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Abstract: The immense size of dike infrastructures has discouraged for a long time a priori any thought of equipping them with sensor and actuator systems. Now, technology has developed in such a way that it becomes feasible to start the development of early warning systems. However, enormous hurdles have to be taken. Foremost the understanding of the physics of dike failures has to be developed. As dikes are complex systems, the study of dike dynamics requires a multidisciplinary approach and the development of theory must be paired with experiments. Experiments are also required for the development of sensor systems. These, ultimately, must detect conditions in dikes that lead to their failure. The development of sensors and actuators is on one hand related to the study of dike dynamics and on the other hand to the development of industrial, financial and ICT products as thousands of kilometres of dikes in the Netherlands and millions in the rest of the world have to be equipped.

This paper describes the creation of the Dutch IJkdijk field lab for dike destruction – and the international ecosystem of companies, government and scientific organizations that it spurred. The paper gives an overview of the experiment that will destroy a 100m long, 6m high and 30m wide dike in September 2008 and the sensor and actuator systems that are under test. The experiments also stimulate the creation of new concepts for large scale sensor telecommunication systems and collaborating command and control centres’. The paper speculates about other usages of the sensor systems in dikes as they already have detected airplanes, helicopters, cars, ships and humans.
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1. The case for electronic dike monitoring
Dikes are doing their duty 24h a day 7 days a week and in some cases they are doing that for thousand years. This most prominent water side protective infrastructure is very costly to build or to change – 20 to 40 times the average worker year salary per kilometer. There are hundreds of thousands, if not a million kilometers of dikes in the world, and an equal amount is probably needed to protect the humans who are going to live closer to the rivers and in the low places in the deltas. The total amount of lives and economic value dikes are protecting is astronomical. Consequently, dike failures have catastrophic effects and these are reported regularly. Climate change is expected to increase the frequency of dike failures. Not only the average water height increases but also the frequency, length and intensity of rain showers. Most catastrophes do not occur because dikes are too low, but due to structural instability. Many failures can be prevented if the cause of the problems can be detected timely. Therefore, monitoring of dikes seems an alternative for dike strengthening by adding more material. If, from a technical and economical viewpoint, this is indeed the case will be the outcome of experiments described in this paper. This paper also presents the promising result of preliminary experiments with an acoustic monitoring system and a drainage system. Unexpectedly, the result also indicated the capability of detecting certain events including human activities as walking, driving agricultural machinery and flying helicopters. The paper ends by describing the ICT infrastructure needed to create an early warning system for dike failures – induced by the forces of Nature or by those of man.
2. State of the art 

The goal of dike monitoring is the detection of the start of a process that will lead to dike failure. This goal includes also detecting the need for an unplanned maintenance activity. The creation of an early warning system then requires two capacities: 1) to detect a certain condition in a dike and, 2), to relate that to a prognosis of the future of the dike. This prognosis requires a validated model and the translation of that in computer code that takes measurement of actual situations in dikes as input and calculates its future properties. Models do exist (for stability, e.g. [1]), however they do not cover all failure modes (in the same line of example: [2]) and are not thoroughly validated ([3] – a yet unresolved matter in the past decades). The bottleneck in the development of models is the absence of a facility where a systematic study of the destruction of dikes can be conducted. Without feedback from the experiments, the cultivation of models, sensor and actuator systems, stagnates.

Sensors from an early warning system will most probably reside in or on the dike. The concern is then whether they are able to detect troublesome dike conditions outside their immediate vicinity. It is to be determined if the instruments that are traditionally used in dike monitoring, e.g. humidity and water pressure meters, ground radar and photo and video cameras, are suitable. Ultimately the goal is to monitor thousands or ten thousands kilometers of dikes, from the top, till far into the subsoil. The development of an appropriate dike monitor system will be the most important goal of the experiments in the IJkdijk facility. As the experiments may last years, there is no indication, only intuition, of the final outcome of the IJkdijk.

3. The IJkdijk

The IJkdijk [4] is not only an experimental facility that will support about 80 experiments with dikes; it is also the organizational vehicle for that. The word “IJkdijk” is a combination of the Dutch word “IJken” (to calibrate) and “dijk” (dike). The IJkdijk is located at close to the town of Nieuweschans, which is in the north east of the Netherlands.
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Fig. 1 A sketch showing a small part of the IJkdijk facility. The complete facility measures 800mx120m. The facility is surrounded by a dike (1), that contains also ducts for cables. The west part of the dike (2) is adjacent to a 30 m wide channel (3), which supplies water for the experiments. From building a test dike (4) it was learnt how dikes at the IJkdijk can be built. The test dike was destroyed at the official opening of the facility in November 2007. In the summer of 2008 a 100m dike (6) is built. Smaller dikes (5) connect this dike to the channel dike, creating a basin. Dikes (1) contain ducts with cables. An observation cabin (7) oversees the facility. The cabin is also the place where data-acquisition and data-distribution via the Internet takes place.
The IJkdijk is the recognition that the development of an early warning system is an immense task. At the moment there are a handful of implementations thinkable, without a clear winner. Therefore, the IJkdijk facilitates the simultaneous development of several alternatives for early warning systems by various industrial consortia. Companies and consortia can participate, not for free, in one or more experiments. Geophysical data measured is to be shared within the IJkdijk; consortia are not obliged to tell how they acquired it. Hence data is available for scientists to develop (calibrate) their models. Clearly, the IJkdijk pairs the development of knowledge, products and that of a new industry. In summary, the IJkdijk test facility for dike and dike technologies is setup as an open innovation environment that facilitates the development of geophysical knowledge, early warning systems and the industrial eco system that is able to exploit them. 
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Fig. 2 The test dike, after construction in November 2006. The dike contained three types of sensor systems: for humidity, water pressure and seismic activities. A drainage system was also tested. 
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Fig. 3 The test dike during destruction in November 2007 by the wave-overtopping simulator. This machine threw waves of 14m3 of water over the dike.
Apart from technical and financial hurdles, electronic warning systems cannot be developed if the public opinion does not want them. Experimenting with dikes must establish the fact, for the public, that a dike with an electronic warning system is a safer dike.
4. IJkdijk facilities

The experiments are conducted on an area of about 700x100m2 that is surrounded with dikes. The 30m wide channel along the west dike supplies the water for the experiments. Fig 1 shows a part of the facility, and the location of experiments 0 and 1. Although seldom considered as a facility, all the required licenses have been acquired. These range from the modification of roads to the transport of clay, from the disturbance of the soil to the presence of an observation cabin in the bird season, from the presence of cameras to the construction of ducts for electricity, communications, and natural gas for the experiments (gas will be used in studies of energy supply for the early warning system).
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Fig. 4 The test dike after its destruction by the wave overtopping simulator during the official opening of the facility by the Dutch minister of Public Works, mrs. T. Huizinga. The horizontal tube was part of the seismic measurement system.
About fifty companies participate in the IJkdijk. Of these, about 15 participate in the MSD experiment. For them, the IJkdijk facilitates not only the physical environment, the IJkdijk foundation has also created financial assistance, in the form of governmental subsidies. About ten scientific institutes, amongst which the Dutch organization of applied research, TNO, and the Dutch institute for Delta systems studies, Deltares, participate and guarantee the availability of the latest scientific results for the experimenting companies. The IJkdijk foundation continuously organizes national and international interest in the technologies developed. This is a stimulus for the participating companies. Hence, the IJkdijk is not only a facility that develops an answer to one of the largest problems our society faces, but an international market as well.
5. Geophysical impact OF IJkdijk
When cost is an issue one has to wait for opportunities to experiment with dikes. Typically such opportunities arise when a redesign of a waterway makes a dike superfluous, as in the case of Bergambacht[5]. As an alternative, one can experiment with scale models and do tests in centrifuges [6, 7]. The results are then extrapolated to real dikes. When tested on real dikes, as in the Bergambacht case, the models give rise to significant uncertainties. Apparently, the actual geophysical knowledge is insufficient to explain the behavior at scales found in practice. This hints at the occurrence of unqualified non-linear behavior and the occurrence of unidentified processes in dikes. The Wilnis failure, for example, had to be explained by a hitherto unknown phenomenon [8]. 

Sensor systems will be developed that are capable to monitor dikes over thousands of kilometers, requiring an industrial production. However, at the moment there are only educated guesses what such sensors should measure and what devices are able to do that on a large scale. Ironically, most destruction mechanisms that are easy to understand, at least qualitatively, are hard to detect. Piping erosion, for instance, starts as a small flow of water in the dike and erodes it from the inside. To sense it timely, every part of the dike has to be monitored as pipes may occur anywhere. Equally ironically, easy to detect conditions like excess water in dikes and high water levels in seas and rivers can destroy dikes through a most complicated sequence of events that is barely understood. Very local conditions trigger the failure of a dike here too and force very detailed monitoring of dikes. If troublesome conditions are detected timely enough, one can alleviate them. Apart from well known methods as adding sand bags and the sinking of ships in front of a dike, one might also consider actuator systems for dikes. 
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Fig. 5 An early warning system for dikes might spur a huge boost to ICT innovation if seismic imaging from geophones arrays is used for monitoring. In the Dutch primary dike case about 60000 continuous audio streams will then be the result. These are transmitted from the arrays (1) via cables (2) to a wireless telecommunication system (3). Streams pass several masts (4) to finally arrive at masts (5) that are connected to a broad-band network (6). 

It is very likely that complexity forces an iterative development approach here; only a series of experiments will progress the field. As a consequence, a series of dikes has to be destroyed improving theory and testing the developments of industrial partners right from the beginning, who absorb newly required geophysical knowledge immediately in their products.
6. ICT stimulus
Real time, in situ monitoring of complete dike systems has just become a technical possibility. Typically one might attempt to monitor with a resolution of a cubic meter every minute with a resolution of 16 bits. For a typical river dike with a height of 5 meters and a base of 30 meters this trapezoid yields 150 bytes/minute/meter. In the Dutch system of 3000 km of primary dikes this would then yield 120 Mbit/s data. Around 1980, that would have been an enormous amount of data most probably transmitted through a telephony network with 2.5 million lines. If one would place a sensor in every m3 then the Dutch primary dike case would require 600 million sensors; in the eighties and now, an intractable amount. The amount of data produced by them, however, is about 120 Mbit/s, which can be processed by a handful of computers if a mere inspection of the data is all that is required to spot a developing problem. This assumes that the results of model calculations can be put into tables. Computing resources, however are not a huge issue, as the costs of building and adapting dikes are such that one could easily afford a supercomputer, if needed. There are sensor systems where a super computer can be considered right from the start. One such case is if one would place geophones every 50 meters along the 3000km of dikes and use acoustic imaging techniques to infer the state of the dikes. If each geophone would produce 64000bits/s, one has to process the 3,84 Gbit/s of data. 

The geophone case does however require a new telecommunication infrastructure, see Fig. 5. After acquisition data should be interpreted, eventually lead to human actions. The early warning ICT infrastructure must recognize international developments, e.g. the concepts of common information spaces from international standardization on the subject of environmental monitor and management system as GEOSS (Global Earth Observing System of Systems (GEOSS) [9]. Extensions to international standardization are necessary in the context of command and control centre’s, (CCCs). Dikes are border crossing constructions; hence a crisis may lead to the necessity of a federation of CCCs into an observatory, e.g. the Rhine observatory. 
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Fig. 6 The Marco Stability Dike (MSD) experiment, with (1) the MSD, (2) channel dike, basin (3) filled with water and a scale (4). Two consortia tests optical fibres that measure deformations (5, 6), others use an inverted pendulum (7), accelerometers (8), seismic tubes and drainage systems (9, 10). The dike will be destroyed in September 2008.
7. Experiments
The test dike experiment, destroyed by the wave-over-topping simulator (see Figs. 3, 4 and 5) tested above all the logistics of dike building on the IJkdijk. Nevertheless, it was amongst others equipped with a drainage tube and a seismic sensor system - two microphones in a long PVC tube of 20cm diameter. The drainage system indicated that water pressure control in dikes is feasible. The seismic sensor system easily detected the waves and the removal of clay and earth. Furthermore, vehicles, helicopters and walking humans were also detected, indicating other usage of such instruments and additional help for the business case of smart dikes. 

In the Autumn of 2008 the first of a series of experiments that investigate the macro stability of dikes, is conducted. Fig. 6 shows the sensor and actuator systems that will be tested. The Macro Stability Dike will (MSD) be destructed by the following procedure. First a ditch at the feet of the dike is dug. If the MSD does not collapse in a certain time, then water is pumped in the dike (via (10)), and ultimately sea containers (not drawn) on top of the dike (8) are filled with water 

8. Conclusion
The creation of an early warning system for dike failures is an effort that requires the simultaneous development of sensor systems, geophysics knowledge, financial means, several industrial consortia, and market. As such it is a very complex effort, its iterative approach requiring a long term dedication of every party involved. The results are expected to boost geophysics, sensor and communications and information technologies due to the enormous size of the dike infrastructures. First results indicate that seismic sensors are worthwhile to be researched further and that they can be not only the basis of water related threats to dikes but also to threats from human activities. 
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