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PREFACE

The background for this Monograph on Rubble Mound Break-
waters has been a constantly growing need at the Danish
Hydraulic Institute (DHI) for a general presentation of
the experience and the methods of the Institute within
the field.

The Monograph should not be read as an attempt to give a
complete review of the present state of knowledge in this
field of civil engineering. Neither has it been the pur-
pose to take into account the historical developments of
the design of rubble mound breakwaters. The readers will
also notice that many findings from recent years have not
been dealt with in the book.

Rather is it my hope that the presentation will form the
basis of fruitful discussions among éngineers working in
the field, be useful for consulting engineers working on
breakwater design, for contractors constructing breakwa-
ters, and for laboratory engineers working both scienti-
fically and practically within the field.

Since the general understanding of the basic mechanisms
governing the stability of rubble mound structures is
still in its childhood, it has been the aim to avoid ma-
thematical and academical sophistications. Therefore, the
presentation is based mainly upon rather simple engiheer—
ing "methods".

The book is not intended to be a manual for design of
rubble mound breakwaters, but rather a presentation of
the various aspects to be considered in the design pro-
cess and a presentation of relevant case stories from
which general experience can be extracted.




The report is generally based upon DHI's and the author's
experience from model studies and consulting works for
clients in connection with a large number of breakwater
projects. Besides, research works carried out in coope-~
ration with the Institute of Hydrodynamics and Hydraulic
Engineering (ISVA) at the Technical University of Denmark
has been of great importance.

Many engineers at DHI have given valuable comments on the
manuscript. Special thanks are due to Mr. Torben S¢ren-
sen, Director of DHI, and Mr. Jens Kirkegaard, DHI, for
discussions, comments, and suggestions for improvements.
Special thanks also to Mr. Helge Gravesen for many years
of co-operation on breakwater studies. I am especially
grateful to Mr. Hans Agerschou for reviewing the manu-
script.

Finally, I wish to direct my thanks to the Knud Hg¢jgaard
*

)

Foundation which has graciously financed the publica-

tion of the manuscript.

November, 1984
Horsholm, Denmark
Ole Juul Jensen

*
) The Knud Hpjgaard Foundation obtains its funds as major share-

holder in the large Danish engineering and contracting company
Hojgaard & Schultz A/S. Among several fields Hgjgaard & Schultz
A/S has a wide experience within marine works from port projects

in many parts of the world.




1. INTRODUCTION

Rubble mound breakwaters are used for protection of har-
bours, structures and various facilities against wave
action, but they are also used for protection of navi-
gation channels and as groins in an attempt to diminish
sediment transport. '

Rubble mound breakwaters have been built since ancient
time, but taking a brief historical look at rubble mound
breakwaters it seems evident that many structures have
been under-designed in the past and have consequently
been destroyed. The reason for the many failures has pri-
marily been the poor understanding of the physics of rub-
ble mound breakwaters and, as a result, lack of appli-
cable and safe engineering methods to be used in the de-
sign. Therefore, rubble mound breakwaters were usually
designed on the basis of experience gained from neigh-
bouring breakwaters or breakwaters which, on the part of
the designers, were judged to be equally exposed.

Early designers and contractors of rubble mound breakwa-
ters were normally bound by the necessity of using quarry
rock for the armour layers. However, there are also many
examples of concrete cubes used as armour. The capacity
(reach and moment) of the cranes available for breakwater
construction used to be limited compared with contempora-
ry equipment, and it was often necessary, at that time,
to dump the stones in the armour layer instead of placing
them and thereby increasing the slope steepness and redu-
cing the total stability. ‘

During recent years, the demand for larger vessels has
resulted in many breakwaters being built in much greater
water depths than before. In greater depths, the wave




impact on breakwaters is often more severe than in shal-
low water. In spite of this change, it seems as if the
methods used for the design of smaller breakwaters in
shallow water have also been applied for breakwaters with
complicated profiles and artificial concrete armour units
in deep water. In deep water, the risk of disastrous dam-
age is bigger because of the breakwaters often being
built with rather steep slopes to minimize the volume of
construction material. The deep water also prevents the
wave height and hence the impact from being limited by

wave breaking.

There has been a considerable number of breakwater fai-
lures during recent years. Many of these breakwaters had
just been completed or had been in place for a few years
only. The economic consequences of the failures are sub-
stantial. Not only because of the costs related to re-
pairs, but also because of the economic losses due to
stopping or hampering of the port operations.

‘It therefore seems well justified to conclude that there
is a strong need for safer and more reasonable engineer-
ing methods in connection with the breakwater design.

A considerable number of researchers all over the world
are conducting studies within this field of engineering
these years. The great interest is no doubt caused by the
many and costly applications of rubble mound breakwaters
and by the many failures. In spite of the research,
though, there seems to be a long way to go to obtain a
more complete understanding of the physics of the rubble
mound breakwater because of the complexity of the pro-
blem. The physics of a breakwater under wave attack in-
volves both wave hydraulics and sciences, such as soil
mechanics, structural engineering, classical hydraulics
and material science.
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At the moment, the most important obstacle to progress in
the development of the theoretical understanding is per-
haps the lack of a physical and mathematical description
of breaking waves, i.e. the non-stationary velocities and
accelerations in a breaking wave and its up- and down-
rush against and inside a rubble mound breakwater. Even
if a suitable theory describing the kinematics of break-
ing waves were available the uncertainty of the characte-
ristics of waves arriving at a breakwater would normally
not allow great accuracy in prediction of the long-term
behaviour of a particular structure.

Still, because of the lack of a sufficient theory for
description of the velocities and accelerations in wave
up- and down-rush, the main effort in rubble mound break-
water research has not been directed towards the micro-
process, i.e. the hydrodynamic conditions for the indivi-
dual units in the armour layer. Instead, much attention
has been paid to the macrofeatures of the problem by ob-
servations in scale models and by prototype observations
in an attempt to evaluate relationship between the many
parameters of importance. The present publication follows
this tradition.

11




2. ENVIRONMENTAL LOADS TO BE CONSIDERED IN BREAKWATER
DESIGN

2.1 General

The environmental conditions to be considered in the de-
sign of a rubble mound breakwater may be summarized as
follows:

a. Wave Conditions

i. Wind waves and swells
ii. Hurricane waves
iii. - Seismic sea waves (tsunamis)

b. Water lLevel Variations

i. Astronomical tides
ii. Wind set-up
iii. Water level variations due to changes in the

barometric pressure

c. So0oil and Foundation Conditions

i. Soil conditions

ii. Possible morphological changes (possible chan-
ges in the bathymetry due to erosion or sedi-
mentation) A

d. Other Environmental Loads

i. Drifting ice and ice packing
ii. Possible collisions of floating structures
iii. Salt water and pollutional effects on the dur-

ability of materials.

Of the above-mentioned environmental loéds, waves are the
most important single factor to be evaluated during the

12




design process. It is of paramount importance for the
economy of a breakwater project to have a thorough know-
ledge of the waves to be expected during the lifetime of
the structure. It is therefore strongly recommended that
wave measurements are being performed in connection with
any significant project. More information can be achieved
by measurements than by any other available method.

2.2 Wave Conditions

Many clients and consulting engineers neglect the execu-
tion of wave measurements during the first phase of a
project, and therefore wave measurements may not be car-
ried out at all or perhaps initiated only at a late
stage. Wave measurements should be carried out with in-
struments which allow a direct reproduction of the wave
records in hydraulic scale models. This may be achieved
by an accelerometer buoy by which the waves are also re-
corded on magnetic tape.

For a breakwater project it is necessary to analyse all
available information on wave conditions. The information
may come from wave records or hindcast based on wind
data. The analyses include determination of wave stati-
stics for a specific point near the breakwater site. If,
for instance, wave records are available from a far-away
position from the breakwater location (i.e. in deep
water) it is necessary to make further studies including
the possible refraction, diffraction and energy loss of
the waves propagating from the measurement position to
the breakwater site. It is often very difficult to make
such 'evaluations with the required accuracy due to the

13



complexity of the physical phenomena involved. However,
such an analysis is necessary because the dimensions of
the breakwater structures and armour units are dependent
upon the wave conditions in a highly non-linear way.

For these reasons, it is often preferable to take wave
measurements very close to the breakwater site. As men-
tioned above, wave conditions at a breakwater site may,
however, be related to the deep water wave conditions in
a very non-linear way (both wave height, wave period and
wave direction dependent). Therefore it is often extreme-
ly difficult and uncertain to estimate extreme design
wave conditions from, for example, one year of measure-
ments at a site, since the measurements may be atypical
and thereby not representative for long-term conditions.
Thus, wave measurements are often supplemented with wave
hindcast on computer by use of a mathematical model. The
hindcast study may typically include calculations of hi-
storical storms in order to obtain as much information as
possible on the extreme waves occurring at the site. .

2.2.2 Wave Statistics

In Fig. 2.2.a is shown a traditional wave height statist-
ics for a harbour in the Mediterranean Sea. The data
comes partly from measurements and partly from hindcast
of synoptic weather maps using DHI's computer hindcast
'model, Ref. 7.

Here the significant wave height, Hs' is used in agree-
ment with the tradition in coastal engineering. Hs is
defined as the average of the highest one third of the
waves in a wave record. For measurements in shallow wa-
ter, the maximum wave height in the wave record should
also be considered in the analysis.

14
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Besides knowledge of the wave heights, it is just as im-

portant to know the corresponding wave periods. The wave
period is, as will be shown in Section 5.7, almost as
important for the stability of a rubble mound breakwater
(Fig. 2.2.a) as the wave heights.

2.2.3 Maximum Waves at the Breakwater

When the wave climate at the site is defined, including
the extreme wave conditions to be expected during the
lifetime of the project, it is necessary to evaluate
whether the waves impinging on the structure are limited
due to wave breaking in front of the structure. If this
is the case, it is possible, as it will be shown in Chap-
ter 5, to design the breakwater structure in such a way
that the maximum possible damage is limited. This makes
the structure very safe compared with structures in deep
water. In the Shore Protection Manual, Ref. 74, the fig-
ures presented may be used for a preliminary evaluation
of the maximum waves that are likely to impinge on the
breakwater. However, the results of the Shore Protection
Manual are based upon tests with fegular waves, and
therefore the maximum wave heights evaluated are not ne-
cessarily conservative. It has for instance been experi-
enced in connection with a specific breakwater study,
where the breakwater was located on a rather steep bottom
sloping from 1:20 to 1:7, that the maximum impact on the
structure was caused by a rare combination of two waves
succeeding each other. In order to get the maximum im-
pact, it was necessary ﬁhat a relatively small wave piled
up aQainst the breakwater to allow for a large wave fol-
lowing shortly after to reach the structure and break

directly on the armour layer. This type of phenomenon. -

does not occur in regular waves, and emphasizes the ne--
cessity of using irregular waves based on measurements
for model testing.
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2.2.4 Hurricane Waves

Hurricanes occur in some areas of the world. The waves
caused by hurricanes may be determinant for the stability
of a rubble mound breakwater. It is not only the areas
direcly struck by hurricanes that are affected, but also
adjacent areas to which the hurricane waves may reach.
Special attention should be paid to projects in such
areas where two regimes of waves occur. Hurricanes may be
so rare that they are not covered within, for example,
one year of measurements at a site. For the evaluation of
hurricane waves, literature is referred to (Ref. 74).

2.2.5_Seismic_Sea Waves_(Tsunamis)

Sea waves can also be generated by seismic activity of
the sea bottom. Such waves are called tsunamis. They are
especially occurring along the coast lines of the Pacific
Ocean. They may, although very limited in height in deep
water, be very damaging to coastal structures and other
structures near the coast line due to their very low
steepness causing large up-rush. In Ref. 87 is a brief
presentation on the subject.

2.3 Water Level

Since the maximum waves depend on the water depth, it is
necessary to establish a correlation between wave condi-
tions and water level.

An evaluation of the probability of simultaneous occur-
rence of waves and water level is possible for sites whe-
re the astronomical tide is dominant, since there is no
correlation between the astronomical tides and storms.
For other areas, such as the inner Danish waters, the
evaluation of the design water level is extremely diffi-

17



cult. This is because both the wind set-up and the water
level variations, due to changes in the barometric pres-
sure, in a very complex way are related to the low pres-
sure system and its wind field.

If shallows are present in front of a breakwater the ac-
tual water depth over the shallow may be determinant for
the maximum waves that can reach the breakwater. As an
example may be mentioned the Zwara Port in Libya having a
ridge~formed reef with a water depth of approximately 13
m about 2 km in front of the coast line. In this case
only waves of approximately 0.8 h (h being the depth)
were able to reach the structure. Fig. 2.2.b shows wave
spectra of wave records measured in a model in front of
and behind the reef respectively. The transformation of
the waves is clearly distinguished for this extreme wave
situation.

In Fig. 2.2.c a typical analysis of the wave record used
for generation of irreqular natural waves in the model is
presented, including scatter diagram, wave height distri-
bution, and wave spectrum.

18
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3. CONSTRUCTION AND GENERAL DESIGN

Before describing the various types of rubble mound
breakwaters it seems worthwhile to define what a rubble
mound breakwater is. In a discussion among engineers at
DHI, one engineer concluded: "A rubble mound breakwater
is a heap of stones thrown into the sea in the most eco-
nomical manner to withstand the environmental loads at
the site”.

Breakwater design is often considered more as an art ba-

sed dpon previous knowledge than as a field to which
commonly accepted engineering rules may be applied.

3.1 Typical Cross-Sections

The rubble mound breakwaters normally constructed may be
divided into four types as shown in Table 3.1.a.

Crest Elevation

Crest "Low" "High"
Pure rubble Breakwater where excessive Breakwater where only -
mound overtopping is acceptable. limited overtopping
structure "Large” armour units are is acceptable.

necessary to make crest
and rear side stable.

Rubble Excessive overtopping is Only limited overtop-
mound acceptable. The super- ping is acceptable.
structure structure is introduced The superstructure is
with to stabilize the crest introduced for one of
super- or to make access to the the following reasons.
structure breakwater at low tide 1. As roadway to make
and during limited wave access to the break-

action. water. - 2. To carry
' structures for example

pipelines.

Table 3.1.a. Types of rubble mound structures.
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Examples of the four types are shown in Figs. 3.l.a-
3.1.d. All these examples, except the pure low rubble
mound structure, have been developed through model test-

ing.

3.2 Selection of Type of Structure

The selection of the type of breakwater structure for a
specific harbour project is often made by the consulting
engineer. The hydraulic laboratory is then carrying out
hydraulic tests under the supervision of the consulting
engineer. In other cases, the laboratory is directly in-
volved from the very beginning of a project to outline
possible types of structures. The task of the consulting
engineer is then, on the basis of economy, material and
construction considerations, to select one or maybe two
alternative breakwater profiles to be used for the subse-
quent design phase and model testing.

The selection of the profile should be made considering
the following aspects.

3.2.1 Available Resources

Available resources, like natural stones and gravel, pos-
sible locations for a guarry at or in the neighbourhood
of the site, should be analysed.

3.2.2 Operational Claims to be Considered

a. Access conditions during daily operations and in re-
lation to the possibility for carrying out repair
work in case of damage.

23




b. Strategy of maintenance. Is the breakwater to be al-

most maintenance~-free during the expected lifetime or
is maintenance/repair work acceptable?

c. Demands with regard to overtopping. Are operations
sensitive to overtopping to take place closely behind
the breakwater or are roads, structures or buildings
to be placed in the immediate vicinity of the break-
water, or must the breakwater itself carry structures
sensitive to overtopping, such as pipelines?

d. 1Is a breakwater superstructure or crown wall necessa-
ry? This depends on all three points a, b, and c men-
tioned above.

Whether or not a high technology level is rational for
example with artificial armour units and reinforced con-
crete for a superstructure and parapet wall. Such a
structure demands more from the contractor than a pure
rubble mound structure with maybe a larger volume of ma-
terial, but with less specialized construction opera-
tions.

3.2.4__Economy versus_Safety

It is often seen that a consulting engineer for a speci-
fic project is selecting a size of armour unit, that is
just sufficient from a hydraulic point of view, while it
may have no significant influence on the economy to use
larger units. This is because the total cost for con-
struction of one m? of armour layer surface is composed

24



of two factors: The cost of manufacturing the armour
units and the cost of placing them on the breakwater.

The volume of stones or concrete is proportional to the
layer thickness, r, which again is proportional to V]‘/3
(V is the volume of the units) (see Section 5.7.2). The
price for placing of the units depends on two factors:
Firstly, the price for the necessary crane to do the job,
which is often determined by the weight of the units and
the required reach of the crane. It should not be forgot-
ten, that if larger units and/or a flatter slope are re-
quired on the breakwater head, this may be decisive for
the necessary crane size. It may be assumed that the ne-
cessary time to place one armour unit is independent of
the size of the units within the range of sizes conside-
red. Thereby the price for placing the blocks will be
proportional to the number of units. Secondly, the number

-2/3 (see Sec-

of units per unit area is proportional to V
tion 5.7.2). This means for example that a 50% increase
in armour weight (volume) only increases the volume of
stone or concrete by 14%, while the number of units to be
placed decreases by 24%. Further, it should not be for-
gotten that a reduced number of units reduces the number
of operations during casting and transport and thereby

the construction time.

3.3 Rubble Mound Breakwater Construction Methods

Engineers working on the design of rubble mound breakwa-
ters are usually facing the problems of not knowing how
an actual breakwater is going to be constructed. This is
because the various contractors tendering for the break-
water construction are free to choose the methods of con-
struction within certain limitations. This means that
although there is a close influence of the design and
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construction methods on the cost of construction, the
choice of construction methods is normally handed over to
the contractor. However, it is always necessary in the
design process to comnsider how the breakwater is to be
constructed. Designs that are difficult to construct may
be the source of endless quarrels between the contractor
and the engineer(s) responsible for construction supervi-
sion.

There is in principle three different construction me-
thods:

1. To construct the breakwater in the dry behind a cof-
ferdams or at low tide.

2. To place or dump the material from equipment standing
either on the breakwater or on a self-elevating plat-
form.

3. To place or dump the material from floating equip-
ment.

The first method is hardly never used except in cases
- where cofferdams are constructed for other purposes. How-
ever, dry construction may sometimes be accomplished dur-
ing low tide on sites with extreme tidal variations. Dry
construction is preferable (but usually not recommended)
because it makes construction work more accurate.

The traditional method of breakwater construction is to
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tip the core material in the breakwater alignment either
from dump trucks or dump waggons. When the core has
reached the required size, the filter and armour stones
are placed or dumped on the sides of the core material.
After having reached the final length, the crest is con- ’
structed on the way back by placing more stones on the
crest. The disadvantage with this method is that the side
slopes of the breakwater become very steep and close to
the natural ange of repose of the material, especially
under water. This causes poor stability compared with a
breakwater made of the same stone materials, but with a
somewhat flatter slope.

The method by which the core of the breakwater serves as
a roadway during construction makes demands on the width
of the roadway. The roadway may have to be wider than
dictated from hydraulic reasons. It should be made so
wide as to make it safe and easily manoeuvrable for the
equipment on the crest.

It is necessary that the roadway is at such a high level
that the safety of equipment is not endangered by wave
up-rush during normal operations. It is normally feasible
to accept a certain probability of damage to equipment
during construction. This may be carefully examined by
the contractor prior to construction. The available wave
and water level data may be studied to evaluate the risk
of damage to equipment for different roadway levels and
construction methods and in this way select the most ap-
propriate method for the specific case.

If the breakwater is long it may be advantageous to make
the roadway with two lanes so that two vehicles can pass
each other on the breakwater. This may also be achieved
by introducing spots either permanently or temporarily
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where two vehicles can pass each other. If it is necessa-
ry to have two or more cranes working on the breakwater
it may also be necessary that the roadway is wide enough
to allow vehicles to pass a crane.

Many breakwaters constructed have crown walls which may
serve as roadway during construction. If the crown wall
is constructed before placing of the armour units, the
crown wall may form an excellent foundation for crane
rails. This is especially important for large, exposed
breakwaters for which a huge crane is necessary.

Nowadays large breakwaters are normaily constructed by a
combination of floating and land-based equipment. It is
often most economical to place the large volumes of mate-
rial needed in the core and lower parts of a breakwater
from floating equipment. The core material may be placed
by various types of barges, such as: dump barges (split
barges) and side unloading barges. A dump barge tends to
deposit its load of material in a heap, while it is pos-
sible with a side unloading barge to place the material
in a more even layer. Barges are restricted by their
draft so they can only be used to place material up to a
certain level. For split barges it is necessary to avoid
that it is grounded by the heap of material, while un-
loading. ‘

Sometimes barges are equipped with a crane to make it
possible to place material at a higher level or to place
armour stones. Waves and current are of inconvenience for
the use of floating equipment, especially for specialized
operations such as placing of berms and armour stones.
For this, jack-up barges or other types of platforms may
be used.

28



A disadvantage of floating equipment is the requirements
to the positioning system to make it easy to position a
barge before unloading its cargo. As mentioned earlier a
combination of floating and breakwater-based equipment
will normally be the most economical and efficient way to
construct a rubble mound breakwater. If filter and armour
stones are delivered to the site on barges it is often
most economical to have equipment that can place the ma-
terial directly from the barge.

a. Toe Protection and Filter Layers between Bottom and

Core

Filter layers of gravel or similar are normally con-
structed from barges. In this case, side dumping barges
are preferable because they can more accurately place the
material in layers of the required thickness.

b. Core Material

As mentioned earlier core material may be plaéed by
barges or by dumping material from the free end of the
breakwater. The greatest problem of placing the material
is to achieve the required slope under water. There is a
tendency for gravel and especially quarry run to stand
with rather steep slopes under water such as 1 on 1 to 1
on 1.2. This means that it is often necessary to use
other equipment to complete core construction.

Cc. Berms

The berm(s) for armour layer foundation is a very essen-
tial component of a rubble mound breakwater. A berm may
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be constructed either from floating equipment of from a
crane on the breakwater. The use of a crane from the
breakwater is preferable because it is more likely that
sufficient accuracy is achieved. This is normally poss-
ible if the reach of the crane is large enough because
the primary armour units to be placed next to the berm
will determine the maximum bending moment to be resisted
by the crane. If floating equipment is used, it is recom-
mended that special precaution is taken to assure accu-
rate positioning and that the stones are lowered into
position and not dropped from above water level. If the
latter, less accurate method is used it should be compen-
sated for in the design by making the berm so wide that
it still provides a safe foundation for the main armour
layer. (See also the detailed description of berm design
in Section 5.6).

d. Filter Layers between Core and Armour Layer

The filter layer(s) between core and principal armour is
of major importance for the stability of the entire
structure.

A filter layer should, as shown in Section 5.5, be suffi-
ciently thick to make construction reasonably easy. Con-
struction of filters may as for the berms and primary
armour be carried out both from floating equipment and
from the breakwater itself. Unless allowed for in the
design, the filter layer should be constructed from the
breakwater or other fixed structure in order to obtain
satisfactory accuracy.

e, Armour Lavyers

The primary armour layer on a rubble mound breakwater is
nearly always placed by a crane, usually from the break-
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water, but sometimes also from floating equipment or a
fixed structure. Many of the large breakwaters built in
recent years, have very heavy armour units, and the
horizontal extent of the armour layer is large. Thus it
is necessary for the crane to resist a very large bending
moment. In some cases it may be necessary to build cranes
with a moving counterweight. For some breakwaters, such
as those at Sines and Bilbao, other methods have been
used. In Sines 42 t dolos units were placed from floating
equipment and in Bilbao the 1lower part of the armour
layer, consisting of 65 or 85 t rectangular blocks, was
constructed from a barge dropping a number of blocks in
one operation. These methods seem rather crude since the
two breakwaters were designed with a véry limited berm
and no protruding berm respectively. It seems that the
construction methods were rather risky. There has been
found no proof for any of the two structures, which were
very severely damaged, that the construction methods were
determining for the damage. '

Many types of armour units, such as quarry stones, cubes
and dolos, are normally specified to be placed at random.

In order to assure uniform distribution of the units, it
is necessary to be able to place the required number of
units per unit surface area. This may be achieved by
using a grid system indicating the position of each unit.
The application of such a system requires, however, a
fast and accurate method for positioning established on
the site. For tetrapods and especially for tribars the
placing of the individual units are normally being guided
by the use of a grid system indicating the position of
each specific unit. This is in particular important for
tribars because these blocks are often placed in a single
layer.
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Tetrapods, invented and patented by Neyrpic Inc., France,

are often placed according to the "Systéme Sotramer"” de-
veloped by Sotramer, France. An example of such a system
for a large breakwater with 20 m3 tetrapods is shown in
Fig. 3.3.a. For this project the tetrapods were placed
after construction of a heavy crown wall. A crane working
from the crown wall made the exact positioning of each
individual tetrapod possible.

In order to assure uniform distribution of the armour
units under water, it is advisable that such systems be
considered for all significant projects, no matter which
type of armour units. Whether or not a grid system is
used, the structure should always be inspected by divers
before, during and after construction. However, it is
essential to design a breakwater in such a way that it is
not too difficult to construct, as too much surveYing of
profiles and diving inspection may interrupt and hamper
the execution of the work.
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Fig. 3.3.a Plan for placing of 48 t tetrapods.

f. Breakwater Crest

If the crest is to be armoured in the same manner as the
seaward face, it may be constructed as described under e.
above. The crest should from a constructional point of
view be made wide enough to accomodate the necessary
traffic of trucks and cranes during construction.

Crown walls and superstructures should be designed not
only to resist the expected wave forces, but also with
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due consideration to practical construction. As described
in Section 5.9, it is of major importance that the super-
structure is somehow protected from wave action during
construction. This means that it should be placed at such
a high level that it is normally not affected by the up-
rush of waves occurring frequently during construction.
If, for other reasbns, it is at a lower level, even below
still water level, a rather wide shoulder of the armour
and filter layer in front of the superstructure may pro-
vide the necessary protection. Superstructures are nor-
mally cast in elements of for example 10 m length. This
is practical because one element or at least its base may
be cast in one operation.

g. Construction Strategy

Construction strategy is described separately in Section
5.15.
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4. WAVE LOADS ON RUBBLE MOUND BREAKWATERS

Waves are the most important environmental load to be
considered for design of rubble mound breakwaters. Wave
loads are therefore considered separately in this chap-
ter. The detailed examination of the various components
of a rubble mound breakwater is described in Chapter 5.

4.1 Wave Breaking

The critical situation for a rubble mound breakwater oc-
curs when large waves cause extensive up-rush and down-
rush water velocities and accelerations that may cause
displacements of armour units. The way the waves break on
the structure or in front of it depends upon four fac-
tors:

l. Geometry and slope of the sea bottom in front of the
breakwater.

2. Geometry and slope of the breakwater itself.
3. Water depth.

4. Wave conditions -~ height, period and shape of indivi-
dual waves but also on the succession of individual
waves in the wave train.

In order to describe the various types of wave breaking
on a rubble mound breakwater a so-called similarity para-
meter, E,r Was used by Iribarren, Battjes (Ref. 5) and
others to describe wave breaking:

g = tan g {4.1.a}

H

oo
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p is the slope angle, H is the wave height and L, is the
wave length.

Ho and Lo refer to deepwater wave height and length. The

various types of wave breaking corresponds approximately
to the following ranges of zo:

Type of Breaking Criteria
Surging or collapsing 3.3 < 50
Plunging 0.5 < Eo < 3.3
Spilling Eo < 0.5

Instead the wave height, Hb’ at the breaking point (at
the initiation of breaking) may be used in Eq. {4.1l.a}.
Ref. 5 shows the following ranges:

Type of Breaking Criteria
Surging or collapsing 2.0 < Eb
Plunging 0.4 < Eb < 2.0
Spilling Eb < 0.4

*

This means that the different types of wave breaking oc-~
curring on the slope of the structure may be evaluated
from the criteria above. It is further important to ana-
lyse whether the waves will break in front of the struc-
ture due to limited water depth or wave steepness. In
other words it is essential to analyse whether the struc-
ture is exposed to non-breaking, breaking or broken

waves.

Before evaluating the maximum wave,which may exist on a
given depth and slope of bottom, it is necessary to exa-
mine the transformation of the waves from deep water to
breaking.
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The ratio of Hb to Ho is to some extent dependent upon
the Eo-factor, where o should be taken as the slope of
the bottom. In the Shore Protection Manual (Ref. 74) the
results of Goda are presented as function of wave steep-
ness and slope of the bottom. The diagram from Ref. 74 is

shown in Pig. 4.1.a.

After having determined the ratio of Hb/Ho, the maximum
breaker height may be determined by using the results
from the Shore Protection Manual shown in Fig. 4.1.b. The
depth at breaking is defined as shown in Fig. 4.l.a.

It should be noted that all results used for the above
evaluation come from tests with regular waves, and that
substantial scatter exists in this type of testing. Be-
sides, tests with irreqular waves may in some cases re-
sult in somewhat larger waves than those found in tests
with regular' waves. As mentioned earlier, it has for
steep bottom slopes been experienced that a rare combina-
tion of two waves may give rise to the most severe impact
on a structure, because if two waves follow each other
within a specific period of time the second wave may ride
on the down-rush of the first one and reach the structure
with a greater height than would be possible for regular
waves. On this basis it is recommended that the above
figures are used only for a rough preliminary evaluation,
and that model tests are carried out in cases where the
maximum breaker height is governing for the design.
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irregular natural waves, the maximum waves on differ-

slopes have been measured in wave flumes. As examples
comparison with the results in Figs. 4.l1.a and 4.1.b
results in Table 4.1 are presented.

Slope Depth Hs Tp Hs Hmax EE. Eﬂﬁi 3225
of at Deep Local Local h h h
Bottom Gauge- Water (from

Fig.

(m) (m) (s) (m) (m) 4.1.b)
1:50 9.3 8.40 16 5.60 9.10 0.60 0.98 0.89
1:50 5.1 8.40 16 3.65 6.00 0.71 1.18 0.90
1:70 10.45 6.10 14 5.70 9.50 0.55 0.91 0.86
1:70 10.45 6.70 16 5.90 9.90 0.56 0.95 0.88
1:100 13.0 9.50 12-15 7.70 9.65 0.59 0.74 0.83
Plane 10.2 6.0 12 4.90 8.00 0.48 0.78 0.78
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Table 4.l.a Wave measurements for irregular waves and

comparison with Fig. 4.1.b from Ref. 74.

By comparison of the examples in Table 4.l.a it is seen,
as mentioned earlier, that on steeper slopes the irregu-
lar waves can generally obtain larger values than regular
waves as presented in Ref. 74.



4.2 Velocity in Run-Down

When a wave is breaking on the slope of a rubble mound
breakwater it is the combination of drag, lift and iner-
tia forces, caused by the un-steady flow of water in the
up- or down-rush compared to the stabilizing gravity,
friction and maybe interlocking forces, that determine
whether a specific unit in the armour 1layer remains
stable or not. The drag- and lift forces are normally
considered to be the major forces endangering the stabi-
lity, and it may therefore be of importance to evaluate
the order of magnitude of the velocities in the wave
run-up and run~down on a breakwater.

For a smooth slope the up-rush, Ru' divided by the wave
height H was found to be: (Ref. 1l1).

£ < 2.3 {4.2.a}

- This means that in order to reach the level R, above SWL,
a water particle of mass m must have a kinetic energy in

the order of E = kmu? when passing the SWL. In the top

kin
position it has a potential energy of Epot = ngu. The
Ekin and Epot are equal thus:
2 = =
kmU ngu >
JSUZ = gHEq =>
U = E%'zg ’ Eo < 2.3 {4.2.b}

Note v2gH is the velocity of a body falling freely a dis-
tance H under the action of gravity. In Ref. 11 it was
shown that the up~rush on various rough slopes are
slightly increasing with §. A value of % of 1.0 to 1.2
was found for & of 2 to 4. Thus the velocity at SWL in

the down-rush will be in the order of, Umax = v2gH.
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In general it may be concluded that as an approximation
the maximum velocity on a rough slope may be written

U = arY2gH {4.2.c }

This result will be used in the following.

4.3 Forces on Armour Units

The forces acting on an armour unit for down-rush is
shown in Fig. 4.3.a. Down-rush is the most important case
for normal rubble mound breakwater with slopes of 1 on
1.5 and 1 on 2.0. Only for slopes less steep than approx-
imately 1 on 3.5, the up-rush may be governing for the
stability.

JTTT77777777777777777777 77777/ 777/ 77777777777

Fig. 4.3.a Forces on armour units during down-rush.
For evaluation of stability criteria for the case of

down-rush, it is possible to establish equations govern-
ing the stability by considering the 2-dimensional case
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shown in the figure. The units are considered to be

squares with diameter, 4, and density, Pge It is assumed
for simplicity that two units are in contact in two
points in a plane parallel to the slope and that no fric-
tion forces prevent the blocks from being lifted out. The
hydrodynamic forces acting on the units are the 1lift
force, F

and the drag force, F,, respectively. The drag

L’ D
force may, according to elementary theory, be written as:

Fp = Cy (R) !spwUZA {4.3.a}

Fy is caused by the skin friction acting on the surface
of the unit and the form drag on the unit due to the dif-
ference in pressure on the up- and downstream side of the
unit. The form drag is considered to be many times larger
than the skin friction for the case of a rubble mound

breakwater armour unit.

The 1lift force is caused by the difference in pressure on
the upper- and lower side of the unit due to a difference
in velocity. The pressure is lowest on the upper side
with the highest velocity (reference to classical hydrau-
lics - Bernoulli's equation). Also the lift force may be
written in basically the same form as the drag form, Ref.
22. This means that the resultant hydrodynamic force, FR,
may be written:

27 = 292 . X
Fp v Ck pU°A C%pwU d 3 {4.3.b}
By inserting that the velocity according to Eq. 4.2.c may
be written as U = av2gH, the following formula is obtain-
ed:
b T

= 2 2 =2 2 2 ., 2
Fo C%pwa 2gH 4% 7 7 Co p,,94°H {4.3.c}
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A criteria for stability is obtained by taking moment
around 0. (Cf. Fig. 4.3.a).

. 3 og -dg
Fp ® sing + 5 < Wy cosv - 5 =>

Fp ° sin¢ < W, cosv. {3.4.4}
By inserting the relations for FR and\WS the eq. 4.3.4 is
transformed:

Ws = %d’ (ps-qw)g (note submerged weight).

T . T
Z-Caz pwgdzH + sing < gd’ (pg-p,) gcosv =>

H , 2 d cosv
L ¢ =08 {4.3.e}
(ps pw) 3Ca?sing
P

By taking the third power on each side, and inserting the
armour unit weight in air, W = %d’psg. Eq. 4.3.f is ob-
tained:

N < 24 W cos’v =
—— = =
(£§ _ ) 32 m(ca?)’gp_sin’e
)
w
gpsH3 24
. < =K, {4.3.f}
W(;g - ) « cos’v  32m(ca?)? sinl?y
w

or by introducing Yy = PgIr and using the point where the
sign of equation is valid, this equation may be written:

{4.3.g}
P 1
w(s ?
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This formula is identical to the one found be Svee in
Ref. 76 for the case of down-rush. If instead, as done by
Iribarren, the friction force is considered to be the go-
verning force in keeping an armour unit in its original
position the situation shown in Fig. 4.3.6 is valid for
down-rush.

Fig. 4.3.b Down-rush forces when friction is considered
governing.

The hydrodynamic force may as previously be written:
R

F_ ~ apwgdzH {4.3.h}

a is a constant dependent upon the form of the armour
units: The gravity force may be written

~ 3 - i
Ws bd (ps pw)g. | {4.3.1}
The friction coefficient between the armour unit and the
armour layer is equal to u. Now, the force components are

calculated:

Force component parallel to slope: P = FRcos¢ + Wssinv
Force component vertical to slope: V = Wscosv - FRsin¢
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The criteria for stability may be expressed:

P < uv {4.3.3}
or by inserting P and V and expressions for FR and WS:

bd3(ps-pw)g(ucosv-sinv) > apwgdzH(cos¢ + using) {4.3.k}

Rearranging, cubing and inserting W = pagbd3, Eq. 4.3.k

yields:
H3Ys 'b? (cos¢+using) 3
5 > < = K, {4.3.1}
W= -1 (ncosv-sinv) 3 a?l
O

This formula is basically the same as derived by Iribar-
ren for the case of down-rush. By comparison with the
formulae derived earlier, Eq. 4.3.g9, it may be seen that
they are identical except with respect to the influence
of the slope. The commonly used Hudson's stability formu- -
la may be written in the same way:

3
Hys

= K {4.3.m}
s 3
o

w

w cota

The above evaluations have demonstrated that we arrive at
the same type of stability formula, whether we consider
the stability criteria for the units to be a pull-out and
rotation, or to be a pure displacement.

It is the influence of the slope of the armour layer that
comes out in different terms for the two stability crite-
ria. The real case is very complicated because both fric-
tion, lifting, and rotation of the units together with
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possible interlocking play a role. Therefore the influen-
ce of slope steepness on stability is generally very com-
plex. Formula 4.3.1 is in one respect very sound because
it indicates zero-stability when the slopes become equal
to the natural angle of repose. This is not the case for
Eq. 4.3.g9 or for Hudson's Formula Eq. 4.3.m which both
predict stability for slopes steeper than the critical
angle of repose.

Besides it should be mentioned that by considering formu-
lae more complex than the one used for the velocity in
the down-rush, the influence of the wave period can pos-
sibly also be included in the stability formula in a
semi-theoretical manner.

In order to demonstrate the difference of the three for-
mulae Eq. 4.3.9, Eg. 4.3.1, and Eq. 4.3.m, Fig. 4.3.c has
been prepared. This figure shows the relative variation
in stability predicted by the three formulae for a change
in slope around a value of cotv = 2 (v = 26.560). For
cota = 2, the slope of all formulae is put equal to 1.
Further, the friction coefficient, u, 1is for this
comparison considered to be 1.0.

The figure clearly demonstrates the variance in predic-
tion by the three formulae, a matter which is also re-
vealed from model testing. Compared with the influence of
the other parameters involved, the slope influence on
stability of a breakwater is generally the most unpre-
dictable. '
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4.3.1 and Eq. 4.3.m. ’
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5. DETAILED EVALUATION OF THE VARIOUS COMPONENTS OF A
RUBBLE MOUND BREAKWATER

5.1 Construction Material

The materials used for construction of rubble mound
breakwaters shall fulfil certain requirements, such as
stability against wave attack, durability, and easy con-
struction with the available equipment.

The construction material mostly used is rock of various
kinds.

In a country like Denmark where glacier deposits are com-
mon, gravel and glacier stones from these resources are
often used for breakwater construction. In other coun-
tries glacier deposits are normally not available for
construction material and it is therefore necessary to
produce the material from solid rock in a gquarry. Some-
times, when the rock in the available quarry is of poor
quality or when the wave conditions are too severe, arti-
ficial armour units made of concrete must be used. |

5.1.1 Stone Classes

In order to facilitate the construction work and the
quarry operations, the number of stone classes should be
minimized. Within this field many unreasonable decisions
are made whereby a lot of problems are created, both for
the people in the quarry and for engineers responsible
for the supervision of the construction work.

The range of stone sizes within each gradation should be

so wide that the different gradations are easily distin-
guishable.
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Further, gradations should normally not overlap. In case

they do so it will, if there is a shortage of one grada-
tion, affect the average stone weight in the adjacent
gradation. All stones in the weight range of the overlap-
ping will automatically be placed only in the gradation
where there is a shortage of stones.

In many projects, in which DHI has been involved in re-
cent years, the lack of knowledge of available stone
sizes in the gquarry has turned out to be decisive for the
breakwater profile at a very late stage, namely after
initiation of the construction work. In some cases it has
been necessary to modify the profile to fit the actual
stone classes available. Such an example is presented in
Fig. 5.1.a.

The alternative to a change of the profile is to blast
enough material until the necessary amount of large
stones is available. This means an increase in the costs
if the remainder material cannot be used for other parts
of the entire project, such as for instance concrete
aggregate or road construction. It is for the above rea-
sons extremely important for a breakwater project that
information on the specific quarry is available at an
early stage. It may therefore by necessary that test
blastings are carried out at a very early stage to ensure
that the stone classes that can actually be obtained from
the quarry are used in the project design.

To make it easy to distinguish between the different gra-
dations it is essential that the relative stone sizes
differ 25-30% or more. A difference of 30% means a ratio
of weights or volumes of approximately 2.2 from the
largest stone to the smallest stone within the gradation.
Therefore, for primary armour stones, DHI normally recom-
mends,
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Examples of practical stone gradations for rubble mound

breakwaters are presented in the various examples enclos-
ed in this section.
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The core of rubble mound breakwaters are primarily con-
structed of natural gravel or of guarry run. However,
sometimes sand is also used as core material. Sand as
core material imposes very strict claims on the design of
the filter layers between the core and the main armour.

The quarry run used as core material may be screened to
remove the finer material. This is done in order to re-
duce the risk of settlements due to wash out of the fin-
est fraction. The screening means an extra operation in
the quarry, and thereby extra costs, especially if the
fine material which is screened out cannot be used for
other construction work. It will normally be cheaper
either to avoid this screening or to remove only the very
fine grains. In an important project for a very large
breakwater, the tender documents included that all mate-
rial below 25 kg should be removed. According to the con-
tractor, this resulted in a tremendous increase in the
construction costs. Further, the breakwater core is now
so permeable that the stability of the reclamation behind
the breakwater is endangered due to wave action through
the core of the breakwater.

In a number of breakwater projects in the Faroe Islands
in the North Atlantic where DHI was involved, the core
materials were not screened before placing. This made the
operations in the quarry easy. For the Midvaag Breakwater
(Fig. 5.1.a) there has been some sedimentation of fine
material around the breakwater and in the harbour area.
This fine material was washed out from the core during
construction and also during wave action. In Midvaag the
moderate sedimentation was acceptable.
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In general it may be concluded that there exists no pre-
cise rules to be applied in the selection of the lower
limits of core material to be accepted in a rubble mound
breakwater. The above-mentioned aspects point out that it
is very essential for each breakwater project to analyse
which requirements are actually needed for the core mate-
rial.

5.1.3 Artificial Armour Units

When quarry stones of the required size are not available
for a project, it is indispensable to introduce artifici-
al armour units made of concrete. Simple concrete cubes
have been used for rubble mound breakwaters for decades.
In the last 30 years many engineers and researchers have
tried to invent specially formed blocks in order to in-
crease the stability conditions of the units and thereby
reduce the volume of concrete necessary for construction. .

About fifty different types have been developed. The -

first one was the tetrapod, invented and patented by
Neyrpic Inc., France, in 1950. The tetrapod, used for
about 1,000 projects, is still being used. It is seen in

Fig. 5.1.b together with a few other units.

Fig. 5.1.b Tetrapod, akmon, cube, and dolos.
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It should be mentioned that, in principle, there exist
two very different types of units: Units which have to be
placed in a certain pattern with each block interlocked
in the adjacent blocks to obtain high stability condi-
tions and units which are placed at random with the sta-
bility depending on random interlocking of the individual
units. Due to the uncertainty of breakwater construction
under water, the first type is to be questioned. The sta-
bility of the armour layer is dependent upon all units
being in due position, because if only one is displaced
the stability of the rest of the armour layer is en-
dangered.

For the second type (e.g. all units shown in Fig. 5.1.b)
the stability of the whole armour layer is not endangered
by displacement of a few units from the armour layer.

Until recently it was the general opinion that the dolos
armour unit had the best stability characteristics, and
dolos have therefore been used for many breakwaters. How-
ever, extensive breakage of dolos, especially the serious
damage to the Sines breakwater in Portugal and the San
Ciprian breakwater in Spain, has questioned the dolos as
a safe and reliable armour unit. However, although it
seems reasonable to conclude that the very high stability
coefficients that have previously been used for the de-
sign of dolos breakwaters are exagerated, it seems not
justified, on the present basis, completely to abandon
dolos as armouring for breakwaters. There exist success-
ful applications of dolos in relative shallow water depth'
with dolos weights in the order of 5 to 10 t (cf. Figq.
5.14.a).

As a laboratory engineer engaged in many harbour pro-
jects, one is often asked: "What is the best armour
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unit?" Obviously, it is not possible to give any definite
answer to this question because besides being dependent
upon the stability coefficient to be used for the various
types of armour unit, the choice of armour type is also
dependent upon various features related to the specific
project.

With the increased capacity of construction cranes avail-
able nowadays there seems to be a trend back to simple,
robust and durable armour units, as for example cubes or
rectangular blocks in the form of "cubes rainurés" or
"aAntifer Blocks" cubes. Also rectangular blocks have got
a renaissance. Antifer blocks are cubes with grooves on
four sides. Ref. 58 is describing the use of such blocks
for the Port of Le Havre, Antifer, in France. The blocks
have also been selected for pfovisional repair of the
damaged breakwaters in Sines, Portugal and Arzew-El-
Djedid, Algeria.

¢

5.2 Modes of Damage of Rubble Mound Breakwaters

A rubble mound breakwater can be damaged in several ways

depending on its configuration, the wave conditions, and
the relative water level during the storm. The following
main modes of damage can be identified:

a)  Sliding of the seaward face due to scouring of the
sea bed and/or the toe of the breakwater.

b) Sliding of the seaward armour layer due to an in-
stable berm.

c) Damage due to geotechnical instability of the sub-
soil.
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d) Damage to the armour layer by displacement of arm-

our units due to excessive wave forces mainly dur-
ing wave run-down. Wave run-up is only critical for
damage to the armour layer for flat slopes (cotv >
3.5). Ref. 32.

e) In special cases on steep slopes excessive wave
forces may cause a sliding of the whole armour lay-
er for a single wave run-down. (See section 5.7.5).

f) Damage to the crown wall or superstructure due to
excessive wave forces. Damage to a breakwater
superstructure is often an integrated problem oc-
curring simultaneously with damage to an armour
layer in the front and erosion under the base of
the superstructure.

g) Damage to the crest and rear side armour layer due
to excessive overtopping. Damage to the rear side
armour layér may also be a problem for breakwaters
with a superstructure in the case where the config-
uration of the superstructure is not protacting the
rear side armour layer from being hit by voluminous
wave overtopping. (See Section 5.11.2).

h) Damage to the armour layer due to insufficient
strength of armour units.

5.3 Filter on Sea Bed and Toe Protection

Rubble mound breakwaters on a sandy bottom are tradition-
ally constructed with a toe, for instance as shown in
Fig. 3.1.d4 to protect the breakwater from undermining due
to the possible formation of a scour hole.
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The toe protection is normally constructed from material
which is relatively coarse compared to the underlaying
sand. The material is therefore not fulfilling the tradi-
tional filter criteria for the sand bottom. )

For the above reasons, it is often used in breakwater
construction to introduce a bottom protection of fine
material or a filter sheet between the sand and the core
material in an attempt to reduce the settlement of the
mound.

The procedure mentioned above is normally applied and
does not seem to cause any problems. At present there
exists no generally accepted practice that can be applied
for the design of the toe protection and the filter be-
tween the core and the bottom, so the above practice can
be maintained and should for any project of significance
be checked by model tests.

When a rubble mound breakwater is constructed on sand the
core material and the bottom protection material will
penetrate the sand to a certain degree. After a while the
boundary between the two materials will stabilize and the
settlements stop.

If, for one reason or another, a strong hydraulic gradi-
ent is present across such a layer transition it is re-
commended to investigate whether or not a filter between
the two types of material is necessary.

Very thin and geometrically complicated multi-layer fil-
ters for toe protection, as is sometimes seen, should be
deprecated. Although it is possible to verify, at the
desk, that such a profile fﬁlfils the filter criteria,
the many thin layers may be impossible to construct.
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It is possible by hydraulic model tests to study the be-
haviour of toe protection under wave attack and the pos-
sible scour of the sea bottom. But due to the inevitable
errors when reproducing natural sand by sand of almost
the same grain size such tests will only give a qualita-
tive evaluation of the effect of the toe protection. How-
ever, such tests are at present the only available tool
in the design of a toe protection.

In recent years, also artificial filter sheets made of
plastic fibres and similar materials have been introduced
in breakwater construction.

5.4 Core

The core of rubble mound breakwaters are generally con-
structed from quarry run. In Denmark where glacial depo-
sits are easily available gravel (pebbles) is frequently
used.

It is of importance that the core is not constructed of
too coarse a material which would make the breakwater
permeable for wave transmission and might cause excessive
agitation behind the breakwater.

When the core is built of quarry run, it is general prac-
tice to stipulate a lower limit for stone sizes. This is
done in order to avoid that the smallest fractions of the
quarry run are washed out which might cause settlements
of the mound and accumulation of material in the project
area. The demand for removal of the fines from the quarry
run makes the construction costs rise because of the ex-
tra operation.
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In Midvaag in the Faroe Islands, the rubble mound break-

water shown in Fig. 5.1.a was built without removal of
the fines. This caused limited accumulation of fines a-
round the breakwater which was acceptable in this case.
The breakwater settlement was in the order of 2% of its
total height.

In special cases the breakwater core or part of it may be
constructed from sand. This was done for an extension of
Arhus Harbour in Denmark. For this project three alterna-
tive schemes, shown in Fig. 5.4.a, were considered. Actu-
ally the third profile was constructed. For other pro-
jects some of the breakwater core was constructed of sand
being held in position in the core by banks of gravel or
similar material. The banks of gravel are placed and sand
pumped in between. This operation is repeated, and the
core is successively completed.

5.5 Filter Lavers

5.5.1 Stone Gradations

Rubble mound breakwaters are normally constructed with
one or more filter layers between the core material and
the main armour layer. The purpose of the filter layer
(or layers) is to prevent the core material from being
washed out through the main armour layer. Lundgren and
Brinch Hansen, Ref. 50, give the following criteria for
stability of filters. Index f refers to the filter and b
to the base material:

d
—“dls £<a-s {5.5.a}
85,b

and
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da

a——‘— < 20-25 {5.5.b}

15,b

15, f

These criteria are called Terzaghi's filter criteria and
are known from geotechnical engineering.

In Shore Protection Manual, Ref. 74 it is recommended
that stone sizes in the filter layer have a weight rang-
ing from 1/10 to 1/15 of the main armour stones weight.

This corresponds to stone dimensions of approximately 40
to 45% of the stones in the main armour layer. For the
core, the Shore Protection Manual recommends stone
weights of 1/200 to 1/6000 of the stone sizes in the main
armour layer. This means a ratio of 4-8 between the stone
sizes in the filter layer and the core. In general the
criteria recommended in Ref. 74 are very strict compared
with other criteria,‘and with materials actually used
in many breakwaters. These criteria will often lead to a
need for two filter layers.

The geotechnical criteria in Ref. 50 are somewhat hazard-
ous to use for breakwater filter layers, because the flow
situation in a breakwater is different from a well and
other geotechnical problems for which the criteria of
Ref. 50 are intended. Inside the breakwater mound the
flow situation is changing continuously, both in direc-
tion and velocity, and the flow is in general not per-
pendicular to the boundaries between the different
layers.

Due to the changing flow direction, it is reasonable to

adopt more strict criteria for design of rubble mound
filters than those used for geotechnical filters.
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Thompson and Shuttler, Ref. 79, also give filter criteria
for design of rubble mound breakwaters. These criteria
are less strict that the ones in the Shore Protection
Manual but more severe than the ones in Ref. 50.

For comparison of filter criteria for armour and filter,
Table 5.5.a has been prepared.

d 4 d

Reference. aléLé aéﬂ;é 312;2

85,f 50,f 15,f
Terzaghi 4 to 5 —--—- <20 to 25
U.S. Army Coastal ~ 2,2 ~ 2.3 ~ 2,5
Engineering Research
Center (1975)
Thompson and <4 < 7 <7

Shuttler (1976)

Table 5.5.a Filter criteria for armour and filter stones.

Many rubble mound breakwaters have been designed with
very thin filter layers in order to minimize the amount
of filter material. Such thin filter layers are very dif-
ficult or impossible to construct under water. It is im-
portant that the filter layer is designed in such a way
that it is easy to construct, i.e. a relatively thick
filter layer. The thickness should be egqual to several
stone dimensions and not necessarily only to two stone
dimensions as recommended in for example Ref. 74. A
thickness of two stone dimensions should be regarded as
an absolute minimum. The stone dimension, d,.may be re-
lated to the volume, V, of the stone by the following
formula from Ref. 75.
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v =20.75 43

In addition to the above criteria, it is important that
the filter layer is so thick that after construction one
can be fairly sure that an intact filter is present over
the entire surface. This means that due consideration
should be given to inevitable construction inaccuracies.
The magnitude of inaccuracies, especially under water,
depends mainly upon the construction method (see Section
3.3). Further, the filter layer is often directly exposed
to moderate wave action during construction, which may
displace some of the stones. In Ref. 74, a minimum filter
layer thickness of 0.5 times the size of the overlying
stones is recommended to ensure that the filter is not
damaged during placing of armour stones. A minimum cor-
responding to the approximate size of the armour units
seems more safe considering all the above aspects.

The use of relatively thick filter layers has beneficial
effects on the stability of the main armour layer. Model
tests carried out at DHI, Ref. 31, have shown that the
stability of the main armour layer increases with the
filter layer thickness. This may be explained by the fact
that increased thickness of the relatively permeable
filter layer decreases the water velocities in the down-
rush on the outer side of the armour layer because more
of the flow discharge takes place in the filter layer.

The breakwater in Midvaag in the Faroe Islands was built
with the profile shown in Fig. 5.1.a. The breakwater has
no filter layer between the core and the armour layer.
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This breakwater is designed for wave heights up to Hs =

3.9 m with a peak wave period, Tp = 20 s. Since the comp-
letion of the project in 1977, Hs in the range of 2-2.5 m
has occurred several times and once the design situation
is believed to have occurred although no measurements
were made. There have been no stability problems. Fig.
5.5.a shows the gradation curves of the armour layer and
core material respectively. The curves were determined by
the weight of individual stones. These materials only
partly fulfil the geotechnical filter criteria in Ref. 50
(see Table 5.5.a).

Breakwaters in the Danish inner waters are according to
tradition constructed with a core of gravel (pebbles), a
filter layer of larger stones, and an armour layer of
even larger stones usually found on the sea bottom. A
typical profile of this type of breakwater is shown in
Fig. 5.9.a (Ref. 56). This type of breakwater, of which
many successful applications are present in Denmark, does
not fulfil the requirements in Ref. 74. These two examp-
les indicate that the recommendations in Ref. 74 are too
strict.
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Where large precast concrete armour units are used quarry
stones are used as filter layer or secondary armour as it
may be called. Ref. 74 recommends that the stones in this
layer have a weight approximately equal to 10% of the
weight of the main armour units. This applies for armour
units having a KD-factor (see Ref. 74) of 12 or less. For
K, £ 20, stones of 20% weight are recommended. The expe-
rience of DHI is that the above criteria do not neces-
sarily have to be fulfilled. The main thing is to design
the breakwater with a secondary armour layer that is easy
to construct and which provides a good and rough basis
for placing of the main armour layer. Further, it is im-
portant for some projects that the secondary layer is
composed of relatively large stones for protection of the
breakwater during construction until the main concrete
armour units are placed. Fig. 3.1.d4 shows a tetrapod
breakwater for Zwara Port in Libya developed on the basis
of model tests at DHI in 1979. Only one very thick filter
layer was used under the 10 m® tetrapod armour layer. The
filter layer has a thickness of 3.5 m and consists of
0.5-4.0 t quarry stones in the range of 1/48 to 1/6 of
the tetrapod weight. Tests on the sensitivity of the
stone gradiations of the filter layer were carried out.
This was done in order to define a reasonable range of
stone sizes to be used. The study also comprised tests
with 6-16 t stones and 0.1-0.5 t stones as filter layer.
The tests with Hs = 7.0 m and TP = 14.5 s on the coarse
gradation showed that the core material was washed into
the filter layer, but the core material went neither
through the filter layer nor the tetrapod layer. The
tests on the fine gradation showed that some of the filt-
er stones were washed into the tetrapod armour layer, but
none of them penetrated it.

66



It was concluded that design with 0.5-4.0 t stones is
adequate, but that minor deviations in filter stone sizes
much smaller than those tested, would be acceptable.

Many other tetrapod breakwaters have been tested at DHI.
For one project stone sizes for the secondary layer
ranged from 1/10 to 1/75 of the tetrapod weight without
any erosion of the filter layer.

The previous discussion and examples demonstrate that
there is a need for more practical criteria for filter
layer design than those in Ref. 74, which will often lead
to multi-layer thin filters. Such criteria make construc-
tion and supervision more difficult than necessary. Thick
filter layers with a relative wide range of stone sizes
are in many cases a realistic alternative. Model testing
with natural irreqular waves is recommended to check the
design. Tests on the sensitivity to. the stone gradation
of filter layers should be used more often in order to
define a reasonable range of gradation.

5.6 Berm

The berm on the seaward side of a breakwater has three
principal functions:

a. The berm acts as the foundation for the main armour
layer.
b. The berm may catch armour units extracted from the
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armour layer, whereby the slope of the armour layer
becomes more gentle and the breakwater stability
may improve.

c. From a construction point of view the berm is es-
sential because it makes the transition between the
berm stones and the armour units well-defined for
the contractor.

It is normally recommended to construct the berm with a
trough on the inner side, as shown on Fig. 3.l.b. This
trough will make the foundation for the primary armour
layer safer. It has, however, not been possible by model
tests to show any beneficial effects of this trough on
the stability of the armour layer. The philosophy is that
if the berm is not constructed in this way, but horizont-
al instead, stones from the filter layer falling down
during construction may give the surface of the berm and
its transition to the filter layer a convex shape. This
will make placement of the first armour units difficult,
whereby the stability of the whole armour layer may be
endangered, especially for breakwaters with very steep
faces. The trough will collect stones displaced from the
filter layer during construction, before placing of the
primary armour units.

5.6.2 Width of the Berm

The berm should be sufficiently wide to fulfil the above
requirements. This means that besides the hydraulic and
geotechnical requirements of providing a safe foundation
for the armour layer, the berm should have a width large
enough to compensate for inevitable inaccuracies during
construction and to allow for some damage during extreme
wave action.
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For berms constructed from a breakwater or from a fixed
structure with special attention to positioning, the
width may be in the order of 3 to 4 typical berm stones,
provided the berm is designed to be stable during extreme
wave action.

If less accurate construction methods are used, such as
dumping of stones from floating equipment, a berm width
of 5 to 10 stone dimensions is needed depending upon the
actual profile, depth of the berm, etc.

— - ———

Berm stone sizes should be determined from model tests.

The critical situation for a berm occurs if large waves
reach the structure during low water. This means that the
analysis should include determination of probabilities of
occurrence for combinations of wave conditions and 1low
water levels to be used for design and model testing.

The necessary stone size for the berm depends upon the
following factors:

a. Type of breakwater - armour layer type, slope and

' extension of armour layer both above and below the
SWL (a high breakwater results in larger wave
down-rush than a low one and thereby a more exposed
berm) .

b. Wave conditions - wave height/period combinations
and the down-rush velocities caused by these waves

on the breakwater.

c. Water level - the water level is important, because
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the lower the water level, the larger the veloci-
ties caused by the down-rush at the berm level,

For large breakwaters with heavy artificial armour units
the largest available quarry stones are normally used for
berm construction. This means the designers have to de-
termine the highest possible level at which a berm made
of available stones is stable.

In other projects, the class of the largest stones is
used for the primary armour layer, the next smaller stone
category is used as berm.
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Fig. 5.6.a Results for the stability of the berm on a
4
rubble mound structure (from Ref. 30)

Fig. 5.6.a shows results from Gravesen & S3rensen, Ref.
30, obtained from model tests on various breakwater prof-
iles. These results may be used for preliminary evaluat-
ion of the necessary stone size for berms at various
levels and for different steepness of the incoming waves.
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The wave steepness is defined in Section 5.7.3. It should
be noted that the results presented correspond to approx-
imately 10% damage (percentage of stones displaced) to
the berm during approximately 1,000 waves, so the design
situation (wave height, Hs, and water level) should be
selected carefully.

It may be seen that the lower the wave steepness, the
lower placement of the berm. This is in accordance with
results for primary armour layers in Section 5.7, and
with the results of Ref. 11, showing that the smaller the
wave steepness (longer periods), the larger the down-rush
on a breakwater slope.
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Fig. 5.6.b Model tests results for the Midvaag Break-
water (the profile is shown on Fig. 5.l.a).

As an example of berm design Fig. 5.6.b shows the results
from the model test on the Midvaag Breakwater. The pro-
file of this breakwater is shown in Fig. 5.1l.a. It is
seen how the percentage of stones displaced from the berm
depends upon the parameter h/Hs. The damage percentage 1is
here defined as the number of stones displaced relative
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to the total number of stones in the berm. A certain dam-
age can be accepted as long as the berm fulfils its tasks
as defined in the beginning of this section.

5.6.4_Berms_on Breakwaters_in Shallow Water

For breakwaters in shallow water exposed to maximum
breaking waves it is often not possible to make the berm
stable, and it is therefore necessary to extend the pri-
mary armour layer all the way down to the toe protection.
In special cases, when the bottom is steep, it is extre-
mely difficult to make the lower part of the armour layer
stable.

Fig. 5.6.c shows some alternative solutions for a break-
water constructed on a rocky slope of approximately 1 to.
7. A special "toe hold" was shown by model tests to be
necessary to prevent the whole armour layer from sliding
down. All the proposed solutions are very difficult to
construct. It should be mentioned that for the specific
project another alternative proposal was to place loose
40 t cubes on the bottom as toe hold. They were not
stable, which demonstrates the very large wave forces at
the bottom under such conditions.

5.7 Main Armour Layer on Seaward Face

5.7.1 Introduction

The main armour layer on the seaward face is the compon-
ent to which most attention has been paid for many years.

Many researchers have tried to develop formulae for the
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necessary armour unit size. This seems justified, since

the armour layer is normally the single most expensive
component of a breakwater, especially if precast concrete

units are used.

In this chapter the general basis for design and consi-
derations fo% use in the design process are presented.
The ideas and suggestions will be documented by examples,
model test results and case stories.

The thickness, r, of an armour layer may be calculated by
the following formula:

1/3

r =nV {5.7.a}

= number of layers cubes c=1.1

c = shape factor tetrapods c =1.0

V = block volume = %—. quarry stones c=1.0
c

dolos c =1.3

W = block weight

Yo = density of the block

The number of blocks N per unit area is calculated by the
formula:

- __Pp -2/3
N nc (1 Tﬁﬁ) v

P = porosity of the layer:

cubes P = 47
tetrapods P = 53
dolos P = 60
quarry stones P = 40

The values of c and P are chosen according to Ref. 62.
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For quarry stones it is normal practice to use the aver-

age stone weight (or volume) in the calculation. The
average weight W of a stone gradation is defined as:

=
]

W. {5.7.b}

4 [
’-J

1=

The number of layers n is normally equal to 2 except for
tribars for which only one layer is used. However, more
than two layers are sometimes used on exposed spots, or
if the breakwater is constructed in such a way that big
inaccuracies, i.e. by dumping of stones, are foreseen.

In Section 4 an evaluation of stability formulae was pre-
sented. It turned out that all the formulae may be writ-
ten in the form:

H3Y

N3 = —— S35 =K « fla) {5.7.c}

o}
w (== -1)3
Pw
The coefficient K is regarded as a constant and f(a) a
function of the armour layer slope, a.

Here N may be interpreted as a dimensionless wave height.

Since the wave heights occurring in natural wave trains
are a stocastic phenomenon, to which statistical analysis
in the form of wave height distributions are applied, it
is difficult to choose which representative wave height
should be applied when using this type of formula. Tradi-
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tionally the significant wave height, HS, has been used
for deep water conditions. Deep water means that the wave
height distribution in front of the structure, normally
being a Rayleigh distribution, is not significantly
transformed due to wave breaking. The significant wave
height is also commonly used in all aspects of coastal
engineering.

The only way of making reliable model tests on coastal
structures is to reproduce the waves so that they re-
semble the natural waves as much as possible. In this
way, which is the easiest model procedure to understand,
the analysis of the test results can be concentrated on
the behaviour of the breakwater. The analysis has not to
go through dubious comparisons of the effect of regqular
waves versus natural irregular waves. From such tests
representative stability coefficients to be used in the
design process may be determined.

This may be done by evaluation of the damage observed
during model tests as function of N?, defined from Eq.
4.3.m by using the significant wave height, H.

3
YaH S

N? = {5.7.4}

-1)3
W (Sr 1)

Because the stability coefficient N® = KD * cotae is de-
pending upon a number of parameters both relating to the
wave conditions in front of the structure and to the act-
ual geometry of the breakwater profile etc., a KD value
determined for one profile should only be used with great
precaution for other profiles, and only as a rough guide-

line.

As shown in many recent publications, i.e. Refs. 11, 15

76




and 30, also the wave period is playing an important role
for the stability of a rubble mound structure.

The KD values to be used with Hudson's formula Eq.
{4.3.m} as a first approximation in the design process
should be selected with great caution. The KD value is a
function of various factors of which the most important

are:

(i) type of armour unit

(ii) type of structure

(iii) slope and extent of armour layer

(iv) wave impact characteristics, i.e. wave height
and period (length) and wave height to water
depth ratio

(v) degree of acceptable damage to the armour
layer.

For the above reasons it is not possible to give definite
values of Ky but the following list gives an order of
magnitude for slopes of 1:1.5 and 1:2.0.

Quarry stones 1.0 - 4.0

Cubes . 2,0 - 7.0
. Tetrapods 3.0 - 8.0

Dolos 6.0 - 15

The lower values correspond to initiation of damage -and
very long waves (low wave steepness), while the higher
values correspond to high steepness and acceptable damage
in the order of 5% after exposure to the given wave con-
ditions (Hs, Tp) for durations from 3 to 5 hours.

The Shore Protection Manual, Ref. 68, presents the fol-

lowing KD-coefficients for different types of units and
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for "limited" damage to the armour layer:

Quarry Stones KD = 2.4-4
Cubic Blocks Ky = 7
Tetrapods KD = 7-8
Dolos KD = 22-25,

These coefficients should, as previously mentioned, be
considered with great precaution and therefore not be
used directly for design purposes, but only for prelimin-
ary evaluations of various alternative solutions. The
KD-factors are generally very high compared with the pre-
vious given range. Further, the KD-factor for dolos and,
to some degree, tetrapods should for most breakwaters
(especially large structures in deep water with big
units) be selected significantly smaller for preliminary
evaluations, since for dolos armour layers (especially
larger units) neither displacements nor serious rocking
should be allowed for in the design.

For breakwaters in shallow water the impact wave heights
are limited due to wave breakings in front of the struct-
ure. For such structures the significant wave height, Hs'
in front of the structure is not directly representative
for design purposes and is more difficult to evaluate by
analytical means than the design wave in deep water,
where the Rayleigh distribution normally applies.

However, there exists no sharp 1limit between non-
breaking and breaking wave conditions (is it breaking
conditions, if for example 0.5% (1 out of 200) of the
waves breaks?). It is, therefore, convenient to use

H13 gy 2S a measure for the wave height both for deep
14
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water and shallow wave conditions, where a certain per-

centage of the waves is breaking. In deep water H13,6% is
equal to the significant wave height, if the cumulative
wave height distribution is\equal to the Rayleigh distri-
bution. In shallow water H13,6% is_close to Hs and still -
a reasonable estimate of this parameter.

In shallow water, where wave breaking occurs it is also
relevant to consider the maximum wave heights occurring
in front of the structure.

For specific projects it is often convenient to relate
the damage and stability conditions of a breakwater to
the deep water conditions which are often known or estim-
ated. For such projects in shallow water, where the sea
bottom in front of the structure is reproduced in a phy—‘
sical model, the description of stability can be based on
the deep water conditions.

Besides the wave height the wave period also has also
great influence on the stability of rubble mound break-
waters, both in deep and shallow water. It is usually
. found from model tests that the stability decreases with
increasing wave period for a fixed wave height (decreas-
ing wave steepness). For this reason it is necessary to
define parameters for description of the wave steepness.

The peak wave period, Tp' is generally close to the wave
periods of the highest waves in a wave train, and because
this period is easy to identify in the computer analyses
used nowadays, it may be used as representative wave pe-
riod for a wave train. For deep water conditions we may,
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by using the significant wave height, Hs, as a represen-
tative wave height, write the characteristic wave steep-

ness as:
Hs 27TH

S =7 = {5.7.e}
- p po ngz

= 9 2
Note, Lpo 37 Tp

Many researchers, as mentioned in Section 4, have been
using the surf similarity parameter, £,, for the descrip-
tion of wave steepness. ‘

By using Hs and L £o, may be written:

po’

g, = tano {5.7.£}
Hs
Lo

This means by combining Eq. 5.7.e and 5.7.f,

= tanoa S
€o p

In shallow water, where the wave celerity is equal to ¢ =
VgD, a characteristic wave steepness may be defined as in
Ref. 30.

g

T VgD
p g

(] = {5.7.g9}

The density of the armour units plays an important role
in the stability of the units. Considering all the stabi-
lity formulae presented in Section 4, the same term is
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present in all formulae. If the relation Ws = V'ps, with
V being the volume of the units, is included the stabili-
ty formula may be written:

3
N3 = L 3 {5.7.h}
: Hs V(oslps-l)

For a certain slope and wave conditions N3 and Hs3 is
constant. The term l/V(ps/pw-1)3is therefore also con-
stant. This means for example that an increase in density
can be counterbalanced by a decrease in the volume of the
units without decreasing the stability. Due to the third
power of the density term, this decrease in volume is
very pronounced. An increase of concrete density from 2.3
to 2.65 t/m® results, for instance, in the volume being
reduced to half the value. This aspect has been used in
different projects to improve stability conditions. Some
types of iron core can be used as concrete aggregate and
a durable concrete can be obtained.

In some projects the same unit sizes (volume) have been
used for both the trunk of a breakwater and for the head,
but on the head the density has been increased to obtain
increased stability. In this way the same concrete forms
can be used for the two "types" of units.

All stability coefficients presented in the literature
correspond to a certain degree of damage to the armour
layer, often without any precise definition. The damage
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percentage is often defined as the number of units dis-
placed in proportion to the total number of units.

Another aspect, which plays an important role in the se-
lection of a proper stability coefficient to be used in
the design is the degree of acceptable damage to the arm-
our layer. The question is often put like this: "What is
the acceptable percentage of damage to a rubble mound
structure?” It is not possible to establish general rules
to be used, since the acceptable damage is depends on a
number of factors. There is, for instance, a great dif-
ference between a breakwater in shallow water armoured
with natural rock, which can absorb some displacements
and settlements, and one in deeper water armoured with
artificial units such as for example tetrapods.

Further, there is a great difference between the possibi-
lities of carrying out repairs on a structure with a con-
crete superstructure which may be used as repair roadway
and a structure with a rubble mound crest.

In the case of sophisticated concrete units, such as
dolos, the acceptable degree of displacements is zero.
Even rocking of such units may endanger the stability of
the armour layer if it causes failure of individual
units.

Besides, the acceptable damage degree depends on the re-
serve stability capacity of the damaged structure and how
fast and at which costs material and equipment for the
repair work can be brought in.

Generally»it can be said that the acceptable degree of
damage should be defined on the basis of an analysis of
the overall economy of the structure, including capital
costs and expected maintenance costs for various break-
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water solutions. In such evaluations the economic conse-
quences, including the interruption of operations and the
possibility of breakwater-protected structures being dam-
aged, should also be included. Such structures are often
of much greater value than the breakwater itself.

In stability formulae for design of armour layers the
duration of wave conditions is not included. It is ob-
vious that this parameter is of major importance for the
stability.

Earlier, when model tests on rubble mound breakwaters-
were made using regular waves, this aspect did not seem
to be as important as it has turned out to be during
testing with irreqular waves. When testing a breakwater
with regular waves of a certain height there are three
possibilities:

~a) No damage at all.

b} A limited damage occurring in the beginning of the
test. After a certain number of waves the increase
in damage stops which means a stable situation for -
the specific wave height. Since all waves are al-
most identical the damage does not develop further.

c) The wave height applied is great enough to cause a
complete destruction of the structure. For regular
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waves, in case of this situation, the destruction
will normally occur very quickly after a small num-
ber of waves.

In nature and during model tests with regular natural
waves the situation is quite different from the situation
described above, although 'no damage', 'limited damage’',
'complete destruction' may still be observed. Due to the
random occurrence of big, damaging waves in a wave train
it is not possible after a short test duration to identi-
fy whether or not the conditions applied correspond to
'no damage' at all (category a). For test conditions
causing moderate or partial damage (category b) this gen-
erally occurs more slowly than with regular waves. Fur-
ther for a certain significant wave height a completely
stable situation is very difficult to identify, since
there is always a probability of occurrence of large
waves of unusual shape or successions of waves causing
further damage. For breakwaters in deep water a complete
stable situation is hardly ever reached for the category
b) situation as documented in the following. For category
c) damage tests may show rapid destruction of the armour
layer and then suddenly during the attack of one big wave
a slide of the armour layer as a whole and/or complete
destruction due to sliding or overturning of the super-
structure,

‘The profile which develops when a breakwater in deep
water is seriously damaged is shown in Fig. 5.7.a (pro-
files of damaged sections of the Sines Breakwater in Por-
tugal, Ref. 88). Fig. 5.7.b shows the damaged breakwater
in Port d4'Arzew-El-Djedid, Algeria, Ref. 1. Sines had an
armour layer of 42 t dolos with a 1 on 1.5 slope and
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Arzew-El-Djedid 48 t tetrapods with a 1 on 1.33 slope. In

both cases a very high percentage of the armour units
broke during the storms.

a) MAIN DAMAGE AREA BETWEEN BERTH NO's 2 AND 1, 12/6/78

{OIENSIONS e METRES )

MEAN PROFILES AFTER FEBRUARY 1978 STORM

Fig. 5.7.a Photo and damaged profile of the breakwater
in Sines (Ref. 88).
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Fig. 5.7.b Photo and damaged profile of the breakwater
in Port d'Arzew-El-Djedid (Ref. 1).
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It is interesting to notice that both profiles were very
similar after destruction. The superstructure and crown
wall had become directly exposed when all the material
slid down after failure of the armour layer. The slope is
very flat at a depth of about 3 to 10-12 m below SWL. Be-
low this level the material, being a mixture of armour
units (broken and unbroken) and quarry stones from the
core and filter layers, stands very steep with almost its
natural angle of repose. Due to the large run-down/ back-
wash of the waves from the wave sceen erosion of the ma-
terial under the superstructure happened, and the wall
consequently tilted forward. In Arzew-El-Djedid a back-
ward displacement of the entire superstructure occurred
due to wave action. It is clear from these éxamples that
once the armour layer of a structure with a steep slope
in deep water fails it means a complete breakdown of the
seaward face simply due to the "limited" amount of avail-
able material compared to the depth. In other words, the
material tends to settle at so flat a slope under expos-
ure to the severe wave attack that the superstructure
becomes directly exposed to wave forces and critical ero-
sion under the structure. This erosion is causing dif-
ferential settlements which further increase the destruc-
tion because the weight of the superstructure elements
damage each other due to high contact pressures (observed
in Port d'Arzew-El-Djedid).

Both during and after construction of breakwaters it is
necessary to survey the breakwater profiles which is also,
the case with damaged breakwaters.

In order to demonstrate the difficulties in planning and
interpretation of such surveys, Fig. 5.7.c shows the re-
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sults of three surveys of a model of the Arzew Breakwater

built according to the project drawings. In the model the
survey was made in the éame way as in nature by using a
30 cm device suspended in a string. The soundings show
the depth, when the device touches the tetrapods (20 m?,
height 4.15 m) or quarry stones on the slope. A very
great scatter of the measured surface appears and the
average surface measured is about 2,0 m below the design
surface.

= Profil 1

Nombre de tetrapodes 172

48 a0 32 24 16 8 0
Distance en metres

Fig. 5.7.c Surveys of the model of the breakwater in
Port d'Arzew-El-Djedid.

The example demonstrates that the method of soundings in
each case should be tuned to the "roughness" of the sur-
face. Further it seems a good idea to survey profiles in
a scale model under ideal conditions for comparison with
prototype as built surfaces. |
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Breakwaters in shallow water behave differently when ex-
posed to waves able to displace armour units. A breakwa-
ter in shallow water with a slope of for example 1 on
2.0, and crest elevation adequate to avoid serious damage
to its crest and rear side will normally have an S-shaped
damaged profile. Due to the limited depth such structures
(if not severely under-designed) do normally not experi-
ence complete destruction because they contain enough
material in relation to the water depth. The seaward
slope adjusts, and thereby stabilizes, itself against the
wave impact. If such structures are built with a too low
crest elevation, there is a risk of serious damage to the
rear side due to excessive overtopping, which may lead to
complete structural failure.

The following aspects have to be taken into considerat-
ion:

a) The distribution of damage occurring along the
length of a breakwater is of a random statistical
nature. If a breakwater is designed on the basis of
average values established from model tests, stret-
ches of the breakwater will suffer much greater
damage. Therefore, hydraulic model tests should em-
phasize determination of the scatter of the damage
so as to make a prediction of average and maximum
damage.

b) The wave statistics used for the design are based
on the information available, which is often 1lim-
ited though. This means that there is a certain
probability that the waves which will occur during
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c)

90

the life of the structure will show a wave height
distribution somewhat higher than the one used for
the design, maybe because the wave statistics are
based on infofmation that is not representative for
long-term conditions. Even if the wave information
is representative there is a risk of higher waves
during the lifetime of the structure, simply due to
the statistical nature of storm occurrence. Assum-
ing as an example that the desired life of a struc-
ture is 50 years, and that a storm, which on the
average occurs once every 50 years, is used for the
design there is a 63% probability that the design
storm occurs during the 50 years' lifetime. Even if
a 500 year situation is used, the probability of
occurrence is 10%. This means that rather than de-
signing a structure for conditions which on average
are expected to occur once in the life of the
structure, one should choose a certain acceptable
probability for failure of the structure and then
design the structure in accordance with the wave
conditions derived from this probability, as shown
in Table 5.7.a.

The fact that the strength of concrete armour units
is not properly reproduced in a hydraulic model is
especially important for artificial blocks. A unit
displaced from its original position in the model
will fall down the front slope and normally settle
on the lower part of the armour layer or on the
berm. If a unit settles on the lower part of the
armour layer it still has a beneficial effect on
the stability of the total armour layer.

In reality this is to some extent different. A unit
diSplaced from its original position may break when




Desired life Recurrence interval for design
L of struct- conditions Td
ure (years)

10 20 50 100 200 500

1 10 5 2 1 0.5 0.2
5 41 23 10 5 2 1
10 65 40 18 10 ) 2
25 93 72 40 22 12 5
50 99.5 92 64 39 22 10
75 - 98 78 53 31 14
100 - 99.4 87 63 39 18
200 - - 98 87 63 33
Pormula:
L T L
R=1-(1-z) =1- (2321
d d
Example:
Desired lifetime : 50 years
Design conditions : 200 years

Risk for excess of design
conditions within lifetime s 22%

Table 5.7.a Calculated risk (R) in % for exposure to de-
sign conditions within desired life.

it tumbles down the front slope of the breakwater
and may also break other units. It is not possibie
on the basis of ?resent knowledge to estimate the
probability that units may break when displaced
from their original position, as it depends upon
the structural strength of the concrete. It is,
however, evident from projects where dolos and te-
trapods were used that a number of units were
broken without being displaced from their original
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positions. In some cases this probably happened
during placing, and in other cases due to wave act-
ion. The fact that artificial units may break indi~-
cates that armour layers, consistihg of such units
Shall be designed for very small damage percentages
based on model test results in order to allow for
some residual stability of the armour layer. It is
also necessary to consider the possible damaging
effect of rocking of armour units and settlements
of the entire armour layer.

Principle_of_ Accumulated Damaqge

The armour layer shall, besides being able to resist the
effect of extreme storms, also in general have sufficient
stability to resist the accumulated effect of many more
moderate storms occurring in its life.

For breakwaters located in relatively shallow water the
wave conditions may be depth-limited due to wave break-
ing. This means that the rate of damage inflicted on the
breakwater does not increase above a certain level with
the significant wave heights in deep water.

A number of recent model tests performed by DHI have
shown that average damage to a breakwater in deep water
develops linearly with time for a fixed significant wave
height and "peak" wave period (stationary wave condi-
tions). For moderate storms which are able to cause only
limited damage to the structure there is a tendency for
the breakwater to become more stable, and thereby the
rate of damage decreases with the storm duration. If this
is ignored it is possible to calculate the expected dam-
age after a certain number of years. This will, for the
above reason, be a conservative estimate. This is called
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accumulated damage because it is the result of the effect
of many storms, each of which is only able to displace a
very limited number of units.

Applying the concept presented above yields that a speci-
fic storm will cause approximately the same damage, no
matter which wave conditions the breakwater has been ex-
posed to earlier. This means that the armour layer is
treated as having no "memory".

Hudsons's formula, Eq. 4.3.m, and other stability formul-
ae do not include any term related to duration of wave
conditions. This aspects is, however, of major importan-
" ce. Fig. 5.7.d4 shows results from many series of model
tests on the deep~-water breakwater at Bilbao, Spain,
which was seriously damaged in 1976 and -77. DHI made
tests to verify the damage and to investigate alternative
profiles to be used for its final repair. Reproductions
of irregular natural waves were used. The breakwater was
built with rectanqular block armour. Fig. 5.7.e shows for
different fixed stationary significant wave heights, Hs,
- the number of blocks displaced completely from the armour
layer as function of time. For this breakwater with a
slope of 1 to 1.5 the following is seen:

a) The damage develops'almost linearly with the storm
duration for constant significant wave height, un-
til approximatively 50% of the blocks (weight 82 t)
are displaced.
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layer slope. Bilbao Breakwater (from H. Gra-
vesen et al., Ref. 29).
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b) There is a very significant scatter in the test re-

sults when repeated for the same significant wave
height and peak period.

c) For very large waves, Hs = 11 m, the armour layer
failed once during the down-rush of a single wave.
The complete armour 1layer slid down the front
slope.

These observations document the need for considering also
the duration of storms. It is also necessary to consider
the scatter of stability conditions in the design. In
case an evaluation based on average stability conditions
is used there will be a large probability that limited
sections suffer much greater damage. This is dangerous in
case local severe damage develops and spreads to cause
complete failure of part of the structure.

In the case of Bilbao the breakwater was severely damaged
in three sections, two of which can be seen from the har-
bour side on the photo in Fig. 5.7.f. Note also the brok-
en oil pipelines on the breakwater.

Scatter_in Test Results

The scatter of stability conditions in scale model tests
is caused by random placing of the armour units, which is
obviously not identical from test to test. Similar or
larger scatter must therefore also be expected for a long
breakwater which may be regarded as consisting of a num-
ber of sections with a length equal to the model section.

It is difficult to prove that in some cases even a larger

scatter should be expected in reality than in models.
However, the author believes' that real breakwater con-
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Fig. 5.7.f The damaged Bilbao Breakwater seen from the

harbour side.
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struction is generally made with less accuracy than model
construction. This is simply a matter of cost and of the
fact that it is almost impossible to observe the con-
struction of the major portion of actual breakwater con-
struction work which takes place below the water level,
while model construction does not.

5.7.7 Stability of Quarry Stone Armour_Layer

The damage is difficult to identify and describe. Tradi-
tionally, it has been reported as the number of stones
moved more than their own dimension, divided by the total
number of stones in the armour layer, or sometimes by the
number of stones present within the section of the armour
layer between +Hs‘ and -Hs measured from still water
level. This damage definition will also be used in the
following.

Fig. 5.7.9 shows results from stability tests on a break-
water for Korse¢r Ferry Port in Denmark.

The armour stones are rounded sea stones. The damage per-
centage inflicted on the armour layer @?he number of
stones displaced from the seaward armour léyer divided by
the total number of stones in this armour layer) is pre-
sented as function of the stability coefficient KD, which
may be considered a dimensionless wave height in the
third power.

Fig. 5.7.h presents results from model tests carried out
by DHI on a traditional rubble mound breakwater with
quarry stone armour. The results are for tests runs with
5h prototype duration. The damage percentage is seen as
function of the stability coefficient; here N and Hs are
used.
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This section will as a practical example demonstrate the
design of a breakwater armoured with rectangular blocks
for a wave climate described by the wave height distribu-
tion shown in Fig. 5.7.i. The statistics show that a wave
height of approximately Hs = 7.1 m is on average exceeded
in one hour per 100 years. The corresponding peak period
is approximately Tp = 14 s (mean wave period Tz = 10 s).
Two alternative solutions called I and II were con-
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Fig. 5.7.i Wave height distribution used in Table 5.7.c.

sidered both with an armour layer extending from about
=15 m to +10 m, but with a slope of 1 to 1.75 for Profile
I and 1 on 2.0 for Profile II. The block weights were 60
t for Profile I and 58 t for Profile II, both with a con-
crete density of Yg = 2.3 t/m?®. The design evaluation is
based on the Bilbao Breakwater model tests, the results
of which are shown in Fig. 5.7.d. In Fig. 5.7.j a special
analysis is made showing the percentage of blocks displa-
ced per hour as function of wave conditions, block weight
and density of the blocks. The use of the parameter

1/3
w (:_—i -1/ (HsszYs)1/3 {5.7.1}

is based on the presentation of all test results in Fig.
5.7.d. The wave period influence is taken into consider-
ation by using Hssz in the stability formula instead of
HS3 in accordance with Ref. 31. The stability formula is
otherwise identical to Iribarrens formula, Refs. 35 and
36.
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analysis.

From the results of Fig. 5.7.e it may be assumed that the
damage development on average is linear with time for
stationary wave conditions. On this basis it is possible
to estimate the expected -average accumulated number of
blocks displaced after, for example, 100 years by making
a simple integration of expected damage for each wave-
height interval multiplied by the expected number of
hours in each wave height interval in the period in ques-
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tion. The calculations are shown in Table 5.7.b.

Wave Probability [Hours 1/3 Yg Profile I Profile II
Height in Wiy ¢ Slope 1:1,75 Slope 1:2,0
Level H_ 100 | ——*—— | W, =60t W, =58 ¢t

3 s s
(m) p(%) lyears 22 L Y '

p 'S

Pro- Pro- Dam- Total Dam~ ?otal‘

file I|file II}| age/h % age/h %
> 7.0 1.2-10—4 1.1 [0.164 }0.163 0.5 0.559 0.20 0.20
6.5-7.0 (3.5-1.2)'10_4 2.0 {0.1e8 (0.167 0.33 0.65 0.15 0.30
6.0-6.5 (9.5\-3.5)'10-4 5.3 10.177 10.175 0.25 1.35 0.10 0.55
5.5-6.0 (28-—9.5)'10-4 16 [0.187 {0.185 0.18 2.90 0.07 1.10
5.0-5.5 (75—28)-10_4 41 0.199 [0.197 0.10 4.10 0.03 1.25
4.5-5.0 (200-75)'10.4 110 [0.213 (0.210 0.03 3.3 0.015}| 1.65

otal estimate of

verage damage 12.9% 5.1%

Table 5.7.b Calculation of total average expected per-
centage of blocks displaced from the armour
layer in level -10 to +10 m. B

Damage Distribution

From the Bilbao Breakwater tests and from other tests it
is known that the number of blocks displaced in a number
of individual similar sections of a breakwater for an
important level of damage follows approximately the norm-
al distribution. See also Section 5.7.9, where it is
shown that the damage distribution is close to a binomin-
al distribution, which is close to a normal distribution
for larger values of the mean value of the parameter. The
Bilbao tests were made with a model section representing
80 m in reality. As an example a breakwater consisting of

10 such sections is considered. The Bilbao tests showed
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a relative standard deviation (ratio of standard devia-

tion of damage to average damage) of approximately 0.50.
With 10 sections equally exposed, the most damaged sec-
tion is expected to suffer damage equal to the average
value plus 1.3 times the standard deviation according to
the normal distribution, equal to 1.65 times the average
damage. For profiles I and II this means that after 100
years it is expected that about 20% and 8%, respectively,
of the blocks are displaced in the most seriously damaged
80 m section. Over a 20 year period the expected damage
will be approximately 20% of the 100 year damage.

In order to compare test results for irregular natural
waves and regular waves a test series on the Bilbao
Breakwater was also carried out with reqular waves with T
= 14 s and wave heights, H, in the range 6-13.5 m. The
test runs for each wave height were continued until no
further damage occurred. The results of these tests are
shown in Fig. 5.7.k. It is to be noticed that for a wave
height below H = 10.5 m only limited damage occurred with
less than 5% of the blocks being displaced. For a wave
height of approximately H = 11 m a rapid increase in the
damage is observed with up to 50-60% of the blocks being
completely displaced from the armour layer. As mentioned
earlier a direct comparison of the results with the re-
sults of the tests with irreqular waves is not relevant,
since with regular waves the damage is limited for each
wave height. For irregular waves as shown in Fig. 5.7.e
the damage develops continuously with increasing duration
of the wave conditions applied.
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Fig. 5.7.k Test on Bilbao Breakwater (Fig. 5.7.e) for
regular waves.

In order to see whether the tendency for damaged produced
by waves larger than approximately H = 11 m could also be
recognized in the tests with irregqular waves. The results
for irregular waves and Tp = 14 s is presented in Fig.
5.7.1. Both the average number of blocks displaced and
the standard deviation is shown. The number of waves ex-
ceeding the wave height H
= 6.0 m to Hs
0.12% to 13.4%.

= 11 m was calculated. For H
do s

11 m this percentage is in the range
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Fig. 5.7.1 Test with irreqgular waves, rate ‘of blocks
displaced as function of Hs compared with
probability for H > 11 m.

For all the significant wave heights the percentage is
plotted in Fig. 5.7.1 on an ordinate axis making the best
fit to the actual average test results.

The results show that the number of blocks displaced from
the armour layer is proportional to the number of waves
exceeding Hdo = 11 m in the irregular wave tests for each
significant wave height applied.
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This kind of relationship has also been used in the ex-

ample of a tetrapod breakwater presented in Section
5'7.9.

On the tetrapod breakwater shown in Fig. 3.1.d4 long se-
ries of tests were carried out. Due to the depth of ap-
proximately 12 m in front of the structure and extreme
waves in the range Hs =7 to 9 m, the maximum waves are
limited by breaking.

As basis for calculation of accumulated damage the test
results are presented in Fig. 5.7.m in the form of histo-
grams showing the distribution of damage after 4 hours
for each wave height applied. The results are for the
middle third part of the armour layer, where nearly all
damage took place.

It may be noted that the average number of blocks dis-
- placed from the armour layer does not show a consistent
increasing tendency for significant wave heights greater
than approximately 6.8 m. This is due to wave breaking,
which occurs in front of the structure for the greater
wave heights.

The total distribution of damage after 4 hours in all the
tests for HS greater than 6.8 m is shown in Fig. 5.7.n.
In order to estimate the damage after a certain number of
years a distribution may be used. For an estimate of the
stability condition for lower waves, where the number of
test results is smaller, another approach must be
adopted. Based upon the general experience gained in the
laboratory it may be concluded that damage occurring to a
rubble mound breakwater is proportional to the number of
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3.1.4.

"big" waves in the wave train causing the damage. For
simplicity, the number of big waves in the wave train may
be taken as the number of waves greater than a specific
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Fig. 5.7.n Test results for Hs > 6.25 m.

wave height, Hdo’ taken as the lowest wave height, which
is able to really cause damage. In the present case this
wave height was evaluated to be about 8.0 m. The assump-
tion that damage is-a function of the number of big waves
in the wave train means that for wave conditions only
containing a very limited number of big waves, the number
or armour units displaced in the armour layer will be
very small. In other words, the probability that a speci-
fic armour unit is displaced during a storm is very low.
However, the total number of hours with moderate waves is

rather high, and therefore has to be taken into consider-
ation. '

The tests have shown that significant wave heights great-
er than 6.8 m caused more or less the same rate of damage
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to the armour layer and that wave heights between 5.5 and
6.8 m caused significantly lower damage. For the follow-
ing calculation Hs = 6.25 m in between the two wave
heights above has been used as the limiting significant
wave height above which the average rate of damage may be
regarded constant.

The expected rate of damage for more moderate wave condi-
tions may be estimated from the number of waves greater
than Hio = 8.0 m. In this way, the cumulative effect of
all wave conditions in a certain number of years may be
regarded as inflicted on the armour layer not by the
"real" wave conditions, but by equivalent wave condi-
tions, such as a certain number of hours with Hs = 6.25
m. This assumption facilitates the calculations. For the
deep water wave condition the Rayleigh distribution will
be applied as representative for the wave height distri-
bution of individual waves in the wave record.

The results of the calculation is shown in Table 5.7.c.

This means that in the present case the complete effect
of 100 years of storms is egquivalent to approximately 40
hours storm with Hs = 6.25 m. This makes it possible to
estimate the damage to the breakwater for any chosen num-
ber of years by using the assumption that damage develops
linearly with time. Further, this analysis will evaluate
the statistical distribution of damage in individual
sections along the breakwater which is vefy important for
safe design of the complete breakwater.

For one test section with a length corresponding to 0.6 m
width of the flume which corresponds to 28.4 m in nature,
damage distribution after approximately 10 years in a
number of test sections each with a length of 28.4 m will



be in accordance with the distribution shown in Fig.
5.7.n,
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6.25 3.91  4.19 3.72  0.08-107% 7.0 7.00
6.00 3.75 4.55 2.80  0.08-10"2 7.0 5.27
5.50 3.44 5.41 1.42  0.24710°% 21 8.02
5.00 3.13 6.53 0.59  0.60-10"% 53 8.41
4.50 2.81 8.11 0.17 2.0 -10°% 175 8.00
4.00 2.50 10.24 0.032 3.5 ‘1073 307 2.64

Total: & 39.34 h.

Table 5.7.c Calculation of equivalent wave conditions in
100 years.

This means that in the first 10 years after construction
of the breakwater on average 0.85 tetrapod will be dis-
placed in each section of 28.4 m length, which corresp-
onds to an average value of 0.75 tetrapod for 25 m sec-
tions. Further, the histogram shows that in 2.5% of the
25 m sections, or in one section per kilometer break-
water, 6 tetrapods will be displaced in the first 10
years.

The random nature of damage development means that the
maximum rate of damage will not develop linearly with
time, but will tend to decrease. This aspect will be
treated in the following.
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It is not possible to estimate the probability that a
specific block in the armour is displaced for a wave
height exceeding Hdo = 8.0 m, and thus the distribution
of damage in sections along the breakwater for any speci-

fic number of years.

One specific block has two possibilities, when a wave
greater than Hdo arrives. It may be displaced or remain
in place. This means there is a certain probability, p,
that the block will be displaced for wave heights exceed-
ing Hdo‘ With the probability, p, that a specific block
is displaced, the probability that the block is not dis-
placed is 1-p. The probability, Pr, that n blocks are
displaced from the armour layer may be determined:from
the binomial distribution.

Pr (X =n) = Q)p"(1-p)" " {5.7.5}

From test results and the wave height distribution, p may
be estimated in the following way. From the test results
presented in Fig. 5.7.n the average rate of tetrapods
displaced from each test section during 4 hours storm
duration is equal to 0.85, (0.75 for a 25 m section).

Table 5.7.m indicates that for Hs = 6.25 m the probébili-
ty that a specific wave exceeds Hdo = 8.0 m is equal to
3.72%. In 4 hours the total number of waves will be equal
to 1470 for a representative wave period, Tp = 14 s, and
a ratio of 0.7 between Tz aqd Tp and thereby Tz = 9.8 s.
The number of individual waves exceeding H, = 8.0 m in 4

do
hours is therefore 0.0372 x 1470 = 55,

The probability that one wave exceeding Hdo = 8.0 m will

displace one tetrapod in the 25 m section will therefore
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be equal to:

0.75
n = —gz= = 0.0136 {5.7.k}

In "i" years the number of waves, N, exceeding Hdo = 8.0
m is equal to:

- i _ 39.34 hours per 100 years - .
N = 750 7 55 = 5.41 i,

where N has to be an integer. Now the probability that X
blocks are displaced from a 25 m section after "i" years
may be determined from the binomial distribution:

5.41 i
X

) 0.0136%(1-0.0136)° 41 17X

Pr (x = n) = ( {5.7.1}

For 5, 10, 25, and 50 years Eq. 5.7.1 gives the results
shown in Fig. 5.7.0. No more than 3 to 4 tetrapods should
be displaced in the most damaged section after 10 years,
whereas the distribution in Fig. 5.7.n yields approx, 6
tetrapods. It is expected that the damage distribution in
various sections along the breakwater is binomially di-
stributed, so the results of Fig. 5.7.0 may be used for

design of the armour layer.

In Fig. 5.7.0 the distribution of damage in 25 m sections
along the breakwater is also shown for other numbers of
years. As mentioned earlier, it is to be expected that
damage of the worst section does not develope linealy
with time. As an example, after 5 years it is to be ex-
pected that 3 tetrapods are displaced from the most dam-
aged 25 m section, while after 50 years 9 tetrapods are
displaced.
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Because nearly all tetrapods are displaced from the mid-

dle third part of the armour layer located around the
still water level, the damage is shown both in relation
to the total number of blocks in the armour layer and in
relation to the number of tetrapods in the middle third
section.
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- Fig. 5.7.0 Evaluation of damage distribution for the
breakwater shown in Fig. 3.1.4.

The model tests were performed with tetrapods with a size
corresponding to 10 m® and a density of 2.32 t/m?. For
final design it is also necessary to evaluate the stabil-
ity for other tetrapod sizes. It is assumed that Hudson's
formula describes the influence of the wave height and
the weight of the armour units. Hudson's formula may be
written as follows:
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— = 1)3 = constant {5.7.m}

This implies that for a constant value of H;/V the damage
may be regarded as constant. With a change in the tetra-
pod volume from 10 to 8 m?, the damage will be the same
for the two tetrapod sizes, if the wave heights causing
1/3 . 0.93. Thus the same
calculation as presented in Table 5.7.c may be carried

the damage are reduced by (8/10)

out for other tetrapod sizes. The results are shown in
Fig. 5.7.p. By changing the tetrapod volume from 10 to 8
m® the average number of blocks displaced from the armour
layer per year is increased by a factor of approximately
2.

A AVERAGE NUMBER OF TETRAPODS
DISPLACED PER YEAR FROM
A 28 m SECTION OF SREAKWATER

0.2 \
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0.1 .
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0.04 AN
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\

0.01 TETRAPDD doLUME

>
0 2 4 6 8 10 12 1% 18 18 m3

Fig. 5.7.p Number of tetrapods displaced as function of
tetrapod size.

The stability coefficients for armour units are normally
given for perpendicular wave attack (wave fronts parallel
to breakwater alignment). Intuitively it is expected that
oblique wave attacks will result in less damage. This is
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not always the case} for example for dolos. Fig. 5.7.q
shows results of DHI model tests. For a wave incidence
angle from 0° up to 45° no increase in stability is ob-
served, for dolos even a decrease. For dolos it is seen
that even for 75° incidence angle no stability increase
is observed. For quarry stones the stone weight may be
reduced by a factor 1.5 for the same angle of incidence.

It should be noted that the incidence angle has more in-
fluence on other factors, such as for example wave over-
topping and forces on crown walls. Ref. 86 and Ref. 26
deal with oblique wave attack for dolos and tetrapods
respectively. )
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Fig. 5.7.9 DHI results for oblique wave attack on quarry
stones and dolos-breakwaters (from Gravesen
et al, Ref. 30).
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5.8 Breakwater Crest

A breakwater crest should always be so wide and high that
it ensures the rear side against damage due to wave over-
topping. It should further be made so wide that it is
well-defined for the contractor, which means equal to the
size of a certain number of armour units. In practice a
minimum width equal to three or four times the armour
unit size (stone or articificial unit) has been suffici-
ent. Other factors than stability and consttuctability
also play a role for the width of a breakwater, for ex-
ample the wish to have a certain minimum width during
construction.

5.9 Superstructure

5.9.1 Introduction

No guidelines exist for design of concrete superstructu-
res and for determination of wave forces on superstruc-
tures. It is therefore necessary to perform model tests
to determine design forces.

This section presents the results and considerations from
a number of model investigations carried out at DHI. The
model tests were all performed with irregular waves re-
produced directly from natural wave records. The influ-
ence of the various geometriéal and hydrographic parame-
ters on the wave forces are illustrated.

For breakwaters with a crown wall and superstructure the
considerations of Section 5.8 are also relevant. In this
case the wish for a certain minimum width of the roadway
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during or after construction will often be determinant
for the width of a superstructure.

With respect to the rubble mound in front of a crown wall
‘it is important to have a "shoulder" (Horizontal layers).
This makes construction more easy, because there will be
less wave up-rush where the superstructure is cast. Fur-
ther, in case of serious damage to the structure the risk
of complete displacement of material in front of the wall
will be reduced. Consequently, the risk of erosion under
the crown wall and failure are reduced.

Crown walls and concrete superstructures are normally
used either in order to reduce the crest elevation or to
reduce wave overtopping, or as a roadway for traffic or
pipelines etc. They give easy access to the breakwater
when in service, which may be of importance to repair
work. Superstructures and parapets are usually construct-
ed of concrete, but also steel and wood may be used.
There is for example in Denmark a tradition to use a wave
screen made of wood on small breakwaters in shallow wa-
ter. An example of this type of structure is shown in
Fig. 5.9.a. When a superstructure or parapet wall is in-
troduced to reduce wave overtopping, it will normally be
exposed to large wave forces.

The wave forces on a superstructure are a function of the
volume of water hitting the structure and its velocity.
The forces are therefore related to the magnitude and
velocity in the wave up-rush which is a function of wave
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conditions in front of the structure, the water level,
the geometry of the breakwater slope and its hydraulic
roughness and porosity characteristics.

Sea : M—zég-*" Harbor

0,0m
D.V.

Seostons 500~ 700 kg

Seastone 100~ 400 kg One man stone So}manc 20- 100 kg

Fig. 5.9.a Typical Danish rock breakwater built of "sea-
stones™ (rock from the bottom of the sea of
glacial origin) (Ref. 56).

The physics of wave forces on superstructurés are for the
above mentioned reasons very complicated. It should also
be noted that the design of a breakwater superstructure
is a combined hydraulic, geotechnical and construction
material problem, because also the material in which the
superstructure is founded plays an important role for the
wave forces and the overall stability. When the founda-
tion material is very permeable, as is the case for quar-
ry stones, wave pressure penetrates to the base of the
superstructure. In this case the combined wave pressures
on all parts of the structure is important, because the
structure is exposed to varying horizontal and vertical
1lift forces, which do not peak at the same moment.

It should also be realized that the material in front of
the structure (armour layer and filter layer etc.) is
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flexible and may be displaced. During extreme wave condi-
tions damage may be inflicted on the armour in front,
which may cause greater wave loads on the more exposed
superstructure.

For the above reasons a rational and optimum design of a
rubble mound structure with a superstructure requires
that the combined and complex relations between damage to
the flexible protection and forces to the superstructure
be considered. The only tool to analyse this problem is
model tests, and only tests with reproduction of the nat-
ural sea state can provide the necessary information per-
taining to this problem. For the design of a superstruc-
ture it is thus also important to obtain a profound know-
ledge of the hydrographic conditions at the site. For the
magnitude of wave forces on a superstructure not only the
wave. conditions are important, but the simultaneous ex-
pected water level during the storm conditions as well.

5.9.5_Physics_of Wave Forces_on_Superstructures

In order to discuss the physics of wave forces on super-
structures some principles of wave forces on vertical
face breakwaters presented by Lundgren in Ref. 52 may be
repeated:

® \l VENTILATED
SHOCK

Fig. 5.9.b Types of shock forces on a vertical face
breakwater.
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The three types of shock forces are:

1) Ventilated shocks.
2) Compression shocks.
3) Hammer shocks.

For a typical breakwater superstructure the forces occur-
ring on the front side are a combination of all three
types of shock.

The air entrapped in the mass of water is bubbles and
"pockets" of different sizes, generally very small compa-
red to the size of the superstructure.

The forces on the front face of the superstructure are
impulse forces due to the water in the run-up hitting the
structure. Figs. 5.9.c and 5.9.d show that the water is
forced up into the air or flowing over the crest of the
structure. In case the forces on the superstructure be-
come excessive it may fail by being displaced backwards
and at the same time lifted due to the pressure under its
base.

Time series of typical forces for perpendicular wave in-
cidence are shown in Fig. 5.9.e. The positions of the
eight pressure gauges, five on the front side and three
under the base plate are also shown.

Generally the duration of the peak of the total wave
force on superstructures is long compared to shock forces
on vertical breakwater. For the case shown in Fig. 5.9%.e
about 1 to 2 s, which is in the order of 10% of the wave
period.
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Fig. 5.9.c Wave up-rush on tetrapod armour layer.

2% WATER ESCAPING VERTICALLY
’0
° FLOW OF WATER/AIR MIXTURE
2 DUE TO HIGH PRESSURNES ON
ENTRAPPED MR

THE SEA-SIOE OF THE BREAR-
WATER.

«7Q

Fig. 5.9.d Principle of wave up-rush on breakwater with
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TEST NO. 154 SIONIFICANT WAVE HEIGHT Hs 2 11m
WAVE PERIOD TP = 18s
WATER LEVEL WL +2.3m
WAVE DIRECTION a = 0°
DAMAGE CONDITION DC 1 0°

Records of maximum wave pressure on breakwa-
ter crown wall for perpendicular wave attack.
Profile is shown in Fig. 5.9.b.
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On the front side sharp peak pressures are recorded. How-

ever, they are a very local phenomena occurring due to
compression on air bubbles/pockets. These forces are not
reproduced in scale in the model and should be interpret-
ed using the compression model law described in Ref. S1.
The total horizontal force measurement shows a continuous
smooth curve without sharp péaks and is therefore be a
true representation of the wave forces in scale. For
oblique wave attack the pressures are more smooth and the
duration of the horizontal force longer, as it can be
seen from the pressure and force records in Fig. 5.9.f.

Forces_under the_Base

If the superstructure is founded in porous media, such as
quarry stones special attention should be paid to the
conditions under the base. The forces occurring here are
due to pressure in compressible media, a mixture of water
and air. If the base is above SWL the physics are espe-
cially complex. In this case the pores between the stones
under the superstructure are normally filled with air.
During the fast up~-rush of waves on and in the armour
layer a large volume of air may be trapped. Due to the
high pressure, when the up-rush reaches the front wall of
the superstructure, the air pocket will be squeezed out
under the base towards the rear side (Fig. 5.9.d). This
phenomenon of squeezing out the air under the superstruc-
ture appears to cause oscillating pressures in the air
trapped here. Such oscillations normally only occur in
the beginning of pressure exerted by a single wave, when
the maximum pressure occurs. Later the pressure becomes
more quasistatic with less rapid changes.

The oscillations do not occur for all wave conditions.
They are most predominant for normal incident waves and
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Fig. 5.9.f Records of maximum wave pressure on breakwa-

ter crown wall for oblique wave attack (o
22.5%) . Profile is shown in Fig. 5.9.h.

for situations, where the still water level is below the
superstructure. The described phenomenon is shown by the
maximum pressure records in Fig. 5.9.g for the breakwater
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shown in Fig. 5.9.h. The pressures presented are from
measurements under the base plate for 1,000 waves imping-
ing on the structure. Note the differences in time series
dependent upon water level and wave incidence angle, a.
For oblique waves the rising time of the pressure is much
longer than for perpendicular incidence where the wave
up-rush suddenly hits the superstructure, whereas for
obligue waves the pressure also escapes laterally.

TEST 23 2 Hg s 11m
sum [\‘* o s 88

w'\q WLas 3.3m
) « z 0°

OC = 0%,
Hgs 1'm
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e
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\ a 3 0°
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Fig. 5.9.g Pressure records from pressure gauge No. 6
under the base plate. Profile is shown in
Dwg. No. 5.9.h.
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5.9.6 Model Laws

Since model tests are indispensable to determine wave

forces on superstructures it is necessary to establish

laws _of similitude for models.

Froude's Law is described in Section 6.1, and the Com-

pression Model Law in Ref. 51.

(1)

(2)

(3)

(4)

Model impulses, 'fp-dt can be converted directly
according to Froude's Law.

Froude's Law also applies to the maximum pressure
from a well ventilated shock, but will yield con-
servative values, if the bubble content in the pro-
totype is high, and the pressure rise is very

- rapid.

The Compression Model Law (see Ref. 51) applies
approximately to the maximum pressure from a com-
pression shock.

Froude's Law is valid for a normal hammer shock,
but in many cases a composite effect, also involv-
ing compressibility, may occur due to entrapped air
pockets.

For analysis of the pressure records shown in Fig. 5.9.g

the procedure is as follows:

1)

2)

The "Froude" part of the pressure record is assumed
to be the non-oscillating part (see heavy lines in
Fig. 5.9.9).

The peaks occur because of oscillations of pressure
in the air pockets/bubbles. As estimates of the
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mean pressure on the bottom of the wave screen the-
se peaks are converted according to the Compression
Model Law.

This procedure will give prototype pressures which may
normally be considered slightly conservative. The model
water hitting the front face of the wall has a larger
relative density due to the smaller content of air. These
considerations have shown how complex the nature of for-
ces on superstructures is, and it is therefore at present
not possible to present a profound hydrodynamic descrip-
tion of the problem. A simple evaluation of the important
parameters is presented in the following.

The wave forces are caused by wave up~rush. It is there-
fore the same parameters that influence the magnitude and
extent of the up-rush that govern the magnitude of wave
forces together with the position and configuration of
the superstructure.

a) Slope_angle

Since the up-rush is generally decreasing with de-
creasing slope angle the wave forces are smaller on
flatter slopes than on steep slopes. However, for
steep slopes such as 1 on 1.5 to 1 on 2.0 the dif-
ference is only marginal due to nearly the same
up-rush characteristics as shown in Ref. 74.

b) Slope_roughness_and permeability

The wave forces strongly depend upon the slope
roughness and permeability. As an example the up-
rush, and thereby wave forces are much larger on
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c)

cube armour than on tetrapods (Ref. 4).

Wave forces generally increase with increasing wave
height and also with the wave period, since an in-
crease in both parameters increases the up-rush. As
shown in Section 4.2, the velocities in the wave
up-rush are proportional to vgH. Since the forces
on the superstructure are impulse forces they are
proportional to mv?, m being the mass of water hit-
ting the structure and v its velocity.

However, since the superstructure is normally at a
certain level above SWL, a certain minimum wave
height, Hso' is required to cause up-rush which
reaches the superstructure. The maximum pressure on
a wall or superstructure may therefore be written:

p = Cp b Yw ® f(T,a'...) (HS - Hso) {5.9.a}

p = pressure on wave wall (N/m?)

Cp = dimensionless coefficient

Y, = 0,9 = gpecific weight of water (N/m?3)
£f(T,0,...) = dimensionless function of wave pe-

riod T, slope angle a, type of ar-
mour units, permeability of sublay-
ers, etc. ‘

5.9.8 Results of Measurements

Horizontal Forces

In the following the parameter F

H represents the maximum
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horizontal force per meter of wall for 1000 waves. For a

given structure F_, (kN/m) will be made dimensionless by

H
division by Ywthp, where

Y, = specific weight of water (N/m?)

h = height of wall (m)

b = width of wall (m)

L_ = wave length corresponding to the peak wave

period (m).

The significant wave height is made dimensionless by di-
vision by the vertical distance from still-water to the
crest of the armour layer.

All results presented come from model tests, using repro-
ductions of irregular natural wave records, Ref. 29. All
results are for perpendicular waves. All tests lasted
1000 or more waves. The total horizontal wave force was
measured by use of a dynamometer. The wall model was sus-
pended in a dynamometer to allow for measurements of
total forces and moments. The measurements of moments
made it possible to determine the moment arm for the
total horizontal forces.

The results for three different types of breakwaters are
shown in Figs. 5.9.h, 5.9.i and 5.9.].

The results show that generally the wave forces increase
almost linearly with the significant wave height, Hs, as
expected from Egq. 5.9.a. Further almost no wave forces on
the wave walls occurred for Hs/Ah values of less than
approximately 0.5. With the maximum waves equal to about
1.85 Hs' it means that wave forces occur for Hmax > 0.9
Ah, which is is agreement with measurements showing that
the up-rush is about equal to the wave height.
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Distribution of Waves Forces

Fig. 5.9.k shows the distribution of wave forces measured
on the breakwater in Fig. 5.9.h. The results are for per-
pendicular wave incidence, wave period T_ = 18 s, a water
level of +5.3 m and a significant wave height of 8, 11
and 14 m respectively. The results show that an exponent-
ial distribution fits the wave forces. The drawing also
shows how the maximum force for 1000 waves are determined
from the distribution.
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Fig. 5.9.k Example of distribution of total horizontal
wave force on breakwater crown wall.
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The results presented as a function of Hs/*h show that
this parameter is able to take the influence of the water
level into consideration. This means that wave forces
increase almost linearly with increasing water levels in
the same manner as with the wave heights. Fig. 5.9.1
shows results for the breakwater in Fig. 5.9.h.

tm 4 Fa /e

300 2= 0° %00

Heg= 8m

400 4001

3004 3004

2004 200+
100 D/‘%
/{/ 100+
P
=
wL wtL
o} T T T - o] T Y T Y T
] 1 2 3 4 5 m o 1 2 3 4 S m

Note: Signatures as in Fig. 5.9.h.

Fig. 5.9.1 Influence of water level on the total hori-
zontal wave force on a breakwater crown wall.

Influence of Wave Period

The results show that wave forces increase with the wave
period. Due to lack of more precise methods the wave

length seems to be a reasonable substitute parameter for
the wave period.
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Influence _of Angle of Incidence

Fig. 5.9.m shows the influence of different angles of
incidence for the breakwater in Fig. 5.9.h. Results are
only presented for high water at +5.3 m, but for three

different wave heights. F, clearly decreases with inc-

reasing incidence angle. ;Lr the test results available
this decrease seems to be almost linear. It is interest-
ing that the decrease does not occur with the same relat-
ive rate for the three significant wave heights consider-
ed. On average this relative decrease is most pronounced

for the largest wave heights.
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Note: Signatures as in Fig. 5.9.h.

Fig. 5.9.m 1Influence of wave incidence angle on the
total horizontal wave force on a breakwater

crown wall.

These measurements were carried out on a model represent-
ing a 48 m test section of the wall. This aspect has to
be taken into consideration in the design, since the
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measured values are average values over the length of
model structure.

The breakwater shown in Fig. 5.9.h was also tested with
different damage degrees of the armour layer. The tests
clearly demonstrate that the forces on the wave wall in-
crease when a significant part of the armour units dis-
appear. For the situation with all units removed from the
front of the waQe wall, the total horizontal force in-
crease by about 50% for perpendicular wave attack, while
for obligque attack (22.5° and 45°) the forces are almost
independent of the damage conditions.

The pressure distribution on a superstructure is normally
very complex, since the pressure at different points of
the structure have their maxima at different times. There
is for example often a time lag between the maximum for-
ces on the front side and under the base. However, the
most dangerous situation for the superstructure generally
arises when the horizontal force on the front side has
its maximum. Pressure distributions are shown in Fig.
5.9.n for the breakwater in Fig. 5.9.h. The distributions
are valid for the moment when the total horizontal force
is maximum. It is clear that the pressure distributions
are complex, but also that the pressure distribution on
the front side tends to be almost even, and that the
pressure under the superstructure decreases about linear-
ly towards the rear.

137



20~ 15 =

19 = = i e i P e e o ]

28 o e e o e o

12———

B — e e

-
[ ]

¢ r T :2- Y v
t/m2 40 30 20 W0 tym340 30 20 10

TEST NO:133 TEST NO: 154

!
He s N m Ha s I m |
Te « 188 To s 88 |
WL e+2.3m Wize2.3m :
a s 0° a s0° 1
DC s 0% DC s 0% !
8
[ Y/ — B o i o e o v e e =]
L [ mp— R T O — -t
20 = = - - ——— e e e VR e s s et et ctnt il e e e
18 e e e o o e e e ] Y, PO —
18— — - L7 Y,
L e, T v : @z v v
t/m2 40 30 20 10 t/mf 40 30 20 0
TEST NO: 68 TEST NO : 71
He 2 ' m Ha = 1'm
Tp = 18s Tp = 18e
WL z+8.3m WL 2 +8.3m
O . 22.8e [ BT Y
DC =2 0% DC = 0%
NOTR :

He = SIGNIFICANT WAVE HEIOMT
Tp =z MEAK WAVE PERIOD

WL = WATER LEVEL

Q@ = ANGLE OF WAVE INCIDENCE

Fig. 5.9.n Examples of the distribution of maximum wave

pressure on the crown wall shown in Fig.
5.9.h.

138



A concrete superstructure should be placed at such a high

level that it is easily constructed without being hamper-
ed by wave action,

The configuration of the harbour side edge of a super-
structure is discussed in Section 5.11. It is shown that
it is essential to have a cantilevered edge towards the
harbour in case of large overtopping.

With respect to the front face of the superstructure many
different designs have been used. In general it is not a
good idea to have a high wall extending above the crest
of the armour layer, such as the ones in Figs. 5.9.h and
5.9.j, because such a structure will be ekposed to very
large wave forces. For many projects, superstructures
with a parapet wall, shaped to reverse the flow of water
in the up-rush, have been constructed (see Figs. 5.9.h,
5.9.i and 5.9.j). This type of structure functions for a
certain limited range of wave heights. However, for large
waves the up-rush is so voluminous that the water is
either thrown high up into the air or simply passes the
crest of the structure as if the extension on top of its
front side was not piesent at all. Therefore such struc-
tural elements should be considered very carefully and
their function and the forces on them always evaluated by
model testing.

Another important aspect is the configuration of the
underside of the superstructure. A smooth concrete sur-
face resting on a quarry stone surface has only a fric-
tion coefficient of 0.5-0.55. The resistance and stabil-
ity of a superstructure can be tremendously increased by
introduction of a heel preferably as far seaward as poss-
ible. Tests on alternative designs of the superstructure
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(Fig. 3.1.d) showed that the one proposed by DHI has a
very good stability compared to its weight. This is due
to the heel with a vertical inner side, which results in
a large passive soil pressure in the rock foundation,
when the superstructure is exposed to large wave forces.
In this case the apparent friction coefficient, u, was
above 1.0.

{5.9.b}

u = apparent friction coefficient

ZFH = sum of all horizontal wave forces
w = mg, weight of superstructure in air
XFV = sum of all vertical wave forces.

5.10 Overtopping

Overtopping of rubble mound breakwaters is the topic for
Ref. 43. In the following its main content is presented
together with further information and evaluations.

In a number of projects, in which DHI has been involved
in recent years, overtopping has been important. Espe-
cially when reclaimed areas or structures are situated
behind breakwaters, but also. for harbour basins behind a
breakwater. For reclaimed areas, it has been experienced
that even when no mass-overtopping occurs, the wind-car-
ried spray may inconvenience the use of the area close to
the breakyater or the access on a roadway located close
to it. In other cases damage has been experienced to
structures located closely behind low breakwaters;
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The present experience comes partly from basic research
by DHI, but mainly from studies performed by DHI on act-
ual projects. Also other references as mentioned in the
following have contributed.

5.10.2 Presentation of Results

The parameter Q represents the average amount of water
(m3) overtopping the crest of a breakwater per second per
meter length of the breakwater.

The amount of overtopping water is very irregularly di-
stributed over time. When the maximum waves in the wave
train impinge on the structure, the overtopping intensity
is many times greater than the average value. In other
words, the overtopping is an extremely non-linearly func-
tion of the wave height.

For a given structure the parameter Q will depend upon:

(1) significant wave height, Hs (as well as wave height
distribution and wave shapes);

(2) wave period; mean zero crossing period, Tz, has
been used here;

(3) water level, WL; and

(4) angle of wave incidence.

The parameter Q is made dimensionless by use of Tz and
B*, where B* is a representative dimension of the break-
water, namely the horizontal distance from the point,

where the armour layer intersects with the SWL to the
limit of the reclamation or to the rear side of the crown
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wall (Cf. Fig. 5.10.a). In this way the parameter
Q-Tz/(B*)2 is derived. Note that Q-T, is the overtopping
per wave. The parameter Q-Tz/‘(B*)2 is plotted against a
dimensionless significant wave height, Hs/Ah, where Ah is
the vertical distance from still-water level to the crest
of the breakwater. Thus the water level is also taken
into account.

The wind speed, U, is made dimensionless by use of the
acceleration of gravity, g and B*, and the parameter
U/YgB¥ is derived.

In some cases wave periods are made dimensionless by di-
vision with vB¥/g, thus the parameter Tz/VB*/g is deriv-
ed. ‘

Fig. 5.10.a shows the different parameters on an idealiz-
ed breakwater profile.

iq-qo *OR X0

WIND: u b e

WAVES: Hg , Ty ah

Fig. 5.10.a Breakwater profile (definition of parame-
ters).

In models and prototype measurements the parameter Q was
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determined by collecting the amount of overtopping water

in separate trays placed at different distances behind
the breakwater. In this way not only the total overtopp-
ing quantities were determined, but also the intensity of
water falling as function of the distance from the break-
water.

All the tests were performed with wave trains recorded by
accelerometer buoys. The DHI method of direct reproduct-
ion of natural wave records was used. This method was
published by Gravesen et al., Ref. 29. All tests were
performed in a flume of 0.6 m wide and about 22 m long.
When reflection occurred, the wave conditions in the
flume were controlled by the procedure presented by Gra-
vesen et al., Ref. 29. All tests has a prototype duration
. 0of 0.5-1 hour. The significant wave height, Hs’ was
measured at a limited distance in front of the break-
water.

In all cases the waves were not limited by depth, and the
wave height distribution was close to a Rayleigh distri-
bution. '

Table 5.10.a presents for the various breakwaters tested,
the range of depth, D, and significant wave heights, Hs,

relative to the wave length, L or L_, where p refers to

po p .
the "peak" wave period. Lpo is the deep-water peak wave

length.

5.10.4 Test Results

The general test results for seven different breakwater
structures (profiles A-G) are presented in Figs. 5.10.f
to 5.10.1. The results show that the overtopping varies
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Profile D/L D/L H /L H /L

po p s’ "po s"p

A,

and C

D

0.038-0.075 0.074-0.128 0.007-0.027 0.013~0.041

0.037-0.069 0.076-0.113 0.010-0.034 0.020-0.057

E and F 0.059-0.142 0.103-0.177 0.018-0.071 0.032-0.088

G

0.043-0.083 0.087-0.126 0.024-0.026 0.036-0.050

Table 5.10.a Relative depth and wave steepness for the

tests.

&

from structure to structure, but some general conclusions

may be derived:

(1)

(2)

(3)

(4)
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The amount of overtopping increases rapidly with
the parameter H_/Ah. The logarithm of Q-Tz/(B*)2 is
normally a linearly function of Hs/Ah.

The influence of the wave period is very different
from structure to structure. However, there is a
tendency that longer periods cause greater overtop-
ping. This was pronounced during the tests with
profiles E and F.

No sharp limit exists between wind-carried spray
and mass-overtopping where solid masses of water
are passing the crest of the breakwater ("green
water").

The wind effect is most pronounced for small values
of H_/Ah, while for high sea states and/or high
water levels (large values of HS/Ah) where mass-
overtopping occurs the wind has no influence on the
amount of overtopping (Cf. Fig. 5.10.f).



(5) Prototype measurements are only available for one
site. They were generally in agreement with model
tests (Cf. Fig. 5.10.f).

The intensity of overtopping behind a breakwater decreas-
es very rapidly with the distance from the breakwater. In
all the tests performed and in the prototype measurements
it has been experienced that on average the intensity of
overspill decreases exponentially with the distance, x,
from the breakwater. This means:

q(x) = q, 1 {5.10.a}

where q is the intensity at a distance x, and 9, is the
intensity for x = 0. The parameter B is a constant and
equal to the distance for which the overspill intensity
decreases by a factor 10.

Now the total amount of overtopping, Q, may be calculated
by integration:

Q = f q, 107 X/8) gy {5.10.b}
0 |

resulting in the following formula:

Q = qosllnlo {5.10.c}
knowing Q and B8, the intensity, s for x = 0 may be cal-
culated, and thus the intensity gq(x) for any distance x

is known.

In all the tests performed B8 has been nearly constant,
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independent of both wave and wind conditions. The only
exception to this is the overspill behind breakwaters
with a high parapet wall (profiles C and G), where the
intensity close to the wall is constant before the expon-
ential decrease of the intensity starts. Table 5.10.b
presents approximate values of 8 obtaied during model
tests with profiles A, B and D. B is made dimensionless
by division with B*.

Structure (Profile) g/B*
A 0.40-0.55
B 0.55-0.70
D 0.50-0.60

Table 5.10.b Values of 8/B* evaluated from model measu-
rement.

Fig. 5.10.b shows the exponential distribution from tests
on breakwater profile A. During these tests the amount of
water falling behind the breakwater was collected in
three different trays representing distances of 0-7.33 m,
7.33-14.67 m, and 14.67-22.0 m from the breakwater. 22 m
is equal to the width of the roadway behind the breakwa-
ter. For these tests the following values apply: Ah = 3.2
m, B* = 13.1 m and U = 20 m/s. Note that the overtopping
here is presented as intensity {m3} per second per square
metre for each of the three trays. '

5;10.6 Problems Caused by Overtopping

With reclaimed areas, buildings, structures, berths, etc.
behind the breakwater, the overtopping may be of great
inconvenience for the following reasons, which should be
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taken into consideration:
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Fig. 5.10.b Results from Tests on Profile A.

(1)

The water must be drained away. For design of the
drainage system the expected intensity of water

must be known.
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(2) If buildings, structures, berths etc. are located
behind a breakwater, the effects of the overtopping
water must be taken into consideration in the de-
sign in order to avoid damage or unacceptable
down-time of operations.

(3) In a harbour basin behind a breakwater waves caused
by overtopping may inconvenience its use or damage
moored vessels and structures etc.

Fig. 5.10.d shows two breakwaters where overtopping in-
conveniences use of the roadway behind the structure.
Wave disturbance caused by overtopping is normally only a
problem for very low breakwaters where solid masses of
water pass over the crest. Fig. 5.10.c shows wave records
from model tests on a breakwater with a permeable core,
allowing wave transmission through the breakwater. At the
same time overtopping occurs. Both the waves in front of
and behind the structure are shown. It may be noted that
the overtopping creates waves with much shorter periods
than the incoming waves or the transmitted waves.

80 sec.

=4

4

7 /UV t\AV/\

TN
H\/\M\MM M’n\

1A
WAVES IN FRONT OF THE STRUCTURE

SHORT PERIODIC WAVES
’/ CAUSED BY OVERTOPPING

04sm J‘WW l i

WAVES ON THE LEE SIDE OF THE BREAKWATER

Fig. 5.10.c Record of waves caused by overtopping and
transmission.
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Outer

Breakwater, Tripoli Harbour, Lybia.

Fig. 5.10.4 Wave overtopping.
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It should, however, be emphasized that in case of extreme
overtopping large waves may be generated in a basin be-
hind the breakwater. This was the case for the harbour of
Oran in Algeria, where an extreme storm in December 1980
caused so large waves due to overtopping that five ships
were damaged and sunk. The photo on Fig. 5.10.e shows a
ship that was severely damaged by beam sea. The ship
rolled so much that it both damaged itself and the con-
crete quay front. The crest elevation of this breakwater
is approximately +6.0 m and the waves during the storm
attained a significant height of approximately H, = 7.0
m, which means a maximum height of 12-13 m.

Fukuda et al. (1974), Ref. 25, present an evaluation of
the effect of different intensities of wave overtopping
based on prototype measurements and observations. As a
result of their study, they present figures for accept-
able overtopping. They distinguished between the effect
of the overtopping on different objects such as 1) a
walking person 2) a car 3) a building. Although Fukuda et
al. arrived at fiqgures showing the order of magnitude of
acceptable wave overtopping, which to date is the most
detailed study that the author is aware of, there exist
no internationally approved guidelines to be used in
breakwater design. To establish such guidelines, it is
the author's opinion that further prototype measurements
are necessary. Such measurements should be made simulta-
neously with reporting of any inconvenience due to over-
topping and with measurements of wave and wind condi-
tions. However, on the basis of the results of Fukuda et
al. and the experience of DHI, it seems worthwhile to
recapitulate the available information on overtopping
quantities. For this purpose the following information is
useful.
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Fig. 5.10.e Photos of a vessel damaged due to waves
caused by overtopping in the harbour of
Oran, Algeria. “
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1. The intensity of extreme rainfall differs consider-
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ahly from place to place with the largest intensi-
ties occurring in the tropics. In Denmark extreme
rainfalls have an intensity in the ordef of 2°10-5
m3/m?/s while the largest reported intensity in the
world in one minute is 5-10"% m3/m?/s. (Ref. 81).

In order to compare such intensities with the in-
tensity of wave overtopping, it should be recogniz-
ed, as mentioned earlier, that the intensity of



water falling behind a breakwater is highly irrequ-
lar over time due to the irregularity of the wave
impact. This means that the maximum short-term in-
tensity is many times larger than the average in-
tensity. The ratio between the two is probably in
the order of 100.

Fukuda et al., Ref. 25, present results of a field
investigation of wave overtopping carried out in
Japan. To evaluate the effect of overtopping a film
was made simultaneously with measurements of the
average intensity. The film was later shown to
eight experienced harbour engineers. The engineers
were asked to evaluate the effect of the overtop-~
ping on different subjects placed for example 3 m
behind the breakwater. Three different subjects
were considered: a walking person, a car and a
building. The effect of the overtopping was divided
into three classes "awful, a little", "awful”, and
"dangerous".

The intensities shown in Table 5.10.c were by 10%
of the observing engineers classified as one degree
worse than indicated (safety standard 90%).

Degree of Inconvenience Overtopping Intensity, Q
(m®/m/s, Ref. 24)

1. "awful, a little" <4 - 108
2. "awful” 4 -109-3. 107
3. "dangerous" >3+ 107

Table 5.10.c Effect of wave overtopping on walking
“person 3 m behind the breakwater.
Safety standard 90%, Ref. 25.
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For a car 3 metres behind the breakwater -the-  in-
tensities of Table 5.10.4 were found.

Degree of Inconvenience Overtopping Intensity, Q
(m¥/m/s, Ref. 24)

"passable in high speed" < 1078
"passable in slowing -6 -5
down" 10 -2 - 10
"impassable in normal . -5
order" > 2 « 10

Table 5.10.d4 Effect of wave overtopping on a car 3
. m behind the breakwater. Safety stan-
dard 90%, Ref. 25.

In 1978 DHI made model tests with the new breakwa-
ter for Tripoli Harbour in Libya. The breakwater,
which has not earlier been investigated at DHI, was
nearly finished in 1978. Wave overtopping on a
roadway placed a few metres behind the breakwater
gave rise to problems and.for this reason DHI was
asked to study various means to reduce the over-
topping. The profile of the breakwater is shown in
Fig. 5.10.1.

Based on visual observations by the consulting en-
gineer, simultaneous wave measurements and measure-
ments in the hydraulic model, it has been possible
to estimate the intensities related to different
degrees of wave overtopping.

From the model tests, it is estimated that notable

overtopping corresponds to an average intensity of

7

approximately 5°:10° ' m3®/m?/s, and that inconveni-



ences for the traffic is experienced for an average

=6 m3/m?/s of a

intensity of approximately 1.5 - 10
distance of 1 to 15 m from the parapet wall. This
means a discharge of approximately 2-10'-5 m3/m'/s.
For this situation it is reported that the spray is
carried mbre than 20 m from the parapet wall. There
seems to be a high degree of agreement between
these figures and the results of Fukuda et al.,

Ref. 24,

The following are rough, preliminary guidelines for
overtopping quantities.

Inconvenience for Persons

Inconveniences for persons behind a breakwater seem
to occur for overtopping discharges of approximate-
ly 4 - 1076 m®/m?/s, corresponding to intensities
of approximately 10-6 m¥*/m /s a few meters behind
the breakwater. This intensity is only 2.5% and
0.1% respectively of the intensity of a heavy rain-
fall in Denmark and the world largest rainfall in-
‘tensity. The reason for such low intensities being
of inconvenience is the highly irregular maximum
intensity being in the order of 100 times its aver-
age value.

Inconvenience for Vehicles

Inconvenience for vehicle traffic on a roadway just
behind a breakwater occurs for an overtopping dis-
charge of approximately 10-65m?h/s, corresponding
to an intensity of approximately 3-10'-7 m3/m?/s a
few metres behind the breakwater.

161



Danger for Persons

An overtopping discharge of approximately 3 - 10-5

3 mi/m?/s

a few metres behind the breakwater, is estimated as

m?/m/s, corresponding to approximately 10~

dangerous for persons. This is approximately 10
times the intensity which causes inconvenience.

Impassable for Vehicles

From Ref. 24 it is estimated to be impossible to
pass with a vehicle at a distance of 3 m from a
breakwater when the average discharge of overtop-
=5 m3/m/s. Of
course, this figure depends upon the type of ve-

ping exceeds approximately 2 - 10

hicle.

5.11 Rear Side

The stability of the armour layer on the rear side de-
pends on the overtopping discharge and the way it falls
on the rear side. This is the case both for pure rubble
structures and for structures with a concrete superstruc-
ture. The wave overtopping velocity and discharge are
functions of the up-rush on the front slope which, as
previously mentioned, depend on the geometry, on other
properties of the structure, on wave conditions in front
of the structure, and on the water level. For these rea-
sons overtopping is complex and difficult to predict ac-
curately. Model tests are therefore the safest tooi to
evaluate also the rear side stability.

5.11.1 Rear_Side_Armour_ Layer on_Pure_ Rubble Structures

Fig. 5.11.a shows the results from model studies of
breakwaters in Midvaag, Faroe Islands (Fig. 5.1.a) and

162



Kors¢r Ferry Port, Denmark (Fig. 5.7.g) which are pure

rubble structures. The relation between the damage per-
centages for the armour layers on the harbour and sea
sides is shown as function of the ratio between the ver-
tical distance from the crest to the still water level
and the incoming significant wave height, HS. The stone
weight is the same for both armour layers. Results for
three different wave periods, Tp (different steepness),
are shown. It is seen that the shorter the wave period
is, the lower is the crest level requirement. This is
related to lower up-rush and overtopping, see Ref. 74.
The crest elevations or interpolations between them can-
not be used directly for design of similar structures,
because the results are very project dependent. However,
they may be used for a preliminary estimate. Based on
other DHI tests, in Ref. 30, it is possible to reduce the
crest elevation by using larger stones in the crest and
on harbour side. However, the reduction in crest level
was only about 25% for 4 times larger stones.

5.11.2 Rear Side_ﬂ;mour Layer_on_ Breakwater with Super-

structures

- — e . - -
.

For a breakwater with a superstructure with overtopping,
the geometry of the edge of the superstructure towards
the harbour is of major importance. This may be illustra-
ted by the two figures from Ref. 30 in Fig. 5.11.b, show-
ing the progression of overtopping for two alternative
configurations of the crown wall for a breakwater project
in the Mediterranean. The breakwater is also shown in
Fig. 5.10.k. For alternative A the overtopping water hit
directly onto the rear side armour slope and caused sev-
ere damage.
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Fig. 5.11.a Rear side damage.

This was not the case for alternative B, where the over-
topping hit the water surface behind the breakwater due
to the cantilevered configuration. However, for very
large overtopping also this type of structures may suffer
damage to its rear side. This may be documented by the
model test results for a tetrapod breakwater as shown in
Fig. 5.11.c.
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Fig. 5.11.c Damage to rear side of tetrapod breakwater
(rear side armour is quarry stones).

Up to a certain significant wave height no damage at all
occurs to the rear side. Above this limit a small increa-
se in wave height causés large increase of damage.

It is interesting to notice that when the waves become so

large that they cause severe damage to the rear side, a
very significant increase in stone size only marginally
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increases the stability of the rear side.

The rear side is much more sensitive to an increase in
wave‘height than the front side. This means that in case
a breakwater is designed for the same degree of damage to
both sides for certain wave conditions, the risk of seri-
ous damage to the rear side will be much larger than to
the front side. Instead a probability approach consider-
ing the frequency of occurrence for different wave
heights and the damage inflicted on the two sides should
be made to obtain the same risk for failure of the two
elements of the breakwater. This is often extremely dif-
ficult, since the water level also influences damage to
the two sides of a breakwater in a highly non-linear way.

5.12 Bends and Corners

Breakwater bends and corners are generally more exposed
than a straight stretch. Therefore heavier armour protec-
tion is necessary. The necessary increase in armour
weight depends on breakwater profile, block type, radius
of curvatures of bends, angles of corners, and wave
direction and should be determined from model tests. A
very sharp corner may be as exposed as a breakwater head.

In special cases it may be necessary to increase the
crest elevation of a corner. Especially if the wave di-
rection corresponds to the mean angle between the perpen-
diculars to the two alignments, because the up-rush and
overtopping may thus be amplified at the corner.
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5.13 Roundheads

Roundheads represent a special stability problem. When a
wave is forced to break over a cone-~-shaped roundhead it
leads to large velocities. For a specific wave direction
and water level only a limited area of the roundhead is
highly exposed. It is an area around the still water
level where the wave orthogonal is tangent to the surface
and on the lee side of this point. It is therefore gen-
eral procedure in design of roundheads to increase the
weight of the armour units to obtain the same stability
conditions as for the breakwater trunk. Alternatively,
the slope of the roundhead can be made less steep or a
caisson structure be introduced. For both solutions, how-
ever, it will generally be necessary to increase the arm-
our unit weight too, e.g. by increasing the concrete den-
sity by using heavy aggregate, such as iron ore, as ex-
plained in Section 5.7.3.

Model tests have shown that by using a specific test pro-
cedure and by accepting the same percentage of units dis-
placed for the trunk and the roundhead, it is necessary
to increase the weight of the roundhead units by a factor
of 1.5 to 4. The factor depends on the configuration of
the roundhead and on the type of units. There is a ten-
dency for the most complicated units, such as dolos or
tetrapods, to require the largest weight increase. For
these units the stability depends more on interlocking
than on gravity. In general the values shown in Ref. 74
are on the unsafe side. As an example, for dolos on a
slope of 1 on 2 a factor of 1.5 is recommended, whereas
is some examples a factor of 3 to 4 was found from model
tests with irregular waves.

There is an aspect with regards to the stability of
roundheads, which to the author's knowledge has never

168




been discussed. That is the relation between wave height
and displaced units on trunk and roundhead respectively.
From tests at DHI, as it will be shown in the following,
it is known that for a certain increase in wave height
the increase in damage is much higher for a roundhead
than for a trunk. This means in general that if both
breakwater trunk and roundhead are designed for e.g. 2%
allowable damage for a certain design wave, an increase
in this wave will increase the damage to the roundhead
much more than on the trunk. In other words, a roundhead
has a more limited reserve stability than a trunk. This
means that, in principle, it is not possible to present
general weight factors to be applied for the design of
roundheads, as done in Ref. 74.

Stability tests on a tetrapod breakwater head with slope

1 to 1.33 are shown in Fig. 5.13.a.

For interpretation and evaluation of the damage, the
roundhead was divided into 6 sectors as shown in the same
figure.

This tetrapod roundhead was tested with different wave
angles relative to the alignment of the roundhead. All
results for 2% allowable damage are shown in Fig. 5.13.b.
It is seen that in the most exposed sector of the round-
head one must increase the tetrapod weight by a factor of
approximately 2.3. The most exposed sector depends on the
relative wave direction and is located where the wave
orthogonal is tangent to the cone and extends somewhat to
the lee side of this point. As mentioned earlier, how-
ever, an increase in the design wave height will result
in larger damage to the roundhead than to the trunk.
Depending on the probability for exceeding the design
wave height it could thus be feasible to use even larger
roundhead units.
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Fig. 5.13.a Tests results for tetrapod roundhead.

The tests showed that better stability could also be ob-
tained by increasing the density of the units. The test
results were in accordance with the predictions of the
stability formulae in Section 4. This means that a den-

sity increase of approximately 18% is as effective as a
130% volume increase.
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Fig. 5.13.b Stability coefficients for tetrapod round-
head as function of wave direction and loca-
tion on the roundhead.

The stability of armour units on a cone roundhead also
depends on the size of the units relative to the size of
the cone (radius of curvature at the position of the unit
considered) where the wave orthogonal is tangent to the
cone. By considering the armour units as spheres on a
cone, as shown in Fig. 5.13.c, an evaluation of the sta-
bility in the tangent point has been made. '
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Fig. 5.13.c Cone model of roundhead.

Fig. 5.13.d4 shows the vertical plane in Fig. 5.13.c. The
curve of intersection between the plane and the cone is a
hyperbole with a radius of curvature of op.

The hydrodynamic forces on the most exposed armour unit
(sphere with radius, r) are shown and also the stabili-
zing gravity force. The effective gravity force is Geff =
vV - (ps - pw) * g. The hydrodynamic force is the sum of
two forces, the 1lift force FL and the drag force FD (see
also Chapter 4). From the geometry is obtained:

sin % = {5.13.a}

olR

and
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{5.13.b}

By moment around O the criterion for stability is estab-
lished:

G°r cos% 2 P cos 8 (b+r sin%) + P sin B°r cos(%) {5.13.c}

or

b

G s P {cos B (
v
r cos {5)

+ tg (%) + sin B} {5.13.4}

by inserting Eq. 5.13.a and 5.13.b Eq. 5.13.4 is trans-
formed:

pb+r?

G s P {cos B ( + sin B8} {5.13.e}

orJl-(f)z

for small values of‘% which is generally the case Eq.
5.13.e is transformed to:

G P{E+% coss+sing) (5.13.f£}
b and sin B8 are not known, so it is not possible to
evaluate the influence of r/o with any accuracy. However,
it is evident from Egq. 5.13.f that the larger the value
of r/e, the larger the weight requirement for the units.
A cone is mathematically described by the formula:

x? + y? = a?z? {5.13.9}

where (x,y,z) are coordinates. a is equal cota, a being
the slope angle of the cone. From calculations it has
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been determined that at the vortex of the hyperbole the
radius of curvature is equal to:

p = -alz {5.13.h}

z, is the z coordinate of the vortex.

For the Kors¢gr Harbour in Denmark DHI made stability
tests with a rubble mound breakwater head (Fig. 5.7.e).
The tests were made with three different water levels.

On Fig. 5.13.g the damage percentage is shown as function

of the KD-factor (dimensionless wave height in the third
power). The damage refers to the most exposed 45° sector
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+ 22.5° on each side of the tangent point of a wave or-
thogonal. It is clearly seen that the stability of the
roundhead decreases with increasing water level.

For the breakwater roundhead the following parameters
apply: the vortex of the cone is of a level of +3.55 m.
cota is equal to 2. From this the radius of curvature at
SWL is equal to 22(3.55-WL). The radius of the armour
stones has been determined, considering these as spheres.

With @, = 1.56 ¢, a_ = 2.70 t/m3, r = 3\/3‘7’/4”5 =0.52 m -

For simplicity b and 8 of Fig. 5.13.4 are considered zero
and it is seen from Eq. 5.13.f that the damage percentage
is independent of the water level, if plotted as function
of the parameter KD . %.

Fig. 5.13.f shows the corrected results. The results now
show significantly less scatter. Due to the limited num-
ber of test results it is not possible to make general
conclusions. However, the model seems to provide a tool,
which can be used in planning and analysis of similar
future tests.

- Y v

& xp
LEGR ND:

&4
WATER LEVEL
O +0.79m

N X +1.30m
4 -1.00m

24 °

a
° X
14 A ° X
a X

DAMAGE PERCENTAGE

2 4 6 8 10 12 14 18 18 20 22 2& e
Fig. 5.13.e Test results for Kors¢r Breakwater Round-
head.
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X Hy +1.30m 0.058
0.041 © X A Hy -1.00m 0.029

DAMAGE PERCENTAGE
T -

2 &4 6 8 10 12 % 18 18 20 22 24 %

Fig. 5.13.f Corrected results from Fig. 5.13.e.

5.14 Special Types of Sloping Breakwaters

On a sloping breakwater with an adequate crest elevation
the wave forces are largest on the seaward slope around
and somewhat below SWL. Due to this fact it is possible
to obtain a saving by using only very heavy armouring in
this very exposed zone. Such a profile is shown in Figq.
5.14.a. This type of dolos breakwater was built at Thor-
lafshdfn in Iceland. A similar breakwater has been built
at Hirtshals Harbour on the Danish North Sea coast (Fig.
5.14.a). The same principle has been used for the break-
water at Midvaag Harbour (the Faroe Islands) by using
different categories of quarry stones (Fig. 5.1.a).
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DOLOS 16.21¢

QUARRY STONES 1.2.5¢

QUARRY RUN

-15 .0

-10.0 l

Fig. 5.14.a Profile of breakwater at Hirtshals Harbour,
Denmark.

At certain sites, where quarry stones are not available
in adequate sizes, but where it is difficult to use arti-
ficial concrete armour units, a special type of profile
with a stock pile of stones can be feasible.

That was the case with Skopun Harbour (the Faroe Islands)
with design wave heights of up to about HS = 6 m. For
this harbour it would be very difficult and costly to
make concrete armour units, and no area is available for
storlng such units.

In connection with a planned harbour extension different
types of breakwaters were considered,. and among these
alternatives the one shown in Fig. 5.14.b, which is a
pure quarry stone structure. To make the large  quarry

stones stable under extreme conditions would require a
slope of approximately 1 to 4. This slope would require a
very large crane. Instead the stones are placed in a
stock pile on the seaward side with nearly their natural

177



angle of repose of about 1 on 1. During severe wave ac-
tion the stones are rearranged until the shown flat pro-
file develops. This type 6f structure is thereby self-
stabilizing. The profile was studied by model tests, but
was never constructed because of a selection of a harbour
layout, for which this new'breakwater was not necessary.

Note: - - -~ Profile after extreme wave exposure.

Fig. 5.14.b Proposed profile for breakwater at Skopun in
FParoe Islands.

5.14.3 Asphalt Breakwaters

At sites where adequate quarry stone or other stones are
scarce another possibility is to use asphalt/bitumen to
tie smaller stones/gravel together to make stable slopes.
This technique has been used with success, especially in
The Netherlands, both for breakwaters and dikés. Recently
an aéphalt breakwater was also built in Esbjerg, Denmark,
with the profile shown in Fig.'5.14.c. Basically this
type of structure consists of two banks of sand asphalt
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with a bitumen content in the order of 3-4% to keep the
core of sand in place. The front side is protected with a
layer of larger stones groted with an asphalt mix. On the
upper part of the structure the sand core is protected by
two layers, first a sand asphalt and, as final cover-
layer, a mixture of gravel and bitﬁmen, plus filler. Both
cover- layers are permeable.

0.1t MASTIX/m

0.8t STONE 0-40kg
ON FIBERTERX 3300

Fig. 5.14.c Profile of asphalt breakwater in Esbjerg,
Denmark.

5.15 Selection of Construction Profiles and Strateqy

5.15.1 Introduction

Besides evaluation of the final profile of a breakwater
to ensure its stability during extreme conditions it is
also necessary during the design process to consider the
different construction stages.

Rubble mound breakwaters are in general very vulnerable
during construction. The aim of evaluation of construct-
ion procedures is thus to reduce the vulnerability to a
minimum without excessively reducing the construction
practicability.
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5.15.2_Characteristics_of_ Construction Profiles

A breakwater composed of a number of layers of gradually
increasing stone (or element) size will be vulnerable for
the following reasons:

a. The seaside is highly vulnerable before the filter
layer and the final armour layer are placed. Espe-
cially the core is easily eroded if brought up to a
high level (penetrating still-water).

b. A rubble mound breakwater is often constructed from
the core. Therefore, construction crest levels are
lower than the final crest level. For this reason

the crest and especially the rear side is vulner-
able during construction due to overtopping.

c. The free end of a breakwater under construction is

a special problem, because here the core material
is directly exposed to wave action.

5.15.3_Construction_Strategy

It is not possible to present. general rules for selection-
of construction profiles which depend upon many factors
as for example the configuration and material of the
breakwater, the construction equipment and the. risk for
occurrence of waves that can cause damage. But consider-
ing the points a, b, and c above, the following general
comments can be made:

a. The construction strateqgy should aim at completion
» of the seaward armour layer at the earliest pos-
sible stage and should aim at keeping at a minimum
the length of breakwater with core and/or filter
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layer directly exposed.

The construction roadway should be at such a high
level that the unavoidable risk of damage to the
structure and the equipment is acceptable, in par-
ticular if casting operations for a superstructure
take place on the crest. This should also be con-
sidered in the design phase, aiming at the base of
the superstructure being so high that it can be
constructed in a practical manner.

The free end of a breakwater under construction
always represents a special problem, and damage has
occurred in many cases. In order to decrease the
vulnerability only one thing can be done: to reduce
the length of exposed core to a minimum.

For larger projects where the major part of the
core material is placed by split barges or other
types of barges, it is possible to reduce the vul-
nerability of the core only by bringing it up to a
level where normal waves cannot erode it. Thus the
core may be built as a submerged structure far a-
head of the rest of the structure. The construction
strategy should then be aimed at placing the filter
and armour layers immediately after placing of the
last portion of core material around and above SWL.

Fig. 5.15.a shows the construction profiles of a large
breakwater for which the outermost end of the core was

constructed by barges up to a level of -5.0 m. The rear
side of the core was not filled to its final shape before

placing of filter stones on the seaward side. In this way

it is avoided that erosion of the core brings material
outside the final core limit.
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Fig. 5.15.a Example of breakwater construction profiles.
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5.15.4_Stability of_ a_Submerged Core

A proper core level for a given wave situation can be

found from testing, or estimated roughly by calculations.

Such calculations can be made by using the results in

Refs. 23, 77, 78 as shown in the following example.

Example
Water depth : 25 m

Depth over submerged breakwater core: 9 m
Wave conditions: Hs =4.5m, T_ =15 s

The horizontal particle velocity in -9.0 m is found from

Ref. 78.

D . 3 - 0.026 »2=0.067 +

o  1.56-15°

O
o

L = a—g—ﬁ=134m

n' = 3%3 =0

21D 279
D' < 135 = 0.422

The velocity is found as:

o ¥:H coshn' _7-4.5 cosh 0 _
Unax T sinhD' 15 Sinh 0,422 - 2-2 m/s
The particle amplitude is found as:
_H _ cosh n' _ 4.5 cosh 0 -
3max -~ 2 ~ sinh D' ~ T2 SInh 0.422 - °+2 ™

{5.15.a}
{5.15.b}

{5.15.c}

{5.15.4}

{5.15.e}
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The sheer stress, To, over the top of the core is found

as:

- Y 2 .

The friction factor, fw' is found from Ref. 78.

a
ln (£,) = -5.98 + 5.21 ((1aX)=0.194 (5.15.9)

kN

kN is the equivalent sand roughness.

The necessary stone size is guessed,

d =0.20 m,

£, = e % +5.21 (5.2/(2.5:0.20)) 70" 1%4= 0.069 (5.15.n}
The sheer stress is equal to:

To = 0.069 ; 0.5 - 10% - 2.2%2 = 167 N/m? {5.15.1i}

The necessary stone size is found from Engelund et al.,
Ref. 23,

T, = O, (Ys-Yw)d > {5.15.5}
4 22 cr————— {5.15.]{}
0, (Y-Y,)

From Ref. 77 the critical dimensionlees bed sheer stress
ec is equal to ec = 0.05.
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Tests at DHI on a submerged rubble mound breakwater core

have shown that ec = 0.05 if 4 is interpreted as d85 and
HS is used to calculate the representative velocity,
Umax'

L —
In DHI's tests d85/d15 = 2.5,

For Hs = 4.5 m and Tp = 15 s, d85 is obtained as:

T
d.. = o = 167

85 0., (YY) 0.05-1.7-10%-9.81

= 0.20 m. {5.15.1}
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6. HYDRAULIC MODEL TESTS ON BREAKWATERS

6.1 Models

As mentioned in Section 5 hydraulic model testing is the
most efficient and accurate tool for determining dimen-
sions of rubble mound breakwaters and for stability eva-
luation of their various components.

Breakwater model tests are as all hydraulic models based
on model laws. Since all physical parameters (forces)
cannot be properly scaled in a hydraulic model, it is
necessary only to consider the most important forces,
gravity and inertia or other forces scaled with the same
factor, such as turbulent drag forces.

In order to properly scale these forces breakwater models
are carried out in accordance with Froude's model law. In
Froude's model law, the Froude number F = 7%5 should be
the same in the model and in nature. V is a characteri-
stic velocity, g the gravitational acceleration, and D a
characteristic length.

From this requirement, the scales for different physical
parameters may be derived. The most important ones are
the following:

Length scale: 1:A
Time scale: 1:¥X
Force scale: 1:A3
Volume scale: 1:A°8
Acceleration scale: 1:1

The acceleration scale is obviously 1l:1, since the gravi-
tational acceleration is the same in the model and in
nature.
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The scale of any physical parameter is most easily found

from an analysis of its dimension. For example, the scale
of stresses is (force/length scale squared) = A3/A% = ).

When making a hydraulic model also other forces than gra-
vity and inertia play a role, especially for very small
models. In such models both the water surface tension and
the non-turbulent flow in porous media with low flow ve-
locities (laminar or partly laminar flow) are important,
especially the latter, as demonstrated in Ref. 42. This
effect can be compensated for by using larger stones than
calculated by Froude's model law, in certain areas of the
model.

However, if models are large enough and waves are of con-

siderable height, the model can be an accurate represent-

ation of natural conditions. This requires also as advo-
cated in Chapter 5 that all tests are made by using re-
productions of records of irregular natural waves.

It should be mentioned that breakwater models can never
be discorted models (different vertical and horizontal
length scales) such as for example river models in cer-
tain cases.

In the case of large concrete armour units model tests.

have a limitation in correct scaling of the structural
strength of the concrete elements. The concrete strength
has the dimension of (force/length unit squared). This
means that the structural strength of the units used in a
model with a length scale of 1:40 should also have a
structural strength scale of 1:40.

Nearly the same concrete is used for armour units in
nature, no matter which size is used. This means that, if
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we take a 1 ton unit as a reference, a unit of the double
size with a weight of 8 tons should have double struc-
tural strength and a 64 tons unit should have triple
strength.

The required concrete technoloéy is not available for
this. Even if it is possible to make concrete with very
high compression strength, it will be nearly as fragile
as concrete with lower strength. One important factor in
determining the structural strength for dynamic loads is
the modulus of elasticity, E.

Burcharth showed in Ref. 16 from dynamic load tests on
different sizes of dolos made of concrete with different
characteristics that an increase in structural strength
is followed by an increase in the modulus of elasticity,
which increases the fragility, i.e. reduces the resist-
ance against dynamic loads relative to static loads.

This means that the interpretation of hydraulic model
tests without correct scaling of structural strength,
should be made somewhat on the conservative side in the
case of concrete armour units. One should always try to.
imagine how the units would actually behave.

However, numerous model tests on various breakwaters

prove that this aspect is only very important for the
most fragile types and for large artificial units.

6.2 Selection of Strateqy for Model Tests

6.2.1 Introduction

In various laboratories all over the world different
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testing procedures are used. Also among the most develop-

ed laboratories that have the capability of making tests
with reproduction ‘of irregular waves different procedures
are often applied. It seems therefore quite clear that it
is necessary to try to systematize present knowledge con-
cerning methods and procedures. This may make planning. of
future tests more rational.

In the following, selection of wave and water level con-
ditions and test procedures will be examined.

6.2.2 On_Selection_of Wave and Water_ Level Conditions

Traditionally stability tests on rubble mound breakwaters
have been carried out in series which include a number of
individual test runs, in which the wave height and some-
times also the wave period is increased step by step.
Without reconstruction of the breakwater, damage is re-
corded after each test runs. In this way a relation bet-
ween damage and wave height (wave period) is determined.

The shortcoming of this method is that it is difficult
afterwards to relate the test:wave conditions to the ex-
pected actual wave conditions. This simple, traditional
method of testing is often used with the concept of a
design wave height, a method which does not consider
storm duration and wave period influence, and which doeé
not take effects of less extreme storms into account.

6.2.3 Test Procedures

The following test procedures should be considered in
each case:
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I : Tests with increasing wave impact.

IT : Tests with design situation.
III : Tests reproducing individual storms.
IV : Tests with stationary wave conditions of long dura-

tion.

v : Tests reproducing the accumulated effect of wave
action over a span of years. (For example the ex-
pected life of the structure).

VI

Tests to determine residual stability.

VII

Investigation of breakwaters under construction.

Assuming that the statistical occurrence of wave and
water level conditions during the life of the project are
known the following ought to be considered before test
procedures, and a test programme is selected:

a. Is the strﬁcture of concern a "deep water" structu-
re? This means, are the wave conditions to be ex-
pected within the life of the structure not limited
by wave breaking? As explained in Section 4 a
breaker height index may be used for this analysis.

b. Are the wave conditiohs limited by water depths.
It is very important to know whether a structure belongs
to a. or b. In deep water there is always a certain prob-
ability for occurrence of wave conditions more severe

than assumed for the design.

For shallow water structures, the maximum possible wave
impact is limited and known with much greater accuracy.
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I. Tests_with Increasing Wave_Impact

The traditional testing method increases wave conditions
step by step from test run to test run, and damage is
reported for each run. The test duration for each step is
typically 3 to 10 prototype hours. Such tests are suited
for a first evaluation of stability. For a deep water
structure they give a reasonable picture of the behaviour
of the structure for increasing significant wave heights
and show approximately at which wave height complete
failure occurs.

However, it is necessary to point out that the damage to
the structure depends upon test duration, and the same
damage may normally also result in a lower wave height
over a longer duration (see Section 5.7.7).

Such test runs may also be used to determine the maximum
wave height that can reach the structure and thereby the
upper limit for wave impact. Depending upon the test du-
ration they can also show the upper limit of damage if
"such a limit exists. The wave periods (Tp or Ts or other
representative wave period) are of major importance for
the maximum waves that actually reach the structure. This
means that tests should be carried out with all represen-
tative wave periods. Wave breaking and maximum wave
height in front of the structure is also influenced by
water levels, so the selection of representative water
levels should be made with great caution. In case condi-
tions are just at the transition between type a. and b.,
wave action on the structure will not be completely depth
limited. However, there will hormally be a slow increase
in damage for the greatest wave heights, because the
highest waves in the wave train are breaking or broken
due to the depth at the structure. ‘
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In certain cases it is relevant to carry out tests with a
design situation instead of Procedure I. Such tests are
suitable, if it is only a single construction element
that is to be tested, while the rest of the profile has
sufficient stability. This may typically be the case for
design of a superstructure or for the crest determined
from stability requirements for the rear side.

In some cases it may be advantageous to test the stabil-
ity of a rubble mound breakwater for individual storms.
This may be of interest for one who is fortunate enough
to have a record or a reliable hindcast estimate of an
extreme storm from the site.

Such tests can also turn out to be suitable in cases
where only a few storms are likely to occur during the
life of the project. This may be the case for breakwaters
under construction or for breakwaters exposed to rare
hurricanes where the wave conditions of a design hurric-
ane can be evaluated. These tests are a bit complicated
to perform, if the water level is also a governing‘fact-
or, since water level variations_during the storm also
have to be represented correctly in the model.

tion

Tests with stationary wave conditions (fixed Hs’ T and
WL) may serve the same purpose as Procedure I, namely a
description of damage as a function of wave conditions
and should be of such long duration that it is possible
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to determine whether or not the damage occurring to the
breakwater stabilizes or continues until complete collap-
se. The first situation is, of course, preferable for all
projects, but is normally not economical for case a.
(deep water) because very much larger waves than expected
during the project life would have to be considered in
the design. As previously pointed out for armour layers
as steep as 1 to 1.5 the damage development in deep water
will be nearly linear with time (for fixed wave condi-
tions) whereas for less steep slopes there will be a sta-
bilizing tendency for damage development.

V. Tests_Reproducing the Accumulated Effect of Many

Both at DHI and elsewhere calculations of the accumulated
damage over the life of rubble mound breakwaters have
been carried out. The basis for such calculations . are
Procedure I or IV tests to determine relationships bet-
ween wave conditions and damage. The results from such
- tests have been used together with knowledge of wave sta-
tistics to calculate long-term damage. However, such cal-
culations are somewhat uncertain as they are necessarily
based upon certain assumptions and linearisations.

Instead, long-term damage, the accumulated effect of many
storms, may be determined by tests, usually of very long
duration carried out in the following way (cf. Fig.
6.2.a):

a. The lower limit for wave conditions able to cause
damage is determined (significant wave height
Hsdo)‘ This may be done by type I or IV tests.
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b. From wave statistics for the site is calculated the

number of hours of storm of different intensities
generating waves greater than Hsdo during the con-
sidered period (HS is divided into a number gf in-
tervals).

c. A duration for individual test runs is selected.

For example a 3-hour prototype time, as used in the"

following example.

d. It is calculated how many 3-hour periods each indi-

vidual interval with Hs > H corresponds to dur-

sdo
ing the considered period of years. The method may
be refined by division into (Hs, T

if judged necessary.

p’ WL) intervals,

e. To be representative, it is necessary that the 3-
hour tests are run in random order to imitate the
stochastic occurrence of the storms.

VI. Tests_to_Determine Residual Stability

Regardless of which methods are used a model test proé
gramme, especially for a deep water structure, should be
completed by determination of the residual stability.
This is especially important for total risk-analysis, as
the structure may not be economically feasible if a small
increase invdesiqn conditions should result in complete

collapse. This is especially important for the following

structures and structural elements, for which a single or
a few large waves may cause collapse!

1. Breakwaters in deep water with steep slope, where

the armour layer in its entirety may slide down.
(Ref. Bilbao Breakwater, see Section 5.7.5).
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2. Breakwater superstructures.

3. Rear side armour layer for which a limited increase
in wave height may change the situation from being
acceptable to complete collapse (see Section 5.11).

Such tests should be planned very carefully, because the
structure is very vulnerable and is damaged by a wide
range of wave conditions. Consequently, the tests should
normally be of long duration.
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