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1 INTRODUCTION

The most common coastal structures, made of rock, are:

1 Seawalls; almost vertical or stesfpped impermeable structures at the landward end of beaches
or at locatons where beaches and dunes are absent;

1 Seadikes; mildloped, impermeable structures at locations without beaches and dunes;

1 Shore revetments; mildloped structures to protect the high water zone of dunes/boulevards;

1 Shoreattached and shorgletached beakwaters; structures to reduce wave heights/currents;
- high-crested breakwaters;
- low-crested, emerged breakwaters with crest above still water level (groins);
- low-crested, submerged breakwaters with crest below still water level (reefs).

Seawallsseadikes and revetments generally have an almost impermeable outer layer consisting of closely
fitted rocks or concrete blocks (sometimes asphalt layers) on filter layers and a core body of sand and/or
clay. Breakwaters are permeable structures (open olager).

The geometrical dimensions (shape, cresstion, materials, etc.) of a coastal structure depends on:
1 Location (backshore, nearshore, offshore) and type of structure;
9 Fuctional requirements;
- flood protection (seawall, seadike; high crest leats required),
- wave reduction (berm breakwater) and/or flow protection (groin; low crest level is sufficient),
- dune/shore protection (revetment),
- beach fill protection (terminal groins).

Geometrical definitions are (see also Figure 1.1):
1 Crest hagyht (R) = distance between the still water level and the crestpoint where overtopping
water can not flow back to the sea through the permeable armour layer (= freeboard).
9 Armour slope = slope of the outer armour layer between theuprievel above SWAnd a
distance equal to 1.5iHelow SWL.

Bc=creswidth
. Rc= cresheight
Still water level SWL

Foreshore To
(bed slope over 1 wave length

Scourhole

Figure 1.1 Ccoastal structure

All stability equations used herein are implemented in sipeeadsheetmodel ARMOUR.xIs (see ANNEX 1)
which can be used for the design of seadikes/revetments, -bighted and lowcrested (emerged and
submerged) breakwaters and toe/bottom protections.
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2. HYDRODYNAMIC BOUNDARY CONDITIONS AND PROCESSES
2.1 Basic boundary conditions

The stable design of a coastal structure requires determination of various hydrodynamic paraatéters
toe of the structure:

Wave height, length, period (annual wave climate, extreme wave climates);

Maximum water levels (including historic flood levels) due to tides and storm surges (setup);
Maximum predicted sea level rise;

Joint probability disibution of wave heights and water levels;

Tide, wind, and wavelriven currents;

Subsidence.

= =4 =4 = -4 A

2.2 Wave height parameters
2.2.1 Definitions

The wave attack at the toe of a structure depends on:
Offshore wave climate;

Nearshore bathymetry;

Type and orietation of the structure (wave reflection);
Maximum water levels.

=A =4 =4 =4

The wave conditions at a structure site strongly depend on the water depth (including scour depth) at the
toe of the structure.

Wind waves generated by nefield winds have wave periods sttea than about 15 s. Swell waves,
generated by faffield winds, are longperiod waves with periods in the range of 15 to 25 s and can travel
over long distances without much deformation. Generally, swell waves are relatively large (with heights in
the rarmge of 2 to 4 m) at open ocean coasts. Swell waves at less exposed sea coasts are in the range of 1 to
2m.

The type of wave action experienced by a structure may vary with position along the structure- (shore
parallel or shoreconnected structures). For it reason shoreonnected structures should be divided in
subsections; each with its own characteristic wave parameters.

The determination of wave impact forces on nearshore vertical structures (seawalls, caissons, piles)
requires the estimation of the wavbreaker height. As a general rule, the breaker heightirHshallow

water is related to the water depth g+ g, h with h= local water depth (including scour) aggl= wave
breaking coefficient in the range of 0.5 to 1.5 depending on bed slope, steustope and wave steepness
(Van Rijn, 2011).

The statistical wave parameters usedgkiHos Ho0r Hog) depend on the flexibility (allowable damage) of

the structure involved, see Table 2.2.1. Rigid structures such as foundation piles should neret faiis
damage is not allowed. Thus, the highest possible wave height should be used as the design wave height.
Flexible structures such as (berm) breakwaters protecting harbour basins and beach groins protecting
beaches may have minor allowable damagigring extreme events. The design of flexible structures
generally includes the acceptance of minor damage associated with maintenance and overall economics of
construction (availability of materials).

Most formulae to determine the stability of armour s are based on the significant wave height ¢H

His3) at the toe of the structure. This wave height is defined as the mean of the highest 1/3 of the waves in
a wave record of about 20 to 30 minutes.
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Type of structure Damage allowed Design wave height
Rigid (foundation pile) No damage Hsot0 Hios
SemiRigid (seawall, seadike) Minimum damage Hioot0 Hsos
Flexible (berm breakwater, groi Minor damage Hs39%t0 Hiow

Hss%= H/;s = H = average of 33% highesave heights
Hiow= 1.27 Hiz = average of 10% highest wave heights
Hsy = 1.37H;3= average of 5% highest wave heights
Hi = 1.76 His= average of 1% highest wave heights
(assuming Rayleigh wave height distribution)

Table 2.2.1  Design wave height

In deep water where the wave heights approximately have a Rayleigh distribution, the significant wave
height H is about equal to the spectral wave heightot# 4(mp)° with m,= area of wave energy density
spectrum. In shallow water with breaking wavdse significant wave Hs somewhat smaller than thexst

value. Extreme wave heights can be representediby Hss.and Hoe

Battjes and Groenendijk (2000) have presented a method to estimate the extreme wave heights in shallow
water. Based on their redis, the ratio Hiz/H2%is about 0.8 in shallow water with breaking waves{H@

0.6). Assuming Rayleigh distributed waves in deeper watestiH 0.3), it follows thaths/H20,@0.7. Using

these values, the ratio #d/H2 can be tentatively describecby a linear function, as follows:
Hu/s/H20= 0.4(His/h) + 0.58 yielding 0.7 forsi¢ 0.3 and 0.82 for $#h2 0.6.

The wave period generally is represented by the peak wave pegiotitie wave spectrum ¢F 1.1 to 1.2

Tmean). Wave rurup is most often based on the spectral wave periaghi (= mi/mo), whichs better
represents the longer periods of the wave spectrum (in the case of relatively flat spectranafdil
spectra). In the case of a single peaked wave spectrum, it followsT@t.1 Tna,0.

Wave steepness is the ratio of wave height and wave length. Low steepness wav@O(btt) generally

are longperiod sweltype waves; while higisteepness waves (H/@0.04 to 0.06) are windhduced
waves. Wind waves breaking on adrgloping foreshore may also become low steepness waves.

Wave breaking strongly depends on the ratio of the slope of the bottom or structure and the wave
steepness. This ratio is known as the surf similarity parameter

tana 1.25 Thaotana
X= = (2.2.1)
[Hys/Lo]%° (Hus)%®
with:
a = slope angle of bottom or structure;

Hyz = significant wave height at toe of structure (ohdj
L =[9/()] [Tm10]?= 1.56 (F1.0)* = deep water wave length;
Tm10 = Wave period (orp).

Equation(2.2.1) shows that the surf similarity parameter is linearly related to the wave period andrndn
inversely related to the root of the waveslght.

The type of wave breaking is:
1 Spilling breaking on gentle slopes fo« 0.2;
1 Plunging breaking with steep overhanging wave fronts XX .5;
9 Collapsing and surging breaking waves on very steep skop@sb.
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2.2.2 Wave models

The nearshoravave heights in complex geometries such as a harbour basin protected by breakwaters can
only be determined accurately by using a two dimensional horizontal wave model including refraction,
shoaling, breaking and bottom friction (SWAN). A first estimateéhef nearshore wave height can be
obtained by using a one dimensional crsé®re wave energy model, which are most often used for
straight, regular coasts. Preferably, a wave by wave model (CROBM@R see Van Rijn et al. 2003)
should be used to covéhe total wave spectrum of low and high waves, including long wave energy. Such a
wave model can also compute the wasteven longshore and crosshore currents.

Figure 2.2.1shows an example of computed and measured wave heighisgihtl H/10) along a eping

beach in a largscale wave flume (Hannover GWK flume, Germany). The computed wave heights are based
on a wave by wave model (CROSM@®Rlel), which computes all individual waves of the total wave
spectrum. Both the measuredigland Hpo are well epresented by the computed results of this wave
model results (see also Van Rijn et al. 2011).
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Figure 2.2.1 Wave parameters at beach slope of 1 to 15, Hannover test, (CRQ&MIBR

Figure 2.2.2hows he crossshore distributions (based on the CROSM@i#lel; Van Rijn et al., 2003) of

the significant wave height and the longshore velocity during storm conditions with an offshore wave
height of 6 and 3 m (F 11 and 8 s), storm sep value of 1 m (no tide) and an offshore wave incidence
angle of 30for a coast protected by a seadike.

During major storm conditions withsld= 6 m, the wave height is almost constant up to the depth contour

of -10 m. Landward of this depth, the wave height gradually decreases to a value of about 2 m at the toe of
the dike (at x = 1980 m).

During minor storm conditions withslg= 3 m, the wave height remains constant to tdem depth contour.

The wave height at the toe of the dike is about 1.8 m. Thus, the wave height at the toe is almost the same
for both events. The lmgshore velocity increases strongly landward of tHED m depth contour where

wave breaking becomes important (larger than 5% wave breaking). The longshore current velocity has a
maximum value of about 1.6 m/s fork+ 6 m and about 1.7 m/s forsk= 3m (offshore wave angle of 30

just landward of the toe of the dike slope.
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Figure 2.2.2Bed profile, wave height, longshore velocity for offshore wave heigh{sefdHand 6 m;
setup= 1 m; offshore wave incidence anglexf80 coast protected bgeadike

2.2.3 Design wave conditions

The design of an armour layer of rocks requires information of the complete distribution of extreme waves,
as shown inFigure 2.2.3 This plot shows the annual extreme significant wave height in deep water as
function of the return period for various coastal sites. Assuming that the lifetime of a structure is about 100
years, the extreme wave height with a return period of 100 years is often used as the design wave height. A
relatively flat line ofFigure 2.2.3implies that wave heights close to the 100 yeaondition occur
frequently, but will not be exceeded regularly. Usually, a relatively flat line is representative for shallow
water with breaking waves during design conditions. In shallow water the wave heigehde on the

water depth: H@0.7(husL+ Dhsurgd With hus= water depth to mean sea level anbBhsuge setup due to

storm surge including tide. If the storm surge value is relatively small (about 1 to 2 m along open coasts),
the wave height during ex@me events will only be slightly larger than that during more frequent events
(return period of 1 year). A steep line means that the annual extreme waves with a return period of 1 to 10
years are rather low, but extreme waves with a return period of 10&yeare rather high. This is more
representative for deep water.

A joint probability plot of wave height and water level should be used to determine appropriate
combinations of water level and wave heightigure 2.2.4shows this plot for Pevensey Bay the south

coast along the English Channel of the UK (Van Rijn, 2010 and Van Rijn and Sutherland, 2011). The tidal
range varies between 4 m (neap tide) and 7 m (spring tid@e joint probability curves represent a
standard shape for conditions where theave height and surge are weakly correlated. At Pevensey Bay
the largest surges would probably come from the SeWtbst (Atlantic Ocean) as would the largest
offshore waves. However, Pevensey Bay is sheltered by Beachy Head and the offshore bathyrhetry; so
largest waves in deep water are not the largest waves inshore. The most severe wave conditions are for
waves from the South, which would generate a smaller surge. It is highly unlikely that the highest waves
will come at the same time as the highesater levels. In fact, water levels and wave heights are almost
completely uncorrelated. For the uncorrelated case a 400 year return interval occurs for any combination
of wave height and water level return interval that, when multiplied, gives 400 ydarexample of a joint

return interval of 400 years is a 100 year return interval for the wave height and 4 year return interval for
the water level.
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The most practical method for the stability design of structures is to make computations for a range of
extreme conditions (scenarios) resulting in rock dimensions and damage rates for each scenario and for
each section of the structure, s@able 2.2.1

Damage of the structure is not acceptable for very small return periods (<20 years). Minor damage is
aceptable for higher return periods (50 to 100 years).
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Scenario Water depth Maximum Offshore Peak
to MSL at toe | Water level | Significant | wave
of structure above MSL | wave height | period
(m) (m) (m) (s)

1 Return period 10 years | X ®

2 Return period 20 years

3 Return period 50 years

4 Return period 100 years

Table 2.2.2

2.2.4 Example wave computation

Three crosshore wave models have been used to compute the wave height at a depth of 8 m based on

given offshore wave height:

Scenarios of extreme conditions

1) simple refration-shoaling wave model,
2) BattjesJanssen wave model (Van Rijn, 2011);
3) CROSMOR wave model (Van Rijn et al. 2003).

The refractionshoaling model and the Battjeglanssen model are implemented in the spreadsheet model
ARMOUR.xIsAll results are given ihade 2.2.3

The computed wave heights of theJBnodel and the CROSM@iRdel are in good agreement. The simple
refractionshoaling model yields a wave height at the depth of 8 m which is about 25% too large.

Parameters Refractionshoaling | Battjes-Janssen | CROSMOR
wave model wave model wave model

Offshore water depth h 28 m 28'm 28'm

Offshore significant wave height Heo | 7M 7m 7m

Offshore wave angle to shore norma) q 30° 30° 30°

Wave period T, | 16s 16s 16 s

Bed slope from depth of 28 to 8 m - 110200 1to0 200

Bed roughness ks |- 0.01m 0.01m

Breaker coefficient g 0.7 0.7 variable

Wave height at depth =8 m Hs | 5.6 m (breakerline [ 4.2m 435m

(breakerline at depth= 8.9 m)

Wave angle at depth=8 m q 17.2 16.7 16.6

Longshore current at depth&m % - - 1.4m/s

Table 2.2.3

Computed wave heights
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2.3 Tides, storm surges and sea level rise

2.3.1 Tides

In oceans, seas and estuaries there is a cyclic rise and fall of the water surface, which is known as the
vertical astronomical tide. Thishpnomenon can be seen as tidal wave propagating from deep water to
shallow water near coasts. Basic phenomena affecting the propagation of tidal waves, are: reflection,
refraction, amplification, deformation and damping.

Tidal wavesare long waves (sendiiurnal to diurnal) generated by gravitational forces exerted by the Moon

and the Sun. At most places the tide is a long wave with a period of about 12 hours and 25 minutes (semi
diurnal tide).

The tidal wave height between the crest and trough of the wavknown as the tidal range. Successive
tides have different tidal ranges because the propagation of the tide is generated by the complicated
motion of the Earth (around the Sun and around its own axis) and the Moon (around the Earth). Moreover,
tidal wawe propagation is affected by shoaling (funnelling) due to the decrease of the channeteotiss

in narrowing estuaries, by damping due to bottom friction, by reflection against boundaries and by
deformation due to differences in propagation velocities.

i higher HW
lower HW daily HW inequality
rise
% — — — mean sea level
2 fall |
higher LW Z
i - lower LW

time L w

' tidal period !
datum ¥

Figure 2.3.1 Tidal curve

The following definitions of tidal levels are given (see Bigore 2.3.):

Mean Sea Level (M.S.L.) = average level of the sea surface over a long pe@b8.6 years)
Mean Tide Level (M.T.L.) average of all high watesels and low waterlevels

Mean High Water (M.H.W.) average of the high water levels

Mean Low Water (M.L.W.) average of the low water levels

Lowest Astronomical Tide (L.A.T)lowest water level which can occur

Mean Tidal Range = difference betweeM.H.W. and M.L.W.
High Water Slack (HWS) = time at which velocity changes from flood to ebb direction
Low Water Slack (LWS) = time at which velocity changes from ebb to flood direction

The generation of the astronomical tide is the result of gravitalanteraction between the Moon, the

Sun and the Earth. Meteorological influences, which are random in occurrence, also affect local tidal
motions. The orbit of the Moon around the Earth has a period of 29.6 days and both have an orbit around
the Sun in 36.2 days.

There are 4 tides per day generated in the oceans. The Moon causes 2 tides and the Sun also causes 2 tides.
The tides of the Sun are only half as high as those generated by the Moon. Even though the mass of the Sun
is 27 million times greater thmathat of the Moon, the Moon is 390 times closer to the Earth resulting in a
gravitational pull on the ocean that is twice as large as that of the Sun.

The tide is a long wave with a period of about 12 hours and 25 minutes-¢emal tide) in most place

10
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The 25 minutes delay between two successive high tides is the result of the rotation of the Moon around
the Earth. The Earth makes a half turn in 12 hours, but during those 12 hours the Moon has also moved. It
takes about 25 minutes for the Earth to chtup to the new position of the Moon. The orbit of the Moon
around the Earth is, on average, 29 days, 12 hours and 44 minutes (total of 708,8 hours to cover a circle of
360 or a sector angle of 0.50®er hour or 6.2 per 12 hours). Thus, the Moon moveger a sector angle

of 6.1° per 12 hours. The Earth covers a circle of°36@4 hours or a sector angle of°Yger hour. So, it

takes about 6.1/15 = 0.4 hour (25 minutes) for the Earth to catch up with the Moon.

Based on this, the tide shifts over 50nmtes per day of 24 hours; so each new day HW will be 50 minutes
later. If the time of the first High Water (HW) at a certain location (sdioninal tide) is known at the day of

New Moon (Spring tide), the time of the next HW is 6 hours and 12 minusdat so on. The phase shift

of 50 minutes per day is not constant but varies between 25 and and 75 minutes, because of the elliptical
shape of the orbit of the Moon. Over the period of 29,6 days there are 2 spring tides and 2 neap tides; the
period fromspring tide to neap tide is, on average, 7.4 days.

The orbits of the Moon around the Earth and the Earth around the Sun are both elliptical, yielding a
maximum and a minimum gravitational force. The axis of the Earth is inclined to the plane of its orbit
around the Sun and the orbital plane of the Moon around the Earth is also inclined to the axis of the Earth.
Consequently, the gravitational tielpenerating force at a given location on Earth is a complicated but
deterministic process.

The largest force goponent is generated by the Moon and has a period of 12.25 hrcfvistituent). This

force reaches its maximum value once in 29 days when the Moon is nearest to the Earth.

The decomposition of the tidal astronomical constituents ($able 2.3.) providesus with information of

the frequencies of the various harmonic constituents of the tide at a given location. The magnitude and
phase lag of these constituents could be determined from a theoretical model, but they can also be
determined from observationstahat location. This procedure is known as tidal analysis. Usually, water
level registrations are used for tidal analysis because water level registrations are more easily obtained
than current velocity measurements.

Thelnternational Hydrographic Bureain Monaco publishes the harmonic constituents for many locations

all over the world.

TheBritish Admirality Tide Tableprovide information of the four principal harmonic constituents(I®,

Ki and Q) for many locations.

The periods and relative grtitudes of the seven major astronomical constituents, which account for about
83% of the total tidegenerating force, are presented Trable 2.3.1

In deep water the tidal phenomena can be completely described by a series of astronomical constituents. In
shdlow water near coasts and in estuaries, the tidal wave is deformed by the effect of shoaling, reflection
and damping (bottom friction). These deformations can be described by Fourier series yielding additional
higher harmonic tides which are known partial tides or shallow water tides These higher harmonic
components can only be determined by tidal analysis of water level regystsaat each location.

The neapspring tidal cycle of 14.8 days is produced by the principal lunar and solardaemnl
components M and S, and has a mean spring amplitude of#% and a mean neap amplitude of:;MS.

Origin Symbol Period (hours) RelativeStrength (%)
Main Lunar, semdiurnal M 12.42 100
Main Solar, semidliurnal S 12.00 46.6
Lunar Elliptic, serdiurnal No 12.66 19.2
LunarSolar, semdiurnal Ko 11.97 12.7
LunarSolar, diurnal Ky 23.93 58.4
Main Lunar, diurnal O 25.82 41.5
Main Solar, diurnal = 24.07 19.4

Table 2.3.1  Tidal constituents
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2.3.2 Storm surges

A storm is an atmospheric durbance characterized by high wind speeds. A storm originating from the
tropics is known as @opical storm and a storm originating from a cold or warm front is known asxdra-
tropical storm. A severe tropical storm with wind speeds larger than I8M&urs is known as hurricane
Hurricanes generally are walrganized systems and have a circular wind pattern which revolves around a
center or eye where the atmosgeric pressure is low. The maximum wind speed does occur in a zone (at
about 100 km) atward from the eye.
Storms and hurricanes can produce large rises in water level near coasts, which are krsboymasirges
or wind setup. In combination with springtide conditions the water level rise may reach a critical stage
(flooding). Accurate strm surge predictions require the application of mathematical models including
wind-induced forces and atmospheric pressure variations. Simple approximations can be made for
schematized cases, see below.
Storm surges in addition to tidal water levels cehsif various effects:

1 water level rise due to onshore wind forces including resonance and amplification (funnelling);

9 barometric water level rise due to variation in atmospheric pressure;

1 waveinduced setup due to breaking waves near the shore.

Wind blowing towards the coast causes a gradual increase of the water [Eiglré 2.3.2. Although the

wind stress generally is small, its effect over a long distance can give a considerable water level increase.
The fluid velocities near the water surface ar@imshore direction; the fluid velocities near the bottom are

in offshore direction when equilibrium is established. The discharge is zero everywhere (no net flow).

Figure 2.3.2 Wind-induced circulation and water level agi near the coast

In the casef a constant wind s8 & &over a distance L with constant water depthamd boundary

O2yRAGAZ2Y ' T n G E ' nx GKS adG2Ny &adaNBS t SgSt O
h/h, =-1 + [1 + (2a x)/2} (2.3.1)
in which:

a ' & 0k & HyaRSh
‘ = waterlevel setup due to wind stress;

sx [ afa W 10 [Wig I af;l(\/qV 10)? cog] = onshore wind shear stress at surfaclifection);

Wiox = W 10cog = onshore wind velocity at 1 above surface;
fa = friction coefficient @0.001 to 0.002);

"a = density of air@1.25 kg/n?);

ho = water depth to MSL;

L = wind fetch length;

g =angle of wind vectoWV 10to shore normal.
This yields:" K, @&0.05 atx=L for a=0.05,
' Ko 0.01 atx=L for a=0.01.
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Maximum wind seup values that have been observed, are:
T T dodn Y Ay . Af2EA SIFald 2F bSé hNISIyas aiaair:
T [ nop Y Ay DIt @Saiz2ys ¢SEFas ! {! o6mdnnoz
' T i North Séa, Europe (1953),
1 ' H Y Ay LiatFryadAO hOSIY ySENI!'{! O21a&ai om

[

1

Storm surge levels along open ocean coasts are relatively low with values up to 2 m above mean sea level
(MSL). Storm surge levels in furisblped estuaries, bays and biglisouthern North Sea bight) may be as

large as 4 to 5 m above MSL. Surge levels can be derived from water level measurements in harbour basins
by eliminating the tidal and barometric pressure effects.

2.3.3 River floods

Extreme river flood levels aimportant for the design of flood protection structures along tidal rivers. The
occurrence of extreme floods are independent of the occurrence of extreme storms, but may occur are the
same time.

The most dangerous situation with a very small probabilityoocurrence is an offshore storm during
springtide and an extreme river flood level due to heavy rainfall and/or snow melt.

2.3.4 Sea level rise

Sea level rise presently (around 2000) is about 2 mm per year or 0.2 m per 100 years.

Future sea level risearound 2100) due to global warming may be as large as 10 mm per year or 1 m per
100 years.

Assuming a lifetime of about 50 to 100 years for coastal structures, it is necessary to include sea level rise
effects of the order of 0.5 to 1 m. In the case efywexpensive largscale flood protection structures with

a lifetime of 200 years, the sea level rise effect to be taken into account, may be as large as 2 m.

2.4 Wave reflection

Wave reflection is the reflection of the incoming waves at the struet@trong reflection of regular type of
waves (swell waves) will lead to an increase of the wave height at the toe and thus to a higher crest level
and larger stone sizes of the armour layer, while it may also lead to increased erosion of sediment at the
toe of the structure. Close to shipping channels it may also lead to hinder for navigation.

In general, reflection from rubble mound breakwaters is fairly low.

The reflected wave height is expressed as =M H with H= reflected wave height, & incomng wave

height at toe of structure and.¥reflection coefficient.

Sigurdarson and Van der Meer (2013) have studied the wave reflection coefficients (in the range of 0.2 to
0.4) at berm breakwaters and found:

K=1.3-1.7 9% for hardly and partly rehaping berm breakwaterssie/( DDnso) < 2.5 (2.4.1)
K =1.8-2.6 $1° for hardly and partly reshaping berm breakwateksofDDnsg) > 2.5  (2.4.2)

with: s = wave steepness= ti/Lo= (D/g) H 0o Tp>.
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25 Wave runup
2.5.1 General formula

Wave runup, defined as the runup height R above the still water ldigle 2.5.), occurs along all
structures with a sloping surface (séggures 2.5.% the runup level strongly depends on the type of
structure and the incident wave conditions.

Wave transmissionKigure 2.5.) is the generation of wave motion behind the structure due to wave
overtopping and wave penetration trough the (permeable) structure.

Wave runup
\

Incidentwave

Transmitted wave

SWL still water level

Permeable rubble
mound break water

SEA HARBOURASIN

Wave overtopping

Wave runup

Incidentwave U=wave velocity

Transmitted wave

SWL still water level

Permeable rubble

SEA mound break water

HARBOURASIN

Figure 2.5.1 Wave runup, wave overtopping and wave transmission

If a seadike is deged for flood protection, the structure should have a high crest level well above the
maximum wave runup level during design storm conditions. Wave overtopping should be negligible (< 1
I/m/s), as wave overtopping often is a threat to the rear (erodiliele of a dike.

If a (berm) breakwater is designed to protect a harbour basin against wave motion, minor wave
overtopping in the range of 1 to 10 litres/m/s may be allowed during design storm conditions resulting in a
lower crest level and hence lower mstruction costs. Wave transmission inside the harbour basin due to
wave overtopping should be negligible during daily operational conditions, but transmitted wave heights up
to 1 m may be acceptable during extreme storm events.

In this section only thgeneral aspect of the abovaentioned processes are discussed briefly. As these
processes are strongly related to the type of structure and the seaward slope of the structure, detailed
information can only be obtained when the design of a specific stradguknown.

The crest level of a higtrested structure strongly depends on the maximum water level and wavepun
During design conditions only a small percentage of the waves may reach the crest of a structure.
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The wave runup depends on:
9 the incident wave characteristics,
1 the geometry of the structure (slope, crest height and width, slope of foreshore),
1 the type of structure (rubble mound or smoothced; permeable or impermeable).

When high waves approach a nearshore structure during a storm getrenmajority of the wave energy is
dissipated across the surf zone by wave breaking. However, a portion of that energy is converted into
potential energy in the form of runup along the seaward surface of a sloping structure.

Generally the vertical wae runup height above the still water level (SWL) is defined as thepueavel which
is exceeded by only 2% of the incident waveg)(R

Runup is caused by two different processes (Sgere 2.5.2

1 maximum wave setip (hj), which is the maximum timaveraged water level elevation at the shoreline
with respect to mean water level (MSL);

1 swash oscillations fs which are the timevarying vertical fluctuations about the temporal mean value
(setup water level); the runup is appimately equal to R Rj+ 0.5Hwash With Hswash= 2%ax = swash
height.

Run-up level
Xs

Still Water Level
Toe of Beach

Hswash

smax
:/ ]‘ \_/ TSetup

Time

Set-up
at mean shoreline

Figure 2.5.2 Wave runup processes along a structure

Laboratory measurements with monochromatic waves on a plane beach have shown thattibal gsvash

height R increases with growing incident wave height until R reaches a threshold value. Any additional input
of the incident wave energy is then dissipated by wave breaking in the surf zone and does not result in further
growth of the verticaswash and runup, i.e the swash is saturated.

Usually, the runup height up to the threshold value is represented as:

R =¥, gH (2.5.1)
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in which:
R = runup height measured vertically from still water level (including wave setup) to runup point;
H = incident wave height at toe of structure,
Yo  =tana/s®®= surf similarity parameter;
s = (HLoy%°= wave steepness;
L,  =wave length in deep water;
tana = slope of structure;
g = proportionality coefficient.

LowY,-values (< 0.3) typicallydicate dissipative conditions (high breaking waves on flat slopes), while higher
values (> 1) indicate more reflective conditionss (breaking waves on steep slopes).

In dissipative conditions, infragravity energy (with periods between 20 and 200 s) ¢etemdk to dominate

the inner surf zone.

Various field studies have shown the important contributions of the incident wave periods (T < 20 s) and the
infragravity wave periods (T > 20 s) to the runup height above SWL.

Various empirical formulae based taboratory tests and field data, are available to estimate the wave runup
level. Because of the large number of variables involved, a complete theoretical description is not possible.
Often, additional laboratory tests for specific conditions and geom$edre required to obtain accurate
results.

Van Gent (2001has presented runup data for steep slope structures such as dikes with shallow foreshores
based on local incident wave parameters. Various types of foreshores were tested in a wave basineforesho
of 1 to 100 with a dike slope of 1 to 4; foreshore of 1 to 100 with a dike slope of 1 to 2.5 and foreshore of 1 to
250 with a dike slope of 1 to 2.5. The test programme consisted of tests with single and-peakdsl wave
energy spectra, represented lay train of approximately 1,000 waves. The water level was varied to have
different water depth values at the toe of the dike.

The experimental results for steep, smooth slope structures can be representdtdduwy€ 2.5.3

RodHstoe= 2.3 %erm Geta Y0 FT2NI M F Y F 0N (2.5.2)
with:
y = tara/s®%= surf similarity parameter;
S = HwdLo = wave steepness;
Lo = Pm10/(2p) wave length in deep water;
Hs t0e = significant wave height at toe of the structure (or spectral wave heigft H
Tma = wave period based on zetio and first negative spectral moment of the incident waves at the
toe of the structure (= 0.9,Tor single peaked spectrum);
Tp = wave period of peak of spectrum;
a = slope angle of structure;
Gherm = berm factor (see Section 2.5.3);
Gheta = oblique wave factor (see Section 2.5.4);
o8 = safety factor (about 1.2 to use upper enveloppe of data).
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(Data Van Gent 2001 and EUROTOP Z(V
+ ]

5 / I 1

Rough impermeable slopes
— = | (Data EURQTOP 2007)

e Trend line
O  Experimental range smooth impermeable slopes (Van Gent 2001)
e= e Trend line of data rough impermeable slopes EUROTOP 2007
e» a» o Trend line of data smooth impermeable slopes EUROTOP 2007
\ \ \ \

10 15 20 25 30

Ratio of runup level Ry, and Hg 4 (-)

Surf similarity parameter (-)

Figure 2.5.3 Runup level for smooth and rough slopes slopes as function of surf similarity fEarame

The runup level Ryaccording to Equation (2.5.2) varies roughly fromddtb 5H wedepending on the value

of the surf similarity parameter. The influence of the wave energy spectrum can be accounted for by using the
spectral wave periodq: of the incident waves at the toe of the structure.

During storm conditions with a significant offshore wave height of about 6 m (peak period of 11 s), the
significant wave height at the toe of a structure may be about 2 mKgpee 2.2.2resulting in a,-value of 2

to 3 and thus R/k..@2.5 to 3 and &b to 6 m above the mean water level, based on Equation (2.5.2).

The runup values along rough ragke slopes are significantly smaller due to friction and infiltration
processes.

An expressionigiilar to Equation (2.5.2) can be fitted to the available wave runup data (EUROTOP 2007) for
rough slopes including rogipe slopes in the range of 1 to 2 and 1 to 4, yielding (red curkFegafe 2.5.3

RoodHs t0e= G D GDerm Geta (y)0'4 (253)
y = tara/s®°= surf similarity parameter;
S = H«odLo = Wave steepness = surf similarity parameter based onth&adve period,;
Lo = (9/(2) T?ma = wave length in deep water;
Hs t0e = significant wave height at toe of the structure (or spdatrave height H);
Tma = wave period based on zetio and first negative spectral moment of the incident waves at the
toe of the structure (= 0.9,Tor single peaked spectrum);
To = wave period of peak of spectrum;
a = slope anglef structure;
[0 = permeability factor (=1 for impermeable structures and 0.8 for permeable structures);
Gherm = berm factor (see Section 2.5.3);
Gheta = oblique wave factor (see Section 2.5.4);
o8 = safety factor (about 1.2 to use upper envelegy data).
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Based on the EUROTOP Manual 2007, the wave runup for smooth and rough slopes is described by (see blue
curve for smooth slopes #iigure 2.5.3

RoodHs 10e= G G G Gherm Gheta Y FT2NIJY § MOT (2.5.4a)
RoodHs toe= & J Germ Goeta (CZ' Q/y0-5) T2NJ vy b mMmoT (254b)
with:
o} = roughness factor (see Section 2.5.2 &atlle 2.5.}, g = 1 for smooth slope;

Germ = berm factor (see Section 2.5.3);
Geta = Oblique wave factor (see Section 2.5.4);
g = safety factor (about 1.tb 1.2 to use upper enveloppe of data).

G=1.65 6.1@.1), G=4.0 6.@.2), G= 1.5 @) andg = Llin the case of probabilistic design method,
& = 1.2in the case of deterministic design method.

Using a deterministic design method, the model ¢oe&dnts G, G and G should be somewhat larger to
include a safety margin (upper enveloppe of experimental range). This can be represented by using a safety
factor equal to 1.2. Using a safe factor of 1.5, a very conservative estimate is obtained.

Usinga probabilistic design method, each input parameter is represented by a mean value and a standard
deviation; the coefficients of the functional relationships involved are also represented by a mean value
and standard deviation. Many computations (minimdi®) are made using arbitrary selections (drawings
based on a random number generator) from all variables (Monte Carlo Simulations). The mean and
standard deviation are computed from the results of all computations.

2.5.2 Effect of rough slopes

The wae runup decreases with increasing roughness.

The wave runup for roekype slopes can be computed by Equation (2.5.3) for rough slopes.

The wave runup can also be computed by Equation (2.5.4), which is valid for both smooth and rough slopes.
Using Equatioif2.5.4), the roughness is taken into account by a roughness fagtor (

Table 2.5.1shows some roughness reduction values defined as R, rough siopfR2o6smooth siopdd@sed on many
laboratory tests (Shore Protection Manual, 1984 and EUROTOP N&0ua

This means that very rough rock slopes can have a much lower crest level. Often, roughness elements are
constructed on smooth slopes to reduce the wave-omy seeFigure 4.1.1

Most smooth slopes have roughness elements (blocks) at the uppeop#re slope to reduce the wave
runup and wave overtopping rate. Some values ofgHactor are given ifable 2.5.1

The roughnes elements are placed in the zone 0.25 to 9.% &bove the design water level (SWL). The
height of the roughness bloskis of the order of 0.3 to 0.5 m (about 0.1 to Og.dl The width of the

blocks is about 2 to 3 times the height. The spacing of the blocks is about 3 to 5 times the roughness height.
The dimensions and arrangement should be optimized by laborataig $ests.
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Type of surface slope Placement method Reduction factorg
Concrete surface - 1
Asphalt surface - 1
Grass surface - 0.9
Basalt blocks closely fitted 0.9
Concrete blocks Closely fitted 0.9
Small blocks over 4% of surface | - 0.85
Small blocks over 10% of surface| - 0.8
Small ribs - 0.75
One layer of quarrystone random 0.75
on impermeable foundation layer
Three layer of quarrystone on random 0.6
impermeable foundation layer
Quarrystone fitted 0.75

random 0.5
Concrete armour nits random 0.45

Table 2.5.1  Reduction factor for wave runup and wave overtopping along smooth and rough slopes

2.5.3 Effect of composite slopes and berms

Many seadikes have a seaward surface consisting of different slopes interrupted by one oreroee b
Various methods are available to determine a representative slope (EUROTOP Manual 2007).
Herein, it is proposed to determine the representative slope angle as the angle of the line between two
points at a distance 1.5kcbelow and above the stillater level (sed-igure 2.5.4, as follows:

tan(ar)z 3H,toJ(L = B) (255)
with: L= horizontal distance between two points at 1.5 Hs,toe below and above SWL, B= berm width.
A berm above the design water level reduces the wave runup and overtoppinggdarstorm event,
depending on the berm width (sdég&gure 2.5.% germ= 0.6 for very wide berms (berm width = 0.25With
Loe= wave length at toe) tg,erm= 1 for very small berms. Wide berms are very effective.

Berms should be placed at a higlvdéto be effective, just above the water level with a return period of
100 years (2 to 4 m above mean sea level MSL).

Design stillwater level SWL

1.5Hs,t0e

Foreshore To

(bed slope over 1 wave length
Scourhole

Figure 2.5.4 Effect of composite slopes
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The berm effect can be simply expressed, as:
Gherm= (1|'4,toe/B)o'3 for B > 1H toe (256)

This yieldsgherm= 1 for B¢ 1Hs toe, Gherm= 0.8 for B = 24he, Grerm= 0.6 for B 5H toe

2.5.4 Effect of oblique wave attack

Based on laboratory test results, the effect of oblique waves on wave runup can be taken into account by
(EUROTOP Manual 2007):

Geta= 1-0.0025}p) for0¢b < 80 (2.5.7a)
Qo= 0.8 for b2 8 (2.5.7b)

with: b = wave angle to shore normal (in degrees), Biegire 2.5.5

Shorenormal

Wavedirection

Wavecrests

Shore

Figure 2.5.8Nave direction

2.6  Wave overtopping
2.6.1 General formuae

Wave overtopping occurs at structures with a relatively low crest [8gare 2.5.); the overtopping rate
strongly depends on the type of structure, the crest level and the incident wave conditions.

Wave overtopping does not occur if the runup heighis smaller than the crest heightdbove still water
level (R <&

Wave overtopping consists of:

91 continuous sheet of water during passage of the wave crest (green water);

1 splash water and spray droplets (white water) generated by wave breakingvaaaéurther away

from the crest.

Wave overtopping is of main concern for flood protection structures such as vertical seawalls and sloping
dikes /revetments/embankments. These types of structures should have a high crest level to minimize
wave overtopping
The wave overtopping rate is the tireveraged mean rate of water passing the crest per unit length of the
structure. In practice, there is no constant rate of water passing the crest during overtopping conditions,
but the process is random in volumadatime due to the randomness of the incoming waves.
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Table 2.6.1presents damage levels (based on wave overtopping simulator tests) in relation to the
overtopping rate.

Wave overtopping | Type of overtopping Damage toerodible surface

(litres per second

per m crestlength)

<0.1 - No damage

0.1t01.0 - Clay surface: first signs of erosion

Grass surface: no damage

1.0to 10 Film of water passing over crest; walkil Clay surface: moderate erosion
on crest is possible; Grass surfacezery minor erosion
Acceptable once a year Breakwater: minor wave transmission

10to 30 Thin layer of water of 0.01 to 0.03 m | Clay surface: significant erosi
passing over crest with velocities of | Grass surface: minor erosion; most grass
about 1 to 2 m/s; layers do not show significant damage up
Driving at low speed is possible; 30 I/m/s (Van der Meer 2011)
Acceptable once in 10 years Breakwater: considerable transmission

30to 100 Layer of water with thickness of 0.03 tg Clay surface: armour protection is requireg
0.1 m passing over crest with velocitieg Grass surface: armour protection is requir
of 2 to3 m/s; driving is dangerous; loog Breakwater: major wave transmission
objects will be washed away;
Acceptable once in 30 years

Table 2.6.1 Damage due to wave overtpmg

Percentage of overtopping waves

Figure 2.6.1shows the percentage of overtopping waves as function of the relative crest height parameter
R:. Dv/Hs0¢? based on laboratory tests of conventional breakwaters armoured with tetrapods and accropods
and arelative lowcrested concrete superstructure; £ nominal cubical size of the armour unitss=H
significant incident wave height at toe of structures=Rlifference between water level on seaward slope of
structure and crest level of structure (freeboardeeFigure 2.5.1

The percentage overtopping waves for straight, smooth and impermeable slopes (seadikes and revetments)
can be computed by (EUROTOP manual 2007):

Pow= 100 expf A (R/R297
with:
Pow = percentage overtopping waves (0 to 29)) R= crest height above SWL (m)yR wave runup height
(m); A =In(0.02) = 3.91

(2.6.1a)

The percentage overtopping waves for straight rough slopes (breakwaters) as function of the crest height
can be computed by (EUROTOP manual 2007):

Pow= 100 exp{10 [(R: Dn)/(Hs,0¢?)]*]
with:
Pow = percentage overtopping waves (0 to 100%), Bigeire 2.6.1 D, = nominal cubical size of the armour
units; H e = significant incident wave height at toe of structure;=Rlifference between water level on
seawvard slope of structure and crest level of structure (freeboard),Kgare 2.5.1

(2.6.1b)
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Figure 2.6.1Percentage of overtopping waves as function of crest height parameter for conventional
breakwater (Van der Meer, 1998)

Wave overtopping formulae
A simpé approach to determine the wave overtopping rate)(oer unit length of structure, is as follows:

Owo = pNoE‘dwa (262)

with:

Owo = Wave overtopping rate (in fim/s);

Pwo = percentage of overtopping waves being a functiondfliRpy@0.1 to Q2);

e = efficiency factor@.3; as only the wave crest is involved);

dvw = thickness of wave layer above the crest of the structure (@dl®i5 Hdepending on RH));
H = incident wave height (1 to 3 m);

uv  =e(gH)’®= wave velocity above crest structure;

e = coefficient @0.5) depending on JH..

Using these values, the wave overtopping rate is in the range of 0.005 to §/2Bsnor 5 to 250 litres/m/s
(per unit length of structure). These estimates show a crude range of overtoppirgdatimg storm events
for low-crested structures. For a seadike the overtopping rate should not be larger than about 1 litre/m/s.
Assuming thatd,/Hi= a exp[(a: R/H))], it follows that:

Quo= P € € (gH)** aw exp[taz R/H)] = A (gF)°° exp[(B R/H))]

with: A, B= bulk coefficients to be determined from laboratory tests.

Thus, the principal equation for the wave overtopping rate reads, as (see also Eurotop, 2007):

Quo= A (ghltoeg)o'sexp('B R/Hstoe) (2.6.3)
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with:

Owo = Wave overtoppig rate (in n¥m/s);

Hswe = incident significant wave height;

R = crest height above SWL =freeboard (Begure 2.5.};

A,B = coefficient related to a specific type of structure (laboratory tests).

Based on the EUROTOP Manual 2007, the wave ovengppgie for smooth and rough impermeable slopes
can be described by:

Owo =0 X [Ad(tana)®d] (gH 1ed)%° exp{EAeR/ (X GhermGDhetaHs o)} fOrx < 1.8 (2.6.4a)
Owo,max= & Ag (g H;,toe3 05 eXp{(-A4 R“j(g Gberm Goeta Hs,toe)} forx>1.8and <7 (264b)

For very shallow foreshorex ¥ 7):
Owo =0 As(gH: 10e))*° eXp{tAs R/(G Germ Gheta (0.33+0.028)Hs 109} forx > 7 (2.6.5)
with:

Owo = time-averaged wave overtopping rate (in‘fm/s);
Hsoe = incident significant wave height at toe;

X = surf similarity parameter (see Equation 2.2.1);

R. = crest height above SWL =freeboard (Bagure 2.5.];

a = slope angle of structure;

o} = roughness factor (see Section 2.@.@bles 2.5.5nd2.6.3),g = 1 for smooth slope;

Germ = berm factor (see Section 2.6.8)%m = 1 for no berm;

Geta = Oblique wave factor (see Section 2.6gd:= 1 for waves perpendicular to structure;
(o8 = safety factor (about 1.1 to 1.2 to use upper enpelof data).

A = coefficients, se@able 2.6.1

Equation (2.6.4a) shows thaiw.° x and thus:qw,© T. If H= constant, the wave overtopping rate increases
with increasing wave period T. As the wave period T may have an inaccuracy up to 20%, itdsusése
conservative estimate of the wave period (safety factor of 1.1 to 1.2 for T). Equation (2.6.4b) is not dependent
on the wave period.The prescribed wave period is thg.iperiod, which better represents the longer wave
components of the wave sgtrum. This is of importance for the surf zone where the spectrum may be
relatively wide (presence of waves with the approximately same height but rather different periods).

The coefficients Ato As of Equations (2.6.4) and (2.6.5) are giverTable 26.2. The coefficients of the
deterministic design method are slightly different to obtain a conservative estimate. To obtain the upper
enveloppe of the data, an additional safety factor of about 1.5 should be used.

The coefficients of the probabilistic red represents a curve through all data points (best fit). If the
coefficients of the probabilistic method are used for deterministic computations, the safety factor should be
about 2. If A= 1.11 , then Equation(2.6.5) is equal to Eq. (2.6.4 for.

Calculation tools for wave overtopping rate can be used at: www.overtopmpiaigual.com

Using a probabilistic design method, each input parameter is represented by a mean value and a standard
deviation; the coefficients of the functional relationshipsolved are also represented by a mean value

and standard deviation. Many computations (minimum 10) are made using arbitrary selections (drawings

based on a random number generator) from all variables (Monte Carlo Simulations). The mean and

standard deviabn are computed from the results of all computations.
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Coefficients Probabilistic design method | Deterministic design method

A 0.067; sm=0 0.067

A 4.75; sa=05 4.3

As 0.2, sa=0 0.2

Ay 2.6; sa=0.35 2.3

As 0.12; sas=0.03 0.2

As 1 Sae= 0.15 1.11

o= safety factor (about 1.1 to 1.2)
Table 2.6.2  Coefficients

Figure 2.6.hows the dimensionless overtopping rate as function of the relative crest hejtsht Rased

on data from EURM@P (2007). It can be observed that the wave overtopping rate is largest for smooth
slopes and smallest for gentle rubble mound slopes. Rough permeable surfaces strongly reduces the
overtopping rate.
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Figure 2.6.2 Dimensionless overtopping ratg./(gH%)° as function of RHi (EUROTOP, 2007)

According to the EUROTOP Manual 2007, the wave overtopping rate for straight, rough slopes of
permeable breakwaters with a crest width of maximugxBD, canalsobe computed by Equation (2.6.4b),
which is validor steep, rough slopes as the surf similarity parameter for steep slopes is in the range of 1.8
to 7 (seeFigure 2.6.3 The equation to be used, reads:as:

Owo = 0.20rest(gH: 106)*° €Xp{€2.3 % R/(G Gherm Gheta Hs toe)}  fOr BHs t0e> 0O (2.6.6)

with:
Owo = time-averaged wave overtopping rate (inffm/s);
Hswe = incident significant wave height at toe;

X = surf similarity parameter (see Equation 2.5.1);
R = crest height above SWL =freeboard (Begire 2.6.3,
a = slope angle;

o} =roughness factor (see Section 2.6.2 diadble 2.6.3;
Germ = berm factor ¢es=1 forB.¢ 3Dy; see Section 2.6.3);
Geta = Oblique wave factor (see Section 2.6.4);

24



Note: Stability of coastal structures
Date: AUgUSt 2016 www.leovanrijn-sediment.com

“

Grest = crest width factor (see Section 2.6.5);
& = safety factor (= 1.1 to A for deterministic design method).

The maximum value isgmax= 0.2 (gkloe)®*for R.= 0 (crest at still water level).
This yields g max= 7 n¥/s/m for Hse= 5 M.

Btotal= total width

Be=crestwidth
>

- Li o Re=crestheignht
Still water level SWL Ac= armour cregheight 9

Foreshore To
(bed slope over 1 wave length

Scourhole

Figure 2.6.3 Definitions breakwater

2.6.2 Effect of rough slopes

Seadike and revetments
The roughness factor of relatively smooth surfaces with roughness elements are giader2.5.1

Breakwaters
Most rubblemound structures have an armour layer consisting of rock or concrete blocks.
Some values of the roughnegdgactor are given ifmmable 2.6.3 The roughness of a smooth surface = 1.

Type of roughness Reduction factor for wave
overtoppingg

Smooth surface (concrete, asphalt, grass) 1

Rocks; straight slope, 1 layer on impermeable core 0.6

Rocks; straight slop@, layers on impermeable core 0.55

Rocks; straight slope, 1 layer on permeable core 0.45

Rocks; straight slope, 2 layers on permeable core 0.4

Rocks; berm breakwaters, 2 layers, permeable core (reshaping prol 0.4

Rocks; berm breakwaters, 2 layersymeable core (nomeshaping) 0.35

Cubes; straight slope, 1 layer random 0.5

Cubes; straight slope, 2 layers random 0.45

Accropods, »locks, Dolos; straight slope of random blocks 0.45

Tetrapods; straight slope of random blocks 0.4

Table 2.6.3 Roudnness factors for wave overtopping at a breakwater slope 1 to 1.5 (EUROTOP 2007)
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2.6.3 Effect of composite slopes and berms

Seadikes and revetments

A berm above the design water level reduces the wave overtopping rate during a storm event, depending
on the berm width (seéigure 2.5.% g.erm= 0.6 for very wide berms (berm width = 0.25With L. = wave

length at toe) togerm= 1 for very small berms. Wide berms are very effctive.

Berms should be placed at a high level to be effective, justalloy water level with a return period of

100 years (2 to 4 m above mean sea level MSL).

The berm effect on the overtopping rate can be expressed by Equation (215:6F (1H 10dB)°=.

Breakwaters

The effect of composite slopes on the overtoppinteres minor for breakwaters as the seaward slopes are
already relatively steep in the range betweenl to 1.5 and 1 to 2.5. Laboratory test results with varying
slopes in this slope range donot show a marked slope effect (EUROTOP Manual, 2007).

Berm breakwaers

In the case of a berm breakwater the outer slope is approximately the slope of the line between the toe
and the crest. A better estimate is the slope of the line between the point atsLobtlow the design
water level and the runwpoint. This latier method requires, however, iterative calculations as the runup
point is a priori unknown.

A berm above the design water level reduces the wave runup and overtopping during a storm event,
depending on the berm width. Wide berms are very effective.

Bermsshould be placed at a high level to be effective, just above the design water level with return period
of 100 years (2 to 4 m above mean sea level MSL).

According to Sigurdarson and Van der Meer (2012), Equation (2.6.6) is not very accurate for raugh arm
slopes of berm breakwaters. They have analysed many data of wave overtopping of berm breakwaters and
found a clear effect of longgueriod wave steepness and the berm width.

They have proposed to replace the berm reduction factor and the roughness fag a new factor
(Qermnew), as follows:

Germnew= G Germ= 0.68- 4.5 s-0.05 B/He  for hardly to partly reshaping breakwater$2.6.7a)
Qermnew= & Gherm= 0.7-9 s for fully reshaping breakwaters (2.6.7b)

with: B= berm widths = HiwdLo= @p/g)Hsd Tp?> and Hi = design significant wave height at toe of structure
based on 100 year return period,=L(g/20)T,>= deep water wave length.

Using equation (2.6.7), Equation (2.6.6) for rough slopes bcomes:

COwo,max= O-zg:rest (g |'|5,toe3)0'5 eXp{(—23 & RJ( Gberm,new Goeta Hs,toe)} (268)

The method was used to compute the wave overtopping rate at the Husavik berm breakwater in NW
Iceland during a storm event withsbkshore= 11 M, Hwe= 5 m, }= 13.5 s, resultip in wave overtopping
values in the range of 1.5 to 2.5 I/m/s. These values are in good agreement with upscaled overtopping rates
from laboratory tests of this breakwater. The observed damage at the Husavik breakwater, which was
heavily overtopped, was alost none.
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2.6.4 Effect of oblique wave attack

Based on laboratory test results, the effect of obligue waves on wave overtopping can be taken into
account by (EUROTOP Manual 2007):

Smooth slopes (dikes/revetments) gheta=1-0.0025|b| for 0¢b<80C (2.6.9a)
Gheta= 0.8 for b2 80 (2.6.9b)
Rough slopes (breakwaters 0= 1-0.0063|b| for 0¢b <80 (2.6.9¢)
=05 for b2 80 (2.6.9d)

with: b = wave angle to shore normal (in degrees), Biegire 2.5.5
2.6.5 Effect of cret width

If a breakwater has a crest width larger thag.8= 30, the wave overtopping rate is reduced, because the
overtopping water can more easily drain away through the permeable structure. A wide crest of a seadike
or revetment has no reducingfeftt.

This effect (only for structures with a permeable crest) can be taken into account by using (EUROTOP
Manual 2007);

Gres= 3 €XP{L.5BesfHs toe) for Berest> 0.75 Hyoe (2.6.10a)
This yieldsg:= 1 for for Bes= 0.75H e, &= 0.7f0r Bres= 1H e andg= 0.15 for Bes= 2H toe
A more conservative expression is:

Gres= 0.75 Hiod/Berest for Brest™> 0.75 Hyoe (2.6.10b)
This yieldsg:= 1 for for Bes= 0.75H0e, &= 0.75 for Bes= 1H 1we andg= 0.375f0r Byres= 2H toe
2.6.6 Example case

Seadike with smooth slope of 1 to 4: taj¢ 0.25y .= 1025 kg/m

Water depth attoe =3 m

Wave heights and wave periods are;dtE 2, 3, 4 m andpE 8, 10, 12 s.

Maximum water level is 3 m above mean seeel (MSL).

Safety factor wave overtoppimg = 1.5.

The spreadsheemnodel ARMOUR.xI&ias been used to compute the wave overtopping rate.

Figure 2.6.4shows the wave overtopping rate (litres/m/s) as function of the crest height above the
maximum water legl for three wave conditions and a rougness faogpe= 1. The overtopping rate is
strongly dependent on the wave height (factor 10 for a wave height increase of 1 m).

The wave overtopping rate for a wave height of 3 m has also been computed for twonessgyfactorg=

0.8 and 0.6 (se@&able 2.5.]. A very rough slope surface yields a large reduction of the wave overtopping
rate (factor 10 to 100).

To reduce the overtopping rate to 1 litres/m/s for a wave height of 3 m at the toe of the dike, the cres
height should be about 11 m above the maximum water level and thus 14 m above MSL. Using roughness
elements ¢ = 0.8) on the dike surface, the crest height can be reduced by about 2 m. Other coefficients
(@erm, Goeta) have a similar strong effect.
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Giwen the strong effect of the roughness factor, the proper roughness value of a seadike with roughness
elements should be determined by means of scale model tests.

—_ 1000
v
S
E 100
2
= 10
e
g 1
(@]
<
S 0.1
= a=gu=Hs=2 m, Tp=8's, gamma-r= 1
o 0.01 +
3 e=fl==Hs=3 m, Tp= 10 s, gamma-r=1
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Crest height above maximum water level R, (m)

Figure 2.6.4 Wave overtopping rates at crest of seadike

2.7 Wave transmission

When waves attack a structure, the wave energy will be either reflected from, dissipated on (through
breaking and friction) or transmitted through or over (wave overtopping) the structure.
The amount of transmitted wave energy depends on:

1 the incident wave chakeristics;

1 the geometry of the structure (slope, crest height and width);

9 the type of structure (rubble mound or smoaothced; permeable or impermeable).

Ideally, harbour breakwaters should dissipate most of the incoming wave energy. Transmission of wave
energy should be minimum to prevent wave motion and resonance within the harbour basin.

Large overtopping rates (if more than 10% of the waves are overtopping) will generate transmitted waves
behind the structure which may be higher than 10% of the intigdeave height.

The most accurate information of wave transmission can only be obtained from laboratory tests,
particularly for complex geometries.

Generally, the transmission coefficienti&expressed as: K H ¥Hs te.

Figure 2.7.1shows the Kcoefficient as function of the relative crest height/fR e for rubble mound
structures (Van der Meer, 1998) with Rcrest height above the still water level (SWL) apnd:H incident
significant wave height at toe of structure.

R/Hswe= 0 meansrest height at still water level.

R/Hswe= 1 means crest height at distanceablove the still water level.

R/Hs,0e=-1 means crest height at distancelidlow the still water level.
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The available data can be represented by (Van der Mee8)199
K= 0.Ix for FHs0e2 1.2
K= 0.8 for RHs 0e ¢ -1.2
Kr=-0.30s(R/Hs10e) + 0.45 for-1.2 < RHs0e< 1.2

(2.7.1)

with: g; = safety factor (=1.2 to use the upper enveloppe of the data).

Equation (27.1) including the experimental range is shownFigure 2.7.1and can be used for the
preliminary design of a structure.

Figure 2.7.1also shows the wave transmission coefficient) l¢r a conventional breakwater armoured

with tetrapods and accropodesnd a relatively lowcrested concrete surperstructure. The results show that

even for relatively high crest levelsdfk0e > 2) always some wave transmission (5% to 10%) can be
expected due to waves penetrating (partly) through the upper part of threngable structure consisting of

rocks and stones. Test results for smooth slopes of 1 to 4 with wave steepness values of 0.01 (long waves)
and 0.05 (wind waves) are also shown (EUROTOP 2007). These latter two curves fall in the experimental
range of the Ikvalues for rough rubble mound surfaces. These curves show that longer waves produce
more wave runup, wave overtopping and thus wave transmission.

The effects of other parameters such as the crest width, slope angle and type of structure (rough rock
sufaDSs avY220K adzaNFIF OS0 KI @S 06SSy aitdzRASR o0& 20KSNE
accurate results can only be obtained by performing laboratory tests for the specific design under
consideration.

1
|
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Figure 2.7.1 Wave transmission coeffemnt & as function of relative crest height/Rswe for rubble
mound structures and conventional breakwaters (based on Van der Meer 1998)
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Figure 2.7.2hows the wave transmission coefficient for a widested, submerged breakwater (regfpe
breakwaer) based on the results of Hirose et al. (2002).
B= width of crest, dwe= Wave length at toe of structure Rcrest height below still water level.
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3 STABILITY EQUATIONS FOR ROCK AND CONCRETE ARMOUR UNITS
3.1 Introduction

The stability of rocks and stones on a mild sloping bottom in a current with and without waves can be
described bythemethe 2 F { KASf Ra O0{ KASft RaQ OdzZNBSO F2NJ IANI Yy dz
critical shear stress method. A drawback of this method is that knowledge of the friction coefficients is
required which introduces additional uncertainty.

Therefore, thestability of stones and rocks in coastal seas is most often described by a stability number
based on the wave height only. This method is known as the critical wave height method.

Both methods are described hereafter.

3.2 Critical sheasstress method
The problem of initiation of motion of granular materials due to a flow of water (without waves) has been

studied by Shields (1936). Based on theoretical work of the forces acting at a spherical particle (see Figure
3.2.1) and experimental work with grandld Y G SNA I f & Ay FfdzySaz KS LINE LR :

ANI ydzf F NI YFGSNRAFE& Ay | OdNNByilied ¢KS {KAStRaQ Od:
known as the Shields numbegs) & Fdzy OGA2Yy 2F | RA 6SthedparcfaSaa w
follows:

Qor = thed[ (Fs-rw) g B = Function (k& Dso/N) (3.2.1)

with: toer=rw (U-cr)? = critical beeshear stress at initiation of motion; &= critical beeshear velocityr s =
density of granular material (2700 kgfmrw = density of water (fresh or saline wateryz kinematic
viscosity coefficient of water (=0.000001%/m for water of 20 degrees Celsius)so> representative
diameter of granular material based on sieugve (Shields used rounded granular materials in the range of
0.2 to 10 mm; stones and rocks are presented hy,3ee Equation 3.3.1).

tKS {KAStR&aQ OdzZNBS Aa akK2gy AY CAId2NBE odHdM | YR
instability of granular material.
Granualr material is stable if:

q ¢ Qo (3.2.2)
to
¢ Qer (3.2.3)
(rs-rw) g Ro

The qe-value according to Shields is approximately constant at 0.05 (indepénde@ ¥ (G KS wS@)
YydzY o SN NAIKG LI NI 2F { KASE RRBM>00NIBISO F2NJ O2F N&ES
The precise definition of initiation of motion used by Shields is not very clear. Experimental research at
Deltares (1972) based on visual observatiank 2 g & G KI G (GKS { KASt RaQOdz2NBS |
frequent movement of particles at many locations, $égure 3.2.» | Sy 0SSz (GKS { KASft RaQ
be used to determine the critical stability of a particle.

A conservative estimatef the transition between stable and unstable is abgut 0.025 to 0.03.

31



Note: Stability of coastal structures
Date: August 2016

www.leovanrijn-sediment.com

\

¢ = angle of repose

o1= (b1 +bg) cos ¢
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Figure 3.2.2 Dimensionless bed load transport according to Paintal (2971)
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An important contribution tothe study of the stability of granular material has been made by Paintal
(1971), who has measured the dimensionless (bed load) transport of granular material at conditiogs with
values in in the range of 0.01 to 0.04, $égure 3.2.2andTable 3.2.1

The results of Paintal can be represented by:

Fp=6.6 18 g'° (3.2.4)
with:
Fo  =(9"(D9)*°(Ds0)*°a;
0o = bed load transport by mass (kg/m/s);
q = tu/[ (rs-rw) g Ro = dimenasionkless besherar stress (Shields number);
D = (s-rw)/rw=relative density;
t, = bedshear stress due to current (NAn
g-values Dimensionless bed load
transport F
measured by Paintal (1971)
0.01 4.3 10
0.02 43 10°
0.025 1.5 10’
0.03 3. 10
0.04 3. 10

Table 3.2.1Bed load transport meased by Paintal (1971)

Van Rijn (1993has shown that the Shields curve is also valid for conditions with currents plus waves,
provided that the beeshear stress due to currents and wavis() is computed as:

toow=toct+low (325)

with:
the 1/8rwfc U?= bedshear stress due to current (N
tow = 1/4rwfy B2= bedshear stress due to current (N

u = depthmean current velocity (m/s);

& = nearbed peak orbital velocity (m/s)gHs (Tp)* [sinh(2h/Ls)]? (linear wave theory);
fe = 0.24[log(12h/k]* @0.12(h/k)®*= currentrelated friction factor {);

fw  =exp{6 + 5.2@5/ks)'°-19} @0.3(£/ks)'°-6= waverelated friction factor {);

h = water depth (m);

Hs = significant wave height (m);

Ls = significant wave length (m);

T, = wave period of peak of wave spectrum (s);

A = (B/2p) & = rear-bed peak orbital amplitude;

ks = effctive bed roughness of Nikurad@l(5 D sofor narrow graded stones/rocks).
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3.2.1 Slope effects
In the case of a mild sloping bed (Figure 3.2.1; Van Rijn 199§)tedue can be computed as

Cer= K Kaz Cer,0 (326)
with:
Ksiope1 = Sin(@ai)/sin(@) = slope factor for upsloping velocity; sirdg#sin(a) for upsloping velocity;
Ksiopez = [COSA2)][1 - {tan(@z)*/{tan(a)}]°*° = slope factor for longitudinal velocity;
Qo I ONX G A OF fraf hisrieddtial RGit@n; y dzY 6 S

a1 = angle of slope normal to flow or wave direction (slope smaller than 1 to 5);
a: = angle of slope parallel to flow or waves (slope smaller than 1 to 3);
%) = angle of repose (30 to 40 degrees).

Damage estimate
The Paintal apprach can be used to determine the bed load transport of granular material at verygmall

values, resulting in:
b= 6.6 16% g'°rs(Dg)>(Ds0)t® (3.2.7)

The bed load transport gJjis given in kg/m/s. This can be converted into number of ston&kynby using
the mass of one stone Mne= (1/6)p r s Ds¢® resulting in:

Ns[onesz 15 1@4%q16 gO'S(D;',O)_l'S (328)
with: Nswnes= NUMber of moving stones/m/day amgl= safety factor.
Using:q = 0.020; it follows that: Mnes= 0.001gs o°°(Dso)°
Using:q = 0.025; it follows that: Mnes= 0.035g; g°°(Dso)°
Using:q = 0.030; it follows that: Mnes= 0.65 g g°°(Dso)1°
The number of stones moving out of the protection area in a given time period can be seemageda
requiring maintenance. The damage percentage in a given time period can be computed as the ratio of the
number of stones moving away and the total number of stones available.

3.2.2 Stability equations for stones on mild and steep slopes

Currents

Using the available formulae (3.25 and 3.2.6) apng= 1/81 y fc &2 £.@0.05 for large stones; the
= Qqu (rsrw) g Do the critical diameter can be expressed as:

Dns0=0.00633 (D g)* (Ka1 Kaz Qero)™* (U)° (3.2.9)

with: gs = safety factor
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Example 1

Protection layer of stones on horizontal bottom:

h = 6 M dprotection= thickness of protectionyi= 2 m/s,D=1.62, K = K2 = 1,qcr,o= 0.02 andx = 1.5.

Equation (3.2.9) vyields: nB=0.12 m (ARMOUR.xIs)

Equation (3.2.8) yields:shhes= 0.1 moving stones/m/day, which should be compared to the total number
of stones (per m width) available.

Waves

Using: tow= 1/4ry fw &2, £, @0.1 for large stones antlhw= dcr (rs-rw) g Disg; the critical diameter can
be expressed as:

Dhso= 0.025gs (Dg)™ (Kat Kaz Gero)™ ()2 (3.2.10)

Example 2

Protection layer of stones on hiaontal bottom:

h = 6 m,doroecion= thickness of protection,d 3 m, T= 10 s,lﬁz 1.96 m/s (linear wave theoryd =1.62,
Ka1 = K2 = 1,qcro= 0.02 andy = 1.5.

Equation (3.2.10) yieldsyB=0.45m (ARMOUR.xIs)

Equation (3.2.8) yields: dMnes = 0.014 moving stones/m/day, which should be compared to the total
number of stones (per m width) available.

Current plus waves

Using the available formulae (3.25 and 3.2.6), the critical diameter can be expressed as:

tb,cw
Dhs0= (3.2.11)

(rs-rw) g (KikKa2de)

with: tpcw= Shear stress at granular material due to currents plus waves (see Equation (3.2.5))

Equation (3.2.11) can be expressed as:

0 (0.0063T2 + 0.02562)
Dn,s0= (3.2.12)
Dg (K1 Ka2 Qer)
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3.3 Critical wave height method
3.3.1 Stability equations; definitions
Hudson equation

A classic formula for the stability of rocks/stones under breaking waves at a sloping surface is given by the
Hudson formula (Rock Manual, 2007), for waves perpetali¢o the structure, which reads as:

g H
W2 (3.3.1)
Ko D cotan@)
with:
W = weight of unit (= g M);
M = mass of units of uniform size/mass, usually fdr non-uniform rock units (kmn>);

Mso = mass that separates 50% larger and 50% finer by mass for rock units;
Dhso = nominal diameter of rock unit= @dr )*3 ,(m);

D 50@0.8-0.9 Do for smaller stones (0.05 to 0.15 m; Verhagen and Jansen, 2014);
H = wave height used by Huds¢@1.27 H, «we, (M);

Hs0e = significant wave height at toe of structure (m);

Ko = stability coefficient based on laboratory test resufs (

o} = specific weight of rock (=rg)

rr = density of rock@700 kg/nt for rock and 2300 kg/d&for concrete)
rw = density of seawate@030 kg/nd);

a = slope angle of structure with horizontal;

D = relative mass density of rocks-€ w)/r w;

g = acceleration of gravity (9.81 miJs

Equation (3.3.1) can be rearranged into:

|_lS,'[0€
———2 0.8 [(kcotan@)]*?® (3.3.2)
D Dnso

|_|S,t06
————2 N (3.3.33)
D Dnso
Using a safety factogy) and taking oblique wavegst) into account, it follows that:
|_|S,t06
————2 Nol(%Getd) (3.3.3b)
D Dnso

with: gs= safety factor (>1) angsei= Obliqueness or wave angle factor (= 1 for perpendicular waves and <1
for obliqgue waves; see Van Gent 2014).
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The rock/stone size is given by:

(&gaeta) H toe
Dh.s02 (3.3.4)
D Ner
with: Ner= 0.8 [(I¢ cotan@)]*® = critical value (= stability number) (3.3.5)

Rocks/stones are stable if Equation (3.3.4) is satisfied.
For example: Hoe=5m, N=2,= 1,0et= 1 andD = 1.62, yields ko= 1.55 m.

The value Nis a function of many variables, as follows:

Ne= Ffype of unit, type of placement, slope angle, crest height, type of breaking waves,
wave $eepness, wave spectrum, permeability of underlayers, acceptable damage

and can only be determined with sufficient accuracy by using scale model tests of the armour units
including the geometry/layout of the whole structure. Many laboratory test resc#ts be found in the
Literature.

Generally, the Nvalues are in the range of 1.5 to 3. This range gf/&lues yields Povalues in the range

of Dq,soz 0.2to 0.4|§,|toe.

The N-value is found to increase (resulting in smaller diameter of tinecar units) with:
1 decreasing wave steepne$s({-Y);
9 decreasing crest height (learested structure);
9 decreasing slope angle;
1 larger packing density (more friction between units);
9 higher permeability of the underlayer (less reflectivity of the structure);
1 more orderly placement (closely fitted).

Two types of stability can be distinguished:
1 statically stable: structures designed to survive extreme events with very minor damage;
1 dynamically stable: structures designed to survive extreme events with mimoagie and reshaping
of the outer armour layer.

Damage and safety

An important parameter is the acceptable/allowable damage level in relation to the construction and
maintenance costs. If a larger damage level can be accepted, the valygrafréases ragdting in a smaller

rock size. This will reduce the construction costs, but it will increase the maintenance cost. The vajue of N
may never be taken so larg@{) that the armour units are close to failure during design conditions.

A safety factorg) should be used to deal with the:
9 uncertainty of the input variables (boundary conditions);
1 uncertainty of the empirical relationships used (often a curve through a cloud of data points, while
the envelope of the data is a more safe curve);
1 type of structue (single or double armour layer).
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The damage is described by various parameters, as fo(laed ables 3.3.5nd3.3.2):

1 Si= AJ(Dnso)? for rock units with A= area of displaced rocks/stones in cresgtion of the armour
layer (including porespbove and below the design water level (sEgure 3.3.}; S = non
dimensional parameter;q3s mostly used for reshaping slopes of rocks;

1 Noa = number of concrete units displaced over a width of 1 nominal diametgs)(2long the
longitudinal axis ofhe structure for concrete units @@ (1-p) with p=porosity@0.45);

91 N = percentage of damage (%) /N with n= number of total units between crest and toe over a
width of 1 nominal diameter.

Figure 3.3.1 Area of displaced stones/rocks

The tdal volume of displaced stones for a section with length L isKgpae 3.3.): Vo= AL with A is area
of displaced stones of crossiore armour slope.

The volume of displaced stones also is equal toz ¥ (B 50)*(1-p) with n = number of displacestones
over section with length L, p = porositgd.45). This yieldsaS A/(Dnso)?= n Disd/((1-p)L) = M/(1-p).

The Ngparameter is: b= n(Bisdl)

Using §= 1, L=100 m, p =0.45 angsb= 1 m, yields: n = 55 displaced units.
Noa= 1x55/100= 0.55 and b= (1-p) S = 0.55.

Rock armour slopg Start of damage| Minor damage | Severe damage Failure
SJ Nod Sﬂ Nod Si Nod S:I
1tol.5 1 052 1 4 2 8
lto2 1 052 1 5 2| 8
1to3 1 0512 1 8 12
lto4 1 053 10 17
1to6 1 0.5 3 10 17

Table 3.3.1 Damage Sfor rock and concrete armour slopes

An example is shown ifable 3.3.2for a breakwater with cubes (n = 20 units between toe and crest) and
D,=1.85m.

Damage in number of units over a length ¢ Damage Ny Damage N

L = 18 m along the axis of the structure ) (%)

Nis= 16 units (Dy/150) x 16=0.2 0.20/20 x 100% =1 %
Nis= 34 units (DV/150) x 34=0.42 0.42/20 x 100% = 2.1%
Nisg= 73 units (DW/150) x 73=0.9 0.90/20 x 100% = 4.5%

Table 3.3.2 Damag example for concrete armour units
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Any damage of an armour layer single concrete units (one layer) is not acceptable, as it will lead to
exposure of the underlayer and rapidly progressing failure of other units. Therefore, the safety factor for
units n a single layer is relatively largg € 1.3 to 1.5). Failure of ginglelayer of concrete units often is
defined as b= 0.2.

Minor damage (bh@0.5 to 1) of adoublelayer of rock units is acceptable (SEable 3.3.}, as the failure of

an individualunit will not immediately lead to exposure of the underlayer. Generally, a dealky
armour slope will not fail completely, but the slope will be reshaped into a meypeprofile because

units from higher up near the crest will be carried toward the during extreme events. The damage will
gradually increase with increasing wave height until failure. Therefore, the safety factor of a double layer
rock slope can be taken ag= 1.1t0 1.3

Furthermore , it is noted that the safety factor for weidgbithigher than that for sizeg weigh= ©.siz9°.

Thus:  Gsize 1.1 meansgs weigh= 1.33
G.sizee 1.3 meansgs weigh= 2.2
Gssize= 1.5 meansgs weigh= 3.4

3.3.2 Stability equations for higkcrested conventional breakwaters

A bre&water is higkcrested, if R> 4 D) so with R= crest height above still water level, see dfsgure 2.5.1
or3.3.6

Typical features are:
1 relatively high crest with minor overtopping;
1 relatively steep slopes between 1 to 1.5 and 1 to 2.5;
9 permeable unérlayers and core;
1 relatively high wave heights up to 3 m at the toe;
1 mostly used in the nearshore with depths (to MSL) up to 8 m.

Various types of armour units are used:
9 randomly used rocks in two layers under water and above water;
1 orderly placed rocks one or two layer above the low water level;
9 orderly placed concrete units in one and two layers (cubes and tetrapods);
1 concrete units placed in one layer with strict pattern (Accropodes,-Coecs, Xblocs).

3.3.2.1 Randomply placed rocks in double laye

Some values of critical stability numbers of rock armour units based on laboratory tests (Van der Meer,
1988, 1999; Nurmohamed et al.,2006; Van Gent et al., 2003 ) are giVabl@a 3.3.3 More information is

given in the Rock Manual (2007). The stgbilalues at initiation of damage (movement) vary in the range

1.3 to 1.7 for randomly placed rocks and in the range of 1.7 to 2.2 for orderly placed rocks. The start of
damage (& 0,Nq¢= 0) for rocks, cubes and tetrapods in a double layer is almostatime.

The design stability numbers of rocks and concrete cubes randomly placed in a double layer accepting
minor damage are Ndesignminor damagd®1.5 and 2, which is the same as that of rocks and cubes orderly
placed in a single layer accepting no d@@&N: design.no damagedue to the use of different safety factors (1.1

and 1.5), sedable 3.3.1
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Types of Placement Num Slope of | Ner Ner Ner Ner desgn Ner,design
units ber armour no minor
of layer damage damage Failure no damage| minor
layers (Noa=0) (Nog=0.5) damage
(&=0) (&=2)
Rocks Randomly 2 1tol1l5 13t01.7 | 1.7 251030 1.1@=11) | 1.5@=1.1)
Orderly 2 lto1.5 1.7t02.2 | 2.0 3.0t035|15@=1.1) | 20 @=1.1)
Orderly 1 1to2 2.2 - 3.0 1.5 @=1.5) | -
Cubes Randomly 2 1to1.5 15t02.2 | 2.2 3.0 13@=11) | 2(@=1.1)
Irreguarly (n,=0.7) | 1 1to1.5 22t025 | - 3.8 1.5 @=1.5) | -
Orderly (R=0.7) 1 1t01.5 3.0 - 4.5 2.0 g=1.5) | -
Tetrapods Randomly 2 1to 1.5 15t022 | 2.2 3.0 1.3@=11) | 2@@=1.1)
Accropodes | Strict pattern for | 1 1t01.33 | 3.7 - 4.1 25 @=1.5) | -
interlocking
Core Locs Strict pattern for | 1 1t01.33 | 4.2 4.5 2.8 @=1.5)
interlocking
Xblocs Strict pattern for | 1 1t01.33 | 4.2 4.5 2.8 @g=1.5)
interlocking

o= safety factor = Msart damagdNer design
o= 1.1to 1.3 for double layer unitgs= 1.3 to 1.5 for single layer units;npacking density
Table 3.3.3  Stability of various armour units (Van der Meer, 1988, 1999; Nurmohamed et al., 2006)

Various formulae are available determine the nominal diameter of rock armour units on the seaward
side of norovertopped, higkcrested breakwaters (Rock Manual 2007). The formuale should be valid for
shallow water, as rockype breakwaters are mostly built in shallow water. In deeptev rocktype
breakwaters are not very common; caissiype breakwaters are more economical in deep water
conditions. Waves start breaking at a mild sloping foreland= ®3 h, with h= local water depth.
Thus, deep water with nehreaking waves canebcrudely formulated as h > 3kt Using Kwe= 3 t0 5 m,
the water depth is 10 to 15 m. Rotkpe breakwaters are not very attractive solutions for water depths >
10 m.
Herein, only two formulae based on many laboratory scale tests carried out inNétierlands,
explained:

1 Van Gent et al. 2003;

1 Van der Meer 1988.

are

Van Gent et al. 2003
The formula forandomly placed rocks (2 layers) on a slopedeep and shallow water reads as

Ner = [1.75/@Bewal)] [cOtan@)]®®[1 + R [S/Nw9°2
with:
Ps = Diso.cord Dnso= permeability factor of structure (20= impermeable; &1=fully permeable);
Dnsocore = NOminal diameter of core material (approximately 0.2 to 0.4 m);
Dhso = nominal diameter of armour layer (gradings/D1s< 2.5);
a = slope angle of the structure (not foreland slope);

(3.36)

S = damage = #Dns®>, S = 2 = minor damage (design value)=30 = failure;

N = number of waves during a storm event (1000 to 3000 for storm event of 6 hours);

(o8 = safety factor for determirdtic design method (= 1.1 for permeable structures and 1.3
for impermeable structures)

GBeta = 0.5 + 0.5(cd®?= reduction factor oblique waveb;= @ for perpendicular wavesg. 2.5.3.

Equation (3.3.6) is rather accurate fstructures with a permeable core in both deep water and shallow
water, but less accurate for impermeable cores. Thesalue increases with decreasing permeability and
decreases for less steep slopes.
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According to Van Gent et al. (2003), the effectsvaive steepness, wave period and the ratigHz, are
relatively small and can be neglected.

The validity ranges of Equation (3.3.6) roughly are: wave steepness = 0.01 to 0.06; surf similarity = 1.3 to 15,
relative wave height k/hwe= 0.2 t0 0.7.

Stablity formulae for rock armour layers are usually applied assuming perpendicular wave attack. Often,
the effects of obligue waves are neglected. Based on many tests simulating oblique waves on a rubble
mound breakwater in relatively deep water (no wave lkkieg on the foreland), Van Gent (2014) has
proposed a size reduction factor (increase of stability) for situations with obligue waves. The effect is found
to be relatively small for small wave angles and relatively large for larger wave anglés= B8 (wave
propagation parallel to axis of structure, sEmgure 2.5.4, the reduction effect is about 0.35 to 0.45. To be

on the safe side, it is herein proposed to ugai.= 0.5 + 0.5(cd®? which yields a maximum reduction
effect of gset= 0.5 forb =90° (parallel waves) and no reduction @fw= 1 forb = @ (perpendicular waves).

Using: B= 0.3, $= 2 (start of damage) and,N2500, it follows that: N= [1.2/(@:Gets)] [cOtan@)]®®

This yields the following design values gf N cotan@) = 1.5 Ne= 1.45/€0sets)

cotan@) = 2.0 b= 1.70/0:0etd)

cotan@) = 2.5 &= 1.90/0: ety
Equation (3.3.6) and also Equation (3.3.7) are related®® F$his means that the rock size is 15% larger, if
Si= 1 instead of &= 2 (reducion of factor of 2) and 30% larger if $0.5 instead of S= 2 (reduction of
factor of 4).

Van der Meer 1988
The formula forandomly placed rocks (2 layers) on a slapedeep and shallow water reads as

Ner = [Glungind (GBeta &)] P18 x 0594 [SYNWO9 %2 for plunging waveg<Xiica and cotanf)?4 (3.3.7a)
or = [Gurgind (GBeta G)] PO XP gy [tan(a)] *5[SW/Nw9]%? for surging wave conditions>Xcriicar (3.3.7b)
Xcritical = [(Qlungindcsurgina Ij"31[tan(a)]°-5]R (337C)

with:

P = permeability factor of structure (P = 0.1 for impermeable core; P = 0.4 for rocks on a
semipermeable filter layer; P = 0.5 for permeable core; P = 0.6 for fully permeable structure with
uniform rock);

S =damage =4Dnse?, S= 2 minor damage (design value) =30 = failure;

Nw = number of waves during a storm event (1000 to 3000 for storm event of 6 hours);

R = 1/(P+0.5) = exponent;

a = slope angle of the structure (not the foreland);

X =tana/[(2p/g)Hs 10d T?mead *°= surf similarity parameter based on the.Fwave period

Tmean = Mean wave period at toe of the structur@®.85 T, for single peaked spectrum),

&+ = H/Hx= ratio of wave heights at toe of breakwater (= 0.71 for deep watdr@B5 for shallow
water with breaking waves);

& = safety factor for deterministic design method (= 1.1 to 1.3);

Geta = 0.5+ 0.5(cdy?= reduction factor for obliqgue wavel;= @ for waves perpendicular angbei=1.
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The followingsteps are required:
9 determination of wave conditions and number of waves (offshore and at toe of structure);
9 determination of preliminary dimensions of cressction (slope angle, crest height, core, etc);
9 determination of allowable damage (in cooperatiaith client);
9 determination of surf similarity parameter;
1 determination of permeability value;
9 determination of rock dimensions for different scenarios;
1 finalization of design based on iteration and sensitivity analysis;
1 verification of design based onade model tests.

Table 3.3.4hows the coefficients of the Van der Meer formula 1988.

Equation (3.3.7a) shows that tii sc-value increases with decreasing permeability.

Equation (3.3.7a) shows that:n43° Hs x°® and thus: Rso® HC 75T, If H = constant, the rock size increases

with increasing wave period T. Assuming an inaccury of 20% for the wave period T, the rock size increases
with 10% for a 20%ncrease of the wave period. Thus, it is wise to use a conservative estimate of the wave
period.

Similarly, assuming an inaccury of 20% for the wave heighthél rock size increases with 15% for a 20%
increase of the wave height. This can be taken into account by a safety factor of 1.2.

The original formula proposed by Van der Meer (1988&)ast valid for conditions with nehreaking waves

in relatively deep water (h > 3kde). Only, few tests with wave breaking in shallow water were carried out.
The original coefficients arejiaging= 6.2, Guging= 1 andgs= 1 and the wave period ihe mean period

Tmean-

Later it was proposed to use thg-factor (= 0.71 for a single peaked spectrum) resulting jagkg= 8.7

and Guging= 1.4 (Van Gent et al., 2003 and Van Gent 2004).

As thegyfactor is larger for shallow wate@0.85), ths results in a larger Nvalue for shallow water and

thus a smaller rock siz&dhegs-parameter can be simply represented ag:= 0.4(Hh) + 0.58 yieldingy

=0.7 for Hh¢ 0.3 andg+2 0.82 for H/h=0.6.

Van Gent et al. (2003) have recalibrated thefficients using more test results (usingilinstead of Fean
including shallow water conditions resulting iniuging= 8.4 and Gging= 1.3; these coefficients represent

the trendline through the data pointdhe 7.1 period has been used becauséetter represents the longer
wave components of the wave spectrum. This is of importance for the surf zone where the spectrum may be
relatively wide (presence of waves with approximately the same height but different periods).

As the recalibrated coé€ients are only slightly different, it can be concluded that the Van der Meer
formula is generally valid for relatively deep and shallow water. A safety factor should be applied to obtain
the envelope of the data points.

Assuming that Equation (3.3.%) @lso valid for shallow water, both the original and the modified formula
can be compared for a certain location (with constapt® N,and ), which leads to:

DnSO,modifietIDn50,original= (Ql,originalcpl,modified) (g-i,origina/ g-i,modifie(b (Tm—l/-l—mean)o'5

In shallow water: (@origina/Cmeodiﬁed): 8.7/8.4=1.04 an@{origmalmmodmed)z 0.71/0.85 = 0.84, and thus:
DnSO,modifieJDn50,original= 0.87 (-rF—lleean)O'5

This yieId5:DnSO,modifieJDnSO,original> 1if (R—lleean) >1.3

Thus:the modified formula will give a larger,Evalue in shallow water if thexh period is larger than
1.3Tmean, Which may occur if long wave components are important.
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Author Gounging | Gurging Wave period | Wave height ratio
Van der Meer 1988riginal 6.2 1 Twvean =1
Modified by Van Gent et al. (2003) 8.7 1.4 Tm10 H= H/H29
Recalibrated by Van Gent et al. (2003) | 8.4 1.3 Tm10 H= H/H29

Table 3.3.4 Coefficients of Van der Meer formula

Figure 3.3.2shows the stability of randomly placedaks based on the formulae of Van Gent et al. 2003
and Van der Meer 1988 as function of the surf similarity paramete®ther data used: S 2, N¢= 0.5

(minor damage), = 2100, R= 0.5, HH2= 0.71, tand)= 0.5, B= 0.3,r rock= 2700 kg/m, g=1.

Both formulae produce approximately the same results ar 2.5. For very small values&2.5 (large

values of the wave steepness or very small slopes), Equation (3.3.7) of Van der Meer 1988 yields
systematically higher stability numbers and thus smalbekrsizes.

5

e=== Randomly placed rocks double layer; van der Meer Equation 3.3.7

»
4]

== » eRandomly placed rocks double layer Van Gent et al. Equation 3.3.6
==@==Randomly placed Cubes double layer based on data of Van der Meer
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Figure 3.3.2 Stability values of rocks and concrete armour units at conditions with minor damage
(8=2, N¢=0.5) as function of surf similarity parameter

Example 1: Rock armour size based on Equations (3.3.6) and (3.3.7)

Armour layer conisting of randomlyplaced rocks on a sermpermeable core is exposed to storm events in
relatively deep water, se€able 3.3.5

What is the rock sizenlsy based on the methods of Van der Meer 1988 and Van Gent et al. 2§63
Equations (3.3.7) and (3.3,6ee ARMOUR.xIs( sheét4)

Here, the parameters he and g=H/Hzy are given, but generally wave computations are required to
compute these values.

The rock mass can be computed ass ¥r rock (Dn,50)°.

The results (based on a safety factpr 1 andgsei= 1) are shown iitable 3.3.5

The Van der Meecoefficients are given imable 3.3.4

Using a larger damageq«5) for the 100 years storm event, the armour size is about 15% smaller.

Using a safety factor @f = 1.1 , the armour size will be %0larger.

Using recalibrated coefficients, the rock size of the Van der Meer method is slightly I@@e$)(due to
the larger wave period (1 in stead of Tean yielding a largersurf similarity parameterThe original
formula is based onmkan
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Paraneters Storm event 1 Storm event 2 | Storm event 2
Return period 25 years 100 years 100 years
Duration 3.5 hours 5.4 hours 5.4 hours
Significant wave heiglat toe Hs toe 4m 5m 5m
Wave period Trean; Tm-1 7s;8s 9s;10s 9s;10s
Ratio wave heights Hy/Hz0s 0.71 0.71 0.71
Density of rock I rock 2650 kg/nt 2650 kg/nt 2650 kg/n¥
Density of seawater rw 1025 kg/m? 1025 kg/nt 1025 kg/n¥
Number of waves N 1800 2160 2160
Permeability factor Van der | Pu 0.4 0.4 0.4
Meer
Permeability factor Van Gent| Ps 0.3 0.3 0.3
Damage S 2 (minor) 2 (minor) 5 (severe)
Slope angle tan(@) 0.33 0.33 0.33
Safety factor (03 1. 1. 1.
Obliqueness/wave angle facto| ggeta 1. 1. 1.
Computed values
Surf similarity parameter X 1.44 original 1.65 1.65

1.65 recalibrated | 1.85 1.85
Critical surf similarity V.d. Meg X 3.0 original 3.0 3.0

3.1 recalibrated 3.1 3.1
Stability numberVan der Meer | N 2.36 original 217 260

2.13recalibrated 20 2.38
Rock size Van der Meer D50 1.07 m original 1.46m 1.21m

1.18 m recalibrated| 1.59m 1.32m
Rock size Van Gent Dn.50 1.17m 1.49m 1.24m

Table 3.3.5

Example 2: Rock armour size based on Equations (3.3.6) and (3.3.7)

What is the effect of wave period on the size of rocks.?

Ro& armour sizes of higtrested breakwaters for storm evepnSRMOUR.xIs (sheet 4)

Input data: armour slope 1 to 3 (tar= 0.33),S= 2, N,= 2160 (6 hours),d= 0.3, k= 0.4,04 = H/H»=
0.71,r s= 2650 kg/m, rw= 1025 kg/m.

The wave period has been varied in the range of 7 to 20 s. Three wave heighis @14 and 5 m) have

been used. A wave height of 3 m in combinatwith a period in the range of 7 to 10 sec represents short
wind waves during storm events, whereas a wave height of 3 m in combination with a period of 15 to 20 s
represent large posstorm swell type waves along an open ocean coast (west coast of Phogthwest

coast of France).

Figure 3.3.3shows the rock sizenlbas function of the wave period based the formulae of Van der Meer
1988 (original, Equation 3.3.7) and Van Gent et al. 2003 (Equation 3.3.6). The formula of Van Gent et al.
2003 is notdependent on the wave period resulting in constant values @h.0O'he formula of Van der

Meer 1988 shows an increasing trend for increasing wave periods up to the critical surf similarity parameter
and a decreasing trend for larger wave periods. The siwé based on Van der Meer 1988 is significantly
larger than that of Van Gent et al. 2003 for waves of 4 to 5 m and wave periods in the range of 14 to 20 s.
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2.5 I I I I
e Hs toe= 3 m Van der Meer original
e Hs,toe= 4 m Van der Meer original
e Hs toe= 5 m Van der Meer original
| e= eHs,toe=3m Van Gentet al

€ e= e Hs,toe= 4 m Van Gent et al //
s e= e Hstoe=5m Van Gent et al
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Figure 3.3.3 Rock size [3oas function of wave period and wave height

3.3.2.2 Orderly plaed rocks in single layer

In Norway, many breakwaters have been constructed wittingle layer of large rocks placed individually
(orderly) by a crane (Hald, 1998).

Nurmohamed et al. (2006) have studied the stability of orderly placed rocks (irdgtiahgk) in asingle
layer. The experimental range of the stability numbers is shoviigare 3.3.4 The data refer to slopes in
the range of 1 to 1.5 and 1 to 3.5 with permeable underlayers in most cases.

Based on the data of Nurmohamed et al. (20062, tean trendline of lvalues can be described by:

or = [4.8/@ Get)] X2 for x < 3 (plunging breaking waves) (3.3.8a)
Ner = [1.0/@Gets)] X°¢  for x2 3 (surging waves) (3.3.8b)

with: x = surf similarity parameter ang= safety factorfor deterministic design (= 1.5 for orderly placed
rocks in asinglelayer; = 1.1 for orderly placed rocks id@uble layer).
Equation (3.3.8) is shown as the mean trendlinBigure 3.3.4

Using a safety factor of 1.5, the lower envelope of the expental range is obtained. It can be seen that
orderly placed rocks are significantly more stable (15% to 25%) than randomly placed rocks as expressed by
the equations of Van Gent et al. 2003 and Van der Meer 1988 based-08; 8= 2100, R= 0.5, HHz=

0.71, tanf)= 0.5, B=0.3.

Equation (3.3.8) can also be used for orderly placed rockslaulale layer. In that case the safety facor can
be reduced tax=1.1.
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4 S \\\ e=fl== Fquation Van der Meer 1988 for randomly placed rocks
N [ == [» eEquation Van Gent et al. 2003 for randomly placed rocks
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Surf similarity parameter
Figure 3.3.4 Critical stability of orderly placed rocks in a single layer after Nurmetaet al. (2006)

3.3.2.3 Randomly placed concrete units in double layer

The critical stability numbers of cubes and tetrapods in a double layer are given by Van der Meer (1988,
1999). His results for wave steepness values in the range of 0.01 tortd0§& 0.5 (minor damage) and

Nw= 2100 are shown ifrigure 3.3.2 The stability numbers of randomly placed concrete cubes and
tetrapods are slightly higher (0 to 15%) than those of randomly placed rocks. The stability of tetrapods is
slightly higher tharthat of cubes. The {Nvalues of concrete cubes and tetrapods randomly placed in two
layers on a permeable underlayer can be roughly described for preliminary desigs; DY IN

Cubes: Ner = [1/@Beta®)] [1.1 + NOT x°2 for 0 < Ng< 2 (3.3.9)
Dn,s0 = [©3etagle)] [1-1 + I\JdO'S]_l x0-2 Hs toe

Tetrapods: Nor = [1/@eta®)] [1 + N*] X3 for0 < Ng< 2 (3.3.10)
Dhso= [(QBetagsl D)] [1 + Ndo's] x 03 Hs toe

The effects of the armour slope and the wave pdriare taken into account by the-parameter. The
stability number increases slightly with increasixgalue (seeFigure 3.3.2 This means that a steeper
armour slope will result in a higher,Nalue and thus a slightly smaller sizgsdA steeper angl of the
armour slope yields more friction between the side planes of the cubes (due to gravity).

Equations (3.3.9) and (3.3.10) are only valid far¢tN2 (Ng> 1 means severe damage).

Using Na= 0.5 (minor damage) and a safety factorgef 1.1 (douke layer) as acceptable for design, the
Ner designiS @pproximately 2 to 2.4 for cubes and approximately 2 to 2.6 for tetrapods in a double armour
layer & in the range of 2 to 6).

Cubes are more stable than rocks due to i) the additional friction fdseéseen the side planes, ii) larger
dzy AF2NX¥AGE NBadzZ GAy3a Ay | WaY22GiKSNXD &adz2NFIF OSo
additional interlocking forces.
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3.3.2.4 Orderly placed concrete units in single layer

Cubes and cubipods

The stadility of cubes in a@ingle layerstrongly depends on the placement pattern and packing density n
(np= area of the blocks in a control area divided by the control area in plan view; the packing density is
approximately equal to n@1-p with p= porosityporosity is the volume of the spaces between the blocks

in a control volume divided by the total control volume).
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Figure 3.3.5 Randomly placed (left) and ordely placed (right) in horizontal rows
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Two placement patterns can be distinguisiHedcubes in a single layer (segure 3.3.%:

1 irregularly placed by dropping the cubes from a crane (packing density in range of 0.65 to 0.75); the
cubes should be dropped with the sides making an angle of 45 degrees with the breakwater axis
(Verhageret al., 2002);

1 orderly placed at some (small) distance in horizontal rows (packing density of 0.7 to 0.8).

Relatively high stability values can be obtained using an orderly placement patteffalsiec3.3.3

The packing density should be about 70% (ope@ce of about 30%) to obtain the highest stability. Orderly
placed cubes with packing density of about 70% at a slope of 1 to 1.5 are found to be stable.up 408N

(no damage; Van Buchem, 2009).

If the packing density is too high (80%) the stabikiguces, because the cubes can be more easily pushed
out by large overpressure forces under the blocks. The cubes at a slope of 1 to 1.5 are slightly more stable
than cubes at a slope of 1 to 2, because the friction forces at the side planes are smakto@d of 1 to 2.

The stability reduces if the packing density is relatively small (<70%). Furthermore, relatively small packing
densities may result in relatively large gaps at the transition between the slope and the crest due to
settlements of the ches under wave action.

Highdensity cubes (up to 4000 kgfncan be obtained by using magnetite as aggregate material (Van Gent
et al., 2002). If the cube density can be increased to 4000 kgl relative density increases with a factor

of 2 and the cbe size reduces with a factor of 2. This reduces the weight of an individualdggkity
concrete unit by a factor of 5.

Concrete interlocking units (single layer)

Various types of interlocking concrete units in a single layer have been developeahdtas, Cordocs,
Xblocs. The stability numbers are givemable 3.3.3 The safety factor is recommended to ¢ge=1.5 (high
value for single layer).
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3.3.2.5 Example of highrested conventional breakwater of rock and concrete armour units

A highcrested breakwater is exposed to storm events in relatively deep wateTaele 3.3.6

Water depth to MSL at the toe of the structure =7 m.

Three storms are considered:

Storm 1: Return period= 25 yearss okt 4 m; hwe to MSL= 7 m; Max. water leiv@ove MSL= 3 m.
Storm 2: Return period= 100 years;kt 6 m; lbe to MSL= 7 m; Max. water level above MSL= 4 m.
Storm 3: Return period= 100 yearskt 6 m; ke to MSL= 7 m; Max. water level above MSL= 4 m.

The wave overtopping should be smaltean 10 I/m/s during the 25 years storm event and smaller than
100 I/m/s during the 100 years storm event.

The transmitted wave height in the harbour should be smaller than 0.5 m during the 25 years storm event
and smaller than 1 m during the 100 yeaimrs event.

The results (based on the spreadshestdel ARMOUR.xIs) are showrilable 3.3.6g = 1.1 andgget= 1 =
perpendicular waves).

The crest height should be at 10 m above MSL to reduce the wave overtopping rate to less than 100 I/m/s.
The maxnum transmitted wave height is slightly larger than 1 m.

Accepting minor damage, the rock size is of the order of 2.4 m (36 tonnes) to withstand a storm with a
design wave height of 6 m at the toe.

Accepting severe damage for the 100 years storm ewbstarmour rock size is about 2.1 m (25 tonnes),
which is a size reduction of about 10%.

Using a double layer of cubes yields a size of about 2.25 m (minor damage) or 1.95 m (more damage).
Cubes are more stable than rocks due to the additional fridooces between the side planes.

Using a double layer of tetrapods yields a size of about 2.1 m (minor damage) or 1.8 m (more damage).
Tetrapods are slightly more stable than cubes and rocks due to the additional interlocking forces.

Using a single Yer of cubes (safety factor= 1.5) yields a size of 2.4 m (32 tonrgssie= 2.3 t/n?).
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Parameters | Storm1 | Storm 2 Storm 3
Input values: Column
Density of seawater Fa7 rw 1025 kg/n? | 1025 kg/n¥ | 1025 kg/n?
Density of rock F48 I rock 2650 kg/n? | 2650 kg/n¥ | 2650 kg/n?
Density of concrete F49 I concrete | 2300 kg/n? | 2300 kg/n? | 2300 kg3
Kinematic viscosity coefficient F50 n 10% m?/s 10% m?/s 10%m?/s
Crest width armour F52 Bc 5m 5m 5m
Total crest width F53 B 15m 15m 15m
Berm F54 - 0 (hone) 0 (rone) 0 (none)
Slope angle front F55 tan@) | 0.5 0.5 0.5
Slope angle rear F56 tan@) | 0.5 0.5 0.5
Raugness front slope F58 g 0.45 0.45 0.45
Permeability factor Van Gent F60 Ps 0.3 0.3 0.3
Permeability factor Van der Meer F62 Puv 0.4 0.4 0.4
Critical stability number concrete units Fo4 Ner 3 3 3
Safety factor runup F66 03 1.2 1.2 1.2
Safety factor wave overtopping F67 03 1.5 1.5 15
Safety factor wave transmission F68 03 1.2 1.2 1.2
Safety factor stone size double layer F69 03 1.1 1.1 1.1
Safety factor stone size single layer F70 03 15 15 15
Water depth in front of toe to MSL B32 h 7m 7m 7m
Crest height to MSL C82 R 10m 10m 10 m
Max. water leveldue totide+surgeto MSL D82 SSL 3m 4m 4m
Flow velocity (parallel) at toe of structure E82 U 0 m/s 0 m/s 0m/s
Significant wave heightat toe of structure F82 Hs 4m 6m 6m
Wave period G82 Tmean 10s 14s 14s
(Tm-1) (11s) (155s) (15s)
Wave angle at toe of structure H82 b 0 deg. 0 deg. 0 deg.
normal normal normal
Damageparameter 182 S 2 2 4
Damage parameter J82 Nod 0.5(minor) 0.5(minor) 1 (severe)
Number of waves K82 Nw 1800 1800 1800
Computedvalues
Ratio H/Hzw(van der Meer) T82 H 0.81 0.82 0.82
Surf similarity parameter us2 X 3.1 3.6 3.6
Runup height Y8228 | Rw 6.8m 104 m 104 m
2
Wave overtopping rate Al82 Clow 11l/m/s 751/m/s 751/m/s
(<1%) (7%) (10%)
Transmitted wave height AL82 Hs 1 0.48m 1.08m 1.08m
Rock size frontape based on Van Gent AY82 Dh.50 1.59m 2.36m 2.07m
Critical surf similarity Van der Meer BA82 Xer 3.8 3.8 3.8
Rock size front slope based on Van der Meer | BG82 | Dnso 151m 2.37™m 2.08m
Rock sizeear slope CS82,C| Dnso 0.8m 1.28m 1.14m
us2
Rock size first underlayer front slope CX,CZ,[} Dnso 08m 1.18m 1.03m
B82
Cubes randomly front slope in double layer CJ82 Dn.so 1.56m 2.25m 1.95m
Cubes orderly front slope single layer above L\ CD82 | Dnso 161m 2.39m 2.40m
Tetrapods front in double layer CO82 | Dnso 1.47 m 2.10m 1.80 m

Table 3.3.6 Rock and concrete armour sizes of higbsted breakwaters for storm everfSRMOUR.xIs)
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3.3.3 Stability equations for higkcrested berm breakwaters

Typical features are:
1 relatively high crest with minor overtopping;
1 relatively steep slopes between 1 to 1.5 and 1 to 2;
9 presence of a bermkmve the design water level;
1 large armour units; permeable underlayers and core;
1 relatively high wave heights between 3 and 7 m at the toe;
9 mostly used in somewhat deeper water with depths (to MSL) between 8 and 10 m.

Mostly, rock armour units are used:
9 randomly placed rocks in two layers under water;
9 orderly placed/fitted rocks in one or two layers above water.

Equation (3.3.7) of Van der Meer (1988) can also be used for berm breakwaters with a berm just above the
design water level. ThaesHactor shouldbe taken as = 0.6.

Andersen et al. (2012) have found that the stabilitypefm breakwaters can be best computed using the
formula for plunging breaking waves only. The presence of the berm leads to plunging breaking waves
rather than to surging breakg waves. The waves effectively feel a flatter slope than present.

Various formulae are available in the Literature to compute the recession at the edge of the berm or the
new reshaped $Bype profile of the armour layer (see also Van der Meer 1988 and Raaual 2007).

3.3.4 Stability equations for lowcrested, emerged breakwaters and groins

A breakwater has a low crest if 0 Rl Dy 5o with R. = crest height between crest and still water levelXR
0 for emerged breakwaters and RO for submerge breakwaters), se€igures 2.5..and3.3.6.

Low-crestedemerged breakwater Submergeddreakwater

Figure 3.3.6 Lowcrested breakwaters

The crest width is approximately 3 to 10§ wide-crested breakwaters (having a width equal to 0.5 the
local wave length) are known as retgpe breakwaters.

Typical fatures of lowcrested, emerged breakwaters are:
9 shoreparallel (breakwaters) and shommnnected structures (groins);
1 relatively low crest above the design water level;
1 significant wave overtopping; relatively mild slopes between 1to 2 and 1 to 3;
1 permeable underlayers and core;
1 wave heights between 2 and 4 m at the toe;
1 mostly used in the nearshore with depths (to MSL) up to 8 m.
Mostly, rock armour units are used:
9 randomly placed rocks in two layers under water;
9 orderly placed rocks in one or two layerlsove water.
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3.3.4.1 Randomly placed rocks in two layers

Van der Meer (1990) and Van der Meer et(@B96) have analysed scale model tests for #iyge low

crested breakwaters with slopes of 1 to 1.5 and 1 to 2. The effect of rock shape and gradim@{ip15=

2.5) was found to be small. Relatively flat and elongated rocks were as stable as more uniform rocks.
Angular and round rocks had the same stability values. The measuredlles (minor damage) of Van der
Meer et al. (1996) are shown Figue 3.3.7Aand Table 3.3.7Figure 3.3.7As based on data with wave
steepness in the range of 0.01 to 0.05; crest widths in the range of 5.te &Rand seaward front slopes

of 1 to 1.5 and 1 to 2. The rock size of a toe/bed protection can alsxpeegsed in terms of ;Nand

RDnso. Equation (3.3.18) of Van Gent and Van der Werf and Equation (3.2.10) of Van Rijn are shown in
Figure 3.3.7A The rocks of the front slope have an increasing stability for decreasing crest levels. The
stability numberof the front slope should have a smooth transition to the stability of the toe/bed
protection in the case of a submerged structure.

The rocks of the crest zone and the rear slope have the lowest stability for crest leyBlsdRn) in the

range of0 to 3 when overtopping is relatively large. The stability of rocks of the crest and the rear slope
increases significantly for relatively high crest levels and thus relatively small wave overtopping.

Based experimental results, Van der Meer (1990) anddéarMeer and Daemen (1994) have proposed a
correction method to determine the stability of rock slopes of lomested, emerged structures (0 <
R/Dnsofont < 4). The correction factor can be applied to the stability formula of Van der Meer 1988
(Equatian 3.3.7) for rock slopes of higinested structures, as follows:

(3.3.11)

Ncr,lowcrested: g:or Ncr,front, highcrested

Gor= 1.25- 4.8[R/Hs we][S/(2p)]°° and gror? 1 for 0 </Rnsofront< 4

with: Nerfronthighcrestes= Stabiliy number based on Equation (3.3.7),=Rcrest height (8> 0), s = kodLo=
wave steepness,k wave length deep water. Thg#alue is about 0.4.

Equation (3.3.11) yields abogi,:= 1 for R2 Hsweand aboutge = 1.25 for B 0. Thus, the cogction
factor of Equation (3.3.11) is in the range of 1 to 1.25 for @BRmont< 4. Equation (3.3.11) is NOT valid
for submerged breakwaters {R 0).

The correction factor can also be applied to the stability formula of Van Gent et al. (20083Kslopes of
high-crested structures.

The stability number N of low-crested structures, as shown figure 3.3.7Acan be expressed as a
correction to the stability number of the front slope of a higtested structure, as follows:

Ner lowcrested™ Gtar Ner fronthighcrested The correction factog.or can be derived from the data &igure 3.3.7A

Figure 3.3.7Bshows the dimensionless correction fact@s = N/ Ner fronthighcrested With Ner front,highcrested® 1.3
(based on the data ofigure 3.3.7Afor R/Dns? 4. Using this approach, the stability number of adow
crested (submerged or emerged) breakwater can be computed @s: @or Ner fronthighcrested With Qeor =
correction factor based oRigure 3.3.7Bor the front slope, the crest zone drthe rear slope.

Relative crest level | Front armour slope Crest armour Rear armour slope
above water level Ner design Ner, design Ner design

R/Dn50.front Minor damage ($1) | Minor damage (&0.5) | Minor damage (&0.5
0 1.6/(0s Geta) 1.5/(0 Geta) 2.2/(0 Geta)

1 1.5/(0s Geta) 1.4/(0 Geta) 2.0/(0 Getd)

2 1.4/(0s Geta) 1.5/(0 Beta) 1.9/(0s Geta)

3 1.35/(0: Geta) 1.9/(0:s Beta) 1.9/(% eta)

4 1.3/(3: Gzeta) 2.6/(0s eta) 2.7/(0: Beta)

R= crest height above still water level= sdety factor
Table 3.3.7 Stability of randomhplaced rocks for lowerested, emerged breakwaters
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Critical stability number N, (-)

an

4.5

e Front slope Van der Meer 1990-1996
e Crest Van der Meer 1990-1996

e Rear slope Van der Meer 1990-1996
== = Front-Crest (Sd<0.5), Burcharth 2006
== «» o Front-Crest (Sd=0.5), Vidal 1995

Crestarmour
= - -— -:
1 Highe
Submerged — Low<crested crested
-5 45 4 35 -3 25 -2 -15 -1 -05 0 05 1 S5 2 5 3 S5 4 5 5

Relative crest height R./D, 5

Figure 3.3.7A Stability (minor damage) of low crested, emerged and submerged rock breakwaters

Correction factor (-)

e Front armour slope

e Crest armour zone

e Rear armour slope

== «» o [Front Correction equation 3.3.12
e e e e Toe protection Van Gent

e e o o Bed protection Van Rijn

q

4.5

Rearslope

Hight
Acrestegl

Low crested

&
<

v

fal
A% 1 1 T T

-1 0 1 2 4 5

Relative crest height R./D,, 5

Figure 3.3.7B Correction factor for stability of lowrested emerged and submerged rock breakwaters
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The correction factors dfigure 3.3.7Ran be roughly represented as:

Front sIope: Ncr,lowcrested: Geor Ncr, front highcrested (3312)
Dn,SO, lowcrested— (1/g:or) D1,50,front, highcrested
Gor= 1 for RDn,SO,front> 4
Gor= 0.0035 (|RDn s0,front - 4|) 20+ 1 for -8 < R/Dnso fron< 4
Gor= 3 for RDn,SO,front<'8

CreSt Zzone Dn,50,cresl: (1/@00 D1,50,front, highcrested (3313)
Gor= 0.5(RDn,s0,frond for BRDn 50 front> 2
Gor= 0.0035 (lHDn,SO,front' 4|) 2641 for -8 < R/Dn,50,front< 2
Gor=3 for BRDh 50 front<-8

Rear S|Op€: Dn,SO,rear: (1/g:or) Dw,so,fronthighcrested (3314)
Gor= 0.5(RDn.50.510n) for BRDn 50 front™> 3
Gor= 1.5 for 0 < BDnsofront< 3
Gor=-0.4(R/Dnsofron) + 1.5 for -3 < R/Dns0,ront< 0
Gor=3 for BRDh 50 front<-3

With: Nerfronthigherested= Stability number based on Equation (3.3.6 or 3.3.7) for rocks or Equation (3.3.9) for
cubes, R= crest height (positive or negative).
Equation (3.3.12) is based on the absolute value ofpgaemeter |R/Dnsofont - 4] and yields a smooth
transition to a bed protection for submerged breakwaters, Begure 3.3.7B
The computation of EXoont requires an iteration procedure as its value is a priori unknown. Given the
accuracies involvedyo iterations generally are sufficient, taking ddront, nighcrested@S the start value.
A safety factoig; =1.2 to 1.3 should be used for deterministic design of randeptaged rocks in a double
layer for lowcrested breakwaters. The uncertainty somewhat larger as that for higirested
breakwaters.
Equation (3.3.12) yields a size reduction of about 10% J&r.5= 0 and about 50% fors®nso=-4 with
respect to a higferested structure (RDnso? 4)
In nearshore breaking wave conditions lwith e = gr h and gy= 0.6 to 0.8 and Ngesign @ 1.4, it follows
that: D soront @0.27 to 0.35 h for lovcrested, emerged breakwaters.
Vidal et al. (1995) and Burcharth et al. (2006) have carried carried out laboratory tests -ofelsted
(emeged and submerged) breakwaters with crest widths in the range betweeroglrand 8D s frontand
slopes in the range between 1 to 1.5 and 1 to 2. The stability numbers (minor damage) of the trunk section
are in the range of 1.2 and 2 and thosetbé roundheads are in the range of 1.4 to 2.0. The stability
decreases slightly with increasing wave steepness. The crest width has no effect on stability.
Based on their data, the (;Nvalue of the front and crest of the trunk and roundhead of Jowested
(submerged and emerged) breakwaters is proposed (by the present author) to be described by the
following expression (seéigure 3.3.7X

Ner= [1/(GsGBet)] [-0.25(R/Dnsofron) + 1.8 (§°Y  for -3 < R/Dnsosront< 2 and 0.5 <& 2 (3.3.1m)

Dnso= [0.35 s Gseta)Hh e + 0.14 B () for -3 < RDnsofont< 2 and 0.5<82 (3.3.15b)
with: S= damage (& 0.5 = start of damage and-S2 = minor damage).
Equation (3.3.15a) requires iterative equations, as takie of 5o frontiS @ priori unknown. If JDn s50,front<-
3, the N-value (outside the validity range of Equation (3.3.15a) should be kept constant.
Burcharth et al. have reanalyzed all available data and proposed as underenvelope to alFidata (
3.3.7A:

Ner= [1/(@s Get)] [0.06 (R/Dn,s50,fron)? - 0.23(R/Dnsosron) + 1.36]  for -3< R/Dn,s0,ront< 2 (3.3.15¢)
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3.3.4.2 Randomly placed concrete units in double or single layer

Stability numbers are given irable 3.3.3

Equations (3.3)9and (3.3.10) in combination with the correction factor of Equation (3.3.12 to 3.3.14) for
low crests can be used for cubes and tetrapods in a double layer.

3.3.5 Stability equations for submerged breakwaters

Typical features are:
1 relatively low cresbelow the design water level;
1 crest width between 3B frontand 1003 50 frons,
1 relatively steep slopes of 1 to 1.5 in rbreaking wave conditions (deeper water);
1 relatively mild slopes between 1 to 2 and 1 to 3 (in nearshore breaking wave conditions)
1 all waves are overtopping;
9 permeable underlayers and core;
9 mostly used in the nearshore with depths (to MSL) up to 8 m.

Rock or concrete armour units can be used:
9 randomly placed rocks in two layers;
9 randomly placed cubes in two layers.

In nearshore weers it is common practice to use the same armour size for the whole structure, whereas in
deeper water it may be more economic to use different armour sizes for the seaward slope, the crest zone
and the rear slope.

3.3.5.1 Randomly placed rocks in doubsyer

Van der Meer et a[1996) have carried out scale model tests for submerged breakwaters.
The N-values based on their results are showrkrigure 3.3.7/and Table 3.3.8

The N-values of the front slope are largest for a relative freeboaf®Ro ron=-3.

The lower limit of the the data is about/Bn so front @-4.

Relative crest level Front slope Crest Rear slope
below water level

R:/D n,50 Ncr,design Ncr,design Ncr,design

(minor damage) (minor damage) (minor damage)

-3 2.5/(0: Ba) 2.4/(3: %etd) 3.3/(3: Getd)

-2 2.2/(% Beta) 2.0/(0s Geta) 2.7/(0%eta)

-1 1.8/(0s Geta) 1.7/(0 Geta) 2.4/(3: %etd)

0 (crest at SWL) 1.6/(0s Gseta) 1.5/(0s Gseta) 2.2/(% GBeta)

R= crest height above still water level= safety factor
Table 3.3.8  Stability of rocks for lowerested, submerged breakwaters
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The formulae of Van Gent et al. 2003 (Equation 3.3.6) and Van der Meer 1988 (Equation 3.3.7) can also be
used for submerged breakwaters in combination with a correction factorgfans 3.3.12 to 3.3.14) with

R = (negative) crest height.

The armour size of the crest may be slightly larger than that of the front slope for submerged conditions.

Equations (3.3.12 to 3.3.14) can be tentatively applied to both rock and concretesjaufits.
A safety factoigs = 1.2 to 1.3 should be used for deterministic design (double layer of rocks) of submerged
breakwaters.

Equations (3.3.15a,b,c) are also valid for submerged breakers.
The incoming design waves will be breaking In the casebofistged breakwaters in shallow water.

A relatively simple expression can be derived (Burcharth et al. 2006):
Dh.50,1ront@0.3 hrestWith herest= height of crest above the bottom

A double layer of rocks withnlsh> 0.5 R (seeFigure 3.3.% in nearshore shallow water requires that part of
the structure should be placed below the bed level, which requires the dredging of a trench; HloarD

be reduced by using a milder slope than 1 to 2 in the surf zone. A conventional structure with coiteeand f
layers above the bed requires,£3< 0.2 k. In most cases this is not feasible in shallow water, see also
Burcharth et al. (2006).

3.3.5.2 Concrete armour units

Randomly placed cubes in double layer
Stability numbers are given rable 3.3.3

Equation (3.3.9) can be used for cubes in a double layer.
The correction Equation (3.3.12 to 3.3.14) can also be used for concrete cubes.

Concrete interlocking units in single layer

Muttray et al. (2012) have testedsinglelayer of interlocking Xblocanahe slope and crest of lowrested,
emerged and submerged breakwaters.

The lower envelope of their basic data (start of damage) can be represented as:

Ner= 3.5/@:0ety)  fOr FHs0e>1 (3.3.16a)
Ncr= 30/@939ta) fOI’ '05 < QHs’toe < 1 (3316b)
Ner= 3.5/@:0ety)  fOr FHs 10e <-0.5 (3.3.16¢)

with: gs = safety factor=1.3 to 1.5.

Xblocs have relatively low stabiliiyr -0.5 < RHswe< 1 due to the gaeffect at the transition from slope to
horizontal cret. This behaviour is opposite to that of rocks, which show an increasing stability for
decreasing crest height. Interlocking units under water require special care during placement (divers) to
ensure sufficient interlocking.
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3.3.5.3 Example case 1l ow-crested breakwater in shallow water

Two water levels are considered: high water level (high tide) and low water level (low tide).

Emerged case: Hswe= 3 m; crest level® m abovemean sedevel (MSL) Tide level=2 m below MSL
Submerged cse: Hswe 4 m; crest level® m above mean sekeved (MSL) Tide level= +2 m above MSL

The return period = 25 years; the storm duration= 4 hours.

The waves generally are higher during high tide (larger water depth).

Theinput data and results basechahe tool ARMOUR.xI§Sheet 2) ar given inTable 31.1.

Water depth (to MSL) in front of structure= 8 m to MSL.

Crest width of armour= 5 m; total crest width= 15 m; no berm

The significant wave heigth at the toe of the structure is given. In most aaslgshe offshore wave height

is known. The tool WAVEMODELS.xIs can be used to compute the wave height at the toe of the structure.

The results ofrable 3.3.%how that the armour size is slightly larger for the submerged case.

The maximum size of randdy placed rocks in a double layer is about 1.15t0 1.2 m.

Orderly placed rocks in a single layer (above water) have a size of about 1.4 m.

If the breakwater is emerged during low tide, the rock units above the low water level can be placed
orderly whid increases the stability and gives a more aesthetical view.

Randomly placed cubes in a double layer have a (maximum) size of about 1.15 m.

Orderly placed cubes in a single layer also have a (maximum) size of about 1.2 m.
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Parameters Storm event Storm event
Emergeal case Submerged

Input values: Column

Density of seawater Fa7 rw 1025 kg/ni 1025 kg/n¥

Density of rock F48 I rock 2650 kg/n? 2650 kg/n?

Density of concrete F49 I concrete 2300 kg/n? 2300 kg/n?

Kinematic viscosity coefficient F50 n 0.000001 rd/s 0.000001 /s

Crest width armour F52 Bc 5m 5m

Total crest width F53 B 15m 15m

Berm F54 - 0 (hone) 0 (rone)

Slope angle front F55 tan(@) 0.5 0.5

Slopeangle rear F56 tan(@) 0.5 0.5

Rougness front slope F58 o} 0.45 0.45

Permeability factor Van Gent F60 Ps 0.3 0.3

Permeability fator Van der Meer F62 Puv 0.4 0.4

Critical stability number concrete units F64 Ner 3 3

Safety factor runup F66 03 1.2 1.2

Safety factor wave overtopping F67 03 15 15

Safety factor wave transmission F68 03 1.2 1.2

Safety factor stone size double layer F69 03 1.1 1.1

Safety factor stone size single layer F70 03 15 15

Water depth in front of toe to MSL B32 h 8m 8m

Crest height to MSL C82 R Om Om

Maximum water levetlue totide+surgeto D82 SSL -2m +2m

MSL

Flow velocity (parallel) at toe of structure E82 U 0m/s 0m/s

Significant wave heightat toe of structure F82 Hs 3m 4m

Wave period 82 Tmean(Tm1) | 85(99) 10s (11 s)

Wave angle at toe of structure H82 b 0 degrees 0 dgyrees
normal to structure | normal to structure

Damage parameter 182 Si 2 2

Damage parameter J82 Nod 0.5 0.5

Number of waves K82 Nw 1800 1800

Computedvalues

Ratio H/H2w(van der Meer) T82 [o¥ 0.73 0.78

Surf similarity parameter us2 X 2.9 3.1

Runup height Y82,282 Row 5.05m -

Wave overtopjng rate Al82 Cow 73l/m/s (21%) 5000 I/m/s (100%)

Transmitted wave height AL82 Hs,1r 09m 29m

Rock size front slope based on Van Gent AY82 Dn,s50 1.16 m 1.21m

Critical surf similarity Van der Meer BA82 Xer 3.8 3.8

Rock size front slope based on Van der Mee| BG82 Dn,s50 1.17m 1.19m

Rock size orderly placed single front above L] BN82 Dn,s50 1.34m 1.45m

Rock size orderly placed double front above I| BT82 Dn,s50 0.98 m 1.07m

Rock size rear slope CS82,CU82 | Dnso 0.75m 0.79m

Rock size first underlayer front slope CX,CZ,DB82| Dns0 0.58 m 0.63m

Cubes randomly front slope in double layer | CJ82 Dn,50 1.15m 1.18 m

Cubes orderly front slope single layer above || CD82 Dn,50 1.17m 1.22m

Table 3.3.9 Rock and concrete armour sizédaw-crested breakwaters for storm events
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3.3.5.4 Example case 2: Lasested breakwater in shallow water

The crest height above bottom is 5 m (bottom at 4 m below MSL). The crest level is at 1m above MSL.
Seven cases with varying water levels (i@ tange of1.5 to +4.5 m) have been considered.

The water depth varies between 2.5 m and 8.5 m.

As a result of the increasing water level, the crest height (to the still water level) decreases.

The lowest water level1.5 m) yields an emerged breakwat@nd the highest water level (+4.5 m) yields a
submerged breakwater. The significant wave height at the toe ig=t.6 k. resulting in values between
1.5mand 5.1 m. The data are giveTable 3.3.10

The results based on the spreadshesbdel ARMOUR.xIsre shown irFigure 3.3.8 The armour size (=)

of the front slope and the crest increases with increasing wave height and increasing water level. Equation
(3.3.6) of Van Gent et al. (2003) and Equation (3.3.7) of Van der Meer (1988) haveapyglied in
combination with a correction factor (Equation (3.3.12) to account for the varying valuegDafsiR The
computed rock sizes are in the range of 0.6 to 1.7 m.The results of the method of Van Gent et al. (2003)
without correction factor arealso shown, yielding values in the range of 0.6 to 2.1 m. The correction factor
yields a size reduction of about 35% for the most submerged case with the largest water depth.

A size reduction (10% to 20%) can be obtained by using orderly placed rocldo(ibla layer above low

water level) instead of randomly placed rocks (in a double layer). The armour size of rocks orderly placed in
a single layer is largest, because of the use of a high safety factor of 1.5.

Parameters Values

Maximum water levelricl. tide to MSL | SSL -1.5,-0.5,0.5, 1.5, 2.5, 3.5, 4.5 n|
Significant wave height Hs 15,21,27,3.3,3.9,45,51m
Water depth in front of toe to MSL h 25,35,45,55,65,75,85m
Wave period Trmean 5,6,7,89,10,11s

Density of rock I rock 2650 kg/n?

Density of concrete I concrete 2300 kg/n?

Density of seawater rw 1025 kg/n¥

Number of waves Nw 2500

Permeability factor Van der Meer Puv 0.4

Permeability factor Van Gent Ps 0.3

Damage Si; Nod 2;0.5

Crest height above MSL R +1m

Total crest width B 15m

Berm - none

Slope angle front tan(a) 0.5

Slope angle rear tan(@) 0.5

Rougness front slope g 0.45

Safety factor runup O 1.2

Safety factor wave overtopping 08 15

Safety factor wave transmission o8 1.2

Safety factor stone size double layer | g 1.1

Safety factor stone size single layer | g 15

Wave angle at structure b 90 degrees

Table 3.3.10 Armour sizes of lowrested submerged and emerged breakwaters
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Figure 3.3.8 Armour size as function of wave height for {ovested emerged and submerged
breakwaters

3.3.5.5 Example case 3: Lanested breakwater in shallow water.

The water depth is constant at h= 6 m and the significant wave height at the toe also is constantat H
3.6 m. The mean wave period is=TI0 s. Ten cases with varying crest heights (in the rang® tf +6 m)

have been considered. The lowest crest leveln) yields a submerged breakwater and the highest crest
level (+6 m) yields an emerged breakwater. The data are givEabie 3.3.11

The results based on the spreadsheabdel ARMOUR.xI¢sheet 2)are shown inFigure 3.3.9 The armour

size (s of the front slope and the crest (minor damage=S2) increases with increasing crest height.
Equation (3.3.6) of Van Gent et al. (2003) &ugiation (3.3.7) of Van der Meer (1988) have been applied in
combination with a correction factor (Equation (3.3.12)) to account for the varying valuefDasRThe
computed rock sizes are in the range of 0.5 to 1.5 m. The emerged breakwater casabedamgest
armour sizes.

The results of the method of Van Gent et al. (2003) without correction factor are also shown, yielding a
constant rock size of {3o= 1.48 m for $= 2 and Bso = 1.95 m (30% larger) fos S 0.5. The correction
factor yieldsa size reduction of about 60% for the submerged case with the lowest crest. The correction
factor is 1 (no reduction) forc;R 6 m ( BDnso? 4).

The rock sizes according to Equation (3.3.15a) based on the data of Vidal et al. (1995) and Burcharth et al.
(2006) are shown forgS 0.5 (start of damage) and=52 (minor damage). The results fa=X are in good
agreement with those of Van Gent et al. 2003 (Equation 3.3.6) in combination with the correction factor of
Van Rijn (Equation 3.3.12). Equati@3(15c) given by Burcharth et al. (2006) yields relatively large rock
sizes for crests higher tha@ m, which is caused by the fact that this expression is the underenvelope of all
available data (almost no damage), whereas the other expressions amditres through the data points

(see Van der Meer et al., 1996).

The rock sizes of a toe protection laygy=1.1) at-5 m and-5.5 m below the water level (water depth of 5

m and 5.5 m above the toe) are also showifrigure 3.3.9 The rock size of alsmerged breakwater with a
crest level at5 m is slightly smaller than that of a toe protection layermain of a higkcrested breakwater.
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The rock size of the toe protection & m is expected to be somewhat larger as it experiences both the
incoming vave and the downrush of breaking waves.

Parameters Values
Maximum water level incl. tide to MSL SSL Om
Significant wave height and period Hs; Tmean 3.6m;10s
Water depth in front of toe to MSL h 6m
Density of ock I rock 2650 kg/n?
Density of concrete I concrete 2300 kg/nt
Density of seawater rw 1025 kg/n¥
Number of waves N 2500
Permeability factor Van der Meer Puv 0.4
Permeability factor Van Gent Ps 0.3
Damage Si; Nod 2; 0.5 (minor damage
Crest height above MS R -5,-4,-3,-2,-1,0,1,2,3,6m
Total crest width B 15m
Slope angle front and rear tan(a) 0.5
Rougness front slope g 0.45
Safety factor runup O 1.2

Safety factor wave overtopping 08 15

Safety factor wave transmission 08 1.2

Safety factor stone size double layer | g 1.1

Safety factor stone size single layer | g 15

Wave angle at structure b 90 degees

Table 3.3.11 Armour sizes of lowrested submerged and emerged breakwaters
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Figure 3.3.9 Armour size as function of crest height for lomested emerged and submerged
breakwaters
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3.3.6 Stability equations for toe protection of breakwaters

Typicd features of toe protections are:
9 almost horizontal armour layer (randomly placed rocks/stones under water);
1 no underlayers (armour is placed on geotextile);

The toe structure of a breakwater provides support to the armour layer slope and protectsrtiuguse
against damage due to scour at the toe. Most often, the toe consists of randomly placed rocks/stones.
Usually, the width of the toe varies in the range of 3 to 1@o@nd the thickness of the toe varies in the
range of 2 to 5 o depending onthie conditions, se&igure 3.3.10The maximum toe thickness used is of
the order of 2 to 2.5 m. (De Meerleer et al., 2013). The toe needs to be wider (abgwd) 3idd thicker in
strong scouring conditions. The toe protection should be designed su¢halimst no damage occurs.
Damage will on the long term lead to undermining of the stucture due to scouring processes.

If the rock/stone size of the toe is the same as the armour slope, then the toe generally is stable, but this is
not a very economic salfion. In deeper water the rocks/stone size can be reduced as the wave forces are
smaller.

A small ratio of Re/h in the range of 0.3 to 0.5 means that the toe is relatively high above the bed in
shallow water. The toe may then be seen as a berm. In shalater (hoe/h < 0.4) the slope of the foreland

also is important as it determines the type of breaking (Baart et alQ)201

Some N-values based on flume tests (h= water depth in front of tag=hwater depth above toe), are:
Ne=3.3  for hwe/h =0.5
Ne= 4.5  for hwe/h = 0.6
Ne=5.5  for hwe/h =0.7
Ne=6.5 for hwe/h =0.8

h htoe

Broe= width of toe

< >

\ 4 a

l Cioe= height of to Toe

Figure 3.3.10 Toe dimensions

Based on laboratory tests in a wave fluriven der Meer (1998has proposed:
Dnso= & [6.2(hoe/h)?"+ 2]D! Nog®® Hsoe  for 0.4 < le/h < 0.9 (3.3.17)
with:

Noa = 0.5t0 1 = start of damage,d& 2 = severe damage andyN 4 = failure;
& = safety factor (=1.5).
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Based on many laboratory tests in a wave flume (owartopped rock slope of 1 to 2; permeablere;
foreland of 1 to 30; no severe wave breaking at foreland), Van Gent and Van der Werf (2014) have
proposed the following formula @Nvalues in the range of 2 to 6):

Dn,SO: (03295) [Hs,toe/(D Nodo'gﬁ] (Boe/Hs,toe)o'l(dtoe/Hs,toe)O'SS[UmaJ(g |_l5|toe)o'“’:’]o'33 (3318)

with:

Boe = width of toe;

dwe = height of toe;

Noa =damage (M= 0.5 for small toe width and.N= 1 for large toe width);

Unax =P Hs1od (Tma,0Sinh(khoe/Lo)) = peak orbital velocity at toe based on deep water wave kengt
K = 20/L = wave number;

L,  =wave length at deep water = (¢2(Tn-1.0)%;

hwe = water depth above toe;

h = water depth in front of toe;

o8 = safety factor (= 1.1 for double layer; 1.5 for single layer).

Equation (3.3.18) is valid fotlih = 0.7 t00.9 ordwe/h = 0.1 to 0.3. The peak orbital velocitynfl) is based
on the deep water wave lengthdjLlwhich leads to relatively largenkkvalues in shallow water and hence
relatively large Rso-values for shallow depths.

Baart et al. (2010have stulied the stability of toe protections in very shallow water on a sloping bottom
(foreland). The Mvalue is related to the surf similarity parameter and decreases with increasmtue.
The formula reads, as:

or = (3/0E) X 05 (Noy)032 for 0.3 <x< 0.9 and h/h<0.4 (3.3.19)
with:
X = surf similarity parameter = ta@oriom)/s®>, minimum value ok = 0.3 for relatively flat slopes;
S = H wdLo= Wave steepness;
arreland = Slope angle of foreland in shallow water (between 1 to 10 atwd5D);
Lo = wave length in deep water ((gifp T2);
Nos = 100 n (Rs0)®((1-p) W) = damage as a percentage of the total volume of stones per unit
length of the structure (=5 should be used as start of damage);
Vr = total vdume of stones per unit length of structure;
N = number of stones displaced per unit length of structure;
p = porosity factor;
G = safety factor (= 1.3 to 1.5); should be relatively large to prevent failure at the toe.
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Parameters | Case 1 | Case 2

Input values Columns

Density of seawater E21 rw 1030 kg/m?® 1030 kg/m?

Density of rock E22 I rock 2700kg/m? 2700kg/m?

Kinematic viscosity coefficient E23 n 0.000001 s | 0.000001 rd/s

Thickness of bed protection layer G82 d 1m 1m

Length of bed protection normal to waves B32 B 3m 3m

Critical Shiels parameter E28 Qer 0.02 0.02

Tan of longitudinal bed slope E30 tan @) 0.04 0.04

Tan of lateral (side) side bed slope E33 tan @) 0 0

Tan of angle of repose E35 tan @repos9 | 0.3 0.3

Safety factor E37 Cafety 15 1.5

Maximum water level incl. tidand surgeo MSL C46 SSL 1m 1m

Water depth at toe to MSL B46 htoe 5m 5m

Significant wave height E46 Hs toe 3m 3m

Wave period F46 Tmean(Tm1) | 85(99) 8s(95s)

Flow velocity D46 Uo (M/s) 0 m/s 1m/s

Damage paramter G46 Nod 1 1

Damage parameter H46 N 1 1

Computed values

Delta parameter H22 D 1.62 1.62

Wave length at toe M46 L 68 m 68 m

Wave length deep water N46 Lo 156 m 156 m

Peak orbital velocity based on L P46 Umax 1.96 m/s 1.96 m/s

Rock sizevan de Meer; Equation (2.9.1) S46 Dn 50 0.48 m 0.48 m

Rock size Van Gerquation (2.92.) Y46 Dn 50 0.44m 0.44m

Rock siz8aart; Equation (2.9.3) based on L V46 Dn 50 0.51m 0.51m

Rock size van Rijn AG46 Dn 50 0.48 m 0.51m

Table 33.12 Rock sizes difed protection based on tool ARMOUR.xIs (sheet 3)

Example 1:

Protection layer of stoneaon slopingseabottom of 1 to 25 (tamdotom= 0.04))
Case 1: only waves with k= 3 m at toe of bed protection.
Case 2: wavessd-= 3 m plus current of 21 m/s (current normal to waves).
What is the stone size of the bed protection layer?
The input and output data data of the tool ARMOUR.xIs (Sheet 3) are giVabl?n33.12

Equation (3.3.17) yields:B= 0.48 m.

Equation 8.3.18) yields: o= 0.44 m based on local wave length Ls0B 0.59 m based on,L

Equation (3.3.19) yields;= 0.52 m with s =dddLo= 0.019X = tan@uottom)/s’>= 0.31, N= 3.6.

Equation (3.2.10) yields:ny= 0.48 m with (g shielss= 0.02.

Example 2

The stability equations for toe protections have been used to compute the stone size of the toe protection

as function of the depth above the toe (based on spreadsineatiel ARMOUR.XIS).
The original bottom has a slojé 1 to 25. Other data are:

Hs = significant wave height in front of the toe = 3 m,

T, = peak period =10 s,

dwe = thickness of toe above the original bottom=1 m,
Boe = length of toe =3 m,
D =1.62,
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Noa = damage parameter =1,
Ny, = damage pameter=1,
Qcr,shields— 0.02,

o8 = safety factor=1.5.

Figure 3.3.11shows the results for depthalues (he) in the range of 5 to 15 m. The expressions given by
Van der Meer 1998 and Van Gent et al.2014 show a weakly decreasing trend with increasingatles.

1 2.5
e Stone size Van Gent et al. 2014 (based on Lo)
0.9 Stone size Van Gent et al. 2014 (based on L) [
08 e Stone size Van der Meer 1998 I
z ' N e=m Stone size Van Rijn 2014 @
~ 07 N Stone size Baart et al. 2012 | £
2 N e e Peak orbital velocity (linear theory) >
0 06 15 G
Q 2o
w05 2
g s
2 04 1 =
» o
0.3 <
Q
0.2 H{ Hs=3m 0.5
Tp=10s
0.1 {{ Safety factor = 1.5
0 T T T T T T T T T T T 0

60 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Water depth above the toe protection (m)
Figure 3.3.11 Stone size of toe protection as function of depth above the toe

The stone sizes of Van Gent et al. 2014 are significantly smaller if the local wave length is used in stead of
the deep water wave length.The expression of Baadl. 2010 is only dependent on the bottom slope and

the wave height, but not on the water depth above the toe. The expression of Van Rijn (Equation 3.2.10)
based on the critical shear stresgethod shows a strong effect of the water depth as a resulthef
decreasing peak orbital velocity for increasing depth. In shallow deght¢ 6 m) with breaking waves the

stone size is in the range of 0.4 to 0.6 m

3.3.7 Stability equations for rear side of breakwaters

The rock armour units on the rear sidé @ structure that can be overtopped by waves is exposed to the
downrush of the overtopping waves. The downrush velocities just below the crest can be relatively high in
the range of 3 to 5 m/s and the layer thickness of the flow of water is also relatamge. The velocity
decreases in downward direction due to friction and lateral spreading.

Van Gent and Pozueta (2004) have given a formula for the dD the rear side rocks of higtrested
breakwaters, which reads as:

Dn,SO rear— 0.008g3eta(Si/Nw0'5)_0'167(ul%Tm—l,c/ D)S) (tan arear)]0'417[1 +10 exp'(%,real/Hs,,toe)]o'l67 (3320&)

Uis=1.7 (%’,cres{ g',slope)o's(lzz‘l%)o'5 (l+0 :I-B)taI/Hs,toe)_l (3320b)

with:
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Uis = maximum velocity at rear side of the crest due to wave overtopping;
R = runup height avove still water level (m);

R = crest height above still water level (m);

Rerear = Crest height above still water level at resale (m);

Bow = total crest width (m);

arear = Slope angle of rear side (degrees);

S =damage level parameter;
N = number of waves;
D = ( rockr w)/ T w= relative density of rock;

O.slope = roughness factor of seaward slope (= 0.55 for rock slopefr=sinooth, impermeable slope);
G.crest = roughness factor of crest (= 0.55 for rock crest; = 1 for smooth, impermeable crest),
Geta = Obliqueness or wave angle factor (see Van Gent, 2014).

Table 3.3.B shows the required dimensions of the rock armaunits on the rear side based on a graph in
Rock Manual 2007. The results can be represented by:

Dn,50 rea/Dn,SO,front armour— -0.67 (R/Hs,toe) +1.1 fonRs,toe> 0.3 (3321)

If the crest is relatively higtiR/Hswe> 1), the armair layer of the rear side generally is made of randomly
placed rocks/stones of smaller size than on the front slope.
If the crest is relatively loWR/Hs e < 0.5), the upper part of the rear side generally consists of similar, but
somewhat smaller armauunits as those of the front side. The armour units of the lower part of the rear
side can be made of randomly placed rocks of smaller size.

Relative crest height Ratio of stone size of rear layer and front layer
R:/H s,toe I:)n,50 rea/D n,50,front

<0.3 1.0

0.3 0.9

0.6 0.7

0.9 0.5

1.0 0.4

1.2 0.3

Table 3.3.B  Rock/stone size of rear armour layer (slope of 1to 1.5 or 1 to 2)
3.3.8 Stability equations for seadikes and revetments

Typical features are:
1 relatively mild slope of 1 to 4;
1 relatively highcrest (almost no overtopping);
1 relatively low wave heights at the toe (1.0 to 2.0 m);
i impermeable underlayer.

Various types of armour units are used:
1 randomly placed rocks in two layers under water;
9 orderly placed rocks in one or two layers above water;
1 closelyfitted (pitched) rocks in one layer above water;
1 closelyfitted concrete units (Basalton) in one layer above water;
9 gabions (cag¢ype boxes filled with stones);
9 bituminous/asphalt layers.
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The hydrodynamic loads exerted on a slope of a seadikseistomg of a sloping armour layer and almost
impermeable underlayers, are:

1 wave impact forces;

9 wateroverpressure loads under the sloping armour layer due to wave forces;

1 friction forces along the slope due to water flow.

3.3.8.1 Randomly placed rocks

The stability of randomly placed rocks in two layers on a slope of a seadike or revetment with an
impermeable underlayer can be described by Equations (3.3.6) of Van Gent et al. (2003) and Equation
(3.3.7) of Van der Meer (1988).

3.3.8.2 Orderly placed andaselyfitted rocks and concrete blocks

Pilarczyk (1990) introduced an empirical formfida various types of armour layergdble 3.3.1%, as
follows:

Ner = (2.76) f x°%7cos@) (3.3.22)

with: f = empirical stability factor, seable 3.3.4, x = surf similarity factora = slope angle (slope in the
range between 1 to 3 and 1 to 8; slope of 1 to 4 has angle of 15 degrees).

Type of armour material Relative densityD Stability factorf
Stones/rocks (placed in 2 layers) 1.6 1.0
Stones/rocks (regal shape, closelfitted) 1.6 1.3
Basalt blocks (closefitted) 1.6 15
Concrete blocks (closefifted) 1.3 15
Concrete blocks (connected to each other) 1.3 2.0
Concrete block mattrass on geotextile 1.3 15
Gabions filled with stones/rocks (closéityed) 1.6 2.0

Table 3.3.24 Empirical stability factors

Nurmohamed et al. (2006) have studied the stability of orderly placed rocks and closely fitted (pitched)
rocks in a single layer with sizes in the range of 0.3 to 0.5 m (graghilydin the rarge of 1.2 to 1.7).
Based on the work of Nurmohamed et al. (2006), thevBlues can be described by:

o = (4.86) x°8 for x < 3 (plunging breaking waves) (3.3.23a)
Ner= (16 x° for x2 3 (surging waves) (3.3.23b)

with: x = surf simarity parameter andg= safety factor for deterministic design (= 1.5 for orderly placed
rocks in a single layer). Pitched rocks are somewhat more stable than orderly placed rocks.
Closelyfitted concrete units (Basaltom concrete= 2300 kg/md; www.holcim.nl) in a single layer with granular

space filling placed on a dike slope has been tested in the-targle Deltaflume of Deltares.
Based on these results, theNalues of concrete Basalton blocks can be described by:

Ner = (6.545) x°67 for 1.5<x < 2.5 (plunging breaking waves) (3.3.24)
with: x = surf similarity parametegs= safety factor for deterministic design (= 1.3 to 1.5 single layer).
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3.3.8.3 Ordely placed Gabions
Equation (3.3.23) and the data of Table 3.3.11 can be used to deterime stability of gabions (filled with
rocks/stones). The porosity (p) of the rocks/stones (gage filling) should be taken into account.

Thus: Ne= H 10d/((1-p) D Dns0).

3.3.8.4 Bituminous layers

Armour layer of stones can be made more stable bing bituminous or cement mixtures (as bonding
material). This will result in an almost impermeable and strong layer. These types of armour layers should
only be used on an impermeable layer of clay or on a rather impermeable filter layer (wide gragled filt
material) to prevent the generation of high wateroverpressure loads at the bottom side of the armour
layer. The thickness of a fully bituminous (asphalt) layer should be about 0.15 m. Usually, bituminous layers
are only used near the design water le¢laérm used as maintenance road)

3.3.8.5 Example case 1

Input data:

Hswe=2 m, =6 sa @17 degrees,

tan(@) = 0.3 (1 to 3.3), cas) = 0.95,

I rock= 2700 Kg/M, I concrete= 2300 kg/m, p = porosity = 0.4,water= 1025 kg/m, Dock= 1.63 (satie water),
Deoncrete= 1.24,

= 15 (single layer)gs= 11 (double layer),

s = H/L=0.036,g= 0.8, $= 2, N,= 3600, R=0.1, R= 0, x = 1.6.

The results are given ifable 3.3.5.

Type of armour layer Ner Dns0
Randomly placed rocks doublan Gent et al. 2003RMOUR.xIs (sheet 4) 15 |081m
Van der Meer 1988ARMOUR.xIs (sheet 4) 1.7 0.71m
Ordely placed rocks in single layer; Equation (3)3.2 2.20 | 0.56m
Closelyfitted concret blocks single layer; Equation (3.3.22) 1.87 | 0.86m
Closelyfitted concrete blocks single layer (Basalton); Equation (3.3.24) 3.17 | 0.51m
Gabions filled with rocks/stones (single) 2.5 0.81m

Table 3.3.5 Armour size of seadike or revetment

3.3.8.6 Exmple case 2

Seadike (no berm) with mild, smooth slope of 1 to 4: &nr(0.25,

I rock= 2700 Kg/M, I concrete= 2300 kg/m, r = 1025 kg/m.

Water depth at toe = 3 m (to MSL); crest height is not important for the rockirsittee wave attack zone.
Maximum water level (storm surge level, SSL) is in the range of 0 to 3 m above mean sea level (MSL).
Wave heights and wave periods areids= 1, 2, 2.5, 3, 3.5 and 4 m angFTe, 8, 9, 10, 11, 12 s.

Waves perpendicular to seadike= (.

Safety factor arraur gs= 1.2 (double layer) and 1.5 (single).

Van der Meer:  Puw=0.4, &= 2, N,= 2160

Van Gent: Pc=0.3, &= 2, N.= 2160
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Figure 3.3.12shows the armour size as function of the significant wave height using various types of
armour units and @lcement methods. The formulae of Van Gent and Van der Meer yield about the same
results for rocks. The size of closétied concrete blocks (Basalton) are slightly smaller (10%) than
randomly-placed rocks. Basalton in a single layer has a smaller dehaityrock, but the safety factor is

larger (1.5 instead of 1.2). The size can be reduced (15%) by using orderly placed rocks in a double layer
(smaller safety factor 1.2).

Table 3.3.6 shows wave overtopping rates for various crest levels. The cresidshe at +17 m (to MSL)
to reduce the wave overtopping rate to about 1 I/m/s. The crest can be reduced to +15 m if roughness
elements (10% of the local surface area) are placed on the seaward slope below the crest.

1.4 1 1 1 1 1
==@==C|osely-fitted concrete blocks in single layer (Basalton)
==m==Orderly-placed rocks in single layer
1.2 egemRandomly-placed rocks in double layer (Sd=2) Van Gent
g ==g=s=Randomly-placed rocks in double layer (Sd=2) Van der Meer
= 1 -+ =0O==Orderly placed rocks in double layer (Sd=2)
a
@ 0.8
)
> 06
E
<
0.2
0
0 0.5 1 15 2 25 3 3.5 4
Significant wave height at toe, Hg 1, (M)
Figure 3.3.12 Armour size as functioof significant wave height
Wave Maximum Wave overtopping rate (I/m/s)
height | water level
(m) (m) Crest=10m| Crest=15m| Crest=17 m| Crest=15m +
(g=0.9) (g=0.9) (g=10.9) roughness @g= 0.8)
1 0 0 0 0 0
2 1 0.04 0 0 0
2.5 15 0.47 0 0 0
3 2 5.35 0.08 0.01 0.02
35 2.5 25.7 0.66 0.16 0.21
4 3 85.8 3.51 0.98 1.3

Table 3.3.8 Wave overtopping rates
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4 PRACTICAL DESIGN OF SEADIKES AND REVETMENTS
4.1 Types of structures and armouring

4.1.1 General

Seadikes and embankments dreilt as flood protection structures along coastal sections where natural
defences such as sand dunes, cliffs or rock formations are abserigee 4.1.1

Generally, these types of structures have a smooth, impermeable surface slope at the sedissdd=mimge
between 1 to 3 and 1 to 5. Milder slopes reduce the wave runup. Berms and roughness elements are often
constructed on the upper part of the slope to reduce wave runup and wave overtopping. The maximum
nearshore wave heights at the toe of thekdiare of the order of 2 to 3 m during storm events due the
limited water depths.

Figure 4.1.1 Seadike between amperduin and Petten, The Netherlands
(Crest = 12.8 m above MSL, Berm at 5.5 m above MSL, Slopes between 1 to 4 and 1 to 8)

The volume of te dike body can be reduced by using a relatively mild slope of 1 to 4 and a berm (see
Figure 4.1.2, which reduces the wave runup and thus the crest heigigure 4.1.2shows examples of
various dike profiles, all having the same wave runup level.

20
| | | |
%3 || e Seaward slope of 1to 3 /4'
%7 | === Seaward slope of 1to 4 /!
—_ 12 || === Seaward slope of 1to 4 and berm Stope1to3
E 12 J| = « Mean sealevel MSL —” Slope 11047~ \:
3 %g || == Design storm level S P N
8 / 7z 7 N
£ u / N
1]
° 18 Slope-1 rr,:/ - A Slope 104 N
g 6 S 7 7
> 2 Design storm/tevel
3 S 7
2 l' / ' 4
% Z Mean seatevel MSL
3 P
=
_3 g
-4 4
-5 4
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Distance (m)

Figue 4.1.2  Different dike profiles and dike height with the same wave runup level
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The armouring of the seaward slope of a seadike or revetment generally consists of the following layers:
fisubsoil of sand and/or claysubsoil should be sufficiently compadtéo prevent settlement under
loading conditions;

1 geotextile filter; artificial permeable fabrics made of polyester or polypropylene to prevent the
erosion of particles from the subsoil; a geotexfileer is necessary between two layers of different
grarular materials if a significant fraction of the fingrained layer cannot be restrained by the
coarser layer under the expected pore water flow (#o dpberiayefDso,subsoii™> 5); special sinkable
geotextiles and mattrasses are available for underwatgplications (double layer geotextiles with
and without granular filling);

1 filter layers, sublayers consisting of granular materials to spread the load over a larger area; to
reduce the erosion of particles from lower layers and to reduce water overpressumder high
loading conditions; the permeability of the upper layer should always be larger than that of the lower
layer; one layer of gravel with grain sizes of 10 to 30 mm placed on geotextile on subsoil of sand
generally is sufficient (see alfigures 4.1.3 and 4.1)5 the layer thickness depends on the loading
zone (thicker layers under high loads; 0.4 to 0.8 m); the filter layer is often covered with a geotextile
and a thin granular levelling layer (narrajwaded 20 to 40 mm) on top of it; filteayers are not
required if firm clay is used as subsaoil;

1 top armour layerconsisting of rocks or crushed rock/concrete blocks, asphalt, Eabl¢ 4.1.);

Figure 4.1.3Armouring made of concrete blocks (Basalton) on thingearievelling layer and geotextile
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