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ABSTRACT 

Climate change increases the risk of grass dikes to breach as warm weather can weaken the grass cover while 

more frequent high water is present. This may cause initial damage to the dike cover; in which case the dike does 

not breach. Understanding the residual dike strength is essential from a flood risk management perspective to 

design dikes efficiently against extreme events. This study assesses the residual dike strength by wave 

overtopping at three locations across a dike profile by evaluating a newly developed framework for the failure 

probability of overtopping waves of grass-covered river dikes. A method is next presented to derive failure 

probabilities and fragility curves. To extend on current Dutch safety standards obtained fragility curves by wave 

overtopping are to be combined with follow-up failure mechanisms for dikes with inner slope instability. 
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1 INTRODUCTION 

Understanding dike failure is essential for flood protection in a country like the Netherlands, where a quarter of 

the land surface lies below sea level. Within the current Dutch safety assessment, the degree of flood protection 

is classified according to a flooding probability for the hinterland. In the case of failure by the mechanism macro-

instability, where the dike slides along a slip plane, not all slope instabilities result in flooding causing the 

evaluated failure probability to be very conservative (Van Der Krogt et al., 2019). To define the actual breach 

probability, the residual profile that remains to offer its protective function must be examined against follow-up 

mechanisms. However, there is not yet a method to evaluate follow-up mechanisms besides slope-instability 

and, as a result, it is not possible to determine the actual strength of a dike. Figure 1 (l.) outlines a typical dike 

with slope-instability for a homogeneous clay top layer covered with a grass cover layer. The schematized dike 

core consists of sand but can also consist of clay or peat. The follow-up mechanism wave overtopping (Figure 

1 r.) can occur after the macro-instability of a dike profile, which can cause a dike failure. This mechanism occurs 

for extreme wave conditions when waves overtop the dike crest causing the inner grass cover layer of a dike to 

erode. Extensive erosion results in instability, after which a dike breach results. 

Figure 1. (l.) Failure processes by macro-instability (r.) with the erosion of the grass cover by overtopping. 

Aim of this research is to assess the residual dike strength after a slope instability for wave overtopping. A new 
framework is developed to determine the failure probability of wave overtopping for grass-covered river dikes. 
The framework allows the occurrence of critical erosion failure to be evaluated during storms with high wind 
speeds combined with variable water levels. This framework is applied to a river dike near Millingen aan de Rijn 
in the Netherland to determine the failure probability for the original dike profile and for different types of slope 
instabilities (Verdonk, 2020). 
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2 METHODOLOGY 

The probability of failure at multiple water levels is computed using the new framework for the original dike 
profile and the profile after a slope instability. Firstly, the local geometry and bathymetry data are acquired from 
Hydra-NL WBI 2017 software. Next, the overtopping characteristics at the start of the dike are calculated using 
the Bretschneider equations in combination with the extreme wind statistics and run-up equations. These 
overtopping characteristics are used as input for the analytical grass erosion model (Van Bergeijk et al., 2019) 
for the flow velocity and erosion depth across the dike. New relations for additional turbulence at a slope 
instability were derived to simulate the effect of jet impact at this location (Verdonk, 2020). The failure probability 
is calculated using a Monte-Carlo-Analysis with the wind speed and grass strength as stochastic variables. 
Failure is defined as the exceedance of 20 cm erosion depth according to the Dutch safety standards. Model 
runs are performed for varying grass quality, clay quality, wave characteristics and locations across the dike. 
The failure probability of erosion by overtopping at varying water heights is calculated, resulting in fragility curves 
to compare the failure probability of a dike profile with macro-instability relative to a regular dike profile. 

 
3 RESULTS 

The fragility curves show that no wave overtopping occurs for free crest heights larger than 1 m (Figure 2). The 

clay quality of the cover layer significantly affects the failure probability. Slipped profiles are more vulnerable for 

wave overtopping with a failure probability that is 2-12 times larger than a regular profile depending on the cover 

characteristics. Instabilities on the upper and middle inner slope are most vulnerable for wave overtopping. 

 
Figure 2. Failure occurrence by overtopping for a dike with macro-instability [slip] at the upper slope section 
and a regular dike at a varying free crest height. 
 
4 CONCLUSIONS 

The new framework is developed to calculate the failure probability of wave overtopping for grass-covered river 

dikes with a slope-instability. Therefore, this framework is a valuable tool to assess the residual dike strength 

after a slope instability. We showed that the failure curves for overtopping show a steep gradient for an 

increasing water level and slipped profiles are up to 12 times more vulnerable for wave overtopping. Combining 

the failure mechanisms macro-instability and wave overtopping will lead to more accurate strength assessments 

of flood defences, which can save costs and improve future designs. 
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