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Rational Risk assessment of Dikes by using a stochastic subsurface model
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Abstract: In the Netherlands, dikes protect the land against water from rivers, lakes and canals. For a decade, the safety of the primary dikes is verified frequently. Since 2006, also secondary dikes have to be examined according to Dutch regulations and safety demands. Besides the height, also the strength of these dikes has to be verified. The district waterboards are responsible for the examination. There have been uniform regulations defined by national government. The problem for examination the strength of the secondary dikes is the lack of (detailed) knowledge about the subsurface, soil layers, and soil properties. There are thousands of kilometres of secondary dikes while the heterogeneity of the subsoil in the Netherlands is large. All together, obtaining the required information demands a lot of money and time. To overcome this challenge, a new method is developed, called Rational Risk assessment Dikes (RRD). From the geology and specific knowledge of a certain area, a stochastic subsurface model is derived, in which all the possible combinations of soil layers are represented schematically. The combinations are coupled with a chance of appearance. In addition, geometry data is collected by using laser altimetry. The water levels and additional data are subtracted from a GIS system. An algorithm is developed to automatically examine the strength of the secondary dikes, by combining the subsurface model with the geometry and water levels. In this way, for every 100 m, the macro-stability of the inner slope and resistance against piping under extremely dry and wet circumstances are verified, taking into account possible uplift of peat and clay layers in the hinterland and hydraulic contact between canals and sand layers. This requires a structured data processing. This paper describes the subsurface model, scenario selection, calculations and data processing.
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1. introduction
About a quarter of the Netherlands is below mean sea level. Without flood protection structures, about two-thirds of the country (25,000 km2) would be flooded during storm surges at sea or high discharges in the rivers. Protection against direct flooding from the sea and rivers is provided by a system of 3200 km of primary flood protection structures. Flooding through failure of a primary protection structure will cause large casualties and will have economic effects on a national level (Knoeff, 2006).

The area protected by a linked system of primary flood protection structures is called a dike-ring area (see Figure 1). The flood protection structures around a dike-ring area can be divided into sections, in which load and strength characteristics are comparable. These sections can consist of dikes, dunes, structures or high grounds. High grounds are those areas that lay high above the possible floodlevels. Together these sections ensure the safety of the area, both on the coast and inland.

Based on a national risk assessment safety standards for the primary flood protection system have been derived. These standards range from 1/1,250 to 1/10,000 a year, depending on the area’s economic activities, population size, and the nature of the threat (fluvial or coastal). The minimum safety of 1/1,250 a year holds for river areas. For coastal areas, the minimum safety is 1/2,000 a year.

These standards were established in legislation in 1996 with the Flood Protection Act. The flood levels associated with safety standards are updated every five years to accommodate sea level rise and recent technical developments. Also written in the Flood Protection Act is the obligation of waterboards to check the strength of the flood protection system every five years.
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Figure 1: Overview dike-ring areas.

Within a dike-ring, a large network of secondary canals and rivers exists. Precipitation and seepage of the low lying areas drains into many ditches crossing. From the ditches, the water is pumped up into canals with water levels sometimes several meters higher than the land. From these canals, the water is pumped up into the main rivers. Protection against flooding from secondary canals and rivers is provided by an extensive system of secondary flood protection structures. The area protected by a linked system of secondary flood protection structures is called a polder. Like the primary flood control system, these structures vary from dikes to high grounds. In the Netherlands, around 14,000 km of secondary dikes protect the polders.

In the Netherlands, every year, some (nearly) incidents occur with secondary dikes. Now and then an incident leads to flooding of a polder. Known examples in the Netherlands are the flooding of northern Amsterdam in 1960 and Wilnis, a rural village, in 2003. These floodings caused limited economic and social damage. Despite the small consequences, the dike failure in Amsterdam in 1960 was the starting point for an investigation to the quality of the flood protection system. A research program was set up to develop guidelines and calculation methods to judge the height and strength of dikes. Because of the large consequences of a failure of the primary flood protection system, most attention was paid to to the primary dikes. Guidelines for secondary dikes were never officially set up. During the years, guidelines for primary dikes were used to judge the strength of secondary dikes and the typical aspects of these dikes were forgotten. 

Therefore it was a surprise that in August 2003, after a very dry and warm summer, a canal in Wilnis failed at night. Because of this dike breach, the water in the canal started to run into a housing quarter of the village. Immediately after the dike failure the canal was closed off. However, the damage was relatively small, the Dutch became again aware of the consequences of living below sea level and the importance of the secondary dikes. The dike failure in Wilnis was the trigger to set up a safety manual for secondary dikes. Since 2006, waterboards are obliged to check the height and strength of their secondary dikes on a regular base. Safety standards for the secondary flood protection system range from 1/100 to 1/1,000 a year, considerably lower as the safety standards for the primary flood protection system.

2. Safety manual

To ensure the quality and to guarantee comparable results of the obliged examination of the secondary dikes, a safety manual is written (IPO, 2006). The risk-based manual is based on the guidelines for primary dikes. 
The methodology described in the safety manual is risk driven. The main characteristic of the process is its cyclic process by the repetition of 4 risk-management steps in three generic phases and the structured storage of its results. The four general steps start with gathering project information. Based on this information, failure mechanisms are identified. After the identification of relevant failure mechanisms, the resistance to the mechanism is compared to the standards. If the resistance is not guaranteed, an investigation program is defined for the next phase. In the first phase, resistance to failure mechanisms is based on global information of the geometry and subsoil, waterlevel and hydraulic head. In the second phase, the judgement of the resistance simple calculations are made. Detailed analysis are executed in the third phase. After the third phase, the dike will be strengthened if the safety of the dike does not meet to the standards. 

For the examination of the secondary dikes special attention has to be paid to the typical aspects of secondary dikes. Compared to primary dikes: 

· The development of secondary dikes differ. The materials of primary dikes mainly consist of sand and clay. Many secondary dikes consist of peat. Under dry circumstances, peat will dry out.

· Man controls the water level. The water level of primary dikes are driven by nature (precipitation and melting glaciers of the Alps). Secondary dikes have a constant waterlevel controlled by man. Difference between the average and maximum water level is less then 1 m. 
· The hydraulic head of secondary dikes is in most cases lower then primary dikes

· The total length of secondary dikes is much larger

· Only very limited information about the subsoil and geometry of secondary dikes is available. 

3. Rational Risk assessment Dikes
As mentioned before a waterboard is normally responsible for a large amount of secondary dikes. Depending on the waterboard, the total length of secondary dikes can vary from 120 km up till 1,200 km. To assay the strength of the secondary dikes many calculations must be made. To expedite the process and saving on the total costs, a new method has been developed.  The method is based on a coarse to fine approach and can be used for the second phase examination of the safety manual. The process is called RRD (Rational Risk assessment Dikes) and is greatly automated. The work process and method is schematized in Figure 2 and briefly described below.
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Figure 2: Schematization RRD method

3.1 Geometry data

To schematize the surface geometry of the secondary dikes, the profile heights needs to be known. The heights are collected using laser altimetry data. Laser altimetry is a method of directly measuring the height or elevation of the terrain from an aircraft or a satellite. In the projects so far the measurements were done using a helicopter. The laser altimetry provides digital three-dimensional information about the surface of the secondary dikes. The height information is stored in a large database. The database is owned by the waterboard. 

Cross sections are generated from the database each 100 meter along the route. A typical space between the points along a profile is 0.25 meter up to 1 meter. A point of attention when working with laser altimetry data is the reflections of the laser at the water surface. The laser beam is reflected by the water surface as shown in Figure 3. This means that the profile of the ditch is not measured.
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Figure 3: Reflection laser beam at water surface when using laser altimetry

The profile of the ditch can be introduced by using data of bathymetric surveys. Normally this will not be done, because a survey of the ditches costs a lot of money and time. In addition, for the calculations the most critical situation needs to be found. If a ditch is surveyed it could be that the ditch is (partially) filled with mud. According to the measurements the ditch is less deep than the theoretical depth. The theoretical depth has to be used as a criteria when dredging the ditches. The highest depth of the ditch is mostly representative in the stability analysis.

The ditch contour is important for the calculations. When the ditch is not taken into account, the ditch will be seen as soil. This affects the stability analysis. In addition, the depth and position of the ditch is important for piping and horizontal balance calculations. To implement the ditch a cross section, a simple formula is used. This may look like a coarse method, but with respect to the method and the coarse to fine approach it is accurate enough. The same approach can be used to schematize the ‘boezem’.

When the surface lines are known, some typical points along the profile are defined. These points are shown in Figure 4. The nodes are used for different purposes. The functions will be discussed in paragraph 3.4.  Defining the nodes is a semi-automated process. Some are automatic defined, others are defined using a special tool. The advantage of manual selection ('clicking'), is a quality check on the delivered profiles. Sometimes profiles show a lot of spikes or other errors, when working with laser altimetry. If the altimetry data are not filtered correctly, errors will occur. This will have a negative effect on the reliability of the results. Due to this fact, the faulty cross sections need to be skipped.
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Figure 4: Definition nodes along profile 
Due to variations in the profiles it is hard to program an algorithm, which automatically searches the nodes along the profile. Probably this will be more automated in the future. In addition, defining the nodes is a fast process. It only takes a few seconds per profile. The ‘click-process’ uses a 2D view of the profile, but on the background the nodes are handled as 3D coordinates. This makes GIS implementation much easier, for example for plotting the points on a map.

3.2 Water levels and additional data

For the scenario analysis and the schematization later on, location specific data is necessary. The waterboard supplies: water levels of the ‘boezem’ and the polder, dike material, traffic load, length of campshedding and piezometric levels. The data is delivered per cross section and in a standardized format. Normally, the values are constant along a certain distance. The standardization is essential for the process. Small abnormalities cause big problems further on the process. It can be said: The devil is in the detail. Working with greatly automated processes and an enormous amount of data deserves a lot of attention, especially, in the first stages of the process. 

3.3 Stochastic subsurface model
An important part of the RRD method is the use of a stochastic subsurface model. This is the basis of the method. The surface model is designed based on collected soil data and known geological processes. Then an estimate is made of the possible ground layers in the subsurface and their likelihood of occurrence. Such an approach is necessary, because the density of most executed soil surveys near the secondary dikes is by far insufficient for a sufficiently detailed deterministic schematization of the subsoil, which provides enough safety for the results of the calculations. A geologist defines dike routes with an equal expectation of combinations of soil layers. These routes are defined as segments. The geologist defines per segment which combination of soil layers will occur and with what chance of occurrence. One individual combination of soil layers with a certain thickness is called a 1D profile. Figure 5 shows the principal of the stochastic subsurface model. The soil model and the soil properties are stored in two separated files. These files are used for the scenario analysis and the calculations.
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Figure 5: Principal of the stochastic subsurface model
3.4 Scenario analysis

The scenario analysis is based on Dutch guidelines as described in paragraph 2. The rules described in the manual are translated to algorithms in a computer program and operates fully automated (see Figure 6). The program uses the input files, which were described in paragraph 3.1- 3.3. 

[image: image6]
Figure 6: Scheme scenario analysis

Analyzing these aspects may lead to a situation, where for each combination of soil layers and cross section up to four scenarios ought to be calculated (excluding piping and horizontal balance calculations). 

The defined nodes (described in paragraph 3.1) are essential during the scenario analysis. For example: the bottom of the ditch. This coordinate, together with the subsurface model and the hydraulic head, is important to determine the possibility for bursting of the soil layers. In addition, the location of the road is used to generate the traffic load at the exact position on the profile. To determine the level of the phreatic plane, the defined nodes are used. Depending on the circumstances (wet or dry and secondary dike material), fixed values are used to transform the node coordinates (XYZ) to determine the level (Z) of the phreatic plane at the specific location (XY). This is schematized in Figure 7.

[image: image7]
Figure 7: Principle defining phreatic plane

In addition, the groundwater pressure will be determined per soil layer and stored in the subsurface model. Finally, all the generated settings and data are saved in separate files in a standardized format.

3.5 Data base

All files which were generated during the scenario analysis are imported in a database and checked on consistency. After the data has been imported, a special module within the database environment, will link all the different data together. This leads to generating input files, which can be imported directly into the slope stability software MStab. 

3.6 Calculations, verification and presentation
Calculations are executed in a fully automated batch. Depending on the scenarios, calculations are made for dry and/or wet conditions (Bishop, uplift LiftVan, horizontal balance and Piping analysis. CUR, 1992) All the results are sent back to the database and stored.  After finishing the calculations, the results are visual checked. All the incorrect calculations are written down in a logbook and checked at a later stage. In addition, the correct results are imported in a GIS program, analyzed and plotted (see Figure 8).
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        Figure 8: Graphical presentation results, where I = Results dry scenarios (red = below required safety factor, green = good), II = Results wet scenarios,  III = Results piping, IV = Results Horizontal balance.
4. Delfland Case

Delfland is a waterboard situated in the Netherlands. For this waterboard 120 km of secondary dikes needed to be assayed, using the RRD method. Due to the large data amount, good cooperation between the different parties was essential to fulfil the project with success. The waterboard prepared the cross sections and additional data with care and sent them to Deltares. The clicking process started after receiving the data. Due to the accurate method of working and a standardized work process, all data has been easily processed. In the total process only one cross section was skipped of the in total 1200 profiles. This occurred during the clicking process. 
The stochastic subsurface model defined on average 36 different 1D profiles per segment (total of 3613 1D profiles for the whole project). For each 1D profile is analysed which scenarios has to been calculated. This means that for each cross section up to 5 scenarios needed to be calculated per combination of cross section and 1D profile. Due to the selected scenarios quite a lot calculations (80,000 calculations) needed to be performed. The total process from receiving the data until delivering the reports took 3 months. Approximately 50 percent of the profiles meet the required standards; another 10 percent can also meet the standards after reviewing a couple of preconditions.  Moreover, in a easy execution more insight was gained on the stability of the secondary dikes and which mechanism leads to failure of the dike. 
The waterboard can specify in more detail where the focus of their research, which could lead to dike improvements, should be laying for the years to come. Using the RRD- method, knowledge on the secondary dikes was gained in a quick way. Because of a highly automated process, it is fairly easy to perform calculations with other preconditions, leading to more insight in the behaviour of these secondary dikes. In addition, the results can be used for disaster managements in a tool such as DAM (Maccabiani, 2008).
5. Conclusion
During the process, it seemed that the described method worked very well. In a relative short period a lot of calculations were made. Due to the modular approach, it is quite easy to develop new routines. During different projects, the lesson was learned that accuracy in the work process is essential. In addition, it is very easy to change the parameters and recalculate all the cross sections with new boundary conditions. 
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