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MANAGEMENT SUMMARY

THE ALL-IN-ONE SENSOR VALIDATION TEST OF THE IJKDIJK
The IJkdijk (‘calibration levee’) is a Dutch research program with the two-fold aim to test any kind of sensors
for the monitoring of levees under field conditions and to increase the knowledge on levee failure mechanisms.
Since 2007, several purpose-built levees have been brought to failure at the IJkdijk test site at Booneschans,
in the North-East of the Netherlands. Meanwhile, several regular levees have been instrumented or put under
advanced surveillance by validated sensor equipment under the name of Livedijk. In 2011 the Dutch
Department of Economic Affairs, Agriculture and Innovation has granted a three million Euro subsidy to the
IJkdijk foundation for a liquefaction test and a test including several different failure mechanisms together, the
so-called ‘all-in-one’ test or Sensor Validation Test (AIO-SVT). The liquefaction test will be carried out in 2013,
while the AIO-SVT has been carried out in August and September 2012.

The main purpose of the AIO-SVT was to test the predictive power of full-service levee sensor systems, i.e.
sensors in and on levees combined with data processing and an information system producing a timely,
reliable warning in case failure may occur. The application of such systems into practice will be a major
improvement to the current state-of-the-art of levee management. Another reason to carry out this test, in
accordance with the two-fold aim of the IJkdijk, is to learn more on levee failure mechanisms, including failure
prevention methods. This report is focused on the geotechnical aspects of the test.

The AIO-SVT was carried out on three separate test dikes, referred to by their relative location on the test site
as West dike, East dike and South dike.

WEST DIKE
The West dike was a 3.5m high, 15m long and 15m wide test dike on top of a 3m sand layer, enclosing a
reservoir with embankments 3.7m high on all other sides with a total volume of approx. 2000m3. It is
composed of a 60-70 cm thick compacted clay layer with a 1.7m high clay dike on top on the upstream side,
backed up with a sand core and overlain by organic clay up to the crest level. Right behind the smaller clay
dike, in the sand core, a controllable drainage tube has been placed. Such a tube has also been placed in the
sand layer, close to the top, running parallel to the downstream toe at a distance of 3.7m to this toe. By
design, failure was considered to be possible by piping (backward seepage erosion through the sand layer),
by micro-instability (instability of the sand core caused by liquefaction), and from overtopping and subsequent
erosion of the crest and downstream slope.

The test on the West dike in the All-in-One Sensor Validation Test of the IJkdijk started on Tuesday, August
21st, 2012, at 4:30 pm (local time). Failure by micro-instability of the sand core occurred on the sixth day of the
test, on Sunday, August 26th, at 8:24 am, after 111.9 hrs. This was one of the three failure mechanisms
indicated as desired before the start of the test. Other mechanisms which played a role in this test are
compaction of the dike at first filling and piping (backward seepage erosion) through the sand layer
underneath the dike. The reference monitoring data was sufficient to get a detailed view on the course of the
test.

The aim of the test was met, as the failure was primarily caused by micro-instability of the sand core. The
compaction on first fill was not foreseen, but that did not lead to failure. The preventive measures against
piping and instability of the sand core – the controllable drainage tubes – appeared to be very effective.

EAST DIKE
The East dike was nearly identical to the West dike, but without the controllable drainage tubes and with a box
of coarse sand of 0.5m wide and 0.5m high instead of finer sand running parallel to the downstream toe at a
distance of 3.5m to this toe. This sand filter was meant to prevent piping. According to the design, also for this
dike failure was considered to be possible by piping (backward seepage erosion through the sand layer),
instability of the sand core from liquefaction, and from overtopping and subsequent erosion of the crest and
downstream slope.
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The test on the East dike in the All-in-One Sensor Validation Test of the IJkdijk started on Tuesday, August
21st, 2012, at 3:20 pm (local time). Failure by micro-instability of the sand core occurred on the seventh day of
the test, on Monday, August 27th, at 10:18 am, after 138.9 hrs. This was one of the three failure mechanisms
indicated as desired before the start of the test. Other mechanisms which played a role in this test are
compaction of the dike at first filling and piping (backward seepage erosion) through the sand layer
underneath the dike. The reference monitoring data was sufficient to get a detailed view on the course of this
test, which is in many ways comparable to the test on the West dike.

The aim of the test was met, as the failure was primarily caused by micro-instability of the sand core. The
compaction on first fill was not foreseen, but that did not lead to failure. The preventive measure against piping
– the coarse sand filter – appeared to be effective.

SOUTH DIKE
The South dike was quite different from the other test dikes. After construction, it was 4m high, 50m long at
crest level, with a crest width of 3m and side slopes of 1:1.5 (V:H). It was constructed on a 4.5m thick
composition of soft peat and clay. The core was made of sand, overlain by a 0.5m thick clay layer. Failure of
the South dike was considered to be possible either from rupture of the clay layer by high pore pressures
inside the sand core resulting from saturating this core with water, or by slope stability involving a deep sliding
plane through the original subsoil, with a minimum deformation of at least 20 cm.

The test on the South dike in the All-in-One Sensor Validation Test of the IJkdijk started on Monday,
September 3rd, 2012, at 12:12 pm (local time). Failure by slope instability with a deep sliding plane took place
on the sixth day of the test, on Saturday, September 8th, at 2:27 pm, after 122.26 hrs. This was one of the two
failure mechanisms indicated as desired before the start of the test. Actually, according to the measurements
of the inclinometer in the central section just in front of the toe, the deformation criterion was met already on
Saturday, September 8th, at 2:13 pm. The reference monitoring data is sufficient to get a detailed view on the
course of the test.
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1 INTRODUCTION

1.1 IJKDIJK RESEARCH PROGRAM
The IJkdijk (‘calibration levee’) is a Dutch research program with the two-fold aim to test any kind of sensors
for the monitoring of levees under field conditions and to increase the knowledge on levee failure mechanisms.

Since 2007, several purpose-built levees have been brought to failure at the IJkdijk test site at Booneschans,
in the North-East of the Netherlands. Meanwhile, several regular levees have been instrumented or put under
advanced surveillance by validated sensor equipment under the name of Livedijk.

In 2011 the Dutch Department of Economic Affairs, Agriculture and Innovation has granted a three million
Euro subsidy to the IJkdijk foundation for a liquefaction test and a test including several different failure
mechanisms together, the so-called ‘all-in-one’ test or Sensor Validation Test (AIO-SVT). The liquefaction test
will be carried out in 2013, while the AIO-SVT has been carried out in August and September 2012.

1.2 ALL-IN-ONE SENSOR VALIDATION TEST
The main purpose of the AIO-SVT was to test the predictive power of full-service levee sensor systems, i.e.
sensors in and on levees combined with data processing and an information system producing a timely,
reliable warning in case failure may occur. The application of such systems into practice will be a major
improvement to the current state-of-the-art of levee management. Another reason to carry out this test, in
accordance with the two-fold aim of the IJkdijk, is to learn more on levee failure mechanisms, including failure
prevention methods. This report is focused on the geotechnical aspects of the test, giving a detailed
description of what happened and an in-depth analysis of the failure mechanism that dominated the last test..

The AIO-SVT was carried out on three separate test dikes, referred to by their relative location on the test site
as West dike, East dike and South dike. The design of these dikes is described in [Koelewijn & Peters, 2012].
All data from soil investigations are available through [Koelewijn & Bennett, 2012].

1.2.1 West dike
The West dike was a 3.5m high, 15m long and 15m wide test dike on top of a 3m sand layer, enclosing a
reservoir with embankments 3.7m high on all other sides with a total volume of approx. 2000m3. It is
composed of a 60-70 cm thick compacted clay layer with a 1.7m high clay dike on top on the upstream side,
backed up with a sand core and overlain by organic clay up to the crest level. Right behind the smaller clay
dike, in the sand core, a controllable drainage tube has been placed. Such a tube has also been placed in the
sand layer, close to the top, running parallel to the downstream toe at a distance of 3.7m to this toe.

By design, failure was considered to be possible by piping (backward seepage erosion through the sand
layer), micro-instability (instability of the sand core caused by liquefaction), and from overtopping and
subsequent erosion of the crest and downstream slope.

1.2.2 East dike
The East dike was nearly identical to the West dike, but without the controllable drainage tubes and with a box
of coarse sand of 0.5m wide and 0.5m high instead of finer sand running parallel to the downstream toe at a
distance of 3.5m to this toe. This sand filter was meant to prevent piping.

According to the design, also for this dike failure was considered to be possible by piping (backward seepage
erosion through the sand layer), instability of the sand core from liquefaction, and from overtopping and
subsequent erosion of the crest and downstream slope.

1.2.3 South dike
The South dike was quite different from the other test dikes. After construction, it was 4m high, 50m long at
crest level, with a crest width of 3m and side slopes of 1:1.5 (V:H). It was constructed on a 4.5m thick
composition of soft peat and clay. The core was made of sand, overlain by a 0.5m thick clay layer.
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Failure of the South dike was considered to be possible either from rupture of the clay layer by high pore
pressures inside the sand core resulting from saturating this core with water, or by slope stability involving a
deep sliding plane through the original subsoil, with a minimum deformation of at least 20 cm.

1.3 ABOUT THIS REPORT
In this report geotechnical analyses of the failures of each test dike in the AIO-SVT are given in chronological
order of the failures, i.e. first the West dike (Chapter 2), then the East dike (Chapter 3) and then the South dike
(Chapter 4). References are given in Chapter 5. The most important supporting data of each test is
reproduced from the factual report of each test in Appendices 1, 3 and 5, respectively, while additional data
and rearrangements of data are given in Appendices 2, 4 and 6, respectively. Appendix 7 contains a short
Dutch-English dictionary to facilitate the understanding of the copies from the factual reports.
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2 WEST DIKE

2.1 SUMMARY
The test on the West dike in the All-in-One Sensor Validation Test of the IJkdijk started on Tuesday, August
21st, 2012, at 4:30 pm (local time). This moment is defined as t=0. Failure by micro-instability of the sand core
occurred on the sixth day of the test, on Sunday, August 26th, at 8:24 am (t=111.9 hrs). This was one of the
three failure mechanisms indicated as desired before the start of the test. Other mechanisms which played a
role in this test are compaction of the dike at first filling and piping (backward seepage erosion) through the
sand layer underneath the dike. The reference monitoring data [Koelewijn et al., 2012a] suffices to get a
detailed view on the course of the test.

2.2 CONSTRUCTION OF THE DIKE
The dike has been constructed in the west part of the IJkdijk facility already built in 2009 [van Beek, 2009], cf.
Appendix A, page A-1. In May and June of 2012 this has been rehabilitated and the new test dike has been
built, mainly in accordance with the design as reported in [Koelewijn & Peters, 2012] and with some minor
modifications as detailed in [Koelewijn et al., 2012a]. The upper 40 to 60 cm of the test sand has been
removed and replaced by similar sand. Compaction has taken place to arrive at a relative density of about 65
to 75 percent. After saturation using about 50% vacuum pressure, instruments have been placed on the
sand/clay interface and the test dike has been built. The layer of clay dividing the subsoil suspectible to piping
from the upper part of the dike vulnerable to micro-instability and erosion from overtopping has been
compacted very well, while the higher parts of the dike (sand core, small clay dike at the upstream side and
the cover layer) were hardly compacted at all. Some of the instrumentation has been added in July, and some
right before the start of the test.

2.3 RELIABILITY AND ACCURACY OF INSTRUMENTS

2.3.1 Levels of upstream and downstream basins
In the weeks before the test started, both basins were nearly level. The day before it started the levels were
equal, as checked by DGPS (TopCon) measurements. On the morning of the day the test started, all levels
were checked by DGPS and traditional leveling, as reported in Appendix A, page C-6. These values all seem
to be reliable with an accuracy of 1 cm, yet often the upstream level is measured slightly higher from the
gauge than by the pore pressure meter, as shown in Appendix A, page D-6.

2.3.2 Discharge
For the downstream discharge, the malfunctioning automatic discharge meter should not be trusted. The
measurements using a 12.5 litre bucket and a timer are supposed to be reliable within 10%. For a detailed
analysis it may be required to take account of the slow rise of the downstream basin until t=65 hours and the
variation thereafter. A more detailed analysis may also include a break-down of the inflow from the upstream
discharge as given in Appendix A, pages C-4 and C-5 and rainfall, into storage in both basins, the test dike
and outflow from the usual exit pipe and from both controllable drainage tubes. Note that the upstream
discharge has not been checked yet against the upstream level, discharge through the test dike and storage in
the test dike. Also note the influence of rain showers: the influence of the thundershower around t=5 hours
bringing a total rainfall of 13.8mm is well visible in the measurements of both basins, see Appendix A, page D-
6.

2.3.3 Pore pressure meters at the sand/clay interface underneath the test dike
Pore pressure meters O109 (Appendix A, page D-17) and O203 (Appendix A, page D-28) show a deviating
behaviour already well before any signs of wells have been sighted, cf. Appendix A, pages D-1 and D-2: the
values of these two instruments tend to be significantly lower. Looking at the overall behavior, which is
otherwise well comparable with the other instruments here, an explanation could be that these two instruments
have been dislocated downstream after installation, e.g. during the placement of the lower part of the clay –
see Appendix A, pages F-6 and F-7. When comparing the gradients for rows x07 through x14 (see Appendix
B, pages 1-4), calculated using the exact locations of the instruments as measured directly after installation as
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given in Appendix A, pages B-1 to B-3, one of the most striking differences is the high level of the gradient
between instruments O109 and O 209 – in the graph showing row x09, the red line is higher than in any of the
other gradient graphs. By assuming a more downstream position of instrument O109, this would be corrected.
More in general, this shows some of the limitations to the absolute accuracy of the measurements.

The behaviour of all other instruments is in agreement with the other observations made during the test,
although sometimes peculiar small drops or rises of up to 0.5 kPa occurred, for example a single drop in O212
at t=50 hrs (see Appendix B, page 12) and repeated drops around t=20 hrs in O409 and O410 (see Appendix
B, page 24). This behaviour is always limited to either one rise or one drop compared to the initial reading.
Similar behaviour was observed with the same type of instruments used three years before, during the first
four piping tests at the IJkdijk [van Beek et al., 2009; Knoeff & De Bruijn, 2009; Koelewijn et al., 2009ab].
Consultation of an instrumentation specialist did not resolve this issue [van Waardenberg, 2012]. Apart from
these clearly detectable measurement errors, the relative accuracy of the instruments appears to be better
than 0.1 kPa and enough for their main purpose: detection of piping.

2.3.4 Pore pressure meters in the sand core
All these instruments show a behaviour that can be typified as reasonable. The accuracy seems comparable
to the accuracy of the pore pressure meters at the sand/clay interface.

2.4 COMPACTION AT FIRST FILLING
Cracks appeared on the crest and on both slopes already at a water level in the upstream basin that was
much lower than the top of the small clay dike that is part of the upstream side of the test dike, see. Appendix
A, page A-2: this is about 2.4m above the top of the lower sand layer. The first cracks on the crest were
discovered on August 22, early in the morning at t=13.9 hrs (see Appendix A, page F-9), while the upstream
level was only about 1.2m above the top of the lower sand layer. At the end of the morning (t=20 hrs), a large
crack was discovered on the upstream slope, in the middle of the dike just above the water level, cf. Appendix
B, page 5. The cracks increased in size over time. From t=21 hrs the pore pressures in the sand core close to
the upstream side, just behind the small clay dike on top of the well-compacted clay layer, started to rise. First
this happened only in the middle and on the east side, at t=24 hrs also on the west side, see Appendix B, page
6. This delayed reaction on the west side cannot be explained from a difference in installation level (see
Appendix A, page B-2), but that part of the sand core was simply reached later. An important notion is the
development of a height difference at the two sides of the cracks on the crest: the upstream side got lower in
course of time.

An explanation for these observations is that the water from the upstream basin could easily flow through the
slightly compacted clay of the small clay dike, which was placed on top of the well compacted clay layer
separating this small clay dike and the sand core from the lower sand layer. Through this slightly compacted
clay, and probably even through concentrated flow at the interface between well compacted clay and slightly
compacted clay, the sand core got wet, causing (limited) compaction of the most upstream part of the sand
core and also some compaction of the wet part of the small clay dike. This compaction caused deformations,
leading to the observed cracks and uneven settlements. In turn, these cracks may have accelerated the
wetting and compaction of the sand core. This is reflected by the quick reaction of pore pressure meters A03-
A06-A09, right behind the small clay dike, to the water level rise in the upstream basin at t=42 hrs and t=50
hrs. This was accompanied by a further increase of the size of the cracks. This explanation that the cracks
occurring during the first days of the test were related to the poor compaction of the sand core and the small
clay dike is supported by the observations made during the removal of the (identical) east dike, where a sharp
contrast was found between the well-compacted clay layer which was still strong, and the nearly liquefied clay
of the small clay dike.

It is noted that it took quite a while before the more downstream instruments in the sand core showed any
reaction: instruments A02-A05-A08 at 1.8m downstream of the small clay dike to only at t=38 hrs and
instruments A04-A07 (6.0m downstream of the small clay dike and 1.4m upstream of the downstream slope)
at t=76 hrs, instrument A01 at t=98 hrs. At t=63.3 hrs the upper controllable drainage tube was opened, which
must have slowed down the filling of the sand core. Internal overtopping of the small clay dike did not occur
until t=86 hrs.
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2.5 MICRO-INSTABILITY OF THE SAND CORE
The failure mechanism called ‘micro-instability’ is described well by De Groot et al. [2011]. Application of the
formula given in that article to this test dike, to be precise: to the situation with a 1:2 inner slope made of sand
with only a thin cover of soft material yields that the situation is unstable as soon as the sand gets saturated –
which may take quite some time. The cover will only cause a limited delay of the failure process, which is
altogether described by De Groot et al. [2011] as ‘rather slow’.

Right after closure of the upper controllable drainage tube, the pore pressures in the sand core started to rise
sharp at t=94 hrs. At t=97.6 hrs, the higher pore pressures in the wet part of the sand core led to partial loss of
the shear strength, causing some sliding of the downstream slope. At this point, most of the sand core below
the crest may have been filled with water. This sliding may have caused further cracking of the sand core,
thereby also the last pore pressure meter there (A01) was reached by the rising water inside the core (at t=98
hrs). During the following night, the deformations continued while the water level in the upstream basin
receded, but only slowly. The deformations concentrated at the east side of the dike, cf. Appendix A, pages F-
32 to F-35. This was preceded by outflow of sand and clay with water on the slope, as shown in Appendix A,
page F-31. The next morning, at t=111.0 hrs the upstream basin was refilled. The pore pressures in the sand
core quickly responded to that. Before the level of 3.43 metres above the lower sand level was reached again,
at t=111.9 hrs the continued and increased deformation of the downstream slope and the crest lead to so
much subsidence of the crest that overtopping at a reservoir level of 3.38 metres above the sand level
occurred a few metres west of the east side of the dike, as shown in Appendix A, page F-36.This happened on
Sunday, August 26th, at 8:24 am. Breaching occurred and as a result, the reservoir emptied within 10 minutes
(Appendix A, page D-6). It seems impractical to make a detailed analysis of this failure with the available
knowledge, as time-dependency seems to be of significant importance, while a time-dependent analysis is yet
impossible.

It is hard to tell why the failure occurred at that location, apart from coincidence. Probably it was in part related
to the concentration of flow down at the toe, caused by the vicinity of the dike wrapped in foil separating the
West and the East test dikes, which made this location slightly more vulnerable than the middle part of the
dike. This however equally applies to the west side, where even less compaction of the sand core had
occurred during construction, as this was carried out from the central part of the piping facility. It should be
noted here that in order to avoid failure right at any of the ends of the West and East test dikes, an extra lump
of clay was placed near the sides, see Appendix B, page 7, showing the west side of the East dike during
construction.

2.6 PIPING
The first signs of sand transport induced from seepage flow were recorded already at a hydraulic head over
the test dike of 1.15m, as indicated in Appendix B, page 8 (this is identical to Appendix A, page E-1, but with
an indication of the nearest pore pressure meters added in the heading). Yet, between t=21.5 hrs and t=42.7
hrs, only traces of sand were seen, cf. Appendix A, page F-11. Soon after raising the head to 1.56m, the first
proper well was discovered, both in the field at t=45.1 hrs, see Appendix A, page F-13, and from the pore
pressure measurements at instruments O113 and O114, see Appendix B, page 9 or page 11. This first line of
instruments was located about 0.9m from the downstream toe.

Later on, after raising the upstream basin further to a head of 1.79m, at t=51 hrs, increased well activity at well
#1 and pore pressure meters O113 and O114 could be seen, shortly after followed by a drop in pore pressure
meter O110 (well #4, also visible in Appendix A, page F-15) and drops in O107, O108 and O109 upstream of
wells #2 and #3. A temporary drop is seen in O105 and O106, which may be attributed to drainage of that area
to supply discharge for the wells.

Upstream of well #1, O113 and O114 dropped first, later on followed by a clear drop of O214 between t=55.5
hrs and t=57 hrs indicating the passage of a piping channel. This second line of instruments was located about
2.5m from the downstream toe. At t=57.5 hrs, a tiny drop in instrument O312 (in the third line of instruments, at
4.3m from the downstream toe and upstream of the controllable drainage tube which was located at 3.7m from
the downstream toe) can be discerned in Appendix B, page 13, but that is not very convincing. In instrument
line 4xx, located at 11.2m upstream from the downstream toe, nothing special can be seen, see Appendix B,
page 14.

Upstream of wells #2 and #3, drops of O107, O108 and O109 between t=51.5 hrs and t=53.5 hrs and also the
turbulence between t=60 hrs and t=64 hrs may be attributed to the observed well activity (see Appendix B,
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page 10 or page 11). This also roughly applies to O207, O208 and O209, except that at O209 the pressure
starts to build up again from t=61 hrs. In lines 3xx and 4xx nothing special can be seen.

Well #4 is between the previous wells and may be connected to pore pressure meter O110, notably between
t=51.5 hrs and t=53.5 hrs and also very distinct between t=62.5 hrs and t=63.5 hrs.

Well #5 can be traced in O101 and O102 around t=57-58 hrs. No more wells have been detected.

On the West side, the pore pressures tend to decrease more after t=64 hrs than on the East side, see
Appendix B, page 11.

The opening of the lower controllable drainage tube to various degrees, starting at t=66.7 hrs, had a clear
effect on the pore pressures under the test dike. This is shown for the row in the middle, x09, in Appendix B,
page 15. This had an almost immediate effect on the well activity: no sand was produced anymore. An
alternative presentation of the various stages of the piping process during the test is given in Appendix B,
page 16. At t=89.6 hrs it was decided for safety reasons that the wells should no longer be inspected from
nearby. After closing the controllable drainage tube around t=94 hrs, the pore pressures were restored again
and the piping erosion process restarted, as e.g. shown by the new well in Appendix A, page F-33, which has
been observed from a distance. However, the pore pressure measurements and the available pictures and
videos clearly show that the breaching of the dike was not caused by piping.

One remarkable measurement can be seen for instrument O102 between t=103 hrs and t=107 hrs, see
Appendix B, page 17.  This is during the night while the sliding of the downstream slope at the east side of the
dike continues. The other instruments are hardly affected, see also Appendix B, pages 18 to 20.

Regarding the first 40 hours a general remark can be made that during that period the pressures are slightly
higher and more homogeneous on the west side than on the east side, see Appendix B, pages 21 to 24.

When comparing the measurements close to the east and west boundaries (x02 and x16, respectively) to the
measurements in the middle (x09), no clear boundary effect can be seen (cf. Appendix B, pages 25 and 26)
when the graph for O109 is adjusted for the presumed change in its location.

Finally, the apparently required gradient for the production of sand from a well is illustrated in different ways
both in Appendix B, pages 1 to 4 and by two graphs showing the pore pressure against distance for rows x07
and x13, see Appendix B, pages 27 and 28. In the latter two, at 15m along the horizontal axis the upstream
water level is plotted. This isn’t necessarily the pressure in the sand under the upstream toe of the dike.

2.7 DISCUSSION: FULFILLING THE AIM OF THE TEST
The aim of the test, as formulated before the construction of the dikes, was that it should fail by (at least) one
of the failure mechanisms piping, micro-instability of the sand core and overtopping/erosion. This aim was met,
as the failure was primarily caused by micro-instability of the sand core.

The compaction on first fill was not foreseen, but that did not lead to failure.

The preventive measures against piping and instability of the sand core – the controllable drainage tubes –
appeared to be very effective.
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3 EAST DIKE

3.1 SUMMARY
The test on the East dike in the All-in-One Sensor Validation Test of the IJkdijk started on Tuesday, August
21st, 2012, at 3:20 pm (local time / t=-3.37 hrs1). Failure by micro-instability of the sand core occurred on the
seventh day of the test, on Monday, August 27th, at 10:18 am (t=135.5 hrs, i.e. 138.9 hrs after the start of the
test). This was one of the three failure mechanisms indicated as desired before the start of the test. Other
mechanisms which played a role in this test are compaction of the dike at first filling and piping (backward
seepage erosion) through the sand layer underneath the dike. The reference monitoring data [Koelewijn et al.,
2012b] suffices to get a detailed view on the course of the test, which is in many ways comparable to the test
on the West dike.

3.2 CONSTRUCTION OF THE DIKE
The dike has been constructed in the east part of the IJkdijk facility already built in 2009 [Koelewijn et al.,
2009a], cf. Appendix A, page A-1. In May and June of 2012 this has been rehabilitated and the new test dike
has been built, mainly in accordance with the design as reported in [Koelewijn & Peters, 2012] and with some
minor modifications as detailed in [Koelewijn et al., 2012b]. The upper 40 to 60 cm of the test sand has been
removed and replaced by similar sand. Compaction has taken place to arrive at a relative density of about 65
to 75 percent. After saturation using about 50% vacuum pressure, instruments have been placed on the
sand/clay interface and the test dike has been built. The layer of clay dividing the subsoil suspectible to piping
from the upper part of the dike vulnerable to micro-instability and erosion from overtopping has been
compacted very well, while the higher parts of the dike (sand core, small clay dike at the upstream side and
the cover layer) were hardly compacted at all. Some of the instrumentation has been added in July, and some
right before the start of the test.

3.3 RELIABILITY AND ACCURACY OF INSTRUMENTS

3.3.1 Levels of upstream and downstream basins
In the weeks before the test started, both basins were nearly level. The day before it started the levels were
equal, as checked by DGPS (TopCon) measurements. On the morning of the day the test started, all levels
were checked by DGPS and traditional leveling, as reported in Appendix C, page C-6. These values all seem
to be reliable with an accuracy of 1 cm, although the lower measurement frequency of the manual
measurements during the test causes some differences in the graph, as shown in Appendix C, page D-9. A
more important remark to be made is that at t=65.18 hrs a difference of 14 cm between the reference levels of
the upstream and the downstream basins is discovered. The earlier logs in the factual report have not been
corrected for this error.

3.3.2 Discharge
For the downstream discharge, the malfunctioning automatic discharge meter should not be trusted. The
measurements using a 12.5 litre bucket and a timer are supposed to be reliable within 10%. For a detailed
analysis it may be required to take account of the disturbance of the downstream basin at t=109.7 hrs by the
failure of the West dike and the variation thereafter. A more detailed analysis may also include a break-down
of the inflow from the upstream discharge as given in Appendix C, pages C-4 and C-5 and rainfall, into storage
in both basins, the test dike and outflow from the usual exit pipe and from both controllable drainage tubes.
Note that the upstream discharge has not been checked yet against the upstream level, discharge through the
test dike and storage in the test dike. Also note the influence of rain showers: the influence of the
thundershower around t=3 hours bringing a total rainfall of 13.8mm is well visible in the measurements of both
basins, see Appendix C, page D-9.

1 A reset of the read-out unit of the pore pressure measurements appeared to be necessary a few hours after
the start of the test, at 6:42 pm. That moment therefore is reported at t=0 hrs, resulting in a negative starting
time.
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3.3.3 Pore pressure meters at the sand/clay interface underneath the test dike
Pore pressure meters O215 (Appendix C, page D-4), O404 and O412 (Appendix C, page D-7) show a delayed
reaction and appeared not to be in equilibrium yet when all instruments were set to zero right before the start
of the test. This is likely to be caused by clay in, or in front of, the filter of the instrument.

The behaviour of all other instruments is in agreement with the other observations made during the test,
although sometimes peculiar small drops or rises of up to 0.5 kPa occurred, for example between t=21 hrs and
t=30 hrs in O307 (see Appendix D, page 3), but at several other instruments too (see Appendix D, pages 1 to
16). This behaviour is always limited to either one rise or one drop compared to the initial reading. Similar
behaviour was observed with the same type of instruments used three years before, during the first four piping
tests at the IJkdijk [van Beek et al., 2009; Knoeff & De Bruijn, 2009; Koelewijn et al., 2009ab]. Consultation of
an instrumentation specialist did not resolve this issue [van Waardenberg, 2012]. Apart from these clearly
detectable measurement errors, the relative accuracy of the instruments appears to be better than 0.1 kPa
and enough for their main purpose: detection of piping.

3.3.4 Pore pressure meters in the sand core
All these instruments show a behaviour that can be typified as reasonable, except for the peculiar small drops
or rises, for example between t=60 hrs and t=70 hrs in A04 (see Appendix C, page D-8). The accuracy seems
comparable to the accuracy of the pore pressure meters at the sand/clay interface.

3.4 COMPACTION AT FIRST FILLING
Cracks appeared on the crest and on both slopes already at a water level in the upstream basin that was
much lower than the top of the small clay dike that is part of the upstream side of the test dike, see. Appendix
A, page A-2: this is about 2.4m above the top of the lower sand layer. The first cracks on the crest were
discovered on August 22, early in the morning at t=11.3 hrs (see Appendix C, pages F-10 and F-11), while the
upstream level was only about 1.2m above the top of the lower sand layer. The cracks increased in size over
time. From t=18 hrs the pore pressures in the sand core close to the upstream side, just behind the small clay
dike on top of the well-compacted clay layer, started to rise. First this happened only in the middle, after t=20
hrs also on the sides, see Appendix C, page D-8. An important notion is the development of a height
difference at the two sides of the cracks on the crest: the upstream side got lower in course of time.

An explanation for these observations is that the water from the upstream basin could easily flow through the
slightly compacted clay of the small clay dike, which was placed on top of the well compacted clay layer
separating this small clay dike and the sand core from the lower sand layer. Through this slightly compacted
clay, and probably even through concentrated flow at the interface between well compacted clay and slightly
compacted clay, the sand core got wet, causing (limited) compaction of the most upstream part of the sand
core and also some compaction of the wet part of the small clay dike. This compaction caused deformations,
leading to the observed cracks and uneven settlements. In turn, these cracks may have accelerated the
wetting and compaction of the sand core. This was accompanied by a further increase of the size of the
cracks. This explanation that the cracks occurring during the first days of the test were related to the poor
compaction of the sand core and the small clay dike is supported by the observations made during the
removal of the (identical) east dike, where a sharp contrast was found between the well-compacted clay layer
which was still strong, and the nearly liquefied clay of the small clay dike.

3.5 MICRO-INSTABILITY OF THE SAND CORE
The failure mechanism called ‘micro-instability’ is described well by De Groot et al. [2011]. Application of the
formula given in that article to this test dike, to be precise: to the situation with a 1:2 inner slope made of sand
with only a thin cover of soft material yields that the situation is unstable as soon as the sand gets saturated –
which may take quite some time. The cover will only cause a limited delay of the failure process, which is
altogether described by De Groot et al. [2011] as ‘rather slow’.

The pore pressures in the sand core gradually increased, but during the first three days of the test this did not
lead to a significant settlement of the dike or outflow of water. At t=73,4 hrs seepage at the west side of the
dike, at the foil, was seen. During the next 36 hours hardly anything changed, only after the failure of the West
dike (t=109.7 hrs) major changes to the downstream slope were seen: cracks at the west side of the dike.
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At t=116.6 hrs water started to flow from the slope above the well-compacted clay layer and the downstream
slope started to give way.

At t=132.8 hrs, on Monday, August 27th at 7:30 am the head drop was about 3.3m. During the night before,
hardly anything had happened. It was decided to increase the head drop to nearly 3.5m. This was reached at
9:10 am (t=134.28 hrs). At 9:30 (t=134.80 hrs) settlements of the crest near the east side were visible and
water started to flow through the cracks, collected on the settled crest and streamed along the downstream
slope (see Appendix C, page F-24). At 10:18 (t=135.50 hrs) the settlement of the crest was such that water
started to overflow the upper crest line (see Appendix C, page F-25). The downstream slope was already in
bad shape by then. At 10:24 (t=135.60 hrs) the water was flowing through two large scour holes (see
Appendix C, page F-26) and at 10:28 (t=135.73 hrs) a clear breach had formed (see Appendix C, page F-26),
which widened and deepened until the upstream reservoir was nearly empty. It seems impractical to make a
detailed analysis of this failure with the available knowledge, as time-dependency seems to be of significant
importance, while a time-dependent analysis is yet impossible. Comparison with the failure of the West
indicates much similarity, but this failure occurred slower.

It is hard to tell why the failure occurred at that location, apart from coincidence. Probably it was in part related
to the concentration of flow down at the toe, caused by the vicinity of the dike wrapped in foil separating the
West and the East test dikes, which made this location slightly more vulnerable than the middle part of the
dike. This however equally applies to the west side, where even less compaction of the sand core had
occurred during construction, as this was carried out from the central part of the piping facility. It should be
noted here that in order to avoid failure right at any of the ends of the West and East test dikes, an extra lump
of clay was placed near the sides, see Appendix B, page 7, showing the west side of the East dike during
construction.

3.6 PIPING
The first well was discovered after a little less than two days (t=16.6 hrs) at the downstream toe, with a head
drop of 1.60m. Only more than one day later (t=46.4 hrs), with a head drop of 2.02m, this well transformed
from producing water only into a sand producing well, implying piping. By then, five other wells had started too.
Until the end of the regular inspections at t=107.6 hrs, close before the failure of the West dike, a total of
seven wells occurred, three of which produced sand. After the failure of the West dike, observations were
hindered by the sand from the West dike deposited at the west side of the downstream basin of this test (see
Appendix C, page F-18). Because of safety reasons, at t=113.2 hrs it was decided to stop the detailed
inspections altogether. An overview of the well activity in combination with the head drop is given in Appendix
D, page D-17.

Piping can be found in the measurements of both the first and the second line of pore pressure meters, at
0.9m and 2.5m from the downstream toe, respectively. Both lines are downstream of the piping prevention
measure applied in this test dike: a coarse sand filter with a particle size between 1 and 2 mm, with proper
filter properties to interrupt the erosion process) on 3.2 to 3.7 metres from the downstream toe, with a depth of
0.5m (see Appendix C, page F-2). Upstream of this filter, in the pore pressure meters at 4.0m and 11.3m
upstream from the downstream toe, no sign of piping could be discerned (cf. Appendix D, pages D-1 to D-16).
In addition to the other observations, this clearly proves that failure was not caused by piping.

3.7 DISCUSSION: FULFILLING THE AIM OF THE TEST
The aim of the test, as formulated before the construction of the dikes, was that it should fail by (at least) one
of the failure mechanisms piping, micro-instability of the sand core and overtopping/erosion. This aim was met,
as the failure was primarily caused by micro-instability of the sand core.

The compaction on first fill was not foreseen, but that did not lead to failure.

The preventive measure against piping – the coarse sand filter – appeared to be effective.
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4 SOUTH DIKE

4.1 SUMMARY
The test on the South dike in the All-in-One Sensor Validation Test of the IJkdijk started on Monday,
September 3rd, 2012, at 12:12 pm (local time). This moment is defined as t=0. Failure by slope instability with
a deep sliding plane took place on the sixth day of the test, on Saturday, September 8th, at 2:27 pm (t=122.26
hrs). This was one of the two failure mechanisms indicated as desired before the start of the test. The
reference monitoring data [de Vries et al., 2012] suffices to get a detailed view on the course of the test.
Initially, the test has been executed more or less according to the detailed scenario as described in [de Vries,
2012], which is slightly different from the earlier design report [Koelewijn & Peters, 2012], but later on several
amendments had to be made.

4.2 CONSTRUCTION OF THE DIKE AND CONSOLIDATION PERIOD
The test dike has been constructed from 13 until 26 June 2012 at the IJkdijk test site in Booneschans,
Netherlands. The length at the crest was 50 metres and the height above the ground surface was 4.0m at the
end of construction. This dike has been constructed South of the earlier test locations, on clay and peat layers
with a total thickness of about 4.5m. At the start of the test, on Monday, September 3rd, a settlement had
occurred of 0.85m in the East section and 0.99m in the West section (see Appendix 6, pages F-1 and F-2).
This was slightly less than the 1.0 to 1.2 metres as anticipated by settlement calculations using the geometry
as designed (see Appendix 6, page F-3). The as-built geometry and the fitted settlements for the West section
are shown in Appendix 6, pages F-4 and F-5. The time-settlement curves already show that the excess pore
pressures had more or less dissipated at the start of the test, but that can also be concluded from the
measured pore pressures (see Appendix 5, pages E-A3a, E-A3b, E-A4a and E-A4b – note that these
measurements have not been corrected for settlement of the instruments).

A little more than a week before this test started, the whole test area up to the instrumented toe of the South
dike was flooded as a result of the failure of the West dike. This failure, on August 26th, can be traced in the
measurements of most of the upper pore pressure meters (see Appendix 5, pages E-A3a, E-A3b, E-A4a and
E-A4b).

4.3 RELIABILITY OF THE INSTRUMENTS
For a detailed registration of the construction of the dike, the consolidation period and the test itself a total
number of 26 pore pressure meters and two inclinometers have been installed at the start of the construction.
Until the end of August, another 8 pore pressure meters and four inclinometers have been added. All these
instruments have performed well, except one inclinometer which failed just before the start of the test. This
analysis is based upon this reference monitoring. In addition, Deltares has deployed the following
instrumentation to use in case of loss of instrumentation or in case unfavourable conditions, like loss of power
supply, would occur:

a webcam;
an HD optical camera, taking one frame every five seconds;
six cheap floating devices, one for each container on top of the embankment, for visual control of complete
filling;
traditional surveying of the settlements of each of the six containers.

As the main instrumentation functioned well (except for one inclinometer) and no unfavourable conditions
occurred, this additional instrumentation has not been used for this analysis. By the companies participating in
this test, a large variety of instruments has been deployed. The data obtained by these companies is mainly in
agreement with the reference monitoring data, but was not required for this analysis, except the data from the
weather station.

4.4 COURSE OF THE TEST BEFORE FAILURE
The test started on Monday, September 3rd at 12:12 pm. In accordance with the plan, it started by saturating
the sand core of the dike by slowly infiltrating water until a phreatic level inside the dike of 0.5m above the
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level of the (Northern) toe would be reached (stage 1). Starting with a phreatic level of NAP -1.40m and a toe
level of NAP -1.15m, the goal was a level of NAP -0.65m. However, at t=12.60 hrs the infiltration has been
aborted at a level of NAP -1.10m, because of serious wetting of the area around the toe of the dike. That
leakage could occur rather easy is easy to understand regarding the reaction of most of the upper pore
pressure meters to the high water level outside the dike earlier.

Filling the basin at the South side of the dike (stage 2) has been carried out from t=1.90 hrs until t=9.55 hrs. To
maintain the level, this basin has been refilled several times after (see Appendix 5, page E-B8).

On the second day of the test a ditch has been excavated in front of the dike on the North side (stage 3). This
ditch started at 1.5 metres from the toe (0.5m more because of the erroneous placement of a part of a
measurement system by one of the participating companies), with a slope of 1:1 at the side of the dike and
1:1.5 at the other side. The excavation has been carried out in three steps, first a depth of 0.5m and a bottom
width of 2m (t=23.17 hrs to t=24.05 hrs), then a depth of 1.0m and a bottom width of again 2m (t=24.88 hrs to
t=26.30 hrs) and finally a widening to a bottom width of 4m at a depth of 1.0m (t=26.80 hrs to t=28.30 hrs).

On the third day of the test, the deformation rates were such small that the option of waiting (stage 4 of the
initial plan) seemed unnecessary. Therefore a further excavation was carried out (stage 5). First, a further
excavation by 0.5m to a total depth of 1.5m was carried out, with a bottom width of 4m and side slopes of 1:1
at the dike and 1:2 at the other side (t=45.80 hrs to t=47.30 hrs). Next, the ditch was excavated to a depth of
2m below ground surface (i.e. a ditch bottom at NAP -3.15m) with a bottom width of 4m and the same side
slopes as before (t=49.80 hrs to t=52.55 hrs). In the plan, in this stage a further widening of the ditch to a
bottom width of 6m was foreseen, but this has not been carried out because of signals of hydraulic fracturing
of the ditch bottom (cracks in the bottom and an increase of the inflow of water).

Applying the current pore pressures in the lower sand and considering vertical equilibrium only, at the moment
the excavation was carried out the safety factor against uplift was only 0.73, i.e. an unsafe situation.
Theoretically, equilibrium would just be achieved with an excavation down to NAP -2.31m only, i.e. an
excavation depth of 1.16m. However, because of both arching and limited inflow from beneath a deeper
excavation is possible at this site, as was already known from earlier experience. Therefore the maximum
excavation depth could not be determined from a simple theoretical calculation, but much closer to reality from
practical experience. See Section 4.6 for the impact of the size of the ditch on the stability of the dike.

Water has been infiltrated into the sand core of the dike again on the fourth day of the test, starting at t=67.63
hrs. Probably not only water but also air (from within the pipe) has been pumped into the dike then, because of
the quite significant pressure rise. About fifteen minutes later, when less than 1500 litres had been infiltrated,
the settlements increased, as well as the horizontal deformations. As soon as this was observed, the
infiltration was stopped, this happened at t=67.97 hrs. On hindsight, a few minutes earlier the dike had more or
less stopped moving already, depending on the position (or: the instrument) between t=67.88 hrs and t=67.93
hrs.

Infiltration was resumed at t=69.83 hrs. From then on, a limited amount of water was discharged from the sand
core through a controllable drainage tube buried close to the Northern toe of the dike. The influence of this
drainage can not be found clearly in the measurements, perhaps because the test leaders demanded a too
limited outflow discharge.

From t=76.85 hrs on also the tanks on top of the dike were filled with water. The initial filling was with about
0.25m, completed within half an hour. After this, on average every seven hours another filling took place until a
level of about 1.75m was reached at t=117.65 hrs, except in both outer tanks as these were less high. The
water levels in the tanks (numbered as 1 to 6 from East to West) are shown in Appendix 5, page E-B9.

From t=99.30 hrs the discharge of the controllable drainage tube has been increased, as shown by the
measurements (see Appendix 5, pages E-B2a and E-B2b). At t=102.80 hrs this tube has been closed.

On the sixth day of the test, Saturday September 8, the infiltration rate of the sand core is increased by
maintaining the level in the intermediate water tank at a constant, high level (instead of intermittently filling this
tank). Also, the water was pumped out of the ditch. This went rather slow – based upon the pump discharge,
the lowering of the water level in the ditch should have been at least twice as fast, but apparently the seepage
flow into the ditch increased as the level dropped. This process went in a non-linear manner (see Appendix 5,
page E-B7).
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The horizontal deformations accelerated at every increase of the load, just to slow then again later on.

4.5 FAILURE OF THE DIKE
As the infiltration of the sand core gradually slowed down because of the decreasing head and the lowering of
the water level in the ditch went rather slow too, it was decided to increase the infiltration rate by connecting
the pump directly to the infiltration pipe, i.e. bypassing the intermediate tank used to limit the infiltration
pressures. This was realised at t=121.69 hrs. While changing the configuration, care was taken to ensure that
no air got into the infiltration pipe. Again, this led to an increase of the deformation rate.

At t=122.00 hrs the maximum pressure in the sand core was reached and the deformations continued to
increase, most in the middle, slightly less at the East section and even more less at the West section. At
t=122.18 hrs the deformations became visible for the human eye, from the bulking of the slope of the ditch,
which at t=122.25 hrs concentrated in a zone slightly West to the middle. Within a minute, at t=122.26 hrs
(Saturday at 2:27 pm), this slope broke into pieces, after which a slightly more superficial sliding plane
occurred and the pore pressures in the sand core decreased quickly. A few minutes later the failure seemed to
have stopped, although the measurements show an increase of the deformations up to half an hour later. Plan
and side views of the situation after failure are presented in Appendix 6, page F-6. Cross-sections of the post-
failure situation are presented in Appendix 6, pages F-7 and F-8.

A forensic investigation was carried out two days after the failure. Several trenches were cut in the area where
most of the deformation had taken place. Pictures taken at different depths are shown in Appendix 6, page F-
9. In Appendix 6, page F-10, a cross-section is shown indicating several shear planes as found in this
investigation, as well as the location of a skewed peat layer closer to the surface, which presumably got there
only after the slope of the ditch broke into pieces. Inflow of water and failure of the sides prevented detailed
analysis at greater depth.

It does not seem likely that the leakage of water out of the containers (initially mainly at the East side, mostly
from container #2, later mainly at the location of the final failure, from containers #4 and #5 – see Appendix 5,
page D-31) has contributed much to the failure. The leakage appeared to be significant, but the total volume of
water was limited. No influence can be found either in the pore pressure readings which did react to the
breach of the West dike and, earlier, to rain (e.g. on August 6-7 a total of 6.6 mm in several showers and on
the evening of August 21 a total of 13.8mm within an hour).

4.6 STABILITY ANALYSIS
After the failure, an analysis has been made of the slope stability at several important instances during the
lifetime of the dike. To this end, all relevant soil investigations carried out from 2006 until 2012 at this site have
been used [Koelewijn & Bennett, 2012]. The analytical slope stability models by Bishop [1955] and Van [2001],
as implemented into the software package ‘D-Geo Stability’ (version 10.1, build 2.2), have been used to
calculate the factor of safety against failure, using average (or ‘best guess’) values for the strength
parameters, unit weight and geometry, and measured values for the pore pressures assuming no vertical
movements since the start of the test. With respect to the settlements from primary consolidation and creep,
this assumption seems fully justified, while for the last phase of the test this assumption may lead to a limited
error.

The results of the calculations are presented in Table 4.1. In addition to several situations as they have
occurred in reality, a few hypothetical situations have been calculated too, viz. ‘What if a wider ditch would
have been excavated?’ and ‘What if no water tanks would have been put on top?’

The first calculated situation is right after completion of the embankment on June 26th, as shown in Appendix
6, page F-11 (cf. Appendix 5, page D-31). The excess pore pressures lead to decreased stability with a
minimum safety factor of 1.46 according to Van’s model employing a similar model factor of 1.00 as applied for
Bishop’s model, because the sliding planes are of similar size and shape. At the start of the test, dissipation of
excess pore pressures has led to an increase of the calculated safety factor to 1.74. Right before the last
excavation step, the safety factor was reduced already to 1.24. This excavation led to a further reduction to
1.05. A wider ditch bottom would have led to a safety factor of 0.98, implying failure conditions. Just before the
infiltration was started, redistribution of pore pressures (a lower phreatic surface inside the sand core, a higher
water level in the ditch) had led to an increase again of the safety factor to 1.08. When the test leaders got
alarmed by the increased rate of deformation, the calculated safety factor seemed to be as low as 1.01. When



19> 2012.09.05.6 IJKDIJK ALL-IN-ONE SENSOR VALIDATION TEST – GEOTECHNICAL ANALYSIS

the final infiltration step started, on Saturday afternoon, the safety factor was again at 1.01 according to Van’s
model. For the moment when the maximum pore pressures were reached, a safety factor of 0.92 is calculated,
implying failure – which was indeed occurring at that moment. Given the results of the forensic investigation,
alternative calculations were made forcing the sliding plane at a higher level. This only resulted in a higher
calculated safety factor of 0.97 at the same moment. For the hypothetical situation of not applying water tanks
on top of the dike, a safety factor of 0.93 is calculated, i.e. only marginally higher. When the final failure
occurred, the measured pore pressures were already lower, resulting in a calculated safety factor of 0.94.
Plots of all calculated situations are given in Appendix 6, pages F-12 to F-23.

Table 4.1 Results for slope stability calculations

Situation Date and time t (hrs) SF Van SF Bishop

1. Embankment completed 2012.06.26 17:00 - 1.46 1.50

2. Start of test 2012.09.03 12:12 0.00 1.74 1.82

3. Before last excavation 2012.09.05 09:00 44.80 1.24 1.38

4a. After last excavation

4b. - with ditch bottom width of 6m

2012.09.05 17:00

hypothetical

52.80

52.80

1.05

0.98

1.08

1.01

5a. Restart of infiltration

5b. Alarming movements

2012.09.06 07:50

08:07

67.63

67.92

1.08

1.01

1.12

1.05

6a. Start of last infiltration

6b. Maximum pore pressures

6c. – higher level of sliding plane

6d. – without tanks on top

6e. Final failure

2012.09.08 13:53

14:13

14:13

hypothetical

2012.09.08 14:27

121.69

122.02

122.02

122.02

122.26

1.01

0.92

0.97

0.93

0.94

1.05

0.95

-

0.96

0.98

Because Van’s method is based upon Bishop’s model, basically with a more flexible shape of the sliding
plane, it is logical that SFBishop > SFVan. Usually, the differences are rather small – compare for instance the
results for the situation with the lowest safety factor, situation 6b. The location and shape of the sliding plane
are nearly the same (Appendix 6, pages F-20 and F-24). The largest difference is found for situation 3, see
Appendix 6, pages F-14 and F-25.

The results are almost suspiciously good: a safety factor above 1 for conditions not quickly leading to failure,
and below 1 for failure conditions. Note that in this case most input for the calculations was available with a
higher accuracy or density than usual. All input has been collected before a calculation was done, i.e. no
unethical attempts have been made to arrive at convenient answers. Reference is also made to Spencer
[1967] for the accuracy of Bishop’s model in practical situations.

No attempt has been made to use the finite element method for this analysis, because of the limited
availability of stiffness parameters. In such a case, the advantage of a finite element analysis over analytical
methods for slope stability is limited – except that other failure modes may be captured better. However, this
does not hold for fracturing from uplift, which seems to be the main ‘other failure mode’ in this case, as this is
very difficult to calculate with most geotechnical finite element software packages because of the zero
effective stress in the most important zone.

Although in this analysis the emphasis is put on the pore pressures and the resulting safety factors, the
deformations measured by the inclinometers also provide valuable information. Table 4.2 provides some
deformation data for two situations: the failure on Saturday and the restart of the infiltration on Thursday, when
the decision was made to proceed with more caution. The data given for the failure clearly shows the
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progressive nature of this failure. The tabulated data for Thursday morning shows a much smaller deformation
rate, which appears to be the largest on the East side. Graphical data for both situations is presented in
Appendix 6, pages F-26 to F-35 for the failure on Saturday and pages F-36 to F-40 for the restart of the
infiltration.

Table 4.2 Horizontal deformations measured by the inclinometers

Situation East in
toe

Middle under
crest

Middle in front
of toe

West in front of
toe

West in
toe

Failure Saturday

1:53 pm

2:13 pm

2:27 pm

2:30 pm

115mm

145mm

180mm

225mm

145mm

190mm

430mm

1450mm

160mm

200mm

470mm

1650mm

140mm

175mm

310mm

900mm

135mm

155mm

320mm

830mm

Infiltration Thursday

7:50 am

just after 8 am

(time of maximum)

43mm

52mm

(8:08 am)

37mm

43mm

(8:07 am)

49mm

56mm

(8:07 am)

56mm

60mm

(8:06 am)

44mm

52mm

(8:08 am)

4.7 DISCUSSION: FULFILLING THE AIM OF THE TEST
According to the design report, this test would be a success if the dike would fail either by rupture of the clay
layer covering the sand core, or by a deep sliding plane with a minimum deformation of 20 cm along the
desired slip plane. The latter occurred. According to the measurements of the inclinometer in the central
section just in front of the toe, the deformation criterion was met on Saturday, September 8th, at 2:13 pm
(t=122.02 hrs).
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APPENDIX 1 :  WEST DIKE – COPIES FROM
FACTUAL REPORT























































24> 2012.09.05.6 IJKDIJK ALL-IN-ONE SENSOR VALIDATION TEST – GEOTECHNICAL ANALYSIS

APPENDIX 2 :  WEST DIKE – ADDITIONAL
GRAPHS

















Legend: 0 Stopped / buried
1 Trace of sand, no visible boiling of sand or transport of sand, no change in size, no dust cloud

2a Trace of sand, no visible boiling of sand or transport of sand, yet steady growth, no dust cloud
2b Trace of sand, no visible boiling of sand or transport of sand, dust cloud (from fine sand) visible
3a Well producing water only, no sand boil
3b Well producing water only, with sand boil, but no sand production
4 Sand producing well
x Removal of sand
- Not accessible
.. Assumed to be equal to the previous reading

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
5.2 11.7 11.2 8.7 17.4 7.0 3.0 4.0 5.8 6.5 10.3 17.3

date time total time head
2012 hh.mm hh.mm m
22/08 14.01 21.31 1.15 2b
22-08 14.54 22.24 2b
22-08 17.37 25.07 1.34 2b 2b
22-08 19.30 27.00 2b
22-08 21.50 29.20 1.31 2b
23-08 1.40 33.10 1.27 2b
23-08 6.00 37.30 1.23 2b
23-08 11.00 42.30 1.56 2a
23-08 11.01 42.31 1.56 2b
23-08 11.04 42.34 1.56 2b
23-08 11.06 42.36 1.56 2a
23-08 11.09 42.39 1.56 2a
23-08 13.41 45.11 1.49 3
23-08 15.46 47.16 1.55 3
23-08 20.05 51.35 1.79 3 2b
23-08 23.40 55.10 3
23-08 23.41 55.11 3
23-08 23.45 55.15 3
23-08 23.47 55.17 4
24-08 2.28 57.58 1.87 4
24-08 2.30 58.00 1.87 3
24-08 2.35 58.05 1.87 3
24-08 2.39 58.09 1.87 4
24-08 5.23 60.53 1.83 3
24-08 5.28 60.58 1.83 4
24-08 5.34 61.04 1.83 3
24-08 5.37 61.07 1.83 3
24-08 9.15 64.45 2.02 4
24-08 9.19 64.49 2.02 4
24-08 9.23 64.53 2.02 4
24-08 9.25 64.55 2.02 4
24-08 9.31 65.01 2.02 3
24-08 13.52 69.22 2.01 3
24-08 13.54 69.24 2.01
24-08 20.58 76.28 2.09 3
24-08 21.02 76.32 2.12 0
24-08 21.04 76.34 2.12 3
24-08 21.10 76.40 2.12 3
24-08 21.12 76.42 2.12 3 -
25-08 0.30 80.00 2.12 3 3
25-08 0.30 80.00 2.12
25-08 0.35 80.05 2.12 3
25-08 0.36 80.06 2.12 3
25-08 0.37 80.07 2.12 3 -
25-08 5.29 84.59 2.12 3
25-08 5.37 85.07 2.12 3
25-08 5.38 85.08 2.12 3
25-08 5.40 85.10 2.12 3
25-08 8.45 88.15 2.30 4 3x 3x

115
116

114
115

113 112 108
109

101
102

well number / position (in metres from the west side) / closest pore pressure meters

113
114

107 107
108

110 101
102

112
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APPENDIX 3 :  EAST DIKE – COPIES FROM
FACTUAL REPORT
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APPENDIX 4 :  EAST DIKE – ADDITIONAL GRAPHS
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APPENDIX 5 :  SOUTH DIKE – COPIES FROM
FACTUAL REPORT
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APPENDIX 6 :  SOUTH DIKE – ADDITIONAL
GRAPHS
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APPENDIX 7 :  SHORT DICTIONARY



Dutch to English vocabulary
Note: only valid within the context of this report.

afstand (vanaf) distance (from)

automatische meting automatic measurement

benedenstrooms downstream

bovenstrooms upstream

debiet discharge, flow

handmatige meting manual measurement

kruin crest

niveau level

raai row

rij line

sloot ditch

teen toe

tijd time

uur hour

verhang gradient

verval head, head drop

waterniveau water level

waterspanning pore pressure

waterspanningsmeter (wsm) pre pressure meter

wel well
stilgevallen - stopped
watervoerende - carrying water
zandmeevoerende - carrying sand

zand sand

zandkern sand core


