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Closing breaches in earthen flood defences, Technical feasibility of emergency closure concept
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Abstract: In an earlier paper by Van Gerven et al. (2005), the idea of the deployment of a stone dumping vessel as an effective means for emergency closure in large rivers has already been proposed. The present paper deals with ongoing research by Royal Haskoning seeking to demonstrate the technical feasibility of this concept. Furthermore, this paper stands up for early deployment of water-based assistance at precursor events that may lead to a breach. Water-based repair measures proof to be an appropriate alternative compared to land-based repair measures (fewer loads on the dike and less complicated logistics). Moreover, a Waal River case study shows the good accessibility of water based equipment under extreme and moderate flood levels. Inland vessels equipped with a crane and anchoring spud poles are suitable for early repair works and reduction of discharge, when breaching continues. In situations where the breaching process has continued (sudden occurrence of initial failure mechanisms, identification of the breach at a later stage or unfortunate failure of repair works) a final resort is positioning a split-barge at the upstream side of the breach. A prerequisite is to adjust to the desired draught – by spilling the right amount of stone – that upon dumping the ship gets stuck at its pile of dumped stones.
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1. Introduction
Climate change, global warming and increasing population pressure will inevitably increase the risk of flooding. Although flood prevention should always be number one priority, disaster mitigation is of extreme importance as well, as the risk of dike breaches cannot be eliminated completely. Within this context, an innovative concept for emergency closure of a breach in a river dike has been presented earlier (Van Gerven et al., 2005): the deployment of a split-barge stone dumping vessel manoeuvred and sunk down along the upstream face of the breach. The present paper researches the practicality of this type of application and demonstrates the feasibility of this concept by a case study for the largest river in the Netherlands: the Waal River. 
The paper extends the emergency closure to other type of vessels to be applied and the initial stages of dike failure. In 2004, Joore concluded from a comparison of a wide range of measures that a sheet piling wall might be the best option to perform emergency closure, once a breach has developed. However, at the same time, he had to acknowledge that the feasibility was doubtful due to time restrictions and dangerous sheet piling operations in the closure gap. Although Joore mentions e.g. stone dumping vessels to be used potentially for closure operations, he argues that dumping of stones in and near the gap is very dangerous and hence probably not feasible. He does not come up with the idea of upstream dumping and subsequent sinking of the vessel on top of the dumped dam like Van Gerven et al. did in 2005.  

A prerequisite for this type of emergency closure of a dike breach is that the breach should be smaller than the length of the vessel, i.e. that breaching is in its early stages of development. An impression of an initial breach is shown in Figure 1 below.
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Figure 1: First stage of the breaching process (EC IMPACT Project)

It should be pointed out that even when full closure might not be feasible, partial closure may still be very important, as this will lead to reduction of water influx and hence more time for evacuation. Present innovations on strength monitoring of dikes indicate that in the near future, the precursor events that lead to failure can be detected better at an early stage. Hence, early repair can be done more effectively. This anticipation indicates the feasibility of water-based repair measures. The final option may be an emergency closure by e.g. stone dumping upstream of the gap and sinking the vessel on top of the stone dam, or by sinking other water-based vessels. As regards the long anticipation time for such an operation, with the vessel(s) already in place, such an operation is considered to be highly feasible. Contrary to water-based repair measures, land-based repair measures are considered not feasible, when the dike is saturated with water and therefore not accessible with vehicles and the breach region is inaccessible due to the incoming water.

In this paper, first the time frame available for common river dike breaches is being derived from present knowledge of breach formation. Based on a case study for the largest river in the Netherlands, the Waal River, the feasibility of water based equipment is explored. Next, the properties of possible breach repair vessels in the Netherlands are reviewed and confronted with the requirements for timely positioning of the vessel for early repair and, if required, for emergency closure. Finally, some conclusions are drawn.

2. Time frame between initial damage and emergency closure

Combating breaches in river dikes is very different from the situation with breaches in coastal defences that are subject to extremely severe storms. Whereas in the latter situation, the storm winds and severe spray may prevent almost any type of emergency measure (apart from evacuation), river dike failures will generally occur under (fairly) good working conditions. This will also allow for identification of precursor events that may lead to initial breaching. This will especially be favoured by the practical methods for real time monitoring of the status of river dikes that are due to be implemented within the near future. Recently, the Dutch program Flood Control 2015 has started, in which innovative plans for increased safety against flooding are developed, including remote sensing techniques for dike surveillance and sensor networks for dike monitoring. 

The interval between initial failure damage and initial breaching is often referred to as ‘residual strength’ (De Vroeg et al., 2002). The time frame, in which the residual strength of the dike is consumed prior to breaching, cannot be assessed well yet, being complex and strongly variable for different dikes and different failure mechanisms. This seems to be in contrast to the well-developed knowledge of the actual process of breaching. For sandy dikes this process is quite well understood nowadays (Visser, 1998), and knowledge on clay dikes is increasing as well (Zhu et al., 2007). Under the European Commission funded IMPACT project (2001-2004), the understanding and modelling of extreme flood processes has advanced. The time-development of the (early) breach width, however, is less well-documented, in spite of the prediction models that are available for the breaching process. Partly this is due to the stochastic nature of breach-width development. The large scatter is obvious from the large variation of erodibility of the dike materials, subsoil, foreland and hinterland. When erodible, subsoil erosion underneath the dikes, as well as on the foreland and hinterland will generally be severe and this will strongly influence the breaching process (figure 2).
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Figure 2: Breach formation – high foreland with low resistance against erosion (Visser, 1998)

The erodibility of dike materials is not just a function of the composition of the materials, but also of the rate of weathering (‘structuring’) of the soil and the influence of burrowing animals and other ‘disturbances’ (e.g. fences, roads). All this will inevitably lead to a large scatter in breach behaviour.   

Reliable data from real breaches do often lack the initial stages of breaching due to late discovery. This is in contrast to later stages of breaching, during which the process slows down when tail waters rise in the flooded area. Although more reliable data would be highly desirable, the scarce data on the initial stages of breaching impose a conservative approach up to now. Breaching of a (silty) clay dike in the Yangtze River in 1998, as documented by Zhu et al. (2007), showed a width increase of 25 m in about 2 hours. Present standard breach models, used in the Netherlands for flooding predictions, indicate a width increase of around 40 m for sand dikes and some 20 m for clay dikes during the first 2 hours.

For the present study we may take a maximum breach width of some 25 m as the characteristic gap width that can potentially be closed. Dutch river dikes may have a sand core (although the majority will have a clay core), but are covered with a clay layer and grass vegetation anyhow, like in most of the European lowland rivers. Hence it seems reasonable to have a 2 hours time frame from the initial stage of breaching up to the occurrence of a gap width of 25 m. Obviously, the time frame between initial failure, as a precursor for breaching and the actual breach of 25 m width, may be much larger for most of the failure mechanisms. 

Considering the protection of the assets in the area that is going to be flooded, closure of the breach after 2 hours of breach formation will generally prevent casualties and will highly restrict damage in the hinterland. For simplicity sake, we might say that when closure could be realized within 2 hours, this may be considered as a 100 % success for prevention of the flooding. However, even when closure could not be fully realized, the number of casualties is anticipated to reduce strongly because of the time available for evacuation. When a repair vessel would be deployed already during the initial failure stages, even more time will be available and the chance for successful closure will increase.
3. Applicability of water based measures in the Rhine Rivers
As a case study, the largest Dutch Rhine river branch, the Waal River, has been undertaken to explore the applicability of water based measures, using modern techniques of GIS for flood plain accessibility of critical dike sections. 

For design water levels (1/1250 years) and moderate flood water levels (1/100 years), the available water depth for the accessibility of the dikes was explored for the Waal River. To this, the predicted water level data from the Dutch Rijn river branches flow model (WAQUA) and flood plain terrain data (from Rijkswaterstaat) were subtracted. To visualize the results, a grid with the local depth data was laid over an aerial photograph from Google Earth. Areas with a depth of over 2.9 m and 3.8 m are accessible by inland crane vessels and stone dumping split barges respectively. An impression of the outcome for a typical part of the Waal River is shown in Figure 3 below.
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Figure 3: Local water depth Waal river and flood plains near Tiel for design water level (A) and moderate flood water level (B). The arrows indicate possible navigation tracks to all dike sections in the area.
In contrast to earlier anticipation by the Water Board within the framework of flood disaster mitigation, the accessibility generally is so good, that water based equipment with a draught of 3.3 m can reach nearly all dike sections – taking a keel clearance of 0.5 m into account – provided that the right tracks are sailed. To sail the right tracks, these charts can be combined with routing algorithms for sailing the fastest track coming from an arbitrary location of departure to an arbitrary endangered dike section. Such a routing procedure is highly comparable to present traffic routing programs, however, flow velocities in the main channel(s) and floodplains have to be taken into account in this particular situation.
4. Review of feasible principles of initial repair and emergency closure
Giving the good accessibility of water based equipment under extreme and moderate flood levels, the applicability of repair vessels that may be suitable for early repair works as well as for emergency closure have been explored. In addition, the resiliency of these vessels to cope with more serious stages of failure has been identified as well. 

4.1 Inland crane vessels

A lot of inland vessels – equipped with a crane and spud poles for anchoring – may be suitable for early repair work. The typical loading capacity of these vessels is 200-600 tons (Table 1) and with a maximum unloading capacity of 300 tons per hour, such a vessel might fully unload in 2 hours. 
Table 1: Main data of some typical inland crane vessels and split barges

	Type
	Capacity (tons)
	Length overall (m)
	Width (m)
	Draught (m)

	Inland crane vessel
	608
	50.08
	10.50
	2.22

	
	459
	56.41
	9.00
	2.11

	Stone dumping split barge
	1311
	57.20
	9.55
	3.20


The repair works for initial repair of the dike are not considered here. Instead, we focus on the capacity of such a vessel to seal of the water influx, might a breach being inevitable. The first stage of breaching will usually be the vertical stage (provided that the dike will not collapse completely), at which the inners slope is gradually eroded further, leading in the end to subsequent erosion of the crest. This situation is schematically shown in Figure 4. 
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Figure 4: Initial stages of breach development (after Hahn et al., 2000)
When the vessel is positioned against the outer slope of the dike, small dams may be built along the bow and the stern, connecting the vessel with the dike and sealing off the water influx to the developing breach.  Such dams require some 300 m³ (520 tons) of stone or big bags each. With a single crane this will take 3.5 hours to carry out, but with more cranes it can be done much faster. When more time is available, also the gap between the ship and the dike can be filled with stones or big bags. We think that inland vessel positioned and sealed like this may prevent further breaching or at least slow down the breach process significantly. 

The inland vessel may be assisted by other vessels, such as a crane pontoon for extra unloading capacity, small motor barges for assistance and stone barges that supply additional closure materials. 

4.2 Stone dumping barges
A breach may occur so sudden that initial repair works, as described above, are not possible or unfortunate repair works may have failed. Alternatively, breaching may have been identified at a later stage. Hence, as a last resort an attempt can be made to close the breach. Now, as the ultimate emergency closure concept a stone dumping split barge (for dimensions see Table 1) may be positioned at the upstream side of the breach. Closure material (e.g. stone, big bags) can be dumped at high intensities by opening the bin of the vessel. At the same time the vessel may be sunk down on top of the dam that has been created, closing off the greater part of the breach gap. A prerequisite for this operation is that the scour hole has not yet progressed upstream and the keel clearance is within a few decimetres, so the vessel gets stuck on the dumped stone dam. This can be done by spilling the right amount of stone to adjust to the desired draught. This situation is schematically shown in Figure 5 below.
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Figure 5: Schematic illustration of the split-barge stone dumping vessel acting as a barrier together with its pile of stones.
As an additional measure, closure materials can be placed by barges along the circumference of the vessel to obtain further reduction of the water influx and preferably attain full closure. If breach closure is not fully achieved then, this will anyhow give a reduction of influx to the hinterland and hence save lives and reduce damage. Sinking down the barge by using explosives can be considered to enlarge the chance of a successful closure. The costs of ‘losing’ the vessel are negligible compared to the savings on flooding damage. For example, the expected damage in the ‘Betuwe district’, after failure of a dike along one of the Rhine river branches, can roughly be estimated at 10 billion Euros.
5. Conclusions
1. When the dike is saturated with water and therefore not accessible with vehicles and the breach region is inaccessible due to the incoming water land-based repair measures are not preferred. Water-based repair measures can be an appropriate alternative. Moreover, the Waal River case study shows – by combining the predicted water level data and flood plain terrain data – the good accessibility of water based equipment under extreme and moderate flood levels. Within a couple of hours, vessels can arrive at the breach site and unload their weight.  

2. Inland vessels equipped with a crane and spud poles are suitable for early repair works and reduction of discharge, when breaching continues. Building up a sealing dams between the vessel and the dike may require some 1000 tons of stone (or big bags) and takes some 3.5 hours to carry out with a single crane, and with more cranes it can be done even faster. Hence it is concluded that this technique might be designated as successful.     

3. In situations where the breaching process has continued (sudden occurrence of initial failure mechanisms, identification of the breach at a later stage or unfortunate failure of repair works) a final resort is positioning a split-barge at the upstream side of the breach. A prerequisite for this operation is that the scour hole has not yet progressed upstream and the keel clearance is within a few decimetres to get stuck to the dumped stone dam. Sinking down the barge by using explosives can be considered to enlarge the chance of a successful closure (the costs of ‘losing’ the vessel are negligible compared to the savings on flooding damage). If breach closure is not fully achieved then, this will give a reduction of influx to the hinterland anyhow and hence save lives and reduce damage.

4. For higher flooding frequencies, specific equipment may be justified and this paper can give some directions on the operational specifications.
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