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ABSTRACT: In this study, we provide a comparison to the applied methods for the sliding process in the
reliability analysis of the pilot site Scheldt. These methods are based on Bishop technique benefiting the random
field theory (Vanmarcke 1983). The finite element method is used as a benchmark to evaluate the outcome of the
Bishop method integrated with the random field theory which takes into account variation of soil parameters.
Since the sliding process is a key issue in the safety assessment of dike rings, this comparison is an important
issue.

1 INTRODUCTION

1.1 Pilot site Scheldt

Flood defence systems are becoming more impor-
tant structures to engineers, inhabitants, and decision
makers. FloodSite project1 is an evidence of a collec-
tive attempt of 37 European countries to reduce the
risk of flooding in their homelands. There are several
pilot sites defined in this project to apply and evaluate
new techniques: River Elbe Basin in Germany, River
Thames Estuary in England, and River Scheldt Estuary
in the Netherlands.

The ‘Scheldt’ pilot site is a typical North Sea area
protected against coastal flooding by means of dif-
ferent flood defence structures such as forelands, sea
dikes, dunes and other constructions. The Western
Scheldt forms the entrance to the harbor of Antwerp
(Belgium). Water levels are influenced by the wind
surges on the North Sea, as well as the river discharges
from the Scheldt. There are four surrounding dike ring
areas long the Western Scheldt. These dike rings are
numbered from 29 to 32 as shown in Figure 1. The
plan view of the area is also presented in Figure 2.

The reliability assessment of this site is an impor-
tant task which is to be applied by utilizing of the
limit state equations (LSE). A considerable number
of LSEs are addressed in the report of the task 4 in
FloodSite (Allsop 2007). As a matter of fact, the out-
comes of the task 4 and task 7 (Van Gelder 2008)
present the building blocks of this enormous research
project. In these studies, an attempt has been made
to define and apply LSEs for different failure modes
of a usual flood defence structure, and most of the
presented LSEs can be easily utilized for safety assess-
ment. Among different failure modes, sliding is one
of the important and influential modes which can

1 www.floodsite.net (2004–2008). Integrated Flood Risk
Analysis and Management Methodologies.

Figure 1. Dike ring areas in the southern part of the province
Zeeland are presented, this area is counted as number 32
(Van Gelder et al., 2008).

be modeled in two classes of analytical approaches
(AA) and finite elements (FE). Since the reliability
assessment of the FE models is a complicated and
time consuming process (Rajabalinejad, Kanning et al.
2007), a few analytical methods are programmed in
Mprostab. This program is able to communicate with
PCRing. PCRing is also a reliability tool which takes
in to account different parameters to assess the overall
safety of a dike ring. Therefore, sliding which is an
important failure mechanism in the safety assessment
of dikes, is to be carefully watched.This paper presents
a part of the observations for the correspondence of the
currently implemented method with a finite element
model using Plaxis code.

2 THE MODEL

The dike ring area Zeeuws-Vlaanderen, counted as
Dike Ring 32, was initially divided into 287 dike
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Figure 2. Plan view of the Scheldt estuary, the white area is called “Zeeuwsch Vlaannderen” which refers to Dike Ring 32,
Scheldt estuary, the Netherlands (Googleearth, 2007).

Figure 3. The selected cross sections of Dike Ring 32 in Zeeuws-Vlaanderen, Scheldt, the Netherlands.

sections. Then, a selection was made and totally 33
dike and 4 dune sections are deemed to be represen-
tative of the total dike ring. This number is without
the water retaining structures (14 structures). The
lo-cation of the selected dike sections is shown in
Figure 3. Because calculating the sliding mechanism
is an elaborate process, this calculation was not per-
formed for all sections. The district water board has
made a selection of 7 cross-section profiles (out of a
series of 40 that were used for the testing) during the
process of schematization (Van Gelder et al., 2008).

As a result, 7 Profiles have been selected to calcu-
late the probabilities of failure concerning the sliding
mechanism with MproStab. In this study, two of these
sections are briefly presented, more complete report is
presented in (Rajabalinejad and van Gelder 2007).

2.1 Section ALS166B

A typical cross section of the dike ring in Zeeland is
presented in Figure 4. This section is located in the
North East part of Ring 32, as indicated in Figure 3.
The available data for this area can be divided in
two categories of geometry and geotechnics. Figure 4
shows the geometry of this cross section in which all
the soil layers are horizontal.

The material properties of this dike are presented
in Table 4–2 of the report of (Rajabalinejad and van
Gelder 2007), where the material numbers in this table
are correlated to the numbers of soil layers in the fig-
ure. The main portion of this dike is sand on top of
the figure, and its toe is made of clay. The main mate-
rial of foundation, also, is sand. However, there are
some layers of peat (Veen), and loose clay (Slapklei)
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Figure 4. A typical cross section of the Dike Ring 32 in the
Scheldt pilot site, named as ALS166B depicted by MStab.

Figure 5. A typical cross section of the Dike Ring 32 in the
Scheldt pilot site, named as EMMA118 depicted by MStab.

under the body of dike. The variation of soil proper-
ties is considered by mean value, standard deviation,
and a distribution type which are presented in the
aforementioned report.

2.2 Section EMMA118

Figure 5 shows the cross section EMMA118.The loca-
tion of this section is illustrated in Figure 3. This
section is also a sandy dike located on the sand, peat,
and loose clay. The downstream toe of the dike is
made of clay to prevent erosion and make the dike
less permeable. The detailed properties of materials
are presented in Table 5–2 in (Rajabalinejad and van
Gelder 2007).The mean value, standard deviation, and
the distribution type of each variable are also presented
in this table.

3 THE THEORY

Apart from Section 3.1, which presents an introduction
to the soil variation, the rest of this paper is consistent
with the user manual of MProstab (Calle 1994).

3.1 Lognormal distribution

Here we apply a lognormal probability distribution
function (PDF) in combination with an auto correla-
tion function to define the stochastic model for both the

Figure 6. A comparison between normal and lognormal
PDF, where µX = 100 and σX = 10.

cohesion (c) and tangent of the friction angle (tan φ).
There is also a possibility of assigning a Normal PDF
to the soil parameters, if there is a low probability
of generating values less than zero. However, given
a normal PDF there is always a possibility of getting
negative values. A Normal PDF of a random variable,
X , is defined as

where µ and σ are respectively mean and standard
deviation of its PDF, and x is a scalar value called
random sample.

If the random sample x from a normal random vari-
able X is replaced by ln (x), a lognormal distribution
comes out. The parameters of a lognormal distribution
can be obtained from the following equation:

Where

and

A lognormal distribution yields always positive val-
ues. The PDF of normal and lognormal distributions
are depicted in Figure 6 for the mean value of 100 and
standard deviation of 10. In fact, a lognormal PDF,
shown by dashed line, is an asymmetrical distribution,
and generated random numbers are different with the
Normal distribution. However, there is not a little dif-
ference for small ratios of the mean value and standard
deviation, µ[x]/σ[x]. A good comparison between the
normal and lognormal PDF is given in (Griffiths and
Fenton 2007).

3.2 Autocorrelation function

MProstab describes the pattern of fluctuation within
a soil layer as a weak stationary. Weak stationary
means that for any two spatial points (x1, y1, z1) and
(x2, y2, z2), where x and z are two horizontal and y the
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vertical spatial coordinates, the (marginal) probabil-
ity distributions are identical and that the correlation
among the random variables is only a function of the
distance between these points. The selected autocorre-
lation function, which expresses the correlation among
any two points as a function of the distance lags, is of
a modified Gaussian type:

The autocorrelation function is a function of the dis-
tance between two points in different directions of
x, y, and z as

Dh and Dv are the so-called correlation lengths, which
are related to the scales of fluctuation as introduced
by (Vanmarcke, 1977). Typical values of Dh range
between 25 m and 100 m and values of Dv may range
between 0.1 m and 3 m (Calle 1994). The parameter α
is a variance parameter, which equals the ratio of local
variance, i.e. the variance of fluctuations relative to the
mean value along a vertical line, and the total variance,
which is the variance relative to the mean value taken
over the whole deposit space.

For α = 1 the autocorrelation function takes on the
classical Gaussian form, which is often suggested
in literature. It was found, however, that such type
may be inconsistent with actual measurements. The
αparameter enables consistent modeling of the pres-
ence of overall weak and strong locations within a
layer. For fluctuations of cone resistance in clayey lay-
ers, αvalues ranging between 0.5 and 1.0 have been
found (Calle 1994).

Parameters of the probability distributions, i.e.
expected mean values and standard deviations, are
usually estimated on the basis of series of laboratory
or in-situ test results. Since the number of samples is
limited, the estimators are statistically biased. A bias
estimator is a source of uncertainty, and Mprostab sug-
gests to take this uncertainty into account by adjusting
the field variance with a factor (n+1)/n and modifying
the autocorrelation function into:

If both c′ and tan φ are estimated from test results of
the same experiment, e.g. triaxial test, the estimates are
(negatively) correlated. In the stochastic field model it
is assumed that the fluctuation fields of the two param-
eters are not correlated. Correlation among estimates
c′ and tan φ from the test result of a sample, results
in correlated estimates of the expected mean values of

these parameters. The larger the number of tests, the
smaller the coefficient of correlation among estimates
of expected mean values of the parameters; correlation
can be taken into account in MProstab.The assumption
of zero correlation, however, is slightly conservative
(Calle, 1990).

3.3 Bishop technique

Most of the problems of slope stability are modeled
on the base of physical equilibrium between param-
eters; yet they are statistically undetermined. As a
result, some simplifying assumptions are necessary,
and under various assumptions, different methods
have been developed. Some of the popular methods
are Fellenius, Bishop, Janbu, and Spencer (Malkawi,
Hassan et al. 2000). Here we consider the simplified
Bishop model which satisfies only the overall moment
and is applicable to a circular slip surface. For the
Bishop model, the factor of safety is directly obtained;
this method assumes that the inter slice forces are par-
allel to the base of each slice, thus they can be neglected
(Figure 7).

On the base of the Bishop Method, a limit state
equation can be defined as a difference between the
total resistance and driving forces as

where the resistance and driving moments are respec-
tively called as M ′

r and M0. Another stochastic

Figure 7. This figure is a schematic representation of the
Bishop Method. Also, the considered forces on a sample slice
are shown.
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parameter which is implemented into the model is
called the model factor, q which has expected value
µq; and the standard deviation σq. As a result, the limit
state equation turns to

The resistance moment is obtained by

where F is the safety factor; u is the water pressure;
c and ϕ are the soil parameters; W is the weight of the
slice; and the other parameters are shown in Figure 7.

The driving moment comes from the total weight of
each slice as

Considering the stochastic variables as c, ϕ, and vari-
ation of the water level u and the model factor, the
first order estimation of the limit state equation at the
expected point is obtained as

where Zl is a random variable which may be estimated
by its first and second moment which respectively
are E[Zl] and σ2[Zl]; and ∇ is the gradient, and T is
the transpose sign. Then, given the first and second
moment of the first order extension of the limit state
equation, the reliability index can be obtained as

which leads to the estimated probability of failure by

where � is the probability that the random variable
does not exceed a design value, assuming the standard
normal distribution, ϕN

and

3.4 Finite element approach

Finite Element analysis is a technique for solving
partial differential equations by discretizing of the
equation in the space dimension. This discretization
can be done by different element shapes; but, with the
finite number of elements. Then, a matrix can be con-
structed to relate the inputs to the outputs on some
specific points which are called nodes. Then the sys-
tem of equations can be solved and the inputs and
outputs are related on the base of a partial differential
equation.

The finite element models of the cross sections
ALS166B and EMMA118 are made by Plaxis2 and
presented in Figures 8 to 10. Their geometry is accord-
ing to the Mprostab model presented in Figure 4,
and further information of the model is presented in
Table 1.The ground water flow, also, is assumed hydro-
static to provide a closer comparison with the Bishop
method.

Table 1. Numbers, type of elements, and integrations points
used in the finite element analysis.

Type Type of element Type of integration Total no.

Soil 6-node triangle 3-point Gauss 410

Figure 8a. The finite element model of cross Section
ALS166B, depicted by Plaxis.

Figure 8b. The finite element model of Section EMMA118,
depicted by Plaxis.

Figure 8c. The finite element model of Section ALS166B,
depicted by Plaxis.

2 Plaxis, B. V. (2002). Plaxis, finite element code for soil and
rock analyses. R. B. J. Brinkgreve. Delft, Netherlands.
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Figure 9. Three different results for the failure of the cross
sectionALS166B. (a) Shows the Slip Circle by Bishop Model
and and model factor 0.9. (b) Shows the slip circle calculated
by Bishop Model and model factor 1.00. (c) Shows the failure
shape which is calculated by finite element analysis, Plaxis.

4 RESULTS AND DISCUSSION

Results are presented for two typical cross sections of
the Dike Ring 32 which were addressed in Section 2.
Some differences are shown between the reliability
assessment of the Bishop and finit element method.

This comparison is important from the point of view
that many reliability programs which are related to
dikes and coastal structures use this technique. For
instance, PC_Ring which is developed to assess the
total safety of dikes in the Netherlands is fed by this
technique for the sliding mechanism (see Section 1).

The finite element method presents more accurate
results. The tan φ − c reduction technique is imple-
mented into the finite element analysis. Applying this
technique, the strength parameters of soil are gradu-
ally reduced untill failure of the model. This provides a
relatively accurate and meaningful approach to failure.

To compare different failure shapes in section
ALS166B, three illustrations are shown in Figure 9.
They present the Bishop results with and without
model factor together with the finite element out-
put. The figures show influence of the model factor
on the failure shape. There is a considerable differ-
ence between Figure 9(a) and Figure 9(b) as a result
of the different model factors. As a matter of fact,
Figure 9(a) does not collapse, but it has partial failure.
Therefore, it is possible to have a big difference in

Figure 10. Three different results for the failure of the cross
section EMMA118. (a) Shows the Slip Circle by Bishop
Model and and model factor 0.9. (b) Shows the slip circle cal-
culated by Bishop Model and model factor 1.00. (c) Shows the
failure shape which is calculated by finite element analysis,
Plaxis.

failure modes (slip circle) using this Method. This
fact needs more attention where the loose foundation
prevents the circular failure shape.

However, when the shape of failure is almost cir-
cular the results of finite elements and Bishop Model
seem to be in a good correspondence as presented in
Figure 10(a) and Figure 10(b). This kind of failure
is usually expected when there are not quite different
materials with quite different strength properties in the
body and foundation of dike.

5 CONCLUSION

The finite element method is an accurate technique for
failure assessment of dikes. The finite element method
determines the actual water table and water head of
different spots in a flood defence structure.

On the other hand, the Bishop method is a simplified
method which is widely used in slope stability prob-
lems. It is less time consuming and easier to apply.
It needs, also, less parameter in comparison with the
finite element method. It, therefore, can be considered
for the first estimation of the probability of failure.
Nevertheless, it is shown that the result of the simpli-
fied Bishop method in some cases may be far from
the real failure mode, as shown in Figure 9, or in good
correspondence with it, as shown in Figure 10.

The influence of the model factor on the safety is
more coherent to the model itself if the whole limit
state function is multiplied by a model factor. Other-
wise, if the model factor is partially implemented into
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the limit state equation or when the limit state equation
needs to be discretized, the outputs may not always be
close to the finite element analysis. Figure 9 shows a
strong effect of the model factor on the results.

As a result, before assigning a model factor to a
model, we should pay attention to the failure shape
(slip circle) which needs to be close to a circle, other-
wise implementation of a model factor might lead to
unexpected results.

6 SYMBOLS AND ABBREVIATIONS

µX Mean value of the variable X with a
Normal PDF

σX Standard deviation of the Nor variable X
with a Normal PDF

µln X Mean value of the variable X with
a Lognormal PDF

σln X Standard deviation of the Nor variable X
with a Lognormal PDF

fX PDF of the variable X
� The probability of exceeding the design

point in a standard normal PDF
B The reliability index
q Model Factor
φ Friction angle
Dh Horizontal correlation length
Dv Vertical correlation length
LSE Limit state equation
PDF Probability Distribution Function
ρ(δx, δy, δz) Autocorrelation function
r(δx, δy, δz) Modified autocorrelation function
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