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Monitoring of the test on the dike at Bergambacht: design and practice

Auscultation du essai sur la vieille digue 2 Bergambacht: le projet et la pratique

AR. Koelewijn & M.A. Van
GeoDelft/Delft Cluster, Delft, Netherlands; a.r.koelewijn@geodelfi.nl
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ABSTRACT: A large-scale field test has been carried out on an old river dike, to determine its actual
strength and to study the uplift mechanism. For the design of the monitoring system an analysis has
been made of all possible failure mechanisms, to determine the desired amount of monitoring. This
was balanced with the available budget. In spite of all adversities encountered, the test was finally
successful, not the least because of the rational approach towards the monitoring.

RESUME: Sur une vieille digue le long d’une riviére un essai est exécuté pour déterminer la
puissance et pour étudier le mode de rupture par soulévement. Pour le projet de la auscultation du
essai tous les mécanismes possibles sont analysés. Puis, la auscultation souhaitable et le budget
disponible sont balancé. Finalement, malgré des difficultés techniques différents, I’essai €tait une
réussite, considérablement en conséquence de I’approche rationelle a I’auscultation.

1 INTRODUCTION

In autumn 2001, a large-scale field test was carried out on an 800 years old river dike near the village
of Bergambacht, about 30 kilometres east of Rotterdam, along the river Lek. This dike had become
redundant due to a realignment of the river. In the test the dike was brought to collapse at the land
side. The test was initiated by the imminence of flooding in this area in 1995, when over 200,000
people were evacuated to safer grounds. It was aimed both at the determination of differences
between the calculated strength and the actual strength of a river dike and at the verification of the
uplift failure mechanism under well-controlled field conditions. Of course, an adequate monitoring
system was an essential part of the test. The preparations for this test began in summer 1999, when the
site became available. However, it was not until March 2001 before the aims of the test were agreed
upon and the design of the test could be made, as well as the design of the monitoring system.

In this contribution the monitoring system is described, as well as its performance and the
adjustments made. In June the preparations in the field started. At the end of November the dike
finally collapsed, after a first attempt in September had failed. The monitoring was stopped when
measurements showed that the movement of the new dike protecting the hinterland had stopped.

2 DESIGN OF THE MONITORING SYSTEM

2.1 Brief outline of the test

In order to elucidate the frame of the monitoring system, first an outline of the test is given. A plan of
the test site showing both dikes is given in Figure 1. The distance between the toe of the old dike and
the berm of the new dike is at most 70 metres. The height of both dikes is about 5 metres above
ground level. The subsoil consists of about 12 metres of various clay and peat layers on top of a thick
sand layer. In this sand layer, the pore pressures are strongly influenced by the water level of the river,
which is under tidal influence. Behind the old dike also a clayey sand layer is found at a depth of 8 to
10 metres. The pore pressures in this layer are also influenced by the river level.
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Figure 1. Plan of the test site.

The uplift failure mechanism, which is a special case of a slope stability problem, is primarily caused
by the loss of shear strength at the bottom of the soft layers as a result of high pore pressures in the
sand layer. The effective contact stress at the interface between both layers eventually decreases to
zero, giving rise to uplift of the soft layers and sliding. The uplift phenomenon mainly occurs in tidal
river basins. Case histories of uplift induced dike failures are known from e.g. the river Thames
(Cooling & Marsland, 1953) and the river Lek (Van, 2001). A suitable calculation model, based on
Bishop’s method and validated by FEM calculations, centrifuge research and the Bergambacht field
test has been developed and described by Van (Van, 2001).

A sheet pile wall with a length of 50 metres has been placed at the river side of the old dike. This
has been filled six weeks in advance of the actual test, to raise the phreatic line in the dike.
Meanwhile, the infiltration wells were installed. In the area between both dikes, the upper two meires
have been excavated over a length of 70 metres about four weeks before the test, to facilitate the uplift
mechanism to occur in spite of the presence of the clayey sand layer, which is rather uncommon in
this area and reduced the chances of uplift to occur because of its high volumetric weight. This
excavation however increased the risk of an untimely failure as a result of uplift due to the pore
pressures in this clayey sand layer at high tide in combination with a high river discharge. After
excavation, all instruments were to be installed. This had to be finished at least three weeks before the
test, to reduce the excess pore pressures due to excavation and instaliation.

During the actual test as designed for September, river water was to be infiltrated during high tide
through six infiltration wells placed on the old dike into the deep sand layer, to cause uplift. In
combination with the raised phreatic line in the core of the dike, this was supposed to simulate high
water conditions as good as possible. During the next low tide a surcharge consisting of about 150
concrete blocks of 1 m® each was to be placed on top of the old dike in case the first high tide would
not lead to failure. Two other attempts were planned during the next two high tides, after which at
least the start of failure should have occurred. As explained later, failure did not take place and
-another attempt was made two months later.

2.2 Desired monitoring

For the design of the monitoring system use was made of the HerMes monitoring philosophy (HerMes
= tHE Rational Monitoring and Evaluation System), developed within the Delft Cluster research
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program (Koelewijn, 2001; Holscher, 2002). This philosophy is inspired by the observational method
and the guidelines for systematic monitoring by Dunnicliff (Dunnicliff & Green, 1988; Dunnicliff,
1999). In comparison with the latter, within HerMes more emphasis is put on the choice of a proper
monitoring strategy and the need to actually use the collected data for modifications of the design,
construction or maintenance, if that turns out to be useful.

For the Bergambacht field test, first an analysis was made of all possible failure mechanisms and
possible countermeasures. Totally, 12 potential failure mechanisms were identified, including ‘no
failure at all’ and “failure of the infiltration system’. This was thought to result in delay of the test. As
a countermeasure, more infiltration capacity was foreseen. For 7 mechanisms a probability analysis
was carried out to determine the chances of failure. Quantifying the risk of failure into the river
indicated that in the original design this would be slightly more likely to happen than failure of the old
dike towards the new dike. For this reason and to be prepared for countermeasures related to other
mechanisms with a reasonable chance of occurring, several alterations had to be made to the design of
the test — mainly regarding the precise location of wells, surcharge blocks and emergency routes.

Next, for 11 mechanisms and related aspects it was systematically determined which monitoring
would be required to detect each unfavourable mechanism in time and to make sure that sufficient
data would be collected to draw useful conclusions on the occurring failure mechanism, éven if that
would not be the desired uplift mechanism. The amount of monitoring desired from a pure technical
point of view (i.¢., regardless of budgetary constraints) was determined for:

1. failure according to the uplift mechanism;

2. the infiltration of the old dike;

3. the water level on the river and its influence in and right above both sand layers;

4. the functioning of the infiltration into the deep sand layer;

5. the direct influence of the surcharge;

6. adjustment of the subsoil after excavation of the upper two metres of clay and peat;

7. a shallow failure (i.e., a non-uplift slide plane);

8. superficial sliding of the old dike, with a slide plane above ground level;

9. shallow failure at the edges of the excavation;

10. failure of the old dike into the river;

11. failure of the new embankment.

The latter five, and especially the last one, were to be avoided at all times, because a (re)start of
the test would not be possible after one of these mechanisms would occur. For each of these
mechanisms, depending on the seriousness, a warning level and a limit value to deformations and/or
pore pressure changes were specified.

For each of these mechanisms the desired monitoring was sketched on transparencies. In Figure 2 a
resketch is given of the sheet used for the first mechanism: failure according to the uplift mechanism.
Al transparencies together gave the total monitoring desired for the test indicated in Figure 3. The
projected monitoring was mainly clustered into three cross-sections, distributed evenly along the main
test area with a width of 50 metres. Qutside these cross-sections additional monitoring was planned,
to cover wider-spread phenomena. The use of three more or less identical instrumented cross-sections
was to raise the confidence in the reliability of the measurements, to account for loss of instruments
and to ensure that any major failure mechanism would be detected, even if the width of the failure
would be only 25 metres, as often found in practice for shallow failures. Due to overlapping of
mechanisms some instruments could be combined, although such an overlap also means that changes
in measured values can be caused by more than one mechanism, which complicates the interpretation.

After determining function and position of the monitoring, for each instrument the specifications
were listed, including measurement frequency, range and accuracy. Next, instruments matching these
specifications were selected, although suitable pore pressure meters for the clay and peat layers were
not found. Therefore, the instruments used in these layers did not fully comply to the specifications.

2.3 Budget-driven reductions

The total costs of the desired monitoring amounted to about 430.000 Euro, including installation,
measuring and supervision (i.e., about 20% of the total project costs). However, in the original budget
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Figure 2. Desired monitoring for the uplift failure mechanism.
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Figure 3. Desired monitoring for all identified failure mechanisms.

I

13 7 @218 3223033
142 ) X 3 23-29/11+11 73-77 I’;//——\
+
g ?):i’f ' 4+ 34-42 _A3-47 _48-52.53:57 5862  63:67 P78
34K ! /o §261217 1 30431 X39+40 x48
546 D 29 4%
1 32433 x 49 —
i
22423
! 34435 A1d4ie~ 0%
13-21% 36-38 X44-47 51.53 % 55%
i x + water/pore pressure (1-55)

' V: surface deformation (1-77)
. . @®: subsoil deformation (I-IV)
Figure 4. Instrumentation for the final test.

only 75.000 Euro was left for monitoring. In this phase of the project the advantage of a systematic
and rational approach to monitoring became very clear to all parties involved. Explicit choices were
made to concentrate the monitoring on the uplift mechanism. The number of instrumented cross-
sections was reduced to two, most of the subsoil deformation meters and some of the pore pressure
meters were cancelled and the frequency of the measurements of most of the surface deformations
was reduced to once every 15 to 20 minutes using one total station, in stead of every 5 or 10 minutes
using three total stations. As for each instrument all functions were explicitly described, it was rather
easy to leave out the least important instruments once the priorities were shifted. On the other hand, it
also became clear that the budget for monitoring had to be raised, as otherwise the whole project
would be useless. After some discussion, the budget available for monitoring of the test in September
was raised to 220.000 Euro, among other things by reducing the number of infiltration wells from SiX
to four. For the final test in November, an additional 90.000 Euro was made available for monitoring.

758 Main Session 3 “Construction on man-made and remediated brownfield sites

The instrumentat
total of 76 water :
monitoring ‘was «
number was raise
once every two t
used: a system w:
image processing
markers each an
information on th
flexible glass fib:
part of a stick aft
During the test th
could be very use

3 PREPARATIO

During the prepa
both dikes. Durii
asphalt of the old
the water level 1
evidence -availabl
the dike a rather:
first seven metres
be sufficient. It 1

4 FIRST TEST: ¢

The first stage of
of the capacity ¢
surface deformat
while inclinomet
bottom of the so
excavated area w
general, althougt
dew gathered or
seriously questic
Therefore, later ¢
the new dike, inf
have been very u

The next mon
the maximum po
In spite of the st
clogged wells du
attempt, the pore

5 FINAL TEST:

The data collect
collapsed. Withit
total of nine infil
system was expa:

Main Session 3 “C



L )

sand

e pressure
rface deformation
tbsoil deformation

XV

'3-47 48-507 L—\
~ |

ater/pore pressure (1-76)
irface deformation (1-30)
1bsoil deformation (I-XV)

_77 I;//_\
7737

/;/

55 %
rater/pore pressure (1-55)
irface deformation (/-77)
1bsoil deformation (I-1V)

santage of a systematic
. Explicit choices were
of instrumented cross-
1e of the pore pressure
e surface deformations
f every 5 or 10 minutes
described, it was rather
d. On the other hand, it
wise the whole project
f the test in September
iltration wells from six
ailable for monitoring.

iediated brownfield sites

Proc. XIII ECSMGE, Vanicek et al. (eds). © CGtS, Prague, ISBN 80-86769-00-3 (Vol. 1)

The instrumentation used for the final test is shown in Figure 4. In the original monitoring plan, a ,
total of 76 water and pore pressure meters was planned. At the point in the decision process where the
monitoring was cut to a minimum, only 26 of these meters were left. For the September test the

‘number was raised again to 43, while finally 55 meters were used with a measurement frequency of

once every two minutes. For the surface deformation, during both tests two different systems were

- used: a system using a total station, covering 57 points distributed over the whole test area, and an

image processing system covering the landside slope of the old dike only, with four rows of five
markers each and a sampling frequency of once every 10 seconds. To avoid to have hardly any
information on the depth of the slip surface after the test, most of the inclinometers were replaced by
flexible glass fibre sticks designed to break easily at the slip surface. Careful removal of the upper
part of a stick after the test would give an indication of the depth of the most shallow failure surface.
During the test these sticks would not provide any information, but for the evaluation of the test they
could be very useful, while the costs were less than 10% of online instrumentation.

3 PREPARATION OF THE TEST

During the preparation stage serious problems occurred halfway the excavation of the area between
both dikes. During one of the regular visual inspections of the old dike cracks were found in the
asphalt of the old road. The excavation was temporarily stopped and according to the monitoring plan
the water level within the sheet pile wall was lowered, after which crack growth decreased. All
evidence available indicated that due to both the excavation and the higher freatic line in the core of
the dike a rather superficial sliding of the old dike had started. Excavated material was replaced at the
first seven metres behind the toe of the old dike. Slope stability calculations indicated that this would
be sufficient. It turned out that this measure was indeed sufficient, as the cracks remained stable,

4 FIRST TEST: SEPTEMBER 2001

The first stage of the test started on the 17™ of September, 2001. During the first high tide about 80%
of the capacity of the infiltration wells was used and the old dike came at the brink of failure. At
surface deformation meter 55 in Figure 4 an upward displacement of 14 centimetres was recorded,
while inclinometer II showed a displacement towards the new dike of about 20 millimetres near the
bottom of the soft layers. The crest of the old dike slightly settled. The upward movement of the
excavated area was most probably caused by uplift. The monitoring system functioned very well in
general, although in course of the evening some minor problems occurred with the total station, as
dew gathered on the prisms used. As during the test the measurements of inclinometer II were
seriously questioned, a second inclinometer at the toe of the old dike was found to be lacking.
Therefore, later on inclinometer Il was installed. It was further discovered that for the monitoring of
the new dike, information on the pore pressures in the sandy core and underneath the structure would
have been very useful — this turned out to the only serious mistake in the original monitoring plan.

The next morning, during the second high tide of the test, two of the infiltration wells clogged and
the maximum pore pressures in the deep sand layer were slightly lower than during the first high tide.
In spite of the surcharge, the deformation rate was smaller than the day before. Regeneration of the
clogged wells during the following ebb tide was not successful enough: during the third and last
attempt, the pore pressures in the deep sand layer were slightly lower again.

5 FINAL TEST: NOVEMBER 2001

The data collected during the first stage was considered to be very useful, yet the old dike had not
collapsed. Within two weeks sufficient budget was found for a restart of the test, but this time with a
total of nine infiltration wells and using prefiltered water in stead of ‘raw” river water. The monitoring
system was expanded with an inclinometer, several pore pressure meters in a third cross-section and
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Figure 5. Measurements of water pressure meter 1, pore pressure imeter 45 and surface deformation

meters 8 and 55 (see Figure 4) on November 28", 2001.

two pore pressure meters in the new dike.

The final test was successful, although three infiltration wells failed, prebably as a result of the
deformations which occurred. As shown in Figure 5, deformations of the old dike of over one metre
he failure was larger than expected: 110 metres in stead of 50-70 metres. As a

occurred. The extent of t
result the image processing system failed, as the cameras stood within the area of the slide. The glass

fibre sticks system failed, as most of these could not be traced after the failure. However, this might

be related to the scepticism about this method among the people in the field. Soon after the failure the

deformations of the new dike exceeded the warning level, but they remained below the critical level.
It can be concluded that the followed approach regarding the monitoring of this field test has
proven to be successful, in spite of the budgetary constraints and other adversities encountered.
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