
8.
Strategies for coping with coastal erosion on a sandy coast

8.1
Selection of the strategy

These guidelines are only valid for sandy coasts. They are not applicable to muddy coasts, mangrove coasts or coasts with clay or rock. See also chapter 11.

The first question to ask is:

Is there really erosion ?   

It may seem obvious that the answer is yes, but this may not really be the case. The problem may only be a temporary fluctuation of the coastline. This must be checked.

The next question is:

What to do in case of coastal erosion ?

In general, the questions to be answered in case of coastal erosion are as follows:
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Section 7.2 explains the processes that can cause coastal erosion. But the questions to be answered now are:

1. How much erosion is occurring?

2. What are the costs of all alternatives? 

This includes not just the cost in terms of money (for construction, maintenance, etc.) but also, for example, in terms of the loss of cultural values (e.g. temples), impact on society, etc.

The quantification of the current erosion rate is crucial. This is discussed in section 8.2. The subsequent sections contain a discussion of the alternatives.

8.2
Quantification of the erosion rate

8.2.1
Very little data on erosion available 

If there is very little data available regarding the position of the coastline, you should try to collect older data, but in any case start immediately with coastline measurements. See APPENDIX A.

Older data can be collected from maps and nautical charts as well as from aerial photographs. In principle, satellite images could also be used, but in practice these are not yet available for earlier periods. Try to select two good landmarks on the maps and/or photographs (two points which can be seen easily, and which you know for certain have not moved during the whole observation period, e.g. the top point of a temple, or a specific geological formation (in hard rock only!!). Be careful about using features like roads and railroads as measuring points.

Use these points as the basis for a grid that you can then use to measure the position of the coastline at the time of the map or photograph. Be aware of the fact that coastlines on nautical charts usually date from some time before the publication date of the chart itself. Using some more advanced measuring methods, it is sometimes possible to estimate coastlines from ordinary (oblique) photographs. 

The various observations should preferably date from the same month in the year, but in practice, using old data, this is difficult to achieve. When doing new measurements, however, measurements should always be done in the same month.

8.2.2
Data on erosion available 

If information regarding the position of the coastline in previous years is available, make a graph in which the vertical axis refers to the position of the coastline in a selected line perpendicular to the coastline, the zero-value is a landmark which has not changed for many years (e.g. the entrance to a temple, an old tree, etc.) and the horizontal axis is used to plot the time (in years). The result should resemble the graph in figure 15:
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Figure 14: Example of coastline development with chronic erosion

In this example, the position of the coastline is plotted as a function of time. The points can be used to plot a regression line. The angle of the regression line (a) indicates the coastal retreat in m/year. In this example, the coastal retreat is in the order of 1 metre per year. A line like this indicates chronic erosion. This means there is continuous erosion over the years. The erosion is not caused by one-off events.

8.2.3
Chronic and acute erosion

Where the erosion shows features like those in figure 16, there is also evidence of acute erosion. Acute erosion is erosion occurring as the consequence of a single event. Usually, after such an event the coast will recover naturally. It is important to notice the difference between acute and the chronic erosion because each type requires different solutions. Where a coast is essentially stable in the long run, but subject to occasional acute erosion (which naturally recovers) due to cyclones, solutions in the form of seawalls and revetments can be useful. But if the erosion is chronic, a seawall or revetment will usually only aggravate the problem in the longer run. 

Figure 15: Example of coastline development with acute erosion
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In this example, a severe storm in 1970 caused severe erosion (approx. 35 m). The graph shows that the coastline is recovering at a slow rate. After 15 years, the effect of the acute erosion has gone, but of course chronic erosion has continued over this period. This example shows both chronic and acute erosion. The two phenomena require different approaches to coastal protection, as is shown in section 8.2, which discusses protection strategies.

8.3
Potential strategies to be followed

Basically there are three types of possible response to erosion. Figure 17 illustrates this point in relation to erosion due to sea level rise, but is also applicable to all other kinds of erosion.

The three potential strategies are:

1. Retreat

2. Accommodate

3. Protect

Strategy 1 is in fact not to combat the erosion as such, but only to mitigate its negative effects. It means that no important developments are allowed in the endangered area. In most cases this is the cheapest solution in the long run. However, it requires anticipation of the erosion, efficient coastal planning and compliance with government decisions and legislation by all the people concerned. Where an existing erosion problem already exists, the shift to a retreat policy is often not an easy one, and demands difficult political decisions. This is especially the case when property owned by influential people is at stake. In such cases it is often tempting to resort to strategy 3, because it solves the immediate problems and is sometimes financially more attractive in the short term.

Strategy 2 is similar in that it does not try to stop the erosion, but aims to use the “lost” area in a different way. Unfortunately the strategy of accommodation is seldom applicable to high energy coasts (sandy coasts with beaches), though it is often a very good solution for muddy ones (e.g. changing land use to create aquaculture) or places where the main problem is flooding by extreme events (cyclones). In that case it means that the area will be flooded during cyclones, but precautions will be taken to evacuate people and minimise damage (for example, by using cyclone shelters). This strategy will not be examined in detail in the discussion on the protection of sandy coasts, but some attention will be paid to it in the chapter on muddy coasts.

Strategy 3 means that erosion will be stopped. However, in most cases this means that erosion will only be stopped at the location of the project, while it will start or be aggravated in neighbouring coastal sections. See also the two examples in chapter 7. Protection can be done in a “hard” or “soft” way. Hard structures are designed to regulate the sediment transport in some way (stop cross-shore transport, decrease longshore transport, etc.) while soft methods leave the sediment transport unchanged but seek to provide sufficient sand to meet the transport capacity. 

Figure 16: Summary of strategies for coping with erosion (in this example by sea level rise)
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	Figure 17: Long-term options for coastal protection in case of erosion by sea level rise

	Vertical protection: growing with sea level rise. Keeping the coastline in the same location for instance by sand supplies or by creating a dike.  
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	Landward: the coast moves slowly landward with sea level rise, for instance by creating sand buffers or by creating a dike to landward.  


	



	
	

	Seaward: the coastline is moved seaward, for instance by creating huge sand buffers (huge sand supplies) or islands or hard underwater constructions in the sea. 
	



	
	


Whether hard or soft, protection can basically be provided in three ways: vertically, keeping pace with the sea level rise, landward or seaward protection (see figure 18 which shows a soft solution for erosion mainly caused by sea level rise). 

It is clear that a different type of measure needs to be selected for every type of erosion. It is not possible to use the same solution for all types of erosion. The flow chart below can be used to select suitable options. Some of them are not very relevant to the situation in India, but they are included in order to make the overview more complete.

The table below lists the different options and the chapter in this manual where they are described in more detail. 

Sand (problem)

Action
Measure
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Flow chart for solving coastal problems

This diagram can be used to select suitable solutions:

	Selected strategy
	Type of erosion
	Type of

solution
	See:
	Alternatives

	Retreat option
	Mainly acute erosion
	Setback lines
	8.5.1
	Static setback lines

	
	Mainly chronic erosion
	Setback lines
	8.5.2
	Moving setback lines

	Protection option
	Mainly acute  erosion
	Soft solution
	8.4.1
	Seaward dune improvement

Landward dune improvement

	
	
	Hard solution
	8.4.3
	Revetment

Seawalls

	
	Mainly chronic erosion
	Soft solution
	8.4.2
	Artificial beach nourishment

Bypassing (in case of harbours and inlet structures)

	
	
	Hard solution
	8.4.4
	Groynes

Offshore breakwaters

Head​lands


8.4
Protective solutions 

8.4.1
Soft solutions to chronic erosion

Where chronic erosion is due to depletion of an upstream sand source (e.g. a dammed river, a new harbour mole, sand extraction, or ongoing sea level rise), the fundamental solution is to restore the supply of sand to the coast. Unfortunately, this is hardly ever possible. The best alternative solution is to supply the sand required by the beach locally. This can be done by artificial beach nourishment. 

Beach nourishment is carried out by supplying the beach with sand from an offshore or inland source. The main idea of beach nourishment is that the sand deposited by man will be reshaped to a natural profile by the forces of nature. So, it is inevitable that the beach profile will be quite different after the first storm has occurred. For this reason, it is advisable to wait until after the most active cyclone period before starting beach nourishment.

Artificial beach nourishment

Beach nourishment is not a permanent solution; it will need to be repeated every now and again, following a certain nourishment strategy. APPENDIX D explains how to plan a beach nourishment strategy. The advantage of artificial beach nourishment is that developments can be monitored and it is easy to modify the nourishment strategy for the next year.

Artificial beach nourishment is a good, sustainable solution provided that sustainable funding is available both for the nourishment work and for monitoring (see chapter 9). In the Netherlands this has been achieved by legislation, stating that the 1990 coastline is to be maintained by artificial beach nourishment, and that sufficient funds are to be made available for this from the national budget.

Special beach nourishment applications are sand by-passing, perched beaches and beach drainage, each of which is discussed briefly below.

Sand by-passing

One very efficient use of resources is to solve the erosion problem by using sand from a nearby accretion zone (if there is one). This system is called sand bypassing.

This can be economical, provided the distance between accretion and erosion areas is not too great. Sand accumulated by a jetty or single tombolo can be moved to the eroding beach using some type of dredge or by truck. For very short distances, a pipeline on a suction dredge may be used. Occasionally, such a suction dredge is built on a fixed platform in the accretion area. A more flexible option is to use a moving crane with a fluidisation pipe connected to a ground pump. 


Perched beaches

If the intention is to maintain (or restore) a beach, the amount of sand required for beach nourishment can be considerable. This is mainly due to the fact that the beach slope cannot be increased. For example, when the natural slope changes rapidly due to the presence of a tidal channel parallel to the coastline. In such situations, it is worth considering a "perched beach". The submerged dam built to hold the perched beach in position has to be strong enough to withstand storm waves (comparable to an offshore breakwater), or must be placed in deep water. So if a sandbag dam is used, it must be relatively deep under water. Because the long​shore transport will continue on the new-perched beach, it is important to pay careful attention to the balance of sand over time. If this is not done, all the sand from the perched beach will be transported away parallel to the beach, and the dam will act merely as a submerged reef. It will then afford some protection to the coast (by acting like an offshore break​water), but the effect will be less than anticipated.

In general, the use of perched beach solutions requires detailed study of each individual site.

Engineered (gravel) beaches

Instead of feeding the beach (i.e. adapting the supply of sediment to the existing transport capacity), it is possible to reduce the sediment transport capacity. One way of doing this is to change the grain size on the beach. Replacing the sand by gravel will reduce the transport capacity. This will have the effect of changing the gradient in transport capacity and - when designed in the right way - will stop local erosion.

However, it is important to remember that the reverse will occur on the downstream side of the protection. There, the gradient in the sediment transport capacity will increase considerably, resulting in erosion.

Beach drainage
If the main problem is that the beach is too narrow (e.g. in the case of tourist beaches), the beach width can sometimes be increased by using beach drainage. In fact this means lowering the water table in the beach, which makes it a little more difficult for sand grains to be moved away by the waves. Usually the effect of beach drainage on actual chronic or acute erosion is quite limited. However, restoration of the beach after acute erosion will be faster if a beach drainage scheme has been installed. 

8.4.2
Soft solutions to acute erosion

The soft solution to acute erosion is to increase the amount of sand in dunes protecting the hinterland. The only relevant factor is the amount of sand in the dunes (and its grain size). The exact position of the sand is not so relevant (provided it is sufficiently high above the storm surge level of the cyclone). Simple computational tools are available to determine the required amount of sand. See for example CUR (1989). 

8.4.3
Hard solutions to chronic erosion

Unfortunately, sustainable soft solutions are not always possible. In that case, the choice is either to postpone problems or to shift them elsewhere. This is not usually advisable, but sometimes there is a very important site to protect (e.g. a temple), while downstream there are no features of particular value. In such a situation, the following hard solutions may be considered: a single long groyne, or multiple groynes and offshore breakwaters. The differences between these structures are mainly a matter of cost. From a morphological point of view, all these structures act in the same way. It is important to know that hard solutions often create new strongholds in the coast that demands maintenance and shifts problem to elsewhere.

Single long groyne

When a longshore transport threatens to cause a problem such as siltation of a harbour entrance, constructing a groyne perpendicular to the coast slightly “up-drift” from the harbour entrance can interrupt the process. This groyne or breakwater should extend at least through the breaker zone, even during storms. Even after the coast has accreted seaward, the groyne should extend further than the new breaker line. Material transported along the coast will accumulate against the groyne on the "up-drift" side, opposite the channel. Unfortunately, an identical amount of sand will be eroded on the lee-side of the groyne! 
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Series of groynes

A single long groyne only prevents accumulation of material in a small area or stimulates accumulation in another rather restricted area; its influence is purely local.

Another way of using groynes is to build a series of smaller groynes at relatively short intervals along a coast. These will tend to stabilise the entire coast by keeping the coastal sand trapped between them. 

The purpose of groynes is to reduce the rate of longshore sediment transport along the coast. If properly designed, they allow a certain amount of sediment transport around the groyne head. 

Design aspects are discussed in APPENDIX E.
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Offshore breakwaters

A series of breakwaters parallel to the coast can be used to stimulate a tombolo development. Such breakwaters reduce the longshore transport capacity in their shadow resulting in sediment deposition and the tombolo formation. 

Obviously, since such breakwaters are fairly impermeable, they restrict onshore transport of sand and once sand has disappeared in an offshore direction it will not return.

Design aspects are discussed in APPENDIX E.

Other forms of load reduction
The offshore breakwaters described above reduce the wave impact on the beach. The same can also be achieved using other wave reduction devices like underwater dams, artificial sand bars, artificial reefs, etc. These devices act locally to reduce the wave height and hence local longshore transport. This means that erosion in the protected area will be less, but will be aggravated downstream of that area.

8.4.4
Hard solutions to acute erosion

Acute erosion requires the construction of one of the following: a rip-rap revetment, a (vertical) seawall, a sandbag protection, a gabion protection or a dike-type protection.

Basically there are two design requirements for these structures:

· They have to be strong enough to withstand "design waves", i.e. after a design storm the damage to the construction should be limited;

· Their geometry must be such that the acute erosion will not undermine the structure.

During storms, sand is always transported in an offshore direction. If this sand cannot come from the upper coastline (beaches, dry land), it will usually come from the submerged shoreline. Such a near shore profile steepening may endanger the stability of the protective structure.

Rip-rap revetments

Rip-rap revetments are widely used, mainly because people think that a beach is well protected against waves if heavy rocks are used. However, if applied in the wrong way (directly on the beach), this type of revetment will not help at all. 

Decreasing the wave forces on the sand grains by placing rip-rap revetments is not recommended as a first choice. Very often velocities may become quite high in gaps under the rocks (because the water is forced through a very confined space), and consequently the sand will be washed away. This is clearly observable at locations where rock is directly placed on a sand beach. After some time, the rock is buried in the beach and provides little protection (using artificial armour units, like dolos, akmons or tetrapods has the same effect; they will likewise disappear into the sand!).




This means a filter layer is required under the armour layers (see figure 19). The main requirement is that the holes between the stones of the filter layer should be too small to allow the bed material to be washed out. This is called a geometrically closed filter. A geometrically closed filter works like a sieve. The water can flow through it (to avoid high pressures), but the sand of the bed material is retained (for stability), and the grains within the filter are kept in place. There should also be no movement of finer particles from the base layer into the filter (no segregation). 

It is also important that the rip-rap revetment should extend from below the low water mark up to the high water mark! Design aspects of filter layers are discussed in APPENDIX B.
Figure 18: Filter layers as a protective measure
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Flank protection
Flank protection is also advised, to avoid side-erosion (see figure 20). The whole community should apply this flank-protection in order to reduce the construction costs (see also the figure on "community approach" at the end of this chapter). For more information on design aspects of these structures, see APPENDIX E.

Figure 19: Flank protection to avoid side-erosion
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Gabions

Gabions are stones in wire baskets. They can be made from locally available stones that on their own would be too light to provide protection. They are used to construct walls, bulkheads, revetments and sometimes 'mattresses' extending under the beach. The wire enclosing the gabion basket is coated with plastic. Without regular maintenance, water action results in the stones rubbing against each other and wearing away the plastic-coated wire, leaving the stones to spill over the beach. Gabions are most successful in slope and river channel stabilisation in a freshwater environment where they are not affected by wave action.

If used in a salt-water environment, gabions will fall apart after some time due to corrosion, and have to be replaced. For more information about design aspects of gabions, see APPENDIX E.

Figure 20: Gabions as a protective measure

8.5
Retreat solutions (setback lines)

This strategy involves no effort to protect the land from erosion. The area of the coastal zone subject to erosion is abandoned. This choice can be motivated by the excessive economic or environmental costs of protection. In extreme cases, an entire area may be abandoned.

Options for retreat include:

· Preventing development in areas subject to erosion

· Allowing development to take place on condition that it will be abandoned if necessary. (risk management) 

· No direct government role.

Government efforts to limit development in areas subject to erosion generally involve land acquisition, land-use restrictions and prohibitions on the reconstruction of property damaged by erosion. 

A much used land-use restriction measure is to set up and maintain a good system of setback lines indicating where people are (or are not) allowed to undertake economic or house-building activities because of the danger of erosion.

There is a difference between coasts suffering from acute erosion and those suffering from chronic erosion. Coasts with only acute erosion need a static setback line, while those with chronic erosion require a dynamic one.

8.5.1 
Static setback lines

A setback line is a line to landward of the coastline. Between the setback line and the coast no activities are allowed. There may be setback lines for various activities. For example the setback line for housing can be 50 m back from the coastline, while the setback line for parking lots may be only 5 m back. The width of the setback zone can be calculated on the basis of the amount of acute erosion to be expected to result from a design cyclone. For food stalls it can be based on cyclones likely to occur once a year, for houses those likely to occur once in a hundred years and for public buildings (temples) once in a thousand years. Using the method described in CUR (1989), it is possible to calculate the value of the acute erosion and so determine the static setback line. 

Of course it is necessary to define the "coastline". But how this is done is not crucial, provided that the coastline is clearly and unambiguously defined so that everyone knows where it is. This should also be made clear in cases where the coastline is moving (see below).

8.5.2
Dynamic setback lines

In cases of chronic erosion, the setback line has to fulfil two functions. Firstly, it needs to create space to accommodate future erosion as already explained above under the heading “static setback lines”. But additionally it needs to create space to prevent present functions of the coastal zone being endangered by erosion (put simply, houses should not fall into the sea).  

In such cases, it is not advisable to define a setback line only in metres, because the speed of erosion has to be taken into account. Therefore, a rule such as "It is forbidden to build houses in a zone measuring 50 m back from the coastline" will not be useful. Where there is erosion at a rate of 1 m per year, this might be acceptable, but if the erosion is 10 m per year or 0.1 m per year, this will not be an acceptable width. For this reason, the setback line should always be defined as a function of coastal regression. For example: "It is forbidden to build houses in a zone likely to be threatened by the sea in the next 50 years". So in fact the width of the setback zone will be 50 times the yearly erosion and there should be no problems with houses being threatened by erosion in the next 50 years. But what changes may occur in the next 50 years? Of course the setback line should move to landward as the coastline retreats.
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Figure 21: Setback lines

The 50-year figure can be based, for example, upon the lifetime of a house. The idea is that after 50 years the house will have to be rebuilt anyway. So if all houses are built 50 erosion-years away from the coastline, it will never be necessary to remove a house because of coastal erosion.

Lifetime of a building

(  50 years)

Lifetime of a street

( 100 years)

Lifetime of a subdivision

( 250 years)

Lifetime of a town

(1000 years)

Table 3: Setback lines and lifetimes

However, a practical planning problem will arise. Usually there is a street somewhat to landward of the houses. Local regulations often forbid building in a zone y metres from the street. So in fact the only place to build a house is in the "building zone". This building zone will decrease every year, because the 50-year setback line will be moving landward at a speed of x m per year. Eventually the building zone will become so narrow that no building is possible any more, simply because a house will no longer fit into the building zone. Such a lot will then become unsuitable for building.

For the landowners this is a considerable economic loss, and they will certainly put pressure on the permitting authority to allow the construction of houses somewhat to seaward of the setback line. The temptation to allow this will sometimes be very great, especially when the landowner is quite influential. However, such a permit will cause managerial problems in the future (in a few decades' time). The official who issues the permit will probably not be in service any more, and can therefore no longer be held accountable for his mistake. This is usually the weak point in setback strategies.

Another aspect is that the setback line for houses is A years, because the lifetime of a single house is LH years (for example LH=50). But the lifetime of a street of houses is considerably longer. So for streets a setback line with a lifetime of at least 2 LH has to be selected. For a subdivision of a town, the lifetime is even more. For this reason, the key elements of a subdivision (like shopping centres and cultural and religious buildings) should be located further away (e.g. 5 LH).

To maintain the setback lines requires an authority to control illegal building in the setback zone, the removal of sand from beaches or foreshore, the removal of essential vegetation and the disposal of waste and wastewater.

8.6
Summary

When a coastal erosion problem is reported, the first questions to ask are:

· Is there really coastal erosion?


è verify using old maps and photographs.

· Is this new coastal erosion?


è measurements of the coastline needed.

· Is the observed erosion chronic or acute?

Select a strategy and then measures to deal with the erosion problem (see figure 22). Before choosing any particular technical solution to the erosion problem, it is important to consider:

· The underlying physical processes of the erosion problem

· Several alternative solutions to the problem, so that a thorough comparative cost-benefit analysis can be conducted before choosing one of the alternatives as the most promising 

· Not only the positive effects of any protection method on the immediate shoreline, but also any possible negative effects elsewhere!!! 

(This is called the community approach, as compared with the individual approach.)

When protecting a coastal zone, the choice is between soft and hard solutions. Soft solutions are artificial beach nourishment, sand bypassing and perched beaches. Hard solutions are single long groins and offshore breakwaters.

When the choice is to accommodate sea level rise and erosion, it will be necessary to adapt building controls and agricultural use in the coastal zone and in some cases to prohibit some human uses.

Finally, if the decision is made in favour of retreat, it is important to use setback lines as a tool for regulating human uses of the coastal zone.

See the next page for a comprehensive checklist of all the actions to be taken. 

Steps to be taken:

A coastal erosion problem is reported.


Is this really coastal erosion?



( verify using old maps and photographs


Is this new coastal erosion?



( measurements of the coastline needed

Is the observed erosion acute or chronic?

If only acute     ( protect hinterland (potential solutions: revetment, seawall, sand-bags, etc)

Selection criteria between these alternatives: initial cost and maintenance 

Boundary data needed: erosion rate during a normal storm, extreme design wave                                                         (for structural design) 

( allow temporary erosion (and use setback lines)



     Boundary data needed: erosion rate

If chronic 


What is the cause of the erosion?


Is it possible to remove the cause of the erosion?


If not:
( live with the erosion (i.e. create a dynamic setback line system)



    Boundary data needed: erosion rate





( move the erosion to a downstream location 



    (groynes, long groyne, offshore breakwaters, etc.)



    Selection criteria between these alternatives: initial cost and maintenance

Boundary data needed: longshore transport, gradient in longshore transport, width of breaker zone, extreme wave height (for structural design)


If the problem is mainly that the beach is too narrow:



( install beach drainage

Boundary data needed: longshore transport, gradient in longshore transport, and local experience of beach drainage



( carry out artificial beach nourishment 



    Boundary data needed: erosion rate



( optimise beach nourishment with perched beach if necessary

    Boundary data needed: width of breaker zone, waves, extreme waves 

    (for structural design).

9
Selection of coastal measures: impacts, values and their analysis

9.1
Introduction
Selection of an alternative measure.

In a race to develop prime coastal land, many structures have been built in areas prone to coastal erosion. In addition, erosion is not generally viewed as a problem in areas where there is no development. Therefore erosion is as much a land-use as a technical problem. The best strategy to combat the adverse effects of erosion has to be carefully selected from a range of alternatives weighing up human and ecological considerations as well as financial and technical aspects. This chapter deals with the analysis of desired and undesired effects of alternative strategies in preparation for final decision-making and subsequent implementation. 

A strategy to manage coastal erosion may consist of a combination of different measures ranging from shoreline hardening and beach nourishment to interventions that prevent human development close to an eroding beachfront. 

An explicit and well-structured planning exercise based on participation of stakeholders and concise data collection and analysis is crucial to produce rational decisions in the complicated context of land-use planning and coastal zone management. Careful preparation is essential to successful management and implementation. It must be stressed that the selection of a strategy to manage coastal erosion should be made by the responsible authorities in line with regional and national objectives. It is therefore advisable to encourage engineers to present a range of possible technical alternatives and to evaluate these in the light of the requirements of the various user groups along the coast. 

It may be noted that preventing erosion is still the best management plan and coastal development ought to be evaluated in the light of its effectiveness in preventing erosion and instability of the coast.

Figure 22 illustrates the sequence of identification, quantification, valuation and weighing up of impacts and consequences of an alternative that is discussed in this chapter.
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Figure 22: Steps in the selection of a coastal protection strategy

9.2 Environmental impact assessment

Once alternative interventions or strategies have been specified (see previous chapters), environmental impact assessments should be conducted to ensure that the relevant environmental consequences of the various alternatives are recognised early in the project cycle and taken into account in selection, planning and design. The process known as environmental impact assessment (EIA) is an important environmental tool for developers, decision makers and the public. It is described in this section. The text borrows from Clark (1996).

The EIA procedure is used to predict the environmental effects of a project (or programme) on coastal resources and biodiversity. Lately, it has become common to include economic and social considerations as part of the EIA. The EIA may result in an “environmental management plan”, which describes and schedules the counter-measures necessary to mitigate environmental impacts. 

EIA is a term used to describe both a governmental process and an analytical method. As a process, EIA is imposed by governments to require public agencies and private developers to predict environmental impacts of major projects, to co-ordinate aspects of planning and to submit development proposals for review. As an analytical method, it is used to predict the effects of a project or a programme. With EIA at the centre of the development review and control process, government decisions on the approval of projects and on necessary modifications and mitigations can be made on an informed basis.

The reason for emphasising the EIA procedure in this document is that:

1. The EIA procedure can help to signal - and consequently mitigate - erosion as one of the side-effects of coastal development

2. The EIA procedure enables the effects of a coastal protection structure to be examined in its larger environmental, economic and social context. This will enable the selection of the alternative that not only addresses the erosion problems identified, but is also the best option for the entire coastal area of which the erosion site is part. 

Not all coastal protection works will legally require a full EIA, but the EIA procedure will always enable decision makers to reach a more integrated decision.

More generally, three fundamental benefits of EIA are that:

· Cause and effect relationships can be determined with reasonable accuracy and presented in terms understandable to policymakers

· Prediction of impacts will improve planning and decision making

· The government can enforce decisions emanating from the environmental assessment process.

The assessment process includes prediction of a proposed project's effects on natural renewable coastal resources as well as on the quality of the human environment. The process requires the following information: 

(a) The characteristics of the project sites 

(b) Description of the project 

(c) Description of the environmental impacts of a project for different dimensions of the environment (See figure 23). 

Note that an EIA is not just a report or a compilation of data; it is a process of exploration, analysis, and verification leading to a decision. The EIA report is only a record of this accomplishment.

[image: image11.png]Il PHYSICAL CHANGE ~ — — — —

1. DEVELOPMENT ACTIVITY . . . CAUSES —»

ater Poilntion/Toxc Subs
ebris and Solid Wastes
hange wn Cover
isturbance of Behaviour

isruption of Migration
veripading Ei

issolved Qxygen

Nutrients
Saligny

é
3
E

Physical Disruption

Temperature

MANAGED ECOSYSTEM
Agriculture and Farming []
Foreslry ! L)
Ranching and Feadiots ] [} 1
Aquaculture and Mariculture o [
Nearshore — Catch Fisheries t ¢ t

CORSTR. & TRANSPORT. FACILITIES
Drecge-and-Fill Activities LMK ]
Airtields t UL
Cayseways and Highways L (41 | [}[¢ oLl
Harbours e ' B
Shipping

INDUSTRIAL AND HELM'ED DEV.
Mifitary Fac ' [3C21] ]
Electric Power nggra;yg_L_ ’ | L
Heawy Industry iplele ]
Offshare Gas and Cit Development ] t
CoastaiMining_ [ 1 {¢ G
Upland Mining [} ] ]

URBAN ANO RESQAT DEVELOPMENT
Sanitary Sewage Discharges LAk UL
Solid Waste Disposal HLIKINL
Water Oevelopment and Control t}
Shoreline Management and Use tt te ()
Land Ctearing and Site Preparation + ¢
Coastal Resource Uses t{¢

- |-

- |-
-

V. SOCIOECONOMIC CONSEQUENCES

el
-

in Rural Areas

=~ — THATRESULTIN —— =~ — = — ———— —— —=]

{
BECOLOGICAL CONSEQUENCES

and Artisanal Fishermen

increased Incidence of Human Disease

©
£
=3
a
w
c
&
<
e
o
5
=
F
=
Z
B3
<
o
@
&
=
=1
B
oc

Reduced Expart Earmings Potential
Reduced Incomes for Commercial
Increased Underemployment and

§ Jele]e

Biolegical Displacement/Change in
Soecies Compaosition

helf Lowered Species Diversity
(== 1?1 Reduction of Standing Stock

g Rt b ducti ruitment Failure
) -1 ifi of Selzcted Species
_,ﬂf b Smothering of Sedentary Species e Je
Mass Kills o] e .
o he Respisatory Stress
A 44 _Inhibition of P! hesi .
_{L Food Claim Concentration -

~|*] Dwseases of Stocks .
|- ] -0 B SRR Habl a n . .

i3

(K]
[





Figure 23: The cause-and-effect pathway from development activity, through physical change to ecological and socio-economic consequences (Source: Dixon, 1988)

Because there are great differences in the scale and type of projects to be assessed, it will be beneficial to focus the EIA process on the expected impacts, starting very early in the design phase. It is useful to have two or three levels of assessment, starting simply and increasing the complexity depending on the requirements of the project.

In a three‑stage process, the first level would be a preliminary review to see if there are potentially serious impacts. The second would be an initial analysis, or initial environmental examination (IEE), to be conducted if the preliminary review revealed potential environmental problems. The third (if needed) would be a full‑scale EIA, invoked when the IEE predicts serious environmental problems.

The assessment differentiates between:

· Qualitative assessments, which are made in terms of good/bad; high/low; or positive/negative.

· Quantitative impacts, which can be expressed in physical or economic terms, e.g. changes in groundwater levels or salt water contents, or the changes in farmer's income or total agricultural output.

· Valued / non‑valued impacts, i.e. those impacts which can or cannot be expressed in monetary terms. Valued impacts are often the basis for the assessment of formal financial and economic cost-benefit indicators.

The following six-step procedure has been found to be quite satisfactory for ICZM purposes:

Step 1: Project Identification- A simple description of the project or problem area including textual (verbal) and descriptive (spatial, maps and plans) components. It should be focused on the aspects that are most likely to cause environmental and social disturbance. Later in the sequence it may be necessary to obtain more detailed descriptions of aspects of the engineer's plans. If there are alternative project proposals, each one is described.

Step 2: Resources at Risk- A description of the particular resources at risk from the proposed project, including water, soil, plant, energy and animal components. Analysts should not waste effort on trivial matters or resources not likely to be significantly affected by the project. Discuss climate if relevant, soils if involved, and hydrology if implicated.

Step 3: Screening-The reconnaissance step, where the analyst should try to think of all possible environmental problems that could be caused by the project and sort them out into two categories, major and minor. The minor ones are discarded with a brief explanation of each, and the major ones are passed on to the scoping step, if it is decided to do a full-scale EIA. Checklists and matrices are used at this stage. It may be noted that impacts can be positive or negative.

Step 4: Scoping- An examination of all the major impacts predicted and a determination of their levels of significance. You assessor should identify feasible engineering alternatives that result in lesser environmental impact. These initial findings are presented at special meetings, or by other means, to all the "stakeholders" (those affected by the project) for comment. The results of these consultations along with the technical information and recommendations from the assessor are passed to Step 5. 

Step 5: Evaluation- First, several variables have to be agreed upon, including viable engineering alternatives and boundaries for the spread of impact. Mitigation requirements are set. Then an evaluation of the project can be completed from information generated, and a strategy for EIA can be drawn up. Finally, Terms of Reference (TOR) can be prepared for the EIA work.

Step 6: Analysis and Report-The necessary data collection, analysis and evaluation are completed in accordance with the TOR, along with further stakeholder participation. Then three reports are written on: (a) impact assessment, (b) environmental management (including mitigation), and (c) baseline monitoring (real time and post-audit).

This type of sequence is shown graphically in Figure 24.
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Figure 24: Network diagram showing linkages between the main components of an environmental assessment system (Source: Sorensen & West, 1993)

For EIA to be effective, there must be consultation with all significant stakeholders. An efficient way to plan for broad EIA consultations is via "Scoping Meetings" (as suggested in Step 4 above). This may be the best approach to meetings with (a) officials responsible for the project and the site, (b) experts in the technology and environmental sciences, (c) affected groups such as local residents and businesses, and (d) representatives of other agencies with expertise or jurisdiction (Carpenter & Maragos, 1989). 

The scoping meeting should be announced well ahead of time and a preliminary assessment should be used to describe the development objective and tentative project plan. Sketch "maps" of the project at a scale of about 1:10,000 can be used to organise the discussion. All participants are encouraged to add items to the sketch and to propose alternatives and issues to be assessed. Flows of materials, energy and people are indicated on the sketch map. Impacts are tentatively predicted. Ecologically sensitive areas (e.g., lagoons, coral reefs, flood plains, wetlands) are located. Later, a fresh version of the sketch map may be prepared, but for scoping, neatness is not required - the purpose is to capture all reasonable ideas and comments. Specific sites may be sketched at a larger scale to allow depiction of more detail.

Simplification is commendable. The EIA process may get overly complicated, rigid and expensive. It may also become too methodologically ambitious, requiring large numbers of highly trained specialists, and also too separated from the planning process. Principles of the EIA process are that it:

· Focuses on the main issues and is not unnecessarily elaborate

· Does not involve complicated methods

· Involves the appropriate persons and groups

· Links information to decisions about the project

· Is geared toward identifying mitigation and management measures

· Is adaptive to the uncertainty of natural system effects and implementation problems

· Takes account of multiple objectives and consequent tradeoffs.

In summary, the procedural approach should emphasise flexible, cost-effective, simple methods of obtaining the appropriate information and conducting the EIA analysis. 

A checklist is often used in the preliminary stage of EIA. On the basis of the significance of impacts identified by the checklist and evaluated in Step 4, a recommendation will be made on whether to conclude with IEE or proceed to full‑scale EIA. The general checklist below covers some of the common types of impacts associated with the building of major coastal constructions. Examples are given of impacts that may require attention in an EIA. Which impacts are likely to occur depends on the project:

1. General Ecology

• Land clearing, tree cutting

• Excavation

• Dredging

• Filling of wetlands

• Structures (bridge, causeway, seawall‑currents, stagnation, beach erosion)

• Marine construction activity (forms, pile driving, concrete pouring, explosives)

• Shoreline construction activity

• Other sediment-producing activities

• Ocean dumping (planned, deliberate and casual)

• Ship operations (e.g. propeller disturbance)

• Disturbance of species

• Disturbance of species habitats

• Offsite (e.g. quarries)

2. Human Ecology

• Land/water traffic

• Disturbance (dust, smoke, odours, machines)

• Noise

• Aesthetic and landscape

• Drinking water

• Pathological effects

3. Natural Hazards

• Sea level rise

• Sea storms

• Erosion

• Earthquakes, landslides, liquefaction

• Flooding

4. Socio‑economic

• Vocation (fishing, farming, aquaculture)

• Jobs, income

• Foreclosure of future opportunities

• Safety issues

• Land-use problems

• Displacement

• Intrusion (tourists, economic competitors)

• Political stability (conflicts with government or neighbours)

• Equity; winners and losers

Figure 25 shows a simple form of the matrix method for identifying impacts.
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Figure 25: Impact evaluation matrix using a proposed small boat harbour (marina) development as an example (Source: Heinen, 1985)

As already mentioned, timing of the EIA process is a key to its effectiveness. Problems arise in cases where EIA is done after the project is completed, thus providing no opportunity to use the EIA to redesign the project. It is therefore essential to distinguish between different phases in a coastal development project: pre‑feasibility study, feasibility study, selection of a plan and detailed engineering and design studies, reconsideration of design, construction, operation, and decommissioning of facilities, if applicable. The EIA process should be incorporated in each phase of major coastal development projects, as shown in Figure 26.
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Figure 26: Impact assessment should start at the beginning, during the initial project design, and continue throughout the whole process (Source: Dixon 1988)

Stakeholder analysis

Part of the EIA may consist of a stakeholder analysis. The key aim is to identify the different interests at stake in building coastal defences, and the impacts of the possible interventions (physical, spatial or otherwise) relevant to the respective stakeholders. 

9.3 Cost-benefit analysis

Extended analysis of the costs and benefits of different development alternatives may be used in decision making. Although many environmental factors are difficult to express in monetary values, this approach has the advantage of representing results in the economic language familiar to decision makers. Cost-benefit analysis (CBA) is not a decision making mechanism yielding definite answers. But a comparison of those costs and benefits that can be expressed in terms of the common denominator of money does provide insight into their nature and the balance between them. 

The different costs and benefits relate not only to the construction and maintenance of the coastal protection structure itself, but also to associated effects on its surroundings and on society at large. A broader economic analysis aims to include the additional costs and benefits due to the project. Here a benefit foregone is counted as a cost, and a cost avoided as a benefit. For example, the net value of improved coastal protection should be assumed to include not only direct costs of the engineering work and maintenance, but also the benefits, or damage costs avoided. 

Costs include:

· Preparation of the project, including land acquisition & development, studies & surveys

· Implementation of the project, encompassing, e.g. design, construction, maintenance and costs involved in non‑structural measures

· Costs of compensating and mitigating adverse social and environmental impacts

· Administrative or additional costs incurred by local, regional and national government agencies in order to implement the project.

Benefits (which can be negative or positive) include:

· Higher or lower output levels of economic activities such as agriculture, fisheries, transport; etc.;

· Changes in household income

· Changes in expected flood damage to public and private assets, including buildings, public infrastructure, livestock, equipment, etc.

· Changes in safety, public health, space for settlement, degree of protection and other living conditions

· Changes in the environment (groundwater, flood peaks, fish stocks)

· Damage to historical and cultural features in the area.

The main problems associated with economic valuation are the uncertainty of future effects, the discount rate, externalities (damage outside the project boundary, e.g. erosion created further along the coast), indirect values and the fact that costs and benefits often accrue to different stakeholders. 

For the economic analysis to include major ‘externalities’ generated by a coastal protection project, the boundaries for the assessment should be broad enough to incorporate all major effects of the project. For example, they should include possible costs of loss of fish catches due to limited access to the beach and costs of erosion caused further along the coast.

The total economic value (TEV) of a coastal management strategy includes the coastal area’s output of products and services. It will consist of both use values (direct and indirect) and so-called non-use values, as shown in Figure 27. A range of valuation methods is available, but it will not be possible to place meaningful monetary values on all the benefits and costs. An illustration of methods for valuing coastal zone benefits is given in Figure 27. Advanced economic analysis is a job for professional economists. For the most part, simple guidelines are not available for non-economists and are considered to be beyond the scope of this document. Figure 27 merely aims to introduce the coastal zone manager to some of the terminology used in economic analysis. The next section illustrates the assessment of the cost of the coastal protection structure itself.

	
	
	Resource utilisation benefits

Mitigation benefits, Preservation benefits

option benefits, existence benefits



	
	Use values
	
	
	Non-use values

	Direct use values
	Indirect use values (Functional values)
	Option Values
	
	Existence values

	e.g. fishing, recreation, transport, navigation
	e.g. flood protection, waste assimilation, ha​bi​tat loss reduction, groundwater protection
	Value of preser​ving options for use
	
	e.g. value derived from knowing a species is conserved, value of passing on natural assets ‘intact’ to future generations

	Valuation methods
	Valuation methods
	Valuation methods
	
	Valuation methods

	Market analysis, non-market valuation methods (TCM, CVM, HP)
	Damage costs avoid​ed: preventive expen​ditures; value of changes in productivity; relocation costs
	CVM
	
	CVM


Notes: Market Analysis: based on market process; HP=hedonic pricing, based on land/property value data; CVM=contingent valuation method based on social surveys designed to elicit willingness to pay values; TCM=travel cost methods, based on recreationalist expenditure data. Not included above are the ‘indirect’ or ‘secondary benefits’ provided by the coastal zone to the regional economy.

Figure 27: Methods of valuing coastal zone benefits (Source: Turner, 1988; Barbier 1989)

Costs of the structure itself

A major criterion for selecting between alternatives is the cost of the structure. This should be taken to include not only the initial cost of construction, but also the cost of maintaining the structure. In order to compare structures, the maintenance cost can be capitalised. 

Sometimes so-called "low-cost solutions" are presented as being particularly suitable for use in countries with fast-developing economies on the basis that such countries cannot afford high-cost solutions. However, this is a false argument. In fact, industrialised countries are equally interested in cheap solutions. After all, why choose a more expensive solution if a cheap one is available?

In practice however, these "low-cost solutions" are not always so cheap in the longer run. The total costs of every structure include both the initial investment and the maintenance costs. When these are taken into account, the total costs are of the same order of magnitude for the both the "low-cost" and the "high-cost" solutions. It is only the distribution of the costs that varies. Current practice is to capitalise the costs in order to compare different structures. This means that all the costs are converted to monetary values in the same year using a formula that takes both the rate of interest and inflation into account. As an example, the table below presents a cost comparison for a groyne.

Element
       No/Units

NL rate
NL cost
Ind rate
Ind cost

_________________________________________________________________________

Construction cost

Wooden piles 3.5 m
193
pc
40
7720
20
3860

Wooden piles 5 m
252
pc
70
17640
35
8828

Wooden piles 6 m
12
pc
85
1020
42
504

Wooden piles 7 m
24
pc
100
2400
50
1200

Wooden piles 8 m
4
pc
120
480
60
240

Wood. sheetpile 2.5m
608
m
170
103360
85
51680

Wood. sheetpile 3m
206
m
200
41200
100
20600

Geotextile
6390
m2
2
12780
10
63900

Placing geotextile
500
hr
40
20000
4
2000

Concrete blocks
3483
m2
40
139320
30
104490

Placing concr. bl.
2200
hr
40
88000
4
8800

Hydraulic asphalt
194
t
190
36860
150
29100

Stones 25/80
820
t
60
49200
40
32800

Stones 80/200
930
t
55
51150
55
51150

Phosph.slag 40/250
310
t
35
10850
60
18600

Bitum. grouting
460
t
250
115000
250
115000

Extra labour
50
hr
40
2000
4
200

Use of shovel
25
hr
60
1500
10
250

Use of vibration crane
20
hr
70
1400
12
240

Contingencies



5000

5000

Total


706880

518434

Unforeseen, risk
3%


17672
          12961

Grand total


724552

531395

Maintenance costs per year

Labourers
50
hr
40
2000
4
200

Use of shovel
10
hr
60
600
10
100

Extra stones, etc.



1000

1000

Total


3600

1300

Interest rate 4%, 30 years, multiplier 17.29:

Capitalised maintenance


62251

22480

Total project cost



786803

553874

Table 4: Construction of a groyne (in the Netherlands)

Table 4 refers to a groyne designed to withstand relatively low wave-attack, but located in an area with a strong tidal current. This is typical of groynes in an estuarine environment. To reduce tidal currents, wooden piles are placed on top of the groynes. A bed protection made of boulders around the groyne is required to prevent scouring.

The table gives the overview of the costs in the Netherlands. A groyne of this kind requires an investment of 725,000 M.U. (=Monetary Units: this can be dollars, Euro, or some other currency; the absolute value is irrelevant to this comparison). The yearly maintenance costs of the structure amount to 2300 M.U. The economic lifetime of a good-quality groyne is approximately 30 years, after which the residual value is assumed to be zero. Applying an interest rate of 4%, the total maintenance costs over those 30 years are capitalised to the present value, which is 17.3 times the required maintenance costs, or 62,000 M.U. This is only 8.5% of the total cost.

The discounting factor can be determined using the following formula:
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in which:
 
i
interest rate (in this example 0.04)

n
number of years involved (in this example 30)

Element
No/Units

NL rate
NL cost
Ind rate
Ind cost

_________________________________________________________________________

Construction cost

Wooden piles 3.5 m
193
pc
40
7720
20
3860

Wooden piles 5 m
292
pc
70
20440
35
10220

Wood. sheetpile 2.5m
608
m
170
103360
85
51680

Wood. sheetpile 3m
206
m
200
41200
100
20600

Jute filter cloth
6390
m2
3
19170
1
6390

Placing jute filter
500
hr
40
20000
4
2000

Pitched stone
3483
m2
60
208980
25
87075

Placing pitched stone
5000
hr
55
275000
6
30000

Low grade asphalt
250
t
150
37500
 75
18750

Stones 25/80
2500
t
60
150000
40
100000

Extra labour
200
hr
40
8000
4
800

Use of shovel
25
hr
60
1500
10
250

Contingencies



5000

5000

Total


897870
            336635

Unforeseen, risk
2.5%


22447

8416

Grand total


920317
            345041

Maintenance costs per year

Labourers
200
hr
40
8000
4
800

Use of shovel
20
hr
60
1200
10
200

Extra stones, etc.



3000

3000

Replacement of piles
50
pc
85
4250
42
2100

Total


16450

6100

Interest rate 4%, 30 years, multiplier 17.29:

Capitalised maintenance


284453

105481

Total project cost


1204770

450522

Table 5: Construction of a groyne in India

In a developing country, labour will cost much less (perhaps only 10%) of that in an industrialised country. However, geotextile may be much more expensive. So the same calculation for India produces quite a different result. An alternative design has been made (see table 5) in which geotextile has been replaced by jute, the concrete blocks by pitched stone, etc. Phosphorus slag is easily available in the Netherlands because it is a waste product of local industries. For India, quarry stone replaces it. The weight of the various stones is somewhat lower and less asphalt and bituminous material is used. The consequence of this modification is more damage to the groyne, and thus significantly higher maintenance costs.

In an industrialised country the alternative design is unattractive. Apart from the higher initial costs (920,000 M.U. vs. 725,000 M.U.), the maintenance costs are a real problem (284,00 M.U. vs. 62,000 M.U.). For India, however, the situation is completely different. There, the alternative is in the long run 18% cheaper (450,000 M.U. vs. 554,000 M.U.) and the 35% lower initial investment (345,000 M.U. vs. 531,000) is very important and attractive. Of course, this is a very rough example. Differences in the productivity of labourers are not taken into account, the price of the boulders will depend on the availability of a quarry in the vicinity and the price of the wooden piles may be different. 

Note:


A practical problem with low-investment solutions in countries like India is the organisation of maintenance, since infrastructural works are often regarded as "projects" with a set beginning and end. Maintenance is a continuous activity, and is therefore difficult to include in a typical project approach. It is therefore very important to pay a lot of attention to the quality of maintenance. It pays off.

As can be seen from this example, the "low-cost solution" would in the long run be more expensive (in the Netherlands) than the "high-cost solution". For that reason, it is better to talk about low-investment solutions. When money is no problem, preference should be given to the solution that is cheapest in the long run. 

As shown above, low-investment solutions generally require more maintenance that capital-intensive solutions. For this reason, coastal structures should be designed in such a way that maintenance can be done as easily as possible using local resources, i.e. local materials, local labourers and local equipment. These requirements are not new and obviously not very special. They can usually be met.

9.4 Multi-criteria analysis

There are limits, philosophical and/or practical, to the extent to which ecological and socio-cultural costs and benefits can be expressed in monetary terms. Economic cost-benefit analysis is therefore merely one input into balanced decision making (albeit an important one). 

Impact assessment produces an overview of the expected impacts of the different alternative strategies. This includes quantitative and qualitative information on indicators or criteria related to the objectives of local, regional and/or national planning. For example, in relation to the objective of economic viability, the costs of the strategies will be estimated. In relation to the objective of feasibility of implementation, reference may be made to social acceptability or necessary institutional changes. Scores for such indicators can be qualified in terms of 'high/low' or 'good/bad'. 

A multi-criteria analysis (MCA) may be used to evaluate such multi-objective scores. In addition to scoring, the use of MCA requires weighting. 

Within a hierarchy of objectives – which is often made up of a set of ecological, economic and socio-cultural objectives – weights can be attributed to different sub-objectives (indicators). This is an inherently political process. In addition, the relative weights of ecology, economy and culture can be varied. Such a procedure will not yield a single figure, but will organise the multitude of effects into manageable categories that decision makers can then “play with”. 

Full explanation of the MCA methodology is considered to be beyond the scope of these guidelines. In addition to the brief remarks made below, the reader is referred to the internet or Saaty, 1994.

Pulikat Lake, Tamil Nadu: North of Chennai, Pulikat Lake is a proposed RAMSAR site. Fresh water from one of the islands is transported to the mainland by ox-cart. The islands may now be under threat from erosion following port construction to the south. Erosion of the islands and the spit that protects the lake from the sea are a major threat to the brackish lake and its many users. 

A careful study of beach profiles beside Pulikat Lake is now being carried out. It may be argued that the costs of erosion carried little weight in the decision on the design of the port.

 [image: image16.png]



Seafront of spit protecting Pulikat Lake, Tamil Nadu: 

Sandy coast, steep beach profile with wave run-up.
10. Maintenance and monitoring
All constructions require maintenance, but it is possible to design a structure requiring more or less of it. The total cost of maintenance is usually capitalised using a specific interest rate (this should be the effective interest, i.e. interest – inflation). Usually, low-maintenance structures require a big initial investment and low-capitalised maintenance, while high-maintenance structures require low investment and high-capitalised maintenance. For a rip-rap structure, the size of the top layer is an important cost factor. The larger the rock in the top layer, the lower the maintenance cost. However, large rocks are initially more expensive than small rocks. The optimum point is where the combined costs of initial works and capitalised maintenance are minimised.

Sometimes this is not completely true because funding may come from different types of sources. If the initial costs are covered using a cheap World Bank loan and the costs of maintenance have to be covered out of the local budget, the optimum point in the figure will shift to the right. If all the costs have to be covered out of local funding and the maintenance costs can be met out of the normal operational budget, it may shift somewhat to the left.

If the structure is highly dependent on maintenance (and usually structures with a very low maintenance-requirement are too expensive), it will have to be monitored on a very regular basis. This means, for example, that it will need regular inspection (in any case before the storm season) to ensure it is still in good condition. For example, a rip-rap revetment must be inspected to check that all the rock is still there, and that it is in the right place. The quality of the filter layer and the geotextile will also need checking. 

If the quality is no longer sufficient, repairs will be needed. This means that both time and money must be available after the inspection. So good timing and good budgeting are vital. The overall budget for coastal protection must include “maintenance costs” as a regular item. 

Sometimes it is useful to accept the need for greater maintenance, because both the initial costs and the maintenance costs may decrease. For example, suppose a simple rip-rap revetment is needed for a wave condition of 1 m and 10 seconds. The water depth at the toe of the structure under storm conditions is 5 m. For a slope of 1:2 and accepting no damage (S=2), (using the VanderMeer equation) a rock with a W50 of 350 kg will be needed. These rocks can only be positioned using heavy equipment. In the case of a 1:4 slope and accepting damage (S=10), the W50 is only 60 kg. These stones can be placed by hand, though of course a thicker layer will be required. After each storm a considerable number of stones (approx. 40 per running metre of revetment) will have moved and will need to be repositioned. This can be done using manual labour and is therefore relatively cheap. 

So if rock handling can be done cheaply using manual labour and machinery is expensive, it might be wise to consider a structure, which is likely to suffer more damage (S=10 instead of S=2) and consequently require more maintenance. It is then essential that there should be very regular inspection and that the maintenance can be carried out directly after each inspection (there should not be a lengthy financial approval process).

11. Some considerations regarding muddy coasts

11.1
Transport of sand and transport of mud

Sand (defined as non-cohesive material with a grain-size of at least 0.1 mm) is transported by currents and waves. The amount of sand transported depends directly on the local parameters. As soon as wave or current action decreases, the sand is deposited and causes accretion. On the other hand, as soon as the waves or currents increase, the amount of transported sediment does likewise.

In the case of mud, the process is completely different. Mud is also brought into suspension by currents and waves, but this takes quite some effort. So it takes longer for the (cohesive) mud to be eroded and the particles to be brought into the water column. However, once the fine mud particles are in suspension, settlement will also take longer. The mud will not settle out immediately when wave action stops. 

This means that methods to control erosion and accretion by sand are not at all effective in controlling mud. On the other hand, structures to control siltation in muddy areas will not work in a sandy environment. 

11.2
Mangroves

Mangrove forests are the natural vegetation of many tropical coasts and tidal inlets, they form a highly productive ecosystem and a nursery for many marine species. Mangrove trees thrive miraculously in very dynamic circumstances. They can cope with salt water whereas most other plants cannot. Seedlings have little opportunity to settle, so mangroves are viviparous, giving birth to an almost complete tree in a capsule (the propagule) that can travel with the tide and turn into an upright standing young tree within a few days.
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Figure 29: Cross-section of coast with mangroves

Figure 29 shows a typical cross-section of a muddy coast with mangrove vegetation. There is increasing awareness of the importance and vulnerability of mangrove forests. These forests form a natural coastal protection and where they are removed, for whatever reason, erosion and/or artificial protection is the price to be paid. Planting these vegetable breakwaters everywhere, however, is not a very promising idea. Mangroves can only exist on coasts with a moderate wave climate. This is mainly because the seedlings cannot settle in highly dynamic conditions. Once the trees are fully grown, however, they can withstand even an occasional cyclone. 

There is a wealth of literature on mangroves, but little from a physical or coastal engineering point of view. Yet an insight into the influence of mangrove forests on wave transmission and coastal stability is of great interest from a hydraulic engineering point of view. 
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Figure 30: Mangrove roots

One of the most striking visible features of mangroves is the root system. Because mangroves usually live in anaerobic conditions in the muddy soil, they improve their gas exchange with the atmosphere by means of aerial roots. Of the many mangrove species in the world, the two most important are Avicennia and Rhizophora. These species have completely different aerial roots. Rhizophora has "prop" roots or "stilt" roots, while Avicennia grows "snorkel"-type pneumatophores, which emerge vertically from the soil (see 30). These roots play an important role in wave damping, probably even more than the trunks of the trees. 

With this breathing system, mangrove trees need fresh air regularly and for this reason they can only live in the upper tidal zone, approximately between Mean Sea Level and High Water (Spring) Level. They can stand storm surges but extremely long periods of flooding have been reported to cause drowning of mangroves and even suffocation when large quantities of sediment have covered the root systems during a storm. Below MSL, the seedlings cannot settle and at higher levels the mangroves cannot compete with other plant species. The coastline in front of mangroves often consists of mud flats with typical slopes of approximately 1:1000. Behind the mangroves, between HWS level and the level of occasional flooding by the ocean, salt marshes can be found with halophytic (salt-loving) herbs and grasses, before the "normal" vegetation starts (see Figure 32). The width of these tidal forests (with typical slopes of about 1:200 - 1:300) is determined mainly by the tidal range (which can vary from a few decimetres to more than 5 metres on tropical coasts). 
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Figure 31: Wave transmission through 


Figure 32: Young Rhizophora mangrove trees

                100 m of mangroves 

A study of wave transmission in man​grove forests has been carried out at Delft University of Technology. Based on the hydro​dynamic damping of waves around cylinders, estimates were made of the effect of mangrove trunks and roots. Since there is a lot of variation in the dimensions and density of the forests, three typical cases were distinguished: sparse, average and dense vegetation (see Fout! Verwijzingsbron niet gevonden.31, where the wave transmission is defined as HT/HI: the transmitted wave height divided by the incoming wave height).   

A wave energy model was used to compute the energy dissipation occurring in the mangrove forests on several different slopes, as shown in Fout! Verwijzingsbron niet gevonden.31. If the energy dissipation per unit area is assumed to be uniform, slopes of 1:100 to 1:300 are found for mangroves and 1:1000 to 1:2000 for mud flats. These numbers are roughly in line with what is found in nature (see Figure 24).

The significance of these findings follows from Figure 29. When the mangroves are removed, the slope will become ~ 1:1000 leading to a regression of the coastline by many hundreds of metres. So it is certainly important to preserve such natural coastal protection when it is present. Reforestation is difficult and can require temporary protection (see Figure 33).

Instead of a rigid protection it is also possible to use a bio-degradable protection such as rolls of coconut fibre.
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Figure 33 Mangrove reforestation using wave load reduction device

11.3 The “accommodation” strategy

As previously indicated, the “accommodation” option with respect to erosion is not very relevant on sandy beaches. However, this may be a good option for muddy coastlines. It depends very much on the type of erosion. The types of erosion discussed here are:

· Bank erosion of tidal channels (either by waves or by currents)

· Flooding of mud flats by a (relative) rise in the water (this can be sea level rise or subsidence)

· Erosion of the top of the mud flats by increased wave action

· Erosion of the cliff edges during high water (because some mangroves in front of the cliffs have disappeared).

Where the banks of tidal channels in mangrove areas are eroded (either by waves or by tidal currents), it is not only quite costly to protect them, but also often undesirable to interfere with the biological system in this way. In such cases, there is usually accretion on the other side of the channel. A good management option is not to make fixed structures near the banks, but to allow the banks to erode and if necessary shift activities to the other side of the channel. 

In the case of flooding of mud flats by increased sea levels, technical solutions to mitigate the effects are extremely costly so the accommodation strategy is the only option. This means changing the functions of the area (for example, from agriculture to fisheries). Houses in such areas will have to be constructed on stilts. 

In the case of erosion of the top layer by wave action, the accommodation strategy can also be adopted, but reducing wave action may be another feasible solution. Wave action can be reduced by the construction of a wave reduction device, as described earlier.

In the case of cliff erosion, the best approach is to apply wave reduction devices (rather than hard protection of the cliff edge). These can be constructions like those previously described, but it is even better simply to replant mangroves. 
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   1	How much are you prepared to pay for living on an eroding coastline?


   2	Is that amount enough to combat erosion in sustainable way?


   3a	If so:	Combat erosion


   3b	If not:	Is that amount enough to combat erosion temporarily?


   4a	If so:	pass the problem on to your children.


   4b	If not:	prepare a policy of retreat:


observe erosion carefully


define good setback lines


produce regulations to ensure that everyone observes the setback lines


make people aware of the problem.





Sand by-passing using trucks





Sand by-passing using a pipeline
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Figure 28: Initial and maintenance costs i� EMBED Word.Picture.8  ���:  
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