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ABSTRACT:  

Stochastic nature of variables implies Probabilistic approaches suitable for Reliability analysis of Flood defences 
especially for low laying area like Netherlands. Generally, Monte Carlo simulation is used to find accurate failure 
probabilities but it requires a lot of simulations for low failure probability cases and for small variances in result. A 
failure case of a river dike by overtopping is considered at the lower reach of a tidal river, where there is always a threat 
of dike failure due to extreme events of (a) river flood,  or (b) sea level fluctuations,  or (c)coincidence of both 
extremes. For such cases, a hydrodynamic model is needed for flood routing and finding water level in each segment of 
the dike considered as series system of failure.  During Monte Carlo simulation, it constitutes a loop through the 
hydrodynamic model for each random boundary, which makes the simulation time consuming and costly.  

In such cases, reduction in computational effort is achieved by using ‘importance sampling’ and ‘response database’. 
The method is applied to estimate two-days overflowing probability of 80 km long dike in tidal reach at the lower part 
of river Scheldt and western scheldt estuary. A simple model is simulated in MatLab, described by a linear performance 
function or limit state function with uncorrelated non-Gaussian input variables. Hydrodynamic model SOBEK is used 
to predict water level at different stretch of dike in random boundaries conditions. Importance sampling and Response 
Database is used for probabilistic loops in Sobek with for time saving techniques.   
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1. INTRODUCTION 

The reliability analysis of a dike at a lower reach of a 
tidal river is considered in this paper. Dike failure in 
overtopping mode is considered which can take place due 
to (a) extreme sea levels, (b) extreme river discharge and 
(c) coincidence of both of the above extremal events. The 
stochastic nature of the extreme sea levels and river 
discharge and the time of their occurrence implies the use 
of probabilistic methods for reliability analysis. Monte 
Carlo simulation based methods lead to accurate failure 
probability estimates. The water levels along the dike 
segment are computed using a hydrodynamic model.  
Repeated computation of resulting water levels using 
hydrodynamic model for each realization of the random 
boundaries makes Monte Carlo simulations 
computationally expensive. Reduction in computational 
effort is acheived by using importance sampling and 
response database. The method is applied to estimate 
two-days overflowing probability of a 80 km long dike 

along the northern part of Western Scheldt, Province of 
Zeeland, The Netherlands; see Fig.1.  

 
Figure 1:Study area, 80 km long dike studied in Western Scheldt, 

The Netherlands 
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The dike height, sea level and Scheldt river discharge are 
considered to be random variables. The limit state is 
idealized as a function of these three random variables. 
Probability distributions for random variables (Pandey et 
al., 2003) are constructed from the analysis of 
observations data from the site. Calculations through the 
hydrodynamic model are carried out using SOBEK 1-D 
model. Additionally, during simulation, the use of a 
response database in lieu of the hydrodynamic model for 
calculating the water level along the dike is explored as 
time saving technique.  

2. IMPORTANCE SAMPLING 

The performance function or limit state function is repre-
sented by g(X), such that, g(X)<0 indicates failure, and X 
is a vector of random variables with probability density 
function (pdf) pX(x). Using importance sampling, an un-
biased estimate of failure probability is obtained from 
(Kahn, 1956) 
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Here, hY(X) is the importance sampling pdf. hY(X) could 
be Gaussian or non-Gaussian and is centred covering the 
region of high likelihood around the design point 
(Shinozuka 1983). Considering non-Gaussian importance 
sampling functions, however, lead to difficulties when 
the random variables are mutually correlated. These 
problems can be circumvented by transforming the 
problem to the standard normal space and constructing 
Gaussian importance sampling functions (Schueller and 
Stix, 1987).  This is especially true when the location of 
the design point is not known apriori (Bucher, 1988). 

 
3. THE PROBLEM 

The performance or limit state function of overtopping 
failure is considered is the following form: 
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where, hk is crest height of dike and h is the local water 
level obtained as a function of hs and Qr, representing, 
respectively, the extreme sea-level and extreme river 
water discharge. The relationship between the local water 
level and the boundary parameters hs and Qr is through a 
nonlinear hydrodynamic model. The loop through the 
hydrodynamic model makes the simulation time 
consuming and costly.  

Efficiency of simulation is dependent on total number of 
Limit state function evaluation (LSFE) required for 
satisfactory result of failure probability eg.   
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Where, n is the total number of simulation and nf is the 
number of simulations observed in failure region in 

LSFE.  The minimum number of simulations required for 
target coefficient of variation is expressed (Vrou 2003) as 
follows: 
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For 10% variation on result, the required number of 
simulation is approximately 100/pf. 
 
In Hydrodynamic model, both upstream and downstream 
boundaries of are randomly distributed, so that there is 
requirement of running the model for each realization of 
random boundary. The non-linearity of the model 
becomes problem for replacing with expression in 
simulation code.  

 
Figure 2: Dike on tidal reach of a river subjected to both 

discharge and sea level variations 
 

A probabilistic loop through the hydrodynamic model 
(e.g. Sobek) is required for each random set of input 
boundaries in order to find corresponding water level in 
dike segments, during simulation. Figure 2 illustrates a 
schematic diagram of the simulation procedure and loop 
through hydrodynamic model.  

 
Figure 3:Probabilistic loops through hydrodynamic model for 

stochastic simulation 
 

The parameters hs and Qr are modelled as mutually 
independent, non-Gaussian variables. The dike crest 
height hk is assumed to have random spatial variations 
and is modelled as a Gaussian process, with specified 
auto-correlation function. The dike length is discretized 
into small segments. The crest height is assumed to be 
constant throughout a segment and is modelled as 
Gaussian random variable. The failure probability of 
overtopping is calculated for each segment using the limit 
state function of Eq.3.2. The dike segments are assumed 
to be in series system of components regarding failure 
mechanism. The failure probability estimates are 
presented in terms of bounds (Cornell, 1967).  
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Where,  
4. RESPONSE DATABASE 

D= Fluctuation scale   …….5-2,
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computational effort is explored using response database. 
This is possible if there exists a database of observations 
of water levels corresponding to different boundary 
conditions. During Monte Carlo simulations, first, the 
program searches into the database for the set of 
boundary conditions which have the closest 
correspondence to the particular realization. The local 
water level is then calculated by interpolation. This 
strategy for computing the river water level ensures (a) 
that the costly computations through the hydrodynamic 
model can be avoided, and (b) the database of 
observations already existing is of use. Figure 3 
illustrates a schematic framework for the use of response 
database instead of probabilistic loop in this study.  

 
Figure 5:  Autocorrelation for dike height 

The subsection length is chosen less then the Lag 
length at inflection point in autocorrelation function. The 
area under autocorrelation function is calculated and the 
fluctuation scale is found to be 3532m. So, 3500m is 
taken as segmentation length and each dike segments are 
considered to be independent sections. 
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The water levels of North Sea recorded at station 
Vlissingen were used to find distribution of down-stream 
boundary for Sobek model. The data analyzed are daily 
record from 1863 to 2004. 

  

 

Figure 4: Block Diagram of  conceptual framework for  response 
database used in Monte Carlo simulation 

The underlying principle of this technique is similar to 
the response surface method (Khuri and Cornell, 1987). 
In this study, the interpolation functions used to estimate 
the water levels along the dike sections can be viewed as 
response surface functions for the particular realization.   

Figure 6:Annual maxima and minima of Sea Water level at 
Vlissinge, western scheldt  

Bestfit© package was used to rank the distribution 
and find the parameters based on method of moment. The 
results from Bestfit are as follows.  

 

5. SIMULATION DETAILS AND RESULTS  
 

The overflowing failure mechanism of dike ring No 30, 
31 from Western Scheldt, Province of Zeeland, is studied. 
About 80 km long dike starting from Bath to Vlissingen 
is considered.  
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Based on longitudinal profile, autocorrelation analysis 
is carried out in dike height, obtaining correlation 
coefficient as the function of autocorrelation length. By 
taking fluctuation scale as a correlation distance, one 
section is supposed to be independent of the other. 
Probability of failure is then determined by the weakest 
link as series system of failure.   

Figure 7:  Pareto distribution representing sea level flactuation 
Different outputs are obtained from different peak 

over threshold (POT) analysis, and simulated values from 
the models are compared with real values to decide the 
best POT choice.   

For Gaussian stationary variable (dike height) the 
autocorrelation function of X is considered as;  
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Figure 8: Effect of Choice of POT value on distribution 

Parameters of exponential distribution calculated by 
Bestfit, are based on zero position of location parameter. 
For corresponding 2 days maxima, POT analysis is done 
changing location and scale parameters successively. A 
graph is plotted based on change of location and scale 
parameter with the change in threshold, which is 
presented in fig. 9 

 

 
Figure 9:Change in location and scale parameter with different 

POT values  

The schematization of Sobek is done to run separately 
with cross combinations of sea levels and discharges and 
dump resulting water level at each dike segment to a 
database, so that it can be referred for nearest values 
whenever it is needed during simulation.  
A total simulation period of three month is taken 
combining these two parameters each divided on 48 steps 
resulting 48x48=2304 combinations. Lower limit of these 
parameters is 0 whereas Upper limit is chosen based on 
equivalent 1-10th quantile value based on transformation 
from uniform vector U(0,1). So, every new step on sea 
level is introduced after 2 days (48 hours), within these 
period 48 steps of Q are introduced each hour because the 
typical travel time of one flood wave is less than 1 hour 
through the length of the dike considered. The output 
node is selected in each dike segment in SOBEK 1D 
schematisation.  
For the purpose of illustration, the response database was 
built up using Sobek for a set of observed random 
boundary conditions. In practice, it is expected that the 
response database would be available. Importance 
sampling is subsequently carried out and likelihood 
variation is checked for obtaining failure probability 
estimates of each dike segment as in Fig.4. Bounds on the 
probability of overtopping of the dike along its entire 

length is obtained between 2.56E-7 to 8.75E-08 according 
to Cornell upper and lower bound by assuming each dike 
segment to be in series configuration. 

 

 
 Figure 10: Overflowing probability in 80km long dike  

 
6. CONCLUDING REMARKS  

The use of importance sampling shows that the re-
quired sample size is considerably less than in full scale 
Monte Carlo simulations. A novel response surface based 
method, based on already existing response database, is 
adopted in evaluating the limit state functions. The pro-
cedure shows promise in significantly reducing the com-
putational effort.  
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