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introduction

1 Introduction

These lecture-notes were compiled using many other sources. Parts of the text are based on the
books "Coastal Protection” and “dikes and revetments”, edited by K.W. Pilarczyk. Also CUR-
publications 141 (probabilistic design of flood defences), 142 (guide for the design of river
dikes) and 154 (the use of rock in coastal and shoreline engineering) was used. Also some parts
are based on the lecture notes on Bed, Bank and Shore Protection by G.J. Schiereck of the Delft
University of Technology. In some cases information is used from suppliers of materials for
the construction of dikes and revetments. The fact that this information is used does not imply
that IHE fully supports these products.

1.1 dikes and revetments

Dikes and revetments are both types of shoreline protection. However, their aim is different.
The aim of a dike is to prevent flooding of the area behind the dike. This can be both the
prevention of temporary flooding or a permanent flooding. Permanent flooding occurs when
the land is below normal high water level. Temporary flooding occurs when the land is above
normal high water, but below the flood level. In case of a land level between normal low water
and normal high water the area will be flooded twice a day, with the rhythm of the tide. These
land are usually called intertidal land.

Revetments have a different aim. Their aim is to prevent loss of land (loss of shore-face) due
to erosion. This erosion can be caused by currents, by waves, or by both. Sometimes this
erosion occurs during storms only (like the erosion of dunes), otherwise it might occur mainly
during the everyday conditions. This happens for example along the shores of a shipping canal
due to the ship induced waves.

On a dike one usually also finds a revetment. The aim of such a revetment is the prevention of
erosion of the dike-front, due to wave action. This can be both extreme or normal condition
wave action. Very often the revetment on a dike is called slope-protection. In this way a
distinction is made with a bottom-protection which has the task to prevent scouring of the
bottom under water in front of a structure.

Sometimes on top of a revetment a parapet-type of construction is placed to prevent overtopping
of the revetment. The aim of this parapet is to reduce the negative consequences of the
overtopping quantities. The design of such a parapet sometimes equals dike design, but has a
different function. Therefore the risk-level is usually different.

A dam is a dike-like structure in the mouth of a river or estuary to stop the inflow of seawater
and the outflow of river water. Usually it is not possible to close of an estuary or river
completely, and therefore a sluice is necessary to control the outflow of river water. The design
of a dam is usually quite identical to the design of a dike. However, the construction is
different, because the closing of the dam causes much problems. Due to the high current
velocities in the decreasing closing gap, the material of the bottom and of the dam under
construction is not stable any more. It is washed away by the strong tidal currents.
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In these lecture notes the design of dikes, revetments, bottom protection and dams will be
discussed. Also some information is given on the execution and maintenance of these works.

1.2 types of dikes
In general three types of dikes can be distinguished:
*  sea dikes
*  river dikes or levees
*  dikes around lakes
*  dikes along canals
Retaining structures along reservoirs etc. are not discussed, although may of the rules given
in dike design are also valid for this type of retaining structures.
Note: The word ‘levee”is mainly used in the USA, especially in the lower Mississippi area.
In English literature sometimes the word “embankment” is used.

In general a sea dike has to resist a combination of high water and wave action (storm surge)
during a relatively short period (the top of one tidal cycle). The rise of the water is very fast
and difficult to predict. A storm surge can be predicted approx. 48 hours before it occurs, but
the exact height of the storm can only be determined a few hours before the maximum occurs.
Also the exact wave height is a problem. Determination of the design wave-height at sea during
a design storm is in most cases possible, but determination of the design wave-height near the
dike is a problem.

For river-dikes the design waterlevel depends on the discharge of the river. In general the level
can be predicted several days before the maximum level occurs. Also the top of the flood-wave
in the river has a much longer duration. It may last for several days.

In (shallow) lakes there is a constant waterlevel, coupled with a surge effect due to wind. In a
lake with a diameter of 50 km. there may occur water-level differences between one side of the
lake and the other side of more than one meter.

The various types of load on the dikes result in various geometries. A typical river-dike has an
other shape than a typical sea-dike. These differences will be discussed in more detail during
these lectures.

In some situations there may be a combination. Along tidal rivers the waterlevel is determined
by the discharge from the upper part of the river and also by the waterlevel in the sea. There
the worst case is a combination of high river run-off and a storm surge at sea. However the
probability of this combination is low. Special mathematical techniques have been developed
to solve this combination. In the lectures on probabilistic design this will be worked out in
detail in a numerical way.

1.3 history of dikes in the Netherlands
The Netherlands are mainly a floodplain of the big rivers Rhine, Meuse and Scheldt. The area
is very fertile, but difficult to access. Water is everywhere, so transport over water is quite
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easy. These aspects are important enough for people to settle in these areas. The first known
settlements in the intertidal area are from Roman times (approx. 2000 years ago). The fact that
the area was difficult to access was a big advantage in those years. In the past it was very
difficult to occupy this area with a military army.

To protect themselves against flooding people started to raise artificial mounds. On these
mounds the first villages were build. Later-on, when agriculture developed on the area around
high water, people started to protect the area against the yearly storm surges by constructing
small dikes.

Later-on these dikes were improved.

In the middle-ages the area between high and low water (the intertidal zone) was cultivated. The
area was drained by automatic sluices, which opened during low water and closed during high
water.

In the 17th century, after development of the windmill, also the area below low water was
cultivated. All the drainage water had to be removed from the polder by artificial means. In the
beginning this was done by windmills, later-on also by steam, diesel and electrical pumps.

Because of all this pumping the peat-layer compacted. The effect was a subsidence of the land.
This subsidence made it necessary to increase the height of the dikes. Besides this subsidence
of the land, we are also confronted with a rise of the sea level.

Both sea level rise and subsidence make it necessary to increase the height (and the strength)
of the dike.

As can be imagined, a dike which is only made higher, but not wider, becomes too steep, and
eventually becomes geotechnically unstable. The consequence is that during a storm surge this
dike will collapse and cause inundation (flooding).

Constructing a dike is one thing, but to maintain it is another problem. Maintenance of a dike
is not only conserving the present state, but also adapting the dike to the varying boundary
conditions (=rise of the water levels). After a storm surge the people (the first generation) are
aware of the problem. The second generation remembers the stories of the storm surge disaster
from their parents, they maintain the dikes, keep it in good condition. However, the third
generation forgets the problem. The dike was "always" there in their memory, it always
worked well, why put a big effort in maintenance? And consequently after the third generation
a new storm surge disaster will occur. We have had that problem several times in the
Netherlands. We unfortunately have a long history of disasters.

Between 1200 AD and 1953 we had at least 140 flood-disasters with casualties. The first known
was in 839, when 2400 houses were flooded, which was a considerable number for those years.
In 1492 there was a very unstable political situation in the Netherlands. Because of that unstable
situation, maintenance of the dikes was neglected. In that year the Said. Elizabeth-flood caused
an enormous damage. In total 65 villages disappeared totally from the map.

Not all floodings were caused by nature. For example the flood of 1944 on the island of
Walcheren was caused by Allied bombers, to move the German forces out of the island.
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design practice for river dikes until 1953

The height of dikes was in history always a problem. Usually dikes were designed at a crest
level of 0,5 m above the highest known water level, with a surcharge for wave run-up. After
a serious flood, much dikes in the coastal zone were improved. The height was increased up
to a level related to the highest storm. However, because of bottom subsidence the crest height
of the dikes became also lower in respect to level of the sea. The river dikes in the Netherlands
were also designed on a highest known water-level. Also special "green rivers" were in
operation to divert water if the water in the river raised to a too high level. Because after 1926
there were no serious problems with river dikes, there was less political pressure to improve
the dikes than it was in the coastal area. After the second world war engineers and mathematici-
ans warned that this approach is not correct, and that an extreme value statistic should be
applied. The consequence of this approach would have considerable financial consequences,
and no political decision was made.

1.4 types of revetments

The simplest type of revetment is turf which is formed either by sodding, or soiling and
seeding. Because of its great disadvantage of impeding the flow as it grows, it is usually only
used for flood banks or side slope protection above normal water level. Puddled clay is still an
effective method of lining and sealing channels flowing through permeable soils and brushwood
or shingle, held in position by wire netting anchored to the bed and slide slopes, are equally
effective in preventing the fissuring of cohesive soils in dry conditions.

Random tipped stone is commonly used on rivers and occasionally on canals. Although simpler
to place, particularly under water by tipping, than any other system, it is not easy to control
the thickness, and wastage occurs in attempting to obtain the minimum requirement. As it is
not bonded in any way, additional allowance has to be made for losses caused by erosion.
Pitched stone, which is economical in material, was a very popular method in western europe,
until the 1960's but has since become expensive in labour. Masonry and brickwork which are
also expensive because of their skilled labour contents are now generally only used in short
length of protection adjacent to bridges and other structures. They, unlike tipped and pitched
stone, are rigid in character and likely to rupture if affected by settlement.

Concrete is used in a great many forms: in-situ, mass or reinforced; pre-cast in slabs or in
interlocking blocks; in mattress form by injecting it into man-made fibre quiltings. Concrete
provides a smooth surface when placed in-situ or as pre-cast slabs and gives a very economical
channel cross section. However, this form of construction is impermeable and inflexible and
should be used with caution in ground conditions which give rise to settlement or uplift. Pre-
cast blocks which may be keyed so that they interlock, or Joined with steel pins or ties, provide
a more flexible and semi permeable lining but a rougher surface. The injected mattress type will
conform to any profile when initially placed, but is rigid thereafter. Some of these latter are
semi-permeable, all are usually rough faced.

Asphalt, asphaltic concrete, sand asphalt and asphalt-mastic grouted stone are all impervious
but flexible, and linings of them may rough or smooth faced. Membrane linings of butyl-
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rubber, polyvinyl or polythene are completely impermeable and flexible, but have only a
limited life due to their lack of resistance to puncturing and weathering.

Gabions (steel wire mesh boxes, filled with stones) are rough, permeable and flexible; Their
weak point is that after damage to the weir mesh (by corrosion or vandalism) the structure
looses it structural integrity.

From the variety of materials mentioned, the designer must choose one which has toe qualities
of (im-)permeability, robustness, flexibility, durability and economy to suit his requirements.

revetments and dikes (18 December 1998) IHE-Delft 9
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differences in risk
2 Risk-Analysis

2.1 differences in risk for dikes and revetments

The function of a dike is to protect the land behind the dike against flooding. When the dikes
does not function well, the result is a flood. This is a rare event, causing much damage.

A revetment has to protect a shoreline. In case of failure, there will be damage. Usually it is
not too difficult to repair the damage, however it cost some money.

Because of these differences, the acceptable risk level for dikes and for revetments is comple-
tely different. Failure of a dike is only accepted with very small probabilities (less than once
in every .... years). Damage to a revetment can be accepted with a much higher frequency.
Every year some damage to a revetment does not cause serious problems, when this damage
is repaired regularly by a good maintenance scheme. The acceptable damage level is in this
case completely determined by the economic optimum between initial costs and maintenance
COsts.

2.2 socially acceptable risk-levels for inundation
The first problem in dike-design is to establish a frequency failure of the structure. It has to be
decided how often flooding of an area is acceptable. This is not a problem of hydraulic
engineering, but an economic and political problem. One can imagine that an optimum relation
can be found between the cost of dike building and the value of the protected goods. (higher
dikes costs more, but are economic when you have to protect more valuable infrastructure in
the polder area). However this problem cannot be solved only in a monetary way. What is the
economic value of a natural reserve, a pension of old-aged people, a museum of classical
art 77?7, So in fact it is a mixture of politics and economics.
Thus the level of safety depends on the willingness of investing money in safety and (of course)
on the availability of money.
Because in The Netherlands diking started by (small) private land-owners working together,
they build up a tradition of investing in the property they used to work on. In the Netherlands
we have hardly any absentee-landownership.
In principle there are several systems for handling the flood-problem:

° defend the area against flooding by a dike or levee system

° allow flooding, but ensure that the damages during flood are minimal

° reduce the peak discharge by constructing some retention basins upstream.
A method to increase your safety on the cost of your neighbour is making your dike 10 cm higher than the dike of your
neighbour. In case of a flood, the dike of your neighbour will flood first, and consequently the level will drop
somewhat. And so you are safe. This is called “overdiking”. Already in the 17" century in the Netherlands we had law
which made overdiking illegal.

The choice between these options is mainly a political one. In the United States of America in
most cases the second option is selected, while in the Netherlands the first option is selected.

2.2.1 flood insurance and flood management in the U.S.A.

In the United States the Federal Emergency Management Agency (FEMA) administers the
National Flood Insurance Program (NFIP). Under this program everyone can insure their
property by buying and insurance policy from the federal government. This flood insurance
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covers part of all costs of damage to properties until a certain maximum (for a single-family
dwelling this maximum is for example US$ 185,000). For more details is referred to the

general information brochure of Fema [FEMA, 1992].

Besides being responsible for the administration of the NFIP, FEMA sponsors other activities intended to reduce losses
attributable to flooding. In pursuit of the latter goal FEMA has sought to:

® encourage wise land-use and watershed management practices;
° encourage better integration of natural and social systems;
L encourage appropriate design and construction practices in flood-prone areas.

The emphasis nowadays is both on structural control measures and on nonstructural strategies:
Structural control measures:

e dams and reservoirs
® levees and dikes
L channel improvements

Non structural strategies:

Land-use planning

Urban redevelopment and preservation

Land acquisition in flood-prone areas
Floodproofing

Forecasting, warning and emergency preparedness
post-disaster relief and rehabilitation

land use planning and management

The principal nonstructural strategy for reducing flood damage is to effect better use of water and land resources. This goal
is achieved through comprehensive planning for and management of these resources throughout riverine watersheds and
coastal environs.

Planning and management, as a strategy to reduce flood damage, addresses the critical need to better integrate the natural and
built environments. This approach to the problems of floodings is based on the knowledge that, while floods cannot and should
not be totally eliminated, the built environment can nevertheless be successfully developed if it respects the natural system.
Planning and management, in practice are base on compiling technical data on topography, drainage, soil composition, climate
and other natral characteristics and analyzing it in light of the physical, social and economic aspects of the built environment.
This analysis is then used to determine appropriate locations for both the encouragement and prohibition of building.
Implementation then relies on regulations, such as zoning ordinances, subdivision regulations, and health and building codes,
or on incentives that induce positive development practices. Floodplain management objectives can also be realized in
conjunction with programs for urban revitalization and preservation, or through land acquisition by public bodies to control
development.

Urban redevelopment and preservation

Renewal of cities is by nature a continuous process. It offers the opportunity to rectify many of the earlier development
practices that have contributed to flood damage. In some cases land that is particularly vulnerable to flooding can be cleared
by "down-zoning" it to open space uses. In many cases, however, economic constraints or the historical significance of a
building or district make this impossible.

When renewal is to occur, design and development can make use of site design and floodproofing strategies to lessen the
impact of flooding. Obviously, there is more latitude when working with a cleared site, but these strategies can also be applied
to existing buildings.

Historical preservation is often a high priority in rehabilitation. Schemes to preserve important cultural artifacts require careful
and creative use of damage reduction strategies to make a building safer from flood damage while respecting the integrity of
the original design.

Acquisition and relocation

In many flood-prone areas existing development suffers repeated damage. Often such locations can be protected only by
removing development, but this can rarely be accomplished without public ownership of the land. Public ownership is,
likewise, the surest way to protect vacant land that is subject to development pressure.

A growing number of public bodies recognize the desirability of both acquiring such hazardous sites, either trough negotiation
or eminent domain, and relocating existing uses to safer sites. This strategy mitigates recurring losses, helps to restore natural
processes in the floodplain, and promotes open space uses such as agriculture of recreation.

Floodproofing

Despite floodplain management and related programs to remove structures from hazardous locations, buildings will inevitably
continue to be located in such areas. It is necessary that these buildings be protected from flood damage. Floodproofing,
working in conjunction with floodplain management, provides this kind of protection.
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Floodproofing encompasses any technique intended to protect buildings from flooding, and typically includes elevating
buildings above the flood hazard level, providing watertight closures for doors and windows, and using floodwalls around
ground level openings or, alternatively, eliminating such openings. Also included are the use of water resistant materials,
structural reinforcement to withstand water pressures and placement of mechanical elements in the upper parts of buildings.
Floodproofing is applicable to historic buildings, to essential uses that are not suitable for alternative locations, and to areas
in which the capital investments in the existing urban infrastructure requires continued occupation of a hazardous location.
In these situations floodproofing can be indispensable. Floodproofing is especially suitable where moderate flooding with low
stage, low velocity, and short duration is expected.

Forecasting, warning, and emergency preparedness

Forecasting, warning and emergency preparedness measures are integral parts of a well-balanced floodplain management
system. For example adequate warning allows for the preparation of temporary floodproofing closures and the evacuation
of people and building contents from the hazardous locations. This is, in part, a technical issue of concern to meteorologists
and hydrologist and, in part, and administrative issue requiring a system of emergency planning, organization, communication,
and public education.

Relief and rehabilitation

Relief and rehabilitation are, in first instance, not methods of reducing flood damage, but ways of dealing with damage after
other measures have been insufficient. Relief and rehabilitation assistance can include direct clean-up operations as well as
loans, grants, and tax reductions to facilitate rebuilding and relocating where necessary. Federal agencies are the primary
source of this aid, with private support available from organizations such as the Red Cross.

Rehabilitation can provide important damage mitigaticn opportunities. When rehabilitation is necessitated by flood disaster,
future flood losses can be reduced by ameliorating many of the problems that contributed to destruction. There are often strong
local pressures to rebuild as quickly as possible, particularly where economic livelihood is involved. And such pressures are
justified. Yet, just as often, there are long term economic and social reasons for breaking the cycle of repeated destruction
and ensuring that earlier development mistakes are not duplicated.

Post-disaster rehabilitation is most effective if it responds to the needs of local residents but minimises future destruction. This
requires that redevelopment proceed according to sound principles of floodplain management, taking advantage of the various
methods for reducing flood damage that apply to new development.

Information on maps

In order to become eligible for Federal flood insurance, a number of basic maps has to be available. For the compilation of
these maps, detailed surveys, funded by FEMA, have to be made. These studies identify pertinent information, such as base
flood elevations, areas inundated by various magnitudes of flooding, floodway boundaries and coastal high hazard areas. The
information is provided in the form of Flood Insurance Rate Maps (FIRMs), Flood Boundary Maps and Floodway Maps.
Buildings in floodprone areas have to be constructed according to the design manuals provided by Fema [FEMA54, FEMASS,
FEMA 114]. Also manuals are available of the planning these areas [FEMALS5, FEMA 116].

2.3 determination of the design values

After having determined the risk level (and thus the allowable probability of failure), one can
determine the strength of a structure and the design load on the structure. Unfortunately it is
very difficult to determine the actual strength of an hydraulic structure. The only thing we can
say is that we design a structure in such a way that under a given design load the probability
of failure is very low. Around 1950 is was impossible to calculate the probability of failure of
a structure under a given design load. In the following sections an overview is given of the
history of the design values in the Netherlands.

2.3.1 the 1953 storm surge disaster

On 1 february 1953 it stormed. The water-level raised to a level of 0.6 m higher than the
highest observed storm surge (of 1894), with as consequence that 1365 km’ was inundated and
1835 people were killed. 47300 houses were damaged, the total damage to real estate was 160
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million guilders (in 1953 1 U.S. $ was approx. 3.60 Dutch guilders). In comparison, in 1916
6874 km’ and in 1894 306 km” was inundated. Because most of this area was also below mean
sea level, after passage of the storm, the polders were still covered with water. Repairing 160
km of dike took more than a year and it cost 380 million guilders. The total direct costs of the
disaster were 2000 million guilders, which was 14 % of the gross national product in 1952.
The main conclusion was: this should never happen again, and a committee of specialists (the
Delta-committee) was installed to find a solution

2.3.2 the solution of the Delta-committee

To overcome the problem that it was in those years impossible to calculate the inundation
probability, it was decided to design dikes with a design load with a given probability of
occurrence. Under this design load the construction has to be so strong that the probability of
failure is extremely low.

Practically this means for the central part of the Netherlands that the design water level is the
1/10,000 years level. So we design a dike with a design water-level with a probability of
1/10,000 per year. This water-level is determined using extreme value statistics. Together with
this design waterlevel we determine the accompanying other boundary conditions (like the
wave-height, etc).

Then a dike is designed which is able to withstand these design conditions with a very low
probability of failure. That means that it has to be fully stable. It has to have enough strength.
Thus: geotechnically stable, no wave-overtopping, no erosion of the slope protection etc.
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Figure 2.1: exceedance diagram for waterlevels at Hook of Holland
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In the previous figure the exceedance line of the waterlevels in Hook of Holland is presented.
This line is the basic exceedance line in the Netherlands. All other stations along the coast are
adapted from this line. In Hook of Holland the 1/10,000 waterlevel is 5.00 m above National
Datum (N.A.P), which is approx. Mean Sea Level.

Using Hook of Holland as a basis, the 1/10,000 levels for other places along the Dutch coast
can be determined. At other places the 1/10,000 level is quite different, because the both the
tidal amplitude and the storm surge set-up is different.

An other criterion of the Delta-committee was that not every place in the Netherlands needed

desgniienel 1 0

reduced design fevel i

Smabovg msi

Figure 2.2: Variation of design levels along the Dutch coast
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to be protected against a 1/10,000 level. Places where less people live, or with less economic
activity, may use a lower design value. For the south-western and northern part of the country
a level of 1/4000 is adopted. The figure below gives an impression of the variation of the
design levels along the Dutch coast.

This design method is common practice in the Netherlands since 1960, when the report of the
so-called "Delta-committee" was published.

However, this method regards only the load on the dike. It is assumed that the dike will not fail
under design conditions. Therefore the Delta-committee added some design rules. They advised
that a dike should be designed in such a way that every cross-section can withstand this
water-level, with the accompanying wave-run up in such a way that no serious damage to the
dike will occur. The number of overtopping waves should be less than 2 %.

2.3.3 solution of the "Becht-committee" for river dikes
Around 1975 it was realized that also river dikes had to be improved, in order to guarantee an
identical safety to the people living behind river dikes. The "Becht-committee" was formed to
determine the height of river dikes. This committee concluded that inundation by rivers is less
serious than inundation by sea water. This is caused by the fact that:

*  inundation with fresh water causes less problems than inundation with salt water;

*  the warning time for high-water run-off is longer than for a storm surge from the sea;

*  the polders along the rivers are mainly above the normal water level, and consequently

the water flows out of the polder after passing of the high-water in the river

*  there is no tidal flow through the gap in the dike, and repair is therefore more easy.
Based upon these considerations the Becht committee decided that river dikes should be
designed on a run-off with a probability of occurrence of 1/1250 per year. The "Becht-
committee” was influenced by the fact that the public dit not like the works for raising
dike-levels. In 1993 this work was reviewed by a new political commission [BOERTIEN, 1993],
but this commission did not change the selected value of 1/1250.

2.4 elements of risk-analysis and probabilistic considerations

2.4.1 risk analysis and fault trees

The study of structural safety centres on the concept of failure and collapse. Although two terms are commonly used as
having almost identical meanings, it is useful to draw a clear distinction.

A structure fails if it can no longer perform one of its principal functions. In the case of a dike (or other flood defence
structure) this function is, in general, the prevention of inundation, i.e., preventing a protected region from being
flooded, attended by loss of human life and/or damage to property.

A structure or a structural component collapses if it undergoes deformations of such magnitude that the original geometry
and integrity are lost. In general, collapse will be attended by a greatly increased probability of failure. It is, however,
quite conceivable that collapse occurs but not failure, e.g., slip affecting a dike during a long period of low water level.
The opposite may occur in the event of overtopping: the dike fails, but does not collapse.
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The word "risk” is sometimes used in various definitions:

"risk 1" = probability of an unwanted event

"risk2" = consequences of an unwanted event

"risk 3" = the product of probability and consequences of an unwanted event
"risk 4" =  risk 3 to the power N, in which N is the number of events per year.

In this Iecture notes (and usually in risk-analysis) the thlrd definition of risk is used.

Problems with the definition of risk

The purpose of the design of a flood defence structure is to obtain a structure
which, during its construction ant throughout its intended service life, has
sufficiently low probability of failure and of collapse. In order to achieve the best
possible assessment of this, a risk analysis is performed (see figure below). The
three elements of the risk analysis are: hazard - mechanisms - consequence.
A risk begins with the preparation of an inventory of the hazard and mechanisms.
A mechanism is defined as the manner in which the structure responds to hazards.
A combination of hazards and mechanisms leads, with a particular probability, to
failure or collapse of the flood defence structure or of its component parts.
The boundary between failure and non-failure, or between collapse and non-collapse
is generally called limit-state. A distinction is to be drawn between ultimate limit
state (ULS) (failure or collapse with regard to the principal functions) and
serviceability limit state (SLS) (failure with regard to other functions).
Finally, the consequences of failure or collapse must be considered. In the event of
failure of the flood defence structure as a whole, the relevant inundation
characteristics (inundation depth, inundation speed) must be ascertained and the
material damage and non-material damage loss be estimated. The probability of
failure multiplied by the damage or loss (=consequence) constitutes the risk. For
optimal design it is essential to seek an appraisal in the sense of weighing the risk,
on one hand, against the cost of constructing a flood defence structure, in the other.
In assessing the safety of flood defence structures it is very important to consider
the system as a whole. Structures are composed of many components, each of which
may be prone to many hazards and mechanisms. Collapse of component A may in

preparing an inven-
of hazards

l

v

formulating the
failure mechanisms

l

v

calculating the
failure probabilities

T

v

quantifying the
consequences

v

risk = probability x
consequence

Figure 2.3: elements of the
risk-analysis

turn pose a hazard to component B. The failure of some components may lead directly to failure of the system ("series
connection"); in other cases components may compensate for one another ("parallel connection"). A useful aid to
establish an ordered pattern in the many hazards, mechanisms and components is provided by diagrams such as fault trees

and event trees.

defence fails
o0
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a. Event tree

b. Fault tree

Figure 2.4: examples of an event tree and a fault tree
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In case of an event tree, the procedure of going form an undesirable initial event (failure of a component, fire, human
error) to the responses of the system and the consequences. A fault tree is based on the opposite procedure: starting from
an undesirable event, it is analyzed how this may have been caused. In drawing a fault tree, symbols such as AND-gates
and OR-gates are used. The AND-gate corresponds to the parallel system and the OR-gate to the series system. On the
next page a fault tree for a dike or other flood defence system in general is given. For typical structures, like a lock in
the dike, the problem is in general mot the structural failure, but the problem that the lock is not closed at the moment
of occurrence of the flood. This can also be worked out in a fault-tree. As an example a fault-tree for the closure of the
lock in the sea-dike near Vlaardingen is given. In this tree a single set of gates and one operating team is assumed.

Gates not
closed
,Cll
Lock keeper does Stand-b
not close the dyntem folls
gates
é
Lock keeper did not] Lock keeper wanted
notice the need to to close but was
close prevented
Lock keeper was on Lock keeper was on Lock
duty at the lock but was| |his way to the lock but| | elsewhere and could
unable was unable not come
Eﬁ
Lock keeper met with Lock ki r
an accldent became il

Figure 2.5: Fault tree for the closure of a lock

The drawback of event trees and fault trees is that they are rather strictly regulated. In an event tree it is, in principle,
not permissible to combine branches, and in a fault tree, no dividing of branches is possible. Furthermore, the system
is essential binary in character: an event occurs or it does not. In civil engineering, however, problems of a more

Design Philosophy
A dike should prevent inundation
Inundation is the unwanted event :
Inundation can be caused by several failure mechanisms
All failure mechanisms are combined to a fault tree

* % % & % % _.*

For every mechanism the probability of occurrence can be determined
Using the fault tree the probability of the main event can be determined

The main event should occur with a probability less than a given value. This value

is a political choice
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continuous character are of fairly frequent occurrence. An alternative to event trees and fault trees which overcomes the
said objections is provided by so-called cause-consequence-charts.

It is noted that all the above mentioned techniques have a recording than

rather a generating function. Conceiving what can go wrong, and how it can

[ go wrong, remains the designer's responsibility - and a very important one.

main defence It is often considered that thinking of hazard or a mechanism is of greater
to low importance that the whole analysis that follows.

storm tide

yes no

| Aids in preparing an inventory of causes of failure are:
main defence * data-banks
cal Lapasa literature studies
interviews
study of actual instances of damage
brainstorm sessions
I * experience with similar structures
defence fails B and so on. For commonly encountered structures most hazards are recorded
in guidelines and manuals. A general problem is that mostly people are not
yes. | ho willing on publishing data on failures, especially not when it are failures in
I = » their own jurisdiction. This is however, a fully misplaced feeling of honour.
L In principle, there are two approaches in ascertaining the probability of
inundation no damage failure due to a particular mechanism. One approach is to make a direct
estimate of the probability on basis of experience and intuition. Alterna-
tively, a probabilistic calculation may be performed.

yes no
T

SESES .

* ¥ ¥ *

Figure 2.7: simple example of a
cause-consequence-chart

2.4.2 probabilistic considerations

For a probabilistic calculation it is necessary to have a computational model of the mechanism.
On the basis of that model a so-called reliability function Z is established with regard to the
limit state considered, in such a way that negative values of Z correspond to failure and positive
values to non-failure.

Summarized: Z = Strength - Load.

The probability of failure can thus be represented symbolically as P{Z <0}. For simple
processes (like the collapse of an overloaded plank over a ditch) the Z-function can be
described easily. For the collapse and failure of a dike, this Z-function is very complicated,
mainly because of the complicated interaction between water, soil, revetment, etc.

In these lecture notes therefore the probabilistic calculations will not be discussed. Referred is
to the lectures on probabilism.

2.4.3 present status

In order to calculate a construction, three approaches were discussed in the above sections:
* deterministic approach.

One calculates the average situation and add a appropriate safety factor.

revetments and dikes (3 December 1997) IHE-Delft 2.10



probabilistic considerations

% semi-probabilistic approach
In calculations a characteristic value is used (for example the load which is not exceeded

in 95 % of the cases, or the strength which available in 95 % of the construction
material).
® probabilistic approach
Take into consideration the full statistical distribution of all parameters.
At this moment scientific developments are going on in the probabilistic techniques. In this field
nowadays a lot of research is done. Practical design at this moment is in general done using
semi-probabilistic methods. In many cases even a lot is designed using a full deterministic
approach.

As discussed above, in the Netherlands the design of a sea-defense was in all cases based upon
a characteristic load (water-level and waves) with a defined probability of occurrence. The fact
that there is also a variation in this load, as well as a variation in the strength of the sea-defense
was neglected. Studies are performed in order to find a probabilistic method in which also these
variations could be taken into account. With a probabilistic approach it is possible to achieve
this, but for dikes this is still quite complicated.

damage (107%) |

probability of failure
potential threat strength
transfer function theoretical model
black box:
boundary condition material +
geometry

general overview of calculation

For breakwaters a probabilistic calculation is quite possible at this moment (see "The use of
rock in coastal and shoreline protection”, page 47). Research is still going on in this field.

In the scheme above general overview of design calculations is presented. In a deterministic
approach the "Black Box" is usually described very simple, with straightforward parameters.
In a probabilistic approach for every step in the process the full statistical description is taken
into account (variance in input data, variance in transfer functions, variance in models of
strength, variance in material characteristics). A simple example is the wave run-up formula
R = 8 H tan «. In this formula H is a boundary condition, and « is parameter of the geometry.
The whole Black Box is summarised in the above scheme.
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In fact the approach of the Delta committee was that they concluded from a fault tree that there
are 3 major failures for a dike:

*  overflow

*  damage due to overtopping waves

*  damage due to geotechnical failure
The probability of the last two items could not be determined at that time. But by over-
dimensioning the dike, one could guarantee that the probability of occurrence of this damage
was less than 1 % of the probability of overflow. This means that the total probability of failure
of a dike is 10* + (<10 + (<10%) = 10*

2.4.4 the dike-circle

Using the probabilistic considerations, mentioned above gives a probability of failure of dike section. In fact a dike has
also a given length. The inhabitant of a polder area it is not interested what is the probability of failure of a give dike
section, but what is the probability of getting wet feet or worse. The low lying part of the Netherlands is divided in
so-called dike-circles. A dike-circle is a low-lying area, which is surrounded by dikes, dunes and/or high grounds.
Failure of one section of the sea-defense usually results in the inundation of a whole dike-circle. Each dike circle has a
given allowable probability of inundation. In the following figure the area of the 40 dike-circles of the Netherlands are
presented with the allowable inundation frequencies Te allowable inundation frequencies are laid down in the Law on
Sea Defense. The choice of an allowable inundation frequency is fundamentally a political decision.

More recent studies are performed to find the optimal allowable inundation frequency, based upon the economic value
of real estate and infrastructure in the dike circle. However, the values of human life, natural environment, historical
and cultural values, etc. made it impossible to define the optimal value in an objective way.

It is interesting to mention that the results of these studies indicate that the economically optimal values are in the order
of 10* to 10” per year. The frequencies proposed in the new Law on Sea Defense are a factor 10 higher (order 10” to
10).

In this Law it is also stated that the boundary values (such as water-levels) have to be recalculated every five year, and
that dike managing authorities have to certify every five years that their dike still fulfils the requirements. So, they have
to check the height of the dike, the quality of the slope protection, etc. In this way it its tried to prevent that the effect
of climatic changes causes surprises. The dikes have to be adapted to the new situations regularly. This is the main
reason that design water-levels, etc., are not given in the regulations, but only their probabilities.
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38 1/1250
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40 1/1250
41 1/1250
42 1/1250
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44 1/1250
45 1/1250
46 11250
47 1/1250
48 1/1250
49 1/1250
50 1/1250
51 1/1250
52 171250
53 1/1250

Figure 2.8: Safety levels in the Netherlands

2.5 basic difference with other type of constructions

All types of constructions will have to withstand certain design loads. In case of a dike the
probability that the construction will meet its design load is quite low. The probability that a
1/10,000 dike will meet its design load in a lifetime of 100 years is only 1 %.

This makes that you have to be very careful with the design elements. For example, for the
stability of the inner slope of a dike, one should prevent water flowing out of the slope. This

can be achieved in two ways:

* by making a drain in the dike

* by making a low berm along the dike
Both solutions are given in the following figure.
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Figure 2.9: two alternatives to prevent outflow of water from the toe of the dike

In theory both solutions function very well. However, one has to be sure that the drain is not
clogged. And there is no easy way to check that, because the drain functions only during
extreme outside waterlevels. And they occur, by definition, very seldom. Also in 50 or 75
years no-one knows that there is a drain in the dike, and that functioning of this drain is
essential during design conditions.

Therefore in dike-design one has always to choose for the simplest solution, for the solution
requiring less maintenance, prevent hidden construction-elements and use materials which
cannot deteriorate.

2.6 investing money

Building dikes is a costly business. The total value of the dikes (3700 km) and related structures
in the Netherlands is 26 billion guilders. At this moment we spend approx. 300 million guilders
per year for dike-improvement and related works. Maintenance costs of dikes are in the order
of 85 million guilders per year. Maintenance of the sandy coast costs 45 million guilders.

 extract from the Dutch National Budget ’-1:9;9;

‘dike maintenance S5 i8s mllllorﬁ

coastal maintenance ' 45 million
"artlflcial beach nourishment 80 million o
: total maintenance : 210 million

1mprovement of_ dxkes 1n

. . ) 155 m1111 n :
‘Rotterdam storm surge barrier 105 mi"" ion
1mprovement of river dikes o 2N : .

- - total. improvement works 315 million
contract research L ow RN 1;5,‘m [ 1lion

" total cost flood ‘contré‘l 540 mllllon

_'I'he above figures are 1nclud1ng the overhead ffrom_;the
personnel costs of the mlnlstry of public works and are
also including the expendltures made by lower authorltles

extract from the national budget of 1991
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From these figures follows that maintenance of 1 m of river dike costs 25 guilders; 1 m of sea-
dike costs 85 guilders and 1 m of sandy coast costs 150 guilders. The last figure is not
including artificial beach nourishment. Because you have always to improve your dike system
a yearly investment in "new" dikes of in the order of 100 million guilders is the minimum. This
means that the flood defence system costs the inhabitants of the Netherlands approx. 300
million guilders per year after completion of the present improvement works.

Insurance premium for fire-insurance is in the order of 1.5 0/00 of the value of the assets to be
protected. The value of the real estate protected by dikes in the Netherlands is in the order of
500 billion guilders. When there is a fire, also production stops. This can also be insured for
approx. 1.5 o/oo of the value of the production. The yearly production in this area is in the
order of 650 billion. So the total insurance premium to insure the lower part of the Netherlands
against fire (1.5 o/oo insurance premium) is approx. 750 million guilders.

For a risk, comparable to flooding, like burning down, we are prepared to pay yearly 750
million guilders. To prevent the risk of flooding we pay only 300 million guilders. From these
figures one has to conclude that flood defence is very cheap !!!

(By the way, we spend yearly 14206 million guilders on military defence.)

2.7 practical values

The values of 1/10,000 etc. are general values in the Netherlands. It is quite doubtful that in
the rest of the world identical values have to be used. As indicated above, these values depend
on the economic value of the activities in the area, the social acceptance of flooding, the amount
of money people want to spent on flood protection, etc.

In general one can state that high-yield agricultural area should not be flooded too frequently,
especially not by salt water. It also depends on the time of the year when flooding usually
occurs. For high-yield agricultural areas which might be flooded by fresh water one should
think of a flooding frequency of once every 10 years. When high investments have been done
in irrigation and drainage, one might decrease the frequency to 1/25.

For salt-water flooding one should use frequencies in the order 1/50 to 1/100.

For individual houses a value of 1/50 - 1/100 is a good guideline. In this case is assumed that
the flooding causes considerable damage to the construction of the house. If the flooding only
causes some water in the house, the frequency might be in the order of 1/10.

For a complete village the values for damage-causing floods should be in the order of 1/500.
For big cities, industrial areas and areas vital for the functioning of the country (airports,
railway stations, etc) the frequency of a damage causing flood should be in the order of 1/1000.

In the above it is assumed that the dikes only protect against a flood, and that after the flood
or storm surge the water flows away naturally from the area. If the dikes protect a polder area
with a surface level below normal high tide, then a tidal flow will remain in the dike breach,
even after the storm surge. In that case the frequencies should be at least a factor 10 less.

Of course the above values are only first estimates. In many cases the selected safety will be
a factor 10 more or less.
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In any case one should compare the risk of flooding with the other risks in the area (problems
with chemical industries, earthquakes, volcanos, etc).

In some cases a practical problem may arise with flooding frequencies in the range between
1/10 and 1/250. This return period is to short to regard this as "protected” by dikes, on the
other hand the period is too short to maintain alertness by the inhabitants. In such areas the
inhabitants develop a misplaced feeling that they are safe. In case of a flooding, they start
complaining. People do not realise any more that they live in a vulnerable area.

Therefore it is advisable to avoid flooding frequencies for build-up areas between 1/10 and
1/250.

In Great-Britain a method is developed to calculate the return period, by calculating the "house
equivalent" (HE). In terms of potential flooding damage, which is taken as a measure of the
value of the asses at risk, an HE is defined as the average annual cost of flooding damage
suffered by an average house which is at risk of flooding. For comparison other land use than
houses, the following table is used:

Land use Features Unit House Equivalent
House Number 1.0
Garden/allotments Number 0.04
NRP - Manufacturing Area (m?) 0.030
NRP - Distribution Area (m?) 0.054
NRP - Leisure Area (m?) 0.032
NRP - Offices Area (m?%) 0.033
NRP - Retail Area (m?) 0.035
NRP - Agricultural Area (m?) 0.01
C roads Number 2.7

B roads Number 6.3

A roads (non-trunk) Number 15.9
A roads (trunk) Number 31.7
Motorway Number 63.5
Railway Number 63.5
Forestry and scrub Area (100ha, 0.01 km?) 0.02
Extensive pasture Area (100ha, 0.01 km?) 1.3
Intensive pasture Area (100ha, 0.01 km?) 3.0
Extensive arable Area (100ha, 0.01 km?) 6.3
Intensive arable Area (100ha, 0.01 km?) 44.1
Formal parks Number 0.6
Golf/race courses Number 0.7
Playing fields Number 0.1
Special parks Number 9.2

NRP - Non-resident property
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All areas are divided into several Land Use Bands, each may have its own standard of

protection.

The standard given in the following table is the possible target minimum standard (Return

period in years) for tidal and sea defences.
Land Use Band Range of house Standard
equivalents/km
A >50 200
B 25-50 100
¥ 5-25 50
D 1.25-5 20
E 0.01-1.25 -

For many (especially) urbanised areas, this leads to low standards, because the standard is
never more than 200. For rural areas, this can be a very attractive approach, however the given
values for House Equivalents and the standard have to be adapted to local circumstances in

every country.
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3 Nomenclature

3.1 sea-dikes

The main characteristic of a sea dike is that it is attacked by varying waterlevels and a
considerable wave attack. The period of high water is relatively short (a number of hours), and
the water will rise very fast. The prediction of a storm surge is very difficult and only possible
on short terms (on a time scale of hours). In general there are no big problems from a
geotechnical point of view.

Therefore in general a sea dike has a relatively gentle outer slope and a berm on storm surge
level (both to decrease the wave run-up) and a heavy revetment. A revetment is in general
present at the height were the waves attack under normal conditions (to prevent erosion under
normal conditions) and at the height where the waves attack during design conditions.

The inner slope of a sea-dike is in general steep. For practical reasons, slopes are designed not
steeper as 1:2.5, because of problems with maintenance (on a 1:2.5 slope it is possible to walk
and to mow the grass)

storm surge level

Figure 3.1: schematic profile of a sea dike

In the above figure one can distinguish the following elements:

The toe-protection. This protection is especially for situations during low water, so for
the serviceability limit state. During a storm surge the waterlevel is much higher and
waves will not attack the toe. A second important function of the toe-protection is to
prevent scouring by currents (and waves) just in front of the dike. Very often the stones
used for the toe protection are stones from old revetments. Between the stones and the
subsoil some layer is in general required. This may be a geotextile. However it is very
difficult to place such a geotextile without any ballast. Therefore very often a fascine
mattress made of brushwood of bamboo is used. Also a flexible slab of bituminous
material can be used (like open stone asphalt [Fixstone™] or asphaltic mastic.). In case
of bituminous material one needs a gap, acting as valve to get rid of overpressure of
water. Also some connecting construction is required to prevent the slab from sliding
down into the river or tidal channel.

2. The toe construction. The toe is the foundation of the revetment. In general it is a row
of wooden piles. Sometimes a concrete sheetpile is used. In general experience shows
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that impregnated wooden piles or hardwood is very fitted for this function, so there is
no need to use concrete or steel sheetpile.

The revetment. In the zone were wave attack is expected the slope needs protection.
This can in the form of natural stone, concrete blocks, asphalt, concrete, and in cases
where wave action is minor, even a grass cover is sufficient.

The outer slope of a dike should be gentle in order to decrease wave run-up. However,
a gentle slope require more space. For the Netherlands the optimum outer slope is in
the order of 1:3.5. Outer slopes steeper than 1:3 are not recommended.

The berm. The main purpose of the berm is to decrease the wave run-up. But the berm
is also very important for maintaining the revetment. Therefore it is in general not
narrower than 5 m, and covered with asphalt or concrete blocks, to allow driving with
trucks for maintenance. Experience has shown that a revetment with a length (measured
along the slope) of more than 20 m is not serviceable. Making a berm in the middle
improves the serviceability considerably. The slope of the berm is very gentle, in the
order of 1:20 - 1:50. A horizontal slope is not advisable, because than water will remain
on the berm.

For decreasing wave run-up the berm should be designed approximately at design water
level.

The upper outer slope. This section of the slope is in general only attacked by waves
during design situations, and does not suffer from the wave impact, only from the wave
run-up. Therefore a grass cover is in general sufficient. This crass cover should be
maintained carefully.

In the Netherlands it is necessary to have a clay-layer of approx. 0.8 m thickness under
the clay in order to have a good grass cover (when the layer is thinner, the clay will dry
out and the grass will die). In case of a design storm the waves will erode the clay
slowly. A layer of 0.8 m clay is supposed to survive the storm (it is expected that after
the design storm, so as an average, every 4000 - 10000 years, considerable repairs to
the clay layer are required).

The crest. From a theoretical point of view the crest-width might be zero. Practically
is a minimum of 2.5 m, otherwise the execution will be very difficult. The crest should
be fully covered with clay or with the pavement of a road (the crest should be
impermeable). In most cases there is a road on top of the dike. In that case the crest
width is much more than 2.5 m. The minimum with is than determined by the minimum
width of the road.

The inner slope. The minimum inner slope is 1:2.5 for serviceability. In that case one
is still able to mow the grass. The inner slope needs no hard protection (no stone or
asphalt) if the dike is high enough to prevent overtopping. In that case a clay layer of
60 cm is required.

In those cases where more overtopping is allowed, it is necessary to make a more
resistant slope protection.

In some cases also an inner berm is designed. The only function of this inner berm is
serviceability and allowing an easier construction.

Drainage. It is important that the water can flow out of the dike in a controlled way.

Therefore in many cases some drainage is required. In general drainage can be made
as a simple gravel layer.
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9. Drainage and seepage ditch. The water that flows through the dike and is drained and
the water that flows over the dike during overtopping should be able to flow away in
a controlled way. Therefore in most cases (especially when the ground level is below
high water) a ditch is made.

10.  Dike body. The core of the dike is in general made of sand, because this is the cheapest
material. A dike, fully made of clay, is more impermeable and better, but is too
expensive. Therefore sand is used. The quality of the sand is of no importance.

11.  The subsoil. The subsoil available in general has to be used. For sea dikes the quality
of the subsoil is in general sufficient.

3.2 river-dikes

The main characteristic of a river dike is that it is attacked by a relatively slow varying
waterlevel and only minor wave attack. The period of high water is relatively long (a number
of days), and the water will rise slow. The prediction of a flood is very reliable on a timescale
of days. Because of the low rising waterlevel, the whole dike-body will be saturated with water.
The geotechnical problems are in general the most significant.

The composition of the subsoil below a river dike is in general highly variable. This is caused
by the fact that a dike in general is build on the shore of a river. This makes the subsoil-
composition at the river side completely different from the composition at the landward side.
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Figure 3.1: Schematic profile of a river dike

In the above figure one can distinguish the following elements:

1. The summer bed. This is the position of the river during the greatest part of the year.

2. The summer dike. This dike is to prevent the flood-plain (3) from flooding during small
variations of the waterlevel in the river in the dry period. This dike has to be
constructed in such a way that it may stand under water. A (relatively) thin cover of
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clay and grass is sufficient in such cases, provided that the dike is not overflown. To
prevent that, in several locations the summer-dike is made a little bit lower, to make
sure that overflow will occur in these designed places. At these special places the
summer dike is fully protected with a stone or asphalt cover (outer slope, crest and
inner slope). The water can flow over such a point without causing damage (see figure)

3. Flood-plane. This space is required to guarantee a good run-off during high discharge.
Therefore the hydraulic resistance of this area has to be low. Construction of buildings
in this area is prohibited. Also it is not allowed to plant new bushes and trees in this
zone.

4. Outer slope of the dike. The maximum steepness of the outer slope is 1:2.5. In general
the slope can be covered with grass. In some cases it is necessary to make some
provisions near the toe of the dike against scouring during high run-off. A good
vegetation is therefore vital. Sometimes one find high trees in the floodplains near the
dike. They cause some resistance. In cases where the floodplain is wide enough, this
has the advantage that the current near the toe of the dike is somewhat less. A
disadvantage is that because of shadow, the growth of grass on the dike is somewhat
less (in Dutch conditions).

3. Revetment. At design level it is sometimes necessary to make a revetment. Because the
fetch during high water may be considerable (very wide river with a depth of several
meters) also waves up to 75 cm may occur. When these waves act several days on one
place of the dike slope, they may cause erosion. In general the revetment can be a very
light one.

il

Figure 3.3: River directly along the dike

In some cases the river flows directly along the dike. This happens in general in the
outer bends of meandering rivers or in the outer bends of tidal gulleys in estuaries and
tidal rivers. In this case the revetment has to be continued much below the low water
level. This is necessary to prevent uncontrolled scouring at the toe of the dike. Such
scouring might endanger the stability of the dike.

6. Crest. Like for sea-dikes, the crest width for a river dike is also at least 2.5 m, in case
of a road on the dike, it is much more. Also river dikes should have an impermeable
crest.
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Figure 3.4: Overflow of a summer dike

10.

11.

Inner slope. The inner slope is in general more gentle than 1:3 in order to get a
geotechnically stable slope. Because one will always try to keep the phreatic line inside
the dike, the slope is made quite gentle.

Inner berm. To keep the phreatic line inside the profile, it is sometimes necessary to
make a wide inner berm along the dike. This berm is in some cases also necessary to
prevent piping.

Ditch. River dikes are designed for a no-overflow, no-overtopping condition. Therefore
a ditch is not required. Sometimes it is even dangerous to make a ditch, because it might
be the starting point for a sand boil.

Dike body. The dike body may consist of cheap material (sand). A clay dike is in some
cases better, but is in general too expensive.

Subsoil. At some locations the subsoil is of such a bad quality that it is absolutely
required to remove it. This is the case when the subsoil consists of very thick layer of
soft peat layers. Then the consolidation is too much. The peat is removed and replaced
by sand. This is done by hydraulic dredges. An example of such a removal are the dikes
around the polders in the IJsselmeer area.
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Figure 3.5: Cross-section of lake dikes in the lJsselmeer-lake

In figure 3.5 above two cross-sections are given of the dike around the
Noordoostpolder. These dikes have been build in the IJsselmeer-lake. The local
waterdepth was 3.8 meters. The peat and very soft clay was dredged away until a depth
of 9 - 11 meters below Mean Sea Level. Afterwards the trench was filled with sand.
This operation was carried out in the middle of the lake.

When these soft layers are not removed, the dike body will settle down into the subsoil.
In the following figure an example is given from a river dike near Gouda. The dike at
this location is a couple of hundred years old, and has been enlarged several times.

£ -1250
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Figure 3.6: Cross-section of an old river dike near Gouda

3.3 dikes along canals and inland waterways

The third group of dikes consists of dikes along canals and inland water. Regions that border
inland lakes and belt canals can be flooded by these lakes or canals, because the surface levels
of the protected areas are below the water level. The results of failure are not so dangerous,
as the water body that may cause an inundation is not so large, whereas the potential inundation
areas are relatively small. Therefore, a relatively small design return period of 1:1000 years
could be applied.
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In the Netherlands, "belt" canals were excavated around the lakes to be drained. With the soil
dug from these canals (often peat) a belt canal dike was made between the canal and the lake.
These belt canals left part of the existing water course system intact, necessary for the transport
of superfluous water to the sea or river, and for navigation. During the centuries of impoldering
activities in the Western part of the Netherlands, an inter-connected network of belt canals and
belt canal dikes was established. The subsoil in this area mainly consists of strata of peat and
soft clay, causing severe subsidence of the dikes at a rate of up to 0.05 to 0.10 m per annum.
As the water levels of the belt canal and the whole system of canals leading to the sea is kept
constant, this subsidence has necessitated in frequent heightening of the belt canal dikes (up to
once every 2 or 3 years), usually using locally available materials. This resulted in an
inhomogeneous top layer of up to 4 to 5 m thickness of dredged mud, peat, clay, rubble, ashes
and sometimes sand (see Figure 7.12). The additional weight often resulted in further
subsidence.
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Figure 3.7: Cross section of a belt canal and its dikes

Safe belt canal dikes have become of increasing importance, since the growing population and
industrialisation have necessitated building in the low level polders. The design of belt canal
dikes has not changed very much over the years; maintenance is now the major activity. The
crest must have a minimum width of 1.5 m, but a width of 3 m is recommended to cater for
vehicular transport. The crest must be 0.5 to 0.8 m above the extreme belt canal water level,
which is regulated by the pumping station of the polders itself, and by the pumping stations and
sluices, which drain the belt canal water in the sea. The belt canal water level varies within
certain limits.

In case a belt canal dike would burst, such a low-level polder would be inundated completely
by the water stored in the belt canal system. Such a dike burst would cause a depression of the
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level of the adjacent belt canal, therefore also endangering the stability of the dikes along the
canal. Division of the belt canal system by means of emergency weirs limits this effect to a
restricted area. The problem of this solution is, however, that more local damage to the belt
canal dikes would occur, because of the quick fall of the water level in the belt canal. The belt
canal dikes are covered with turf and only protected against stream and wave attack at the water
level, and therefore not sufficiently protected against such negative conditions.

A less obvious threat comes from animal activities: grazing cattle and especially musk-rats.
Grazing cattle destroys the turf on the belt canal dikes, and makes a quagmire of the outer slope
when drinking from the belt canal. Musk-rats are even more dangerous, because they burrow
their holes in ground adjacent to open fresh water, which leads to instability problems. As the
entrances lie below water level and the tunnel systems can be very extensive, the tracing of this
threat is difficult. Catching the musk-rats is the only way to combat.
3.4 revetments
In general one may define a revetment as a sloping surface of stone, concrete or other material
used to protect an embankment, natural coast or shoreline against erosion. Includied in this
definition is that the protection of the seaward slope of a seadike (or the riverward slope of a
levee) can also be called a revetment. However in those cases a revetment is often referred to
as "slope portection".
The definition is somewhat vague. Often a (small) sheet-pile is part of a revetment, although
this is according the definition impossible.
Types of revetments:

I. sloping solutions

a. rip-rap (loose material, rock armour)
b. placed stones, pitched stones

c. constuctions with connected ballast
d. impermeable (bituminous) structures

II. Vertical solutions
a. sheetpiling

b. piles
G stones with pile-foundation
III. Combinations
a. double row of piles (with reed)
b. piles with placed or dumped stones
c. bituminous structures

3.5 special constructions

A good dike is a wide construction. Suppose the height is approx. 5 m. With slopes of 1:3 on
the outer side and 1:2.5 at the inner side, this gives a total width of 30 m. Additional there
should be a restricted zone at both sides of the dike. In this restricted zone construction
activities are forbidden. It is also forbidden to dig holes in the restricted zone. In build up zones
this causes sometimes serious problems, because no space is available. Then special

revetments and dikes (4 December 1997) IHE-Delft 3.8



special constructions

constructions have to be designed, like cofferdams, movable constructions, etc. All these

constructions can be build technically in such a way that they are completely safe.

However there are two major constraints of these special constructions:

a. Very often they consist of movable parts. Human action is required to bring these parts
into position. Risk-analysis has proven that especially the human component in such
special cases is determining risk factor. Also require these constructions a lot of
maintenance.

b. Dikes are designed for an event with a very low probability. This is not very inspiring
for maintaining the construction, especially when it is not visible. And because the life-
time of the construction is very long (order of centuries), one needs to be certain that
all vital components of the construction still function in many years. This is very
difficult to guarantee, especially with hidden parts (steel sheetpile into the dike, who
will check that it is not rusted away ?7)
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4 Limit states and boundary conditions

4.1 general

As stated in the previous chapters, the design should be based upon the functional
requirements taking into account the environmental conditions in the project area and giving
due regard to constructional aspects, operation and maintenance.

4.1.1 the functional design

The function of the coastal structure, as defined in the previous chapters, is mainly to protect
the hinterland against the adverse effect of high water and waves. If high-water protection is
required the structure should have a height well above the maximum level of wave-uprush
during storm-surges. This normally calls for high crest elevations.

If, however, some overtopping is allowed in view of the character of the hinterland, the
design requirement is formulated in terms of the allowable amount of overtopping. In Holland
a value of 2 litres per second per running metre of dike is accepted for instance. Obviously
crest-elevations can be reduced considerably in this case. For structures, such as breakwaters,
where wave-reduction is the main objective a further reduction in crest-height can be applied.
Wave-heights due to transmission and overtopping should be negligible during operational
conditions but may reach values of 0.5 metres in extreme design conditions. Finally, training
walls are mainly used to direct flow. The crest-elevation is mainly determined by
constructional aspects, which implies that a minimum level of 2 meters above mean high
water should be applied to guarantee an uninterrupted progress of work. Wave overtopping
during operational and extreme conditions are of less concern in this case. Methods to
compute the required crest-elevation will be given in the subsequent sections. As the
computational method depends to a large extent on the structural-concept, this should be
selected first.

4.1.2 the structural design

The selection of the structural concept depends on the function, the local environmental
conditions and the construction constraints. The governing criteria are the technical and
economic feasibilities of the project under consideration. Basically, a simple sheetpile wall
will be sufficient to provide the required crest-elevation. Such a concept is feasible, only in
small water depths with moderate wave action. In deeper areas the coffer-dam concept has
to be applied, which is more complicated to build, especially in areas with frequent wave
agitation. Another method to stabilize the sheetpile is the use of anchors. All these methods
are particularly useful for slope and bank protection in waters which are well protected
against waves.

Vertical-face structures can also be constructed by means of gabions, block type dams, or
caissons. In this case the stability is derived from the weight of the structure, which is
therefore called a gravity-type structure. Often, the performance of such structures in terms
of overtopping, is improved by using a parapet or crownwall. Gravity-type structures may
be used in moderate to large water depths, provided that no breaking waves occur. Due to
the potential foundation problems as a result of dynamic wave-loading, such conditions should
be at least twice the design wave height. Obviously, the construction, the transport and the
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positioning of caissons requires knowledge and experience, which often makes the method
impractical. Especially in areas where the weather-windows for construction are small, the
caisson concept could be a good solution. In many areas in the world wave-heights and
foundation conditions are such that no gravity-structures or sheetpiles can be used. Sloping
structures are a solution then, as wave loads on these structures are more easily accounted
for. Moreover, foundation loads are more evenly distributed and differential settlements can,
to a certain extent, be accepted.

The slope-type structure is most widely used since it is a versatile concept which can be
constructed by less-experienced contractors as well. The structure can be used in moderate
to deep water, and can be designed to withstand severe waves. With the increasing size of
the structures, however, the limits of the application are more or less reached. For a general
description of a dike or sloping seawall one is referred to the previous chapter.

4.1.3 design philosophy

Coastal defences are constructed to protect the population and the economically valueble areas
against storm surges. However, absolute safety is nearly impossible to realize. Therefore it
is much better to speak about the probability of failure (or safety) of a certain defence system.
To apply this method, all possible causes of failure have to be analyzed and consequences
determined. This method is actually under development in the Netherlands for dike and dune
design. The "fault tree" is a good tool for this purpose. In the fault tree, one considers all
possible modes of failure of elements which can eventually lead to the failure of a dike
section and to inundation. (See the chapter on risk analysis.) They can also badly influence
the behaviour of the revetment even if properly designed.

Although all categories of events which may cause the inundation of a polder are equally
important for the overall safety, the engineer’s responsibility is mainly limited to the technical
and structural aspects. In the case of the seadike the following main events can be
distinguished:

- overflow or overtopping of the dike

- erosion of the outer slope or loss of stability of the revetment

- instability of the inner slope leading to progressive failure

- instability of the foundation and internal erosion (i.e. piping)

- instability of the whole dike.
For all these modes of failure, one considers the situation where the forces acting are just
balanced by the strength of the construction (the ultimate limit state). In the adapted concept
of the ultimate limit-state, the probability-density function of the "potential threat" (loads) and
the "resistance" (dike strength) are combined. The category "potential threat" contains basic
variables that can be defined as threatening boundary conditions for the construction e.g.
extreme wind velocity (or wave height and period), water levels, and a ship’s impact
(collision). The “resistance” of the construction is derived from the basic variables by means
of theoretical or physical models (e.g. theoretical or semi-empirical stability-models of
grains). The relations that are used to derive the potential threat from boundary conditions
are called transfer functions (e.g. to transform waves or tides into forces on grains or other
structural elements). The probability of occurrence of this situation (balance) for each
technical failure mechanism can be found by applying mathematical and statistical techniques.
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The safety margin between "potential threat" and "resistance” must guarantee a sufficiently
low probability of failure. The 3 different philosophies currently available in construction

practice are: 1. deterministic,
2. quasi-probabilistic and
3. probabilistic.

For fully probabilistic approach more knowledge must still be acquired concerning the
complete problems associated with the use of theoretical models relating loads and strength.

The ultimate potential threat for the Dutch dikes is derived from extreme storm surge levels
with a very low probability of exceedance (1% per century settlements or deformations, etc.).
However, this deterioration of constructional resistance can cause an unexpected failure in
extreme conditions. These are, so called, the serviceability- and fatigue limit states which can
also be considered as inspection and maintenance criteria.

As already mentioned, the fully probabilistic approach for dikes based on the limit state
concept is rather cumbersome because a theoretical description for various failure modes is
not available yet. For a more detailed description of probabilistic approach for dikes design,
one is referred to the lectures on probabilistic design.

4.2 ultimate limit states

4.2.1 ultimate limit state of failure

In the design process one is most interested in the ultimate limit state (ULS) of a failure
mechanism. This state describes the situation wherein the acting extreme loads S are just
balanced by the strength R of the construction. If the ultimate limit state is exceeded the
construction will collapse or fail.

4.2.2 ultimate limit state of sustainability
Besides the Ultimate Limit State there are situations where the ever continuing presence of
a load causes a deterioration of constructional resistance over time, without imminent danger
of failure. In this case the mechanisms "erosion of the foreshore" and "settlement" are
examples. This deterioration of constructional resistance may cause unexpected failure in
extreme conditions. Hover the serviceability of the structure is often hampered before failure
(excessive leakage due to piping). The Serviceability Limit State (SLS) is treated in the same
way as the Ultimate Limit State.
A point of great practical importance is that a Serviceability Limit State, i.e. deterioration of
constructional resistance over time can be improved in two ways:

1. increasing the resistance to guarantee sufficient strength during the service life;

2. the deterioration of the resistance can be controlled by inspection and maintenance

procedures.

4.2.3 ultimate limit state during construction

In general most attention is paid to the behaviour of the structure after completion. But during
construction there are also periods in which the construction may fail. During construction
storms may also occur. But much more dangerous are the geotechnical failure mechanisms.
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In general, geotechnical failure occurs when the pressure on the soil particles decreases.
During the construction this may happen when poorly drained soils are loaded. Then the
water pressure increases, decreasing the pressure between the soil particles, leading to
instability. After some time, due to drainage, the excess of water flows away, and the water-
pressure decreases.

This makes it necessary that the construction process should also be analyzed on limiting
states. Sometimes it is necessary to change the method of construction, and in very special
cases it is even necessary to change the complete design, because it is not possible to build
the original design. As mentioned before, this mainly happens with heavy dike constructions
on soft soils.

4.2.4 overview of ultimate limit states (strength)

Good engineering practice requires that attention should be given to all possible modes of
failure of the construction under design. This is a common approach in the design of steel and
concrete structures, and also applicable for the design of dikes and levees and revetments. For
an overview, refer to figure 4.1.
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creating a gap. Also collisions from ships and : -
floating debris may lead to erosion of the outer Figure 4.1: Failure mechanisms

slope.

8. damage to toe and bottom protection. Wave reflection and concentrated currents may remove the stones
of the toe protection. Without its toe protection the revetment is no longer in a stable position.

9. scour. Currents may cause scouring in front of the bottom protection. The scouring holes may become

that deep that the edge is no longer stable, and failure will be initiated. The effect of the current may
be aggravated by wave action.
10. settlement. Because of the deadweight of the dike body, the subsoil will settle.
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4.3 boundary conditions (loads)

4.3.1 general
It is clear that the boundary conditions for dikes follow mainly from water levels and waves.
In general these are called the natural boundary conditions. The quality of the subsoil,
important for the geotechnical stability, is sometimes also called a boundary condition.
However in these notes the quality of the subsoil is treated as an separate item in the analysis
of the limit states, because the quality of the soil is related more to the strength than to the
loads.
Important for the construction of a dike are:
- The (maximum) water levels and the height of the waves;
o the magnitude of the water level difference between the inner side and the outer side
of the dike;
the magnitude of the water level difference along the dike (currents !!);
the time between high and low water;
* the number of times that this water level difference occurs during the lifetime of the
structure;
o the rising and falling of the water (how much time is taken the for water level to rise
from normal to extreme).

A lot of relevant information for a seawall/dike design can be drawn from files and existing
maps. In addition to this, a field reconnaissance and a land survey are indispensable, as well
as photographic recording of the characteristic points in the area. Special attention should be
paid to the position of the beach and/or onshore profiles, and the morphology of the area
being considered (eroding/ accreting coast). The composition of the existing dike body and
the geological structure of the subsoil are also very important. When these data are not
available, soil investigations should be considered (soundings, borings etc.).

In view of the function of (coastal) water defences the loads will obviously be mostly due to
the actions of long and/or short waves. In broad outline the following wave phenomena can
be distinguished:

(a) low-frequency water levels changes, such as flood waves, tidal waves, wind set-up
gradients and seiches;

(b) wind waves and swell;

©) ship’s waves in navigable waterways.

These water levels variations strongly influence the area which needs to be protected with

hard revetment.

Water level variations on canals and water-storage channels are comparatively small; probably
only caused by lockwater, seepage, drainage and wind effects. Water levels on lakes can vary
as a result of wind set-up, inflow or outflow of water, and evaporation. Water levels in a
reservoir can change markedly due to filling or emptying, but rainfall and wind set-up can
also play a role.
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Water levels on a river are determined by the river’s discharge regime, and in addition for
the lower reaches (estuaries) by tides and also wind set-up. For a coastal defence embankment
water levels are governed by tides and winds.

It is clear from the above table that the differences in dike types can be found in the
differences in natural boundary conditions. On of the most complex types of dikes (from a
viewpoint of natural boundary conditions) is the sea dike. There we find all types of water
level fluctuations:

* astronomical tide
flood waves (tsunamis)
squall oscillations (seiches) and gust bumps
wind set-up
climatological variations

= wind waves.
All these phenomena will be discussed in more detail in the following chapters. The boundary
conditions for river dikes will also be treated. Any non-natural boundary condition is also
very important and human acts have sometimes a considerable influence on the boundary
conditions, by making dams, dredging rivers, etc.
Overview of various types of dikes

e ey e e e o N e e e T e e R A e A N T e =

* ¥ X %

water level water level duration | dh/dt frequency | water level | wave
diff. across diff. along | height

canal dike known small long small often small small
polder dike known small long small often small small
lake dike uncertain variable short variable seldom small moderate
reservoir known big long small often small moderate
upper river unknown big long variable | seldom big small
tidal river unknown big short big seldom big moderate
seadike unknown big short big seldom big big
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4.3.2 reference level, sea level rise, subsoil settlement

As indicated before, the design water levels should be related to a certain probability of
occurrence. The value of this level is discussed in the next sections. However, in time there
will be a change in the design level itself because the sea level is rising and the subsoil is
settling. The quantity of rise in design level over time depends very strongly on the design
period of the dike. In the Netherlands usually a design life of 50 years is used for dikes. For
constructions which are not very easy to reconstruct completely (like a storm surge barrier)
a lifetime of 100 - 200 years is used. The rationale behind this is that during such a period
a lot of partial repairs will be done, but it is in general very difficult to change the complete
layout of the structure. Also the values of sea level rise and bottom subsidence are very
uncertain. It may be more than expected, and because it is in general not very expensive to
make a barrier 1 m higher, why not do so and prevent a lot of problems in future.
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The settlement of the upper layers can be calculated quite accurately when enough
geotechnical data are available. The settlement is caused by compression of sublayers due to
the weight of the dike. This settlement may vary considerably over the route of the dike.
The subsidence of deep layers is a more geological phenomenon and is much more difficult
to calculate. Because it is quite constant over the whole route of the dike, it is generally
combined with the sea level rise. The combination of sea level rise and subsoil subsidence
is usually called relative sea level rise.

sea level rise

For many years it has been known that the sea level is rising. From geological evidence it
has been observed that the sea level sometimes rose as fast as 5 m per century. However, in
historical times this sea level rise was generally much more moderate. In the last century the
relative sea level rise in the Netherlands was 20 cm per century. This relative sea level rise
is the rise of the sea level itself plus the changes of the level of the land. In the Netherlands
this is a subsidence, and consequently the relative sea level rise is more than the rise of the
level of the sea itself. The relative sea level rise can be determined from long time series of
water level observations. Long in this case means in the order of a century. Unfortunately
for most of the places these long series are not available and an extrapolation has to be done
from a much shorter time series. This is sometimes quite dangerous.

In the following figures the water level of two stations in the Netherlands are given. As can
be seen from these figures there is a relative sea level rise of approx. 20 cm/century at this
moment.
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Figure 4.3: Average water level at Amsterdam 1700-1925

Since the beginning of the eighties it became clear that an increased sea level rise might be
expected because of an increase in the greenhouse effect. High concentrations of CO, and

revetments and dikes (5 January 1995) IHE-Delft 37



limit states and boundary conditions

0861-0061 13A0 pajejnojed ‘uabuissip 086L-EE€61L 19A0 pajenojes ‘uabuipey
0861 0961 09614 0l6l 0061 0gel 0981 0861 09614 0761 0z6l 0061 0881 0981
1 i PRI SRyt DA SR S AN | VR | L — 05¢ L 1 Y U ) B S| I s TV | 1 " ST ' 0zt

0LE 011
06€ 091
081
8Jua1a}g |epll o0z

086l 0964 0961 0z61 0061 088l 0981
L L . L L . . . - - - - - - - 0z
00i-
08-
09~

SI9)Jep\ MO

0961 0761 (141} 0064 ogel 0981

T OV VR DT W SN SN NN TS (= N (Sessy (S | SURUY (S| (RSP RSry! | s [ S | 0€-

sig1ep\ YbiH sis3ep\ YbiH Cous

IHE-Delft 38

Figure 4.2: water level observations in Vlissingen and Harlingen

revetments and dikes (5 January 1995)




boundary conditions (loads)

other greenhouse gasses cause higher global temperatures that cause an extra increase in sea
level rise.

In the past, the sea level has never been constant. During the last Ice age the sea level in the
North Sea was 140 m lower than at present. At that time a great part of the North Sea was
land, and the Thames was a tributary of the Rhine river. Although the sea level in the last
1000 years has been rather stable, many fluctuations in the order of some decimeters
occurred, see figure.

Since approx. 1850 there has generally been a relative sea level rise along the coast of the
Netherlands of approx. 20 cm per century. The values per station vary from 15 cm near
Terschelling to 26 cm near Hook of Holland. Recent research of the European Community
shows that at this moment there is no statistical proof from the available data-series that there
is an increase in the present rate of sea level rise. It can be proven that it will still take many
years before such an increase in the rate of sea level rise can be proven from observations.
However, investigators assume that the increased concentration of greenhouse gasses will lead
to an increase rise in the sea level. Many figures have been mentioned. For the Netherlands
the official estimate at this moment is a rise of 60 ¢cm in the coming 100 years.
Publications of Hesselmans in 1993 and the IPCC supplementary report (1993) indicate that
the rise of the temperature will be somewhat less because of the increase of soot in the
atmosphere (2.5°C instead of 3.0°C). Based on this 2.5°C, Wigley (1992) computed a sea
level rise of 48 cm until 2100. Including subsidence this means for the Netherlands a relative
sea level rise of 52 to 56 cm .

Other studies, for example by Oerlemans (1993) indicate a sea level rise until 2100 of 58 cm.
Because of the large unreliability in these figures, the "official" value of 60 cm/century is still
used in the Netherlands. The standard deviation in this value is in the order of 25 cm.

changes in the tide

The tide along the coast of the Netherlands has changed considerably over the last 100 years,
with a large variation along the coastline. The largest variations have occurred where the tide
has been reduced considerably due to closing works. In areas where the morphology was
altered considerably (Wadden Sea and Westerschelde), changes in the tide also occured.

A minor change in the position of the amphidromic points has also been observed. However,
in points like IJmuiden and Helgoland (in Germany) changes in the tide have also been
observed, which cannot be explained by civil works or morphological changes.

With reference to the average water level there is a clear increase in the high water levels and
a decrease in the low water levels. For example for Terschelling the sea level rise for the
period 1940-1990 is 15 cm per century, while the high water levels increased with 28
cm/century. The low water levels decreased with 1 cm/century. In Bath (along the
Westerschelde) the high water level increased with 57 cm per century. For the period 1900-
1990 this increase is 47 cm/century.

The stations in the table all give a higher rise of the average high water than of the mean
water levels. Over the last 50 years (1940-1990) this difference is approx. 5 cm per century.
In the Ems estuary in the north of the Netherlands this increases to 10 cm/century, in the
Westerschelde it increases to 50 cm per century near Bath.
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There are plans for increasing the depth of the Westerschelde by dredging. The consequence
of this will probably be that the increased rise of the high water will continue.

It is therefore important to realise that not only will there be a change in the average water
level, but also that due to the increase in tidal amplitude the high water levels will increase
much more. This is especially true in cases where estuaries are deepened by dredging
operations.

Relative sea-level rise for various stations in the Netherlands

e e S I T e ey

sea-level sea-level high-water low-water tidal
rise rise rise rise difference
1900-1990 1940-1990 1940-1990 1940-1990 1940-1990

Bath - —— 57 -6 63
Hansweert 16 25 44 20 24
Terneuzen 25 28 42 14 28
Vlissingen 23 19 29 15 14
Westkapelle - e 18 16 02
Hook of Holland 26 28 (44) 22 (22)
IJmuiden 21 20 32 16 16
Den Helder 17 20 22 12 10
Den oever - o 34 — ——
Kornwederzand - 15 22 ——— e
Harlingen 16 19 31 14 17
Texel - == 23 18 05
Terschelling 15 1.1 28 =1 29
Delfzijl 21 23 (49) (=10) (60)
Nieuw Statenzijl -- == 32 - =

(xx) means that there is not a clear linear trend
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4.3.3 long duration extreme water levels (river floods)

For rivers it is relevant not to determine the once in N-years water level, but the once in N-
years discharge of the river. This makes the hydraulic computations much simpler. In the
Netherlands the design flood for the Rhine river has a probability of 1:1250 per year. For the
Rhine river this is a discharge of 15,000 m%sec, for the Meuse-river it is 3650 m?®/sec
[BOERTIEN, 1993].

Using these discharges at the places where the rivers enter the country (for the Rhine it is that
near the village of Lobith, for the Meuse it is that near the village of Borgharen), one may
calculate the water level along the river. One should of course take into account the effects
of bifurcations, barrages, weirs, etc. In the Netherlands the general water level and discharge
pattern is calculated using a one-dimensional computer model with many branches, the
detailed water level is calculated with the use of a two-dimensional computer model. The
accuracy of these models is in the order of a few decimeters for design circumstances (for
those situations the models cannot be calibrated).

The shape of the floodwave is quite important, because this shape determine the time that a
levee is loaded. Especially for the failure-mechanisms of piping and stability of the inner
slope the saturation of the dike body is important. Full saturation takes several days, approx.
the same time as a usual flood wave. When the waves are shorter, the risk of piping is less,
when the floodwave is longer, there is considerably more risk of piping.
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4.3.4 short duration extreme water levels (storm surges, wind set-up)

The water levels on the oceans also continue in shallow water. Some of the effects are
amplified. But also typical nearshore effects may occur,like wind set-up. The friction of the
wind causes a force on the water surface; this creates the ocean currents. But if the sea is
relatively shallow, no return-current can be formed in deeper water, and the surface water
will rise near the shoreline. This can happen during a storm, but it can also be caused by a
very long lasting wind system, like a monsoon or a trade-wind. The effects are more signi-
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Figure 4.4: discharge exceedance of the rivers Rhine and Meuse

ficant in shallow seas like the South Chinese Sea, the North Sea or the northern Gulf of
Bengal. In this last case set-up values of 6-9 m were observed. In the Netherlands the wind
set-up along the coast of the North Sea can be in the order of 3.5 m (with a probability of
1:10000).
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This effect can be determined in two ways:

*  Analyze long time series of water level observations. In this way one gets a combined
statistic of (astronomical) tide and storm surge. If time series are long enough, this
is usually the best solution.

*  Calculate the storm surge effect. There are several formulas for the computation of
the set-up, they will be discussed in the end of this section.
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Figure 4.5: shape of the flood-wave in the Rhine river

These formulas are not very accurate. It is better to use observations of water levels, correct
them for the tides (using the calculated astronomical tide) and put the observations in an
exceedance diagram. From the diagram one may read the probability of occurrence of a given
wind set-up.

For very low frequencies of occurrence, sometimes the tide itself is also included. In those
cases one gets the probability of the water level itself. An example is the exceedance line
derived by the Delta Committee in the Netherlands, see chapter 2.3., figure 2.1.

This procedure can be followed for each place along the coastline. The variation of this
exceedance-line along the coast may be considerable. Extrapolation to other locations is
therefore always a problem. In case of extrapolation one should always try to split up the
water level in the astronomical component and the wind set-up, as it is given in the following
figure.
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computation of wind set-up

The wind causes a friction force on the water surface, resulting in a stress on the surface.
This will result in either a current or a change in the slope of the water level. A current will
occur when the water can flow away, a slope will occur when the water cannot flow away
(e.g. in a lake). So, the water level change can be described as a differential equation in
which parameters are included as: water depth, wind speed, fetch, geometry of the basin, etc.

200

100
p —1— : :
30 jan. 31 jon. 1 febr. 2 febr.

Figure 4.6: Water levels in Vlissingen during the 1953 storm surge

For irregular bottoms or irregular topographies the differential equation can be solved
numerically. Calibration of these models is difficult, and therefore most of the models are not
very reliable.

For a first estimate one can schematize the geometry. Then a standard solution of differential
equation can be used.

For lakes and other nearly enclosed water bodies one can use the following formula:

_1 Pair *izf
AS—EC,, e gh cos¢
in which C, = coefficient (0.8*10? to 3*10?)
Pair = density of air (1.25 kg/m?)

Puwsee = density of water (1030 kg/m?)

wind velocity (m/s)

fetch length (m)

acceleration of gravity (m/s?)

water depth (m)

= angle between wind direction and axis (degrees)

© 0a M
I

revetments and dikes (5 January 1995) IHE-Delft 43



limit states and boundary conditions

The factor 1/2 is caused by the fact that on the upwind side of the lake we have a set-down,
and at the downwind side we have a set-up. So in fact we have to use only half the fetch
length.

For a semi-enclosed bay one may use the same formula, but then one should omit the factor
1/2, because in that case there will be no set-down at the downwind side. There is a supply

of water from the sea.

The solution of the differential equation for a tidal shelf is:

AS=\J 2C,(p,/p,) U'F
g
Sometimes it is better to perform the computation in two steps. The first step for the deep
part of the continental shelf, and subsequently a second step for the shallow part.

For a more detailed derivation, and other special cases refer to Ippen [1966].

cos¢+h? -h

4.3.5 combination of river floods and storm surges (the problem of tidal rivers)

Along tidal rivers there is a complicating factor. High water levels can be caused by high river run-off, but also by
storm surges entering from the sea. In the following figures the local water level is presented for two stations at diffe-
rent points along the same dike circle. For the locations of the stations Jaarsveld(J) and Sliedrecht(S) see the inserts
in the figures.

The water level is a function of the water level at sea (Hook of Holland) and the run-off (Rhine discharge at Lobith).
Both the water level at Hook of Holland and the river discharge at Lobith have their own probability of occurrence.
These variables are not fully independent. For example at station Jaarsveld the height of the dike is 6.0 meters above
mean sea level. This water level can be achieved by a storm surge of 5.5 m above mean sea level. and a run-off of
8000 m*/s or by a sea water levels of 3.3 m (once in ten years storm) and a run-off of 15000 m %/s.

Using both the distribution of extreme storm surges as well as extreme river discharges, the exceedance-frequency
for all stations can be calculated. Examples are presented in lower parts of the figures. From these diagrams follows
that in Jaarsveld a water level of 6.0 m is exceeded with a probability of 1/4000. In Sliedrecht 3.75 m is exceeded
with the same frequency.

When these diagrams are constructed for all stations along the dike, the water level with a probability of occurrence
of 1/4000 per year can be determined for each dike section.

Unfortunately this does not mean that if the dikes are constructed in such a way, the probability of inundation of the
dike-circle is also 1/4000 per year.

When a dike circle has only two section, both constructed accordingly, that they have each a probability of failure
of 1/4000 per year, and they are attacked by fully uncorrelated dangers, the probability of inundation of the
dike-circle is 2 times 1/4000 per year.

In reality a dike-circle has many sections, and they are attacked by partly correlated dangers. Mathematical techniques
are available to also calculate the probability of inundation in those cases. This is in the order of three times the
probability of failure of a single dike section.

4.3.6 very short fluctuations in water levels (waves and seiches)

wind waves

Wind waves have to be determined during design conditions. So one calculates the wind-
waves which may occur during the design flood, as discussed in the previous section. For sea
dikes with a windward location there is a very strong correlation between the wave-height
and the water level. For dikes at the lee-side there is no correlation. For those dikes the
maximum wave height may occur during a much lower water level.
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Especially for dikes at the lee-side one should investigate several combinations of water levels
and wave heights in order to find the leading combination.

When enough wave observations are available, it is possible to determine the design wave
height directly from the data. Unfortunately in general not enough wave observations are
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Figure 4.7: Water levels at Jaarsveld

available. In those situations it is necessary carry-out an intermediate step using wind-
statistics.

First one has to determine if a correlation between windspeed and wave height exists for the

location of the dike. In cases were waves are locally generated that is true. But when there
is extensive ocean swell this is not true.

revetments and dikes (5 January 1995) IHE-Delft 45



limit states and boundary conditions

Sliedrecht

| :

11892  160€8 18808

) 208c  48e8 6000  B@e2  iseee 12008

Waterlevel at sea (above m.s.l.) at Hook of Holland

Discharge of the Rhine river (in m*/sec)

. Sliedrecht 5
i I Y : T = I T T Y
ok 1 1 L7 .2 . -
— 1 L - 1 1200 s i rress T
. [ss oy 7 3 -~ - = FU W SR L ~+ ry
= : s ¢ — 4
‘n. B - - e < 1 3 ™~ = * -~
i + i 1 F (S oSy
E 4 t T > e 4
T 18 s
) e . v T - T
g — T T $ T 37 m
e < - - e
o e i b
© b 4 L + s v T T )
Soe + s R 8
o 3 : ; 2 g 3
s - o8 o o . iis T
8 : : 3 : i
= r B et
8 L 81888 ¥
= 2. —+ + 2
b - 1
w 3. 3 181 1
T T s o 2
= b 1oy 4
1T it T : T
© b i : ™ T —
. 5018 . <1 1 -t S B4 ! ol
[ - -~ 3 10 hd | e
S 1 - T IIT. T W:A 1
) T e 7 . T T
—_ o 2 v
== T 1T T T
o t t t tt (nenwas
& t 1 T T ; H it
$ + b
© I 3 7 T T 1t A it
e -+ 3 e 1 b13 3
Bissun 1 X s wama T 18 o
3 2 [ e -1 =2 =3 =4

I

!

Exceedance freguency in events/year

Figure 4.8: water levels at Sliedrecht

In case of ocean swell one should analyze storm patterns on the ocean. The ocean storm
patterns are fed into a convenient computer program (or one uses the diagrams of
Bretschneider) and the nearshore wave data (on deep water) are available. Finally the design
wave is calculated near the coastline, using shoaling, refraction and diffraction calculation.
This process is discussed in detail in a number of other lectures, and will not be repeated
here.

In case of locally generated waves, one may determine the design wind speed (in the
Netherlands, for the 1/10000-condition this is 33 m/sec, for the 1/4000-condition it is 31
m/sec). The wave height and wave period is calculated with the Bretschneider-method (This
calculation can be performed with CRESS, routines 221 - 223; for details see for example
the Shore Protection Manual).

This technique is also suitable for the river area.
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In this method, wave height and wave period are determined under conditions where the wind
blows over a water surface at a constant velocity and for such duration that the wave attains
its maximum development. The time that is required for the wave to develop completely over
the maximum existing fetch -about 5 km for most river and estuarine situations- ranges from
three quarters of an hour to one hour, depending on the wind velocity. This corresponds well
with the one-hour period over which the meteorological services present their wind-data. It
can be assumed that the calculated wave heights are always able to develop fully when hourly
wind velocity averages are used.

The significant wave height and the characteristic wave period are defined directly from the
given wind velocity, the water depth and the fetch. This definition is obtained by means of
empirically established wave development graphs and formulae. In the figures on the next
pages, dimensionless parameters for wave height H,, water depth d, and fetch F, at a given
wind velocity u are presented.

For rivers and estuaries it is recommended that one value be determined for the water depth
d to be adopted which is geared to the water depth for a dike skirting the river or the tidal
channel, or else to the water depth above the (flooded) foreland. The zone immediately
alongside the dike is of particular importance. The influence of local, deep channels can be
ignored.

For relatively closed basins (bays, rivers, lakes, estuaries) it is recommended that an effective
fetch F., which is geared to the configuration of the water surface in front of the dike be
determined for the fetch F to be adopted. The effective fetch in a random situation is then
equated with a weighted average of the projections on the wind direction of all the fetches.
See the worked out example on the following pages. It is recommended to neglect fetches
with a angle © > 45°.

The effective fetch F,, and with it the wave height, can be limited to a considerable degree
by the presence of high-lying or flood-free areas, such as buildings in the floodplains,
summer levees along the summer bed of a river etc., provided they are not too far below
water levels and moreover, that there is certainty that these constructions will remain there
during the design life of the dike. These aspects should be taken into account in order to
prevent an unnecessarily high design.

squall oscillations (seiches) and gust bumps

Sometimes during a storm the water level will fluctuate. A distinction can be made between
the surge elevation of the sea surface and the waves. There are also squall oscillations present
(sometimes called seiches) which have periods of between a few minutes and more than an
hour and which have half amplitudes of .2 to .3 m, as well as gust bumps which can create
an additional elevation of up to .5 to .6 m and a duration of half an hour and more. These
behave as slow waves which penetrate harbours and sheltered places in full force.

In determining the design height of a dike these squall oscillations and gust bumps must be
taken into account.

The origin of the squall oscillations is not quite clear, they probably origin from the stochastic
character of the air pressure in a storm. Squall oscillations occur very often, during 30 % of
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Figure 4.9: Wave height at a depth of 1 and 6 m
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winter bed

river dike

[} coso cosze R(0) R(©).cos 29
(degrees ) (m)
- 42 0.743 0,552 520 287 the effective fetch
- 36 0.809 0.654 570 373 Fo follows from:
-3 0.866 0.750 640 480 .
- 24 0.914 0.835 720 601 F, = ZR(e).cos o
- 18 0.951 0.904 830 750 5 b e
= 12 0,978 0.956 1340 1281
- 6 0.995 0.990 | 1240 | 1228 F, = ﬁzsilz -830m
1.000 1.000 1140 1140 s
6 0.995 0.990 1050 1040
12 0.978 0.956 980 937
18 0.951 0.904 920 832
24 0.914 0.835 880 735
30 0.866 0.750 830 623
36 0.809 0,654 780 510
42 0.743 0.552 730 403
£ coso = 13.512 £ Ro.cos?o = 11220

Figure 4.10: determination of the effective fetch

the time, but during normal weather conditions they are of no importance. The period of
these oscillations is as such that they may cause some resonance inside harbour basins. For
example the resonance period of the harbour of IImuiden is 35 minutes. So squall oscillations
with a period of 30 - 40 minutes will resonate, and cause a strongly increased amplitude of
the oscillation.

Figure 4.11 shows squall oscillations at several stations along the coast of Holland. It can be
seen that the amplitude at IJmuiden and Scheveningen (measured inside the breakwaters) is
much more than at Hook of Holland and Den Helder. The period of the oscillation is between
10 - 50 minutes, their half amplitude is in the order of 25 cm. In general one should add at
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the sea-coast the half-amplitude of the observed oscillations. Inside harbours one should make
special calculations taking into consideration the effect of resonance. Along the tidal rivers
and in estuaries one may reduce the values somewhat, proportional to what is given on gust
bumps below.
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Figure 4.11: gust bumps and squall oscillations along the Dutch Coast. K13 is an oil rig 100 km off
Den Helder, Lichteiland Goeree is 30 km off Hook of Holland and Europlatform is 60 km west of
Hook of Holland.

Gust bumps are a different type of water level displacement. They are very pronounced,
solitary waves. In figure 4.11 a gust bump is indicated. As can be seen this bump already
existed at oil-rig K13, 100 km north of Den Helder. On can clearly see that it moves south
and proceeded along the coast. The path of a gust bump can be followed quite clearly,
contrary to the squall oscillation. The amplitude of the gust bump can be in the order of .4 -
.6 m.

For the design of dikes in the Netherlands one has to take into account the following values:

at the coast .6 m
in the mouth of estuaries 3 m
5 - 15 km inside estuaries .15 m
behind barrier islands A0 m

20 km along tidal rivers .05 m
However, the probability that these gust bumps occur simultaneously with the top of the
storm is less than 1% Therefore one is allowed to reduce the effect of a gust bump. The
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reduction is related to the wave run-up R. The surcharge for a gust bump (Sg) can be
determined as follows: '

S, = BY(B+aR)
in which B is the amplitude of the gust bump, according to the above list, a is a coefficient
with the value .25.

4.3.7 currents

In general the current is not a problem during design conditions. It is, however, a
serviceability limit. Currents may cause erosion in front of the dike or may attack a grass
slope. On the long term this will introduce failure. Therefore especially the toe should be
protected against scouring by currents. The magnitude of the current can in general be
determined using hydraulic computations. This is both valid for typical river dikes and for
dikes along estuaries, where considerable tidal currents can be found.

4.3.8 other loads on a dike

Objects on the dike, such as for instance lampposts and trees, can transmit forces to the dike
body that are caused by wind acting on these objects. These forces can have a detrimental
influence on the strength an stability of the dike, especially under design conditions.
However. it is difficult to give generally valid rules on this aspect. The magnitude of these
forces as well as the effects can be checked in each particular case, assuming that the
anchorage of the structures and object in the dike is such that their being blown over by the
wind is reasonably excluded.

Apart from the question of closing the dike to traffic during high water levels, it is
recommended that the traffic load on the dike should be taken into account in the design and
the stability check. If a disaster should ever occur, the transport of heavy materials and
equipment over the dike is necessary (it is than the only not-flooded road). It is recommended
that a uniformly distributed design load be assumed of 15 kN/ m’ on a 2.5 m wide lane at the
side of the critical slope, which is mostly the inner slope.

The load caused by the dead-weight of the dike must also be mentioned. This is particularly
reflected in the surcharge of the subsoil in settlement analysis, as well as in the magnitude
of the driving moment in the stahility analysis of slopes. This load is determined by the
geometry of the structure and the density of the soil types present in the dike; the degree of
saturation of the material is also of importance.

The design shall take into account exceptional loads which can occur as a consequence of,
for instance, (ship-)collisions, explosions, floating debris and ice on the river. However, these
loads cannot or only scarcely be determined in the quantitative sense due to the unknown
factors of size, effect. and probability of occurrence. Remarks on this subject can be made
in a qualitative sense.

The danger of collision by a ship that has either swung out of line or broke from its
moorings, occurs mainly in an outer bend on the river, when the foreland of the dike is either
absent or situated far below the water level. Structures in the dike, such as retaining walls
and lock gates are especially vulnerable. Experience has shown that considerable damage to
a dike or levee can be caused by collision. Not only the revetment was damaged but also in
several cases the water retaining earthbody itself.
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Explosions can result in complete or partial weakening of the soil. Information on an insight
into this phenomenon are as yet very limited. The possibility of explosions must be taken into
account when explosives, such as ammunition and explosive gases (LPG) or fluids are stored
-also in ships- in the vicinity of a dike.

Floating debris, such as trees, sleepers and ice can harm the revetment, in particular at
locations outside the main current of the river or the tide, where there can still be a
considerable wave action.

Floating ice can also result in ice-dams in the river, especially at location where the width of
the river decreases. Such ice-dams will cause a considerable increase of the upstream
waterlevel. In arctic rivers this rise may be in the order of several meters. The effect of ice is
not included in these notes. For details see [PIANC, 1992]

4.3.9 biological effects

The design should also pay attention to loading as a consequence of biological activities: the
burrowing of mice, moles, water-rats, coypus, rabbits, foxes and badgers. Particularly in dikes
with a sand core, covered with clay it is very likely that this burrowing will result in serious
harm or even undermine the covering clay revetment. When this take place on the river- or sea-
side it may result in an elevated phreatic line in the dike body and it in not inconceivable that
san from the core will be washed away, and that a dike breach will be the result. Attention is
also drawn to the possibility of cavity formation caused by dying tree-roots or shrub-roots, and
by trees that have been blown down. Tree and shrub vegetation also may cause shadow on the
dike slope. In the Dutch climate this impedes the development of a proper grass cover.

4.4 the effect of ships
Banks and bed of inland
waterways such as rivers
and canals have to be de-
signed taking into account
the ship-induced water
movements.

The definition of the rele-
vant parameters for calcu- 3 — §
lating the ship-induced pri- S sngm:em S:EL 'f
mary and secondary ship l '
waves are shown in de de-
finition sketches of the
following two figures and
are concerning:

Figure 12: Definition sketch of ship induced water
. . movements
L primary ship wave,
consisting of:
® front wave
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®  water level depression
® transversal stern wave;
® return current;
®  secondary ship waves or interface peaks;
®  outs jet.
Ship types, sailing behaviour (viz. ship speed and position in the waterway) and dimensions
and geometry of the waterway determine the induced waver movements. Advanced calculation
methods are available (e.g. see PIANC, 1987)which are implemented in the PC-program
DIPRO (DImensioning PROtections). The relevant parameters for calculating the ship-induced
primary and secondary ship waves are:

Figure 13: Characteristics of ship-induced water movements related to bank
stability.

ship length and beam width (L,, B));

ship sailing speed (V,);

loaded ship draught (or average empty draught);

ship position, relative to the fairway axis (y) or bank (y,);
cross-sectional area of the waterway (A,);

waterdepth of the fairway (h);

width of fairway at the bed (b,) and at the waterline (b,).

The waves give rise to run-up and run-down velocities, which may cause instability of rock
used for bank protection.

A first estimate of the order of magnitude of the different water movement component can
be obtained by the formulae presented in the calculation scheme in the following box.

For a more comprehensive discussion of ship-induced water movements in navigation
channels is referred to PIANC [1987] and VERHEY [1983].
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Calculation scheme of ship-induced water movements:
(1) determine vessel’s submerged cross section (A,):

Aﬂl ® cm bl T’
b, = width of ship;
Ts = draught of ship;
C. = cross beam coefficient;
= 1 for push units and inland vessels;
= 0.9 for service vessels and tow boats;
= 0.7 for marine vessels;
(2) calculate Limit speed of vessel (V,): (3) calculate actual speed (V,) of vessel (or use
admissible speed limit):
P - as a factor V.:
= [2(1-EmiLlp2 v, = f, V_ with
F, [3(1 A;zFL)] L
f = 0.90 unloaded ship
i = kTR = 0.75 loaded ship
with Fy = V,/ /g 2/D, or (push/tow units):
gL A 520
vV, = ‘,2”‘ (for tugs) V.= 2.4 ,b_'" e Ae

(4) calculate mean water level depression (Ah):

Vi A,
Ah = -z—g- [as (r) =11

(5) calculate maximum water level depression (AR)

foby BuhL, < 1.5 AA/Ah =1 +2 A,

with (a, = 1.4 - 0.4 V_/ V,
calculate net wet cross section of canal (A*) for: b,/L;2 1.5: AA/Ah =1 + 4 A,
corrected for Ah

A* = b, (h - Ah) + mCh - AR)? - A,

calculate return flow (U): and return flow (0

ks

Yr (.A_f - %) for: b,/L, < 1.5: 0,/U, =1+ a4,

Ve A.
for: b L, 3 1.5 0 /U =1+3a4,
w s 3 1

where A, =y h/A.

(7) calculate front wave (8) calculate stern wave (Z,.., isws (9) calculate secondary ship waves
(4h, and i,): T and U0 (B, L, Td:
Zoa = 1:54AA Hy _ Vi s -1/2
Ah, = 0.1Ah + AR &7 o; gh [Z]
i, = 0.03 Ah, i, = 0.64 [ vy 15 "
Voh L; = 2 2n L
y = =2n—=
3 g
imax = zmax/zo

T = 8.1 W/ g

i

Upax = Vo [1 - _A_ﬁ] where
Znax s = distance along the wave crests
between slope and ship, s =y, / sin
where: (19.3%
z, = 0.16 (0.5b, -0.5b, -¥) -c, o, = coefficient
= 1 for tugs and recre-
and coef ficient ational craft and loaded
conventional ships
¢, = 0.2 to 2.6 = 0.35 for unloaded conven-

tional ships
= 0.5 for unloaded push
units
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water level depression, front and stern waves

The average height of water level depression (Ah), front wave (4) and transversal stern wave
(Zmax) Varies at the bank between 0.3 and 0.5 m; occasionally heights of 1.0 m will occur.
The duration of the water level depression varies between 20 and 60 seconds depending on
the type of ship speed. The period of the front and transversal stern is about 2 to 5 seconds.

secondary ship waves

In most cases push and tow-units or loaded conventional motor vessels are responsible for the
severest primary wave (z,,,) and tugs, survey vessels and recreational ships for the severest
secondary waves (H;). Secondary ship waves or interference peaks (H;) will vary between
0.25 and 0.5 m. Maximum values of H; are 1.0 m, generated by small, fast sailing ships. The
wave period (T)) is 2 to 4 seconds. The angle of wave incidence (3) relative to the normal
of the bank is 55 degrees (approx.).

It should be noted that the characteristics of secondary ship waves have some proven
similarity with wind waves regarding to the application of response to embankment structures
and therefore the basic parameters of wind waves apply. The largest wave in a wave train of
secondary waves have a height H; and a length L;, which can be approximated (for V.M (gh)
< 0.8) with:

2

V.
H = 12ah(3)n—=
h gh

\

v:

£ = da—

g

where «; is a coefficient depending on the type of ship (see scheme in box).

wave run-up and run-down velocities

Run-up (R,) and Run-down (R,) of ship induced waves may be approximated by a set of
empirical relations. The formulae have been calibrated with typical vessels sailing on the
Dutch inland waterways and should yet be regarded as very specific. Similar ship-wave
parameters have been used as for wind waves, so ship-induced run-up (R,) are written in
terms of the similarity parameter £ for ship waves:

£ < 2.6: R,/H =¢
26<£<30. R/H=65-15¢
£ > 3.0: R,/H =20

Given the specific character of the above given formulae the reliability for an arbitrary case
may be limited.

The highest run-up values occur due to the interference peaks or secondary ship waves
(incidence B) and can be estimated with:

R,/ H, = 2.0 £V cosB
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This formula is valid for plane smooth surfaces and in order to obtain the effective run-up
it should be multiplied by a roughness reduction factor (v,) and (when relevant) for the
presence of a berm (v,,).

Similarly, a set of specific formulae has been found for run-down (R,) of ship-induced waves.
As an approximation of the maximum run-down should be taken the maximum of either one
of:

R Z
- transversal stern wave: =L = 44 . - B3 cotga)
D, ADq,
and
. R, H,
- interference peaks: — =10 (10 tana + 0.5) cosa
D50 ADSO

For D, the value of the material situated lower on the slope should be substituted.

Maximum run-up and run-down velocities are denoted by uy, and u, respectively and can be
expressed as a function of z/R, and/or wave steepness (s,,).

Run-up velocities:

UV (gH) = 0.27 s, ** (1 - Z/R)"* : for zZ/R, > 0
upNM(gH) = 0.2 s, ° ;for 0.4 < zZ/R, < 0
up/V(gH) = 0.3 (z/R); ; for Z/IR, < -0.4
Run-down velocities:
up/V(gH) = 1.1 (1 - z/R)"® . for zZ/IR, > -0.4
UV (gH) = 1.18 (z/R)2* : for Z/R, < -0.4
where: z = vertical coordinate relative to still water;

. = wave steepness = 27H (gT?).

Propeller jet velocities

The propeller jet induces water velocities at
the bed. These are in particular of impor-

tance if a ship is manoeuvring, thus in and | z £

next to locks and near quay walls. The | I 28| aws of jer

water velocities in the propeller jet of a 12 §

sailing ship can for most situations be | ¥i§ M-

ignored. A relationship to assess the veloc- T -

ities at the bed yields (for ship speed V, = Figure 14: water movement due to
. . . o propeller thrust

0, otherwise U,,, is relative to the sailing-

ship):

Uz = 1.15a, (Pla D, ¥D,f2,
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where:
P = installed power (W);
D, = eftective diameter of propeller, D, = 0.7 to 1 times the real diameter (m);
z, = distance between the propeller axis and the bed (m);
a, = a coefficient (-); depending on the type of propeller, 0.25 < «, < 0.75.

A rough estimate of the values to be expected at the bed is 2.5 m/s (keel clearance under the
ship approximately equal to the diameter of the ship’s propeller).

4.5 geotechnical conditions
For major structures a good geological analysis, based on the overall geological structures
of the country, is of the utmost importance for an understanding of the geophysical and
geohydrological conditions. The most important geological aspects are:

= geological stratification, formation and history

- groundwater regime

= seismicity

The main questions which a geotechnical investigation has to answer are:

- what kind of soil is found and at what depth, i.e. soils such as sand, clay and peat or
sof rock such as limestone and calcareous sandstone, or very hard rock such as
quartzite and basalt,

- what are the mechanical properties of the various soils with respect to their strength
and deformation characteristics,

- is the soil fissured or weathered,

- will the soil degrade in (short) time.

The first step is to organize and design site investigations. The field programme forming part
of the site investigation is complemented by laboratory testing and geotechnical calculations.
The last and perhaps most difficult step is the integration of the result of the investigations
and structural design, resulting in the final foundation design.

At the set-up and organization of the soil-investigation program the geotechnical engineers
is confronted with the following questions:

- which soil data have to be collected,

- at what locations (number and depths),

- which site-investigation techniques and laboratory test should be performed,

- when is the programme to be carried out and,

- who will take care of the contracting work in the field, the laboratory tests and the

interpretation of the results.

The answer of these questions will depend among others on:
- the boundary conditions stipulated by the client (time and money schedule);
- the knowledge, judgment and experience of the geotechnical engineer;
- the availability of existing data, for example topographical, geological and
geotechnical maps;
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- the phase of the design: for a preliminary design only global information over a wide
area is needed to recognize the main geotechnical problems; in the final design phase
or during the construction period detailed information on engineering soil parameters
is needed;

- the type of geotechnical failure mechanisms involved;

- the availability and restrictions (including the terrain accessibility) of the investigation
tools and the quality of the personnel to handle these tools.

A high quality investigation must be economically efficient in the sense that the cost of the
investigation must be money well spent. The investigator must be able to justify each and
every item in the site investigation in terms of the value of that item in building up the
geotechnical model. The investigator should be able to show good and sufficient reason for
undertaking each part of the investigation.

It is emphasized that there is no standard form of site investigation for a particular
engineering work. Each site investigation should be regarded as a completely new venture.
Several standardized investigation techniques have, however, been developed, of which the
geological and geotechnical engineer can make use for obtaining the relevant data for his
basic calculations and design criteria. Roughly spoken four types of site investigation methods
can be distinguished:

= geophysical measurements from the soil surface;

- penetration tests, such as cone penetration and standard penetration tests;

- borings, including sampling and installation of observation wells;

- specific measurements, such as plate loading tests and nuclear density measurements.

Depending on the functional requirements coastal structures have to withstand a combination
of actions induced by waves, currents, differences in water levels, seismiticy and other
specific loadings (such as ship collisions or surcharges). These actions, including the
dead-weight of the structure, have to be transferred to the subsoil in such a way that:

1. the deformations of the structure are acceptable and

2. the probability of instability is sufticiently low.

The transfer of actions through the structure to the subsoil involves changes in soil stresses
(pore water pressures and effective stresses) in the soil layers and, in case of sloping
structures, also in the structure itself. Particularly in soft soils the stress changes will
gradually develop during a long period of time. Due to these changes in soil stresses the
underlying and adjacent soil layers will deform vertically and horizontally while the shear
strength of the soil may be reduced. As a consequence any structure built on top of the soil
layers will deform too or may even lose its stability. This applies to both the design
conditions (i.e. under extreme loadings) and the loadings during the construction period of
the structure.

The changes in soil stresses and the associated deformations not only depend on the
(hydraulic) loadings, but on the geometry (e.g. slope steepness), the structure weight and on
the permeability, stiffness and shear strength of the subsequent structure and soil layers as
well. For this reason the design of coastal structures has to be based on an integral approach
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of the interaction between the structure and the subsoil. A good knowledge of the main
geotechnical properties of the soil layers and the construction materials is therefore needed.
The main geotechnical limit-states that should be evaluated in the design of the sloping
structures are:

macro-instability of slopes due to failure along circular or straight sliding surfaces;
settlements (and horizontal deformations) due to the self weight of the structure;
micro-instability of slopes caused by seeping out of groundwater;

piping or internal erosion due to seepage flow underneath the structure;

liquefaction caused by erosion (flow sides) or by cyclic loading (wave actions or
earthquakes);

erosion of revetments at the outer slopes (or under water slopes) due to instable filters
or local failure of top layer elements.
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S Design calculations

The degree of wave attack on a dike or other defence structure during a storm surge depends
on the orientation in relation to the direction of the storm, the duration and strength of the
wind, the extend of the water surface fronting the sea-wall and the bottom topography of the
area involved. For coastal areas there is mostly a certain correlation between the water level
(tide plus wind set-up) and the height of the waves, because wind set-up and waves are both

mean high water e>%<treme S

normal water level
" mean low water level

aofbeptable Ibading

| o m W,

> > i > <«
Fig. 5.1 Loading zones on a dike

caused by wind. Therefore, the joined frequency distribution of water levels and waves seems
to be the most appropriate for the design purposes (also from the economical point of view).

For sea-walls in the tidal region, fronting deep water, the following approximate zones can be

distinguished:

[ the zone permanently submerged (not present in the case of a high level "foreshore");

I the zone between MLW and MHW; the ever-present wave-loading of low intensity
is of importance for the long-term behaviour of structure;

III the zone between MHW and the design level, this zone can be heavily attacked by
waves but the frequency of such attack reduces as one goes higher up the slope;

IV the zone above design level, where there should only be wave run-up.

A bank slope revetment in principle functions no differently under normal circumstances than
under extreme conditions. The accent is, however, more on the persistent character of the
wave-attack rather than on its size. The quality of the sea-ward slope can, prior to the
occurrence of the extreme situation, already be damaged during relatively normal conditions
to such a degree that its strength is no longer sufficient to provide protection during the extreme
storm. The division of the slope into loading zones has not only direct connection with the
safety against failure of the revetment and the dike as a whole, but also with different
application of materials and execution- and maintenance methods for each zone.
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Alternatives have to be generated during the conceptual design phase, the preliminary design
phase and the detailed design phase in order to select the most suitable design. It is emphasized
that for each design phase these alternatives should be worked out at a comparable level of
detail. The same applies to the construction alternatives which may have a great influence on
the total structure costs.

5.1 alignment and profile (effect of berms)

The interaction between waves and slopes is dependent on the local wave height and period,
the external structure geometry (water depth at the toe), slope with/without berm, the crest
elevation and the internal structural geometry (types, size and grading of revetments and
secondary layers). The type of structure wave interaction is defined by the surf similarity
number, sometimes called Iribarren-number or breaker parameter:

tana .25
g€ = = T tana

#7545

where:

£ = surf similarity number

H, = incident wave height

g = wave length at deep water (= 1.56 T in metric units)
T = wave period

o = slope angle of the front face
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Figure 5.2: breaker types

For large values of the wave length or for large values of a (steep slopes), the wave behaves
like a long wave, which reflects against the structure without breaking - a so called surging
wave. For shorter waves and medium slopes waves will short and break, causing plunging
breakers for § values in the range of 1 to 3. This figure is common along the Dutch coasts with
slope angles of 1:3 to 1:5, wave periods 6 to 8 s and wave heights of 3 to 5 m. For mild slopes
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wave breaking becomes a more continuous process, resulting in a more gradual dissipation of
wave energy. This type of breaking is called spilling. For the design of structures, surging and
plunging breaker are of main importance. The area which suffers from wave-loading is bounded
by the higher uprush and the lowest downrush point. Obviously this zone is varying with the
tide. The value of maximum up and downrush is shown the following figure, both for

impervious and pervious slopes.
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Dgo=20; 30; 40mm
IRREGULAR WAVES

Figure 5.3: Run-up and run-down for smooth and riprap slopes

If the uprush exceeds the crest level, figures are no longer applicable.

No reliable formula are available to predict the maximum velocities during uprush and
downrush. For surging and spilling breaker, numerical solutions have been obtained, which
are, however, not yet operational. As first approximation, the maximum velocity, U, on a
smooth slope can be computed by the following formula [PILARCZYK, 1990; CRESS-routine

241]:

revetments and dikes (3 December 1997) IHE-Delft 5.3



design calculations

Umax =4 ngS &b

where:

H, = significant wave height

g = gravity

a = coefficient equal to about 1 for irregular waves and
b = exponent equal roughly to 0.5

The gradient of the bank may not be so steep that the whole slope or the revetment can lose
stability (through sliding). These criteria give, therefore, the maximum slope angle. More
gently (flatter) slope leads to a reduced wave-force on the revetment and less wave run-up;
wave energy is dissipated over a greater length. By using the wave run-up approach for
calculations of the crest height of a trapezoidal profile of a dike for different slope gradients,
the minimum volume of the embankment can be obtained. However, this does not necessarily
imply that minimum earth-volume coincides with minimum costs. An expensive part of the
embankment comprises the revetment of the waterside slope and the slope surface (area)
increases as the slope angle decreases. The optimum cross-section (based on costs) can be
determined when the costs of earth works per m* and those of revetment per nt are known.
Careful attention is needed however, because the revetment costs are not always independent
of the slope angle, e.g. for steep slopes the heavy protection is necessary while for the mild
slopes the (cheaper) grass-mat can often provide a sufficient protection. Another point of
economic optimization can be the available space for dike construction or improvement.

The common Dutch practice is to apply the slope 1 on 3 on the inner slope and between 1 on
3 on 5 on the outer (seaward) slope. The minimum crest width is 2.5 m.

The water-side berm is a common element in the Dutch dike construction. It could in the past
lead to a reduction in the expenditure on stone revetments (on a very gently sloping berm a
good grass-mat can be maintained) and it produced an appreciable reduction in wave run-up.
Present practice in order to obtain a substantial reduction in wave run-up, is to place the outer
berm at (or close to) water level of the design storm flood. If the berm lies too much below that
level, the highest storm flood waves would not break beneath or on the berm and the run-up
will be inadequately affected, and the grass-mat on the upper slope too heavily loaded by waves
leading to possible erosion. For the storm flood berms at high design levels as in the
Netherlands (freq. 10) there are in general no problems with the growth of grass on the berm
and the upper slope. However, there can be circumstances which require also the application
of a hard revetment on the berm and even on a part of the upper slope i.e. when higher
frequency of water level is applied, leading to more frequent overwash of the upper part by salt
water due to the run-up or wave-spray (a common grass-mat can survive only a few salty events
a year).

An important function of the berm can be its use as an access road for dike maintenance. In
general care should be taken to prevent erosion of the grass-mat at the junction with the
revetment. The abrupt change in roughness may lead to increase of surface turbulence and more
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local erosion. It is advisable to create a transition zone by applying the cell-blocks, geogrids
or other systems allowing vegetation.

5.2 freeboard

General considerations on the height of a dike

The height of a dike was for many centuries based on the highest known flood level that could
be remembered. It is evident that in this way the real risk of damage or the probability of
flooding were unknown. Little was known about the relation between the cost to prevent
flooding and the cost of the damage that might result from flooding. In the 20th century it was
found that the occurrence of extremely high water levels and wave heights could be described
adequately in terms of frequency in accordance with the laws of probability calculus. However
the curves of extreme values, based on a relatively short period of observations, mostly have
to be extrapolated into regions far beyond the field of observations with the risk for some
uncertainties. After the 1953 disaster, the frequency of the risk of flooding was studies in the
Netherlands in relation to the economic aspects. Finally it was decided to base the design of all
sea dikes fundamentally on a water level with a probability of exceedance of 10 per annum.
In the Netherlands the wind set-up is mostly incorporated in the estimated storm-surge level.

If it is not a case, the wind set-up should be calculated separately and added to design water
level.

=
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S = = = .
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leV E e, __.. a3 .
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: \..\\\/ aq revetment
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Figure 5.4: Determination of dike height

Besides the design flood level several other elements also play a role in determining the design
crest level of a dike:

- Wave run-up or overtopping level (see Note) depending on wave height and period,

angle of approach, roughness and permeability of the slope, and profile shape, Note:
Wave run-up or wave overtopping criteria
Traditionally for sea-dikes the 2% criterion is used. This means that the height of the dike should be
such high that (within one storm, determined by only one H,) less then 2% of the wave-runup tongues
should reach the crest of the dike. The background of this idea is that the quantity of water is in that

case small enough to guarantee that the overtopped discharge will not cause any damage to the inner
slope. The wave run-up formulas give always this 2% run-up value.
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Nowadays there is a strong tendency to use the wave-overtopping as a criterion. It that case it is
determined that during the storm the discharge over the crest should be less than q litres/second per

meter of dike. The allowable value of q depends on the quality of the inner slope. At this moment the
following values are used:

for an inner slope of undefined quality Qmnax = 0.1 V/s/m’
for a good designed inner slope, 1:3 Qux = 1 Us/m'
for a inner slope with hard protection Qmax = 10 U/s/m’
in very exceptional cases Qax = 75 U/s/m’

The definition of a "hard protection” is a protection with asphalt, stones, concrete blocks, etc. In an
exceptional case, the inner slope needs to be protected very carefully with hard pavement, there have
to be utilities for the water to flow away, there has to be sufficient storage capacity landward of the
dike and the water should not flow into houses and public buildings. The time that an overflow of

more than 10 I/s/m' is allowed should never be longer than 3 hours.

- An extra margin to the dike height to take into account squall oscillations (seiches) and
gust bumps (single waves resulting from a sudden violent rush of wind); this margin in
the Netherlands varies (depends on location) from O to 3 m for the seiches and 0 to 0.5
m for the gust bumps,

- A change in chart datum (NAP) or a rise in the mean sea level (in the Netherlands: till
now assumed roughly 0.25 m per century),

- Settlement of the subsoil and the dike-body during its lifetime.

construction
ks_tuge_.l LOG time —=
o i.e 30 years
v i §
| ' .
b ! ie. sand-fill ! primary
= ' v settlement
" H (execution stage)
1 ]
settlement [~————- ‘
sub-soil ; secundary
: settlement

b — e e e e e

Figure 5.5: Settlement as a function of time

The combination of all these factors mentioned above, defines the freeboard of the dike. The
recommended minimum freeboard is 0.5 m.

Th ik
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5.3 wave run-up and overtopping

5.3.1 Wave run-up

In all designs it is common use to apply the 2% run-up. There is no real physical justification
of the number 2, but all other design criteria are based upon this 2%. Therefore it is not
advised to use other values, except in very special cases.

For an other run-up exceedance than 2%, one may use the Rayleigh distribution:

Rn 1
= 0,71, ——1n(n)
R,, 2
where

n = exceedance percentage (e.g. 0.01 for the 1 % run-up).
The value 0.71 come from the relation between the 2 % run-up and the significant run-up (13.5
% run-up).

In the period 1990-1993 research has provided new formulas for the calculation of run-up. In
the following section the new values are presented.
The effective run-up (R), on an inclined structure can be defined as

R =Ryx Yr Ys Yp Y
where
R,y = run-up on smooth plane slopes, defined as the vertical height above still water

level, which is exceeded by 2% of the waves in a wave field,

Yr = reduction factor due to slope roughness and permeability,
Ys = reduction factor due to berm

Yp = reduction factor due to oblique wave attack

Y = reduction factor due to shallow water

For random waves R, can be expressed by [VAN DER MEER, 1993]
Ryo/H, = 1.6 §, for§, <2

and
R.o/H, = 3.2 for2 <§ <4
where
H, = significant wave height,
& = breaker parameter for the peak-period (research has indicated that run-up can

better be described using the peak-period instead of using the mean period;
usually the peak period is 1.1 to 1.25 times the mean period and also the peak
period is nearly equal to T, ;).

For very narrow-banded spectra, one may reduce the total wave run-up with approx. 20 %.
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For a wave steepness of about 5% (typical storm value for the North Sea Coast) and a typical
North Sea spectrum, one obtains the so called "Old Delft Formula" commonly used in the past
for calculation of 2% run-up (R,,) on the Dutch sea dikes, viz.

R,z = 8 H; tan «
which is valid for cot & > 3 and relatively smooth revetments.

example:
We have a wave with a H, of 2.5 m, a T, of 8 seconds, and a smooth slope of 1:4. The
Surf-Similarity Parameter £is 1.58. Thus R = 2.5 * 1.6 * 1.58 = 6.32 m. With the Old
Delft Formula R = 8 * 2.5 /4 = 5.0 m. This is less. With the New Formula a run-up
of 5 m can be calculated when the peak period is T, = 6.3 seconds. It is clear that
especially in case of swell waves, the Old Delft Formula is not very reliable and
underestimates the run-up.

The constants 1.6 and 3.2 in the run-up formula do not describe the average of the observations, but they describe a line
describing a run-up which is not exceeded by 90 % of the observations. This is the value which is recommended for
design purposes. When one uses a probabilistic approach, one should use the average and the standard deviation of the
constant. The average values are 1.5 and 3.0; the variance for these "constants" is V = a/u = 0.06.
example:
Suppose I want to know the 2%-run-up which is not exceeded in 98 % of the cases in the example given above.
The average run-up is 2.5 * 1.5 * 1.58 = 5.92 m. The standard deviation of the constant is 0.06 * 5.92 = 0.35
m. So 98 % can be found using the Normal Distribution: 5.92 + 2.88 * 0.35 = 6.93 m

varying slope
In case of a non-constant slope angle (for example when the slope below a berm is different
from a slope above a berm), one has to calculate an equivalent slope. This can be done with the
following procedure:
i determine a point on the slope at a depth H, below the Still Water Line.
% determine a point on the slope at a height H, above the Still Water line.
¥ determine the horizontal distance between these two points.
* if the berm is included in the found distance, subtract the berm width from the found
distance.
¥ the found distance divided by 2H, gives the cotangent of the slope.
Example:
Suppose a dike has a 1:4 slope below the berm and a 1:3 slope above the berm. The
berm is at 1 m above SWL, the H_ is 2.5 m. The first point is 4 * 2.5 = 10 m from the
water line. The upper point is (1.0 * 4 + 1.5 * 3) = 8.5 m from the water line. So the
total distance (not including the berm width) is 18.5 m. 18.5/(2%2.5) = 3.7. So the
equivalent slope is 1:3.7.

slope roughness

The reduction factors for surface roughness and permeability, y, can be roughly estimated as
follows:
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(optimum)
where f; = distance between the ribs

Type of slope Reduction Older
(covering layer) factor vy, factors
| Smooth concrete or asphalt 1.0 1.0
Smooth and closed placed blocks 1.0 0.9
Gras(3cm) and rough/permeab.pitched stones .90-1.00 0.85-0.90
1 layer of rock (H/D = 1.5 to 3) .55-0.60 0.80
-2 or more layers of rock (H/D = 1.5 to 6) .50-0.55 0.50-0.55
Blocks as roughness elements:
Height = f,, width = f,
Name of system /1, f,/H, Coverage
ratio
1/25 block 0.88 0.12-0.24 1/25 .75-0.85
1/9 block 0.88 0.12-0.19 1/9 .70-0.75
half block height 0.44 0.12-0.24 1/25 .85-0.95
only above SWL 0.88 0.12-0.18 1/25 .85-0.95
wide block 0.18 0.55-1.10 1/4 .75-0.85
Ribs: f/H, = 0.12-0.19 and f, /f, = 7 .60-0.70

Table: Reduction factors vy, for different cover layers

It is also possible to place artificial roughness elements on the slope, so called ripples. The width of a ripple is given by
f,, the height by f;, and the distance between the ripples with f; . For ripples with a f,/H, = 0.12-0.19and a f, /f, = 7

the reduction-coefficient is the order of 0.6 to 0.7. This is the optimum ripple lay-out.

berm reduction

In case of slopes with a
berm (see Figure) the
run-up will be reduced by

a factor vy, . The effect of a

berm with a constant width
(B) is maximum when the
berm is situated approxi-
mately at the average water

level (dg < 0.5 H , see

definition scheme in the Figyre 5.6: berm reduction

figures). It has furthermore

been found that the run-up diminishes with increasing berm-width although the reduction
rapidly falls off once a certain minimum width is exceeded, i.e. B = 0.25 L, for non- and

weak-breaking waves, and B = 4H, for strong breaking waves.
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VAN DER MEER [1993] presented a computational rule for berm width reduction for a horizontal
berm:

d
Y, = 1—rb+0.5rb(?ﬁ)2 (min 0.6 and max 1.0)
S
B/H
B, B e
4 2COTa+B/H,

in which dj is the depth of the berm below design water level and B is the berm width.
In case of a non-horizontal berm one should calculate the parameter r, with the following formula:

tano
eq

. = b=——==
tana

b

in which the equivalent berm-slope is
determined by drawing a line from a point
H; below the berm to a point H, above the
front-level of the berm. Tan O 1S
therefore not related to the Still Water
level. See figure.

The effect of a berm becomes
nearly zero when it lies more
than v2 H, above or below the
Still Water Line.

In those case when the berm lies
approx. v2 H, above the SWL, Figure 5.7: Determination of the equivalent berm slope

the computed run-up can be

higher than the height of the berm. In those cases the real run-up will never exceed the height
of the berm, especially when the berm has a substantial width.

Oblique wave attack

Oblique wave attack, under angle § can be roughly taken into account by y,. For longcrested
waves this can be computed with:

Yg = cos (B-10°) for B<65°

For p> 65°, y; = 0.6. This parameter is a non-linear function of the angle of incidence of the
waves. There is a clear difference between short-crested and long crested waves. In case of real
swell it is advised to use a value of y; of 1.05 for 10° < B < 30°. In all other cases one
should apply the line for short-crested waves. For the magnitude of vy, is referred to the figure.

For shortcrested waves, the reduction can be calculated with:

Y = 1-0.00228

In this formula one should enter the value of B is degrees. The formula is valid from 0° to 90°.
For B > 65°, R, should never be less than H, !
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Figure 5.8: run-up reduction for oblique wave attack

the effect of shallow water
The reduction for depth limited situation (shallow water on a gentle sloping foreshore) is given
by:

2% [ H h
= =1 =0.34-— for —<4
Yo T T 4w, W H,
Yy = 1 for 7};—24
S

where H,,, is the wave height at the toe of the structure, exceeded by 2% of the waves, and H,
is the significant wave height at the toe of the structure.

Shape of the wave spectrum

Depending on the wave spectrum, i.e. the anticipated maximum wave height, and the type and
permeability of revetment, type of subgrade, the run-up can vary reasonably and thus, the slope
protection has to be more or less extended. For particular cases model investigation may give
a proper answer.

In case of a spectrum with clearly two peaks, one may determine an equivalent period T,.,. This equivalent period can
be used in the run-up and overtopping formulas. The method is explained in the figure.
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mo=mg(1)+mp(2) T,(1)=1/f,(1)
Tp(2)=1/1,(2)

(m2/Hz)

Figure 5.9: Splitting up a wave spectrum in two separate parts

The two-peaked spectrum is divided into two parts, from both parts (and from the whole spectrum) the zero-order
moment is determined. Both wave-height and wave period of both components determine the equivalent peak period,
because of the direct relation between wave-height and moment (H, = 4vmg). The formula to be used is:

4
1 2
Teq = JMT“ (1) + MT“ (2)

p p p
m, m,

For the parameters, see above figure.

The lower limit of slope area attacked by waves (where a primary protection is necessary) can
be roughly defined by

R
?" (down) = 0.8f + 0.5 for §£<2.5

and
Rd
3 (down) = 2.5 for £ % 2:5

Remark: R, is not the point until where the water runs down the slope, but this

is the point until where one has to take wave attack into account.
Below this limit, if necessary, slope protection has to be designed on the base of occurring

return flow (shipwaves) or on the base of longshore current or (orbital-) velocities of wind
waves.

The above method for calculation of wave runup can be found in CRESS-routine 241.
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5.3.2 Wave overtopping

The amount of wave overtopping is of importance for the stability of the protection structure
(crest and inner slope) and for the prediction of inundation. Thus, the amount of overtopping
can be decisive for the choice of the crest-level of the structure.

The independent parameters which determine the overtopping of waves coincide entirely with
those for wave run-up. The dependent parameter is wave overtopping, which may be expressed
quantitatively in a variety of ways.

- —Bmax
Saax — i
. | Bmax Q. T
\ _q
< //Xxi\
Re
still water y <

(3] (b)

Figure 5.10: Definition sketch for the hypothesis of wave overtopping

Following the definitions in above figure, one may define the momentary overtopping volume
per wave. The maximum quantity of water stored above a certain location on the slope per
wave (B ), as measured in the run-up experiments without overtopping, will overtop per wave
(T) if the crest of the dike (R, ) would be situated below the level of max. run-up (R). Based
on the tests with regular waves, the storage area B can be defined as:

B... = 0.1(cot @)'® (R-R.)* forR > R,
and q = B /T = overtopping discharge per wave

This equation can be of use for dimensioning of the splash area. For the maximum discharge
R = R,, may be introduced and for the significant discharge R = R,4/1.4.
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Figure 5.11: overtopping quantities

Recent research commissioned by the Dutch Technical Advisory Committee on Water defences
and undertaken by Delft Hydraulics [VAN DER MEER, 1993] resulted in some data on the
quantity of overtopping discharge.

Wave overtopping can be described by:

Q = a exp(bB)
¢
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in which Q is the dimensionless discharge, a and b are coefficients, R is a dimensionless
freeboard and vy is the total reduction for the influence of berms, roughness, depth limitations
and oblique wave attack.

Wave overtopping on dikes has to be divide in overtopping by plunging (breaking) and surging

(non-breaking) waves. The transition between plunging and surging has been defined as § =
2

For plunging (breaking) waves the above equation becomes:

Q0 = 0.06 exp(—4.7-§)
X

with:
h/L h
Q = q L) and R = ._'f l
\’/gTj tanox H_¢&
where:
q = the overtopping rate (m’/s per m)
h, = the crest freeboard (m)

For surging (non-breaking) waves this equation becomes:

0 = 0.2 exp(=2.3%)
v

with:

/gHsa H,

The total reduction-coefficient is y = vy, Y; Y3 ¥ ; Which are the reduction components for
berms, roughness, oblique wave attack and for depth limited wave attack. These components
are identical to those computed for the run-up formula.

The reduction for the roughness and the oblique angle of incidence are identical to the
reduction-factors for run-up calculation. Only in case of shortcrested waves one should use:

Yg = 1 -0.00338

The reduction for striking waves (B = 90°) becomes 0.7.

Like in case of run-up, also in the overtopping formula the values 4.7 and 2.3 are 90% exceedance values. The real
averages are 5.2 and 2.6. The standard deviation of the first constant is 6= 0.55, for the second constant the standard
deviation is o= 0.35; see also the figure.

For the computation of overtopping is referred to CRESS-routine 242.
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5.4 Example of a dike height calculation

5.4.1 Sea dike

Design a dike for a design frequency of 1/100 per year and of 1/1000 per year. The dike will

be located along a shallow sea.

Given (data are taken from Hook of Holland, The Netherlands: MSL is used as reference level):

— Exceedance line of waterlevels (=astronomical tide + storm surge)

17100 ==> 3.5 m above MSL
171000  ==> 4.25 above MSL
— Exceedance line of wind-speeds
17100 ==> 22m/s
171000 ==> 25m/s
— Wave height on deep water (wave period is 10 seconds)
1/100 ==>6.5m
171000 ==>75m

— Depth in front of the dike: 5 m below MSL.

— Slope of the dike 1:4 (1 vertical, 4 horizontal), berm located at Still Water Level (SWL) with

awidthb = 10 m.

The dike is near to the coast, so the maximum gust-bump should take into account. For the
Netherlands the gust bump is 0.5 m. The dike is not located along a harbour basin, so seiches

are not relevant.

The design life of the dike is 50 years. The current sea-level rise is 20 cm/century. The
anticipated sea-level rise is more. However, it is not included in this design, but the design has
to be in such a way that it is possible to increase the crest level of the dike after 25 years
without many difficulties. In this area, the amplitude of the tide is also increasing with 10 cm
per century. So for 50 years this is approximately 5 cm.

Summary of levels

Frequency 1/100 1/1000
Design level 3.50m 4.25m
Gust bump 0.50 m 0.50 m
Seiches 0.00 m 0.00 m
Sealevel rise 0.15m 0.15m
Design water level 4.15m 4.90 m
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The design wave height is depth-limited; in this situation a breaker index y = 0.5 may be used.

Frequency 1/100 1/1000
Waterdepth 5+4.15=9.15m 5+4.90= 9.90m
Design wave 4.45m 4.95m

The wave run-up can be calculated with the "New Delft" run-up formula. It is also possible to
calculate the dike height for a given allowable overtopping. In this case an allowable
overtopping of 1 l/s/m dike is selected and a friction y = 0.95 is used. The calculation results
are:

Frequency 1/100 1/1000
Total run-up 6.92m 8.28 m
Freeboard (q = 1 l/s/m) 7.88 m 8.54 m

From the above results, it is clear that for this case the overtopping criterion is more strict than
the run-up criterion. Especially for the 1/100 Frequency, the difference is considerable.
However, because all design criteria are based on 2% run-up, these values will be used. One
has to realise that the amount of overtopping during the heavies part of the storm is much more
than 1 l/s/m.

The design crest level can be found from:
Design crest level = design water level + freeboard + expected settlement of the subsoil.

The expected settlement of the subsoil depends very much on the type of subsoil at the location.
For seadikes in the Netherlands which are build on top of good quality clay subsoil, one may
expect a settlement during the design life time of the dike (50 years) of approximately 0.5 m.

Frequency 1/100 1/1000
Ultimate crest level (above MSL; using 4.15 + 6.92 = 4.90 + 8.28 =
run-up) 11.10 m 13.20m
Construction crest level (above MSL; 11.5m 13.7m
including settlement)

5.4.2 Lake dike

In case of a lake, the computation is somewhat different. Suppose the dike is located along a
lake of 40 km width, and a depth of 10 m. Near the shore there is a shallow zone of 1 km wide
and 3 m deep (the Average Lake Level, A.L.L.) is used as reference level). Of course, the
waterlevel depends very much on the wind-set up. The following wind set-up can be calculated:
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Frequency 1/100 1/1000
Wind speed 22 m/s 25 m/s
Wind setup 0.27 m 0.35m

For both cases, the wave conditions at the transition of the deep and shallow zones are
approximately H = 2mand T = 5 s (Bretschneider formula). This results in the following run-
up results (for a dike with an outer slope of 1:4 and a berm width of 10 m at SWL):

Frequency 1/100 1/1000
Run-up 1.70m 1.73m
Freeboard (q = 1 l/s/m) 1.59m 1.63 m

In this case, the overtopping criterion is less strict than the run-up criterion.

In The Netherlands, the subsoil below a lake-dike is usually very soft. Therefore, a settlement
of 1 m for the coming 50 years is not a bad guess. However this value may vary considerably

(up to 3 m).

Frequency 1/100 1/1000
Wind setup 0.27 m 0.35m
Run-up 1.70 m 1.73 m
Settlement 1.00 m 1.00 m
Construction crest level (above A.L.L.) 3.0m 3.1m

5.5 Example of a berm width optimization

It is clear that making a wider berm will
decrease the required dike height. But what
is the optimum berm width? This depends on
the const of earthomoving, the cost of land
aquisition and the cost of the revetment. In
the following example this is worked out.
The prices used are realistic prices used in
the Netherlands in 1995.

Given is a wave condition near the toe of the

dike with shortcrested waves (H= 3 m and
T = 8 seconds). The slope of the berm (at
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Still Water Level) is 1:20, the slope protection is smooth, the depth in front of the dike (below
SWL) is 6.5 m. (in case of deep water in front of the dike, overtopping would be more).The
crest width has to be 2 m, the inner slope is 1:3. The ground level at the inner side is identical
to the bottom level at the outer side.

The dike crest level has to be determined for the ¢ = 0.1, I and 10 l/s/s criteria. This results
in the following values of dike heights (in m above the bottom):

Slope 1:3 L5 1:8
Overtopping | 0.1 /m/s 1.0Vm/s 10lU/m/s | 0.1 V/m/s 1.0Um/s 101l/m/s | 0.1 Um/s 1.0Vm/s 10 Vm/s
Berm width
0Om 17.9 15.4 12.9 13.2 11.7 10.2 10.4 9.5 8.6
5m 15.7 13.7 11.7 12.1 11.1 9.8 10.2 9.3 85
10m 14.3 12.6 10.8 11.9 10.7 9.5 10.0 9.2 84
15m 13.4 11.9 10.4 11.4 10.3 9.2 9.8 9.0 83

Note: For the slopes 1:3 and 1:5 a roughness coefficient of 1 is selected (e.g. for Basalton),
Jor the 1:8 slope a roughness-coefficient of 0.95 is used (grass).

Simple geometry [Vol = 6.5 b + (s/2 +1.5)*h* + 2h] leads to the following volumes of the

dike (in m’). Using a price of 15 per m’ leads to following cost figures:
Slope 1:3 115 1:8
Overtopping | 0,1 V/m/s 1,0V/m/s 10l/m/s { 0,1 /m/s 1,0/m/s 10Vm/s | 0,1 Vm/s 1,0 Vm/s 10 Um/s |
Berm width i
A5 997 742 525, 723 571 437 616 515 424
(f 14955) (f 11134) (f7875) | (f 10850) (f8564) (f6548) | (f9235) (f7731) (f6360)
5 803 623 467 642 548 436 625 527 447
m (f 12051) (£9345) (£6999) | (f9635) (f8213) (f6544) | (f9377) (f7902) (f6703)
o 707 567 437 655 544 445 635 549 470
m (f 10606) (f 8497) (f6548) | (f9829) (f8165) (f6675) | (f9525) (f8234) (f 7048)
f . 663 546 443 640 543 455 645 561 493
i m (f9945) (f8192) (f6642)| (f9602) (f8136) (f6817) | (f9680) (f8415) (f 7395)

For this dike, polderland has to be bought. The amount of land to be purchased depends on the
width of the dike. In the following table the total width of the dike is given [W = b + 2 +
(3+s)*h], as well as the price of polderland to be purchased, assuming a price of f 7.5 per m’.

Slope 1:3 125 1:8
i Overtopping | 0,1 Vm/s 1,0V/m/s 10Vm/s § 0,1 Vm/s 1,0Vm/s 10Vm/s | 0,1 Vm/s 1,0 /m/s 10 Vm/s
' Berm width
0 109 94 79 108 96 84 116 107 97
m (f820) (f708) (f596) | (f807) (f717) (f627) | (f873) (f799) (f724)
5 101 89 17 104 96 85 119 109 101
m (f759) (f669) (f579) | (f778) (f718) (f640) | (f894) (f820) (f759)
10 97 88 77 107 98 88 122 113 104
m (f734) (f657) (f576) | (f804) (f732) (f660) | (f915) (f849) (f783)
15 97 88 79 108 99 91 125 116 108
m (f730) (f663) (f59) | (f812) (f746) (f680) | (f936) (f870) (f812)
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On the slope, one has to place a slope protection. It is assumed that only half the run-up height
has to be protected with a slope protection. The slope protection has to be continued to a value
of 3 m below the berm. Assumed is that the price for the protection is:

/120 per m? for a 1:3 slope

/100 per m’ for a 1:4 slope

/ 80 per n? for a 1:5 slope

For the 1:8 slope no slope protection is foreseen, so only the cost of the berm are included.
The cost of the berm cover is assumed to be f 50 per m*

This leads to the following values (m’ of slope protection and cost)

Slope 1:3 I2§ 1:8
Berm width
83m 50m 3.0m
0Om 22.6 m2 28.0 m2 0 m2
(f2713) (f 2244) (f 250)
6.7m 44 m 2.8m
5m 19.8 m2 26.3 m2 0 m2
(f 2630) (f 2351) (f 250)
5.6m 40m 26m
10 m 17.8 m2 25.0 m2 0 m2
(f 2641) (f 2500) (f 250)
50m 3.6m 25m
I5m 16.6 m2 23.7 m2 0 m2
(f 2747) (f 2648) (f 250)
Adding all the cost from the above tables leads to the following total cost table:
Slope 123 I:5 1:8
Overtopping | 0.1 /m/s 1.0V/m/s 10Vm/s | 0.1 Vm/s 1.0Vm/s 10Vm/s | 0.1 Vm/s 1.0Um/s 10 l/m/s
Berm width
0 f 18,489 (14,555 f 11,184 | f13,901 11,525 f9,419 f10,108 f8,529  f7,084
B (100%)  (79%)  (60%) | (75%)  (62%)  (51%) | (55%)  (46%)  (38%)
5 f15439  f12,643 10,207 | f12,765 f11,283 9,536 | f10,521 8972 7,707
m (84%) (68%) (55%) (69%) (61%) (52%) (57%) (49%) (42%)
10 £13,980  f11,795 9,765 | f13,132 (11,397 f9,835 10,940 9,583  f8331
m (76%) (64%) (53%) (71%) (62%) (53%) (59%) (52%) (45%)
15 f13,422 11,602  £9984 [ £13,062 (11,530 £10,144 | 11,366 f10,035 f8,957
m (13%)  (63%)  (54%) | (71%)  (62%)  (55%) | (61%)  (54%)  (48%)

If one disregards the no-berm+-very-steep alternatives, the conclusion is that Jor all dikes with
a revetment all alternatives are in the same price range. For example, if one looks to the 1 l/s
criterion (and excluding the no-berm-extreme-steep-slope case and the 1:8 slopes, the price
difference is only f 1360, which is in the order of 10 % of the total costs. In case one can avoid
a revetment by using a 1:8 slope, in the given case this is clearly the cheapest solution.
Lowering the 0.1 l/s criterion to a 10 l/s criterion lowers the total cost in the order of 25 to
30%.

The general conclusion from this example is that it is impossible to tell of beforehand what is
the (economically) optimal berm with and slope.
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Figure 5.14 Influence of slope and overtopping on dike
width on dike height (for overtopping height (berm width b = 10 m)
q = 0.1 I/s/m)
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choice of a revetment

6 Revetments and slope protection
By definition, a revetment is a slope protection designed to protect and stabilize a slope that
may be subject to action by currents and waves. To fulfil this function, the following aspects
have to be taken under consideration in the design process:
stability (toplayer, sublayer, subsoil, foundation)
flexibility (following the settlement without influencing the stability)
durability (toplayer, asphalt, concrete, geotextile, cables)
possibility of inspection of failure (monitoring of damage)
easy placement and repair (local damage)
overall safety (primary or secondary defence, geometry of foreshore, etc.)
g. additional functional requirements, i.e. special measures for reduction of run-up
and/or roads for maintenance activities (berm requirements, etc)
The best revetment is one which combines all these functions.

Mo A op

There are numerous types of revetments. They can be distinguished in several groups:

®  rip-rap or uniform rock is applied in many projects.

®  concrete armour units; often applied where rip-rap was not possible.

®  regular placed stones or concrete blocks; applied in cases where wave attack was not

very extreme, but a very stable, and flexible revetment is required.

®  other types of revetments, like:
sand-bags or sand sausages filled with sand, gravel, cement, rock, etc.
® gabions (wire mesh containers with relatively course material.
& gravel
® asphalt
®
°

grass on a clay layer
geotextiles

6.1 choice of a revetment
The strength of the various materials relate to the various loads. In the following table a
overview is given of the importance of the loads for each type of revetment:

Revetment type Waterlevel Waves Wave impacts
fluctuations
(hours) (seconds) (seconds/100)
stones, rip-rap,etc 0 xxx(velocity) o(except subsoil)
placed blocks 0 xxx(pressure) o(except subsoil)
impervious layers XXX 0 XX
grass on clay X xxx(velocity) X

o means almost unimportant, while the number of crosses is a measure of the relative
importance. Loose stones are too permeable for slowly varying waterlevel fluctuations, while
wave impacts will do no harm to the stones (they are already broken); the subsoil can liquefy
when it is not compacted. For placed blocks the situation is more or less the same, only the
mechanism of failure in wave attack is completely different. Impervious layers are sensitive
to waterlevel fluctuations; the phreatic level cannot follow a sudden drop. This would be true
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all the more for waves, but these are again too fast to lift the layer, because there can be only
a very limited flow to where the layer is lifted. The very fast wave impacts now can damage
the layer due to stresses in the material. Grass is sensitive to all wave action on the slope and
is not used in the zone with the maximum wave-attack, while a clay layer may be relatively
imperious, so waterlevel fluctuation can cause some problems.

These differences depend on the local load situation and result in comparative designs with
different costs. Besides costs there are other reasons to choose or reject a revetment-type.
Some of them are summarized in the following list.

a. strength: Every construction can be designed strong enough, but a material with a steep
damage curve is less favourable because of the possibility of progressive failure.

b. flexibility: When settlement or scour plays an important role, a construction that preserves
its strength while it follows the changes can influence the choice.

c. construction: Easy and fast construction can mean lower costs; sensitivity for tolerances
can play an important role here.

d. maintenance: How easy is it to inspect or to repair a (part of a) construction ?

e. sustainability: How does the material react to physical, chemical or biological processes;
it should not age too easily.

J. environment: How well does the protection fit into the environment, what other functions
have to be fulfilled ?

8. recreation: A concrete slab is not the ideal place for a picnic.

6.2 Stability of the top layer

6.2.1 Loose Material (rock armour layers)

Many methods for the prediction of rock size of armour units designed for wave attack have
been proposed in the last half century. Those treated in more detail are the Hudson formula
as used in the Shore Protection Manual [CERC, 1984] and the formula derived by VAN DER
MEER [1988]. The original Hudson formula is written as:

K,A3cota

Kp is a stability coefficient taking into account all other variables. K, values suggested for
design correspond to a "no damage" condition where up to 5 % of the armour units may be
displaced. In the 1973 edition of the Shore Protection Manual the values given for K, for
rough, angular stone in two layers on a breakwater trunk were:

K, = 3.5 for breaking waves

Ky, = 4.0 for non-breaking waves.
The definition of breaking and non-breaking is different from plunging and surging as
described in chapter 5.1. A breaking wave in the Hudson formula means that the wave breaks
due to the foreshore in front of the structure directly on the armour layer. It does not describe
the type of breaking due to the slope of the structure itself.
The main advantages of the Hudson formula are its simplicity and the wide range of armour
units and configurations for which values of K, have been derived. The Hudson-formula has
also many limitations. Briefly they include:
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® Potential scale effects due to the small scale at which most of the tests were
conducted;

° The use of regular waves only;

®  No account taken in the formula of wave period or storm duration;

®  No description of the damage level;

®  The use of non-overtopped and permeable core structures only.
The use of Kycota does not always best describe the effect of the slope angle. It may
therefore be convenient to define a single stability number without Kjcota. Further, it may
often be more helpful to define in terms of a linear armour size, such as the typical or
nominal diameter. The Hudson formula can be re-arranged to:
H

f_ = N, = (Kycota)l/?
ADnsa = ( D )

Using this structural parameter, based on an extensive series of model tests, Van der Meer
developed two formulae for the stability of armour for plunging and surging waves
respectively. These formulae are:

For plunging waves:

Hg S "
= 6.2P°'18(-—-)0'2£ 0.5
AD,s, N =
For surging waves:
Hg _ -0.13¢_S yoa.2
= 1.0P (—=)%3%/cota &,
AD;s50 VN

The transition from plunging to surging waves can be calculated using the critical value of

Em:

emc = [6.2?0'31m] 1/(p+0.5)

For cotae = 4.0 the transition from plunging to surging does not exist and for these slope
angles only the plunging wave formula should be used. The permeability factor P for various
structures is given in figure 6.1. This factor should lie between 0.1 and 0.6. Both the Van
der Meer formulae and the Hudson formula can be found in the CRESS-package.

Design values for the damage level S are shown in the table. The level "start of damage"”,
S = 2-3, is equal to the definition of "no damage" in the Hudson formula. The maximum
number of waves N which should be used is 7500. After this number of waves the structure
is more or less in equilibrium.

revetments and dikes (15 September 1994) IHE-Delft 75



revetments and slope protection

Dnso A/DnsoF =45 DnsoF/Dnso C =4

DnsoA/DasoC=32

DnsoA = nominal diameter of armour stone
DnsoF = nominal diamater of fitter material
DnsoC = nominal diamater of core

Figure 6.1: Permeability factor P for various structures

Slope Initial Intermediate Failure
damage damage
1:1.5 2 3-5 8
1:2 2 4-6 8
1:3 2 6-9 12
1:4 3 8-12 17
1:5 3 8-12 17

The wave steepness should lie between 0.005 < s, < 0.06 (almost the complete possible
range). The relative mass density varied in the tests between 2000 kg/m* and 3100 kg/m?,
which is also almost the possible range of application.

The N, in the Hudson formula is only related to the slope angel cota. Therefore a plot of N,
versus cotar shows only one line for the Hudson formula. The Van der Meer-formulae take
into account the period (or the wave steepness), the permeability of the structure and the
storm duration. Especially for revetments the permeability is an important factor, because in
a revetment the permeability is usually much less than in a breakwater.

Figure 6.2 shows a sample calculation, indicating the difference between the Hudson and Van
der Meer formulae.
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Figure 6.2: Rock stability for 1000 waves and a permeable structure

In these lecture-notes the stability of other type of armour units (concrete blocks, tetrapods,
etc.) is not discussed, because their application for revetments is very limited. That topic is
discussed in detail in the lectures on Breakwater design.

6.2.2 placed blocks

Placed blocks come in many shapes; the human fantasy is the only limiting factor. The
variation is in the coherence; pitched, pinched, connected with cables or geotextile, or
interlocked. Another variation is the shape of the upper side of the blocks which is meant to
reduce the wave run-up.

cross section

] j A
1] -! 1 1 ! J
l [“ [ | N L
| LR LR K !"ﬁ’
1 N | | |
T T 17T 1
o L ]
top view
embedded stones mat of blocks Interlock stones

Figure 6.3: examples of block systems in revetments

The transition between the blocks and the underlying soil is another variable. In the chapter
on filters this topic will be worked out in more detail. Some examples are given in figure 6.4.
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Figure 6.4: Possible transitions to underlying soil

Sometimes the blocks are placed directly on the clay; this requires a high standard during
execution, and is therefore only recommended when execution can be controlled very
effectively, and the weather does not cause problems. When the blocks are not of identical
height, a layer to embed the blocks is necessary to correct the height differences. This is
specially the case when natural material like basalt columns are used. It is sometimes
combined with a filter layer.

a: forces due to back-
wash

b:  quasi-stationary pres-
sures due to wave set-
up

c:  pressures due to wave
front

d:  velocity-field in wave

e:  wave shock (impact)

f:  pressures due to wave
breaking

g: low pressure due to
air in water

h:  forces due to uprush

i, gradientperpendicular
to the slope

i,;  gradient parallel to
the slope

Figure 6.5 shows the pheno-
mena that play a role in the
stability of placed blocks
during a wave cycle. For
loose grains velocity, friction
and gravity are not enough to
describe the stability. At least inertia and porosity should also be taken into account. For

Figure 6.5: forces on top-layer during a wave cycle
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placed blocks the situation is all the more complex. From tests, calculations and reasoning
it was established that the phenomena b and ¢ are dominant in the process. In fact, the wave
action on and under the blocks cannot be separated and porous flow phenomena have to be
taken into account.

Figure 6.6 shows the domina-
ting situation at maximum
downrush; the pressure on
the blocks is low in front of
the wave, while under the
blocks it is high, due to the
propagating wave pressure in
the filter layer and to the
relatively high phreatic level
in the slope. This causes an
uplift force on a block. Very Figure 6.6: Critical situation for placed blocks during a wave
important for the magnitude cycle

of this uplift force is the

relation between the permeability of the top layer and the filter layer, usually expressed in
a leakage factor, A. This will be discussed in the following section.

Low pressure
due to backwash
Phreatic

the leakage factor

To demonstrate the relative importance of permeabilities, the porous flow in the revetment
is simplified as follows: the flow through the filter layer is assumed to be parallel to the slope
while the flow through the top layer is supposed to be perpendicular to it (y is the coordinate
along the slope). The flow in the filter (qz) and the top layer (q;) can be expressed as:

ad
qp = _kp 7 £

(P-D,) AD
qr = kr—’_sj = = k, 7

In these formulas @ is the pressure head and k is the permeability. The thickness of the top
layer is d, the thickness of the filter is b. From continuity (Agz.b = qr.Ay) follows that q;
= b.d.qg/dy, which leads to:

a?®, k(DD _ D.-d, -
dy? B k. bd A2
azd
A® = AN2—F A =
ay ( x; )

From this equation can be seen that the head difference over the top layer depends directly
on A. A relative thick and permeable filter layer and/or a relative thick and impermeable top
layer give a large A and hence, a large head difference over the top layer. So a large leakage
length A is unfavourable for the stability of the blocks.

This equation can be solved analytically for highly schematized boundary conditions and when
laminar flow (or more precise: a linear relation between velocity and pressure) is assumed.
Further description is outside the scope of this lecture and the reader is referred to the
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contribution of Bezuijen, Klein

Pressure head on cover layer

Breteler and Burger in PILARCZYK Pressure head under cover layer
[1990] L Breaker wave

Whether a block is pushed out or not Hin 3

depends further on the strength of the L

revetment in which two factors play
an important role. In the first place of
course the coherence of the blocks,
which in the case of loose blocks is
the friction between them. The second
factor is the flow towards a stone o
when it is pushed out. With a
relatively small permeability of the
filter layer, the block is sucked onto
the slope because only very little water can flow into the growing hole leading to a sudden
decrease of the pressure under the block. From all this it becomes clear that a permeable top
layer and an "impermeable" filter layer lead to the most stable construction. This means that
filter layers should be kept as thin as possible. That is why the idea of blocks placed directly
on clay is a very attractive one from a theoretical point of view. However, in practice it is
virtually impossible to prepare a good clay bed to place the blocks on.

Figure 6.7: Head difference over the top-layer

By equating the formulae for the load and for the strength as given above, it is possible to
determine the stability of a slope protection. However it is quite difficult to solve these equa-
tions, even in a numerical way. Especially because of the quick variations of the pressure as
a function of time, a solution is difficult to obtain. The computer program STEENZET,
developed by Delft Geotechnics and Delft Hydraulics is able to do so. Handling this program
is far from easy, and much experience is required. Therefore this program is not very well
suited to the standard design of slope protections.

A somewhat more simple version of this program, called Anamos, is available for design of
block-revetments (both square blocks as well as Basalton). This program is only available in
Dutch anican be obtained from the Ministry of Public Works in Delft (P.O. Box 5044; 2600
GA Delft; f 470.--).

However, for a smaller areas also the simplified method of PILARCZYK [1993] (or an other
recent paper of Pilarczyk) can be used. This method is discussed in the following section.

design of a block protection (and related types)

For practical design one can use the general empirical (approximate) formula derived by
Pilarczyk (1990):

H, cosa
AD < 7,9 £b

for cota 2> 2

or
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AD=%"1o"! cosla H &
m u S

with:

= surf similarity index on a slope
system-determined (empirical) stability upgrading factor (‘*¥, = 1.0 for riprap
as a reference and ¥, > 1 for other revetment systems) [-],
stability factor or stability function for incipient of motion, defined at £ = 1
[-1,
significant wave height [m],
average wave period [s],
wave length [m],
specific size or thickness of protection unit [m],
slope angle [°],
relative density of a system-unit [-],
exponent related to the interaction process between waves and revetment type
(roughness, porosity/permeability etc), 0.5<b<1. For rough and permeable
revetments as riprap, b = 0.5. For smooth and less permeable placed-block
revetments it can be close to b = 1. The value b = 2/3 can be treated as a
common representative value for other systems (i.e. more open blocks and
block-mats, mattresses of special design etc.).
The effect of composition (permeability) of revetment is illustrated in fig. 6.1

& g
Il

]

=)

8

cbhbRrRUogr—=m
Il

D and A, are defined for specific systems as:

- rock D =D, = Ms/p)”and A, = A = (p, -p.)/p.,

- blocks D = thickness of block and A, = A

- mattresses D = d = average thickness of mattress and A, = (1-n)A, where
n = bulk-porosity of fill material and A = relative density of fill material. For
common quarry stone (1-n) A = 1.

For rock and £ > 3, the sizes calculated at £ = 3 can still be applied.

The wave attack on a slope can be roughly transformed into the maximum velocity component
on a slope during run-up and run-down, U, by using the following formula:

Umax = a vg HS é
(for irregular waves and smooth slopes a = 1; in other cases a < 1).

The stability factor @ for loosely aggregates can be more generally defined using the Van der
Meer's formula (see previous chapter and figure 6.8).In the case of relatively impermeable core
(i.e. sand or clay, P, = 0.1) and limited number of waves (N = 3000) the following indicative
®-values can be determined:
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Figure 6.8: Van der Meer’s formula on riprap for N = 3000 waves and impermeable core (P, = 0.1).

In the case of relatively impermeable core (i.e. sand or clay, P, = 0.1) and limited number
of waves (N = 3000) the following indicative ®-values can be determined:
¢ =2.25 for incipient motion (motion 1 to 3 stones over the width of slope equal

to D,)

¢ =30 as a first approximation for maximum tolerable damage for two-layer
system on granular filter (i.e. S, = 8 and damage-depth less or equal
to 2D,)

These conditions are close to the average test conditions in the past when the rock and other
alternative systems were examined based on the Hudson’s stability equation.

The ®-value equal to 2.25 will be used further as a reference value for the stability

comparlson with other alternative systems. The difference with stability of rock due to the
improving measures will be expressed by the upgrading factor ¥,
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The important difference between the loosely packed rock and the alternative systems
concerns the behaviour of the systems after the initiated movement (damage). Due to the
self-healing effect of the loosely packed rock a certain displacement of rock units can be often
accepted (up to ® = 3). In the case of alternative systems i.e. block revetment, the initial
damage (i.e. removing of one block) can easily lead to a progressive damage; there is no
reserve-stability. In all cases, experience and sound engineering judgement play an important
role in applying these design rules, or else mathematical or physical testing can provide an
optimum solution.

The comparison of stability of various systems (parameter ¥,) and the necessary parameters
for calculation purposes are comprised in the following box.

friction

It is very difficult to determine the amount of friction between blocks. The friction can be
very high, but sometimes there might be not any friction at all (a loose block). During some
field tests, blocks were pulled out of the slope. The forces required were sometimes
extremely high, but sometimes, a force only a little more that the deadweight of the block
was enough.

type of block average weight pulling force pulling force
(kg) average (kgf) stand. dev (kgf)

Basalt type 1 17 1763 1282

Basalt type 2 32 2178 1248

Basalt type 3 35 1528 1037

Basalt type 4 50 8874 3324

Blocks .5x.5x.2 180 3764 2194

Round type stone 16 668 369

As can be seen in the table the standard deviation of the pulling force is extremely high. But
it is also clear that the pulling force is sometimes 50 times deadweight.

Comment for users

® block revetments and block-mats

The use of ¥, -values higher than 2.5 is not advised except when supported by mathematical
models and/or large-scale tests incorporating geotechnical stability. For older revetments some
increase of stability is often observed due to the increase of natural friction and/or inter-
locking. However, permeability may decrease which acts adversely.

The edges of the adjacent block-mats, if not properly connected to each other, should be
treated as free blocks (¥, = 1.33 to 1.50). For slopes steeper than 1 on 3 the geotechnical
(in-)stability (i.e. sliding) can be a decisive factor and it should be examined properly. In the
case of toplayer placed directly on (compacted-)sandy subsoil and geotextile the impinging
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and/or liquefaction. It should be noted that for practical reasons the minimum thickness of
loose blocks is about 0.10 m and for blocks grouted with granular material and blockmats is
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loose blocks is about 0.10 m and for blocks grouted with granular material and blockmats is
0.08 m. More sophisticated approach to stability aspects of these systems can be found in the
guidelines on dimensioning of block revetments.

® grouted stone

Surface grouting is not advised in the case of highly permeable sub-layers. Creation of a
completely impermeable surface should be avoided because it may introduce extra lift forces
(blasting effect). In the case of pattern grouting about 50 to 70% of the total surface is filled.
The upgrading factor is very dependent on the execution and care must be taken to ensure that
the grout does not remain in the surface of the stone-layer only, or sags completely through
the layers. In the area of high wave impact, the grouted lumps themselves can be split by
dynamic actions, therefore this type of construction should be applied up to H, = 3 m
(frequent loading) and H < 4 m (less frequent loading). In the later case, for safety reasons,
it is recommended to use of three layers of broken stone. If a lump of grouted stones is split
and washed away, the third layer will still protect the core since it is held by the overlying
grouted lumps.

® bituminous systems

In the case of open stone asphalt on sand asphalt filter, the thickness of the system may be
defined as the total thickness of both layers. For the edges of all bituminous systems the ¥,
= 2 should be applied. Because of possibility of liquefaction, the open stone asphalt on geo-
textile and sand is recommended only up to H, = 2 m. For H; > 2 m the sand-bitumen filter
under the toplayer of open stone-asphalt is recommended. Due to the limited resistance of
open stone-asphalt against surface erosion (max. velocity, u = 7 m/s) this system can be
applied up to H, = 3 m, and, for a less frequent wave loading, up to H, = 4 m.

For practical reasons, the minimum thickness of open stone asphalt is 0.08 m if prefabricated
and 0.10 m if placed in-situ. However, the more common thickness are respectively 0.10 and
0.15 m. Bituminous plate-systems (especially impermeable ones) should also be examined
concerning the allowable stresses and strains (bending moments) and the uplift criterion. The
calculation methods can be found in (see next chapter). The example of thickness of various
asphalt revetments related to the allowable stresses is given below for compacted sandbed
with slope 1 on 3:

H (m) asphalt open sand
concrete | stone asphalt | asphalt

2 0.10 m 0.20 m 0.40 m

3 0.20 m 0.40 m (0.80 m)

4 0.30 m 0.65 m

5 0.40 m

In general, the resistance of the sand-asphalt is limited to the velocity of 3 m/s and the wave
height of 1.5 m (or H; < 2 for less frequent loading). Currents are not usually a determining
load in the design of asphalt concrete.

® gabion baskets and mattresses
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The primarily requirement is that the gabion or mattress of thickness "d" will be stable as a
unit. The thickness of the mattress can be related to the stone size D,. In most cases it is
sufficient to use two layers of stone in a mattress (d = 1.8 D,) and the upgrading factor can
be recommended in the range 2 < ¥, < 3 (max). The secondary requirement is that the
movement of stones in the basket should not be too high because of the possible deformation
of baskets and the loading on the mesh-wires. To avoid the situation that the basket of a
required thickness "d" will be filled by too fine material, the second criterion, related to D,,
have been formulated. The choice of ¥, = 2 to 2.5 related to D, means, that the level of
loading of the individual stones in the basket will be limited roughly to twice the loading at
the incipient motion conditions. Thus:

D, (dynamic stable) when ¥, < 2.5, and

d (stable) whend = 1.8D,.

In more than 2-layer systems it is preferably to use a finer stone below the toplayers (i.e. up
to 1/5 D,) to create a better filter function and to diminish the hydraulic gradients at the
surface of the subsoil. The formulations for gabions and mattresses are only valid for waves
with a height up to H, = 1.5 m, or for less frequent waves up to H, = 2.0 m. In either case
it is important that both the subsoil and the stone infill are adequately compacted. When the
current exceeds 3 m/s or the wave height exceeds 1 m then a fine granular sublayer (about
0.2 m thick) should be incorporated. In other cases it is satisfactory to place the mattress
directly onto the geotextile and compacted subsoil. For practical reasons, the minimum
thickness of mattresses is 0.15 m.

® fabric and other containers

The stability criterion for fabric mattresses of thickness "d" filled with sand, sand-cement or
other materials attacked by waves is derived from some (limited) tests and recent knowledge
of revetment principles. The value of upgrading factor (¥,) depends on the ratio of the
permeabilities of the mattress and the subsoil, P :

° forP, <1 : ¢ = 1.0 (less permeable mattresses)
o forP, =1to2 : ¢c =15
o forP, >> 1(G.e. =25): ¢ = L.75 - 2 (permeable mattresses of

special design).

The permeability of the mattress should be treated as an integrated permeability of all the
components i.e. geotextile container and fill-material together. For wave heights 1 m < H,
< 2 m and a sandy subsoil special measures against sliding and/or liquefaction should be
taken: extra compaction, extra thickness (50 to 100%), eventually a fine granular sublayer
0.2 m thick (broad graded) etc. In the case of permeable mattresses (i.e. gravel-fill) on sandy
subsoil the underneath part of the container should be preferably made of the sand-tight geo-
textile (filter function). For slopes steeper than 1 on 3, to avoid sliding, special attention
should be paid to the anchoring at the top of the mattress and to the adequate toe support.
Special measures should be taking concerning the transitions (avoid exposed edges), scour
protection at the toe and the protection in the splash area due to the overtopping.
Sand-mattresses, even properly compacted, are very susceptible to deformation. Therefore,
their permanent use should be limited to relatively mild wave attack (H, < 1.5 m). In
general, the use of fabric containers of various (specific) designs for wave heights higher than
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2 m and application of ¥,-values different from the above-mentioned is only recommended
when supported by the large-scale or prototype tests, including geo- technical stability. For
practical reasons, the minimum thickness of fabric containers/mattresses is 0.15 m. For
promoting vegetation through the geotextile mattress the sand and/ or fine gravel, mixed with
cohesive additives and seed, are very suitable as fill material.

effect of storm duration

In the Pilarczyk-formula the duration of the wave attack is not included. The values given for
the parameters are based on the most common situations. However, sometimes the wave
attack at a certain level of the dike is quite constant, and attack may persist for many hours.
It is clear that the probability of failure during a storm increases when the storm lasts longer.
On revetments with a big tidal difference this is not so important, because there the attack is
shifting from one level to another during the storm.

In cases of no tide, or a very limited tidal difference, this aspect can be very important.

In order to investigate this problem, a number of full-scale long duration tests were performed
in the Delta flume of Delft Hydraulics. This resulted in the following two graphs for the
probability of failure of a revetment as a function of the duration of the wave attack.

Concrete blocks {m)
0.50 x 0.50 x 0.80 m*

Natural basaltic columns
height 20 - 30 cm
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Figure 6.9: Probability of failure of a slope-protection during a storm of given duration.
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6.2.3 asphalt revetments [adapted from Rijkswaterstaat, 1985]

The most important mix types applied in hydraulic structures are:

. Asphaltic concrete

. Asphalt mastic

. Grouting mortars

. Dense stone asphalt

. Open stone asphalt

. Lean sand asphalt

. Asphalt membranes

Mixes are defined by the constituents, the nature of asphalt mix and the binder material.

NN B W e

Asphaltic concrete

Asphaltic concrete is probably the best known mix type. It is a mixture of crushed stones or
gravel, sand and filler in which the pores are practically completely filled with bitumen. The
voids ratio is 3 to 6%.In general the material must be compacted and is unsuitable for
application under water or in the tidal zone. In view of the small voids ratio required,
asphaltic concrete can be considered to be impermeable. Asphaltic concrete is applied as a
watertight dike revetment above the mean high water level, and as a lining for canals,
Teservoirs etc.

Mastic

Mastic is a mixture of sand, filler and bitumen. There is more bitumen available than
necessary for filling the voids in the sand filler mixture. The mix, therefore, is naturally
dense and need not be compacted. Mastic can be poured at working temperatures and is used,
for asphalt slabs above and under water for lining or as bed and toe protection. When cold,
mastic forms a viscous quasi-static mass.

Grouting mortars

Grouting mortars are hot-type mixes of sand, filler and bitumen of which there is more than
required to fill the voids in the mineral; stone and gravel can be added if necessary. These
mortars are used for grouting stone revetments above and below waterlevel and also for slab
construction.

Dense stone asphalt

Dense stone asphalt is a gap-graded mixture of stone, sand, filler and bitumen. The amount
of bitumen slightly overfills the mixture. The material is, therefore, water impermeable. It
is used as bottom and slope protection and also in toe construction.

Open stone asphalt

Open stone asphalt is a gap-graded mixture of mastic and stone. A stone frequently used is
limestone 20/40 mm. Mixing is carried out in two stages. First mastic is prepared and
secondly it is mixed with limestone. The mastic binder only coats and connects the limestone
particles together. It is an underfilled’ mix and, because of its open structure, should not be
placed under water except in the form of prefabricated mattresses.
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Lean sand asphalt

Lean sand asphalt is a mixture of sand, often locally obtained, with 3 to 5% bitumen. It is
a greatly ’underfilled’ mix and the function of the bitumen is simply to coat the sand grains
and bind them together. After some time the permeability is very similar to the sand from
which it is made. It is used as a core material for reclamation bunts, filter layers and as
permanent or temporary cover layer above and below water-level.

Membranes

Membranes are thin impermeable watertight layers of bitumen which are prepared in-situ or
prefabricated. Membranes are used as impermeable linings for canals, banks and water
courses.

The functional requirements of an asphalt revetment

The function of a dike is to protect the area behind from floating. In order to protect the dike
body, which is generally built up from soil, against erosion it is often provided with a
revetment. Since the revetment is, at the same time, a part of the dike it can also fulfil other
functions as, for example, watertightness. In general, for design purposes, the revetment may
not be used to increase the safety of the dike body, in itself, against sliding.

An asphalt revetment must, in order to function satisfactorily, fulfil various requirements; re-
quirements which stem partially from the loads which can be exerted. These are:

1. The revetment must be so that material from the dike body cannot pass through it.
Sometimes the requirement is that the revetment should be watertight.
2. The revetment must be able to withstand:

-- waves generated by wind and ships;
-- currents and material carried with it such as sand, stones and driftwood (abrasion);
-- uplift water pressures (only applicable to a relatively watertight revetment);

3. The revetment must be able to adjust to settlements and scouring, within limits, and
must remain in contact with the subsoil.
4. The revetment must be stable. It should not slip down from the slope, also, during

construction. It should, also, be stable, as a whole, so that it cannot be carried away
by the loads which act upon it. This implies a certain dimension and weight.

5. The revetment must be weather and water resistant to erosion, corrosion, light, wind,
temperature, and ice. The environment should not be able to damage the revetment
Or vice versa.

6. The revetment must be durable, that is, it must continue to function throughout its
design life.

7. The revetment should, preferably, be aesthetically acceptable. This condition, how-
ever, if it is contrary to other requirements, should never be overriding.

8. In addition the following should be taken into account and guarded against:

-- biological damage by plants, animals and sea organisms;

-- chemical damage by polluted or salt water;

-- possible land traffic, during construction and when completed;
-- vandalism;

-- recreational activities;

-- vessels and anchors.
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The above mentioned requirements must, in principle, be satisfied. This is possible by
composing the revetment of one or more materials. Often, because the various requirements
demand different revetment properties, a compromise must be sought.

The combination of the revetment and the dike body determine whether or not the dike
functions satisfactorily, also in the coarse of time. Also it should be possible to construct the
revetment under to local conditions. The dike body itself should be such that a reasonable
cheap, well-functioning revetment can be achieved.

The dike body

An important factor to take into consideration when dimensioning and constructing a dike

revetment is the nature of the dike body, that is, the sandbed. The following aspects are

important;

a. The bearing capacity of the dike body determines among others the performance of
a revetment under wave attack and other forces, and, therefore, plays a large role in
the dimensioning. If the bearing capacity is large then often the thickness of the
revetment can be reduced. The properties of the soil such as the modulus of elasticity,
the modulus of subgrade reaction and Poisson’s ratio are important. They themselves
are influenced by the amount of compacting of the dike body. These properties can
be determined from, for example, plate bearing tests.

b. A high degree of compaction can, amongst other things, avert the softening of a
saturated or almost saturated soil by impact loads, for example wave attack, which can
cause loss of bearing capacity. A relative proctor density of 95-100%, down to a
depth of about 2 m, can, in general, in sand reduce the possibility of softening to an
acceptable minimum. Bad, permeable, wet soil is prone to weakening; the presence
of mud, in this context, is undesirable.

. The permeability of the sandbed is important in connection with groundwater flow in
the dike body and, consequential uplift pressures under a relatively watertight
revetment. It is also important in connection with likely softening of the sand body.

d. The placing above water of an open asphalt mix on a saturated sandbed can, through
the influx of water, result in the early development of stripping. Vibration compaction
can soften a loosely packed saturated sandbody. Under impermeable mixes, as
asphaltic concrete, uplift pressures can develop while the asphalt is still soft. This
situation can, for example, occur by the delivery water from hydraulic filling work.

e The dike body should have sufficient bearing capacity to support construction
activities. If the sandbed has little resistance to deformation it is difficult to compact
and, construction equipment can cause track impressions (’rutting’). After the sandbed
has been compacted and made smooth it should not be driven over or care should be
taken to ensure that it is not disturbed. The dike body is often formed of sand which
is reasonably easy to compact. A good compacted subsoil gives fewer problems while
compacting the revetment initial cracking is limited and the voids ratio required easier
to achieve.

In some areas in the Netherlands it has been common practice to only smoothen the
sandbed with a bulldozer. This, however, only produces a limited improvement on the
original density. On several dike projects, tests have shown that, even at considerable
depth, the compaction was low. It is, in fact, better to build up the sandbody in thin
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layers, with bulldozers. The dike face can then be profiled accurately, also with
bulldozers. If this does not produce the compaction required, then a vibration roller
should be used. For this process it is recommended that the sandbed is first sprayed
with water.

The best dike body construction method, however, is to dump an excess of material,
and then, after this has ben compacted, to produce the profile required by grading.
The application of a clay underlayer is not recommended because of its weak
consistency and the possibility of "frost heave". If an asphalt revetment is to be built
on an existing clay revetment this should be of good quality, otherwise it should be
removed. Investigations of the quality are desirable.

From a structural point of view there are generally no problems with underlayers of
inert mine waste or lean sand asphalt. There can be some problems when laying an
asphalt revetment on mine waste in connection with obtaining an equal revetment
thickness.

Subsoil can be improved by:

--  mechanical compaction;

--  physical/mechanical treatment; an improvement of the particle skeleton in
combination with mechanical compaction. This method has not yet, generally
been used in hydraulic structures, but perhaps it will be in the future.

f. After constructing the revetment the dike body will tend to settle. If it has not been
well compacted or if there are clay or peat layers in the subsoil, the settlement can be
large and irregular. If the bed, is at the same time highly permeable then it is possible
that the grain stress only recovers slowly and that the bearing capacity of the bed
temporarily appears to be insufficient. This effect must certainly be taken into account
with clayey subsoils; good drainage in this case is essential. With very permeable
material the situation does not develop.

The bearing capacity of a ground mass can be measured using C.B.R. tests, soundings, or
plate-bearing tests. It is recommended that laboratory investigations are carried out to deter-
mine values of permeability, proctor density, friction factors, etc. Sufficient measurements
should be made to obtain representative values. The following recommendations are made for
compacting subsoil: The minimum compaction should be 95% of the maximum proctor-
density. The average compaction should be 98%.

Design methods

In the following sections design methods are given for the most common applications of

asphalt revetments, including:

- A dense asphalt revetment against hydraulic uplift pressures resulting from quasi-
static conditions.

-- A plate-type asphalt revetment against wave impacts.

-- A dense underwater bed protection against uplift pressures caused by currents and
waves.

- A surface- or pattern-grouted crushed stone layer against wave action.

- An asphalt revetment against currents.

-- An asphalt revetment adapting to irregular settlement and scouring. Determination of
the maximum dike face slope is also discussed. Design methods are not given for all
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Determination of the maximum dike face slope is also discussed. Design methods are
not given for all types of loading situations. The methods described can probably also
be applied to loadings other than those discussed.

Dense asphalt revetment designed to resist hydraulic uplift pressures

Hydraulic uplift pressures develop under a sealed, absolutely or relatively non-permeable dike
revetment as a result of differences in water-level inside and outside the dike body. These
pressures can force the revetment off the dike face. To prevent this and to ensure that the
revetment continues to function it is necessary to take the phenomenon into account in the
design. Air pressure can develop under an airtight dike crest revetment as a result of rising
groundwater levels. This pressure can cause the revetment to crack. The effect can be avoided
by ensuring that there is good ventilation. Air pressures act over the whole width of the crest
whereas water pressures tends to act locally.

Hydraulic uplift pressures
Hydraulic uplift pressures can be caused by:
-- Quasi-static conditions:
® The groundwater level in the dike lags behind the ebb and flood of the tide. As soon
as the groundwater level is higher than the water-level outside the dike body there is
an hydraulic uplift pressure under the revetment.
® The largest uplift pressures can be expected after a storm surge when the water-level
outside the dike body falls rapidly and the groundwater in the dike falls more slowly.
® Uplift pressures can develop during construction and for some considerable time
afterwards if sand is moved by means of hydraulic transport in the vicinity of the
revetment.
-- Dynamic conditions:
® Uplift pressure develops in the dike body when the water-level outside is lowered
locally, over a very short time period, by a passing ship.
® Uplift pressures develop when wind waves produce changes in water-level on the dike
face.
Dynamic conditions which can cause uplift water pressures are not discussed further here.
Often the time interval in which they act is so small that insufficient water can flow to
develop pressures of any consequence.

A large number of factors influence the development of hydraulic uplift pressures:

- the height, duration, and form of time-dependent boundary conditions such as storm
surges and tides in front of the dike, and the potential on the rear side of the dike: the
polder level, the drainage ditch level, etc.;

-- the permeability and the differences in permeability of the soil in and under the dike
body;

- the dike geometry: dimensions; dike face slope; berms; toe level;

- the water storage capacity of the subsoil;

- the level of the foreshore in front of the dike;

o the level of any impermeable layers, for example, clay, in the subsoil;

- the length of any sheetpiling in the toe;
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- the presence and type of any drainage systems in the toe or elsewhere in the dike
body.

A drainage system is sometimes installed in the dike to control groundwater movements. By
using a toe drainage it is possible to completely or partly prevent the build-up of uplift
pressure. It is important that such drainage systems continue to function throughout the
lifetime of the structure.

Because many of the above factors are variable it is not possible to give general rules for
determining the amount of uplift pressure which can develop. It is always advisable, certainly
for large projects, for sites where the subsoil is not homogeneous, when a permeable layer
is present under the revetment, or if the revetment design is very different from that
schematised in the following figure to determine the uplift pressures using electrical analogues
or a finite element method of calculation.

7 phreatic line

Figure 6.10: Schematization of the revetment for the Van der Veer formula.

The Van der Veer method can be used to obtain a very preliminary estimation of uplift
pressures. This method has, however, drawbacks, the most important being:

- The subsoil must be homogeneous, a situation which rarely occurs in practice.

-- The groundwater level has to be estimated.

-- The revetment must be schematized as shown in figure 6.10.

The Van der Veer method often gives values which appear to be too low in comparison with
electrical analogue results.

The electrical analogue

A good method for determining the hydraulic uplift pressures under an asphalt revetment is
the electrical analogue. This method, which has been developed extensively, simulates the
groundwater flow by electric current. However, these models are nowadays mainly replaced
by finite element computer programs.

The van der Veer formula

This formula is suitable for a preliminary estimate of uplift pressures. It is based on
two-dimensional groundwater flow in a homogeneous subsoil and the presence of the
maximum uplift pressure at the location of the outside water-level. The latter occurrence is
valid if more than 20% of the revetment lies under water, measured from the bottom edge
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of the revetment to the level of the phreatic line. The height of the phreatic line must be
estimated.

The maximum uplift pressure is determined for station<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>