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Flood risk in deltaic regions is increasing due to a combination of more economic activities and an increase in flooding probability. These flood threats are expected to increase even further in the future, due to sea-level rise, changes in storm climate as well as more extreme river discharges. Therefore, protection against flooding, i.e., flood safety, is becoming increasingly important all over the world.



Traditionally, hard structures are used as flood protection measures. These structures are static and do not respond to changing boundary conditions, such as sea-level rise, more extreme discharges, and increasing storminess. Moreover, the energy released during extreme events is hardly dissipated, resulting in potentially enormous losses and damage. Therefore, innovative and sustainable solutions for flood defenses, both technical and societal, are called upon. At the moment, we are just starting to explore such new concepts such as so-called soft solutions such as nature-based solutions, and we need technical and bio- and geophysical knowledge that helps us in the design of such new flood protection concepts. The concepts that are able to recover and adapt to future needs and threats do we call resilient flood defenses. These resilient flood defenses potentially allow for further economic growth in coastal and deltaic regions and they are attractive to explore. However, in many cases, we will need to look for smart combinations of the traditionally hard structures with the new flood safety concepts to guarantee safety and economic activity. Herein, the multifunctional dikes, i.e., dikes that have more user functions than flood safely only, come into play. Such dikes with e.g., a bicycle path or road along the dike, commonly are non-uniform across the dike which affects safety. These situations and concepts are largely unexplored at the moment.



In this special issue, we present contributions that focus on process-based understanding of flood defense systems, as well as the effectiveness of flood risk reduction due to hard structures. In particular, we present papers that link to nature-based solutions and to the stability of nonuniform dikes. We expect that these contributions will help in future designs of resilient flood defenses, as well as the maintenance of such concepts under climate changes. The eight papers in this special issue address the knowledge gap towards resilient flood defenses.



The paper contributions in this special issue can be subdivided into the following two subjects: Processes related to resilient flood defenses and Stability of multifunctional dikes. These are described in more detail in the following two subsections.



Resilient flood defenses are an innovative way to protect our coast. However, process-based understanding of the fundamental bio-physical processes related to resilient flood defenses is scarce and thereby hampers the implementation of the concept. Observation data are an essential starting point to understand the resilience of a certain system. Winters et al. [1] adopted unmanned aerial vehicle (UAV) surveys to observe construction and evolution of a novel hybrid nature-based dune structure. These data were needed to understand the physical dynamics of complex hybrid dunes and expected resilience conferred by various design elements. This innovative method and the related data will help us to design future hybrid structures and their assessment.



Moreover, important to acknowledge in studying processes related to resilient flood defense systems are the large spatial and temporal scales involved. Galiforni-Silva et al. [2] showed that it is essential to take shoal attachment processes, which act on a large spatial scale, into consideration to explain dune development. Next, Bennett et al. [3], pointed out the importance of understanding the effects of localized anthropogenic coastal management interventions on the large spatial scale (the entire estuarine system). Considering large temporal scales, Siemes et al. [4] showed that, in order to stimulate saltmarsh development, first the long-term autonomous development needs to be studied Based on historic data, it turned out that the disintegration of artificial structures has led to the strong retreat of the saltmarshes. Next, based on model results it turned out that traditional structures, which were widely implemented in the past, proved to be most effective to stimulate marsh growth. Additionally, the recognition of the large temporal scale on which sea level rises acts was key to understand the resilience of flood defense systems as studied by Marijnissen et al. [5]. At a low sea-level rise rate, the marshes can accrete such that dike heightening is partially mitigated. But with sea-level rise accelerating, a threshold is reached where dike heightening needs to compensate in case of future loss of marshes, and for future increasing water levels.



Flood defenses around the world are often constructed with a cover layer of hard, inflexible revetment materials, such as rocks and high-quality clay, which typically needs to be transported from elsewhere. These hard revetments are costly and difficult to modify and maintain over the long-term, under changing climate conditions. Therefore, there is an increasing interest to replace these hard materials, where possible, with cheaper and more sustainable soft materials such as sand or clay locally mined. Additionally, the wave load reducing salt marshes in front of the dike are increasingly included in the analysis of dike stability, leading to a variety of multifunctional dikes.



Most multifunctional dikes are hybrid structures that combine hard elements such as breakwaters [6], rock revetments [7] or rip-rap [1] and soft material such as sand [1,2], clay on the dike [5,8], or sandy and clayey soils as salt marshes in front of the dike [3,4]. Hard dike covers are often applied in cases of extreme wave loads, but they are also used as a practical solution because the fundamental understanding of the strength of dike covers based on vegetated soil is missing. The locations at which hard and soft dike cover materials connect are called transitions. Multifunctional dikes typically have many transitions, which are well known to be weak spots that threaten the stability of multifunctional dikes. Only a few experimental and numerical models are able to simulate the detailed flow processes and turbulence necessary to accurately simulate the hydraulic loads at these transitions. Numerical modeling is increasingly used to enhance the understanding of the detailed hydrodynamics and turbulence at the water-structure interface. Especially at the transitions, the hydrodynamics are challenging.



Pourteimouri and Hejazi [1] developed a numerical model to investigate the wave interactions with permeable submerged breakwaters. They were able to explicitly model the fluid-porous medium interaction, thereby increasing the understanding of wave dissipation at permeable flood defense structures. Permeable rock armor revetments are typically used as a hard solution on the waterside slope of dikes to dissipate wave energy to reduce wave overtopping [7]. Based on experiments in a laboratory wave tank, Chen et al. [7] showed that rock armor applied in the wave run-up zone on the upper slope is most effective in reducing wave overtopping. They show that the newly developed analytical equations developed by Chen et al. [9] are also valid for rock armor under specific conditions.



The paper by Van Bergeijk et al. [8] presents a new numerical model to simulate wave overtopping flow over multifunctional dikes. This model proved to be able to quantify the small-scale hydraulic forces that occur at transitions in grass-covered flood defenses.



This special issue presents 8 contributions related to resilient flood defenses. It addresses physical, biological, and computational challenges which will contribute to the knowledge that will help in the design of the innovative concepts. Next, also new insights related to the stability of non-uniform dikes are presented, both at the land as well as the seaside as well as underwater. Such knowledge is increasingly called for as dikes usually have multiple functions as e.g., a road along the dike. We expect that smart combinations of hard and soft structures will give the best solutions for future flood protection.
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