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Abstract

Abstract

Between 1976 and 1978 the breakwater for the harbour of Antifer (France) was constructed. In the
design study a series of tests was carried out, which showed that blocks with simple cubic shape did
not ensure the stability of the armour layer. An investigation of other block geometries led to the
choice of blocks grooved on four sides. These grooved cubes, now called Antifer-blocks, have been
applied for other breakwaters all over the world. For these breakwaters different placement methods
were applied, because the Antifer-block is not patented and there are no guidelines developed
which describe the best placement method. Over the years different placement methods were used
and researched, however there is still much indistinctness on this subject, because the obtained
information is very fragmented.

The main objective of this research was to assess the impact of different placement methods, with
different packing densities, on the stability of Antifer-block armour layers. This was done by
experimental research in the wave-flume of the Fluid mechanics laboratory of the Faculty of Civil
Engineering and Geosciences at Delft University of Technology. The wave flume had a length of
40 meters, a width of 0.80 meter and a height of 1.00 meter. A foreshore with a slope of 1:35 was
present in the flume, starting 8.00 meters from the wave board. The toe of the model was placed on
the slope after 6.30 meters and was constructed with large stones, which assured the toe stability.
The used Antifer-blocks had a nomina diameter of 4.0cm and were placed by hand on the trunk-
section, which had a dope of 1:1.5. The dimensions of the under layer and core material were
determined with the rules of thumb recommended by VAN GENT, 2006. This resulted in stones with
a nomina diameter of 1.96cm for the under layer and 1.08cm for the core. 17 experiments were
performed with packing densities between 44.8 and 61.1 percent. For every experiment the under
layer, toe and armour layer were rebuilt. The placement of Antifer-blocks over the slope without
any contact between the blocks resulted in the sliding down and a more irregular positioning of the
blocks. Therefore the blocks could not be placed within a square grid and it was very difficult to
obtain a prescribed packing density for irregular placed blocks.

After building the model the flume was filled with 60cm of water. The placed Antifer layer was
tested with eight irregular wave series with increasing significant wave heights from 9cm up to
20cm. The irregular waves were generated according to the JONSWAP spectrum. For al wave
series the number of waves was between 1000 and 1500. The average wave steepness for these
wave series was 3% (cal culated with the peak period).

After each wave series digital photos of the armour layer were taken from a fixed position
perpendicular to the slope. Through comparison of the images, with the overlay technique, different
block movements could be counted within different reference areas, which determined the stability
of the layer. The stability values for the placement methods were based on wave heights before
failure (when much repair is necessary). For regular placements this was for zero displaced blocks,
because the displacement of one block caused a chain reaction. The stability values for the irregular
placement method were calculated for less than 5% displacements within a reference area of SWL

(Still Water Level) +5-D,,. The first displacements mainly occurred around SWL, which stresses

the importance of the chosen reference area for the stability calculation. Also the reflection
coefficients per wave series were calculated. The highest waves during the last wave series
overtopped the model and were able to move the unprotected core material on the leeside. This
deformation at the leeside resulted in a berm profile at SWL level. The length of this berm was an
indication for the amount of overtopped water.
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Abstract

A total of 17 experiments were performed with different placement methods and packing densities.
From these experiments followed that regular placement methods behave more stable than irregular
placement methods with a similar packing density. Also the more irregular (less accurate)
positioning of blocks within a regular placement method caused a decrease in stability. Higher
packing densities for equal placement methods lead to higher stabilities and higher reflection
coefficients. The resulting K -values were between 4.0 and 23.7. If the reflection coefficients

during the first wave series were high, this resulted in along berm length, which indicates that there
is a positive correlation between the reflection and the overtopping.

Overal it could be concluded that, when the under layer and the toe are smooth and the blocks can
be placed accurately, the best performing placement methods are the closed pyramid placement
method, figure 1, for packing densities around 45% and 50% and the double pyramid placement
method, figure 2, for packing densities around 55% and 60%. The size of the openings to the under
layer, of the double pyramid placement method, influenced the reflection coefficients. When the
second layer was shifted half anominal diameter upwards, asin figure 2, the reflection coefficients
were minimal. It is recommended to investigate the possible negative influence of oblique
incoming waves on the stability of the double pyramid placement method.

Figure 1: Closed pyramid placement method Figure 2: Double pyramid placement method

The eventual choice of the placement method and packing density depends on the allowed
reflection and/or overtopping and the construction costs. The construction costs can be divided into
the production costs, the placement costs and the constant costs. For equal constant costs and equal
or small differences in placement costs the placement with the higher packing density and
accompanying stability value is cheaper for high design wave heights. When the placement costs
decrease for both placements or only for the placement with the higher packing density, then the
placement with the higher packing density becomes also cheaper for lower wave heights.
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Introduction

1 Introduction

Between 1976 and 1978 the harbour of Antifer (France) was constructed. To ensure a safe entrance
a breakwater was required for the protection against waves, swell and to limit current velocities in
the manoeuvring and berthing areas. In the design study a series of tests was carried out. The tests
on the breakwater, exposed to wave action, showed that blocks with simple cubic shape did not
ensure the stability of the armour layer. An investigation of other block geometries, combinations
of different blocks and weights and finally accepting flow of water inside the protective layer, led to
the choice of blocks grooved on four sides. MAQUET, 1985 concluded that, as a result of the
hydraulic action of the grooves and the improved friction caused by them, the stability of the
protective layer was naticeably improved compared to the plain block. Subsequently, al profiles
were designed with grooved blocks.

“The Antifer Breakwater may in its design aswell asin its construction be considered being one of
the most advanced structures in the world. So far it has fulfilled its obligations without flaws — and
with little maintenance, mainly in the head-section as it could be expected. It is an example of
meticulous planning, design & execution.” [MAQUET, 1985]

The grooved cubes, now called Antifer-blocks, have been applied for other breakwaters all over the
world, see figure 1.1 (courtesy Delft Hydraulics). For these breakwaters different placement
methods were applied, because the Antifer-block is not patented and there are no guidelines
developed which describe the best placement method. The practical importance of the placement
method has an economical background. When, for example, a placement method is applied with the
same stability for the same units, but with a lower packing density (units per area), expenses on
concrete and execution can be saved. Over the years different placement methods were used and
researched, however there is ill much indistinctness on this subject, because the obtained
information is very fragmented.

~ —

Figure 1.1: Sines (Portugal) breakwater under wave attack
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Introduction

The main objective of this research is to assess the impact of different placement methods, with
different packing densities, on Antifer-block stability. Thiswill be done by experimental researchin
the wave-flume of the Fluid mechanics laboratory of the Faculty of Civil Engineering and
Geosciences at Delft University of Technology. Irregular waves will perpendicular attack the
double layered armour of Antifer-blocks placed on atrunk-section with aslope of 1:1.5 and a stable
toe.

This report describes the performed study. In chapter 2 a study of literature is presented to gain
insight into the current knowledge on Antifer-blocks, stability and placement methods. Chapter 3
deals with the set-up of the model and chapter 4 with the procedure of the performed experiments.
This implies the construction of the model, the test procedure and the analysis. In chapter 5 the 17
performed experiments are analysed and they are evaluated in chapter 6. In chapter 7 a cost anaysis
is presented which is applied on the best performing placements from chapter 6. Finaly the
conclusions and recommendations which followed from this research are presented in chapter 8.
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Literature study

2 Literaturestudy

2.1 Introduction

Breakwaters have a sheltering effect, which is established through a reduction or cut-off of the
incident wave energy. This is done by both the reflection of waves and by turbulent dissipation of
the wave energy. An important dissipation mechanism is wave breaking. Wind generated waves
usually break on a dloping structure since the decrease in depth causes a reduction in wave celerity.
The wave breaks when the particle velocity exceeds the wave celerity. Another effective dissipation
mechanism is the turbulent flow in a porous structure. The combination of both mechanisms leads
to a rubble mound breakwater in its simplest form, a homogenous mound of rocks. The structure
however must consist of stones large enough to withstand displacement by wave forces. This in
return will lead to a very permeable breakwater with considerable wave penetration and
transmission. Additionally, large stones are expensive because most quarries yield a lot of finer
material and only relatively small amounts of large rock material. In practice therefore the structure
consist of fine materials armoured by large stones. Because of technical, transportation or
economical limitations of natural stone many breakwaters are armoured with concrete armour units.
In order to prevent the wash-out of the core material, filter layers are often required.

During the design process of a breakwater all failure modes of a structure must be identified and
assessed. Figure 2.1 shows the most common failure mechanisms of a conventional breakwater.
This thesis focuses on the hydraulic stability of the double Antifer armour layer for different
placement methods. In this chapter the present knowledge on Antifer-blocks will be presented and
discussed; first the Antifer-block, then the hydraulic stability and the chapter will be concluded with
the placement method.

Clpstogpning
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Figure 2.1: Failure modes of a conventional rubble mound breakwater
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2.2 TheAntifer-block

2.2.1 General information

Many breakwaters are armoured with concrete armour units. These units can be divided in the
following categories related to their structural strength: massive, bulky, slender and multi-hole, see
figure 2.2.

MASSIVE BULKY SLENDER  MULTI - HOLE
| : |
PARALLELEPIPED GROOVED CUBE | ACCROPOD  CORELOCE [ TETRAPCD | SHED
BLOGCH WITH HOLE | i |
| _ | |
N TG U =~ A L W <)) §
IIEAN - R
' 1 | s VERRL T _ ; RN [
L I.\J/L_.-J | \\;jﬁ}q l'i.?ﬁ\llﬁ | ‘\CZ"L__ | k/.j\#/}'
| | |
| | !
CUBE GROOVED GUBE : HARG (i) SEABEE : pOLOS COl
aniiter type) _ |
T o~ | - 7 TR
' b e ¥ N i Zz i =
T ﬁ?“- al : ( Cﬂ%‘ f\('J : " O 'ﬁf‘;”’f‘?l
'~ I 7D I L BE
Y & O s @
| |

IEigure 2.2: Examples of concrete armour units [CEM , 2006].

Compared to bulky, slender and multi-hole units, an armour layer of massive units requires more
concrete. VAN DER MEER, 1999 made a comparison of different concrete units based on a weight

around 30 ton, see table 2.1. The stability coefficient (K -value) in this table is derived with the
Hudson method, which is described in paragraph 2.3.2. The packing density (¢) is described in
paragraph 2.4.2.

Type of Armour Accropode Core-loc Tetrapod Cube
Slope, cot o 1.33 1.33 15 15
Number of layers 1 1 2 2
Stability coefficient, K, 12 16 7 7
packing density, ¢ 0.61 0.56 1.04 117
Relative volume of concrete 100% 81% 208% 220%

Table 2.1: Comparison of different concrete units [VAN DER MEER, 1999]

The necessity to use a stronger crane and problems with tension-cracks, caused by the high level of
hydration heat and subsequent thermal stresses, are also disadvantages of massive blocks. Despite
of these disadvantages, irregular placed massive blocks have specific applications where they are
useful. Such as:

-construction quality is expected to be difficult to control

-high uncertainty in the wave climate

-expected instability of the foundation

In these cases interlocking blocks, like dolos and core-loc, may be unreliable due to potential
breakage, because of their thin profile. Block breakages cause the armour layer to loose its function
earlier than expected and increase the uncertainty of the life of the structure.
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The Antifer-block, figure 2.3, is a massive armour unit and was created during tests for the
breakwaters of the harbour of Antifer in 1976 by Maquet. The block has four grooves and a slightly
tapered shape, so it is easier released from the mould. MAQUET, 1985 concluded that as a result of
the hydraulic action of the grooves and the improved friction caused by them, the stability of the
protective layer was noticeably improved compared to the plain cube. There are designers who
prefer the plain cube, because the moulds are less complex and in their opinion the interlocking
capability and the difference in stability is minimal.

a=1.076- W width bottom
b=0.9254-a | widthtop
h=0.921-a height
r =0.1115-a | radiusgroove
c=0.0877-a | depth groove
s=0.022-a width corner side
B=87.7° taper angle
Figure 2.3: Geometric characteristics Antifer-block

2.2.2  Production

GUNBAK, 1999 recommends for Antifer-blocks the use of non reinforced concrete with a specific
weight between 2.2 and 2.4 t/m3 and a compression resistance within a range of 200-250 kg/cm2.
According to Glnbak it is advisable to cast the concrete with 50% or higher blast furnace cement
and with a water/cement ratio lower than 0.45 for obtaining a durable unit at marine environment.
The generally used moulds are steel single piece lift-off moulds, with bottom and top open. The
moulds must be heavy enough so that they will not rise with the negative pressure developed by the
inclined side walls. They should be constructed from steel of sufficient thickness or braced well
from outside so that they do not deform under pressure.

For the construction of a breakwater in Brunei [JONES et al., 1998] the moulds were placed on a
well prepared concrete surface. Hereafter the concrete was poured in from the top and compressed
with thickness vibrators. Insulation was placed between the form boundaries, the bottom and the
concrete, so the water could not drain out the form. After a minimum of 6 hours the form had to be
pulled upwards (like a mud pie). Sometimes assistance is necessary in breaking the bond between
the cube and the mould. This can be done with a hydraulic jack or alever arrangement pushing the
block downwards from the top, see figure 2.4. Problems with mould releases in the smaller cube
sizes can be resolved by introducing a slight increase in taper. After stripping, the blocks were
covered with burlap and were kept wet by trickle hose irrigation. 3 days later they were lifted and
moved to the stockpiles where the blocks were kept for a minimum of 27 days more. The duration
of the drying process depends on the reduction of hydration heat and subsequent thermal stresses,
which cause tension-cracks. The blocks can be moved with a large tong arrangement, with a part
placed in the vertical groove for lateral stability. For small cubes the tong is placed under the base
and for large cubes sockets can be cast into the sides to allow a grip at a higher level. Also
hydraulic clamps or wires are used, see figure 2.5.
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Figure 2.4: Form stripping devices [JONES et al., 1998]

Flals

Figure 2.5: Production line in Hisaronu, Turkey

2.2.3 Placement technique

The placing of Antifer-blocks is done from sea or from land. Usually placement from sea brings
more difficulty in positioning and safe placement due to waves, currents and wind. For a placement
method with a regular grid the Antifer-block placing plan is prepared with the space coordinates of
each block being defined on a local grid referred to the breakwater control survey line or by map
grid coordinates for offshore placement.

The Antifer-blocks can be placed in different ways, such as:

1. Using a rope dling system with a clamp. This was done for the reconstruction of the Arzew
Breakwaters, see figure 2.6. An experienced crane operator can place the units with reasonable
accuracy. However, the crane operator cannot see under water when visibility is poor. In this case, a
diver can provide help to the crane operator.

2. Using two steel hooks on top of the Antifer-block and a rope sling system connected to these.
This technique is expensive due to the steel hooks, which are susceptible to steel corrosion and
therefore block deterioration. Also blocks with one steel hook on top are used eg. for the
maintenance of the breakwatersin the harbour of Antifer, seefigure 2.7.

3. Using alarge crane with an orange peel. To improve grip on the tapered cube, two opposing grab
tynes can be pointed inwards more than the other diagonal which provide location control.
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4. Using a specially designed groove on the top of the block where a stedl attachment can go in
which is connected to the block by turning. The block is lifted by pulling the rope connected to the
attachment. By a reverse process the attachment is released. For the groove a specia form has to be
installed into the top of the block.

5. Using two hydraulic arms which fit into two horizontal side grooves. This technique may cause
concrete surface injuries at the grab surfaces because of the squeezing arms. It was used in Dos
Bocas, Mexico, see figure 2.8.

6. Using a hydraulic clamping system which squeezes the top of the block. This is a very new
method, which makes it possible to place the blocks very accurate, see figure 2.9.

Fgre 2.8: Two horizontal side groves | Figure 29 Hydraul ic clamfn ng system
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2.3 Hydraulic stability

2.3.1 General information

Hydraulic instability is the movement of armour units caused by wave forces. These movements

can be:

e Rocking: cyclica rolling of asingle block

e Settling: displacement from the original position on a slope greater than half a unit dimension,
but remaining in a stable position in the armour

e Displacement: the displacement of units out of the armour layer

e Sliding: the dliding of agroup of armour units

The wave-generated flow forces on armour units might be expressed by an equation containing a
drag forceF , alift force F| and aninertiaforce F, (the vectorial sum of these can be interpreted

asaresulting flow force F;. ). Furthermore the stabilizing gravitational force F; and the reaction
forces acting at the contact points with neighbouring units, see figure 2.10.

Figure 2.10: Forces on armour units

For complex interlocking types of armour, like dolosses, the forces in the contact points between
the units increase the overall stability. In 1979 Price [CEM, 2006] found by dry pull-out tests that
the interlocking ability of complex slender units increases with the slope angle. In 1993 Burcharth
and Thompson [CEM, 2006] showed that dolos armour placed on a horizontal bed and exposed to
oscillatory flow is not more stable than rock armour of similar weight. The difference in stability
between interlocking and non-interlocking armour is illustrated in figure 2.11. The Antifer-block is
amassive block, but because of grooves the interlocking and the friction are greater than for cubes.

Camplex interlociing iypes | Bufky bypes of armor units
af anmor units e Dofos | fila cubes and quaTy rack

Stabitity o Stability

i i

- Toia! stabiliy
. /_\ - Total stabifity

. Contribution from
. Coriribution from

" interlociing — .
surface friction ~interlocking +
surface friction
- Cantibution from
T gravity

- Coniribution from
gravity

—m= Sippe angle o«

—+ f—=— Siope angie & - : .
ac’ ge”  go" o* a” 80 a0

Figure 2.11: Influence of slope angle on the different stabilizing effects [CEM, 2006]
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The flow around the units is non-stationary in both direction and velocity, thus all the forces, with
exception of the gravitational force, vary in size and direction with time. The velocity of the flow
depends on the properties of the incoming waves and its action on the slope. Furthermore, it is
affected by the permeability and surface roughness of the structure. A common way to express
these flow forces on a unit is:

Fo ~Cp Py AV-|V

F.~C - p,- A.\‘,.M (2.1)
dv

FE ~C -0 -V.—

| 1 Pw ot

C,., C, and C, are empirical coefficients. A is the cross sectiona area of the units at right

anglesto vand V istheir volume. It becomes quite evident that when, beside the complexity of the
flow field, also the shape of the Antifer-block and its variable positioning on the under layer is
considered (within a regular or irregular placement), deterministic calculation of the instantaneous
armour unit stability conditions cannot be performed. This is why stability formulae are based on
hydraulic model tests. The latter statement results in a stochastic approach in which the response of
the armour units is related directly to the properties of the incident waves. However, some
qualitative considerations of the involved forces can be used to explore the structure of stability
formulae. The properties of the waves are captured in environmental parameters. Environmental
parameters are boundary conditions which in most cases cannot be influenced by the designer.
Because of this, a good insight in the effects of these parameters on the armour is of high
importance. Environmental variables are characterized by:

e Characteristic wave heights H,,H,,5, H,,, €tc.

mo0 ’

e Characteristic wave steepness: s, S, , etc., derived from the wave period s = 2-7-

g-T?
e Water depth, h

e Waveincident angle,

e Number of waves, N

e Massdensity of water, p,,

e  Shape of the wave spectrum; JONSWAP, P-M, TMA etc. and double peak spectra.

e  Wave asymmetry
e Wave grouping

Structural parameters on the other hand, describe the resistance of the Antifer-block breakwater
against the wave loads. The whole of these parameters represents the strength of the breakwater.
The most significant structural parameters of the armour layer are given by:

e Seaward profile of the structure, including armour layer slope angle« , freeboard, the height
and width of the crest etc.

e Massdensity of armour units, o,

MassM and shape of armour units

Placement method, packing density, interlocking and layer thickness of the main armour
Porosity, permeability and thickness of under layers, filter layer(s) and core

The ratio of diameter between armour, under layer and core material
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When simple expressions are made about the geometry of the units and the flow, it is possible to
derive some expressions for the stability. The first simplification is the characterization of an
equivalent cube length concerning the unit’s geometry.

M 1/3
D, - [_j @2
Ps

A second assumption is to consider the flow quasi-stationary. The inertia forces can then be
neglected. A qualitative stability ratio thus becomes.

Fo+F V2 V2
D L o Pw

- 2.3)
FG g'(ps_pw)'Dn gADn

Ps
Pw
By inserting vV = Jg_H , for abreaking wave height of H , in equation 2.3 the following stability
parameter, N, is obtained.

Where A = —1 and Vv isthe characteristic flow velocity.

N = (2.9)

A certain degree of damage, or non-exceedence of instability, can then be expressed in the general
form:

H K2 K2-KS.. (2.5)

n

The K -factors depend on al the other environmental and structural parameters, except
H,AandD,,, influencing the stability. The stability formulae does not contain explicitly al these

parameters. This together with the stochastic nature of wave load and armour response introduces
uncertainty in any stability formula. This uncertainty isin most casesincluded in equation 2.5 in the
form of a Gaussian distributed stochastic variable with a specified mean value and standard
deviation.

There has been done much research on the stability of armour layers with hydraulic model tests.
This stability is based on a certain alowed degree of damage. The definition for damage is not
unambiguous, but interpreted in different ways by the different researchers. In the next two
paragraphs the stability-theory and damage interpretation for Hudson and Van der Meer are
discussed.
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2.3.2 Hudson

HUDSON, 1959 and 1979 investigated the stability of armour layers and derived his formula from
the analysis of alarge data set of model tests with regular waves on rock armour. This resulted in
following formula, which is also applicable for armour units:

H > Ps
M = 3 (2.6)
K, -cota -[&—1J

Pw
M = mass of armour unit
H = characteristic wave height
Ps = density armour unit
P, = density water
Ky, = Hudson stability parameter

cotar = dlope of the armour layer

When equation 2.6 is rearranged the stability parameter, N, isfound:

H
N, = o - (K, -cota)"? (2.7)

n

The Hudson formula, initially based on monochromatic wave tests, is extended to irregular wave
conditions, by substituting H (characteristic wave height) with H _(significant wave height) or

withH ., as suggested in various textbooks.

Hudson's formula has been used for irregular placed concrete armour units by selection of
appropriate K -values derived from hydraulic model tests. This approach can be dangerous,
because many concrete units rely for their stability upon factors which are not included in Hudson's
formula. The formula doesn’'t considerate the influence of wave period, type of breaking (spilling,
plunging, surging), duration of storm (i.e. number of waves), the permeability of the breakwater and
the part played by interlocking between the units in the stability of an armour layer. The effect of
such interlocking is to increase the apparent stability of a unit allowing the use of lighter weights
than would otherwise be the case for a given wave height. However, an increase in wave height can
have a greater effect on reducing the stability of these lighter, interlocked units than on massive
units, because of the structural damage to the units. The Antifer-block is a massive unit with small
interlocking capacity from its grooves. In this report the possible structural damage and resulting
reduction in stability is not taken into account.

In the design of a concrete armour layer Hudon's formula should be regarded as no more than a
device for comparing the stability of different types of units, and K -values published from
previous hydraulic model testing should be used only as guidance for preliminary selection of
armour sizes for full hydraulic model testing. When using these K, -values attention should be

paid to the damage ratio and damage level upon which the value is based. In literature there are
different interpretations about damage levels, such as:

11
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e Initiation of damage [LOSADA et al., 1986]: The condition when a certain humber of armour
units are displaced from their original position to adistance equal to or larger than a unit length.
It also corresponds to the situation in which the outer armour layer displays holes larger than
the average pore size on its surface.

e Iribarren’s damage, stated by Iribarren in 1965 [LOSADA et al., 1986]: Failure, covering an area
so extensive in the upper layer of the armour (10-15%) as to allow the extraction of units from
the lower one (2-layer armour).

e Initiation of destruction, stated by Vida in 1991 [YAGCI AND KAPDASLI, 2002]: A small
number of units, two or three, in the lower armour layer are forced out and the waves work
directly on pieces of the under layer.

e Destruction [LOSADA et al., 1986]: The failure is large enough to uncover the under layer. The
armour units leave the mound continuously, and if the test is not stopped, the whole cross-
section will be destroyed after a sufficiently long period.

In this thesis damage for irregular placement is defined in the following way [CEM, 2006]:

e Nodamage: No units are displaced.

e |nitia damage: A few units are displaced.

e Intermediate damage ranging from moderate to severe damage: Units are displaced but without
causing exposure of the under layer to direct wave attack.

e Failure: The under layer is exposed to direct wave attack.

For designing an irregular placed armour layer a little damage is allowed. TheK ; -value is based

on theinitial damage. To compare the different K, -values a specified definition has to be made for

“the displacement of afew units’. Thisis done with the relative displacement within an area, called
the damage ratio.

number _of _displaced _units

2.8
Total number _of _units_within_reference _area @8

DamageRatio =

The displacement of units has to be defined, eg., as the movement of a block more than
distanceD,, , or as a displacement out of the armour layer. The reference area has to be defined as

the complete armour area or as the area between two levels, eg., SWLEH_, where
H , corresponds to a certain damage, or SML £ n-D,.

HUDSON, 1959 based his K, -values in his ‘Laboratory investigation of rubble-mound
breakwaters' on the removal of up to one percent of the total number of armour units in the cover
layer and considered this to be ‘No damage’. The ‘Initial damage’ according to the definition of
CEM, 2006 corresponds to the no-damage level used in SPM 1977 and 1984 in relation to the
Hudson formula stability coefficient (K ). Here the no-damage level is defined as 0-5% displaced
units. This corresponds to the wave height level were the first blocks are displaced more than the
nominal diameter and this is always below a damage ratio of 5%. The zone wherein this happens
extends for rocks from the middle of the crest height down the seaward face to a depth below SWL
equal to a H , -value which causes the damage 0-5%. For cubesthis zoneisSWL £6- D, .

The CEM, 2006 listed K -values (based on the SPM, 1984) for the modified cube, for the trunk,

of 7.5 for non-breaking waves and 6.5 for breaking waves. For the head only avalue of 5 waslisted
for non-breaking waves. These values are also used by designers of Antifer-block armour layers,
however they are originally based on the modified cube, see figure 2.12, which was developed in
the USA in 1959.
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Figure 2.12: Modified cube

The BRITISH STANDARD, 1991 listed K, -values for Antifer-block armour layers from 6-8, without
any further specifications.

Gunbak performed in 1996 a study on K, -values for existing Antifer-block armour layers for the

initial damage. He did backward calculations for different breakwaters and model tests if the value
was not defined and used a concrete unit weight of 2.4 (if not defined). The findings of this study
are summarized in table 2.2. GUNBAK, 1999 recommended after his study the use of the following
Ky -vaues: Trunk K, =7 for breaking and non-breaking, Head K, =6 for non-breaking, K, =5

for breaking conditions.

Reference Slope 1:x Trunk Head | Wave Type Note
Maquet1976 14 6.56 5.24 - -
Maguet1976 14 7.36 5.65 Non-Breaking | -
Abdelbaki1983 1.33 6.90 - Non-Breaking | -
SPM 1984 5 75 5 Non-Breaking | For Modified Cube
Paolella 3 4.36 - Non-Breaking | -
Bruun1984 2 6.34 - Breaking -
Bonnin1988 1.33 6.13 - Non-Breaking | -
Estramed 1990 1.33-2 119 9 - % damage
DeMeyer 1990 152 5 10 - uncertain
Jackson1991 15 1255 - Non-Breaking | -
FRH1993 15 7.4 3.75 Breaking -
STFA1993 1.5-25 7.4 45 Breaking -
FRH1993 15 757 4.54 Breaking -
Abdelbaki1993 15 8 5 - -
Rouck1994 15-2 6.50 - - -
Juhl 1995 15 6.0 - - -
Galland1995 1.33 4.4 - Non-Breaking | -

for 2% damage

Table 2.2: Stability numbers, K , used for Antifer-blocks (for initial damage level)

The above discussed K, -values are all for a double layered, irregular placed, Antifer-block armour
layer with a porosity of 46-47% and are calculated with the same damage ratio and level. In
literature and practice there are a lot of misunderstandings within the comparing of K -values

because of the use of different damage ratio’s, different damage levels, different placement methods
and different porosities (porosity-definitions). A few of these different approaches are presented
below. In paragraph 2.4 the placement methods and porosity will be discussed.
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YAGCI et al., 2003 characterized the damage on the armour layer and came with a different way of
calculating the damage ratio. Three different types of block movements were considered and it was
assumed that each type has a different contribution to the damage. They included rocking with an

arbitrary chosen weighing factor of 0.25 and turning (movement less than D) with an arbitrary
chosen weighing factor of 0.5 in the damage ratio. The displacement (movement longer than D, ) of
aunit was called rolling.

0.25RBN + 0.5TBN + RLBN

DamageRatio = (2.9
TNOB

RBN=Rocking number of blocks

TBN=Turning number of blocks

RLBN=Rolling number of blocks

TNOB=Total number of blocks on seaward slope

Yagci, using equation 2.9, found a K, -value for Antifer-blocks varying between 3.52 (for
cota=1.5) and 2.69 (for cota=2) for a damage ratio of 0.03. These values were obtained for the
irregular placement technique using irregular waves and are less than the K, -values found by
Gunbak. This is because of the inclusion of rocking and turning blocks the damage ratio increases
and the maximum damage ratio was taken lower (3% in stead of 5%). YALCINER et al., 1999 drew
regression curves for the damage ratio (Hudson) against the wave height. He determined the
stability coefficient for the wave height which causes exact 5% damage by using the Hudson
formula, in stead of taking the wave height at the start of damage (0-5%). Another differenceis that
the blocks were placed in a dightly different way than was done by Gunbak. Both placement
methods were irregular, however Yalciner placed the blocks of the first layer with their grooves
perpendicular to the slope, while GUNBAK, 1999 placed severa blocks in the first layer on their
side. The obtained stahility-values are presented in table 2.3. For the less critical damage ratio the
expected K, -values should be higher. The presented vaues are, however, on the low side

compared to the results from Giinbak. This acknowledges the importance of the used placement
method, which will be further discussed in paragraph 2.4.

Slope Breaking waves Non-Breaking waves
Cota Trunk Head Trunk Head
15 4 35 5 4
2.0 55 4.5 7 55
25 6.5 55 8 6.5
3.0 7.5 6.5 9 7.5

Table2.3: K -valuesfrom 2D and 3D tests for 5% damage [YALCINER et al., 1999]
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2.3.3 Van der Meer

VAN DER MEER, 1988a presented an empirical formula based on small and large scale model tests
on rock armour.

HS
A-D

n

_ f(snl_égnz_Nn3_an4_Pn5) (2.10)

Where Ssignifiesthe damage level, & represents the wave kinematics, N isthe number of waves

(storm duration), « is the slope angle and P is an empirical coefficient which signifies the
permeability of the dope. Van der Meer assumed the effect of the wave period to be connected with
the shape and intensity of breaking waves. He therefore used the Iribarren parameter:

tana
E= (2.11)
Vs
Inwhich s=2-7- >
g-T
Using the characteristic values for irregular waves; H ,, measured a the toe and T or T,

measured in deep water, thisleadsto theuse of £, and &, respectively.

sOp sOm

Contrary to Hudson, Van der Meer found a clear influence of the storm duration, the longer the
storm, the more damage. This can easily be explained by the model technique. Hudson used regular
waves. A longer storm duration leads to a higher probability of the occurrence of extremely high
waves. These extremely high waves are responsible for ongoing damage.

For cubes on a 1:1.5 slope VAN DER MEER, 1988b presented a method found by hydraulic model
tests. The damage number was generated by the number of moving units related to the width of the
model and the nominal diameter:

1. No movement
2. Rocking of single units.

Nr
Nooos = BID.

3. Sliding: Movement of units from their initial position by a certain distance (0.5- D, t0 2.0-D,)).
N
N =—3
0>0.5 B/ Dn
4. Units displaced from their initial positions (movement of morethan 2.0- D).

The movement of the units is not uniformly distributed over the slope. In general, all movement
takes place within the levels SWL £ Hs. Therefore a reference area was chosen that takes into
account this non-uniformity of movement. VAN DER MEER, 1988b chose the complete slope as
reference area to facilitate the comparison of the various experimental results. Rocking was
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disclosed from the damage evaluation for cubes, because this is only relevant for the evaluation of
breakage of units (structural damage). This resulted in the following definition for movement:

N ,mov = Nod + I\|0>O.5

(o]

With the results from the tests the following equations for movement and displacement were
formulated. The damage levels are presented in table 2.4.

H B N 04
=67 —2+1.0|-s* 2.12
A-D, | N% } o (212
H B N 0.4
= =|6.7-—221+10|-s5,,° —0.5 (2.13)
A-D, | N™
N = number of waves
: 2-r Hg
Sem = Wave steepness, based on the mean period, S, = —- =
g Iy
Start of damage | Initial damage Intermediate damage | Failure
(needs no repair) | (needsrepair) (under layer exposed)
N 0 0-0.5 0.5-1.5 >2

Table 2.4: Damage levels

Van der Meer’s formula can be used as a general check for the preliminary design of Antifer-block
armour layers. Thisis only a check, because the formula has been derived from alimited number of
laboratory tests, and only for standard cubes. Because of the greater interlocking effect of Antifer-
blocks there is no technical justification for a direct design with the Van der Meer formula.

CHEGINI AND AGHTOUMAN, 2001 performed model tests on Antifer armour layers and applied the
above described method (Van der Meer) to the results. They derived the following formulae for
Antifer-blocks on a slope of 1:1.5 with the same damage levels:

H N0.443
i =| 6.951=%r +1.082 |- 5% (2.14)
H B 0.443 ]

i =| 68,9515 +1.082 |- 5, - 05 (2.15)

The test results from Chegini and Aghtouman for aslope of 1:1.5 are presented in figure 2.13. They
are based on tests with storm durations of 1000, 2000 and 3000 waves with different wave
steepness. Also the outcome of the derived formulas for Antifers and cubes for 2000 waves and a
wave steepness of 5% are drawn in this figure. It can be concluded that the obtained formula for
Antifer-blocks differs minimal from the formula for cubes and seen the scattering of the test results
the additional valueislow.
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4,0
N A Cube, Nod
30 | Cube, Nomov
— - — - - Antifer, Nod
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Figure 2.13: Comparison of formulas for cubes and Antifer-blocks
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2.4 Placement method

2.4.1 Introduction

“The placement technique of the blocks of the armour layer is one of the most significant
parameters affecting the stability” [HUDSON et al., 1979]

The placement method is an important structural parameter which influences the stability.
Therefore the stability coefficients differ per placement method. With the stability coefficient the
required block volume can be calculated. The volume of the blocks determines the armour layer
thickness and together with the necessary number of Antifer-blocks per unit area this results in the
porosity. In literature there are many different ways in which these values are used, which leads to
misunderstandings. In the different design guides (CEM, BS, etc.) there is no difference made in
placement method. The design coefficients ( K -value, layer thickness coefficient, supposed

porosity) for Antifer-blocks are given for a double layered random placing method. This is the most
commonly used placement method. The term “Irregular” is preferred over “random” since the
Antifer-blocks are placed individualy by a defined schedule. Besides the irregular placement
method there’ s the regular placement method. In this paragraph first the definition for porosity will
be discussed, after which the focus will lie on the different types of placement methods.

2.4.2 Porosity

When Maguet did histests for the Antifer-breakwater in 1976 he discovered that the porosity of the
armour layer had an effect on the stability [MAQUET, 1985]. He described the existence of avalue,
above which there was insufficient stability and below there occurred a ‘paving’ action. This
‘paving’ action reinforced the reflection of waves and increased the vulnerability of the structure
because of the risk of destruction of entire sections of the protective layer. Maguet determined this
value to be about 50% and used it for al the construction works. The porosity stands for the
percentage of void spaces in the armour layer. For calculating the porosity it is necessary to define
the armour layer thickness. In literature there are many discussions over the armour layer thickness.
There are afew options for deriving the thickness, namely to measure; the highest points of the top
layer, the lowest points of the top layer or an average thickness between these two. To calculate the
layer thickness the block volume is needed, which follows from the Hudson-equation:

3
V= H (2.16)

3
Ko -cota'[&—lJ
Pw

The armour layer thicknessis:

_ 13
t=n-k,-V 2.17)

N = number of layers
k, = Layer thickness coefficient

VY3 =D, =Nominal diameter

18
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A parameter which is used to caculate the porosity and defines the spreading of the blocksis, ¢,
the number of Antifer-blocks per unit area:

N
p=or (2.18)

N = number of blocksin the defined area

B = Width of area

L = Length (on slope) of area

See figure 2.14, where the hatched area stands for the included number of blocks.
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Figure 2.14: Definitions for the calculation of ¢
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The porosity, P (%), follows from:

N-V

P=(-
B-L-t

Vg
)-100= (1~—-)-100 (2.19)

There are afew misinterpretations within this theory such as:

-There are two commonly used values for the layer thickness coefficient which lead to different
layer thicknesses and consequently different porosities. The CEM, 2006 and the BS, 1991 specify a
layer thickness factor for cubes (modified) of 1.10. In literature (e.g. YALCINER et al., 1999 and
GUNBAK, 1999) the following definition for layer thickness is often found:

Vv 1/3
t:2-a:2-(08024j =2.1.076-(V)"* (2.20)

Layer thickness coefficient = 1.076

Both layer thickness coefficients are mentioned for a double layered, irregular placed, armour with
a porosity of 46% [GUNBAK, 1999] or 47% [CEM, 2006 and BS, 1991]. In literature there is a
greater variety on porosity values, these values vary between the 40 and 50%.

-The above defined porosity calculation (eguation 2.19), with a layer thickness coefficient of 1.10
or 1.076, is only suitable for double layered, irregular placed armour. In literature this calculation is
also used for other types of placement methods, like the regular method. This is incorrect, because
these layers have, most of the time, a different thickness. For the comparison of the spreading itisa
correct method (only then the use of the thickness is redundant, see the definition of ¢ ). However,

the values should not be published as porosity, because this stands for the void spaces.
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-In literature the term density is used for the solid armour density and for the packing density.
Further more the packing density is calculated in different ways. Therefore it is important when
using values from the literature to make sure which density is used. Below a few examples of
different densities are presented.

Solid armour density:

N-V
d= -100=(1-P 221
- [ 100=0-P) (2.21)
Packing density:

-Number of blocks per unit area:
N t-(d/100) n-k, -(d/100)

é = i v VEE (2.22)
-Ratio between the real and the maximum number of blocks per unit area:

N-D? t-
g, =N Do _U(AII00) _\y (d/100) (2.23)

BL V1/3

Most researchers use the second packing density, ¢,, nevertheless different values for packing

densities are found in literature. To illustrate this, the packing densities used by GUNBAK, 2000,
VAN DER MEER, 1999 and DE ROUCK et al., 1987 are compared in table 2.5.

Unit Type Antifer | Cube | Rock | Tetrapod | Accropode | Core-loc | Dolos
¢, , Guinbak 1.21 1.32 1.26 1.04 0.66 0.58 -
¢,, Van der Meer - 1.17 - 1.04 0.61 0.56 -
¢,, DeRouck et a. 121 - - 1.04 0.76 - 0.82

Table 2.5: Packing densities used by Glinbak, Van der Meer and De Rouck et al.

2.4.3 Irregular placement method

The advantages of the Antifer-block named in paragraph 2.2 are based on an irregular placement
method, see figure 2.15. If construction quality is expected to be difficult to control, or when there
is high uncertainty in the wave climate or instability of the foundation is expected then it is better to
choose an irregular placement method instead of aregular method. When for example the first layer
of aregular placement is deformed due to instability, this deformation directly affects the form and
stability of the second layer. Another advantage of the irregular method is that the damage is easy to
repair by adding extra blocks to the armour layer.

Figure 2.15: Exples of irregular placement
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The irregular placement method was used for the construction of the breakwaters at the harbour of
Antifer [MAQUET, 1985], see figure 2.16. The Antifer-blocks were placed in two layers with the
grooves mainly perpendicular to the slope, see figure 2.17. As mentioned in the previous paragraph
Maquet determined during the tests a porosity of 50%, which above there was insufficient stability
and below there occurred a ‘paving’ action. After realisation the placement was checked by visual
observations and by the delivered quantities of Antifer-blocks. The porosity turned out to be
between 45 and 50%.
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Figure 2.16: Irregular placement Figure 2.17: Schematics of block placement

From later tests on the irregular placement method by GUNBAK, 2000 also followed that it is very
difficult to obtain the desired porosity. An intended porosity of 46% often turned out smaller
(sometimes 40%). This problem is caused by the placing of thefirst layer. For a breakwater slope of
1:1.33 or 1:1.5 (the slope used in this thesis) the placing of the first layer is very important for
obtaining the required porosity and roughness of the armour layer. If the Antifer-blocks are placed
too close to each other or if they slide down during construction and become more densely packed,
the second layer becomes automatically also more densely packed, so less porosity is obtained.
Field and hydraulic model experience by GUNBAK, 1999 demonstrated that it is very important to
place the first layer of blocks in an irregular configuration as irregular as possible by not aligning
the sides to each other as well as by placing several blocks on their side instead of on their bottom
(as done by Maquet). The second layer placement will then generate the required thickness, layer
porosity and irregular surface texture. When compared to the results from YALCINER et al., 1999
the placement by Guinbak turned out to be also more stable (see paragraph 2.3.2, table 2.3). Thiscan
be explained by the better interlocking between the two layers because of the higher roughness of
thefirst layer.

YAGCI et al., 2003 found with hydraulic model tests, figure 2.18, that the armour has a greater auto-
restoring capability with low porosity, than with high porosity. Similar to LOSADA et al., 1986 they
placed the blocks, per complete layer, by letting them fall from an approximate height of 30 cm. In
their report recommendations are given for the placement of the first row on the toe. This thesis
focuses on the stability of the placing method and not on the toe placement.
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Fi

21

x S
TUDelft hydRONAMIC



Literature study

To obtain a uniform distribution of blocks with the desired porosity it is necessary to control the
irregular Antifer-block placement. For this reason a regular placing grid where the blocks of the
first layer have to be placed or dropped is often determined from the necessary number of blocks
per unit area.

For a breakwater in Brunei [JONES et al., 1998] the design was based on a theoretical solid armour
density of 56%. During the tests it was noted that the appearance of the outer layers was fairly
sensitive to this density and that for a solid armour density lower than 56% visible holes started to
appear in the layer. When these holes were repaired the solid density was approximately 56%. Solid
armour densities higher than 56% tended to produce individual blocks above the second layer. The
grid spacing was calculated by finding the length of the side of a square area that would produce
this packing density in asingle layer.

GridSpacing = J AntiferVolume (2.24)

0.56 - layerthickness

For the actual placement the Antifer-blocks were lowered to the seabed within 0.5m of the
theoretical location and then released. To improve interlocking and reduce block movement after
release, rows of block locations (up slope and in the layer above) were offset aong the breakwater
from the adjacent rows. For a straight breakwater section, the set out grid for one layer appeared as
drawn in figure 2.19. Across the profile, rows of blocks were placed starting at the bottom of the
slope on the most seaward row. From here rows of blocks were located at the grid spacing up the
slope in 2 layers. Rows were placed in the sequence shown in figure 2.20 until the top of the slope
was reached. Thisis different compared to the harbour of Antifer, where the armour was placed per
half layer. The placement could be interrupted at intermediate levels for construction scheduling of
other operations, provided that the basic sequence was followed for a particular segment.
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Figure 2.19: Placement grid Figure 2.20: Cross-section with block locations

Position fixing of the location was done by using Differential Global Positioning Systems (DGPS),
GPS receivers were mounted on the placing cranes with the antenna mounted on the boom tip.
After a section was completed it was visual checked. If required additional blocks were added. It
was nhoted that the achieved solid armour density on site was approximately 58%, when additional
blocks to fill obvious gaps were included. The density was influenced by the surface roughness of
the secondary armour layer. In areas where secondary armour was placed neatly with a smooth
outer surface, the achieved density was higher (up to 60%) due to the tendency of cubes to dide
down the slope. Careful attention had to be paid to ensure that operators placed the secondary
armour in arandom manner, see figure 2.21 [JONES et al., 1998].
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Fige 2.21: Random manner I aced second layer
2.4.4 Regular placement method

The regular placement method can be defined as the placement of the Antifer-blocks of both layers
in a regular pattern and often also in a regular position. Because of the development of more
accurate placing techniques (paragraph 2.2.3) it is now possible to place the blocks in regular
patterns in contrary to, for instance, the placement technique used for the harbour of Antifer in
1976.

When the first layer of Antifer-blocks is placed very regularly, by placing blocks on their bottom
with block surfaces parallel to each other, the blocks of the second layer will intrude very deep
between the blocks of the first layer. The thickness together with the porosity of the armour layer
will then decrease [GUNBAK, 1999]. In these cases it is not correct to use the prescribed layer
thickness coefficient from the design guides (CEM and BS) for the calculation of the porosity. The
obtained value can be used as a comparing value, a higher ‘porosity’ indicates a smaller amount of
used blocks, but does not represent the void ratio.

There has been done some research on regular placement. In this paragraph the “sloped wall
placement method”, the “alternative placement method”, the “square-grid placement method” and
the “double second layer placement method” will be discussed.

Sloped wall placement method

The sloped wall placement method was presented by YAGcI, 2003. In the first layer, Antifer-blocks
were placed adjacent to each other with their grooves perpendicular to the slope. The second layer
is placed straight onto the first layer using the same method. Figure 2.22 presents atop view of this
method. In this figure the x-direction points along the slope and the y-direction points upwards the
slope. (a) stands for the first layer and (b) stands for the second layer.
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Figure 2.22: The sloped wall placement method |

This method uses many blocks per surface area and because of the low roughness and low porosity
Y agci observed a high wave reflection, run-up and overtopping.
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Alternative placement method

The alternative placement method was presented by YAGCI AND KAPDASLI, 2002. The Antifer-
blocks in the first layer were placed perpendicular with their grooves on the filter layer. The
distance between neighbouring blocks was equal to ‘a/2’. In the second layer, the neighbouring
blocks were placed adjacent to each other, see figure 2.23 and 2.24.
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FiQure 2.23: The alternative placement method Figure 2.24: General view of 1¥ and 2™ layer

YAGCI et al., 2003 compared this method with the irregular placement method for a low porosity
and found a similar stability performance. They also observed that there was not much difference in
the wave run-up, in spite of the low roughness on the second layer. This is because the water, which
enters through the semi-cylindrical holes of the Antifer-blocks on the second layer, creates
turbulence in the holes between the Antifer-blocks of the first layer. Critical condition is that the
filter material is possibly subject to erosion. YAGCI et al., 2003 evaluated this method as a superior
method over the irregular method with low porosity when armour layer stability, prototype
placement, clarity of the placement methods definition, armour layer cost and wave run-up were all
taken into consideration.

When this method is used for a slope of 1:1.5, the Antifer-blocks of the first layer will possible
slide down which decrease the porosity. If a block from the first layer slides down it creates a hole
bigger than ‘a/2’. This makes it very difficult to place the block of the second layer straight. This
together with the high amount of blocks used per surface area makes this method in my opinion not
suitable for aslope of 1:1.5.

Square-grid placement method

For a Middle-East harbour project tests were performed by Sogreah. The employed sguare-grid
placement method was recommended by the HR Wallingford institute. For the sguare-grid
placement method the Antifer-blocks in the first layer are placed in a square grid with mesh M1
with their grooves perpendicular to the slope. The second layer is placed in the same way, only
shifted 0.5-M1 along the slope. In this way the blocks of the second layer are placed over the gapes
between the blocks of the first layer, see figure 2.25 and figure 2.26. In the figures the blocks were
dropped from 2 to 3 cm above the slope and the first layer was placed 2 rows ahead. This is why
some blocks are not on their base and the positioning of the blocksis alittle irregular.

)

Fiéure 2.25: ugrid pl en
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The square grid that was used was defined according to the following expression:

go_2VvV (2.25)
Ml - MI -t

d = solid armour density

\% = block volume

MI = mesh grid, respected horizontally and vertically

t = layer thickness

The following placing ratio is aso used:

a2

VTE

(2.26)

a = base dimension
Combining equation (2.21) and (2.22) with t = n-k, -V*® and V = 0.8024- a° resultsin:

2.V 2.(0.8024- 2% a’

MI-MI-(n-k, -VY3)  MI-MI-(2-k, -3/0.8024-a) MI?

With k, = 20922 _ 0 8645

- 3/0.8024

A layer thickness coefficient of 0.87 is impossible for this placement method, because the second
layer does not intrude the first layer, so the coefficient can’t be smaller than 1. This placing ratio
(equation 2.26) should therefore never be confused with the packing density. This emphasizes the
importance of defining the way the density was calculated, see also paragraph 2.4.2.

For the tests the Antifer blocks were placed with a 55% solid armour density. In practice the
density turned out higher, because the Antifer-blocks tend to slide down on the filter layer, which
makes the layer more compact. A disadvantage of this method is that the vertical gap, Ml , is not
reliable because of the dliding. In my opinion it should be better to define a constant value for the
vertical mesh. In thisway the real density is derived from the horizontal spreading.

Double second layer placement method

This placement method is characterized as a two layer armour of which the second layer is placed
in two steps, because of thisit is sometimes called athree layer placement. The placement patternis
based on arectangular grid and is scheduled in figure 2.27.
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FigLire 2.27: Plan view of the double second layer placement method
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The placement grid dimensions for the placement of the first layer, asillustrated in figure 2.27, can
be computed with the following equations [ GUNBAK, 1999]:

Coin = e’s-nﬁ
Cox =d-SINS

t.n =h+cCy, , minimum thickness

tox =N+Cos , maximum thickness

tae = (tin Tt )/ 2, average thickness

S =(1-P) , the solid ratio of the armour layer
\Y

| - (2.27)

Where e, d and h are the Antifer-block dimensions and £ is the angle between the upper surface of
the first armour layer and has avalue 72.5°, see figure 2.28.

Figure 2.28: The cross-section view for the double second layer placement method.

The double second layer method has a low stability compared with other placement techniques, but
also a lower number of required blocks per surface unit. The pattern is well defined and easy to
apply to the prototype. However, this type of placement was found convenient to use only for the
low values of the incident wave. With this method it was also found difficult to obtain a high
porosity. Due to the diding of the Antifer-blocks on a steep filter layer slope the armour layer
becomes less permeable and more blocks than predicted have to be used. For the Ormara
breakwaters in Pakistan, the Sines breakwater repair in Portugal and severa breakwaters in Turkey
the double second layer method was used; some applications resulted in a low porosity of 35%
[GUNBAK, 2000].
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3 Mode set-up

The experiments for this thesis are not based on areal prototype, which has to be scaled and tested.
The main objective of this study focuses on the comparison of processes. It is therefore better to
speak of process-orientated experiments instead of scale experiments. The model-dimensions and
wave characteristics are scaled to the provided Antifer-blocks within the limitations of the facilities
(wave flume and wave generator). Assumed is that the experiments are similar influenced by the
possible scale effects. This chapter deals with the scaling of the model and the governing
parameters which determine the dimensions of the model and the required wave characteristics.

31 Scaling

First the theory on similarity and the type of scaling is presented. In paragraph 3.1.2 the
accompanying scale effects and the way to reduce them are described.

3.1.1 Similarity

Laboratory models should ideally behave in all respects like a controlled version of the prototype.
This similar behaviour is achieved when all influential factors are in proportion between prototype
and model, while those factors that are not in proportion are supposed to be so small that they are
not significant to the process. Requirements of similitude will vary with the problem being studied
and the degree of accuracy in model reproduction of prototype behaviour. In fluid mechanics,
similarity generally includes three basic classifications: geometric similarity, kinematic similarity
and dynamic similarity [DE VRIES, 1977 and HUGHES, 1993].

Geometric similarity
When the ratios of al corresponding linear dimensions between the prototype and the model are
equal the model is geometrically similar:

K=2Xu _Yw _2u (3.1)
X

This relationship is independent of motion of any kind and involves only similarity in form.

Kinematic similarity

The science of kinematics studies the space-time relationship. Kinematic similarity consequently
indicates a similarity of motion between particles in model and prototype. If the velocities at
corresponding points in the model and prototype are in the same direction and differ by a constant
scale factor, the model is regarded as kinematic similar to the prototype.

Dynamic similarity

Dynamic similarity between two geometrically and kinematically similar systems requires that the
ratios of all vectoria forces in the two systems are the same. To achieve complete similarity all
relevant dimensionless parameters must have the same corresponding vaues for model and
prototype. A systematic procedure for forming a complete set of dimensionless products from a
given set of variablesis the Buckingham Pi Theorem, which means:

e =my = f(my,my,en ) (3.2

In which the ' s are a complete set of dimensionless products.
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For practically all coastal engineering problems the forces associated with surface tension and
elastic compression are relatively small, and can thus be safely neglected. The Froude and Reynolds
numbers are, therefore, the most important dimensionless products.

The Froude number is represents the relative influence of inertial and gravity forces in a hydraulic
flow. To achieve similarity the Froude number must be equal in model and prototype:

el ),

Where U stand for velocity and L for length.

WithK, =U /U, K =L, /L, and K, =1 (gravity remains unscaled), equation 3.3 can be
written as:

Ky =K (34)

The Froude scale law is intended for modelling flows in which the inertial forces are balanced
primarily by the gravitational forces (gravity waves), which happen to be most flows with a free
surface.

The Reynolds number represents the relative importance of the inertial force on a fluid particle to

the viscous force on the particle. To obtain similarity the Reynolds number for both the model and
prototype must be equal:

Re:[uj :(Ej 35
v o Vo

Where v stands for the kinematic viscosity.

with K, =U, /U, , K =L, /L, and K, =Vv,, /v, =1 (modelling is done with water),
equation 3.5 can be written as:

K, =— (3.6)

The Reynolds scale law is intended for modelling flows where the viscous forces predominate. In
free-surface flow, gravity is considered dominant over viscosity and therefore, this wave flume
experiment is Froude-scaled. The required wave heights are derived with the Hudson-method from
the provided Antifer-blocks.

3.1.2 Scale effects

If a small Froude-scaled model is tested in the same fluid as the prototype, equations 3.4 and 3.6
cannot be fulfilled at the same time. This leads to a viscous scale effect. Other scale effects are:
surface tension, friction and aeration. These scale effects will be discussed in this paragraph.
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Viscous scale effect

The linear geometric scaling of material diameter, which follows from the Froude-scaling, may lead
to too large viscous forces corresponding to too small Reynolds numbers. The related increase in
flow resistance reduces the flow in and out of the under layer and the core. Wilson and Cross
concluded in 1972 that this is why models with a too low Reynolds number generally reflect
relatively more wave energy from the model structure and transmit relatively less wave energy
through the model structure than in their prototype-scale equivaent [HUGHES, 1993]. Also up-rush
and down-rush velocities are relatively larger. Asaresult, run-up levels will be too high and armour
stability too low [BURCHARTH et al., 1999], which leads to safer stability coefficients. This is
corrected in the model by increasing the size of the core material, than called for by the geometric
length scale. In this research the core and under layer are scaled to the provided Antifer-blocks with
ratios advised by VAN GENT, 2006. In present-day model testing these ratios are used by
representative institutes (e.g. Ddft Hydraulics, Sogreah and DHI), which makes the results
comparable. After scaling the Reynolds number is calculated. When the Reynolds number in the
core is higher than 2* 103 the flow in the structure is turbulent, conform to prototype situation, and
the viscous scal e effects are negligible [HUGHES, 1993].

Surface tension scale effect

The scale effect due to surface tension forces becomes important when the water waves are very
short or the water depth is very shallow. Rules of thumb, presented by Le Méhauté in 1976, are that
surface tension effects must be considered when wave periods are less than 0.35 seconds and when
water depth is less than 2 cm [HUGHES, 1993]. At these parameter values, the restoring force of
surface tension begins to be significant and the model will experience wave motion damping that
does not occur in the prototype. For this research both wave period and water depth are
considerably higher, so the scale effects by surface tension forces are negligible.

Friction scale effect

Bottom friction scale effects are possible in a coastal structure model if the wave propagation
distance is very long. This is typically not a consideration for rubble-mound structure models
because of the relatively large length scales. Other friction scale effect arises from the contact
friction between adjacent armour units. In prototype rubble-mound structures, contact frictional
forces are usually considered negligible compared to the dominant forces affecting the structure's
response to wave action. However, in a small-scale physical model, the frictional forces between
units may not be in similitude with the prototype because the armour unit surface can be relatively
rougher than the large-scale units. Few systematic studies of the contact friction scale effect have
been reported, and the standard practice is to reduce the friction between armour units as much as
possible by making the model units smooth. Painting the units provides a smoother surface, as well
making identification of damage areas easier. HUDSON AND DAVIDSON, 1975 noted that slightly
conservative stability results would be provided if the model units are relatively smoother than the
prototype.

Aeration scale effect

Hall conducted in 1990 an experimenta program that examined the entrainment and movement of
air bubbles which were pushed into the voids of rubble-mound models by waves breaking directly
on the structure and by flow separation as water moves rapidly past the solid armour units

[HUGHES, 1993]. Hall noted that entrained air bubbles would not be similitude in small-scale
2

p-Us-L

o
surface tension) between prototype and model. This results in air bubbles that are relatively larger
in the model than in the prototype, which in turn leads to too much energy dissipation in the model.
Therefore, the total energy dissipation on the rubble-mound slope will be greater than it should be,
and wave run-up will be somewhat affected.

physical models because of lack of similarity of the Weber number (We = , Where o =
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3.2 Governing parameters

In this paragraph the governing parameters which determine the stability and therefore the setup of
the model will be discussed. First the model-dimensions are determined by the facilities were the
experiments were executed and by the structural parameters. As discussed in paragraph 2.3.1 there
are structural and environmental parameters which affect the stability. In paragraph 3.2.3, the
environmental parameters will be discussed. They determine the wave-properties and water height
for the tests. In the last paragraph the instrumentation is discussed.

3.2.1 Facilities

The physical model tests were performed in the Fluid mechanics laboratory of the Faculty of Civil
Engineering and Geosciences at Delft University of Technology. The used wave-flume has alength
of 40 meter, a width of 0.80 meter and a height of 1.00 meter. The waves are generated by an
electrical driven wave board. The wave board has an automatic reflection compensation system
(ARC), which absorbs the reflected waves from the model based on the measurement of the free
surface displacement at three locations on the wave board. This prevents the re-reflection of waves
by the wave-board and thus allows the control of the created incident wave field of an experiment.

3.2.2  Structural parameters

Seaward profile of the structure

A dlope of 1:35 was present in the flume, starting 8.00 meters from the wave board. The toe of the
model is placed on the slope after 6.30 meters, so the slope will act as a foreshore, see figure 3.1.
This means that the toe of the structure starts 14.3 meters from the wave board at a height of 0.18
meter. The crest height, of the under layer, was set to 0.90 meter to insure a minimum of
overtopping, so aimost all the wave-energy is concentrated on the front slope. It follows from this
that the structure height is 0.72 meter. The width of the tested area is 0.80 meter, this is the
maximum possible width in the wave flume. The recommended, and commonly used, slope angle
for Antifer-block armour layers (and most other concrete units) is; cota =1.5. Therefore al the
experiments will be done with this slope angle. The influence of the slope angle on the stahility of
the structure will not be treated in this research.

Thisresultsin afixed slope length of _ 02 = 0.87 meter.

sin(tan™1.5)
The model-dimensions are presented in figure 3.2, they will be explained in this paragraph.

Wave generator Wave gmiges Wave gauges
SWL ..
- ' = [ | '_"_/ “'1,__‘_—2
== loeo T : —
.00 8.30 S

Figure 3.1: Set-up of the wave-flume
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Figure 3.2: Cross-section of the model

Armour layer
425 Antifer-blocks are made available by Delft Hydraulics. The blocks are made of aluminium,

filled up with a plastic cylinder and were painted (smooth surface, no friction scale effect) in the
colours red, yellow and blue, see figure 3.3. They have an overall mass, M , of 162.7 gram, a mass
density, p,, of 2507 kg/m? and a volume of 64.9 cm?, see appendix |; Properties of the materials.

Thisresultsin anominal diameter, D, of 4.0cm. In table 3.1 the block dimensions are presented.

Width bottom a=44cm

Width top b=4.0cm
Height h=4.1cm
Radius groove r=0.5cm

Depth groove c=04cm

Figure 3.3 sed Antifer-block Table 3.1: Block dimensions of used Antifer-blocks

For every experiment an attempt is made to place the centre of the armour layer on the still water
level (SWL). This is done because the block movements will be counted within a reference area
with the same distances under and above SWL.

Under layer
The standard Froude scaling method for the under layer is based on a relation between the armour-
block weight and the under layer material weight, M .. / M g deriaver - VAN GENT AND SPAAN,

1998 found that for this relation a value between 10 and 20 gave reliable results. The CEM, 2006
recommends the use of a weight ratio around 10. A relation based on the nominal diameter of the

armour and the under layer, D, .o / Do underiayer + 1S @S0 commonly used. VAN GENT, 2006
recommended a ratio between 2 and 2.5. This resulted in the selection of calcareous rubble (sold
under the name Y ellow Sun) with aweight, M ., of 20.62 gram, a mass density, p,, of 2663 kg/m?
and a nomina diameter, D, of 1.96 cm. The gradation wide (D, /D,5) is 1.21 and the

porosity of the under layer is 0.4. The sieve curve is given in Appendix |; Properties of the
materials.
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Thisresultsin aweight ratio with the armour layer of:
M :
_1e2r =7.89

©20.62

M

50,underlayer

The nominal diameter ratiois:

D
n,armour _ 4.0 -20
1.96

D

n50,underlayer

The thickness of the under layer has to be: t, >2-D [CEM, 2006]. A thickness of

) is required for the

n50,underlayer

4.0cm with a maximum positive deviation of 1.0cm (0.5-D

n50,under|ayer
experiments.

Core
The CEM, 2006 recommends for three layer sections a weight ratio for the armour and the core,

M rmour I M g0 ore» DEIWeEEN 200 @nd 4000. In present-day model tests a ratio between the under
soundertayer | Mso.core » DEIWEEN 5 and 10 is mostly used. VAN GENT, 2006

recommended a nominal diameter ratio between the under layer and core, D, 5 neriayer / D

of 1.5. This resulted in the use of calcareous rubble (sold under the name Yellow stone) with a
weight, M ., of 3.47 gram, a mass density, p,, of 2643 kg/m® and a nominal diameter, D ;, of

1.08cm. The gradation width (D, g/ D,;5) is 1.34 and the porosity of the core is 0.4. The sieve
curveisgiven in Appendix |; Properties of the materials.

layer and core, M

n50,core !

The weight ratio with the under layer is:
M 50,underlayer 20.62
M 3.47

=594

50,core

The nominal diameter ratio with the under layer is:
Dn50,under|ayer _ 196

= =181
D 1.08

n50,core

The viscous scale effects are negligible when the Reynolds number is higher than 2.103. The
Reynolds number is calculated in the following way, with the wave data from paragraph 4.2:

Uu-D
Re=

\Y

D is the characteristic dimension (10% smaller) of the core materia and Vv is the kinematic
viscosity, which for water of 10 degreesis 1.33*10° m?/s.

y_PHL
2.h-T

This velacity calculation was presented by Keulegan in 1973 and represents the maximum seepage
velocity at the entrance face of the structure [HUGHES, 1993]. P is the porosity of the core
material, H,, the incident wave height at the toe, L, the incident wave length, h, the water depth

and T, the average wave period at the toe.
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The resulting Reynolds number is 600 for the lowest wave-series and 2100 for the highest wave-
series. From this follows that the porous flow inside the structure is not fully turbulent for all wave
series and minor viscous scale effects are expected. This is accepted, because the experiments are
process-orientated and the model is comparable with models from the representative institutes.
Furthermore is assumed that every experiment is influenced in the same way by these scale effects,
which cause the stability coefficients to be on the safe side.

The lea side of the model will consist of the unprotected core material with a slope angle of
cota=1.5. Inthisway the overtopping will generate a natural berm at the still water level (SWL).
The length of this berm will be measured and qualitative compared for all experiments.

Toe
The stability of the toe of the structureis not part of the research. To guarantee the toe stahility, it is
made of a stone-class comparable to the nominal diameter of the Antifer-blocks. The selected

stones have a weight, M, , of 172.67 gram, a mass density, p., of 2678 kg/m?, a nominal
diameter, D,,, of 3.96 cm and a gradation wide (D, g / D,,5) of 1.23. The sieve curve is given in
Appendix |; Properties of the materials. The thickness of the toe should be more than 2- D

n50,toe:
8cm and the top of the toe should be more than 1.5- H _ = 30cm beneath the still water level (SWL)
[CEM, 2006]. The toe-height will differ for the experiments, because of the determined number of

Antifer-blocks (425), the different placement methods (with different packing densities) and the
placement of the centre of the armour layer on SWL. The width of the toe has to be larger than

3-D = 12cm and smaller than 2-H_ = 40cm [CEM, 2006]. Because of the guaranteed

stability and the differing heights of the toe, a smaller width can be used, so the toe will less
influence the incoming waves on the armour.

n, Armour

Upper slope protection

As mentioned before, the number of Antifer-blocks is determined and the centre of the armour
layer will be placed on SWL. The length of the unprotected part of the under layer above the
armour layer will therefore differ for the different experiments. For equa up- and down-rush and
comparable amounts of overtopping this part together with the crest is filled with one layer of the
same stones which are used for the toe (nominal diameter in accordance with Antifer-blocks).

Placement method

The placement method is a structural parameter which has a high influence on the stability and is
closely bound with the packing density, interlocking and layer thickness of the main armour. The
impact of the placement method on the stability is the main objective of this research; the employed
placement methods will be discussed in chapter 5.
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3.2.3 Environmental parameters

The experiments are performed with irregular waves, based on arealistic wave field. Compared to
regular waves this gives more valuable results for practice. The use of a wave-flume makes it only
possible to simulate wave attack with an incident angle, #, of 90 degrees to the slope. This

perpendicular wave attack is often regarded as the most severe condition for the stability of the
armour layer. In this paragraph the most determining environmental parameters will be discussed.
Because of limitations in time and resources wave grouping and wave asymmetry are not examined.

Shape of the wave spectrum

The irregular wave field is best described with a variance-density spectrum. This type of spectrum
provides a statistical description of the fluctuating wave height caused by wind. Much empirical
research has been done to predict and generate a redlistic wave field. In the early seventies alarge
field experiment in the North Sea led to the JONSWAP-spectrum. The JONSWAP-spectrum is
used for the experiments and is also commonly used in other wave flume experiments, which
makes the laboratory data accessible for comparison. The JONSWA P-spectrum does hot represent a
fully developed sea (fetch limited to about 100km.). Its expression was generated by enhancing the
Pierson-Moskowitz spectrum with a peak-enhancement function [HOLTHUIJSEN, 2002]. This
resulted in the following equation:

1.

) o) A e 2}
EJONSWAP(f):a'gz'(Z”)_4' f‘sexp E( f j e 4 Z{U‘fpw] (3.8
4 fpeak

With o =0o, for f < f_, and o =0, for f > f .

The energy scale parameter, « , the shape parameters, y , o, and o, , and the frequency scae
parameter, fpeak , are free parameters. The mean values of the shape parameters of the JONSWAP
observations were; ¥ =3.3, o,=0.07 and o,,=0.09. These values are also used for the experiments

within this research. The significant wave height, H,,, can be determined from the variance-
density spectrum with the following equation:

H o =4-4m, (3.9)
With the total area of the spectrum being equal to the total variance:
m, = [ E(f)df (3.10)

Characteristic wave steepness
The wave steepness is a parameter which includes the characteristic wave height and the wave
length. The wave length is often written as a function of the wave period, see equation 3.11.

H, 2?” H, (3.11)

T2

Where s isthe wave steepness, H the significant wave height and T the wave period.
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In previous research VAN GENT et al., 1998 was concluded that there was no clear and consistent
influence of the wave stegpness on the stability. VAN GENT, 2006 recommended a steepness for the
peak period between 3 and 3.5%. This is comparable to a steepness of 5% for the mean period. Per
test the significant wave height will be gradually increased until the maximum possible to generate
wave height is reached. The peak periods in the input files for the different wave heights are
calculated with a constant wave steepness of 3.3%.

Number of waves

VAN DER MEER, 1988a showed in his research the importance of the storm duration (number of
waves, N ) on the armour layer stability. Because of limitations in time the total number of
generated waves is set between 1000 and 1500. Assumed is that if no damage occurs after 1000-
1500 waves, more waves will neither develop damage. It is aso assumed that the JONSWAP-
spectrum will be fully devel oped after this number of waves.

Characteristic wave height
Per test the incoming significant wave height at the toe will be gradually increased, to obtain
damage (instability). In this way the stability can be compared according the wave height were the

structure failed. To determine the significant wave heights, H, , which are required for the
experiments, the Hudson formula is applied. In this way the wave height where initial damage will
possibly occur for the irregular placement method can be found. A K -value of 7 is used, as

recommended by GUNBAK, 1999, see paragraph 2.3.2.
This leads to the following calculation:

3 3
H, =3V K, -cota| 2o-1| =3 64.9-7-1.5(@— j =13.3cm
Ey 1000

To check this wave height the derived formula by VAN DER MEER, 1988b for cubes and the
formulafor Antifer-blocks from CHEGINI AND AGHTOUMAN, 2001, as presented in paragraph 2.3.3,
are used.

Van der Meer formulafor cubes:

04
N od

N 0.3 m

Hs{e.?- +1.0]s;°'1~A-Dn

Derived formula by Chegini and Aghtouman for Antifer-blocks:

0.443

H, = {6.951- E"d +1.082} S0%LALD,

0.291 m

The results for 1000 waves, N, and a wave steepness, based on the mean period, of 5% are
presented in table 3.2.

N g H (cm), cubes H (cm), Antifer
Start of damage 0 8.2 8.4
Initial damage (needs no repair) 0-0.5 8.2-13.4 8.4-13.7
Intermediate damage (needs repair) | 0.5-1.5 | 13.4-16.3 13.7-17.0
Failure (under layer exposed) >2 >17.3 >18.2

Table 3.2; Van der Meer method for cubes and Antifer-blocks
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All formulas confirm that the start of serious damage will occur for a significant wave height
between 13.3 and 13.7cm. Significant wave heights from 9 to 20cm are used for the experiments. A
20cm significant wave height is about 150% of the wave height determined by the Hudson formula
for the initial damage. This is assumed to be enough to guarantee damage for economica (a
porosity above 40%) placement methods.

Water depth
The water depth h should be at least 3- H ¢, which results in a water depth of minimal 60cm. It is

possible for the wave-board to generate the required JONSWAP spectrum with a significant wave
height of 20cm in a water depth of 60cm. When the water depth is higher, the chance for
overtopping increases, which influences the wave attack (and stability) on the armour. Since the
focus of this research lies on the stability the experiments are performed with a water depth of
60cm.

3.2.4 Instrumentation

Two arrays of wave gauges are installed on the wave flume. One array is placed in front of the
foreshore to measure the deep water wave. The other is placed in front of the toe of the structure to
measure the wave attack on the structure. Every array consists of 3 wave gauges. This makes it
possible to accurately split the recorded surface elevation over timeinto incident and reflected wave
information.
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4 Experimental procedure

Every experiment consists of 3 parts; constructing the model, testing the model and analysing the
obtained data. These three parts will be discussed in this chapter.

4.1 Moded construction

First the model dimensions were drawn on the glass of the flume. It was necessary to sieve and
wash the stones for the core and the under layer before placing them. This was done to obtain the
required stone dimensions and to make sure the water stays clear during the tests. The core was
placed within the drawn dimensions and was not compressed, see figure 4.1. This is comparable
with the real construction and a high porosity is obtained. The under layer was placed again for
each experiment, because of the possible compression of the layer by the Antifer-blocks during
placement and tests. Before placing the Antifer-layer the theoreticaly length of the layer was
calculated for the regular placement methods, with the packing density, and estimated for the
irregular placement method. In this way the necessary height of the toe was determined because it
was attempted to place the centre of the Antifer-layer for every experiment on the still water level.
After placing the toe in a stable way the Antifer-blocks were placed one by one. For the regular
placement methods the required distances between the blocks depended on the pattern and the
packing density. They were loosely placed on the under layer at the intended position. For the
irregular placement the blocks were placed by letting them fall free from a few centimetres above
the intended position. This was done to increase the irregularity of the placement. LOSADA, 1986
and YAGCI et al., 2003 placed the blocks by dropping them from a height of 30cm. This however is
not standard practice and does not replicate real construction. As mentioned in paragraph 2.2.3 it is
possible to place the blocks in reality with a high accuracy. For both methods the units were placed
in coloured bands, to improve the visuaization of the displacement, which determines the damage.
After placing the Antifer-layer the upper part of the slope was filled up with one layer of the same
stones the toe was constructed with.

When the building of the model was completed the actual length and the heights of the extreme
points of the Antifer-layer were measured. Ropes were tightened on the side of the flume to
visualize the different heights (reference areas). Thereupon photos were taken from the front and
the side of the structure, see figure 4.2. Finally the wave flume was filled with water up to a height
of 60cm and the wave gauges were calibrated.

Figure 4.1: Core of the Figure 4.2: Side view of the model
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4.2 Test procedure

For al the experiments the same wave series were applied. The different significant wave heights
were determined as described in paragraph 3.2.3 and the associated peak periods for a wave
steepness of 3.3% were calculated. With these values the input files for the wave generator were
computed. The measured incoming significant wave height came out a little lower than was put in.
Because the wave steepness for the peak period lied within the limit of the recommended 3-3.5%,
the input files were not adapted. Wave characteristics measured in front of the foreshore (deep
water wave) and in front of the toe, averaged over all experiments, are presented in table 4.1. The
obtained wave spectra from the two measuring places for the first experiment for an input wave-
height of 14 cm are presented in figure 4.3 and 4.4. For all wave data per experiment is referred to
Appendix I11; Obtained data.

I nput

Output; incident wave at deep water

Output; incident wave at the toe
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3.7
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161

1.70
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Table 4.1: Wave characteristics
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Figure 4.3: Wave spectrum at deep water
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Figure 4.4: Wave spectrum at the toe

tA

For every run a standard procedure was followed. First a photo was taken of the armour layer from
afixed position perpendicular to the armour layer. Hereafter the video camera was turned on for the
first five minutes and the wave-generator was started. When the first waves reached the structure
the measuring programme (Dasylab) for the wave gauges was started. During the test the armour
layer was closely observed and block movements were noted down.

38

P 5
hydRONAMIC TUDelft



Experimenta procedure

4.3 Experiment analysis

This paragraph discusses how every test is analysed. After the construction of the mode the
packing density and the porosity are determined. Thereafter the model is tested and the wave
characteristics and the stability are calculated. All the analyses for the performed experiments are
presented in the next chapter.

4.3.1 Packing density

In paragraph 2.4.2 was already mentioned that there are many different methods for computing the
porosity and the density. A packing density, based on the surface occupation ratio, will be used for
this research. An advantage of this method is that together with the damage value, which
determines the block volume, the total required volume of concrete and the required number of
blocks per surface can be simply calculated. This, among other things, determines the suitability of
the placement method. The use of the surface packing density makes it also possible to compare the
irregular with the regular placement methods. The standard porosity calculation does not give such
agood insight in the density of the layer because of the different layer thicknesses.

The packing density, i/ ¢, is the ratio between the real number of blocks and the maximum possible
number of block volumes per surface unit averaged per layer and is expressed as:

N N, -D?
pg=—8B =B i [me/m?] (4.1)
NPBL B-L

N g, = number of blocksin area B*L per layer

B-L . . .
Npg = D7 = maximum possible number of block volumesin areaB-L per layer

n

D, = 3,/0,) = nominal diameter block

V, = volume per block

B = width of area
L = Iength (on slope) of area, which was measured for every experiment
See figure 4.5, where the hatched area indicates the number of blocks.
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Figure 4.5: Definitions for the calculation of g
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For aregular placement method it is possible to apply adifferent packing density per layer, v o, and
¥ s, - The overal packing density then follows from:

+
S:‘//51 2Wsz 4.2)

For the irregular placement method all the blocks in the area are counted and divided by the number
of layers (2) to get the N, .

This method gives the same results as a solid density,d , calculation with an armour thickness;
t=n-k, -;‘W , Where the layer thickness coefficient, k, , is equal to 1. For a solid density

calculation the total volume of concrete per surface is divided by the volume of the armour layer for
that area:

i n- NBL 'Vb _ NBL .Vb2/3 zﬁ (V2/3 — D2) (43)
B-Lt B-Lk, k" n

For abreakwater design the total required volume of concrete per surface unit,V,, can be calculated

by multiplying the packing density (surface-occupation) by the number of layers and the required
nominal block diameter, which follows from the damage coefficient. Thisresultsin:

Vi=psngy,  [mnd (4.4)

Where /4 is now a constant value, depending on the chosen placing pattern. The corresponding
stability parameter determines the block volume.

The required number of Antifer-blocks per surface, N, , is calculated by dividing the volume of
concrete per surface unit by the required block volume. Thisresultsin:

V., ws-n
Nt = V_:) = ﬁ [-/m2] (45)

4.3.2 Porosity

The porosity has no use for directly comparing the different placement methods because of the
different layer thicknesses. The void ratio, however, is a meaningful property of a placement
method. The rea porosity for the placement methods is calculated. Therefore the layer thickness

has to be determined for every experiment. The real porosity, P, , is expressed as:

P=1-d=1- (%J (4.6)
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For the irregular placements the layer thickness coefficient is specified by the CEM, 2006 and the
BS, 1991 as 1.10 for (modified) cubes. A commonly used coefficient for irregular placed double
layered Antifer-armour is 1.076. This follows from alayer thickness, t = 2-a :

t=n-k, -3V, 4.7)

Vv 1/3
t:2-a:2-( j =2.1.076-(V)"*

0.8024

For regular placed blocks the layer thickness coefficient is different because of the possible
intrusion of the second layer into the first layer. The porosities will be determined for every
placement method, by measuring or calculating the layer thickness.

4.3.3 Wave characteristics

For every wave series the wave characteristics were calculated, from the measured data from the
wave gauges, with Matlab. The wave characteristics from the measuring point in front of the toe of
the structure are used for the stability analysis. Per wave series the data consist of the incoming

significant wave height, H the reflected significant wave height, H,, and three periods,

mo *

namely the peak period, T , and the average periods, T o, and T .. With these values the

p!
associated wave steepness, the reflection coefficients, C, , and the stability parameter,

S

S

are calculated. The wave steepness can be included in the stability analysis by

n

tana

Vs

this research the value for the wave steepness and the storm duration (1000-1500 waves) is kept
constant for every test and will therefore be not included in the stability analysis.

employing the dimensionless Iribarren surf similarity parameter, & = [SCHIERECK, 2001]. In

4.3.4 Stability

For the calculation of the armour layer stability the Hudson formula is applied, see equation 4.8.
This formula is based on the significant incoming wave height at the toe were the last tolerable
damage ratio appears.

H 3
Ky = mo (4.8)

3
Vb~cota-(&—1j
Pw

The damage ratio is caculated with equation 4.9, in which displacement is defined as the
movement of a block more than one nominal diameter.

number _of _displaced _units
Total _number _of _units_within_reference _area

DamageRatio = 4.9
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The reference area has to be defined, because the movement of the units is not uniformly
distributed over the slope. In general, most movements take place within the levels SWL + Hs. This

results in a reference area for the calculation of K, of SWL + 20cm. This is the maximum tested
significant wave height and is equal to SWL +5-D,,. For every experiment the different damage
ratios will also be graphical presented as values of different reference areas.

To visualize the movements within the layer, the overlay technique was used. Photos were made
after every test-run, when the water was tranquil again, from exact the same location. These photos
were printed on overhead-slides and the block positions were visual compared, by overlaying, with
the positions on the photo that was taken before the first test-run. The moving blocks in the second
layer were counted. The blocks connecting to the glass of the flume were not included, because of
the possible wall-effect. They are at one side not connected to the other blocks in the armour layer,
which may influence their stability. Other blocks which move because of the movement of these
wall-blocks are also not included. In this way 4 different types of movement were counted for the
different reference areas. The 4 types of movement are expressed in relation to the nomina
diameter: 0.0-0.5-D,, 0.5-1.0-D,,, 1.0-2.0- D, and >2.0- D, . Movements of the type >1-D, are

called displacement.

For placement methods which are easy to repair, the stability parameter K, (the H stands for

Hudson), is calculated. Easy repairable placement methods are the irregular placement and
placements where the holes of the first layer are irregular filled up with the second layer. The

stability parameter, K, , is based on the significant wave height were the first displacements
appear within a damage ratio of 0-5%. If this first damage exceeds the damage ratio of 5%, the
significant wave height from the preceding wave-series is applied to calculate theK ,, -value. This

method was also used by Hudson, as described in paragraph 2.3.2. When one block of an irregular
placement method displaces during the first wave attack the block is not included, because the layer
always settles a little during the first waves. A displacement is then not a sign of instability of the
layer but of an individual badly placed block.

For regular placement methods a different damage level is required. This is also noted in the BS,
1991. The displacement of afew unitsin aregular placed armour layer is very problematic, because
the method obtains its stability from a strict pattern. When this pattern is disturbed it results in a
chain reaction. The layer cannot be repaired by filling up the hole, because the upper blocks tend to
dlide down. Blocks from the upper rows, which rested on the displaced block, have to be removed
to repair the layer. Therefore a damage ratio of 0% is required. The significant wave height before
the wave-series in which the first displacement appeared is applied for the calculation of the

stability parameter, K, , for regular placement.

To compare the irregular placement with the regular placement methods another stability parameter
is required. From the tests on the irregular placement methods was observed that after the initial
damage occurred there is a wave series where the damage ratio suddenly rapidly increases and
exceeds the 5%. In this stage also a chain reaction of settlement takes place and repair is necessary.

The K, -vaue is calculated with the significant wave height where the damage ratio was still
below 5%, K _s, . This Ky _g,, -value for irregular placement is comparable to the K, -value for

regular placement, because both values are based on the wave-series before failure (great repair
work).
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For every experiment the damage development is presented in N and K -values. Thisis done by
calculating these values for a damage ratio of O, 1, 3, 5, 10 and 15 percent. The K -values are
calculated with the N -values, which are derived by interpolation. Also graphs are drawn with the
movement ratios for the movements; 0.0-0.5-D,,, 0.0-1.0-D,, 0.0-2.0: D, and >0.0- D,,, versusthe
dimensionless stability parameter, N, . In thisway a visual impression of the damage development
isgiven.

Rocking is not specified in the stability analysis, because rocking is mostly problematic for slender

armour units, for which it can result in breakage of the units. In this report the possible structura
damage and resulting reduction in stability is not taken into account.
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5 Performed experiments

The experiments were not al planned in advance. For the first experiments a schedule was made
with different placement methods, which could be tested. With the results from the analyses of
these tests new experiments were planned. In the first paragraph of this chapter the followed
programme is discussed, the second paragraph describes the way the experiments are presented and
thereafter all 17 performed experiments are presented. In Appendix |l an overview is given of the
performed experiments and in Appendix |11 all the obtained data is presented on a CD.

51 Experiment programme

A placement is determined by three choices; the pattern for the first layer, the pattern for second
layer and the way the blocks are placed, per row or per layer. At the start of the research a schedule
was drawn with a general overview of the possible placement methods, see figure 5.1. In this
schedule the pictures for the regular placement are top views, wherein distance X directs along the
slope and distance Y directs over the slope. When after placing the average valuesfor X and Y are
calculated the packing density can be calculated with:

D2
XY

v, - (5.1)

The pictures for the placement are side views. When the blocks are placed per layer first 4 rows of
thefirst layer are placed and thereafter 4 rows of the second layer are placed. This continues for the
whole slope.

First layer Second layer Placement

-1, Irregular -a, Irregular -A, Row by Row
Regular Regular 5 8

-2, Square grid -b, Square grid 4 ¢ 7

II}
BI

-d, Filling up the holes
Figure 5.1: General overview placement methods
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There are more options for the regular placement of the first and second layer. The blocks can be
placed on their side, top or under an angle. In this research the Antifer-blocks are placed on their
bottom. Alternatives are considered for the square-grid and pyramid pattern by turning the blocks
over 45 degrees, seefigure 5.2.

Figure 5.2: Turned blocks within the square-grid and pyramid pattern

With the schedule from figure 5.1 the first experiments were planned and with the results new
experiments were planned. A short description of the followed programme is given beneath. An
overview with packing densities can be found in Appendix Il. In the following paragraphs al the
experiments are discussed in detail.

3dA, closed pyramid method, the blocks of the second layer direct to a different side per row.
1aA, irregular placement, placed row by row.

2bB, column method with spreading over the slope (distance Y).

3dB, filled pyramid method, the blocks of the second layer are irregular placed in the holes
1aB, irregular placement, placed layer by layer.

S A

From experiment 3 followed that the blocks did slide down the slope. So experiment 3 was
repeated without spreading over the slope.

2bB, column method with Y =bottom length.

3cB, double pyramid method with spreading over the slope.

3bB column method under an angle, testing oblique wave attack.
3cB, double pyramid method with Y =bottom length.

©oNO®

After the first nine experiments was concluded that with spreading over the slope (distance Y) the
methods became less stable for the same packing density. For the irregular methods experiment 5
turned out to be the most stable. For the regular placement the column method and the double
pyramid method turned out to be the most stable. The column method has as disadvantage the high
overtopping, the instability due oblique incoming waves and the high pressures on the toe.
Therefore further testing was done to optimise the double pyramid method. Both alternatives with
turned blocks are not performed because of the diding down of the blocks and the disadvantages of
the column method.

10. 3cB, double pyramid method, experiment 9 with lower packing density.

In experiment 10 the second layer was placed a little shifted over the slope (? -¥4- D, ) on the first

layer. This resulted in lower reflection coefficients. More tests were planned with the staggered
double pyramid placement.

11. 3cB, double pyramid method, experiment 10, now placed around ¥%2- D, staggered.

12. 3cB, double pyramid method, experiment 10 with lower packing density.
13. 3dA, closed pyramid method, experiment 1 with higher packing density.
14. 3dA, closed pyramid method, experiment 1 with lower packing density.

15. 3cB, double pyramid method, experiment 10, now placed around %- D, staggered.
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The last two experiments are chosen to test the reproducibility of the experiments.

16. 1aB, irregular placement layer by layer, experiment 5 with alittle lower packing density
17. 3cB, double pyramid method, experiment 10, now 0-? - D, staggered.

It was considered to test the double pyramid method with different packing densities for both
layers. This however would result in the turning of the blocks of the second layer into the holes of
the first layer, which makes regular placement of the second layer impossible. Also the turning of
blocks over 45 degrees for a complete row was considered. This however would result in a far
higher packing density, which is not efficient.

5.2 Experiment presentation

For every performed experiment a description, a visualisation and the layer properties, which
follow from the model construction, are given. The layer properties are expressed with the

horizontal spreading ratio, X / D, (only for regular placement), the diagonal spreading ratio, Y /D,

(only for regular placement), the packing density, the layer thickness, the layer thickness
coefficient, the solid density and the porosity. The way the layer thickness is derived is presented in
a figure. Thereafter the model was tested. The wave characteristics obtained at the toe of the

structure, the stability parameter, N, and the derived characteristics of the placement method are
presented in a table. The wave characteristics are represented by the incoming significant wave
height, H,,, and the different wave steepness’, s, S5, and S, ;,. The characteristics of the

placement method are expressed with the reflection coefficient, C,, and the damage ratios. The

presented damage ratios are obtained by the overlay method within the reference area SWL+20cm
(or SWL+5-D,)). The damage ratios for the movements 0.0-0.5-D, , 0.5-1.0-D,, and 0.0-1.0-D,,

are indicated withM,, M, and M, respectively. The damage ratios for the displacements 1.0-
2.0:D,, >2.0:- D, and >1.0- D, are indicated with D,, D, and D, respectively. Hereafter the
observed phenomena during the tests are described, the stability is analysed and the K -value is
calculated. The damage development is presented in N and K, -values for the damage ratios: 0, 1,
3, 5, 10 and 15 percent. Graphs are drawn with the movement ratios for the movements; 0.0-
05-D,, 0.0-1.0-D,, 0.0-2.0-D, and >0.0-D,,, versus the dimensionless stability parameter, N,.
In this way a visual impression of the damage development is given. The displacement ratio D, is

also plotted for different reference areas. These graphs show if the damage is equal divided over the
slope or if most displacements take place around SWL, which means:. the larger the reference area,
the lower the damage ratio.

mo ’
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53 Experiment 1

The Antifer-blocks are placed row by row. The blocks in the first layer are placed with fixed
horizontal distances from one another and in a regular position, with their grooves perpendicular to
the slope. The blocks of the second layer are placed diagonal for the first row directing to the left,
for the second row to the right and so on. They fill up the gaps between the blocks of the first layer.
The blocks of the second layer are clamped by the blocks from the next row of the first layer, which
integrates both layers. The pattern has atriangular shape and the blocks of the second layer close up
the holes in the first layer. Therefore this method is called, the closed pyramid method, see figure
5.3 and 5.4. The properties of the layer are presented in table 5.1 and figure 5.5 (measurements in
cm.) and the test results are presented in table 5.2.

Figure 5.3: Photo of experiment 1 Figure 5.4: 3D drawing of experiment 1

Hor. spreading ratio, X / D, 1.88
Diag. spreading ratio,Y /D, 1.07

Packing density, i/ ¢ 49.7 %

Layer thickness, t 8.1cm

Layer thickness coefficient, k, | 1.01

Solid density, d 49.3 % !

Real porosity, P, 50.7 % 22 | 32 l_' 22 |
Table5.1: Layer properties Figure 5.5: Thickness derivation

H mo Sp Smo,l Smfl,o Cr N s M 1 M 2 M t D1 Dz Dt
cm | ) | ) | ) | (9 ) ) | ) | ) | ) | (B | )
9.06| 3.01| 406, 352| 338| 150 0.7 0.0 0.7 0.0 0.0 0.0
11.03| 3.09| 397| 357| 349| 182 3.9 0.0 3.9 0.0 0.0 0.0
12.87| 3.02| 388| 364| 36.1| 213 6.6 0.0 6.6 0.0 0.0 0.0
1463| 3.03| 390| 367| 389 242 7.2 0.0 7.2 0.0 0.3 0.3
16.12| 3.03| 3.86| 363| 41.7| 266| 211 00| 211 0.0 13 13
1757| 2.89| 4.13| 372| 467| 290 253 0.0/ 253 0.7 3.6 4.3
1891| 277| 4.16| 367 486| 312| 28.0 1.3| 29.3 0.7 7.9 8.6
20.10| 2.70| 4.34| 359| 505| 332 319 0.3| 322 10| 11.2| 122
Table 5.2: Test results within the reference area SWL +20cm
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Performed experiments

During the wave series H = 14.63cm, the overtopping started and the first block was displaced,

while the movement ratio was still low. The first displaced blocks lay near SWL. From there on
more blocks, upward the slope, were displaced (chain-reaction), see figure 5.6. The layer obtains its
stability from the clamping of a block of the second layer by a block of the next row of the first
layer. When a block of the second layer is displaced, the clamping block above, of the first layer,
moves down al little. This loosens the block above of the second layer etc. The stability-value for
this regular method is calculated from the last stability parameter where no displacements occurred,
N, = 2.13. From this follows:
N
Koo P 6.4

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.3. In figure 5.7 the damage ratios for the displaced units, are
presented for the different reference areas. From this figure follows that most displacements take
place around SWL.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N 2131259 280|294 |320 | -

S

Ko 64 | 116 | 146 | 169 | 21.8 | -
Table5.3: N, - and K, -valuesfor different damage ratios ( D, )

50 20
45 || ——+-- 0.0-0.5Dn --+--+-25Dn
° —a——+/- 3.0*Dn
40 || ——0.0-1.0*Dn / ~—— = —+/-3.5*Dn
15 | —e —+/-4.0*'Dn
35| —= —0.0-2.0Dn Lo~ - -x - - +/- 4.5*Dn
X e A | X —=——+/-5.0"Dn
S 30 b >0.0*Dn ///}/ b — - ?.S*Dn
225 | //l/ 210 (| ———-fota
IS 20 - / e
g / g
15 | /
5 L
0| /
e
5+ o
0 l/ I I I I I I I I 0 -— = -
14 16 18 20 22 24 26 28 30 3.2 34 14 16 18 20 22 24 26 28 30 3.2 34
H mo /ADnSO H mo /ADnSO

Figure 5.6: Damage for different movements  Figure 5.7: Damage for different reference areas
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54 Experiment 2

The Antifer-blocks are irregular placed row by row. No pattern and no strict positioning is
followed, see figure 5.8 and 5.9. The blocks were dropped individually from a few centimetres
above the slope. An attempt was made to make the layer as porous as possible. The properties of the
layer are presented in table 5.4. The layer thickness is determined from the photo by drawing aline
at the average height of the layer, figure 5.10. The test results are presented in table 5.5.

Figure5.8: Photo of experiment 2 Figure 5.9: 3D drawing of experiment 2

Packing density, /¢ 57.0%

Layer thickness, t 8.7cm

Layer thickness coefficient, k, | 1.08

Solid density, d 52.7 %

Real porosity, P. 47.4%
Table 5.4: Layer properties Figure 5.1: Thickness deriaIi on

Hoo | So | Smox | Smao | C, Ne | M | M, | M | D, | D, D,
cm | ) | ) | ) | (9 QO 1@ | | @ | | O | *
9.12| 3.10| 4.04| 355| 304| 151 6.5 11 7.6 0.0 0.0 0.0
11.06| 3.03| 394| 358| 317| 1.83| 135 11| 146 0.0 0.0 0.0
12.87| 3.02| 388| 3.62| 325| 213| 20.0 20| 220 0.0 14 14
1471 3.04| 391| 3.67| 350| 243| 287 2.8| 315 0.0 25 25
16.33| 3.06| 394| 3.69| 359| 270| 220 3.7, 256 20| 12.7| 146
17.70| 2.86| 4.22| 376| 39.2| 292 - - - - - -
19.04| 291| 4.24| 3.73 419 3.14 - - - - - -
20.25| 2.84| 439| 364| 449| 334 - - - - - -
Table 5.5: Test results within the reference area SWL +20cm

During the first wave attack one block rolled down. The next wave-series no displacements were
observed. Concluded is that this displacement was not a sign of instability of the whole layer but of
an individual badly placed block. Therefore this block was not taken into account for the stability
calculation.
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Performed experiments

The armour layer behaved very tough. There were a lot of movements (settlement of the layer)
before the layer was damaged, see figure 5.11. The initial damage started at H, ,= 12.87cmin the
middle of the layer between minus 10 cm. SWL and SWL. This centre of displaced units spread out
to the sides. As a result the blocks from above, from the second layer, rolled down. In this stage
great holes appeared in the upper part of the layer (repair is easy). At H, ,=16.33cm the layer
completely failed. The layer obtained its stability from the downward directed pressure (gravity)
and from interlocking. The Hudson stability-value for this irregular method is calculated from the
stability parameter where the first real displacements occurred (below 5%), N = 2.13, where the
damageratio is 1.4%. From thisfollows:

N3

K. =
P cota

=6.4

The stability value before failure, which makes the irregular method comparable to the regular
methods, is calculated with N = 2.43, where the damage ratio is 2.5%. From this follows:

N3

——=94
cota

D<5% —

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.6. In figure 5.12 the damage ratios for the displaced units, are
presented for the different reference areas.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N, 183 | 204 | 244 | 249 | 2.60 -
Ko 4.1 57 9.7 | 102 | 11.7 -

Table5.6: N, - and K, -valuesfor different damage ratios (D, )

45 25
--+--0.0-0.5*Dn --+-- +/-25Dn
07 * e —a—— +/- 3.0*Dn /‘
35 L —a—— 0.0-1.0*Dn / 20 — = —+/-3.5*Dn 4/,'.
— = —0.0-2.0*Dn / . —=e —+/-4.0°Dn ,/”
30 S --ox- - +-45Dn 1/
S - ~>00n /:\\\ X S 15 —e——+/-5.0*Dn ]
o 25 /// <. a P ol S
€ 20 ¢ ////‘ S 10 L /)’
IS - IS /
015 | < a
10 t /// / 5 |
5 L
0 0 — L
1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
H,o/AD,g H o/ AD s

Figure 5.11: Damage for different movements Figure 5.12: Damage for different reference areas
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55 Experiment 3

For experiment 3 the Antifer-blocks are placed by the square-grid method, see paragraph 2.4.4.
They are placed loosely on the slope, row by row. The blocks in the first layer are placed with fixed
horizontal distances from one another and in a regular position, with their grooves perpendicular to
the slope. An attempt is made to spread the different rows, by placing the blocks with distances in
between over the slope. They were placed with a diagonal spreading ratio of 1.34, but they did dide
down (as mentioned in paragraph 2.4) and this ratio became 1.18. In the prototype situation this will
lead to the use of more blocks than planned. Because of the sliding down of blocks columns where
formed and the positioning of the blocks became more irregular. Therefore this method will be
referred to as the column method with irregular positioning. The blocks of the second layer are
placed in the same grid as the first layer only horizontally moved, such that they are positioned over
the gaps between the blocks of the first layer, see figure 5.13 and 5.14. The second layer does not
intrude the first layer, but is placed on top of it. Therefore the layer thickness is equal to 2-h. The
properties of the layer are presented in table 5.7 and figure 5.15 and the test resultsin table 5.8.

Figure 5.14: 3D drawing of experiment 3

Hor. spreading ratio, X / D, 157
Diag. spreading ratio,Y /D, 118

Packing density, i/ ¢ 54.2%

Layer thickness, t 8.2cm

Layer thickness coefficient, k, | 1.02

Solid density, d 53.1%

Real porosity, P. 46.9%
Table5.7: Layer properties Figur 5.15: Thickness divati on

Hro | Sp | Smoa | Smao | C, Ne | M | M, | M | D, | D, | D
cm | ) | @ | | @ | O [ @ | ) | ) | O | B |

9.13| 310| 411, 357 31.3| 151 2.6 0.0 2.6 0.0 0.0 0.0
11.02| 3.09| 397| 357| 312 182 5.9 0.0 5.9 0.0 0.0 0.0
12.79| 3.01| 391| 362| 320| 211| 122 03| 125 0.3 0.0 0.3
1471 3.12| 3.92| 367| 344| 243| 221 03| 224 0.3 0.0 0.3
16.23| 3.05| 3.90| 3.68| 375| 268| 26.7 23| 29.0 0.7 0.3 1.0
1761| 290| 4.17| 3.73| 436| 291| 327 33| 36.0 1.3 0.3 17
1885| 2.88| 4.20| 3.67| 46,7, 3.11| 380 46| 426 1.3 0.3 17
19.92| 2.67| 4.36| 356| 495| 3.29| 38.0 53| 432 1.3 1.7 3.0
Table 5.8: Test results within the reference area SWL +20cm
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The first displacements were observed between minus 10cm SWL and SWL. Because of the
attempt to spread the blocks over the dope some blocks in this area were not pressed down well
enough by blocks from above (they were on the top of small columns). The column above stayed
stable because of the more irregular positioning the blocks rested on the edge of the top of the

underlying block of the first layer. The first block was displaced during wave series H =

12.79cm. The overtopping started 2 wave series later. In the columns there is a downward directed
pressure build up, which results in high forces on the toe. A block is clamped between two other
blocks, without side-support. Oblique incoming waves can therefore be of great influence on the
stability. During higher wave-series the columns at both sides of the layer completely failed
because of the “wall-effect” (they were therefore not counted). This subscribes the possible high
influence of oblique incoming waves. One block is pressed out and the rest of the column slides
down (if the blocks don’t rest on the edge of the top of blocks from the first layer). New blocks for
repair can than be added at the top of what is left of the column. The centre of the slope turned out
to be very stable. Graphs for the behaviour of the layer are drawn in figure 5.16. The damage ratio
for the displaced blocks increased very slowly and for the complete test only 3% displacements
occurred. The stability-value for this regular method is calculated from the last stability parameter

where no displacements occurred, N = 1.82. From thisfollows:

N 3
K., = S =40
P cota

This value alone does not give a good representation of the method, because the slow damage
development is not included. For the presentation of the damage development the N - and K -

values were calculated for different damage ratios, see table 5.9. In figure 5.17 the damage ratios
for the displaced units, are presented for the different reference areas.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N 182 | 2.68 | 3.29 - - B

S

Ko 40 | 128|237 | - - -
Table5.9: N, - and K -valuesfor different damageratios (D, )
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Figure 5.16: Damage for different movements Figure 5.17: Damage for different reference areas
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Performed experiments

5.6 Experiment 4

For experiment 4 the blocks of the first layer are placed by the regular pyramid pattern. After every
4 rows of the first layer the second layer is placed by dropping the blocks above the holes. This
method is therefore called the filled pyramid method, see figure 5.18 and 5.19. The irregular
positioned second layer is not integrated with the first layer like the first experiment. The properties
of the layer are presented in table 5.10 and figure 5.20. Because of the irregular positioned second
layer the average is taken for the layer thickness, which is twice the height of the blocks. The test
results are presented in table 5.11.

.-:L:,:\

Figure 5.18: Photo of experient 4 “ Figure 5.19: 3D drawing of experiment 4

Hor. spreading ratio, X / D, 1.88
Diag. spreading ratio,Y /D, 1.08

Packing density, i/ ¢ 49.1%
Layer thickness, t 8.2cm
Layer thickness coefficient, k, | 1.02
Solid density, d 48.1 %
Real porosity, P 51.9% i
Table 5.10: Layer properties Figure 5.20: Thickness derivation
Huwo | Sp | Smos | Smao | C, N M, | M, | M, D, | D, D,

S

CURROORECORECORECOREOENECONECONECONECO)RECONECY),

9.13| 3.03| 4.11| 356| 0.313| 151 8.6 0.0 8.6 0.3 0.0 0.3
11.02| 3.09| 396| 358| 0321 1.82| 237 0.3| 240 1.0 1.0 2.0
1294| 3.04| 391| 366| 0329, 214| 319 1.0| 329 0.7 3.3 3.9
1471 311 395| 369| 0.350| 243, 309 72| 382 0.7 5.9 6.6
16.29| 299| 393| 3.69| 0362 269| 283 59| 34.2 1.0| 135| 145
17.89| 2.88| 4.20| 3.78| 0411 295 - - - - - -
19.12| 2.92| 4.19| 372| 0436| 3.16 - - - - - -
20.32| 2.72| 432| 3.62| 0456| 3.36 - - - - - -
Table 5.11: Test results within the reference area SWL +20cm
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Within the first wave series blocks are displaced around SWL. This is because the blocks of the
second layer have no integration within their layer such as. downward pressure (like experiment 3)
and interlocking (like experiment 2). There is also no integration with the first layer, like the
clamping as in experiment 1. Repair however is very easy by placing a new block in the revealed
hole. Because the first displacements already occurred at the start of the test, the start of damage
was not indicated. Graphs for the behaviour of the layer are drawn in figure 5.21. The stability-
value for this semi-regular method is caculated from the first wave series were the first

displacement was observed, N = 1.51. From thisfollows:

N 3
K = s =23
P cotar

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.12. In figure 5.22 the damage ratios for the displaced units, are
presented for the different reference areas.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N - 164 | 199 | 226 | 254 | -

S

Ko - 29 | 524 | 77 | 109 | -
Table5.12: N, - and K, -valuesfor different damage ratios ( D, )

50 —
40
/ A~
35 1
< K- __
30 L e e
) . ~e
g 25 ——+-- 0.0-0.5*Dn
£20 ¢ e
Q45 | — &+ 0.0-1.0*Dn
10 | ~—— = —0.0-2.0*Dn
5 L —= —>0.0"Dn
0

14 16 18 20 22 24 26 28
HmO/ADnSO

Figure 5.21: Damage for different movements  Figure 5.22: Damage for different reference areas
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Performed experiments

5.7 Experiment 5

The Antifer-blocks are irregular placed per layer. First the complete first layer is placed from the
left corner at the bottom up to the upper corner at the right. Hereafter the second layer is placed in
the same way, mainly filling up the holes of the first layer. No pattern and strict position is required,
see figure 5.23 and 5.24. The blocks were dropped individually from a few centimetres above the
slope and an attempt is made to get a porous layer. The properties of the layer are presented in table
5.13. The layer thickness is determined from the photo by drawing a line at the average height of
the layer, seefigure 5.25. The test results are presented in table 5.14.

iy !

Figure 5.23: Photo of exeriment 5 Figure 5.24: 3D drawing of experiment 5

Packing density, /¢ 61.1%

Layer thickness, t 8.3cm

Layer thickness coefficient, k, | 1.03

Solid density, d 59.2%

Real porosity, P. 40.8% . )
Table 5.13: Layer properties Figure .25: hi ckness deriaIi on

H mo Sp Smo,l sm—l|0 Cr N s M 1 M 2 M t D1 Dz Dt
cm | ) | ) | B | ) O 1O | | | | | @
9.15| 3.03| 4.08| 356, 32.7| 151 14 0.0 14 0.0 0.0 0.0
11.08| 3.04| 397| 358 3304 183| 104 06| 11.0 0.0 0.3 0.3
12.87| 3.02| 387| 362| 338| 213, 223 0.6| 228 0.0 0.3 0.3
14.70| 3.11| 390| 366| 36.4| 243 35.2 11| 36.3 0.0 0.6 0.6
16.29| 3.06| 392| 3.67| 39.7| 269| 40.6 34| 439 0.0 0.6 0.6
1756| 2.83| 394| 361| 429| 290 352 93| 445 0.0 11 11
18.78| 2.81| 4.03| 366| 457 310| 231| 16.6| 39.7 0.3 5.6 5.9
20.09| 2.70| 4.37| 359| 46.7| 332| 169| 118| 287 0.0/ 18.3| 183
Table 5.14: Test results within the reference area SWL +20cm
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During the tests there was a lot of settlement in the middle of the layer which developed to the top.
The first displacements occurred during the second wave series around SWL. From here the
number of displacements around SWL increased up to the final wave series, when also blocksin the
upper part of the layer were displaced. Figure 5.26 shows the behaviour of the layer. Because of the
settlement and displacements the part below SWL (around 10cm) became very densely packed and

above SWL (around 10cm) very loose. The overtopping started at H,,= 17.56cm. The stability-
value for this irregular method is calculated from the stability parameter where the first
displacements occurred (below 5%). Thiswasfor N = 1.83, where the damage ratio is 0.3%. From
thisfollows:

N

Ko, = —41
PH T cota

The stability value before failure, which makes the irregular method comparable to the regular
methods, is calculated with N = 2.90, where the damage ratio is 1.1%. From this follows:

NS
cota

= 16.3

KDI =

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.15. In figure 5.27 the damage ratios for the displaced units, are
presented for the different reference aress.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N 151|286 | 298 | 3.06 | 3.17 | 3.26

S

Ko 23 | 156 | 176 | 191 | 21.3 | 231
Table5.15: N, - and K -valuesfor different damage ratios ( D, )

50 30
45 ||-—+--0.0-05Dn . ——e-- +-25Dn
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—— = —0.0-2.0*Dn . \ — » — +/- 3.5*Dn
o 3% [+ —>00Dn . \ £ 20 || —+ —+-4.0Dn
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Figure 5.26: Damage for different movements Figure 5.27: Damage for different reference areas
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Performed experiments

5.8 Experiment 6

From experiment 3 appeared that it was not possible to place the blocks regular with distances
between on another over the dope, because the blocks dide down. Therefore the column method
was tested with only horizontal spreading to obtain a regular pattern. The blocks were placed row
by row and the blocks of the second layer were placed over the gaps of the first layer, see figure
5.28 and 5.29. The layer thickness is equal to two times the block height. The properties of the
layer are presented in table 5.16 and figure 5.30 and the test resultsin table 5.17.

Figure 5.29: 3D drawing of experiment 6

Hor. spreading ratio, X / D,, 1.88

Diag. spreading ratio,Y /D, 1.08

Packing density, /¢ 49.1%

Layer thickness, t 8.2cm

Layer thickness coefficient, k, | 1.02
Solid density, d 48.1%

Real porosity, P. 51.9% L : "

Table 5.16: Layer properties Figure 5.30: Thickness derivation
H mo Sp Smo.1 Sm-1.0 Cr Ns M 1 M 2 M t D1 Dz Dt
cm | 9 | @ | O | @) 0 | ) | ) | ) | B |
9.06| 300, 398| 349| 36.0f 1.50 0.7 0.0 0.7 0.0 0.0 0.0

11.07| 3.10| 395| 357 37.3| 183 6.6 0.0 6.6 0.0 0.0 0.0
1277 3.00| 385/ 361| 385| 211| 132 0.0| 132 0.0 0.0 0.0
1456, 3.08| 3.70| 360 38.7| 2404 353 00| 353 0.0 0.0 0.0
16.27| 3.05| 386| 367 428| 269| 452 0.0 452 0.0 0.0 0.0
1757 2.83| 3.87| 361| 46.0] 290| 46.3 0.0| 46.3 0.0 0.0 0.0
19.11| 2.79| 4.17| 369| 504 316| 386 1.1 39.7 51 1.5 6.6
2019 271| 433| 361| 51.7| 334 279 59| 338 55 7.0 125

Table5.17: Test results within the reference area SWL £20cm
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The blocks in the columns showed al little movements before the initial damage. During wave
series H ,=19.11cm a few blocks around 10cm below SWL were pressed upwards out of the

column. This caused a great part of the column to slide down. The blocks of the first layer also
moved because of the high pressures on them, especialy when the above lying column did dide
down. The movements in the first layer gave the opportunity for blocks in the second layer to
dislocate. Graphs for the behaviour of the layer are drawn in figure 5.31. The stability is obtained
by the high pressures within the columns. These high pressures also cause the failure of the layer
(block pressed out of column) and can lead to problems at the toe. During the tests there was a lot

of overtopping, which started at H ;= 12.77cm. Thisis because the columns work as canals which

lead the water to the top without any blockage. Another possible disadvantage is the wave direction.
Because this is a 2-dimensional wave test, the waves attack the layer perpendicular. Oblique
incoming waves can possibly press the blocks easier out of the column, because the blocks are not
supported from the side. This experiment, however, turned out to be more stable than experiment 3,
which was denser packed. Because of the attempt to spread the blocks over the slope, in experiment
3, the blocks did dide down and displaced earlier than in this experiment. The stability-value for
this regular method is calculated from the last stability parameter where no displacements occurred,

N, =2.90. From thisfollows:

3

N
K., = s =163
P0 cota

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.18. In figure 5.32 the damage ratios for the displaced units, are
presented for the different reference areas.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N 290 | 294 1302|310 | 326 | -

S

Ko 163|169 | 183 | 198 | 232 | -
Table5.18: N, - and K -valuesfor different damage ratios ( D, )
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Figure 5.31: Damage for different movements Figure 5.32: Damage for different reference areas
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59 Experiment 7

For experiment 7 the first layer is placed by the pyramid method. In this experiment also an attempt
was made for spreading the rows over the slope. Again the blocks did slide down which made the
first layer lessregular. The blocks were originally placed with avertical spreading ratio of 1.17, but
after sliding this ratio became 1.09. During the placement it turned out that a smooth under layer is
very important for this placement method. This is because the blocks obtain there stability from
both sides resting on the blocks of the preceding row. If this is not obtained they turn with there
corner between the preceding blocks, which makes the placing of a stable next row impossible.
After every four rows of the first layer the blocks of the second layer are placed in a similar way
(pyramid method), with equal packing density. Therefore this method is called the double pyramid
placing method, see figure 5.33 and 5.34. The second layer was shifted horizontal compared to the
first layer, so the blocks of the second layer are placed over the gaps of the first layer. Because of
the settlement holes directly to the under layer appeared. For this experiment the second layer
turned out to be placed staggered over the slope around a quarter nominal diameter (Y2 -D,)
compared to the first layer. There are also blocks in the second layer which rest, beside the sides of
the underlying two blocks of the second layer, also on the top edge of the underlying block of the
first layer. The layer thickness is equal to two times the block height. The properties for the tested
layer are presented in table 5.19 and figure 5.35 and the test resultsin table 5.20.

Figr 5.33: Phot of experiment 7 Figure 5.34: 3D drawing of experiment 7

Hor. spreading ratio, X / D, 157
Diag. spreading ratio,Y /D, 1.09

Packing density, /¢ 58.5%

Layer thickness, t 8.2cm

Layer thickness coefficient, k, | 1.02

Solid density, d 57.3%

Real porosity, P 42.7% - i S
Table5.19: Layer properties Figure 5.35: Thickness derivation
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H mo Sp SmO,l Smfl,O Cr Ns M 1 M 2 M t D1 Dz Dt
cm | ) | @ | ) | % | ) [ | @ [ | @ | B | 9

9.16| 3.04| 4.05| 355| 30.7| 151 1.6 0.0 1.6 0.0 0.0 0.0
11.10| 3.04| 393| 358| 323| 1.83 6.0 0.0 6.0 0.0 0.0 0.0
12.85| 3.02| 390| 363| 3454 212 8.3 0.0 8.3 0.0 0.0 0.0
1467| 3.04| 384| 365| 372 242| 187 0.0| 187 0.0 0.0 0.0
16.25| 298| 387| 3.66| 413 268| 295 0.0| 295 0.0 0.0 0.0
17.71| 2.86| 4.10| 3.73| 46.7| 292| 425 0.0| 425 0.0 0.0 0.0
19.05| 2.78| 4.25| 3.65| 50.2| 3.15| 448 16| 46.3 0.0 0.6 0.6
20.00| 2.68| 440, 360| 523| 330 403 38| 441 1.6 19 35
Table 5.20: Test results within the reference area SWL £20cm

During the first six wave series the blocks moved a little and in the upper part some blocks started
to turn. These movements were especially observed for blocks which dide down during
construction and did not have a stable connection to the underlying blocks of the second layer.

When H , was 9.05cm the first blocks, mainly in the upper part of the slope, were displaced and

the blocks around SWL turned. This initial damage can be subscribed to two types of damage
mechanisms. The blocks in the upper part of the layer are less stable, because they are less
pressurised (clamped) by the above lying blocks. They are easier lifted out the layer by high wave
forces. The blocks in the middle obtain higher block pressures, but also higher wave pressures.
When they are moved a little, they can loose one of the two side connections to the underlying
block and they tend to turn in between the underlying blocks. When this happens the above lying
blocks also loose a connection, turn and move down. This cumulative turning and subsequent
settling causes instability (displacements). Because the layer becomes instable when blocks are
moved to the side and loose their connection with one of the underlying blocks, it is important not
to neglect the possible influence of oblique incoming waves. These can move the blocks easier to
the side than the waves from the performed perpendicular 2D-tests. Graphs for the behaviour of the
layer are drawn in figure 5.36. The reflection and overtopping for this method were low compared
to previous tests. For repair of a dislocated unit the blocks of the above rows have to be removed.
This is unwanted, because it can mean that aimost half the armour layer has to be removed.
Therefore the stability-value for this regular method is calculated from the last stability parameter

where no displacements occurred, N, = 2.92. From thisfollows:

N 3
K., =—S =167
P° " cotar

For the presentation of the damage development the N - and K, -values were calculated for

different damage ratios, see table 5.21. In figure 5.37 the damage ratios for the displaced units, are
presented for the different reference aress.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N 292 | 317 | 327 | - - -

S

Ko 16.7 | 21.3 | 234 | - - -
Table5.21: N,-and K -valuesfor different damage ratios ( D, )
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Figure 5.36: Damage for different movements Figure 5.37: Damage for different reference areas
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5.10 Experiment 8

In experiment 8 the column method, as in experiment 6, is tested only now under an arbitrary
chosen angle of 18 degrees, see figure 5.38 and 5.39. The question rose what the influence of
oblique waves should be on the column method. Because it is impossible to do a 3-dimensional
breakwater test in a wave flume the columns were placed under an angle. In this way the contact
surface between the blocks is less, and bending of the columns is easier. The layer thickness is
equal to two times the block height. The properties of the layer are presented in table 5.22 and
figure 5.40 and the test results in table 5.23.

-2

Figure 5.38: Photo of expiment 8 - Figure 5.39: 3D drawing of experiment 8

Hor. spreading ratio, X / D, 1.88 b < : i<
Diag. spreading ratio,Y /D, 1.06

Packing density, /¢ 50.0%

Layer thickness, t 8.2cm

Layer thickness coefficient, k, | 1.02

Solid density, d 49.0%

Real porosity, P 51.0% FA N , < 4
Table 5.22: Layer properties Figure 5.4: Thickness céquIin

Hoo | So | Smos | Smao| C, Ne | My | M | My | D, | D, D

cm | (% | (0 | (0 | () G 0 | | | | (W |
9.19| 312| 4.16| 3.60| 357 1.52 7.5 0.0 7.5 0.0 0.0 0.0

11.11| 3.04| 394| 359| 36.2 1.83| 14.0 0.6 14.6 0.0 0.0 0.0

1290| 3.10| 384| 364| 371 213| 198 0.6| 205 0.0 0.0 0.0
1463| 3.10| 386| 3.67| 392 242| 29.2 1.0| 30.2 0.0 0.0 0.0
16.25| 3.04| 389| 3.66| 412 268| 383 0.0| 383 1.0 3.6 45
1768 291| 4.14| 373| 46.0| 292 380 0.3| 383 1.3 5.2 6.5
1890, 2.76| 4.17| 366| 475| 312, 312 13| 325 2.6 9.7| 123
1997| 2.62| 433| 356| 499| 3304 273 10| 282 23| 143| 16.6
Table 5.23: Test results within the reference area SWL +20cm
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The layer behaved quite similar as the layer from experiment 6. Most blocks moved alittle before a
couple of blocks, positioned between minus 10 cm SWL and SWL, were pressed out the column

during wave series H,_ ,=16.25cm. In this experiment they were pressed out to the side, instead of

upwards (experiment 6), which resulted in the bending of the column. These displacements caused
a great part of the above lying column to slide down. Graphs for the behaviour of the layer are
drawn in figure 5.41. During the dliding down of the column more blocks were completely
displaced from the layer, which lead to open gutters in the first layer. Because of this aso the
blocks of the first layer showed great movements downwards, which made other columns fail. The
initial damage occurred two wave series earlier than in experiment 6. However the column angle
was arbitrary chosen and it was only arough estimation of oblique wave attack, it can be concluded
that oblique wave attack has a negative influence on the stability. The reflection coefficient and
overtopping were similar to experiment 6 very high. Because of the angle of the columns the
overtopping was mostly directed to the right. The stability-value for this regular method is

calculated from the last stability parameter where no displacements occurred, N = 2.42. From this
follows:

N 3
Ky, = S =904
°° " cota

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.24. In figure 5.42 the damage ratios for the displaced units, are
presented for the different reference areas.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N 242 | 248 | 259 | 2.74 | 3.04 | 3.23

S

Ko 94 | 101|116 | 13.7 | 187 | 225
Table5.24: N - and K, -valuesfor different damage ratios ( D, )

50 25
45 | |- -+~ 0.0-0.5Dn — e . -~ -~ +-25Dn
——— 0.0-1.0"Dn ———+/- 3.0°Dn
40 | = 0.0-2.0*Dn . - 20 | — = —+/-3.5*Dn
35 [ | —= —>0.0"Dn % ~ ——e —+/-4.0*Dn
= = - === +/- 4.5*Dn
L3 L & 15 L | —-+--+-5.0Dn
o © +/- 5.5*Dn
225 2 +/- 6.0*Dnl
§ 20 | ) § 10 L | —=—Total
15 + o
10 _/ 5
5 F
O L L L L L L L L L O P— Lok (R
14 16 18 20 22 24 26 28 3.0 32 34 14 16 18 20 22 24 26 28 30 32 34
H mo /ADnSO H mOlADnSO

Figure 5.41: Damage for different movements Figure 5.42: Damage for different reference areas
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511 Experiment 9

From experiment 3 and 7 it can be concluded that diagonal spreading (over the slope) leads to
dliding down and irregularity of the first layer. Therefore the placing method of experiment 7 is
repeated with the same packing density only obtained by horizontal spreading, see figure 5.43 and
5.44. Both layers were placed directly on each other, so the staggering is minimal and gaps to the
under layer are very small. The layer thickness is equal to two times the block height. The
properties of the layer are presented in table 5.25 and figure 5.45 and the test resultsin table 5.26.

Figure 5.44: 3D drawing of experiment 9

Hor. spreading ratio, X / D, 157
Diag. spreading ratio,Y /D, 1.09

Packing density, i/ ¢ 58.5%

Layer thickness, t 8.2cm

Layer thickness coefficient, k, | 1.02

Solid density, d 57.3%

Real porosity, P. 42.7% .
Table 5.25: Layer properties Figure 5.5: Thickness derlvi on

H mo Sp Smo,l Sm—l|0 Cr Ns M 1 M 2 M t D1 Dz Dt
em | ) | ) | | | O [ @ | ) | ¥ | 0 | B |

9.15| 311| 4.09| 356| 328| 151 0.3 0.0 0.3 0.0 0.0 0.0
11.00| 3.09| 391| 356| 336| 182 0.3 0.0 0.3 0.0 0.0 0.0
1291| 3.03| 389| 365| 356| 213 15 0.0 15 0.0 0.0 0.0
1460| 3.09| 383| 364| 380 241 25 0.0 25 0.0 0.0 0.0
16.15| 2.89| 382| 3.60| 414, 267| 156 0.0| 15.6 0.0 0.0 0.0
17.39| 2.86| 3.91| 356| 459| 287| 233 0.0 233 0.0 0.0 0.0
1859| 2.85| 396| 3.60| 49.7| 3.07| 279 0.3| 282 0.0 0.0 0.0
1992| 267| 441 358| 531 329| 39.0 03| 39.3 0.0 0.0 0.0
Table 5.26: Test results within the reference area SWL £20cm
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The layer turned out to be extremely stable. Even for the highest wave series no displacements were
observed. Only in the upper part of the layer and just beneath SWL a couple of blocks started to
turn. This is due to the damage mechanisms as described for experiment 7. Graphs for the
behaviour of the layer are drawn in figure 5.46. Since this experiment was more stable than
experiment 7, with the same packing density, no more attempts will be made for spreading the
blocks over the dope for this method. It can be concluded that the attempt for vertical spreading
will not enlarge the stability (in contrary) for this placing method. The stability-value for this

regular placing method is calculated from the last measured stability parameter, N = 3.29. Thereal
stability-coefficient with zero damage can even turn out higher. From this follows:
N

K., = = 23.7
P% cota

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.27. In figure 5.47 the damage ratios for the displaced units, are
presented for the different reference aress.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N 329 - | - - - -

S

Ko 237 - - - - -
Table5.27: N, - and K -valuesfor different damage ratios ( D, )

45 5
40 L |-~ 00-0.5%Dn --+-- +-25"Dn
—+—0.0-1.0*Dn / 4 || —*—+-3.00Dn
35 | —= — 0.0-E.O*Dn / — = — +/-3.5*Dn
S —>0.0%Dn < ——« —+/-4.0°Dn
S 5l . 3 |-k 4 45Dn
= = — -+ --+/- 5.0*Dn
£ 20 - E o | Total
015 a
10 + / 1+
5 | /
0 [ - -i'/\/‘(\”/ I L 0 —-— - g - L g g )

14 16 18 20 22 24 26 28 30 32 34 14 16 18 20 22 24 26 28 3.0 32 34
H mo0 /ADnSO H mo /ADnSO

Figure 5.46: Damage for different movements  Figure 5.47: Damage for different reference areas
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5.12 Experiment 10

Because no damage occurred for experiment 9 the double pyramid method was again applied for
this experiment, only with a lower packing density. In the lower part of the slope the blocks of the
second layer were stabilized by the two underlying blocks of the second layer and by the top edge
of the underlying block of the first layer. The placement of the second layer on the first layer turned

out a little staggered, in the order of ?-%4-D,, see figure 5.48 and 5.49. The layer thickness is

equal to two times the block height. The properties for the tested layer are presented in table 5.28
and figure 5.50 and the test results in table 5.29.

Figure '5.48: Photo of exper ment 10 Figure 5.49: 3D drawing of experiment 10

Hor. spreading ratio, X / D, 171
Diag. spreading ratio,Y /D, 110

Packing density, /¢ 53.2%

Layer thickness, t 8.2cm

Layer thickness coefficient, k, | 1.02

Solid density, d 52.1%

Real porosity, P 47.9% iy . ¢
Table 5.28: Layer properties Figure 5.5: Tickn%s derivation

H mo Sp SmO,l Sm—l.O C Ns M 1 M 2 M t D1 Dz Dt
em | ) | ) | | | O [ | ) | | X | B |

9.08| 302| 4.05| 353| 31.2| 150 0.0 0.0 0.0 0.0 0.0 0.0
11.00| 3.02| 398| 357| 323 182 0.3 0.0 0.3 0.0 0.0 0.0
12.84| 3.02| 389| 361| 3404 212 0.7 0.0 0.7 0.0 0.0 0.0
14.65| 3.04| 3.93| 3.68| 36.9| 242 31 0.0 3.1 0.0 0.0 0.0
16.21| 2.97| 389| 365| 40.1| 268 7.5 0.0 7.5 0.0 0.0 0.0
17.35| 2.85| 391| 358| 443 286| 308 0.0/ 30.8 0.0 0.0 0.0
1891| 290| 423| 367| 492 312| 451 31| 481 2.4 0.0 2.4
1992| 267| 436| 357| 506| 329| 302 7.8| 38.0 6.8 71| 139
Table 5.29: Test results within the reference area SWL £20cm
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During the first 5 wave series very little movements were observed. Hereafter the stones between
minus 10cm SWL and SWL started to turn, which leaded to the first displacements (blocks turning

and sliding down) during wave series H ,= 18.91cm. It was aso observed that blocks of the
second layer intruded between the blocks of the first layer, which moved sideways and therefore
made the neighbouring blocks from the second layer, resting on them, move. The overtopping
started during wave series H .= 16.21cm. Graphs for the behaviour of the layer are drawn in
figure 5.51. The stahility-value for this regular method is calculated from the last stability parameter
where no displacements occurred, N = 2.86. From thisfollows:

3

N
K., = s =157
P cota

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.30. In figure 5.52 the damage ratios for the displaced units, are
presented for the different reference aress.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N, 286 | 297 | 313|316 | 323 | -
Ko 157|174 | 204 | 21.0 | 225 | -

Table 5.30: N, - and K -valuesfor different damage ratios ( D, )

55 25
50 | ——+--0.0-0.5"Dn f\/. ——+-- 4/-2.5*Dn
45 || —+——0.0-1.0*Dn A —+——+/- 3.0°Dn .
= 0.0-2.0'D N 20 | = —4/-35Dn ]
40 | . . n 7N \ +/- 4.0°D l
35 ~>0.0%n / \\ S I 4.5*D2 /
< / 215t :
g 30 N —-+—--+-50"Dn
g 25 2 +/- 5.5*Dn
% 20 / % 10 - Total
o I a
15 |
10 + / 5 L
57 /
0 - e I 0 - g

14 16 18 20 22 24 26 28 3.0 32 34

H .o /AD, s

14 16 18 20 22 24 26 28 30 32 34

H mo /ADFISO

Figure 5.51: Damage for different movements Figure 5.52: Damage for different reference areas
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5.13 Experiment 11

Experiment 11 is built with the same placing method (double pyramid) and almost the same
packing density as experiment 10. The only difference isthat for this experiment the second layer is

placed around ¥ - D, staggered on the first layer, see figure 5.53 and 5.54. The properties of the
layer are presented in table 5.31 and figure 5.55 and the test results in table 5.32.

Figure 5.53: Photo of experiment 11

Hor. spreading ratio, X / D, 171
Diag. spreading ratio,Y / D, 1.08

Packing density, /¢ 54.3%

Layer thickness, t 8.2cm

Layer thickness coefficient, k, | 1.02

Solid density, d 53.2%

Real porosity, P 46.8% @ I e rs
Table 5.31: Layer properties igure 5.55:Thick%s deri io

H mo Sp SmOyl Sm—l.O Cr Ns M 1 M 2 M t D1 Dz Dt
em | ) | ) | | | O [ | ) | ¥ | ¥ | B |

9.12| 3.09| 4.07| 355| 28.6| 151 0.4 0.0 0.4 0.0 0.0 0.0
11.01| 3.09| 397| 357| 297, 182 11 0.0 11 0.0 0.0 0.0
1283 3.01| 391| 361| 3154 212 14 0.0 14 0.0 0.0 0.0
1461| 3.09| 387| 3.65| 3354 241 4.6 0.0 4.6 0.0 0.0 0.0
16.22| 297 392| 364| 378| 268 8.1 0.0 8.1 0.0 0.0 0.0
1762 2.84| 413| 371| 436| 291 9.5 0.0 9.5 0.0 0.0 0.0
1889| 2.76| 425| 3.65| 474| 312| 288| 13.7| 425 25 0.0 25
1992| 2.67| 443| 357| 502| 329| 14.7| 235| 38.2 8.4 49| 133
Table 5.32: Test results within the reference area SWL £20cm
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Small turnings and movements were observed between minus 10cm SWL and SWL. During wave
series H ;= 18.89cm the first displacements occurred. Also during that wave series the blocks of

the upper part of the second layer did side down less than half a nominal diameter, where they
stabilized on the top edges of the first layer (as described for the lower part of the dope of
experiment 10). Thisis a disadvantage of the here used stagger. There is no integration between the
first and second layer and therefore there is much pressure on the toe, which hasto be very strong.

During the run-up of the waves a lot more and bigger bubbles were observed than for previous
experiments. The reflection and overtopping were also both low compared to the other experiments.
From this can be concluded that the energy dissipation of this layer is relatively high. Graphs for
the behaviour of the layer are drawn in figure 5.56. The stability-value for this regular method is

calculated from the last stability parameter where no displacements occurred, N = 2.91. From this
follows:

N 3
K. =— =164
P cota

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.33. In figure 5.57 the damage ratios for the displaced units, are
presented for the different reference areas.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N 291 1299 | 313|316 | 324 | -

S

Ko 16.4 | 179 | 204 | 210 | 226 | -
Table5.33: N, - and K -valuesfor different damage ratios ( D, )

55 30
50 | [ --+-- 0.0-0.5*Dn . ——e-- +-25Dn
45 | | —*—00-1.0'Dn . 25 | | —+—+/-3.0Dn .
~— = 0.0-20*Dn “ —— = +-35Dn ;
40 - o —>0.0"Dn —~ 20 ——= —+/-4.0*Dn 1A
£35 | S| - +-45Dn
230 | / > — -+ --+-5.0*Dn o
205 | 2 215 +- 5.5*Dn i3
£ / I £ Total | ¢
/ /
o 20 + /1 \\ 0 10 | /
15 | ) N
10 | ' 5 |
5t /l/
0 ————— | 0 L s PR T - I
14 16 18 20 22 24 26 28 3.0 32 34 14 16 18 20 22 24 26 28 3.0 3.2 34
HmO/ADnSO HmO/ADnSO

Figure 5.56: Damage for different movements  Figure 5.57: Damage for different reference areas

P 5
hydRONAMIC ° TUDelft



Performed experiments

5.14 Experiment 12

For experiment 12 the same placement method (double pyramid, minimal staggered) as in
experiment 9 and 10 is applied, see figure 5.58 and 5.59. The packing density is again decreased to
obtain its influence on the stability. The properties of the layer are presented in table 5.34 and
figure 5.60 and the test results in table 5.35.

'Fiaure 5.58: Photo of periment 12 Figure 5.59: 3D drawing of experiment 12

Hor. spreading ratio, X / D, 1.88
Diag. spreading ratio,Y /D, 1.08

Packing density, i/ ¢ 49.1%

Layer thickness, t 8.2cm

Layer thickness coefficient, k, | 1.02

Solid density, d 48.1%

Real porosity, P. 51.9% L
Table 5.34: Layer properties Figure 5. 60 Thlckn%s derlvatl on

H mo Sp Smo,1 Sm—l.O Cr Ns M 1 M 2 M t D1 Dz Dt

cm | ) | @ | % | @ | ) [ | [ | @ | % | (9
921| 313| 420| 362| 306| 152 8.2 0.0 8.2 0.0 0.0 0.0

11.05| 3.17| 399 360 322 182| 164 00| 164 0.0 0.0 0.0

1291| 3.03| 391| 364| 3454 213| 250 0.0/ 250 0.0 0.3 0.3
1469| 3.04| 386| 3.66| 359| 243| 36.2 16| 378 2.0 2.3 4.3
16.29| 292| 392| 3.67| 385 269| 313 5.6/ 36.8 3.0 5.6 8.6
1747| 2.88| 393| 3.60| 393, 288| 132 95| 227 03| 227| 230
1895| 2.76| 4.25| 370| 427| 313 - - - - - -
1998| 2.68| 4.38| 359| 450| 330 - - - - -
Table 5.35: Test results within the reference area SWL +20cm

x S
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During the third wave series the first block was displaced 10cm under SWL and around SWL some
blocks started to turn. The following wave series more blocks were displaced and the damage area
expanded upwards the slope. Because of the lower packing density the connecting surface between
the blocks and therefore the stability of the layer was less compared to experiment 9 and 10. Graphs
for the behaviour of the layer are drawn in figure 5.61. The stahility-value for this regular method is

calculated from the last stability parameter where no displacements occurred, N, = 1.82. From this
follows:

N 3
Ky, = S =40
P° " cotar

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.36. In figure 5.62 the damage ratios for the displaced units, are
presented for the different reference areas.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N 182 | 218 | 233 | 247 | 271 | 2.77

S

Ko 40 | 69 | 85 | 101 | 132|142
Table 5.36: N, - and K -valuesfor different damage ratios ( D, )

50 40
45 | | ——+--0.0-0.5*Dn S 35 L " +/- 2.5*Dn
——0.0-1.0*Dn ——— +/- 3.0*Dn
40 -1« 0.0-2.0Dn - —n 3 || * *-350Dn
e * 0 [ | —e —+/-4.0"Dn
?35 L >0.0*Dn // . A - -4l 45%Dn
<30 | .\ & 25 1| —-+--+-50Dn
o Y \ o +/- 5.5*Dn
225 ¢ Yy 220 | ——+-6.0Dn
IS 20 - \ = total
g L &s
15 + \
* 10
10 +
L 5 L
0 -— Ly L L 1
14 16 18 20 22 24 26 28 30 14 16 18 20 22 24 26 28 3.0
H mo0 /ADnSO H m0 /ADnSO

Figure 5.61: Damage for different movements  Figure 5.62: Damage for different reference areas
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5.15 Experiment 13

In experiment 13 the closed pyramid method is tested with a higher packing density than for
experiment 1, see figure 5.63 and 5.64. In this way the stability versus the packing density can be
evaluated for this method. It makes this experiment also comparable to experiment 10 and 11
(because of the same packing density). The properties of the layer are presented in table 5.37 and
figure 5.65 (measurements in cm) and the test resultsin table 5.38.

Figure 5.64: 3D drawing of experiment 13

Hor. spreading ratio, X / D, 171
Diag. spreading ratio,Y / D, 1.08

Packing density, /¢ 54.3%
Layer thickness, t 8.7cm
Layer thickness coefficient, k, | 1.08
Solid density, d 50.2%
Real porosity, P, 49.8%
Table 5.37: Layer properties Figure 5.65: Thickness derivation

H mo Sp Smoyl Sm—1|0 Cr Ns M 1 M 2 M t D1 Dz Dt
cm | %) | @ | 9 | | O [ @ | ) | ¥ | ) | B |

9.17| 311| 4.13| 357| 347| 151 0.0 0.0 0.0 0.0 0.0 0.0
11.04| 3.16| 397| 358| 358| 182 0.0 0.0 0.0 0.0 0.0 0.0
1290| 3.03| 388| 364| 37.6| 213 1.0 0.0 1.0 0.0 0.0 0.0
1458| 3.08| 373 3.60| 385 241 3.6 0.0 3.6 0.0 0.0 0.0
16.22| 291| 384| 365| 434 268| 132 0.0| 132 0.0 0.0 0.0
1745 2.81| 390| 361| 475 288| 250 0.0| 250 0.0 0.0 0.0
1866| 2.86| 395 349| 512 3.08| 365 0.0| 365 0.0 16 1.6
20.00| 2.68| 4.38| 357| 525| 330| 319 0.7| 326 0.7| 118 125
Table 5.38: Test results within the reference area SWL £20cm
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Performed experiments

On several places in the layer blocks moved. During H, = 18.66cm the first displacements

occurred between minus 10cm SWL and SWL. The damage expanded straight upwards and spread
out a little. Graphs for the behaviour of the layer are drawn in figure 5.66. The layer derives its
stability from clamping of the blocks of the second layer by the first layer. Also the extending
bottoms of the blocks from the second layer clamp to one another and form columns. The stability-
value for this regular method is calculated from the last stability parameter where no displacements

occurred, N = 2.88. From thisfollows:

3

N
K., = s =16.0
P0 cota

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.39. In figure 5.67 the damage ratios for the displaced units, are
presented for the different reference aress.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N 288 1301|311 |315|325| -

S

Ko 16.0 | 181 | 20.0 | 20.8 | 22.9 -
Table5.39: N, - and K -valuesfor different damage ratios ( D, )

50 20
45 | | -—<-- 0.0-0.5*Dn B ~—e-— +/-2.5*Dn
—4——0.0-1.0*Dn — & +/-3.0*Dn
40 - | = -~ 0.0-2.0°Dn 15 L | —= —+-35Dn
35 | | —e —>0.0*Dn ~_ —e —+/-4.0*Dn
;@30 KRR - =% ---+/- 4.5*Dn
P e — -+ --+/-5.0*Dn
> 25 210 t +/- 5.5*Dn
|
§ 20 | § tota
15
5 L
10 -
5 [ —
0 - | -/r"l\/\ I I I I 0 -— - R - [—
14 16 1.8 2.0 22 24 26 28 3.0 32 34 14 16 1.8 20 22 24 26 28 30 3.2 34
H.o,/AD, 5 H.o/AD,

Figure 5.66: Damage for different movements Figure 5.67: Damage for different reference areas
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Performed experiments

5.16 Experiment 14

For experiment 14 again the closed pyramid method is tested, however, now with a lower packing
density than experiment 1 and 13, see figure 5.68 and 5.69. The packing density for this experiment
isso low that it is almost a single layer. The properties of the layer are presented in table 5.40 and
figure 5.70 (measurements in cm) and the test resultsin table 5.41.

Figure 5.68: Photo of experiment 14 Figure 5.69: 3D drawing of experiment 14

Hor. spreading ratio, X / D, 2.09
Diag. spreading ratio,Y /D, 1.07
Packing density, i/ ¢ 44.8%
Layer thickness, t 7.7cm

Layer thickness coefficient, k, | 0.96

Solid density, d 46.8% H ,
Real porosity, P 53.3% 53 a0 33 '!"
Table 5.40: Layer properties Figure 5.70: Thickness derivation

H mo Sp Smo,1 Sm—l.O Cr Ns M 1 M 2 M t D1 Dz Dt

cm | ) | @ | % | @ | ) [ | [ | @ | % | (9
921| 313| 419| 360| 344 152 6.7 0.0 6.7 0.0 0.0 0.0

11.11| 3.18| 399 361| 358 1.83| 100 00| 100 0.0 0.0 0.0

12.85| 3.02| 391| 364| 374 212| 142 0.0| 142 0.0 0.8 0.8
1462| 3.09| 374 363| 381| 241, 254 00| 254 0.0 0.8 0.8
16.34| 3.00| 387| 3.67| 428| 270| 350 0.0/ 350 0.0 1.3 1.3
1759| 2.83| 390| 3.62| 464, 290| 442 0.0| 442 0.0 13 13
19.11| 2.79| 4.18| 3.71| 50.7| 3.16| 438 04| 442 0.0 54 54
20.18| 2.71| 4.33| 3.62| 51.8| 3.33| 333 38| 371 0.8| 133| 14.2
Table 5.41: Test results within the reference area SWL +20cm
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Performed experiments

At the third wave series the first displacements appeared at both sides of the layer afew centimetres
under SWL. The damage developed straight upwards. Graphs for the behaviour of the layer are
drawn in figure 5.71. The layer obtains its stability from the clamping of the blocks of the second
layer by the first layer. Because of the low packing density the bottoms of the blocks of the second
layer do not connect well with each other to form stable columns (like in experiment 13). When a
block of the second layer presses the two under lying blocks of the first layer to the side a
neighbouring block is pressed upwards (out of the layer). After the displacement of a couple of
blocks the armour looked like a single layer. The stability-value for this regular method is
calculated from the last stability parameter where no displacements occurred, N, = 1.83. From this

follows:

N3
KDO: - =41
cota

For the presentation of the damage development the N - and K, -values were calculated for

different damage ratios, see table 5.42. In figure 5.72 the damage ratios for the displaced units, are
presented for the different reference aress.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N 183 | 253|307 313|324 -

S

Ko 41 | 107 | 193 | 205|229 | -
Table5.42: N, - and K -valuesfor different damage ratios ( D, )

55 20
50 + | --+-- 0.0-0.5*Dn -~
a5 | —&—— 0.0-1.0*Dn
—— = —0.0-2.0*Dn 15 L
40 | — —>0.0*Dn
$35 | 9
o 30 )
=) 2 10 +
© o5 | ©
§ §
a 20 ¢ fal
15 * P 5 |
10 + e
—
5
0 . . . . . . . . . 0 - -
14 16 18 20 22 24 26 28 3.0 3.2 34 14 16 18 20 22 24 26 28 3.0 3.2 34
H mo0 /ADnSO H mO0 /ADnSO

Figure 5.71: Damage for different movements  Figure 5.72: Damage for different reference areas
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Performed experiments

5.17 Experiment 15

In experiment 15 the double pyramid method is tested. The second layer is placed about % - D,

staggered on the first layer, see figure 5.73 and 5.74. With this experiment, together with the
experiments 10 and 11, the influence of the staggering can be evaluated. The properties of the layer
are presented in table 5.43 and figure 5.75 and the test results in table 5.44.

Figure 73 Photo of experient. 15 | Figure 5.74: 3D drawing of experiment 15

-

Hor. spreading ratio, X / D, 171
Diag. spreading ratio,Y / D,, 1.08

Packing density, /¢ 53.9%

Layer thickness, t 8.2cm

Layer thickness coefficient, k, | 1.02

Solid density, d 52.8%

Real porosity, P, 47.2% el TeN
Table 5.43: Layer properties Fiure 5.75: Thickﬁes derivi on

H mo Sp SmO,l Sm—lyo Cr Ns M 1 M 2 M t D1 Dz Dt
cm | %) | @ | @ | O | O [ @ | ) | ¥ | ) | B |

9.22| 313| 4.19| 361| 31.3| 152 0.3 0.0 0.3 0.0 0.0 0.0
11.11| 3.04| 398| 360| 328| 183 0.9 0.0 0.9 0.0 0.0 0.0
12.88| 3.03| 385| 362| 34.9| 213 15 0.0 15 0.0 0.0 0.0
14.73| 3.05| 386| 3.68| 372 243 49 0.0 49 0.0 0.0 0.0
16.31| 292 390| 366| 415 269| 107 0.0| 10.7 0.0 0.0 0.0
1744 281| 393| 358| 455| 288| 245 0.0| 245 0.0 0.0 0.0
18.60| 2.72| 397| 3.49| 496| 3.07| 248 89| 337 55 2.1 7.7
1997| 2.68| 442| 359| 531| 330| 156| 16.3| 31.9| 153 58| 212
Table 5.44: Test results within the reference area SWL +20cm
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Performed experiments

During the sixth wave series some blocks in the right upper part of the layer turned and settled
between the two blocks below. These blocks were pressed sideways, turned and a chain-reaction
was started in downward direction. After a couple of turned and settled rows the movement of the
higher blocks is around one nomina diameter. The first displacements appeared during the wave

series with H ;= 18.60 cm. Graphs for the behaviour of the layer are drawn in figure 5.76. The
stability-value for this regular method is calculated from the last stability parameter where no
displacements occurred, N = 2.88. From thisfollows:

3

N
K., = s =159
P0 cota

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.45. In figure 5.77 the damage ratios for the displaced units, are
presented for the different reference aress.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N 288290 | 295|300 | 311|319

S

Ko 159|163 | 172 | 181 | 20.0 | 21.7
Table5.45: N, - and K, -valuesfor different damage ratios ( D, )

60 25

55 + [-—+-- 0.0-0.5'Dn e +-25Dn

50 | | —+—0.0-1.0*Dn / ) ~a— +-3.0°Dn

45 | | —= —0.0-2.0Dn - OF | =« —4-35Dn

— —>0.0°Dn ./ ! —— —+-4.0Dn

g 40 ¢ / S ys | | ooeoe 4 45Dn
<35 ¢ N - — -+ --+-5.0Dn
230 | - +/- 5.5*Dn
% 25 + - % 10 L ——total
020 | |0

5 | .

0 P Ly IR Ly L

14 16 18 20 22 24 26 28 3.0 3.2 34 14 16 18 20 22 24 26 28 3.0 32 34
H mo /ADnSO H mo /ADnSO

Figure 5.76: Damage for different movements  Figure 5.77: Damage for different reference areas
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Performed experiments

5.18 Experiment 16

The armour for experiment 16 is irregular placed per layer, see figure 5.78 and 5.79. This
experiment was done for the reproducibility of experiment 5. For this experiment the blocks are
positioned mostly with their top directing upwards, which differs a little from the more irregular
positioning of experiment 5. Also the obtained packing density is a couple of percents lower. The
properties of the layer are presented in table 5.46 and figure 5.80 and the test resultsin table 5.47.

Figure 5.78: oto of experiment 16 Figure 5.79: 3D drawing of experiment 16

Packing density, /¢ 57.4%
Layer thickness, t 8.8cm
Layer thickness coefficient, k, | 1.10
Solid density, d 52.4%
Real porosity, Pr 47.6% ;B
Table 5.46: Layer properties Flgure 5 80 Thickness denvatl on

H mo Sp SmO,l Sm—lyo Cr Ns M 1 M 2 M t D1 Dz Dt
cm | @) | @ | | @ | O [ @ | ) | ) | ) | B |

9.24| 3.14| 4.18| 4.14| 288| 153| 219 0.0| 219 0.0 0.0 0.0
11.12| 3.12| 398| 4.03| 298| 184| 393 0.0| 39.3 0.0 0.0 0.0
1296| 3.05| 393| 394| 321| 214| 470 18| 4838 0.0 0.0 0.0
1478| 3.06| 398| 387| 352| 244| 414 8.9| 503 0.0 0.6 0.6
16.30| 3.06| 391| 3.80| 39.0f 269| 240| 157| 39.6 9.2 33| 124
17.85| 2.88| 4.15| 381| 447| 295 - - - - - -
19.12| 2.93| 4.28| 376| 47.7| 3.16 - - - - - -
20.06| 2.69| 4.44| 359| 49.7| 331 - - - - -
Table 5.47: Test results within the reference area SWL +20cm
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Performed experiments

The movements started in the centre of the layer. From here on the whole layer settled. The first
displacements appeared 10 cm below SWL during the fourth wave series. One wave series |ater the
complete left side of the second layer has settled more than one nominal diameter. It is possible to
repair this settling by placing blocks in the upper part of the layer. Graphs for the behaviour of the
layer are drawn in figure 5.81. The stability-value for this irregular method is calculated from the

stability parameter where the first real displacements occurred (below 5%), N = 2.44, where the

damage ratio is 0.6%. The stability value before failure, which makes the irregular method
comparable to the regular methods, is for this case equal to the Hudson stability value.
From thisfollows:

NS
cota

=9.7

KDH = KD<5% =

For the presentation of the damage development the N - and K -values were calculated for

different damage ratios, see table 5.48. In figure 5.82 the damage ratios for the displaced units, are
presented for the different reference aress.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N, 214 | 245 | 249 | 253 | 264 | -
Ko 65| 98 | 103 | 108 | 123 | -

Table5.48: N, - and K -valuesfor different damage ratios ( D, )

55 20
50 -—+-- +/-25Dn
45 ———+/- 3.0*Dn
15 L | —= —+-35Dn
40 | — —+/-4.0°Dn
S35t N < - - - +/- 4.5*Dn
S 30 S g — -+ --+/-5.0*Dn
= N 210 - +/- 5.5*Dn
e 25 r . c —e— total
© 20 | ©
a} --+--0.0-0.5*Dn o
15 + ———0.0-1.0*Dn 5 |
10 L = —0.0-2.0*Dn
—s —>0.0*Dn
5 L
0 0 e = :
14 1.6 18 20 22 24 26 2.8 1.4 16 18 20 2.2 24 26 2.8
H.o./AD, H,o/AD, g

Figure 5.81: Damage for different movements Figure 5.82: Damage for different reference areas
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Performed experiments

5.19 Experiment 17

Experiment 17 was a reproducibility experiment for the double pyramid method of experiment 10.
The difference however is that for this experiment the staggering turned out as planned, namely 0-

? -D,, seefigure 5.83 and 5.84. With this experiment, together with the experiments 10, 11 and 15,

the influence of the staggering can be evaluated. The properties of the layer are presented in table
5.49 and figure 5.85 and the test results in table 5.50.

Figure 5.83: Photo of experiment 17 Figure 5.84: 3D drawing of experiment 17

Hor. spreading ratio, X / D, 171
Diag. spreading ratio,Y /D, 1.09

Packing density, /¢ 53.5%

Layer thickness, t 8.2cm

Layer thickness coefficient, k, | 1.02

Solid density, d 52.4%

Real porosity, P. 47.6% Fo A5 “
Table 5.49: Layer properties Figure 5.: Thickness der?vi on

H mo Sp SmO,l sm—l,O C Ns M 1 M 2 M t D1 Dz Dt
em | 9 | ) | | | O [ @ | ) | ¥ | 0 | B |

9.22| 306| 4.21| 362 323| 152 0.7 0.0 0.7 0.0 0.0 0.0
11.15| 3.06| 401| 362| 331 184 31 0.0 31 0.0 0.0 0.0
1296| 3.11| 392| 365| 350 214 6.4 0.0 6.4 0.0 0.0 0.0
1478| 3.06| 389| 3.69| 371 244| 108 0.0| 108 0.0 0.0 0.0
16.39| 3.01| 392| 367| 411, 271| 159 0.0/ 159 0.0 0.0 0.0
1755| 2.83| 394| 359| 449| 290| 217 0.3| 220 0.3 0.0 0.3
18.77| 2.88| 399| 3.63| 487| 3.10| 437 03| 441 14 1.0 24
20.05| 2.69| 4.38| 359| 51.0| 331| 359 14| 373 5.4 71| 125
Table 5.50: Test results within the reference area SWL £20cm
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Performed experiments

Thefirst displacement appeared during the sixth wave series afew centimetres above SWL. On this
place there was a small bump on the under layer. The block on top of the bump was less clammed
and therefore easier to displace. A hole in the under layer has less influence than a bump on the
movements. When there is a hole in the under layer, the blocks of the second layer at the edge of
the hole are less clammed. The extra space because of the irregularity of the under layer is then
divided over more blocks then for a bump. After the first displacement there were more
displacements around SWL by settling and in the upper part of the slope by lifting. Graphs for the
behaviour of the layer are drawn in figure 5.86. The stability-value for this regular method is
calculated from the last stability parameter where no displacements occurred, N = 2.71. From this

follows:

Koo =
P° " cotar

= 132

For the presentation of the damage development the N - and K, -values were calculated for

different damage ratios, see table 5.51. In figure 5.87 the damage ratios for the displaced units, are
presented for the different reference aress.

Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
N, 271|297 | 311 | 315 | 3.26 -
Kg 132 | 174 | 201 | 209 | 231 -

Table5.51: N, - and K -valuesfor different damage ratios ( D, )

55 25
50 | | -—+-- 0.0-0.5*Dn ---- 4-25"Dn
—a——0.0-1.0Dn ——+—— +-3.0Dn ’

41 . 00-200n N 20 | . 4-35Dn "

40 | | —< —>0.0°Dn // e 4-4.0Dn .
$35 / 9 <= wx - - +- 4.5*Dn
% 30 / =15 1 4500 7
o T = +/- 5.5*Dn f‘
g 25 - £ 1o ——e— total
S0t a

15 |

10 t : 5t

5 L /.//l/

0 P I I I I I I I 0 -l I " - Ly e

14 16 1.8 20 22 24 26 28 30 32 3£ 14 16 18 20 22 24 26 28 30 32 34
H.o/AD, H o/ AD,

Figure 5.86: Damage for different movements Figure 5.87: Damage for different reference areas
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Evaluation experiments

6 Evaluation experiments

The stability values with accompanying packing densities for the different placement methods,
obtained in the previous chapter, are presented in figure 6.1. For the irregular method the K _g, -
values and for the regular methods the K, -values are used. It has to be noted that for experiment

3 and 7 an attempt was made to place the blocks with distances in between over the slope. This
resulted in aless regular positioning of the blocks. For experiment 8 the columns were placed under
an angle and the experiments 10, 11, 15 and 17 were performed with different openings to the under

layer.
25
® Irregular x9
20 - A Column
m Closed pyramid 11
)
% 15 L + Filled pyramid AG 10]§)>i 13 A7 @5
;‘ x Double pyramid 17
g0} A8 26916
n
ml
ST ml4 <12 A3
+4
0 L
40 45 50 55 60

Packing density

65

Figure 6.1: Packing density and stability for all performed experiments

In this chapter the results from the experiments will be evaluated by comparing them with one
another. In the first paragraph the method of evaluation will be discussed. In the second paragraph
the different experiments will be evaluated per method and in the third paragraph they will be
evaluated per packing density. In the last paragraph the obtained results, which are useful for the
design of an Antifer-block armour layer, will be presented.

5
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Evaluation experiments

6.1 Evaluation method

The experiments are compared and evaluated with three criteria which determine the suitability of
the placement method. These criteria are the stability behaviour, the reflection and overtopping and
the practical applicability. In this chapter the costs are qualitatively described within the practical
applicability. They will be further discussed in the next chapter.

6.1.1 Stability behaviour

For the different methods is described in which way the stability is obtained and how the method
fails (damage mechanism). The ratios for the moved blocks (movement less than a nominal
diameter) and for the displaced blocks (movement more than a nominal diameter) are presented in

two figures. Also atable is given wherein the N, - and K, -values for the different damage ratios

are presented. With this information the start of damage and the damage development is compared.
In paragraph 4.3.3 the importance of the reference area was mentioned. The stability analysis is

done within the reference area SWL +20cm (or SWL +5- D). To indicate the importance of the

reference area the damage spreading ratio, S, , is introduced. This ratio indicates the spreading over

the slope of the displaced units and is calculated by dividing the damage ratio for the reference area
SWL +10cm by the damage ratio for the reference area SWL £20cm.

D
Sd — t,SM+10cm (61)
Dt,SWLiZOcm

When this spreading ratio is 2 all displacements occurred in the smallest reference area around
SWL. When the ratio decreases rapidly the damage spreads out rapidly. For a damage spreading
ratio of 1 the damage is equal divided over the slope.

6.1.2 Reflection and overtopping

The reflection coefficient, C, , is the ratio between the reflected and the incident wave and follows

from the wave characteristics. In some breakwater designs a low wave reflection is required,
because of passing vessels. The reflection is also connected to the overtopping. For some
breakwaters low overtopping is required, because of the accessibility of the breakwater. When a
wave attacks the structure part of its energy will dissipate and the other part will overtop or reflect.
When overtopping is not possible, because of the height of the structure, all the energy which is not
dissipated will be reflected. A higher reflection indicates less dissipation and will therefore result in
more overtopping. The use of the obtained reflection coefficientsis only suitable when the structure
is till in tact and no overtopping has occurred, because when the overtopping starts this will
decrease the reflection coefficient. The amount of overtopped water is estimated from the
deformation of the leeside of the structure. This deformation was in the form of a berm at SWL.
The length of this berm was measured after each experiment and these lengths can be used for a
qualitative comparison of the overtopping. The lengths can also be applied as a check for the
reflection theory as described above. Because overtopping was beyond the original scope of this
research the length of the berm was only measured at the end of the experiment, and not after each
wave series. When a placement method is damaged, the overtopping is not longer influenced by the
original placement. Thisiswhy no hard conclusions can be drawn from these results.
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Evaluation experiments

6.1.3 Practical applicability

For the practical applicability of a method a qualitative description is given of the suitability of the
method for real construction. The suitability depends on the environmental conditions of the site
where the breakwater has to be constructed and on the costs of the construction of the layer. The
criteria for this suitability are the incoming wave direction, the irregularity of the under layer and
toe, the stability of the toe and the accuracy of block positioning. The costs aso depend on the
required block volume (type of crane), the required volume of concrete and the required number of
blocks, which are determined by the packing density and accompanying stability value of a
placement method. These volumes and numbers give also more insight in the obtained stability data
and are therefore graphically presented for different significant wave heights for the irregular, the
closed pyramid and the double pyramid placement methods. For these methods the similar
placement was performed with different packing densities which led to different stability values.
The ratios between the obtained values are also calculated. For these calculations concrete with a
density of 2400 kg/m?3 and salt water with a density of 1035 kg/m?3 is used. In the next chapter a
more detailed analysis of the costsis presented.

The block volume,V, , is calculated with the Hudson formula, see equation 6.2. The ratio between
the required block volumes, R, , for placing method x and y, can be cal culated with equation 6.3.

H 3
V, = s = [m] 6.2)
KD.CM.(&_ j
Pw
V. K
Rp=—2%=—2 (6.3)
be KDx

For abreakwater design the total required volume of concrete per surface unit,V, , can be calculated

by multiplying the packing density (surface-occupation) with the number of layers and the required
nominal block diameter, which follows from the damage coefficient, see equation 6.4. The ratio

between the required volume of concrete, R, , for placing method x and y, can be calculated with
equation 6.5.

Vo =ypsen-3, [m/m?] (6.4)
V, K
RA:VIX:V/_SX.gK_Dy (6.5)
ty Ww Dx

The required number of Antifer-blocks per surface, N, , is calculated by dividing the required
volume of concrete per surface unit by the required block volume, see equation 6.6. The ratio
between the required number of blocks, R, for placing method x and y, can be calculated with

equation 6.7.

V., ws-n
N, = V—; = vim [-/m?] (6.6)
N vV, 1V, K o
RNt X X Tty — V . Dx (67)
Nty Vbx / be l/lsy K Dy
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Evaluation experiments

6.2 Evaluation per placement method

In this paragraph the obtained results from the irregular, column, closed pyramid and double
pyramid placement methods are compared. The double pyramid placement method was optimised
by placing the second layer higher on thefirst layer. Thisis evaluated in paragraph 6.2.5. Thefilled
pyramid method (experiment 4) is not evaluated in this paragraph, because only one experiment
was performed with this method. These results can be found in paragraph 5.6.

6.2.1 Irregular placement method

Three experiments are performed with an irregular placement. For experiment 2 the Antifer-blocks
were placed row by row and for experiment 5 and 16 they were placed layer by layer. It was
perceived that it is very difficult to obtain alow packing density, because the blocks tend to dlide
down and settle. This phenomenon was also found in previous research and in practice, see
paragraph 2.4.3. Experiment 2 and 16 were placed with the focus on a low packing density. For
experiment 5 the blocks were placed with the focus on stability (more mutual connections) which
resulted in a higher packing density. The ratios for the moved blocks and for the displaced blocks
are presented in figure 6.2 and 6.3 respectively. In the legend of these figures the experiment
number is given first followed by its packing density. The stability parameters for the different
experiments are presented in table 6.1.

55 20
50 | . - —+—2,57.0% N
h ~-a--5,611% /
45 a LT %
a0 | i N . 15 L 16, 57.4% |
£35 ¢ - \ g
o 30 + [} /
§25 - glo i
820 ¢ 3
15 ¢ — +2,57.0% 5t /
10 ——a--5611% /
5+ — = 16, 57.4% )
0 K | | 0 a - — - S oy A K
14 16 18 20 22 24 26 28 3.0 32 34 14 16 18 20 22 24 26 28 3.0 32 34
H .o/ AD g H o / AD s
Figure 6.2: Movement ratio Figure 6.3: Displacement ratio
Hudson <5%
Damageratio | 1.4% 25% | 0% | 1% | 3% | 5% | 10% | 15%
Experiment 2 = 213 | 243 | 183|204 | 244|249 260 -
v, =57.0% S
Ko, 6.4 9.4 41 | 57 | 97 |102]117| -
Damageratio | 0.3% 11% | 0% | 1% | 3% | 5% | 10% | 15%
EXpe”f)”IelrLtf N, 183 | 290 | 151286298306 317|326
= . 0
Vs Ko, 4.1 16.3 23 | 156|176 | 19.1 | 21.3 | 23.1
Damageratio | 0.6% 06% | 0% | 1% | 3% | 5% | 10% | 15%
Experiment 16 244 | 244 | 214|245 249|253 264 -
W, =57.4% s
Ko, 9.7 9.7 65 | 98 [ 103|108 | 123 | -
Table 6.1: Comparison of stability parameters
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From figure 6.2 follows that the movement ratios for experiment 16 are higher than for experiment
2 and 5. Experiment 16 settles more than the other experiments because of the lower integration
between the layers compared to experiment 2 (placed per row) and the lower packing density
compared to experiment 5 (both placed per layer). The first displacements (by extraction) all
occurred just below SWL. The stability value from Hudson, K, , is based on the first

displacement. From this analysis follows that experiment 5 is the least stable, see table 6.1.
However figure 6.3 shows that after the first displacement the layer stays stable for a period and the
displacement ratio rapidly increases 2 wave series later than for the other experiments. For all
experiments the damage ratio suddenly increases far above the 5 percent, which results in severe
damage where repair is necessary (in practice). Therefore the stability value, K _.,, , is used to

compare the different experiments. This stability value makes it aso possible to compare the
stability from the irregular methods with the regular methods as described in paragraph 4.3.3. With
this stability value it can be concluded that, for similar packing densities, both placements (per row
or per layer) are almost equally stable (experiment 2 versus 16), see table 6.1. For the row by row
placement, however, the damage ratio is higher for the calculated stability value and the first
displacements appear earlier (lower Hudson stability value). The difference between the placements
is that the row by row placement has less settlement because of the higher integration between the
layers, but blocks are earlier extracted from the structure. Because the settlement is less the stability
within the second layer is lower. When the packing density increases (also by settlement) the
stability increases (experiment 16 versus 5). Therefore the layer by layer placement is preferred.

The damage spreading ratio is presented in figure 6.4. From this figure follows that the ratio is 2
during the first displacements, which means that all displacements occur around SWL (within the
smaller reference areq). If this damage area was chosen for the stability analysis the ratios would
turn out twice as high. This stresses the importance of the choice of the reference area for stability

tests. The figure also shows that after the N, -values, which were taken for the calculation of
Kp-sy » are reached the spreading ratio decreases and displacements are also counted within the

larger reference area. It can be concluded that when the layer fails, blocks are displaced in a larger
areaaround SWL and that the used N, -values are correct.

2.25 0.50 .
——+——2,57.0% .
] _ ~—a--5611% a1t
2.00 £045 1| . 16 57.4% v
S
175 t =§ 0.40 |
?/3) A ]
150 | S 035 |
e 2,57.0% . L3
125 | --a--5,61.1% & 0.30
= 16,57.4% -
100 L L L L L L L L L 025
14 1.6 1.8 2.0 22 24 26 28 3.0 3.2 34 14 16 1.8 20 22 24 26 28 30 32 34
H mo0 /ADnSO H mo /ADnSO
Figure 6.4: Damage spreading ratio Figure 6.5: Reflection coefficients

In figure 6.5 the reflection coefficients for the different experiments are presented. From this figure
follows that experiment 16 has the lowest reflection coefficient at the start of the tests. With
increasing wave heights the reflection coefficient for experiment 16 increases more than for the
other experiments. This is caused by the higher settlement of experiment 16, figure 6.2, which
results in a lower porosity. The effect of the lower porosity is acknowledged by the reflection
coefficients of experiment 5 (with the lowest porosity) which were the highest at the start of the
tests. Around the fourth wave series the overtopping started and from here experiments 2 and 16
failed. The reflection coefficients from this point are influenced and are therefore not analysed.
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Maquet (1985) also described the effect of the porosity on the armour layer. He indicated a value
above which there was insufficient stability and below which there occurred a ‘paving’ action that
reinforced the reflection. The same is found in this investigation, a higher packing density (lower
porosity) leads to more stability and higher reflection coefficients.

From this evaluation it can be concluded that the irregular placement method placed per layer is
more stable and has | ess reflection than the row by row placement. Therefore only this method will
be further evaluated. The required block volume, the required concrete volume per surface and the
required number of blocks per surface for different wave heights are presented in figure 6.6, 6.7 and
6.8 respectively. The values are calculated with the K _.,, -value. For the higher packing density

(experiment 5) smaller blocks (factor 0.6) and less concrete (factor 0.9) is required. However more
blocks (factor 1.5) have to be placed. When an armour layer is designed with a packing density of
57.4%, but during placement the packing density turns out to become 61.1%, because of the
settling, then 6.4% extra blocks have to be added.

10 / 4
,,,,, 5,61.1% / . -----5611%
/ o
8 16, 57.4% ' £ 16, 57.4%
& | : 23t
E / by
g o | ks
3 / 52
o / n
z 4r / 9]
3 / Py
= (O]
o ) R o 1 b
2 / 2
S c
<
®]
0 : 0
0 1L 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Hs (m) Hs (m)
Figure 6.6: Block volume Figure 6.7: Concrete volume per surface
5
77777 5,61.1%
<4l 16, 57.4%
£
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ﬁ \\\ N
olr .
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0 ——

0 1 2 3 4 5 6 7 8 9 10
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Figure 6.8: Number of blocks
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6.2.2 Column placement method

Experiment 3 was placed with a spreading over the slope, which resulted in the sliding down of the
blocks and therefore a more irregular positioning of the blocks. This acknowledges the theory that
the blocks can not be placed within a square grid. For experiment 6 the blocks were placed in
straight columns and for experiment 8 these columns were placed under an angle of 18 degrees. The
ratios for the moved blocks and for the displaced blocks are presented in figure 6.9 and 6.10
respectively. The stability parameters for the different experiments are presented in table 6.2.

50 20
a5 | | ——3,542% N e 3,542%
Ca - 6,49.1% - Ny Ca - 6,49.1% )
40 | . 8 500%| . . A 5 || = 8 50.0%
.35t g A W~
£ 30 | ~.] < <
N ] ) /
%25 1 g 10 | K
20 | ;
8 15 L 8 o IS
0
5 L
0 0 L= « 2. ¥ RV R
14 16 18 2.0 22 24 2.6 28 3.0 32 3.4 14 16 18 2.0 22 24 26 2.8 30 32 34
HmO /ADnSO HmO /ADnSO
Figure 6.9: Movement ratio Figure 6.10: Displacement ratio
Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
Experiment 3 N, 182 | 268 | 3.29 - - -
Vs =542% M 40 [128 237 - | - | -
Experiment 6 N, 290 | 294 | 3.02 | 3.10 | 3.26 -
Vs =491% M 163 | 169 | 183 | 19.8 | 232 | -
Experiment 8 N, 242 | 248 | 259 | 2.74 | 3.04 | 3.23
Ws =S0.0% M 94 | 101 | 116 | 137 | 187 | 225

Table 6.2: Comparison of stability parameters

For al experiments the first displacements were found between minus 10 cm SWL and SWL. The
blocks were pressed out of the column in this area. For experiment 3 and 6 they were pressed
upwards out of the column and in experiment 8 they were pressed to the side. The stability is
obtained by the pressure built up within the column. This however is aso the reason of failure and
causes great pressures on the toe. For experiment 3 the first displacements occurred in an earlier
stage compared to experiment 6, where the blocks were positioned regular and where the packing
density is lower, see figure 6.10. However, the damage development is very different, for
experiment 6 the first displacements led to a chain-reaction and the columns slid down. The
irregular positioning of experiment 3 led to a higher integration between the layers, which resulted
in a slower damage development and more irregular behaviour. In experiment 3 both columns at
the sides completely failed in an early stage, but because of the wall effect they were not counted.
This implies that the columns are sensitive for oblique incoming waves. The experiments were
performed in awave flume, in which it is only possible to test perpendicular incoming waves (2D).
To approach the effect of oblique incoming waves experiment 6 was also performed with the
columns placed under a small angle (experiment 8). This resulted in a lower stability, which
acknowledges the assumption that oblique incoming waves have a great influence on this method.
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From figure 6.11 it follows that for the irregular positioned blocks the damage starts around SWL
and spreads out during later wave series. For the experiment 6 and 8 the first displacements are
directly followed by the sliding down of the above lying blocks. This results in a higher spreading
of displacements over the slope (lower damage spreading ratio). When the irregular placed column
method is used for the design of a breakwater armour layer, where small damage is alowed, the
agreed height of the reference areais very important.

2.25 0.55
——+——3,54.2% K
050 L| -+~ 6,49.1% e
2.00 ¢ £ ~ = 8,50.0%
S 045 |
175 | 5
3 O 0.40 |
150 | S
e 3,542% | 80
125 || - —a--6,49.1% 2
— = —8,50.0% 0.30 ¢
1.00 0.25
1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3-2 3-4 1.4 1.6 1.8 2.0 2-2 2-4 2.6 2.8 3.0 3.2 3.4
H,o/AD, H .o/ AD s
Figure 6.11: Damage spreading ratio Figure 6.12: Reflection coefficients

In figure 6.12 the reflection coefficients for the different experiments are presented. The reflection
coefficients of the irregular positioned column method are lower than for the regular placed
methods. Because of the regular placement there are no holes were the water can intrude to loose its
energy. The overtopping was also far higher for this method, due to the smooth surface and to the
columns which work as canals and lead the water to the top without any blockage. The measured
berm length on the leeside was for experiment 3 around 10cm and for experiment 6 around 24cm,
see figures 6.13 and 6.14. This acknowledges the theory as described in paragraph 6.1, that a higher
reflection coefficient is an indication for higher overtopping.

Figure 6.13: Leeside experiment 3 Figure 6.14: Leeside experiment 6

From this evaluation it can be concluded that the regular positioned column method is very stable,
but has high overtopping. For theirregular positioned column method (with higher packing density)
the blocks dide down, which makes it necessary to add extra blocks. The instability starts in an
early stage around SWL, but the damage development is very slow. For the design of a breakwater
with this method, where small damage is allowed, the agreed reference area is therefore very
important. For both methods oblique incoming waves have a negative influence on the stability and
the high pressure on the toe should not be underestimated.
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6.2.3 Closed pyramid placement method

Experiments 1, 13 and 14 are al performed with the closed pyramid method, but with different
packing densities. The packing density of experiment 14 was 44.8%, which approaches a single
layer placement. The packing density of experiment 1 was 49.7% and the packing density of
experiment 13 was 54.3%. The ratios for the moved blocks and for the displaced blocks are
presented in figure 6.15 and 6.16 respectively. The stability parameters for the different
experiments are presented in table 6.3.

50 15

| [—e—1,49.7% e 1,49.7% ’
45 . ‘
\ ~—a-- 13,54.3%

--4--13,54.3% ) \
40 r| = 14,44.8% 7 N — = —14,44.8%
35 /
30
25
20 +
15 +
10 +

5 L

0

Damage (%)

- -

14 16 18 20 22 24 26 28 3.0 32 34 14 16 18 20 22 24 26 28 3.0 3.2 34

H .o/ AD g H.o,/AD,

Figure 6.15: Movement ratio Figure 6.16: Displacement ratio
Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
Experiment1 | N_ 213 | 259 | 2.80 | 2.94 | 320 | -
Vs =49.7% M 64 | 11.6 | 14.6 | 169 | 21.8 | -
Experiment 13 | N_ 2.88 | 301 | 311 | 315 | 3.5 | -
Vs =943% M 160 | 181 | 20.0 | 20.8 | 229 | -
Experiment 14 | N_ 183 | 253 | 307 | 313 | 324 | -
s =448% M 41 | 107|193 | 205 | 229 | -

Table 6.3: Comparison of stability parameters

From figure 6.15 follows that the movement ratio is higher when the packing density is lower.
From figure 6.16 can be concluded that when the packing density is higher the layer is also more
stable, because the first displacements for higher packing densities occur during later wave-series.
The damage development of experiment 14 is notable. After the first displacements the damage
develops very slowly and crosses the 5% damage line between the other two experiments (both
with higher packing densities) and approaches the damage development of the highest packing
density. This can be explained by the way the layer obtains its stability. For the lowest packing
density (experiment 14) the blocks are the most integrated with the first layer, which clamps them.
For the highest packing density (experiment 13) the stability is obtained by the clamping between
the blocks of the first layer, but the side of the bottom of a block is also clamped between the side
of the bottom of the under and above lying block. In this way a kind of column is formed which
integrates the second layer. For experiment 1 the clamping within the first layer is less than for
experiment 14 and also the clamping within the second layer is minimal. During the tests for
experiment 14 in an early stage some blocks around SWL pressed the two underlying blocks to the
side and sunk in between. The blocks in the first layer again pressed some blocks from the second
layer upwards, which were displaced. After this resettling around SWL the layer became stable
again for awhile.
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For all the three experiments the damage started just below SWL. For experiment 13 the damage
developed very rapidly upwards. For experiment 14 the damage developed very slowly and spread
also much slower. Thisis acknowledged by the graphsin figure 6.17.

2.25 0.55
e 1,49.7% .
2.00 | — - | |- 13,54.3% g
SO0 ML 14 448% e
o
1.75 5 045 |
he @]
(9] ®)
150 ¢ S 040 |
e 1,49.7% ks
1.25 | | --a-- 13,54.3% T 035 |
= 14,44.8%
1.00 0.30
14 16 1.8 2.0 22 24 26 2.8 3.0 3.2 34 14 16 1.8 20 22 24 26 28 30 32 34
HmO /ADnSO HmO /ADnSO
Figure 6.17: Damage spreading ratio Figure 6.18: Reflection coefficients

From figure 6.18 follows that the reflection coefficients are high for all three experiments. Thisis
because the surfaces are quite similar and there are no significant holes in the layer which lead to
the under layer.

The required block volume, the required concrete volume per surface and the required number of
blocks per surface for different wave heights are presented in figure 6.19, 6.20 and 6.21

respectively. The values are calculated with the K, -value. The ratios between the volumes and
number of blocks are presented in table 6.4.
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Figure 6.19: Block volume
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Figure 6.20: Concrete volume per surface

Figure 6.21: Number of blocks

1:13 1:14 13:14
R,, (Block volume) 250 0.64 0.26
R, (Concrete volume) 124 0.96 0.77
Ry (Number of blocks) 0.50 1.49 3.00

Table 6.4: Determining ratios

6.2.4  Double pyramid placement method

Experiment 7 was placed with a spreading over the slope, which resulted in the sliding down of the
blocks and therefore a more irregular positioning of the blocks. The other experiments were regular
positioned without an attempt to spread the blocks over the slope. Experiment 9 has the same
packing density as experiment 7 (58.5%). The packing density of experiment 10 was lower (53.2%)
and the packing density of experiment 12 was the lowest (49.1%). The ratios for the moved blocks
and for the displaced blocks are presented in figure 6.22 and 6.23 respectively. The stability
parameters for the different experiments are presented in table 6.5.

55 25
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Figure 6.22: Movement ratio

14 16 18 20 22 24 26 28 3.0 32 34
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Figure 6.23: Displacement ratio
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Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
Experiment7 | N . 292 | 317|327 | - - -
Vs =985% M 167 | 213 | 234 | - | - | -
Experiment 9 N, 329 | - - - - -
v, =58.5% K, 237 : : : : :
Experiment 10 | N_ 2.86 | 297 | 313 | 3.16 | 323 | -
Vs =932% M 157 | 174 | 204 | 210 | 225 | -
Experiment 12 | N_ 1.82 | 218 | 2.33 | 247 | 271 | 2.77
Vs =491% M 40 | 69 | 85 | 101 | 132 | 142

Table 6.5: Comparison of stability parameters

From figure 6.22 and 6.23 follows that for the same packing density (experiment 7 and 9) the
regular positioned double pyramid method is more stable. The movement ratio is less and in
contrary to experiment 7 there were no blocks displaced. Because of the regular positioning the
under layer has to be smoother for good stability. Because of the better stability the other
experiments were also performed with the regular positioning. From the experiments followed that
the higher the packing density was the more stable the layer behaved. The layer obtains its stability
from the downward pressures within the layer. The blocks are clamped between the 2 above- and
the 2 underlying blocks. There is minimal integration with the first layer. Only at some places the
blocks rest on the edge of the top of the first layer. The first displacements occurred between minus
10 cm SWL and SWL. In this areathe blocks turned and moved down when they lost an underlying
side connection because of movement. When this happened the above lying blocks also lost a
connection, turned and moved down. This cumulative turning and subsequent moving down caused
instability (displacements). When the packing density is higher the connection surface is bigger and
the layer is more stable. It was also seen, especidly for the irregular positioned placement, that
blocks in the upper part of the layer are lifted out by higher waves because they are less pressurised
(clamped) by the above lying blocks. It isimportant not to neglect the possible influence of oblique
incoming waves. They can move the blocks easier to the side than the waves from these
perpendicular 2D-tests.

For experiment 7 both types of failure were observed. For the regular positioned blocks the initial
damage started just below SWL. This aso follows from figure 6.24.
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Figure 6.24: Damage spreading ratio Figure 6.25: Reflection coefficients
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From figure 6.25 follows that for the regular positioned blocks the reflection coefficient (before
failure and overtopping) is higher for higher packing densities. The reflection coefficient for the
irregular positioned placement with high packing density also turned out to be on the low side. This
is caused by the placement of the second layer which was placed a little shifted on the first layer.
Thisled to small openings to the under layer where the wave energy could dissipate. The measured
berm length on the leeside was also the smallest for experiment 7 (13cm). Experiment 12 had the
most overtopping, after the displacements during wave series 3 the slope became smoother and the
overtopping high (berm length was 19cm). The reflection coefficients for |ater wave series are very
low compared to the other experiments because most of the water was overtopped in stead of
reflected or dissipated. This subscribes why only the reflection coefficients before failure or
overtopping are useful. Because of the low reflection coefficients from experiment 7, experiment
10 was optimised by placing the second layer shifted on the first layer. Thiswill be discussed in the
next paragraph.

The required block volume, the required concrete volume per surface and the required number of
blocks per surface for different wave heights are presented in figure 6.26, 6.27 and 6.28

respectively. The values are calculated with the K, -value. The ratios between the volumes and
number of blocks are presented in table 6.6.
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Figure 6.26: Block volume
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Figure 6.27: Concrete volume per surface Figure 6.28: Number of blocks
7:9 7:10 7:12 9:10 9:12 10:12
Ry (Block volume) 142 | 094 | 024 | 066 | 017 | 025
R, (Concrete volume) 1,12 | 1,08 | 074 | 09 | 066 | 0,69
Ry (Numberof blocks) | 079 | 1,15 | 309 | 145 | 390 | 270
Table 6.6: Determining ratios
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6.2.5 Optimisation of the double pyramid placement method

The double pyramid placement method from experiment 10 is repeated with the second layer
placed higher on the first layer. Because of this the holes to the under layer are larger. These
experiments were performed to determine the influence of the shifted placement (larger holes) on
the stability and the reflection. Also the reproducibility of the placement method is tested. The

opening to the under layer for experiment 10 turned out to be ?-¥4- D, over the slope, for
experiment 11 around ¥2- D, and for experiment 15 around ¥%- D,,. For experiment 17 the placing

of experiment 10 was reproduced. The openings turned out be a little lower namely 0-? - D, . The

ratios for the moved blocks and for the displaced blocks are presented in figure 6.29 and 6.30
respectively. The stability parameters for the different experiments are presented in table 6.7.
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Figure 6.29: Movement ratio Figure 6.30: Displacement ratio
Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
Experiment 10 N, 286 | 297 | 3.13 | 3.16 | 3.23 -
7Dy e 157 | 174 | 204 | 21.0 | 225 | -
Experiment 11 N, 291|299 | 313|316 | 3.24 -
¥ D, K, 164 | 17.9 | 204 | 21.0 | 226 | -
Experiment 15 N, 288|290 | 295| 3.00| 3.11 | 3.19
¥+ D, K, 159 | 163 | 17.2 | 181 | 200 | 21.7
Experiment 17 N, 271|297 |311 315|326 | -
0-2-D, K, 132 | 174 | 201 | 209 | 231 | -

Table 6.7: Comparison of stability parameters

There wasllittle difference in the stability for the different placements. For experiment 17 one block
was displaced during the sixth wave series in contrary to the other experiments where no
displacements occurred during this wave series. This happened because there was a small bump on
the under layer. The block on top of this bump was less clammed and therefore easier displaced.
This stresses the necessity for a smooth under layer for this placement. The displacement ratio for
experiment 15 developed different than for the other experiments. This is because the damage for
experiment 15 started in the right upper part of the layer and spread downwards. Because of the
large openings there was no integration between the layers which made this failure possible. For the
other methods the first displacements were observed around SWL. This aso follows from figure
6.31.
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Figure 6.31: Damage spreading ratio Figure 6.32: Reflection coefficients

From figure 6.32 follows that for openings of ¥2- D, the reflection coefficient turned out to be the

lowest. Therefore in the following evaluation only experiment 11 will be used for this packing
density. For the smallest opening, 0-? - D, (experiment 17), the reflection coefficient was the

highest. When the porosity of the first layer is very exposed as in experiment 10 (openings of
¥4 D)) the reflection coefficient is high again.

From the results from the double pyramid method can be concluded that there are two factors
which determine the reflection: the packing density and the exposure of the pores of the first layer,
see figure 6.33. When the packing density is higher (the pores are smaller) the reflection coefficient
is higher. For the exposure of the porosity the reflection coefficient turned out to be minimal for

Y2- D, . The theory behind these differencesis that a wave looses its energy when the water intrudes
and extrudes the pores of the first layer. When the opening (over the slope) to these pores is very
small only a little water can intrude and extrude during a wave, but when the opening is large it
takes less energy to intrude and extrude. It was found that an optimum of energy lossis found when
the opening is half the nominal diameter. When the packing density is lower, the pores are wider so
more water can intrude and extrude which leads to a lower reflection coefficient. The lowest

reflection will therefore be obtained with a low packing density and openings of %2 D,. This low
packing density also resultsin alower stability.
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Figure 6.33: Reflection coefficients for first wave series
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6.3 Evaluation per packing density

In this paragraph the obtained results by the performed experiments are compared for
corresponding packing densities. Four packing densities with a bandwidth of 5 percent are chosen
for this comparison, namely: packing densities around 45% (42.5 - 47.5%), 50% (47.5 - 52.5%),
55% (52.5 - 57.5%) and 60% (57.5 - 62.5%). The experiments 2, 10, 15 and 17 were left out the
comparison because different placements within the same method performed better on stability or
reflection. Experiment 8 is left out because it was performed for the approach of oblique incoming
waves. In figure 6.34 the stability values with accompanying packing densities obtained in the
previous chapter for the different experiments which will be evaluated in this paragraph are
presented.
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Figure 6.34: Packing density and stability

6.3.1 Packing densities around 45%

A layer with a packing density around 45% approaches a single layer placement. This packing
density was only possibly for the closed pyramid method (experiment 14) and led to a high
integration between both layers. The results of this placement can be found in the paragraphs 5.16
and 6.2. For the double and filled pyramid method this packing density is impracticable, because
the dlightest irregularity in the under layer or the toe makes the placement of a stable row
impossible. For the column method the blocks will intrude within the first layer, which destabilises
the column. Irregular placement is only possible with a packing density above 55% because of the
sliding down and settling of blocks.

6.3.2 Packing densities around 50%

The closed pyramid (experiment 1), the filled pyramid (experiment 4) and the regular positioned
column (experiment 6) placement methods were performed with a packing density of 49.1%. The
double pyramid (experiment 12) placement method was performed with a packing density of
49.7%. The ratios for the moved blocks and for the displaced blocks are presented in figure 6.35
and 6.36 respectively. The stability parameters for the different experiments are presented in table
6.8.
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Damageratio | 0% | 1% | 3% | 5% | 10% | 15%
Experiment 1 N, 213 | 250 | 280 | 294 | 320 | -
Closed pyramid K, 6.4 | 116 | 146 | 169 | 21.8 | -
Experiment 4 N, ~ [ 164|199 | 2.26 | 254 | -
Filled pyramid K, - | 29 | 524 77 109 -
Experiment 6 N, 290 | 294 | 302 | 310 | 326 | -
Column K, 163|169 | 183 | 198 | 232 | -
Experiment 12 N, 182|218 | 233|247 | 271 | 2.77
Double pyramid K, 40 | 69 | 85 | 101 | 132 | 142

Table 6.8: Comparison of damage parameters

The filled pyramid method was the most unstable. The movement ratio was the highest and already
during the first wave series a block was displaced. This is because the blocks are placed irregular
within the holes of the first layer. Therefore there is no integration within the second layer and the
blocks of the second layer are not clamped by the blocks of the first layer. The next unstable
method was the double pyramid placement. During the third wave series the first block was
displaced, because it lost one of its connections to the underlying blocks of the second layer, turned,
moved down and started a chain reaction. For oblique incoming waves the chance for thisto happen
is even bigger and first displacements are expected earlier. The closed pyramid method and the
column method were the most stable. The movement ratio for the column method was higher, but
the first displacements occurred during the seventh wave series in contrary to the closed pyramid
where they occurred during the fourth wave series. The column method is, however, only very
stable for perpendicular incoming waves. Oblique incoming waves will press the columns sideways
and bend them in an earlier stage. Another disadvantage of the column method are the high forces
on the toe caused by the column.

For all four methods the damage started around SWL. For the column method the damage
developed quickly over the sope, because the columns dide down after the first displacements
around SWL. Therefore the damage spreading ratio started below 2, see figure 6.37.
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H mo /ADnSO
Figure 6.38: Reflection coefficients

From figure 6.38 follows that the reflection coefficients for the filled and double pyramid method
were the lowest. Because of the early failure of these methods the overtopping started in an early
stage and therefore the reflection coefficient stayed low during later wave series. The reflection
coefficient for the column method was the highest. It decreased during wave series 4 because the
overtopping started. The berm length caused by the overtopped water was also the longest.
Compared to the reflection and overtopping of the column method the closed pyramid method
performed better. This can be explained by the behaviour of water, which searches for the path with
the least resistance. The columns form canals, which lead the water to the top from where it streams
back or overtops. When the water is blocked by a block of the closed pyramid method a part of the
energy is dissipated.

For a packing density around 50% and perpendicular incoming waves the regular placed column
method behaves the most stable. However, in reality there are in most cases also oblique incoming
waves which have a negative effect on the stability. Because of this negative effect of oblique
incoming waves on the stability, the high forces on the toe and the high reflection and overtopping
the closed pyramid method is preferred over the column method.

6.3.3 Packing densities around 55%

The irregular positioned column placement method (experiment 3) was performed with a packing
density of 54.2%. The double pyramid (experiment 11) and closed pyramid (experiment 13)
placement methods were performed with a packing density of 54.3% and the layer by layer placed
irregular placement method (experiment 16) was performed with a packing density of 57.4%. The
ratios for the moved blocks and for the displaced blocks are presented in figure 6.39 and 6.40
respectively. The stability parameters for the different experiments are presented in table 6.9.
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Hudson <5%
Damageratio | 0.6% 0.6% 0% | 1% | 3% | 5% | 10% | 15%

Experiment3 | N, i C (182268329 - | - | -
Column K, i i 40 |128 | 37| - | - | -
Experiment 11 | N, i T [291]299|313 (316|324 -
Double pyramid 7 i T | 164 179|204 | 21.0| 226 | -
Experiment 13 N, - - 2881301311 |315|325| -
Closed pyramid = i C [160]181| 200|208 | 229 -
Experiment16 | N_ 244 | 244 | 214 | 245|249 | 253 | 264 | -
Irregular

K 9.7 9.7 65 | 98 | 103 | 108 | 123 | -

D
Table 6.9: Comparison of damage parameters

The first displacements occurred for the irregular positioned column method during wave series 3.
Thereafter, during wave series 4 the first blocks were displaced for the irregular method, which has
the highest movement ratios and the highest packing density in this comparison. The closed and
double pyramid method showed a similar behaviour. For both regular positioned methods the first
blocks were displaced during the seventh wave series. The damage for the irregular positioned
column method developed very slowly compared to the other three placement methods. For the last
wave series the damage ratio was till 3% and lower than the ratios of the closed and double
pyramid method. A disadvantage of the irregular positioned methods is that it is difficult to predict
the exact packing density, because during the placement blocks tend to settle. This can lead to the
necessary placement of extra blocks during construction. When the blocks of the irregular
placement settle, in reality, extra blocks can be added, which enforces the stability of the layer. For
the irregular positioned column placement the settling is lower and when blocks are displaced the
column above can dide down. Another disadvantage is that oblique incoming waves have a
negative effect on the stability of the columns. Both pyramid methods show similar stability
behaviour, however the stability of the double pyramid method can be influenced by oblique
incoming waves. Also the placement is more difficult, because there is no integration between the
layers. For both regular positioned methods a smoother under layer and toe, compared to the
irregular positioned methods, are required.

For al four placements the damage started around MSL. For the closed pyramid method the
damage spread quickly upwards during one wave series. This is why the damage spreading ratio
starts below 2, see figure 6.41.
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Figure 6.41: Damage spreading ratio Figure 6.42: Reflection coefficients
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From figure 6.42 follows that the reflection coefficients for the irregular and the double pyramid
method, with openings of %- D, are both very low. This is because for both methods it is possible

for the water to intrude the pores of the first layer with optimal energy loss. The reflection of the
irregular positioned column method is a little higher and the reflection for the closed pyramid
method is by far the highest.

For a packing density around 55% the closed and double pyramid method behave the most stable.
The double pyramid method with openings of % -D, has the lowest reflection, but oblique

incoming waves can negatively influence the stability. For both regular methods the under layer
and toe have to be smooth and equipment and circumstances for accurate placement are required. I
this is not possible or too expensive, than an irregular positioned placement method is
recommended. The irregular placed column method is preferred when a small damage ratio is
allowed, the reflection is not a determining factor and most waves come in perpendicular to the
structure. Otherwise the irregular placement method is advised. Both irregular positioned methods
have as disadvantage that the exact packing density is difficult to predict. This can during
construction result in higher packing densities, which are more stable, but need more blocks and
have higher reflection coefficients.

6.3.4 Packing densities around 60%

For packing densities around 60 percent three experiments were performed: the layer by layer
placed irregular placement method (experiment 5) with a packing density of 61.1% and the
irregular and regular positioned double pyramid placement method (experiment 7 and 9) both with
a packing density of 58.5%. The ratios for the moved blocks and for the displaced blocks are
presented in figure 6.43 and 6.44 respectively. The stability parameters for the different

experiments are presented in table 6.10.
50 20
45 || —+—5,61.1% RS —+—5,61.1%

~—a--7,585% * ~~a--7,58.5%

40 || —.=--9, 585% ’ 15 ||~ % -9.58.5%

w
o u
T T

10

Damage (%)
N N W
o o

Damage (%)

=
[¢)]
T

/
&

0 L » L RN W M- B

14 16 18 20 22 24 26 28 3.0 32 34 14 16 18 20 22 24 26 28 3.0 32 34
H,o/AD, g H,o/AD, g

Figure 6.43: Movement ratio Figure 6.44: Displacement ratio

b - g = ="

Hudson <5%
Damageratio | 0.3% 1.1% 0% | 1% | 3% | 5% | 10% | 15%

Experiment 5 N, 1.83 2.90 151|286 | 298| 3.06| 317 | 3.26
Irregular K, 41 163 | 23 | 156 | 176 | 191 | 21.3 | 23.1
Experiment 7 N, - - 292 | 317|327 | - - -
Double pyramid = i - |67 (213|284 - | - | -
(irregular pos.) D

Experiment 9 N, - - 329 | - - - - -
Double pyramid N N - _ B - -
(regular pos.) Ko 37

Table 6.10: Comparison of damage parameters
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For theirregular placement method the movement ratios were the highest and the first displacement
occurred during the second wave series. The damage developed slowly and the layer stayed very
stable up to the sixth wave series. The irregular positioned double pyramid method was more
stable. During the seventh wave series the first displacement occurred. The regular placed double
pyramid method was the most stable because no displacements occurred during the tests. Oblique
incoming waves can have a negative effect on the stability. Other disadvantages of the double
pyramid method are that the under layer and the toe have to be smooth and equipment and
circumstances for accurate placing are required.

For the irregular placement the damage started around SWL. For the irregular positioned double
pyramid placement the damage started in the upper part of the layer, see figure 6.45.
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Figure 6.45: Damage spreading ratio Figure 6.46: Reflection coefficients

From figure 6.46 follows that the reflection coefficient for the irregular positioned double pyramid
placement is the lowest. The reflection coefficients for the irregular and the regular positioned
double layer placement start similar. When the double pyramid placement is placed with openings

to thefirst layer of ¥2- D, the reflection coefficient will be lower.

For a packing density around 60% the regular positioned double pyramid placement behaves the
most stable compared to the irregular positioned double pyramid placement and the irregular
placement method. The stability can be negatively affected by oblique incoming waves. Other
disadvantages of the double pyramid method are that the under layer and the toe have to be smooth
and equipment and circumstances for accurate placing are required. When thisis not possible or too
expensive the irregular placement is recommended.
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6.4 Resulting Antifer-block armour design

From the evaluation of the experiments can be concluded that the regular placement methods
behave more stable than the irregular placement methods and higher packing densities lead to
higher stabilities. The stability values for the placement methods are based on wave heights before
failure (when much repair is necessary). For regular placements this is for zero displaced blocks.
For irregular placements a few blocks may be displaced, before the layer fails (displacement ratio

increases above 5% for areference areaof SWL £5- D).

Within the regular placement methods the closed pyramid and the double pyramid method are
preferred. For low packing densities (around 45 and 50 percent), which approach single layer
placement, the closed pyramid placement is the most stable. For higher packing densities (around
55 percent) the stability is equal, however the reflection coefficients for the double pyramid

placement with openings to the under layer of ¥2- D, are far lower. When the packing density is

higher also the stability and the reflection coefficient are higher. For packing densities around 60
percent only the double pyramid method was tested which behaved very stable. It was found that
when the double pyramid placement method is placed less accurate (more irregular positioned) the
stability decreases. It is recommended to investigate the possible negative influence of oblique
incoming waves on the double pyramid placement method.

For situations where the waves come in perpendicular to the structure, the lopeis very short (or the
toe very stable) and reflection and overtopping are not a determining factor, the regular positioned
column method is the most stable solution. The properties for the mentioned regular placement
methods are presented in table 6.11, wherein the reflection coefficients are from the first wave
series.

A disadvantage of the regular placement methods is that the under layer and the toe have to be
smooth (especialy for the double pyramid method) and the blocks have to be placed very accurate.
This accurate placing depends on the obtainable equipment and the environmental circumstances.
When this is not possible or too expensive it is recommended too use the layer by layer placed
irregular or the irregular positioned column placement method.

Placement method Experiment v, (%) Koo C,

Closed pyramid 14 44.8 4.1 0.34
Closed pyramid 1 49.7 6.4 0.34
Double pyramid (%- D,) 11 543 16.4 0.29
Double pyramid (0-? - D, ) 9 58.5 23.7 0.33
Column 6 49.1 16.3 0.36

Table 6.11: Properties of the regular methods

The layer by layer placed irregular placement method is less stable than the regular placement
methods and is only applicable for packing densities above 55 percent. For a packing density
around 55 percent the reflection coefficients are similar for the double pyramid placement with
openings to the under layer of ¥2- D, .

For situations where the waves come in perpendicular to the structure and small damage is allowed
(within 5% for areference area of SWL +5- D,), the irregular positioned column method behaves
more stable than the irregular placement. For this method a stable toe (or short slope) is required. It
is possible to obtain packing densities lower than 55 percent with this method. The properties for
the mentioned irregular positioned placement methods are presented in table 6.12, wherein the
reflection coefficients are from the first wave series. Both irregular positioned methods have as
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disadvantage that the blocks will dlide and settle after placement. Therefore it is very difficult to
obtain a prescribed packing density. Because of this settling it is possible that extra blocks have to
be added during construction. The packing density will come out higher, which results in a more
stable layer with higher reflection and overtopping.

Placement method Experiment v (%) Koo K on K p-ss C,

Irregular (placed per layer) 16 57.4 6.5 9.7 9.7 0.29
Irregular (placed per layer) 5 61.1 2.3 4.1 16.3 0.33
Irregular positioned column 3 54.2 4.0 - 23.7 0.31

Table 6.12: Properties of the irregular positioned methods

From these results follows that when the layer and the toe are smooth and the blocks can be placed
accurate the closed and double pyramid placement methods perform the best. The eventual choice
for the packing density depends on the allowed reflection or overtopping and the construction costs.
These costs are determined by the required block volume, the required volume of concrete and the
required number of blocks, which are determined by the packing density and accompanying
stability-value. In the next chapter the costs will be discussed in more detail.
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7 Cost analysis

The total costs of a breakwater are determined by the construction costs and the maintenance costs.
The maintenance costs contain the costs for monitoring and maintenance of the breakwater. This
maintenance can be corrective (after failure) or preventive (before failure). The construction costs
can be divided into direct costs and indirect costs. Indirect construction costs are not directly related
to the construction of the structure, like offices and staff. The direct construction costs can be
divided into constant and variable costs. The constant costs are determined by the material costs,
which depend on the required quantity, and the costs for the mobilisation and demobilisation of the
plant, equipment and material. The variable costs are time related and contain costs for labour, fuel
and equipment.

In the first paragraph the direct construction costs will be discussed. In paragraph 1.2 the costs for
the regular placements, which performed the best in the previous chapter, are compared and in
paragraph 1.3 the costs for the regular and irregular placements are compared.

7.1 Direct construction costs

For the construction of a breakwater: a core, filter layer(s), toe, scour protection and an armour
layer have to be placed. This research focuses on different placement methods of the armour layer
and therefore only the influence of the armour layer on the direct construction costs will be
discussed. To compare the costs for the different placement methods and packing densities with
accompanying stability values the costs are approached by dividing them into production,
placement and constant costs, see equation 7.1. These costs are all expressed as costs per square
meter of breakwater slope.

‘N
Q:M-X+NVY+D:W§W3b-X+%%;N+D (7.1)
b

The production costs are expressed as the costs per cubic meter of block per square meter, X , times
the required cubic meters of block per square meter,V, . The production costs consist of the costs

for concrete, moulds and the production and hardening of the blocks. The costs for the production
plant and storage area are assumed to be constant per project and part of the indirect construction
costs and are therefore not included. The production costs are influenced by the concrete, material,
labour and equipment prices, the required block volume and the required number of blocks. For the
production of bigger blocks, more concrete, a bigger mould, more time (for production and
hardening) and more labour are required per block. However, fewer blocks have to be produced.
The costs per cubic meter of produced block are therefore rather independent on the block volume
and lie around the €200,- [VAN DER HOEVEN, 2007].

The placement costs are expressed as costs per block per sguare meter, Y, times the required
number of blocks per square meter, N, . The placement costs consist of the costs for transport and

placing of the blocks. It is assumed that the influence on the placement costs by the transport
logistics, possible breakdown of equipment and the environmental conditions (unworkable days)
are constant per project. Therefore they are not included in the placement costs. The placement
costs are influenced by the labour and equipment prices, the required accuracy of placing, the
required block volume and the required number of blocks. For the placement of bigger blocks
stronger equipment (more expensive per week) for transport and placing is required with higher
mobilisation and demobilisation costs. However, fewer blocks have to be placed, which decreases
the total construction time. If the blocks have to be placed very accurately the costs per block rise,

107

x S
TUDelft hydRONAMIC



Cost analysis

because specialised equipment, more time, and a diving team are required. The costs for small
blocks placed from the breakwater (close to the production plant) lie around the €50,- per block.
The costs for big blocks placed from the water lie around the €300,- per block [VAN DER HOEVEN,
2007].

The constant costs, D , are the extra costs per square meter, which are directly related to the chosen
placement method and packing density with accompanying stability. They can consist of the costs
for a smoother under layer and toe, a more stable toe and more under layers or more expensive
under layers because of the use of bigger blocks. They are influenced by the size of the blocks and
the placement method.

For this cost approach it is assumed that the costs per cubic meter of produced block are constant.
Therefore the placement and the constant costs per square meter can be expressed as a ratio of the
production costs, see equation 7.2.

‘N
C =y, n3 b-X+‘/\’/ST-Z-X+E-X (7.2)

b

In which Z (=Y/ X)) is the placement costs ratio, which lies between 0.25 and 1.5, and E
(= D/ X)) isthe constant costsratio.

7.2 Regular placement

In this paragraph the costs for the four best performing regular pyramid placement methods with
different packing densities (experiments 14, 1, 11 and 9) are compared. From the previous
paragraph followed that the costs are determined by the required volume of concrete, the required
number of blocks (both with accompanying costs) and the constant costs. The required volume of
concrete and the required volume of blocks are in their turn determined by the packing density, the
number of layers and the block volume. The block volume is calculated with the significant wave
height, the stability value, the slope angle and the densities of the concrete and the water.

To visuaize the influence of the packing density and accompanying stability value the required
block volume,V,, , the required volume of concrete per square meter,V, , and the required number of

blocks per square meter, N, , for the four pyramid placement methods from the previous chapter,

are presented for different wave heights in the figures 7.1, 7.2 and 7.3 respectively. Also the ratios
between the different experiments are calculated for these volumes and numbers and are presented
in table 7.1. In this table A and B stand for the closed pyramid placement method with packing

densities of 44.8% and 49.7% with accompanying K, -values of 4.1 and 6.4 respectively. C and D
stand for the double pyramid placement method with packing densities of 54.3% and 58.5% with
accompanying K, -values of 16.4 and 23.7 respectively. For these calculations concrete with a
density of 2400 kg/m? and salt water with adensity of 1035 kg/m?3 is used.
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Figure 7.2: Required volume of concrete Figure 7.3: Required number of blocks
A:B A:C A:D B:C B:D CD
Ry 156 | 400 | 578 | 256 | 370 | 145
Ry 1.05 131 1.37 1.25 131 1.05
R 0.67 0.33 0.24 0.49 0.36 0.73

Table 7.1: Volume and number ratios between the experiments

From these figures and table follows that the lower packing densities with lower accompanying
stability values lead to bigger required blocks, more required concrete, but fewer required blocks.
Especially the ratios between A and D are striking.

To compare the costs for the different regular placements the constant extra costs are assumed
equal per placement and are therefore neglected. In the first comparison the placement costs ratios
(Z) are equa for al experiments in the second comparison the placement costs ratios differ per
placement.

7.2.1 Cost comparison with equal placement ratios

For this cost comparison the placement costs ratios are assumed to be independent of the block
volume and are therefore equal for all experiments (Z, = Z,). The constant costs are assumed to

be equal per placement and are therefore neglected for this comparison. In reality the required block
volume would determine the averaged stone weight of the layer and the number of filter layers.
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These assumptions result in the following cost equation:

ye-n
Co=penif - X+ L2z x
b

In which the minimum value for Z is ¥ and the maximum valueis 1.5.
In the figures 7.4, 7.5, 7.6 and 7.7 the costs for different placements are presented for the Z -
values: 0.25, 0.5, 1.0 and 1.5. The costs are expressed as aratio of X .
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Figure 7.6: Costsfor Z =1.0 Figure 7.7: Costsfor Z =1.5

From these figures it follows that for low design wave heights, where the block volumes are
smaller; the costs for the lower packing densities are less than for the higher packing densities. This
is because for low wave heights the total costs are mainly determined by the required number of
blocks (placement costs), which are lower for lower packing densities. When the placement costs
ratio increases the placement costs have more influence on the total costs. Therefore the costs for
the lower packing densities stay relatively lower for higher wave heights. The influence of the
placement costs on the total costs can also be seen in the figures 7.8 and 7.9. These figures show the
percentage of the total costs which is determined by the production costs. In figure 7.8 the influence
of the packing density with accompanying stability-value and in figure 7.9 the influence of the
placing costs ratio is shown.
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Figure 7.8: Production percentage for Z =1 Figure 7.9: Production percentage for method A

In table 7.2 the minimum costs are presented per placement for different placement costs ratios.
The wave heights where the minimum costs are obtained are cal culated with equation 7.3:

H.=(2-Z-K, -coter-A*)"° (7.3)

From this table it follows that when the placement costs ratio or the packing density with
accompanying stability-value increases the minimum costs al so increase and are obtained for higher
design wave heights.

Z=0.25 Z=05 Z=10 Z=15
w,=448% | H, 192 242 3.04 3.48
Kp =41 C, 1.07 134 1.69 194
w,=49.7% | H, 2.22 2.80 3.53 4.04
Ky, =64 C, 1.18 1.49 1.88 215
w,=543% | H, 3.04 3.84 4.83 5.53
Ky =164 | C, 1.29 1.63 2.05 2.35
w,=585% | H, 344 4.34 5.46 6.25
Kp =237 | C, 1.39 1.76 2.21 2.53

Table 7.2: Minimum costs for different placements and placement costs ratios

To compare the costs for the different experiments the costs ratios, R, , are calculated for the
different experiments with equation 7.4.

C

Ry =—=*
t Cty

_ l//sx 'Vb];(/3 +l//sx 'Vb;(Z/s ’ Zx

14
Yy 'Vbbls Wy 'Vb;2/3 "z, o

The ratios are presented for the different placement with Z =1 in figure 7.10. In figure 7.11 the cost
ratios between experiment A and D are presented for different valuesof Z .
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Figure 7.10: Cost ratiosfor Z =1 Figure 7.11: Cost ratios for placement A vs. D
When the ratios are below 1 the first experiment (x), with lower packing density, is cheaper. From
the figures can be concluded that for the lower wave heights the difference in costsis higher (lower
cost ratio) when the packing densities differ more. This is because for the lower wave heights the
costs are mostly determined by the number of required blocks, which ratio is large. With increasing
wave height the ratios cross 1 (equal costs) and stabilize, because the costs are then mainly
determined by the volume of required concrete which ratio is constant and smaller than the ratio for
the required number of placed blocks. The ratios for A:B and C:D stabilize around one. The cost
differences are therefore minimal for these placements for high design wave heights. From figure
7.11 follows that for increasing Z -values the ratios increase less rapidly. This is because the
placement costs have than more influence on the total costs.

When the ratio between the costs is equal to 1 the costs intersect. With equation 7.5 the design
wave height for the intersection point can be calculated for different Z -values.

(R S S R
(lr//sx : KI;Z3 _lr//w : KIS?//:;)

Hsz(cota-&-z (7.5)

The found intersection wave heights for different Z -values are presented in figure 7.12. Under the
line the first experiment (x) is cheaper and above the line the second experiment (y) is cheaper. The
intersections are plotted for Z =1 in figure 7.13. The intersection points are aso presented in table
7.3for Z=0.25,0.5,1.0and 1.5.
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Figure 7.12: Intersection points for diff. Z -values Figure 7.13: Intersection pointsfor Z =1
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AB A:.C A:D B:C B:D CD

7 025 H, 3.42 3.13 3.46 3.06 3.47 4.83
C 1.38 1.29 1.39 1.29 1.39 1.54

7 o8 H, 4.30 3.94 4.36 3.85 4.37 6.0
C 1.74 1.63 1.76 1.63 1.76 1.94

210 H, 5.42 4.97 5.50 4.85 551 7.67
C 2.19 2.05 221 2.05 221 2.44

S H, 6.20 5.69 6.29 5.55 6.31 8.78
C 250 2.35 253 2.35 2.53 2.80

Table 7.3: Intersection of costs for different Z -values

When the design wave height increases the placements with higher packing densities become the
cheapest. The design wave heights, where the costs intersect, are higher when the Z -value
increases. This means that for higher Z -values the placements with lower packing densities are
cheaper for higher wave heights. For design wave heights under 3.13 meter placement A has always
the lowest costs (Z =0.25). For design wave heights above 8.78 m. placement D has aways the
lowest costs (Z =1.5).

For the design of an armour layer the design wave height is known. With equation 7.6 the critical
Z -value, where the costs intersect, can be cal cul ated.

S HD Kooy Ky®) 6
- 3 213 213 (7.6)
cota Ay, K& -y, K2

The critical Z -values for different wave heights are presented in figure 7.14. At the |eft side of the
line the first experiment (x) is cheaper and at the right side the second experiment (y) is the
cheapest.

5 6 7 8 9 10
Hs (m)

Figure 7.14: Critical Z -values for design wave heights
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7.2.2 Cost comparison with different placement ratios

In the previous paragraph was assumed that the Z -value (placement costs ratio) is equal for all
placements. However in redlity the placing costs are for a part determined by the block size. To

approach thisthe Z -vaueis calculated with the block volumeratio, R, . When is assumed that for
the four regular experiments the Z -value is only determined by the block size and the complete
bandwidth of Z (0.25-1.5) is used, this will lead to the following values. Z, =15, Z, =1.1,
Z.=0.6 and Z,=0.25. With these values the costs are calculated and presented in figure 7.15.
From this figure follows that, when the difference in Z -valuesis very large the placement with the
highest packing density and accompanying stability value (smallest Z -value) is the cheapest for all
the relevant wave heights.

44.8%, 4.1
—————— 49.7%, 6.4
— - —54.3%, 16.4
—--—- 58.5%, 23.7

Costs

Hs (m)
Figure 7.15: Costs for different Z -values

This method, however, is too extreme, because the Z -values are not only determined by the block
volume and therefore not the complete bandwidth should be used. The use of the more

representative bandwidth (0.6-1.2) leads to the following Z -values: Z,=1.2, Z,=1.0, Z. =0.8

and Z,=0.6. With these values the costs are calculated and presented in figure 7.16 and 7.17. For
wave heights up to 4.1 meter method A is the cheapest, from 4.1 to 4.3 meter method C is the
cheapest and for wave heights above 4.3 meters method D, with the highest packing density, is the
cheapest.

6 2.10
44.8%, 4.1 44.8%, 4.1

777777 49.7%, 6.4 205 | - 49.7%, 6.4

5r — - - 54.3%, 16.4 — - - 54.3%,16.4
—--—- 585%, 23.7 N —--—- 585%, 23.7

2.00

I3 % 195
8, 8
1.90
2r 1.85
- T R
0 1 2 3 4 5 6 7 8 9 10 35 36 3.7 38 3.9 40 41 42 43 44 45
Hs (m) Hs (m)
Figure 7.16: Costs for different Z -values Figure 7.17: Costs for different Z -values
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It can be concluded that for a small spreading of Z -values, determined by the ratio of block
volumes, the placements with higher packing densities and accompanying stahility values are
cheaper for higher wave heights. This was aso concluded in the previous paragraph. When the
spreading width of Z increases, the wave heights where the costs intersect become lower up to the
situation wherein the placement with the higher packing density and accompanying stability is the
cheapest for all the wave heights.

It is however not completely realistic to determine theZ -values from the block volume ratios,
because for small wave heights the blocks are all within the same range of volume. When the wave
heights are smaller than 4 meter the required block volumes are for all four methods within 5 cubic
meters and therefore the placing costs per block will differ very little. For higher wave heights the
difference in absolute block volumes increases exponential. Therefore another approach for the
placement costs, depending on the block volume, is presented.

The price for the equipment determines the placement costs. This price depends on the strength of
the equipment, which depends on the required block volume. Therefore the placement costs per
block are equal when the block sizes are within a fixed range. To illustrate this four ranges are
assumed. For the first range the placement costsratio, Z , is 0.25 when the block volume isless than
1 cubic meter. For block volumes between 1 and 5m3 Z =0.5, for block volumes between 5 and
20m3 Z =1 and for block volumes above 20 m3 Z =1.5. The resulting costs are presented in figure
7.18 and 7.19.

5 , 2.5
\ 44.8%, 4.1 \
A 49.7%, 6.4 )
4 \ -~ -~  54.3%,16.4 ) A
. —--—- 58.5%, 23.7 . 7 4
20 | . s L
%) 31 %) ’ : o
I3 B
o (@)
O 2 L O |
15 p 44.8%, 4.1
77777 49.7%, 6.4
1t — - —54.3%, 16.4
—--—-585%, 23.7
0 L L L L L L L L L 10
0 1 2 3 4 5 6 7 8 9 10 2.0 3.0 4.0 5.0 6.0 7.0
Hs (m) Hs (m)
Figure 7.18: Costs per placement Figure 7.19: Costs per placement

From the figures 7.18 and 7.19 follows again that for higher wave heights the higher packing
densities with accompanying stability values are the cheapest.

To calculate the wave height where the costs intersect for 2 placements with different placement
costs ratios equation 7.7 is formulated.

(7.7)

H.=|cota-A®-
° [ (V/sx ’ KIS}(/S _V/w : Klsys)

(Wsy : Kégzs ' Zy W KS)/(3 ’ ZX)JU3
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An armour layer will be designed for a specific design wave height. When two aternatives are
chosen the cost ratio of the second placement, where the costs intersect, can be calculated with
equation 7.8.

H 3
(—sj (!//9< : K;(/g _lr//w : Klsya)'i_lr//sx : Klgia : Zx
7 = — (7.8)
sy Dy

The results of this equation for Z, =1 are presented in figure 7.20. The first experiment (x) is the
cheapest when the combination of Z, and H ¢ lies above the cost intersection line.

1.50

1.25

1.00

>
N
0.75

0.50

0.25

o 1 2 3 4 5 6 7 8 9 10
Hs (m)

Figure 7.20: Costsintersection linesforZ, =1

It can be concluded from figure 7.20 that with increasing placement costs for experiment y also the
wave height where the costs intersect increases and experiment x is cheaper for higher wave

heights. For values below the minimum Z  -values the second experiment (y) is aways the
cheapest. When the maximum Z -value is 1.5 the wave heights for which the second experiment
(y) is dways the cheapest can be determined.

7.3 Regular versusirregular placement

From the performed experiments followed that the regular double layered pyramid method
(experiment 11) is far more stable than the irregular placement method (experiment 16) for similar

packing densities 54.3% and 57.4% respectively. The stability value, K, of the regular placed

experiment 11 was 16.4 and based on zero displacements. This stability value will possibly be
lower for oblique incoming waves. The stability value, K _,, , of the irregular placed experiment

16 was 9.7 and a few displacements (less than 5%) were allowed. The reflection coefficients were
similar and therefore the regular method is preferred, because it is more stable and settles less.
However, for the construction of the regular method a smoother under layer and toe are required
and the blocks have to be placed more accurately. If this is not possible because of the
environmental conditions the irregular placement is preferred. If it is possible it results in extra
placing costs per block, for the accurate placing, and in extra costs per square meter, E - X , for the
smoother under layer and toe.
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The costs for the regular placement are expressed with equation 7.9 and the costs for the irregular
placement are expressed with equation 7.10.

‘n
Ctx:z//g-nx-%/\_/bx-X+%-ZX-X+E-X (7.9)
bx
Yy Ny
Cy =g N, iV - X+ o2, X (7.10)
by

In the figures 7.21, 7.22 and 7.23 the required block volume, the required volume of concrete and
the required number of blocks are presented respectively to visualize the influence of the different
packing densities with accompanying stability values.

40 4
54.3%, Kd=16.4
77777 57.4%, Kd=9.7

54.3%, Kd=16.4

3 - 574% Kd=97 | ¥ | 57.4%, Kd=9.7

3
w
=}

Block volume (m3)
N
o
Concrete per surface (m3/m2)
N

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Hs (m) Hs (m)
Figure 7.21: Required block volume Figure 7.22: Required volume of concrete

54.3%, Kd=16.4
————— 57.4%, Kd=9.7

Blocks per surface (-/m2)

Hs (m)
Figure 7.23: Required number of blocks

In figure 7.24 the total costs as ratio of X are presented. For this figure the placement costs ratio
was 1 and equal for both methods, Z = Z, = Z, =1. The more accurate placement was not taken
into account and neither the extra costs for the smoother under layer and toe. When the extra costs

were included the line for the regular method would shift upwards. The cost difference between the
two methodsis presented in figure 7.25.
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Figure 7.24: Costsfor Z =1 Figure 7.25: Cost difference for Z =1

For the calculation of the cost difference the costs for the irregular method were subtracted from the
regular method (AC, =C, —C, ). When this vaue is negative, for H, lower than 3.8, the

irregular method is cheaper and therefore preferred. When the cost difference is smaller than the
extra costs for smoothening the under layer and toe (AC, < E) the irregular method is aso

preferred.

When the placing costs ratios, for both placements, and the extra costs ratio are known then the
total cost ratio can be calculated with equation 7.11.

Ct ¥ 'Vbils TV« 'Vb;2/3 ’ Zx +%
=—= 711
h Cy Yy 'Vbly/3 Wy Vi 2y e

by

When thisratio is below one the regular placement is cheaper. The costs are equal when the ratio is
one. The Z -value for equal costs can be calculated with equation 7.12 if the placing costs ratio

and the extra costs ratio are known for the regular method.

HS TERRCE
(m)(wytKDya_ww'KD;/3)+[+J .%+W9(.K|§f<3.zx
o (7.12)

y 213
Vs - KDy

The results of this equation, for the regular and irregular placements with Z, =1, are presented in

figure 7.26, for different extra costs ratios. The irregular method is the cheapest when the
combination of Z, andH ¢ liesunder the intersection line.
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Figure 7.26: Cost intersection linesfor Z, =1

From this figure it follows that when the extra costs ratio is high the irregular placement is the
cheaper placement. For this comparison the extra costs ratio is only used for the costs of
smoothening the under layer and toe. It is also possible to compare the total constant costs of
different types of armour layer and use the difference as the value for the extra costs. In that way
also the indirect construction costs and even the allowable maintenance costs per time period can be
included.

For the choice of the placement method the view of the client on maintenance is also important.
When the client does not want to spend money on maintenance (harbour of Barcelona) it is not
recommended to use the irregular method, because the exact behaviour of the layer is insecure,
even if the used blocks are bigger than required.
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8 Conclusions and Recommendations

8.1 Conclusions

The main objective of this research is to assess the impact of different placement methods, with
different packing densities, on the stability of Antifer-block armour layers. This is done by
experimental research in the wave-flume of the Fluid mechanics laboratory of the Faculty of Civil
Engineering and Geosciences at Delft University of Technology. A total of 17 experiments were
performed with different placement methods and packing densities. The Antifer-blocks were placed
by hand on atrunk-section with aslope of 1:1.5 and a stable toe.

The placement methods can be divided into the irregular, figure 8.1, and the regular placement
methods. The irregular placement method was performed with the Antifer-blocks placed per layer
and placed per row. Four types of regular placement methods were tested: the column, figure 8.2,
the filled pyramid, figure 8.3, the closed pyramid, figure 8.4 and the double pyramid placement
method, figure 8.5. Primarily the column and the double pyramid placement method were placed
with an attempt to spread the blocks over the dope, which resulted in the sliding down and a more
irregular positioning of blocks. The column method was also tested with the columns placed under
an angle to gain more insight in the influence of oblique incoming waves. The size of the openings
to the under layer, of the double pyramid placement method, influences the reflection coefficient.
Therefore this placement method was also placed with the second layer shifted more upwards
(expressed in nominal diameter).

T il b

Figure 8.1: Irregular Figure 8.2: Column Figure 8.3: Filled pyramid

R

Figure 8.4: Closed pyramid Figure 8.5: Double pyramid

The placed layers were tested with eight irregular wave series with an increasing significant wave
height per wave series. After each wave series photos were taken, which were compared by using
the overlay technique. In this way different block movements could be counted within different
reference areas, which determined the stability of the layer. Also the reflection coefficients per
wave series were calculated. During the last wave series water overtopped the breakwater, which
caused the formation of a berm at the leeside. The length of this berm was an indication for the
amount of overtopped water.
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In table 8.1 the packing densities, i/ , the obtained stability values, K, and the obtained reflection

coefficients from the first wave series, C

r

are presented for the performed experiments. It is

mentioned for regular placements (regular grid) if the individual blocks were positioned irregular.
For the double pyramid method also the upward shift of the second layer is mentioned. The
obtained data is presented per packing density group and per group the most stable method is
presented first. The stability values are based on wave heights before failure. For regular
placements this is for zero displacements. The stability values for the irregular placement method
are calculated for less than 5% displacements within a reference area of SWL (Still Water Level)

+5:-D,.
Packing density around 45%
Placement method Experiment v, (%) Ko C,
Closed pyramid 14 44.8 4.1 0.34
Packing densities around 50%
Placement method Experiment v (%) Ko C,
Column 6 49.1 16.3 0.36
Column (under an angle) 8 50.0 94 0.36
Closed pyramid 1 49.7 6.4 0.34
Double pyramid (0-? - D) 12 49.1 4.0 0.31
Filled pyramid 4 49.1 - 0.31
Packing densities around 55%
Placement method Experiment v (%) Ko C,
Double pyramid (%- D) 11 54.3 164 0.29
Closed pyramid 13 54.3 16.0 0.35
Double pyramid (%- D) 15 53.9 15.9 0.31
Double pyramid (? -¥a- D) 10 53.2 15.7 0.31
Double pyramid (0-? - D) 17 53.5 132 0.32
Irregular (placed per layer) 16 57.4 9.7 0.29
Irregular (placed per row) 2 57.0 94 0.30
Column (irregular pos.) 3 54.2 4.0 0.31
Packing densities around 60%
Placement method Experiment v (%) Ko C,
Double pyramid (0-? - D)) 9 58.5 23.7 0.33
Double pyramid (irregular pos.) 7 58.5 16.7 0.31
Irregular (placed per layer) 5 61.1 16.3 0.33
Table 8.1: Results of performed experiments
122 &
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General conclusions

The placement of Antifer-blocks over the slope without any contact between the blocks results
in the sliding down and amore irregular positioning of the blocks. Therefore the blocks can not
be placed within a square grid and is it very difficult to obtain a prescribed packing density for
irregular placed blocks.

The first displacements mainly occur around the Still Water Level. This underlines the
importance of the chosen reference area for the damage calculation. A larger reference area
leads to a smaller damage ratio.

For similar packing densities the regular positioned placement methods are more stable than the
irregular positioned placement methods. A disadvantage is that they require accurate placing
and a smooth under layer and toe.

Higher packing densities for equal placement methods results in higher stability-values and
higher reflection coefficients, see table 8.1 and figure 8.6.

There is a positive correlation between the reflection and the overtopping. High reflection
coefficients during the first wave series resulted in a long berm length, which indicates high
overtopping during the last wave series.

Conclusions per method

Because the blocks tend to settle, the lowest obtained packing density for the irregular
placement method was 57%. The movement ratios for the irregular placement method are far
higher than for the regular methods.

The regular positioned column placement method is very stable. However, the reflection
coefficients and the overtopping are very high. The irregular positioned column method is less
stable, but the damage development is very dow and the reflection coefficients are average.
Oblique incoming waves have a negative influence on the stability of both column placement
methods and the high pressures on the toe should not be underestimated.

The filled pyramid method is very unstable, because there is no integration within the second
layer and between both layers.

The closed pyramid method has high reflection coefficients for al packing densities because
the layer has no openings to the under layer. It is the only method which could be tested with a
packing density around 45%, where it approached a single layer placement and showed a slow
damage development.
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e The double pyramid method is very stable for packing densities around 55% and higher. When
the blocks are positioned more irregular (less accurate) the stability-value and the reflection
coefficient decrease. The reflection coefficients are the lowest when the second layer is shifted
half anominal diameter upwards. In figure 8.6 the obtained reflection coefficients, for the first
wave series, are presented for different packing densities and different upward shifts of the
second layer. The first number in the legend presents the experiment number and the second the
upward shift of the second layer (expressed in nominal diameter).

0.34
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o
£ 032 | A
3
O [ IS
c 031 F 12, 0-1/8°Dn
8 ¢ A 17,0-1/8*Dn
S 030 ® 9, 0-1/8*Dn
= e 10, 1/8-1/4*Dn
@ 029 | + 11, 1/2*Dn

+ |« 15,3/4*Dn

0.28

48 50 52 54 56 58 60

Packing density
Figure 8.6: Reflection coefficients for the double pyramid placement method

e Overadll it can be concluded that, when the under layer and the toe are smooth and the blocks
can be placed accurate, the best performing placement methods are the closed pyramid
placement method for packing densities around 45% and 50% and the double pyramid
placement method for packing densities around 55% and 60%.

The eventual choice of the placement method and packing density depends on the allowed
reflection and/or overtopping and the construction costs. The construction costs are divided into the
production costs, the placement costs and the constant costs. The production costs are determined
by the required volume of concrete per square meter and the costs per cubic meter produced
block, X , which is assumed to be constant. The placement costs are determined by the number of
required blocks per square meter and the costs per placed block,Y , which depends mainly on the
block volume. The constant costs, D, are expressed as costs per square meter and are determined
by, for example, the required smoothness of the under layer and toe. Because X is a constant the
costs per placed block and the constant costs can be expressed as aratio of X . This resultsin the
placement costsratio; Z =Y/ X and the constant costsratio; E = D/ X . For full understanding of
the conclusions from the cost analysisit is recommended to read chapter 7.

Conclusions from cost analysis

e Lower packing densities with lower accompanying stability values lead to bigger required
blocks, more required concrete, but fewer required blocks.

e The construction costs are for low design wave heights mainly determined by the placement
costs and for high design wave heights by the production costs. When the placement costs or
the packing density with accompanying stability value increases the minimum costs also
increase and are obtained at a higher design wave height.
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For equal constant costs and equal or small differences in placement costs the placement with
the higher packing density and accompanying stability value is cheaper for high design wave
heights. When the placement costs decrease for both placements or only for the placement with
the higher packing density, then the placement with the higher packing density becomes also
cheaper for lower wave heights.

For the cost comparison of the placements x and y, with different packing densities, stability
values and constant costs, the following formulais derived. When the real placement costs ratio

for placement y islower than Z,, the costs for this placement are lower.

2/3
H3 H3 E,-E
T L e B

y

213
V- KDy

8.2 Recommendations

It was found that oblique incoming waves have a negative influence on the stability of the
column placement method. It is assumed that they also negatively influence the stability of the
double pyramid placement method because this placement fails when the blocks move to the
side. Thereforeit is recommended to perform 3D model tests with oblique incoming waves.

The experiments were all performed for the trunk section. The placement on the roundhead is
different, because the surface is round and the radius is bigger at the toe. Therefore it is
recommended to test the stability behaviour of the different placement methods for the
roundhead and for the transition between the trunk and the roundhead.

It is concluded from the obtained reflection coefficients and the measured berm length on the
leeside, which is an indicator for the amount of overtopped water, that there is a positive
correlation between the reflection coefficient and the overtopping. It is recommended to
perform overtopping tests for the different placements to obtain the exact relation between the
reflection coefficients and overtopping.

The cost analysis and resulting formulas give a general view of the influence on the costs of the
type of placement method and the packing density with accompanying stability value. It is
recommended to validate the equations for different projects and to obtain reliable values for
the extra constant costs and the placement costs ratios. When the equations and obtained data
are then applied in the design phase this may result in the realisation of cheaper breakwaters.

The regular placement methods, especialy the column placement method, perform high
pressures on the toe. This may lead to instability of the toe and subsequent sliding down of the
second layer. Therefore it is recommended to investigate the required toe stability, how this can
be obtained and the extra constant costs for the application.

The applied scaling procedure led to small viscous scale effects, because the flow inside the
core was not fully turbulent, which might have influenced the stability. The aeration scale
effect could lead to small variations in the energy dissipation, which might have influenced the
reflection coefficients. Therefore tests on larger scale are recommended.
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e The regular placement methods can aso be constructed with plain cubes. The costs for the
moulds for plain cubes are lower than for Antifer-blocks. Therefore it is recommended to
perform the regular placement methods with plain cubes and to compare the obtained results
and subsequent costs with the results found in this research.

e The obtained stability values, K, in this thesis for the irregular placement are higher than
prescribed in the CEM, 2006 and by GUNBAK, 1999, because of the use of a different damage
level. Therefore it is recommended for the design of a breakwater armoured with Antifer-
blocks to make sure, before choosing the stability value, which damage level is wanted.
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Appendix |

Appendix |; Properties of the materials

Antifer layer

A total of 50 Antifer-blocks were weighed both dry and under water to determine the material
properties, seetable A1 and figure Al.

M 50,dry [g]

M 50, wet [g]

P, [kg/n]

V [cm?]

D, g [mm]

Dn85 / Dn15[']

162.66

97.84

2507

64.89

40.18

1.008

Table Al: Summary of properties
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0,80 -
0,70 -
0,60 -
0,50 -
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0,30 -

Fraction [-]

0,20 -
0,10 -
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165

Figure Al: Weight distribution of the Antifer-blocks

Under layer

A total of 100 under layer stones were weighed both dry and under water to determine the material
properties, seetable A2 and figure A2.

Figure A2: Weight distribution of the under layer stones

M 50,dry [0l | Mgeldl | pslkg/md V [cm?] Diso[mm] | Dy g5/ D5 -]
20.624 12.875 2663 7.55 19.63 1.214
Table A2: Summary of properties

1,0
0,9 f
0,7 //

0,6

I
0,3 /J
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0,0 / ‘ ‘

10 15 20 25 30 35
Mass [g]
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Core
A total of 100 core stones were weighed both dry and under water to determine the material
properties, see table A3 and figure A3.

M 50,dry [g] M 50, wet [g] Ps [kg/m3] \ [CmS] Dn50 [mm] Dn85 / DnlS [']

3.470 2.556 2643 1.31 10.75 1.342
Table A3: Summary of properties

1,0

0,9
' [/
0,8 =

0,7

0,6

0,5 4

0,4 /
0,3 /
0,2

0,1

Fraction [-]

0,0 : : T
1 2 3 4 5 6 7 8
Mass [g]

Figure A3: Weight distribution of the core stones

Toe
A total of 70 toe stones were weighed both dry and under water to determine the material
properties, see table A4 and figure A4.

M 50,dry [d] | Mgy ldl | ps[kg/m?] V [em?] Diso[mm] | D5/ D ys -]

172.67 82.62 2678 64.48 39.61 1.230
Table A4: Summary of properties

1,0

09 /—/_/_/
0,8 //
0,7

ol

70 120 170 220 270 320
Mass [g]

Figure A4: Weight distribution of the toe stones
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Appendix 11

Appendix I1; Overview performed experiments

Experlment 12, ws 49.1%

Experlment 13 We= 543% Experiment 14, v 5= 44.8% Experlment 15 w<=53.9%

Experiment 17, /s = 53.5%

Experl ment 16, We= 57.4%
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Appendix I11; Obtained data
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