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Levees and dikes constructed on Soft Saturated soil
K.J. Bakker1, J.K. Vrijling2, Delft University of Technology

Abstract
As an introduction of the topic a historical reference to the water defence in the Netherlands will be
described, that explains the origin of the Dutch dikes and the different ways that problems have been
solved in the past.
Second to that the distinction between Sea dikes that are exposed both to high tides and waves and
River dikes that are mainly exposed to flood levels, that accompany the seasonal periods of abundant
rain in the hinterland, will be put forward.
Thirdly some of the limit states that are related to the soil stratigraphy and the groundwater conditions
will be discussed in more detail; such as the vulnerability of the dike to overtopping, the uplift of the
land behind the dike due to buoyancy and the relation between buoyancy and piping.
In addition to that, dike construction is explained considering some of the peculiarities of soil
behaviour; i.e. the dependency of the foundation bearing capacity to drainage; making distinction
between short term undrained behaviour and long term drained conditions. The influence of
consolidation and dissipation of excess pore pressures is explained, leading to customary methods of
staged construction for dike reinforcement works.
Finally some new developments in the field of dike safety will be described such as the introduction of
structural elements, e.g. sheet piles, in order to save residences in inhabited areas if there is too limited
space for conventional solutions.

1. Introduction
The Netherlands have a history with water. It is common knowledge that large parts in the West of the
Netherlands are several meters below sea level. There is a saying abroad that the Dutch have claimed
their land from the sea; this may partly be true for areas that were lost due to flooding; other parts
however may never have drowned in historic times.
Two thousand years ago large parts of the land that is now below the sea level were about 2 m above.
The land however was a wet land and could not be worked without drainage. Artificial drainage for
agricultural purposes caused subsidence and combined with sea level rise, the land drowned. Around
800 years ago our Dutch ancestors took the first artificial measures to keep dry feet.
In the North of Holland the West Frisian Ring dike was built around the year 1250, which was one of
the first dikes in the area. Shortly after that, some more estuaries where closed with dams in order to
keep water from freely flowing within close vicinity of settlements, such as the dam in the river
Amstel that created Amstel(re)dam, the dam in the river Zaan (Zaandam) and the dam in the river
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Rotte (Rotterdam), There are numerous cities in the Netherlands with names that refer to the closing of
former estuaries.
In periods when regular maintenance was neglected dike breaches occurred and nature took its course.
The most recent disasters were in 1916 and in 1953. The solution in both cases, as in historic times,
was to dam estuaries at an ever increasing scale.
Flooding of the land has been a situation that has occurred on numerous occasions in the past, the only
particular thing about 1916 and the 1953 was that in both years after the flooding major decisions were
taken with respect to the water defence; in 1916, after that parts of North-Holland north of Amsterdam
were flooded and in 1953 after that large parts of South Holland and Zealand had drowned. There is an
old proverb in the Netherlands that dikes will be raised every other generation, every 40 years or
about. After an investment period for the water defence there is a tendency to feel safe again. The new
generation that has never seen any flooding however will consider that dike maintenance is something
from the past and may decide to save on this expenditure; up to the point that nature overrules this
short sightedness. In both situations; in 1916 the economic situation in the run-up and during the 1st
World War and in 1953, the aftermath of the 2nd World War had influenced the expenditure for
maintenance and construction of the dikes.
In the next paragraph the evaluation of dike breaches in 1953 and the evaluation of dike-safety after
the floods on the Dutch rivers are evaluated in order to infer some focal points of attention in dike
design and dike construction.

2. Levees and dikes
If one looks into a dictionary or an encyclopaedia one may find that the word dike originates from the
Dutch word ‘Dijk’ for a water defence. If one reads any further however, one may find that it is more
likely that the word originates from the English word “dig”, from digging. In that sense it is related to
the artificial nature of dikes that from origin were built by digging a ditch or excavating the clay from
a certain area and creating an embankment adjacent to that. Meaning the dig or the ditch is the reverse
part of the dike that is built with the material. One of the oldest manuscripts with respect to dike
construction, in that way, is the book “Tractaet van Dykage” written by Andries Vierlingh (1579), that
mentions in more detail how dikes were built by scraping the clay from an area and piling this up to
create a dike that raises above the water table, to create a divide between the land and the sea.
The word levee, originates from the French word “lever”, which means raising. As with a “dig” a
“lever” may have been an artificial raising of the land to create a divide between water and land. On
the other hand in the Netherlands some of the levees also refer to a situation where the divide is
created by more natural courses, such as when the land behind the levee has settled due to drainage. In
Holland these levees are also referred to as “kades”, or quays; quays in Holland may have a more
natural origin, where dikes on the other hand are always artificial.
In the next paragraph some typical issues related to Sea dikes and River dikes in the Netherlands will
be discussed.
2.1
Sea dikes
In 1916 a combination of flood on the rivers in combination with a storm surge lead to breaching in
the dikes along the former Zuydersea and flooding of polders in North-Holland, Utrecht and
Gelderland. North of Amsterdam, large parts of “Waterland” east of the Zaan river where drowned,
see Fig. 1. Apart from a scrapbook with pictures from the flooding, see Terwee (1917) not much
public documentation on this flooding can be found. In the night between 13 and 14 of January 1916,
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The 1916 Flooding of Waterland, and parts of Utrecht and Gelderland

after a severe Storm that ran from South-westerly to Northwest, the water in the Zuydersea rose up to a
level of NAP 3.45. m. As the dikes were soaked after it had rained for several days, in Waterland. i.e.
north of Amsterdam, the dike breached at three places; near Uitdam, Durgerdam and Katwoude and
the low hinterland was flooded. In order to keep the flooding under control, among other measures, at
the east bank of the Zaan River and along the Railroad to Purmerend a provisional cofferdam was
erected to prevent the water from flooding areas West of the Zaan River. At that time my family3 had a
farmhouse at the dike near the Zaan, and my father more than once has told the story that he as a child,
had seen my grandfather rowing a dinghy in the garden, while looking down out of the window on the
1st floor of the farmhouse. In one of the churches in Zaandam hung a painting of cows in the church
during a flooding, by van Os, but that painting refers to a flooding in 1825. In 1916, my grandfather
gathered his cattle at the limekilns, that were present close by, at a higher level near the dike.
Contrary to the limited information that can be found on the 1916 flooding, the 1953 flooding of
Zealand is well documented and gives a good description of the dike failures. On 1 February 1953 in
the night, due to an unfavourable combination of springtide and a long standing North-Westerly storm
the sea rose up to a level that was more than 0.5 m above of what had been historically registered. The
storm was measured as Beaufort 12 at the Goeree Light Vessel and in Hook of Holland a wind speed
of 60 knots (30 m/sec) was observed, see Vrijling (2012). The North Westerly Storm pushed the water
for the full length of the North Sea to the Dutch coast causing a wind setup at Hook of Holland of
more than 3.0 m. In combination with a slightly below average tidal flood, a water level of NAP
3.85m was reached there. The highest previously recorded flood level in 1825 was NAP 3.28 m, see
Vrijling (2012). The exceedance frequency was estimated to be about once in 250 years, see Fig 2.
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Water level exceedance frequency at Hook of Holland for the 1953 Storm

During this disastrous flooding 1835 people lost their lives, see Rijkswaterstaat (1961), the Deltacommittee on commission by the government, did research into its causes and raised the norm for dike
construction up to a level of 1 : 10000 years, see Delta committee (1960) as indicated in Fig. 2.
Before 1953 in historic empirical design it was customary to keep an additional guard height of 1 m,
above the highest known flood. Due to the war in Europe, in the previous decade, this guard height
had not been kept up to date. Further in combination with subsidence of the dike due to creep in
compression susceptible layers, the actual guard height may have diminished down to a few
decimetres or less. During the flood of 1 February 1953, at various places the water level exceeded
the actual dike crest, causing water to flow over the dike, in combination with wave overtopping on
other places, the inner slopes were wetted up to the point that stability was lost and eventually at 89
places the dike breached and a total of 189 km of damaged sea dikes was registered.
After the flooding, the Dutch Public Works Department; Rijkswaterstaat made an inventory of the dike
breaches and in cooperation with the Dutch Royal Meteorological Institute wrote a report on the
disaster, see Rijkswaterstaat (1961). In this report the causes of dike failure were discussed in more
detail, indicating that the main damage to the dike itself was concentrated at the back side.
The general impression was that the dikes failed due to instability of the inner slope.
The inner slope that normally would be relatively dry by evaporation was overloaded by water running
over and through the upper layer with a gradient that is equal to the slope. For that situation a stability
factor may be estimated, see Fig. 3 equal to:
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Where, c is Cohesion (kN/m2).  s and  w are Soil and Water weight,  is the Soil friction angle, 
is the Slope angle and d is the thickness of the sliding upper-surface.
For cohesion less soil this simplifies to
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It can easily be verified that for that condition, for soil with a friction angle of 30⁰, (loose sand), with a
wet soil weight of 1800 kg/m3, the maximum slope angle is about 14 ⁰, which is about 1: 4. More
detailed analysis, see Rijkswaterstaat (1961), assuming some cohesion and including the thickness of
the sliding surface in the analysis leads to the indication that in practice a slope of 1 : 3 in many
instances will be safe and a slope of 1 : 4 will in general be safe under any conditions.
The actual inner slopes of the 1953 dikes where built with slopes 1 : 1.5 and 1 : 2. For a limited
number of situations slopes of 1 : 1 did exist. It is not hard to image that the inner slopes failed due to
overtopping water, first drenching the top soil and later on dragging the top soil down the slope.

Figure 3

Groundwater flow parallel to the slope

The described failure mechanism was recognized as the dominant one for the sea dikes that failed
during the 1953 flooding. There is no reason to assume that other mechanisms of dike failure did not
have any influence, but these were not seen in large numbers.
Based on the aforementioned observations, the sequence of failure to breaching of the dikes in 1953
was recognized to have five different stages of development. To begin with there was overtopping,
soaking the dike and leading to a groundwater flow in a superficial layer on the inner slope of the dike.
Secondary to that, due to local sliding of this superficial layer deformation in the upper layers lead to
cracking of the dike cover, longitudinal cracks were seen, mainly in the crown or close to that in the
inner upper half of the top half of the inner slope, see Fig. 4. Thirdly, in combination with
overtopping, the saturating effect of water flowing into the cracks leads to further instability of the
inner slope. Depending on the width of the dike the instability may limit itself to the inner slope, or in
combination with a narrow crest may lead to failure of the crown and a break-through of water.

5

GEOTECHNIKA

Figure 4

1/2013

Longitudinal crack at the upper part of
the inner slope of the dike as observed
after the storm at various dikes that
failed, see Slager (1992)
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Figure 5

Dike failure due to overflow and
subsequent instability of the inner slope,
see Slager (1992)

In this last stage of break-through, the effects may have been enhanced by wave attack on the outer
slope of the dike.
Once there is a breach the failure may extend itself due to scouring. Depending on the time this
process takes the water level may have sufficiently withdrawn due to ebb-tide, before a full breach
develops. On occasion, for a single breach, this intermediate period may be used to re-strengthen the
dike before the next flood has risen again. If there are numerous breaches however, such as in 1953,
the possibility to mobilize sufficient manpower to mitigate a disaster in such a short time will hardly
be achieved. If the breach cannot be closed before the next tide is back again, scouring of water during
ebb and flood may widen a breach in a limited short time up to dimensions that are hard to recover.
Summarizing the evaluation of the 1953 flooding; if the guard-height is too low, sea dikes may fail
due to instability of the inner slope, initiated by overtopping. The overtopping may be enhanced by
wave run-up. With respect to wave attack on the outer slopes; although in 1953 damage to the
revetments was observed and described, the report does not mention this as an initiation to breaches.
With respect to the outer slope; the normal design is to protect the dike against wave-attack by
covering the outer slope, that is most exposed to wave-attack, with a revetment of pitched stone or an
asphalt cover. For the height of the dike above normal wave attack, the dike may be covered by grass.
The observation that during the 1953 storm no breaching initiated by damage to the outer-slope
occurred does not mean that there was no damage to the revetments at all. On occasion the revetment
may have been poorly maintained or the blocks may have been too light for the waves that occurred.
On the other hand the flood level that occurred was much higher than had previously been foreseen,
leading to the situation that there was much less reflection of waves than normally would have been
expected; waves just rolled over the dike. Less reflection, meaning much less energy absorbed by the
revetments.
In case of a poorly protected area the underground will be exposed to erosion, such as the dunes are
during storm. On occasion, several meters of dune may erode during a flood-tide. Whereas the dune
system may have sufficient mass to cope with this and to recover in between storms, the width of dikes
will in general be insufficient for that and need to be covered with a protective layer. In general slight
damage to this protective layer will not directly lead to progressive collapse of the dike. The
experience with the Brielse Maasdam, as illustrated in Fig. 6 shows that although there was
6
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Damage to the revetments of the dike at the Brielse Maasdam

considerable damage to the outer slope, the retreat of the water level due to ebbing was sufficient to
prevent a break-through. The time gained during ebb-tide and retreat of the flood level to a normal
daily maximum was sufficient to take control by creating an artificial revetment of reed and
brushwood, to prevent that the dike failed when the next flood-tide appeared. In general, the first rule
must be to prevent water flowing over the dike and to create a sufficient guard-height.
The present day design rule for overtopping of dikes in the Netherlands requires; less than:
•

0.0001 m3/m/s for sandy soil and an incomplete grass cover.

•

0.001 m3/m/s per sec for clay dike with an adequate grass cover.

•

0.01 m3/m/s for a clay cover an adequate grass cover that complies to criteria, or in
case of a cover layer of blocks

Further minimum stability criteria for inner slope stability, with reference to characteristic strength
properties are required of 1.175 for Bishop’s analysis, or alternatively an MSF of 1.175 if a strength
reduction procedure with FEM analysis is used. Characteristic properties are defined as the value
indicating the lower 5% section of the index properties.
In order to evaluate overtopping, one needs information regarding the design water level and the
design wave height. It is beyond the scope of this paper to discuss the calculation of overtopping
discharges.
With respect to what on first look may seem a low rate of overtopping, one needs to remember that
these are average rates, which means that with a wave period of 5- 8 seconds, during the passage of a
wave top, the amount of water flowing over the dike is considerably more than the average value.
Further one needs to take into account that a dike-guard must be able to keep his stand during a storm;
for that situation these values are critical limits.
2.2
River dikes
Given that the Netherlands is mainly formed by the deposit of sand and clay by the rivers Scheldt,
Meuse and Rhine, High River floods have been part of everyday live for those living in the Delta for a
long time. Breaching of river dikes has also been part of that live too. Several authors report on these
flooding’s, Driessen (1994), Vrijling (2012), and describe that in former days, more than once
obstruction of the river was an important cause for breaching of dikes. In these situations the riverbeds
could not contain the high discharges, especially when ice floes drifted downstream too.
If one considers that according to Chezy’s equation, the flow velocity is proportional to the squareroot of the hydraulic radius, the resistance of the ice cover will by approximation halve the hydraulic
7
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radius, meaning that for the same discharge, the water height may nearly double. Apart from that, due
to obstructions in the riverbed when the ice breaks, a smooth transport of the ice with the flow may be
blocked.

V C
Figure 7
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(3)

h
I
2

(4)

Doubling of the water height with a blocked ice cover for the same discharge

On numerous occasions obstructed ice floes have literally pushed the dikes from their foundations, see
Fig. 8, leading to inundation of the adjacent polders such as Tieler en Bommelerwaard, see Driessen
(1994).
After canalisation and river improvements in the first part of the 20 th century, mainly consisting of
narrowing the summer bed by means of groynes and cleaning the floodplains which was completed in
1916, ice-dams have not been reported as a cause of river dike failure anymore.
That does not mean that high flood levels on the rivers have not occurred since then. After that date a
number of floods have been reported that did endanger the stability of the river dikes. Especially high
floods where reported in 1925, 1988, 1993 and 1995. The latter two floods have triggered a new Delta
program for the river improvement; an effort to get river dike safety on a higher level with a short but
empowered effort

.
Figure 8

Etching of dike breach due to ice jamming the river dike by Josi (1799), see Driessen (1994)
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As mentioned before, in the Netherlands the upper layers of the underground consist of soft soil,
mainly peat and clay, with intermediate layers of loose Silty clay. More stiff sand layers may be found
deeper in the underground, depending on location, the soft upper layer may be as thick as between 8
and 18 m. A characteristic point of building dikes on top of this is that the dike may be susceptible to
subsidence for a long time after construction. Meaning that dike heightening projects, may both be
triggered by higher water levels as well as by the subsiding dike; and also meaning that dike
heightening measures will have to be repeated in time.
One of the other characteristics of the soft soil conditions is the low bearing capacity of the
underground. In older times the first approach was to try to raise the dike level within its old
foundation footing. The soil underneath the old dike will have consolidated and due to the increased
isotropic stresses gained a larger bearing capacity; contrary to the soil behind or in front of the dike.
This may have led to (sea)dikes that had steep slopes. In time the insight has gained that there is an
end to the safety that can be gained in this way. Too steep a slope becomes a danger to the dike and
nowadays dike strengthening projects will firstly consider widening of its foundation base, if there is
sufficient space.
In the next chapter, some typical difficulties with respect to dike reinforcement projects on soft soil
will be described.

3. Dike safety
According to the former TAW, the Technical
Committee on Water defenses, see
Rijkswaterstaat (1988), a number of failure
mechanisms must be verified, see Fig. 9.
Ranging from overflow to erosion of the
foreland.
Without assuming an opinion with respect to
the importance of the different limit states, in
this paper, based on an evaluation of the
1953 flooding and the evaluation of high
floods in the river delta in 1993 and 1995,
only a limited number of these will be
discussed in more detail.
In this paper the focus will be put on the
mechanisms
(wave)
overtopping
in
combination with stability of the inner-slope,
and to under seepage and piping.
With respect to the latter; new insights have
developed that the stability of the inner slope
may also rely on the horizontal support that
is given from the hinterland. In case of a thin
layer of Holocene soil, the vertical stability
of this layer can be negatively influenced by
high water pressures in aquifers that have a
direct contact to the riverbed. In that case the
Figure 9 Failure mechanisms for dikes acc. to TAW
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hinterland is susceptible to buoyancy (hydraulic heave). Further it is understood nowadays that the
initiation of under seepage and piping may be triggered if the hinterland is buoyant.
If the soft soil layers are stably positioned on top of the Pleistocene sand layer the probability of under
seepage and piping is far less than if the soft layers are pushed upwards by the water pressure. In the
next section this uplift mechanisms will be discussed in more detail.
3.1
Uplift and Slope instability
With respect to dike safety, a number of issues may have to be evaluated. Rapid drawdown of the
water table is a well-known mechanism that in theory may lead to instability of the outer slope of a
dike. For sea dikes where the change in water table is relatively fast due to tidal influences this
mechanisms must always be considered. For river dikes however the fall of the water level after that
the highest flood has passed is relatively slow and may take several days, which may enable sufficient
drainage to the outer slope to prevent instability; other mechanisms may be more dangerous to the dike
in that situation.

Figure 10

Instability of the inner slope due to uplift (hydraulic heave) of the hinterland behind the dike

The longer period that a river flood may last, the more it may endanger the stability of the inner slope,
due to the threat of buoyancy of the hinterland. As indicated in Fig. 10, a common situation in the
Dutch Delta, shows a relatively thin impervious layer on top of a much more permeable sand layer that
may be in direct contact with the water pressure in the river, see Van 2001. Due to this contact the
weight of the impervious (clay/peat) layer may be insufficient to prevent buoyancy of the soil.
Depending on the duration a small or a larger gap may develop between the clay and the sand. In the
situation these layers are needed to give support to the inner slope, stability may be lost depending on
time.
3.2
Subsurface erosion; Piping
As a consequence of uplift, due to deformation of the underground, triggered by buoyancy, in
combination with irregularities that may be present, leakages may develop through the clay-layer
between the permeable sand layer and the soil surface. At the beginning, such a leakage may only lead
to water inundating the soil, but in a later stage this may develop into subsurface erosion that can later
on evolve into piping.
In its first stage the leakage is called a well, if only water is coming from the underground; see Fig. 11
and Fig. 12. The existence of wells during floods on the river has been reported numerously in historic
times, see Driessen, 1994. These leakages in general were attributed to irregularities in the
underground in combination with the flood. The usual measure was to construct a well-quay, i.e. a

10

GEOTECHNIKA

1/2013

Pg 10-20

mini-dam that creates a higher set-up to the water flowing from the well, in order to decrease the
gradient between river and the well, see Fig. 13.

Figure 11

Piping as a consequence of uplift

3.2.1 Case histories for piping
After the 1916 canalizations and after the delta plan for the rivers in 1995, the safety of the river dikes
has seriously been increased. In 2009 however the Expertise Network on Water safety, see ENW
(2010), made an evaluation of the present situation with respect to the safety of river dikes in the delta.
Based on that it was concluded that although the river dikes may be stable with respect to slope
stability now and may have sufficient height to prevent overflow, the probability of failure due to other
mechanisms such as uplift and piping may have been under-estimated and possibly do not satisfy the
necessary criteria.
After this report, discussion was triggered on the danger of piping; some people doubted the actual
danger of piping as a mechanism for dike failure, as in their restricted view they had never seen a dike
fail due to piping. The usual measure was to mitigate the inconvenience of the abundant water by
boxing the well and further let it be.
In order to take away any doubts on the actual risk the Expertise Network Dike Safety (ENW), did
research into the actual risk of piping and reported several historic descriptions of dike failures in
the Netherlands, such as in 1880 at Nieuwkuijk the following report was given:

Figure 12

The 1993 Flood, well during 1993
Flood in the Tielerwaard (RWS 1993)
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Figure 13

Boxing the wells during 1993 flood
in the Tielerwaard (RWS 1993)
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“At 28 December at about 9.00 pm a well was discovered at the inner slope of the dike, at about 0.5m
from the toe, discharging a considerable amount of water. To mitigate the inconvenience a ditch was dug
to the berm to discharge the water. As soon as the information was available the Mayor of Nieuwkuijk,
gave order to construct an outer berm; to no avail. At the evening the depth of the well was about 1.0 m,
giving clear water. The next day the well started to yield sand and at 1.30 pm that day the inner slope of
the dike failed. At 2.00 pm the dike breached and within short notice the breach opened up for about 90
m, eventually extending to a final width of about 150 to 200 m. with a depth of about 15 m”
In 1894 on the island of Tholen in Zeeland:
“on 30 December 1894 during storm one of the dike-watches of the Nieuw-Strijenpolder on the island of
Tholen discovered a well close to one of the Oyster pits, yielding a water flow of considerable discharge
from the underground. After the water flow appeared the dike sank for a length of 54 m, giving way to
seawater that freely flowed into the Polder”

And in 1926 at the village of Zalk, an eye witness report states:
“ on 8 January the dike-watch reported that at half past seven a small well was observed in the vicinity of
Zalk that gave ‘clear water’. On the riverside of the dike, a deep poorly protected scour hole was present.
Although the leakage was of no account, the public servants of the water department visited the location
to cover the well with gravel. The party had hardly departed the location when the dike-watch came
running with the message that the dike had failed. When the party returned at the location of the well,
they observed a mud-fountain that was man-high”.

Also during the 2005 flooding of New Orleans at the London Avenue Canal the failure was
attributed to piping; after the breach occurred a considerable amount of sand was reported of being
transported from the underground after that the dike failed due to undermining.
As mentioned before, a common approach in the Dutch delta to wells during a river flood used to
be to “box” the well, see Fig. 13. In old times a two side open barrel was put on top of the wall to
increase the water level at the well in order to create a larger head to decrease the gradient.
Nowadays, sandbags are used to create a barrier for the out flowing water. Sandbags are stacked
around the well up to the point that the well is only giving clear water; indicating that internal
erosion in the sand pipe under the dike has stopped.
3.2.2 Piping Criteria
Internationally the most common criteria to evaluate risks related to piping is the method proposed by
Bligh and Lane (Lane 1935),
The method is explained in more detail by Terzaghi (1948), and may be characterised as the evaluation
of an averaged gradient in the underground of a dam, according to:

I

h
Ltot

(5)

Where h is the difference in Water head and

Ltot  1 B   ti
3
i

is the discounted seepage length

where the horizontal seepage distance B is discounted for by a factor of

1

3

, compared to the vertical

seepage height  ti . According to Lane’s rule the critical average gradient is calculated to be:
i

I crit  1/ Cw .

For sand a creeping value ranging between 5  Cw  8.5 , see Terzaghi (1948), the

larger (more critical) value for fine sand.
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Physical model for evaluation of Piping, see Sellmeijer (1988)

In the 1980’s , the evaluation acc. to Bligh was considered conservative and therefore research was
undertaken to include the effect of erosion in the evaluation, see Sellmeijer (1988). He extended the
evaluation, assuming that a flood is only present during a short period and any underground pipe can
only grow if the hydraulic gradient is sufficiently large to keep erosion at the critical level, both in the
sand boil and in the in the slit underneath the dike, see Fig. 14.
Based on an analytical description of the groundwater flow, and assuming erosion at the critical level
both for the sand boil and in the slit, evaluating physical laboratory tests, Sellmeijer see ENW (2010),
developed the equation:

p
H crit
d
  tan( ) 3 70
L
w
D
'

(6)

Where  is a trailing factor and  is the rolling resistance angle and  is the intrinsic permeability of
the underground sand.
Critical to Sellmeijer’s equation is that contrary to Lane’s approach, a certain amount of erosion may
be accepted, up to the point that a critical slit length is exceeded. Further the approach is twodimensional where in tests it is observed that the piping hole may exhibit a typical meandering shape
in the 3rd dimension. Recent research by Kanning ( 2012), who looked into the influence of spatial
variability of the piping parameters, revealed that the description of piping with these equations is
quite uncertain and based on a probabilistic evaluation for design would demand for a larger safety
factor. An important reason for this is that the development of piping is influenced by the minimum
soil conditions instead of the average one.

4.

Dike (re)construction

4.1
Drained or Undrained behaviour
For the construction of dikes on a soft underground, the undrained behaviour of soil may severely limit
the speed of dike construction. If the soft soil is relatively impermeable the bearing capacity of the
underground is limited by the isotropic effective stress before loading of the underground that can
change only slowly.
If there is no time for sufficient drainage of a layer, as we assume that particles and water are nearly
incompressible; i.e.  vol  0 , which means that 1   2   3  0 , and assuming in plane strain elastic
deformation, that  2   (1   3 ) , this leads to 1   3  0 , meaning that the sum of vertical and
horizontal stress will not change during undrained loading.
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Assuming the Mohr Coulomb strength envelop for shearing failure; where the maximum shear stress
 
is  max  1 2 sin   c cos  , and if the product of the product of the principal stresses does not
2

change, in the sequential procedure of dike-heightening, the bearing capacity of the underground is
limited to the soil strength before loading. Meaning that any additional loading will lead to excess pore
pressures that bear (a large part of) the additional load.

5
4
3
2
1

Figure 15

Sequential construction of a dike improvement in order that excess pore pressures may
dissipate in between the staged elevation of the dike height.

Common practice in this situation is to estimate the bearing capacity of the underground and to
subdivide the load in steps the underground can bear, see Fig. 15. After a load step is added, one needs
to wait for a certain time period until the excess pore pressures have dissipated, before a next layer is
added. Procedure for this situation is to make predictions on the drainage time of the underground and
further to use the observational method to monitor the excess pore pressures. The next layer is only
added after that these have sufficiently been dissipated.
In order to predict the dissipation of the pore water one needs to calculate the decay of pore water
pressures. For that it is necessary to solve the combined boundary equations for equilibrium of
stresses:
 ij
 xi

+


xi

=  fi

(7)

Equilibrium of pore water :
 qi  v
,   
+
+ n 
=0
 xi t
 t 

(8)

A stress strain relation   D1 relating deformations to stresses and further a constitutive relation
for groundwater flow:
q i = K ij



(9)

 xi

Discretisation of the aforementioned equations, see e.g. Smith 1982, may lead to a combined set of
equations for consolidation according to:
KM a  C   F
CT

a
t

(10)

 KP  0
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Where
KM
C
KP
F

=
=
=
=

Stiffness matrix,
Coupling matrix
Permeability matrix
Vector of loads

Nowadays different commercial software packages are available, such as Plaxis that can solve these
equations for the boundary conditions put forward by a user, taking into account non-linearity’s such
as caused by plasticity and creep behaviour as well as due to unsaturated groundwater flow, taking into
account the anisotropic permeability of soil layers. With these the practical engineer is equipped with a
powerful tool to predict the behaviour of his geotechnical design. Nevertheless it is advised always to
monitor the real soil behaviour during construction, e.g. to measure excess pore water pressure decay
in order keep control on the process, e.g. see Fig. 17.

Figure 16

Excess Pore pressures due to embankment
construction

Figure 17

Consolidation analysis of staged
construction of embankment; pore
water dissipation in time;

In Fig. 16, indicatively the excess pore pressures such as may develop after the staged construction of
a second embankment layer are shown. In the design phase of a project the software may be used to
estimate the waiting time that is necessary for the excess pore pressures to dissipate, see Fig. 17 In
practice the predictions of pore water dissipation need to be compared to actual monitoring results by
placing piezometers in the soft compressible layers. If necessary the waiting time may need to be
extended to comply with the stability criteria. In engineering practice, if embankments need to be
raised on larger deposits of low permeability, the consolidation is enhanced by the use of vertical
drainage.

5. New developments in dike re-construction
As mentioned before if there is sufficient space for construction it must be preferred to create dikes
with sufficient footing to allow for slopes that have a gradient that is not steeper than 1 : 3. To
prevent under seepage; to prevent buoyancy and to have sufficient weight in the hinterland behind the
dike are important. For that reason berms may be created behind the inner slope of the dike. The berms
are designed to give counterweight for the increased pore pressures in the aquifers during a flood.
However in numerous situations in the Netherlands there are villages and sometimes cities built close
to or sometimes on top of the dike, such as the city of Sliedrecht.
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Different alternatives for dike reinforcement in a residential area; including build in cofferdams
and sheet pile walls.

In 1987 a governmental study was reported, triggered by the problems for dike improvement for
Sliedrecht that introduced different solutions including the use of structural elements as a means of
reinforcement that would be lenient to any existing residences, see Rijkwaterstaat 1988. With the
introduction of structural elements in the dike, a new field of feasible alternative solutions became
available. Solutions, that up to then had been avoided due to lack of experience or lack of judgement.
Since then experience has been gained and solutions as indicated in Fig. 18 are used for dike
reinforcement on numerous occasions.
In addition to that, after the “Inside project” on innovative dike reinforcement (Inside 2005), also other
techniques to enhance the dike strength without destroying the historic residences and other buildings
that were built on the dikes, was introduced.
In Fig. 19a, a conventional measure, the introduction of additional weight with a berm is illustrated.
One of the disadvantages of this solution is that it takes a lot of space and on occasion old residences
need to be demolished. In practice this may lead to societal unrest, due to the severe infringement on
personal lives of people that may have lived there for long periods. To avoid such a situation, if
measures are necessary, the feasibility of other solutions such as short cut-off walls, as illustrated in
Fig. 19b, is considered.
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Different alternatives to improve the dike stability with respect to under seepage;
Alternative A, introduction of additional weight with a berm; Alternative B, short
sheet pile walls as a cut-off wall

6. Evaluation, conclusions and recommendations
After the canalisation of the rivers in the Dutch delta no more breaches of river dikes due to ice-dams
have been observed.
Evaluation of the 1953 flooding in Zealand had learned that for the older dikes, in case of overtopping,
the steep inner-slopes, are the most critical issue. If there is too much water flowing over the dike, the
inner slope may fail due to drenching. The former habit of raising the dike level without widening its
foundation; leading to steep slopes had created critical situations. This may also have been the case in
1916; although documentation on that flooding only refers to the soaking of the dikes due to a long
lasting rain period; without the steep inner-slopes that were present for the dikes around the
Zuydersea, this may possibly not have led to instability
Evaluation of the more recent high waters in 1993 and 1995 has shown that after the improvement of
slope stability of the dikes, hydraulic heave of the hinterland in combination with the risk of
subsurface erosion; piping may be the next important issue to solve, to sustain the safety of the river
dikes in our delta.
Apart from that dike construction in itself, e.g. raising or widening the dike profile may be recognized
as a challenge for engineers. Given that the subsoil in large parts of the delta exists of a thick layer of
soft clay and peat with low permeability, lying on top of a thick layer of permeable sand; raising the
dike height cannot be done without careful monitoring of the strength of the underground. Staged
construction of embankments may be necessary, in combination with monitoring to control excess
pore pressures.
With respect to the safety of the (river) dikes in the Dutch delta, from an historic perspective the
following issues come forward as important:
-

To keep the river bed clean from obstructions and with sufficient depth to prevent that ice-dams may
endanger the dikes
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To have dikes with a sufficient guard height to prevent overtopping to drenching the inner-slopes
To give the dike sufficient footing in order that steep slopes are avoided; preferably with a slope that is
shallower than 1 : 3
To prevent hydraulic heave in the hinterland, with sufficient weight of the land behind the dikes; to
create berms if necessary
With respect to underseepage and piping, to have a sufficient leakage length; in order that the
intermediate hydraulic gradients are sufficiently low
o Further research into the uncertainties related to underseepage and piping is advised; i.e
especially with regard to the minimum resistance instead of the average.
For building dikes on soft soil, to be aware of the limits to the bearing capacity of the underground due
to undrained behaviour
o To do a staged construction and monitoring of excess pore pressures if necessary
In case of dike strengthening works in urban area, the introduction of structural elements in the dike
may be considered
o Further research is needed to look into the long term behaviour of dikes with structural
elements

Given the increased use of the land and further urbanisation, at some of the older cities in the Delta
there is discussion whether further dike-strengthening and heightening is a further option. In addition
to that the question is whether we can afford to pay for the ever increasing cost of such projects.
Given the fact that design of dikes is based on statistical data and probability theory, dike failure
cannot be excluded; despite the fact that we assume a low probability of acceptance for the flood level,
tomorrow, or next year this level may be exceeded nevertheless. This may lead to the idea that we
need to accept that flooding once and a while must be considered; also from the point of view that
there is a limit to the extent that dike-levels maybe be raised. The last economic crisis has taught us
that the world is too small to rely that the global economic power is sufficient to cope with any small
crisis. Flooding of our inhabited and industrialized areas may also mean that we will lose our
economic base for a considerable time. We have observed that after the flooding of New-Orleans the
city did not yet recover up to the point where it was in 2005. The idea that flooding risks can be
insured must be doubted; with a large scale flooding of the economic centres in the Netherlands, a
large number of insurance companies may go bankrupt.
With the increased flood levels due to climate change and sea level rise; at our coast and due to
urbanisation in the upper systems of our rivers, we need to be aware that, other mechanisms than
recognized in the past may become critical. With respect to the river discharges one needs to take into
account that river floods may be higher and have a shorter time of approach than in the past; for that
reason there is a need for models that take into account certain trends in the development of the entire
water shed system.
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