in de GZB
steiler dan verwacht kan worden op basis van het criterium, mogelijk doordat er nog geen
evenwichtssituatie was.
Daarom wordt voorgesteld om het volgende onderzoek uit te voeren, met als doel: valideren of
het faalmechanisme gelijk is aan het hierboven beschreven concept:
- Twee proeven met GZB2, met breedte van 30 cm, ingekast over een hoogte van 30 cm.
- Voorafgaand aan de proeven: predictie of falen haalbaar is door middel van eindige
elementen berekening.
- Na afloop van de proeven: analyse ter validatie van de beide criteria.
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Er wordt voorgesteld om GZB2 toe te passen om de volgende redenen:

· Een meer doorlatend barrière-materiaal kan waarschijnlijk niet tot falen worden
gebracht

· GZB2 is ook toegepast in de inkassingsproef uit HBO2+, waardoor vastgesteld kan
worden of bij langere duur wel aan het criterium van Van Rhee en Bezuijen wordt
voldaan.

· GZB2 is net als GZB4 een materiaal dat gemixt is.

In de begroting wordt rekening gehouden met 3 proeven, om eventuele issues gerelateerd aan
de aanpassingen in de opstelling af te vangen.  Mocht de derde proef niet nodig blijken, kan in
overleg besloten worden tot verkorting van het programma.


