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Abstract: At present, short-term morphological change is not taken into account during the 
safety evaluation of coastal sea defences along the Dutch coastline, mainly due to the 
uncertain prediction of the associated effects. In the Netherlands, coastal defence structures 
are subjected to strict safety criteria stated by the national government. The performance 
evaluation of these coastal structures is done with risk assessments to analyse the short-term 
morphological effects of a storm on the safety of coastal structures. Expression of these 
effects in erosion depth or local seabed change is not sufficient. It is far more sensible to 
discuss these effects in terms of probability of failure or required crest height of the coastal 
structures.  
The application of morphological models as well as a probabilistic interpretation is a 
necessity to determine the probability of failure for evaluation purposes. During a case study 
for the Pettemer sea dike situated in the Northwest of the Netherlands, a process based time-
dependent cross-shore model called UNIBEST-TC (Van Rijn et al., 2001) is used to assess 
the seabed evolution during a single storm at the sandy barred seabed in front of the sea dike. 
Furthermore, a probabilistic shell has been created to determine the additional risk due to 
these morphological changes. 
Contrary to the expectations, the probability of failure shows no significant increase due to 
the seabed erosion of the nearshore, whereas this seabed erosion just in front of the sea dike 
appears considerably. The increase in depth-limited wave heights remains marginal as well. 
This is mainly caused by the relocation of sand in seaward direction resulting in a longer and 
gentler, but deeper foreshore, with almost equal wave reducing capabilities as the original 
foreshore. 
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1. INTRODUCTION 
Approximately 40% of the Netherlands is situated below mean sea level; much of these lower 
lying parts are protected against flooding by dikes and dunes. The Dutch government, 
represented by ‘Rijkswaterstaat’ is responsible by law for maintaining the coastal defence 
system. The sea defences are determined ‘safe’ whenever they are able to withstand water 
levels with a frequency of occurrence exceeding the 1/1250 up to 1/10000 a year, depending 
on the value of the area protected. However to be able to evaluate the sea defences a set of 
boundary conditions based upon extreme conditions has to be available.  

Fax: 0031 15 27 85124, Tel: 0031 15 27 86544
E-mail:  M.A.X.vanBaak@student.tudelft.nl  

89J.F.K. COMPETITION: Coastal, Inland and Ground Waters

mailto:M.A.X.vanBaak@student.tudelft.nl


For deep-water conditions (offshore) the boundary conditions are reasonably known and have 
a more general occurrence, while in order to determine the necessary local boundary 
conditions, local influences have to be taken into account. To determine these local boundary 
conditions along the Dutch coastline ‘Rijkswaterstaat’ plans to use a wave simulation model 
called SWAN (Ris et al., 1997). SWAN is capable of simulating the process of energy 
dissipation from the deep-water wave height to the local shallow water wave height. In a first 
validation study (Jacobse, 2000) it appeared that the measured wave heights near the Pettemer 
sea dike were significantly higher than the maximum possible wave heights that could be 
simulated. It appeared that the difference in wave height had been caused by seabed variation 
over time.  
SWAN requires a fixed seabed geometry to determine the local hydrodynamic conditions that 
can be used for evaluating the sea defences. A current challenge is the formulation of the 
seabed. According to research (van Vledder, 2001) and (Tonis and Veen, 2001) the seabed 
geometry depends on two aspects. First of all the simultaneously occurrence of an extreme 
event and a certain seabed geometry and secondly the behaviour of the seabed profile during 
an extreme event is uncertain. This paper will focus on the contribution of short-term 
morphological variations (local erosion) due to storm events on the coastal safety conditions 
stated by ‘Rijkswaterstaat’ at the Pettemer sea dike. 
Extreme storm event simulations of these morphological alterations are necessary to 
determine their contribution to the coastal safety. The contribution of seabed alterations can 
be found whenever two scenarios with similar deep-water input parameters are compared for 
a dynamic seabed and a fixed seabed. The maximum wave height at the toe of the sea dike is 
used to evaluate the required crest height for each scenario. This results in a required crest 
height for each set of input variables. Together with the probability density functions for the 
input variables and the original crest height, the probability of failure can be determined by 
multidimensional Riemann integration. Similar probabilistic morphological approaches are 
described in for instance Dong and Chen (2000), and Hall et al. (2002).  
The paper is organised as follows: A site description as well as a description of the seabed 
profile is discussed in Sec.2. In Sec.3 the model assumptions and restrictions will be 
discussed in combination with the dominant morphological processes during storm. The 
probabilistic method as well as the results will be discussed in Sec.4. Finally in Sec.5 the 
conclusions are drawn.  

2. SITE DESCRIPTION 
The Holland coastline, a so-called closed part of the Dutch coastline, is a sandy coast with a 
morphology that is dominated by waves. The length of the coastal stretch is about 120 
kilometres and the orientation of the slightly curved coastline is to the NNE-SSW. This 
coastline is part of the southern side of the North Sea basin. To the north the North Sea basin 
is wide open to the Atlantic Ocean while to the south a narrow strait (The Channel) connects 
it to the Atlantic Ocean, see Fig. 1.  
The 1.5 km long Pettemer sea dike forms the northern part of the 5.5 km long sea defence. 
The southern part, the Hondsbossche sea dike, stretches over a distance of four km. Dunes 
enclose the fixed structure on both sides and just in front the nearshore has been protected 
from longshore erosion by 80m long groynes at intervals of 120m. About 350m out to sea, at 
a depth, which varies between NAP - 3m and NAP - 5m, "Amsterdam Ordnance Datum" lays 
a sandy bar where the waves break. This bar has remained in a stable position during the last 
35 years although sandbanks along the Dutch coast generally tend to shift in a seaward 
direction. Three km from the sea dike at Petten lays a shallow area where the water depth 
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varies between NAP - 6m and NAP - 7m. This area, called the Pettemer polder, appears not to 
be affected by erosion.  

PETTEN
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Belgium

Germany

Cross section
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Pettemer polder plateau

50KM

Fig. 1: Location of and bathymetry at Petten.  
 
The seabed geometry has been reduced to the cross-section as is shown in Fig. 2 in order to 
use it in a model called UNIBEST-TC. Often storms approach from the Northwest parallel to 
the cross-section, resulting in maximum wave attack in the alignment of this cross-section. 
 

 Fig. 2: Seabed profile of the cross-section shown in Fig. 1. 
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3. STORM-EROSION AND UNIBEST-TC COMPUTATION 
To predict the behaviour of the seabed during storm events a sediment transport model called 
UNIBEST-TC (Onderwater et al., 1999) has been selected. UNIBEST-TC has been designed 
to predict the cross-shore sediment transports and the resulting seabed changes along the 
profile of a cross-section under the combined action waves and currents. The principal cross-
shore processes such as wave asymmetry, undertow, gravity, and mass-flux below wave 
troughs are taken into account (Van Rijn et al., 2001) 
Only morphological changes due to cross-shore sediment transport have been assessed, 
because it is expected that during storm events the longshore sediment transport processes are 
of minor importance. Especially in the shallow water areas just in front of the sea dike 
between the groynes cross-shore dominance is expected. In order to apply UNIBEST-TC a 
number of hypotheses have been taken into account to incorporate the complex reality into the 
model: 
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- The coast is supposed uniform in alongshore direction. 
-  3D hydrodynamic processes are not considered. 
- Sand can only be transported in cross-shore direction. 
- The sand volume remains constant throughout the simulation. 
- Wave reflection as well as wind setup in the shallow water zone are not considered. 
Next, some assumptions are made: 
- No alongshore currents or transport gradients are considered. 
- Only waves perpendicular to the shore are considered. 
Based on previous simulations from Van Rijn et al. (2002), it can be expected that UNIBEST-
TC can simulate with a reasonable accuracy both the erosion in front of the fixed sea dike as 
well as the difference in wave height penetration up to the sea dike. For example, the results 
for a two-day-simulation of constant severe hydrodynamic conditions are shown in Fig. 3 and 
4. The input consists of an offshore root-mean-square wave height (Hrms = 5m) and water 
level setup of (NAP + 5m); the results are shown in Fig. 3. This figure shows the original 
seabed and local wave height as well as the altered seabed and the associated wave height 
after two days. Fig. 4 shows that although the seabed erodes in the shallow area up to 1.5m 
the wave height increase remains little, only 0.15m, which may be intuitively explained by the 
relocation of sand in offshore direction that reduces the wave height offshore.  

Fig. 3: UNIBEST-TC results for two-day storm. Fig. 4: UNIBEST-TC comparison.  

UNIBEST-TC Simulation
Hrms,0= 5m; Tp=11.32s; h=5m+NAP
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Fig. 5 shows the results of two simulations, one with a dynamic seabed (light) and one with a 
fixed seabed (dark) for a storm of 36 hours. Again in the shown shallow area the seabed 
changes are quite large. The sediment directly in front of the fixed sea dike has been 
transported in offshore direction due to the theoretical storm, resulting in an erosion depth that 
exceeds the 1.0m. For the wave penetration up to the sea dike (at x=0) the seabed alterations 
have little consequences both wave heights (at x=0) are practically equal.  
In Fig. 6 the variation of the dominant parameters during the same storm has been shown. The 
impact of a storm will depend on the simultaneous peaking of the water level and the wave 
height (both parameters are indicated with a dotted line). After 0.9 simulation days (21 hrs) 
the storm has reached its maximum. The percentile difference between the fixed and the 
dynamic simulation for the local water level and wave height are shown by the thin straight 
lines. These parameters show hardly any difference between the dynamic and the fixed seabed 
simulations for the period before the storm maximum (t=0.9 days). However directly after the 
storm decreases in strength higher wave heights are predicted for the dynamic run due to the 
relocation of sediment.  
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Fig. 5: Seabed variation due to storm. Fig. 6: Local parameter evolution during storm. 
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4. PROBABILISTIC ANALYSIS 
At present the evaluation of coastal structures is often based on probabilistic methods. In 
order to determine whether the Pettemer sea dike meets up to its requirements a probability of 
failure assessment is necessary. To determine the probability of failure properly all parameters 
and failure mechanisms that apply have to be taken into account. Due to numerical time 
constrains, however, only the failure mechanism ‘wave runup’ has been taken into account. 
This failure mechanism is dominant in showing the effects of storm-erosion on sea dike 
dimensions. Therefore the failure mechanism wave runup qualifies for the purpose of this 
study, which is to determine the relative effects of seabed variation on the probability of 
failure of sea dikes.  
Failure due to wave runup is often caused by dike erosion as a result of overtopping water that 
eventually results in failure due to loss of stability. Wave runup is therefore expressed in a 
vertical height that in combination with the water level must exceed the crest height in order 
to cause failure. For this analysis a design function generally used for a first impression has 
been used (Wassing, 1958):  

( )αtan8 suprun Hhh +=−         (1) 

h = Local water level in front of the sea dike (incl. setup and tide) [m + NAP] 
 Hs = Local significant wave height at the sea dike    [m] 
 Tan (α) = Averaged slope of the sea dike      [m] 
 hrun-up = Run-up level (equals the require crest height)   [m + NAP] 
A constant slope of 1:4 has been used to describe the slope of the Pettemer sea defence. The 
local wave height and water level are based on combinations of deep-water variables that 
have been used as input for the UNIBEST-TC model. Based on the results of the UNIBEST-
TC simulations the location of the wave run-up height can be determined. In combination 
with the actual crest height (hcrest) failure can be determined.  
The probability of failure is determined by a limit state function (Z). The limit state function 
reckons with random variables for resistance and load. By defining the limit state function the 
border between failure and non-failure has been set. Random variables are described by 
distribution functions, however, the distribution functions required for the local wave height 
and water level used in Eqn. 1 are unreliable and difficult to determine since many local 
hydraulic processes are of influence.  
Another possibility is to assess the local parameters with UNIBEST-TC and to determine the 
joint probability density function (JPDF) for the combination of input variables. In this way, 
UNIBEST-TC serves as a black box model in which input parameters distribution functions 
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result in output parameters distribution functions. It appeared that the required local variables 
depend for a large extent on two input variables; the deep-water wave height (Hs,0) and water 
level (h0). In order to limit the number of simulations only these two random variables have 
been chosen. Therefore the limit state function (Z), shown in Fig. 7, is written as follows:  

( )( )8 tancrest sZ h h H α= − + ; ( ),0 0,sh f H h= ; ( ),0 0,s sH f H h=    (2) 

 h0 = water level         [m + NAP] 
Z = Limit state (Z<0 = failure), (Z>0 = safe)    [-] 

 hcrest = Actual crest height of the Pettemer sea dike   [m] 
 Hs,0 = Deep-water wave height      [m] 

And f stands for the complex UNIBEST-TC model 

Fig. 7: Limit state function, JPDF and  Fig. 8: Difference in limit state function 
due to the UNIBEST simulation area. storm-erosion and original seabed. 

0 1 2 3 4 5 6 7 8 9 10 11 1 2

5

6

7

8

9

1 0

1 1

1 2

3

4

Deep-water wave height (Hs) [m]

FAILURE

W
at

er
 le

ve
l (

h o
) [

m
+N

A
P]

SAFE
UNIBEST–TC

SIMULATIONS

Limit state function
(Z=0)

Limit state functions based on UNIBEST-TC 
the variation in probability  of failure due to storm-erosion

4.5

5.0

5.5

6.0

6.5

3 4 5 6 7 8 9 10
Deep-water wave height (Hs) [m]

W
at

er
 le

ve
l s

et
up

 (
h)

 [m
 +

 N
A

P
]

1990 dynamic

1990 f ixed

1999 dynamic

1999 f ixed
FAILURE

SAFE

 
If the limit state function becomes negative (Z<0) failure occurs. To determine the probability 
of failure the occurrence probability of the combination of input variables has to be 
determined. One has to take into account that both input variables are correlated; waves are 
generated by wind and storm conditions contribute to high water levels as well. Therefore the 
wave heights have been split up into a water level dependent part and an independent part as 
follows: 

( ) ( )H H h H Hs s s H, , ,0 0 0 0= + S          (3) 

 Hs,0(h0)  = The water level dependent part; a function of h0  [m] 
 Hs,0(HHS) = The independent part  [m] 
The relation between the water level and the wave height average [Hs,0(h0)] has been defined 
according to Vrijling and Bruinsma, (1980). Van de Graaff (1984) has found that the 
independent part [Hs,0(HHS)] can be described by a normal density function derived from 
historical data sets. The water level will be described by a Generalised Pareto Distribution 
function (see for instance Van Gelder and Vrijling (1999)). Combined these individual 
variables form a JPDF, shown in Fig. 7, which shows the probability of exceedance for the 
combination of both parameters. The limit state functions for the dynamic and fixed 
simulations can be determined and expressed in probability of failure to compare both 
simulation scenarios with each other. Fig. 8 shows the results for a series of dynamic (dark) 
and fixed (light) simulations, using Riemann integration to determine the probability of 
failure. The increase in probability of failure due to seabed changes is in the order of 
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15mm. To indicate the effects of original seabed variation two different seabed profiles have 
been assessed. Fig. 8 shows that the deeper seabed profile (1990) results in a considerably 
larger failure area, however the storm-erosion effect remains small.  

5. CONCLUSIONS 
According to predictions made by UNIBEST-TC for a case study described in this paper, it 
appears that although the local seabed erosion during a single storm is significant, the local 
wave height growth is rather small. This is mainly due to the seaward transportation of sand 
that decreases the incoming wave heights. Therefore the contribution of storm induced seabed 
alterations appears to be negligible to the probability of failure calculations for sea dikes. 
Similar conclusions are expected to hold for case studies, which resemble the Pettemer area 
well. However, the effects of storm-erosion depend on the hydraulic conditions, the pre-storm 
seabed level nearshore and the storm duration. In Van Baak (2002), also longer storms have 
been simulated (up to 96 hours). It was shown that a longer storm period results in a 
considerable greater contribution of the storm-erosion.  
An aspect that affects the reliability of the UNIBEST-TC results is the 2D approach. Due to 
the restriction in UNBEST-TC that sand can only be relocated over the cross-section. The 
possibility that a profile loses sand is then neglected, which in reality could happen when 
channels develop perpendicular to the shore (e.g. rip-currents), which results in an 
underestimation of the actual storm effects. 3D models, however, have to reckon with 
uncertainties due to the third dimension and require a considerable longer simulation time.  
Morphological models that describe cross-shore sediment transport with sets of coupled non-
linear partial differential equations are very time-consuming in the generation of numerical 
results. To integrate morphological results in a probabilistic framework, response surface 
methods (Myers and Montgomery, 1995), which models the morphological response to the 
independent input variables with usually linear or quadratic multidimensional functions, are 
viable techniques. Also variance reduction techniques (such as Importance sampling), are 
useful since the number of necessary Monte Carlo simulations can be reduced considerably. 
These methods could lead to a more comprehensive analysis that includes the most significant 
variables, model uncertainties, and failure mechanisms as well.  
Furthermore, it is recommended to take the original local seabed into account by a random 
variable during future safety evaluations of sea defence structures (Baak van, 2002). This 
random variable for the original seabed should then be mainly based on the level of the 
shallow area in front of the sea defence providing that this area is of sufficient length. 
It is finally recommended to continue measuring hydraulic conditions. Measurements 
campaigns such as at Petten that are operative for a considerable period, contribute 
significantly to the improvement of probabilistic analysis as well as the understanding of 
extreme events and the associated morphological processes. 
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magnitude 0.2*10-5 per year, corresponding with a negligible increase in crest height of only 
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