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VOORWOORD

Ter herhaling van en in aanvulling op het op college gezegde het volgende:

De kern van het verhaal wordt gevormd door de hoofdstukken 6 tlm 12.
Problemen die op het tentamen aan de orde gesteld worden gaan altijd over
zaken uit die hoofdstukken. De hoofdstukken 2 tot en met 5 zijn nodig om
zinnig te kunnen praten over de belastingen die uitgeoefend worden. Ze
bevatten veel herhalingen van stof uit de eerdere jaren; nieuw zijn
waar·schijnlijkenkele dingen over turbulentie in hoofdstuk 2 en de tur­
bulente stroming door poreuze media in hoofdstuk 5. Een paar zaken over
onregelmatige golven worden aangesneden in hoofdstuk 3 omdat niet iedereen
het vak windgolven doet en het dan zo vreemd is om in hoofdstuk 10 ineens
over ~p of ~M te praten.

Hoewel de hoofstukvolgorde op enige logika berust, wil dat niet zeggen dat
die volgorde ook de meest plezierige is bij een eerste lezing. Daarvoor zou
bijv. aangehouden kunnen worden:
Inleiding 1, Stroming 2,6,9, Golven 3,4,7,10, Filters en
grondmechanische aspekten - 5,7,8,11, Praktijktoepassingen 12,13,14

Formules zijn nodig om ontwerpberekeningen te maken. Niemand kent die
allemaal uit het hoofd en dat is maar goed ook, dus dat wordt ook niet op
het tentamen gevraagd. Wel is het nodig om zo'n formule met verstand te
kunnen hanteren en te weten wat er ongeveer in zo'n formule zit en waarom.
In de veelheid van empirische relaties, geldt dat vooral voor paragrafen
als 6.3, 9.1, 10.1, 10.2.1, 11.1, 11.3.2 en 11.3.3.
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P Power W
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r 1. Relative turbulence
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Vs Ship's speed mis
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perpendicular to main flow direction
z Distance along vertical axis m
ZR Waterlevel depression in primoship wave m
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{3 Slope of scour hole degrees
'YI> Breaker depth ratio (Bib)
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e Turbulent (eddy) viscosity m2/s
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K. von Karman constant »0.4
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1

GENERAL

The interface of land and water bas always played an important role in buman development.
Settlements and economie activities are often located at coasts, river-banks or deltas. Harbours,
waterways, dikes, dunes and beaches, structures for water-control and water-resources management
etc. are examplesof bydraulicengineering on a macro-scale. In these lectures, the interface is studied
on a micro-scale. The occurringphenomena are important in all branches of hydraulic engineering.

In a natural situation, the interfacemoves freely
with the forces of erosion and sedimentation.
Actually, there is nothing wrong with erosion,
until some interest is threatened. Erosion is
somewhat like weed: as long as it is in nobodies
way, no action is neededor evenwanted. There
sbould always be a balance between the efforts
of proteetion against erosion and the damage
that would occur otherwise (see Figure 1.1).
Moreover, it sbould be realised that once a Figure 1.1 Erosion and threat
location is protected along a coast or riverbank
that is eroded on a large scale, the protected
part can induce extra erosion and in the end the whole coast or bank has to be protected. So, look
before you leap, should be the motto.

In many cases however, a proteetion is necessary: bottom proteetion bebind outlet-structures or
around objects, revetmentsin rivers and canals, dike protection, coastaIdefenceworks etc. Figure 1.2
gives some examples.

Figure 1.2 Examples of proteetion

1.1



A bare, erodable interface on one side and an interface that is protected with building materials like
concrete, asphalt or rock on the other side, are two extremes. Nature itself offers a lot of possibilities
in between, with vegetation as a major proteetion material. Mangrove trees along coasts and estuaries
and reed along river banks are just two examples of a natural and low-cost protection. An important
cause of eros ion can be the removal of this vegetation, disturbing an equilibrium that has existed for
many ages. So, a first measure in fighting erosion, will be the conservation of vegetation at the
interface.

These lecture notes deal primarily with
situations where the loads exceed the present
strength and there is someone who wants to
change that. In that case there are two
possibilities to go from an unstable to a stabie
situation, see Figure 1.3:

A Reduce the load, e.g. build a wave reductor
in front of the considered location

B Increase the strength, e.g. build arevetment
at the location

For both strategies it is necessary to have a
good understanding of the relevant phenomena
and the interaction between load and strength.
Therefore, there is ample attention for the
background of the phenomena in the coming
sections.

:r:
l­
C)
Z
W
0:::
I­
(f) B

UNSTABLE

LOAD
Figure 1.3 Load vs strength

At first, we will start to review some basic knowledge of hydraulic engineering in chapter 2 through
5 to get insight in the loads and forces acting on the interface. One can study these subjects on various
scientific levels. Here the choice is made for a level that goes "one degree deeper" than the empirical
design relations presented in the following chapters. This is considered necessary and appropriate to
make asensibie use of the empirical relations. Although it can be boring to have to go through all
this tough stuff before getting to the real thing, it is thought to be rewarding in the end.
Chapter 6 and 7 deal with the effect of the various loads on an unprotected interface, while chapter
8 gives some possible methods to reduce the loads. In chapter 9 through 11, the stability of
protections is discussed. In chapter 12, possible construct ion types are presented, while the
construction and maintenance aspects are reviewed in chapter 13. Finally, chapter 14 comes to the
point of designing.

This division was chosen on purpose, with the idea in mind that a designer should have a thorough
knowledge of the processes that occur at the interface of land and water in his head, before thinking
of solutions. The same approach leads to chapters about erosion and load reduction before discussing
stability; one should have an idea of possible eros ion before one can have an idea of the necessary
protection. The chapter on design is the last one: only after gaining knowledge about the phenomena,
the possible proteetion types and the peculiarities of construction, talking about design is fruitful.

The story of protecting the interface of land and water is told three times in these notes: once in the
text, once in the formulae and last, but certainly not least, in the figures. Although not really a comic­
book, the reader is advised to study them carefully, because, often they teil the story in the most
accessible and comprehensive way.
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Although protections of the interface of land and water are being made for more than 1000 years (at
least in the Netherlands), that does not mean that there is nothing new. On the contrary, like in
architecture there are always new materials, creating new possibilities and changing demands from
society, creating new challenges.
Relatively new materials, like geo-textiles, give newopportunitiesto meet the contradictingdemands
in the design as showed in Figure 1.13. There is not yet one ideal material combining the right
strength, flexibility and permeability but there are a lot more possibilities. The same goes for
constructionmethods: new equipmentmakes application feasible of hitherto impossible structures.
Major contributions to the design practice in the last decades, have been made possible by new
research facilities, like (large scale) wind wave flumes, (turbulent) flow measurementdevices etc.
In general there is a tendency to use a more scientific approach in the research and design of
hydraulic structures. Much knowledgeis fragmented and it wouldbe a step forward to get an overall
picture. Moreover most knowledgeis of an empiricalnature, leadingto sometimesdubious relations.
Dimensional homogenity is not always present while the use of the same variabie in two
dimensionlessparameters can lead to spurious correlations, see de Vries,1992. One of the challenges
of the coming years is the combinationof the use of more scientificmethodswith experiencewhich
will always remain an important factor in hydraulic engineering.

An everlasting pressure on the designer is to create cheap solutions. "Cheap" has to be considered
in a broad sense: low investment can mean high maintenance 'costs and vice versa. The optimal
solution should be found. An important cost factor in western countries is the construction;
mechanisation replaces more and more the old labour-intensive handwerk, while in developing
countries material and equipment is very expensive and labour relatively cheap. This cao lead to a
completely different design.

An important development in hydraulic engineering is the increasing relevanee of environmental
aspects. It was already mentionedthat vegetationcao act as proteetion in manycases and in situations
where vegetation is present, it should be preserved as much as possible. There are several examples
in the world where problemswith erosiononly startedafter the natural vegetationwas removed (often
to use plants or wood of trees or to make mooring facilities for ships). In the Netherlands, more and
more use is made of vegetation as proteetion where possible. This bas to do with the importanceof
the interface of soil and water in the ecosystem as a whoie. It is of crucial importance for a lot of
species of plants and animals. Not only the base of the food-chain, like worms and insects, lives
there; river banks for example are vital for many kinds of fish, looking for quiet places with low
velocity to lay eggs. Mammals, like deer, have difficulties in climbing out of the water at artificial
river banks. Other mammals, like the readers of these notes have their demands when it comes to
attractivenessof the landscapeetc. In the designof a proteetionwork, one shouldbe aware of the fact
that the interfaceof land and water is an essentialpart of the eco-system.More in general, especially
in densily populated areas, there is a growing pressure on the use ofthe interfacewith manydifferent
interests. This leads to a growing awareness of the multi-functionalityof a shore, a bank or a dike.
These (usually conflicting) interests, have to be incorporated into the design.

Environmental aspects and new materials come together in the use of waste material in hydraulic
engineering. Here again there are conflicting interests. On the one hand there is the need to get rid
of a lot of waste material like slags from furnaces, which form a cheap building material. On the
other hand there is the danger of leaching, causing contaminationof the water-system.
Annex B gives more information.
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RELEVANT PHENOMENA

Water Type Rivers Lakes &tua- Seas Canals
Phenomenon (Units) ries

Discharges

waterlevel fluctuations (m) 1-10 1-10 0,1-1 - 0-1

flow velocity (mis) 1-2 0,1 0,1-1 - 0,1-1

(velocity in in- and
outlet sluices between
waters: 1 - 5 mIs)

Tides

waterlevel fluctuation (m) - - 1-10 1-4 -
flow velocity (mis) - - 1-4 1-2 -
Wind

waterlevel fluctuation (m) 0,1 0,1-1 1-5 1-5 0,1

wave height (m) 0,1-0,5 0,1-1 0,5-1 1-5 0,1-0,5

Ships

primary wave height (m) 0,2-0,5 0,1-0,2 0,1-0,2 0-0,1 0,2-0,75

secundary wave height (m) 0,2- 0,1-0,75 0,1-1 0,1-1 0,2-1
0,75

Interfaces between land and water come in all sizes and circumstances.The table gives an idea of the
loading phenomena and the order of magnitudeof extemalloads that can be expected. The interface
stability will be treated in these lecture notes for the phenomena on the vertical axis and the water
systems on the horizontal axis. Not by treating them separately, but by treating them elementary,
based on the physical processes. This is more exceptionalthan it seems, becausemost textbooks deal
with either shore proteetion or river training works or shipping canals etc. This is mainly because
much of the knowledge of these proteetion works is based on experience and experience is often
gained in one of the mentioned fields and not in all of them. This is a pity because many of the
phenomena involved are similar: ship waves and wind waves have different sources, but act very
much the same. The same holds for flow in a river, through a tidal closure or in an outlet sluice,
when it comes to proteet the bed or bank. Therefore, an attempt is made to fmd the core of all these
related problems. One thing all these protections have in common, is that their function is to
withstand the energy loss of moving water.

Water in motion contains energy: currents, wind waves, ship movement, groundwater-flow etc.,
which can be available to transport material. The energy comes from extemal sourees like wind, ships
or the sun (evaporation, leading to preeipitation in high areas, giving potential energy). Eventually
it ends as heat by means of viscous friction. Just to get an idea of the amount of energy present in
moving water, the following comparison is made.
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To lift a mass of 1000 kg with a speed of 1 mis, a power of
m.g. v (mass * acceleration of gravity * velo city) = 10 kW
is needed (force x velocity). The equivalence of this power
delivered by moving water can be caIculated from the energy
loss in various cases. The expression "energy toss" is
actually not correct. It is an energy transfer, from kinetic
energy via turbulence to heat. In the foIIowing examples, the
equations from basic hydraulics are considered weIl known. Figure 1.4 "Power lifting"

1. For an outflow of Q m3/s w th a head difference of MI m, the loss is:

äP = pgQäH (1.1)

Q and MI are related via:

Q = u.A = ~';2gäH.A (1.2)

For A = 1 m2 and p. = 1 we find MI = 0,37 m. So, a hole of 1 m2 and
a modest head difference deliver 10 kW to lift 1000 kg with 1 mis.

2. For a uniform flow in a river with Q m3/s and a slope I, the loss is:

äP = pgQl (per m in flow direction) (1.3)

where Q and I are related via:

Q = A.C/hl (1.4)

For a slope of 104, Q = 10000 m3/s, h = 5 m , C = 50 vmls and a
width of about 1800 m, give an energy loss 10 kW. These are high
values but the loss is per m length, while the first example gave a totaI
loss. This aIso shows that alocal outflow gives a more concentrated
attack than a flow with a gentle slope.

3. The energy loss caused by e.g. a bridge pier, is given by:

äP = FD.u (1.5)

(the water exerts a drag force Fo on the body and, reversely, the body
exerts a same force on the water). The force and the flow velocity are
related via:

(1.6)
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Figure I.S Energy loss
in outflow
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Figure 1.6 Energy loss
in river
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Figure 1.7 Energy loss
in flow behind
obstruction

For a pier with a diameter of 1 m in 10 m waterdepth and Co = 1, this gives a velocity u = 1.25
mis to get an energy loss of 10 kW.
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4. Por waves with height H and celerity c being dissipated at a slope
without reflection, the energy loss per m width is given by:

1 zàP = -p.g.H .e
8

(1.7)

With a waterdepth of 5 m and c = (g.h)'? we get H = 0,94 m. Figure 1.8 Energy loss
in waves

5. A ship transfers energy to the water by waves and by the propeller
induced flow. All this energy comes from the engine (sailing vessels
usually cause little trouble). Assumingan engine efficiencyof 70 % this
leads, with 1 hp = 736 W, to an engine of about 20 hp.

\ 7'C~ ~
P

Figure 1.9 Energy loss
in ship motion

It is c1earthat a1though, fortunately, this destructive power is not 100 % effective, moving water
contains enough energy to causemuchdamage. The proteetionmeasures that will be discussed in the
coming chapters, are meant to guide this energy loss and to prevent damage where necessary.

Turbulence plays an important role and will be discussedmore in detail in the next chapter. Here it
is sufficient to say that turbulence is related to the transfer of kinetic energy into heat. During this
transfer, muchof the energy is availablefor attackingan interface. Turbulence is coupled to the above
mentioned energy loss and is often related with deceleratingflow and friction. Geometry also plays
a role. To illustrate this we look again at the given examples. Por the outflow in Pigure 1.5, equation
(1.1) shows that for a given Q, a larger tJ..H gives more energy loss. With equation (1.2) it is clear
that this is the case when the same Q has to pass through a smaller A. This seems logic since the
velocity in that case is higher and hence more deceleration. Prom the same equation follows that a
smaller JL with the same A and Q, leads to a higher tJ..H and hence to a higher energy loss. So, the
configuration influences the energy loss and it cao be expected that a lower coefficient JL will give
more erosion and a heavier ~ttackon a bottom protection.

Somethingsimilar cao be seen in the exampleof Pigure 1.7. A larger diameter D of the pier will give
more energy loss and hence more erosion. The same holds for a blunt pier instead of a streamlined
shape, leading to a higher Co-value and, again more energy loss.

These tendencies are also found in experiments and it is an attractive idea to relate all these
parameters to each other. A Co-valuefor a certain bridge pier geometry would immediatelygive the
depth of the scour hole that cao be expected around that pier. Unfortunately however, these relations
are at best qualitative. At first, the relations are muchmore complex. But most of all, much research
in hydraulic engineering is empiricaland fragmented. This leads to an avalancheof relations for each
subject, while the connectionsoften remain in the dark. This is a pity and there is still a lot of work
to do to establish general applicable relations. Por a better understanding of the phenomena it is
advised to keep the general picture in mind as much as possible.
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Neglectance of a relevant phenomenon can lead to a proteetion that causes more damage than it pre­
vents or shifts the problem unconsciously to the neglected phenomenon, see Figure 1.10.

A

Figure 1.10 Ill-designed protections

In case A, large rocks are dumpedon a sand bottomwhich erodesbecause of currents. The rocks lead
to a somewhat lower velocity at the bottom, but to a considerabie increase in turbulence and hence,
an increase of erosion.
Case B shows an asphalt-protectionon a slope. The difference between the water-tables inside and
outside the slope during low water outside, causethe groundwater-flowto concentrate at the edge of
the asphalt, leading to erosion at that spot.

Ingeneral there are hydraulic and soil-mechanicalmechanisms involvedin the stability of a structure.
Cause and effect can lie in both fields: failure of a proteetion can cause settlementsof a structure, but
vice versa is also a possibility. Figure 1.11 gives some examples.
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Figure 1.11 Cause and result

In case A there is a malfunctioningfilter-proteetionunder a water-retainingstructure. Due to erosion,
the structure wiJl settle. Since the maximumgradient in the filter probably occurs at the entrance side
of the flow, the settlement can be against the head difference.
In case B there is a canal situated abovegroundwater-level.To prevent waterlosses, the bottomof the
canal is coated with an impermeabie protection. When the dike along the canal settles, due to
insufficient bearing capacityof the subsoil, a rupture in the proteetion can occur and the canal drains
into the subsoil.
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Figure 1.12 shows a general picture of the for­
ces acting on a protected slope. A represents the
loads from the water-side of the interface, the
external load due to waves and currents. C is
the load from inside due to a relatively high
groundwater-potential in the soil-mass. B is the
interaction between the extemal load and the
inside of the construction. Although the extemal
forces are usually rather violent and spectacular,
many protections fail because of B or C. Figure 1.12 Loads

The extemal forces A ask for a strong protection. This strength can be reached e.g. by using large,
heavy stones. But, from the example in Figure 1.10 we already saw that lack of sandtightness can be
a problem then mainly caused by B. To make the proteetion sandtight, there should be something
between the top-Iayer and the subsoil e.g. a cloth or a foil.
When that is too rigourous, it becomes impermeabie and C be­
comes a threat. That means that there is also the demand of
permeability (unIess there are other reasons to make the proteetion
impermeabie, e.g. the canal in Figure 1.11 or a storage basin for
contaminated dump material; in that case the proteetion has to be
designed for the possible pressures).
Another way of increasing strength is establishing coherence in the
top-Iayer e.g. by using placed blocks instead of dumped rocks or
by injection of concrete or asphalt. Then again the proteetion can
become impermeabie or stiff which cao cause problems when some
settlement should be possible. So flexibility is another factor to
reekon with. Figure 1.13 gives an idea of the contradicting factors
in a proteetion design.

STRONG

~ • DESIGN. ..
, SANDTIGHT

FLEXIBLE t
Figure 1.13 Contradicting
influences

Although there has been done a lot of research in the field of hydraulics and soil-mechanics, the
scientific basis of these designs is still rather weak. On one hand this is caused by the complexityof
the interactionsbetween water, the constructionofthe proteetion and the sub-soil. On the other hand
there are many other factors influencingthe functioning of the construction e.g. the weather (rain,
frost, dust etc.) or pollution during its lifetime or the care with which it was executed. All this makes
the hydraulic engineer more an artist than a scientist, to whom a sheet of white paper and a pencil
are just as important as a computer and with creativity and experience playing a dominant role. A
hand-made sketch of a stream or wave pattern on or around a structure is as valuable as the correct
application of calculation rules. For both however, a good insight in the physics of the processes
involved, is indispensabie.

1.8



2

INTRODUCTION

In the fust chapter it was mentioned that energy of flowing water can dissipate into heat by means
of friction. Turbulence plays a major role along the way from external energy to heat. What is
turbulence? One of the most striking features in turbulent motion is the fact that the velocity and
pressure at a fixed point perform very irregular fluctuations of high frequency. It ressembles
somewhat the movementof molecules, but here macroscopiefluid balls of various sizes live their own
Iife in all directions. Turbulence is an irregular motion, but statistically distinct average values cao
be discerned and cao be described by laws of probability.
It is obvious that turbulence plays a role in the proteetion against erosion, but most design formulas
in hydraulic engineering are of an empirie nature, not bothering about what is going on inside the
water. Is it really necessary then, to understand what exactly is going on. Furthermore, turbulence
is difficult to understand or, in the words of an expert:
"Ihe fiuctuation which is superimposedon theprincipal motion is so hopelessly complex in its details
that it seems to be inaccessible to mathematical treatment, ... ". So why torment yourself with this
trouble? The same expert however continues: "... but it must be realized that the resulting mixing
motion is vel}' importantfor the equilibriumofforces. The effects caused by it are as ifthe viscosity
were increased byfactors of one hundred, ten thousand or even more. " (Schlichting,1968).

An example may show why it is important to
have at least an idea of the internal processes
related with turbulence. Consider the stabilityof
stones on the bottom of a channel with steady
flow. In cross-section 1 in Figure 2.1 we cao
calculate the shear-stress as follows. From the
equilibrium betweenthe weight and the shear of
a slice of water we can see: r = p.g.h.I
With Chezy (u = C.(h.I)I~ this becomes: r =
p.g.(U/C)2 in which C can be calculated from:
C = 18 log 12hlk (hydraulically rough). With Figure 2.1 Steady flow over a sill
the weIl known Shields-formula (all this will be
discussed in detail in the comingchapters, here it servesjust demonstrationpurposes) we can calculate
the necessary diameter: d = rh/t.(p.-pw).g Whatwe have done in fact here, is using the external, total
shear-stress resulting from the internal turbulent processes. So far so good.
In cross-section 2, the velocity is higher whieh can be calculated from the Bernoulli- and the
continuity-equation. The friction-coefficient C is smaller because hik is smaller. All this results in a
larger shear-stress leading to larger stones. This goes in the right direction, but does it lead to the
right result? The velocity-profile is no longer logarithmiedue to the acceleration, leading to a much
higher shear-stress, even when related to the velocity on the sill itself in cross-section 2 insteadof 1.
In cross-section 3 it is even more obvious that the "Chezy"-approach leads to nonsense. The
parameters in the above-mentioned formulae are the same as in cross-section 1, while the hydraulic
situation is completely different. So, alas, in order to understand what is going on and to make a
proper design, it is necessary to have at least a notion of what is going on in turbulent flow. Most
design-rules are of an empiricalnature; this will remain so in the foreseeable future. In these lecture­
notes turbulent-flow features are discussed mainly to be able to judge empirie rules; for detailed
knowledge of turbulence the reader is referred to the lectures concerned (e.g. Booij,1986).
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BASIC EQUATIONS

To be able to understand what is goingon inside a turbulent flow, we turn to the souree of all wisdom
in hydraulics: the Navier-Stokes equations. These equations will be used here for demonstration
purposes only. Mathematical and physical strictness is sacrified for simplicitywhen this is considered
appropriate. For a two dimensional flow this can be written for the x-direction (neglecting external
forces):

p (au + u au + w au) = _ ap + j.l iJlu
at ax az ax azl
loeal convective pressure viscous
inertia inertia gradien: shear

(2.1)

and the continuity-equation (conservationof mass):

au + aw = 0
ax at.

(2.2)

The Navier-Stokes equations are in fact Newton's second law: F = m.a taking into account the
viscous forces. The viscous shear is an intemal stress causedby the transfer of molecularmomentum.
For a Newtonian fluid: T = J.Lau/az, so, aT/aZ = J.L(a2u/azZJ, in which J.Lis the dynamie viscosity.
So, the last term in equation (2.1) represents the rate of change in shear perpendicular to the flow,
see also Figure 2.2 (In the z-direction there is a shear-stress equal in magnitude; in the x-direction
there is also a viscous normal stress proportional with aulax. This is usually very smalI and is
neglected here for simplicity). For an imcompressible fluid with constant density the continuity­
equation follows from Figure 2.3 (Check for yourselt).

z w+ ÓV d
óz

U ~ U
d. X

W

zZ T + ~; dz..
p

U+ óUdz óp
óz p+ - dxóx + ójJ dx

óx

L.....-:U~d:::.=~_x..
T Figure 2.3 Mass conservation

Figure 2.2 Forces on fluid-element

The Navier-Stokes equations are valid for both laminar and turbulent
flow. However in practical hydraulics the equations are averagedover a
certain period of time, "smoothing" out the turbulent fluctuations. Due
to this averaging, extra terms will appear in the equations. The values of
velocity and pressure in equation (2.1) and (2.2) cao be written as:

w = w + wl P = P + pI

n

u = ü + UI (2.3)

in which indicates the average value and 1 the fluctuation.
Figure 2.4 Averaging
turbulence

The averaging period T is chosen such that it is long enough to smooth out turbulence and short
compared to the principal motion (Iike the wave period).
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The turbulence in a flow is often expressed by the root meao square (rms) value of the velocity
fluctuations (which is equal 10 the standard deviation in a Gaussiandistributed signal) and then again
often made dimensionlesswith a turbulence averaged velocity:

r = rms(u') = JU'2 = .!!.. (2.4)
u u u

In this case the rms-value is compared to its "own" average and then often called r in literature. The
same cao be done for the fluctuations of w (and v in the third dimension). One should always be
aware of the parameter that is used to make the rms-value dimensionless, because it is also possible
to use the average of u for w' or v' and even in another place.

Averaging equations (2.1) and (2.2) over T we get for the lineair terms like ou/ot:
_ T T _ T T __

au = .!.J au dt = ~.! J (u + u')dt = ~! i- + ~.! J u'dt = au + 0 = au (2.5)at Toot at Toot Toot Toot at

since, by definition:
T

- 1Ju = - u dt
To

, T- IJanti u' = - u' dt = 0
To

(2.6)

The same holds for w and p. So, the lineair terms for laminar and turbulent flow are expressed by
the same type of function. This is not true however for the quadratic terms:

(2.7)

anti:
T1 -- J u'2 dt = U'2 (mean value of U'2 '* 0 ! )

To

Similarly:

uw = (u + u') '(w + w') =uw + u'w + w'u +u'w' hence: uw = uw + u'w' (2.8)

and equation (2.1) becomes (note: the viscous term is of the second order but linear):

( au -au -au ,au' ,au') op
P at + u ex + w az + u ex + w ez = - ex +

local conv.inertia conv.inertia press.
inertia by mean vel. by fluct.vel. grad.

&u~­az2
visc.
shear

(2.9)
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The continuity equation (2.2) becomes:

au ow -_0-+-ax az anti: au' + ow' = 0
ox oz

(2.10)

Prom this we can add to the equationof motion the zero value:

,(au' ow')pu _ +-ox az
(2.11)

giving for the part of the convective inertia which is caused by the turbulent fluctuating velocities:

( -w ----a.7 -W) (au' z oU'w')p 2'u'- + w'_ + u'- = p -- + --ox oz oz ox al.
(2.12)

Equation (2.9) finally becomes:

( au - au - au) op &ü (OU'2 oU'w')P - + u- + w- = -- + ~_ - p -- + --at ax oz ox OZ2 ox OZ
inertia press. visc. Reynolds-stresses

I---------------------------~ 1------------1
by mean values by turbo fluct.

(2.13)

showing the turbulent normal and shear stress extra to the averaged values. Por a more detailed (and
better) derivation of the so-called Reynolds-equations (2.13) see e.g. Schlichting (1968) or Le
Méhauté (1976).

z Wbat is the meaning of all this? In Schlichting's quote it was already
mentionedthat the effects of the Reynolds-stressesare "as ijthe viscosity
were increased". Por the shear-stress this canbe demonstratedas follows:
consider a meao flow with û = ü(z), w = 0 and dü/dz > 0, see
Pigure 2.5. The particles which travel upwards (w' >0) arrive at a layer
with a higher velocity û, These particles or lumps preserve their original
velocity causing a negative component u', decelerating the flow in x­
direction.Conversely, the particles arriving from above (w' < 0) give rise

'---------x to a positive u'accelerating the flow. On the average a positive w' is
Figure 2.5 Transport of associatedwith a negativeu' and vice versa. So we may expect u' andw'
momentum to be correlated (the average of u' .w' ;é 0 and negative). The vertical

flux of turbulent momentum per unit surface area is equivalent to an
equal and opposite stress exerted on the area by the surroundings:

(2.14)

An important assumptionin the mathematicaltreatmentof turbulent shear is: T : : Ou/iJz (gradient-type
transport of momentum). This is in line with the analogy between turbulent and viscous shear. The
proportionality is expressed as the turbulent viscosity or eddy viscosity E.
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The total shear stress then becomes:

au
't = P (u + e)- (\) = "" p: 1cinematic vi.scosity)az

(2.15)

There is however agreat differencebetween the two viscosity coefficients: the (molecular) kinematic
viscosity is a property of the tluid, while the eddy-viscosity is govemed by the tlow geometry. The
purpose of many turbulence theories is to estimate f and there is still a long way to go on that road
before there are generally usabie modeis. For a stationary tlow with a parabolic distribution of f in
the vertical, this leads to the logarithmicvelocity distribution. For more detail, the reader is referred
to basic hydraulics.
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Figure 2.6 Measurements in a wind tunnel (Schlichting 1968)

Figure 2.6 shows the results of measurements in a wind tunnel. It can be seen that the turbulent
tluctuations are 0 at the wall, but maximumvery near the wall. In fact, the turbulence is generated
by the wall, but very close to it, turbulent fluctuations cannot penetrate because of the laminar
boundary layer, where molecular viscosity dominates. The same is visible for the relationbetween
Tand u'w'. In the centre-line of the channel, the velocity-gradient, the shear-stress and also u'w' =
0, while the turbulent tluctuations in x- and z-direction are not O. In that case u' and w' are not
correlated like in Figure 2.5. The correlation cao be expressed in a correlation-coefficient, 1/;:

u'w'
1jI = ----

J U'l.J W'l
(2.16)

When 1/1 = 0, the turbulence is called isotropic. The turbulent tluctuations are then equal in all
directions, each living their own random life and not physically correlated. In isotropie turbulence
there is no turbulent shear!
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BOUNDARY SHEAR STRESS

The shear-stress is an important factor in the stability of bottom-protections, revetments etc.
Essentially in the approach of wall-shear is the assumption that there is no slip at the wall in a viscous
fluid. This implies a velocity gradient between the wall and the flowing water. A practical approach
is the concept of a boundary layer in which there is influence of the wall and the region outside where
there is no influence. The transition is arbitrarily defined e.g. as the place where u = .99u ....
The boundary layer grows when water suddenly
flows along a wall, see Figure 2.7 where an
infinitely thin plate is placed in a flow with u =
u.... At the start, o(x) = 0, leading to a
theoretically infinite shear stress. The boundary
layer grows because of the exchange of
momentum, smoothing the velocity differences.
The limit at the downstream end is reached Figure 2.7 Growth of boundary layer
when the whole geometry e.g. waterdepth is
boundary layer. This is usually the case in rivet-flow, approximately in tidal-flow and certainly not
in wind waves which we will discuss later. It is usual to relate the shear stress at the wall, To, to the
square of the velocity in the main stream by a friction-coefficient, Cf:

u;

(2.17)

Note: The use of 1/2 in the denominator is not self-evident. It comes from the relation between
pressure and velocity in the Bemoulli-equation where p + 1/2pu2 = constant. Expressed in
waterlevels (h = p/pg), 1I2pu2 represents the velocity head: u2/2g. In the determination of drag
forces, see paragraph 2.4 and equation (2.24), this is a logical measure to use, since it represents the
increase in pressure in front of a body. It is customary to use 1/2pw in all flow farces.

It is not easy to determine Cf for the situation given in Figure 2.7. Under the assumption that éjp/éJx
= 0 and that the boundary layer is turbulent from the beginning, Schlichting found for rough plates
(see Figure 2.8):

X -2.,5
Cf = (2.87 + 1.58 log k) (2.18)

in which k is the equivalent sand roughness (see later
in this paragraph). The assumption éjp/éJx= 0 means
that u... is constant along the wall. When this is not
the case, the approximation is reasonable as long as
there is no separation of the flow. For a smooth plate
the boundary layer will be laminar in the beginning,
but for application in hydraulic engineering it is
reasonable to assume that the boundary layer is always
turbulent.
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At the downstream end, Cf is limited by the situation
that the whole waterdepth is a fully developed
boundary layer (uniform now) and Cf becomes:

'to= pghl } uZ 2
... 't = pg.....E.... ... C = J. (2.19)

Uo = c/hi 0 C2 1 CZ

from the Chezy formula, the equilibrium between the Figure 2.9 Bottom shear in uniform flow
shear stress at the bottom and the slope gradient of the
weight of a "slice" of water (see Figure 2.9) and
equation (2.17). u, is the velocity averaged over the turbulence period and the vertical. The factor 2
comes from the use of 1/2 in the denominator of equation (2.17).

Figure 2.10 shows for uniform flow in a flume, a measured
velo city profile with the turbulent fluctuations in the flow
direction. A value of r, see equation (2.4), of about 10% is
normal in uniform flow (where the energy transfer due to
bed friction is the only cause of turbulence). Note that r is
defined with the vertical averaged velocity in the
denominator .

Other useful relations for uniform flow are:

u = ~ 'to = fi u
• p C 0

(2.20)

where u. is the so-called shear velocity . u. has no physical
meaning, but is used in many relations dealing with stability.
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(2.21) Figure 2.10 Velocity profile and
fluctuations in uniform flow

in which k is the so-called equivalent sand-roughness. This roughness has to be related to the grain­
sizes of the bed. For a stabie bed without transport, a value of k :::::3doo is often used, while for a
well-Ieveled bed k :::::2d50 is applied. It must be stated that the choice of k is not well-defmed and
also depends on the accuracy of the construction method!

Instead of h in equations (2.19) and (2.21), which is only correct for an infinetely wide channel, the
hydraulic radius R is used for cases where also wall friction plays a role. Finally, In Anglo-saxon
textbooks the formula by Manning is often used instead of the Chezy formula. The relation between
the two (in metric units) reads:

2.7
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FLOW AROUND BOD/ES

In flow around a body, the water in the vicinity of that
body decelerates in front of it, acceleratesat the sides and
decelerates again at the back. The pressure that goes with
it, rises, falls and rises again (seeD-E-F in Figure 2.11).
The conversion of potential energy into kinetic energy on
its path from D to E can be considered as a "ride
downhill", from E to F is then "uphill" into an area with
increasing pressure. In a perfect fluid there is no friction
and the pressures in D and F are equaI, hence the net
force on the body is zero. The viscosity in a real fluid
however changes the picture completely.The friction in
the boundary layer makes the uphillmotion stop between
E and F and the flow separates from the body.

Figure 2.11 Flow around a body

The combination of (viscous)
friction and a negative pressure­
gradient is essential for flow­
separation. Figure 2.12 shows
streamlines for three situations:

Figure 2.12 Conditionsfor flow separation

A: Flow parallel to a plate, frictionbut no pressure gradient. No flow separation (see also Figure 2.7)
B: Flow perpendicular to aplate, pressure gradient but no friction. No flow separation.
C: Both, friction and pressure gradient. Flow separation.
This can be verified by experiments, see Schlichting,1968.

For stationary flow in that case only the right­
handside of equation (2.1) remains (no slip at the
boundary, hence u and oulox = 0) when the x-z
coordinates are transferred to naturalcoordinates (s
and n, hence w =0). The equationthen becomes:

ap &u-=IJ.-as an2
(2.23)

from which can be seen that a changein the sign of Figure 2.13 Flow separation
oplos leads to a point of inflectionin the u(n) curve
leading to separation (see Figure 2.13 which is an enlargement of the upper part of Figure 2.11).

In the case of a sharp edge it is easy to see that the flow has to separate, since no separation would
mean that a streamline would makea right angle with a radius = 0, leading to an infinite centripetal
force (F = u2/r). So, the water cannot follow such a sharp curve and goes straight on.

2.8



The result of flow separation is a wake behind the body and a shear layer between the main flow and
the wake, which plays an important role in the attack on the bottom as we shall see later.
The flow-separation and wake also cause an extra resulting drag force on the body (extra to the
friction along the body). This drag force is usually related to the velocity field by.:

FDfACD = --":;___
.!pu 2
2 ..

(2.24)

in which Co is the drag-coefficient, D the drag force, A the area perpendicular 10 the flow and u..
the undisturbed velocity. 1/2 p u2 represents the velocity head and is the rise in pressure in front of
the body (point D in Figure 2.11), see also the note with equation (2.17). CD depends on the
Reynolds-number (defined as u.Llv) and the geometry of the body.

Figure 2.14 gives Co for various
bodies. For small Re there is hardly
any influence of the geometry
(Stokes-region). For higher Re there
are interesting differences. A flat
plate shows a constant CD; the sharp
edge gives a fixed separation point
(oplox < < 0). For a cylinder and a
sphere, the separation point depends
on Re. At Re :::::3.1OSthere is a
sudden drop in the drag; this is
related 10 the transition of the
boundary layer from laminar to
turbulent. Due to turbulent mixing,
the main flow takes fluid-particles
from the boundary layer "uphill", see
Figure 2.11, so the wake behind the
body and the flow resistance are less
than at lower Re-numbers. For a
streamlined body, CD is much lower
because there is no flow separation.
In fact, the drag consists completely
of shear stress whieh is much lower
than form resistanee. This demonstrates that viscous stress itself is not dominating, but the influenee
of viseosity on the flow pattern.

10'

, .
"- "..;

~~~

Figure 2.14 CD as a function of Re

In the case of an asymmetrie pressure distributiona force transverse to the flow occurs, the so-ealled
lift-force. This force plays a role in the stability of stones where water flows over a bottom, due to
the curved streamlines, see figure 9.1. When there is a lift-force it is expressed in the same way as
drag and shear:

FLfACL = _:;;___
.!pu 22 ..

(2.25)
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TURBULENT JETS AND WAKES

A jet is a flow into a large body of water with an excess velocity
compared to the surrounding fluid. A wake is the opposite: behind
a solid body with a velocity relative to the surrounding fluid, an
area is formed with a lower velocity. Both in jets and wakes the
velocity tends to become equal to that of the surrounding fluid.
Many flow situations in hydraulic engineering show similarity to
jets or wakes. Flow from a culvertor behind a ships propeller can
be described as a jet. The flow behind a ship or a bridge pier can
be seen as a wake. When there is no influence of walis, there is a
so-called free turbulent flow. In that case the transition between
turbulent and viscous friction in a thin layer near the wall plays no
role, which makes these phenomena better accessible for
computation. They will be describedhere shortly, for more details
the reader is referred to e.g. Rajaratnam,1976,Schlichting,1968or
the b 82 lectures.

u_~x
--- ... x --~

Starting-point for the mathematical description are again the Figure 2.15 Jet and wake
Navier-Stokes equations (in the form of equation (2.13». The
following simplifications can be made: au/Ot = 0 (steady flow), ap/ax = 0 (no external force
downstream of the outflow, hence no pressure gradient in the flow direction) and the viscous shear
stress and the turbulent normal stress are small compared with the turbulent shear stress. The
remaining equations then become:

au au - àu'w'u- +w- =---ax az az
au + aw = 0
ax az

(2.26)

Note: the bars have been left out; u and w now represent the turbulent meao. 7 is the turbulent shear
stress.
With these equations and assumptions for the relation between 7 and au/az (and additional
experiments to find the necessaryconstants), solutions for the velocity distribution can be found. A
very important assumption in the derivationof these relations is the similarity of velocity distributions
in different locations. Here only some results will be given.

2.10



At the outflow of a jet or at the separation of
the flow in a wake behind a body, there is a
difference between the velocity in the jet or
mainflow and the surrounding fluid or wake
respectively. This leads to an intense shear at
the velocity discontinuity, inducing turbulence.
The stagnant fluid is accelerated, whereas the
flowing mass loses momentum. The layer
affected by this exchange of momentum is
known as a mixing layer or shear layer, see
Figure 2.16.
The width of the mixing layer, between f/JI and Figure 2.16 Definitions for aplane shear layer
f/J2 in Figure 2.16 is b. Assuming u/u, is a
function of z/b (sirnilarity!), from equation
(2.26) can be found: b ex x and from experiments it is found (Rajaratnam,1976):

The flow in a mixing layer diverges along a line
with a slope of 1 : cot«, "'" 1 : 6. When the
turbulence that comeswith a mixing layer has to
be avoided or postponed till a point where the
velocity is lower, wing walls are often applied
with slopes of 1 : 8 or even less.

The assumption of similarity is confirmed by
experiments, see Figure 2.17 where u/u, is
plotted against 1] = z/x (which is with b ex x
equivalent to z/b)

Sincewe are interested in turbulent fluctuations,
because they possibly influence protections,
some measurements of fluctuations are
presented in Figure 2.18. Note that the
fluctuations in all directions have been made
dimensionless with the driving velocity of the
shear layer: Ua. In the flow direction the relative
fluctuations have an order of magnitude of
about 20%, while the fluctuationsperpendicular
to the main flow are about 15%. The maximum
of Ui occurs where the velocity gradient is
maximum and where u = 0.500. So, compared
with the local velocity, the fluctuations are
twice as high.

flow
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Figure 2.17 Velocity similarity in shear layer
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Figure 2.18 Turbulent fluctuations in shear layer
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A plane jet is a two-dimensional
outflow from an orifice (see
Figure 2.19, the orifice is infinitely
long perpendicular to the paper). A
circular jet is 3-dimensional with axial
symmetry. Free means: no wall
influence. Close to the orifice (the
flow development region) turbulence
penetrates into the core of the jet.
This is the mixing layer as described
in the previous paragraph. Here the
velocity in the centerline is equal to
Ua·

After the flow is fully developed, the
velocity decreases and the jet spreads
with a velocity profile that is very similar
in all locations, see Figure 2.20.

Particles from the surrounding tluid
are dragged into the jet, increasing
the mass tlow (Figure 2.21).
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Figure 2.21 Streamlines in jet
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Figure 2.19 Definition sketch of plane free jet
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Figure 2.20 Velocity distribution in plane jets
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The total momentum however, remains constant, which is essential for a jet. In the extremes we have
at one end an infinitely small orifice with an iofinitely high velocity (but with a finite momentum, Mo
= 2pbou~, called the virtual origin of the jet (usually very near the orifice). The other extreme is an
infinitely large flow area with an infinitely small velocity, but with the same momentum, Mo.
Important results for hydraulic engineering will be presented. For a detailed description the reader
is referred to Rajaratoam,1976. The velocity distribution cao be described as a Gaussiao curve with
only two parameters, u", (u in the center of the jet) aod b (a typical width, usually taken as the value
where u = um/2. Plots of u/u", against zlb (for plaoe jets; for circular jets rib, r being the radial
distance from the center) are similar for all x (in the developed flow region!, see Figure 2.20). For
plane jets can be derived that: u", ex l,vx and b ex x and for circular jets: u", ex I/x and b ex x.
These proportionalities are only valid in the region of fully developed flow, which starts at about
x= 12bofor plane jets aod x=6D for circular jets (D being the radius of the orifice). In the flow
development region the velocity cao be approximated by Uo.
Numerical values for these proportionalitiesmust be derived from experiments.
It was found for free jets, see Figure 2.22 (for definitions, see Figure 2.19):

1
Plane jets Circular jets

3.5"0 6.3"0 0 0.5" =-- " =-- (2.28) :::l
111 Jx/ho 111 xl D -E 0.2b =O.lx b =O.lx :::l

(-0.69(!>Î (-0.69(!)2) 0.1" =" e b u =" e b111 111 1

~ r-.plane et

ciro~Iarj t'" <,<,r-,
-,

2 5 10 20 50 100
X/D orX/2bo

Figure 2.22 Velocity decay in centerline of jets

Since we are again interested in turbulent fluctuations, Figure 2.23 shows some measurementsfor a
circular jet. At the left hand side of the figure in the centerline as a function of x and at the right hand
side from the center to the edges of the jet. Note that again all fluctuations are compared with the
velocity in x-direction, but now with Um which is the maximum velocity in the centerline, which
decreases linearly with x. The relative fluctuations in the centerlinebecome constantwith increasing
x with a value of about 30% in the center-line for the flow direction. For b = O.Ix the velocity is,
by definition, u",/2. The fluctuation there (z/x = O.lx/x = 0.1) is about 25% compared to u",. So,
compared to the local velocity it is about 50%
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Figure 2.23 Turbulent fluctuations in circular jet
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Figure 2.24 shows the
configuration for this case.

Most work has been done for the
situation with a smooth wall, but
Rajaratnam, 1976 discusses the
influence of roughness. The same
proportionalities as for the free
plane jet were found. The
experimental results give:

= 3.5"0"",
Jx!bo

b = O.068x
1

u = 1.48"",(~)7[1- e1f(0.68~)]

Figure 2.24 Plane wall jet

(2.29)

The differences with the plane free jet are the growth of the jet, which is 30 % smaller and the shape
of the velocity distribution which is asymmetrie. The lower part (the boundary layer, under u, see
Figure 2.24) can be described by a power law, while the upper part (the free mixing region) has again
a Gaussian shape. Both parts are reasonably described by an error function.

Wall-roughness does influence the
boundary layer but not the free
mixing region. The error-function
does not describe correctly the
velocity distribution anymore, see
Figure 2.25.
Another difference is the velocity
decay, which is given for a rough
wall by:

"", = CR-0.541og(xlk) (2.30)
"0

o A kt bo-o.om
•• • '0.00715
• C • ·0.~55
o D • .0.02U

02

°O~~~Q4~~~Q~.--~~l~2~--~1.6~~~~~~4

"1

Figure 2.25 Velocity distribution on rough walis, TI = z/b

in which k is the roughness and CRis a constant depending on the roughness, see Figure 2.26.
Figure 2.27 shows the differencebetween the velocity decay according to equation (2.30) and (2.29).
Compared with a smooth boundary, the velocityUm decreases faster with a rough boundary.
Note: the experimental results are valid for k/b, < 0.13, see Figure 2.26. For larger roughness
values, CRseems to be constant. Using equation (2.30), this leads to higher veloeities for higher
roughness which is unlogic. This again means that using such an empirical relation outside the
investigated range is dangerous. Instead, it is recommendedto use the lower curve in Figure 2.27 as
a lower boundary for the velocity decay.
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Figure 2.27 Decay of Um for smooth and rough walls
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Figure 2.28 3-dimensionalwall jet

A situation that occurs often in practice is given in Figure 2.28. The orifice bas a beight h, a width
B and an area A. It can be derived that Uma oe: lIx, b, and b, oe: x. Again, experiments have been
done to establish numerical values for the various parameters. lt was found:

8uo
u"", = -- (approximately)

x/JA
bz = 0.9+0.045!
h h

antI
by x
- = 0.2--1.25
B B

(2.31)

Note that the virtual origin of the jet is no longer in the orifice; for b, it lies behind and for b, in front
of it.v'A is used for all kinds of orifice-sbapes:circular, rectangular, square and triangular.
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SUMMARY AND EXAMPLES

In the preceeding sections, some flow phenomena were derived from the basic equations. That
knowledge will be used in this section to illustrate some important flow factors in the stability of
grains on an interface. Acceleration, deceleration and turbulence will be demonstrated with
measurements in and behindvertical andhorizonta!constrictions.These constrictions canbe regarded
as archetypes of geometrical variations in many flow situations.

A sill is a good example of avertical constriction in hydraulic engineering, but also dunes on a river
bed, while a scour hole cao be seen as avertical expansion. The flow accelerates in the constriction,
while it decelerates in the expansion where turbulence plays a major role. In the expansion the
following areas can be discemed, see Figure 2.29 and Hoffmans,1992 and Hoffmans,1993a.

Downstream from the obstacle, a mixing layer
originates from the friction between the main
flow and the initially stagnantwater behind the
obstacie. Due to this friction, the stagnantwater
tums into a wake or eddie, where the water
flows opposite the main flow direction.
Downstream from the wake, a new boundary
layer grows and the flow tends to become
uniform again. At first the turbulence in the
mixing layer grows, while after reattachment it
diminishes again. Tbis can be seen from
measurements above an artificial dune, see
Figure 2.30 and van Mierlo,1988 or
Hoffmans,1992. The turbulence is here
expressed as k, the kinetic turbulent energy,
defined as:

(2.32)

made dimensionlesswith the verticallyaveraged
velocity on the top of the dune. The values on
the vertical axis in Figure 2.30 are roughly
equal to the square of the relative turbulence, r,
as defined in equation (2.4). The turbulence in
the mixing layer grows rapidly to a maximum,
which is much larger than the turbulencecaused
by the bed-roughness. Downstream of the
reattachment point, the turbulent energy of the
mixing layer dissipates until the total turbulence
is again govemed by the bed-roughness,which
is the only souree of turbulence in uniform
flow.

Acceleration

Reattachment point

Figure 2.29 Flow regions in expansion
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Figure 2.30 Measured turbulent energy above an
artificial dune (van Mierlo& de Ruiter,1988)
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At Delft University of Technology
another study was performed to the flow
over a sill. Calculations were made with
a turbulence model (Blom,1991) and
measurements were done in a flume
(Blom, 1993).
Figure 2.31 sbows a summary of the
results. In the calculations (top of the
figure) we see the changes in the velocity
profile: logarithmic before tbe sill,
acceleratingand more rectangular on top,
decelaratingand almost separatingbebind
the sill, slowly recovering to a
logarithmic profile in uniform flow
again. The computed sbear stress is made
dimensionless witb tbe Cbezy-friction,
see equation (2.19) and can tberefore be
seen as an enlargement factor. On top of
tbe sill tbe pattern of Figure 2.8 can be
recognized: at first high values due to tbe
acceleration, later on lower values due to
tbe growingboundary layer, altboughtbe
friction stays on a level, bigher tban in
tbe stationary situation. Behind tbe sill
the shear drops to zero in the
reattachment point.

The measurements show tbe same
pattern, altboughmeasurementsvery near
tbe bottom could not be executed, leaving
uncertainties on what is going on. In the
acceleration zone, tbe increase in sbear
stress is clearly visible. The turbulent
fluctuations (U'2 and w") remain more or
less tbe same, leading to a much lower
relative turbulence (tbe average velocity
doubles). In tbe deceleration zone, tbe
energy loss, due to the bead difference
over the sill, leads to high turbulent
velocity fluctuationsbehind the sill where
the energy is transmitted to turbulence
(this is tbe internal process of tbe so­
called Carnot energy-Ioss in basic
bydraulics).
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From all tbis it can be seen that, from the
point of view of stability of grains on tbe
interface, there are two aggravating Figure 2.31 Flow over sill
factors: increase in shear in the
accelerationzone and high velocity fluctuations in tbe decelerating zone. In chapter 6 and 9, we will
study the consequences for scour behind a sill and stability of stones on and bebind a sill.
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Horizontal constrictions and expansions
come in many shapes. Abutments and
groynes are c1ear examples, as weU as
the inflow and outflow of a discharge
sluice. But also natural variations in the
width and protruding points in a river
show the same phenomena. A horizontal
constriction causes the flow to accelerate.
After the obstacie, the flow usually
separates and a mixing layer with a
vortex street grows in the decelaration
zone. In the framework of a study on
scour and grain stability at Delft
University of Technology, the flow
pattern was measured for a situation with
1/6 of the width of a flume blocked, see
Ariëns, 1993. Figure 2.32 shows
(vertically averaged) measured values of
the velocity (averaged over the turbulence
period): u, the relative turbulence
(related to the local value of u): r and the
(absolute) value of the "maximum"
velocity: u+30'. The acceleration and
deceleration are c1early visible in the
average velocity . (Note that the mixing
layer is now curved because of the flow
concentration around the constriction.)
Acceleration acts as a "rectifier" and
hence, the relative turbulence decreases
in the acceleration zone from 8% to less
than 5%, increasing again in the
deceleration zone. In the mixing layer,
the relative turbulence reaches high
values. The "maximum" velocity (u+30')
shows a large zone with high values. It is
in this area where maximum damage to
bottom protections and maximum scour,
occurs. The tirst scour (when the bed is
unprotected) and the tirst moving stone is
found very near the tip of the
obstruction, not near the maximum value Figure 2.32 Vertically averaged flow values for a
of u+30'. For scour this can be explained horizontal constriction
by the rapidly increasing sediment
transport capacity and the lack of sediment supply from upstream. See chapter 6, Scour. For the top
layer of a bottom proteetion this can be explained by the increase of the velocity near the bottom due
to the acceleration. For more detail, see chapter 10, Stability in flow

Mixing layer with vortex street I
Main flow
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3

GENERAL

Waves, either causedby wind or ships, play an important role in the stability of soil-water interfaces.
The same holds for tidal waves, but for our purpose these can be considered as a succession of
stationary flow conditioos. Tidal waves are so-called long waves (see b73-lectures) in contrast with
the short waves dealt with in this paragraph. "Long" and "short" are relative hydrodynamicnotions;
"long" means that the vertical accelerationsare neglected, so the pressure distribution is hydrostatic.
We start with the description of veloeities and pressures in waves; for more details, see the b76
lectures or LeMehaute,1976.The description is Iimitedto the so-calledlinear or small amplitudewave
theory. This is a simplificationof what is really happening and is valid only for waves with small
amplitudes, see Figure 3.1. For an adequate understandinghowever, the linear theory is very useful
and the calculatedvalues outside the range of validity can serve as an indication.
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Figure 3.1 Validity of wave theories (LeMehaute,1976)
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Starting point is again the Navier-Stokes equation, neglecting boundary
effects. Inside the boundary layer this equation reduces to:

au &uP- = Il-at ar (3.1)

û

When û is the maximum velocity in the oscillating flow with period T
aod the boundary layer thickness is Ö, the order of magnitude of the
terms in equation (3.1) are p.û/T aod p..û/ö2, from which follows ö =::

V(p..T/p). With p./p = v =:: 10-6m2/s aod T= 10 s we find a boundary Figure 3.2 Veloeities in
layer thickness of less thao a centimeter (in ao oscillating flow, the short waves
boundary layer gets no time to grow). This means that the neglect of
viscous shear is valid for almost the complete waterdepth; in the boundary layer itself aoother
approach has to be applied. Where in the comingparagraphs the bottom velocity is mentioned,this
means the velocity at the boundary layer. Outsidethe boundary layer viscous shear cao be neglected
aod the flow cao be considered irrotational. In that case there are no Reynolds-stressesaod the basic
equations cao be solved when a surface-profIleis assumed (see also Figure 3.3):

H . (21tt 21tX) . ( lex) . ij11 = - sm - - -- = a sm <.>t - = a sm
2 T L

(3.2)

L = c.T ""'pga

h
celerity \.

.----/P
Cf 0 D q Velocity

CD 8 CD 8 Acceleration

Figure 3.3 Definition aod processes in sinusoidal, progressive wave

Note: z = 0 represents the still water level aod z is positive upwards.
Figure 3.3 shows the relations betweenwaterievelfluctuations,velocities, accelerationsaodpressures,
from which cao be seen how the pressures under a wave are influenced by the vertical accelerations
demonstrating the fact that the pressure is not hydrostatic.

In the following table (Table IIU), a summaryof the various parameters is presented. The extremes
for deep aod shallow water in the table follow from the values for transitional water, since for deep
water: kb -+ 00, so: tanh = 1, sinh = 00 and cosh = 00 aod for shallow water: kb -+ 0, so: tanh =
kb, sinh = kb aod cosh = 1.
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WIND WAVES

For a detaileddescriptionof windwaves,
the reader is referred to the b78 lectures.
Wind itself is a turbulent flow with
velocity variations. So, whenwind blows
over a water surface, the waves that are
the result, cannot be expected to be
identical in shape and indeed, they are
not (see Figure 3.4). The question is how
to characterize this irregularity; can these
waves be represented by a characteristic
wave height and period?

-

•lminuu

Figure 3.4 Wave registration North Sea

The first difficulty encountered is even more
basic: what is actually a wave in this
registration? Figure 3.5 shows the answer: the
period of an individual wave is defined as the
time between two "zero-crossings" (upward or
downward), T, and the wave height H is the
highest crest minus the lowest trough between
these zero-crossings. There are many values of
Hand T to characterizewaves. Widelyused are
the so-called significantwaveheight andperiod,
H, or H~ and Ts or T~, defined as the mean
values of the highest third part of the waves. Figure 3.5 Definition of H and T
The reasons for this are twofold. The higher
waves are less sensitive for errors in measuring
and visual estimates appear to be approximatelyequal to Hs. The latter reason is a historical one,
since most wave observationsuntil25 years agowere done visually. It mustbe stressed however, that
from a physical or statistical point of view, there is nothing "significant" in these values.

Many attempts have been made to relate wind
wave heights and periods. The relationbetween
individual height and period is however rather
weak, see Figure 3.6. Instead, a distribution
function for the wave heights is used, the
Rayleigh-distribution, see next paragraph,while
the distribution of the periods is presented in the
form of an energy-spectrum. This is a measure
of the distribution of the wave energy over the
various wave periods in a registration. 1

o -- __ golfhoogte H

Figure 3.6 Wave heights and periods in a
registration
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The populationof wave heights can be described by a Rayleigh-distribution:

P{H>H} = J-2(~n (3.4)

This distribution is valid in water deeper than 3-4.Hs, in shallowwater the highest waves break and
the distribution deviates. According to the Rayleigh-distribution,H, is exceeded by 13,5 % of the
waves; H, :::: 1.6H,.... Extreme values are e.g. HUl:::: 1,5Hs.

A significant wave height with a
Rayleigh-distribution is used to
characterize waves in a record of about
half an hour. For long-term wave height
distributions, many observations of these
values for H, are used. The long-term
distribution of H, is often describedwith
a Weibull-distribution:

P{H sH} = 1_J-(H;Ä)1 (3.5)
~

Figure 3.8 gives an example of curve
fitting of Hs-values on paper with a
Weibull-scale.

WeibuIl fit with parameters a, bande
PIH, .. Xl'" 1 - expl - [Ix- allbl'l; x>a

0.100'---'--'-~~~~~_"__~~~:,:-_-=
0.2 0.4 0.60.81.0

H.-alm)
Figure 3.8 Long-termwave height distribution

3.5



A widely used description of irregular wind waves is given by an energy-density spectrum. The
mathematical basis of this method can be used for the statistical description of any tluctuating signal,
e.g. the deviation of a sailing ship from its course, the turbulent velocity tluctuation etc.
Mathematically spoken it is the Fourier transform of the auto-covarianee of the waterlevel tluctuation.
The waterlevel is assumed to be the sum of an infinite number of simple sine waves:

(3.6)

Every component i has a distinct value for a and f, q,., is the only random variable, TJ is considered
to be only a function of t, hence equation (3.6) is usually indicated as the one-dimensional random
phase model. When the process is assumed to be stationary (the characteristics of the process do not
change within a registration period) and Gaussian, it can be characterized by a mean value (still water
level = 0) and the autocovariance-function:

CCt) = covaTÏance('l,,'l,+'t) = ..!E a:cos(21t!;-r)
2

(3.7)

The autocovariance @, because it is the varianee between two values and auto because it is within
the same process) is a measure for the correlation between two values in a record, it is a kind of
memory. For T = 0 it is the correlation of a value with itself, so CCT) can nowhere become higher.
and equation (3.7) reduces to:

C(O) = variance('l ) = !" a~ = 02t 2L.J I
(3.8)

in which (1 is the standard deviation of the wave record.
The varianee-spectrum is now the Fourier transform of the autocovariance function:

(3.9)

The physical meaning of all this becomes clear when it is realised that the varianee of a signal is
highly identical to the energy in waves. The specific energy , see table nI.I, is, with H = 2a,
identical to the standard deviation in equation (3.8) apart from a factor pg. The physical interpretation
of a wave spectrum is then the distribution of energy over the various wave frequencies, hence the
name energy-density spectrum. From the same identity it becomes clear that there must be arelation
between the wave height and the area ofthe spectrum. For a Rayleigh distribution, this is theoretically
given by:

u, = 4{iiïo with mo = f E(j) dJ
o

(3.10)

In practice H, is found to be about 5 % smaller. Relations between wave periods are less simple and
depend on the shape of the spectrum. For a very narrow spectrum, T, will be equal to Tp which is
the peak period, equal to l/fp, the frequency where the energy density is maximum. As a first
approach for most spectra T, :::::0,9 T, can be used, and for the mean period: TM = 0.8-0.9 Ts.
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Ftgure 3.9 Relation between registration, autocovarianceand energy spectrum

Wave spectra are widely used in hydraulic engineering. Therefore some examples are given for a
better understanding. At first, some examples are given for a combination of registration,
autocovariance and spectrum. Finally two "real" spectra are presented. The first belongs to the
registration of Figure 3.4 (H, = 4m, Ts = 6.5 s). The second is double peaked: "fresh" wind waves
with f :::;0.4 Hz and "old" wind waves from another area, swell, with f :::;0.1 Hz.
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Ftgure 3.10 Spectra of North Sea registrations
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BOUNDARY SHEAR STRESS

In section 3.1 it was already mentioned that the boundary layer in short waves is relatively very thin.
Every wave period the growth has to start again and the situation is similar to that of the start of a
flow along a flat plate (see seet. 2.3). In short waves the boundary layer never gets the order of
magnitude of the waterdepth, hence high friction factors cao be expected. The friction factor is
defined in a way analogous to that in a flow:

(3.11)

where the index w stands for wave and b for bottom. The average value over a wave period is half
the value of the maximum (the average of sin' wt is 1/2).

100 r---r-.-~~~--~--~~~n---.--r.-rrnTr-~~~~~~

Experiments:
• Jonsson and Carlsen (1976)
+ Kamphuis (1975)

• Jensen et al (1989)

-0.111
e[-6.0 + 5.2-~tJ k) ]

10""2

Figure 3.11 Friction factor under waves

In non broken waves, values for Cf can be calculated, using some assumption on the eddy viscosity
in the oscillating flow, see Figure 3.11 from Fredsee,1992. For small values of é\,1k (short waves
over a rough bottom) the value of Cr derived from measurements is much higher. This is possibly due
to the fact that all these models use overall values of shear stress on the bed, while probably the flow
around the individual grains also play a role when the watermovement has the same order of
magnitude as the grain size. Jonsson,1966 found an expression for turbulent flow over a rough bed
based on experiments, rewritten in a more practical form in e.g. CUR/CIRIA,1991:

(3.12)

Comparing the values in this figure with those for flow, it can be seen that shear stress under short
waves cao be much higher than in flow. Cr in uniform flow is: 2g/C2 (see section 2.3) which results
in values of 0.005 - 0.01, while figure 2.8 for a growing boundary layer gives 2-3 times higher
values. In very short waves, where the amplitude at the bottom has the same order of magnitude as
the roughness, values of 0.1-0.5 seem possible.
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WA YES ON SLOP ES

In section 3.1 a characterization for progressive waves was given; progressive meaning: travelling
on without being halted. Walis, dikes and beaches do stop the waves, either by reflecting or absorbing
them. We start with the simple case of a vertical wall. This acts as a mirror: the incoming waves are
sent back and the result is superposition of two progressive waves with celerity +c and -Co This leads
to a stand-still of the resulting wave, hence the name standing wave. The height is twice of that of
the incoming wave.

L /2

Figure 3.12 Standing wave

Figure 3.12 gives the pattern of a standing wave (or "clapotis"). Note that the orbits of the particIe
movement have degenerated into straight lines. At the antinodes there is only avertical and at the
nodes a horizontal movement. The wave profile for a standing wave in first approximation according
to linear theory is given by:

1'1 = as cosh sin<a>t = laj cosh sin(a)t (3.13)

in which H, is the height of the incoming wave.

Other characteristic expressions for standing waves are:

u = <a>a cosh kl..h + z) sinh cos <a>t
$ sinh kh

w = <a>a sinh kl..h +z) cosh sin <a>t
s cosb. kh

_cos_h_kl.......:.h_+_z~)cos L... sin ,_,tP = -pgz+ pgas ~ ..,
cosh kh

(3.14)

When the vertical wall tilts backwards, the vertical motion of the water at the interface increases: the
maximum waterlevel becomes higher than H, as is the case in Figure 3.12. But the standing wave
pattem remains till the waves break (depending on the slope and the wave steepness).
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Figure 3.13 Definitions

Further decrease of the slope ct of the shoreline (see Figure 3.13) leads to brealcing of the waves.
Breaking is instability and means in fact that the wave cannot longer exist; the particIe velocity u
becomes greater than the celerity c. The particles "come out of the wave profile". This instability
makes the flow highly complex and lends itself hardly to computation. Breaking is also energy­
dissipation where motion is transformed into heat, with a high degree ofturbulence. When ct becomes
very small there is hardly any breaking and the wave energy is dissipated mainly by bottom shear.
For ct = 0 we have arrived again at a progressive wave.

A dimensionless parameter which is of crucial importanee to all kinds of problems in shore proteetion
is the so-called Irribarren number, given by:

tanu~ ---
JHILo

(3.15)

This parameter indicates that the notions "steep" and "gentle" for a slope are relative ones. A slope
of 1: 100 is very "gentle ", but for a tidal wave it cao be just as steep as a vertical wall for a wave with
a period of a few seconds. This is illustrated by the fact that a tidal wave on a beach does not break
and is completely reflected (the phenomena described in this paragraph are completely different from
those in tidal waves; the example only shows the relativity of all notions in hydrodynamics).
v(HlLo) can roughly be seen as the wave steepness (roughly, because H is the local wave height and
L, is the deep-water wavelength). This indicates that an incoming wave that is already very steep will
easily break, even at a very steep slope. Another way to look at 1...0 is that it represents the influence
of the wave period, since L, = gTZI27r.

For different values of~, waves break in a completely different way; Figure 3.14 shows the various
types. The transition between breaking and non-breaking lies around ~ ::::::2.5 - 3. For higher values
the wave surges up and down the slope with minor air entrainment. The behaviour of the waves from
~= 3 to 5, is therefore often called surging breaker although it can be questioned whether this is a
breaking or a standing wave. A collapsing breakers could be seen as the transition between breaking
and non-breaking. The most photogenic breaker is the plunging type (~ = 0.5 to 3). In plunging
breakers the crest becomes strongly asymmetrie; it curls over, enclosing an air pocket, after which
it impinges on the slope like a water jet. With decreasing slope angle, the erest of a plunging breaker
becomes less asymmetrie and the forward projected jet of water from the crest becomes less and less
pronounced. This leads to the spilling breaker type (~ < 0.5). The transition between the various
breaker types is gradual and these values for ~ are just an indication. For more detail, see
Battjes,1974.
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Figure 3.14 Breaker types

After breaking, the wave travels on with a celerity about equal tov'(gh) and the wave behaviour can
be described by a bore or a moving hydraulic jump, see for more detail Fredsee, 1992.

Data from: • 'versen + Bowen et al
o Goda x this study

2
Yb

t ++ i+ +
0~ •• a 0:.. ,.

•• • •• •• •
~ 0 0 ..

0.5
0.05 0.1 0.2 0.5 2

~o
Figure 3.15 Breaker height-to-depthratio (Battjes,1974)

For a horizontaI bottom, the solitary wave theory gives arelation for breaking between the wave
height and the waterdepth: 'Yb = HIh "'" 0.78 (see Figure 3.1). For slopes, 'Yb depends on ~.
Figure 3.15 shows some experimentaIresults (using ~owith the deep water wave height Ho, since H
is hard to define at the point of breaking). For low ~ these are in reasonable agreement with the
solitary wave theory; for steeper slopes, the waves break at a smaller depth. Apparently, the waves
need time to break, in which they can travel to a smaller depth. These values are valid for individual
waves; for irregular waves 'Yb = Hslh "'" 0.5

3,11



Since the highest waves are broken in this situation, the wave heights are no longer Rayleigh
distributed, see Figure 3.16. HIll e.g. is 1/(1 + Hs/h)1/3 times smaller than would follow from the
Rayleigh-distribution, see also CURICIRIA,1991.

P ",I. =h ~2.0 I------+-~:til_Y_~~-+-+-+-+-+-I:A-+-H~
d stri ;~t·on -" ~ I-

0.2 ,/

10' 50

--- Probability of exeedance p(H) (%)

Figure 3.16 Wave-height distribution in shallowwater

Vertical walls fully reflect the incomingwaves. The reflection is defined as the height of the reflected
wave in relation to the incomingwave height: KR (reflection-coefficient)= HR/H r- It can be reasoned

Figure 3.17 Reflection as a function of ~ (Battjes,1974)

that KR is proportional to e. Experimentally was found KR =:: 0.1 e, see Figure 3.17, for values
of ~ below the breaking limit. The wave energy that is not reflected, is absorbed on the slope, see
next section.
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All wave energy that is not reflected on a slope bas to be absorbed. This means dissipationof energy
via turbulence and friction into beat. This dissipation takes place on a distanee along the slopewhicb
depends on the breaker type (Figure 3.18). It is obvious that the plungingtype, whicb is commonfor
dikes and seawalls, forms a beavier load for a proteetion than the spilling type.

Spilling 8reoker

Energy
Dissipotion

~

Figure 3.18 Energy dissipation for two breaker types

Turbulence in wind waves bas been studied only recently and mucb is yet unknown. A qualitative
description will be given here to get some idea. For more detail and some quantitative analysis, the
reader is referred to Freds,",e,1992In flow we made a distinction between wall turbulence, e.g.
induced by friction along the bed, and free turbulence, e.g. in mixing layers. The same can be done
in waves. In non broken waves, the only souree of turbulence is bed friction. Inbreaking and broken
waves much turbulent kinetic energy is produced by the friction between the surface roller and the
body of water moving with the wave. This kinetic energy (which is much more than producedby the
bed friction) is diffused to the bed and dissipated along the way, see Figure 3.19 from Freds,",e,I992.

Production Production c-
__L­
~~~~~~
Diffusion

o
Figure 3.19 Turbulence in a broken wave

Another aspect of the heavy loading by plunging breakers is due
to the jet-like behaviour of the plunging water, see Figure 3.20.
This jet cao act directly on the bed, doing much more barm than
diffusing turbulence from a surface roller.
In stability relations it is often found that collapsing breakers cause
the most damage, see chapter 10. This can possibly be explained W//////////////////////~
by the fact that both surface roller turbulence and a (beginning)jet Figure 3.20 Jetflow inplunging
act directlyon the slope (no body of water between roller or breaker
impingingjet and the bed to act as a buffer)
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The run-up of a wave is defined as the maximum
waterheight during a wave period with regard to the still
water level and the run-down as the minimumwaterheight
(Figure 3.21). For smooth slopes the experimental formula
of Hunt gives for breaking waves (~ < 2.5-3):

R"- = ~
H

Rough slopes give values which
are about 50% lower, see
Figure 3.22. Run-up appears to
be maximum around ~ = 2.5-
3, which means just at the
transition between brealdng and
non-breaking. For ~ .... 00 the
theoretical value would be Ru
= H (standing wave).

• 'ft 1:·- 0
.._, 'Vlo.o. 0 "-, t ...a. •

..... ~ 00 •.'... ._.:...) .....,....
....... ••• • ':2 •..... --.tJ'''.. .-...,.............._11'.1 '

.-.. • "".Us. ':1 .._..' ..a.... , .y, _ 1....._1 ,;I.

~~~-r~~--~~~~--~--r~~~
~ W ~ U U ~ ~s

~=iHil;

1.0

(3.16) Figure 3.21 Run-up and run-down

o
o

o 0
o

o O&JP 0
o

o

Figure 3.22 Run-up for smooth and rough slopes

Rd = Ru (1 - 0.4~)

In Bartjes,1974 the run-down is given by:

(3.16)

This would implicate that for "real" breaking
waves, the waterlevel does not comeunder the
still waterlevel because the water in a wave that
flows down on a slope, meets the water running
up from the next wave (tor gentle slopes like
beaches this phenomenon is dominating and is
narned set-up). Figure 3.23 shows experimental
results for smooth slopes, with a coefficient
0.45 instead of 0.4 in the curve fit.

(bI

Figure 3.23 Run-down on smooth slopes
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Most wave run-up formulae for irregular waves use a value in the distribution that is exceeded by
only a small number of the waves, because usually the considered slope is meant to proteet something
and not too much water should pass the slope. Here R.a~,will be used.

A formula based on experiments, widely used in
the Netherlands for the last 20 years is:

(3.18)

Recent investigation and combination of many
data from other research have led to, see
CURffAW,I992 and Figure 3.24:

~" = 1.5s,~p (~"DIU = 3 HS) (3.19)

This is slightly lower than equation (3.18), but
the most important difference is the maximum
when ~ > 2. This is the same as we have seen
for regular waves, see Figure 3.22

,
-Jap

Figure 3.24 Wave run-up irregular waves

The run-down in irregular waves is given by (see CUR/CIRlA,1991):

Rd2" = 0.33 s,~p (Rd2"JIWt = 1.5HS) (3.20)

Note: here the run-down is always below SWL, indicated as a positive value in the expression.

The run-up formulae are for smooth slopes like asphalt or smooth concrete blocks. For a rubble slope
a reduction factor of 0.5-0.6 is usually applied and for concrete blocks with some profile: 0.7-0.9.
For run-down no roughness reduction is applied.

When the wave attack is not perpendicular to the slope (fJ = 0), a reduction factor "'(11 is applied:
vicosfJ (from the energy flux, which is ex WcosfJ) for long crested waves like swell or ship's waves.

A berm on a slope has a favourable
influence on the wave run-up. Instead of a
berm-reduetion factor (usually 1 - BIL), it is
easier to work with an equivalent slope
(which is also useful for determining ex in ~
for slopes with a berm). Figure 3.25 gives
the procedure to establish the equivalent
slope.

For more information, see CUM AW, 1992

Ol B ..

SWL

• -meanslope
ha ia pnllelliope b

Figure 3.25 Definition equivalent slope with berm
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where u is the collision speed and c the celerity of sound-waves in water (=VKIo, K is compression
modulus). With u = 2 mis and c = 1500mis this leads to a pressure whieh is equivalent to 300 m
waterdepth! (lf you have difficultiesto imaginethe differencebetweenquasi-statiewavepressures and
wave impacts you can easily measure it in a swimmingpool. Goingup and down to the bottom, you
register the quasi-statie pressures on your ears. Next, you fall flatly from the high diving board and
you will never forget the difference again).
In practice these values have never been
measured. This is mainly due to the air in the
water. The sound velocity decreases a factor 10
- 50 with a few percent of air bubbles, see
Figure 3.28.
For wave impacts on slopes (2 < coto < 8) a
first approximation is given in vVledder,1990:

The pressure under a wave goes up and down
with the wave cycle as long as the water keeps
in touch with the point where the pressure is
registered. This is often called the quasi-statie
wave load. When the water from the wave can
collide with the surface, a very short, very
high, very nasty impact pressure can occur, the
dynamie wave load, wave impact or wave
shock, see Figure 3.26.

There are somepossible mechanisms,leadingto
a wave shock, see Figure 3.27:

a - ventilated shock: a very fast rise of the
pressure due to a steep wave front
b - compression shock: the air cushion in a
breaking wave is compressed (leading to
spectacular spouts when it can escape)
c - hammer shock: a real collision between the
water mass and the surface with the character of
a karate-beat.
On slopes, the hammer shock is probably the
most important. This type of shockwas studied
for hydroplanes landing onwater; the maximum
pressure could be:

p = puc (3.21)

(3.22)

P ~SH..;.;O;...;.C;.;.K_P_R..::.ESS=~_;;E;;._ ----,

P=Pmox

p=O

Figure 3.26 Registration wave impact

Figure 3.27 Wave impact mechanisms

als

1110

air content c [~)

which is much lower than (3.21) indieates, but Figure 3.28 Soundvelocity in water and air
still several times higher than follows from the
possible pressures in the wave itself.
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4

GENERAL

A moving ship causes an interestingpattem of waves and currents. This will be briefly discussed in
these lecture notes, in as far as they influence the bank or bed stability. Other aspects of these
hydraulic phenomena, like manoeuvrabilityand dimensioning of waterways are beyond the scope of
these lectures. Figure 4.1 shows the pattem of waves and currents caused by a moving ship.

retumamHlt

frontwave

stemwave

wavelWl-Up

saewrace

unclisturbed

~-
secundary Iwa_.es

stemwave frontwaV8~:_v.~.~--- ....--
~ retum current

Figure 4.1 Ships waves and currents
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A moving ship is, from a hydrodynamical point of view, similar to flow around a body. The
waterlevel depression along the ship's huIl and the so-called return flow, which are weIl known from
ships in canals, are also present when water flows around a body (see figure 2.11). This waterlevel
depression is the primary wave with a length of about the ship's length. The much.shorter waves that
come from the huIl and which are e.g. visible on aerial photographs, are the so-called secundary
waves. Both types of waves behave like "normal" water waves, which means that the relations for
wave length, celerity etc. from chapter 3 are valid. In practice, the primary wave can be long or
short, dependent on the same depth-Iengthrelations as were mentioned in chapter 3; the secundary
waves are practically always short. In relative narrow navigation channels the primary waves are
important, otherwise only the secundary waves play a role. The currents caused by the ship's
propeller have the character of a free jet.

Many investigations on ship motion have been done in the past, but most of them were aimed at
shipbuilders practice. An important souree of informationis formed by the investigationsdone by the
Delft Hydraulics Laboratory for the Dutch Rijkswaterstaat in the 70's. Although this research was
set up primarily for inlandwater transport canals, the results and especiallythe literature survey, have
a wider range of application. For more details, see RWSIWL,1988.

All hydraulic aspects depend on the ship's speed, which can be determined in several ways. When
speed data of the relevant type of ships are available, it is preferabie to use these. If not, the speed
can be calculated from the enginepower and the ship's resistance (which consists ofboth friction and
form drag, see par. 2.4). This will not be done here; the reader is referred to the f12 lectures or
RWSIWL,1988. For a first approach, use can be made of the physical properties of the primary
wave, which is limited regardless of engine power. For deep water the speed is limited by the ship's
length according to:

(4.1)

in which VL is the limit speed for a ship. For shallowwater the speed is limited by the depth:

(4.2)

This limit speed is analogousto the soundbarrier for planes. Selfpropelled ships can pass this barrier
when they are able to plane on the water (e.g. speed-boats). The speed of displacement-type ships
usually does not exceedFr (= Vl./gh, Vs is ship speed) :::;0.75 when they are selfpropelled. Being
towed, they can exceed Fr = 1. The width of the canal can further limit the maximum speed of a
ship; this will be shown in the next paragraph. When the speed is also limited by the width, a
practical approach is: Vs = 0.9VL•

It is good to notice that most damage on revetments is not
caused by the largest ships, which often sail relatively slow
and as far as possible from the banks. Small service crafts,
tugs etc, sailing full power near the banks, can do most
harm. Figure 4.2 gives a measure for the minimumdistance
to the bank (for full speed sailing ships)

Figure 4.2 Extreme position
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PRIMARY WAYES
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Figure 4.3 Flow around a ship in unrestricted aod restricted water

The flow around a ship is of a 3-dimensionalnature. In a relative narrow and shallow caoal, this cao
be schematized as a l-dimensional flow (Figure 4.3).

h

/

Figure 4.4 Definitions for primary wave calculation

In that case, the phenomenon cao be approached with a simple equation of motion (Bemoulli,
neglectingenergy losses) and the continuity equation.Other assumptions in this method are: the ship
sails in the axis of the caoal, prismatic cross-secnon of ship's huil, ship is horizontal, channel cross-

4.3



section is prismatic, return flow and waterlevel depression are constant over the channel's cross­
section and the squat of the ship is equal to the waterlevel depression. The equation of motion then
becomes (see Figure 4.4, detinitions for coordinates moving with the ship or a ship lying still with
a current velocity Vs):

(4.3)

And the equation of continuity:

Q = Ac' Vs = (Vs + U~(Ac -As - bzR) (4.4)

The ship's limit speed is reached when the return flow becomes critical, or in other words, is
maximum as a function of the waterlevel depression:

(4.5)

Together with the equation of motion, for that case is found (Figure 4.5):

As 1 2 3 2/31 - - + - FrL - - FTL = 0
Ac 2 2

V
with: (Fr = _L)L.jiïi

(4.6)

VL 1.0

Jgh 0.8

r
0.6

0.4

0.2

.--

~ -,
"I'...<,

r-,
<,

r--- --r--- I I
I---i---

o 0,2 0,4 0,6 1,0

Figure 4.5 Limit speed as functionof blockage and depth

The extremes in this equation are: As!Ac = 0 - VL = vigh and As!Ac = 1 - VL = O.

This means that a ship that blocks the complete canal cannot move at all which seems reasonable and
that at unrestricted width the ship can sail with a maximum speed equal to the speed of a wave in
shallow water.
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Notel: As stated in paragraph 4.1, a practical limit is 0.9VL. Even for small values of As/Ac this
leads to Fr < 0.7 (see Figure 4.4, Figure 4.5). This is important for the behaviour ofthe secundary
waves which cao be considered deep water waves in that case (see par 4.3).
Note 2: Equation (4.6) would lead to limit speeds for a ship on the ocean ofV(1O.5000) "" 800
km/hr which in turn leads to the question how airplanes ever could compete with ships. In reality,
the limit speed in that case is given by the celerity of a deep water wave (equation (4.1): c =
V(gLl21r), For an ocean-going ship of 100 m long this leads to VL "" 45 km/hr. Because these
computations assumed a shallow water situation right from the start, a deep water relation could never
be found. So, this whole approach is limited to shallow water.

The waterlevel depression and the return flow cao be calculated iterating the same equations, written
in the dimensionless form:

(4.7)

ex is a correction factor for the non-uniform distribution of UR and is given by ex = 1.4 - 0.4 VsN L
which gives ex = 1 for Vs = VLand to ex = 1.1 for Vs = 0.75 VL'

Figure 4.6 gives a diagram (ex ..; 1.1) from which the values of UR and z can be found directly from
the known values of As/Ac and Vs (either from speed measurements or related to the limit speed).

-As/Ac
O.40r-°_,.80r-0,.7rj0-,O.60r-_D,.50rf-_..;.0T·40:....._ï""0,.30;.:._:0,.2;.5-=;0.20r:-_:;0.1j.:S_...::O-:;..10::.....,_::;0.os::::---.

O.90V,
0.85\1.
0.10\1.

O.10H*~,.p~~~~;;w.;._,~

0.30 0.50 0.60 0.70

v.
Vgii'

Figure 4.6 Schijf' s diagram for estimating return current and waterlevel depression (ex = 1.1)

When there is a flow in the channel, Vs has to be taken relative to the flow velocity. From that
directly follows the waterlevel depression; the flow velocity (positive or negative) has to be added to
the return current.
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,~-~lh~~O-;~
Figure 4.7 Trapezoidal canal

When the canal is not rectangular but trapezoidal, the same diagram is used with h defined as h =
Açfb (Figure 4.7).

channel

Ship axis
Figure 4.8 Excentric position of ship in canal

In Figure 4.6 it is assumed that the ship is sailing in the centre of the canal. When this is not the case
the values can be found as follows (Figure 4.8), which is a crude approximation:
take Aç = 2X· h and follow the same procedure. In this case, the flow through the ship-axis is
neglected, giving conservative values.

There are frequently situations where there is more than one ship in a cross-section of a channel, e.g.
when two ships encounter or when a ship overtakes another. Only the last situation causes greater
loads than for the case with a single ship. A first approximation is then to add the two ships cross­
section and to calculate the waterlevel depression and return flow as if it was one ship.

The return flow causes a boundary shear stress on the bank of the
channel. This is not a stationary flow, but it is a case of a growing
boundary layer. We will use the formula given by Schlichting:

(4.8) Ls

in which ~ is the "entrance-length", the distance from the bow to
where the cross-section of the ship is equal to the midship section.
When LE is unknown, it can be estimated with LE ",. O.lLs.
In the primary wave, usually the stem wave is dominating. This Figure 4.9 Entrance length
can be approximated by:

HSTERN = zJlAX = 1.5ZR (4.9)

4.6



SECUNDARY WAYES

2.5 5.0 7.5
TIME IN SECONOS
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Figure 4.10 Train of secundarywaves

The primary wave has more or less the character of a negative solitary wave; the secundary waves
are formed by a number of periodie waves, a wave train (Figure 4.10). Secundarywaves are caused
by the pressure pattem alongthe ship's huIl. Discontinuitiesin thehuIl-profileare the primary causes.
These discontinuities are found at the bow and the stern which both emit waves. Usually the bow is
dominant.
These ship waves have been studied for a long time; already in 1887, Kelvin made a study of the
wave pattern behind a ship. He considered a "pressure point", moving through the water. He found
apattem that is very much like the one observed in reality. Unfortunately, much less is knownwhen
it comes to values for the wave heights; these still rely very much on experiments. More detail is
given in RWSIWL,1988 and Sorensen,1973.

CUSP
LOCUSUNE

9·28'
SAILING

E;=2~~U=NE~

bank

Figure 4.11 Pattem of secundary waves

Figure 4.11 shows the secundary waves behind a ship. Tbere are two systems of waves: diverging
and transverse waves. The fust type diminisheswith the square root of the distance perpendicular to
the sailing line and the seoondwith the square of this distance. The divergingwaves are dominant in
this pattem (for Fr < 0.75). Where transverse and diverging waves meet, there is interference and
they farm cusps, which are important for the stability of revetments. For moderate speed (Fr <
0.75), the cusp locus line farms an angle of about 20° with the sailing line and the direction of
propagation of the cusps an angle of about 3SOwith the sailing line, hence the angle of approach for
a bank parallel to the sailing line is 5SO.
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Figure 4.12 Angle of cusp locus line

For higher speeds the cusps propagate more in the direction of the sailing line (see Figure 4.12). For
Fr = 1, transverse and diverging waves coincide and for Fr > 1 transverse waves can no longer
exist. This is all very interesting from a scientific point of view, but in practice, as stated before, for
self-propelled ships, Fr = 0.75 can be regarded as a maximum.
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Figure 4.13 Cusp height vs. Fr (model test)

The wave height strongly increases with the speed, reaching a theoretical maximum at Fr = 1. In
experiments however, this maximum is reached before this value (Figure 4.13). The sharp increase
of the wave height with the speed can be explained as follows: the limit speed is similar to the sound
barrier for airplanes. The energy from the engine cannot be transformed into speed, but it must
remain somewhere. Hence, many fuel is used to make waves. This explains why ships usually sail
weIl under their limit speed.
The wave height of the cusps moreover depends on the type of ship and the degree of loading. For
practical use the following formulae are available:

H = ('h'Fr' (4.10)

r represents the ship's geometry. It was found that the ship's length and the block coefficient hardly
influence the secundary waves. The draught D and the entrance length ~ dominate r. This is in line
with the fact that the discontinuities in the ship's huIl are responsibie for the emission of pressure
waves. In the already mentioned investigations (RWSIWL ,1988-V) for rwas found:

, = ,IR
LE

(4.11)

where r1 has been found to vary between 1.5 and 4.0. Although this is a large range, it covers all
types of ships, from ocean-going carriers to barges and small crafts. When no data are available, t
= 4 is recommended. When 4 is not known, r = 1.2 is recommended.
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The wave height of the cusps diminishes with the cubic root of the distance to the sailing line, for
relatively deep water. For moderate Fr-numbers « 0.75) this is a good approximation. The relation
for the wave height at any distance from the sailing line then becomes:

(4.12)

in which s = distance from the ship's bull. This relation is not valid directly besides the ship's huIl
(H - (0). With a minimal distance of 0.5 B to the banks, this wil give no difficulties.

The relation of equation (4.12) is shown in Figure 4.14 with data from hundreds of measurements
(derived from RWSIWL,1988-V), which shows that equation (4.12) with r = 1.2 gives a reasonable
upper limit for the wave heights to be expected. When more accurate values are wanted, model tests
have to be performed.
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Figure 4.15 Half period vs Fr (model test)

The wave period also reaches its maximum at Fr = 1 (Figure 4.15). The wave period and wave
length can be derived as follows. As reasoned before, for Fr < 0.75the secundary waves are deep
water waves. In that case (with c = Vs cos 4J and q, = 3SO):

21t ~21t
L = c'l- = 0.67--

g g
L Vs21t

T = - = 0.82--
c g

(4.13)

In model and prototype-measurements, the agreement with these formulae was good.

PROPELLER RACES

The flow bebind a ship's propeller is very similar to that in a free circular jet. So, it can be expected
that the same proportionalities are valid. This is not necessarily so for the numerical values, since
there are aJso differences. For example, the water in the jet is aJready turbulent because of the
propeller blades; this will make the flow establishment region shorter than in a free jet. Another
difference is the water surface which will also influence the divergence of the jet.

Figure 4.16 shows
the turbul ent
velocity
fluctuations in a
free circular jet,
compared to those
in a screw race.
The values in the
fully developed jet
lie both around
30%, but in the
propeller race this
value is reached
much earlier.
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Figure 4.16 Turbulent fluctuations in free jet and screw race
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Figure 4.17 Velocity decay in the propeller axis

Figure 4.17 shows the decay of the velocity in a jet behind ship's propellers. The jet properties cao
be described in an analogous form as for the jets in paragraph 2.5 with:

2.8uo
u =--

111 X/Do
b = 0.21 x (4.14)

(-0.69(.!r)u = u e b
111

From this and Figure 4.17 cao be seen that, compared to a free circular jet, a propeller jet diverges
faster.

The values in these formulae cao be estimated with:
Do = 0.7 diameter for a normal propeller and Do = diameter for a propeller in a jet tube. When the
diameter of the propeller is not known, it cao be estimated as about 70% of the ship's draught.
The outflow velocity u, cao be estimated with u, = 1.15(plpDoZ)-33, with P = power of engine.
For a first approximation of the velocity on the bottom, use cao be made of:

Doub = 0.3uo-
Zb

(4.15)

where z, is the verticaI distance between propeller axis and bottom.

The veloeities behind a ship's propeller are important in case the revetment or the bottom cao be
attacked by this flow when the ship lies still or is manoeuvring near the bank. Once the ship is sailing
this load becomes less important. An indication of the velocity at the bottom in that case cao be found
by diminishing the value for u, found with equation (4.15) with half the speed of the ship.
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5

GENERAL

Starring point is again the Navier Stokes equation for the x-direction, written in the Reynolds-form
(like equation2.13):

au au au-+u-+w-at ax az
1 ap iPu au'2 àu'w'

= ---+u-------
p ax ar ox oz

(5.1)

in which v is the kinematic viscosity.
With this equation the flow in a porous medium can be calculated, provided that every stone and
every pore is taken into account individually. From a practical point of view this is impossible and
not necessary. An averagingprocedure will be followedto reach practical solutions.

The first step in this procedure is to define an average velocity, the so-called filter-velocity:

u,=.! f f udA= n.u
Á Á

(5.2)

in which n is the porosity and u the real velocity in the pores. The porosity is usually defined as
the pore-volume divided by the total volume, although this is not necessarily a measure for the
permeability (compare Emmenthal cheese: many pores but no permeability). For anormal grain­
structure this is however no objection.

Note: The averaging has to cover enough pores to be able to speak of an average flow in a process
which is of a random nature in detail. On the other hand the area dA must be small compared to the
mean motion (LeMehaute,1976). This may be physically translated as: a large flow pattem through
relatively small grains. Wave action (with a characteristic length order of 1m) in the cover layer of
a breakwater with elements of the same order of magnitude, cannot be described by porous flow
formulae.

The next step is to combine terms in equation (5.1). au/öz has a physical meaning in a particular
pore, where there is a velocity-gradient from the centre of the pore to the grain (no slip at the
boundary), but with an average of many pores it loses its meaning. Common practice is to combine
all square inertia and turbulence terms to one quadratic friction term and to replace the (linear)
viscous gradient with a linear friction term. The result is (see also van Gent,1992):

1 op . au,-- =1=ctu,+c2u,lu) +c3-
pg ax at

(5.3)

For a stationary flow ÖUr/öt = 0, this is the classicalForchheimer equation.
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For stationary flow equation (5.3) reads:

(5.4)

which, in many practical formulae, is written as:
1

U, = k(i)G
(S.S)

in which k is the permeability (mis) of the porous material.
For laminar flow, a = 1 (linear realation between u, and i, Darcy-flow); for turbulent flow, a = 2
and there is a transition zone in which 1 < a < 2. Figure 5.1 shows this power relation betweenu,
and i for various materials, ranging from sand to rock.
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Figure 5.1 Relation between filter velocity and gradient for various matarials as measured by DHL

The following table and Figure 5.2 give an indication of the permeability of some often used
materials:

MATERIAL DIAMETER PERMEABILITY CHARACTER OF
(m) (mis) FLOW

Clay 10-7- 5.10-5 10.12 - 1O.g laminar
Fine sand 5.10.5 - 5.10"" 10.8 - 10-5 laminar
Coarse sand 5.10" - 2.10.3 10-5 - 10-2 laminar
Fine gravel 2.10.3 - 5.10.2 10.2 - 10-' transition
Coarse gravel 5.10.2 - 10" 10-' - 2.10" turbulent
Small rock 2.10" - 4.10" 3.10" - 4.10-' turbulent
Large rock 5.10" - 2 5.10" - 1 turbulent
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Figure 5.2 Permeability of porous media
k (mis)

An empirical form of eq. (5.5) is:

2 Dil s .
Ut :;:;:2g-n I

CD
(5.6)

(Cohen de Lara,1955).
n, the porosity, has a tremendous
influence! Equation (5.6) is valid
for the whole range from laminar
to turbulent via the factor Co,
which is the same as the drag­
coefficient for a single sphere, see
Figure 5.3. For laminar flow, CD
= 24/Re, which again leads to u,
ex i, while for turbulent flow CD
= 0.5, giving Ur ex jll2.

-- SPHERICALBOOIES IN STREAMING WATER
4 - - - SCHEMATIZEDRELATION FOR POROUS FLOW
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Figure 5.3 CDas function of Re

Note: The transition between laminar and turbulent flow is more gradual than in open channel flow,
because beside turbulence, convective terms also play a role in the averaged formula. Despite this
difference, the flow types will be named laminar and turbulent in the following paragraphs.
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LAM/NAR FLOW

The equation of motion (5.4) reduces for laminar, stationary flow to the well known law of Darcy:

. -k apUI = k.i = ----
p'Wg ox (5.7)

The permeability can be expressed by the relation of Kozeny:

k = p",g tP n3
180 ~ (1 - n)2

(5.8)

In practice however, it is easy and muchmore accurate to measure k in a laboratory test.

For a homogeneous fluid, the waterlevel can be used instead of the pressure, since:

h=z+....l!_
Pw8

(5.9)

For homogeneous soil (isotropic permeability), the Darcy relations are identical for all three
dimensions:

ahu = -k-
'I Bx

ah"r = -k­ay
ahw = -k-r êz (5.10)

The structure of grains and pores cause friction for the flowing water. Reversely the water exerts a
force on the grains (action = reaction). This is the flow force (sometimes called the flow pressure,
but it has the dimension of force per volume), which is important in the stability of the grains at the
outer boundaries of the soil. It is given by:

. ahP, = p'W.g.1 = p",.g.­ ax (5.11)

for the x-direction; for the other directions, the expression is similar.

Darcys law is the equation of motion for laminar groundwaterflow. To compute a velocity- and
pressure distribution in a soil-masswe also need to take into account the continuity equation:

(5.12)

These equations can be solved, but only for simple geometries there exist analytical solutions. For
more complex situations the equationscao be solved numerically (either by finite elements or finite
differences), graphically (with a rectangular flow net pattern) or with an electric analogon (basedon
the analogy between Darcys law and Ohm's law for conductivity).
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For some simple cases, analytical solutions are available. For detailed derivations the reader is
referred to the mentioned sources.

At fust the phreatic level in a dike
is presented, see also Bear,1972.
The dike is schematized to a
rectangular soil-mass, see
Figure 5.4, Figure 5.8. At each
cross-section the flow is given by:

q = - k h(x) dh(x)
. dx

(5.13)

Integration to x gives:

and

1------- L ----....-.j

Figure 5.4 Unconfined flow through a dike

q = (5.14)

Notel: The position of the phreatic surf ace is independent of k! Of course, q is not.

Note 2: In the calculation, the phreatic level at the downstream end coincides with the downstream
waterlevel. In reality, also on less steep slopes, there is always a seepage surface where water flows
out of the slope. That means that there is always a part of the downstream slope where there is a
groundwater flow parallel to the slope. This is important in detennining the stability of the slope, see
paragraph 11.1.1.

A second example is given for the pressure under a closed protection.

For hlHo < 0.8, the maximum
pressure under the protection, with
regard to the waterlevel on the
slope, is given in first
approximation by:

hPJ/IJU = (1 - -). Pwgh (5.15)
Ho

-,. ,
-.._'~ ~-­

...... <;
, I ",

Figure 5.5 Pressure under impervious revetment

See also van der Veer,1979 or RWS,1987 where also more accurate expressions are given.
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Approximate solutions can be obtained by using a graphical method, known as rectangular flow net.
In that case Darcys law is written in a slightly different form again, defining a potential <P = k.h:

a el>u =-_ andr ax
ael>w =-_

f az (5.16)

From this can be seen that no change in potential means no flow, hence all strearnlines are
perpendicular to equipotentials.We can now define a streamfunction 1/1 such that:

u ;: - at and w ;: + at
'f az f ax (5.17)

Combining equations (5.16) and (5.17) and the continuity equation (5.12) we find:

al. al.=---+--=0axaz axaz
(5.18)

There is now a rectangular pattern of streamlines, along which 1/1 is
constant and equipotentials, alongwhich <P is constant, see Figure 5.6.
The distance between two equipotentials, d<p = k.zïh and the distance
between two strearnlinesd1/l = -ür./lz. This meansthat d1/l is equal to the
discharge between two strearnlines.When d1/l =d<p, dx = èa. leading to
a flow net of squares. In any case there should be a constant relation
between d1/l and d<p.

It is, with some effort and skill, possible to draw a flow net by hand
leading to a rough insight in the flow pattern and the pressures in the
subsoil which are important for the stability of protections. Boundary Figure 5.6 Rectangular
conditions are for example a given <p from hydrostatic pressures in the flow net
water above the soiI or an impermeabieboundaryperpendicular to which
the velocity is 0, hence the boundary is a streamline. Figure 5.7 shows an example of a flow net
under a caisson with a head loss.

CAISSON 6H. POTENTIAL HEAO LOSS

Figure 5.7 Groundwatertlow under a caisson
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For non-stationary groundwaterflow, hardly any analytical solutions exist. In most cases a numerical
model is needed. Here only a few words will be said about these phenomena.

For rapid fluctuations, like those induced by wind waves, the equation of motion should include the
inertia term (see equation (5.3». No analytical solutions are described in literature.
For slower fluctuations, like in tidal waves, inertia does not play an important role and the Darcy
equation of motion CaD be used. The continuity equation is extended with a time-dependent term,
expressing the storage of water in the soil. There are two possibilities for storage in groundwaterflow:
phreatic and elastic storage. The fust appears when the water level CaD rise and fall freely. The
second phenomenon occurs in confined aquifers, where there is no free surface. An increase in pore
pressure leads to a decrease of grain stresses and, hence to a greater porosity in which (a Iittle) water
can be stored. This is the same process as consolidation. For more information see the lectures on
groundwater flow.
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Figure 5.8 Cross-section of dike with asphalt revetment

Figure 5.8 shows a dike for which the intemal
waterpressures during a storm surge were
determined with an electric analogon.
Figure 5.9 shows the results. (Note that the low
waterlevel in front of the dike is limited by the
high level of the foreshore).

Especially when after a long storm, when much
water is stored inside the dike, the waterlevel
drops suddenly, large excess pressures from
inside are possible when the water cannot easily
flow out. The permeability of the soil now plays
an important role, just as the geometry of the
dike, like the toe construction (permeabIe or
sheet-piles).

1= Raiseof sea levelduringstorm outside of the dl:e;
max. level is 5.50m +M.S.L.

2 = Constant water levelat the landsideof the dam.
3= wateroressue insideof the db below an i"npervious

revetment
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Figure 5.9 Results of measurements in analogon
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TURBULENT FWW

For this case, use cao be made of the already mentioned relation of Cohen de Lara (equation (5.6».
With this equation it is for example possible to compute the flow through a sill under a caisson, where
Darcy's law fails. In fact in Figure 5.7, when there is a rock-sill present, at first the flow through this
sill should be computed to establish the boundary conditions for the (laminar,Darcy) flow net.

WATERLEVEL

~
~-~ ~~

....................
TIDE

Flgure 5.10 Various stages of a closure dam

Another application is the flow through a rockfill dam. Figure 5.10 shows the gradual build-up of a
rockfill dam in a river or tidal estuary. When the dam gets higher, the porous flow increases with the
head difference. Moreover , it becomes more important compared with the overflow of the dam.

o 10 20 30 40 50 cm/sec

L= 2a.O+b-~a( h1+h2)
2··· 2.72 m3/s/m'

. , . . .
4 -. ··········i··········j······..i··········~·····_·_··!

h2 = 15m

: ' : : :
6····················: + j .

B·· ; ·····:··········:··········1··········
, : : : :

10·· , : ; + .

...................-,- .

. . . , .
12··········'1"·······-:-·········;··········;··········:

14·· ; ; ; ; :

Figure 5.11 Flow through closure dam Brouwershavensche Gat

Figure 5.11 shows a measurement of the flow through a closure dam of concrete blocks of lm. The
velocity in the upper layer is about 1/2 mis, which means 1-1.5 mis for the pores in the dam. Such
a velocity through blocks of 1 m makes it clear that Darcy's law does not describe the phenomenon.
Note the shape of the velocity vertieal which is govemed by the shape of the dam (high pressure
gradient in the upper area and low at the bottom). The length ofthe dam, (L = 18m in the example),
has to be schematised for a l-dimensional computation as indicated in the figure. With a porosity of
42-43% (from volumetrie measurements) equation (5.6) gives: q = h x u, :::::15 xV[(19.6 x 1/0.5)
x 0.014 x (1.2 I 18)]::::: 2.9 mis/m which is in reasonable agreement with the measurements.
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Figure 5.12 Pore pressure dissipation in breakwater

This phenomenon causes even more trouble than non-stationary (laminar) groundwaterflow. In fact,
many attempts are made at this moment to solve these problems numerically. In the past some
simplified solutions have been presented, mainly based on linearized equations, see e.g. Le
Mehaute,1957. He found a solution for the damping of a short wave in aporous structure:

(5.19)

The shape of this curve is confirmed in measurements, see Figure 5.12 (from Oumeraci,1990)

For the stability of elements on slopes, turbulent porous flow plays an important role. At the moment
there are not yet reliable computation methods available for non-stationary turbulent porous flow.
Scale models are still necesssary when detailed information is wanted about this flow.
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6

GENERAL

Before even thinking of proteetion works, one should have an idea of the measure and extension of
possible erosion. Erosion occurs in many forms and is present everywhere in natural flow systems.
A summary is given in BreuserslRaudkivi,I991 from which many examples in this chapter have been
taken. These lecture notes do not cover morphological processes; they are limited to local scour in
the vicinity of structures. This scour may be caused by the structure, like a bridge pier in a river or
it comes from a natural process and the structure is meant to prevent or limit it, like a protected bank
in a meandering river. It must be stressed that awareness and knowledge of morphological processes
is very important for engineering in natural systems. Bridges have been build across rivers where no
water flows anymore because the river has chosen another path, leaving the bridge as a monument
of lousy engineering.
In fact, scour is a special case of
sediment transport and occurs
when the local transport is more
than the supply from upstream.
The difference in transport can be
due to either a difference in
velocity or in turbulence or both.
The general expression for mass
conservation ofthe sediment reads:

flow direction s~
L..

aZb + as = 0
at ax (6.1) "............... . .,- , .

Figure 6.1 General picture local scour

in which z, is the position of the
bed and S the total sediment transport (bed load and suspended load) per unit width.

Possible situations for local scour are, see Figure 6.1 :

1. S, > SI = O. This is e.g. the case when cross-section 1 is in a lake, upstream of a dam, and cross­
section 2 is downstream of an outlet structure. From section 1 there is no sediment supply to
counterbalance the eroding capacity in section 2, because the flow in 1 is too weak to transport
material. From equation (6.1) then follows that there will be erosion in 2. This case is the so-called
clean-water scour. It stops when the scour reaches a depth such that the velocity becomes lower than
the critical value. (This critical velocity will be discussed in detail in chapter 9. Here it is enough to
be aware that there is such a velocity above which sediment can be transported. Another parameter
often used is the critical shear-velocity (u.., =vrjp) with the same meaning)
2. S2 > SI > O. This is e.g. the case when section 1 is in a river upstream of a bridge pier, a groyne
or a sill and section 2 is directly downstream of it. The structure causes accelerations and
decelerations with turbulence, leading to an increase of transport capacity. The flow upstream is
strong enough to transport sediment, this case is therefore named live-bed scour. The scour stops
when the eroding capacity in 2 equals the supply from 1.
3. Sz = SI > O. This is a dynamic equilibrium situation. lt is possible that between cross-section 1
and 2, there is a situation with a larger transport capacity , e.g a bridge pier in the flow. In that case
there is erosion followed by sedimentation, where the eroded sediment is again deposited. This shows

6.1



that local scour is a process which is superimposed on the morphological processes.
4. S2 > S) = O.The bottom at section 1 is protected and at section 2 it is not. The flow in 1 has a
distinct transport capacity, equal to section 2, but in section 1 there is no sediment. This leads to
erosion in section 2. This situation is equivalent to situation 1 in practice, but the, circurnstancesare
different. It shows that a bottomproteetion of infinite length cannotprevent scour completely(unless
the velocity at the edge is below the critical value).

Suspended sediment load plays an important
role in most scouring processes. In uniform,
stationary conditions, there is a dynarnic
equilibrium in the vertical direction (for more
detail, see the lectures on sediment transport):

- aëwc+e-=O
S .11: az (6.2)

where w. is the fall velocity of the sediment, c
the time-averaged concentrationand e.. the eddy
diffusivity. The first term in equation (6.2) is
the settlingof the sediment and the secondterm
represents the stirring up; they can also be
interpreted as "rest" and "unrest". w, depends
almost completelyon the sedimentmaterial; e..
depends on the flow situation and is related to
the turbulence in the flow. It is similar to the
eddy viscosity but it is not the same. Due to
inertia of the grains, the exchange of mass in
the flow is not necessarily equal to the exchange
of momentum. A usual assumption is that they
are proportionaI, so they can be related to the
flow geometry in the same way. Another often
used parameter in sediment transport is the
quotient w.lu., which again can be seen as the
relation between settling and upstirring. A high
value of w.lu. means bottom transport, a low
value suspensiontransport.

c
..)

C
Vortex streel ..)

~l
..)

c

Bottom
protectIon

Vertk:aI
oonstrIctIon

constriction

Aow I1
In the case of scour there is no equilibrium
between rest and unrest and the second term in
equation (6.2) exceeds the first. It can be
expected that scouring and a high turbulence
intensity are correlated somehow.This is indeed Figure 6.2 Scour in 3-dimensional flow
the case. Figure 6.2 shows a scour hole
downstream of a horizontal and vertical constriction. The turbulence in the mixing layer (vortex
street) acts like a whirlwind and is manifested in a relatively deep scour hole. When there is no
horizontal constriction and hence no vertical mixing layer, the scour process is slower and the depth
of the scour hole is less. The relation between e.. and the flow geometry is not yet fully understood.
A first attempt to approach the scouringphenomenonalong this line is given by Hoffmans,1992. For
engineering practice, this approachdoes not yet give useful results and empirical relations have to be
used. In the coming paragraphs some ofthose will be presented for different cases. In paragraph 6.5,
the differences and correspondenceswill be discussed.
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SCOUR BY JETS

A high head outflow can causesevere erosion. The type of seour described in this paragraph develops
very rapidly and there is usually no time to aceompany the seouring-process with maintenance
measures. Hence, it is not the relation between seouring and time which is of interest, but the final
dimensions of the seour, the equilibriumdepth or better: the asymptotic depth, since there is always
still some seouring at the end, due to the stochasticnature of the load.
An important name in this field is again Rajaratnam, summarized and elaboratedby Breusers. Only
horizontal jets will be presentedhere, see Figure 6.3; for vertical jets andmore information in general
the reader is referred to BreuserslRaudkivi,I991.

-r-...., --
Figure 6.3 Defmitions of seour dimensions

First the development of seour by a plane jet (from Rajaratnam,1981) is presented in Figure 6.4.
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Figure 6.4 Development of seour by plane jet

The seouring process develops rapidly and the seour hole reaches an equilibrium shape.
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Rajaratnam found that for high Re-numbers and outflow opening (B, for plane jets and D for circular
jets) large compared with the partiele size (d), the asymptotic relative scour depth was found to be
a function of F, only (F, defined as \Jo1V'(g,M». Breusers replotted the results of Rajaratnam and
others, using Ue/u.." which is very similar to F, (see chapter 9). He finally gives, see also Figure 6.5:

pllmejet: circular jet: (6.3)
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Flgure 6.5 Asymptotic scouring depth related to veloeities

The length of the scouring hole is about 5-7 times the depth and the width (only relevant for circular
jets) is about 3-4 times the depth.

A jet is usually supposed to flow into a space whith an infinite waterdepth. Rajaratnam performed
some tests with little tailwater (order of magnitude the same as the outlet dimensions). In that case
the depth of the scour holes was much smaller (about 50 %) and the length much longer. Culvert
outlets with diameters of twice the waterdepth gave even less deep scour holes, see
BreuserslRaudkivi,1991. For a first conservative estimate, equation (6.3) can be used, bearing in
mind that the scour can be much less in shallowwater.
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TIME-DEPENDENT SCOUR

Further downstream in a jet or behind a culvert when there is a proteetion apron present, the flow
is more quiet and the scour develops more moderately. This will be often the case bebind hydraulic
structures. Many investigationson this subjectwere done in the frameworkof the Deltaproject. Time
was an important factor there, since the closure dams had only a temporary function and equilibrium
depths for every building stage were never reached. But also in other situations it is good to know
the scour as a function of time. It can play an important role in maintenancepolicy, since relatively
little is known up to now about the slopes of scouring holes and the soil-mechanical stability. Then
it is important not to be surprised by unknown rapid developments.

The research for the Deltaproject aimedmainly at establishingreliable scale relations for interpreting
model results. Large parts of it however canbe used for predictionpurposes in a preliminary design.
Several hundreds of tests have been performed and the experimental relations have gained some
general validity.

~~--~---r--~--~~~--~~----~Igt~phasCl~ phasClII phasClm phasClnr

t
h,g~
ho

Figure 6.6 Phases of scouring process

The development of a scour hole can be described in 4 phases (see Figure 6.6):
Phase I: the initiation of the process; the bottom is still flat and the velocity-profile is not yet
influenced by the scour hole.
Phase 11: flow separation occurs in the hole and the flow in the eddy is against the main flow
direction.
Phase ill: the velocity in the scour hole reaches values which are near the critical value and the
process slows down.
Phase IV: equilibrium is reached; this phase is equivalent to the asymptoticprofile as described for
jets.

For practical purposes only phase n and phase IV are important. Aboutphase IV, some remarks will
be made in paragraph 6.3.4. The focuswill be on phase n for which the formulae in this chapter are
valid.
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Figure 6.7 shows the
velocity , averaged over the
turbulence period, the root
meao square of the velocity­
fluctuation and the Reynolds
shear-stress at various
locations in a scour hole
between the upstream crest
and the deepest point. From
this it can be seen that a
scour hole itself is also a
disturbance of the flow: a
relatively "normal " velocity
profile at the crest, tums
into a deceleration profile
with intense turbulence.
Like bebind a sill (see
chapter 2), the shear stress
is relatively smalI (even
smaller than the critical
value for transport) and the
turbulent fluctuations are
dominant.
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Figure 6.7 Velocity characteristics in scour hole
(Breusers/Raudkivi, 1991)

From a dimensional analysis and many experiments, finally the following expression was developed:

( ) 1.7h0.2uUo-uc ° tO.4h_ (t) = ---,-_:....__-
104°.7

(6.4)

in which h.m is the maximum depth in the scour hole as a function of time, while ho is the original
waterdepth; u, is the vertically averaged velocity at the end of the proteetion (see also section 6.3.2).
t is the time in hours in this empirical relation; the constant 10 is not dimensionless. a represents,
among other things, turbulence and acts as an increase in the effective velocity. This is the "dust-bin"
of the scouring formula; in the next paragraph special attention will be paid to this important
parameter. a is related to the geometry of the flow and is usually derived from a scale model where
ho, \Jo, u, and ~ are known and where homas a function of time is measured. Then, a cao be
calculated from equation (6.4). With this a, equation (6.4) is then again used to calculate the scour
for prototype circumstances. For schematized situations that have been investigated earlier, it is
possible to estimate a.

From equation (6.4) we can see:
-the scour depth grows with a power 0.4 in time
-there is some influence of the specific weight of the sediment and very little of the waterdepth
-the difference between the actual velocity with a and the critical velocity is dominant
Note 1 Equation (6.4) is derived for phase 11of the scouring process; ou-u, should therefore be not

too smalI (> ::= 0.1 mIs). Otherwise the process is in fact in phase 1lI.
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Note 2 The power 0.4 in the relation with time in equation (6.4) is strictly speaking derived for 2-
dimensional flow situations. For 3-dimensional flow (borizontal contraction, outflow from
discharge sluice etc.) the power is in the beginning higher and later on somewhat smaller. As
a fust approximation 0.4 will be used for all time dependent scour processes.
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Figure 6.8 Comparison model-prototypescour development (de GrauwlPilarczyk,1981)

The presented relation is based on many modeltests. Accurate comparison with prototype
measurements in the Deltaprojectwas very difficultbecause of the ever-changingsituation during the
construction of the dams. In order to get more confidence in the relations, a special test was
performed with the outlet sluice in the Brouwersdam (part of the Deltaworks) and a scale model of
the same sluice. Figure 6.8 shows the result; the conformity in developmentand shape is good.
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a is a very important parameter in the computation of time-dependent scour. As already said, it is
a dust-bin, following from model-investigations for a given geometry. For predictive preliminary
design purpose it is necessary to have some insight in the relation between geometry and a. Therefore
we look into how a is defined and its consequences, see also Jorissen/Vrijling, 1989.

Figure 6.9 shows two ways to define a
depending on the definition of \Jo in equation
(6.4). When u, is defined as Q/A, the influence
of a locally increased velocitydisappearsinto a,
thus "polluting" this coefficientwiththevelocity
distribution. When u, is defined locally, a only
represents the magnifying factor due to
turbulence. The product a.Ua is the same of
course in both cases.

For u, = Q/A, Figure 6.10 gives a as a
function of the vertical constriction for 2-
dimensional and 3-dimensional scouring
(without and with horizontal constriction
respectively). These data come from the
systematic scour investigationsinthe framework
of the Deltaproject. There is a big difference in
a, a large part of which is due to the velocity
distribution.
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For u, = \lot (local velocity) Figure 6.11 gives
the relation between al and the vertical Figure 6.9 Possible definitions of a
constriction. The difference is much less, since
the velocity distribution is not influencinga.
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Figure 6.10 a with u, = Q/A vs. vertical
constriction
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When a is a magnifying factor for the velocity,
expressing the disturbance in the flow, it can be
expected to have arelation with the turbulent
fluctuations in the flow. Figure 6.12 shows the
relation between al (defined with the 10ca1 \Jo) and the
turbulent fluctuations , expressed as r, here defined as
the root mean square depth averaged 10ca1 velo city
divided by the depth and time averaged 10ca1 velocity:

t

RT = -=- (%)
u,

(6.5)

There is indeed arelation between al and r:

a = 1.5 + ST fOT a > 1.8 (6.6)
r [?e] --

Figure 6.12 al vs r

indicating that turbulence together with a locally
known velocity , can be used to explain and compute time-dependent scour.

Note: In equation (6.2), arelation between Eu and the turbulent fluctuations was mentioned. At this
moment there is still a gap between the approach with a sediment transport model as used by
Hoffmans,1992 and the empirical relation of Breusers. Figure 6.12 is a sign however that this gap
possibly can be closed in the future.

For a preliminary design, Figure 6.14 gives
values for a based on local veloeities with
the geometry defined according to
Figure 6.13

ho

l

Figure 6.13 Definition of geometry parameters
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Figure 6.14 First estimate of al
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When the local veloeities are not known, Figure 6.15 can
serve as a first approximation for vertical and horizontaI
constrictions, based on 1Io = Q/A and Lplho = 10.

In the case of an outlet structure discharging into a large
body of water, there is not clearly avertical and/or
horizontaI constriction. In that case the scour can be
approximated with the o-value for avertical vortex-street
which lies between 3.5 and 5 for a bottom proteetion length
of 10bo and 1Io defined as Q/A at the place where the outlet
flows freely into the large body of water e.g at the end of
wing walls or the edge of the bottom protection.

It will be clear that for a first design only rough estimates
cao be made. For a project of some importance,
investigations in a scale model will be necessary

t 5.5-r---;:---....,----r--....,
o
';5.0
~2 45+----+----~+_~~~
u

"
~ 4.0~~~~~~;;tIM
o
~ 15+---~--~+_~--

vertical constriction d,l'Io(-te)­

Figure 6.15 a with Uo=Q/A

At fust, the roughness of the bottom proteetion is of influence. With a smooth protection, the
veloeities near the bed are high and cause more scour. The influence of the roughness on a is given
by Hoffmans,1993a in a slightly adapted form of equation (6.6):

with Ic =..f. (je = 1 for C :s;40)
40

ex = 1.5 + 4.4 rof.:

Smooth (e.g. asphalt) bottom-protections lead to 20-30% higher o-values than rough protections. The
equation also shows that it has no use to make the proteetion very rough. In that case the roughness
elements induce extra turbulence, compensating the effect of a lower bottom velocity .

A longer bottom proteetion leads to lower values for a, but the influence of the length is not
spectacular; turbulence in a flow dissipates slowly, see section 2.6 and Hoffmans 1993a. Moreover,
even with an infinetely long protection, there will be scour, see section 6.1. For Llho > 5 the
influence of the length on a is given by:

ex (L!he) = 1.5 + ( 1.57ex 10 - 2.35) l~·04SlIho) (6.8)

where aIO is the o-value for Lplho = 10, see also Figure 6.16. Note that for an infinetely long bottom
proteetion amiDis 1.5!
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Figure 6.16 Influenceof length of bottom proteetion on a

Scour as such is not a problem as long as it does not undermine the consideredstructure. To be able
to judge the stability of slopes in scour holes it is necessary to know {3 (see Figure 6.13). From the
systematic scour research, Hoffmans,1993b derived the relation:

p = arcsin[3.10-4~ + (0.11 + 0.75 TO)fe] with Ie = 40C (Ic = 1 fOT C~40) (6.9)
fl.gdso

indicatingthat a highvelocity, high turbulence, a smoothproteetion and fme sand, cause steep slopes.

Figure 6.17 shows the results of equation (6.9)
for some possible values of the relative
turbulence, the velocity and the roughness of
the proteetion (all for a grain diameter of
200JLm). Sometimes,evena slope {3 steeper than
25° (- 1:2) can cause problems, depending on
the depth, see also the geotechnical aspects in
chapter 7. Again, it is clear that a long (low rl)
and rough(ened) bottom proteetion helps in
preventing steep slopes. It must be stressed
however, that there is much uncertainty about
these slopes. Therefore it is also important to
know the scour as a functionof time to be able
to deal with maintenance, like dumping
protective material on the slope.

80

/'
u= ~

/ ~
.> 11"2. C

~ »>___..
~ .>r-- .s->:
->: ______. .--- p=1. C=~o

~

70

60

20
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o o 0.1 0.2 0.3
Relalive11rbulencer

0.4 0.5

Figure 6.17 Slope {3 as function of hydraulic
parameters
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For scour in a tidal flow, equation (6.4) cao be
used with the tide taken into account as a
succession of stationary flow situations,
replacing (Mlo - uc)1.7 for each flow direction of
the structure, by (see also Figure 6.18):

T
1.J ( ex u - u )1.7 dl
TOe

o
(6.10)

In the case of e.g. an outlet sluice discharging
into the sea during low water, u, in equation
(6.10) exists only part ofthe tidal period, while
T always represents the wholeperiod, indicating
that scouring at the sea side of the structure is
only effective during some hours.

Figure 6.18 Use of scour formula in non­
stationary flow
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Figure 6.19 Scour-time curve for successivebuilding stages

When scour has to be determined for the construction period of some structure, Figure 6.19 shows
the procedure. For various representative building stages, the various scour-time curves are
determined. The first curve is followedduring .1t1• At the end of this period is horizontally switched
to the second curve (the scour hole accordingto the second curve starts with the end value of the first
period) and so on till the end. (This cao be done since similarity of the shape of the scour hole is ao
important flnding of the systematic scour research).

6.12



A simple approach to equilibrium depth would be to say that it is reached when 0010in the hole
becomes equal to u;With the continuity-equationthis leads to:

(6.11)

There are reasons to say that equation (6.11) overestimates the equilibrium depth e.g. because it is
based upon equation (6.4) which is derived for phase 11ofthe scouring process and not for phasem
or IV, see section 6.3.1. Therefore 0010in (6.11) has to be reduced with a factor of about 0.5.

When there is a sediment
supply from upstream,
equilibrium will be reached
when the outflow from the
hole becomes equal to the
inflow (see par 6.1.1). In
that case the scouring
formula represents the clean­
water scour and the
sediment supply tums it into
a live-bed scour. When the
hole is schematized to a Figure 6.20 Scour reduction by sediment supply
triangle, see Figure 6.20,
the volume of the hole per
m width is:

10 ~-------T------~-+~~~--~------~8 f----------+--- S-i"'---i-- h__ (equdon6.1~
6 1---------+--
41---- ".

2

1

t (days)

With sediment supply this becomes:

I,u = K.tO.8 - S.t ImJ
(6.13)

Equilibrium is reached when, see Figure 6.20:

v 0.8 SA..teq - .teq
(6.14)

There are howevermany uncertainties in this procedure: cot 131,2 have to be estimated (e.g. 4 and 40),
S must be calculatedand leq is very sensitive for K and S. Therefore in closures it is preferabie to use
a measuredvalue of leq from an early building stage, see Figure 6.19. Better results might be expected
when the scouring is treated as sedimenttransport, like in Hoffmans,1992 approach.
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SCOUR AROUND BODIES

It is easy to imagine that the flow phenomena around bodies like acceleration, flow separation and
wake, stand for an increase ofthe sediment transport capacity, causing local scour. Bodies in a flow
can stand alone, like bridge piers, or be attached to the banks, like abutments or groynes.
Development in time is usually not very important for this type of structures; only the equilibrium
situation will be discussed. Most information in this paragraph has been derived from
Breusers/Raudkivi, 1991; for more details the reader is referred to that book.

At fust we look somewhatmore in
detail to the flow around a
(cylindrical) pier because there is
more between surface and bottom
than acceleration and wake, see
Figure 6.21.
At the face of the pier the water is
stopped. Since the veloeity at the
surfaee is higher than at the
bottom, there is a pressure gradient
(pu2/2 varies along the height)
leading to a downflow. This
downflow can reaeh a value of
80% of the undisturbed flow
veloeity and acts as a vertical jet.
This jet together with the Figure 6.21 Flow pattern around pier
aecelerated flow at the sides of the
pier, start the erosion. Onee there
is an erosion hole, the same cireulating eurrent as in the scour holes of par. 6.3 appears. This eddy
is taken away by the flow, leading to a horseshoe-shapedvortex.
This vortex, together with the aeeelerated flow and wake vortiees transport the sediment further
downstream. A few diameters behind the pier, the transport capaeity deereases again and a bar is
formed.

Figure 6.22 shows the equilibrium
depth (dimensionlesswith the pier
diameter) with inereasing velocity.
When u < \1", there is already a
distinctive scour due to the
deseribed flow factors (compare a
in the time dependent scour
formula). The seour reaehes a
maximumwhen u = u.; when u >
u, it deereases again beeause then
the whole bed is moving and the
seour is redueed.

Flgure 6.22 Scour depth for eylindrical piers in uniform
sediment
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This is the transition between clear-water and
live-bed seour; the process is similar as
described in par 6.3.6 where the seour was
reduced by sediment supply. A second peak
occurs at the transition between ripples/dunes
and anti-dunes where the bed is flat. Then, the
flow does not need to spend energy in form
drag and can devote itself eompletely to
sediment transport. The second peak is lower
than the fust; for a preliminary design the fust Figure 6.23 Seour as function of time
peak is recommended. Figure 6.23 shows the
difference in seour developmentbetween clear-water and live-bed seour.

Other shapes of piers lead to other coefficients
than for cylindrical piers. For a square cross­
section for example, the seour depth is about
20% higher; with a streamiined shape 20-30%
lower values are possible, see tabie.
This is however dangerous in design practice,
since one has to be sure that the flow is exact1y
in the direction of the streamiined body. An
angle (in river bends or with moving channels)
leads to another flow separation pattern and
considerably more seour, see Figure 6.24.

For a first design the next formula
is proposed:

1:....
0..
Wo
Q:
:Jo
U
111 _ clecr-wcter" sccur

- TIME

Pier shape 1Ib x,
cylinder - 1.0

rectangular 1 ~1.2
3 1.1
5 1.0

elliptic 2 0.85
3 0.8
5 0.6

(6.15)

Note:
- for a bridge with many piers
extra seour may occur due to the
flow eonstriction, see par.
6.4.3.
- floating debris or ice can enlarge
eonsiderably the effective width of
the pier
- wave action around the pier does
not enlarge the scour compared
with only flow

Multiplying teerers
for

angle of at1ack

90

Figure 6.24 Multiplying factor for piers not aligned with flow
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Figure 6.25 Flow pattern around abutment

The fust approach to abutment-scour is simply to consider it to be a half pier. Indeed, the processes
are very similar , but the numerical values are somewhat lower since the walt hinders the downtlow
and the vortices. Streamlining is now relevant, because the angle of attack is less important.

h 1.50
sm..

b

t
1.20

0.90

0.60

0.30

0.00
0

obutment
• WH 310 mm
e WH 400 mm
o WH 500 mm
.. ST 1:1 b.-295 -445 mm
'V WH b - 2elS - 4411mm
• SCE 165 mm
o SCE 302 mmo TSI 302 mm
)( TS2 302 mm

0.20 0.-40 0.60 O.BO 1.00 1.20 '.-40 1.60 1.BO

Figure 6.26 Relative scour depth for various abutments

Figure 6.26 shows the relation betweenscour depth, abutmentwidth (b, the protrusion from the bank
into the water) and waterdepth. Line 1 is for streamlined abutment shapes like wing walls as in
Figure 6.25. Line 2 is for more blunt forms. In both cases the values for the scour depth in relation
to the abutment width is less than for piers. In relation to the waterdepth the values are still
considerable.
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Groynes can be seen as (very blunt) abutments, but also
the narrowing of the river bed is going to play a role.
The constricted river width therefore appears in the
relation for scour depth. Breusers recommendsfor a fust
approach, see Figure 6.27:

sectio" a-Q

ho + h = 2.2 (___Q_ )2,13
-- B-b

(6.16) a

for a vertical groyne perpendicular in a straight channel.
Corrections of (6.16) for other angles are:

u._ B

af) Factor

30 0.8
45 0.9
60 0.95
90 1.0
120 1.05
150 1.1

Figure 6.27 Groynes-definitionsketch

When the head of the groyne is not vertical, but has a slope
of 4SO, the depth is about 15% lower. With very gentle
sloping heads, reductions of 50% seem possible. When the
groynes are situated at the concave side in a river bend, the
depth can increase 10 - 50%, dependingon the bend radius.

Q
Q--B,

Figure 6.28 Definition sketch for constrictionscour

Equation (6.16) gives the depth of a scour hole behind an individual groyne. Narrowing a river
stretch, either by a row of groynes or by embankments,leads to a general deepening of the river bed.
The depth in the constriction can be calculatedwith (see Figure 6.28):

(6.17)

in which m comes from the relation between velocity and sediment transport in the form: S ex 1i".
m lies usually between 3 and 5, so the power in equation (6.17) lies between0.67 and 0.8. For more
knowledge on this subject, the reader is referred to the domain of the river morphology.
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DISCUSSION ON SCOUR

In the previous paragraphs, various kinds of scour were discussed. They all form a kind of local
erosion, caused by alocal increase of velocity and/or turbulence, leading to alocal increase of
sediment transport capacity. With so much in common it is all the more amazing and frustrating that
the various types of scour have been examined in so different ways and that the results cannot be
combined into one overall picture. The following table presents some characteristics of the various
scour investigations:

Par. Type of scour Live-bed Proteetion Dev.in time Eq. depth

6.2 Jets and culverts no no some yes

6.3 Time dependent no (indirect yes yes roughly
via calcul.)

6.4 around bodies yes no some yes

A logical relation would be e.g. the scour by a jet on an unprotected bottom of paragraph 6.2, via
a protected bottom to the time dependent scour of paragraph 6.3, where one would like to have an
idea of the equilibrium depth. The latter situation is literally the extension of the flrst. Another link
would be to try to describe the scouring around a body from paragraph 6.4 with the time-dependent
relations of paragraph 6.3.

The explanationof the different approaches is of course the fact that every investigationhad its own
limited goals for which the research program gave more or less satisfactory results. It is about time
however, to try to make an overviewof this jig-saw puzzle in which all these pieces get their proper
place. Such a general approach would have to include the relations between the turbulent flow
characteristics, the sediment transport and the local scour process as a function of time.

W.'.' lur'ace
Hoffmans,I992 has started this z 0 -_ ....:::;---=. ,:::::::::;;::=----.-- ...- - ------;:======;,
for a two-dimensional situation (on)-2

without sediment supply from
upstream, which could be
extended with the supply of
sediment. A major problem that
remains is the translation from
geometry to turbulent flow.
Future research is necessary to
make further steps forward.
Figure 6.29 shows a result of
Hoffmans work, applied to the
same outlet-structure as in
Figure 6.8 which gives some
confldence that we are getting
nearer. When applying an
empirical formula like (6.4), at Figure 6.29 Calculated and measured scour profile at
least the use of Q/A should be Brouwersdam
avoided and the local velocity
should be used. Relating ex with the turbulent flow situation for various geometries, already would
be a step forward, see also Ariëns,1993.

-4

_... .".r 2th 13...ln[calculated
- .".r 1~Oh

-6 measured [
-8 .

-16

-18
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7

EROSION BY WA YES

Again, before considering the necessity of protecting a bank, a shore or a bottom against waves, one
should have an idea of the possible erosion. For banks and shores this will be done on the basis of
beach and dune erosion research; for bottom erosion, breakwater investigationswill be used.

Waves acting on an unprotected slope, cause a
step-profile or S-profile. This is the natural
equilibrium profile for all slopes composed of
loose material (see e.g. Vellinga,1986). From
theoretical considerations for beaches a
parabolic profile is found with z :: x'2J3.This
theory however is valid for monochromatic,
linear waves. Vellinga proposes:

(7.1) Figure 7.1 Erosion profile by waves

in which w is the fall velocity of the particles; for the definition of z and x, see Figure 7.1.
This is an equilibriumprofile; development in time is not considered. The erosion depth below SWL
is about Hs. From equation (7.1) the intrusion depth of the waves in the profile is then found by:

_ -1.28H1.28
Xe - P s (7.2)

Above the still water level the slope is assumed to be equal to the angle of repose. Figure 7.2 gives
arelation for the value of pinthe profile-formula. The given relations cao serve only as a first
indication and should be applied for wave attackweIl beyond the limit of stability, see chapter 10.

lO
0.7
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Figure 7.2 Relation between grain diameter and p in erosion profile
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Bottom scour due to waves can be important in front of
vertical walls where a standing wave pattem is possible.
From chapter 3 we know that the highest veloeities occur in
the nodes of such a wave and indeed, for fine sediments, the
maximum scour is found there. For coarse sediments
however, the maximum scour is found between the node and
antinode, probably due to another eddy and ripple pattem.
The equilibrium depth of the scour hole can roughly be
estimated with (see Xie Shi-Leng, 1981):

= (7.3)H h 1.35
(sinh21t -)

L

This formula indicates that the scour depth depends on the
wave height and the waterdepth related to the wavelength.
Equation (7.3) is experimentally determined for fine
sediment; for coarser sediment it can be seen as an upper
boundary, see Figure 7.3.

When the wall is not vertical but inclining, the maximum
scour will occur at the foot of the wall, due to the backflow
from the sloping wall, see Figure 7.4. The depth as
predicted by equation (7.3) will usually not be exceeded.
The erosion is roughly proportional to the reflection
coefficient, so avertical wall gives maximum values.

-
The standing wave pattem for irregular waves
is less distinct than for regular waves. This is
also found in the scouring pattem, which
decreases strongly with the distance from the
wall, see Figure 7.5. Using H, in equation (7.3)
(based on regular waves), overestimates
somewhat the scour depth, but as a first guess
for all cases, h.mQO = H, can be used.

h....../H
1.2

fine sediment
(eq. 7.3)

0.6

0.4

coarse
0.2 sediment

o 0L".05:-----=0':-:.10:------:0~.1"...~----:10.20

h/L

Figure 7.3 Relative scour depth for
fine and coarse sediments
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"
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Figure 7.4 Scouring at inclining slope
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under nlgUlar wJw. LJ2
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Figure 7.5 Profil es for regular and irregular waves
(fine sediment)
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EROS/ON BY SH/PS

Loads inducedby ships were divided into primary waves, secundarywaves and propeller jets, each
with a different character. Their effect on unprotected soil is equally different; they will be treated
here separately. It must be stated that the informationpresentedhere is not more than an idea of the
effect when nothing is done to proteet the soil against ship's waves.

The return current in the primary waves, can
erode an originally trapezoidal bank-profile
when it exceedsthe criticalvelocity. In that case
the profile will get a eosine-sbspe (a.o. based
on experiences in the Suez-canal, see
DellaLuna/Agostini,1981). Ven te Chow,1959
used the sameapproach for irrigation canals and
got the same shape, assuming an equal
distribution of the shear stress along the sloping
bank. This results in:

z = Zocos( ~4> Y) (in radüms) (7.4) Figure 7.6 Erosion profile in unprotected
navigationcanal

At the still waterlevel the slope would be the angle of repose.

Erosion due to secundary ship's waves is comparabie to whathas been said about erosion profiles due
to wind waves. There is one difference however. In equilibrium beach- and dune profiles it is
implicitely assumed that these are formed under storm conditions and that during more quiet
circumstances, the shore can restore. With ship's waves there is not much restauration andthe erosion
can go on "infinetely". This has also to do with the situationof the foreshore; when there is enough
deep water, it is difficult to transport sediment from the foreshore to the shallow water. In fact, in
several lakes in the Netherlands this "perpetual" erosion has been observed. For a first idea, the
approach of paragraph 7.1.1 can be used, see Figure 7.6.

For scour by propellers we cannotuse the same
formulae as for jet scour as presented in chapter
6, because there, the scouring occurred directly
behind the orifice. Instead, we use the formulae
as given in paragraph 4.4, describing the
velocity field behind a propeller. By equating u
= \Je, we find from equation4.15:

(7.5)

Figure 7.7 Scour by propeller

For various x bebind the propeller, r can be calculated, giving the shape of the scour hole, see
Figure 7.7. This type of scour will occur only near mooring places. The designer will have to
consider nautical practice near the considered mooring place. Will tugs be used? Do the ships have
bow-propellers? The latter can causemore damage than the propellers of the main engine.
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EROS/ON BY POROUS FLOW

: ;.

.: or::

pha•• O
PHASE 1 I

phase 1:: baginningof a
springwaler,Itu.lion

phase 4 =
complete plping

Figure 7.8 Piping under sheet pile

I PHASE 2 I

ph... 2 = begInning of
sanCl·transport

collapse

When the flow-pressure in a porous flow becomes higher than the weight of the grains, these grains
will float and, when a channel can develop, will be transported, see Figure 7.8. Once this process
has started it will lead to progressive failure when the load remains because the seepage length
becomes shorter all the time. Theoreticallythe piping starts at the downstream end when the upward
flow force is equal to the weight of the soil:

Pwgi = (l-n)(p.., -p)g (7.6)

which, with Ps = 2650 and n :::::40% leads to Îc :::::1. In practice however, much lower values for
the critical gradient are found, due to irregularities in the porous medium which lead to a
concentration of the flow. The classical approach to these phenomena is by (see e.g. RWS,1987)
Bligh, Griffith and Lane datingback to the flrst decadesof this century.

811g11. 1 seepage·l_nglh: L = • + b + c + d + e
G,ltllth I L = a+c+_

Cb = Cg =fï
10' Cll!b
11cab

'verllcal':allaeepage-sectionssteeper than 45',
'horlzont.I':an _g.sections less than 45',

Lane: seepage~ength: Lv = a+b+d+e
4.=c
CL = Lv +H'J3Lh

Figure 7.9 Deflnitions of seepage-lengthin the classical approach
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The coefficients CB resp. CLare:

Material Laue's creep ratio CL Bligh's creep ratio CB

Silt 8.5 18
Fine sand 7.0 15
Coarse sand 5.0 12
Gravel 3.5 9

When, in these formulae, LIH < C, piping begins.

In the framework of the raising of the dikes in the Netherlands, many research has been done on
piping. The generally accepted analysis is by Sellmeyer. He designed a mathematical model,
describing the phenomenonof piping. Not only the threshold of piping as given in equation (7.6) was
taken into account,but also the transportationof grains through an alreadyformed channel. His model
consists of a numerical solution of the relevant differential equations. By curve-fitting the results of
this model the following formula was obtained, see (CallelWeijers,1992).

He = Cl CA tanS (0.68 -O.IOlnc)L

D [(E.O;:-1]
with: Cl = (_) L

L

anti: c = TI 11,0 [ KIL]1/3

(7.7)

The parameters 8 and 7J are the angle of repose and a resistance-coefficient for the material to be
washed away respectively, for which values of 41° and 0.25 are recommended (for all kinds of sand
where piping can play a role).The other parameters have to be measured.

. zand
. .. :.::::: D :::::::::
..... , . . . . - . . .. .... . .

kl~i'veen

Figure 7.10 Defmition piping new method

In equation (7.7) the quotient DIL plays an important role, see Figure 7.10. When the thickness of
the permeable layer D becomes small, the necessaryL can be reduced. Based on equation (7.7), new
rules for the safety against piping in dike stability in the Netherlands have been established. For
situations where D is relatively small (say less than lOm), a reduction of about 20-30% of L is
possible. For a dike to be raised, with many houses in the vicinity, this cao meao the difference
between demolitionof the houses or not.
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EROS/ON BY GRA V/TY

Although gravity is usually not seen as aload, slopes become instabie and erode when they have
become too steep by other intluences like waves or scouring. The slope is then no longer able to
withstand the gravitational forces and slides. Soil moves side- and downwards and the result is a
tlatter slope. In chapter 11we will discuss stabilityof slopes in detail; here the focus is on the process
after stability is lost. When a part of a construction fails, it can threat another part, so this possible
type of erosion determines the extensivenessof a protection. For this reason it is important to have
some idea of slopes after failure, especiallywhen scouring occurs at the end or foot of a protection.

Sliding occurs after a slope looses its stability,
see Figure 7.11. The grains roUover each other
tiIl the friction is again sufticient to stop the
sliding. Due to the inertia of the moving soil
mass, the final slope will be gentler than the
angle of repose cp, as an average coto' "'" 6.

".It: 6

I· (2 - 5)b
pr-ofile beter-e slide

Figure 7.11 Average slope after slide

When the external forces remain active after the slide, the process will go on like in the case of dune
erosion. In the case of sliding in a scour hole at the end of a bottom protection, the process can go
on when the proteetion itself is damaged, leading eventually to the failure of the structure for which
the proteetion was meant, see Figure 7.12

5 FAILURE OF
STRUCTURE

SCOURHOLE

Figure 7.12 Progressive failure of bottoni proteetion
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Wben the soil consists of loosely packed sand,
the situation is worse. Figure 7.13 shows the
difference between loosely and densily packed.
Wben a shear stress is exerted on loose sand,
the grains tend to adenser packing, giving an
excess pressure on the pore water (with dense
sand the reverse happens; there is a density in
between, the critica) density, for which the
effect of a shear stress is neutral). This excess
pore pressure decreases the contact forces
between the grains (the grain stress) and hence,
to a completeshear strength reduction. The soil
becomes, temporarily, a thick fluid. This
phenomenon is called liguefaction. (Note: in
porous tlow we had tluidization which tums sand into a tluid by aporous tlow, while liquefaction
is induced by pore pressures. The result in both cases is a tluid: guicksand.

DOO(:r----~
i:XXX:>__ _-

.....!..
_TER IS DRIllENOUT
SHEAR STAENGTH AEDUCTION

LOOSE

WATER IS Sl..OCED
SHEAR STAENGTH INCAENENT

Figure 7.13 Effect of shear on loose and dense
sand

The excess pore pressure can propagate
as an elastic shock wave through the
sand, turning a large area into quicksand.
The result is a much tlatter slope after (0.3 _ O.Slhl.
failure than with a normal slide. Slopes 1-0. --------i
of 1:25 have been reported; an average
value of 1:15 is usually recommended,
see Figure 7.14. Figure 7.14 Flow slide

Note:

A similar phenomenon occurs when an
embankment or any sand mass is constructed
with a dredger and hydraulic transport through
pipes. The sand-water mixture coming out of
the pipe acts as a thick fluid until the grains can
settle. This also results in slopes of about 1:20
or even gentier. When asteeper slope is
wanted, measures have to be taken, like
supporting dikes during construction, see
Figure 7.15

D.... 15

lOm

1:20

Sand-water
mixtur~

~

Figure 7.15 Construction method with sand-fill
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When the expected degree of erosion is too high, the strength of the interface water-soil can be
increased. Another way is to reduce the loads. This can be advantageousin some situations e.g. when
the original character of a river-bank has to be preserved or as a temporary measure during
construction. The various possibilities to reduce loads will be discussed in this chapter.

FLOW REDUCTION

It is assumedthat the total discharge of a river or canal is given; onlymeasures to reduce the margins
of the flow along banks will be discussed.

Groynes keep the main flow at a distance from
the banks. In rivers, this is usually notjust done
to reduce the velocity, but as part of a complete
river training scheme, to get a stabie channel
with sufficient depth for navigation. Here the
focus is on flow reduction. At the tip of a Figure 8.1 Flow behind groyne
groyne, the flow separates and an eddy is
formed (see Figure 8.1). To keep the flow from
the bank, the distance between two groynes should be less than 5 times the length. A more strict
demand is the eddie pattem. For a proper guidance of the main flow, there should be one eddy
between two groynes with a length about twice the width of the eddy. This leads to a distance
between groynes of about twice the groyne length.
The velocity in the eddy is about 1/3 of the velocity in the main current, SO the reduction is about
2/3. See for more informationJansen, 1979. Groynes however, are very costly and cause their own
problems, e.g. scouring holes at the tip. Tbe cost-benefit relation should be considered in all cases.

Insteadof groynes, the resistance to flow near the bank canbe enlarged in a diffuseway by increasing
the roughness. Tbis can be done by making the bottommore rough or by placing resistance elements
in the flow. The latter is the case when vegetation, e.g. reed or trees, is planted along the bank. It
is possible to express the resistance of a roughenedbed in a Chezy-coefficient.
A fust approach of the C-value can be obtainedby consideringtrees or reed stalks as piles, according
to Kosorin, see RuffN erhey,1991:

in which m is the number of "piles" per m2and D the diameter. C-values
less than lOvm/s (see Bouter,1992) have been measured.
A fust approximationof the velocity reduction is found by assumingthat
the waterlevel-slope is equal for main flow and bank, see Figure 8.2:

c - r-;;­
~~

(8.1)

Figure 8.2
reduction

Flow

u = c..fïïi -. (8.2)
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WA VE REDUCTION

There are many ways to reduce waves. The best wave reductor is probably a shallow foreshore where
waves break and loose energy due to bottom friction. The maximum possible wave height on a
shallow bottom was given in chapter 3: H, :::::0.5h. In this chapter, the starting point is the wave in
front of the considered structure. The two principal mechanisms are reDection and absorption.
Reflection is complete when an incoming wave is sent back and a standing waves occurs, see
paragraph 3.4.1. In that case, the wave transmission is zero. Absorption can be achieved in many
ways. The first main group occurs when the water in the waves has to flow through and around many
construction-parts: stones, piles, bars, trunks and roots etc. The wave energy is dissipated via
turbulence into heat. The same occurs at the edges of dams or plates which are meant as wave
reductors. The second main group of absorption is the intemal work in structures: floating mattresses,
bending reed etc.
For the general case the relation between incoming, transmitted, reflected and absorbed energy is:

1 ,..,2 1 2 1,..,2 .- pgnr = - pgHT + - pgnR + absorption
888

(8.3)

The effectiveness of a wave reducing device, is often expressed by means of the transmission­
coefficient:

(8.4)

in which FT and FI are the energy flux of the transmitted and the incoming wave respectively;
for irregular waves, the expression with wave heights is a first approximation.
For the case when absorption cao be neglected, we can see:

X;+Ki=l (8.S)

In the following a short review of wave reductors will be given.

A very common type of wave reductor is
a dam or reef with its crest around SWL.
It is possible to compute transmission and
reflection coefficients with the linear
wave theory, neglecting absorption, see
e.g. van der Linden, 1985. These results
are not presented here, since they have
little practical importance. Avertical wall
from bottom to still water level gives a
KT = 0, because the linear wave theory
assumes infinetely smalIwave amplitudes
and overtopping is not taken into
account. In practice for that case KT ...
0.5 is found, indicating that about 25%
of the wave energy is transmitted.

D Van der "'""• ff!
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i: · SeeIIg
• • DoerTrich o.2müs .6 • AIr_•0u ..
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.2 •• •#:
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Figure 8.3Wave transmission vs. crest height
(vd Meer/dAngremond,1992)
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Figure 8.3 shows the results for a great number of measurements, relating the wave transmission to
the relative crest height: ReIHSi with regard to the still water level. When RelHs; == 1 there is still
considerabietransmission possible. These points in the figure represent small amplitudewaves which
transmit easily through the large elementson the top of a porous dam. For realistic waves in design
conditions, KT == 0.1 for ReIH; as indicated in the figure.
There is a lot of scatter in this figure; it is possible to improve the results by relating the transmission
to the crest height, made dimensionless with the diameter of the elements: RelDso. For more
information, see vd Meer/dAogremond,I992. Figure 8.3 cao serve as a fust indication.

I
-._'~~'a_is.. .wall .tlm.nl._- '- w- b.. ----;t--
._.• ~ e

la

A wall that consists of vertical piles cao act as a wave reductor
when there is little spacing between the piles. Now the linear

wc
wave theory cao be used, assuming that the transmitted energy
is equal to the relative spacingbetweenthe piles, see Figure 8.4
In that case it is found, with E = lISpgH2:

(8.6)

Figure 8.4 Notation for screen
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Figure 8.5 Wave transmission through pile screen (GrunelKohlhase,1974)
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Figure 8.5 shows experimental results (GrunelKohlhase, 1974). Equation (8.6) underestimates the
transmission, probably because of diffraction of the reflected energy which is higher than the energy
losses in the wakes around the piles (both being neglected in (8.6). An equal simple and satisfying
expression appeared to be:

(8.7)

There are many types of floatingbreakwaters: rigid, flexible, porous etc. They have in commonthat
they are only effectivewhen the length in the wave direction becomesofthe same order of magnitude
as the wave length. A practical problem is formed by the mooring forces on the anchors; they can
become prohibitive, see vd Linden,1985. Floating breakwaters are probably only of practical
importance for small scale applications, but in those situations one can wonder if wave reduction is
necessary. Figure 8.6 gives a theoretical curve compared with measurements for a floating plate.
À is the length of the protection, L the wave length.
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Figure 8.6 Transmission vs. relative wave length
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Reed is a natural wave reductor, applied in many rivers and caoals. There is little knowo about the
effectivity of reed in wave damping; measurements in a natural situation deal with the problem of ill­
defined boundary conditioos. At the TUD, measurements were done in a wave flume, see
Bouter,1992. This investigation was a fust start, so no general conclusions cao be drawo.

It was found that most energy dissipation was due to the flow around the reed stalles; the bending of
the stalles was relatively unimportaot. On the contrary, exteosivebending because of resonancewith
the wave period, made wave damping less effective. Stiff rods appear to be more effective than
flexible stalks. An important parameter is the waterdepth, which is also related to the bendingof the
stalles, since the resistance of an elastic beam is proportional to the 4th power of the length.
Bouter found damping of about 20% of the incomingwaves with a reed bed of 1 m long in the wave
direction. Intests done in a natural situation, the damping appeared about half of the value found by
Bouter, see annexB. Further investigatiooswill be necessary in order to find out the possibilitiesand
shortcomings of reed as wave damper.

REDUCTION OF SHIP'S LOADS

In chapter 4 we have seen that the velocity of a ship is the dominating factor in loads induced by
moving ships. So, when these loadsbecometoo high for an (un)protectedbank, it seems logic to limit
the speed of the passing ships. Anothermeasure wouldbe to order more distance from the banks. It
is possible to do so, and in Europeao waterways there exist even traftic signs for these purposes, see
Figure 8.7.

7
SPEED LIMIT DISTANCE

FROM BANK

Figure 8.7 Traffic signs to reduce loads

BLACK
1···················)

RED

MAKE NO
WAVES

But these are usually meaot for situatioos where other ships are moored or where there is an
obstruction in the waterway etc. Speed limits to reduce loads on the banks are very hard to control.
It seems to be good engineering practice, to design the banks of a waterway such that all possible
situations are taken into account (wbich does not meao that damage may never occur).
For temporary situatioos, like during constructionworlesin the waterway, it is reasonable to ask for
a minimumof hindrance. When a definite situation ask for limitatioos, it is better to do so by means
of a maximumsize or engine power, which is easier to control.
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POROUS FLOW REDUCTION

Porous flow can be reduced in two completely different ways, with opposite results. The choice
depends on the problem that occurs when no reduction is applied. When the porous flow veloeities
are too high aod piping forms a threat, the seepage length should be lengthened. This however, leads
to higher pressures in the underground.When the pressures are too high, a drain cao be made. Inthat
case provisions will be necessary to prevent washingaway of grains from the subsoil. Bothways will
be illustrated here.

From paragraph 7.3.1 we know that the seepage length should have a minimum value to prevent
erosion from piping. When these values are not met, lengthening cao be achieved by a wider body
of soil or by sheet piles, both creating a larger seepage length. Another example can be the flow
under a gate, like in this case the Eastem Scheldtstorm surge barrier. With a head difference of more
thao 5 m aod a width of the same order of magnitude, the flow through the sill becomes very high,
see Figure 8.8:

S88side estuary side

storm surge barrler

---===----------1 PIl gate (open/closed)
- sill :[1, ======~~-----

bottom protec:tion ï apron - soour hole

D>,JE~~05•••••••••••$~+e ••••n·KwmI~
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::~I:>ed::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

Figure 8.8 Flow under gate

In that case, the head difference has to be spread over a longer distance in order to reduce the
gradient, see Figure 8.9:

\;;1.~
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a
Figure 8.9 Two ways of enlarging the seepage length

b
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Wben the pressure in the subsoil becomes high, this cao lead to a heavy and expensive bottom
proteetion when this is composed of a materiallike asphalt, see Figure 8.10:

watertight
head difference

pressure bottom

-------------------jL~, r=': excess
III I~

<,

-,-

pressure bottom

pressure top

Figure 8.10 Pressures with watertight bottom proteetion

(Why choose asphalt when this problem can occur? The reason for that cao be the demand for high
flow resistance against the water that flows over the bottom protection). In that case a drain cao be
constructed, giving relief to the pressures. Figure 8.11 shows another design for the Easterscheldt
storm surge barrier. Without the drain the pressures under the bottom proteetion would have been
twice as high.

SEA OOSTERSCHELDE BASIN

Figure 8.11 Location of drain in bottomproteetion

The drain itself should be designed in such a way that the outflowingwater cannot wash out grains,
see paragraph 11.1 for filter design. One should be sure that the filter is not blocked by dirt or by
the growth of plants and/or shells.
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LOOSE MATER/AL

Rock, gravel and other stony material consisting of loose non-cobesive grains, form a very important
building material for protections. It is almost omnipresent in the world and relatively easily to obtain.
The specific mass of natural rock lies around 2650 kg/m" with maximum values of about 3000 kg/m".
This is favourable for the stability and is difficult to match by artificial material like concrete. It
comes in all sizes and weigbts, varying from millimeters to several meters (weigbing more than 10
tons). So, as a building material for hydraulic engineering, it is almost indispensabIe. For this reason,
relatively mucb attention is paid to the stability of stony protections. Unfortunately, despite many
researcb activities and an avalanche of reports, the knowledge about the bebaviour of rock exposed
to currents and/or waves, is still very empirical. For the design of a stabIe top-layer which is meaot
to proteet the underlying soil, it is neeessary to know what forces make a stone move or not. This
is the main subject ofthis cbapter. Unless otherwise stated, d means d"so, which is the size ofthe cube
with equivalent volume to the stone with median weight, see annex A.

This is the simplest possible situation. The flow
is turbulent and the grains protrude the laminar ~U-!___ --~"h-
boundary-Iayer if present. It is easy to imagine
that there is a critical value for the flow velocity
at wbich a grain is no longer in equilibrium and
starts to move. It is not so easy to indicate --I"~--=
exactly how the flow induces movement and
how the grains resist it. Figure 9.1 shows the
forces acting on a grain. Many investigators
bave dealt with this problem; some use the
sbear stress as principal acting force, others the
drag force; some do take lift forces into Figure 9.1 Flow-forces acting on a grain
account, others don't. A drag force by the flow
on a stone is easy to imagine. The concept of a
sbear stress for a single stone is somewhat more troublesome; it seems more appropriate for a certain
area ofthe bed. A lift force cao be caused by the curvature ofthe flow around a grain or the turbulent
vertical velocity fluctuations. The various forces on the grain cao be expressed as follows:

Drag force: FD = .!.CDPwU2AD
2

Shear force: Fs = .!.CFPwu2As
2

Lift force: FL = .!.CLPwu2AL
2

(9.1)
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So, all forces are proportional to the square of the velocity and since the grain-areas are proportional
to the square of some representative length dimension d, the resultant force can be expressed in one
term where a constant of proportionality remains unknown.

The same cao be done for the equilibrium. Here again, several resisting forces and mechanisms can
be present: a lift force is balanced directly by the (submerged!) weight; shear and drag, either by the
moment around Por by the friction force (which is like the shear a somewhat peculiar notion for a
single grain). It does not matter however, whether the horizontal, vertical or moment equilibrium is
considered, only one proportionality follows:

'E.H = 0:
'E. V = 0:
'E.M = 0:

(9.2)

This leads to a simple relation between the critical velocity and the effective weight of a grain:

2 (P - P )"c oe • P,., W gd = ligd (9.3)

All formulae on grain stability come down to this proportionality. The constant in this relation has
to be found experimentally and that is where the problem starts. There are numerous formulae based
on (9.3), but there are two names you can not avoid when dealing with stability of stones in flowing
water: Izbash and Shields.

Izbash,1970 (a translation from a Russian book dated 1930, also widely used in the USA) expressed
relation (9.3) in the following form (with equivalent forms, used in other sources):

or = 1.7 or
2"elid = 0.7-

2g
(9.4)

There is no influence of depth in this formula; in fact Izbash did not define the place of the velocity .
It is presented as a tooi for fust approximation in cases when a velocity is known but no shear stress
can be determined. In other cases the following approach is recommended.

Probably the most well known formula for uniform flow is the one by Shields from 1936. Shields
plotted a dimensionless shear-stress against a grain related Reynolds-number:

2 ( )'te ". ".d.. = =- =/-
(p. - p,.,)gd ligd u

(9.5)

Note that the grain diameter and the shear stress appear on both sides of the formula. For high Re­
numbers however, 1/1 becomes constant with a value of about 0.06, see Figure 9.2. In practice this
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is already the case for stones with a
diameter of about one centimeter. 1.0
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Relatioos (9.5) aod (9.4) look different, I'
but are very similar: u. (the so-called
shear velocity) = Uovg/C, where u, is
the velocity averaged over the vertical or 0.1

the cross-section, see section 2.3. 'Ibis
leads to another form of (9.5) in the
shape of (9.4) (withUe = Uoc):

~= CVt
Jglld .;g

11 2.
or: Ild = _c_

tel

(9.6)
0.01

1.0 10 10' lJ.d
--_ -v-

Figure 9.2 Shields diagram

Shields found his values by extrapolating a measured transport of material to zero. The value 0.06
for t/t does not meao that no single grain is moved; a value at least twice as low should be taken. In
fact there does not exist such a thing as a critical velocity ! The idea of a single critical velocity
cannot be true because of the following:
-The threshold of movement is a ; -; 0.3 r•...,.,.-......,....-r-....,-r--r'-r--,~-r--r.....,.--,
subjective matter when judged in ..c...._"
ao experiment; is it the first 0

loosely lying stone that moves 1 ~ ~
cm aod then stops again or should E"
graios be moving all over the bed. : ~
-The protrusion, even on a flat u.r.;:; .,
bed, is different for every stone. L:

The influence on the threshold of u
movement is tremendous, see
Figure 9.3. P/d = 0 means that
the top of the grain is equal to the
bed level and P/d = 1 means that
the bottom of the grain is equal to
the bed level. In that case the
critical shear is 0, which indeed
cao be seen when a grain is Iying
on a smooth, flat bottom. (For this Figure 9.3 Critical shear aod protrusion
reason, a proteetion should coosist
of at least two layers of grains). When P/d < 0 it is very hard to make a stone move.
-When the material is graded, the smalIparticles cao be taken away with the current, while the large
ones remain, armouring the rest of the bed.
-The flow itselfis turbulent, whichmeans that peak pressures aod veloeities caobe much higher than
the average value. In theory there is no limit.

t 0.1 •

0.2

•
0.0 t...."-...._.J.....L....L.....L--I~L-.&...::liI:;~~l.:I
-0.3 o 0.5 1.0- relotlve protrusion
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Figure 9.4 shows the situation in which the
average shear in the flow is lower than the
critical shear. Due to the deviations from the
mean value of the load and the strength,
movement of stones can still occur. It can be
seen that indeed, there is no critical value below
which movement is impossible. This is
important to bear in mind when designing a safe
bottom protection; maintenance will be
necessary after some time. The following might
be a useful tooI for estimating the transport over
a period of time.

Flgure 9.4 Load and strength distribution

Paintal,1971 performed similar tests as Shields, but he did not extrapolatehis transport measurements
to O. lnstead, he gave a transport relation, see also Figure 9.5:

q.* = 6.561018 ['tO*]16

with: q.* =
q.

Psgd.f(llgd) (9.7)

't
anti : 't * = 0

o (Ps - p)gd

-- _ Jt. __ __.
rA.••

.. _ .. _. • • q,.Cl t 0:"-
: ..ft· •• • d 2.5mm.. d - 22.2 mm

• d= 7.95 mm

0.01

0.001
10-' 10-710'" 10-' 10-5 10-211)-4

Figure 9.S Transport around "critical" shear stress (paintal,1971)
---q..

Indeed, this relation gives a transport for every shear stress differing from zero. But it decreases with
the 16th power of the shear stress, which means with the 32nd power of the velocity. Most
sedimenttransport-formulaehave a power relation of 3 to 5 with the velocity. The Paintal relation is
valid only in the region of the thresholdof motion (whateverthat may be after this discussion).When
70* becomes greater than 0.05-0.06 Paintal found q. proportional with the 5th power ofthe velocity,
so relation (9.7) should not be used beyond To* = 0.06.

Now back to Shields. For a first design it is still useful to work with a criticalvelocity or shear stress.
It was mentioned that Shields found 1/1 = 0.06 for high Re-numbers, Since 1/1 is the same parameter
as Paintal's 70*, the link is easily made. 0.06 is the upper limit of Paintal's formula and when "no"
movement is allowed, a lower value should be taken. When using the Shields formula for no
movement, 1/1 = 0.03 is often recommended.From Figure 9.5 it can be seen that even then there is
still some transport. Figure 9.5 should be the basis when choosing a value for 1/1 in the case that a
design is made.
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Figure 9.6 Critical velocity vs waterdepth

Equation (9.6) shows a dependeneeofthe critical velocity on the waterdepth since C increases, given
a bottom material, with the waterdepth: C = 1810g12h/k,with the roughness k "'" 2d often written
as C = 1810g6h/d.Equation (9.6) then becomes: ucl'V(.1.gd)= 5.75....;1/1 log6h/d. In Figure 9.6 this
relation is drawn for several values of 1/1 and compared with Izbash, equation (9.4). Shields gives a
greater permissible velocity at greater depths. This has been foundalso in manyexperiments, making
Shields "superior" to Izbash. This cao be stated in another way by saying that Shields uses a critical
shear stresswhich is a constantfor a givenmaterial, while Izbash's velocity is notweIl defined. Some
remarks, however, have to be made.

The favourable influence of the waterdepth on the critical velocity cannot go on infinetely, since the
logarithmicvelocity profile in natural streams with large depths is only found in the lower half of the
depth. h/d = 100 should be seen as an upper limit in Figure 9.6.

At smallwaterdepths, somewhere aroundh/d =
5, Izbash gives higher permissible veloeities
than Shields. For h/d < 5, Ashida,1973 found
a considerabie increase in 1/1, see Figure 9.7.
This can possibly be contributed to the velocity
profile where there is another relation between
the drag on the grains and the shear stress on
the bed as in deep water. As we have seen
earlier in this paragraph, drag and shear are not
separated in the empirical relations. Another
possible explanation are the turbulent eddies: at
waterdepths in the order of magnitude of the Figure 9.7 Increase of 1/1 at small waterdepths
grain diameter, these eddies have maximum
dimensionsof the same order of magnitude. At
larger waterdepths, the eddy dimensionscan andwill grow, leadingto a heavier attack on the bottom.
Even then, Izbash seems to overestimate the permissible velocity for smalI waterdepths, see
Figure 9.6.
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The relations in paragraph
9.1.1 are val id for stones on
a horizontal bed. We already
discussed a strength
influencing factor for that
case, i.e. the protrusion of a
stone into the flow. Another
factor that influences the
stability is the slope of the
bed. When the slope is equal
to the angle of repose, a
stone is already on the
threshold of motion and any
load will induce movement.
Figure 9.8 gives an idea of
the value of q, for various
materials.

oraunded + angula
•• ngullr

100 1000

d (mrn)

Figure 9.8 Angle
(pilarczyk,1990)

of for non-cohesive materialsrepose

To determine the influence of a slope on the stability, it is assumed that for a flat bed the friction
factor is given by f = tanq, = F(O)/G, see Figure 9.9, meaning that the friction factor of a stone on
a horizontal bed is equal to the tangent of the angle of repose. That will depend strongly on the
protrusion ofthe grains; whenP/d = 0, see paragraph 9.1.1, the resistancewill be greater than tané.
This is not necessarily a problem; the slope correction factor is only used relatively.

When the flow is in the downstreamdirectionof
a slope, the componentof the weight of a grain
along the slope works with the flow, while the
effective resistance perpendicular to the slope
becomes less: F(a) + Gsino = Gcosa tanë
(When the flow is reverse, the resulting force is
F(ex)- Gsino and the grain gets more stabie).
The relation between F(ex)and F(O) gives the
reduction to be applied on the shear stress:

K(ex) = F(ex)
F(O)

GtançP F(O)

G

Figure 9.9 Slope in flow direction

= Gcosextan~ - Gsinex
Gtan~

(9.8)sin(~ - ex)
sin~

Notel: When ex= q" K(a) = 0, indicatingthat the critical shear stress in that case is O.

Note 2: K(a) is a reduction factor for forces; when using veloeitiesVK(a) has to be used.
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For a side slope with angle (3, the same procedure cao be
followed, see Figure 9.10.
F(R)2 = F(fJ)2 + cnin2{3 = G2cos2(3tan2q"leading to:

K(~) = F(~) = I cos2~tan2, - sin2p
F(O) ~ tan2,

= cos~ ~ 1_ tan2~ = ~ 1_ sin2~
tan2c1> sin2c1> (9.9)

Again, K(fJ) is a factor for forces; for veloeities VK(fJ) has
to be applied.

Gsi~

r- F(R)AF({f)

Fagure 9.10 Stability on side slope
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In Figure 9.11, both the reduction factors K(a), 0.1

equation (9.8), for a slope in flow direction and I o..e
K(fJ), equation (9.9), for a slope perpendicular j D.5

to the flow, are drawn for the case that q, = J GA

35°. It is clear that a slope in the flow direction o.a
is much more unfavourable. D.2

0.1

o

8Iape""'~

Figure 9.11 Comparison of slope reduction

When water flows out of a bed of grains, this reduces the stability (the
question can raise, whether this is an extra load or a reduction of
strength; the choice is arbitrary). The effective weight becomes:
G(l-i), (when i ::::: 1, for ~ = 1.65, the grains float and the bed is
fluidized).

Notel: A difficult point is to determine the porous flow-gradient
over the last grain. It has to be approximated with the gradient over the
outer layer.
Note 2: In case of a slope, Gcoso or Gcos{3bas to be used instead of G
and the gradient perpendicular to the slope. See paragraph 11.1.1

9.7
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Flgure 9.12 Seepage and
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Relations like the one given by Shields is valid for stationary, uniform flow. This is the most "gentle"
load by flowing water. When the flow is stationary but not uniform, the load will be locally higher.
This could be expressed in a factor for the velocity in stability relations:

Uc uniform flow
K ; --~------------

ue with load increase
(9.10)

Note: The use of the critical velocity in the denominator comes from experiments where with some
obstacle a lower velocity is measured at which stones start to move. This does not meao that the
critical velocity of the bed is lower: the strength of the bed does not change, but the load increases.
K is a magnifying factor in stabilityrelations like Shields, so a higher velocity leads to a larger stone.

In accelerating flow we have seen an increase in shear stress and a decrease of (relative) turbulence
and in decelerating flow the other way around (chapter 2). For these phenomena in vertical and
horizontaI constrictions, only results of empirical research are available. These results will be
discussed here, with the knowledgeof fluid motion from chapter 2 as background.

Figure 9.13 shows the various regions when a
flow passes avertical constriction. In the
uniform flow zone, relations like the one by
Shields are valid. For stones on top of a sill,
one might expect a more unfavourable relation,
because of the increased shear stress due to the
acceleration. This, however, does not appear
from experiments.

Figure 9.14 gives experimentaI
results, compared with the Shields
formula for several values of 1/1,
using the velocity on top of the
sill. It is essentially the same
figure as Figure 9.6, the squares
now representing the results of
flume experiments in the
framework of the Deltaworks, see
Akkerman,1985. All measured
critical veloeities lie above the line
for 1/1 = 0.04 indicating that the
relation between critical velocity
and stone diameter is certainly not
more unfavourable than for
uniform flow.

2
ACCELERATION 3

h
ZONE d DECELERATION

ZONE
d

Figure 9.13 Flow regions around verticaI
constriction
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Figure 9.14 Stability on sill
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An explanation cao be found in the fact that the "maximum" velocity is lower than in uniform flow
since u+3a = (1+3r)u and r is lower in the acceleration zone. (Note: the velocity is defined in
region 2 of Figure 9.13 on top of the sill. Compared with the velocity in region 1, the maximum
always increases) Another explanation could be that in an accelerated flow over a (very) rough
boundary, the same phenomenon occurs as in very small waterdepths, see section 9.1.1, Discussion
on waterdepths. Tbe velocity gradient is concentrated in the upperlayer of the proteetion and the
turbulent eddies have the same dimensions as the stone diameter. See also Figure 9.7

Bebind the sill, the situation is completely
different. Tbe overall energy loss results in high
turbulence intensities. Related to the average
velocity in the downstream part (zone 3 in
Figure 9.13) it cao be reasoned from the energy
loss that the influence of a sill on the velocity
load downstream cao be expressed by K =
h/(h-D), see Figure 9.15 and box below. Tbe
experimentaI results in this figure again come
from research for the Deltaworks, see
Akkermans,1985. Behind relatively high sills
amplificationfactors in the Shields formula of 3
are possible! Tbis result is only valid for the
heaviest attackedpoint bebind the sill (near the
reattachment point. Further downstream, the
situation tends again to uniform flow.

o .25 .50 .75----1_ O/h
1.0 1.25

Figure 9.15 Load increase behind a sill

The energy loss over a sill is assumed to he used for attacking tbc bottom and is presented in a force F' per m width.
P' is proportional to w; we do oot bother about lift, dreg or shear, in tbc same way as diseussed in paragraph 9.1.1.
We only compare tbc situation with and without sill. The work done by F' per unit time is F'.u (u and h defined
downstream of the sill). Equating this with the energy loss, we get:

Flu = pgql1h = pguhll.h (9.11)

u and Ah are related by uh :=V(2gAh).(h.D) (continuity), lesding to:

P ulh3
FI =

2 (h -D)l

Comparing the situation with and without sill (D = 0), we get:

h...K=--
h-D

(9.12)

(9.13)

The laad increase goes on till the situation of critica1 flow over tbc sill is reacbed, which is the case when: h - D =
2/3.áh from which we find (again with uh =V(2g..1h).(h-D»:

(9.14)

With h nonnally in the range 5-10 mand u 1-2 mis we find DIh = 0.7 - 0.8 which is in agreement with
Figure 9.15. When DIh increases further, tbc total energy loss also increases, but the "extra" loss, compared to
subcritica1 flow, is absorbed at the downstream slope of tbc sill. Recent investigations indicate that this alrcady cao
happen at lower values of DIh than 0.70
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Horizontal constrictions occur in many situations. The influence ofthe relevant flo_wphenomena (see
section 2.6) on stone stability will again be expressed by means of the amplification factor K. In
traditional hydraulic engineering it is often said that the critical velocity in a vortex street with vertical
axis, is half the value of that in uniform flow. As already said above (vertical constriction), this a
wrong way of thinking, because the strength does not change in a vortex street, only the load is
different. Translated to the terminology applied here, it means: K = 2. In the followingwe will try
to affirm or disaffirm this statement.Unfortunately, there are notmany systematictests, becausemost
research was done for the specificgeometry of some hydraulic structure. In the work of Ariëns,1993
some attention was paid to the magnitude of K for various geometries, see Figure 9.16.

u

GROYNE

u

PIER

Figure 9.16 Various geometries of horizontal constrietions

u

BOARD

Like with exin the scour relation (see chapter 6), the magnitude of K depends on the definition of u.
Figure 9.16 shows some possibilities: the average velocity upstream UA = Q/AF1ume, the average
velocity in the narrowest cross-sectionof the gap: Ua = Q/Aaapor the local maximumvelocity: ULo

In the following table the various K-factors, in accordance with the various definitions of U, are
presented:

u U"'_
L U

Type of Constriction K-uA K-üo K-uL
constriction (% of width)

Board 16.5 1.91 1.59 1.23
30 2.58 1.81 1.37
50 4.08 2.04 1.37

Groyne 10 1.55 1.40 1.17
50 2.87 1.43 -
69 4.49 1.39 1.01
75 5.49 1.37 -
85 9.38 1.41 -

Pier 16 2.5-2.7 2.0-2.2 -
20 2.3-2.9 1.9-2.5 -

Note: Some of these figures come from a literature survey where UL was not measured.
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From these figures we can draw the following conclusions:

1 When the average upstream value of the velocity is used (which is often done), K is
"polluted" with the variation in velocity due to the different degree of constriction.

2 Using the velocity in the narrowest cross-section gives already much better results. For
groynes, K becomes practically constant.

3 Although only very few measurements were done, it can be expected that K related to the
maximum velocity will give the best results, because then K only contains the influence of
turbulence and the shape of the velocity vertical and not the velocity distribution over the
width.

4 A groyne with a round head is more favourable for stability then a vertical board or a pier.
The disturbance of the flow is much less abruptly (compare Ka = 1.4 for a 50% groyne
versus 2.0 for a 50% board or 2 for a pier)

5 The statement that "the critical velocity is half the value for uniform flow" (or K = 2) is
reasonably correct for boards that constrict the cross-section for not more than 10-20% and
when the upstream velocity is used. This classical statement was not better specified, and it
appears to be dangerous to use without thinking, which can be seen from the Kvalues for
higher constrictionpercentages.

6 There is still a lot of research to do. Comparison of the"maximum" velocity (u+30') for
uniform flow and for a constriction with a board, show about the same values, see
Ariëns,1993. So it is clear that the explanation should be searched in the combination of
velocity and turbulence.

= 0.55 (9.15)
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Another example of load increase is formed by I
turbulent jets. r in a free circular jet or a i IQ

propeller race can reach values of about 30% e.
compared to the velocity in the axis, see chapter I50

2 and 3. Investigations in the framework of ..
RWS/WL,1988 resulted in Figure 9.17. This '0 «l

leads to a condition of no movement: I
E 30

This formula has the same shape as the Izbash
formula for uniform flow, but the constant is
three times smaller or better: K = 3. It is not
yet possible to explain this difference from the
magnitude of the turbulent fluctuations, so here
too, the need for research to understand and
design is not yet over.

o
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~
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Flgure 9.17 Damage by propeller
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In the previous section we saw that stones on a sill are not heavier loaded then in a uniform flow with
the same velocity as on top of the sill. At the downstream end the strength of the stones is less
because of the downward slope in flow direction. In all experiments it is found that the first damage
on a sill occurs at the downstream crest. There the velocity is maximum and the waterdepth
minimum. When a single stone on that crest has a protruding position, it will move at almost any
velocity , reshaping somewhat the crest. This is usually not considered as damage. In fact, for a
preliminary design for sills and dams, Vt = 0.04 is often recommended instead of 0.03 for bottom
protections. Some loose-lying stoneswill move, leaving a stronger sill without any further movement
under the same velocity load.

When a sill becomes relatively high, especiallywhen critical flow can occur, the whole flow-pattem
becomes completely different. The flow lines over the sill get strongly curved and at the downstream
crest the waterflow through the stones becomes important. In that case it has no use to work with
veloeities anymore. InAkkerman,1985manyexperimental resultshave been reanalysedand for higher
dams the relation between waterdepthsupstream and downstream appeared to be satisfactory.

•
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Figure 9.18 Overall results rockfill dams (DHL,1985)

For comparison, Shields (equation(9.6», is reworked in the format of Figure 9.18, using:

~ = v-22g(H-h,) = (0.5+0.06S!2)2g(H-h,)
ad

(9.16)

the relation for p. coming from the same experiments. With Vt = 0.04 this relation is drawn in
Figure 9.18. For low dams, Shields is satisfactory, which is also convenientbecause the velocity on
the sill cao easily be measured while the head difference is very small. For high dams, Figure 9.18
should be used, where now the head is the parameter which can easily be defined and measured.
hb/.!1d:::::4 cao be seen as a transition point, also between critical and sub-critical flow.
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For a stone on a slope perpendicular to the flow, we found a correction factor in paragraph 9.1.2 The
head of a groyne gives such a situation, plus the fact that the flow accelerates around this obstruction.
Akkerman, 1986 analysed the stability in that situation based on experiments on horizontaI closure of
a river with stones.
The stability is approached with Shields and a slope correction (equation (9.6) and (9.9):

(9.17)

in which C = 18Iog(12h/k). Since the damage appears to occur at half depth, 12h/k becomes
(12x1l2h)/2d = 3h/d. For closure works in a river and with {J = 30" and q, = 40" (normal values
for a rockfill dam), (9.17) appears to reduce to:

"gap (3h)
JAgd = log d (9.18)

The comparison between (9.18) and some model and prototype measurements are presented in
Figure 9.19
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Figure 9.19 Stability of stones on head of dam or groyne

For permanent structures like groynes, it is recommendedto use equation (9.17) with y; = 0.03
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COHERENT MATER/AL

The word coherent is used here on purpose for all materials that show some coherence in contrast
with paragraph 9.1. Coherent materials are e.g. placed concrete blocks which are stronger than loose
grains since they work together, cohesive soils like c1ay or loam and soils with vegetation. The
contrast between loose and coherent material is not so black and white as it looks. A placed block that
is not connected with cables or geotextile with its neighbours or a stone with a negative protrusion,
see paragraph 9.1.1, form the transition between the two categories.

In contrast with the many investigations that have been done with rock and gravel, there are only few
data on the flow-stability of coherent materials. For various types of material, some data will be given
here.

Square or rectangular blocks cao be piled as avertical wall, so the angle of repose is 90" leading to
an infinite resistance with tan 90" = 00. Theoretically this is correct; blocks that are well-placed and
interlocked cannot turn and are jammed. The only way to lift a block is by groundwater pressure from
below, or by suction from above. In practice blocks will not interlock ideally and flow resistance will
be less. In Izbash-form, critical values of uW.igd of 1.5 to 2 times higher than for loose grains were
found (RWS,1990). It must be stressed however that these values are based on few data.

For situations with a heavy attack of turbulent flow bebind hydraulic structures, there seem to be
interesting possibilities for this material, so more research on this subject should be done.

Gabions consist of loose stones, packed together with some thread into larger elements, see annex A.
This cao be useful when available elements are not large enough for the flow. Ease of placing can
also be the reason to apply gabions. Using the same relations for stability as for individual stones,
like Shields or Izbash, the following should be taken into account:

The relative density is less than for a solid rock, because of the pores between the stones in the
gabion:

A ::: (l-n)(ps- Pw)
Pw

(9.19)

The porosity, n, lies usually around 40%

The stability is better than for a single stone, since the porosity also makes the load of the flow less
effective. For the stability only few data are available, see RWS, 1990. The critical velo city in uW.igd
is about 2 times higher than for stones or the Shields-parameter y; is about 4 times higher.
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Somewhat more data on cohesive soils
are available. Figure 9.20 gives the
permissible velocity for various soil­
types. The void ratio in this figure is the
volume of pores divided by the volume
of material !

Figure 9.20 Permissibleveloeitiesfor cohesivesoils (Ven
te Chow,1959)

Vegetation cao resist flow to a certain extent,
but the resistance diminishes in time.
Figure 9.21 gives some values for plain and
reinforeed grass (see CIRIA,1990). Based on
this figure it is recommendedthat a good grass
cover can withstand in permanent flow:

5 mis less than 2 hours
3-4 mis for several hours
2 mis more than 10 hours
1 mis for days

Concrete systems, good inlerblock restr.int 1
8~----~~~~~~~ ~~~+-+

7T-----~--r-~~r+~+_----~--+_,__r

2 5 10 20 50
Time Ihours)

Figure 9.21 Permissive veloeities (in mis) for
grass with and without reinforcing mats
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10

LOOSE MATERlAL

Much research has been done on stability of rocks etc. in wave attack and again, most of the work
is empirical. As a logical continuationof the previous chapter, we will start with the stabilityof loose
grains on a flat bottom.

For long waves, the stability of stones on a bed can be treated as in a succession of uniform flow
situations. In short waves however, the shear stress can be considerablyhigher as we have seenwith
the results of Jonsson,1966 in paragraph 3.3. Using Jonsson's relation for shear stress under a wave,
the "normal" Shields formula (9.5) can be applied and experiments show a satisfactory result.

Correcticn
flK:tor

cManohar 0.52
xGoddet 0.52
o BagnoId 0.81
• Rance &WarTen 0.72

~:- ....-
~ 0/

~Doo_,P

0.= (jr13o
Figure 10.1 ModifiedShields curve for oscillating flow

Figure 10.1 shows the measurementsofvarious authors, summarized by Sleath,1978 and presented
in CURICIRIA,1991. Instead ofthe grain-relatedRe-number, a dimensionlessgrain diameter is used
in the horizontal axis (cl. = [.:.\g/tr]1I3d, thus avoiding the shear velocity u. in the horizontal axis).
For large d, (turbulent boundary layer), the value for '" is found to be 0.056. This is almost the same
value as Shieldshimself used for the threshold of movementand as we have seen in paragraph9.1.1,
this value is rather high and meansa relatively large amount ofstones in motion in steady flow. How
logic is it that the same value is found in oscillating flow?
Two factors can play a role. The criterion for the threshold of movement in oscillating flow is not
quite c1ear,but a potentially unstable stone in oscillating flow does not move a long distance, hence
the subjectivethreshold will probablybe chosen rather high compared to steady flow. Another aspect
may be the phenomenon we have seen in an accelerating steady flow, where '" increased as T
increased, due to the fact that the scale of the eddies is limited comparedwith a boundary layer with
the size of the waterdepth.

When the average shear stress during a wave cyclewas taken (T = 1I2T","", see paragraph 3.3), '" was
found to be 0.03
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Most research on the stability of stones on a slope was done in the field ofbreakwaters, which is very
much related to slope protections and revetments, but it is not the same. An important difference in
the stability is the porosity of the structure as a whoie. Breakwaters usuall y have aporous core, while
in dike revetments the core is made of clay or sand. This has a significant influence on the stability
of the protecting armour layer as we will see in this paragraph. We will start however with simple
basic principles and will discuss shortcomings and extensions later on.

With the succesfuIl results of the modified Shields curve for waves in mind, the next step would be
the use of the slope correction of paragraph 9.1.2 and derive a formula for a stone on a slope.
Therefore, a velocity on the slope is needed and that appears to be the fust difficulty. As already
stated in chapter 3, no expressions for veloeities in breaking or broken waves are available.
Moreover , it can be questioned whether the velocity alone is sufficient to describe the forces in such
a situation; beside drag and shear forces inertia will play a role in the stability.
But, as a first guess, we will assume that the velocity in a wave on a slope is proportional to the
celerity in shallow water with the wave height as a representative measure for the waterdepth:
u ex v'gH. Following the same reasoning as in paragraph 9.1, we find analogous to equation 9.2:

p...,gHd2
11drag"force

oe (Ps _p...,)gd3 (tan4>coscx:t:sincx)
resisting force slope correction

(10.1)

Note: + and - in the slope correctionare for uprush and backwash respectively, see paragraph 9.1.2.
Raising all terms to the third power and workingwith the weight of the stone (W ex p.gd~ we find:

PsgH3Woc----=-----
43(tan4>cosa :t:ma)3

(10.2)

This is Irribarren's formula for stability of rock on slopes in waves, dating back to 1938. After the
second world war, many tests were performed (particularly by Hudson,1953) to find the constants
of proportionality in equation (10.2). This did not lead to a practical expression and Hudson finally
proposed another formula:

w= (or: (10.3)

Note: the use of H/~d as a stability parameter is convenient and is similar to flow, where u2/~d is
used. The slope correction in Irribarren's formula is now reduced to cote. This means that the
validity of Hudson's formula is limited, because coto is insufficient to describe friction and
equilibrium on a slope: for a = 0, W = 0 and for a > </> W has still a finite value, both of which
are nonsense. The range of a for which Hudson is valid is about 1.5 < coto < 4. The Hudson­
formula is tested for waves that did not break at the toe of the slope and did not overtop it. For cases
where this is not true, extra corrections for Ko are sometimes applied.

Hudson's formula is simple and is used worldwide. Ko is again a dustbin-factor in which implicitely
the accepted degree of damage. Ko has differentvalues for different kindsof elements (3-4 for natural
rock to 8-10 for artificial elements like tetrapods and tribars). The Shore Proteetion Manual
(SPM,1984) gives values for Ko for various circumstances.
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Some limitations of the presented formulae have already been mentioned. The most important are:

-Permeability
The permeability of the structure must play an
important role. In the assumptions on which
Irribarren's formula is based, only a kind of
drag force on the slope is included. The forces
under and behind a grain will certainly be 00-
responsibIe for the equilibrium. It is easy to
imagine that a homogeneous mass of stones will
react different from a cover layer of stones on
an impermeabIe core. In the first case, a lot of
wave energy is dissipated in the core, while in
the latter the pressure build-up under the cover­
layer cao be considerabIe. Hedar was the fust to
stress this influence, see Figure 10.3, in which
k is some equivalent diameter, hence kIH is the
reverse of H/.6.d. Note that Hedar follows the
same procedure as Irribarren and jnakes a Figure 10.3
distinction between uprush and backwasb. (Hedar,1986)

-Wave period
Already in the Irribarren-formula this parameter
is absent. There are two ways in which the
period cao have influence on stability. The
period is related to the wave-Iength, hence to
the wave-steepness and hence to the breaking
pattem on the slope, which will definitely play
a role. The other one is the possible role of
inertia-forces on a grain which depend on duldt,
hence on the wave-period. It is attractive to
include the period by means of the surf­
similarity parameter ~. This bas been done in
Figure 10.2 in whicb two distinct areas cao be
seen: left for plunging waves and right for
surging waves. H/.id is used as a stability
parameter.
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Influence of permeabil ity

-Regularlirregular waves
All modeltests in the 50's and 6O's were done with regular, monochromatic waves. It appeared in
those tests that the equilibrium damage profile was reached in, say, one hour time. The wave height
in the tests was then usually declared equivalent to Hs. It appeared from tests with wave spectra that
the number of waves is not unimportant, which is logic, since more waves meao a greater chance for
a large one.
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-Threshold or damage
Like stones in flow, the threshold of motion is not always c1ear. The Kr,-values in the Hudson formula
are supposed to be valid for 5% damage, but the definition of damage is not very c1ear.

All these objections led to new research activities, especially after some failures of breakwaters. In
a period of about ten years the recommended coefficients in the Shore Proteetion Manual for
breakwater design with the Hudson formula led to an increase in weight of about 200%.
In the Netherlands, extensive modeltests were done to overcome the limitations of and objections
against the Hudson-formula. These tests were done at DHL. see van der Meer.1988 summarized in
CURICIRIA.1991.

van der Meer's formulae are essentially the
result of curve-fitting of many large-scale
model-tests with irregular waves. The damage
level was defined in a more manageableway.
see Figure 10.4: Sd = A/d2• This is an erosion
area dividedby the square of the diameter. In a
strip with a width d perpendicular to the paper.
S, is more or less equal to the numberof stones
that is removed. The advantageof S, is the use
of an area which can be measured objectively
from soundings.
For the threshold of damage, Sd = 2-3. can be
used. When the armour-layer is locally removed Figure 10.4 Definition of damage S,
completely and the filter-layer becomes
exposed, the damage can be defined as failure
of the structure. Depending on the slope, the matching S, is about 10.

Three different permeabilities were tested:
homogeneousrock (no core), rock armour-layer
with a permeable core (dA/dF "" 3) and an
impermeabIecore. Unfortunately it was not yet
possible to give an expression with which the
influence of the permeability on the stability
could be calculated. Instead, a permeability
parameter P was introduced and the value for
the three different structures was establishedby
curve-fitting of the results. Figure 10.5 gives
the values for the three situations (0.6, 0.5 and
0.1 respectively) with an estimatedvalue for a
fourth (P = 0.4). Attempts weremade to derive
an expression for P, based on porous flow
calulations, but until now, with little or no
success.

1.0
----. Filter Iayer
--- Initial sIope
-- Profile alter 3000 waves
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Figure 10.5 Permeability
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As a stability parameter van der Meer used HslAd (to which also Irribarren and Hudson easily cao
be rewritten), the wave-period was thought to be included in the surf-similarity parameter.ë; (m
means related to the average wave period), while, IikePilarczyklde Boer,1983, the stability curves
were divided into two parts: one for plunging and one for surging waves. The formulae finally read:

H (S )0.2zs. = 6.2 P 0.18 ~ ~-O.5
lid IN·
H (S )0.2zs. = 1.0P-O·13 ~ ~p Jcota.
lid IN·

(plunging waves)

(SIU'ging waves)

(10.4)

The transition between the two expressions is found by equating them, which gives:

(10.5)

In practice, for coto > = 4 surging waves do not exist and only the expression for plungingwaves
is recommended for use.

N is the number of waves. Figure 10.6 gives
the increase of the damage with the number of
waves during a test. With N = 7500, the
damage can be considered to have reached an
equilibrium. When only storms of short
duration occur and intensive maintenance will
be done, N can be chosen lower. 2000 waves
with an average period of 7 s, represent a storm
of about 4 hours.

Figure 10.7 shows the influence of the
permeability which is considerabie.HlAd for a
revetment (P = 0.1), is 1.5 to 2 times smaller
than for a homogeneous dam (P = 0.6). So the
situation for a revetment is much more
unfavourable. Laboratory tests in the past
however, were executed either with
homogeneous dams or imperviouscores, while
the results were often used vice versa without
knowing. So, results of laboratory tests should
be interpreted with care.

I~----------------------------,
I'LUIIIUIIO IlllVEI

~IIIIIIUUI(11
lunl. IIIIVEI
~CIII"UU(21

I( = 1000

.. • '000
I( • 10001(. _

2~----~------~-- ~ ~
I 2 ,. 4

tz = ~an. , .JH,'Lz
0n&O=I. 4:1.8 oota:3 S=S p=O.&

Figure 10.6 Damage vs. number of waves
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Figure 10.8 gives the influence of the slope
angle. For coto > = 4 only the plunging part
has been drawn. Like with the run-up of waves,
see paragraph 3.4.3, the critical stability lies
around ~ = 3. In surging waves, the stability
increases with decreasing wave steepness.
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Figure 10.9 Influence of damage level

For practical purposes the formulae by van der
Meer are clearly preferabie above the classicaI
Hudson-formula, see Figure 10.10. This is
especially true for revetments, where the
permeability is much less than in breakwaters,
which is the origin of the Hudson-formula.
Moreover, the influence of the wave period is
included. From a physical point of view, the
van der Meer formulae are not really a step
forward, since the balance of forces like the
inertia, the pore pressures etc. are not taken into
account explicitly. Using the presented
formulae, either by Hudson or van der Meer
should be done with knowledge of the
lirnitations.
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Figure 10.8 Influence Slope angle

Figure 10.9 finally gives the influenceofthe damage
level that is assumed. S = 2 is more or less
equivalent with Hudson's "no damage". Failure
(armour-Iayer completely removed) occurs at wave­
heights that are about 1.5 times as high as with S =
2.

'r---------------------------~

00'\.

Figure 10.10 Comparison Hudson-vd Meer for
impervious core and varying wave steepness
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In many cases the toe of a slope or seawall is protected with stones. Dimensioning these stones with
the formulae in the previous paragraph, cao lead to a sub-optimaldesign from an economie point of
view, since they are less heavily attacked then on a slope. For toes that lie deeper than half the
waterdepth, Figure 10.11 gives an indication of the stability, based on experiments. For berms and
toes which are situated higher than half the waterdepth, the slope formulae of the previous paragraph
should be used. For deep lying toes, the experiments show a considerabIe increase in stability.

Note: The experiments were done for
situations in which the wave height at the
toe was limited by the waterdepth,
meaning that Hslh :::::0.5. Therefore htlh
can be used in the graph. For deep water
no data are available; a first
approximation could be done with the
modified Shields from paragraph 10.1.1,
in a standing wave, taking into account
the slope of the toe and the reflection of
the construction as a whoie.
Note: For vertical walls the situation is
less favourable. For shallow water, no
higher values than Hs/.:1d = 2, should be
used. For more detail see
CURICIRIA,I991.

1.0 DIpIh-irnita! cancIIions 0 G-3'!1.OH
X 3-10'11.OH

-3-10'11.OHI
o.a D >20% OH

0 x • >20%OHI~~- '/ -SPMIH,l
0.6 --SPM(H,o)

~ /.~ X
0.4 ",-

x ./
,/ ,

02 ht~
0
1 2 3 4 5 6 7

H.1bD.e

Figure 10.11 Toe stability in shallow water

The van der Meer and Hudson formulae
were derived for non overtoppingslopes.
When this is not the case, there is a
certain wave transmission, see chapter 8.
That means that not all energy has to be
destroyed on the slope and the stability
increases (in turn the rear side should be
armoured). For crests above the still
water level van der Meer found a
stability increase factor:

where Re is the crest height with respect
to SWL,see Figure 10.12 and Sp is the
wave steepness related to the peak
period; the minimum value of the
increase factor is 1. For still lower
crests, see e.g. Pilarczyk,1990.
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Figure 10.12 Stability increase for low crest
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In contrast with the two previous examples, which were more favourable compared to a stone on a
slope, stones on the head of a groyne (or breakwater, again for which the investigations were done)
are attacked heavier. No systematic test results are available. The Shore Proteetion Manual
(SPM,1984) gives KD-values for the head, that are about 30% lower than at the tronk, leading to a
30% higher weight or a 30% gentler slope.

In chapter 4 the wave loads due to the passage of ships were divided into primary and secundary
waves. The stability of a stone proteetion can be estimated with the following empirical rules, derived
from the investigations as described in RWSIDHL,1988. For propeller races, see paragraph 9.1.3.

1. For a fust estimate, an Izbash-type relation can be used:

u?
l:id <!:: 1.42.

2g
(10.7)

where uR is the return current. (Note: in the relation the coefficient is 1.4 instead of 0.7 for steady
uniform flow).
2. For a better approximation, use the Shields approach:

(10.8)

with Cf according to equation (4.8).
In both cases the stability is reducedwith the perpendicular slope reduction factor, equation (9.9).
3. The upper part of the bank, near the waterlevel, should be able to withstand the stern wave (z....x
= l.5zJ over a height of about 3 times z""'"under SWL:

Zu.x s I.S(cota)0.33
l:id

(10.9)

The following relation is recommended:

H(cos PlooS H
--,c.._..:....:.._ s; 1.8 .... with ~ = sSO: - s 2.4

l:id l:id
(10.10)
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COHERENT MATERlAL

Coherent, again stands for all material that does not coosist of loose grains. An important material
in revetments, especially in sea defences, is formed by placed elements, mostly concrete. Many
research has been done in the last ten years in the Netherlandson the stability of placed blocks on
a slope under wave attack. Therefore, this construction type will be discussed here in more detail.
Other coherent materials are clay, asphalt and slopes with vegetation.

Placed blocks come in many shapes where only the human phantasy is the limiting factor. The
variation is in the coherence: pinched, connectedwith cables or geotextile or interlocked. Another
variation is the shape of the upper side of the blocks which is meaot to reduce the wave run-up; for
this chapter this is not so important. Figure 10.13 gives some examples.

cable

-
columns

w
~

~cabIe -
top view

embedded stonea

Figure 10.13 Possible block types in revetments
matof bIocks lnter1oc:k stones

The transition between the blocks and the underlyingsoil is anothervariabie. Figure 10.14gives some
possibilities (many other combinations are possible).

geotextlle Iayer te) embed Itones

....... ,. _'"' ............... .
.....UIid··

....
Figure 10.14 Possible transitions to underlying soil

Sometimes the blocks are placed directlyon clay; this requires a high quality standard during
construction. When the blocks are not exactly equal in height, a layer to embed the blocks is
necessary to correct the height-differences.This is speciallythe casewhen natural materiallike basalt
columns are used. It is sometimes combined with a filter layer. The requirements of the transition
between a filter-layer and the subsoil are discussed in the next chapter.
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a - forces due to backwash
b - quasi - stationary pressures due to wave set-up
c - pressures due to wave front
d - velocity - field in wave

e - wave - shock
f - pressures due to breaking wave
9 - !ow pressure due to air in water
h - foroes due to uprush

Figure 10.15 Forces on top-Iayer during a wave cycle

Figure 10.15 shows the phenomena that play a role in the stability of placed blocks during a wave
cycle. For loose grains we a1readydiscussed in paragraph 10.1.1 that only velocity, friction and
gravity were not enough to describe the stability. At least inertia and porosity should be taken into
account. For placed blocks the situation is all the more complex and many energy has been put into
the fathoming of the secrets of placed block stability. From tests, calculations and reasoning it was
established that phenomenab and c are dominantin the process. In fact, the wave actionon and under
the blocks can not be separated and porous flow phenomena have to be taken into account.

Phreatic
level

Figure 10.16 Critical situationfor placed block during a wave cycle

Figure 10.16shows the dominatingsituationat maximumdownrush: 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-Iayer and to the relativelyhigh phreatic level in the slope. This causesan uplift-force on a block.
Very important for the magnitude of this uplift-force is the relation between the permeability of the
top layer and of the filter layer, usually expressed in a leakage factor, A. This will be discussed in
more detail.
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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 layer can
be expressed as:

d4lp
q = -k-r P dy

and through the top layer:

= k (41s-41p) = k ~41
qT T d T d

(10.11)

(10.12)

! jQTj4Y
b·QF--t +-b.(~+4q,,>

Figure 10.17 Definitions leakage

Based on continulty.aqs.b = qT'~Y' see Figure 10.17, hence qT =: b.dqs/dy, from which follows:

(10.13)

in which ~.s is the piezometric head (q, = p/pg + z) in the filter and on the slope respectively, ~q,
the head difference over the top layer and ~.T the permeability of the filter and top layer. b and d are
the thickness of filter and toplayer. From this equation can be seen that the head difference over the
top layer depends directlyon A. A relative thick and permeable filter layer and/or a relative thick and
impermeabie top layer give a large A and hence, a large head difference over the top-Iayer. 80, a
large A, the leakage length, is unîavourable for the stability or 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) in the filter layer
is assumed. Description is outside the
scope of these notes; the reader is
referred to CUR/T AW, 1992 or to
Bezuyen e.a,1990. A simple approach is
given by Barends in CURJCIRIA,I991
which can serve as an illustration (not as
a calculation method). When the leakage
is expressed as À = Asina and Zs is the
height between the rundown- and the
phreatic level due to wave set-up in the
filter layer, the maximum difference in
piezometric head over the top layer is
found to be:

Presstn head on cover Iayer
PressIn head under cover Iayer

Breakerwave

Figure 10.18 Head difference over top-Iayer
(CURJCIRIA, 1991)
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B +À.
à cj) = 1112 jor À. <B", anti (10.14)

Z, is not to easy to determine, but in revetments as a first approach Zs = H", seems reasonable and
the extremes for L1q, become H, (thewaterlevel in the filterlayer cao not becomehigher than the high
water level) and Hm/2 for À = O. The idea of equation (10.14) however is not more than to
demonstrate the influence of À. Figure 10.19 shows the situation for a very high value of À and for
a very smalIvalue.

2 J 4 5 6 7 8 9 la 11 12 IJ 14
_ 'Im)

Largeleakagelengtlh

plezomelric
_headonslope
E ........__.

i' :
1:
op

toplayer

o -0.3 m
8 .0.& m
o"s· 0.15mm
., .0.38m

0~~~~~~~L-i_~~~~~
o I 2 3 4 5 8 7 8 9 10 11 12 13 14

_ xI"')
Smailleakage length

Figure 10.19 Piezometric head difference for two extreme cases of À (Bezuyenea,1990)

Whether a block is pushed out or not depends further on the strength of the revetment in which two
factors play an important role. In the first place of course the coherence of the blocks, which is in
the case of loose blocks the friction between them. The second factor is the flow towards a stone
when it is pushed out. With a relative smalIpermeability of the filter layer, the block is sucked on
the slope because only very littlewater can flow into the growing hole leading to a sudden decrease
of the pressure under the block, see Figure 10.20.

Flgure 10.20 Resisting forces for a moving block

a mov mg
stone

From all this it becomes clear that a permeable top layer and an "impermeabie" filter layer lead to
the most stabie construction. This means that filter layers should be kept as thin as possible! That is
why the idea of blocks directly placed on clay is a very attractive one from a theoretical point of
view. Everything however dependson the quality of the constructionwhich is difficult to assure.
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It will be obvious that, with so many
assumptions and so many factors, it is
impossible to give more than
proportionalities in the relation between
all the parameters involved. It was found:

(10.15)

For various construction types,
experiments were done to establish the
constants of proportionality, leading to
graphs as presented in Figure 10.21,
which serve as an indication of the
stability. There is also an "analytical"
method which takes more detail into
account. For more informationthe reader
is referred to CURJTAW,1992.
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Figure 10.21 Test results for placedblocks on filter layer
(CURffAW,1992)

Taking a closer look at equation (10.15), we see:
- a large A, leads to a low H/.:ld, which is in line with equation (10.13) and Figure 10.19
- the same holds for ~, which is the same as found for loose rock, see equation(10.4).a
- d plays a complicated role in this equation. It is part of A, indicating that a thick top layer gives a
large head difference (equation(10.13), which is unfavourable. But a thick top layer alsomeansmore
weight and hence more strength. With allother parameters in equation (10.15) constant, it appears:
H oe d2, so a thick top layer is over-all favourable for stability.
Note: .with both H and d appearing on both sides in the equation, the possibilityof spurious relations
should be checked thoroughly, see de Vries, 1992.

InFigure 10.22 the results for placed blocks are
compared with the stability of loose stones.
At this moment there is insufticient data to
discriminate clearly between the possible
combinations of different kind of blocks
(pitched, interlocked etc.) and transitions (filter
layers, geotextiles, direct on clay etc.).
It is clear that placed blocks form a superior
revetment compared to tip-rap and that even
better results than the Iine presented in
Figure 10.22 are possible. Much depends
however on the quality-control during
construction.

Another aspect in these considerations is the
permeability on the long run. A permeabie top
layer can become impermeabie,because of dirt,
vegetation, shells etc. So, practical experience
remains a determining factor in the success or
failure of a revetment design. See
CURffAW,1992 or Pilarczyk,1990.
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Figure 10.22 Comparison stability placed blocks
and rip-rap
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Impervious layers can be made from
asphalt or concrete. The difference with
blocks is that the proteetion forms a
whole instead of separate elements.
Usually there is no filter layer (the
proteetion itself is sandtight) and the
wave pressures can attenuate only a
limited distance from the edge of the
protection. In the case of a proteetion
with a length smaller than a wave length,
the maximum uplift pressure is given by,
see Barends,1979:

H 1r; = pwg 2" cosh Lh

Figure 10.23 Impervious proteetion in waves

(10.16)

For stability, the weight of the proteetion should be equal or more than this value.

When the proteetion is long there
are always areas where the wave
pressure on top is about half the
waveheight less than the pressure
in the subsoil. The pore pressure
then tries to lift the protection.
This can only be effectuated when
water tlows into the hole between
bottom and protection. In
TAW, 1984 it is shown that this is
hardly possible and that this is not
an important stability factor for Figure 10.24 Lifting of proteetion by waves
impervious revetments. Threats are
wave impacts (and porous flow due
to waterlevel differences over the protection, see next chapter).

R l<

In paragraph 3.4.4 the special character of wave shocks compared to the cyclic quasi-statie pressures
was discussed. These shocks induce stresses in the material which should be lower than the failure
stress. The response of the layer depends a.o. on the stiffness of layer and subsoil: a stiff layer on
a soft subsoil gives the highest stresses. From elementary mechanics is known:

6M (d = layer thickness) (10.17)
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The moment in the top layer is
calculated by assuming a linear
damped elastic support of the top­
layer by the subsoil, see
TAW,1984. In that case Mis:

(10.18)

-. :0

2P

M= P

M4 c
. 4K

with:

K= StP
12 (1 - u2)

C:' ." '.. 0
0......,-....,....,-,.,-1.. ." : ·.... w .

Figure 10.25 Schematizationtop-Iayer and subsoil

(10.19)

in which: v is Poissons constant ("'" 1/3), S is stiffness modulus of top-Iayer and c is the spring
constant of the subsoil. From this we find:

5 ,.....-----,-----
d = _27 _P" __ S_

16 0: c(1 - u~
(10.20)

Pis the wave impact which is assumed to work over a width of 0.4 Hs:

P = p.b = 12 pg Hstancx(0.4Hs) (10.21)

This gives the necessary thickness of the layer for one impact. In reality there are many beats and
asphalt or concrete have a lower ab after many beats, due to fatigue. Another thing is that not every
wave gives an impact, say one out of every 10waves gives an impact equal to (10.21).
For a first approximation one could take H, during a design storm and take ab after 1000waves.

For more detail see TAW,1984 in which a different and complicated approach is followed to take
fatigue into account.

Little is known of the behaviour of vegetation like grass on clay in waves, although it has been used
for many years on dikes (usually well above high water). Much depends on the quality of the clay
and of the roots of the grasses. Fertilization leads to "lazy" grass with very shallow roots. When the
grass is in good condition it seems possible to withstandwaves of 0.50 - 0.75 m.
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In this chapter the focus is on porous flow. That cao be either porous flow purely as a load, e.g. the
pressure on an impervious revetment like asphalt; or as a load and a medium in which the stability
is studied like in a granular filter. Also the influenceof porous flow on the macro-stabilityof slopes
will be discussed.

GRANULAR FILTERS

When a proteetion consists of large elements to resist extemal loads, there remains a problem to be
solved, namely the transition between the proteetion layer and the subsoil, for which usually a filter
is used. Another reason to apply a filter cao be the proteetion against seepage flow.
Filters are especially needed in situations with large gradients on the interface of soil and water.
Examples are a narrow dam with a head difference or the bottom under the slope of a breakwater
where the waves are steep. In those situations gradients parallel to the interface of 10-20-30% are
possible, while that gradient in open water flow is usually one or two orders of magnitude smaller.
The main function of filters, consistingof one or more layers with grains of varying diameter, is to
prevent the washing awayofthe material to be protected. That means that grains from the underlying
material (the base) should not pass the pores of the upper layer (the filter). The filter has a larger
diameter than the base for two reasons. The first comes from outside and is obvious: the filter layer
is meant to proteet base material against waves or currents which would otherwise erode. From the
chapter on stability in flow we know that the larger the grain the more it can stand.

The other reason comes from inside and is
meant to prevent pressure build up, see
Figure 11.1. The permeability in a filter should
increase from a layer with high pressure to one
with low pressure. This is all the more relevant
when the filter also has a drainage function.

1. bad filter
2. good filter

Being closed for the base material and
permeable for water are opposing demands; a
solution has to be found within the margins left.
The usual approach in design is to establish the
necessary diameter for the stability of the top Figure 11.1 Filter lay-out
layer in waves and currents, to check the filter
relations between the top layer and the original
(base) material and to add as many layers in between as necessary to meet the filter demands. With
more layers, every filter layer is again the base for the next layer. _
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As stated above, the crux of a granular filter is to prevent washing away of grains through some
upper layer without (extra) pressure build-up. The design can be based on three criteria, see
Figure 11.2:
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STABLE FILTER
DESIGNEO WITH HYORAUUC CRITERIA

(I < CRITICAL GRADIENT)

--~.. Dfilter/Dbase

Figure 11.2 Possible design criteria for granular filters

This figure presents the critical gradient in porous flow, above which grains from the base layer are
no longer stable under the filter layer, as a function of the relation between some representative
diameter of the the two layers. In this figure the following areas can be discerned:

1 Geometrical: These are the classical filter rules derived by Terzghi in the 30's. The permeability
and sandtightness are judged solely based on the geometrical properties of the materiaIs, the sieve
curves. They are chosen such that grains cannotmove in the filter. This often leads to a conservative
design, since the filter can stand any load.
(In very dynamic situations, like in breakwaters, there are even more strict geometrical rules, like
WFIWB < 15-25.With W oe d3, this means dF/dB < 2.5 - 3, while the rules mentioned here show
about twice that value. The practice in breakwater design also has to do with geotechnical reasons:
presenting a rough surface for the armor layer.

2 Hydraulic: A critical gradient for which the base material moves through the filter is determined.
The grain diameters are chosen such that the critical gradient is larger than the occurring gradients
in the structure. So, now the hydraulic loads are taken into account, leading to a more economie
design. Permeability is usually no problem anymore, since these filters are more open than the ones
designed with the geometrical rules.

3 Transport: Some loss of material is acceptedwithin the limits of acceptable settlements. For many
situations, this would lead to an even more economie design. For flow parallel to a filter interface,
calculation rules have been established.They are however rather complicated, while there is hardly
any practical experience. So, for a preliminary design, the hydraulic design method should be the
limit for the time being. For more information, see RWS,1992.
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A - Stability criterion
The prevention of washing out of grains from the base through the filter is based on the faet that the
pores between spheres are much smaller than the spheres themselves. From geometry we can find that
a sphere cannot pass the pores of spheres that are about 6 times larger, see Figure 11.3.
Translated to "real" material, an often
used rule is: dm' < 5.d8SB, which says
that the 15% smallest particles of the
filter should be less than 5 times greater
than the 15% largest particles of the
base, see Figure 11.3. The idea is then
that the coarse particles of the base form ,
a barrier to allother particles; to ensure SOIL

that, the materials have to be intemally alOEFINfTlONS b) IDEALIZEO INTERACTION (SPHERESI

stabie, which we will discuss later. The Figure 11.3 Blockage of small particles in large particles
stability criterion is sometimes called the
piping criterion, since it prevents the washing away of grains like happening in the piping­
phenomenon.

B - Permeability criterion
When the hydraulic gradient over the filter layer is small compared to that over the base layer, the
filter is permeabie and no pressure is build up under the filter layer. The permeability of a material
is dominated by the small particles; to judge the permeability usually the dIs of both filter and base
is used: dlSF > 5.dlss•

D - Intemal stability
When a material is widely graded, it is possible that the fine particles are washed out through the
pores of the big ones. When dw < 1O.dlo this can be prevented. Another possibility for extreme
graded materials, is to divide the material into two sieve curves and treat it with the filter rules above.

Stability:
d
lSF < 5

dSSB

d
lSF > S

d1SB

d
~ < 10
d10

(11.1)

Equation (11.1) summarizes the criteria and
Figure 11.4 shows the first two geometrical
rules in relation to possible sieve curves.

Permeability:
$IEVE SIZE (",mi

Intemal stability: Figure 11.4
permeability

Sieve curves, stability and

According to the stability rule dF should be smaller than 5dB and to the permeability rule larger than
5de. However, the use of two different diameters for the base material in the denominator (the 15%
largest and the 15% smallest respectively) gives the margin to design a filter.
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Figure 11.5 Investigated cases and definitionof hydraulic gradients

Investigations were done for various loading situations, see Figure 11.5: stationary and cyclic
gradients parallel and perpendicular to the interfacebetween filter and base. The gradient parallel to
the interface is defined in the filter layer and the gradient perpendicular in the base layer which
follows from the nature of the flow. The results of the tests wiJlbe discussed briefly.

A - Steady flow parallel to interrace

The stabilityof base material in a flow parallel to the interfaceof a filter couldbe seen as the stability
of a grain on the bottom of a very smalIchannel. It is an attractive idea to link the formula for porous
flow, e.g. the one by Cohen de Lara see chapter 5, with some formula for the threshold of
movement, like Izbash or Shields in order to establish arelation for the critical gradient in porous
flow. This was tried andpartially successful, see de Graauw,1983, resulting in an empirical relation.
The most important parameters appeared to be a diameter of the base material (important for the
stability, like in the Shieldsformula), a diameter of the filter material (importantfor the flow through
the filter) and the porosity ofthe filter (also importantfor the flow through the filter as we know from
chaper 5). The experimental results finally yielded:

[

S/3 1/3]0.06 "F d1SF 2.1 = + uC 3 4/3 S/3·e
"FdlSF 1000dSOB

(11.2)

in which u.c is the critical shear velocity according to Shields. The two terms in (11.2) come from
the idea of a laminar and turbulent part like in the Forchheimer equation, see chapter 5. Figure 11.6
gives a comparison between some computedlines and the experiments. It is seen that for a given ratio
of n.,dISF/dSOB'the critical gradient is greater for fine base than for coarse base material. This could
be explained by the lower filter veloeities in fine pores.
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B - Cyclic now parallel to interface

Figure 11.6 Steady parallel flow - critical gradient

In a pulsating watertunnel, tests were
performed to study the critical gradient
for cyclic loading. The results, see
Figure 11.7, show a larger critical
gradient than for steady flow (indicated
as T = 00 ). This is caused by
compaction of the filter layer by the
cyclic loading, leading to a lower
porosity, hence to a more stabie filter.
This effect is greater for smalI wave
periods, but when the tests are repeated,
after being loaded for some time, there is
no longer any influence of the period.
What remains is a higher critical gradient
than in steady flow, due to the same
degree of compaction. A smaller period
only causes a faster compaction.

The final conclusion is that for acyclic
loadingparallel to the interface, the same
relation as for stationary loading can be
applied, while a favourable effect on nF
can be expected.
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Figure 11.7 Cyclic flow parallel to interface - critical
gradient
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C - Steady and cyclic flow perpendicular to interface
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Fïgure 11.8 Steady and cyclic flow perpendicular to interface - critical gradient

Figure 11.8 shows the results of some tests. The lower limit is always formed by fluidizationwhen
the filter grains become so large that the base acts like there was no filter (right hand side in the
figure). There is a considerabiedifference between steady and cyclic loading. The critical gradient
for cyclic flow is now much lower than for steady flow and even the geometrical limits are no longer
sacred. This can be explained as follows, see Figure 11.9, where N, = I1r d1sr/dsa,. Even when
individual grains are small enoughto pass the filter, arching can prevent this (situation in the middle
of Figure 11.9). Those arches however, are not stabie in reversed flow and in cyclic conditions they
can never be formed. For still smallerbase particles, arches can not exist even in stationary flow and
the material between the filter grains is fluidized as if there was no filter, giving a critical gradient
:= I, like in unprotected soil (situationon the right in Figure 11.9).
This hypothesis was tested by
superimposing extra weight on the
filter and loadirig the füter with
cyclic pressures on cases 2 and 3.
Indeed, a superimposed load gave
a very high critical gradient in case
2, indicating that the arches were
prestressed and could hold in
cyclic loading, while for case 3
there was no influence of extra Fïgure 11.9 Mechanisms in filter action (de Grauw e.a.,1983)
weight on the critical gradient, see
de Graauw e.a.,1983.

Geometrical stability
N<1

Arching
1<N,<5 N,>5

As said, even the geometrical criteria of equation (11.1) did not prevent loss of base material in all
cases, see Figure 11.8. As a safe limit for stability in heavy cyclic loading de Graauw,1983 gives
nrdlSf/dsa,< 1which is about 3 times stricter than equation (11.1). It should be stressed however, that
cyclic perpendicular gradients of a few hundred percent are very exceptional. In the case of the
Eastem Scheldt storm surge barrier they were caused by the movement of the structure itself under
wave action.
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In de Graauw,1983 some more test results are given, e.g. combinationsofperpeIidicular and parallel
flow and combinationsof steady and cyclic loading. Except for steadyparallel flow, no relations have
been derived. The tests give some information for particular cases, but they cannot give more than
insight in the relevant phenomena (which is already much more than we knew 20 years ago).

For a preliminary design, Figure 11.6 and equation (11.2) are the basis for filter design when there
is a gradient parallel to the interface, both for stationary or cyclic flow.
When there is a considerable gradient perpendicular to the interface, the classical geometricaI rules
according to equation (11.1) can be applied. This is e.g. the case in a part of a structure that serves
as a drain to prevent high pressures under a revetment, like in the toe of a dike. Also when wave
action can be expected, geometricaI criteria should be used in a preliminary design.
In the case of heavy dynamie loading of a filter (e.g. "rocking" of a structure on a filter foundation)
and/or cases with combinationsof perpendicularand parallel flow, tailored research should be done.

To be effective, a filter layer should have a minimum thickness of 2 to 3 times the diameter of the
larger stones. For small diameters this is notpractical. For coarse sand a minimumthickness of about
10 cm is applied and for gravel about 20 cm. Another criterion could be at least halfthe diameter of
the stones that will come on top of the layer in order to prevent that stones penetrate into the next
layer when dumped. Constructionof filters needs specialattention, especiallywhen built under water.
In chapter 13 this will be discussed in more detail.

When stones are used as a bottom proteetion against overflowingwater, the diameter will be much
larger than the original bottom. Is a filter necessary in this case'?With veloeities of several mis,
Chezy-values as low as 30 and a waterdepthof not more than a meter, the gradient in the filter will
be hardly more than one percent. Applyingfilter rules, see equation (11.2), it is found that an extra
filter layer will usually not be necessary. But this is uncertain for high turbulence in the flowing
water, like in a vortex street over a bottomprotection. In that case, turbulencecan intrude from above
and cause erosion, see Figure 1.10. A sometimesused empiricaI rule is that when the layer has a
thickness of at least 3 to 5.dSlh these turbulences are damped enough to do muchharm to the bottom.
There is no evidence of this rule being true, but the idea is probably correct that a certain thickness
will help to prevent an expensive filter construction. This is applied in the so-called falling aprons,
see paragraph 12.2.4 When this item really matters for the stability of a construction, experiments
will be necessary. Another point to be aware of, is the question whether there is really no other
gradient "active" at the interface beside the water flowing over the proteetion layer. In the case of a
groyne, for instance, there is a head difference of about u2/2g, hence a gradient parallel to the
interface between groyne and original bed.
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GEOTEXTILES

Geotextileshave become more and more important in civil engineering. They are used in armouring
soit in foundationsand slopes, as membranesto prevent seepageor to proteet the environmentagainst
pollution from a dump area and as filter in hydraulic engineering. The latter is the subject in this
paragraph. Geotextiles come in many shapes, depending on the production technique. The two main
types are woven and non-woven. See annex A. A possible disadvantage of geotextiles can be the
weathering e.g. by ultra-violet light, wear and tear by chemical, biological or mechanical processes.
These aspects are outside the scope of these lecture notes. For an extensive treatment of geotextiles
the reader is referred to Veldhuijzenvan Zanten,1986.

Like in granular filters, the two hot items are againsandtightnessand permeability. Another similarity
is the existence of geometrie filter rules and hydraulic criteria. But, since geotextiles are relatively
new compared to granular filters, at this moment there are not yet reliable hydraulic criteria and
geometrie criteria still have to be applied. But even then, geotextiles have given a breakthrough in
filter design, both in cost effectivenessfor large projects and in possibilitiesto design a sandtight filter
with a limitedheight, see Figure 11.10. This is especially useful in cases where there is no space for
agranular ftlter of many layers or where it is difficult to construct such a filter.

f i lte r c loth

Figure 11.10 Possible effectivenessof geotextile in filter

The geotextile in this figure is completely responsible for the filter function. The main functions of
the layer between the top layer and the geotextile is to prevent damaging the geotextile by individual
large stones and to prevent flapping of the cloth, possibly causing losses of the base material.
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Like in granular filters, the relation between the
magnitude of the base material and the holes in
the filtertextile is the dominating factor for
sandtightness. To characterize the openings on
the textile, a kind of reversed sieve test is
executed with very uniform grains of different
and known diameter. The textile is used as a
sieve in a standardized procedure (which can be
done in many ways, see Veldhuijzen van
Zanten, 1986; here the Dutch procedure as
developed by DHL is presented). When X % of
the grains with a certain diameter remains on
the textile, that diameter is taken as OX.
100 - X % passes the ..sieve", this is the
reversed defInition of anormal sieve procedure!
Figure 11.11 gives the result of such a test.
Important numbers in sandtightness are 000 and
098, sometimes named Omax, a measure for the
largest holes in the textile.

The filter rules for geotextiles are:
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Figure 11.11 Definitions openings geotextile

FWW SITUATION BASE MATERIAL FILTER RULE

Stationary - 000 < 2.dgo

Non-stationary Intemal stable (dcJ 10 < 10) 098 < 2.dgs

Non-stationary Intemal not stabie 098 < I.dls

The most strict geometrical filter rule is that the
smallest particles cannot pass the largest
opening in the textile. This should be applied
when the filter is cyclically loaded and no loss
of material is accepted. In many situations,
some loss of fine material is not detrimental to
the functioning since a small layer under the
textile can act as part of the total filter system,
see Figure 11.12. The finer parts are washed
through the textile the coarser particles act as a
filter for the remaining soil, provided the
subsoil is intemally stabie, see granular filters.

Figure 11.12 Geotextile with intemal stabie base
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This mechanism can also work under cyclic conditions, provided the subsoil is not loosely packed and
the textile is pressed on the subsoil by the first coverlayer.

These criteria are geometrical with the loading situation taken into account, but not the magnitude of
the gradients. For cases with low gradients, say less than 100 %, these demands seem too strict. DHL
has been testing geotextiles with a stationary gradient parallel to the interface, analogous to the tests
that lead to equation (11.2). No reliable relation has been establishedyet, see vdKnaap,1986.

The permeability of a geotextile can be measured in the same way as for soils, using Darcy type
relations. A parameter often used to characterize the permeabilityof geotextiles is the permittivity:

u'Ir = _L
ah

k (11.3)
e

in which Äh is the head difference, e is the thickness of the geotextile and k the "nonnal"
permeability coefficient. '" can be seen as the permeabilityper m thickness of geotextile.

Usually, a geotextile is more permeable than the subsoil, but two factors can decrease the
permeability: blocking and clogging.

Properties 209
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Figure 11.13 Blocking of geotextile (Veldhuijzenvan Zanten,1986)
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Blocking is the phenomenon that large particles seal the openings in the textile. In that case, the
permeability cao decrease dramatically as is shown in Figure 11.13 where a very uniform base
material isused in permeability tests (all grains have about the sizedit).When the diameter of the base
material has the same order of magnitudeas the 0110, the head differenceover the textile cao increase
a factor 10-20. Note that not every type of textile is equally sensitive to this phenomenon. Since a
relation of diOI1O:::: 1 comes in the range of the demands for sandtightness, this is something to
examine more critically.

More important than the relative increase of head difference over the textile, is the absolute value.
This determineswhether a proteetion is pushed away from the interfaceor not. Since geotextiles are
usually rather thin, the total pressure drop cao remain limited. For a gradient of 200 % perpendicular
to the interface, this is presented in Figure 11.14:
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Figure 11.14 Pressure drop over blocked fabrics on uniform sand filters, I = 200 %

The pressure drop has a magnitude of less than a decimeter. This means that the superimposed load
of a normal cover layer on a geotextile is much greater than this pressure drop. Moreover, it should
be mentioned that in practice the grains of the base are not so uniform as in these tests, making the
chance of blocking of all openings very small.

Clogging is the trapping of (very) fine particles in the openings of the textile, leading also to a
decrease ofpermeability. This cao happen in water contaminatedwithchemicals, e.g. iron. In contrast
with blocking, clogging is a time dependent process. The idea is that it stabilizes at a certain level
after a certain time, but not much experimental evidence is availableto support this thesis. It should
be realized that clogging is not special for geotextiles; it also occurs in granular filters.

A general rule is that when the permeabilityof the textile is 10times greater than that of the subsoil,
there is no problem, not even with blocking or clogging. However, when used in very contaminated
groundwater, one should examine the possibility of severe clogging.When the danger of blocking or
clogging can be excluded, a permeability factor of 2 or 3, is sufficient.
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STABILITY OF SLOPES

The stability of a slope as a whole is usually indicated as the macro-stability, in contrast with the
micro-stability, dealing with the outermost grains on a slope. Within the framework of these lectures,
this kind of stability plays a role at banks, dikes and scour holes.

't = C + atancl> (11.4) - Nü=­A

In general, the stability is a matter of
equilibrium between the weight of the soil
including pore water (the loading)and the shear
stresses. The shear strength is given by, see
Figure 11.15:

The effective grain-stresses (0-) are influenced
by the pore water pressures, so pore water
influences both the loading and the strength.

Figure 11.15 Normal vs shear stress

Figure 11.16 gives a picture ofthe stabilityofthe slopeof a dike. The shear strength along a possible
sliding-eirele should withstand the weight of the soil-mass above the circle, expressed as the
equilibrium of moments aroundthe center of the slidingcircle. A critical situationoccurs after high
sea levels when the waterlevel suddenlydrops and the slope is filledwith water andheavy, increasing
the load while the outflow of water decreases the strength.

N
RI I".

I
HIGH SEA ..=L=.E.:..:VE::.:l::..;I~ +--,I'

Figure 11.16 Stability of dike slope

There are methods that calculatethe stability of the sliding-eirele as a whoIe, assuming a constant 7
along the circle. Since 7 is directly related to CT, it will be clear that the shear along the slope is not
constant.
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In a homogeneoussoil mass, the assumption
of a sliding-eirele is reasonable, but when
there is a considerabie inhomogenity in the
soil, the sliding will take place along the
weakest layers, where c and/or tanë are
low, hence the shear strength is low, see
Figure 11.17. The same CaD occur when q is
low due to high pore pressures.

There are many calculation models for
simple and complex situations, the latter
mostly based on finite element methods. A
relatively simple method will be shortly
described here: the Bishopmethod of slices.

(b)

WEAK STRATUM

Figure 11.17 Sliding zones

In this method the slope above the sliding-eirele
is divided into vertical slices and the
equilibrium of each slice is considered, see
Figure 11.18. Onthe sides of each slice, normal
and shear stresses are acting. The basic
assumptions of Bishop's method are that the
forces on the vertical sides have no vertical
resultant force and that the forces on the sliding­
surface CaD be foundby considering the vertical
equilibrium of forces, see Figure 11.19.
So, Rand L (beingthe totaI forces actingon the
right and left hand side of the slice) need not to
be known. The pore pressure 11; has to be
known, e.g. from a flow net. Figure 11.18 Forces acting on a slice

The method is done for various sliding-circles and the results are usually presented as safety
coefficients, F, defined in terms of moments about the center of the sliding-circle:

Moment of shear-resistance
Moment of weight

(11.5)

j=N jaN

Ms = RL (ai tancl> + c)a Ij = R(tan~ L Ni + cL)
i=1 i=1

(11.6)

i-N

Mw = RL ~sin8i
i=1

(11.7)
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F finally becomes:

i-N

tan4>E Ni + cL
F = ~j=~l __

i=N
(11.8)

The vertical equilibrium is then calculated, see
Figure 11.19, assuming that the total F is also
valid for a slice (F = 1 in Figure 11.19):

T.
Wj = Njcos61 + Uicos6j + ; sin6j

With equation(11.4), Ni is the onlyunknown in
equation (11.9). Ni becomes after elaboration:

c tsx.
WO; -uilixj - --'tan6j

Nj = -:- F -:-

COS6i[1+ tan6~tancl> 1

with:

lix.
lil. = --', cosû,

I

U, = ujlili
Ti = 'tili1i
Ni = 0ilili

Note that a larger Uileads to a smaller
Ni and hence to a smaller T. So, a
high pore pressure has an
unfavourable influence on macro­
stability.

With equation (11.11) and (11.8), F
can be computed iteratively. As said
before, this is done for several
sliding-circles, searchingtheminimum
value for F. Figure 11.20 gives the
result of such computations leadingto
a minimum F = 1.43 for this case.
(Note: every point represents several
concentric sliding-circles; only the
minimum value is presented.)

(11.9)

(11.10) F=1

(11.11)

Figure 11.19 Vertical equilibriumof forces

Figure 11.20 Contourlines of safety factor
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The equilibrium of grains on a slope in flow or waves bas been
discussed before, but the attack now comes from the inside of the
slope. Here we cannot consider the stability of a single grain, since
we bave averaged the flow over all pores by means of u, see
paragrapb 5.1. By doing so, we bave given up all informationon W

veloeities in the pores and instead, we consider a volume of soil.
From cbapter 5 we know that the porous flow force on a unit Figure 11.21 Porous flow and
volume Fw is equal to Pw g.i Wben 8 is the angle between the equilibrium on slope
porous flow direction and the horizontal. see Figure 11.21, the
flow force along the slope is Fw cos(a-8) and Fw sin(a-8)
perpendicular to the slope. The gravity forces on the soil are (PSAT - Pw)g.sina along the slope and
(PSAT - pw)g.cosa perpendicular to the slope, wbere PSAT is the specificmass of saturated soil. The
equilibrium then becomes:

(11.12)

from wbicb fellows, with PSAT "'" 2000 kg/m':

tan, <!: sincx + I~(cx -6)
coscx - Ism(cx -6)

(11.13)

For some special cases tbe equilibrium condition leads to:

Situation I (J Stability

a - No porous flow; / 0 - ex<= ~
dry or wet slope

b - Horizontal seepage / tana 0 ex< = ~/2

c - Seepageparallel / sino a tana < = (tané )/2
to slope (For small a equal to case b)

d - Seepage /:?(/ I a-9(jl sina/(cosa-I) < = tané
perpendicular (For ex= 0: I = 1;
to slope Fluidization)

In paragrapb 5.2.1 it was mentioned that there is always a seepage surface on a slope wbere water
flows out. Then, with <P = 3(1), this leads to ex"'" 15-1()Oor a slope of 1:3.5 (case b or c)
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In chapter 10 on stability in waves, it was mentioned that pressures under an impervious revetment
due to waves, usually can be neglected. The phenomenon goes too fast for a considerabie deformation
of the layer. When there are considerable waterlevel tluctuations, pressures from inside become very
important (in contrast with relative open revetments like placed blocks; for these protections,
waterlevel tluctuations are too slow, the phreatic level can follow the drop in waterlevel outside, see
also chapter 12 for a review of revetment types and loads).
The pressure under an impervious revetment can be derived from one of the methods as discussed
in chapter 5. There are two mechanisms that can intluence the stability of the revetment:
Shear - the friction between proteetion and subsoil becomes smaller than the component of the weight
parallel to the slope due to overpressure
Float - the component of the weight perpendicular to the slope becomes smaller than the pressure
under the proteetion
It is clear that both mechanisms are branches of the same tree; the first occuring at a lower pressure
than the second.

Figure 11.22 shows the forces on a part of a
layer. The weight per unit area is: W = d,PM.g
The component parallel to the slope: Wsino and
perpendicular: Wcosa. The effective pressure
on the slope is: Wcosa - P.

fP (11.14)

The layer is stabie against shear when:
Wsina < f.{Wcosa - P), giving:

Plig (Joos r:t. - sin e )

The layer is stabie against noating when:
Wcosa > P, giving:

p
d » ---- (11.15)

Figure 11.22 Equilibrium of layer

When the first criterion is violated, part of the layer is going to hang on the upper part of the
proteetion or is going to lean on the lower part. This can lead to fatigue and should not happen too
often. Dependent on the strength of the layer, this should not happen in situations with a frequency
of occurence in the order of magnitude e.g. of weeks.

The second situation is worse, sand can move under the proteetion when it is lifted and the layer can
deform. Instability however, occurs at greater P (since f/(fcosa-sina) is usually larger than lIcosa,
check for yourselt). This criterion should be met in design circumstances, e.g. a fast drop of
waterlevel after a storm.

Note: When a = 0, both equations lead to the same (tloating) criterion. This situation occurs with
an impervious bottom proteetion downstream of a structure, see also section 8.4. In that case the
proteetion should be heavy enough to withstand a chosen design head difference.

11.16



12
Up to now we have been talking about loads and strength of proteetion materiaIs, but that has not
leamed us yet how a proteetion looks like. How long, how high, what shape, how to begin and to
end them are questions that will be diseussed in this ehapter.

SHORE PROTECTIONS

Dikes and seawalls are really artificial
coasts. They are mueh alike, but a
seawall is usually made when there is
little space, e.g in an urban environment.
The constructionof a seawall itself (made Figure 12.1 Examples
of concrete or briek) will not be (pilarezyk,1990)
elaborated here. In front of the seawall,
a bottom proteetion is usually necessary, see paragraph 12.3

Figure 12.1 shows some ways to defend
an erodible coast. Artifieial sand supply
(example A) is an interesting and
sometimes eheap solution, where the
"naturaI" look of a coast cao be
preserved. It is outside the scope of these
lectures; see the lectures on coastal
morphology.

Detaehed breakwaters and groynes (B
and C) are both meant to influenee the
coastal sediment transport. Groynes are
only effective in longshore transport,
while detaehed breakwaters ("tomboio")
CaD be effective both along and
perpendieular to the coast. When they are
stretehed along the whole coast, they act
mainly as a wave reductor (see ehapter
8). The constructional aspects will be
mentioned in this paragraph, while the
morphological effects are again part of
coastal morphology. For construction
details, see also the lectures on
breakwaters in ports.

c
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o
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of shore proteetion

The focus will be now on the more or less flexible constructions, like dike revetments. First we will
diseuss some general aspects of the shape of the proteetion and the problems related to the various
revetment types. Next, attention will be given to transitions in protections, whieh are only too often
neglected in the design. Finally, groynes and the like will be reviewed shortly.
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The upper and lower limits of a
proteetion on a slope are
determined by the loads.
Figure 12.2 gives an example of
an upper limit which was clearly
not well-considered. The cover
layer as such seems allright and
also the filter design has been
given attention. But the run-up of
the waves is such that they attack
the area on top where there is no
cover and where the filter layers
cannot stand the wave forces. Even
the original unprotected soil is
eroded by the waves and a total
collapse is the result. The
proteetion should either be made
higher or strong enough behind the
top to withstand the loads.

Before storm

lnilial faiIure

(1) SubsidInce ol toe stones
(2) 0VetsttIpeIitlilol upper fIIce
(3) Rolling. sliding and toA*lIlof face slcne
(4) Overlapping by wave

Figure 12.2 Ill-designed upper limit

Usually the lower limit of a proteetion on a
slope is taken 1.5 H, to 2 H, below SWL, see
Figure 12.3. In a tidal area, SWLof course can
vary considerably, which has to be taken into
account. Below the lowest waterlevel, the
proteetion can be dimensioned for possible
currents. In relatively shallow water, which is
often the case, the proteetion extendsto the toe
of the slope. The upper limit caobe taken as the
R2%, although the proteetion in the uppermost
half is not necessarily as heavy as around SWL.

A berm in a slope can be constructedto reduce wave run-up
or for very practical reasons like a road for maintenance.
When the macro stability of a slopegives problems, a berm
can act as a support. From an overall view of stability, a
berm makes a slope look like an S-profile, which is the
equilibrium profile under wave attack, see Figure 12.4. So,
a berm is sometimes advocatedas the natural, strong design.
But a berm also introduces transitions, being weak spots in
a revetment. So, unless there is any other urgent reason, it
seems good practice to avoid them.

Figure 12.3 Limits of proteetion

Figure 12.4 Berm and S-profile
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In chapter 9 through 11 we bave seen bow the strength of various materials relate to the various
loads. The following reviews the importanceof the loads for eacb type of revetment.

Revetment type Waterlevel Waves Wave impacts
nuduation (hours) (seconds) (s/I00)

Stones, np-rap etc. 0 XXX (velocity field) o (except subsoiI)

Placed blocks 0 XXX (pressures) o (except subsoiI)

Impervious layers XXX 0 XX

Grass on clay X XXX (velocityfield) X

o means bardly or not important, wbile the number of crosses is a measure for the relative
importance. Loose stones are too permeable for slowly varying waterlevel tluctuations, whiie wave
impacts will do no barm to the stones (they are already broken); the subsoil cao liquefy (see
paragraph 7.4.2) when it is not compacted.For placed blocks the situation is more or less the same,
only the mecbaoism of failure in wave attack is completely different. Impervious layers are very
sensitive to waterlevel tluctuations; the phreatic level cao not follow a sudden drop. This would be
true all the more for waves, but these are again too fast to lift the layer, because there cao be only
a very limited tlow to where the layer is lifted. The very fast wave impactsnow cao damagethe 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 maximumwave-attack,whiie a c1aylayer may be relatively impervious, so waterlevel
tluctuations cao cause some problems.

These differences depend on the local load situation and result in a comparative design resulting in
costs. Beside costs there are other reasons to cboose or to reject a revetment type. Someof them are
summarized in the following; for more information, see TAW,1987where for 28 materials in various
applications, a checklist for the choice is given. Criteria to use cao be:

A - Strength: Every constructioncao be designedstrong enougb, but a material with asteep damage­
load curve is less favourable becauseof the possibility of progressive failure. See also chapter 14.
B - F1exibility:When settlementsor scour plays ao important role, a construction that preserves its
strength wbile it follows the changes cao determine the choice.
C - Construction: Easy and fast constructioncaomeao lower costs; sensitivityfor tolerancescao play
an important role here.
D - Maintenance: How easy is it to inspeet or to repair a (part of a) construction?
E - Sustainability: How does the material react to pbysical, chemical or biological processes; it
sbould not age too easily.
F - Environment: How weil does the proteetion fit in its environment, wbat other functionshave to
be fulfilled?
G - Recreation: A concrete slab is not the ideal place for a pick-nick.
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Special attention should be given to transitions
because they often form the Achilles heel of the
protection; most damage starts at transitions.
When we compare a proteetion to a roof of a
house, the leakage is almost never in the roof
itself, but in the transitions between roof,
chimney, wall, ridge etc. Transitions can have
both a reduced strength and an increased load
(see Figure 12.5): due to the strip, the pressure
gradient in the filter layer cao increase while Flgure 12.5 Increased load and reduced strength
due to a difference in settlement between strip
and blocles there can be a hole. Therefore they
should be avoided as much as possible, at least in the area of maximum attack.

It is however impossible to avoid them completely, because it is very expensive to use the same
proteetion (designed for the maximum attack) along the whole slope. A1so in the case where an
existing proteetion has to be extended, a transition can not be avoided. Sometimes, transitions are
advocated because they cao limit damage to certain areas. This is possibly true, but the damage is an
indication that the revetment as such is not good enough.

The ideal transition is equally strong, flexible aod sustainable as the adjoining layers. Since this ideal
is never reached completely, at least the following should be given attention:

1 - relation permeability-overpressure. If it is
impossible to maintain the same permeability and the
transition induces extra pressure, the transition should be
dimensioned to withstand it.
2 - sandtlghtness 8. Never allowaseam that goes
through the whole protection, alwaysmake someoverlap,
avoiding loss of material through seams, see Figure 12.6.
3 - sandtightness b. Transitions are not only important
in the toplayer, but in the filter as weil. Figure 12.6 gives
an example of an incorrect transition where clay can
penetrate in the filterlayer under the blocks.
4 - care. Probably the most important. Give extra
attentionduring construction, inspeetionand maintenance
to transitions.

It is impossible to give rules for all situations; much
depends on the local situation with regard to loads,
available materials, experience etc. Some general cases
are presented here; for more information, see
CURffAW, 1992. Figure 12.6 Sandtightness in transitions
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As said before, it is important to prevent a seam
through the whole proteetion by continuing the
filter layer, see Figure 12.6. This however, can
cause a new problem. When there is a
considerabie difference in permeability (or
leakage length) , the pressure under the least
permeabie revetment can lead to uplifting. In
the figure this is the case for the lower placed
blocks, which get much more pressure via the
rip-rap layer. The solution can be the Figure 12.7 Transition open-open
penetration of the upper meter of the rip-rap,
hindering the wave penetration.
When the transition is at the point of a changing slope-angle, e.g. at a berm, provisions should be
made to assure a proper placing of rectangular blocks. This can be done by placing a concrete beam
with an adapted shape, see Figure 12.7.

When the filter layer is continued under the
closed layer in order to avoid a seam, the closed
layer has to be made thicker to withstand the
extra (wave) pressure, penetrating through the
filter layer under the closed layer.

A filter is usually not necessary here. The most
important is to avoid a leak at the transition.
With overpressure this would lead to loss of soil
material. Figure 12.9 gives an example of a
transition from asphalt to clay.

This transition is often necessary for the upper
limit of a protection. An abrupt transition can
give a seam, aggravated by grazing cattle and
the fact that the roughness is different, giving an
extra load in wave run-up. Therefore a gradual
transition is preferabie, possibly with open
blocks through which grass can grow, see
Figure 12.10.

-..... _

Figure 12.8 Transition open-closed

Figure 12.9 Transition closed-closed
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Figure 12.10 Transition protection-vegetation
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Toes are a special kind of transition, i.e. from
a slope to a horizontal part. The primary
function is the SU1!1!ortof the revetment. When
the friction along the slope becomes too little,
either due to a drop in the waterlevel or to
waves, the toe has to deliver the resisting force.
So, it should be able to withstand a horizontal
force. In rock bottom this is very easy and very
much like the conneetion of two wooden roof
beams, see Figure 12.11.

In soft(er) bottoms, toes are oftenmade of'piles,
sheet piles, strips or combinations. It should be
remembered that those can only give a reaction
force by means of passive soil pressure for
which some displacement is necessary, leading
to deformation of the revetment, leading to
seams etc. Therefore when considerabiesliding
forces can be expected, a layer of stone in front
of the toe might help, see Figure 12.13.

When the toe is threatened by scour, some bed
proteetion is needed, like a mattress covered
with stones, which can be also useful for the
above mentioned horizontal forces.

Figure 12.11 Toe in hard bottom
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Figure 12.12 Toe in soft bottom

Figure 12.13 Scour proteetion at toe

Falling waterlevel

/'-t---- Top layer ---:::>".c

Filter layer

Closed
sheet piles

A

Flgure 12.14 Overpressure at toe

B

When the toe consists of a closed layer or is constructedwith sheet-piles, the pore pressure under it
can form a threat to the soil directly beside the toe, see Figure 12.14 a. The solution cao be a
combination of piles, a strip and some granular filter with enough space between the piles to let the
pressure escape, see Figure 12.14 b.
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As said in the introduction of this paragraph, groynes are only effective when a coast erodes due to
longshore sediment transport. With transport perpendicular to the coast, groynes do not have any
positive contribution at all. This again shows that knowledge of the morphological process is of
utmost importance. When applied, groynes stretch from the upper part of the beach (preventing
outflanking which cao lead as far as to the toe of the dunes) till the necessary depth, which depends
on the sediment transport and the width of the beach that is wanted. Lengths of 25 to 100 m outside
the low water line are normal. To be effective, the distance between them should be 1 to 3 times the
length.

In general the groyne should not
be made too high, in order to
prevent unnecessary blocking of
currents (scour!) and wave attack.
To give an idea: 0.5 to 1 m above
the wanted beach level. In that
case the zone of attack goes up and
down with the waterlevel, see
Figure 12.15 type 1. When the
groynes are necessary to keep the
current from the shore at high
waterlevels, the crest will be about
horizonta1; in that case the attack is
concentrated at the head and
provisions against scour at the
head should be taken (Figure 12.15
type 2)

A simple type 1 groyne is given in
Figure 12.16. On a mattress (either
made of natural material or
geotextile), penetrated stone is
used. Penetration is beneficial
here: the stability of the stones is
increased tremendously, while
large overpressures due to head
differences are not to be expected
(of course a check on stability of
the whole layer in waves is
necessary, see paragraph 10.2).

Zoneofwent wave
attack at head

Figure 12.15 Longitudinal profiles of rock groynes
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Figure U.16 Example type 1 groyne

12.7



A type 2 groyne is very much like
a breakwater, see Figure 12.17 for
a typical example. The geometrical
filter rules should be followed here
because of the severe dynamic
loading, see paragraph 11.2.

Sometimes, pile rows are used for
type 2 groynes. They cao be
relatively cheap when there is a
large tidal difference, since a lot of
material is needed when the groyne
is build completely with rock.
Playing with the configuration of
the piles cao give some relief for
the scour at the head when a
gradual change in spacing between
the piles is applied. To be effeetive
however, the piles should be very
close and a scour proteetion at the
head is indispensable,Figure 12.18
gives an example.

1.5 m_ 101.5 m beIow IASL

Figure 12.17 Example type 2 groyne
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Figure 12.18 Altemative type 2: pile row

Breakwaters will be mentioned
here only briefly, for more detail
see the lectures on this subject.
Figure 12.19 gives an example of
an offshore breakwater to proteet a
local spot. The sea-side slope is
gentle (1:6), to reduce wave
reflection to reduce scour in front
of the breakwater. The round head
has a diameter equal to about the
wave length and a slope of 1:8 to
increase stability of the coverlayer,
but particularly to prevent eddies
with avertical axis, again to
reduce scour. Even then, an apron
is necessary.
The height of the breakwater is
usually chosen at HW level or 1-2
m above that.

A-A

1.0 '0.0 8.J~~~~o
TjI)icII_p:lngIfld~_ B-B

Figure 12.19 Exampleof detached breakwater
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BANK PROTECTIONS

Bank protections are very much like shore protections. They will only be discussed here, in as far
they are different. An important difference is the loading situation: ship waves and currents are
usually dominating insteadof wind waves. That intIuencesthe possible types of protections, therefore
some typesdeviating from shore protectionswill bementionedhere. Of course all the revetment types
which were discussed in the paragraph on shore protection, cao also be applied (rip-rap, placed
blocks, asphalt, grass etc.)

Sheet piles are seldom used in shore protections, but in banks they cao have advantages, like the
minimal use of space. Disadvantages are the considerabiewave retlection, which hinders shipping,
especially when both banks are vertical. In that case, with intensivetraffic, the waterway is a dashing,
turbulent pool. When the sheet piles are constructed as a cantilevered wall, the top should have a
beam that cao cover a possible seam due to the movement that goes with the passive soil resistance
at bed level. When an anchor is used, it should be outside the potential failure circle, see
Figure 12.20

'ANTIL[VERED Wo\LL lal

RUI.iCllG ,pace.
/ C''''Me-tr " ••1

I~'" piltd
relaIMIg ..all.

GROUND ANCNOas lel

.'

./-_-
Figure 12.20 Sheet-pilesas bank proteetion

Sometimes, a simple construction cao be made
with gabions, which cao be constructed from
locally available stones which on their own
would be too light for protection. An advantage
above penetration with asphalt or concrete
(which also means to increase the effective
weight of individual stones) is the fact that
gabions are just as permeabie as the original Figure 12.21 Gabion wall
material.

~~-2m 11 2m
':::!!~~==~ box gabion.
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This can be particularly important in
cases where there is a considerable head
difference between the groundwaterlevel
in the bank: and the level in the
waterway. Figure 12.22 gives some cases
from which can be seen that a permeabIe
proteetion does not hinder the outflow
from the banks.

" PERI1EABl.lTY PROFL[ OF PHREATIC SURFACE

Jr..... bnr Undtrhrltf' 5,,1110.
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10" "Ï9h I." ..... '(-
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Figure 12.22 Effect of permeability of revetment on
seepage pressure
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REEDS - ON A PLANTING SHELF. REEDS - ""ITH STONE PR07ECTION

Dependent on the
loads, a bank: with
reed could be an
option. Figure 12.23
gives an idea of the
possibilities. REEDS - ""tTH POCKETED FABRIC

PROTECTtON
REEOS - IN A GABtON BASKET

Figure 12.23 Examples of reed banks

Figure 12.24 gives the loadingzones of a bank,
which indicate the upper and lower limits for a
proteetion as weil as the type of load to use in
the dimensioning of the bank protection. See
also paragraph 10.1.6

--:~~------------- ---------
+ItIm_~ 2Zmex,R

PROPElLER
RETURN FLOW

Figure 12.24 Limits of proteeton against ship
waves and currents
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Groynes are often used in rivers to control the river bed and to guarantee a navigabie channel in the
river bed. As a bank proteetion they are only economie for relatively shallow rivers; in deep rivers
it costs more material tban a revetment. Mostly tbey are constructed witb rocks witb sometimes
pitched blocks on top. Tbe lengtb depends on tbe wanted widtb oftbe navigation channel; tbe relation
between lengtb and distanee was discussed in paragraph 8.1. Figure 12.25 gives an example of a river
groyne. .....oeu;,

NOR~HI_TQ!

Figure 12.25 Example of a groyne

Figure 12.26 gives an altemative with a pile screen which cao be cheaper. But it should be
remembered that in a river tbere is a big chance of floating debris getting stuck to such a groyne,
leading to a decreased permeability, leading to greater load on the groyne, more erosion at the head
etc. So, without any local experience in tbe river where these constructions have to be built,
application should be done with great care.

Figure 12.26 Open pile screen (spur-dike)
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When a revetment is applied as a bank proteetion in a bend of a meandering or braiding river, it can
be expected that scour will go on, or even increase, after construction of the revetment. That scour
can be due to general degradation of the river bed, meandering, seasonal variations or constriction.
The prediction of that scour is part of morpholigical calculations and is outside the scope of these
lectures, see de Vries,I992. When considerabie scour is expected (say more than a few meters) there
are several possibilities.

A B c

_____"7',,/
~ revetment 111111111111111 bottom protection

5dso
~ FaJlingapron

Figure 12.27 Revetment with scour

The fust possibility is to dig in the proteetion till the expected scour depth and to cover it again with
the original bottom material, see Figure 12.27a. This is a good, but usually an expensive solution.

An altemative may be the application of a fascine mattress or a geotextile with concrete blocks
attached to it. This proteetion is constructedas a bottom protection. When the scouring process goes
on, the flexible proteetion is lowered and follows the contours of the scour hole, see Figure 12.27b.
However, when there is a large difference in scour in the flow direction, e.g. due to different soil
properties, the proteetion will possibly hang between two resistent spots. In that case, erosion in
between can go on uncontrolIed, possibly leading to alocal slide.

Another possible solution is the so-called falling apron, which is often applied in Indian rivers. The
idea is to store an amount of stones at the toe of the revetment during construction. Scour will cause
the stones to roll down, preventing an erosionwith a slope that is too steep, see Figure 12.27c. The
amount of stones is calculated as follows. The net volume per m in flow direction, is the expected
length of the scour slope times the wanted thickness. The length can be computedfrom the predicted
scour depth, with an assumptionof the slope of stones after they rolled down, e.g. 1:2.
The thickness should be more than the normal thickness of 2-3d50, since there is no filterlayer. When
the stones are weIl graded, the fine parts will be washed out from the top. Possibly, at the bottom the
finer parts remain, actingmore or less as a filter. In the paragraph on granular filters, it was said for
open channel flow that a thick layer can damp turbulent fluctuations, making a filterlayer less
necessary. All this leads to a layer thicknessof about5.dso• For uneven distributionduring the process
of falling, an extra quantity of 25% is recommended.
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BED PROTECTIONS

Bed protections can be part of a shore or bank proteetion or can he situated behind outlet structures.
In all cases their primary function is to prevent scour at unwanted locations. The latter is essentiaI,
since it is mostly impossible to prevent all scour. The function of the bed proteetion is then to reduce
the scour and to keep it at a place where it can do less harm. This determines the extensiveness of
the protection, the main criterion being the geotechnical stability of the soil, see also paragraph 7.4.
Bed protections can be made of granular materiaI, geotextiles with concrete bleeks, asphalt etc. In
fact the same materiaIs as used in revetments. An old fashioned type of bed proteetion often used in
the Netherlands, are willow matresses covered with stones. They formed a good combination of filter
and top layer long before the invention of geotextiles. Labour cost is the primary factor that made
them extinct, but they can be very useful in areas where there is little geotextile, cheap natural
material (like reed or bamboo) and many hands to help. Figure 12.28 gives a cross section of such
a mattress covered with stone, used at the toe of a bank proteetion and a modem bed proteetion made
of geotextile with concrete blocks attached to it. Those mats are usually covered with stones after
positioning to give more weight (whiIe during construction the weight is kept as low as possible) and
to prevent sand loss through the geotextile due to vibrations of the textile between the blocks in
turbulence.

Willow

Geotextile for filter

\
Ballast Rip-rap or slags

Geotextile for strength

Figure 12.28 Examples of bed protections

In the following some features of bed protections will be discussed. A division is made between the
various purposes of bed protections: aprons bebind outlet structures, around structures like bridge
piers and adjacent to toes of dikes and seawalls. With the latter we close the circle of protections
where this chapter started.
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The term outlet structures is used here for all kind of structures, through which w.ater flows that can
cause scour. So, not only culverts or discharge sluices, but a1so closure dams of estuaries can be
involved. Questions arise about the limits of the apron, the verticaI cross-section and the transitions.

The ~ of a bed proteetion is determined by
hydraulic and geotechnical conditions. The
depth of a possible scour hole can be calculated
with the techniques mentioned in chapter 6.
Also a rough idea of the slope of this hole can
be obtained. Since the length of the proteetion
has to be known before calculating or
investigating the scour, this is a process of Flgure 12.29 Length of bed proteetion
iteration. Once the scour hole and its
development in time is known, the stability has to be checked. This should be done with a method
like Bishop's as presented in paragraph 11.3. As a rough indication it can be said that scour holes not
deeper than 5m give Iittle sorrow. A slope with a steepest part of 1:2 over 5 m height is dangerous,
the same can be said of a slope with an average of 1:4 over 10 m height. Exceeding these values can
induce the erosion process as described in paragraph 7.4. Taking the values mentioned in that
paragraph, the bottom proteetion should have a length of 6 times the predicted scour depth in case
of densily packed soil and 15 times in case of loosely packed soil (normal slide or flow slide), see
Figure 12.29. It is assumed that the proteetion remains largely intact after sliding, otherwise the
process will be progressive and the situation is much more dangerous. Of course these are rough
indications and for important structures a thorough geotechnical survey should be done.

The width of the proteetion is mainly govemed
by the geometry of the water in which the
structure discharges, e.g. the banks of the
channel. In cases where there is complete
freeedom for the flow to find its way, the rules
for jets as given in paragraph 2.5 can help to
determine the shape. Figure 12.30 shows the
situation of an outflow in a widebody of water.

L

Figure 12.30 Plan of bed proteetion

The top layer is determined by the flow or wave attack for which chapter 9 or 10 gives the way to
calculate. For a large bottom proteetion it can be economie to vary the top layer with the load.
Downstream from a structure the flow is less; the samejet relations as mentioned for the width can
serve as an indication for the flow attack. For a smalI proteetion it can be the opposite; use of
different top layer material can cost more than it saves. Filter layers can be necessary when there is
a considerable gradient at the interfaceof the proteetion and the subsoil. Usually this is only the case
very near the structure where there is possibly a gradient in the groundwater due to the head
difference along the construction. For the need of a filter see chapter 11.
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The most important transition is the edge of the bed proteetion at the scour hole. Jt is often the most
vulnerable and at the same time the most crucial part for the stability of the bed proteetion and the
structure as a whoie. Here the scour starts, the slope of the scour hole is steepest and any instability
starts here. To keep the situation at the edge manageable, is one ofthe primary tasks in designingand
maintaining a bed protection.

When scour gets too deep and steep to 80TTOM

prevent sliding, special measures can
be taken at the edge, see SCOUR HOlE

Figure 12.31. The slope of the scour
hole can be covered with material to
prevent further steepening; this could
even be done before the structure is
used, especially when the bed
proteetion is constructed in a dry pit. Figure 12.31 Extra measures at edge of bed p~otection
Also the (loose) sand at the edge can
be compactedto prevent tlow-slides.

With regard to the stability of the edge of a
bottomprotection, in a tidal area where the tlow
changes direction, the tlow situation is less
favourable than in the middle. The same is true
for an overlap which is also a kind of edge.
Due to the curved streamlines above the edge,
there will be a relatively low pressure at the
upper side. In the case of a mattress or some
mat with blocks, the result can be the Iifting of
the edge,making the difference in pressure even
greater (part of the proteetion stands as a
verticaI wall in the stream, giving a
considerabiedrag). When writing the stability in
an Izbash-typeof formula, the following values
for (3 have been found:
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Figure 12.32 Flow situation at edges

Type of protection ucN'(.:1gd)overlap uj'/ (.:1gd)edge scour hole

Permeabie 2 1.4
Impermeabie 1.4 1.1

The reversed tlow in a scour hole is the most unfavourablesituation,whilewith a permeablemattress,
(like the gabion type) at an overlap, the {3-valueis even higher than the Izbash value for a stone on
a bed (= 1.7, see paragraph 9.1). To prevent uplifting, bed protectionsoften have a heavybeam, see
Figure 12.32, which has a1soa function in the positioningof the mat (the sinking). Moreover, it can
have a favourable intluence on the stability of the proteetion when there is a small slide at the edge;
the beam can limit the slide by its weight together with the textile of the protection.

Finally, the transition from the proteetion to the (concrete) structure is not to be neglected. A joint
is a1mostinevitabie. Provisions can be made, either in the buildingpit or with prefab connections.
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"Bridge piers" stands for any obstruction in a
flow or waves. When scour is unwanted or too
deep, a protective apron is applied. It sbould
stretcb about 3-4 times the diameter around the
pier, see Figure 12.33. It is advised to include
some filter; usually a geotextile under a rip-rap
layer is sufficient.
It is stressed that morpbological cbanges
influence the wbole picture. Wben the seasonal
variation of the bed level is known, it is advised
to construct the apron at the lowest level. If not,
the apron with the scour at all sides, will act as
a bridge pier wbicb is mucb wider, leading to
mucb more eros ion and probable damage to the
pier. In a very dynamicmorpbologicalsituation,
an extensive proteetion is needed and one can
question if there is no better place for the bridge
to be found.

oscillating.......---
flow / 3D

/
(

Lewest bed level

Figure 12.33 Apron around bridge pier

"Seawalls" stands for al types of constructions wbicb are attacked by and reflect waves: dikes,
breakwaters, (partly) protected dunes etc. In front of these constructions, an apron against scour is
usually needed. The lengthcan be about 3/8 of the significantwave length, covering the node at L/4,
see paragrapb 7.1

Sometimes the toe of a dune is protected,
but actually, this is a somewbat
scbizopbrenic concept. Protecting a part
will gradually lead to extensive
protections. One sbould either choosefor
a dune (with occasional nourishment)or
a revetment. If a dune is not completely
trusted because the profile is minimal, a
so-called hidden proteetion can be a
solution. This is a last defence-linewhicb
is only active in very severe
circumstances, see Figure 12.34.

.15 à .2Om

Figure 12.34 Hidden toe proteetion
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13

GENERAL

Feasibility is an important factor in designing
protections, so, after having an idea of how a
proteetion looks like, it is useful to see how it is
constructed and how it can be maintained.
Construction and maintenance are not
independent, see Figure 13.1. Low construction
costs can lead to high maintenance costs and
vice versa. An optimum has to be found. This
is not necessarily governed by the economics of
Figure 13.1. In the case of a sea defence, yearly
necessary maintenance or at least inspeetion.
can be preferabie to a construction which
ostensibly does not need attention for 20 years.
In the second case unexpected things will only
be discovered when it is too late.

COSTS

I CONSTRUCTION

STRENGTH

Flgure 13.1 Optimum costs construction and
maintenance

Even in our super-specialized society, it is necessary for a designer to have some idea of construction
and maintenance practice, because they influence and sometimes dominate the design of a
construction. Some examples:
Availibility of material, equipment and personnel: when there is no quarry which can deliver stones
of 2 tons or no equipment to handle it, it has no use to prescribe these in a design. The same goes
for some types of placed block revetments that require trained personnel.
Feasibility: a placed block revetment needs at least some manual labour which cannot be done under
water. This means that such arevetment cannot prolong below, say 0.5 m above Low Water level.
Quality: a filter construction in deep water has to be constructed from a floating plant. It is not
possible to make thin layers accurately in deep water. So, a filter construction of loose grains in thin
layers should not be applied in that case.

All engineers deal with construction practice, but hydraulic engineers, like farmers and fishermen,
heavily depend on nature. Working in moving water and in changing weather conditions make things
more complicated. In tidal waters, the work is dominated by the rhythm of the tides, particularly in
the zone between HW and LW. Waterbome operations are sensitive for wave conditions influencing
productivity, construction method or even design. Some parts are loaded during construction or repair
in a completely different way than in the fmal stage: a filter layer will be unprotected for some time,
being vulnerable for wave attack or high velocity during springtide.
All this makes it necessary to have statistical data on the conditions at the construction site.
Frequencies of waterlevels, currents, waves and wind should be available or estimated before starting.
During construction or maintenance, a good weather forecast is indispensabie. Some activities are
rather not planned during the relatively rough season. In the Netherlands, for example, execution of
works in sea defences is forbidden by law between october and april.
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Quality assurance is quite common for industrial activities, like the construction of cars, but not
widespread in hydraulic engineering. This is sometimes explained by what was said above about
farmers and fishermen and the variety of conditions. But one can also say that working under these
varying and sometimes difficult conditions, require some quality control all the more. A better
explanation is probably that the customer, in contrast with the car factory, was always present when
his job was done. Proteetion of banks and shores are usually a public affair and the work is done for
some authority who had his personnel at the site all the time. Moreover , the type of work was rather
traditional and quality assurance was incorporated implicitly in the craftsmanship of the personnel.
Two factors are changing, increasing the necessity of a quality assurance system. First, traditional
methods and manuallabour are replaced by new mechanical methods for which much less experience
is available. Secondly, there is a shift in the relation between elient and contractor. More and more
"turn-key" or "design and build" contracts or whatever name they have, are coming up worldwide.
In those cases, the contractor has more
responsibility for the quality of the product.
Since it is impossible to rely only on a check of
the final product (which is usually under water
and covered with a lot of material), a good
quality control system for the whole process is
essential. Figure 13.2 showsa simplifiedpicture
of the various costs that are involved in quality
control. Vertical is a measure for the percentage
of the quality costs compared to the products
total costs. Horizontal is a measure for the
quality, where the right limit stands for
"perfect". Prevention costs are spend to
improve the quality control while failure costs Figure 13.2 Quality costs
are spend to repair what went wrong (either
after or before completion).

PREVENTIONCOSTS

%OF
TOTAL
COSTS

- QUAUTY "PERFECT'

Quality control is a feed-back loop in a process,
where measuring, comparing with pre-set
standards and correction are basic elements, see
Figure 13.3. The whole process, including
registration and evaluation is the quality system.
This should not only be done for the
construction or maintenance, but also for the
design and the purchase of materials, all
determining the quality of the product. Figure 13.3 Quality controlloop

As an example we take a placedblock revetment. In chapter 10 we have seen that these revetments
are potentially superior to a rip-rap constructionbut that it is not advisableto rely on the limits of this
superiority in a preliminary design. This has to do with the uncertainties in the construction. A good
pinch between the blocks can increasethe strength considerably, but this does not come automatically.
Usually a contract does not demand a certain degree of pinching, but only says that the blocks have
to be washed-in with some prescribed granular material. But the toe and the transition at the upper
limit of the revetment, also determine the pinching. So, only when the quality control covers the
whole range from design to executionand when there is a clear translation from the design purposes
to the construction process, an increase in quality can be proved.
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CONSTRUCT/ON

One would possibly expect a division in the coostruction of bed, bank and shore protections. But
many of the activities in the coostruction of these proteetion types are much alike. Here a division
will be made in activities above and under the waterlevel. In the tidal zone this difference cao also
lead to confusion, therefore a more precise division is between land based and waterbome operatioos.
For many activities the choice is clear: blocks on a dike are not placed from a ship and for a bottom
proteetion in the middle of a channel, a truck is of little use. For waterbome activities at least a few
meters of waterdepth are necessary, while for land based activities the limits are dominated by the
accessibility and the working range of the equipment. 10e availability of land equipment is more
widespread in the world than floating plants, which cao determine the choice. Another factor can be
the fact that the material which is used is already in a truck or in a barge, thus avoiding extra
handling. When both are possible, other advantages and disadvantages have to be compared, see also
CUR/CIRIA,1991. 10e logistics for waterbome equipment cao be easier when the coostruction site
is only accessible via a narrow road on acrest. This also makes it easier to work on more than one
front from the water. On the other hand, landbased activities are less vulnerable for waves. Often both
methods are combined to work supplementary. Since these lectures are devoted completely to the
interface of land and water. this seems logic and one would expect all kinds of amphibian devices,
but their use is very limited.

~
-;!~_.,A~';·.·-f~~'
Side-unioading bIrge

Figure 13.4 Self-unloading barges

There are many ways to get stones from a barge to the bottom. Figure 13.4 gives some possibilities,
where the side-unloading barge has the best controlled process. Loading capacities of barges range
from 500 to 4000 toos. 10e result of the dumping depends on many factors; some of them will be
discussed here shortly. For accurate dumping of material. a good positioning system for the barge is
essential. This is done either by anchors, usually 6, or by dynamic positioning using a computerised
thruster propulsion system. Given the position of the barge, the rest depends on the behaviour of the
stones in the water in which the fall velocity plays an important role. 10e equilibrium velocity of a
stone falling in water is: Ws =v'(4/3g.6.d), which velocity is reached almost immediately. To get an
idea of the impact of a stone on the bottom, it cao be compared with the impact in air when falling
from a height equal to its own diameter (v = v'2gh). 10e given fall velocity is valid for a single
stone. Stones dumped from a split-barge fall as a cloud having a two or three times greater fall
velocity than a single stone.

10e accuracy of the thickness of a layer under water cao be dl2 with a minimum of about 0.2 m
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Stones dumped from a barge do not all go to
the position where you want to have them
(compare trying to aim a coin in a bucket of
water). This is something to reekon with
when designing agranular proteetion under
water. The displacement consists of a
convective and a diffusive part, see
Figure 13.5. The convective part again
consists of the displacement due to the
momentum of a stone being pushed away or
rolling from a heap and a displacementdue
to currents. The displacement due to
currrent cao be calculated with:

(13.1)

flow cIrectIon-
Figure 13.5 Displacementof dumped stones

The displacement due to the momentumonly occurs for side-unloadingbarges and is limited to lm
for moderate depths (10-2Om)with a maximumof about 2m for greater depths, see RWS,1991. The
diffusive displacement is causedby the eddies aroundthe stones and the collisionsbetween the stones,
which results in a random process. For side-unloadingbarges, which sprinkle more than dump, the
spreading has been investigated for the Eastern Scheldt storm surge barrrier. It appeared that it was
almost independent of the stone diameter and the discharge process, while the shape had some
influence. The waterdepth is the most important factor, which is logic for a diffusive process.
Figure 13.6 gives the result:
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Figure 13.6 Spreading as function of waterdepth and shape

The spreading in the direction ofthe barges length appeared to be rather independentof anything and
was about 2m at each side. When dumping from a split barge, the result is a flat and not very weil
predictable heap. It should be noted that dumping or sprinkling on a slope will of course lead to
additional displacements; the same goes for stones being not stabie in the occurring flow velocity.
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Small particles have a smaller fall velocity than
large ones. The consequence can be that, with
side-unloading barges, the finer parts of a
graded material will lie on top of the layer,
which can be unfavourable for flow stability and
filter action. In a cross flow there will be also a
difference in tanë, hence in the place where the
various stones end, see Figure 13.7. To reduce
segregation, the material should be not too
graded: dgJdlo < 5 to 10.

When stones are dumped at once from a split­
barge, the result can be a hole instead of a
heap, due to the impact of the mass having a
fall velocity two or three times the value for the
individual stones. The result is somewhat like
the scour by a vertical jet, see
BreuserslRaudkivi,1991. No reliable relations
with mass or waterdepth can be given. It can
only be repeated what has been said before, that
with a side-unloading barge, the dumping
process can better be controlled.

In cases where both methods are not
accurate enough, a fall-pipevesselcan
help. The pipe guides the stones till
just above the bottom, see
Figure 13.9. This is done e.g. when
applied for a proteetion of a pipeline
in deep water or in other cases where
a high accuracy is wanted. The figure
gives a good picture of all three
methods with their characteristics. It
will be clear that split-barges are only
useful for dumping large quantitiesof
the same material when accuracy is
not the hottest item. This can be the
case for the core of a dam or a large
foundation layer.

"'~Figure 13.7 Segregation in flow

Figure 13.8 Crater
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It can be remarked finally, that small
quantities of large stones and a high
accuracy required, can be placedwith Figure 13.9 Dumping in deep water
a crane on a pontoon.
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Here the focus will be on the various
types of mattresses and geotextiles, used
in bed and bank protection. Traditionally,
these are produced on a slope between
LW and HW. The mattress cao be longer
than the site when the completed part is
towed into the water while still working
on another part, see Figure 13.10. They
can also be produced in a special factory
and rolled around a floating cylinder.

From the construction site it is
transported to the place where it is
needed, either floating by itself or with
the help of a pontoon or the mentioned
cylinder, see Figure 13.11.

The sinking is usually done with the help
of pontoons and a stone dumper, see
Figure 13.12. The dumper starts at the
upstream end and warps in the direction
of the current covering the whole
mattress with stones.

In the case of a prefabricated mat, the
ballasting is already on the mat and the
dumping of stones is not necessary. It
can be sunk by unrolling the cylinder in
the direction of the current, see
Figure 13.13. In the Eastem Scheldt
lengths of 275 m were applied with this
method.

When a mattress is used as a bank
proteetion in a tidal area, it cao be
floated to its location duringHW. Now it
has to be anchored at the top which cao
be done by dumping stones, see
Figure 13.14, or by using "real" anchors
like piles.

Figure 13.10 Construction site
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Figure 13.11 Transportation of mattress
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Figure 13.12 Sinkingof mattress
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Figure 13.13 Sinkingof prefabricated mat

Flgure 13.14 Anchoring top of bank proteetion
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Land based equipment for hydraulic engineering is much the same as used in ether construction
branches: dump trucks, eranes (sometimes adapted to lift big stones or geotextiles) and bulldozers.
Therefore they are more easy to obtain in areas where hydraulic engineering is no common practice.
Material is transported from the quarry to the working site with dump trucks. At the site they are
placed into position with eranes or bulldozers, see Figure 13.15 with additional hand barring.

Note
lvmr:J4I can be c1Imped
clole to flNllOCation

Flgure 13.15 Placing armour stones

The distance on the slopethat can be reached by
a crane is dependent on the weight that has to
be placed, see Figure 13.16. Outside the
possible range, floating equipment has to be
used. Although placed blocks were treated in
chapter 10 as a coherent material, they are
placed very much the same way as loose
material. With one big difference though, the
placing is often still done by hand, since that
determines the quality of the revetment.

For a rockfill dam, the stones could go directly
from the truck into the dam, see Figure 13.17.
But it is clear that this cao only be done for a
homogeneous body of stones and not for a
build-up of filter layers.

~
II=tI

Flgure 13.17 Direct dumping from truck

I
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Flgure 13.16 Lifting capacity of typical crane
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Here again the various types of mats are the most important constructions. In geotextiles there is the
division between prefabricated and on-the-site constructions. The latter are used in a filter construction
which is placed later. Prefabricated mats can have concrete blocks attached to it, mostly with plastic
pins, or some mixture of asphalt and stones.

Plain filter cloth is usually carried to the
site and rolled down, see Figure 13.18.
The seams between the various rolls can
be sewn or just covered with stones. In
the latter case, the overlap should have a
length of at least:

3
L>lOVd/ps (13.2)

Figure 13.18 Rolling out geotextile

The cloth has to be anchored on top or be filled from below to prevent sliding, see Figure 13.19:
Membraneend SlOpe
dlaturbed by 'aylng
Iton .. at the top

Membran, dlsturbed
byw.i.,

Flgure 13.19 Sliding down of cloth

When a prefabricated mat is placed, a
special frame is needed in order to
prevent intolerable deformation, see
Figure 13.20. Usually, the dominant
loading situation for the mat strength is
the phase of placing!

Slope la nol dlsturbed
sine••• ch stone ia
supportld by loweron,

Figure 13.20 Frame for mat transportation

No need to say that slopes should be smooth and clean to prevent damage of the mat and to avoid
holes under the geotextile.
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It is impossible to give costs for all construction types in all circumstances. Only some oomparisons
will be given here.

For the situation in Figure 13.21, the
costs have been calculated for four
construction types:
1 - Classical placed stones on the slope
with classical fascine mattresses at the toe
2 - Placed concrete blocks on the slope
and fascine mattresses with geotextile at
the toe
3 - Filter construction with gravel and
rock layers
4 - Prefabricated mats

Figure 13.21 Cross-section for oomparison costs

In Figure 13.22 the result is given (in guilders
of 1975 per m bank) for the four constructions
divided into material, equipment and labour. It
appears that the classical type is the most
expensive due to labour and material oosts.
To make 30 m of these banks per day, the fust
type needs 40 people, the second 20 and the
other two 4. For allconstruction types, the
material costs (including transport) make about
75% of the total costs. For large scale projects,
prefabrication will appear to be the most
economie, since the production is the most
industrial. The final choice often depends on
other factors like the boundary conditions to be
expected, availability of labour etc.
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Figure 13.22 Cost comparison
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MAINTENANCE

Maintenance comprises all activities to be carried out (on a periodic basis) after construction, to
ensure that a structure can fulfil its functions. Inspeetion and repair play an important role in this
process, which we will discuss in the coming paragraphs. But fitst we will dweil for a while with the
words "fulfil its functions ". Of course this includes the functions from the viewpoint of hydraulic
engineering like protecting against flooding or prevent the sliding of a bank in a navigation channel.
There are however hardly or no hydraulic structures which have only technical functions. The
interface of land and water is a public domain and more than the playground of technicians. In all
cases the interface has a function in the ecosystem while in populated areas it is used for recreation,
farming etc. More and more, hydraulic engineers are not only responsibie for the technical
functioning of the structure they manage and/or design, but also for a proper integration in all its
social and public functions. It is the task of the hydraulic engineer to incorporate the maintenance
strategy into an overall management plan. Such a plan serves as a basis for decisions to be made by
the responsibIe authorities. It can be a very simple plan when it concerns the bank of a canal or a
comprehensive policy analysis for a coastal zone. It should contain:
- description of all relevant functions like e.g.:

- flood defence
- traffic (roads, railroads, shipping)
- habitats for animals and plants
- recreation (landbased like bathing or waterbased like boating)
- land use for agriculture, living, industry etc.

- description of possible conflicting functions and possible developments
- decription of possible choices and consequences
- costs

One could ask what this has to do with hydraulic engineering. Although it is sometimes advocated
that polities and technies should be separated as much as possible, this cannot be maintained in the
society of today, because of the above mentioned public functions of the interface. This does not
minimize the role of a hydraulic engineer, but its character changes. It is not longer enough to
perform the management of banks and shores on a purely technical basis. Proper maintenance costs
a lot of money and this money has to come from taxpayers who know that well-functioning waterways
and sea defences are important, but who have also many other wishes like hospitals, education or just
lower taxes. Since the responsibIe politicians are elected by these taxpayers, money for maintenance
does not come as automatically as engineers think or want. Maintenance is never high priority for
politicians. "I don't get reelected by painting a bridge every year" one of them once said. This means
that expenses for maintenance have to compete with other public expenses and they should be
reasoned and well-founded. The role of the hydraulic engineer is therefore crucial: he/she should
present all possible conflicts and solutions and indicate the consequences when funds are cut. A
politician will also understand that his reeleetion is in danger when the bridge collapses. It is the task
of the hydraulic engineer to indicate when that will happen. This is the subject of the next paragraphs.
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The strength of a construction decreases in time
(we neglect the increase in strength of e.g. a
newly built concrete structure within the fust
few weeks) because of ageing and wear and
tear. The loading usually tluctuates. So, also for
a weIl designed construction there comes a day,
when the strength is smaller than the loading
and its life ends, see Figure 13.23. Maintenance LEE
has everything to do with the relation between
ageing, strength and loads. There are several
thinkable maintenancepolicies, e.g. preventive Flgure 13.23 Life of a construction
and corrective. The choice depends mainly on
the risk that goes with failure of a construction
(risk being defined as chance times the consequence of occurrence). Note: in this theoretica!
introduetionwe talk about constructions, not indicatingwhat ismeant; it is possible of course to make
a distinction between various parts of a construction for which the approach can be completely
different: the engines in a loek should be treated in another way than the concrete walis.

An important issue in this theoretical approach
of maintenance is cost minimization(we assume
here that the optimization as sketched in
Figure 13.1 has already been done; here the
question is how to optimize the maintenance
itselt). Figure 13.24 shows the idea behind it.
The maintenance costs decrease and the risk
increases when the maintenance interval
increases (all costs compared on a cash base at
a certain moment). The curve in Figure 13.24
is probably representative for many hydraulic
structures: very frequent maintenance is
expensive, while the curve at the right hand side
is rather tlat. Hence, a somewhatlonger interval Figure 13.24 Maintenance costs as function of
does not immediatelylead to muchhigher costs. maintenanceinterval
In all cases it is very hard to determine the
optimum accurately, but in a case that the curve
has indeed a shape like the one in Figure 13.24, a somewhattoo large interval does not lead to extra
costs. And that is what our politicianprobably intuitivelyknewwhen he expressed his feelings about
bridge-painting. (Note: the maintenance interval is not the inspeetion interval; that will be much
shorter). In fact the picture is more complicated than in Figure 13.24. The decreasing maintenance
costs can increase again when the bridge is not paintedfor 10 years and many extra work has to be
done to remove the rust. With all this in mind, we return to the preventive and correctivemaintenance
policies.
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A light bulb in a living room is replaced only after failure. With many other lights in the same room,
the risk at failure is zero and this approach of maintenance is the cheapest since the Iife of the bulb
is completely used. Lamps above an operation table however, will be replaced preventively since the
risk offailure is usually too high. Preventive maintenance cao be done at regular intervals, depending
on the loading history or depending on the condition of the construction.
The light above the operating table will probably be replaced in a regular schedule, based on the Iife­
expectance. Safety beIts in a car are replaced after having been loaded in a crash (load dependent
maintenance). These kinds of preventive maintenance are possible when the process of ageing is weIl
described. In hydraulic engineering we are still far from that and preventive maintenance is mainly
done based on the condition of the construction. .

That means that inspection, to determine the
condition, plays an important role in the
maintenance. The comparison of the findings of
the inspeetion and repair , if necessary, are other
elements in this preventive maintenance
approach. The process shows agreat similarity
to the feed-back loop in quality asssurance,
compare Figure 13.25 with Figure 13.3.

Figure 13.26 shows the theoretical
strength curve for a construction (or part
of it) and three Iimits, see van Hijumlde
Quelery,I991:
Warning limit: a more intensive or more
frequent inspeetion is needed
Action limit: start of preparation of
repair works
Failure limit: the structure is not
considered safe anymore, repair works
should be done before this limit is
reached
The margin between the action limit and
the failure limit will depend on the
inspeetion frequency and the mobilisation
time for repair works.

REPAIR

MANAGEMENT

Figure 13.25 Inspeetion and repair in maintenance
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Figure 13.26 Preventive condition-based maintenance
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Many energy has been put, with varying success, in rationalizing the maintenance of hydraulic
structures, based on the theoretical concepts as described in the previous paragraph, see also
RONIS,I990 or Kuijper,I992. Up to now, the prediction ofthe strength reduction, ageing or damage
function as presented in Figure 13.23 and Figure 13.26 is not feasible. That means that inspeetion
becomes all the more important. The following table gives an example of practical instructions for
the inspeetion and repair of a placed block revetment to be given to the personnel being charged with
the every day inspeetion of a revetment.

DAMAGE REPAIR REMARKS

One block removed Repair before stormy season

More blocks removed Immediate repair Top layer is too weak

Settled blocks Replace when settlement is Probably filterconstruction is
more than 10 cm; find cause not okay

Pinching material between Fill when fissure is empty Is toe still functioning or do
blocks washed away over more than 10 cm blocks have too large fissures

Loose block at transition Penetrate or add pinching Same as above
material

Water remains in fissures Hardly any repair possible Check permeability in design

In fact, the Dutch Rijkswaterstaat has, for the time being, left the track of predicting the strength
reduction and has gone back to a very empirical extrapolation of damage description based on
inspection. The approach is now:
- multi-functional: description of all functions, see paragraph 13.3.1
- making an inventory of all banks, shores and bed protections, since an adequate description is often
not present (in the Netherlands: 3000 km protected banks and shore, 4000 groynes). This inventory
is made for segments of about 1 km
- per segment, a description is given of:

- bank type
- parts (toe, berm etc.)
- state (good, moderate, bad
- expected development

- compare risk with public interest, particularly consequences of failure

It is repeated here what was said in paragraph 13.3.1: the hydraulic engineer should carefully indicate
how the situation is and what will happen if there comes no more money or when the budget is cut.
The technical point of view is very important in the reports about the condition, but not beatific. The
failure of a river bank as such is no problem when no public interests are threatened. On the other
hand, without proper technical knowiedge, it is impossible to perform this task.
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good ~ moderate bad

groynes

Figure 13.27 Overall picture maintenancebanks and groynes Dutch waterways 1987

Figure 13.27 is a presentation of a rough inventory of the conditionof all national waterways in the
Netherlands, executed in 1987, see RWS,1987. A simple presentation in a graphic form and some
financial numbers together with Figure 13.28 was enough to prevent further cutting of the budget.

present situation

catching up
deficient expences
(.....)

average expences
average expences after catching
operation

f

5 years 10years
1 jan. 1987

Figure 13.28 Graphical presentation of financial situation maintenanceDutch waterways
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14

The last cbapter of these lecture
notes is devoted to design. This is
done because design is seen as the
culmination of all aspects of
protections and the designer bas to
cover them all: the theoretical
basis and the construction and
maintenance practice. At least be
sbould be able to communicate
with people wbo do the more
theoretical or more practical work.
Moreover, the designer bas to
translate public needs into
structures. In fact, the designer is
an interpreter between society,
technical theory and practice and
be sbould speak all the matcbing
languages.
Figure 14.1 gives an idea of the
position of the designer in the
society as a wbole and in the field
of bydraulic engineering.

social
influences

Figure 14.1 Position designer in society and bydraulic
engineering

DESIGN PROCESS

The design process cao be described in many ways, the variety being an indication that there is no
cbrystalized recipe. Probably there never will be one single recipe, because situations, problems,
possibilities and materials are different at different locationsand evolve in time.
1t will be attempted therefore to describe the basis of the design process, wbicb is more or less
generally applicable and less sensitive to time and fashion. A disadvantageof this approach could be
the rather abstract way of description.
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Figure 14.2 Design process in time and surroundings

The design process can possibly best be described in two dimensions: time and influencing factors,
see Figure 14.2. The time dimension(the various phases ofthe design)will be discussed in paragraph
14.1.3 and the surroundings (the influencingfactors) in paragraph 14.1.2. During the design process,
the relative importance of the influencing factors will vary, so the course of the process in
Figure 14.2 will certainly not be a straight line but will be pushed and pulled by forces in society.

Design of an interface-proteetion is usually part of a more comprehensiveconstruction Iike a dam,
a canal or an outlet-sluice, This again can be part of a larger plan: the development of an irrigation
project, a town renewal etc. These larger frameworks will certainly influencethe choices to be made
in the design process.

With many factors involved, the design process has an iterative nature, which can even go on after
construction. This may seem strange, since only one altemative will be actually executed, but the
experiences gathered from a constructioncan be a guideline for future designs or other parts of the
same project e.g. the revetment of a long dike which is constructedover a long period. In fact, this
forms the basis of many hydraulic engineeringpractice, where experience plays an important role.
Science made its entrance in this field only the last few decades and experiencewill remain crucial.
The Deltaworks in the Netherlandswere designedwith the best availableresearch techniques, but the
planning was such that the experiencegathered with one dam, could be used in the next, going from
smalIto large. .
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Figure 14.3 Design intluencing factors

The main factors are, see Figure 14.3:

Functional reguirements

These are the reasons why the structure is made e.g. tlood defence or shipping guidancebut possibly
also other social functions which have to be taken into account, like road traftic along a canal or
recreation on a shore. All these functions can already be mutual conflicting and compromises have
to be made or various designs are made meeting the demands to a different degree, between which
later has to be chosen, see paragraph 14.2.

Environmental Impact

An Environmental Impact Asessment(EIA) is now commonpractice for major hydraulic engineering
projects. The various environmental impacts for all altematives are described and comparedwith the
zero-option (doing nothing or some inevitabie variant on which everybody should agree that it is
inevitabIe; if not, this is again part of the discussion) and possibly a most favourable option from an
environmentalpoint of view. An EIA can also comprise factors like liveability in a region, for more
information, see annex B.
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Boundary conditions

These include waterlevels, currents, wave conditions, sediment characteristics, soil shear stress,
cohesion etc. Usually there is not very much to choose here and the data are just collected by
surveying.

Construction

As already stated in the previous chapter, the construction can have a large influence on the design.
The availibility of materials, equipment and (skilled) personnel can be of crucial importance. For
large scale projects it is not unusual to design special equipment for the construction. In that case it
can open the way to other options in the design. Construction time can also play a role, either in
relation to boundary conditions(e.g. stormy season) or to the need of the project being executed.

Operation and maintenance

Here the same holds as for construction. Already in the design, the possibilities for maintenance
should be taken into account. Factors like the accessibilityof the structure for inspeetion and repair,
the repairability and the maintenancecosts should be considered.

This factor needs no clarification.

Although all options will be designed with a same risk in the final stage, there can be differences.
This can be because of unknownlong-termbehaviourof some newmaterial or construction type. For
the constructionperiod there canbe differences in risks, either resulting in delay, accidents or damage
due to temporary lack of protection.

Not all factors will have the same importance; sometimesother factors are important as weil. Their
relative importance varies during the design process. In the conceptual phase, the functional
requirements and the boundary conditions will probably be dominant above the possibilities of
maintenance, which gets more important in the details of the structural phase. Neglecting however
any one of them in any stage of the design process, will lead to extra iterations or worse, to an
unsatisfying product. At least in every phase of the design process the designer should ask himself
the question for every relevant factor: how does this influence my design and if I neglect it now or
make an assumption, can I solve possible problems in the next phase?
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Figure 14.4 Steps in the design process

Figure 14.4 shows the most important steps in the design process:

Problem identification

An essential step is the problem identification, because it happens that different people working on
the same project, have a different idea about the problem they are working at. Or the designingteam
as a whole has a different idea than the responsibie authorities or the community. The most tragic
mistake a designer cao make is coming with the right answer to the wrong question.

Project reguirements

The fust step to the solution of the identified problem is to formulate the requirements. There is
always the danger to jump into existing solutions, based on experience, while the problem may
possibly ask for completelydifferent solutions. This may show that experience is not only essential,
but cao also be a handicap!In fact the designer shouldhave some "meta-experience" which tells him
that he should not only use his "historical" experience.

Conceptual desim

Again an essential step. With the project requirementsand some basic boundary conditions, different
alternatives are generated. Brainstorm sessions can be useful and alternatives should not be rejected
too soon. Here the designer combines phantasy and experience, looking for opportunities and
favourable solutions, fit for local circumstances.

Preliminarv desim

With some variants from the conceptual phase, the design is elaborated further before a final choice
is made. In this phase designs are detailed to a degree that a comparison cao be made in costs,
feasibility and functionality.
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Detailed desien

The chosen alternative is detailed to a level that specifications cao be made for contracts. The total
concept should not change anymore in this stage, but construction details still cao undergo major
alterations.

Construdion

The final building stage. Although formally not part of the designprocess, there is still a role for the
designer. Alterationsmade during the constructionperiod (whichare not unusual in large and difficult
projects) should be done with knowledgeof the design background.

Figure 14.5 gives a picture of the relation
between knowledge and the number of
alternatives during the design process. From
many alternatives to one with increasingdetail
of knowiedge. Every step in the process should
be finished with a clear and weUdocumented
decision, particularly when the project requires
a long time and many people. Figure 14.5Number of alternativesvs. knowledge

Another important factor in the process of convergence to a final choice is the equivalenceof detail
with which variants are investigated.When a choice is made to go on with one or more alternatives
and to skip others, it sometimes happens that the favourite alternative is the one that is least
investigated. All the others showed one or more disadvantages in the investigations, while the
disadvantages of the favourite will come up in the next phase. From this it will be also clear that
iteration is usually inevitable in the design process.
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CONCEPTUAL DESIGN

As said before, here phantasy and experienee are both important. Brainstorming is an appropriate way
to generate alternatives, because phantasy and experience are seldom both well-developed within one
person. It is important to conduct the brainstorm in sueh a way that premature killing of alternatives
is prevented. "Postpone judgment" is the keyword in this phase of the proeess. Only after the
generation proeess has dried up, the ehaff and wheat are separated. A elear distinction between
generation and sorting, with some time in between, is necessary because they differ essentially in
nature and both have a different function.
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Figure 14.6 CoastaI structure application (vd Weide, 1989)

Phantasy is more diffieult to leam than experienee. The first is less important in situations whieh lie
within the range of earlier applications. Figure 14.6 gives an example of applicability of bank and
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shore proteetion as a function of waterdepth and wave height. The various vertical face solutions are
mainly govemed by the waterdepth, while slopes can be applied in almost any waterdepth, with the
type of revetment being a function of the wave height.

Important in the first selection of generated alternatives are calculations with the formulae given in
these lecture notes or elsewhere in the literature. As said in the introduction, a sheet of white paper
and a pencil are indispensabie tools for a hydraulic engineer. This statement is specially valid for the
conceptual phase. The same can be said of a pocket calculator for the fust dimensioning and selection.
Velocities leading to stones on a bottom proteetion of 50 tons are an indication that stones are not the
right concept in this case and that a concrete plate might be more appropriate. Of course, nowadays
a computer plays an important role also in the conceptual phase, but the above mentioned tools remain
the core of a hydraulic engineers first-aid kit.

The conceptual phase is concluded with the choice of 2 or 3 promising alternatives. The choice can
be made in various ways, but the most convenient is the Multi Criteria Analysis (MCA). Although
there are advanced techniques to perform an MCA, in this stage of the process it can be done
relatively simpie. A matrix is filled with the alternatives in one direction and the influence factors in
the other.

The matrix can be filled in various ways:
- per criterion a sequence is determined between the alternatives, the more favourable for the criterion
the higher the number. So, each alternative gets a different number from 1 to N, N being the total
numbers of alternatives.
- each alternative gets a number between 1 and 10, like in the example above. So, alternatives can
have the same number.
- each alternative gets + or - per criterion

Not all criteria are equally important. This cao be expressed by giving each criterion a weight factor.
This could be done in a team or, when public interest is at stake with a choice, with the responsibie
authorities. A somewhat more objective way is to place all criteria in both directions of a matrix and
to compare them in pairs. More important gets 2, equally important 1 and less important O. Adding
all numbers gives the weight factor.

Some people pretend to make "objective" choices this way. There is however always subjectivity in
the choice of weighting factors, or even already in the choice of the criteria. The advantage of this
way of choosing is not in the objectivity, but in the visibility of how the choice is made. Even then
manipulation is not completely prevented. In political important decisions, the quality of the choice
is determined by the quality ofthe process and transparency is an important factor in that quality.

It will be clear that the same kind of choice has to be made at the end of the preliminary design
phase. It depends on the importanee of the problem when and whether the choice is lifted to a public
level. Usually for important projects the conceptual choice is made by technicians and the final choice
is made by politicians. But when outsiders come with a solution that was rejected or forgotten in the
conceptual phase, it is thinkable that it should be included in the next phase.
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STRUCTURAL DESIGN

Structural design comes after the conceptual phase and consists of the preliminaty and the detailed
design. The same factors, see paragraph 14.1.2, influence the design but the elaboration goes more
into detail. Instead of simple calculations, computermodelsor scale models are used to obtain more
insight in the behaviour of the structure, the boundary conditions and the strength. New altematives
may come up, but they are variations on the options from the conceptualphase. More detail is added
in the design and the chosen construction will be optimized to achieve minimal costs, construction
time or any other factor that dominates the design.

Failure is the exceedance of a limit state
which occurs when the loading exceeds
the strength. The limit state is a Joading
condition defined in relation to the
functional requirements of the structure,
(the performance) and to a failure
mechanism. Two limit states are
distinguished, the ultimate limit state
(ULS) and the serviceability limit state
(SLS). The ultimate limite state occurs
under extreme conditions when a
structure fails and collapses, e.g. a dike
breaks during a storm and the land is
flooded. The serviceability limit state
occurs under "normal" conditions,
leading to failure without collapse, e.g. a
dike settles due to its own weight and the
crest becomes lower than the design
level. Sometimes a third limit state is
distinguished: the accidental limit state.
This is however a dangerous expression,
because the designer is responsibie to
take these "accidents" into account if
their probability of occurrence has the
same order of magnitude as other
boundary conditions. A ship that sails
into the dike can be considered as an
accident for which the designer cao not
be held responsibie, but in a sharp river
bend with much traffic, the chanceof this
event cao be greater than the exceedance
of the design level. At least the Figure 14.7 Failure mechanismsof a dike
consequences should be considered e.g.
the repairability or the succeeding events after the dike is damaged. It is therefore important to have
an idea of all possible threats to a construction. It is not exaggerated to say that most structures
collapse due to a mechanism that was not recognized instead of a loading that is greater than
expected. Figure 14.7 gives an overview for a dike.
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Damage is a certain change in the state of a structure due to any kind of loading. Damage is a gradual
loss of function of the structure, while failure is an ultimate degree of damage with an unacceptable
loss of functions. Or in other words: failure is a large increase in response due to a minor increase
in loading; compare the transition from elastic to plastic deformation of a materiaI. For the design
of a structure, it is important to have insight in the relation between loading, damage and failure,
particularly in the progress when a certain loading (wave height, flow velocity) is exceededor when
the duration of a certain loading is exceeded.

Figure 14.8 shows the damage of a rock
revetment as a function of the parameter
H/.ä.d. It can be seen that there is a
strong increase in damagewith increasing
wave height. Failure can be defined as
the situation where the top layer is
locally removed and the filter layer
becomes exposed (after that, the damage
will increase much quicker).

Damage as a function of time gives
another picture. Figure 14.9 shows the
relative increase in damage for a rock
proteetion as function of the number of
waves (line 2 and 3). Line 1 is a possible
curve for a placed block revetment (with
a wave height higher than a design
wave). When such a structure relies
heavily on the interlocking of the
elements, progressive failure occurswhen
a certain level is exceeded and the
duration is long enough. This is of course
important for the reliability of a
structure.
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Figure 14.8 Damage curve for rock armour (vdMeer)
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Figure 14.9 Damage as function of time

14.10



A fault tree or a failure tree can be a useful tooI in the structural design phase. It gives an overview
of possible events and their effects, ultimately resulting in some failure mechanism, the so-called top
event. lt can serve to establish the totaI probability of failure and/or the relative importance of various
failure mechanisms. Often it is difficult or impossible to quantify the probabilities of all events and
their coosequences. But even then, a fauIt tree can contribute in the insight in possibIe failure modes
of a structure.

Figure 14.10 gives a simplified example
of a part of a fault tree for a seawall.
Such a structure can be schematized as a
system coosisting of subsystems and
components that can fail. The top event
in this case is defined as excessive wave
overtopping due to lowering of the crest.
This lowering can be caused either by
displacement of stones or by settlements.
This is expressed in the fault tree by a
so-called OR-gate, equivalent to a series
subsystem, between these two events and Flgure 14.10 Part of fault tree
the next. The displacement of stones can
occur when there is scour and iostability
at the toe, hence an AND-gate in the fault tree, equivalent to a parallel subsystem. (Displacement due
to wave action is here neglected, it is only part of a fault tree)

The probability of failure has to be
determined either from available modeis,
from experience with similar structures
or from expert judgment. When the
subsystems in Figure 14.10 are assumed
to be uncorrelated, the probabilities are
multiplied for a parallel system and

. added for s series system. Figure 14.11
gives the result.
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Figure 14.11 Failure probabilities

When there is some correlation between two components in a subsystem, the probability of failure,
PF, lies between:

max(Pfl,P/2) S Pp S Pfl +P/2
Pfl·P/2 S Pp S max(Pfl'Pp)

(series system)
(parallel system)

(14.1)

where Pli is the probability of failure of a component.
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For a system with n components and all Pn
equal, Figure 14.12 gives Pf related to Pfi and
to the degree of correlation, Pc (Pc = 0: no
correlation, Pc = 1: full correlation) It cao be
seen that for a series system it is favourable
when there is full correlation. A chain is as
strong as its weakest link (which is what
Figure 14.12 shows), with Pc = 1 all links are
equally strong. For a parallel system, Pf is
minimal when Pc = O. Note that for Pc = 1,
there is no difference between a parallel or a
series system.
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Figure 14.13 finally gives an example of a fault
tree with risk-levels included (risk r = p.c, p is
probability offailure and c is cost consequence).
For more detail, see CURlCIRIA,1991.

n
Figure 14.12 Pf/pfi as function of correlation and
number of components (all Pn equal)
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Figure 14.13 Example of fault tree for seawall with risk-level assessment
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Every structure is designed with some safety, which means that the probability of failure is tried to
keep below some accepted level. There are several ways of dealingwith safety, usually distinguished
as deterministic or probabilistic approach. In the latter, the probability of failure is explicitely
calculated, while in the tirst there is a safety factor between a chosen design load and a characteristic
strength, leaving the total probability of failure in the dark.

R

Flgure 14.14 Distribution of loading and strength

s

Figure 14.14 shows the probability distribution of loading (S) and strength (R). The reliability (Z)
can be defined as Z = R - S and Z = 0 indicatesthe state of failure. There are several ways to treat
this problem more or less completely. The usual division in completeness is:
Level m: Z = 0 is determined taking the completely known probability distribution of R

and S into account
Level n: simplifications are made, like the linearization of Z, which again cao be done in

several ways
Level I a quasi-probabilisticapproach where the distance between characteristic values for

loading and strength is formed by partial safety factors
Level 0 deterministic approach with one overall safety factor between R and S

A probabilistic approach is superior to the classical deterministic because it gives
a - a better appreciation of strength and loading statistics
b - prevention of unnecessary conservatism, often leading to cost saving.

ad a: in a deterministicapproach, only one loading level is considered. Lower loading levels cao give
cumulateddamage, while higher levels cao contribute considerablyto the total failure probability, see
Figure 14.8
ad b: strongly related to a. In a levelOor I approach, partial safety factors are often accumulated,
which is avoided when the real probability density function is taken into account.

For a conceptualdesign, a deterministicapproach is usually sufficient, while for the structural design
more and more use is made of level 11or at least level I methods. This is in line with what was said
about calculations and modelling, which go more into detail when the design evolves.
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Figure 14.15 gives an example of a
deterministic approach where the strength
R is expressed as a chosen stone diameter
and the loading S as a certain wave
height. This wave height is based on a
long term distribution of wave heights
e.g. a Weibull-distribution, see chapter 3.
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Figure 14.15 Deterministic approach

The choice of the frequency of the design load depends, among other things, on the chosen period
e.g. the life of a structure or the duration of a constructionperiod. The chance that an event occurs
one or more times in a period T, can be derived from the Poisson-distribution:

(14.2)

inwhich m is the average numberof occurrences in the period T. For smalI m, P =0 m: a waterlevel
that is exceeded once every hundred years, has a probability of exceedance in one year:
1 - e~·Ol= 0.00995 =0 0.01 = m.
Note that a waterlevel that is exceededonce every year as an average, has a probability of exceedance
in one year: 1 - e" = 0.63. That means that there is 63% chance that such a level is exceeded, so
usually for a construction period of a year a much less frequent situation will be chosen. For a
construction that has to "last forever", like a dike, this approachdoes not lead to useful numbers. In
that case one can take for examplea rnan's life. A probabilityof exceedanceof e.g. 1% in an average
life of 75 year, leads to a loadingwith an average occurence of once every 7500 years.

For a conceptualdesign this is an acceptableway of establishinga design load. For a structural design
the probabilistic approach is recommended. Since these lectures are only an introduction, the reader
is referred for more informationto CUR/CIRIA,1991 or to the lecture notes on probabilistic design.
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ANNEX

A

It is impossible, within the framework of these lecture-notes, to describe all properties of all materials
that can be used in hydraulic engineering. In this appendix some reprints of relevant texts from the
reference list are presented for the most importantmaterials:

STONE:
Dimensions, weights, gradations. Souree: CURICIRIA, 1991

CONCRETE BWCKS:
Examples of shape. Souree: Pilarczyk, 1990

ASPHALT:
Types and use of mixtures. Souree: RWS, 1985

GEOTEXTILES:
Types and properties. Souree: CURICIRIA, 1991
Other references:

COMPOSITE MATERIALS:
Principle and examples. Souree: CURICIRIA, 1991

CLAY AND VEGETATION:
Gradations, properties and fitness of soil-types for vegetation. Souree: CIRIA, 1990
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STONES AND ROCKS

Souree: Manual on the use of rock in coastal and sboreline engineering, CURICIRIA,1991

3.2.2.3 8/oek weight and size

Tbe relationships between size and weight of individual blocks may be defined in
tenns of the equivalent-volume cube (side Dn) or the equivalent volume sphere
(diameter Ds) which, with weight density i'a and block weight W, give the
following relationships:

o,= 1.0(Wfya)1/3

Dç= 1.24(WIYa) 1/3

with Dn=0.806Ds

As indicated in the previous section, where graded rock materials are used, size
and weight relations refer to medians or averages.

Where the particles are small enough (less than 200mm) the statistical values are
most conveniently derived from sieve analyses. The median sieve size (square
openings) (Dso) on the percentage passing cumulative curve can be related to the
median weight (Wso) on the percentage lighter by weight cumulative curve by a
simple conversion factor and Ya or Pa' (This dimension Dso is the same as the
median value of the gross shape dirnension z.)

The 50% passing nominal diameter Dnso is the size of the cube with equivalent
volume to the bloek with median weight, and is given by

The conversion factors relating Dso to Dc:!o or Wso have been deterrnined
experimentally by various workers. The most extensive study is that by Laan
(1981), for whieh the following summary value was obtained and reeommended for
future use:

DnsoIDso=0.84 or F.= Wso/(YaD~0)=0.60
I'

where F, is the shape factor. As a cautionary note, Laan's study used several
different rock types and sizes of stones and found that the value of F, varied
from 0.34 to 0.72, while in the study using different shape classes of limestone
fragments (Latham et al., 1988), F, for all five classes fel! between 0.66 and 0.70.

Samples eontaining bloeks larger than l00mm are difficult to analyse by sieving
techniques and direct measurement becomes a more appropriate means of
detennining size distribution. The relationship between size and weight
distributions have been noted above. With large bloek sizes (i.e. larger than sieve
sizes of 250mm) measurement of weight may prove more practica bIe than
measurement of dirnensions, and the size-weight conversion factor sueh as F, can
be used to determine the median sieve size and other geometrie design parameters
that may he expressed in terms of sieve sizes.
Wso (or M 50) is the most important structural parameter in the rock armour
design being related to the design parameter DnSO' as described above. The
controls on bloek weights were diseussed under 'Discontinuities' (Seetion 3.2.1.4)
and the changes in Wso from quarry to site were discussed under 'Block integrity'
in Section 3.2.2.1. Gradings of rock fulfil!ing the class limit specifieation described
in the following seetion may be expected to have standard deviations in DnSO'

varying from 1% for heavy gradings to 7°~ for wide light gradings.
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3.2.2.4 Grading

In a sample of natural quarry blocks there will be a range of bloek weights, and
in this sense, all rock materials is, 10 some extent, graded. The particIe weight
distribution is most conveniently presented in a percentage lighter by weight .
cumulative curve, where Wso expresses the block weight for which 50% of the
total sample weight is of lighter blocks (i.e. the median weight) and Was and WIS
are similarly defined. The overall steepness of the curve indicates the grading
width, and a popular quantitative indication of grading width is the WSS/WIS ratio
or its cube root, which is equivalent to the Das/DIs ratio determined from the
cumulative curve of the equivalent cube or sieve diameters of the sample. The
following ranges are recommended for describing the grading widths:

Dss/Dls or
(Was/Wls)I!3 Was/WIs

Narrow or 'single-sized' gradation Less than 1.5 1.7-2.7
Wide gradation 1.5-2.5 2.7-16.0
Very wide or 'quarry run' gradation 2.5-5.0+ 16.0-125+

The term 'rip-rap' usually applies to armouring stones of wide gradation which
are generally bulk placed and used in revetments. The phrase 'well graded' should
generaIly he avoided when describing grading width. It merely implies that there
are no significant 'gaps' in material sizes over the total width of the grading.

Standardisation of gradings

There are many advantages in introducing standard grading classes. These mostly
concern the economics of production, selection, stockpiling and quality control
from the producer's viewpoint. With only a few specified grading classes, the
producer is encouraged to produce and stock the graded products, knowing that
designers are more likely to provide them the market by referring to these
standards wherever possible. The proposed standard gradings for armour are
relatively narrow. This can result in increased selection costs, but these wiII often
he completely offset by the possibility of using thinner layers to achieve the same
design function. Standard gradings are not needed for temporary dedicated
quarries supplying single projects where maximised utilisation of the blasted rock
is required.

It is convenient to divide graded rock into:

'Heavy gradings' for larger sizes appropriate to armour layers and which are
normally handled individuaIly;
'Light gradings' appropriate to sheltered cover applications, underlayers and
fiIterlayers that are produced in bulk, usually by crusher opening and grid bar
separation adjustments;
'Fine gradings' that are of such a size that all pieces can be processed by
production sereens with square openings (i.e. less than 200mm). For fine gradings,
the sieve size ratio from the cumulative sieve curve (D6o/Dlo= U<, the uniformity
coefficient) is often used to characterise the width of grading in a sample.

Standard gradings are more or less essential for fine and light gradings. However,
for heavy gradings it is not difficult because of individual handling to define and
produce gradings other than standard (see below). For example, if the 1-3 t
grading is (just) too small for a particular application, ehoice of the first safe
standard grading of 3-6 t will lead to an excessive layer thiekness and weight of
stone, and here use of a non-standard grading may well be appropriate. Again,
ceiling sizes of stones in quarries arising from geological constraints may dictate
an upper limit.
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Box 24 Explanationof class limit systemof standardgradings

Rather than using envelopes drawn on a cumulative plot to define the limits of a standard
grading, the proposed system relers to either:
I. A series of weights of stones and their corresponding ranges of the cumulative percentage

by weight lighter than values which are acceptable; or
2. A series of 'sieve' size of stones and their corresponding ranges of cumulative percentage by

weight passing values, together witb the average weight of stones in the grading.

Each weight-standardised grading c1ass is designated by referring to the weights of its lower
c1ass limit (LCL) and its upper c1ass limit (VCL). In order to further define the grading
requirements realisticaJly and to ensure that there are not too many undersized or oversized
bleeks in a given grading c1ass, it is necessary to set two further limits, the extreme lower
class limit (ELCL) and the extreme upper c1ass limit (EUCL). The standard grading scheme
then uses percentage by weight lighter than values, y (equivalent to percentage by weight
passing for aggregated), 0, 2, 10, 70, 97 and 100 to set the maximum and minimum percentiles
corresponding with each of the four weight values given by ELCL, LCL. UCL, and EUCL
(sec below and Figure 51, Table 19). Note that altbough straight-line segments have been
drawn in Figure 51 to indicate an envelope, grading curves can go outside these straight­
sectien envelopes and still fuift! the requirements given by the four c1ass limits. However, the
further requirement specifying that the effective mean weight, W,m' should fall within a set
range will help to reassure the designer that there is an appropriate range of Wso values.

Examplesof
gradingcurves
fulfillingclass

limit requirements

10
2O~~~~==~~~~==~~~~~~--

Weight of rock fragment Wy (kg)

Figure 55 Explanation of tbe grading class limits of a standard grading

Size and average weight Slandardised gradings
Each size-standarized grading c1ass is defined with reference to the 'sieve' sizes of its ELCL,
LCL and EVCL as explained above (no VCL specified) together with the average weight, WL,

of all rocks not passing the LCL hole. However, for consistency they are designated i.e. named
using the LCL and UCL hole sizes. Apart from bulk weighing to determine "WL, tbe test
verification of size is limited to gauging of blocks using three square guage holes of sizes as
delined in Table 19 and imposing the requirment consistent with the weight-grading scherne
that:
I. Less than 2% by weight shall pass the ELCL hole, known as the EL hole;
2. Less than IO"/. by weight shaJl pass the LCL hole, known as the L hole;
3. At least 97% by weight shall pass the EUCL hole, known as the EU hole.
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Weight of rock fragment. Wy (kg) ~
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FJgure 56 Weight gradings and size relationships for the standard light and heavy
grading classes
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Fi~ure 57 Size gradings and relationships for the standard fine and light grading
classes
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The weight envelopes for the standard light and heavy gradings are shown in
Figure 56 with appropriate size-weight conversion. In this figure, rocks of any
density and weight can be related to the correponding nominal diameter, DD' sieve
size, z, and minimum rock thickness, d, using the alternative horizontal scales on
this chart. The 'sieve' size, z, enveloped for the standard fine and light gradings
are shown in Figure 57, again with conversions to Do and d.
The standard fine and light gradings are produced by screens and grids and
sometimes with eye selection to remove oversize material in the 6(}....3OOkg and 1(}""
200kg classes. The poor screening efficiency that occurs in practice means that a
correction factor would be needed in addition to the given theoretical relationships
for sieve size, z, and minimum stone thicknesses, d, should a producer wish to use
Figures 56 and 57 to indicate the combination of sereens and grids that would
yield. the standard gradings. For the 1(}....2oo kg more widely graded class,
experience in the UK quarries using simple grizzlies to remove undersize material
and eye selection to remove oversize material suggests that for rock of average
(2.7 t/m") density, setting the grizzly clear spacing at 225mm and using eye
selection of material above 450mm will be a good starting point. This advice
must be tempered, however, by individual quarry managers' own experience at
their particular quarry.

The grading envelopes become progressively narrower in the 'heavy grading'
classes, consistent with design requirements and the geological constraints on
producing large sizes of blocks. However, projects requiring blocks larger than 10t
should not make the (non-standard) grading class excessively narrow because of
the producer's extreme difficulty in selecting accurately and the wastage from
oversize block production. For example at Pr=2.7t/m3, Do for a 15t block e l.Zm,
and Do for a 20 t block = 1.95m, a difference of about 10%, which is very difficult
to select precisely except by individual weighing.

Box 25 Median and effective mean weight

A number of parameters in addition to the designated class limits may be required for design
and specification purpose. An acceptance range for the important design parameter, W50

(median weight), is also useful for each grading class. However, in some circumstances an
effective mean weight Wem for a particular consignrnent may be more easily obtained simply
by bulk weighing and counting, In order to avoid including fragments and splinters in the
distribution, Wem is defined as the arithmetic average weight of all blocks in the consignment
or sample, excluding those which fall below the ELCL weight for the grading class. An
empirica! conversion factor relating Wem to W50 allows an estimate of W50 without the
necessity of weighing each piece to obtain a weight-distribution curve. As the grading becomes
wider, so will W50 depart more from Wem. Approximate relations are as follows:

W501Wem=1J
W501W,m= Ll5
W50/W.m= LlO
W50/Wem= 1.05

1~60kg
~300kg
3~1000kg
1~3000kg
3000-6000 kg and
~lOOOOkg
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ASPHALT

Souree: The use of asphalt in hydraulic engineering, RWS,1985

1.1 Mix components

Asphalt is a mix ofvarious components:

bitumen;
mineral aggregate;
additives, if required.

The mineral aggregate is composed of crushed stone, gravel, sand or filler or a combin­
ation.
The choice of the most suitable composition for a particular application depends mainly
on the requirements which the material has to meet and the associatedmix properties..
see Section 6.1.
The mix properties are specified by the composition, that is, the relative proportions c{
the various components, the properties ofthe cornponents themselves,and the properties
which result from the application and compaction meihod.

1.2 The degree of filling of the mix

The mineral aggregate mix contains voids. InitiaBy, the bitumen coats and binds tb"!
various aggregate components together. If more bitumen is applied than is necessaryfcr
coating and binding then the pores wil! gradually be filled.
Mixes, in which the bitumen only serves as a binder, are referred to as 'underfilled'
mixes, see Figure 1.la. The properties of such a mix are directly related to the properties
of the stone skeleton (4). If the proportion of bitumen is increased the voids in the
mineral become filled and the influence of the bitumen on the properties of the mix ~
increased while that of the stone skeleton is reduced. With mixes in which the pores are
almost filled with bitumen, see Figure 1.1b, both the stone skeleton and the bitumez
contribute to the mix properties. This type of mix must be compacted, either
mechanically or under its ownweight.
'Overfilled' mixtures are those in which the volume of bitumen is greater than that of the
voids in the mineral aggregate. In such a mix the properties of the bitumen predominate,
the mineral providing only a certain amount of stiffening, see Figure l.lc. This type cr
mix is impermeable and requires no compaction.

+-
"11* - .,q" "IJ,

"I,,~

~-... -..•
Ot .- 4 ••

."._ .... -~ ~II
'I,,_B

I

a- underfilled mix b- intermediate filling

_ bitumen fZZZI mineral aggregate D voids

'e- overfilled mix

Figure l.l The degree of bitumen filling in the mineral aggregate.
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13 Voids in asphaltmixtures

The term 'voids' refers to the volume of pores in the compacted asphalt (5). The voids
ratio, VIM (voids in mix), is given by:

d -dVIM = 100( ma) vol %
dm

dm = density of the mix without voids (kg/m")
dm = density of the mix with voids (kg/mê)

.In general, the smaller the voids ratio (HR) the more resistant is the mix to erosion and
the greater its durability. A mix with a small voids ratio isbener 'sealed' against extemal
influences such as oxygen, light and water. If water penetrates between the bitumen and
the mineral (through the material) there is a loss of adhesion which is referred to as
'stripping'.
Exposure to the atmosphere and light ages the bitumen. In tbis respect, the size of in­
dividual pores and degree ofinterconnection between voids are also important.
The voids ratio and the distribution of voids also determine whether or not the mix is
sand and watertight. Although water impermeability is not alwaysa functional require­
ment it gives a good indication of the durability of a mix.

To illustrate:
A mix containing sand with 5%, by mass, of bitumen and a voids ratio of 25% is
sand-tight, A mix, however, of open stone asphalt with 80%,by mass, of stone and
20%,by mass, of mastic with the same voids ratio is not.
An asphaltic concrete with a voids ratio of 3% can be considered as absolutely
watertight. In this case the voids are not interconnected. For the same reasons a
mastic with the relatively large voids ratio of 10%is alsowatertight.

7 Use of asphalt produets in hydraulic structures

The most important mix types applied in hydraulic structures are:
I. Asphaltic concrete
2. Asphalt mastic
3. Grouting mortars
4. Dense stone asphalt
5. Open stone asphalt
6. Lean sand asphalt
7. Asphalt membranes

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

7.1 Asphalticconcrete

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 bitu-
men. The voids ratio is 3 to 6%. . f
In general the material must be compacted and isunsuitable for application underwater
or in the tidal zone. In view ofthe small voids ratio required, see Section9.2.1.,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, reservoirs etc.
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7.2 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.

73 Grouting mortars

Groutinz 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 grouing stone revetments above and below wat­
er-level, and also for slab construction.

7.4 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 proteetion and also in toe construction.

7.5 Open stone asphalt

Open stone asphalt is a gap-graded mixture of mastic and stone - a stone frequently
used is limestone 20/40 mmoMixingis 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 ofprefabricated mattresses.

7.6 Lean sand asphalt

Lean sand asphalt is a mixture of'sand, often locallyobtained, 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. _,l.

It is used as a core material for reclamation bunds, filter layers and as permanent or
temporary cover layer above and belowwater-level.

7.7 MenGbranes

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.
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GEOTEXTILES

Souree: Manual on the use of rock in coastaIand shoreline engineering, CURICIRIA,1991

Geotextiles are permeable textiles made from articifial fibres used in conjunction
with soil or rocks as an integral part of a man-made project and were first used
in the Netherlands. They are frequently employed as filter membranes and as the
interface hetween differently graded layers. Geotextiles are also used as bottom
proteetion and can he loaded with concrete blocks (block mattress), bituminous
bound crushed stone and sand (fixtone mattress) and geotextile tubes filled with
gravel (gravel-sausage mattress). Gravel bags have also been used for special filter
requirements.

The basic functions of geotextiles may he listed as follows:

1. Separation: the geotextile separates layers of different grain size;
2. Filtration: the geotextile retains the soil particles while allowing water to pass

through;
3. Reinforcement: the geotextile increases the stability of the soil body;
4. Fluid transmission: the geotextile functions as a drain because it has a higher

water-transporting capacity than the surrounding materiais.

3.5.4.1 Geotextile manufacture

Geotextiles are manufactured from a variety of artificial polymers:
1. Polyamide (PA);
2, Polyester (PETP);
3. Polyethylene (low-density LDPE and high-density HDPE);
4. Polypropylene (PP);
5. Polyvinylchloride (PVC);
6. Chlorinated polyethylene (ePE). . }'. ~
The first four are the most widely used although many variátions are possible.
Additives are also employed in geotextile manufacture to minimise ageing, to
introduce colour and as anti-oxidants and UV stabilisers.

Comparisons of properties of the four main polymer families are shown in Figure
90. These are very broad, because there are many variants within each group.
Some properties (such as strength) are also greatly influenced by the different
processes of manufacture. A classification of geotextiles based on the type of
production and the form of the basic elements is given in Figure 91.

The basic elements used in geotextiles are monofilaments, multifilaments, tapes,
weaving film and stabie fibres. Monofilaments are single, thick, generally circular
cross-sectioned threads with a diameter ranging from 0.1 mm up to a few
millimetres. Multifilaments (yams) are composed of a bundie of very thin threads.
Yams are also obtained from strips and from wide films. Tapes are flat, very long
plastic strips between 1 and 15mm wide with a thickness of 20-80 Jlm. A weaving
film is sometimes used for the warp 'threads' in a fabric.

The basic fibre is a fibre of length and fineness suitable for conversion into yams
or non-woven geotextiles. For non-woven fabrics the length is usually about
60mm.
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~~1Jil/J/GROUP s t!... -8 ~ ,!!1..!!!{o,ff-
COMPARATIVE ~ q:j ~ q;

-iS~-iS-iS
PROPERTIES q_0 e q_0 e
Strength • • • •
Elastic modulus • • • •
Strain at failure • • ••Creep • • ••Unitweight • • • •
Cost • • • •
RESISTANCETO:

Stabilized • • ••uv light •Unstabilized • • •
Alkalis • • ••Fungus, vermin, insects • • • •Fuel • • • •
Detergents •• ••

• high
• low

Figure 90 Comparative properties of general polymer families
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Figure 91 Geotextile classification groups
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Woven geotextiles

A woven fabric is a flat structure of at least two sets of threads. The sets are
woven together, one referred to as the warp, running in a lengthwise direction,
and the other, the weft, running across. Woven geotextiles can be categorized by
the type of thread from which the fabric is manufactured.

Monofilament fabrics are used for gauzes of meshes which offer relatively small
resistance to through-flow. The mesh size must obviously be adapted to the grain
size of the material to be retained. Monofilament fabrics are made principally
from HDPE and PP.

Tape fabrics are made from very long strips of usually stretched HDPE or PP
film, which are laid untwisted and flat in the fabric. They are laid closely
together, and as aresuIt there are only limited openings in the fabric (figure 92).

Split-film fabrics are made from mostly fibrillated yams of PP or HDPE (Figure
93). The size of the openings in the fabric depends on the thickness and form of
the cross-sectien of the yams and on the fabric construction. These split-film
fabrics are generally heavy. Tape and split-film fabrics are often called slit-films.

Multifilament fabrics are often described as cloth. because they tend to have a
textile appearance and are twisted or untwisted multifilament yams. The fabrics
are usually made from PA 6, PA 6.6 or from PETP.

Besides the above-mentioned monofilament fabrics, special mesh-type constructions
are produced such as those with a monofilament warp and a multifilament weft
whieh have outstanding water-permeability and sand-retention properties. Other
examples include open meshes in which the woven or unwoven warp and weft
threads are attached at crossing points by chemicalor thermal bonding and other
meshes constructed by using knitting techniques.

Non-woven ge.otextiles

A non-woven geotextile is a textile structure produced by bonding or interlocking
of staple fibres, either monofilaments or multifilaments arranged at random,
accomplished by mechanical, chemical, thennal or solvent means. Non-woven
gauzes are structures with large meshes which are formed by placing threads or
tapes at predetermined distances on top of one another and bonding them at the
intersections by a chemical, thermal or mechanical process.

Geotextile-related produets

These products are distinguished in one-dimensional (strips, ties), two-dimensional
(gids, nets, webs) and three-dimensional (mats) products. Grids are lattices made
from perforated and then stretched polymer sheets. Three-dimensional mats are
produced by extruding monofilaments into a rotating profile roller, followed by
coating so that the threads adhere to each other at crossings whieh are spatially
arranged. The matting material itself occupies less then 10% of the mat volume.
The mats are 5-25mm thick and about 1-6m wide.
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3.5.4.2 Characteristics and properties

The geotextile properties stem primarily from their functional requirements. Since
the geotextile can have a variety of functions, requirements are diverse. For
reinforcement the emphasis is on mechanical properties such as E-modulus and
strength, for filters it is on properties such as water permeability and soil
tightness. The durability required will depend on the specific application and
lifetime required. Geotextiles must also fulfil secondary functional requirements
related to the execution of the work (e.g. a certain amount of UV resistance is
needed) or it must have resistance to mechanical wear and tear if construction
equipment is to be driven over the fabric. The suitability of a geotextile should be
checked against these functional requirements during the design phase of the
project.

J
Although specification requirement tests need only be carried out once, the
following quality control tests may be required during production: tearing strength,
grab test strength, tensile strength, strain at breaking load, moduli and mass
distribution. These tests should be made in both the length and width directions.
The thickness, the mass per unit area and the bursting strength mayalso need to
be checked, and in some applications water permeability and sand-retaining
properties will be important. A large number of national and a few international
standard test methods are available covering these requirements,

Dimensions
The maximum standard width available for both woven and non-woven fabrics is
5-5.5m. The length is limited by the available transport facilities and ease of
handling on-site. Depending on the mass per unit area, the length generally lies in
the range 50-200m.

Jointing is necessary to obtain greater dimensions. In practice, large areas can be
covered by overlapping sheets. Where physical continuity is required without
overlap then heat welding (some non-wovens) or stiching may be used. The seam
forms the weakest link in the geotextile construction and should therefore be
checked thoroughly against the specifications. The thickness of most geotextiles lies
between 0.2 and 10mm when unloaded, although this may sometimes reduce
under pressure.

In general, the mass of non-woven geotextiles lies in the range 100-1000 g/m",
100-300gjm2 being the most commonly used. Woven fabrics can be heavier and
masses between 100 and 2000g/rn? are possible. The greater demand is for the
lighter grades in the range 100-200g/m", Generally, the lighter types of geotextiles
are used as separators, the heavier woven fabrics for reinforcement and the
heavier non-wovens for fluid transmission.

Chemica I properties
One of the characteristic features of synthetic polymers is their relative insensitivity
to the action of a great number of chemieals and environmental effects.
Nonetheless, each plastic has a number of weaknesses which must be taken into
account in the design and application. Specifically, the life of geotextiles can be
affected by oxidation and by some types of soil/water/air pollution. Many
synthetic polymers are sensitive to oxidation. The end result of oxidation is that
mechanical properties such as strength, elasticity and strain absorption capacity
deteriorate and the geotextile eventually becomes brittle and cracks.
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COMPOSITE MATER/ALS

Souree: Manual on the use of rock in coastal and shoreline engineering, CURJCIRIA,1991

3.5.5 COMPOSITE MATERlALS

Composite systems are normally adopted where improved stability of the rock
materials being used is sought (see Section 5.1.3.9) or where ease of placing the
proteetion system is important.

3.5.5.1 Gabions

A gabion is a box or mattress-shaped container made out of hexagonal (or
sometimes square) steel wire mesh strengthened by selvedges of heavier wire, and
in some cases by mesh diaphragms which divide it into compartments (Figure 94).
Assembied gabions are wired together in position and filled with quarried stone or
coarse shingle to form a retaining or anti-erosion structure. The wire diameter
varies but is typically 2-3 mmo The wire is usuaUy galvanised or PVC-coated.
PVC-coated wire should be used for marine applications and for polluted
conditions.

The durability of gabions depends on the chemical quality of the water and the
presence of waterborne attrition agents. The influence of the pH on the loss of
the galvanic zinc proteetion is small for pH values in the range 6-12 and there
are examples of gabions with negligible loss over 15 years. Grouting of the stone­
filled gabions or mattresses can give some proteetion to the wire mesh against
abrasion and corrosion, but this depends on the type of grout and the amount
used.

The dimensions of gabions vary; but typically range in length from 2 to 4 m
(mattress, 6m), with widths about 1m (mattress, 2m), and height 0.3-1.0m
(mattress, max. O.3m). The mesh size is typically 50-100mm.

The units are flexible and conform to changes in the ground surface due to
settlement. Prefabricated gabions can be placed under water. Gabions can thus he
used in a wide variety of marine works: groynes, dune and cliff protection,
proteetion of pipelines and cables, and as toe protection. Mattress-shaped gabions
are flexible and are therefore able to follow bed profiles both initially and after
any scouring which may take place. Gabions can also he piled up to the form
retaining walls or revetments (see Section 6.2, Box 80). In order to prevent
migration of solid through the structure they may be used in conjunction with
geotextile filter layers.

In certain applications the gabion structure needs impermeability or weight to
counter uplift. To give these characteristics, the stone is grouted with mastic or a
cement-bound grouting. The weight of the structure can also he influenced by the
choice of the density of the stone blocks with which the gabion or gabion­
mattress is filled.
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Gabion Mattress

Figure 94

3.5.5.2 Mattresses

Prefabricated mats for hydraulic constructions have been used extensively as a
medium for combating bottom and embankment erosion. The range of mat types
have increased considerably during the last decade. Formerly, use was made of
handmade mats of natural materials such as reed, twigs/branches (willow), rope,
quarry stone and rubble. Today, geotextiles, bituminous and cement-bonded
materiais, steel cables and wire gauze are used as weil as the more traditional
materiais.

Functions and principles

A distinction must be made between mattresses used for the proteetion of
continually submerged beds and foreshores and mats employed for slope or front
face proteetion of embankments. Bottom proteetion mats are concerned with:

• The mitigation of groundwater flow in the underlying seabed to prevent
horizontal transport and erosion:

• Prevention of piping of soil particles;
• Assisting in the overall geotechnical stability of a larger structure;
• Offering resistance to loads imposed by anchors, trawler boards, etc. and
thereby protecting pipes and cable lines;

• Providing a proteetion system with the flexibility to allow for anticipated
settlements.

Mattresses for embankment retention have similar functions, i.e:

• Prevention of soil transport;
• Resistance to wave action;
• Provision of flexibility to allow for settlement.
Additionally, théy may be required to:
Not trap refuse; and
• Support vegetative growth.

A.16



Mats are manufactured from the folJowing elements:

1. 1he carrier: Fabric, gauze, cables and bundlings by which the necessary strength
is obtained for its rnanufacture, transport and installation,

2. The filter: A geotextile whicb satisfies the conditions with respect to
permeability, soil density, strength, etc. In some embankment-mat constructions
the geotextile is applied separately.

3. The ballast: Concrete blocks, packaged sand, gravel, stone or asphalt necessary
for the stability of the protection. Quarry stone can be used to serve as a
material to sink the mat.

4. The connections: Pegs, wires, etc. by which the ballast material is fixed to the
filter and the carrier materiais.

In addition to the mat proper, a further deposit of gravel, aggregates, quarry
stone, slag, etc. may be necessary when the ballast material stability in itself is
insufficient or when extra proteetion is demanded.

The carrier and the filter can often be combined in the form of a single geotextile
with the necessary mechanical and hydraulic properties. Sometimes the filter is
combined with the ballast, whieh is then dimensioned as a granular filter.

Manufacture and placing

Fascine mats are typically up to lOOm long and Ifr20m wide. Historically, these
mats were manufactured from osiers which were clamped between the so-called
'raster' of bundies of twigsjbranches bound together to a circumference of 0.3m.

'Plugs' were driven into the crossing-points of the bundIes to serve as anchor
points for towing and sinking the mats (for bottom protection) or collar-pièces
(for foreshore protection). Because of the destruction of the osiers by pile-worm
attack, a reed layer was incorporated into the mats. These fascine mats were
made on embankments in tidal areas or on special slipways.

The finished mat or collar-piece was then towed to its destination and sunk using
quarry stones which were placed in position by hand, with the uppermost
rasterwork of bundIes serving to maintain the stone in place during sinking. Mer
sinking, more and heavier stones were discharged onto the mat if this was found
to be necessary.

Modern mats are made in accordance with the same principles. The twigsj
branches and reed are replaced by a geotextile into which loops are woven anc
to which the rasterwork of bundIes are affixed. A reed mat may be affixed onto
the geotextile in order to prevent damage to the cloth during the discharge of
stones onto the mat. The geotextile extends out beyond the rasterwork with the
aid of lath outriggers so that, on sinking, the mats overlap. Sometimes a double
rasterwork is applied to give the mats a greater rigidity and more edge support
to the quarry stone load. The mat construction can serve as a proteetion for the
bottom, a foreshore and even as an embankment protector. In the last case the
mat is hauled up against the embankment itself.

Modern alternatives to fascine mats include mats where the quarried stone is
replaced by open-stene asphalt reinforeed with steel mesh, or by 'sausages' of
cloth or gauze filled with a ballast material such as sand, gravel, bituminous or
cement-bound mixtures.
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CLAY AND VEGETATION

Source: Use of vegetation in civil engineering, CIRIA,1990

Box 2.3 summarises the important physieal parameters of the soil. The soil
eharaeteristics whieh affect vegetation establishment and growth, their principal
determinants and the ways in which they ean be modified are given in Box 2.4. Soil
contains water, air, fine earth, stones and organic matter.

Parameter

Box2.3 Soil physical parameters (definitions relating to plant growthl

Definition Assessment

Soil texture

Stoniness. % vol

Dry bulk density*
(Pd) Mglm3

Particle density*
(pJMg/m3

Void ratio (e)

Porosity (E) %*
(total pore space. 7)

Soil erodibility factor

Packing density (L.!)*
(rooting potential)

Box2.4 Soil physical characteristics

Field estimations or laboratory measurementDescription based on proportions by weight of sand. silt
and day as percentages of fine earth fraction <2 mm in size

Proportion of large particles. >2mm

Apparent density of so'l insitu (on a dry basis)

Direct measurement. or field estimation

Field measurement. either removal of undisturbed core or
replacement method (sand or water)

Laboratory measurement by displacement. Most soils are
consistent with a value about 2.65Mg/m3

e= pJ(Pb - Ps)

E = (1 - pJps) X 100

Density of the soil particles

Ratio: volume of soi! voids to volume of solids

Volume of soil voids expressed as a percentage of total in
situ soil volume
note- voids occupied by air and water.

The risk of erosion by ~ir or water due to the nature of the
soi! itself

A more reliable indicator of the effects of compaction than
bulk density alone: allows for day content

Direct measurement or estimation based on soil texture.
see Sections 6.3.2and 6.5.2
L.! = Pb + (0.009 x % dav)

• see Hall et 81.• (1977). jaMS ond Mackney(1979).

.I'
Principal determinants . Modifiers

Important solt
Pa rtjcle Packing Organjc Vegetat- Topog- Cuttiv- Compact-cnaracreristics Porosity Additions Timesize density matter ion cover raphy ation ion

Texture •
Soil 5trutture • • • 0 0 0
Rooting • • • • 0 0potential

Soil water • • • 0 0capacity
Permeabiljty and • 0 0 0 0 0water acceptance
Ion exchange • • 0 0capacity

Erodibility • • • 0 Ö 0 0
Ease of • • • 0 0 0cultivation

Rooting potential indicates the resistance of the soil to root penetration, which
depends mainly on the soil's bulk density and on mechanical strength. Roots have
great diffieulty penetrating soll with strengths greater than 2.0 to 2.5MN/m2,
though higher limiting values have been suggested for coarse-textured soils.
Generally , root growth is enhanced by greater moisture content and voids, and is
retarded by higher bulk density and clay content. Critical dry bulk densities for
soils, above which root growth is severely restrieted, are about 1.4Mg/nr' for clay
soils and 1.7Mg/m" for sandy soils. As clay content is so important in determining
the rooting potential, a term packing density (Ld) is often used to determine the
maximum density to whieh a soil cao be compacted and still permit root growth (see
Box 2.3).
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Soil tuture describes tbe partiele size distribution and gives an indication of tbe
likely behaviour of a soil in respect of handling, root growth or drainage.
Descriptions sueh as sandy loam or clay are based on measured proportions and
mixtures of clay, silt and sand in the fine earth «2 nim) fraction, as shown inBox
2.5.

Soil structure is a eharacteristie whieh deseribes tbe arrangement and size of
partiele aggregates or 'peds'. Structure develops over time, as fine soil particles
aggregate into erumbs and bloeks. This increases tbe number of large pore spaces
and tbus the permeability and rooting potential of tbe soil. The presence of organic
matter and plant roots plays a major role in developing and maintaining soil
strueture. Structure is easily damaged by handling or cultivation during wet
conditions, when the soil is weaker.

Box 2.5 Soil texture

The usual particIe grading curves preparedto BS 5930:1981 are familiar to most engineers.
Soils aredescribedaccordingto the BritishSoilClassificationSystemfor EngineeringPurposes.

100 __ Weil
I

I ~,v-I
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____Unifermly 1 ~,
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I
I ~'lI

/"-Gap I
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I j /
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J. J--- ...--'t1,- I I
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"iii
'"'"Co
~(()

20

o
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Particlesizedistributien (gradingl: mm

I Fine IMedium ICoarse I Fine IMedium ICoarse Fine I Medium tCoarse I,
Clayfractien CebblesI Silt fractien j Sandfractien Gravelfractien r

Fineearth stcnes

Forsoil surveywark. texture descriptionsarebasedon the fine earth fractions. that is <2 mm
size. The overall proportion of gravel and cobbles defines the sionmess..The.proportions of
sand.silt andclay in the fine earthsoilmatrix define the texture classesasglven Inthe tnangular
diagram.

100

The proportlens of sand. silt and clav can be obtained from the particIe gr~ding curve.
calculatingthe quantity of eachsize fractien as a percentage of the <2 mm fraction.
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2.4.5 Soil potential

The physical, water and chemica! characteristics of the soil can be combined into an
overall assessment of soil potential for plant growth. A scheme for this is given in
Box 2.10.

Box2.10 Assessment of soil potential

ClassA is the highest quality and suitable for situations where good quality fertile topsoil is
necessary.However. c1assC.whilst of poorerquality.would still besuitable for manysituations
(see Section 4.2.1). In manycases it would be possibleto modify or managea classB or C soil
to improve its quality.

Parameter Unit Suitabi/ity c/ass Unsuitab/e

A B C

Soi/ type

Texture description' fLS.SL SCL.CL. C<45% C>45%
and clay% SZL.ZL ZCL.LS SC.ZC.S

Stoniness % vol <5 5-10 10-15 >15

Availablewater % vol >20 15-20 10-15 <10
capacity (at packing
density 1.4-1.75)
pH 5.7-7.0 5.2-5.5 4.7-5.5 <4.7

7.0-7.3 7.3-7.8 >7.8

Conductivity mmho/cm <4 4-8 8-10 >10
Pyrite % weight <0.2 0.2-3.0 >3.0

Soi/ ferti/ity

Total nitrogen % weight >0.2 0.05-0.2 <0.05
Total phosphorus mg/kg >37 27-37 <27
Total potash mg/kg >360 180-360 <180
Available phosphorus mg/kg >20 14-20 <14
Available potassium mg/kg >185 90-185 <90

Notes: 1. f c fine. S = sand. C = c1ay.L = Ioam.Z = sih

4.2.1 Selection of soil materials

The simple system for assessingsoil potentia! described in Box 2.10 can be used as a
genera! guide to classify all material which tbe engineer intends to use as soil,
regardless of origin, according to its potential for plant growth. Classes are
allocated as follows.

SDi! type
ClassA Higbest growth potential, important when it is necessary for soil to bave
minima! restrictions on plant growth. Suitable for final soil covering or topsoil.
Class B Where growtb potentia! is not critical, but reasonable growth is still
required. Also suitable for subsoil layers beneath Class A.
Class C Will still support good growth if managed properly, but susceptible to
handling problems which may restriet growtb. Can also be used as subsoil layers.
Suitability cannot be based on soil texture alone and the classes proposed in Box

2.10 have only general application. For some uses special soil characteristics may be
required; examples are given in Box 4.3.
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Box 4.3 Soil suitabiity for specific purposes based on texture

100

(a) Suitability classes ;iven in Box 2.10' (b) Easeof cultivation and handling

100

(c) Heavily trampie:: and trafficked areas (d) Erosion risk (erodibility)

Notes
A - most suitable/l....,. susceptible
B - moderately suita:ie
C - just suitable/mos: susceptible
U - unsuitable

sou fertility
Class A Highly fertiIe, will produce dense vigorous growth, requiring higher
maintenance and leading more quickly to successionaI changes. This is not aIways
necessary nor desirabIe, however, and the group is best used for intensively
managed areas and for grazing.
Class B Moderate fertility; fertilisers may be required to support very productive
growth.
Class C MinimaI fertility, suitable for low-maintenance vegetation but fertilisers
will be necessary. Swards should have good legume component.
Soil physical properties and fertility are defined separately so that different

classes can be selected for each, depending on the situation.
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APPENDIX

B

The relation between the proteetion of the interface of land and water and the environment is
manyfold. Three aspects are selected:

I - The influence that a construction cao have on the environment. A reprint is presented, dealing
with Environmental Assessment.

2 - The incorporation of environmental aspects in the design itself. Botb the demands from an
ecological point of view, as weIl as examples of designs that are "friendly to the environment" are
presented.

3 - Tbe environmental demands in the use of different materials, like slags or other waste material,
with emphasison leaching in water.
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ENVIRONMENTAL ASSESSMENT

Souree: Manual on the use of rock in coastal and sboreline engineering, CUR/CIRIA,1991

Environmental assessment (EA) is a procedure more commonly referred to outside
the European Community as Environmental Impact Assessment (EIA), whereby
the likely efTectsof a proposed development on the wider environment are
considered as part of the planning and design of the project. The objectives of
environmental assessment are:

.. To make projects environmentally sensitive and less environmentally damaging;
• To provide suitable inforrnation to assist those organisations responsible for
development control to make environmentally informed decisions.

2.4.1 REASONS FOR CARRYING OUT EA

Shoreline engineering works may afTect(or be afTected by) the natural and social
environment in which they are situated. Typical aspects of the environment on
which this type of project may impinge either during construction or in the long
term are listed below and illustrated in Figure 37:

• Geomorphology, landscape and exciting physical processes (sediment transport,
drainage, erosion, c1imate, etc.)

• Ecology (flora and fauna)
• Social and socio-economie aspects
• Human sensory aspects (visual intrusion, noise, odour, etc.)
• Palaeontological, archaeological, historical and cultural aspects
• Air, water and soil quantity (pollution, contamination, etc.)
The developer may perceive environmental assessment as an additional financial
burden. However, the cost of the environmental assessment will be a small
proportion (usually less than 0.5-1.0%) of overall project value and the procedure
has a number of advantages from the developer's point of view:

• Identification of environmental impacts during the planning and design stage
will enable the most cost-effective incIusion of measures to mitigate adverse
impacts.

• The liaison and consultation exercise, which is normally an integral part of the
assessment, will reduce the risk of an unexpected refusal of development consent
at a late stage.

• EA should identify probabie areas of objection to a project at an early stage to
enable sensitive matters to be addressed and project delays minirnised.

• EA provides an opportunity for public consultation and resulting greater
acceptance of a project in the afTectedcommunity.

• Unforeseen adverse environmental impacts may incur considerable future
financial liabilities.

Environmental assessment may be voluntary or aspecific legal requirement,
depending on the state or other authority within whose jurisdiction the project
falls. Advice should be sought from the relevant planning or other authority in
this regard. Regulations afTecting environmental assessment within the European
Community are discussed in Box 13 (page 58). However, for the reasons just
discussed, even where an EA is not formally required, some form of environmental
study will prove valuable in project planning.
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Box 13 European Community (EC) environmental assessment regulations

/.ega! requirements
In mid-1988 the requirements for environmental assessment in the European Community became
formalised with the implementation of EC Directive 85/337 (Council Directive of 27 June 1985
'on the assessment of the effects of certain public and private projeets on the environment'
refers), Relevant statutory instruments, regulations and guidelines are lisred in Appendix 7. The
EA regulations, recommendations and publications are continually being updated, Ir in doubt,
reference should he made to the appropriate authorities befere undertaking a formal assessment,

EC Directive 85/337 states that environmental assessment shall he a mandatory part of the
planning process for project types listed in Annex I of the directive, For projects lisled in Annex
11,which covers most typical shoreline engineering ....rorks using rock; the requirement for
environmental assessrnent is al the diseretien of the planning authority or other body responsible
for granting consent for the develcpment 10 proceed, (If an environmental assessment is required
as pan of an application for planning consent an increased period may he allowed for the
planning authority to determine the consent.)

Scoping; aspects to be addressed

Artiele 3 of EC Directive 85/337 gives a particular description of the aspects to he covered in
any EA:
L Human beings, fauna and flora;
2. Soil, water, air, elimate and the landscape;
3. Interaction hetween the factors mentioned in (1) and (2) above;
4. Material assets and the cultural heritage,

Requirements for the Environmenta! Statement
There is no precise definition with EC Directive 85,337 as to the form of the Environmental
Statement. The only requirernent is that it contains the information specified in Articles 3 and 5
and Annex III of the Directive and includes a 'non-technical surnmary'. More detailed formats
for the ES may he specified in national regulations,

Statutory consultees

In addition to the issuance of public notiees as required by regulations, the proponent of the
scheme may he under a ~tatutory obligation to notify or consult certain authorities and
organisations specified in EA or planning regulations as pan of the formal environmental
assessment process,

(Continued opposite)

Human beings (cd)

Fauna (b)

Flora (b)

Soil (I)

Water (I)

Air (I)

Climate (a)

Landscape (a)

Material assets (ce)

Cultural heritage (e)

Cl)
Ol Ol.::

$ Co"ij) as Q; as~ .:: ~ '5 :.à:
Ol o

e '" 0 c;; .É '"Ol as i:i: rJ} s: "0
u, e .::E as

'" -':I:

Note: Letters in the above matrix reter to the dis::ipline-based
environmental aspects diseussed in Section2.4.'

(cl) (ca) (da)(cl) (cf)

(bI) (bI) (ba) (ba)

(bI) (ba) (ba)

(fe) (fb)

(fe) (fb) (tb) (I)

(ac) (ab) (ab) (al)

(ad) (ab) (ab) (al) (al)

Figure 38 EC Directive85/337 aspect and aspect interactionscoping chart

B.3



Box 13 (Continued)

Consent from other bodies may be required whether or not a development is outside &
jurisdiction of the local planning authority. For example, shoreline works may require a licence
for placing material on the seabed or approval for navigation. These bodies may a1so require
an environmental assessment as part of the application for their consent, licence or approval.
Statutory consultees for the UK are listed in Appendix 7.

Sensitice locauons
Projects which impinge on particular sensitive locations (such as those listed in Appendix 7)
will require special attention. Development directly or indirectly affecting such sites is licely to
make the requirement for environmental assessment mandatory.

This categorisation of environmental aspects is peculiar to the EC directive, but it is
compatible with a more conventional discipline-based aspect listing such as that given iD
Section 2.4.1. Figure 40 indicates in each of the matrix boxes by letter (referring to tbe :ist in
Section 2.4.1) the discipline-based aspects which are relevant to each of the EC enviroru::ental
categories.

2.4.3 METHOD OF ASSESSMENT

Phases of an assessment

An environmental assessment will normally comprise three phases:
1. The baseline survey, to define the existing environment;
2. The projection of the proposed project onto the existing environment and the

assessment of the probable impacts (beneficial and adverse);
3. Where impacts are found to be adverse, the investigation of measures to

mitigate those impacts and the possible incorporation of those measures into
the design.

Scoping
The aspects of the environment on which rock coastal and shoreline engineering
works may have significant effects will include those listed in Section 2.4.1 and the
various interactions between them. For an EA to be cost-effective, the distrîbution
of time and effort must match the relative needs of the different aspects. A: the
start of an assessment it will be necessary to decide on the probable scope of the
investigations and the appropriate level of detail required from the results.

Where the assessment is to be carried out under European Community Directive
85/337 or its derivative national regulations, a particular presentation of the
aspects is required. This is compatible with the aspects as listed in Section 2.4.1
and is detailed in the scoping diagram in Box 13.
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ENVIRONMENTAL DEMANDS - DESIGN

Souree: Translation ofparts of "Milieuvriendelijke Oevers ft (Environment-friendly banks), RWS, 1988

Policy on the design of banks

POlicy on the design and management of banks has been revised.

The new approach is set forth in several policy documents, not

only in the above-mentioned PoLi cy Document on "Living with

Water", but also in the Third Policy Document on Water

Management drawn up by the Ministry of Transport and Public

Works, the National Environmental Policy Plan drawn up by the

Ministry of Housing, Physical Planning and the Environment,

and the National Nature Policy Plan drawn up by the Ministry

of Agriculture and Fisheries, all of which appeared in 1989.

The Environmentally Friendly Banks Project deals with the

development, acceptance and application of this policy from a
pragmatic angle.

The managem~nt of a watercourse should be related to the

management of connected waters and the functions of the

adjacent land. What is required is integrated management of a

water basin. This approach demands that a thorough analysis be

made of the functions, management and general situation in the

whole of the area concerned. Such analysis is of prime

importance in th~ case of the design and management of banks,

which form the boundery between water and land and therefore

themselves consist of both elements. A functional analysis

based solely on criteria deriving from hydraulic engineering

is no longer adequate; other requirements and related criteria
must also be taken into account.

In functional terms a watercourse bank may be variously

described as:
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at once a dividing-line and a transition between water and

land, each having its own functions;

a means of protecting the land against the water: it

affords protection against high water levels, waves and

currents;
a means of protecting the water against the land: it

affords protection against cave-ins and the formation of

shallows;
a habitat for specific aquatic plants and animaIs. In this

sense banks play an ecological role, one that is related to

the general ecological function of the aquatic environment

as expounded in the Indicative Multi-Year Programme for

Water;
an environment through which specific bank-related plants

may spread, and animals move, across the land, thus forming

part of the ecological infrastructure;

a scenic element affecting the

enjoyment of the landscape;
an element in water-related activities, such as shipping,

overall recreational

fishing and recreation.

There are

functions,

conditions

many types of banks, which differ in respect of

morphology, soil composition, hydrological

and vegetation. In actual fact, no two banks are

alike. But even on one long bank considerable variations can

occur, or even be introduced, greatly enhancing the diversity

of the scenery and its wildlife.

It is therefore futile, or ill-advised, to seek one uniform

type of environmentally friendly bank. It would be wrong to

try to eradicate the diversity which has arisen, which is in

many cases of great value. The term "environmentally friendly"

was opted for in the new policy to emphasise the contrast with

the usual civil engineering approach to bank protection. The

qualification "multipurpose" would, perhaps, have been more to

the point.
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BANK DESIGN - EXAMPLES

Source: Delft Hydraulics, publication nr. 464, 1991

ENVIRONMENT-FRIENDLY BANK PROTECTIONS

R.E.A.M. Boeters, H.J. Verheij" and M. van der War

Rijkswaterstaat, Road and Hydraulics Engineering Division,
Delft, Ibe Netherlands

• Delft Hydraulics, Emmeloord, The Netherlands

ABSTRACT: Embankments along navigation canals and rivers usually require a
protection against the erosive forces of currents and waves. Up to now, in most
cases riprap, concrete blocks or sheet-pilings have been applied. However, the
increased public awareness about more environment-friendly solutions has been
leading to greater attention for design criteria for protective structures
allowing the presence of vegetation. After surveying several types of environment­
friendly protections the recently-developed design rules for two particular
structures will be presented. In addition, we will also present a summary of the
expected outcome of research projects being carried out presently.

1. INTRODUCTION
In the Netherlands much attention is focussed on building envirQnment-

friendly protections along embankments of navigation canals, levees and summer
dikes along rivers [1]. These protections are designed in such a way that plants
and animals can grow and reproduce, whereas the protection itself blends nicely
into che surrounding environment. Thus, they do not only provide a habitat for
plants and animals , but they are also attractive for recreational purposes . The
environment-friendly structure should resist the occurring hydraulic forces
induced by currents, wind-waves and ship-induced water motions. In some situations
the vegetation will have a protective function. In that case the sternsand leaves
are expected to reduce the hydraulic loads (active role of the vegetation), while
the roots are expected to improve the stability of the subsoil against erosion
(passIve role of the vegetation). However, in othér situations the vegetation will
only play an aesthetical role. In this paper results will be presented of physical
model tests and other studies dealing with the current environmental bank

protection research in the Netherlands.

2. TYPES OF ENVIRONMENT-FRIENDLY PROTECTIONS
Several types of environment-friendly protections can be distinguished. The

difference between the various types is determined by the function of the
vegetation in relation to the hydraulic loads (aesthetical or protective role). In
Fig. 1 the following environment-friendly types of bank protection are shown

schematically:
A) Embankments without any protection, resulting in the most natural environment

for animals and plants. This type can only be applied in the case of low
hydraulic loads and/or a very large available construction width.

B) Partially protected embankments, i.e. the lower part of the embankment is
protected against (ship-induced) currents, the upper part is protected by the
vegetation. Ibis type is suitable for smaller canals and rivers in which
relatively low hydraulic loads occur. Ibe vegetation then has to be temporarily
protected against incoming ship or wind waves during the first stage after

construction.
C) Structures with a shallow pool behind a fixed protection. In the pool plants

and animals find their habitat. The water in the pool is refreshed through gaps
in the fixed protection. The fixed protection absorbs all the hydraulic loads.
This type may be applied in the case of medium to heavy hydraulic loads and

sufficient construction width. B.7



D) Protections through which p1ants can grow and deveLop. For these structures
b10ck mattresses can be used, but a1so gabions and specia11y designed
protections consisting of open riprap 1ayers. This type of structure is
suitab1e in the case of 1itt1e availab1e width and medium hydraulic 10ads.

CA)

(0)

Fig. 1 Types of environment-friend1ybank protections

In the Netherlandsvarious research projects are carried out yet with respect to
environment-friend1ybank protections. Among these protections, one of them
concerns a combined system, such as ce11u1ar concrete revetmentbLocks aLl.owf.ng
vegetation. Another project deals with the water exchange between a navigab1e
fairway and a shaLl.owpool with vegetation behind a fixed protectionaLong the
fairway. In the next sectionsdesign criteria for both structureswil1 be pres-
ented.

3. EllOSION OF SEDIMENT THROUGH CELLULAR BLOCKS
A promising structurewith respect to providinga natura1habitat for p1ants

and animals living a10ng the water, b1ending into the surroundinglandscapeis the
application of ce11u1ar concrete revetment
bLocks, particu1arly in the case of limited
availab1e space for constructinga bank pro­
tection (Fig.2). The ce11s in this type of
structure allow vegetation to grow through
or between hard e1ements. The b10cks are
permeable enough to prevent the occurrence
of high uplift pressures while, on the other
hand the individua1 blocks support each
other against severe wave attack. The ero­
sion of the ce11 fi11ings is decisivefor
the stabi1ityof the slope protectionand the Fig. 2 Ce11u1arconcreteb10ck
growth of the vegetation in the first stage. revetment

B.S



As soon as vegetation has established itself,
roots and leaves of the plants.

In order to establish design criteria studies have
Hydraulics in a small-scale model [2]. The objective of
the ra te of erosion of soil material out of the celis.
concrete b10ck revetment schematica11y.

eros ion will be prevented by the

been carried out at Delft
the project was to assess
Fig. 3 shows the cellular
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Fig. 3 Sehematized eel1ular bloek Fig. 4 Typieal test results of
erosion of eell fillings

For wave loads attaeking around the undisturbed water level, the fo1lowing
design equation was found after the tests:

Y/G - c . H 0-' • log (N + 1) (1)

in whieh: c - coefficient (m4-'),G - cell width (m), Y - maximum erosion (m), H­
wave height (m), N - number of waves or ship passages (-). The coefficient e has a
value of 0.7 for non-cohesive cell fillings and 0.25 . p 4~ for cohesive fillings
with a very low compaction (p - soil fraction with partieles smaller than 0.002
mm). A specifie result is presented in Fig. 4.

The main conclusion after having carried out the research project is that
cellular blocks can be applied along inland waterways. A safe design approach is
to apply bloeks with a cell width G less than half the bloek thickness D for
cohesive and non-eohesive eell fillings and to allow maximum wave heights not
larger than 0_4 m. In the ease of a eohesive ee1l filling values for the wave
height up to 1.0 mare allowed, whereas the eell width G may be less or equal to
D. The erosion of eohesive material predicted by equation (1) can be reduced
considerably by inereasing the compaetion of this material in the cello

Meanwhile, a prototype inventarization is carried out to the establishment of
vegetation on eellular bloek revetments. For that purpose real test embankments
are examined. The results of this inventarization will beeome available soon.

4. WATER EXCHANGE BETVEEN POOL AND WATERWAY
An environment-friendly bank protection along inland waterways that is often

applied eonsists of a fixed protection, bordering a shallow pool with varying depth.
This shallow pool provides a habitat for all kinds of plants and animals improving
the appearance of the bank protection while befitting the surrounding environment.
Fig. 5 shows several varieties of the structure mentioned above.

B.9



Ca) Cb)

~ ~--~~--~~~rl~
Cc)

Fig. 5 Protective structures with a shallow pool

The fixed protection may consist of a sheet-piling (a), a riprap or block mat­
tress protection (b) or a combination of the structures mentioned before (c). A very
important aspect of this type of structure is the exchange of water between waterway
and pool in order to keep the quality of the water in the pool on a sufficient level.
This exchange is possible by wave-overtopping, but more importantly, it can be real­
ized by gaps in the fixed protection. Another advantage of the application of gaps
is that fish and other animals use these gaps to get in and out of the pool.

The distance between these apertures as well as the effective area largely
govern the rate of water exchange, and, consequently, fluctuations of the waterlevel
in the pool. In order to make a proper design, in terms of the dimensions of the gaps
and their distance, a numerical model has been developed.
The model is based on the following assumptions:
* Water exchange is possible by the water level depression caused by a passing ship.
* During the passage time of a ship, the water level in the waterway is lowered

and due to the head difference between pool and waterway, water flows out of the
pool.

* After the ship's passage, the original water level in the waterway is restored,
resulting in an inverse flow, since the water level in the pool has decreased
during the stage of outflow.

* The process can be described using the one-dimensional partial differential equa­
tions, that describe non-stationary flow in open channels, combined with suitable
discharge-head relations for the applied gaps.

In Fig. 6 the system of waterway, permeable protection and shallow pool has been
schematized. Each gap is defined as some kind of weir or spillway, and the distance

emt>arO<ment S'ope L between two gaps is divided into

l'I'I'I'I'I'I'I'I'I'I?f1r'l'I'I'I'I'I'I'I' sections of equal length 6x. The, ' , , , ' . ' , ' ,----' , ' , ' . ' , water level depression caused byPfOI I I I I I I I I I I, t t t t t t t i t: the passing ship starts at t - 0 5lLi j j ~ j j j j 11 at the first aperture, and
T~ ~'xed protect'o"" T at - L/Vûips at the next (Vollipis

H"Ct) ~ H,Ct) the speed of the ship in mis). For
each section the water movement is
governed by the equations for con­
servation of mass and conservation
of momentum. By applying dis­
charge-head relations at the boun

daries (both gaps), the set of equa
tions can be solved.

waterway

Fig. 6 Schematization of the waterway,
permeable protection and shallow
pool

The outcome of the model is governed by a selected volume of water that will be
exchanged during the passage of a characteristic vessel. This volume is expressed
relative to the original volume of water in the shallow pool. This criterion is
dependent on the number of characteristic ships that pass the structure daily. For
a waterway with a relatively low intensity of shipping traffic, about ten per cent
of the original volume is regarded to be sufficient.

In the graphs below, some results of the model are shown. They apply to the
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depicted situation. In this case, the relation between discharge and he ad for a
sharp-crested weir has been applied at the gaps [3]:

Q(t) =1csJ2'grnbH(t)1.5 (2)

in which: c. - coefficient for submerged flow (-), m - discharge coefficient (-), b
gap width (m), g - acceleration due tI)gravity (mZls), Q(t) - discharge (mJ/s),H(t)

- water level (m).
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Fig. 7 An example of the use of the derived mathematical model

distance between gaps. L (m)

The example shows that in order to exchange a relative volume of about ten per
cent per passage, for the smallest gap a distance of 20 meters is necessary, while
for the largest gap a distance of 40 metres suffices.

By using the model, the proper distance between the gaps and their geometry can
be assessed, related to a selected level of water movement in the shallow pool.
Besides structures using all sorts of sheet-piling, the model can handle riprap or
block mattress protections with lowered crests (Figure 5 (b» or pipes (culverts) as
aperture, simply by adapting the discharge-head relations. Also the water exchange
via a riprap protection without any gap can be calculated. In this situation water
flows through the pores between the stones, which can be described using Forchhei­
mer's equation for combined turbulent and laminar flow through stones (4).

The establishment and development of vegetation in the pool, and the use of the
pool as habitat or breeding place by fish or other animals depends largelyon the
quality of the water and the intensity of water movements inside the pool. With the
model described above, a proper design of the structure and the pool can be realized.

5. RECENT AND FUTURE DEVELOPMENTS
The trend to environment-friendly sol­

utions for protective structures has
resulted in many other research projects in
the Netherlands . For example, at this moment
research is carried out in order to develop
conceptual models for the behaviour of non
or less protected banks. The influence on a
non-protected embankment of the hydraulic
loads under normal daily conditions will be
a gradual erosion of the original profile
(Fig. 8) eventually resulting in an equili­
brium profile. Small-scale model tests to­
gether with theoretical considerations

Fig. 8 Schematized gradual erosion
of a non-protected embankment
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should allow to develop a mathematical model describing the time-dependent eros ion
of the embankment profile. The results of the studies will also be important for
determining maintenance strategies.

Another research project deals with the properties of geotextiles as a filter
layer in which the question is: does geotextile allow vegetation? If the openings in
a particular geotextile do not allow the vegetation to grow through the geotextile
vegetation will not develop in the way it was expected. Obviously, a compromise has
to be found between the traditional requirements, viz. water permeability and soil
tightness, and the properties of the geotextile. Ten geotextiles are investigated of
which one is made of the natural fibre jute.

A third project deals with the damping of waves by plants like reed or bulrush
on a horizontal berm at the embankment (Fig. 9). For this purpose a special facility
was built at Delft Hydraulics next to a wave basin, in which in fourteen test sec.
tions reed and bulrush on a substrate of sand or clayey sand are growing in the open
air (Fig. 10). During the growing season and in wintertime waves will be generated

"0 in the basin and the wave damping caused by vegeta-
tion will be studied. In addition, the influence of
the roots of the plants on the prevention or retar­
dation of the substrate will be studied as well.
Results of earlier tests are presented in Fig 11.

The results of all the research projects
described above will be included in the mathemat­
ica1 design program DIPRO (DImensioning PROtec­
tions) (5]. This program yet contains the design
formulas for traditional bank protections. In the
near future it will also allow the determination of
stable environment-friend1y protections. DIPRO wil1
then be of particular interest for consultants,
contractors and management and maintenance author­
ities of waterway systems.

Fig. 9 Vegetated berm as
bank protection

:i:
'"..s:. 10~
0•

00 2 " 6
wldth of veg.lotIon (m)

Fig. 11 Previous results of
wave damping charac­
teristics of reed

pl8llting wIcIth

1.5m "'.Om 1.75m

Fig. 10 Cross-section of a test section with reed
for wave damping tests
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WASTE MATERlAL
2.4.2 Eisen met betrekking'tot het milieu

Waterbouwkundige

Het effect dat

werken vormen in het algemeen een ingreep in het milieu.

deze ingreep heeft, wordt ten dele veroorzaakt door de

materiaalkeuze bij de uitvoering van de werken.

Vanuit milieuhygiênisch oogpunt kunnen eisen worden geformuleerd waaraan

bepaalde bouwmaterialen en hun alternatieven moeten voldoen. Deze eisen

worden enerzijds bepaald door het feit dat met de materialen een

verontreiniging in het milieu kan worden gebracht en anderzijds dat deze

materialen een verandering van de natuurlijke omgeving teweegbrengen.

Het milieu-effect bij een bepaalde materiaalkeuze wordt beoordeeld aan de

hand van:

- chemische samenstelling van de materialen;

- emissie van ongewenste stoffen die een bepaalde toepassing van de

materialen tot gevolg heeft;

- geschiktheid van een materiaal als drager van flora, fauna of menselijke

activiteiten.

Deze beoordeling moet worden gebaseerd op van overheidswege gestelde

richtwaarden of normen. Deze zijn (nog) niet opgesteld voor waterbouwkundige

werken. Wel is er een aantal milieuwetten, uitvoeringsvoorstellen en

beleidsbeslissingen die van toepassing kunnen zijn. In het geval van

hergebruik van afvalstoffen is er echter een tegenstrijdigheid aanwezig

tussen enerzijds het beperken van de hoeveelheid afval door stimulering van

hergebruik, en anderzijds bescherming van het milieu. Deze problematiek

wordt waarschijnlijk van materiaal tot materiaal verschillend benaderd en

opgelost. Vooral voor wat betreft alternatieve bulkmaterialen moet een keuze

gemaakt worden tussen het zoeken naar toepasingen binnen de huidige

regelgeving of aanpassing van de regelgeving aan een bepaalde toepassing,

De toepassing van richtwaarden of normen moet steeds worden gerelateerd aan

de waarde en de kwetsbaarheid van het systeem waarin de ingreep plaatsvindt,

In het Indicatief Meerjarenprogramma (IMP) Water 1985-1989 worden de

ecologisch~ kwaliteitsdoelstellingen voor Nederlandse oppervlaktewateren

geformuleerd, gebaseerd op de rapportage van de CUWVO (Commissie Uitvoering

Wet Verontreiniging Oppervlaktewater),werkgroep V (1984) [2.20].



Chemische samenstelling

De samenstelling van materialen geeft informatie over het potentieel nadeli­

ge effect dat een materiaal op het milieu kan hebben.

Een beoordeling kan geschieden aan de hand van :

- Zwarte en grijze stoffenlijsten. Deze lijsten (officieel lijsten 1 en 11)

zijn onder

EG-richtlijn

voornamelijk

andere opgesteld in het kader van het Rijnchemieverdrag, een

en het Verdrag van Parijs. De zwarte-lijst-stoffen zijn

geselecteerd op basis van hun toxiciteit, persistentie en

bio-accumulatie.

Toetsingskader van de interimwet bodemsanering. In dit toetsingskader zijn

voor een groot aantal verontreinigingen concentratiewaarden vermeld die

als beoordelingscriteria gelden voor de mate van verontreiniging in zowel

de "droge" grond als het grondwater.

- Wet chemische afvalstoffen. Bij algemene maatregel van bestuur, het

stoffen- en processenbesluit, wordt aangegeven wat wordt verstaan onder

chemisch afval.

- Toetsingscriteria baggerslib. Rijkswaterstaat, Directie Benedenrivieren

heeft een toetsingssysteem ontworpen voor vergelijking van onderwater­

bodems, rekening houdend met onderlinge verschillen in samenstelling en

textuur, specifiek voor het benedenrivierengebied (en dus niet direct

vertaalbaar voor andere materialen).

Het in het milieu brengen van milieuvreemde stoffen in grote hoeveelheden

wordt door de wet slechts toegestaan indien deze toepassing geïsoleerd,

beheersbaar en controleerbaar is (lBC-criteria). Dit betekent in de praktijk

dat aan toepassing van materialen, die een potentieel nadelig effect hebben

op het milieu, de eis kan worden gesteld dat ze "herneembaar" moeten worden

toegepast en niet mogen worden gemengd met niet-verontreinigd materiaal.

Indien het materiaal wordt hernomen, ontstaan mogelijk extra kosten indien

een verwerkingsmogelijkheid voor het afval met potentieel verontreinigende

stoffen moet worden gevonden. Ook dient een systeem te worden opgezet om de

milieueffecten te beheersen.
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Het uitlooggedrag van een stof kan worden getoetst aan verschillend

richtwaarden, afhankelijk van de vraag naar welk milieucompartiment d

emissie is gericht:

_ interimwet bodemsanering, bijvoorbeeld in het geval van kwel door he

materiaal naar het grondwater en de bodem;

_ waterkwaliteitsdoelstellingen, zoals opgenomen in het "IMP-Water 1985

1989";

_ toetsingscriteria voor baggerslib in het geval van emissie naar (

onderwaterbodem.

Bij deze beoordeling moeten zowel de totale belasting van het milieu a]

specifieke concentratie-eisen worden betrokken.

Een beoordeling van de totale emissie is afhankelijk van zowel de tijdsdu\

waarover deze plaatsvindt als het systeem waarop de emissie effect heef:

Chloride-emissie naar zeewater is onschadelijk, maar een korte doch ho;

emissie (bijvoorbeeld na hoge waterstanden) van koper naar het oppervlal

tewater kan dodelijk zijn voor vissen.

Emissie als gevolg van mechanische verwering treedt alleen op indien h

materiaal als toplaag of filterlaag wordt toegepast. Duurzaamheidseise

gesteld en acceptabel geacht vanuit civieltechnische hoek, kunnen t

milieuhygiênisch onaanvaardbare emissies van fijn verdeeld verontreini

materiaal leiden.

Milieuwetgeving

Een aantal milieuwetten is van toepassing op het gebruik van afvalstoffen

reststoffen in en onder water, te weten;

Wet verontreiniging oppervlaktewater (WVO) voor onder andere het in h

oppervlaktewater brengen van stoffen.

- Wet chemische afvalstoffen voor de verwijdering van chemisch afval.

- Afvalstoffenwet voor de verwerking van afval via vergunningen.

_ Wet bodembescherming voor de bescherming van de bodem via richtlijnen

algemene maatregelen van bestuur.



TOETSINGST ABEL voor dB beoordeling van de kDnc8rtrllieniveaus van diverse _ontreinigingen in de bodem.
IndikatieYerichtwaan:len: A-referentiewaarde. B-loet&ingswaardet.b.v. (nader)onderzoek. C-toetsingswaarde tb.v. sanering.

Voorkomen in grond (mgil<g droge stof) grondwater (l'QII)

cor'fllOIMI'1lniv8aIJ A B C A B C

1. MaIaJen
Cr a> 250 800 1 50 200

Co 20 50 300 20 50 200

Ni a> 100 500 15 50 200

Cu a> 100 500 15 50 200

Zn a> 500 3000 150 200 800

Aa a> 30 50 la 30 100

Mo la 40 200 5 20 100

Cd a> 5 20 1.5 2.5 la

Sn 20 50 300 la 30 150

Ba 200 400 2000 50 100 500

Hg a> 2 la 0.05 0.5 2

Pb a> 150 600 15 50 200
2. AnorganiSChewrbindlngen

NH4 (aJaN) - - e 1000 3000

F (IaIaaI) a> 400 2000 <2l 1200 4000

eN (lalaal-vriD 1 la 100 5 30 100

CN (lalaal-COf11IIex) 5 50 500 la 50 200

S (lCICaal.. ulflden) 2 20 200 la 100 300

8r (IoWII) 20 50 300 <2l 500 2000

P04 (ala P) <2l 200 700
3. AromIIiache Wrbindingen
Benzeen O.05(d) 0.5 5 O,2(d) 1 5

ElhybnZeen O.05(d) 5 50 0.2(d) 20 60

TohlMl O.05(d) 3 30 O,2(d) 15 50

Xylenen 0.05(d) 5 50 0,2(d) 20 60

Fenolen O.05(d) 1 la O,2(d) 15 50

A_(totaal) - 7 70 30 100

4. PoIycyeIsch._ische
~allen

~ 0> 5 50 O,2(d) 7 30

~ 0> la 100 0.005(d) 2 la

AnI.- 0> la 100 O.OO5(d) 2 la

A_ 0> la 100 0.005(d) I 5

Ch~ 0> 5 50 O.OO5(d) 0.5 2

Benzo(a)anl_n 0> 5 50 0.005(d) 0.5 2

8enzo(a)pynI8n 0> 1 10 0.005(d) 0,2 I

8enzO(k)fluorart- 0> 5 50 0.005(d) 0.5 2

Indano(1.2.3CdJpyreen 0> 5 50 0.005(d) 0.5 2

8enzo(ghi)peryleen 0> la 100 O.OO5(d) I 5
PAK (IaIaaI) 1 20 200 la 40

5. GecIIIor8erde kocIIwmeIStdfen

AllIIIiIche c:llloorIIwat (IndIv.) 0> 5 50 0.01(d) 10 50
ÁllIIIiIche c:ll1oorkws1 (ICIaaI) 7 70 IS 70

Chtoorbenz8Mn (lndIv.) 0> 1 10 O.Ol(d) 0.5 2
ChIoorbenZ_n (IOIaaI) 2 20 1 5

ChIoorfenoIen (indlv.) 0> 0.5 5 O.Ol(d) 0.3 1.5
ChIooIfenoIen (totaal) 1 la 0.5 2

ChIoorpck'a (totul) 0> I la 0.2 1

PCB'. (totaal) 0> 1 la O.OI(d) 0.2 1

EOCI (tDIaaf) 0.1 8 80 1 15 70

6. Bestrijdingsmiddelen

Orgariac:ll chloor (indiv.) 0> 0.5 5 11O.0l(d) 0.2 I

Organisch chloor (tolaal) 1 la 0.5 2

NMIIcIIIoot (indiv.) 0> I la 11O.01(d) 0.5 2
NMIIchloor (toIaaI) 2 20 I 5

7_ Overige verontreinigingen
T81rahydrofuran 0.1 4 40 0.5 20 60

Pyridine 0.1 2 20 0.5 10 30

T8IrahydlOlhiofeen 0.1 5 50 0.5 20 60

Cydohexanon 0.1 6 60 0.5 IS 50

Styreen 0.1 5 50 0.5 20 60

Filialen (lOIaaO 0.1 50 500 0.5 10 50

GeoxydeerMPAK (tOIaaI) I 200 I 2000 0.2 100 400

Mineraleolie 0> I 1000
I

5000 5O(d)I 200 600

d • detec:llelimiet a>®Ol • zie tabel 1.2en 3 U~: Leidraad Bodemsanering (afl. 4. noverTt>er1988)



T.... 1: Ae..... ,IIe...... voor_1IWtaIen,_ en_

Gtcnd (mg I lig droge SIal) RelerentieWaaRlen VDt:J( zwara melalen. arseen enl
tluor Iwnnen \lOOt alle grondSOOllenworden

Stof B.,..""ningswijze benokend mei de -.oor elk eIemenI gegeven I
'","",Ie. In deze formule wadi de ralerentiewaalde

Cr (dlroorn) 50.21. afhan""~jk geSI8kI van hellulumgehane (L) &nIot
Ni (nidIeI) 10.L hel organische Slofgehale (H).
Cu (lulpef) 15.0.6 (L • Hl Onder hel tutumgehalle wadi VIIfSIaan het
Zn (zink) 50.1.5 (2l+ Hl gewichIIp8n:8nIage rrinerale ~delen mei
As(_) IS + 0.4 (L + Hl een doorSnede Ideiner dan 2 jUn. balrokken cp hel
Cd(~m) 0.4 + 0.007 (L + 3H) lOIale drooggewichl van de grond.
Hg (kwik) 0.2 • 0.0017 (2l + H) Onder hel Otganischestofgehalle weidt verstaan
Pb (loOd) 5O.L+H hel ~ gtoeiwrIie6. ':leIIoIduIncp
F (IIuor) 175.13l hel torale drooggewicht van de grond.

ua: Leidraad BocIen'5anering (afl. 4. nowniIer 1988)

Stof GrondW_ epn.tUngen

- nitraal 5.6 nç NI1 t.beKheIming van ~
- toatur 0.4 nçPII zandgllbieden gebieden Iwnnen fag«8 waarden _Nt
(IDIaaltoelaa) 3,0 nç Pil klai-en __ zi;l

gebieden

- sulaad 150 nçJI In gebieden mei rmriane belnvtoeding
-bromiden 0,3 nçJI hDman van _ ~ waarden \lOOt

-dllofiden 100 mgII (ZCUIen bral< ~_)
- fluoriden 0.5 nçJI
-amrTaIiu~ 2 nçNl1 zandgebieden
Wfbindi'llen 10 mgNl1 klai-en_

gebieden

U~: Leidraad BodemIanerIng (all 4. IICMIII'ber1988)

Tabel 3: ~ voor organlectw v.rbIncIngen Ingrond

Stof ReI_iewaatde per Slof bij

.)Geh8I""_'k_ •.......,..,_ H.0-2 H.2-30 H.3O-100

~ ....-
heuchiDolqclohexaan; (JigIIcg) 0.2 • O.lxH· 3'
endrin

18IraChIooraIha; 1IInCh1oormelllaan; (JigIIcg) 0.2 ' O.lxH' 3'
tridlloonolh&an; trtc:h'_"'-l;
trtc:hloormelhaan

PCB (IUPAC nurrmn 28 en 52) (JigIIcg) 0.2 ' O.1xH' 3'

cHoorpIapeen; tetraclllootelheen;
MxachtooNthaan; hexach~leen; (JigIIcg) 2 1 xH 30
~8IXIlIide

dlchloortlanZeen; ~;
~_; hexachtoorbenzeen; (JigIIcg) 2 1 xH 30
monocII~; dlchloomllnlbenzMn

aldrin; dieldrln; dltoordun. endaIufan; (JigIIcg) 2 1 xH 30
IIttturlllln; azinfas-rnMIIyt; azinfas-elhyl;
dilu'alon; fenlrolhion; paralhion en -methyl;
triazot05

PCB (IUPAC nu....... iet. 118,138. 153 .. 180) (JigIIcg) 2 I IH 30

000. DOE. pentacI*)orfenoi (JigIIcg) 20 10 IH 300

b) Palycyc:lleche _matladiek__ w.toften

naftaleen; avv- (JigIIcg) 2 I IH 30

lenantreen. .mraceen. 11_ (JigIIcg) 20 10 IH 300
benZo(a)pyreen

benz(ajantr- (mgIIIg) I 0.2 O.IIH 3

benZo(k)ll_anleen; indeno(1.2.3.cd)pyreen (mgIIIg) I 2 I IH 30 Ibenzo(ghi)peryleen ! ,
c) ......... oI..

, I
talaaf (mgIkg) 10 5 IH I 150

I
I

OCIaan.heplaan (mgIkg) 0.2 0.11 H I 3I
UI: Letdraad Bodemsanenng (afl. 4. noverrber t988)

Voat de bodems met meer dan 30% resp. minderdan 2% organosc:neStotzijn referentiewaardenin de
tabel geg_. Voat de bodems met 2 - 30 or.organisc:nestot zijn de referentie waarden afhanl<8lijkvan het
%organiSChastot (H in%).

, ot detecliegrens indien hogerdan aangegeven waarde




