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1 Introduction

1.1 General framework
The current safety assessment method for piping, applied in the Netherlands, results in large
sections 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, the dense population and building
development in this area. Several alternative (and innovative) methods are available that
require less space. A new alternative method 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.

1.2 Aim of the study
The purpose of the study is to assess the feasibility of the application of a coarse sand barrier
as a piping measure for the location of Gameren, and for other locations along the main rivers
in a more generic sense. To quantify the strength of the barrier, 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 – is 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. When the pipe has breached through the barrier failure of the levee
is likely a matter of time. The hypothesis is that the local horizontal gradient in the barrier near
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 approach to the 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.
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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 report at hand
presents the factual reports of the experiments conducted for phase 2b of the feasibility study.

The research questions for phase 2 are:

How much additional resistance to erosion will the barrier material provide, given the
characteristics of the original sand body at the pilot location?
 What is the local critical gradient upstream of the pipe, at which the pipe progresses into

the barrier, in small-, medium- and large-scale experiments? How does the local critical
gradient affect the average critical gradient for the pilot location?

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

 What are the minimal required trench width and penetration depth?
 How can we monitor pipe formation through the barrier (failure of the barrier)?

Based on the findings of phase 2a it was decided to also investigate the progression of the
pipe through the barrier after damage. This is done by means of:

 Detailed analysis of the medium-scale experiments that are described in the current
report.

 Additional tests in a cylindrical set-up that were performed at the laboratory of the US
Army Corps of Engineers (USACE) at Vicksburg, these will be reported in a separate
report containing the factual reports and analysis of those tests.

 Numerical simulations of the small-scale experiments and the medium-scale experiments
in a preliminary model developed at USACE, reported in a separate report. These
simulations make use of the parameters that are determined in the tube tests.

The purpose of the medium-scale experiments is to determine the resistance to piping of the
two barrier materials that were selected for the pilot location, in combination with different
sands that are present at the pilot location. For the two barrier materials, the local critical
gradient for damage of the barrier will be investigated. This is defined as the local gradient
upstream of the pipe in the coarse sand barrier once the pipe progresses into the barrier.
Also, the progression of the pipe through the barrier will be analysed.

1.3 Structure of the report
After a general description of the set of experiments, this report contains the factual
description of the 8 medium-scale experiments conducted. The analysis of the experiments
along with the numerical simulations will be described in the analysis report.
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For each experiment, the overall test characteristics are described, followed by the main
observations during the experiments. The hydraulic heads measured during the experiment
provide insight into the piping process and are presented in different ways:

 Overview of head measurements.
 Head drop corrections: Head loss across the upstream filter, head loss between

transducers downstream of the barrier and outlet.
 Gradient: This includes the gradient over the barrier, the gradient over the fine sand and

the barrier (i.e. gradient over the whole seepage length), the gradient over the fine sand
downstream and upstream of the barrier and the vertical gradients.

In addition, the flow rate measured during the experiments is presented, as well as the flow
regime in the fine sand, and in the barrier. Based on the flow rates and head measurements,
the hydraulic conductivity of the fine sand, the barrier and the interface of the fine sand and
the barrier were examined. In Section 2.5 the data analysis as conducted for each experiment
is described in more detail.

The appendices provide the technical drawings of the set-up and locations of transducers,
and more details of the sand characteristics.
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2 Experiments

2.1 Set-up
One set-up has been used for investigation of the coarse sand barrier at medium-scale: a box
(inner dimensions L×W×D=1914×881×400 mm) for which the general set-up is shown in
Figure 2.1, through Figure 2.4.

Figure 2.1 Schematic of medium-scale experiment set-up with circular exit (seepage length is 1.385 m)

Figure 2.2 Medium-scale set-up
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Figure 2.3 Schematic figure showing the setup of the experiment including locations of the transducers and the
barrier inside the sample

Figure 2.4 Technical drawing of set up indicating centre of coordinate system (x, y, z = 0, 0, 0) at the centre of the
outlet hole in the top of the sample (refer to Appendix A for A3 version of the drawing)

The hydraulic load was initially applied by raising inlet and outlet ca. 4 m above the lid of the
box, and reducing the outlet height. During the first experiment (test 21) the lid of the box was
not reinforced, which allowed a small gap to form at the top of the set-up when a hydraulic
head of ca. 4 m was applied. Subsequently the lid was reinforced by fixing it to the support
beams shown on top of the lid. Applying a constant head at the start of the test of ca. 4 m at
the inlet and outlet might possibly still have caused a minor gap in the next test (22), although
the experimental results for that test appear reliable. In subsequent tests the upstream head
was gradually increased, rather than gradually decreasing the outlet height, and no indication
of a gap was observed. In most tests (except test 23) it was not necessary to raise the head
drop up to 4 m, therefore the maximum pore water pressure on the lid remained lower.

The sand is retained in the box by an upstream filter with an opening size of 110 µm. This
filter allows for an even distribution of water flow through the sample during the experiment.
An acrylate plate is present at the top of the box. The acrylate plate simulates the levee and
the cohesive blanket layer. The set-up has the conservative configuration of a punctured
blanket layer (circular exit). Recent research (van Beek et al. 2015) without CSB has
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indicated that this configuration, which is common in practice, results in considerably lower
critical gradients in comparison with a similar 2D-configuration (ditch, absence of blanket
layer). To prevent any future adaptations during this feasibility study, due to this effect, the
most conservative configuration is currently used. The acrylate lid has an outlet hole of 82
mm diameter. Its centre is situated at 1385 mm from the upstream side of the box. The height
of the exit hole has to be as small as possible in order to reduce the head losses and it is
defined by the locally decreased thickness of the transparent plate, equal to 18 mm. A
cylinder is placed around the exit hole to collect the sand that is removed from the container
by erosion and to lead away the water.

The cylinder is filled with water during the experiment and is connected to the outlet of the
experiment. The outlet can be changed in height. This was necessary during some of the
experiments in order to maximize the pressure gradient over the sample. A second outflow
tube is positioned at the end side of the box for practical purposes during preparation, which
is closed during the experiment. At the upstream side of the box, an inflow tube is connected
to a water reservoir, maintained at a fixed elevated position and whose water level is held
constant by a volumetric pump.

During the experiment several measurements are made. Photographs of the top of the box
are taken continuously from two different sides during the experiment. The hydraulic head
was measured in several locations in the top and the bottom of the set-up. The hydraulic
heads are important for the postdiction of the experiments and for the analysis of the local
critical gradient at which the pipe moves into the barrier. Figure 2.5 and Figure 2.6 show the
locations of the transducers in the set-up. The technical drawing of the setup including
transducers and the location of the barrier is included in Appendix A. The locations of the
pressure transducers were adapted to the location of the barrier, which was to be placed at a
distance of 805 to 505 mm from the exit point. The pressure transducers that were used,
were from ‘HKM/HKL-233(X)-375 (M)’ series of ‘Kulite’ brand. During the test the directions
North, East, South and West are used to describe different directions in the setup, the
compass is shown in Figure 2.7.

Figure 2.5 Top view of the setup with the transducers in the top of the model indicated, the transducers can be
seen in the figure and the numbers are the numbers by which these transducers are referred to in this
report
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Figure 2.6 Top view of the setup with the transducers in the bottom of the mode, locations of the transducers are
indicated by the red dots and numbers are the number by which the transducer is referred to in this
report

Figure 2.7 Compass indicating directions as used to record observations during the tests, (not the same directions
as used during the small-scale experiment)
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Table 2.1 Locations of the transducers, distances are relative to the centre of the outlet hole

Transducer
number h1 h2 h3 h4 h5 h6 h7 h8

Top or bottom of
setup Bottom bottom bottom bottom bottom top top top

x coordinate, m
relative to outlet
hole -1.357 -0.825 -0.55 -0.357 -0.107 -1.085 -0.825 -0.785

y coordinate, m
relative to outlet
hole 0 0 0 0 0 0 0 0

z coordinate, m
relative to outlet
hole -0.388 -0.388 -0.388 -0.388 -0.388 0 0 0

Transducer number h9 h10 h11 h12 h13 h14 h15

Top or bottom of setup Top top top top top top top

x coordinate, m
relative to outlet hole -0.785 -0.785 -0.645 -0.615 -0.585 -0.55 -0.515

y coordinate, m
relative to outlet hole 0.22 -0.22 0 0 0 0 0

z coordinate, m
relative to outlet hole 0 0 0 0 0 0 0

Transducer
number h16 h17 h18 h19 h20 h21 h22 h23 H24

Top or bottom of
setup top top top top top top top top

In inlet tank
to measure
atmospheric
pressure

x coordinate, m
relative to outlet
hole -0.515 -0.515 -0.485 -0.485 -0.485 -0.385 -0.175 -0.055

y coordinate, m
relative to outlet
hole 0.22 -0.22 0 0.22 -0.22 0 0 0

z coordinate, m
relative to outlet
hole 0 0 0 0 0 0 0 0

2.2 Sand selection and characteristics
The sand selection for both barrier and background material was conducted carefully based
on the available grain size distributions from the field location of Gameren, the filter criteria
and the recommendations of the reviewers. A detailed description of the sand selection
process is provided in (Deltares memo 11200952-007-GEO-0010).

For the background materials, Baskarp fine (B15), Baskarp coarse (B25) and Metselzand
sand were selected. The sieve curves of these materials are shown in Figure 2.8.
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Figure 2.8 Sieve curves of the base materials.
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With available sands, two suitable barrier materials have been constructed for application in
the medium-scale tests:

 GZB1, a mixture of 50% coarse filter sand, 30% fine filter sand and 20% Metselzand.
 GZB2, a mixture of 80% fine filter sand and 20% Metselzand sand.

The sieve curves of all these materials are shown in Figure 2.9 and Figure 2.10. An overview
of the sand properties is provided in Table 2.2.

Figure 2.9 Sieve curves of the GZB 1 barrier material and constituting materials

Figure 2.10 Sieve curves of the GZB 2 barrier material and constituting materials
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Table 2.2 Overview of sand properties
Sand d10

[mm]
d50 [mm] d60 [mm] d60/d10 [-] Minimum

porosity
[%]

Maximum
porosity[%]

GZB1 mixture 0.413 1.402 1.511 3.7 29.3 40.1
GZB2 mixture 0.438 0.886 0.948 2.2 30.4 40.6
Metselzand 0.187 0.378 0.44 2.4 31.8 40.5
Baskarp fine 0.103 0.151 0.161 1.6 35.6 48.0
Baskarp coarse 0.150 0.228 0.246 1.6 35.2 45.9

The max and min porosity for the sands, mentioned in the table, were determined based on
the achieved porosity values in the permeability tests combined with the data from the max
and min porosity tests using the wet method (Van der Poel & Schenkeveld 1998). As the
values of the maximum or minimum porosity in the permeability tests were sometimes higher
or lower than the values found in the max and min porosity tests, the highest maximum of the
two tests was used as the maximum porosity, and the lowest minimum as the minimum
porosity.
Relative density is calculated based on the wet minimum and maximum porosity, which is
presented in each chapter. These values have an estimated accuracy of ca. 10% for the fine
sand upstream and downstream of the barrier and 20% for the barrier material.
The relation between hydraulic conductivity and porosity for background sands and barrier
materials, and more details of sand characteristics are provided in Appendix B.  In Table 2.3
interpolated hydraulic conductivities are provided for 90% relative density.

Table 2.3 Expected hydraulic conductivity for applied materials at 90% relative density
Sand RD n k

[-] [-] [m/s]
GZB1 mixture 0.9 0.3038 9.30E-04
GZB2 mixture 0.9 0.3142 8.21E-04
Metselzand 0.9 0.3267 4.14E-04
Baskarp fine (B15) 0.9 0.3684 6.84E-05
Baskarp coarse (B25) 0.9 0.3627 1.61E-04

2.3 Experimental programme
The experimental programme is presented in Table 2.4.
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Table 2.4 Experimental programme
No. Barrier

material
Depth
barrier

[cm]

width
barrier
[mm]

Surrounding material Relative
density
barrier

B15-GZB1-21 GZB1 Full 292 Baskarp fine (B15) High
B15-GZB2-22 GZB2 Full 294 Baskarp fine (B15) High
B15-GZB1-23 GZB1 Full 280 Baskarp fine (B15) High
B25-GZB2-24 GZB2 Full 289 Baskarp coarse (B25) High
B25-GZB1-25 GZB1 12.5 306 Baskarp coarse (B25) High
B25-GZB1-26 GZB1 Full 309 Baskarp coarse (B25) High
B25-GZB1-27 GZB1 Full 297 Baskarp coarse (B25) Low
MZ-GZB2-28 GZB2 Full 290 Metselzand High

In total two barrier materials have been tested (GZB1, GZB2), with three background
materials (Metselzand, Baskarp fine and Baskarp coarse sand). The barrier depth has been
varied for GZB1 material to investigate the effect of a shallower barrier. One experiment has
been conducted with the low relative density, to investigate densification effects.

2.4 Preparation
The sand samples are prepared while the box is in vertical position, with the inlet facing
downwards and the lid at the downstream side removed, thus building up the sample from the
upstream end to the downstream end. The transparent cover is already positioned before
filling the box, such that there will be a good contact between sand sample and cover,
preventing any preferential paths for pipe formation. During preparation, the outlet is sealed
off with a cap. De-aired water is used for filling up the box.

The sand samples are prepared by raining dry sand into the de-aired water while densifying
the sand by tamping. The combination of continuous sand raining and tamping minimises the
creation of layers and heterogeneities in the box. The frequency of the tamping controls the
relative density of the sand. Bulk volume-mass measurements are made during preparation in
order to ensure that the correct relative density is being achieved. Once all the sand has been
placed, the box is closed and turned in the horizontal position. Throughout the process the All
the pressure transducers are connected and saturated. The cylinder is positioned, filled with
water and the cap at the exit hole is removed carefully.

2.4.1 Execution
The experiments are conducted by stepwise increase of the head drop across the set-up, by
raising the upstream head or sometimes by lowering the downstream head, the specific
procedure is reported per test. Generally, the head is increased in intervals of 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. The size of the increments of head applied were increased
progressively as the head drop over the sample was larger, as the relative effect of a certain
change is different for a head drop of 10 cm than for a head drop of 150 cm.
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During the tests the following data is collected:

 Hydraulic head in several locations in the box from pressure transducers (with a
sampling frequency of 1 Hz and an estimated uncertainty of 0.1-0.6 kPa based on
producer information and what is seen in calibration).

 Observations of erosion, pipe dimensions (length) and sand volcano dimensions
(external diameter) – registration each five minutes.

 Photographs are taken with a frequency of 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.

2.5 Data analysis
The experiments provide a large amount of information and data. For the facilitation of
interpretation, the data and observations are presented categorized by subject, for each of
the experiments. In this section it is explained how the data was analysed for this purpose
and why the analysis was conducted in this manner.

2.5.1 Test characteristics
The test characteristics provide general information related to the preparation of the
experiment, such as the used materials for background and barrier, the achieved relative
densities (and porosities) in these materials and the dimensions of the barrier. The relative
density was calculated based on the porosity (calculated based on set up volume and added
sand weight) and the minimum and maximum density (obtained from column tests and
permeability tests). The relative densities have an estimated accuracy of ca. 10% for the fine
sand upstream and downstream of the barrier and 20% for the barrier material based on
specialist judgement.

The porosities of the used materials provide input for a first estimate of hydraulic conductivity
in the numerical simulations. In addition, the relative density of the barrier is expected to
affect its strength.

2.5.2 Summary of observations
Observations during the experiment mainly involve the erosion of particles in and in front of
the pipe and the pipe pattern development in general. The observations are both important
during and after the experiments. During the experiments, the raise of head is based on the
observation of erosion at the pipe tip. For purposes of analysis, the location of the pipe is
important.

Observations during the small-scale experiments indicated the following steps (Deltares,
2017b):

 Pipe development in the fine sand towards the barrier.
 Lateral development of the pipe through the fine sand, along the interface of the barrier.
 Crumbling of the barrier material - after the pipe reaches the barrier, the pipe

progresses parallel to the interface between the fine sand and the barrier, and forms a
crater of several cm deep. This causes some crumbling of the barrier into the pipe as a
natural slope is formed.

 First pipe formation into the barrier – damage.
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 Gradual pipe progression through the barrier.
 Pipe progresses through the upstream barrier interface and failure of the sample –

failure.

After the first phase of small-scale experiments it was decided to not only look into criteria for
damage, marking the situation where the first pipe develops into the barrier, but also to
criteria for the gradual progression through the pipe, allowing for taking the profit of the
considerable additional strength which the progression provides.

In the analysis of progression through the barrier, it will be necessary to define different steps.
After observing the first two medium-scale experiments it was found that several noteworthy
points in time could be defined:

Pipe reaches barrier: is the point where the pipe reaches the downstream interface
between the barrier and the fine sand.

Figure 2.11 Pipe reaches the barrier

Damage: is the point at which one or more pipes are observed to grow into the barrier.
This carries a degree of subjectivity as crumbling of the barrier already occurs before
this point.

Figure 2.12 Crumbling of the barrier

Short growth (also referred to as short progression): is the point where one or more of
the pipes on the downstream end of the barrier grow several cm but do not progress not
beyond halfway through the barrier. For several tests the pipe is observed to split into a
T-shape with both tips progressing perpendicular to the flow direction at short growth.
There is some subjectivity in this point, as after damage some degree of erosion takes
place in the pipes in the barrier, which does not cause a significant lengthening before
there is a larger growth step.
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Medium growth (also referred to as medium progression): in some tests after the short
growth there is another significant growth step, which still does not cause the pipe to
lengthen past halfway through the barrier. This is not observed in all tests, tests MSP 22
and MSP 25 show a significant medium growth step. In test 22 the pipe had penetrated
ca. 12 cm inside the barrier, in test 25 only ca. 4 cm at the end of the medium growth
step.
Long growth (also referred to as long progression): a progression step whereby one of
the pipes progresses beyond halfway through the barrier. This step can generally be
distinguished quite well.

Figure 2.13 Examples of long growth

Lateral growth in barrier: Progression of the pipe parallel to the upstream interface
between the barrier and the fine sand (inside the barrier): this is observed to occur
gradually in most tests.
Failure: this is when the pipe progresses through the upstream interface between the
barrier and the fine sand. After this the pipe progresses rapidly upstream and this marks
the end of the test.

The observed growth steps are indicated in the observations overview per test, and values of
the heads, gradients and fluxes at these steps are shown in the summary tables for each test.
These results are used in the further analysis of the experiments.

2.5.3 Temperature measurements
The temperature is measured at the inlet and outlet of the box. The temperature is a relevant
parameter since the water viscosity is affected by the temperature.

2.5.4 Head measurements
The pressure in the inlet is measured to account for changes in the air pressure throughout
the test. This change in air pressure in the inlet is subtracted from the other pressure
measurements. In tests 21-23 the variation in inlet pressure is directly subtracted from the
data, in the subsequent tests this variation is first smoothed in order to avoid introducing the
noise from the inlet channel to the other channels.

The measured pressure at the start of the experiment is corrected to the pressure of the
applied water column (i.e. the height inlet and outlet water head above the surface of the
box). In the analysis, pressures and heads are considered with the surface of the sample as
the reference height.

The head measurements in the top of the box and bottom of the box are presented over the
course of the experiment, in order to provide a first check on the reliability of the
measurements and to indicate the course of the test in time, in terms of increase of head.
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2.5.5 Head drop corrections
In this report, the head loss over the filter is estimated by extrapolating the head
measurements in the bottom of the box (h1 and h2) up to the filter. The difference between
the upstream head and the extrapolated head is the head drop over the filter. The head drop
over the setup is corrected by the head drop over the filter to obtain the filter corrected head
drop.

Figure 2.14 Extrapolation of measured head in h1 and h2 (on the bottom of the setup in the fine sand see also Table
2.1 for locations) to obtain the head at the upstream end of the setup

The head drop between the filter and the transducers downstream of the barrier parallel to the
barrier (h18-h20) is used for the postdiction of the experiments. This head drop excludes the
head loss in the pipe downstream of the barrier, and can therefore be compared to the
models in which no head loss in the pipe is assumed. This is therefore referred to as the
corrected head drop up to the pipe.

2.5.6 Gradients
Since the hypothesis is that a local gradient causes the progression of the pipe into and
through the barrier and the gradient allows for easy comparison of head loss in different
locations, for each experiment the following gradients are presented as function of time:

 Horizontal gradient inside the barrier, perpendicular to the barrier along the centre line
from h15 (h15 to respectively h8, h11, h13 and h14).

 Horizontal gradient inside the barrier, perpendicular to the barrier along the centre line
over increments of the barrier (h11-h8, h12-h11, h13-h12, h14-h13, h15-h14).

 Horizontal gradient inside the barrier at three locations along the width of the barrier
(h15-h8 central axis, h16-h9 west, h17-h10 east).
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 Horizontal gradient inside the barrier along the width of the barrier (h8-h9 upstream
west, h8-h10 upstream east, h15-h16 downstream west, h15-h17 downstream east).

 Vertical gradient inside the barrier (h3-h14).
 Horizontal gradient in the fine sand and the pipe downstream of the barrier, parallel to

the barrier (h18-h19 west, h18-h20 east).
 Horizontal gradient in the fine sand and the pipe downstream of the barrier,

perpendicular to the barrier (h23-h18, h23-h21, h23-h22, h5-h4).
 Horizontal gradient in the fine sand upstream of the barrier perpendicular to the barrier

(h7-h6, h2-h1).
 Horizontal gradient across the upstream interface of the barrier and the fine sand (h7-

h8, h2-h3).
 Vertical gradient in fine sand (h2-h7, h4-h21).

A positive horizontal gradient indicates flow downstream; a positive vertical gradient indicates
upward flow.

2.5.7 Flow rate
The volumetric flow rate in litres per second is used for the calculation of hydraulic
conductivity and for numerical simulations. The flow rate is converted to a mean flow velocity
as well by scaling with the inflow area. It is noted that the local velocities will differ due to
convergence of flow in the model.

2.5.8 Apparent hydraulic conductivity
The apparent hydraulic conductivity could be estimated for the fine sand upstream of the
barrier, for the barrier and for the region of the interface between the fine sand upstream of
the barrier and the barrier, by assuming Darcy flow conditions prevail, and that all flow is 1D
through the cross-section of the model i.e. no convergence from the sides or in the vertical
direction.
We therefore refer to apparent hydraulic conductivity.

 For the fine sand upstream, head measurements at the top and bottom of the box are
used to determine the hydraulic conductivities in the bottom and top of the sand. For the
fine sand downstream, the apparent hydraulic conductivity would be heavily influenced
by the pipe formation early in the experiment and therefore no estimation for hydraulic
conductivity can be provided.

 For the barrier, apparent hydraulic conductivities are provided using the measurements
of h8-h11, h11-h12, h12-h13, h13-h14, h14-h15. Pipe formation in the barrier and
convergence of flow lines influence the apparent hydraulic conductivity.

 The hydraulic conductivity of the interface between the fine sand upstream and the
barrier was calculated for the transducers h7-h8 and is presented together with the
apparent hydraulic conductivities of the fine sand upstream (h6-h7) and the barrier (h8-
h11), for comparison.

The estimates of hydraulic conductivity preceding pipe formation provide a first estimate for
the input values for numerical simulations and can be compared to estimated hydraulic
conductivities using correlations based on the porosity that is estimated during preparation.

The flow downstream of the barrier converges towards the exit hole and therefore no reliable
estimate of this can be made. Furthermore as pipes form flow converges to the pipes.
Therefore no estimate is made of the downstream hydraulic conductivity.
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2.5.9 Flow regime
The flow regime is estimated for the fine sand and for the barrier; this is done by assuming
that all flow is 2D through the cross-section of the model, i.e. the situation before flow
converges due to pipe formation.
The grain Reynolds number Re was calculated as in (Bear, 1972) by

=

Where d is d50, q is (average) flow velocity (here volumetric flow/width model/length 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 up
to Re ca. 100, and only beyond this point, flow would be turbulent. A grain Re 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
more from the Darcian flow.

2.5.10 Summary of each test
For each test a summary is provided, in which noteworthy aspects of the test are described,
such as the reliability of transducers, a summary of observations, a summary of sample
characteristics (relative density and estimated hydraulic conductivities, based on porosity and
measured heads respectively) and a summary of gradients and heads at noteworthy times
during the experiment for several locations.
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3 Experimental results test MS-GZB1-B15-21

In this experiment there was a gap at the top of the sample, therefore results are not
considered representative. Nonetheless, the results are presented and commented on in this
Chapter.
The head drop was applied by starting with a high head upstream and downstream, and by
lowering the height of the outlet.

3.1 Test characteristics
The head drop was applied in this test by reducing the height of the outflow reservoir.

Table 3.1 Test characteristics

Barrier material GZB1
Background material Baskarp 15
Relative density* barrier, % 0.91
Relative density* fine sand upstream, % 0.73
Relative density* fine sand downstream, % 0.87
Barrier depth, m 0.404
Barrier width, m 0.292
Porosity barrier, - 0.322
Porosity fine sand upstream, - 0.367
Porosity fine sand downstream 0.372
*Relative density is calculated using the porosity, based on the wet minimum and maximum density; these values have an
estimated accuracy of ca. 10% for the fine sand upstream and downstream of the barrier and 20% for the barrier material.

3.2 Summary of observations

The observations are summarized in

Table 3.2 Summary of observations throughout the experiment. Distances are relative to the centre of the outlet
hole

Time interval since
start of test

(hh:mm)

Total
applied
head drop,
cm*

Flux,

litre/min

Observation

Prior to test we observe patterns of pipe in the fine sand upstream and

downstream of the barrier. These probably formed when the upstream

reservoir was connected and the hydrostatic pressure increased to 4 m,

forcing the lid of the setup slightly upwards. These patterns are mainly

seen in the middle half of the sample (i.e. not at the edges).

00:00 00:10 0 0

When the outlet is opened, sand in the upstream side moves into the

barrier, at the top of the model, and there is a movement of fine sand

downstream of the barrier forming a small slope. (Figure 3.1)

00:10 00:15 1 -**

Patterns, pipes, are seen in the fine sand downstream and upstream of

the barrier

00:20 00:25 3 -

Patterns, pipes downstream, seem to deepen. No boiling at outlet but

slight hills of sand at the rims
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Time interval since
start of test

(hh:mm)

Total
applied
head drop,
cm*

Flux,

litre/min

Observation

00:45 00:50 8 0.29 Deepening of pipes/patterns downstream

00:55 01:00 10 0.39 Pipe forms on the upstream side of the model at the filter (Figure 3.3)

01:00 01:05 12 0.44 The upstream pipe gets wider. Downstream pipes get deeper and longer

01:05 01:10 14 0.55

Number of pipes downstream increases and lengthens. nr and length of

pipes on the upstream end increases.

01:10 01:15 16 0.64 2 small pipes form in the fine sand upstream of the barrier

01:15 01:20 18 0.75

Fine sand from upstream flows into the barrier, it reaches from the barrier

end (ca. -0.790 to -0.770 m) (Figure 3.4)

01:20 01:25 20 0.95

The lobe of fine sand in the barrier progresses to -0.630 m (from

upstream)

01:25 01:30 22 0.99

No further progression of the lobe. We have a deep pipe downstream of

the barrier between -0.14 and -0.32 m

01:30 01:35 24 1.02

Downstream there are pipes from -0.49 to -0.19 m and from -0.49 to -0.33

m. So they form in the middle of the fine sand between the barrier and

the downstream end.

01:40 01:45 28 1.13

pipe lengths (pipes from East to West):

pipe 1: 10-13 cm

pipe 2: 18-35 cm

pipe 3: 27-44cm

pipe 4: 29-47 cm

01:45 01:50 30 1.18 Pipes 1 and 2 connect and reach to the outlet hole

01:55 02:00 34 1.33 Sand flow along pipes originating at the upstream filter

02:10 02:15 43 1.66 Channel 2 becomes the main channel downstream (Figure 3.5)

02:25 02:30 52 1.95

Patterns appear where fine sand in the cloud in the barrier are eroded

away

02:35 02:40 60 2.20 The depth of pipe 2 downstream is 5 mm and sand is eroded

03:00 03:05 81 2.78

Width of main pipe in the downstream end is 3.5 cm and it forms a delta

at the barrier with a width of 7 cm. erosion of sand at the upstream side of

the barrier into the barrier.

03:10 03:10 91 3.11 Fine sand from upstream is progressing into the barrier.

03:15 03:15 96 3.16 Lobe of sand in barrier progresses to -0.57 m

03:20 03:20 101 3.31 downstream pipe reaches barrier

03:55 04:00 136 4.31 Pipes in the upstream end of the model become deeper.

04:05 04:10 146 4.57

Lot of erosion in downstream pipe. Fine sand go into the barrier at the

upstream interface but the pipes at the upstream filter do not reach to the

barrier. The pipe downstream of the barrier forms a deep crater ca 1.5 cm

deep

04:15 04:20 156 4.78 Pipes on the upstream side are shallow

04:20 04:25 161 4.98 Pipes on the upstream side become wider

04:25 04:30 166 5.11

The pipe parallel to the barrier on the downstream end (west) ca 3 mm

deep at the west end of the barrier

04:35 04:40 176 5.22 The upstream pipes seem to clog a bit

04:45 05:00 186 5.51

Pipe enters the barrier. This was at the same time there was movement of

the hose at the exit. Damage point

05:15 05:20 209 6.16 Pipe in barrier progresses to -0.60 m (from outlet hole) Short growth

05:20 05:40 215 6.19 Width of pipe in barrier 3 cm
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Time interval since
start of test

(hh:mm)

Total
applied
head drop,
cm*

Flux,

litre/min

Observation

05:40 05:45 221 6.38

Erosion in pipe in barrier but no progression, erosion from the sides of the

pipe

06:10 06:20 259 7.24

Erosion of the pipe in the barrier and a branch forms growing to the east.

The pipe tip widens to the left and right

06:25 06:30 273 8.18 Progression of the pipe, the pipe grows to -0.76 m. Long growth

06:30 06:35 280 8.13

Widening at the pipe tip and progression to -0.77 m. Pipe width 4.5 cm

and depth 1 cm (Figure 3.6)

06:45 06:50 294 8.18 Failure

*includes head drop over upstream filter

** during the first steps of the test no flux could be measured

The growth steps are shown in Figure 3.1.

Time 04:45 Damage
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Time 05:15 Short growth step

Time 06:25 Long growth
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Time 06:30 Prior to failure
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Time 06:50 Failure
Figure 3.1 Pipe growth steps

Figure 3.2 through Figure 3.6 show the processes observed.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 25 van 307

Figure 3.2 Left fine sand moving over the barrier on the upstream side. Right wave of transported fine sand on the
downstream side

Figure 3.3 Pipe forms on the upstream side of the model at the inlet filter
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Figure 3.4 Pipes on the upstream side of the model and lobes of fine material in the barrier
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Figure 3.5 Pipes on the downstream side of the model

Figure 3.6 On the left side the pipes at the inlet filter no longer reach towards the barrier. The pipe is in the barrier
in the western side of the central axis (top side), barrier material can be seen in the downstream pipe,
and the lobes of fine sand in the barrier have been eroded away
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3.3 Temperature measurements
The temperature of the water flowing into the model and coming out of the model is shown in
Figure 3.7.

Figure 3.7 Temperature throughout the experiment

3.4 Head measurements

3.4.1 Bottom of setup
Heads measured in the bottom of the setup follow the stepwise reduction of the downstream
water level, with the exception of h1 (on the upstream side of the model) and h4 (which
shows a gradual increase super positioned on overall trend).
The head in h1 shows only a minor reduction throughout the experiment, it is very close to the
value of the upstream head reservoir, which suggests only limited head loss at the filter.
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Figure 3.8 Head measurements throughout the experiment

Whereas the other transducers are constant during the first 10 minutes of 0 m head drop, h4
shows a falling trend.
Initially h4 is less than h5, which would not be expected for flow to the outlet. At time step
01:45, h4 becomes higher than h5. h4 increases further to become larger than h3 around
02:40. This steady drift may indicate a problem with this sensor.

3.4.2 Top of setup
The measurements on the upstream side of the setup are shown in Figure 3.9. Sensor h6
initially follows the gradual reduction of the outlet head but from ca 01:10 the head measured
with h6 increases and stays constant until it starts to fall again at 04:05. This suggests the
data measured by h6 may be unreliable. This might be due to an unreliable transducer, or
due to a water flow along the top of the model between the sand and the lid.
The other head measurements do follow the applied head drops. The head in transducer h7
in the upstream fine sand is higher than in h8, h9 and h10, which are in a row along the width
of the model at the same distance from the inlet. As expected, initially, the latter 3 give very
similar readings, the difference between them starts to increase after the pipe damaged the
barrier and from then becomes larger. This would be because the pipe grows between h8 and
h9, accordingly the head at h10 is higher.
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Figure 3.9 Head measurements throughout the experiment

The measurements in the downstream end of the barrier initially show approximately the
same head, values overlie in Figure 3.10. From approximately 04:00 some difference can be
seen. This is when there is a lot of erosion downstream and, at 04:45, when the pipe
breaches the barrier the differences become larger as shown in Figure 3.11.
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Figure 3.10 Head measurements throughout the experiment
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Figure 3.11 Head measurements during part of the experiment

The measurements in the fine sand downstream initially show a clear gap between h22 and
h23, both relatively close to the outlet, and h18-h21, which are further upstream, as would be
expected in Figure 3.12. As the pipes form in the downstream end of the sample, the
difference among h18 to h21 increases and there is less difference among those data from
h22 and h23 as shown in Figure 3.13.
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Figure 3.12 Head measurements during part of the experiment
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Figure 3.13 Head measurements throughout the experiment

3.5 Head drop corrections
As described in Section 2.5, all head measurements are corrected for variations in
atmospheric pressure. Subsequently a correction is made for the head loss over the filter.
The filter corrected head drop is the head drop that is over the setup after compensating for
the head loss over the inlet filter. The corrected head drop to the pipe is the head drop up to
h18-h20 as these are in the location where the pipe forms in the downstream sand. This head
drop excludes head losses in the pipe to the exit, and in the sand boil at the exit.

3.5.1 Head loss over upstream part of setup: filter corrected head drop
The head loss over the filter and the upstream part of the setup, as computed by
extrapolating the measurements in h1 and h2 in the bottom of the box to the upstream end of
the setup, is shown in Figure 3.14. This value increases with flow rate, as expected; the
maximum loss is in the order of 15 cm. The applied head drop minus the head drop over the
filter is referred to as the filter corrected head drop.
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Figure 3.14 Computed head loss throughout the experiment values are averaged per minute

3.5.2 Head loss between transducers downstream of the barrier and outlet: corrected head drop up
to the pipe
The difference among the head drops computed with h18-h20 is relatively small at the time of
damage and failure. In the last step before the damage point the corrected head drop is 1.72
m, and before the failure the corrected head drop 2.65 m. The difference between the filter
corrected head drop up to the transducers and the applied filter corrected head drop indicates
losses over the setup, in the pipe and in the erosion lens are relatively small.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 36 van 307

Figure 3.15 Computed corrected head drop between filter and downstream interface of the barrier throughout the
experiment

3.6 Gradients

3.6.1 Horizontal gradient inside the barrier perpendicular to the barrier along centreline from h15
The horizontal gradients between h15 (1 cm upstream of the downstream interface between
the barrier and the fine sand) and the other transducers are computed. Due to the small
distance among transducers, scatter in the data causes a relatively wide band in Figure 3.16.
To smooth this out, the data is down sampled by averaging per minute, rather than using the
measurements per second. The result is shown in Figure 3.17.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 37 van 307

Figure 3.16 Computed gradients throughout the experiment
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Figure 3.17  Computed gradients throughout the experiment, vertical lines indicate the times when the pipe has
reached the barrier, and when the pipe has progressed a specific distance in the barrier

The gradient over the shortest distance, h15-h14 is initially highest and remains highest until
about 4 hours. At that point it is observed that pipes downstream of the barrier erode a lot of
material. Then there is a slight decline in the gradient h15-h14, after which this gradient
remains more or less constant around 0.1.
At 04:00 it is also observed that fine grains are washed into the top of the barrier on the
upstream side. The latter may increase the resistance on the upstream side, accounting for
the gradient between h8 and h15 to rise above the others. The gradient over the longest
distance h15-h8 is higher than the gradient over the other distances between 4 hours and
onwards.
There is no significant effect in any of the gradients when the pipe forms in the barrier, this
occurs to the western side between h15 and h16.

There is a very low or even negative gradient between h15 and h13 and h11 for the first two
hours of the experiment. The gradient between h15 and h12 (which is in between h13 and
h11) shows a different picture, however, during later tests it appeared as through the
measurement in h12 might not be reliable.

The gradient over the barrier at failure (when there is already a pipe in a large part of the
barrier) is highest between h15 and h8 with a value of 0.3. The pipe has at that point already
progressed past the other transducers which would account for those gradients falling.
The maxima seen in the gradients over 7 cm and 13 cm occur after the pipe has already
progressed beyond these points in the barrier (observe that the pipe was not present directly
below the transducers but to the western side of these as shown in Figure 3.6).
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For comparison, the head drops over the same distances are shown in Figure 3.18
(frequency average per minute).

Figure 3.18 Computed head drops throughout the experiment

The maximum head drop between the upstream side of the barrier h8 and the downstream
side h15 remains below 10 cm.

The peak in the head drop from h8-h15 that starts to develop strongly around 03:10
corresponds to observations of fine sand moving into the barrier at the top surface of the
model. This would have reduced the hydraulic conductivity locally and allows for a higher
head drop to establish. The other peak that forms just after the damage of the barrier could
be due to a reduction of the head in h15 due to the presence of the pipe in the barrier, the
pipe does not form below h15 but between h15 and h16. After the pipe is in the barrier the
head drop continues to increase with increasing upstream head.

3.6.2 Horizontal gradient inside the barrier perpendicular to the barrier along centreline over
increments of the barrier
To assess heterogeneity in the barrier, the gradient is also computed between successive
pairs of transducers. A negative head drop means that the head of the upstream transducer is
smaller than the head of the downstream transducer.
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Figure 3.19 Computed gradients throughout the experiment

Considering the heads, we see that the negative gradient between h12 and h11 is because
h11 is less than h12 at that time, and also a negative gradient between h13 and h14. The
order of heads (descending) is h8, h12, h11, h14, h13, h15. It is not easy to say whether this
is due to the presence of local heterogeneity within the barrier, or due to error in certain
transducers. In later tests the head in h12 was often found to be different from what would be
expected based on its location inside the barrier therefore it is plausible that this was also the
case in the current test.

3.6.3 Horizontal gradient inside the barrier at three locations along the width of the barrier
The horizontal gradient over the barrier measured between h16 and h9, h15 and h8 and h17
and h10 is shown in Figure 3.20. The pipe formed between the pairs h16-h9 and h15-h8
(Figure 3.22), this is reflected in the lower gradients there as compared to h17-h10.
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Figure 3.20 Computed gradients throughout the experiment

There is a step in the gradient of h17 to h10 around 01:20, this is when it is observed that fine
sand progresses form the upstream side into the barrier as shown in Figure 3.21, and this is
most distinct at this location and can account for the higher gradient. A similar step is
observed in the gradient of h15 to h8 around 03:10 when it was observed that fine sand again
passes into the barrier from upstream.
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Figure 3.21 Lobe of fine sand entered the barrier below h10 around 01:15 and progresses further downstream
inside the barrier (image from interval 01:25 to 01:30)

At failure, the gradient is higher in the location furthest away from the pipe (h17-h10) than in
the locations closer to the pipe as shown in Figure 3.22. Converging flow at the pipe tip, in
combination with the lower head in the pipe could be expected to cause the highest gradients
at the pipe tip, i.e. at the h16-h9 and h15-h8. However, if the gradient in the barrier is low,
those effects might be relatively small compared to the effect of heterogeneity in the barrier.
That heterogeneity might possibly be the result of the layer of fine sand at the top of the
model, which was reported to form a lobe of sand over the location of h10. This may have
contributed to achieving a slightly higher relative density and lower hydraulic conductivity at
h10 that could also account for the difference in the measured gradient.

Figure 3.22  At failure (06:45-06:50), the pipe grows through the barrier between transducers 18 and 19 and the tip
is near transducer 9
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3.6.4 Horizontal gradient inside the barrier along the width of the barrier
In order to assess horizontal flow converging from the sides to the pipe in the barrier the
horizontal gradient between h8-h9 and h8-h10 and h15-h16 and h15-h17 is shown in Figure
3.23 .In this figure a positive gradient indicates a higher head in the transducers on the side of
the model than in the centre.

Figure 3.23 Computed gradients throughout the experiment

The higher head, and positive gradient, on the upstream side in h10 is probably due to the
flow of fine sand into the barrier at this location. The gradient falls around 04:00 but increases
sharply at 05:20, which is some time after the pipe penetrated the barrier. At that time strong
erosion of the pipe in the barrier to the sides is reported, which would have caused a drop in
h8 increasing the gradient to h10.
The gradient downstream, and between h9 and h8 upstream is negative up to ca. 02.10 and
then becomes positive indicating a slightly higher head on the sides of the model. This
changes to negative around 04:00 indicating a higher head in the centre of the model. It is
observed that there is a lot of erosion in the pipe in the centre of the model at that time. The
main pipe downstream is deepest in the centre of the model at some distance away from the
barrier and branches to the sides of the model. The pipe depth at the barrier actually appears
to be less at h15 than at the sides, which may account for the higher head in the centre.

3.6.5 Vertical gradient inside the barrier
The vertical gradient between h14 and h3 is shown in Figure 3.24, positive values indicate a
higher head in the bottom of the model than in the top of the model. The gradient is small and
slightly negative until about 01:05 when pipes are forming in the downstream end of the
model, probably reducing the head in h14. The increase of the vertical gradient over time
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becomes steeper after the pipe entered the barrier. The maximum gradient remains well
below 1, since this is an average gradient over the full depth. Local at the outflow point the
gradients will be higher; however, this is not measured.

Figure 3.24 Computed gradients throughout the experiment

3.6.6 Horizontal gradient in the fine sand and the pipe downstream of the barrier parallel to the
barrier
This is computed so that a positive gradient indicates a higher head at the sides, so flow
would converge to the centre of the model.
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Figure 3.25 Computed gradients throughout the experiment

The gradient is initially almost zero indicating a homogenous flow distribution. The gradient
becomes slightly negative between 1 and 2 hours, in that time pipes are forming at different
locations in the downstream sand.
After 2 hours the gradient is positive and remains positive on the eastern side (h18-h20),
whereas at 4 hours it becomes negative on the western side. This corresponds to
observations of the dominant downstream pipe forming to the western side.
The gradient in this pipe parallel to the barrier is very small, supporting the assumption of a
negligible head loss in the pipe in the numerical model.
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Figure 3.26 Close up of pipes in downstream sand

3.6.7 Horizontal gradient in the fine sand and the pipe downstream of the barrier perpendicular to
the barrier
The horizontal gradient between the transducer in the top, 5.5 cm from the outlet hole (h23),
and the transducers along the central axis in the fine sand is shown, where a positive gradient
indicates flow downstream. Also shown is the horizontal gradient in the bottom of the model
between h4 and h5 in the fine sand. Note that h4 appeared to drift therefore the latter value
may be unreliable and therefore the axis is not extended to fit the entire curve.
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Figure 3.27 Computed gradients throughout the experiment

The gradient in the top of the model, where the pipe forms is low and remains low. This could
be due to the gap between the sample and the lid, and the formation of pipes from the start of
the test. The gradient between h4 and h5 does increase as the head drop is increase after 2
hours, however this reading initially goes from positive to negative. As there is concern
regarding the drift of h4 this result is considered unreliable. Therefore, only results from the
top are shown in Figure 3.28.
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Figure 3.28 Computed gradients throughout the experiment

3.6.8 Horizontal gradient in the fine sand upstream of the barrier perpendicular to the barrier
The horizontal gradient upstream of the barrier is shown for the top and the bottom of the
model in Figure 3.29. The gradient in the top of the model becomes very high when the pipes
downstream reach the barrier, due to the relatively small resistance to flow in the barrier and
in the pipe. At failure, the majority of the head loss is in the upstream fine sand, which is also
shown in the figure of the head drops (Figure 3.30)
The reduction of the gradient in the top of the model between 04:05 and 05:00 can be
accounted for by the observation of pipe formation on the upstream side of the model. These
appear to widen around 04:20 but are reported to seem to clog again. However, it was noted
that h6 does not follow the trend of the other transducers with reducing head in Section 3.4.2.
Therefore this computed gradient is considered unreliable.
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Figure 3.29 Computed gradients throughout the experiment
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Figure 3.30 Computed head drop throughout the experiment

3.6.9 Horizontal gradient across the upstream interface of the barrier and the fine sand
The horizontal gradient in the top of the model is measured over 4 cm, over the interface
between the fine sand and the barrier. This gradient is close to zero until 01:15 and then
shows a strong jump, after which the gradient increases as the head drop is increased. It is
observed at 01:15 that fine sand flows into the barrier. Possibly due to the small gap at the
top of the model, initially there is some space above the sand, accounting for the virtually
absent head drop between h8 and h7 initially. At 01:15 this space is suddenly filled with fine
sand, increasing the gradient. To assess the formation of a filter cake, the hydraulic
conductivity over this interface is estimated in Section 3.9. The horizontal gradient over the
bottom of the model is much less.
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Figure 3.31 Computed gradient throughout the experiment

3.6.10 Vertical gradient in fine sand
The vertical gradient in the fine sand upstream and downstream of the barrier is computed
using transducers that are directly above one another (h2 and h7 upstream and h4 and h21
downstream). In the current test h4 was considered unreliable therefore this gradient is
considered unreliable. A negative gradient implies a higher head in the top of the model.
The gradient on the upstream side initially is low, and then drops to negative between 01:15
and 02:00 indicating a higher head in the top of the model than in the bottom. During that time
it is observed that fine sand from upstream flows into the barrier at the top of the barrier. The
transducers are close to the barrier, and the local change in hydraulic conductivity near the
top of the model may cause the negative vertical gradient.
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Figure 3.32 Computed gradient throughout the experiment

3.7 Flow rate
The volumetric flow rate in litres per second (Figure 3.33) is converted to a mean flow velocity
by scaling with the inflow area. The local velocities may differ due to convergence of flow in
the model.
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Figure 3.33 Flow rate throughout the experiment
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Figure 3.34 Flow velocity throughout the experiment

Adding a linear regression with intercept 0 to the curve shows different stages of the test.

 Initially the flow rate is too low to be measured.
 There is initially a steep gradient up to a kink at a head drop of 0.2 m (time 1:20 which is

when a lobe of fine sand enters the barrier).
 There is a small peak in the flow velocity at a head drop between 1.01m when some more

fine sand enters the barrier.
 There is then a dip in flow velocity just before the pipe damages the barrier, but there is

no clear effect of the pipe entering the barrier on flow rate.
 There is a dip in the flow velocity at a head drop of 2.27 m (time 05:50), prior to this was a

lot of erosion in the pipe in the barrier.
 There is a jump in the flow velocity at a head drop of 2.66 m (time 6:25) in the prior time

step there was a lot of erosion of the pipe in the barrier. A side branch of the pipe forms
inside the barrier and the pipe widens.

 There is no increase in flow rate in the last steps prior to failure possibly the pipe had
already progressed and widened at this time.

3.8 Flow regime
In the current experiment due to the influx of fines in the top of the barrier no estimate is
made of the flow regime.
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3.9 Apparent hydraulic conductivity
The apparent hydraulic conductivity is estimated by assuming that all flow is 1D through the
cross-section of the model i.e. no convergence from the sides or in the vertical direction. In
this experiment it was observed that there was initially a gap between the top of the sample
and the cover, which also caused piping on the upstream side. This means that flow would
converge to the top, making the assumption of 1D flow is not valid. Thus the results shown in
this Section are considered unreliable.

3.9.1 Fine sand upstream of the barrier
In the fine sand upstream of the barrier the initial hydraulic conductivity estimate based on the
top transducers is very high. This may be due to the presence of pipes from the start of the
experiment. However, there is also a peak shown in the data based on the bottom
transducers. As the test progresses, the hydraulic conductivity in the top falls below that in the
bottom. It was also observed that the pipes on the upstream side of the model appeared to
clog, which could account for the lower estimated hydraulic conductivity based on the
measurements in the top during the later stage.
However, it was observed at the inlet that there was sand boiling at the filter, which suggests
the flow may have concentrated along the top of the model. As the estimated conductivity is
based on a homogeneous flow, this would underestimate the conductivity for converging flow.

Figure 3.35 Estimated average hydraulic conductivity throughout the experiment

3.9.2 Barrier
It was already seen that heads measured in the barrier did not follow the expected pattern of
the head reducing in the downstream direction. This results in negative hydraulic
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conductivities based on some pairs of transducers. Overall there is so much scatter and
variation that no sensible estimate of hydraulic conductivity can be made for this test.

Figure 3.36 Estimated average hydraulic conductivity throughout the experiment

3.9.3 Interface between the fine sand upstream and the barrier
Flow could possibly transport some finer grains a short distance into the barrier, forming a
filter cake at the upstream interface between the barrier and the fine sand. Therefore the
hydraulic conductivity across this interface is estimated using h7 (2 cm upstream of the
interface in the fine sand) and h8 (2 cm downstream of this interface in the barrier). For
comparison, the hydraulic conductivity estimated in the upstream end of the barrier based on
h11 and h8 and the hydraulic conductivity of the fine sand upstream of the barrier are also
shown.
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Figure 3.37Estimated average hydraulic conductivity throughout the experiment. Note estimates after 00:55 are
unreliable due to convergence of flow towards the pipe

The estimated hydraulic conductivity of the interface is significantly higher than that of the fine
sand upstream of the barrier. This would be expected, if there is no filter cake the resistance
would be a combination of that of the barrier and of the fine sand.

3.10 Summary
Experiment MS-GZB1-B15-21 was conducted with Baskarp 15 sand and a barrier consisting
of GZB1 sand reaching to full depth.

 In the current test, there was a gap between the surface of the sample and the lid. This
allowed for fine sand to wash over part of the barrier, and a wave of fine sand
downstream of the barrier to wash over the top of the sample. The gap might possibly
also have resulted in a lower relative density of the barrier. Furthermore pipes formed
both upstream and downstream of the barrier from the start of the tests. A gap would also
imply that measurements made at the top of the model do not adequately characterise
the head profile inside the sample.

 Three transducers are considered unreliable:
- h4 (bottom downstream fine).
- h6 (top upstream fine).
- h12 (top inside barrier).

 Inflow of fine sand into barrier over the top and flow of material downstream affects
hydraulic conductivity locally. Changes in the hydraulic conductivity over the depth of the
model and along the width of the model due to this entail that no sensible postdiction can
be made for this experiment.
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 The gradients in the pipe parallel to the barrier and in the pipe perpendicular to the barrier
are very small, supporting the assumption of a negligible head loss in the pipe in the
numerical model.

Table 3.3 Overview of sand sample characteristics
Experiment 21 RD [-] hydraulic

conductivity based
on correlation to
porosity, [m/s]

hydraulic conductivity
based measured

heads,  [m/s]

Baskarp B15 Upstream 0.91 6.70E-05 no estimates

GZB1 Barrier 0.73 1.22E-03

Baskarp B15 Downstream 0.87 7.20E-05

Table 3.4 Summary of local gradients in the barrier (gradients are averaged minutely)
Between
h15 and h14
(3.5 cm)

Between
h15 and h13
(7.0 cm)

Between
h15 and h12
(10 cm)*

Between
h15 and h11
(13 cm)

Between
h15 and h8
(27 cm)

Damage 0.10 0.15 0.04 0.10 0.16
Short growth 0.13 0.19 0.10 0.15 0.22
Long growth 0.12 0.26 0.15 0.23 0.30
Failure 0.12 0.26 0.16 0.23 0.31
*unreliable measurement in h12

Table 3.5 Summary of fluxes (measured per 5 minute interval)
Flow velocity, m/s Flux, litre/min

Damage 2.51E-04 5.35
Short growth 2.74E-04 5.86
Long growth 3.49E-04 7.45
Failure 3.83E-04 8.18
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Table 3.6 Summary of head drop between filter and pipe and head loss over filter for postdictions (head drops are
averaged minutely)

Between filter and
h18

Between filter and
h19

Between filter and
h20

Head drop at
damage, m 1.72 1.72 1.72

Head drop at short
growth 1.91 1.91 1.91

Head drop at long
growth 2.47 2.47 2.47

Head drop at failure,
m 2.65 2.65 2.65

Head loss over filter
upstream at damage
, m

0.05

Head loss over filter
upstream at short
growth, m

0.07

Head loss over filter
upstream at long
growth, m

0.13

Head loss over filter
upstream at failure,
m

0.15

Table 3.7 Measured heads at the critical steps

transducer h1 h2 h3 h4 h5 h6 h7 h8 h9 h10 h11 h12

damage 3.91 2.48 2.31 2.41 2.27 3.46 2.41 2.32 2.32 2.32 2.29 2.28

short

growth 3.88 2.30 2.12 2.24 2.07 3.33 2.23 2.13 2.13 2.13 2.09 2.08

long

growth 3.80 1.75 1.52 1.70 1.46 2.98 1.67 1.54 1.53 1.55 1.49 1.47

failure 3.77 1.57 1.33 1.53 1.27 2.86 1.48 1.35 1.32 1.37 1.29 1.28

transducer h13 h14 h15 h16 h17 h18 h19 h20 h21 h22 h23

damage 2.29 2.28 2.28 2.26 2.26 2.26 2.26 2.27 2.26 2.25 2.25

short

growth 2.09 2.08 2.07 2.06 2.06 2.06 2.06 2.06 2.05 2.04 2.05

long

growth 1.48 1.46 1.46 1.44 1.44 1.44 1.44 1.44 1.44 1.42 1.43

failure 1.28 1.27 1.26 1.24 1.24 1.24 1.24 1.24 1.24 1.23 1.23
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4 Experimental results test MS-GZB2-B15-22

At 02:00 a small amount of inflow of fine sand over the top of the barrier is observed at the
upstream interface. This suggests that a poor contact is made between the top of the sample
and the lid, or possibly that a small gap is still present despite reinforcement of the setup. At
02:05 it was observed that two small pipes formed on the upstream side of the sample, close
to the filter. The computed head drop across the filter also increased during periods in which
the upstream head was maintained constant, i.e. the applied head drop over the sample
decreased. This may also be due to the poor contact.
During this test the head drop was applied by starting with a high inlet and outlet level and
reducing the height of the outlet level.

4.1 Test characteristics
The head drop was applied by reducing the height of the outflow reservoir.

Table 4.1 Test characteristics

Barrier material GZB2
Background material Baskarp 15
Relative density* barrier, % 0.77
Relative density* fine sand upstream, % 0.90
Relative density* fine sand downstream, % 0.91
Barrier depth, m 0.404
Barrier width, m 0.294
Porosity barrier, - 0.327
Porosity fine sand upstream, - 0.369
Porosity fine sand downstream 0.367
*Relative density is calculated based on the wet minimum and maximum density, these values have an estimated accuracy
of ca. 10% for the fine sand upstream and downstream of the barrier and 20% for the barrier material.

During preparation of the barrier, some of the finest grains in the Metselzand (20% of the
barrier material) remained in suspension. This was removed (in order to avoid forming a filter
cake on the interface between the barrier and the fine sand). This was 33.5 g, i.e. less than
0.02%. Therefore this is not expected to have affected the composition of the barrier
significantly.

4.2 Summary of observations

Table 4.2 Summary of observations throughout the experiment. Distances are relative to the centre of the outlet
hole

Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

01:25 01:30 20 0.327 One pipe forms in the fine sand downstream of the barrier
01:30 01:35 20 0.414 The length of downstream pipe increased and reached the barrier - width

of downstream pipe, between outlet and barrier is 3 mm and its depth
near the barrier is 3 mm
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Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

01:40 01:45 23 0.509 Pipe grows parallel to the barrier, to the W side - width of the pipe
between outlet and barrier is 4mm. It forms a crater near the barrier with
5 mm deep

01:50 01:55 27 0.604 Pipe progresses parallel to the barrier in both side (E and W) and becomes
wider

02:00 02:05 31 0.713 The depth of a downstream pipe increases to 5mm, between outlet and
the barrier - Pipe continues to progress parallel to the barrier and goes
further to the W and E - Pipe forms on the upstream side of the model and
moves a shallow layer of fines into the barrier

02:05 02:10 31 Two new pipe form on the upstream part of the model - the main pipe
near the barrier becomes wider and deeper with the depth of 1 cm and
width of 5 cm

02:15 02:20 37 0.850 Barrier grains move to the pipe. Fine sand is deposited in the container in
the half of it , SWN - New pipe formation in the upstream side of the
model

03:25 03:30 60 1.389 Pipe in the barrier progresses to 52 cm. Damage of the barrier
03:55 04:00 73 1.662 Progression of the pipe in the barrier to 52.5 cm with a depth of 1.5 cm -

Width of side pipes ( parallel to the barrier) is 2 cm - Downstream pipe,
near the container becomes wider

04:05 04:10 81 1.749 Large amount of fine moves in the downstream pipe - two new pipes form
in the upstream end of the model

04:20 04:25 93 2.130 Width of the pipe in the downstream of the barrier increases considerably
to 4.5 cm - one of the upstream pipes clogged a bit and becomes shorter
and shallower

04:25 04:30 97 2.202 Widening of downstream pipe to 5 cm
05:05 05:10 114 2.566 Width and depth of pipe near the barrier is 8.5 cm and 2 cm - width and

depth of downstream pipe is 6 cm and 1 cm - The pipe near the container,
on the NW part of the model, becomes wide and deep

05:20 05:25 129 2.883 Erosion of the pipe in the barrier and grain movement - the pipe tip
progresses to 53 cm

06:10 06:15 166 3.674 Progression of the pipe in the barrier to 57.5 cm - width of the barrier pipe
increases to 10 cm but the downstream pipe becomes shallower ca. 0.5
cm deep. Short Growth

06:35 06:40 196 4.267 Erosion of the pipe in the barrier - a small pipe connected to the
downstream pipe, forms between outlet and the barrier - Formation of a
new pipe at the downstream part of the container - Downstream pipe
becomes very wide but shallow

07:30 07:35 229 4.785 Pipe in the barrier progresses further and grows to 61.5 cm. Medium
Growth

08:25 08:30 264 5.382 Great progression of the pipe in the barrier, which is progresses to 75.5 cm
- great movement of barrier grains to the downstream. Long growth

09:05 09:10 292 5.880 Erosion of the pipe in the barrier and formation of a branch growing to the
W

09:35 09:40 299 5.720 Widening of the pipe in the barrier
09:50 09:55 321 6.188 Pipe in the barrier becomes wider without any progression - downstream
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Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

pipe becomes deep again with the depth of 2 cm
10:20 10:25 369 7.080 pipe progresses and grows below the transducer 9
10:40 10:45 400 - failure
*includes head drop over upstream filter

An indication of the location of the pipe at different time steps is shown in Appendix D.

4.3 Temperature measurements
The temperature of the water flowing into the model and coming out of the model is
continuously measured. This is shown in Figure 4.1. The results show that the temperature of
the inflow water is originally different from the temperature from the container. However, after
some time this is mixed and the temperature of inflow and outflow water are more or less the
same.

Figure 4.1 Temperature throughout the experiment
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4.4 Head measurements

4.4.1 Bottom of setup
Heads measured in the bottom of the setup follow the stepwise reduction of the downstream
water level, with the exception of h1 (on the upstream side of the model) and h4 (which
shows a gradual increase super positioned on overall trend).When the pipe reaches the
barrier at 1:30 there is an inflection in the curve, the head measurements do not fall as much
as the downstream head.
The head in h1 is very close to the inlet filter, and the reduction of this already gives an
indication of the head loss over the filter. It can be seen that this loss increases as the flow
rate increases and at the end of the test, the head in h1 is ca. 2.94 m, whereas the applied
overall head drop is 4 m.
During periods where the head drop that is applied is constant for a longer duration, (i.e. the
head downstream is constant), the head in h1 continues to decrease slightly, e.g. between
06:35 and 07:10 the head in h1 falls from 3.74 m to 3.68 m, a reduction of 6 cm. Although h2
also decreases this is much less, from 2.39 m to 2.37 m, and for h5 the difference is only 1
cm. As shown in Section 4.5, this causes the computed head loss upstream to increase
during this period. The applied filter corrected head drop is shown in Figure 4.2, and this
decreases when the applied head drop is constant but the filter resistance increases.

Figure 4.2 Head measurements throughout the experiment

Looking in detail to the results of the first 10 minutes at 0 m head drop, h4 shows a falling
trend. Therefore, this transducer is considered unreliable in all experiments, although it
produces stable readings later during the test.
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4.4.2 Top of setup
The measurements on the upstream side of the setup are shown in Figure 4.3. All
transducers follow the gradual reduction of the outlet head which is reflected by the applied
head drop.
As expected h6 is highest, followed by h7 and h8, h9 and h10, which are in a row. Initially the
latter 3 have a similar head, as the test progresses h10 becomes higher than h8, which is
higher than h9. This can be because the pipe progresses in the barrier below the central line,
and somewhat more on the side of h9 rather than h10, although failure is eventually closer to
h10.
It was observed that the head of h1 decreased slightly more during periods of constant head
drop. This is also the case for h6 which like h1 is relatively further upstream. This also
indicates an increase in filter resistance during the experiment.

Figure 4.3 Head measurements throughout the experiment

The measurements in the downstream end of the barrier initially show approximately the
same head, values overlie in Figure 4.4. The heads are significantly higher than the outlet
head until the interval from to 1:25 to 1:35 when the outlet head is constant and the pipe
forms from the outlet to the barrier. Due to the low resistance in the pipe the heads in the
barrier fall steeply. Differences among transducers in the barrier are shown more clearly by
gradients among them in Section 4.6
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Figure 4.4 Head measurements throughout the experiment

The measurements in the fine sand downstream are shown in Figure 4.5.
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Figure 4.5 Head measurements during the experiment

4.5 Head drop corrections
As described in Section 2.5, all head measurements are corrected for variations in
atmospheric pressure. Subsequently a correction is made for the head loss over the filter.
The filter corrected head drop is the head drop that is over the setup after compensating for
the head loss over the inlet filter. The corrected head drop to the pipe is the head drop up to
h18-h20 as these are in the location where the pipe forms in the downstream sand. This head
drop excludes losses in the pipe to the exit, and in the sand boil at the exit.

4.5.1 Head loss over upstream part of setup: filter corrected head drop
The head loss over the filter and the upstream part of the setup, as computed by
extrapolating the measurements in h1 and h2 in the bottom of the box to the upstream end of
the setup, is shown in Figure 4.6. This value increases with flow rate, as expected; the
maximum loss is in the order of 100 cm. The applied head drop minus the head drop over the
filter is referred to as the filter corrected head drop.
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Figure 4.6 Computed head loss throughout the experiment on the left axis, on the right axis the applied head drop
and the filter corrected head drop

As noted at the beginning of this Chapter, the head loss over the filter appears to increase
during the periods of constant head drop, in particular during the later stages of the test.
An alternative to an increase of the resistance of the filter would be if this was caused by a
drift of h1, which is used to compute the head drop. That transducer shows a slight decline
during the periods of constant head drop. However, as h6, which is also towards the
upstream side of the model, also shows a slight decline during periods of constant head drop
it appears that there is indeed an increase in filter resistance. There was no indication of error
with transducer 1 during subsequent tests therefore this is considered unlikely.

4.5.2 Head loss between transducers downstream of the barrier and outlet: corrected head drop up
to the pipe
The difference between the filter corrected head drop up to the transducers and the applied
filter corrected head drop indicates that losses over the setup, in the pipe and in the erosion
lens are relatively small.
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Figure 4.7 Computed corrected head drop between filter and downstream interface of the barrier throughout the
experiment

4.6 Gradients

4.6.1 Horizontal gradient inside the barrier perpendicular to the barrier along centreline from h15
The horizontal gradients between h15 (1 cm upstream of the downstream interface between
the barrier and the fine sand) and the other transducers are calculated. Due to the small
distance among transducers, scatter in the data causes a relatively wide bandwidth therefore
results are averaged per minute.
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Figure 4.8  Computed gradients throughout the experiment, vertical lines indicate the times when the pipe has
reached the barrier, and when the pipe has progressed a specific distance in the barrier

There is a steep increase in all gradients at 01:25; this is when a pipe forms in the fine sand
downstream of the barrier. This pipe reaches the barrier at 01:30.

The gradient over the shortest distance, h15-h14 is initially the highest until the pipe damages
the barrier. At that time, the local gradient between h15 and h14 is in the order of 0.3. When
the pipe damages the barrier the permeability of the damaged part increases. Since the flow
is determined by the upstream, fine sand, the flow through the barrier hardly changes and
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therefore the larger permeability leads to a lower gradient.  After the barrier is damaged the
local gradient does increase further until a value in the order of 0.4 with increasing total head
difference and the further increase of permeability. This could be because the pipe is present
below and slightly to the side of the transducers. When the pipe forms, it has a small length
(ca. 3 cm at distance to failure of 0.278 m), for quite a long time before progressing 1 cm
(distance to failure of 0.268 m).

At the short growth step the progresses up to just short of h13. At that point the gradient over
7 cm between h15 and h13 is in the order of 0.45.
When the pipe grows past h11 in the long growth step, the gradient between h15 and h11
shows a drop, as does the gradient between h15 and h8.
The high gradient between h15 and h12 may be unreliable, as transducer h12 was
considered unreliable in the previous test, and in a large number of subsequent tests.

4.6.2 Horizontal gradient inside the barrier perpendicular to the barrier along centreline over
increments of the barrier
To assess heterogeneity in the barrier the gradient is also computed between successive
pairs of transducers. A negative head drop means that the head of the upstream transducer is
smaller than the head of the downstream transducer.
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Figure 4.9 Computed gradients throughout the experiment.

Considering the heads, gradients between h11 and h12 and h12 and h13 are considered
unreliable as h12 was found to be unreliable in most subsequent experiments.

When the pipe grows close to h12 at 07:30 the gradient between h13 and h14 falls to
negative. Because the pipe is below but slightly to the west side of the transducers, it is
possible that resistance flow via the pipe is less than the direct path between h13 and h14
accounting for a lower head in h13.
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Figure 4.10 Measured heads in the barrier.

4.6.3 Horizontal gradient inside the barrier at three locations along the width of the barrier
The horizontal gradient over the barrier measured between h16 and h9, h15 and h8 and h17
and h10 is shown in Figure 4.11. The location at which the pipe entered the barrier would be
expected to give a lower gradient between h15 and h8, however the gradient between h16
and h9 is lower, and the gradient between h17 and h10 where the pipe is not present is
comparable to the gradient between h15 and h8. There is a clear drop in the gradient
between h15 and h8 and between h16 and h9 when the pipe progresses beyond halfway of
the barrier.
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Figure 4.12 Failure of the barrier by the pipe breaching between h10 and h8

Considering the long growth step, the pipe has progressed up to a distance of 3 cm (parallel
to the central axis) from the location of h10 and a first coarse estimate of the gradient in the
barrier upstream of the pipe tip can be made. Here it is assumed that head just upstream of
the pipe is equal to that measured in h10 and that the head in the pipe at the tip is
characterised by h11 (this point approximately below the pipe). The head in h11 is very
similar to that in h15 on the downstream side of the barrier indicating that the assumption of
little resistance in the pipe is probably not bad.
This gives a gradient of 5.6 between h10 and h11, on the other hand considering the gradient
between h8 and h11 this is only 0.8. Considering that the distance parallel to the barrier
between h10 and the tip of the pipe is in the order of 0.4 m prior to failure, the gradient of 5.6
based only on the North-South distance between the points. This cannot be considered a
good estimate of strength. A fairer estimate might be obtained by considering the total
distance between the two points. However, then the gradient becomes 0.4. Further
consideration to the horizontal gradient at failure is given in the analysis report.

4.6.4 Horizontal gradient inside the barrier along the width of the barrier
In order to assess horizontal flow converging from the sides to the pipe in the barrier the
horizontal gradient between h8-h9 and h8-h10 and h15-h16 and h15-h17 is shown in Figure
4.13. In this figure a positive gradient indicates a higher head in the transducers on the side of
the model than in the centre.
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Figure 4.13 Computed gradients throughout the experiment.

On the downstream side the gradients are initially positive indicating flow from the sides
towards the centre, which would be expected as the pipe in the downstream fine sand is also
in the centre of the model. The gradient on this side of the barrier remains low, and becomes
negative after about 09:00 when the pipe in the barrier branches to the west.
The upstream gradient is negative between h8 and h9 possibly indicating flow to the west
side of the model. However, it is also possible that there is flow from h8 and h9 to a point in
between the two transducers. The pipe also develops in the barrier close to h8, slightly
towards the side of h9. The gradient between h10 and h8 is positive and there is a jump in
this when the pipe progresses at the long growth step. As shown in The pipe is then below,
slightly to the western side of h8. The high horizontal gradient may have contributed to the
pipe changing its path towards h10 and breaching between h10 and h8 as shown in Figure
4.12.

4.6.5 Vertical gradient inside the barrier
The vertical gradient between h14 and h3 is shown in Figure 4.14. Positive values indicate a
higher head in the bottom of the model than in the top of the model. The gradient is small,
increasing sharply at 01:25 when a pipe forms in the downstream side and grows to the
barrier.
The vertical gradient increases with applied head drop until the long growth step.
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Figure 4.14 Computed gradients throughout the experiment

4.6.6 Horizontal gradient in the fine sand and the pipe downstream of the barrier parallel to the
barrier
This is computed so that a positive gradient indicates a higher head at the sides, so flow
would converge to the centre of the model.
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Figure 4.15 Computed gradients throughout the experiment

The gradient is initially almost zero indicating a homogenous flow distribution. The positive
gradient indicates flow towards the centre, where the pipe has formed. Gradients become
negative in the course of the experiment despite the pipe being closest to the centre of the
model.

4.6.7 Horizontal gradient in the fine sand and the pipe downstream of the barrier perpendicular to
the barrier
The horizontal gradient between the transducer in the top, 5.5 cm from the outlet hole (h23),
and the transducers along the central axis in the fine sand is shown, where a positive gradient
indicates flow downstream. The horizontal gradient in the bottom of the model is computed
between h4 and h5 in the fine sand. As h4 appeared to drift therefore the gradient is
considered unreliable and the scale is not expanded to include this gradient.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 78 van 307

Figure 4.16 Computed gradients throughout the experiment

The gradient in the top of the model increases briefly until the pipe in the downstream fine
sand has formed, and then remains very low, indicating that the assumption of negligible
head loss in the pipe is probably appropriate.

4.6.8 Horizontal gradient in the fine sand upstream of the barrier perpendicular to the barrier
The horizontal gradient upstream of the barrier is shown for the top and the bottom of the
model. The gradients in the top and the bottom show a very similar value and follow the trend
of increasing average gradient. Due to the low resistance to flow in the barrier, the gradients
in the fine sand become very high. The applied head drop beyond the filter, is in the order of 3
m, is mainly dissipated in the upstream sand, which has a width of ca 0.6 m. Neglecting
convergence of flow, that would give an expected gradient in the order of 5, which is close to
what is shown in Figure 4.17. The gradient in the top of the model is slightly higher than in the
bottom after the pipe has grown into the barrier. This would be expected to cause some
convergence of flow towards the top of the model, giving a higher gradient.
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Figure 4.17 Computed gradients throughout the experiment

4.6.9 Horizontal gradient across the upstream interface of the barrier and the fine sand
The horizontal gradient in the top of the model is measured over 4 cm, over the interface
between the fine sand and the barrier. This gradient is close to zero until 02:00 when it is
observed that a small pipe forms on the upstream side of the model and deposits a shallow
layer of fines in the barrier.
Subsequently the gradient follows the trend of increasing overall head drop, showing a
sharper step at the long growth step when the pipe progresses in the barrier and reduces the
resistance downstream.
In the bottom of the model, h2 and h3 are 27.5 cm apart and thus give a gradient that is
averaged over the fine sand and barrier. This gradient is similar to the gradient in the top
before the pipe forms, as expected. After pipes form in the barrier causing flow to converge
there, the gradient in the top of the barrier is higher than in the bottom, as expected.
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Figure 4.18 Computed gradient throughout the experiment

4.6.10 Vertical gradient in fine sand
The vertical gradient in the fine sand upstream and downstream of the barrier is computed
using transducers that are directly above one another (h2 and h7 upstream and h4 and h21
downstream). In the current test, h4 was considered unreliable therefore the gradient
between h4 and h21 is considered unreliable, and the scale is not expanded to include this
curve. A negative gradient implies a higher head in the top of the model.
The gradient on the upstream side steadily increases up the long growth step, when there is a
sharp increase when the pipe grows a longer distance into the barrier.
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Figure 4.19 Computed gradient throughout the experiment

4.7 Flow rate
The volumetric flow rate in litres per second is converted to a mean flow velocity by scaling
with the inflow area. The local velocities may differ due to convergence of flow in the model.
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Figure 4.20 Flow rate throughout the experiment
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Figure 4.21 Flow velocity throughout the experiment.

Adding a linear regression with intercept 0 to the curve shows different stages of the test.

 Initially the flow rate is too low to be measured.
 There is a jump in the flow rate when the pipe forms downstream.
 Throughout much of the experiment, a linear trend is followed, despite growth of the pipe.

This means that the permeability of the system is more or less constant after the erosion
pipe has reached the barrier.

 Note the significant influence of the CSB. Piping erosion in the downstream part starts at
a filter corrected head drop of 0.25 m. Due to the CSB, a head drop of almost 3 m is
achieved.

4.8 Flow regime

4.8.1 In fine sand and in barrier
The grain Reynolds numbers for the fine sand and the barrier are estimated based on the
flow velocity that is estimated assuming 1D flow, therefore these are only an estimate of the
Reynolds number as convergence of flow can lead to locally higher flow rates.
The values well below 0.4, however, suggest that flow is indeed in the Darcy flow regime, in
the fine sand upstream and in the barrier at least at a larger distance away from the pipe.
Therefore hydraulic conductivities will be estimated using Darcy flow.
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Figure 4.22  Estimated grain Reynolds numbers for the fine sand and for the barrier throughout the course of the
experiment

4.9 Apparent hydraulic conductivity
The apparent hydraulic conductivity is estimated by assuming that all flow is 1D through the
cross-section of the model i.e. no convergence from the sides or in the vertical direction. As
soon as a pipe forms this assumption is no longer valid, and in the downstream side of the
model with the hole exit, where flow converges from the sides, this is also not valid even from
the start of the test, which is why the conductivity is referred to as apparent hydraulic
conductivity. Furthermore it is assumed that Darcy’s law applies.

4.9.1 Fine sand upstream of the barrier
In the fine sand upstream of the barrier the initial hydraulic conductivity estimate shows a lot
of scatter, and the estimate based on the top is slightly higher than the estimate based on the
bottom. Once the pipe has reached the barrier there is a fall in the estimate for the top. This is
probably because the assumption of planar flow is no longer valid as flow converges to the
top. This causes an underestimation in the hydraulic conductivity at the top of the model, as
compared to the bottom of the model.

The value estimated during the early stage of the test before the pipe reaches the barrier, is
in the order of 0.9E-4 m/s. Based on column tests the expected hydraulic conductivity at this
porosity is estimated as 0.7E-4 m/s.
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Figure 4.23 Estimated average hydraulic conductivity throughout the experiment

4.9.2 Barrier
It was already seen that heads measured in the barrier did not follow the expected pattern of
the head reducing in the downstream direction. This results in negative hydraulic
conductivities based on some pairs of transducers. As pipes form flow converges to the
pipes, which means that the estimate based on the assumption of plane flow is not applicable
and results don’t characterise the actual conductivity well. Results are only shown for the first
phase of the test until the pipe reaches the barrier.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 86 van 307

Figure 4.24 Estimated average hydraulic conductivity throughout the experiment

Values indicated by h8 -h11 are considered to be most reliable, these indicate a conductivity
in the order of 4E-4 m/s, this is significantly less than the value of 1E-3 m/s which is
computed for this porosity based on the column tests.

4.9.3 Interface between the fine sand upstream and the barrier
Flow could possibly transport some finer grains a short distance into the barrier, forming a
filter cake at the upstream interface between the barrier and the fine sand. Therefore the
hydraulic conductivity across this interface is estimated using h7 (2 cm upstream of the
interface in the fine sand) and h8 (2 cm downstream of this interface in the barrier). For
comparison, the hydraulic conductivity estimated in the upstream end of the barrier based on
h11 and h8 and the hydraulic conductivity of the fine sand upstream of the barrier is also
shown.
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Figure 4.25 Estimated average hydraulic conductivity throughout the experiment. Note estimates after 02:15 are
unreliable due to convergence of flow towards the pipe

The estimated hydraulic conductivity of the interface is higher than that of the fine sand
upstream of the barrier. This would be expected, if there is no filter cake the resistance would
be a combination of that of the barrier and of the fine sand.

4.10 Summary

Experiment MS-GZB2-B15-22 was conducted with Baskarp 15 sand and a barrier consisting
of GZB2 sand reaching to full depth.

 Two transducers are considered unreliable:
- h4 (bottom downstream fine).
- h12 (top barrier).

 A small amount of inflow of fine sand over the top of the barrier is observed at the
upstream interface. Also two small pipes form at the upstream filter during the test. This
suggests that possibly a small gap is still present despite reinforcement of the setup lid.
This layer does not penetrate beyond the location of transducers h8-h10.

 No filter cake appears to have formed.
 The gradient in the pipe parallel to the barrier and in the pipe perpendicular to the barrier

is very small, supporting the assumption of a negligible head loss in the pipe in the
numerical model.

 One pipe forms in the downstream fine sand and progresses straight to the barrier. The
pipe has steep sides initially and a depth in the order of 3 mm.
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 When the pipe reaches the barrier this causes a brief downwards inflection in the head
measurements inside the barrier whilst the downstream head is reduced.

 When the pipe reaches the barrier, it progresses parallel to the barrier and forms a
relatively deep crater in front of the barrier.

 Fines are observed to move from the barrier into the pipe at the barrier, crumbling of the
barrier.

 The downstream pipe gets wider, but also shallower due to deposition of material eroded
upstream (fine sand).

 The point of damage is extremely difficult to determine, as crumbling of the barrier cannot
easily be distinguished from formation of the pipe. The damage point is when a pipe is
distinguished in the barrier.

 A clear pipe develops growing from the eroded zone; the length of the pipe is ca. 7.5 cm
into the barrier from the downstream interface between the barrier and the fine sand. This
is considered as short growth. The pipe initially progresses relatively straight through the
barrier, just to the west of the centreline.

 After various head increases, the pipe grows ca. 4 cm in one step (considered medium
growth), and after further increases another 14 cm (considered long growth). This latter
step is clearly observed in several head transducers in the barrier.

 When the pipe is over 2/3rds of the way through the barrier, it branches in the direction
parallel to the interface between the fine sand and the barrier to the west of the model

 Prior to failure the pipe suddenly progresses parallel to the interface between the fine
sand and the barrier to the east, the pipe breaches in the east side and has a length in
the order of 45 cm parallel to the barrier at this point.

 Failure of the barrier occurs at a 5.5 times higher hydraulic head than the first damage of
the barrier.

Table 4.3 Overview of sand sample characteristics
Experiment 22 RD [-] hydraulic

conductivity based
on correlation to
porosity, [m/s]

hydraulic
conductivity based
measured heads,

[m/s]
Baskarp B15 Upstream 0.90 6.90E-05 9.00E-05

GZB2 Barrier 0.77 1.03E-03 4.00E-4

Baskarp B15 Downstream 0.91 6.70E-05 no estimate

Table 4.4  Summary of local gradients in the barrier (gradients are averaged minutely)

Between h15
and h14
(3.5 cm)

Between h15
and h13
(7.0 cm)

Between h15
and h12
(10 cm)*

Between h15
and h11
(13 cm)

Between h15
and h8
(27 cm)

Damage 0.35 0.20 0.39 0.23 0.18

Short growth 0.43 0.44 0.70 0.51 0.43

Medium Growth 0.44 0.43 0.80 0.62 0.54

Long growth 0.36 0.00 0.28 0.48 0.55

Failure 0.29 0.00 0.10 -0.01 0.32

*possibly unreliable measurement of h12
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Table 4.5  Summary of local gradients in the barrier (gradients are averaged minutely)

Between h8 and
h11
(14 cm)

Between h8 and
h12
(17 cm)

Between h8 and
h13
(20 cm)

Between h8 and
h14
(23.5 cm)

Between h8 and
h15
(27 cm)

Damage 0.14 0.06 0.18 0.16 0.18

Short growth 0.35 0.27 0.42 0.43 0.43

Medium Growth 0.47 0.39 0.58 0.55 0.54

Long growth 0.61 0.71 0.74 0.58 0.55

Failure 0.63 0.46 0.44 0.33 0.32

*possibly unreliable measurement of h12

Table 4.6  Summary of local gradients in the barrier (gradients are averaged minutely)

Centre between h8 and
h15 (27 cm)

West between h9 and h16
(27 cm)

East between h10 and h17
(27 cm)

Damage 0.18 0.10 0.15

Short growth 0.43 0.31 0.43

Medium Growth 0.54 0.42 0.57

Long growth 0.55 0.44 0.62

Failure 0.32 0.14 0.71

Table 4.7  Summary of fluxes (measured per 5 minute interval)

Flow velocity, m/s Flux, litre/min
Damage 6.2E-05 1.33

Short growth 1.6E-04 3.52

Medium Growth 2.2E-04 4.63

Long growth 2.4E-04 5.18

Failure 3.4E-04 7.34



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 90 van 307

Table 4.8  Summary of head drop between filter and pipe and head loss over filter for postdictions (head drops
are averaged minutely)

Between filter and h18 Between filter and h19 Between filter and h20
Head drop at damage, m 0.51 0.51 0.51

Head drop at short growth,
m

1.37 1.38 1.37

Head drop at medium
growth, m

1.82 1.82 1.82

Head drop at long growth,
m

2.01 2.02 2.02

Head drop at failure, m 2.82 2.83 2.82

Head loss over filter
upstream at damage, m

0.03

Head loss over filter
upstream at short growth, m

0.19

Head loss over filter
upstream at medium
growth, m

0.37

Head loss over filter
upstream at long growth, m

0.52

Head loss over filter
upstream at failure, m

0.51
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Table 4.9 Measured heads at the critical steps

transducer h1 h2 h3 h4 h5 h6 h7 h8 h9 h10 h11 h12

damage 4.01 3.60 3.55 3.50 3.52 3.78 3.57 3.56 3.55 3.57 3.54 3.55
short

growth 3.81 2.70 2.58 2.58 2.52 3.23 2.66 2.60 2.58 2.62 2.55 2.55
long

growth 3.46 1.82 1.63 1.71 1.56 2.60 1.75 1.67 1.64 1.69 1.58 1.55
failure 2.92 0.59 0.33 0.54 0.26 1.69 0.46 0.32 0.25 0.40 0.23 0.24

transducer h13 h14 h15 h16 h17 h18 h19 h20 h21 h22 h23

damage 3.52 3.52 3.51 3.52 3.52 3.52 3.52 3.52 3.51 3.51 3.51
short

growth 2.52 2.50 2.48 2.50 2.50 2.50 2.49 2.50 2.49 2.48 2.49
long

growth 1.52 1.53 1.52 1.53 1.52 1.53 1.52 1.53 1.52 1.51 1.52
failure 0.23 0.24 0.23 0.21 0.21 0.22 0.21 0.22 0.21 0.19 0.21
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5 Experimental results test MS-GZB1-B15-23

5.1 Test characteristics
The head drop was applied by raising the inflow reservoir. This prevented the formation of a
gap at the top of the setup.
After a head drop of ca. 5.0 m was achieved in this manner it was not possible to further
increase the inflow height and the outflow height was reduced. This means that measured
heads in the box will first increase, and once the inlet is at constant height and the outlet is
lowered, the heads will decrease. During the experiment the outlet configuration had to be
shifted in order to accommodate a further reduction of the downstream head, this caused a
small shockwave through the sample which had no observed effects on the barrier stability
but which is seen in the transducer measurements at 10:35.
In this test no failure was reached.

Table 5.1 Test characteristics

Barrier material GZB1
Background material Baskarp 15
Relative density* barrier, % 0.79
Relative density* fine sand upstream, % 0.91
Relative density* fine sand downstream, % 0.84
Barrier depth, m 0.404
Barrier width, m 0.280
Porosity barrier, - 0.316
Porosity fine sand upstream, - 0.367
Porosity fine sand downstream 0.376
*Relative density is calculated based on the wet minimum and maximum density; these values have an estimated accuracy
of ca. 10% for the fine sand upstream and downstream of the barrier and 20% for the barrier material.

During preparation of the barrier, some of the finest grains in the Metselzand remained in
suspension. This was removed (in order to avoid forming a filter cake on the interface
between the barrier and the fine sand). This was 22.0 g, i.e. less than 0.02%. Therefore this is
not expected to have affected the composition of the barrier significantly.

5.2 Summary of observations
The observations are summarised in Table 5.1 and Figure 5.1.

Table 5.2 Summary of observations throughout the experiment. Distances are relative to the centre of the outlet
hole

Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

00:25 00:30 10 0.08 Fines deposited in the whole rim of the outlet hole - 4 shallow pipes formed
near the container in the S,SW and SE (two in SW) side of it

00:55 01:00 22 0.26 Pipe 1,2,3 and 4 reached the barrier - Pipe 3 progressed parallel to the
barrier and formed a parallel pipe

02:05 02:10 52 1.11 Crumbling of barrier grains in the interface and progression nearly to the
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Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

transducer h15 (51 cm from outlet hole)

02:10 02:15 55 1.17 Erosion and movement of fine grains in the downstream and parallel pipes -
parallel pipe completely progressed along the barrier in the interface

02:25 02:30 64 1.38 Few barrier grains moved in the interface - Widening of the pipe in
downstream and interface

03:25 03:30 106 2.33 Central part of the downstream pipe becomes shallower than the other parts

03:30 03:35 110 2.43 The downstream pipe becomes deep, near the container, underneath the
beam

05:15 05:20 214 4.88 Erosion of barrier grains to the parallel pipe, mostly in the E part of the
parallel pipe

06:40 06:45 325 7.36 Crumbling of barrier material along the barrier in the interface, in different
small pipes at different locations (not in a specific location) - fast movement
of fines in the downstream. Damage

07:10 07:15 370 8.41 Flow measurement unreliable  for one reading- Progression of the pipe into
the barrier from different parts of the barrier until 52 cm

07:15 07:20 378 8.46 Progression of the pipe into the barrier in the E and W end part of the model
until 55 (longest pipe in the barrier) and 54 cm respectively. Short growth

07:25 07:30 394 8.86 One pipe in the W part of the model progressed suddenly until 76 cm and
then grows wider - the width of the downstream pipe decreases. Long
growth

07:45 07:50 402 9.19 Pipe grows to the eastern side of the barrier, in the parallel direction of the
barrier and also grows a little to the W - migration of barrier grains to the
downstream

08:10 08:15 418 9.59 Progression of the pipe to the W, near transducer 9, until 78 cm and also
progression of the straight branch until 78 cm

09:05 09:10 466 10.50 Progression of the pipe until 78.5 cm - pipe in the barrier becomes deeper
with the depth of 1 cm - depth of a slope underneath the beam was 2.5 cm

09:30 09:35 490 11.06 E branch of the pipe continue to progress further to the E and also becomes
wider

09:45 09:50 507.5 11.29 Lower outflow - start to increase the head difference by lowering the outlet
reservoir

10:15 10:20 555.5 12.27 Progression and widening of the E branch of the pipe, further to the E part

10:30 10:35 571.5 13.01 Displacement of the outlet reservoir and fluctuation in its height which had a
considerable effect on transducers result

11:10 11:15 627.5 14.32 It was not possible to lower the reservoir anymore and increase the head
difference, so the test stopped in this step without failure

*includes head drop over upstream filter
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Time 06:40 Damage

Time 07:15 Short growth
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Time 07:25 Long growth

Time 11:10 No failure occurred
Figure 5.1 Images of the pipe in the barrier at different points during the test

5.3 Temperature measurements
The temperature of the water flowing into the model and coming out of the model is
continuously measured. This is shown in Figure 5.2. The outflow temperature sensor stopped
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working after 10:30. In test 23 through 28 the water temperature of the inlet is slightly above
room temperature due to the head generated by the pump that is used to raise the water to
the required level.

Figure 5.2 Temperature throughout the experiment

5.4 Head measurements
This section shows the heads measured. During this test there was a brief displacement of
the outlet reservoir, causing its height to fluctuate and affecting the measurement of the
transducers at 10:55.

5.4.1 Bottom of setup
Heads measured in the bottom of the setup follow the stepwise increase of the upstream
water level, up to 00:55 when the heads fall with the exception of h1 which is close to the inlet
filter. 00:55 is when the first pipes reach the barrier and when a pipe progresses parallel to
the barrier. Subsequently the heads do increase further with increasing upstream head. The
other heads remain quite low.
When the upstream head is kept constant and the downstream head is reduced, from 09:45
onwards the heads in the bottom of the setup follow this change.
Transducer h4 was unreliable in previous and subsequent tests, during this test initially there
appears to be no problem with the transducer. However, after the outlet height is lowered to
increase the head drop this transducer does give strange readings. Thus is it considered less
reliable.
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Figure 5.3 Head measurements throughout the experiment



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 98 van 307

Figure 5.4 Head measured in the bottom of the sample in first phase of the test (height outlet is 0 m during this
phase of the test)

5.4.2 Top of setup
The measurements on the upstream side of the setup are shown. All transducers follow the
gradual application of the head difference by the increase of the upstream head initially and
the reduction of the downstream head during the last stage of the test.
As expected h6 is highest, followed by h7 and h8, h9 and h10, which are in a row along the
width of the model. Initially the latter 3 have a similar head. When the pipe progresses in the
barrier on the western side close to h9, the difference between the transducers increases.
Then h10 is the highest and subsequently h8, as expected due to the progression of the pipe.
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Figure 5.5 Head measurements throughout the experiment

The measurements in the downstream end of the barrier initially show approximately the
same head, values overlie in Figure 5.6. However, at the first time steps already the head in
h16, h17 and h12 becomes higher than in the other transducers as shown in Figure 5.7. This
is remarkable as transducer 12 is further downstream than transducer 11, and h16 and h17
are further downstream than all except for h15. There is a fall in the heads when the pipes
reach the barrier, due to the low resistance in the pipe. Subsequently h12 remains higher
than h11 despite its being further downstream. This transducer is considered to have been
unreliable in all tests.
H16 and h17 are also higher than the other transducers until h11 does become higher around
04:45. The reason that h16 and h17 on the sides of the model have a higher head in this
phase could be due to the presence of the pipe in the centre downstream of the barrier.
The transducers h13, h14 and h15 do show the expected trend of a lower head further
downstream.
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Figure 5.6 Head measurements throughout the experiment
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Figure 5.7 Head measurements during the first phase of the experiment.

The measurements in the fine sand downstream are shown in Figure 5.8. The measurements
further upstream, h18 to h21 clearly show a peak before the pipe reaches the barrier at 00:55.
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Figure 5.8 Head measurements throughout the experiment

5.5 Head drop corrections
As described in Section 2.5, all head measurements are corrected for variations in
atmospheric pressure. Subsequently a correction is made for the head loss over the filter.
The filter corrected head drop is the head drop that is over the setup after compensating for
the head loss over the inlet filter. The corrected head drop to the pipe is the head drop up to
h18-h20 as these are in the location where the pipe forms in the downstream sand. This head
drop excludes losses in the pipe to the exit, and in the sand boil at the exit.

5.5.1 Head loss over upstream part of setup: filter corrected head drop
The head loss over the filter and the upstream part of the setup, as computed by
extrapolating the measurements in h1 and h2 in the bottom of the box to the upstream end of
the setup, is shown. This value increases with flow rate, as expected; the maximum loss is in
the order of 60 cm. The applied head drop minus the head drop over the filter is referred to as
the filter corrected head drop. In order to reduce the scatter in the head loss computed per
second, this is also shown averaged per minute in Figure 5.9.
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Figure 5.9 Head loss over upstream part of setup

5.5.2 Head loss between transducers downstream of the barrier and outlet: corrected head drop up
to the pipe
The difference between the filter corrected head drop up to the transducers and the applied
filter corrected head drop is initially higher. Before the pipe forms there is still resistance of the
fine sand. Then when the pipes have formed this difference becomes small. After the
progression of the pipe the difference becomes larger again. This can be due to increased
resistance in the erosion lens and the sand boil, or to a lesser extent losses in the pipe.
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Figure 5.10 Computed corrected head drop between filter and downstream interface of the barrier throughout the
experiment

5.6 Gradients

5.6.1 Horizontal gradient inside the barrier perpendicular to the barrier along centreline from h15
The horizontal gradients between h15 (1 cm upstream of the downstream interface between
the barrier and the fine sand) and the other transducers are computed. Due to the small
distance between the transducers, scatter in the data causes a relatively wide bandwidth
therefore results are averaged per minute.
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Figure 5.11  Computed gradients throughout the experiment, vertical lines indicate the times when the pipe has
reached the barrier, and when the pipe has progressed a specific distance in the barrier

The gradient between h12 and h15 is considered unreliable, because h12 shows a
significantly higher head than capillaries upstream or downstream of it.
The gradient between h15 and h14 closest to the edge of the barrier shows an increase to 0.8
and then a drop at 06:00. This could have been due to crumbling of the barrier that is not
considered as the actual damage of the barrier yet. However, at this time it is observed that
the depth of the pipe at the interface between the barrier and the fine sand decreases from 4
cm to 2.5 cm due to erosion of fine sand from the sides of the model and some barrier grains
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that were not transported downstream. This could also have increased the head at h15,
reducing the gradient.
The gradients between h15 and h11, h15 and h8 and h15 and h13 show a clear drop when
the pipe progresses in the barrier at long growth.

5.6.2 Horizontal gradient inside the barrier perpendicular to the barrier along centreline over
increments of the barrier
To assess heterogeneity in the barrier, the gradient is also computed between successive
pairs of transducers. A negative head drop means that the head of the upstream transducer is
smaller than the head of the downstream transducer. Note that h12 is considered unreliable,
therefore the scale is also not expanded to include the gradients to h12. Gradients computed
over shorter distances will have a relatively larger influence of measurement uncertainty.
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Figure 5.12 Computed gradients throughout the experiment

5.6.3 Horizontal gradient inside the barrier at three locations along the width of the barrier
The horizontal gradient over the barrier measured between h16 and h9, h15 and h8 and h17
and h10 is shown. Before the pipe reaches the barrier at 55 minutes the gradients along the
sides are approximately 0 whereas the gradient in the centre of the model is much higher,
probably due to convergence of flow. Initially the gradient is highest in the centre, probably
due to the erosion crater that forms in front of the barrier which also causes some crumbling
of the barrier.
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When the pipe progresses into the barrier at long growth all gradients fall. At this point the
gradients are 0.8 in the centre, and 0.6 at the sides. The pipe progresses in the barrier below
the pair h9-h16 so at the side of the model, not at the location of the highest computed
gradient. After the pipe progresses the gradient between h9 and h16 falls significantly,
whereas the other two gradients remain relatively high in the order of 0.5 to 0.6.

Figure 5.13 Computed gradients throughout the experiment

5.6.4 Horizontal gradient inside the barrier along the width of the barrier
In order to assess horizontal flow converging from the sides to the pipe in the barrier the
horizontal gradient between h8-h9 and h8-h10 and h15-h16 and h15-h17 is shown. A positive
gradient indicates a higher head in the transducers on the side of the model than in the
centre.
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Figure 5.14 Computed gradients throughout the experiment

The progression of the pipe at h9 causes the gradient h8-h9 to become negative.

5.6.5 Vertical gradient inside the barrier
The vertical gradient between h14 and h3 is shown, positive values indicate a higher head in
the bottom of the model than in the top of the model. The gradient is small increases sharply
at 06:00 possibly due to some crumbling of the barrier near h14, which was not yet
considered as damage of the barrier. The maximum vertical gradient is below 0.5.
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Figure 5.15 Computed gradients throughout the experiment

5.6.6 Horizontal gradient in the fine sand and the pipe downstream of the barrier parallel to the
barrier
This is computed so that a positive gradient indicates a higher head at the sides, so flow
would converge to the centre of the model. The gradients are very low indicating little
resistance to flow in the pipe that is on the downstream end parallel to the barrier.
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Figure 5.16 Computed gradients throughout the experiment

5.6.7 Horizontal gradient in the fine sand and the pipe downstream of the barrier perpendicular to
the barrier
The horizontal gradient between the transducer in the top, 5.5 cm from the outlet hole (h23),
and the transducers along the central axis in the fine sand is shown, where a positive gradient
indicates flow downstream. Also shown is the horizontal gradient in the bottom of the model
between h4 and h5 in the fine sand, as h4 is considered unreliable the scale is not expanded
to include this curve.
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Figure 5.17 Computed gradients throughout the experiment

The gradient in the top of the model increases briefly until the pipe in the downstream fine
sand has formed, and then remains very low, indicating that the assumption of negligible
head loss in the pipe is probably appropriate. The gradient in the bottom shows a gradual
increase with increasing overall gradient, and falls sharply when the pipe progresses in the
barrier, as expected. The sharp increase of the gradient in the bottom in the last phase of the
experiment is strange, this is when instead of increasing the upstream head, the downstream
head is reduced. Possibly from this point there is a problem with h4, as there were also
questions regarding the reliability of h4 in previous and subsequent tests, the values from this
transducer are considered unreliable in this test as well.

5.6.8 Horizontal gradient in the fine sand upstream of the barrier perpendicular to the barrier
The horizontal gradient upstream of the barrier is shown for the top and the bottom of the
model. The gradients in the top and the bottom show a very similar value and follow the trend
of increasing average gradient. Due to the low resistance to flow in the barrier and in the pipe
downstream of the barrier, these local gradients become very high. The applied head drop
beyond the filter, in the order of 5.7 m, is mainly dissipated in the upstream sand, which has a
width of ca 0.6 m. Neglecting convergence of flow, this would give an expected gradient in the
order of 9.5 which is close to what is shown in Figure 4.18. The gradient in the top of the
model is slightly higher than in the bottom after the pipe has grown into the barrier. This would
be expected to cause some convergence of flow towards the top of the model, giving a higher
gradient.
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Figure 5.18 Computed gradients throughout the experiment

5.6.9 Horizontal gradient across the upstream interface of the barrier and the fine sand
The horizontal gradient in the top of the model is measured over 4 cm, over the interface
between the fine sand and the barrier. This gradient is close to zero until 01:00 when pipes
reach the barrier. Subsequently the gradient follows the trend of increasing overall head drop.
This gradient is lower than the horizontal gradient over the fine sand upstream reflecting the
higher conductivity of the barrier. The maximum gradient is over approximately 2 cm of fine
sand and 2 cm of barrier, the 2 cm of fine sand would be expected to result in the computed
gradient of 4 cm over the entire distance (or 8 cm over only the fine sand, similar to the
maximum average gradient in the fine sand in Figure 5.18).
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Figure 5.19 Computed gradient throughout the experiment

5.6.10 Vertical gradient in fine sand
The vertical gradient in the fine sand upstream and downstream of the barrier is computed
using transducers that are directly above one another (h2 and h7 upstream and h4 and h21
downstream). A negative gradient implies a higher head in the top of the model.
The gradient on the upstream side steadily increases until there is a small jump when the
pipe progresses in the barrier. The vertical gradient on the downstream side steadily
increases but falls when the pipe progresses in the barrier. However, this is computed using
h4, which is considered unreliable, especially after the outlet height is being lowered during
this test.
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Figure 5.20 Computed gradient throughout the experiment

5.7 Flow rate
The volumetric flow rate in litres per second is converted to a mean flow velocity by scaling
with the inflow area. The local velocities may differ due to convergence of flow in the model.
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Figure 5.21 Flow rate throughout the experiment
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Figure 5.22 Flow velocity throughout the experiment

Adding a linear regression with intercept 0 to the curve shows that the permeability is initially
lower before the pipes form in the fine sand downstream. Also some steps can be seen
where the flow rate is constant although the head drop is increased.

5.8 Flow regime

5.8.1 In fine sand and in barrier
The grain Reynolds numbers for the fine sand and the barrier are estimated based on the
flow velocity that is estimated assuming 1D flow, therefore these are only an estimate of the
Reynolds number as convergence of flow can lead to locally higher flow rates. The values
well below 1 however suggest that flow is indeed in the Darcy flow regime, in the fine sand
upstream and in the barrier at least at a larger distance away from the pipe. Therefore
hydraulic conductivities will be estimated using Darcy flow.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 118 van 307

Figure 5.23  Reynolds numbers for fine sand and barrier estimated based on assumption of 1D flow.

5.9 Apparent hydraulic conductivity
The apparent hydraulic conductivity is estimated by assuming that all flow is 1D through the
cross-section of the model i.e. no convergence from the sides or in the vertical direction. As
soon as a pipe forms this assumption is no longer valid, and in the downstream side of the
model with the hole exit where flow converges from the side this is also not valid even from
the start of the test, which is why the conductivity is referred to as apparent hydraulic
conductivity. Furthermore it is assumed flow that Darcy’s law applies.

5.9.1 Fine sand upstream of the barrier
In the fine sand upstream of the barrier the initial hydraulic conductivity estimate shows a lot
of scatter. Once the pipe reaches the barrier on the downstream end, the top gives a lower
estimated conductivity than the bottom, this is probably due to the assumption of planar flow,
which is no longer valid as flow converges to the top of the model in the presence of pipes.
This causes an underestimation in the hydraulic conductivity at the top of the model, as
compared to the bottom of the model. The jump shown at 10:55 was already noted as an
unreliable flow measurement during the experiment.

The estimated hydraulic conductivity is in the order of 0.7E-4 m/s. For the porosity in this test,
a hydraulic conductivity in the order of 0.7E-4 would also be estimated based on column
experiments.
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Figure 5.24 Estimated average hydraulic conductivity throughout the experiment

5.9.2 Barrier
Gradients and conductivities computed using h12 are considered unreliable.
As pipes form flow converges to the pipes, which means that the estimate based on the
assumption of plane flow is not applicable and results don’t characterise the actual
conductivity well. Thus results of the first hour would be most reliable, and subsequent
conductivity estimates are not. The gradient between h11 and h8 is over the longest distance
and thus might be expected to give the best estimate. However this gradient gradually
increases throughout the test and no real value can be estimated from this.
Column experiments indicate a hydraulic conductivity in the order of 1.1e-3 m/s
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Figure 5.25 Estimated average hydraulic conductivity throughout the experiment. Note estimates after 00:55 are
unreliable due to convergence of flow towards the pipe

5.9.3 Interface between the fine sand upstream and the barrier
Flow could possibly transport some finer grains a short distance into the barrier, forming a
filter cake at the upstream interface between the barrier and the fine sand. Therefore the
hydraulic conductivity across this interface is estimated using h7 (2 cm upstream of the
interface in the fine sand) and h8 (2 cm downstream of this interface in the barrier). For
comparison the hydraulic conductivity estimated in the upstream end of the barrier based on
h11 and h8 and the hydraulic conductivity of the fine sand upstream of the barrier is also
shown.
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Figure 5.26 Estimated average hydraulic conductivity throughout the experiment. Note estimates after 00:55 are
unreliable due to convergence of flow towards the pipe

The estimate hydraulic conductivity of the interface is significantly higher than that of the fine
sand upstream of the barrier. This would be expected, if there is no filter cake the resistance
would be a combination of that of the barrier and of the fine sand. The estimate for the barrier
appears quite unreliable (Section 5.9.2).

5.10 Summary
Experiment MS-GZB1-B15-23 was conducted with Baskarp 15 sand and a barrier consisting
of GZB1 sand reaching to full depth.

 Unreliable transducers:
- h12 (in the top in the barrier)
- h4 probably unreliable measurements after 09:45 when the outflow height is

decreased, possibly also prior to this.
 No inflow of fine sand over the top of the barrier is observed throughout the test, this was

observed in tests where the upstream head was initially at 4 m and the outflow was
lowered. The gradual increase of the inflow head resulted in a lower average pressure on
the lid. This may have prevented the formation of a gap between the sample and the lid
through which fine grains could flow over part of the barrier.

 The hydraulic conductivity estimated for the interface between the fine sand and the
barrier is in between the estimates for the barrier and for the fine sand, indicating there is
limited to no filter cake formation.
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 The gradient in the pipe parallel to the barrier, and in the pipe perpendicular to the barrier
is very small, supporting the assumption of a negligible head loss in the pipe in the
numerical model.

 Several pipes form in the downstream end of the model, one of these reaches the barrier
and progresses parallel to the barrier along the entire width of the barrier. All pipes remain
active and widen but the pipe that reached the barrier was dominant.

 When the pipes reach the barrier, this causes a drop in the head measurements inside
the barrier.

 At the downstream interface between the barrier and the fine sand, a crater is formed, the
depth of this crater increases to an estimated 4 cm but also becomes less deep when
grains are deposited in it. The maximum depth is reached around 5:15, which is much
earlier than the time that the pipe enters the barrier.

 Fines are observed to move from the barrier into the pipe at the barrier, crumbling of the
barrier, this crumbling is most extensive near the crater in the centre of the model.

 The downstream pipe gets wider, but also shallower due to deposition of material eroded
upstream (fine sand). The pipe parallel to the barrier widens. The depths of the pipe
parallel to the barrier vary during the experiment but reach a width of ca 6 cm.

 The point of damage is extremely difficult to determine, as crumbling of the barrier cannot
easily be distinguished from formation of the pipe. The crumbling zone in the centre of the
barrier is not considered as the damage of the barrier by the pipe yet, as crumbling would
be expected, considering that the depth of the pipe in front of the barrier, and the
presence of a crater in the centre of the model.

 The damage of the barrier is considered when small pipes form simultaneously at
different locations and there is significant erosion in the downstream side of the barrier.
These pipes do not progress far upstream in the barrier.

 After this point the interface between the barrier and the pipe also becomes less distinct
as barrier grains form a slope to the pipe parallel to the barrier.

 It is observed that after damage there is first some minor progression of the pipes into the
barrier, in the order of 5 cm. At short growth two pipes on the sides of the model lengthen.
Then in one step, the pipe progresses a significant distance into the barrier, i.e. up to 27
cm into the barrier, this is considered as the long growth point. This pipe is relatively
straight through the barrier, and forms between h6 and h9 on the western side of the
model.

 After the progression point, the pipe progresses parallel to the barrier interface but not
much further upstream with further increases in head.

 The depth of the pipe in the barrier is estimated at 1 to 2 cm.
 No failure is reached, even not with a head difference of 5 m. The critical head drop is

high, because of the low permeability of the upstream sand in combination with the strong
GZB1 material. .

Table 5.3 Overview of sand sample characteristics
Experiment 23 RD [-] hydraulic

conductivity based
on correlation to
porosity, [m/s]

hydraulic
conductivity based
measured heads,

[m/s]
Baskarp B15 Upstream 0.91 6.70E-05 7.00E-05

GZB1 Barrier 0.79 1.12E-03 no estimate

Baskarp B15 Downstream 0.84 7.60E-05 no estimate



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 123 van 307

Table 5.4 Summary of local gradients in the barrier (gradients are averaged minutely)

Between h15
and h14
(3.5 cm)

Between h15
and h13
(7.0 cm)

Between h15
and h12
(10 cm)*

Between h15
and h11
(13 cm)

Between h15
and h8
(27 cm)

Damage 0.58 0.70 1.60 0.82 0.71

Short growth 0.51 0.79 1.70 0.92 0.79

Long growth 0.51 0.82 1.74 0.95 0.81

max head drop 0.38 0.41 1.38 0.55 0.55

*possibly unreliable measurement of h12

Table 5.5 Summary of local gradients in the barrier (gradients are averaged minutely)

Between h8 and
h11
(14 cm)

Between h8 and
h12
(17 cm)

Between h8 and
h13
(20 cm)

Between h8 and
h14
(23.5 cm)

Between h8 and
h15
(27 cm)

Damage 0.62 0.20 0.72 0.73 0.71

Short growth 0.67 0.25 0.79 0.83 0.79

Long growth 0.68 0.26 0.81 0.85 0.81

max head drop 0.56 0.06 0.60 0.58 0.55

*possibly unreliable measurement of h12

Table 5.6 Summary of local gradients in the barrier (gradients are averaged minutely)

Centre between h8 and
h15 (27 cm)

West between h9 and h16
(27 cm)

East between h10 and h17
(27 cm)

Damage 0.71 0.52 0.53

Short growth 0.79 0.59 0.60

Long growth 0.81 0.61 0.63

max head drop 0.55 0.04 0.72

Table 5.7 Summary of fluxes (measured per 5 minute interval)

Flow velocity, m/s Flux, litre/min
Damage 3.4E-04 7.24

Short growth 3.9E-04 8.41

Long growth 4.0E-04 8.57

max head drop 6.4E-04 13.59
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Table 5.8 Summary of head drop between filter and pipe and head loss over filter for postdictions (head drops are
averaged minutely)

Between filter and h18 Between filter and h19 Between filter and h20
Head drop at damage, m 2.87 2.88 2.88

Head drop at short growth,
m

3.32 3.33 3.32

Head drop at long growth,
m

3.47 3.48 3.48

Head drop at max head
drop, m

5.33 5.35 5.34

Head loss over filter
upstream at damage, m

0.20

Head loss over filter
upstream at short growth, m

0.26

Head loss over filter
upstream at long growth, m

0.25

Head loss over filter
upstream at max head drop,
m

0.53

Table 5.9 Measured heads at the critical steps

transducer h1 h2 h3 h4 h5 h6 h7 h8 h9 h10 h11 h12

damage 2.86 0.46 0.23 0.18 0.13 1.58 0.32 0.25 0.25 0.26 0.16 0.21

short

growth 3.30 0.53 0.26 0.20 0.15 1.83 0.37 0.28 0.29 0.29 0.19 0.24

long

growth 3.46 0.55 0.27 0.21 0.16 1.91 0.39 0.30 0.30 0.30 0.20 0.25

failure 4.22 -0.33 -0.75 -0.69 -0.85 1.80 -0.62 -0.78 -0.87 -0.68 -0.85 -0.79

transducer h13 h14 h15 h16 h17 h18 h19 h20 h21 h22 h23

damage 0.10 0.07 0.05 0.11 0.11 0.11 0.10 0.11 0.10 0.09 0.10

short

growth 0.13 0.09 0.07 0.13 0.13 0.13 0.12 0.12 0.12 0.11 0.11

long

growth 0.13 0.09 0.08 0.13 0.13 0.13 0.12 0.13 0.13 0.12 0.12

failure -0.90 -0.91 -0.92 -0.88 -0.88 -0.87 -0.88 -0.88 -0.88 -0.89 -0.88
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6 Experimental results test MS-GZB2-B25-24

6.1 Test characteristics
The head drop was applied by raising the inflow reservoir.

The correction of the measurements was done differently in the current experiment as
compared to the other experiments as there was a slight fluctuation in the head which could
be seen in the transducers in the model as well. The setup was modified to prevent this in
future tests.

Based on the assumption that this fluctuation would not affect the piping process this effect
was filtered out of the data. This was done by subtracting the data of the inlet pressure sensor
from the other pressure sensors. However, due to the positioning of the other sensors relative
to the inlet sensor, both damping of the amplitude and time lag occurs. In order to
appropriately subtract the inlet channel from the other sensors, the time lag and difference in
amplitude of each sensor relative to the inlet data was determined at the start of the test,
when the applied head was zero and the only fluctuation occurred due to the small variation
in constant head. The resulting individual time differences and damping for each sensor was
then applied to the inlet channel, creating a separate correction for each channel. Then the
original measurement in the setup was corrected for using this individual correction signal.

Table 6.1 Test characteristics

Barrier material GZB2
Background material Baskarp 25
Relative density* barrier, % 1.05
Relative density* fine sand upstream, % 1.07
Relative density* fine sand downstream, % 0.93
Barrier depth, m 0.404
Barrier width, m 0.289
Porosity barrier, - 0.299
Porosity fine sand upstream, - 0.345
Porosity fine sand downstream 0.359
*Relative density is calculated based on the wet minimum and maximum density; these values have an estimated accuracy
of ca. 10% for the fine sand upstream and downstream of the barrier and 20% for the barrier material.

During preparation of the barrier, some of the finest grains in the Metselzand remained in
suspension. This was removed (in order to avoid forming a filter cake on the interface
between the barrier and the fine sand). This was 17.8 g, i.e. less than 0.01%. Therefore this is
not expected to have affected the composition of the barrier significantly.
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6.2 Summary of observations

Table 6.2 Summary of observations throughout the experiment. Distances are relative to the centre of the outlet
hole

Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

01:00 01:05 11 0.233
A pipe formed in the downstream, near the container in the S part of it and
progressed until 19 cm

01:10 01:15 15 0.362
Three new pipes formed near the container in the W,SE and WN sides -
downstream pipe divided to two branches and progressed until 27 cm

01:25 01:30 21 0.569
Erosion and movement of fine grains in the downstream pipe - downstream
pipe reached the barrier

01:30 01:35 23 0.714
Progression of the pipe along the barrier in the parallel direction, to the E and
W - the outlet hole completely filled with the fines

01:35 01:40 25 0.878

Few barrier grains moved in the interface between the barrier and the fine
sand at the tip of the pipe - a crater formed at the interface with the depth of 7
mm

01:40 01:45 27 0.985
The downstream pipe becomes very wide with the width of 9 cm, between
the barrier and the outlet

02:15 02:20 44 1.810
Parallel pipe grows further along the barrier from both sides, until the E and
W end

03:00 03:05 71 3.108
Pipe progressed into the barrier until 58 cm. The pipe is located in the W part
of the model. This is considered the damage point.

03:25 03:30 75 3.346 Pipe in the barrier grows a little to the E, near transducer 13

03:35 03:40 83 3.730

The tip of the pipe in the barrier grows to the E and W and formed a T
shaped pipe. This is considered the short growth or short progression
point

03:45 03:50 91 4.160
Pipe progressed further to the E and W - the tip of the E branch goes
between transducer 12 and 13

03:55 04:00 99 4.447

Progression of the W branch until 61 cm - the E branch progressed further to
the E - a new small pipe grows into the barrier until 51.5 cm, in the W part of
a model, near transducers 16 and 19

04:05 04:10 107 4.898

Pipe becomes very wide and progresses further to the E and passed
underneath transducers 12 and 13 - a slope appeared in the middle of the
barrier, inside the pipe, with 2 cm depth

04:40 04:45 123 5.844

Two branches connected to each other and formed a main pipe which was
very wide and progressed to the E, near transducer 10, until 76 cm. This is
considered the long growth or long progression point.

04:45 04:50 123 5.945 Pipe passed underneath transducers 11-14, by widening of the pipe

05:15 05:20 135 6.560
Progression of the pipe from the central part of the model until 77 cm, near
transducer 8 (new branch formed in the S direction)

05:20 05:25 139 6.812 Pipe in the centre becomes wider and progressed until 79 cm

05:35 05:40 147 7.112
A new slope formed underneath the beam, in the middle of the barrier, and
the previous slope disappeared (filled with grains)

05:40 05:45 147 Failure - the E branch of the pipe reached the upstream (transducer 10)

*includes head drop over upstream filter
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Different steps of pipe progression during the test are shown in Figure 6.1; these steps are
also indicated in the plots of the measurements in this Chapter.

Time 03:00 damage point

Time 03:35 Short growth (or short progression)
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Time 04:40 Long growth (or long progression)

Time 05:35 Situation just prior to failure
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Time 05:40 Failure occurred through the eastern branch of the pipe
Figure 6.1  Illustration of the approximate location of the pipe at different points during the experiment

6.3 Temperature measurements
The temperature of the water flowing into the model and coming out of the model is
continuously measured.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 130 van 307

Figure 6.2 Temperature throughout the experiment

6.4 Head measurements

6.4.1 Bottom of setup
Heads measured in the bottom of the setup initially follow the stepwise increase of the
upstream water level. At 01:25 the heads fall with the exception of h1, close to the inlet filter.
This is when the first pipes reach the barrier and when a pipe progresses parallel to the
barrier. Subsequently the heads do increase further with increasing upstream head.
Transducer h4 is considered clearly unreliable in the majority of the tests, and might also be
unreliable in this test.
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Figure 6.3 Head measurements throughout the experiment
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Figure 6.4 Head measured in the bottom of the sample in first phase of the test (height outlet is 0 m during this
phase of the test)

6.4.2 Top of setup
The measurements on the upstream side of the setup are shown. All transducers follow the
gradual application of the head difference by the increase of the upstream head initially, and
there is a fall when the pipe reaches the barrier at 01:25 after which h6 follows the applied
head drop and there is a dip in the measurements of the transducers further downstream.
As h8, h9 and h10 are in a row parallel to the barrier at 2 cm from the upstream interface of
the barrier, it is expected these show the same values. This is approximately the case, up to
the point of progression of the pipe at 04:40 (between 04:05 and 04:50 h8 is slightly lower
than the other two). When the pipe progresses in the barrier, the pipe is wide and grows from
the centre towards the eastern side, reaching close to h10 as shown in Figure 6.1.
Consequently the head is highest in h9 furthest away from the pipe, and lowest in h10. At
05:15 there is a drop in the head in h8 to the approximate value of h10, this corresponds to
the observation of the pipe progressing below h8.
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Figure 6.5 Head measurements throughout the experiment

The measurements in the downstream end of the barrier initially show approximately the
same head, values overlie in Figure 6.6. The head data is averaged minutely in order to
better distinguish small differences among transducers. Heads fall when the pipe reaches the
barrier and progresses along the barrier around 01:30.
The head in h12 is clearly unreliable in the majority of the tests, and probably also in this test.
h15 falls when the pipe reaches the barrier. Its value remains low nearly constant throughout
the test. In the sides of the model, h16 and h17 have a higher head than h15 which is to be
expected considering the location where the pipe forms, this is close to the centre of the
model.
From the damage point onwards h14 and h13 fall, these are at the edge of the barrier. There
is another fall in these transducers at the short growth. At the end of the test the difference
among transducers in the barrier is minimal.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 134 van 307

Figure 6.6 Head measurements throughout the experiment

The measurements in the fine sand downstream are shown in Figure 6.7. The measurements
further upstream, h18 to h21 clearly show a peak before the pipe reaches the barrier at 01:25.
Then h20 which is furthest away from where the pipe damages the barrier remains higher
than the other three. After the pipe progresses in the barrier (short growth/short progression)
the four downstream transducers show a similar head. The head is slightly lower in the
downstream capillaries that are closer to the exit hole.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 135 van 307

Figure 6.7 Head measurements throughout the experiment

6.5 Head drop corrections
Head measurements are corrected for variations in atmospheric pressure and the fluctuation
in the input signal as described at the start of this Chapter. The correction for the head loss
over the filter is made, as in the other tests. The filter corrected head drop is the head drop
that is over the setup after compensating for the head loss over the inlet filter. The corrected
head drop to the pipe is the head drop up to h18-h20 as these are in the location where the
pipe forms in the downstream sand. This head drop excludes losses in the pipe to the exit,
and in the sand boil at the exit.

6.5.1 Head loss over upstream part of setup: filter corrected head drop
The head loss over the filter and the upstream part of the setup, as computed by
extrapolating the measurements in h1 and h2 in the bottom of the box to the upstream end of
the setup, is shown whereby values are averaged per minute. This value increases with flow
rate, as expected; the maximum loss is in the order of 9 cm. The applied head drop minus the
head drop over the filter is referred to as the filter corrected head drop.
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Figure 6.8 Computed head loss throughout the experiment on the left axis, on the right axis the applied head drop
and the filter corrected head drop, values are averaged per minute

6.5.2 Head loss between transducers downstream of the barrier and outlet: corrected head drop up
to the pipe
The figures shows the filter corrected head drop (applied head drop) over the set-up and the
head drop between the filter and the transducers in the pipe, (h18-h20). The difference
between the filter corrected head drop up to the transducers and the applied filter corrected
head drop is initially higher. Before the pipe forms there is still resistance of the fine sand.
Then when the pipes have formed this difference becomes smaller.
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Figure 6.9 Computed corrected head drop between filter and downstream interface of the barrier throughout the
experiment

6.6Gradients

6.6.1 Horizontal gradient inside the barrier perpendicular to the barrier along centreline from h15
The horizontal gradients between h15 (1 cm upstream of the downstream interface between
the barrier and the fine sand) and the other transducers are computed. Due to the small
distance among the transducers, scatter in the data causes a relatively wide bandwidth
therefore results are averaged per minute.
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Figure 6.10  Computed gradients throughout the experiment, vertical lines indicate the times when the pipe has
reached the barrier, and when the pipe has progressed a specific distance in the barrier

The gradient between h14 and h15 closest to the edge of the barrier shows an increase to 0.8
around the damage point and then a sharp drop to 0.6. When the pipe forms in the barrier it is
next to these transducers but not below it probably accounting for the difference. Only after
the long growth does the pipe really erode below this pair which probably accounts for the
gradual decrease that can be observed. The gradient between h15 and h13 reaches a
maximum of ca. 0.5 before the damage point where it falls to 0.3, and in the short growth the
pipe forms a T-shape below h13 causing the sharp drop to nearly zero.
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The gradient over the longest distances, to h8 and h11 reaches a maximum around 04:00
when it is also reported that the pipe widens and progresses below transducers h12 and h13.
The gradient between h11 and h15 falls steeply after this, whereas the gradient between h8
and h15 did not fall significantly, this remains around 0.4 until the long growth, and then falls
in steps as the pipe widens along the interface of the barrier. Gradients with h12 are
considered unreliable.

6.6.2 Horizontal gradient inside the barrier perpendicular to the barrier along centreline over
increments of the barrier
To assess heterogeneity in the barrier, the gradient is also computed between successive
pairs of transducers. A negative head drop means that the head of the upstream transducer is
smaller than the head of the downstream transducer. The negative gradient between h14 and
h13 is small and becomes positive, considering the location of the pipe growth this may
indicate a slight preferential flow initially forming a path below h13 to the east of h14. This is
also where the pipe later forms. However, there was also a negative gradient between these
transducers before the pipe reached the barrier. This might possibly indicate preferential flow,
but it is also possible that there is a (slight) inaccuracy in one of the two measurements. As
they are spaced only 3 cm apart, a gradient of -0.2 would correspond to a head difference of
6 mm.
The gradient between h8 and h11 shows a jump at 04:00 when the pipe grows below the
centreline, this causes a drop in h11 and consequently an increase in the gradient. The
gradient does not change significantly at the long growth but falls at 05:15 when the pipe
grows towards h8. At progression, the pipe forms towards the east of the model, below h10,
which accounts for the high head in h8. Gradients with h12 are considered unreliable.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 140 van 307

Figure 6.11 Computed gradients throughout the experiment

6.6.3 Horizontal gradient inside the barrier at three locations along the width of the barrier
The horizontal gradient over the barrier measured between h16 and h9, h15 and h8 and h17
and h10 is shown. Initially the gradient at the sides of the model is close to zero, and even
slightly negative. The increase in the gradient in the centre and west when the pipe reaches
the barrier is because the pipe reaches the barrier on this side of the model. When the pipe
has progressed along the barrier the three gradients are quite similar until the long growth
point. The maximum gradient is along the central axis, which is probably due to a slightly
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lower head in h15, which is closest to the pipe on the downstream end. After progression the
head falls most at h10 which is where the pipe is causing the gradient to fall strongest.

Figure 6.12 Computed gradients throughout the experiment

6.6.4 Horizontal gradient inside the barrier along the width of the barrier
In order to assess horizontal flow converging from the sides to the pipe in the barrier the
horizontal gradient between h8-h9 and h8-h10 and h15-h16 and h15-h17 is shown. A positive
gradient indicates a higher head in the transducers on the side of the model than in the
centre.
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Figure 6.13 Computed gradients throughout the experiment

The upstream gradients are very low until the long growth when the pipe grows to below h10.
That causes a negative gradient between h10 and h8 in the centre. The downstream
gradients show a peak when the pipe reaches the barrier and remains low after this.

6.6.5 Vertical gradient inside the barrier
The vertical gradient between h14 and h3 is shown; positive values indicate a higher head in
the bottom of the model than in the top of the model. The gradient is approximately 0 until the
pipe reaches the barrier, then the gradient increases to a maximum value just below 0.2 prior
to the long growth.
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Figure 6.14 Computed gradients throughout the experiment

6.6.6 Horizontal gradient in the fine sand and the pipe downstream of the barrier parallel to the
barrier
This is computed so that a positive gradient indicates a higher head at the sides, so flow
would converge to the centre of the model. The gradients are very low indicating little
resistance to flow in the pipe that is on the downstream end parallel to the barrier. There is a
peak when the pipe reaches the barrier, and the gradient falls as the pipe progresses along
the barrier.
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Figure 6.15 Computed gradients throughout the experiment

6.6.7 Horizontal gradient in the fine sand and the pipe downstream of the barrier perpendicular to
the barrier
In the top of the model, the gradients peak as the pipe progresses and subsequently remain
below 0.08 indicating the head loss along the pipe is small. The gradient in the bottom of the
model is higher, this would be expected as there is fine sand there. Nonetheless, as h4 is
considered unreliable, this gradient is also unreliable.
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Figure 6.16 Computed gradients throughout the experiment

6.6.8 Horizontal gradient in the fine sand upstream of the barrier perpendicular to the barrier
The horizontal gradient upstream of the barrier is shown for the top and the bottom of the
model. The gradients in the top and the bottom show a very similar value and follow the trend
of increasing average gradient. Due to the low resistance to flow in the barrier and in the pipe
downstream of the barrier, these local gradients become very high. The applied head drop
beyond the filter, in the order of 1.4 m, is mainly dissipated in the upstream sand, which has a
width of ca 0.6 m. Neglecting convergence of flow (which is expected to be limited), this
would give an expected gradient in the order of 2.3 which is close to what is shown the figure
for the gradient in the top. The gradient in the top of the model is slightly higher than in the
bottom after the pipe has grown into the barrier. This would be expected to cause some
convergence of flow towards the top of the model, giving a higher gradient.
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Figure 6.17 Computed gradients throughout the experiment

6.6.9 Horizontal gradient across the upstream interface of the barrier and the fine sand
The horizontal gradient in the top of the model is measured over 4 cm, over the interface
between the fine sand and the barrier. In the bottom of the model, the gradient is measured
over a longer distance including a relatively longer stretch of barrier material.
Both gradients gradually increase with the applied head drop. The gradient is higher in the top
of the model, which would be expected as this gradient is over a larger distance of fine sand.
The gradient at the top is significantly lower than the gradient in the fine sand upstream,
which would be expected due to the fact that the gradient is computed over ca. 50% fine sand
and 50% barrier at the top, whereas in the bottom the gradient is computed over ca. 7% fine
sand and 93% barrier. The jump all the way at the end of the test is due to progression of the
pipe below h8.
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Figure 6.18 Computed gradient throughout the experiment

6.6.10 Vertical gradient in fine sand
The vertical gradient in the fine sand upstream and downstream of the barrier is computed
using transducers that are directly above one another (h2 and h7 upstream and h4 and h21
downstream). A negative gradient implies a higher head in the top of the model.
The gradient on the upstream side steadily increases up to a small step when the pipe
progresses into the barrier. The vertical gradient in the downstream side falls to negative as
the pipe grows but becomes positive after the pipe reaches the barrier. Average vertical
gradients remain low throughout the test, below 0.25. Locally near the outflow point the
vertical gradients will be higher. However, the gradient computed with h4 is considered
unreliable.
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Figure 6.19 Computed gradient throughout the experiment

6.7 Flow rate
The volumetric flow rate in litres per second is converted to a mean flow velocity by scaling
with the inflow area. The local velocities may differ due to convergence of flow in the model.
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Figure 6.20 Flow rate throughout the experiment
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Figure 6.21 Flow velocity throughout the experiment

Adding a linear regression with intercept 0 to the curve shows that the overall permeability of
the setup is initially lower before the pipes form in the fine sand downstream. The gradient
also increases at a head drop around 1.15 when the pipe becomes significantly wider in the
barrier shortly before progressing.

6.8 Flow regime

6.8.1 In fine sand and in barrier
The grain Reynolds numbers for the fine sand and the barrier are estimated based on the
flow velocity that is estimated assuming 1D flow, therefore these are only an estimate of the
Reynolds number as convergence of flow can lead to locally higher flow rates.
The values well below 0.5 however suggest that flow is indeed in the Darcy flow regime, in
the fine sand upstream and in the barrier at least at a larger distance away from the pipe.
Therefore hydraulic conductivities will be estimated using Darcy flow.
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Figure 6.22  Estimated grain Reynolds numbers for the fine sand and for the barrier throughout the course of the
experiment

6.9 Apparent hydraulic conductivity

The apparent hydraulic conductivity is estimated by assuming that all flow is 1D through the
cross-section of the model i.e. no convergence from the sides or in the vertical direction. As
soon as a pipe forms this assumption is no longer valid, and in the downstream side of the
model with the hole exit where flow converges from the side this is also not valid even from
the start of the test, which is why the conductivity is referred to as apparent hydraulic
conductivity. Furthermore, it is assumed flow that Darcy’s law applies, which is supported by
the computed grain Reynolds number.

6.9.1 Fine sand upstream of the barrier
In the fine sand upstream of the barrier the initial hydraulic conductivity estimate shows a lot
of scatter. The value seems to stabilise around 1.8 e-4 m/s around 00:50 and at 01:00 falls
towards approximately 1.6e-4 m/s and remains relatively constant until the long growth. The
values are approximately equal for the top and the bottom, suggesting that there is little effect
of flow converging towards the top of the model.

For this relative density a hydraulic conductivity of 1.0E-4 m/s is estimated based on column
tests. This is a bit lower than estimated here.
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Figure 6.23 Estimated average hydraulic conductivity throughout the experiment

6.9.2 Barrier
Gradients and conductivities computed using h12 are considered unreliable.
As pipes form, flow converges to the pipes, which means that the estimate based on the
assumption of plane flow is not applicable and results don’t characterise the actual
conductivity well. Thus results of the first hour would be most reliable, and subsequent
conductivity estimates are not. The gradient between h11 and h8 is over the longest distance
and thus might be expected to give the best estimate. However, during the first hour of the
test this estimate is extremely high, later in the test a constant value in the order of 0.65e-3
m/s is estimated. For the porosity achieved during the tests, column tests would lead to
expect a hydraulic conductivity in the order of 0.57 E-3 m/s.
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Figure 6.24 Estimated average hydraulic conductivity throughout the experiment. Note estimates after 00:55 are
unreliable due to convergence of flow towards the pipe

6.9.3 Interface between the fine sand upstream and the barrier
Flow could possibly transport some finer grains a short distance into the barrier, forming a
filter cake at the upstream interface between the barrier and the fine sand. Therefore, the
hydraulic conductivity across this interface is estimated using h7 (2 cm upstream of the
interface in the fine sand) and h8 (2 cm downstream of this interface in the barrier). For
comparison the hydraulic conductivity estimated in the upstream end of the barrier based on
h11 and h8 and the hydraulic conductivity of the fine sand upstream of the barrier is also
shown.
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Figure 6.25 Estimated average hydraulic conductivity throughout the experiment. Note estimates after 00:55 are
unreliable due to convergence of flow towards the pipe

The estimated hydraulic conductivity of the interface is significantly higher than that of the fine
sand upstream of the barrier, and lower than that of the barrier. This would be expected, if
there is no filter cake the resistance would be a combination of that of the barrier and of the
fine sand..

6.10 Summary
Experiment MS-GZB2-B25-24 was conducted with Baskarp 25 sand and a barrier consisting
of GZB1 sand reaching to full depth.

 Unreliable transducers:
- h12 (in the top in the barrier).
- h4 there was no clear indication of this being off in this test, however as the

transducer was unreliable in other tests this is still considered unreliable.
 The hydraulic conductivity estimated for the interface between the fine sand and the

barrier is in between the estimates for the barrier and for the fine sand, indicating there is
limited filter cake formation.

 The gradient in the pipe parallel to the barrier, and in the pipe perpendicular to the barrier
is very small, supporting the assumption of a negligible head loss in the pipe in the
numerical model.

 The horizontal gradient over the barrier increases even as the pipe damages and goes
through the step of short growth to long growth. The maximum gradient over the entire
barrier (between h8 and h15) is in the order of 0.4.
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 When the pipe reaches the barrier, this causes a drop in the head measurements inside
the barrier.

 When the pipe has progressed along the barrier the three gradients over the barrier
parallel to the central axis are quite similar until the long growth point, despite the
formation of the pipe in the barrier. Horizontal gradients parallel to the barrier support
(perpendicular to the flow direction) are very low. This suggests that flow in the barrier is
predominantly 2D.

 Vertical gradients remain low during the test, below 0.25.
 Three pipes formed on the downstream side, one pipe progresses and reaches the

barrier. When the pipe reaches the barrier, this causes a drop in the head measurements
inside the barrier.

 The pipe progresses parallel to the barrier along the entire width of the model.
 A crater forms in the west side of the model close to the centre in front of the barrier, the

depth of the crater increases to ca. 3 cm before the barrier is damaged.
 When the barrier is damaged, the pipe also grows to -58 cm (i.e. ca. 8 cm into the barrier)

this is further than in tests 22 and 23.
 The pipe enters the barrier just to the west of the centreline. At the short growth step the

pipe tip progresses to the east and west side, forming a T shape.
 Subsequently the eastern side of the pipe progresses, for the long growth step the

eastern branch progresses to h10.
 After the long growth the pipe progresses parallel to the upstream interface between the

barrier and the fine sand. Before failure the pipe extends over a distance of ca 20 cm
parallel to the interface.

Table 6.3 Overview of sand sample characteristics
Experiment 24 RD [-] hydraulic

conductivity based
on correlation to
porosity, [m/s]

hydraulic
conductivity based
measured heads,

[m/s]
Baskarp B25 Upstream 1.07 1.04E-04 1.60E-04

GZB2 Barrier 1.05 5.74E-04 6.50E-4

Baskarp B25 Downstream 0.93 1.49E-04 no estimate

Table 6.4 Summary of local gradients in the barrier (gradients are averaged minutely)

Between h15
and h14
(3.5 cm)

Between h15
and h13
(7.0 cm)

Between h15
and h12
(10 cm)*

Between h15
and h11
(13 cm)

Between h15
and h8
(27 cm)

Damage 0.79 0.53 0.54 0.40 0.30

Short growth 0.58 0.33 0.51 0.40 0.34

Long growth 0.30 -0.05 0.08 0.16 0.39

Failure 0.18 0.01 0.13 0.03 0.10

*possibly unreliable measurement of h12
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Table 6.5 Summary of local gradients in the barrier (gradients are averaged minutely)

Between h8 and
h11
(14 cm)

Between h8 and
h12
(17 cm)

Between h8 and
h13
(20 cm)

Between h8 and
h14
(23.5 cm)

Between h8 and
h15
(27 cm)

Damage 0.20 0.15 0.22 0.23 0.30

Short growth 0.28 0.24 0.34 0.30 0.34

Long growth 0.59 0.57 0.54 0.40 0.39

Failure 0.17 0.09 0.14 0.09 0.10

*possibly unreliable measurement of h12

Table 6.6 Summary of local gradients in the barrier (gradients are averaged minutely)

Centre between h8 and
h15 (27 cm)

West between h9 and h16
(27 cm)

East between h10 and h17
(27 cm)

Damage 0.30 0.25 0.26

Short growth 0.34 0.28 0.30

Long growth 0.39 0.36 0.36

Failure 0.10 0.35 0.08

Table 6.7 Summary of fluxes (measured per 5 minute interval)

Flow velocity, m/s Flux, litre/min
Damage 1.4E-04 2.97

Short growth 1.6E-04 3.49

Long growth 2.6E-04 5.44

Failure 3.3E-04 7.11

Table 6.8 Summary of head drop between filter and pipe and head loss over filter for postdictions (head drops are
averaged minutely)

Between filter and h18 Between filter and h19 Between filter and h20
Head drop at damage, m 0.60 0.60 0.59

Head drop at short growth,
m

0.70 0.70 0.69

Head drop at long growth,
m

1.07 1.07 1.06

Head drop at failure, m 1.31 1.31 1.31

Head loss over filter
upstream at damage, m

0.02

Head loss over filter
upstream at short growth, m

0.03

Head loss over filter
upstream at long growth, m

0.06

Head loss over filter
upstream at failure, m

0.08
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Table 6.9 Measured heads at the critical steps

transducer h1 h2 h3 h4 h5 h6 h7 h8 h9 h10 h11 h12

damage 0.63 0.18 0.13 0.09 0.07 0.39 0.17 0.15 0.15 0.15 0.12 0.12
short

growth 0.73 0.20 0.13 0.10 0.07 0.44 0.18 0.15 0.15 0.16 0.12 0.11
long

growth 1.09 0.25 0.15 0.11 0.08 0.63 0.21 0.17 0.18 0.18 0.09 0.08
failure 1.33 0.27 0.15 0.11 0.09 0.74 0.18 0.10 0.18 0.11 0.08 0.08

transducer h13 h14 h15 h16 h17 h18 h19 h20 h21 h22 h23

damage 0.10 0.09 0.07 0.08 0.08 0.06 0.06 0.07 0.05 0.04 0.03
short

growth 0.09 0.08 0.06 0.08 0.08 0.06 0.06 0.07 0.06 0.04 0.04
long

growth 0.06 0.08 0.07 0.08 0.08 0.07 0.07 0.07 0.07 0.05 0.05
failure 0.07 0.08 0.07 0.09 0.09 0.08 0.08 0.08 0.07 0.07 0.06
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7 Experimental results test MS-GZB1-B25-25

7.1 Test characteristics
The head drop was applied by raising the inflow reservoir.
In this test, the barrier did not extend over the full height, but was only present in the upper
1/3 of the container.
During this test no long growth step, whereby the pipe progressed further than half way
through the barrier and then stopped, was observed. When the pipe started to progress past
half way of the barrier, it continued through the entire barrier.

Table 7.1 Test characteristics

Barrier material GZB1
Background material Baskarp 25
Relative density* barrier, % 1.01
Relative density* fine sand upstream, % 1.10
Relative density* fine sand downstream, % 0.95
Relative density* fine sand below barrier, % 0.96
Barrier depth, m 0.125
Barrier width, m 0.306
Porosity barrier, - 0.292
Porosity fine sand upstream, - 0.341
Porosity fine sand downstream 0.357
Porosity fine sand below barrier 0.356
*Relative density is calculated based on the wet minimum and maximum density; these values have an estimated accuracy
of ca. 10% for the fine sand upstream and downstream of the barrier and 20% for the barrier material.
** Variations along the width of the barrier are estimated to be in the order of 6 mm to either side of the interface.

7.2 Summary of observations
A summary of observations during the test is provided in Table 7.2.

Table 7.2 Summary of observations throughout the experiment. Distances are relative to the centre of the outlet
hole

Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

01:00 01:05 13 0.220
Two pipes formed in the W and SE sides of the container and progressed to
the outside of the container

01:15 01:20 18 0.365
Three pipes in the W, SE and NE sides, progressed to the outside of the
container

01:30 01:35 24 0.548 The eastern branch of the SE pipe progressed until 36 cm
01:35 01:40 26 0.620 The eastern branch of the SE pipe progressed until 48 cm

01:40 01:45 28 0.695

The eastern branch of the SE pipe reached the barrier in the E side of the
model and start to progressed to the E and W in the parallel direction of the
barrier

01:45 01:50 30 0.988
The other branch of the SE pipe reached the barrier on the W part of the
model and progressed to the W in the parallel direction - These two branches
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Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

is connected to each other in the downstream

01:50 01:55 32 1.154

A crater formed on the E side of the model that pipe has reached the barrier - the

pipe that was on the W side of the container, in initial steps of the test, progressed

until 24 cm

02:05 02:10 39 1.543

The pipe that was on the W side of the container, in initial steps of the test,

progressed further, until 25 cm - E branch of the downstream pipe becomes deeper

and fine erosion continues through it

02:10 02:15 42 1.687

Erosion of the fines in the parallel and downstream pipe - Few barrier grains moves

to the crater

02:30 02:35 54 2.262

The downstream branches connected to each other and caused the widening of

downstream pipe- Widening of the pipe in the interface

02:35 02:40 57 2.402

The parallel pipe progressed further and reached to the E and W end sides of the

model

03:20 03:25 88 3.932 Few crumbling of barrier grains in the interface

03:30 03:35 96 4.354 Damage point - pipe grows to the barrier until 53.5 cm

04:00 04:05 112 5.220

Considerable erosion in the downstream pipe which makes the pipe deeper in some

parts - The pipe in the interface becomes very wide

04:25 04:30 135 6.348

Crumbling of the barrier grains near the parallel pipe and formation of several pipes

in the barrier. Short growth

04:30 04:35 140 6.616

Several slopes formed in the parallel pipe to the barrier - One pipe progressed into

the barrier in the W side, until 54 cm

04:35 04:40 145 6.768

One pipe grows into the barrier until 53 cm and passed underneath transducers 16

and 19

04:45 04:50 155 7.272

The pipe that had progressed into the barrier from the damage point, in the E side

(main interface), grows further until 54.5 cm - Several slopes formed in the

downstream pipe

05:00 05:05 170 7.932

All the pipes inside the barrier progressed further - one pipe in the E end side of the

barrier grows more than others, until 56cm. Medium growth I

05:10 05:15 180 8.430

The pipe that had progressed into the barrier until 54 cm (in the W side), progressed

further until 56.5 cm Medium growth II

05:50 05:55 216

Failure - Pipe in the W side (56.5 cm) progressed suddenly and breached the

upstream interface

*includes head drop over upstream filter

Different steps of pipe progression during the test are shown in Figure 7.1. As medium growth
I, which occurs only 10 minutes before medium growth II, and medium growth II is the final
significant growth step prior to failure, medium growth II is shown in figures and the summary
tables at the end of this Chapter. Note that in other tests growth long indicates the step where
the pipe progresses beyond half way through the barrier but does not lead to failure. In the
current test the progression beyond half way coincides with failure of the barrier, therefore
there is no growth long.
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Time 03:30 damage

Time 04:25 Short growth (also referred to as short progression)
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Time 05:00 Growth step of pipe in the east (bottom of image), referred to as medium growth I
or medium progression I

Time 05:10 Growth step of pipe in the west (top of image), currently considered as medium
growth II or medium progression II.
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Time 05:50 Failure
Figure 7.1  Illustration of the approximate location of the pipe at different points during the experiment

7.3 Temperature measurements
The temperature of the water flowing into the model and coming out of the model is
continuously measured.
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Figure 7.2 Temperature throughout the experiment

7.4 Head measurements

7.4.1 Bottom of setup
Heads measured in the bottom of the setup initially follow the stepwise increase of the
upstream water level. At 01:40, the heads fall with the exception of h1, close to the inlet filter.
This is when the first pipes reach the barrier and when a pipe progresses parallel to the
barrier. Subsequently the heads do increase further with increasing upstream head. The
measurement of h4 was found to be clearly unreliable in several tests, therefore this is also
considered unreliable in the current test.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 164 van 307

Figure 7.3 Head measurements throughout the experiment

7.4.2 Top of setup
The measurements on the upstream side of the setup are shown. All transducers follow the
gradual application of the head difference by the increase of the upstream head initially, and
there is a fall when the pipe reaches the barrier at 01:40 after which h6 follows the applied
head drop and there is a dip in the measurements of the transducers further downstream.
As h8, h9 and h10 are in a row parallel to the barrier at 2 cm from the upstream interface of
the barrier, it is expected these show similar values, but h9 has a slightly higher head than the
other two. There are no notable falls when the pipe damages or grows longer inside the
barrier.
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Figure 7.4 Head measurements throughout the experiment

The measurements in the downstream end of the barrier show a higher head in h12, h16 and
h17 than in the other transducers. This is strange because h11 is upstream of all three of
these measurements, and h16 and h17 are downstream of h13 and h14 as well. Higher
values in h16 and h17 at the sides of the model could indicate preferential flow more towards
the centre of the model. Transducer h12 was considered clearly unreliable in several tests,
and therefore is also considered unreliable in the current test.
After the pipe reaches the barrier, the heads in h16 and h17 do fall below h11, indicating that
these probably work fine. They do remain higher than h15. There are no jumps in the
readings in the barrier that correspond to the observed growth steps.
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Figure 7.5 Head measurements throughout the experiment

The measurements in the fine sand downstream are shown in Figure 7.7. The measurements
further upstream, h18 to h21 clearly show a peak before the pipe reaches the barrier at 01:40.
Then h19, which is furthest away from where the pipe damages the barrier, remains slightly
higher than the other two until the pipe damages the barrier. At the end of the test, the range
between these transducers is only ca 2 cm, indicating there is only little head loss in the pipe
(relative to the applied 2 m).
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Figure 7.6 Head measurements during part of the experiment

7.5 Head drop corrections
Head measurements are corrected for variations in atmospheric pressure as described in
Chapter 2. The correction for the head loss over the filter is made, as in the other tests. The
filter corrected head drop is the head drop that is over the setup after compensating for the
head loss over the inlet filter.  The corrected head drop to the pipe is the head drop up to h18-
h20 as these are in the location where the pipe forms in the downstream sand. This head
drop excludes losses in the pipe to the exit, and in the sand boil at the exit.

7.5.1 Head loss over upstream part of setup: filter corrected head drop
The head loss over the filter and the upstream part of the setup, as computed by
extrapolating the measurements in h1 and h2 in the bottom of the box to the upstream end of
the setup, is shown, averaged per minute. This value increases with flow rate, as expected;
the maximum loss is in the order of 9 cm, similar to test 24 with the same background sand.
The applied head drop minus the head drop over the filter is referred to as the filter corrected
head drop.
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Figure 7.7 Computed head loss throughout the experiment on the left axis, on the right axis the applied head drop
and the filter corrected head drop, values are averaged per minute

7.5.2 Head loss between transducers downstream of the barrier and outlet: corrected head drop up
to the pipe
The difference between the filter corrected head drop up to the transducers and the applied
filter corrected head drop is initially higher. Before the pipe forms, there is still resistance of
the fine sand. Then when the pipes have formed this difference becomes smaller.
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Figure 7.8 Computed corrected head drop between filter and downstream interface of the barrier throughout the
experiment

7.6 Gradients

7.6.1 Horizontal gradient inside the barrier perpendicular to the barrier along centreline from h15
The horizontal gradients between h15 (1 cm upstream of the downstream interface between
the barrier and the fine sand) and the other transducers are computed. Due to the small
distance among transducers, scatter in the data causes a relatively wide bandwidth therefore
results are averaged per minute.
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Figure 7.9  Computed gradients throughout the experiment, vertical lines indicate the times when the pipe has
reached the barrier, and when the pipe has progressed a specific distance in the barrier

The gradient between h14 and h15 closest to the edge of the barrier shows an increase to 1.0
until beyond the damage point and then a sharp drop to 0.6, after the short progression there
is a further fall in this gradient. The gradients with h12 are considered unreliable.

The gradient between h15 and h11 is higher than between h15 and h18, which could be
expected due to convergence of flow on the downstream side of the barrier. The gradient
between h15 and h13 on the other hand is lower; it does not appear that the pipe reaches to
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h13, but in the distance between h15 and h13 there is relatively less intact barrier than
between h15 and h11, which could cause a lower gradient.
The maximum gradient over the barrier, from h8 to h15, is ca. 0.8.

The gradient from the upstream side, h8, to the transducers on the downstream side is shown
in Figure 7.10. The gradient between h12 and h8 may be unreliable. The gradients between
h8 and h13 and h8 and h14 are slightly higher than over h8 to h15 at the end of the test,
which would be expected if the head downstream is comparable in the transducers h13, h14
and h15 due to progression of the pipe. The gradient between h11 and h8 is lower which
could be due to convergence of flow causing the steeper gradients in the downstream side of
the model.
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Figure 7.10  Gradients computed throughout the experiment

7.6.2 Horizontal gradient inside the barrier perpendicular to the barrier along centreline over
increments of the barrier
To assess heterogeneity in the barrier the gradient is also computed between successive
pairs of transducers. A negative head drop means that the head of the upstream transducer is
smaller than the head of the downstream transducer. Gradients with h12 are considered
unreliable. The negative gradient between h14 and h13 is small and becomes positive,
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although this may indicate a slight preferential flow initially forming a path below h13 to the
east of h14 it is not clear if this is the case. This is also where the pipe later forms at damage.
The gradient between h8 and h11 shows minor inflection when the pipe reaches the barrier,
and continues to increase throughout the test, probably because no pipe forms below these
transducers.

Figure 7.11 Computed gradients throughout the experiment
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7.6.3 Horizontal gradient inside the barrier at three locations along the width of the barrier
The horizontal gradient over the barrier measured between h16 and h9, h15 and h8 and h17
and h10 is shown. The increase in the gradient when the pipe reaches the barrier is highest in
the centre of the model. The gradient along the centre of the model is also higher than on the
sides of the model. Before the pipe reaches the barrier the gradient at the sides is even
slightly negative. The pipes form more to the sides of the model, although they do not appear
to be directly below the transducers. The gradients continue to increase up to the failure.

Figure 7.12 Computed gradients throughout the experiment

7.6.4 Horizontal gradient inside the barrier along the width of the barrier
In order to assess horizontal flow converging from the sides to the pipe in the barrier the
horizontal gradient between h8-h9 and h8-h10 and h15-h16 and h15-h17 is shown. A positive
gradient indicates a higher head in the transducers on the side of the model than in the
centre.
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Figure 7.13 Computed gradients throughout the experiment

The upstream gradients remain quite low. The downstream gradient between h15 and h16
shows a peak when the pipe reaches the barrier on the side of h17 and remains low after this.
As the distance between the transducers is 20 cm, the gradient indicates a head difference of
4 cm between the transducers.

7.6.5 Vertical gradient inside the barrier
The vertical gradient between h14 and h3 is shown, positive values indicate a higher head in
the bottom of the model than in the top of the model. The gradient is approximately 0 until the
pipe reaches the barrier, then the gradient increases to a maximum value just below 0.5. This
gradient is higher than in tests where the barrier reaches down the entire depth of the model,
due to the lower conductivity of the fine sand below the barrier.
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Figure 7.14 Computed gradients throughout the experiment

7.6.6 Horizontal gradient in the fine sand and the pipe downstream of the barrier parallel to the
barrier
This is computed so that a positive gradient indicates a higher head at the sides, so flow
would converge to the centre of the model. The gradients are very low indicating little
resistance to flow in the pipe that is on the downstream end parallel to the barrier. There is a
peak when the pipe reaches the barrier, and the gradient falls as the pipe progresses along
the barrier. After the pipe reaches the barrier, the head remains lower on the east than in the
centre, in the west the head is initially higher than in the centre, but after damage of the
barrier the head falls to below the head in the centre of the model. The pipes form in the
barrier to the west of h19 and between h18 and h20 which would account for the observed
differences.
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Figure 7.15 Computed gradients throughout the experiment

7.6.7 Horizontal gradient in the fine sand and the pipe downstream of the barrier perpendicular to
the barrier
In the top of the model, the gradients peak as the pipe progresses and subsequently remain
below 0.08 indicating the head loss along the pipe is small. The gradient in the bottom of the
model is higher, however, gradients computed with h4 are considered to be unreliable.
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Figure 7.16 Computed gradients throughout the experiment

7.6.8 Horizontal gradient in the fine sand upstream of the barrier perpendicular to the barrier
The horizontal gradient upstream of the barrier is shown for the top and the bottom of the
model. The gradients in the top and the bottom show a very similar value and follow the trend
of increasing average gradient. Due to the low resistance to flow in the barrier and in the pipe
downstream of the barrier, these local gradients become very high. The applied head drop
beyond the filter, in the order of 2 m, is mainly dissipated in the upstream sand, which has a
width of ca 0.6 m. Neglecting convergence of flow, this would give an expected gradient in the
order of 3.3 which is close to what is shown the figure for the gradient in the top. The gradient
in the top of the model is slightly higher than in the bottom after the pipe has grown into the
barrier. This would be expected to cause some convergence of flow towards the top of the
model, resulting in a higher gradient.
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Figure 7.17 Computed gradients throughout the experiment

7.6.9 Horizontal gradient across the upstream interface of the barrier and the fine sand
The horizontal gradient in the top of the model is measured over 4 cm, over the interface
between the fine sand and the barrier. In the bottom of the model the gradient is measured
over a longer distance. In this test where the barrier does not have the full depth of the model,
the bottom gradient is measured only in the fine sand.
Both gradients gradually increase with the applied head drop. The gradient is higher in the top
of the model despite this being measured over fine sand and barrier material. The gradient at
the top over the interface is significantly lower than the gradient in the fine sand upstream,
which would be expected considering that the gradient is computed over ca. 50% fine sand
and 50% barrier.
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Figure 7.18 Computed gradient throughout the experiment

7.6.10 Vertical gradient in fine sand
The vertical gradient in the fine sand upstream and downstream of the barrier is computed
using transducers that are directly above one another (h2 and h7 upstream and h4 and h21
downstream). A negative gradient implies a higher head in the top of the model. The gradient
computed with h4 is considered unreliable.
The gradient on the upstream side steadily increases up to a small step when the pipe
progresses in the barrier.
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Figure 7.19 Computed gradient throughout the experiment

7.7 Flow rate
The volumetric flow rate in litres per second is converted to a mean flow velocity by scaling
with the inflow area. The local velocities may differ due to convergence of flow in the model.
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Figure 7.20 Flow rate throughout the experiment
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Figure 7.21 Flow velocity throughout the experiment

Adding a linear regression with intercept 0 to the curve shows that the permeability is initially
lower before the pipes form in the fine sand downstream.

7.8 Flow regime

7.8.1 In fine sand and in barrier
The grain Reynolds numbers for the fine sand and the barrier are estimated based on the
flow velocity that is estimated assuming 1D flow, therefore these are only an estimate of the
Reynolds number as convergence of flow can lead to locally higher flow rates.
The values below 0.6 however suggest that flow is indeed in the Darcy flow regime, in the fine
sand upstream and in the barrier at least at a larger distance away from the pipe. Therefore
hydraulic conductivities will be estimated using Darcy flow.
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Figure 7.22  Estimated grain Reynolds numbers for the fine sand and for the barrier throughout the course of the
experiment

7.9 Apparent hydraulic conductivity
The apparent hydraulic conductivity is estimated by assuming that all flow is 1D through the
cross-section of the model i.e. no convergence from the sides or in the vertical direction. As
soon as a pipe forms this assumption is no longer valid, and in the downstream side of the
model with the hole exit where flow converges from the side this is also not valid even from
the start of the test, which is why the conductivity is referred to as apparent hydraulic
conductivity. Furthermore, it is assumed flow that Darcy’s law applies, which is supported by
the computed grain Reynolds number.

7.9.1 Fine sand upstream of the barrier
In the fine sand upstream of the barrier the initial hydraulic conductivity estimate shows a lot
of scatter. The value seems to stabilise around 2 e-4 m/s around 00:50 and falls gradually
towards approximately 1.7e-4 m/s and remains relatively constant until the medium growth II.
The values are approximately equal for the top and the bottom, suggesting that there is lisle
effect of flow converging towards the top of the model.

Based on column experiments, for this porosity a hydraulic conductivity in the order of 0.9E-4
m/s would be expected.
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Figure 7.23 Estimated average hydraulic conductivity throughout the experiment

7.9.2 Fine sand downstream of the barrier
The flow downstream of the barrier converges towards the exit hole and therefore no reliable
estimate of this can be made. Furthermore, as pipes form flow converges to the pipes.
Therefore no estimate is made of the downstream hydraulic conductivity.

7.9.3 Barrier
Hydraulic conductivities computed using h12 are considered unreliable.
As pipes form flow converges to the pipes, which means that the estimate based on the
assumption of plane flow is not applicable and results don’t characterise the actual
conductivity well. Thus results of the first hour would be most reliable, and subsequent
conductivity estimates are not. The gradient between h11 and h8 is over the longest distance
and thus might be expected to give the best estimate. That yields an estimate in the order of
1e-3 m/s around 00:50, and later in the test in the order of 0.6e-3 m/s. Based on column
experiments, with this porosity a hydraulic conductivity in the order of 0.7e-3 m/s would be
expected.
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Figure 7.24 Estimated average hydraulic conductivity throughout the experiment. Note estimates after 00:55 are
unreliable due to convergence of flow towards the pipe

7.9.4 Interface between the fine sand upstream and the barrier
Flow could possibly transport some finer grains a short distance into the barrier, forming a
filter cake at the upstream interface between the barrier and the fine sand. Therefore the
hydraulic conductivity across this interface is estimated using h7 (2 cm upstream of the
interface in the fine sand) and h8 (2 cm downstream of this interface in the barrier). For
comparison the hydraulic conductivity estimated in the upstream end of the barrier based on
h11 and h8 and the hydraulic conductivity of the fine sand upstream of the barrier is also
shown.
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Figure 7.25 Estimated average hydraulic conductivity throughout the experiment. Note estimates after 00:55 are
unreliable due to convergence of flow towards the pipe

After 02:00, the estimated hydraulic conductivity of the interface is higher than that of the fine
sand upstream of the barrier, and lower than that of the barrier. This would be expected, if
there is no filter cake.

7.10 Summary
Experiment MS-GZB1-B25-25 was conducted with Baskarp 25 sand and a barrier consisting
of GZB1 sand with a partial depth of 12.5 cm.

 Two transducers are considered unreliable:
- h4 (bottom downstream fine).
- h12 (top inside barrier).

 The hydraulic conductivity estimated for the interface between the fine sand and the
barrier is in between the estimates for the barrier and for the fine sand for the majority of
the test, indicating there is probably no filter cake formation.

 The gradient in the pipe parallel to the barrier, and in the pipe perpendicular to the barrier
is very small, supporting the assumption of a negligible head loss in the pipe in the
numerical model.

 The local gradient over the barrier increases even as the pipe damages and goes through
the step of short progression inside the barrier. The maximum gradient over the barrier
occurs at failure, and is in the order of 0.7-0.8. This is similar to the maximum gradient in
the barrier in test 23 with the same barrier material, although that gradient occurred
earlier in the test at medium growth II. In the current test there was no step whereby the
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pipe in the barrier grew past halfway through the barrier before failure, which might be the
reason for this difference.

 When the pipe reaches the barrier this causes a drop in the head measurements inside
the barrier.

 The pipe progresses parallel to the barrier along the entire width of the model.
 A crater forms close to the centre of the model (slightly on the east side) in front of the

barrier, the depth of the crater increases to ca. 3 cm before the barrier is damaged. Thus,
even for the shallow barrier, there was no risk of the crater depth growing below the
barrier.

 When the barrier is damaged a pipe grows between h15 and h17. Between damage and
the short growth step pipes form at different places along the interface between the
barrier and the fine sand. At the end of the medium growth II step there are two pipes,
one in the west and one in the eastern side of the model that have a similar length,
neither of the pipes has progressed beyond half way through the barrier.

 There is no step whereby the pipe grows towards the upstream interface of the barrier
and the fine sand and then widens parallel to the interface between the barrier and the
fine sand, as was observed in tests 21 through 24.

Table 7.3 Overview of sand sample characteristics
Experiment 25 RD [-] hydraulic

conductivity based
on correlation to
porosity, [m/s]

hydraulic
conductivity based
measured heads,

[m/s]
Baskarp B25 Upstream 1.10 9.12E-05 1.70E-04

Baskarp B25 Below barrier 0.96 1.39E-04 no estimate

GZB1 Barrier 1.01 7.43E-04 6.00E-04

Baskarp B25 Downstream 0.95 1.42E-04 no estimate

Table 7.4 Summary of local gradients in the barrier (gradients are averaged minutely)

Between h15
and h14
(3.5 cm)

Between h15
and h13
(7.0 cm)

Between h15
and h12
(10 cm)*

Between h15
and h11
(13 cm)

Between h15
and h8
(27 cm)

Damage 0.92 0.35 0.90 0.49 0.39

Short growth 0.52 0.47 1.05 0.67 0.54

Medium growth II 0.49 0.56 1.14 0.79 0.67

Failure 0.39 0.58 1.22 0.91 0.80

*possibly unreliable measurement of h12

Table 7.5 Summary of local gradients in the barrier (gradients are averaged minutely)

Between h8 and
h11
(14 cm)

Between h8 and
h12
(17 cm)

Between h8 and
h13
(20 cm)

Between h8 and
h14
(23.5 cm)

Between h8 and
h15
(27 cm)

Damage 0.30 0.09 0.40 0.31 0.39

Short growth 0.42 0.24 0.56 0.54 0.54

Medium growth II 0.57 0.40 0.71 0.70 0.67

Failure 0.69 0.55 0.87 0.86 0.80

*possibly unreliable measurement of h12
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Table 7.6 Summary of local gradients in the barrier (gradients are averaged minutely)

Centre between h8 and
h15 (27 cm)

West between h9 and h16
(27 cm)

East between h10 and h17
(27 cm)

Damage 0.39 0.31 0.30

Short growth 0.54 0.45 0.43

Medium growth II 0.67 0.61 0.57

Failure 0.80 0.72 0.70

Table 7.7 Summary of fluxes (measured per 5 minute interval)

Flow velocity, m/s Flux, litre/min
Damage 1.9E-04 4.15

Short growth 2.9E-04 6.08

Medium growth II 3.9E-04 8.21

Failure 4.8E-04 10.26

Table 7.8 Summary of head drop between filter and pipe and head loss over filter for postdictions (head drops are
averaged minutely)

Between filter and h18 Between filter and h19 Between filter and h20
Head drop at damage, m 0.81 0.81 0.82

Head drop at short growth,
m

1.17 1.17 1.17

Head drop at Medium
growth II, m

1.57 1.57 1.57

Head drop at failure, m 1.88 1.89 1.89

Head loss over filter
upstream at damage, m

0.02

Head loss over filter
upstream at short growth, m

0.04

Head loss over filter
upstream at Medium growth
II, m

0.07

Head loss over filter
upstream at failure, m

0.09
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Table 7.9 Measured heads at the critical steps

transducer h1 h2 h3 h4 h5 h6 h7 h8 h9 h10 h11 h12

damage 0.87 0.33 0.17 0.11 0.10 0.54 0.21 0.17 0.18 0.17 0.12 0.15
short

growth 1.22 0.44 0.21 0.13 0.11 0.75 0.26 0.21 0.23 0.22 0.15 0.17
Medium

growth II 1.63 0.57 0.25 0.16 0.14 0.99 0.33 0.26 0.28 0.27 0.19 0.20
failure 1.95 0.67 0.30 0.18 0.16 1.19 0.40 0.31 0.33 0.32 0.22 0.22

transducer h13 h14 h15 h16 h17 h18 h19 h20 h21 h22 h23

damage 0.09 0.09 0.06 0.10 0.09 0.09 0.09 0.08 0.08 0.07 0.07
short

growth 0.10 0.08 0.06 0.11 0.10 0.10 0.09 0.09 0.09 0.08 0.08
Medium

growth II 0.12 0.10 0.08 0.12 0.12 0.11 0.11 0.11 0.11 0.10 0.10
failure 0.14 0.11 0.10 0.13 0.13 0.13 0.13 0.12 0.13 0.12 0.12
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8 Experimental results test MS-GZB1-B25-26

8.1 Test characteristics
The head drop was applied by raising the inflow reservoir.

Table 8.1 Test characteristics

Barrier material GZB1
Background material Baskarp 25
Relative density* barrier, % 0.87
Relative density* fine sand upstream, % 1.07
Relative density* fine sand downstream, % 0.94
Barrier depth, m 0.404
Barrier width, m 0.309
Porosity barrier, - 0.307
Porosity fine sand upstream, - 0.344
Porosity fine sand downstream 0.357
*Relative density is calculated based on the wet minimum and maximum density; these values have an estimated accuracy
of ca. 10% for the fine sand upstream and downstream of the barrier and 20% for the barrier material.
** Variations along the width of the barrier are estimated to be in the order of 6 mm to either side of the interface.

During preparation of the barrier, some of the finest grains in the Metselzand remained in
suspension. This was removed (in order to avoid forming a filter cake on the interface
between the barrier and the fine sand). This was 17.8 g, i.e. less than 0.01%. Therefore, this
is not expected to have affected the composition of the barrier significantly.

8.2 Summary of observations
A summary of the observations during the tests is shown in Table 8.2.

Table 8.2 Summary of observations throughout the experiment. Distances are relative to the centre of the outlet
hole

Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

01:15 01:20 16 0.27 All 3 pipes which were inside the container, grow to the outside

01:25 01:30 20 0.41

S pipe divided into two main branches, one went to the S (underneath transducer

12) and one to the W

01:35 01:40 24 0.56

S branch of the downstream pipe reached the barrier and grew in the parallel

direction, to the W and E sides

01:45 01:50 28 0.84

Fines deposited in the container and filled the outlet hole - Downstream pipe

divided into several inside branches, so it is not possible to measure the width of a

downstream pipe

02:00 02:05 34 1.24

Crumbling of the barrier grains in the interface - A crater formed in the interface

and few barrier grains moved into it

02:40 02:45 57 2.41 The parallel pipe progressed further and reached the W and E end of the model

02:50 02:55 63 2.66

Damage - Several small pipes formed in the barrier - The main pipe progressed into

the barrier until 53.5 cm, more than other small pipes
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Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

03:00 03:05 69 2.99 Crumbling of the barrier grains in the tip of the main pipe

03:45 03:50 76 3.32

The main pipe in the barrier becomes very wide without any progression ( the pipe

that grows from the crater)

04:00 04:05 88 3.94

New small pipes formed in the barrier, in the W side of the model - One of the pipes

grew underneath transducers 16 and 19

04:15 04:20 100.1 4.58 Progression of the main pipe in the barrier, until 55 cm, growth short

04:25 04:30 108 4.89

Main pipe progressed further, until 55.5 cm - One pipe in the W side of the model

formed in the barrier until 54 cm

04:35 04:40 119 5.33 A new pipe formed in the barrier on the E side of the model, until 53.5 cm

04:45 04:50 125 5.74 Progression of the W pipe until 54.5 cm

04:50 04:55 130 6.14

Movement of barrier grains in the E and W pipes - One part of a barrier, near

transducer 17 moved suddenly until 54 cm, as the head increased

04:55 05:00 135 6.36 A new pipe formed in the W side

05:00 05:05 140 6.64

Barrier grains washed out and moved to the downstream - Progression of the pipes,

from different sides, into the barrier

05:10 05:15 151.5 7.04

All the pipes progressed further, mostly the main pipe which progressed until 56.2

cm

05:20 05:25 161.5 7.66

The pipe that was formed on the W end side of the barrier, progressed suddenly,

until 57 cm - The main pipe grows to 57 cm

05:35 05:40 176.5 8.48

Two pipes grow from the barrier to the downstream (in the fine part), in the E and

W end sides of t the model

05:40 05:45 181.5 8.60 Progression of the pipe which was in the W end side of the model, until 57.8 cm

05:55 06:00 196.5 9.59

The pipe underneath transducers 16 and 19, in the W side of the model, grows

suddenly until 67 cm. Growth long

06:15 06:20 196.5 9.92 pipe progressed until 77 cm

06:30 06:35 211.5 10.59

Pipe becomes shallower in the middle of the barrier, with the depth of 1 cm - The

tip of the pipe goes to the E

06:40 06:45 221.5 11.09 Pipe becomes wider in the parallel direction, and progresses further to the E

07:00 07:05 241.5 12.13 Pipe grows a little to the E

07:10 07:15 251.5 12.31

Progression of the pipe until 79 cm - pipe grows further to the E, near transducer 8 -

A new branch formed and grows to the W - Generally, the main pipe divided to the

E and W branches

07:15 07:20 256.5 12.82 Progression of the pipe to the E, until transducer 8

07:20 07:25 261.5 13.19

Great progression of the pipe from both branches ( to the E and W) - a T shape pipe

formed in the barrier

07:25 07:30 266.5 13.53 E branch of the pipe goes further to the E

07:30 07:35 271.5 13.90 E branch of the pipe goes further to the E

07:35 07:40 276.5 14.15

The E branch of the pipe grows more to the E and very close to the upstream

interface, near transducer 10

07:55 08:00 296.5 14.77

Failure- E branch pipe reached the upstream and when failure happened the water

flows exactly from the E branch to the main pipe

*includes head drop over upstream filter

Different steps of pipe progression during the test are shown in Figure 8.1, these steps, are
also indicated in the plots of the measurements in this Chapter.
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Time 02:50 damage

Time 04:15 Short growth (short progression)
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Time 05:55 Long growth (long progression) of pipe in the west (top of image)

Time 07:50 Just prior to failure
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Time 07:55 Failure breach close to h10
Figure 8.1  Illustration of the approximate location of the pipe at different points during the experiment

8.3 Temperature measurements
The temperature of the water flowing into the model and coming out of the model is
continuously measured.
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Figure 8.2 Temperature throughout the experiment

8.4 Head measurements

8.4.1 Bottom of setup
Heads measured in the bottom of the setup initially follow the stepwise increase of the
upstream water level. At 01:35 the heads fall with the exception of h1, close to the inlet filter.
This is when the first pipes reach the barrier and when a pipe progresses parallel to the
barrier. Subsequently the heads do increase further with increasing upstream head.
Transducer h4 is considered to be unreliable as this does not show a constant head during
the phase when the head drop is 0, and during the first 1,5 hour of the test, this transducer
shows a higher head than h3 and h2 which would not be expected based on its location
further downstream. This was also observed in several other tests, therefore this transducer
is considered unreliable in all tests.
There is also a drop at the long growth step in h2 and h3.
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Figure 8.3 Head measurements throughout the experiment

8.4.2 Top of setup
The measurements on the upstream side of the setup are shown. All transducers follow the
gradual application of the head difference by the increase of the upstream head initially, and
there is a fall when the pipe reaches the barrier at 01:35.
As h8, h9 and h10 are in a row parallel to the barrier at 2 cm from the upstream interface of
the barrier. It is expected that these show the same values. After the pipe reaches the barrier,
h8 in the centre has the lowest head and h9 on the western side has the highest head, but
the difference is so small that this cannot be seen in Figure 8.4. There are no notable falls
when the pipe damages the barrier, but there is a small drop in heads h6-h9 for the long
progression step. After long growth the difference between h10 and h8 increase, h8 and h9
grow closer together.
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Figure 8.4 Head measurements throughout the experiment

The measurements in the downstream end of the barrier show a higher head in h12, h16 and
h17 than in the other transducers. This is strange because h11 is upstream of all three of
these measurements, and h16 and h17 are downstream of h13 and h14 as well. Higher
values in h16 and h17 at the sides of the model could indicate preferential flow more towards
the centre of the model. A deviating value in h12, suggesting this transducer is unreliable, is
observed in several tests, therefore the transducer is considered unreliable in all tests.
After the pipe reaches the barrier, the heads in h16 and h17 do fall below h11, indicating that
these probably work fine. They do remain higher than h15.
There is a drop in the head measurements in h11-h13 at the long growth step. There is also a
drop at 4:30 two increments after the short growth step when further pipes form in the barrier,
this drop is seen in h11-h17. Transducer h15 shows a fall whilst the applied head drop is
maintained constant.
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Figure 8.5 Head measurements throughout the experiment

The measurements in the fine sand downstream are shown in Figure 8.6. The measurements
further upstream, h18 to h21 clearly show a peak before the pipe reaches the barrier at 01:35.
H22 is notably lower than h23 and h18-h21 throughout most of the test. H22 is lower than the
other transducers (h23 downstream of h22 and h18-h21 upstream of h22) it is unclear what
caused this deviation.
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Figure 8.6 Head measurements throughout

8.5 Head drop corrections
Head measurements are corrected for variations in atmospheric pressure, and the head loss
over the filter is computed as described in Chapter 2. The correction for the head loss over
the filter is made, as in the other tests. The filter corrected head drop is the head drop that is
over the setup after compensating for the head loss over the inlet filter. The corrected head
drop to the pipe is the head drop up to h18-h20 as these are in the location where the pipe
forms in the downstream sand. This head drop excludes losses in the pipe to the exit, and in
the sand boil at the exit.

8.5.1 Head loss over upstream part of setup: filter corrected head drop
The head loss over the filter and the upstream part of the setup, as computed by
extrapolating the measurements in h1 and h2 in the bottom of the box to the upstream end of
the setup, is shown whereby values are averaged per minute. This value increases with flow
rate, as expected; the maximum loss is in the order of 16 cm. The applied head drop minus
the head drop over the filter is referred to as the filter corrected head drop.
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Figure 8.7 Computed head loss throughout the experiment on the left axis, on the right axis the applied head drop
and the filter corrected head drop, values are averaged per minute

8.5.2 Head loss between transducers downstream of the barrier and outlet: corrected head drop up
to the pipe
The difference between the filter corrected head drop up to the transducers and the applied
filter corrected head drop is initially higher. Before the pipe forms there is still resistance of the
fine sand. Then when the pipes have formed this difference becomes smaller.
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Figure 8.8 Computed corrected head drop between filter and downstream interface of the barrier throughout the
experiment

8.6 Gradients

8.6.1 Horizontal gradient inside the barrier perpendicular to the barrier along centreline from h15
The horizontal gradients between h15 (1 cm upstream of the downstream interface between
the barrier and the fine sand) and the other transducers are computed. Due to the small
distance among transducers, scatter in the data causes a relatively wide bandwidth therefore
results are averaged per minute.
Pipes do not form directly below these transducers. The pipe which causes damage and the
short growth step is just to the east of the line of transducers, whereas the pipe that causes
the long growth step forms to the west below h16.
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Figure 8.9  Computed gradients throughout the experiment, vertical lines indicate the times when the pipe has
reached the barrier, and when the pipe has progressed a specific distance in the barrier

The gradient between h14 and h15 closest to the edge of the barrier shows an increase to 1.0
until beyond the damage point, the point of the short growth, then remains constant and falls
at the long growth. Gradients computed using h12 are considered to be unreliable. The
gradients to h13 and h11 are similar and the gradient up to h8 shows the lowest value. These
all follow the trend of increasing until the long growth step. The maximum gradient between
h8 and h15 is ca 0.6. There is a further decline in all gradients at 7:10 when the pipe
progresses parallel to the upstream interface of the barrier.
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The gradient from the upstream side, h8, to the transducers on the downstream side is shown
in Figure 8.10. Gradients computed using h12 are considered to be unreliable. The gradient from
h8 to h15 is highest, probably due to convergence of flow towards the end of the barrier.
There is a drop in the gradients at the long growth step. After the long growth step, there are
two drops. The first drop is at 6:30 when the initial progression of the pipe parallel to the
upstream interface of the barrier starts. The second one is at 7:10 when the pipe progresses
parallel to the upstream interface of the barrier in the east and west directions.
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Figure 8.10  Gradients computed throughout the experiment

8.6.2 Horizontal gradient inside the barrier perpendicular to the barrier along centreline over
increments of the barrier
To assess heterogeneity in the barrier the gradient is also computed between successive
pairs of transducers. A negative head drop means that the head of the upstream transducer is
smaller than the head of the downstream transducer. Gradients computed using h12 are
considered to be unreliable.
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The negative gradient between h14 and h13 is small and becomes positive at the damage
point. This was also the case in test 25 and it is unclear whether this reflects actual
heterogeneity or possibly a slight measurement error in one of the two transducers.
The gradient between h14 and h15 increases sharply when the pipe reaches the barrier at
1:35, this increase is also seen to a lesser extent between h14 and h13. The gradient
between h11 and 8, furthest upstream shows a gradual increase until the long growth step,
then, at 07:05 the gradient here falls close to 0. This is when the pipe progresses parallel to
the interface between the barrier and the fine sand from the west towards h8.

Figure 8.11 Computed gradients throughout the experiment
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8.6.3 Horizontal gradient inside the barrier at three locations along the width of the barrier
The horizontal gradient over the barrier measured between h16 and h9, h15 and h8 and h17
and h10 is shown. Initially the gradient along the centreline of the model is higher than along
the sides, the gradient at the sides is in the order of 0, but even slightly negative. When the
pipe reaches the barrier there is a rise in the gradients, whereby the gradient in the centre
remains highest. At the long growth step all gradients fall, after this, the gradient between h17
and h10 in the east of the model furthest away from the location where the pipe grew is
highest, and the gradient between h16 and h9, where the pipe formed, is lowest. The
maximum gradient achieved is similar along the length, ca 0.61 to 0.64.

Figure 8.12 Computed gradients throughout the experiment

8.6.4 Horizontal gradient inside the barrier along the width of the barrier
In order to assess horizontal flow converging from the sides to the pipe in the barrier the
horizontal gradient between h8-h9 and h8-h10 and h15-h16 and h15-h17 is shown. A positive
gradient indicates a higher head in the transducers on the side of the model than in the
centre.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 208 van 307

Figure 8.13 Computed gradients throughout the experiment

The gradients on the upstream side remain low until the long growth step, then the
magnitudes of the gradients increase, as expected as the pipe forms below h9. On the
downstream side there is a jump in the gradients when the pipe reaches the barrier, giving a
higher head on the sides of the model than in the centre. The gradients increase gradually
until just before the short growth step, at 4:00 when it is observed that small pipes formed in
the barrier on the west side of the model.

8.6.5 Vertical gradient inside the barrier
The vertical gradient inside the barrier between h14 and h3 is shown; positive values indicate
a higher head in the bottom of the model than in the top of the model. The gradient is
approximately 0 until the pipe reaches the barrier, then the gradient increases to a maximum
value just above 0.25 prior to the long growth step.
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Figure 8.14 Computed gradients throughout the experiment

8.6.6 Horizontal gradient in the fine sand and the pipe downstream of the barrier parallel to the
barrier
This is computed so that a positive gradient indicates a higher head at the sides, so flow
would converge to the centre of the model. The gradients are very low indicating little
resistance to flow in the pipe that is on the downstream end parallel to the barrier. There is a
peak when the pipe reaches the barrier, and the gradient falls as the pipe progresses along
the barrier. After the pipe damages the barrier, the head remains lower on the east than in the
centre, in the west the head is higher than in the centre. During this test initially the largest
pipe formed on the east side of the model, but the long growth step occurred in the west of
the model.
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Figure 8.15 Computed gradients throughout the experiment

8.6.7 Horizontal gradient in the fine sand and the pipe downstream of the barrier perpendicular to
the barrier
In the top of the model, the gradients peak as the pipe progresses and subsequently remain
below 0.08 indicating the head loss along the pipe is small. The gradient in the bottom of the
model is higher, however, h4 is considered unreliable. The gradient between h22 and h23 is
negative, it was noted that the head measured in h22 is higher than in h23 downstream of this
and it is not clear whether this might indicate a possible error in the measurement of h22. This
gradient is considered unreliable therefore the scale is not extended to contain the negative
gradient.
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Figure 8.16 Computed gradients throughout the experiment

8.6.8 Horizontal gradient in the fine sand upstream of the barrier perpendicular to the barrier
The horizontal gradient upstream of the barrier is shown for the top and the bottom of the
model. The gradients in the top and the bottom show a very similar value and follow the trend
of increasing average gradient. Due to the low resistance to flow in the barrier and in the pipe
downstream of the barrier, these local gradients become very high. The applied head drop
beyond the filter, in the order of 2.75 m, is mainly dissipated in the upstream sand, which has
a width of ca 0.6 m. Neglecting convergence of flow, this would give an expected gradient in
the order of 4.6 which is close to what is shown the figure for the gradient in the top. The
gradient in the top of the model is slightly higher than in the bottom after the pipe has grown
into the barrier. This would be expected to cause some convergence of flow towards the top
of the model, resulting in a higher gradient.
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Figure 8.17 Computed gradients throughout the experiment

8.6.9 Horizontal gradient across the upstream interface of the barrier and the fine sand
The horizontal gradient in the top of the model is measured over 4 cm, over the interface
between the fine sand and the barrier. In the bottom of the model the gradient is measured
over a longer distance including a relatively longer stretch of barrier material.
Both gradients gradually increase with the applied head drop. The gradient is higher in the top
of the model, which would be expected as this gradient is over a relatively larger distance of
fine sand. The gradient at the top over the interface is somewhat lower than the gradient in
the fine sand upstream, however, a larger difference might be expected considering that the
gradient is computed over ca. 50% fine sand and 50% barrier. There is a sharp jump in the
gradient in the top of the model at 07:10 when the pipe progresses parallel to the upstream
interface between the barrier and the fine sand and passes below h8.
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Figure 8.18 Computed gradient throughout the experiment

8.6.10 Vertical gradient in fine sand
The vertical gradient in the fine sand upstream and downstream of the barrier is computed
using transducers that are directly above one another (h2 and h7 upstream and h4 and h21
downstream). A negative gradient implies a higher head in the top of the model.
The vertical gradient in the downstream side is considered unreliable due to h4 being
unreliable. The vertical gradient upstream of the barrier increases at the long growth step,
and subsequently increases further as the pipe progresses parallel to the interface between
the barrier and the fine sand. The maximum value remains below 0.27.
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Figure 8.19 Computed gradient throughout the experiment

8.7 Flow rate
The volumetric flow rate in litres per second is converted to a mean flow velocity by scaling
with the inflow area. The local velocities may differ due to convergence of flow in the model.
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Figure 8.20 Flow rate throughout the experiment



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 216 van 307

Figure 8.21 Flow velocity throughout the experiment

Figure 8.21 indicates different overall permeabilities, depending on the pipe growth. Adding a
linear regression with intercept 0 to the curve shows that the permeability is initially lower
before the pipes form in the fine sand downstream.

8.8 Flow regime

8.8.1 In fine sand and in barrier
The grain Reynolds numbers for the fine sand and the barrier are estimated based on the
flow velocity that is estimated assuming 1D flow, therefore these are only an estimate of the
Reynolds number as convergence of flow can lead to locally higher flow rates.
The values below 1 however suggest that flow is indeed in the Darcy flow regime, in the fine
sand upstream and in the barrier at least at a larger distance away from the pipe. Therefore
hydraulic conductivities will be estimated using Darcy flow.
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Figure 8.22  Estimated grain Reynolds numbers for the fine sand and for the barrier throughout the course of the
experiment

8.9 Apparent hydraulic conductivity
The apparent hydraulic conductivity is estimated by assuming that all flow is 1D through the
cross-section of the model i.e. no convergence from the sides or in the vertical direction. As
soon as a pipe forms this assumption is no longer valid, and in the downstream side of the
model with the hole exit where flow converges from the side this is also not valid even from
the start of the test, which is why the conductivity is referred to as apparent hydraulic
conductivity. Furthermore, it is assumed flow that Darcy’s law applies, which is supported by
the computed grain Reynolds number.

8.9.1 Fine sand upstream of the barrier
In the fine sand upstream of the barrier the initial hydraulic conductivity estimates before 0:30
show a lot of scatter. The value seems to stabilise around 1.6 e-4 m/s and 1.5 e-4 m/s and
remains relatively constant. The values are approximately equal for the top and the bottom,
suggesting that there is lisle effect of flow converging towards the top of the model.

Based on the column experiments, for the porosity achieved in the test a hydraulic
conductivity in the order of 1.0E-4 m/s would be expected.
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Figure 8.23 Estimated average hydraulic conductivity throughout the experiment

8.9.2 Barrier
Hydraulic conductivities computed using h12 are considered unreliable. As pipes form flow
converges to the pipes, which means that the estimate based on the assumption of plane flow
is not applicable and results don’t characterise the actual conductivity well. Thus results of the
first hour would be most reliable, and subsequent conductivity estimates are not. The gradient
between h11 and h8 is over the longest distance and thus might be expected to give the best
estimate. After the progression of the pipe parallel to the interface in the barrier this gradient
becomes negative and therefore I no longer shown.
That yields an estimate in the order of 0.4e-3 m/s around 00:50, and later in the test in the
order of 0.7E-3 m/s. Based on column experiments a hydraulic conductivity in the order of
1.0E-3 m/s would be expected for the relative density that was achieved in the experiment.
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Figure 8.24 Estimated average hydraulic conductivity throughout the experiment. Note estimates after 00:55 are
unreliable due to convergence of flow towards the pipe

8.9.3 Interface between the fine sand upstream and the barrier
Flow could possibly transport some finer grains a short distance into the barrier, forming a
filter cake at the upstream interface between the barrier and the fine sand. Therefore the
hydraulic conductivity across this interface is estimated using h7 (2 cm upstream of the
interface in the fine sand) and h8 (2 cm downstream of this interface in the barrier). For
comparison the hydraulic conductivity estimated in the upstream end of the barrier based on
h11 and h8 and the hydraulic conductivity of the fine sand upstream of the barrier is also
shown.
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Figure 8.25 Estimated average hydraulic conductivity throughout the experiment. Note estimates after 00:55 are
unreliable due to convergence of flow towards the pipe

After 01:00, the estimated hydraulic conductivity of the interface is higher than that of the fine
sand upstream of the barrier, and lower than that of the barrier. This would be expected, if
there is no filter cake. There is a small drop around 07:10 when the pipe in the barrier
progresses parallel to the interface to h8.

8.10 Summary
Experiment MS-GZB1-B25-26 was conducted with Baskarp 25 sand and a barrier consisting
of GZB1 sand reaching to full depth.

 Two transducers are considered unreliable:
- h4 (bottom downstream fine).
- h12 (top inside barrier).

 The hydraulic conductivity estimated for the interface between the fine sand and the
barrier is in between the estimates for the barrier and for the fine sand for the majority of
the test, indicating there is no significant filter cake formation.

 The gradient in the pipe parallel to the barrier, and in the pipe perpendicular to the barrier
is very small, supporting the assumption of a negligible head loss in the pipe in the
numerical model.

 The local horizontal gradient over the barrier increases even as the pipe damages the
barrier, and goes through the step of short growth inside the barrier. The maximum
gradient over the barrier occurs at the long growth step, and is in the order of 0.6. This is
slightly less than the maximum gradients in the barrier in tests 23 and 25 with the same



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 221 van 307

barrier material (that gradient occurred at long growth in test 23 and at failure in test 25, in
test 25 no long growth step was observed).

 When the pipe reaches the barrier this can be seen in the transducers that show a drop
whilst the overall head drop is increased. Between damage of the barrier and the growth
steps there is a period of constant head drop during which the head in h15 in the centre of
the model falls.

 The pipe progresses parallel to the barrier along the entire width of the model.
 When the barrier is damaged a pipe grows just to the east of h15, and this pipe shows the

short growth. Failure is caused by a pipe initiating on the west side of h15, that pipe
grows upstream and subsequently parallel to the interface between the barrier and the
fine sand.

 The long growth step is clearly observed in the measurements, damage and short growth
are not. The progression of the pipe along the upstream interface between the barrier and
the fine sand can also be seen in the transducers.

 The maximum gradient measured over the barrier is similar for the 3 transducer pairs
along the width of the barrier. The maximum gradient occurs at the long growth step, after
which the overall head drop still had to be increased in order to cause failure.

 There is erosion of several pipes along the width of the model during much of the test
until the long growth step after which only the pipe in the west of the model progresses
parallel to the interface between the barrier and the fine sand.

 The pipe depth estimated at damage is 2.5 cm.
 Pipe depth in the barrier after the long growth is initially estimated in the order of 2 cm,

but this becomes shallower when the pipe progresses parallel to the upstream interface of
the barrier and the fine sand.

Table 8.3 Overview of sand sample characteristics
Experiment 26 RD [-] hydraulic

conductivity based
on correlation to
porosity, [m/s]

hydraulic
conductivity based
measured heads,

[m/s]
Baskarp B25 Upstream 1.07 1.01E-04 1.50E-04

GZB1 Barrier 0.87 9.81E-04 7.00E-04

Baskarp B25 Downstream 0.94 1.46E-04 no estimate

Table 8.4 Summary of local gradients in the barrier (gradients are averaged minutely)

Between h15
and h14
(3.5 cm)

Between h15
and h13
(7.0 cm)

Between h15
and h12
(10 cm)*

Between h15
and h11
(13 cm)

Between h15
and h8
(27 cm)

Damage 0.61 0.30 0.56 0.33 0.23

Short growth 1.01 0.60 0.83 0.56 0.40

Long growth 0.98 0.74 1.04 0.83 0.64

Failure 0.67 0.35 0.61 0.31 0.14

*possibly unreliable measurement of h12
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Table 8.5 Summary of local gradients in the barrier (gradients are averaged minutely)

Between h8 and
h11
(14 cm)

Between h8 and
h12
(17 cm)

Between h8 and
h13
(20 cm)

Between h8 and
h14
(23.5 cm)

Between h8 and
h15
(27 cm)

Damage 0.14 0.04 0.21 0.18 0.23

Short growth 0.26 0.15 0.33 0.31 0.40

Long growth 0.46 0.40 0.60 0.59 0.64

Failure -0.02 -0.14 0.06 0.06 0.14

*possibly unreliable measurement of h12

Table 8.6 Summary of local gradients in the barrier (gradients are averaged minutely)

Centre between h8 and
h15 (27 cm)

West between h9 and h16
(27 cm)

East between h10 and h17
(27 cm)

Damage 0.23 0.16 0.19

Short growth 0.40 0.35 0.35

Long growth 0.64 0.61 0.63

Failure 0.14 0.00 0.39

Table 8.7 Summary of fluxes (measured per 5 minute interval)

Flow velocity, m/s Flux, litre/min
Damage 1.15E-04 2.45

Short growth 2.05E-04 4.37

Long growth 4.37E-04 9.31

Failure 7.05E-04 15.02

Table 8.8 Summary of head drop between filter and pipe and head loss over filter for postdictions (head drops are
averaged minutely)

Between filter and h18 Between filter and h19 Between filter and h20
Head drop at damage, m 0.51 0.50 0.51

Head drop at short growth,
m

0.84 0.84 0.84

Head drop at long growth,
m

1.71 1.71 1.71

Head drop at failure, m 2.59 2.59 2.59

Head loss over filter
upstream at damage, m

0.02

Head loss over filter
upstream at short growth, m

0.04

Head loss over filter
upstream at long growth, m

0.09

Head loss over filter
upstream at failure, m

0.15
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Table 8.9 Measured heads at the critical steps

transducer h1 h2 h3 h4 h5 h6 h7 h8 h9 h10 h11 h12

damage 0.56 0.17 0.12 0.12 0.08 0.35 0.15 0.13 0.14 0.13 0.11 0.12
short

growth 0.89 0.23 0.16 0.14 0.10 0.55 0.22 0.18 0.18 0.18 0.14 0.15
long

growth 1.75 0.38 0.24 0.20 0.14 1.04 0.36 0.28 0.28 0.28 0.21 0.21
failure 2.65 0.46 0.26 0.23 0.19 1.51 0.36 0.19 0.18 0.28 0.19 0.22

transducer h13 h14 h15 h16 h17 h18 h19 h20 h21 h22 h23

damage 0.09 0.09 0.07 0.10 0.08 0.07 0.07 0.07 0.06 0.03 0.05
short

growth 0.11 0.10 0.07 0.09 0.09 0.08 0.08 0.08 0.07 0.04 0.06
long

growth 0.16 0.14 0.10 0.12 0.11 0.11 0.11 0.11 0.11 0.07 0.10
failure 0.18 0.18 0.16 0.17 0.17 0.17 0.17 0.17 0.17 0.11 0.17
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9 Experimental results test MS-GZB1-B25-27

9.1 Test characteristics
The head drop was applied by raising the inflow reservoir. During this test the head
transducer in the upstream reservoir did not function well, therefore no correction could be
made for the variation due to atmospheric pressure changes throughout the test.
Long growth is considered to be the progression step where the pipe progresses past half
way through the barrier. In the current test the pipe progresses just past half way through the
barrier, and there is a second long progression step in which the pipe grows to the interface.
That is considered long growth II (or long progression II) and both steps are included in the
summary tables at the end of this Chapter. Only the first long progression is included in the
figures.

Table 9.1 Test characteristics

Barrier material GZB1
Background material Baskarp 25
Relative density* barrier, % 0.55
Relative density* fine sand upstream, % 0.57
Relative density* fine sand downstream, % 0.63
Barrier depth, m 0.404
Barrier width, m 0.297
Porosity barrier, - 0.342
Porosity fine sand upstream, - 0.398
Porosity fine sand downstream 0.392
*Relative density is calculated based on the wet minimum and maximum density; these values have an estimated accuracy
of ca. 10% for the fine sand upstream and downstream of the barrier and 20% for the barrier material.
** Variations along the width of the barrier are estimated to be in the order of 6 mm to either side of the interface.
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9.2 Summary of observations

Table 9.2 Summary of observations throughout the experiment. Distances are relative to the centre of the outlet
hole

Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

00:30 00:35 4 0.10 Two small pipes formed inside the container, in the SE and NE sides

00:50 00:55 8 0.26

A new pipe formed inside the container, in the E side (Totally 5 pipes formed inside

the container) - The NW, E and S pipes grew outside the container

01:05 01:10 12.5 0.45

A new pipe formed inside the container, in the SW side - The S and SE pipes

connected to each other and progressed to the upstream in the S direction

01:10 01:15 14.5 0.55

The S pipe that progressed to the upstream, divided into two branches (E and W

branches) - The W branch grew more, until 27 cm

01:15 01:20 16.5 0.65

The SW pipe progressed to the upstream until 23.5 cm - The E branch grew until 27

cm and the W branch grew until 35 cm

01:20 01:25 18.5 0.79

The W branch became wider and longer than the E one and divided into two pipes,

one in the centre part of the model and the other in the W part - The central branch

of the pipe passed underneath transducer 21

01:25 01:30 20.5 0.92

Pipe (The W branch in the previous step) reached the barrier from two points, one

in the centre (underneath transducer 18) and the other one in W side of the model

01:30 01:35 22.5 1.27

Two pipes connected to each other and formed a one pipe in the interface that

progressed in the parallel direction of the barrier to the E and W sides

01:45 01:50 28.5 2.03

A crater formed in the interface - It is not possible to measure the depth and width

of the downstream pipe because it has consisted of multiple branches

02:05 02:10 38.5 2.90 Fine erosion in the parallel and downstream pipe

02:10 02:15 41.5 3.19

Crumbling of the barrier grains in the interface - The parallel pipe reached the E and

W end sides of the model

02:15 02:20 44.5 3.31

Damage - The main pipe progressed into the barrier from the crater and passed

underneath transducer 15 - Other pipe formed inside the barrier in the W side

02:20 02:25 47.5 3.80 progression of the main pipe until 52.5 cm

02:30 02:35 53.5 4.26 Small pipes formed along the barrier with few progression inside the barrier

02:35 02:40 56.5 4.51 Barrier grains washed out and moved to the crater

02:40 02:45 59.5 4.86 Progression of the main pipe until 57 cm

02:45 02:50 62.5 5.12 Progression of the main pipe until 58.5 cm.

03:05 03:10 76.5 6.32

Pipe progressed until 59 cm and divided into E and W branches (formed a T shape

pipe) - The W branch located between transducers 12 and 13. Short growth

03:15 03:20 84.5 7.21

Erosion of the barrier grains - Barrier grains moved to the parallel pipe - The depth

of the downstream and parallel pipe, and the crater decreased because of the fine

erosion

03:25 03:30 92.5 7.85 The E branch of the pipe grew suddenly to the E, until 64 cm

03:30 03:35 96.5 8.33

The E branch of the pipe progressed further to the E, until 67 cm - The pipe that was

in the W side of the barrier progressed to 54.5 cm - Barrier grains washed out to the

downstream, mostly in the crater and the W pipe. Long growth

03:50 03:55 104.5 8.65 Sand boil in the inlet

03:55 04:00 108.5 9.51 The main pipe became deeper without any progression

04:00 04:05 112.5 9.91

Sand boil in the inlet (near the filter) and migration of the fines and formation of

short shallow pipes
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Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

04:05 04:10 116.5 10.22

The main pipe grew to the W and formed a T shape pipe with the E and W branches

- The W branch grew more in the parallel direction - The width of the pipe increased

in the middle of the barrier

04:10 04:15 120.5 10.41 The W pipe progressed until 57.5 cm

04:25 04:30 132.5 11.60

The main pipe progressed a lot from the E branch to the E, near the upstream

interface (near transducer 10) until 77.5 cm and then grew to the W in the parallel

direction. Long growth II (not drawn)

04:30 04:35 136.5 12.32 A deep slope formed in the pipe, underneath the beam with the depth of 1.5 cm

04:35 04:40 140.5 12.16

Pipe progressed to the E in the parallel direction of the barrier and passed

underneath transducer 10

04:40 04:45 144.5 12.73 A few progression to the W in the parallel direction

04:45 04:50 148.5 13.08

The W branch progressed further and grew in the straight direction to the upstream

interface, exactly to the border

05:00 05:05 150.5 0.00

Failure - The E branch of the pipe reached the upstream interface and failure

happened in the E side of transducer 10

*includes head drop over upstream filter

** during the first steps of the test no flux could be measured

Different steps of pipe progression during the test are shown in Figure 9.1. These steps,
except the second long progression, are also indicated in the plots of the measurements in
this Chapter.
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Time 02:15 damage
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Time 03:05 Short growth (short progression)

Time 03:30 Long growth (long progression)

Time 04:25 Long growth II (long progression II)
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Time 04:55 Just prior to failure

Time 05:00 Failure breach through the eastern side of the pipe
Figure 9.1  Illustration of the approximate location of the pipe at different points during the experiment
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9.3 Temperature measurements
The temperature of the water flowing into the model and coming out of the model is
continuously measured.

Figure 9.2 Temperature throughout the experiment

9.4 Head measurements

9.4.1 Bottom of setup
Heads measured in the bottom of the setup initially follow the stepwise increase of the
upstream water level. At 01:30 the heads fall with the exception of h1, this is close to the inlet
filter. This is just after the pipe reaches the barrier at 1:25 and when it starts to progress
parallel to the barrier. Subsequently the heads do increase further with increasing upstream
head. At 4:25 there is a small drop in H2 and H3, this is when there is a further progression of
the pipe, the second long progression.
Transducer h4 may not be reliable as this does not show a constant head during the phase
when the head drop is 0, and the value of this transducer is lower than would be expected
based on its location in the model. As this transducer was found to be unreliable in a number
of other tests as well, this is considered to be unreliable in all tests.
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Figure 9.3 Head measurements throughout the experiment

9.4.2 Top of setup
The measurements on the upstream side of the setup are shown. All transducers follow the
gradual application of the head difference by the increase of the upstream head initially, and
there is a fall just after the pipe reaches the barrier at 01:25.
As h8, h9 and h10 are in a row parallel to the barrier at 2 cm from the upstream interface of
the barrier, it is expected these show the same values. This is the case approximately up to
the first long progression step. After that the head in h9 in the west is higher than in h8 and
h10, which would be expected as the pipe is between the middle and east side of the model.
After the second long progression step the head is lowest in h10 which is expected based on
the location of the pipe.
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Figure 9.4 Head measurements throughout the experiment, second long progression step is at 04:25

The measurements in the downstream end of the barrier show a significantly higher head in
h12, h16 and h17 than in the other transducers. This is strange because h11 is upstream of
all three of these measurements, and h16 and h17 are downstream of h13 and h14 as well.
Higher values in h16 and h17 at the sides of the model could indicate preferential flow more
towards the centre of the model. Transducer h12 on the other hand is considered unreliable
based on the deviations of this transducer observed in this test and in other tests.
After the pipe reaches the barrier, the heads in h16 and h17 do fall below h11, indicating that
these probably work. They do remain significantly higher than h15, and are generally higher
than in h14 and h13. As h10 and h9 are not higher than h8 during the beginning of the test, if
there is more preferential flow through the middle of the model this appears to be mainly in
the barrier. H 16 is higher than h17, which corresponds to the pipe developing predominantly
on the eastern side of the model.

Before the pipe reaches the barrier, the heads in the transducers in ascending order is h13,
h15, h11, h14, (h16/h17). Considering the alignment of transducers, this means that the head
measured in h13 is lower than expected and in h14 it is higher than expected. Differences
among transducers are in the order of mm, therefore it is difficult to assess whether this is
significant.

It is notable that h15 is significantly lower than the other measurements for the period
between 1:25 and ca. 3:30 (the first long progression step)-when h13 becomes slightly lower
than h15 with h14 being higher than both. It can be seen that the pipe in the barrier is present
below h15, which can cause the lower head there. After the first long growth step, the pipe is
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to the east of h14 and seems to widen below h12 and h13, which could possibly cause the
lower head in h13 than in h14.

There is a drop in the head measurement in h11 just prior to the first long growth step. There
is hardly a response at the second long growth step, when the pipe has already passed these
transducers in the downstream end of the barrier.

Figure 9.5 Head measurements throughout the experiment

The measurements in the fine sand downstream are shown in Figure 9.6. The measurements
further upstream, h18 to h21 clearly show a peak before the pipe reaches the barrier at 01:25.
The measurements further downstream peak earlier corresponding to the pipe passing these.
After the pipe reaches the barrier, initially h18 in the centre is lower than h19 and h20, as the
pipe damages the barrier these values become more similar. During the last phase of the
experiment, the difference among h18-h23 is less than 2 cm indicating that the assumption of
a negligible head drop in the pipe is valid.
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Figure 9.6 Head measurements throughout the experiment

9.5 Head drop corrections
Head measurements are not corrected for variations in atmospheric pressure in this current
test; the head loss over the filter is computed as described in Chapter 2. The correction for
the head loss over the filter is made, as in the other tests. The filter corrected head drop is the
head drop that is over the setup after compensating for the head loss over the inlet filter. The
corrected head drop to the pipe is the head drop up to h18-h20 as these are in the location
where the pipe forms in the downstream sand. This head drop excludes losses in the pipe to
the exit, and in the sand boil at the exit.

9.5.1 Head loss over upstream part of setup: filter corrected head drop
The head loss over the filter and the upstream part of the setup, as computed by
extrapolating the measurements in h1 and h2 in the bottom of the box to the upstream end of
the setup, is shown whereby values are averaged per minute. A negative value indicates that
the extrapolated head is higher than the applied head drop. The measured head in h1
upstream was initially sometimes slightly higher than the applied head drop. This difference
suggests some uncertainty in the application of the head drop, in the order of mm’s, or
unreliability of the extrapolated head. This uncertainty is small relative to the size of the head
drop applied throughout the test and this also indicates that the head loss through the filter in
the first part of the experiment is negligible. The head loss over the filter increases with flow
rate, as expected; the maximum loss is in the order of 6 cm. The applied head drop minus the
head drop over the filter is referred to as the filter corrected head drop.
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Figure 9.7 Computed head loss throughout the experiment on the left axis, on the right axis the applied head drop
and the filter corrected head drop, values are averaged per minute

9.5.2 Head loss between transducers downstream of the barrier and outlet: corrected head drop up
to the pipe
The difference between the filter corrected head drop up to the transducers and the applied
filter corrected head drop is initially higher. Before the pipe forms there is still resistance of the
fine sand. Then when the pipes have formed this difference becomes smaller.
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Figure 9.8 Computed corrected head drop between filter and downstream interface of the barrier throughout the
experiment

9.6 Gradients

9.6.1 Horizontal gradient inside the barrier perpendicular to the barrier along centreline from h15
The horizontal gradients between h15 (1 cm upstream of the downstream interface between
the barrier and the fine sand) and the other transducers are computed. Due to the small
distance among transducers, scatter in the data causes a relatively wide bandwidth therefore
results are averaged per minute. As noted in Section 9.4.2, the head measured in h13 is
lower than in h15 in the first part of the test before the pipe reaches the barrier. This results in
an initially negative gradient.
Pipes do not form directly below these transducers, with the exception of h15. The main pipe,
which causes damage and the short and long growth steps is just to the east of the line of
transducers.
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Figure 9.9  Computed gradients throughout the experiment, vertical lines indicate the times when the pipe has
reached the barrier, and when the pipe has progressed a specific distance in the barrier

The gradient between h15 and h12 is considered unreliable due to an unreliable reading in
h12. All gradients show a jump when the pipe reaches the barrier at h15 at 1:30.
The gradient between h14 and h15 closest to the edge of the barrier shows an increase to
almost 0.7 at 2:35 beyond the damage point. The gradient between h15 and h13 increases
up to 0.38 in this same time span. Between 2:35 and 2:40 these transducers show a sharp
drop in the gradient, at that time it is observed that barrier grains are eroded and that the pipe
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grows to -57 cm from the outlet hole, i.e. just short of h13 which would account for the
reduction of these gradients.
The gradient between h15 and h11 and between h15 and h8 increases up to 3:25, when the
pipe suddenly progresses to -64 cm from the outlet hole, where they drop. As the pipe
progressed further in the subsequent step that second step was considered as the first long
growth step, those gradients then increase again before showing another drop at 4:25 which
is considered as the second long progression step.

The gradient from the upstream side, h8, to the transducers on the downstream side is shown
in Figure 9.10. The gradient between h12 and h8 is considered unreliable therefore the scale
is not expanded to show these negative values.
The gradient from h8 to h15 is highest after the pipe reaches the barrier and until ca. 2:35,
probably due to convergence of flow towards the end of the barrier. At that point, pipes are
forming in the barrier and there is erosion of the barrier around h15, which may have
contributed to a higher gradient between h8 and h13. At the short growth step, there is a jump
in the gradient between h8 and h13, probably due to the progression of the pipe to just next to
h13 causing convergence of flow near that transducer.
All gradients with the exception of h11 (and h12 but this is considered unreliable) show a drop
at 3:25, just prior to the first long growth step whereby the pipe progresses to -67 cm from the
outlet hole on the eastern side of the model, i.e. just past h11. Subsequently the gradients
increase again until the second progression step. The gradient between h8 and h13 remains
highest during this portion of the test, probably because the pipe is present close next to h13-
h15 causing a low head there, and further upstream it deviates to the east so that the head in
h11 is reduced to a lesser extent.
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Figure 9.10  Gradients computed throughout the experiment

9.6.2 Horizontal gradient inside the barrier perpendicular to the barrier along centreline over
increments of the barrier
To assess heterogeneity in the barrier, the gradient is also computed between successive
pairs of transducers. A negative head drop means that the head of the upstream transducer is
smaller than the head of the downstream transducer. The gradient between h11 and h12 and
h12 and h13 is considered unreliable due to the unreliable measurement h12.
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As noted in Section 9.4.2 the order of the head measurements prior to the pipe reaching the
barrier is not as expected, with a relatively higher head in h14 (or relatively lower in h11) this
results in the negative gradients computed here. Given the short distances, differences
among transducers in the order of mm have a relatively large effect on the gradients.

Figure 9.11 Computed gradients throughout the experiment



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 241 van 307

9.6.3 Horizontal gradient inside the barrier at three locations along the width of the barrier
The horizontal gradient over the barrier measured between h16 and h9, h15 and h8 and h17
and h10 is shown. Initially the gradient along the centreline of the model is higher than along
the sides, the gradient along the sides is slightly negative. It was already observed that the
heads in h16 and h17 were higher than in the centreline in Section 9.4.2. This changes when
the pipe reaches the barrier.
When the pipe reaches the barrier, there is a rise in the gradients, whereby the gradient in the
centre remains highest. All gradients increase until the long growth step, the gradient is
lowest in the west, which is expected as the pipe develops between the middle and the
eastern side. After the first long growth step there is again a rise in the gradients. At the
second long growth step all gradients fall, whereby the gradient between h16-h9 remains
highest, and the gradient at h17-h10 falls close to zero. This can be expected, considering
that the pipe forms closest to h10.

Figure 9.12 Computed gradients throughout the experiment

9.6.4 Horizontal gradient inside the barrier along the width of the barrier
In order to assess horizontal flow converging from the sides to the pipe in the barrier the
horizontal gradient between h8-h9 and h8-h10 and h15-h16 and h15-h17 is shown. A positive
gradient indicates a higher head in the transducers on the side of the model than in the
centre. It was already observed that the heads in h16 and h17 are higher than in the centre of
the model at h15 throughout the test and this is reflected in the horizontal gradient being in
the order of 0.1 (which corresponds to a measured head difference of 2 cm). On the upstream
side there is also a higher head at the sides of the model but this difference is much less, and
it only increases significantly during the second long growth step at 4:25 when the pipe
develops below h10, causing a lower head in that transducer.
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Figure 9.13 Computed gradients throughout the experiment

9.6.5 Vertical gradient inside the barrier
The vertical gradient inside the barrier between h14 and h3 is shown; positive values indicate
a higher head in the bottom of the model than in the top of the model. The gradient is
approximately 0 until the pipe reaches the barrier, then the gradient increases to a maximum
value just above 0.15 prior to the first long growth step where the gradient falls. The gradient
further increases to ca. 0.18 just prior to the second long growth step.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 243 van 307

Figure 9.14 Computed gradients throughout the experiment

9.6.6 Horizontal gradient in the fine sand and the pipe downstream of the barrier parallel to the
barrier
This is computed so that a positive gradient indicates a higher head at the sides, so flow
would converge to the centre of the model. In the start of the test the gradient is negative
indicating a higher head in the centre of the model than at the sides, this is also observed in
Section 9.4.2. This is strange because in the barrier itself the head is higher in the sides of
the model. The magnitude of the gradient is less than 0.02, which would correspond to a
difference of 4 mm which might not be significant.
There is a peak when the pipe reaches the barrier. After the pipe has progressed parallel to
the barrier, the gradients are very low indicating little resistance to flow in the pipe that is on
the downstream end parallel to the barrier. After the pipe damages the barrier, the head
remains highest in the west of the model, furthest away from the pipe. The head is lowest in
the centre between the damage of the barrier and the long growth, corresponding to the pipe
being present just east of the centre of the model, and after the long growth the head is
lowest in the east of the model, corresponding to the pipe developing in that direction.
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Figure 9.15 Computed gradients throughout the experiment

9.6.7 Horizontal gradient in the fine sand and the pipe downstream of the barrier perpendicular to
the barrier
In the top of the model, the gradients peak as the pipe progresses and subsequently remain
below 0.1 indicating the head loss along the pipe is small. The gradient in the bottom of the
model is unreliable as h4 is considered unreliable.
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Figure 9.16 Computed gradients throughout the experiment

9.6.8 Horizontal gradient in the fine sand upstream of the barrier perpendicular to the barrier
The horizontal gradient upstream of the barrier is shown for the top and the bottom of the
model. The gradients in the top and the bottom show a very similar value and follow the trend
of increasing average gradient. Due to the low resistance to flow in the barrier and in the pipe
downstream of the barrier, these local gradients become very high. The applied head drop
beyond the filter, in the order of 1.4 m, is mainly dissipated in the upstream sand, which has a
width of ca 0.6 m. Neglecting convergence of flow, this would give an expected gradient in the
order of 2.3, which is close to what is shown the figure for the gradient in the top. The
gradient in the top of the model is slightly higher than in the bottom after the pipe has grown
into the barrier. This would be expected to cause some convergence of flow towards the top
of the model, resulting in a higher gradient.
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Figure 9.17 Computed gradients throughout the experiment

9.6.9 Horizontal gradient across the upstream interface of the barrier and the fine sand
The horizontal gradient in the top of the model is measured over 4 cm, over the interface
between the fine sand and the barrier. In the bottom of the model the gradient is measured
over a longer distance including a relatively longer stretch of barrier material.
Both gradients gradually increase with the applied head drop. The gradient is higher in the top
of the model which would be expected as this gradient is over a relatively larger distance of
fine sand.
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Figure 9.18 Computed gradient throughout the experiment

9.6.10 Vertical gradient in fine sand
The vertical gradient in the fine sand upstream and downstream of the barrier is computed
using transducers that are directly above one another (h2 and h7 upstream and h4 and h21
downstream). A negative gradient implies a higher head in the top of the model. The gradient
downstream is considered unreliable as the measurement in h4 is unreliable. The gradient on
the upstream side reaches a maximum less than 0.3. This gradient shows a sharp increase at
the second long growth step, when the pipe comes close to the upstream interface of the
barrier.
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Figure 9.19 Computed gradient throughout the experiment

9.7 Flow rate
The volumetric flow rate in litres per second is converted to a mean flow velocity by scaling
with the inflow area. The local velocities may differ due to convergence of flow in the model.
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Figure 9.20 Flow rate throughout the experiment
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Figure 9.21 Flow velocity throughout the experiment

Adding a linear regression with intercept 0 to the curve shows that the permeability is initially
lower before the pipes form in the fine sand downstream. The permeability increases during
the experiment due to pipe formation, clearly visible after short progression and long
progression.

9.8 Flow regime

9.8.1 In fine sand and in barrier
The grain Reynolds numbers for the fine sand and the barrier are estimated based on the
flow velocity that is estimated assuming 1D flow, therefore these are only an estimate of the
Reynolds number as convergence of flow can lead to locally higher flow rates.
The values below 1 however suggest that flow is indeed in the Darcy flow regime, in the fine
sand upstream and in the barrier at least at a larger distance away from the pipe. Therefore
hydraulic conductivities will be estimated using Darcy flow.
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Figure 9.22  Estimated grain Reynolds numbers for the fine sand and for the barrier throughout the course of the
experiment

9.9 Apparent hydraulic conductivity

The apparent hydraulic conductivity is estimated by assuming that all flow is 1D through the
cross-section of the model i.e. no convergence from the sides or in the vertical direction. As
soon as a pipe forms this assumption is no longer valid, and in the downstream side of the
model with the hole exit where flow converges from the side this is also not valid even from
the start of the test, which is why the conductivity is referred to as apparent hydraulic
conductivity. Furthermore, it is assumed flow that Darcy’s law applies, which is supported by
the computed grain Reynolds number.

9.9.1 Fine sand upstream of the barrier
In the fine sand upstream of the barrier the initial hydraulic conductivity estimates before 0:30
show a lot of scatter. Between 0:30 and 1:00 the value is in the order of 3.4 e-4 m/s and after
1:00 the value decreases to approximately 3.0 e-4 m/s.

Based on the relationship between porosity and permeability derived from the column
experiments, the hydraulic conductivity would be expected to be in the order of 2.7 e-4 m/s,
similar to the value estimated here.
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Figure 9.23 Estimated average hydraulic conductivity throughout the experiment

9.9.2 Barrier
Hydraulic conductivities computed using h12 are considered unreliable. As pipes form, flow
converges to the pipes, which means that the estimate based on the assumption of plane flow
is not applicable and results don’t characterise the actual conductivity well. During the first
hour, the flow through the barrier is rather limited, thus resulting in small pressure drops. This
limits the accuracy of the hydraulic conductivity determination. The best estimate is therefore
provided just before the pipe progresses into the barrier. The gradient between h11 and h8 is
over the longest distance and thus might be expected to give the best estimate.
That yields an estimate in the order of 1.5e-3 m/s. Based on the relation between porosity
and hydraulic conductivity derived in the column experiments a value of 1.5 e-3 m/s would be
expected.
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Figure 9.24 Estimated average hydraulic conductivity throughout the experiment

9.9.3 Interface between the fine sand upstream and the barrier
Flow could possibly transport some finer grains a short distance into the barrier, forming a
filter cake at the upstream interface between the barrier and the fine sand. Therefore the
hydraulic conductivity across this interface is estimated using h7 (2 cm upstream of the
interface in the fine sand) and h8 (2 cm downstream of this interface in the barrier). For
comparison the hydraulic conductivity estimated in the upstream end of the barrier based on
h11 and h8 and the hydraulic conductivity of the fine sand upstream of the barrier is also
shown.
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Figure 9.25 Estimated average hydraulic conductivity throughout the experiment

After 01:30, the estimated hydraulic conductivity of the interface is higher than that of the fine
sand upstream of the barrier, and lower than that of the barrier. This does not indicate the
presence of a significant filter cake.

9.10 Summary
Experiment MS-GZB1-B25-27 was conducted with Baskarp 25 sand and a barrier consisting
of GZB1 sand reaching to full depth, both with a low relative density (~60%).

 Two transducers are considered unreliable:
- h4 (bottom downstream fine).
- H12 (top inside barrier).

 The hydraulic conductivity estimated for the interface between the fine sand and the
barrier is in between the estimates for the barrier and for the fine sand for the majority of
the test, indicating there is no significant cake formation.

 The gradient in the pipe parallel to the barrier, and in the pipe perpendicular to the barrier
is very small, supporting the assumption of a negligible head loss in the pipe in the
numerical model.

 The local gradient over the barrier increases even as the pipe damages and goes through
the step of short progression inside the barrier. There are two long progression steps, for
both these steps the gradient over the barrier reaches a maximum value in the order of
0.34.
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 The point at which the pipe starts to progress parallel to the barrier in the fine sand can be
seen in the transducers, the values start to fall in the step where the pipe progresses
parallel to the barrier, rather than in the step where the pipe reaches the barrier.

 The pipe progresses parallel to the barrier in the fine sand along the entire width of the
model.

 The pipe progresses parallel to the upstream interface between the fine sand and the
barrier for some distance before breaching the barrier.

 The two long growth steps are clearly observed in the gradients computed over the
barrier, damage and short growth do not cause a significant change in those readings.

 The maximum gradient measured over the barrier is similar for the 3 transducer pairs
along the width of the barrier, with a variation in the values of 0.1.

 There is erosion in two pipes, whereby one pipe is dominant and progresses upstream.
 The pipe depth estimated at damage point in the crater at the interface of the barrier is ca.

2.5 cm.
 Pipe depth in the barrier is estimated in the order of 1 cm after the second long growth.
 During part of the test, a sand boil is observed near the inlet filter.

Table 9.3 Overview of sand sample characteristics
Experiment 27 RD [-] hydraulic

conductivity based
on correlation to
porosity, [m/s]

hydraulic
conductivity based
measured heads,

[m/s]
Baskarp B25 Upstream 0.57 2.74E-04 3.00E-04

GZB1 Barrier 0.55 1.54E-03 1.50E-3

Baskarp B25 Downstream 0.63 2.54E-04 no estimate

Table 9.4 Summary of local gradients in the barrier (gradients are averaged minutely)

Between h15
and h14
(3.5 cm)

Between h15
and h13
(7.0 cm)

Between h15
and h12
(10 cm)*

Between h15
and h11
(13 cm)

Between h15
and h8
(27 cm)

Damage 0.62 0.31 0.55 0.30 0.19

Short growth 0.49 0.21 0.64 0.41 0.30

Long growth step
1

0.22 -0.05 0.46 0.32 0.28

Long growth II 0.30 -0.03 0.53 0.39 0.34

Failure 0.30 -0.05 0.47 0.30 0.23

*possibly unreliable measurement of h12
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Table 9.5 Summary of local gradients in the barrier (gradients are averaged minutely)

Between h8 and
h11
(14 cm)

Between h8 and
h12
(17 cm) *

Between h8 and
h13
(20 cm)

Between h8 and
h14
(23.5 cm)

Between h8 and
h15
(27 cm)

Damage 0.09 -0.02 0.15 0.13 0.19

Short growth 0.19 0.09 0.33 0.27 0.30

Long growth 1 0.25 0.18 0.40 0.29 0.28

Long growth II 0.30 0.23 0.47 0.35 0.34

Failure 0.17 0.09 0.33 0.22 0.23

*possibly unreliable measurement of h12

Table 9.6 Summary of local gradients in the barrier (gradients are averaged minutely)

Centre between h8 and
h15 (27 cm)

West between h9 and h16
(27 cm)

East between h10 and h17
(27 cm)

Damage 0.19 0.11 0.13

Short growth 0.30 0.20 0.23

Long growth 1 0.28 0.22 0.23

Long growth II 0.34 0.30 0.28

Failure 0.23 0.28 0.00

Table 9.7 Summary of fluxes (measured per 5 minute interval)

Flow velocity, m/s Flux, litre/min
Damage 1.50E-04 3.19

Short growth 2.83E-04 6.03

Long growth 1 3.69E-04 7.85

Long growth II 5.39E-04 11.48

Failure 7.05E-04 15.02

Table 9.8 Summary of head drop between filter and pipe and head loss over filter for postdictions (head drops are
averaged minutely)

Between filter and h18 Between filter and h19 Between filter and h20
Head drop at damage, m 0.35 0.34 0.34

Head drop at short growth,
m

0.63 0.63 0.64

Head drop at long growth 1,
m

0.81 0.81 0.81

Head drop at Long growth
II, m

1.13 1.13 1.13

Head drop at failure, m 1.31 1.31 1.31

Head loss over filter
upstream at damage, m

0.01

Head loss over filter
upstream at short growth, m

0.02

Head loss over filter
upstream at long growth, m

0.04

Head loss over filter
upstream at failure, m

0.05



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 257 van 307

Table 9.9 Measured heads at the critical steps

transducer h1 h2 h3 h4 h5 h6 h7 h8 h9 h10 h11 h12

damage 0.39 0.14 0.09 0.05 0.06 0.25 0.11 0.10 0.10 0.10 0.08 0.10
short

growth 0.68 0.20 0.12 0.07 0.08 0.42 0.15 0.13 0.14 0.14 0.11 0.12
long

growth I 0.85 0.22 0.12 0.08 0.08 0.52 0.16 0.14 0.15 0.14 0.10 0.11
failure 1.37 0.32 0.16 0.11 0.13 0.82 0.21 0.16 0.20 0.12 0.13 0.14

transducer h13 h14 h15 h16 h17 h18 h19 h20 h21 h22 h23

damage 0.07 0.07 0.04 0.07 0.07 0.06 0.06 0.06 0.05 0.05 0.04
short

growth 0.07 0.07 0.05 0.09 0.08 0.07 0.07 0.07 0.07 0.06 0.06
long

growth I 0.06 0.07 0.06 0.09 0.08 0.08 0.07 0.07 0.07 0.07 0.06
failure 0.09 0.11 0.10 0.12 0.12 0.11 0.11 0.11 0.11 0.11 0.11
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10 Experimental results test MS-GZB2-MZ-28

10.1 Test characteristics
The head drop was applied by raising the inflow reservoir. The atmospheric signal was
measured using a separate DAC (Data Acquisition and Control) from the other channels.
There was more noise in this signal therefore this was filtered by applying a piecewise spline
to the data from this channel before subtracting this from the other channels.
In this test, as opposed to other tests the pipe did not reach the barrier and progress along
the interface between the barrier and the fine sand. Damage occurs in the same step that the
pipe reaches the barrier.
When the pipe first forms in the fine sand, it progresses perpendicular to the flow direction.
The background sand, Metselsand, was difficult to prepare homogenously due to the
presence of a fraction of finer grains. During preparation finer grains were observed to remain
in suspension longer. Possibly there was some small scale layering in the sample that caused
a different qualitative behaviour from that which was observed in the tests MSP 22 through
MSP27 where Baskarp B15 and Baskarp B25 were used as background sands.

Table 10.1 Test characteristics

Barrier material GZB2
Background material Metselzand
Relative density* barrier, % 0.93
Relative density* fine sand upstream, % 0.91
Relative density* fine sand downstream, % 0.87
Barrier depth, m 0.404
Barrier width, m 0.292
Porosity barrier, - 0.322
Porosity fine sand upstream, - 0.367
Porosity fine sand downstream 0.372
*Relative density is calculated based on the wet minimum and maximum density; these values have an estimated accuracy
of ca. 10% for the fine sand upstream and downstream of the barrier and 20% for the barrier material.

10.2 Summary of observations

Table 10.2 Summary of observations throughout the experiment. Distances are relative to the centre of the outlet
hole

Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

00:50 00:55 9 0.27 one pipe formed inside the container in the SW side

01:00 01:05 12 0.468

Another pipe formed in the SW side of container- A pipe formation in the E side of

container

01:05 01:10 14 0.572 progression of the E and SW pipes toward the outside of container

01:10 01:15 16 0.663 The E pipe progressed further, near the edge of the model

01:15 01:20 18 0.78

The E and SW pipe continued to progress in the E and W directions, perpendicular

to the water flow direction

01:25 01:30 22 0.994 The E pipe is 4 cm far from the E edge and the W pipe is 8 cm far from the W edge
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Time interval
since start of
test

(hh:mm)

Total
applied
head
drop,
cm*

Flux,

litre/min

Observation

of the model

01:30 01:35 24 1.128

Two pipes reached the edges of the model, this did not occur at the interface

between the barrier and the fine sand downstream but the pipes formed at the

outlet hole and grew to the sides.  A new pipe grew from the S side of the

container but continued its progression to the E side, in the perpendicular direction

of the flow

01:45 01:50 30 1.492 Further progression of the pipe in the perpendicular direction of the flow

02:05 02:10 40 2.144

Progression of the pipe from the E side of the model to the upstream- This pipe

divided into 2 branches- Another pipe grew from the S side and reached the barrier

near the centreline in the W side of the model- Damage- Progression of the pipe

inside the barrier in the parallel direction, in the E and W sides- The E branch

reached transducers 14 and 15

02:15 02:20 40 3.002 Laser measurement head drop is constant for 35 minutes

02:45 02:50 43 3.21 Progression of the pipe to the E inside barrier in the parallel direction

02:50 02:55 46 3.478 Progression of the pipe to the W side in the parallel direction, near transducer 16

02:55 03:00 49 3.732 Further progression of the pipe to the E side

03:00 03:05 53 4.118

Further progression of the pipe to the E and W directions. Barrier grains washed out

to the downstream pipe- The W branch passed transducer 16

03:05 03:10 57 4.512

Further progression of the pipe to the E- Widening of the downstream pipe and the

parallel pipe inside the barrier

03:10 03:15 57 4.488

Downstream pipe became shallower because it clogged by the eroded grains-The E

branch grew to the transducer 17. Short growth

03:15 03:20 61 5.08

The crater in the interface clogged a little and a new crater formed inside the barrier

with the depth of 1.5 cm

03:30 03:25 65 5.176

Erosion of the fines in the interface, parallel to the barrier, just in the centre part of

the model and widening of that pipe. Long growth

03:35 03:40 73 6.084

Progression of the pipe in the straight line form the crater to the upstream until 66

cm

*includes head drop over upstream filter

Different steps of pipe progression during the test are shown in Figure 10.1, these steps,
except the second long progression, are also indicated in the plots of the measurements in
this Chapter.
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Time 02:05 damage, this occurred in the same step in which the pipe reached the barrier.
After damage the pipe also immediately progresses parallel to the downstream interface
inside the barrier. Note that the pipe has not progressed parallel to the downstream interface
in the fine sand.

Time 03:10 Short growth step, currently considered as short progression
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Time 03:30 Long growth step of pipe past halfway through the barrier, currently considered as
long progression

Time 03:35 Failure breach through the western side of the pipe
Figure 10.1  Illustration of the approximate location of the pipe at different points during the experiment

10.3 Temperature measurements
The temperature of the water flowing into the model and coming out of the model is
continuously measured.
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Figure 10.2 Temperature throughout the experiment

10.4 Head measurements

10.4.1 Bottom of setup
Heads measured in the bottom of the setup initially follow the stepwise increase of the
upstream water level. At 01:00 the heads fall with the exception of h1, this is close to the inlet
filter. This is when piping starts downstream. There is a clear drop at the damage of the
barrier at 02:05.
Transducer h4 may not be reliable as the value of this transducer is lower than would be
expected based on its location in the model during the first stage of the test before piping
commences. As this transducer was also found to be unreliable in other tests it is considered
to be unreliable in all tests.
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Figure 10.3 Head measurements throughout the experiment

10.4.2 Top of setup
The measurements on the upstream side of the setup are shown. All transducers follow the
gradual application of the head difference by the increase of the upstream head initially, and
there is a fall at damage. h6 is clearly higher than the other transducers, which are very close
together with h9 and h10 being slightly higher than h8, even though these transducers are at
the same distance into the barrier. The pipe also enters the barrier on the west side of the
model (i.e. the side of h9), and the long growth step and progression are also on this side of
the model.
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Figure 10.4 Head measurements throughout the experiment
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Figure 10.5 Close up of heads in the top upstream side of the model during the first 2 hours, h9 and h10 (on the
sides of the model) are slightly higher than h8 (in the centre)

The measurements in the downstream end of the barrier show a significantly higher head in
h12. This is probably unreliable; this transducer was also considered to be unreliable in other
tests and is therefore considered unreliable in all tests. On the sides, h16 and h17 also have
a higher head than h15, which is at the same level in the barrier, and these are also higher
than h14, h13 and h11, which are further upstream in the barrier. The head in h16 does fall
below h11 after damage, but h17 remains higher than the other transducers until shortly
before the short growth. Initially the head in h15 is slightly higher than in h13, however the
difference among h13 through h15 is very small.
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Figure 10.6 Head measurements throughout the experiment

The measurements in the fine sand downstream are shown in Figure 10.7. The
measurements further upstream, h18 to h21 clearly show a peak before the pipe reaches the
barrier at 02:05. The measurements further downstream peak earlier corresponding to the
pipe passing these. After the pipe reaches the barrier at the side of h19, the head in h18 is
lower than in h19 and h20. Despite the pipe entering the barrier on the side of h19, the head
on this side remains higher than in the centre of the model in h18. As the pipe does not
progress parallel to the barrier in the fine sand, the head difference among h18, h19 and h20
is higher than in other tests.
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Figure 10.7 Head measurements throughout the experiment

10.5 Head drop corrections
Head measurements are corrected for variations in atmospheric pressure, and the head loss
over the filter is computed as described in Chapter 2. The correction for the head loss over
the filter is made, and the filter corrected head drop is the head drop that is over the setup
after compensating for the head loss over the inlet filter. The corrected head drop to the pipe
is the head drop up to h18-h20 as these are in the location where the pipe forms in the
downstream sand. This head drop excludes losses in the pipe to the exit, and in the sand boil
at the exit.

10.5.1 Head loss over upstream part of setup: filter corrected head drop
The head loss over the filter and the upstream part of the setup, as computed by
extrapolating the measurements in h1 and h2 in the bottom of the box to the upstream end of
the setup, is shown whereby values are averaged per minute. A negative value indicates that
the extrapolated head is higher than the applied head drop. The measured head in h1
upstream was initially sometimes slightly higher than the applied head drop, this difference
suggests some uncertainty in the application of the head drop, in the order of mm’s, or
unreliability of the extrapolated head. This uncertainty is small relative to the size of the head
drop applied throughout the test and this also indicates that the head loss through the filter in
the first part of the experiment is negligible. The head loss over the filter increases with flow
rate, as expected; the maximum loss is in the order of 4 cm. The applied head drop minus the
head drop over the filter is referred to as the filter corrected head drop.
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Figure 10.8 Computed head loss throughout the experiment on the left axis, on the right axis the applied head drop
and the filter corrected head drop, values are averaged per minute

10.5.2 Head loss between transducers downstream of the barrier and outlet: corrected head drop up
to the pipe
In this test the pipe does not progress parallel to the interface between the barrier and the fine
sand in the fine sand. Thus the head loss between the filter and h18-h20 does not reflect the
head loss up to the pipe. This accounts for a higher difference between the filter corrected
head drop up to the transducers and the applied filter corrected head drop. The head drop up
to the transducers remains high until damage when the pipe is in the barrier and starts to
progress inside the barrier parallel to the interface between the barrier and the fine sand.
The head drop to the different transducers in the downstream pipe is highest in h18 in the
centre and lowest in h20.
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Figure 10.9 Computed corrected head drop between filter and downstream interface of the barrier throughout the
experiment

10.6 Gradients

10.6.1 Horizontal gradient inside the barrier perpendicular to the barrier along centreline from h15
The horizontal gradients between h15 (1 cm upstream of the downstream interface between
the barrier and the fine sand) and the other transducers are computed. Due to the small
distance among transducers, scatter in the data causes a relatively wide bandwidth therefore
results are averaged per minute.
As noted in Section 10.4.2 the head in h15 is initially slightly higher than in h13, this causes
the slight negative gradient observed, the difference in heads is small, and after damage the
gradient does become positive. The gradient between h15 and h14 furthest downstream falls
to negative after damage, which might be because the pipe enters in the west side of the
model and progresses in the barrier along the interface to below h14 and h15.
The gradient between h15 and h12 is unreliable as h12 is considered unreliable. The
gradients h11 - h15, h8 - h15 and h13 – h15, increase until the long growth step, with a
marked step at damage. In the earlier tests a marked step was observed at the point when
the pipe reached the barrier, in the current test the damage step was also the step when the
pipe reached the barrier.
The highest gradient over the barrier (this is considered the gradient h15 - h8) is reached at
the long growth step and this is ca. 0.41.
When the pipe progresses parallel to the downstream interface between the barrier and the
fine sand, it does pass below h15, however the long growth step occurs to the west side of
these transducers.
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Figure 10.10Computed gradients throughout the experiment, vertical lines indicate the times when the pipe has
reached the barrier, and when the pipe has progressed a specific distance in the barrier

The gradient from the upstream side, h8, to the transducers on the downstream side is shown
in Figure 10.11. The gradient between h12 and h8 is considered unreliable, therefore the
scale is not expanded to show these negative values.
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The gradient from h8 to h11 is lowest, as h11 is furthest upstream this would be expected.
The gradients to h15, h14 and h13 are similar. All gradients show a sharp increase at
damage and remain high until the long growth.

Figure 10.11  Gradients computed throughout the experiment

10.6.2 Horizontal gradient inside the barrier perpendicular to the barrier along centreline over
increments of the barrier
To assess heterogeneity in the barrier the gradient is also computed between successive
pairs of transducers. A negative head drop means that the head of the upstream transducer is
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smaller than the head of the downstream transducer. The gradient between h11 and h12 and
h12 and h13 is considered unreliable due to the unreliable measurement h12.
As noted in Section 10.4.2 the order of the head measurements prior to the pipe reaching the
barrier is not as expected, with a relatively higher head in h13 (or relatively lower in h11), this
results in the negative gradients computed here. Given the short distances, differences
among transducers in the order of mm have a relatively large effect on the gradients. Another
possibility is that there was indeed some degree of layering in the sample that could have led
to a preferential flow path. After entering the barrier, the pipe progressed in the direction
perpendicular to the flow direction, which could indicate that there was some heterogeneity.
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Figure 10.12 Computed gradients throughout the experiment

10.6.3 Horizontal gradient inside the barrier at three locations along the width of the barrier
The horizontal gradient over the barrier measured between h16 and h9, h15 and h8 and h17
and h10 is shown. The gradient along the centreline of the model is higher than along the
sides, throughout the test. However, the difference between the gradient in the centre and the
gradient on the west (h16-h9) becomes smaller around the short growth step. This is the side
where the pipe entered the barrier and where the pipe progresses in the long growth step.
The gradient on the side furthest from the barrier (h10-h17) is lowest throughout the test.
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Figure 10.13 Computed gradients throughout the experiment

10.6.4 Horizontal gradient inside the barrier along the width of the barrier
In order to assess horizontal flow converging from the sides to the pipe in the barrier the
horizontal gradient between h8-h9 and h8-h10 and h15-h16 and h15-h17 is shown. A positive
gradient indicates a higher head in the transducers on the side of the model than in the
centre. It was already observed that the heads in h16 and h17 is higher than in the centre of
the model at h15 throughout the test. The gradients are initially relatively low but increase
sharply at damage. The gradient from h17 to h15 is highest as would be expected as the pipe
is present in between h15 and h16. Just before the short growth there is a first reduction in
both gradients, corresponding to the pipe growing parallel to the downstream interface
between the barrier and the fine sand. There is a further reduction in the gradient between
h17 and h15 at the short growth step, when the pipe progresses further along the interface in
the direction of h17.
The gradients on the upstream side of the barrier are much smaller than on the downstream
side. A gradient of 0.05 corresponds to a head difference in the order of 1 cm.
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Figure 10.14 Computed gradients throughout the experiment

10.6.5 Vertical gradient inside the barrier
The vertical gradient inside the barrier between h14 and h3 is shown; positive values indicate
a higher head in the bottom of the model than in the top of the model. The gradient is
approximately 0 until the pipe reaches the barrier and damage occurs, and then the gradient
increases to a maximum value just above 0.23 prior to the long growth step.
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Figure 10.15 Computed gradients throughout the experiment

10.6.6 Horizontal gradient in the fine sand and the pipe downstream of the barrier parallel to the
barrier
This is computed so that a positive gradient indicates a higher head at the sides, so flow
would converge to the centre of the model. In the start of the test the gradient is very small.
After the pipe has reached and damaged the barrier the gradients become positive indicating
flow towards the centre with a higher gradient on the side further away from the pipe. The
gradient between h18 and h20 remains relatively high between damage and long growth,
probably because there is no formation of a pipe parallel to the barrier in the fine sand in this
test.
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Figure 10.16 Computed gradients throughout the experiment

10.6.7 Horizontal gradient in the fine sand and the pipe downstream of the barrier perpendicular to
the barrier
In the top of the model, the gradients peak as the pipe progresses and subsequently remain
below 0.1 indicating the head loss along the pipe is small. The gradient in the bottom of the
model is initially negative, however this may be due to an unreliable measurement in h4.
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Figure 10.17 Computed gradients throughout the experiment

10.6.8 Horizontal gradient in the fine sand upstream of the barrier perpendicular to the barrier
The horizontal gradient upstream of the barrier is shown for the top and the bottom of the
model. The gradients in the top and the bottom show a very similar value and follow the trend
of increasing average gradient. Due to the lower resistance to flow in the barrier and in the
pipe downstream of the barrier, these local gradients become relatively high. The applied
head drop beyond the filter, in the order of 0.7 m, is mainly dissipated in the upstream sand,
which has a width of ca 0.6 m. Neglecting convergence of flow, this would give an expected
gradient in the order of 1.2. The gradient over the fine sand is in the order of 0.9 in the top.
The gradient in the top of the model is slightly higher than in the bottom after the pipe has
grown into the barrier. This would be expected to cause some convergence of flow towards
the top of the model, resulting in a higher gradient.
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Figure 10.18 Computed gradients throughout the experiment

10.6.9 Horizontal gradient across the upstream interface of the barrier and the fine sand
The horizontal gradient in the top of the model is measured over 4 cm, over the interface
between the fine sand and the barrier. In the bottom of the model the gradient is measured
over a longer distance including a relatively longer stretch of barrier material.
Both gradients gradually increase with the applied head drop. The gradient is higher in the top
of the model which would be expected as this gradient is over a relatively larger distance of
fine sand. The gradient at the top over the interface is somewhat lower than the gradient in
the fine sand upstream. As the pipe does not stop prior to the upstream interface, or widen
along this interface, there is no steep increase in the gradient over the interface, as was
observed in some other tests.
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Figure 10.19 Computed gradient throughout the experiment

10.6.10 Vertical gradient in fine sand
The vertical gradient in the fine sand upstream and downstream of the barrier is computed
using transducers that are directly above one another (h2 and h7 upstream and h4 and h21
downstream). A negative gradient implies a higher head in the top of the model. The gradient
downstream is considered unreliable as the measurement in h4 is unreliable. The gradient on
the upstream side reaches a maximum less than 0.15.
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Figure 10.20 Computed gradient throughout the experiment

10.7 Flow rate
The volumetric flow rate in litres per second is converted to a mean flow velocity by scaling
with the inflow area. The local velocities may differ due to convergence of flow in the model.
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Figure 10.21 Flow rate throughout the experiment
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Figure 10.22 Flow velocity throughout the experiment

Adding a linear regression with intercept 0 to the curve shows that the permeability is initially
lower before the pipes form in the fine sand downstream.

10.8 Flow regime

10.8.1 In fine sand and in barrier
The grain Reynolds numbers for the fine sand and the barrier are estimated based on the
flow velocity that is estimated assuming 1D flow, therefore these are only an estimate of the
Reynolds number as convergence of flow can lead to locally higher flow rates.
The values below 0.5 however suggest that flow is indeed in the Darcy flow regime, in the fine
sand upstream and in the barrier at least at a larger distance away from the pipe. Therefore
hydraulic conductivities will be estimated using Darcy flow.
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Figure 10.23  Estimated grain Reynolds numbers for the fine sand and for the barrier throughout the course of the
experiment

10.9 Apparent hydraulic conductivity
The apparent hydraulic conductivity is estimated by assuming that all flow is 1D through the
cross-section of the model i.e. no convergence from the sides or in the vertical direction. As
soon as a pipe forms this assumption is no longer valid, and in the downstream side of the
model with the hole exit where flow converges from the side this is also not valid even from
the start of the test, which is why the conductivity is referred to as apparent hydraulic
conductivity. Furthermore, it is assumed flow that Darcy’s law applies, which is supported by
the computed grain Reynolds number.

10.9.1 Fine sand upstream of the barrier
In the fine sand upstream of the barrier the initial hydraulic conductivity estimates are high
and they decline until about 1:30. Then the estimated hydraulic conductivity is ca 3.2E-4m/s.

Based on the relationship between porosity and permeability derived from the column
experiments, the hydraulic conductivity would be expected to be in the order of 3.0 e-4 m/s as
well.
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Figure 10.24 Estimated average hydraulic conductivity throughout the experiment

10.9.2 Barrier
Hydraulic conductivities computed using h12 are considered unreliable. As h14-h15 are very
close together and h15 may be influenced by crumbling of the barrier, the value between h8
and h11 appears most reliable. This is initially higher, in the order of 1.5E-3m/s and falls to
ca. 1.2E-3 m/s between 1.30 and 2. After damage the value falls further, however, this is less
reliable as there is now convergence towards the pipe in the barrier.
Based on the relation between porosity and hydraulic conductivity derived in the column
experiments, a value of 0.9 e-3 m/s would be expected. This means that for this experiment
the permeability contrast between the barrier and the sand is only limited 3 or 4 depending on
the permeability that is chosen for the barrier.
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Figure 10.25 Estimated average hydraulic conductivity throughout the experiment

10.9.3 Interface between the fine sand upstream and the barrier
Flow could possibly transport some finer grains a short distance into the barrier, forming a
filter cake at the upstream interface between the barrier and the fine sand. This was indicated
by head measurements at both sides of the interface between the barrier and the fine sand in
the small-scale tests. Therefore the hydraulic conductivity across this interface is estimated
using h7 (2 cm upstream of the interface in the fine sand) and h8 (2 cm downstream of this
interface in the barrier). For comparison the hydraulic conductivity estimated in the upstream
end of the barrier based on h11 and h8 and the hydraulic conductivity of the fine sand
upstream of the barrier is also shown.
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Figure 10.26 Estimated average hydraulic conductivity throughout the experiment

The estimated hydraulic conductivity of the interface is higher than that of the fine sand
upstream of the barrier, and lower than that of the barrier. This does not indicate the presence
of a significant filter cake.

10.10 Summary
Experiment MS-GZB2-MZ-2 was conducted with Metselzand and a barrier consisting of
GZB2 sand reaching to full depth.

 Two transducers are considered unreliable:
- h4 (bottom downstream fine).
- h12 (top inside barrier).

 In this test, as opposed to other tests the pipe did not reach the barrier and progress
along the interface between the barrier and the fine sand.

 The first pipes grew from the outlet hole towards the sides of the model, rather than
upstream. The fine Metselsand used as background material in this test was difficult to
prepare homogeneously, due to the grainsize distribution some degree of layering was
present in the sample. This might possibly have caused the pipe to grow to the sides of
the model, when it encountered a slightly stronger layer within the fine sand.

 Damage occurs in the same step that the pipe reaches the barrier.
 The pipe does not progress parallel to the barrier prior to damage.
 Once the pipe damaged the barrier, it also progressed inside the barrier in the direction

perpendicular to the main flow direction. This could suggest that there was also some
degree of layering within the barrier.
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 The maximum value of the gradient over the entire barrier is reached at the long
growth step and this is ca. 0.41.

 The hydraulic conductivity estimated for the interface between the fine sand and the
barrier is in between the estimates for the barrier and for the fine sand for the majority
of the test, indicating there is no significant cake formation.

 The gradient in the pipe perpendicular to the barrier on the downstream side of the
model is very small, supporting the assumption of a negligible head loss in the pipe in
the numerical model, however the gradient in the pipe parallel to the barrier on the
west side is in the order of 0.15-0.2 after damage.

 The local gradient over the barrier increases even as the pipe damages and goes
through the step of short progression inside the barrier. The maximum value of the
gradient is reached at the long progression step.

 The pipe does not stop short of the upstream interface between the barrier and the
fine sand, after the long progression step where the pipe grows just past halfway
through the barrier, there is failure in the next step.

Table 10.3 Overview of sand sample characteristics
Experiment 28 RD [-] hydraulic

conductivity based
on correlation to
porosity, [m/s]

hydraulic
conductivity based
measured heads,

[m/s]
Metselzand Upstream 1.07 2.96E-04 3.20E-4

GZB2 Barrier 0.83 9.32E-04 1.20E-03

Metselzand Downstream 0.97 3.68E-04 no estimate

Table 10.4 Summary of local gradients in the barrier (gradients are averaged minutely)

Between h15
and h14
(3.5 cm)

Between h15
and h13
(7.0 cm)

Between h15
and h12
(10 cm)*

Between h15
and h11
(13 cm)

Between h15
and h8
(27 cm)

Damage 0.17 0.00 0.23 0.09 0.08
Short growth 0.13 0.25 0.70 0.51 0.37
Long growth step 0.15 0.28 0.76 0.56 0.42
Failure 0.17 0.26 0.71 0.50 0.40
*possibly unreliable measurement of h12

Table 10.5 Summary of local gradients in the barrier (gradients are averaged minutely)

Between h8 and
h11
(14 cm)

Between h8 and
h12
(17 cm) *

Between h8 and
h13
(20 cm)

Between h8 and
h14
(23.5 cm)

Between h8 and
h15
(27 cm)

Damage 0.08 -0.01 0.11 0.07 0.08
Short growth 0.24 0.18 0.41 0.40 0.37
Long growth 0.28 0.21 0.46 0.46 0.42
Failure 0.30 0.22 0.45 0.43 0.40
*possibly unreliable measurement of h12
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Table 10.6 Summary of local gradients in the barrier (gradients are averaged minutely)

Centre between h8 and
h15 (27 cm)

West between h9 and h16
(27 cm)

East between h10 and h17
(27 cm)

Damage 0.08 0.05 0.04
Short growth 0.37 0.34 0.17
Long growth 0.42 0.40 0.25
Failure 0.40 0.38 0.25
Table 10.7 Summary of fluxes (measured per 5 minute interval)

Flow velocity, m/s Flux, litre/min
Damage 8.99E-05 1.92
Short growth 2.12E-04 4.51
Long growth 1 2.60E-04 5.55
Failure 2.86E-04 6.08

Table 10.8 Summary of head drop between filter and pipe and head loss over filter for postdictions (head drops are
averaged minutely)

Between filter and h18 Between filter and h19 Between filter and h20
Head drop at damage, m 0.19 0.19 0.19
Head drop at short growth,
m

0.48 0.47 0.45

Head drop at long growth,
m

0.59 0.58 0.56

Head drop at failure, m 0.63 0.62 0.60
Head loss over filter
upstream at damage, m

0.01

Head loss over filter
upstream at short growth, m

0.03

Head loss over filter
upstream at long growth, m

0.04

Head loss over filter
upstream at failure, m

0.04
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Table 10.9 Measured heads at the critical steps

transducer h1 h2 h3 h4 h5 h6 h7 h8 h9 h10 h11 h12

damage 0.36 0.21 0.18 0.12 0.09 0.27 0.20 0.19 0.20 0.19 0.18 0.19
short

growth 0.53 0.19 0.13 0.08 0.07 0.33 0.16 0.14 0.15 0.15 0.11 0.11
long

growth 0.63 0.22 0.14 0.09 0.07 0.39 0.18 0.16 0.17 0.16 0.12 0.12
failure 0.66 0.22 0.14 0.09 0.07 0.41 0.17 0.15 0.16 0.16 0.11 0.11

transducer h13 h14 h15 h16 h17 h18 h19 h20 h21 h22 h23

damage 0.17 0.17 0.17 0.18 0.18 0.17 0.18 0.17 0.14 0.03 0.02
short

growth 0.06 0.05 0.04 0.06 0.10 0.06 0.07 0.09 0.06 0.04 0.04
long

growth 0.06 0.05 0.04 0.06 0.09 0.06 0.07 0.09 0.06 0.05 0.05
failure 0.06 0.05 0.04 0.06 0.09 0.06 0.07 0.09 0.06 0.05 0.05
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11 Summary

Eight medium-scale experiments have been conducted to investigate the feasibility of the
coarse sand barrier.

The sand used for these experiments was based on findings from the small-scale
experiments. Barrier materials GZB1 and GZB2 were investigated in more detail in the
medium-scale experiments, GZB2 being the reference material and GZB1 providing most
strength (Deltares, 2017c). GZB3 was not been selected, since it was found to be weaker
compared to the other barrier materials. The Metselzand, used as background sand in the
small-scale experiments, was changed to the more uniform Baskarp 25 sand for most of the
medium-scale experiments, since the Metselzand used in the small-scale experiments
caused the formation of a filter cake. Other variations investigated in the medium-scale
experiments include the relative density and barrier depth.

Each experiment is described in this report with the aim of facilitating the analysis. Reported
topics include general test characteristics, observations, temperature, head measurements,
head drop corrections, various gradients, flow rate, flow regime and hydraulic conductivity.
During the experiments it was found that several observation steps marked the growth of the
pipe through the barrier. These steps include damage, short growth, medium growth, long
growth and failure.

All experiments can be considered successful, except for experiment 21. Due to a gap
between cover and sand sample, resulting from the extreme water pressures on the box, fine
sand could wash over the barrier material. This experiment will therefore be excluded from
further analysis. In experiment 22 this issue was largely solved, although limited fine sand
wash over was still observed. In the subsequent experiments, this has not been an issue. The
pressure transducers, used for measuring the head at different locations in the sample,
functioned rather well throughout the tests. Two pressure transducers (h4 – bottom sample,
downstream in fine sand and h12 – top, inside barrier) were found to give an unusual
response and to avoid confusion; these transducers are excluded from the analysis.

In all experiments the CSB added considerable strength. In one of the experiments, the
maximum head drop of over 5 m was not even sufficient for causing failure. Even in the
weakest combination of barrier and background material tested, the barrier could withstand a
head drop of 0.63 m, which is still approximately 3 times stronger than a reference case with
only background sand (Hc~0.20 m). Analysis is required develop a strength criterion to
estimate the critical heads for different configurations.

Table 11.1 provides an overview of the experiments and their main results.



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier 292 van 307

Table 11.1 Overview of experiments
Relative density Head drop between filter and transducers
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Remarks

21 GZB1 B15 full 0.91 0.73 - 0.87
1.72 1.91 2.47 2.65

gap - B15 washes
over barrier

22 GZB2 B15 full 0.90 0.77 - 0.91 0.51 1.37 2.01 2.81 limited wash over

23 GZB1 B15 full 0.91 0.79 - 0.84 2.87 3.32 3.47 >5.33
24 GZB2 B25 full 1.07 1.05 - 0.93 0.6 0.7 1.07 1.31
25 GZB1 B25 12.5 1.1 1.01 0.96 0.95

0.81 1.17

1.57
(medium
growth) 1.89

There was no long
growth step

26 GZB1 B25 full 1.07 0.87 - 0.94 0.51 0.84 1.71 2.59
27 GZB1 B25 full 0.57 0.55 - 0.63

0.35 0.63 0.81 1.31

There was a second
long growth step
after the first, with
head drop 1.13 m.

28 GZB2 MZ full 1.07 0.83 - 0.97 0.19 0.48 0.59 0.63
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A  Technical drawings and locations of transducers

Inner diameter of the inlet hose = 52 mm (connecting head tank to inlet)

Inner diameter of the outlet hose = 32 mm (connected to outlet)

Technical drawings of medium-scale set-up with the location of transducers.



A-A ( 1 : 1 )

A

A

mediumpiping2018

Projectnaam:

Ruwheid
NEN 3634

Maattolerancie
NEN-ISO-406

Schaal:  

Maateenheid: mm
Datum:

Getekend:

Gezien:

Thijs J. van Dijk

Vorm en Plaatstal
NEN-ISO-1101

Opmerkingen:

Nummer:

Van:

Formaat
1 

A3

1 

Amerikaanse projectie

 
tekeningnaam:

materiaal:  Aantal:  

 Projectnummer:

boring wsm m10x1.idwFilenaam:

20-Dec-17

5
0

2

10Ø

3Ø

8,1Ø

1
0

10m x1



22216 23

9

10

18

20

19

7
12 13

15

16

8 11 14

17

opnemer
posities
in
barriere

opmerkin
g

X Y
8 0 600
9 220 600
10 -220 600
11 0 140
12 0 110
13 0 80
14 0 45
15 0 10
16 220 10
17 -220 10

opnemer
posities
beneden
stroom
van de
barriere

18 0 20
19 220 20
20 -220 20

opnemer
positie al
in de
tekening

6
7
21
22
13



1 2 4 53



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier B-1

B Sand Characteristics

Sand characteristics

Materials Gradient intercept n min* n max*
B15 0.0010 -0.0003 0.356 0.480
B25 0.0032 -0.0010 0.352 0.459

GZB1 0.0159 -0.0039 0.293 0.401
GZB2 0.0163 -0.0043 0.304 0.406

Metselzand 0.008 -0.0022 0.318 0.405
*n = porosity

Sand characteristics for different experiments
Test
Number Dr nmin nmax gs h l b Vcorr  V n M [g]

k
calculated
*10^3
m/s

21

Baskarp
B15 1 0.91 0.356 0.471 2.65 58.44 88.1 40 0 205942.6 0.367 345333 0.07

GZB1 2 0.73 0.293 0.401 2.65 29.2 88.1 40 0 102900.8 0.322 184820.4 1.22
Baskarp
B15 3 0.87 0.356 0.471 2.65 103.66 88.1 40 3524 361773.8 0.372 601682.4 0.07

Test
Number   Dr nmin nmax gs h l b Vcorr V n M [g]

k
calculated
*10^3 m/s

22

Baskarp
B15 1 0.90 0.356 0.471 2.65 58.57 88.1 40 0 206400.7 0.369 345318.8 0.07

GZB2 2 0.77 0.304 0.406 2.65 29.4 88.1 40 0 103605.6 0.327 184786.9 1.03
Baskarp
B15 3 0.91 0.356 0.471 2.65 103.33 88.1 40 5638.4 358496.5 0.367 601682.4 0.07

Test
Number

  Dr nmin nmax gs h l b Vcorr V n M [g]

k
calculated
*10^3
m/s

23

Baskarp
B15 1 0.91 0.356 0.471 2.65 58.45 88.1 40 0 205966.2 0.367 345701 0.07

GZB1 2 0.79 0.293 0.401 2.65 28.01 88.1 40 0 98718.9 0.316 179018.5 1.12
Baskarp
B15 3 0.84 0.356 0.471 2.65 104.84 88.1 40 5638.4 363817.8 0.376 601807.9 0.08
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Test
Number   Dr nmin nmax gs h l b Vcorr V n M [g]  k calculated

*10^3 m/s

24

Baskarp
B25 1 1.07 0.352 0.459 2.65 56.95 88.1 40 0 200691.8 0.345 348300.8 0.10

GZB2 2 1.05 0.304 0.406 2.65 28.85 88.1 40 0 101649.8 0.299 188924.2 0.57

Baskarp
B25 3 0.93 0.352 0.459 2.65 105.58 88.1 40 5638.4 366425.5 0.359 622400.9 0.15

Test
Number   Dr nmin nmax gs h l b Vcorr V n M [g]

k
calculated
*10^3 m/s

25

Baskarp
B25 1 1.10 0.352 0.459 2.65 56.63 88.1 40 0 199546.5 0.341 348300.8 0.09

Baskarp
B25 2a 0.96 0.352 0.459 2.65 32.06 88.1 28 0 77661.3 0.356 132586.8 0.14

GZB1 2b 1.01 0.293 0.401 2.65 30.64 88.1 13 0 33736.8 0.292 63323.1 0.74

Baskarp
B25 3 0.95 0.352 0.459 2.65 103.41 88.1 40 5638.4 358778.4 0.357 611177.9 0.14

Test
Number

  Dr nmin nmax gs h l b Vcorr V n M [g]

k
calculated
*10^3
m/s

26
Baskarp
B25 1 1.07 0.352 0.459 2.65 56.86 88.1 40 0 200374.6 0.344 348300.8

0.10

GZB1 2 0.87 0.293 0.401 2.65 30.89 88.1 40 0 108856.4 0.307 200000 0.98

Baskarp
B25 3 0.94 0.352 0.459 2.65 103.63 88.1 40 6625.12 358567 0.358 610430 0.15

Test
Number   Dr nmin nmax gs h l b Vcorr V n M [g]

k
calculated
*10^3 m/s

27

Baskarp
B25 1 0.57 0.352 0.459 2.65 58.67 88.1 40 0 206753.1 0.398 329907.5 0.27

GZB1 2 0.55 0.293 0.401 2.65 29.7 88.1 40 0 104651.1 0.342 182450 1.54

Baskarp
B25 3 0.63 0.352 0.459 2.65 103.01 88.1 40 6625.12 356393.9 0.392 573940.6 0.25

Test
Number   Dr nmin nmax gs h l b Vcorr V n M [g]

k
calculated
*10^3
m/s

28
Metselzand 1 1.07 0.318 0.405 2.65 57.13 88.1 40 0 201326.1 0.312 367041.5 0.30

GZB2 2 0.83 0.304 0.406 2.65 29.01 88.1 40 0 102230.2 0.321 183962 0.93

Metselzand 3 0.97 0.318 0.405 2.65 105.24 88.1 40 6625.12 364224.1 0.321 655560 0.37
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The max and min porosity for the sands were determined based on the achieved values in
the permeability tests in combination with the data from the max and min porosity tests using
the wet method (Van der Poel & Schenkeveld 1998).
Relative density is calculated based on the wet minimum and maximum porosity. These
values have an estimated accuracy of ca. 10% for the fine sand upstream and downstream of
the barrier and 20% for the barrier material.

Relation between hydraulic conductivity and porosity for background sands and barrier
materials.
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y = 0,0159x - 0,0039
R² = 0,9913
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y = 0,0163x - 0,0043
R² = 0,9876
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1.1 Sand selection
The barrier material should be chosen carefully to retain particles from the sand layer upstream
of the barrier, yet provide optimal resistance against backward erosion piping. When carefully
selected, washout of particles from the upstream side of the barrier is not expected regardless
of the head drop across the water retaining structure. Literature on filtration and suffusion
(washout of fine particles from a gap graded soil) provides several rules that give guidance to
whether particles can be transported through or out of the barrier. A more extensive description
of literature related to particle transport is provided in (Rosenbrand, 2017). When the
combination of original sand upstream of the barrier and the barrier material fulfils the filtration
rules, failure of the barrier can only occur when the pipe forms through the barrier, provided
that the barrier is deep enough and clogging of the barrier does not occur.

For the selection of the barrier material, the following requirements have been applied:
1.  d15,barrier/d85,base material < 5;
2.  d50,barrier/d50,base material < 25;
3.  d5,barrier < 0.075 mm
4. Kenney & Lau (1985, 1986) criterion for internal stability of the barrier material
5. Burenkova (1993) criteria for internal stability.

The first and the second requirement are filter rules as derived by Terzaghi, as given by Lambe
and Whitman (1969). The third requirement is given by USACE (2000), to avoid a significant
amount of cohesive material. The fourth requirement is given by Kenney & Lau (1985, 1986)
and implies that for the whole sieve curve, the value of the percentage of grains (by mass) with
a diameter between d and 4*d, divided by the percentage of grains with a diameter smaller
than d should be smaller than 1.3 for loosely packed soil, and larger than 1.0 for densely
packed soils, provided d5 < 0.075 mm. The criterion is meant to determine whether finer
fractions are sufficiently prevented from washing out by the coarser fraction. This implies that
the coarsest particles will never satisfy this criterion which is meant for the finer parts only. The
fifth criterion, given by Burenkova (1993) based on experiments on 22 soils selected for variety,
reads:

90 90 90

15 60 15

0.76log 1 1.86log 1d d d
d d d

The barrier material should match the material available at the pilot location. Although field
investigation at the pilot location of Gameren was still on-going at the time the sand types for
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the barrier were selected, the available borings and grain size distribution allowed for a first
assessment of the materials to be encountered. The available grain size distributions from the
field, along with the selected materials representative for the background materials are shown
below.

Figure x.1 Grain size distributions of sand samples obtained from the field (thin lines) and selected materials for
laboratory experiments (thick lines – see legend)
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Figure x.2 Sieve curves of base materials

With available sands, two suitable barrier materials have been constructed for application in
the tests:

 GZB1, a mixture of 50% coarse filter sand, 30% fine filter sand and 20% Itterbeck 431
sand for the small scale tests, and for the medium scale tests 20% Metselzand;

 GZB2, a mixture of 80% fine filter sand and 20% Metselzand sand;

These sands were selected based on the background sands, the available criteria, on the
available reviews and on the experiences in the first experiments. The first barrier material
GZB1 was based on optimized performance balancing coarse grains that fulfil the filter criteria
and using commercially available sands. The second barrier material was based on the
experiences with GZB1 and the reviews, as described in “Sand selection Coarse sand barrier
experiments”, Deltares memo 11200952-004-GEO-0001-m (Van Beek, 2017)

For the medium scale tests, new batches of constituting materials were used, with slightly
different characteristics. Besides, Baskarp 25 was used as background material instead of
Metselzand. For GZB2, the Metselzand is still used.

The relevant characteristics of the barrier materials and the background materials are
summarized in Table x.1. The criterion for the d5-fraction is met for all materials. The
penultimate column indicates to which fraction the material satisfies the Kenney & Lau criteria
for internal stability. As mentioned above, the criterion is fulfilled for retaining the fine fraction.
The next two tables provide the ratios checked by the first two criteria as stated above. For all
materials and combinations most of the criteria are met, except for the first criterion for the
combination of GZB3 and Baskarp sand and often the Burenkova criteria for internal stability,
as detailed in the fourth table.
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Table x.1 Sand characteristics with Kenney & Lau criteria

Material d5

(mm)
d10

(mm)
d15

(mm)
d50

(mm)
d60

(mm)
d85

(mm)
d90

(mm)
Kenney & Lau
criteria satisfied
until/incl. fraction (%)

Burenkova
satisfied?

GZB1*
GZB1

0.256
0.277

0.378
0.413

0.587
0.602

1.226
1.402

1.414
1.511

1.791
1.832

1.866
1.893

1.0 mm (38.2%)
1.0 mm (32.9%)

no
no

GZB2* 0.256 0.378 0.558 0.882 0.936 1.197 1.272 0.71 mm (18.1%) yes
GZB2 0.297 0.438 0.613 0.886 0.948 1.223 1.288 yes
Baskarp 15  0.087 0.103 0.111 0.151 0.161 0.196 0.208 0.125 mm (26.2% yes
Metselzand 0.159 0.187 0.213 0.378 0.440 0.875 1.067 0.25 mm (23.2%) no
Baskarp 25 0.130 0.150 0.160 0.228 0.246 0.321 0.336 0.212 mm (40.2%) yes

* Synthetic grain distribution based on the constituting materials

Table x.2 Criterion 1 for all possible combinations

Baskarp 15 Metselzand Baskarp 25
GZB1*
GZB1

3.0
3.1

0.7
0.7

1.8
1.9

GZB2* 2.8 0.6 1.7
GZB2 3.1 0.7 1.9

* Synthetic grain distribution based on the constituting materials

Table  x.3 Criterion 2 for all possible combinations

Baskarp 15 Metselzand Baskarp 25
GZB1*
GZB1

8.1
9.3

3.2
3.7

5.4
6.1

GZB2* 5.8 2.3 3.9
GZB2 5.9 2.3 3.9

* Synthetic grain distribution based on the constituting materials

Table x.4 Burenkova criteria for internal stability for all sands

90 90 90

15 60 15

0.76log 1 1.86log 1d d d
d d d

GZB1*
GZB1

1.382 < 1.320 < 1.934
1.378 < 1.253 < 1.926

GZB2* 1.272 < 1.359 < 1.666
GZB2 1.245 < 1.359 < 1.600
Baskarp 15 1.207 < 1.377 < 1.507
Metselzand 1.532 < 2.425 < 2.302
Baskarp 25 1.245 < 1.474 < 1.599

< not satisfied
* Synthetic grain distribution based on the constituting materials

The sieve curves of the barrier materials and their constituting materials are shown in Figure
x.3 and Figure x.4.
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Figure x.3 Sieve curves of GZB1 barrier material and constituting materials

Figure x.4 Sieve curves of GZB2 barrier materials and constituting materials

Copy for
Esther Rosenbrand

0

10

20

30

40

50

60

70

80

90

100

0,01 0,1 1 10

Metselzand

Fine filtersand

Coarse filtersand

GZB 1 (synthetic)

GZB1 (real)

0

10

20

30

40

50

60

70

80

90

100

0,01 0,1 1 10

Metselzand

Fine filtersand

GZB 2 (synthetic)

GZB 2 (real)



11200952-007-GEO-0004, 26 June 2018, final

Factual Report Medium Scale Experiments Coarse Sand Barrier D-1

D Indication of the location of the pipe

for test MS-GZB2-B15-22



Figure D.1 An indication is given of the location of the pipe at different time steps

Time: 03:35 Damage

Time: 06:10 Short Growth



Time: 07:30 Medium Growth

Time: 08:25 Long Growth



Time: 10:35 Before failure

Time: 10:40 Failure




