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ABSTRACT: In the Netherlands, where 9 million inhabitants live below sea level, the protection of land against flooding is of the 
utmost importance. In particular, the macro-stability of dikes under uplift conditions of the underlying aquifer connected to a tidal 
river is a major issue and has gained much attention. The traditional solution in this case consists of soil blankets. However, due to 
lack of space innovative techniques using structural reinforcement are needed in constructed areas. For this purpose, the water board 
WSRL and the Dutch research institute Deltares have provided an innovative design methodology for the Finite Element based design 
of structurally reinforced dikes. The methodology has been applied and further developed in the KIS project in the Netherlands, 
where a 17.5 km long part of a dike is reinforced to prevent failure caused by uplift, of which a significant part using anchored bored 
piles and diaphragm walls. A number of refinements have been identified and already been applied to optimize the design within the 
project. The experience gained in the KIS project has led to some important improvements of the design methodology. Further 
research is ongoing to investigate the safety level and the role of the residual geometrical profile after hypothetical failure. The 
experience gained at KIS will lead in the nearby future to a general, normative design guideline for structurally reinforced dikes. 

RÉSUMÉ : Aux Pays-Bas, où 9 millions d'habitants vivent en-dessous du niveau de la mer, la protection des terres contre les inondations 
est de la plus haute importance. En particulier la stabilité des digues sous l’effet des surpressions menant à soulever des couches de faible 
résistance au pied des digues a reçu une attention particulière suite aux nouvelles normes de sécurité contre les inondations. La solution 
traditionnelle consiste en la création de banquettes au pied de la digue. Cependant, dans les zones urbaines où l’espace pour les 
banquettes est limité, des solutions innovantes ont été développées en utilisant des éléments structuraux dans la digue. L’autorité en 
charge des digues WSRL et l'institut de recherche néerlandais Deltares ont développé une méthodologie à l’aide de la méthode des 
éléments finis pour la conception des digues renforcées par éléments structuraux. La méthodologie a été appliquée et développée plus en 
profondeur dans le cadre du projet KIS, où 17.5 km de digues ont été renforcés dont une partie significative au moyen de rideaux de 
pieux forés ancrés et de murs emboués. Plusieurs pistes  d’améliorations de la méthodologie de calcul ont été identifiées et ont déjà été 
appliquées dans le cadre du projet pour optimiser la conception. L'expérience acquise conduira dans un avenir proche à l’établissement de 
directives générales pour la conception et l’exécution des digues renforcées par éléments structuraux. 
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1 INTRODUCTION 

The protection of land against high water levels is a 
historical problem of major concern in the Netherlands where 9 
million inhabitants live below sea level. Rising water levels, 
decreasing ground surface levels, new technological 
understandings, and increasing economic value of the lowlands 
justify the need for higher and stronger dikes obeying to 
stringent safety regulations. 

In this context, the dike at the south bank of the river Lek 
between Kinderdijk and Schoonhovenseveer (KIS) has to be 
strengthened to raise the safety against overall failure (WSRL 
2015). The dike passes through open areas, but also crosses 
closely built areas. The project has been awarded to BESIX-
Mourik JV in a Design and Build framework, and is designed 
by BESIX Engineering Department and ABT. Deltares acted as 
Independent Design Reviewer. 

The main overall stability problem in the KIS project is 
caused by the well-known uplift phenomenon (see Figure 1), 
which is the dominant problem for over half of the dikes in the 
Netherlands (Van et al. 2005). Uplift occurs when soft 
impermeable layers with very low unit weight overly a 
permeable sand stratum that is in contact with the adjacent river. 
During normative high water (NHW) levels in the river, the 
pore pressure in the sand layer increases and, consequently, the 
effective stresses at the layer interface decrease, eventually to 
zero. The loss of effective stress at the interface provokes 
sliding of the inner slope over the sand layer and finally 
instability of the dike.  

Failure due to uplift has occurred e.g. in Streefkerk in 1984 
and has been investigated in a large-scale test in Bergambacht 
in 2001, both adjacent to the Lek river. 

In the KIS project, three different techniques are used to 
improve the stability of the dike. The first technique, applied in 
the open areas, consists of putting up a soil blanket up to 4 
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 meter of sand at the toe of the dike that prevents uplift by 
increasing the vertical stress on top of the aquifer.  

 
Figure 1: Illustration of the uplift phenomenon and solutions used in 

the KIS project 

The second technique is an open bored pile wall which is 
installed in the inner slope of the dike and anchored by means 
of grout anchors. As the sand layer is still in contact with the 
river, uplift is not prevented, but additional support to the dike 
is provided by the anchored pile wall such that the combination 
of dike and wall is able to retain high water levels in the river.  

The third technique is the installation of a diaphragm wall 
which is installed in the crest of the dike and for that reason 
cannot be anchored. It does not prevent uplift, but is designed to 
resist a high water level by acting as a cantilever wall.  

The first technique is the most classical as it only involves 
the installation of a soil blanket, but it requires enough free 
space behind the dike. This is not always available due to a high 
building density near dikes. The installation of pile walls or 
diaphragm walls therefore becomes a necessary alternative for 
dike reinforcement. These solutions require a more complex 
design methodology, however.  

For classic ground dikes, the safety against failure is 
calculated based only on the ultimate strength of the soil, and 
so-called Limit Equilibrium (LE) methods are used for design. 
In the available software packages, different failure 
mechanisms are implemented including the uplift phenomenon, 
e.g. in the Uplift-Van module in the D-Geo Stability software 
(Van et al. 2005).  

In structurally reinforced dikes, multiple and interacting  
failure mechanisms can occur, such as geotechnical failure and 
structural failure. A failure distribution function is therefore 
made for the whole system, where each failure mechanism has a 
higher safety factor than a classic ground dike, i.e. a smaller 
probability of failure, such that the total safety against failure 
obeys to the required probability of failure legally applied to all 
dikes. The analysis of structure and dike, each with their own 
failure behavior, requires the calculation of the soil-structure 
interaction. Therefore, the classic LE methods are not suited 
anymore and a Finite Element (FE) approach is required. This is 
a new concept in the design of dikes and has a large impact on 
the results.  

In order to harmonize FE based design calculations of dikes, 
the Dutch research institute Deltares has published a report 
(Bakker et al. 2011), which has been elaborated in the design 
guideline for the KIS project (Havinga and Larsen 2013). 
Further development of this guideline should result in a uniform 
design guideline in the future. 

In the present paper, the focus will be on the ultimate limit 
state design of unanchored structures, i.e. the use of diaphragm 
walls installed in the crest of the dike. Paragraph 2 elaborates 
on the corresponding design methodology. In paragraph 3, the 
failure mechanism of the dike is explained. Some critical 
aspects of the current design methodology are discussed in 
paragraph 4. Finally, a conclusion is presented in paragraph 5. 

2 DESIGN METHODOLOGY 

This paragraph briefly discusses the current design 
methodology for unanchored walls (Havinga and Larsen 2013). 

Constructions in the crest of the dike are unanchored and act 
as an independent water barrier. The governing design 
calculation is the ultimate limit state for the inward stability for 
the structure acting as a cantilever wall. A detailed calculation 
scheme is provided, basically consisting of the following steps: 

1. Modeling of the load history of the dike to the 
present state of stress 

2. Activation of the structural elements modelling the 
wall 

3. Application of the NHW level, including 
corresponding pore pressures in the aquiferous 
sand layer, and of the other loads (e.g. traffic load) 

4. Introduction of safety factor of the soil strength. 
 
The introduction of partial safety factors in step 4 is 

performed by, first, changing the soil parameters to design 
values by introducing a material factor γm, and, second, further 
decreasing of the strength parameters with an additional safety 
factor γFEM in a so-called “safety” calculation in Plaxis. The 
safety factors for geotechnical failure (γFEM;geo) or structural 
stability (γFEM;stru) are determined by the failure distribution 
function. This procedure is applied to follow as close as 
possible the traditional safety approach in dike design. 

As a consequence of the failure distribution function, 
structural forces are determined at a higher factor of safety than 
the ultimate factor of safety for classic ground dikes. A 
particular problem with the FE approach is that the dike itself 
(inner slope) may then become unstable at a lower factor of 
safety than the one required for the structural forces. This is a 
major challenge in the FE based design of dikes.  

In the current methodology, the following pragmatic 
approach is applied. The passive resistance decreases after 
sliding of the inner slope, due to the loss of weight and due to 
lower, remoulded, soil strength. Both effects are accounted for 
by modeling a (prescribed) residual geometry profile where two 
thirds of the height of the dike is removed (see e.g. Figure 6): 
one third as a real loss of weight and one third as a 
compensation for the remoulded strength of the soil after sliding. 
The optimal modeling of the residual geometry profile is still a 
topic under investigation, however. 

3 FAILURE MECHANISM 

The general procedure described above has been applied and 
fine-tuned in the KIS project where solutions had to be 
designed for severely adverse uplift conditions, accounting for 
very small spaces and critical existing buildings at the toe of the 
dike. The soil stratification, given in Table 1 and Figure 1, 
consists of light clay (C) and peat (P) layers, overlying a sand 
(S) stratum with a higher pore water pressure and is 
representative for the KIS project. 

 
Table 1: Soil properties (see also Figure 1) 

Layer 

(below 

dike) 

φ 

[°] 

c 

[kPa]

γ 
[kN/m³]

Layer 

(next to 

dike) 

φ 

[°] 

c 

[kPa]

γ 
[kN/m³]

OB-C 22 5 16.0     
12-C 23 2 16.3 12-C 27 1 16.3 
15-C 15 19 14.0 15-C 19 5 13.0 
4-P 26 16 11.2 4-P 25 3 10.5 
21-S 30 0 18/20 21-S 30 0 18/20 
31-C 20 9 16.0 31-C 20 3 16.0 
32-S 35 0 19/21 32-S 35 0 19/21 
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The paper illustrates the solution using a stiff structural 

element (diaphragm wall or equivalent) in the crest of the dike 
acting as a cantilever wall. The FE calculations are performed 
with the Plaxis software (Hardening Soil model) with the soil 
properties as given in Table 1. 

3.1 Geotechnical stability 

The geotechnical stability of the dike is assessed by means 
of a safety calculation in Plaxis. In order to get a good 
understanding of the governing parameters, the failure mode of 
the soil is investigated. Figure 2 shows the displacements of the 
soil at full loading with characteristic values, i.e. at the end of 
step 3 in the calculation scheme. Note that the residual 
geometry profile determines the shape of the dike at polder side. 
The displacements are mainly concentrated in the soil around 
the diaphragm wall. In a small area, the ultimate strength has 
been reached, but due to stress redistribution equilibrium is 
found. 

 
Figure 2. Soil displacements |u| [m] at full loading with 

characteristic values 

After applying the full load, the partial safety factors are 
introduced, i.e. the strength of the soil is reduced with the 
material factors γm and the additional safety factor γFEM. Figure 
3 shows the safety factor as a function of the displacement |u| of 
the top of the wall. The red dot indicates the point where failure 
occurs and when the maximum safety factor has been reached. 
To fulfill the criterion, this maximum safety factor has to be 
larger than γFEM;geo. 

 

 
Figure 3. Safety factor vs. displacement of wall top during strength 

reduction 

Figure 4 shows the soil displacements at moment of failure 
(maximum value of the safety factor, i.e. the red dot in Figure 
3). At the active side, a slightly curved slip surface is obtained. 
At the passive side, a more complex slip surface is obtained due 
to uplift. The complex shape of the slip surface has a large 
influence on the safety factor and illustrates the need to model 
structurally reinforced dikes with the FE approach. 

Generally, two different parts are distinguished at the 
passive side of the slip surface. In the upper layers, large 
displacements are observed up to a large distance from the wall. 
Due to the pore pressure in the sand layers, a low frictional 
resistance is mobilized at the interface between the soft layers 
and the sand. The soil will therefore slide as far as the location 

where the smallest passive resistance is found, i.e. at the lowest 
ground surface level. This results in the long shape of the slip 
surface up to tens of meters, which is typically found in case of 
the uplift phenomenon. In the lower (sand) layers, the 
displacements are concentrated around the wall where a passive 
soil wedge is found.  

 
Figure 4. Indicative soil displacements |u| [m] at full loading with 

design values and at moment of failure (i.e. red dot in Figure 3) 

3.2 Strength of the structural diaphragm wall 

The structural forces are also determined by means of a 
safety calculation. This means that for soil parameters reduced 
with this safety factor γFEM;stru, the structure still has to be able 
to resist the acting forces. The safety factor γFEM;stru for 
construction strength is lower than the maximum safety factor 
and/or the safety factor γFEM;geo for geotechnical stability 
(otherwise, the FE model would not be able to find equilibrium). 
This means that the result will be situated in the increasing part 
of the curve in Figure 3. Figure 5 shows the soil displacements 
at the corresponding safety factor.  

 
Figure 5. Soil displacements |u| [m] at full loading with design 

values and at safety factor corresponding to construction strength 

While the absolute value of the soil displacements in Figure 
5 is low compared to the values in Figure 4, it is clear that the 
upper part of the slip surface has already been generated. The 
larger displacements in the upper layers mean that the relative 
stiffness will be low and the support provided to the wall will 
be relatively small. In the lower layers, the effective stress and, 
hence the passive resistance, is higher. Due to this stress 
distribution, the wall will act as a cantilever beam with a 
clamping point somewhere in the sand layers and with a 
theoretical cantilever length that includes the soft layers. This 
results in large moments in the wall, in particular because the 
diaphragm wall is unanchored. 

4 DISCUSSION 

The application of the current design methodology has led to 
the identification of some critical aspects discussed below. 

4.1 Bending moment ratio 

Figure 6 shows the bending moment with characteristic 
values and design values. The difference in load distribution 
with characteristic values (Figure 2) or design values (Figure 5) 
results in a different behavior of the wall. In the latter case, 
almost no support is obtained from the uplifted soft layers and 
the wall acts as a cantilever such that a higher bending moment 

γFEM;geo 

 
γFEM;stru 
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 is obtained. A ratio up to 10 is often observed, which is much 
higher than commonly found. This effect is particularly 
pronounced for unanchored structures and is much smaller for 
anchored structures as they are less sensitive to failure of the 
top layers due to the additional support by the anchor. 

 

 
Figure 6: Moment after step 3 (red line) and step 4 (black line) 

Due to the high ratio, the question has been raised if the 
current design approach is correct, i.e. does it lead to an 
overestimation or maybe an underestimation of the bending 
moment? This subject has been addressed in a national 
committee (POV-M) where the probability distribution of the 
bending moment has been estimated by means of Monte Carlo 
simulation using Plaxis. The results indicate that the current 
design methodology tends to overestimate the bending moment 
[5]. Further refinement of this research is ongoing.  

4.2 Use of safety factors 

In the calculation scheme, given in paragraph 2, it is 
explained that the safety factors γm and γFEM are introduced 
after the introduction of the wall. The reduction of soil 
parameters will generate displacements of the dike under its 
self-weight, and, consequently, an increase of the bending 
moment. As the aim of the material factors is to model a dike 
with poor soil conditions which are already present before the 
installation of the wall, they should not affect the bending 
moment, hence not a decrease of the soil parameters after the 
installation of the wall. 

Within the KIS project, a modification to the calculation 
scheme has been introduced where the safety factors are applied 
before the introduction of the wall. This results in a significant 
reduction of the calculated values of bending moments in case 
of unanchored structures as the structure is loaded in a more 
realistic way under initially present poor soil conditions. 

4.3 Safety calculation 

The last step in the calculation scheme is the introduction of 
the safety factor γFEM by means of a safety calculation. The 
ultimate safety factor is obtained in the horizontal part of the 
curve in Figure 3, while the bending moment is determined at a 
lower safety factor in the increasing part of the curve. 

Several calculations have been made with identical 
geometrical conditions, but with different numerical settings. 
Their comparison has shown that the safety factor at failure (the 
horizontal part) is relatively insensitive, but that the path to 
failure (the increasing part) is relatively sensitive. This is not 
surprising, as the safety calculation in Plaxis has been designed 
for calculation of ultimate equilibrium states, not for gaining 
structural forces at intermediate safety factors. This effect leads 
to large differences in calculated bending moments and is 
probably more pronounced due to the uplift conditions and for 
unanchored structures. The influence should in general be 
limited up to 1%. By applying a total safety factor γm x γFEM;stru 
before introducing the wall as already mentioned in paragraph 
4.2 and no longer with a safety calculation, the sensitivity of the 

results for numerical settings has been significantly reduced 
within the KIS project, although it does not always lead to a 
smaller values of the bending moment. 

4.4 Residual geometry profile 

The “residual geometry profile” is a pragmatic approach to 
cope with possible instability of the inner slope. Indeed, if the 
inner slope has the lowest factor of safety, it is not possible to 
assess the safety factor of a slip surface through the wall (as the 
one shown in Figure 4) by means of FE calculations as they 
automatically determine the slip surface with smallest safety 
factor. Furthermore, the reduction of strength due to the loss of 
soil weight and due to remoulded strength characteristics is 
accounted for. The residual geometry profile is therefore a 
valuable technique in the design methodology. However, both 
the geotechnical and structural assessment of the wall appears 
to be very sensitive for the height and the shape of the residual 
profile and the degree of failure of the residual profile itself. At 
present, it is unclear if the current approach is conservative or 
incautious in this respect and more research is planned. 

5 CONCLUSION 

The need for higher and stronger dikes is an ongoing 
challenge in the densely populated lowlands in the Netherlands. 
A relatively new development facing the lack of space is to 
reinforce dikes with structural elements such as cantilever 
diaphragm walls or anchored pile walls.  

The complex shape of the slip surface and interaction of the 
element reinforcing the dike with the soil and pore pressures 
clearly illustrates the need for a FE based design. An innovative 
FE based design methodology of a structurally reinforced dike 
has been applied for the KIS project. Large differences were 
found between bending moments calculated with characteristic 
and design values and could be explained and were corrected 
for to optimize design within the severe safety requirements.  

The experience gained in the KIS project has led to some 
important improvements of the design methodology, such as the 
use of safety factors and the safety calculation. Further research 
is ongoing to optimize the partial safety factors and model 
factors, as well as the role of the residual profile in the results.  

The at KIS gained experience and the research results will 
lead in the nearby future to a general, normative design 
guideline for dikes reinforced by structural elements. 
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