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1 INTRODUCTION

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

e Seawalls; almost vertical or steep-sloped impermeable structures at the landward end of beaches
or at locations where beaches and dunes are absent;

e Seadikes; mild-sloped, impermeable structures at locations without beaches and dunes;

e Shore revetments; mild-sloped structures to protect the high water zone of dunes/boulevards;

e Shore-attached and shore-detached breakwaters; 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).

Seawalls, seadikes 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 outer layer).

The geometrical dimensions (shape, cross-section, materials, etc.) of a coastal structure depends on:
e Location (backshore, nearshore, offshore) and type of structure;
e Fuctional requirements;
- flood protection (seawall, seadike; high crest levels are 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):
e Crest height (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).
e Armour slope = slope of the outer armour layer between the run-up level above SWL and a
distance equal to 1.5 H; below SWL.

Bc=crest width
Rc= crest height
Still water level SWL

Foreshore Toe,
(bed slope over 1 wave length

Scour hole

Figure 1.1 Ccoastal structure

All stability equations used herein are implemented in the spreadsheet-model ARMOUR.xIs (see ANNEX 1),
which can be used for the design of seadikes/revetments, high-crested and low-crested (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 parameters at the
toe of the structure:
e Wave height, length, period (annual wave climate, extreme wave climates);
e  Maximum water levels (including historic flood levels) due to tides and storm surges (setup);
e Maximum predicted sea level rise;
Joint probability distribution of wave heights and water levels;
Tide-, wind, and wave-driven currents;
Subsidence.

2.2 Wave height parameters
2.2.1 Definitions

The wave attack at the toe of a structure depends on:
e Offshore wave climate;
Nearshore bathymetry;
Type and orientation of the structure (wave reflection);
e  Maximum water levels.

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 near-field winds have wave periods smaller than about 15 s. Swell waves,
generated by far-field winds, are long-period 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 range 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 shore-connected structures). For this reason shore-connected 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 wave breaker height. As a general rule, the breaker height Hyr in shallow
water is related to the water depth Hy= yor h with h= local water depth (including scour) and vy, = wave
breaking coefficient in the range of 0.5 to 1.5 depending on bed slope, structure slope and wave steepness
(Van Rijn, 2011).

The statistical wave parameters used (His%, Hio%, Hs% or Hay) depend on the flexibility (allowable damage) of
the structure involved, see Table 2.2.1. Rigid structures such as foundation piles should never fail and thus
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 damage during 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 units are based on the significant wave height (H; or
Hi3) 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 Hso to Hiy
Semi-Rigid (seawall, seadike) Minimum damage H1oy% to Hsy

Flexible (berm breakwater, groin) | Minor damage H339% to Hio%

Hss% = H1/3= Hs = average of 33% highest wave heights
Hio% = 1.27 Hi/3= average of 10% highest wave heights
Hs% = 1.37H1/3= average of 5% highest wave heights
His = 1.76 Hy/3= 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 Hs is about equal to the spectral wave height Hmo = 4(mo)®® with mo= area of wave energy density
spectrum. In shallow water with breaking waves, the significant wave Hs is somewhat smaller than the Hpo-
value. Extreme wave heights can be represented by Hio%, Hs% and Hay.

Battjes and Groenendijk (2000) have presented a method to estimate the extreme wave heights in shallow
water. Based on their results, the ratio Hiss/Ha% is about 0.8 in shallow water with breaking waves (Hi/3/h=
0.6). Assuming Rayleigh distributed waves in deeper water (Hy3/h < 0.3), it follows that Hi/3/H2%= 0.7. Using
these values, the ratio His/Hyx can be tentatively described by a linear function, as follows:
Hi/3/Ha%= 0.4(H13/h) + 0.58 yielding 0.7 for Hy/h< 0.3 and 0.82 for Hs/h> 0.6.

The wave period generally is represented by the peak wave period T, of the wave spectrum (T,= 1.1 to 1.2
Tmean). Wave run-up is most often based on the spectral wave period Tm.10 (= m.1/m,), whichs better
represents the longer periods of the wave spectrum (in the case of relatively flat spectra of bi-modal
spectra). In the case of a single peaked wave spectrum, it follows that: Tp= 1.1 Trm-1,0.

Wave steepness is the ratio of wave height and wave length. Low steepness waves (H/L = 0.01) generally
are long-period swell-type waves; while high-steepness waves (H/L = 0.04 to 0.06) are wind-induced
waves. Wind waves breaking on a mild sloping 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 Tm-1,0 tana
E= = (2.2.1)
[Ha/3/Lo]%* (H1/3)*?
with:
a = slope angle of bottom or structure;
Hi;s = significant wave height at toe of structure (or Hmo);
L =1[g/(2m)] [Tm1,0]>=1.56 (Tm-1,0,)* = deep water wave length;

Tm1,0 =wave period (or Tp).

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

The type of wave breaking is:
e Spilling breaking on gentle slopes for £ < 0.2;
e Plunging breaking with steep overhanging wave fronts 0.2 < £ < 2.5;
e Collapsing and surging breaking waves on very steep slopes & > 2.5.
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2.2.2 Wave models

The nearshore wave 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 estimate of the nearshore wave height can be
obtained by using a one dimensional cross-shore wave energy model, which are most often used for
straight, regular coasts. Preferably, a wave by wave model (CROSMOR-model, see Van Rijn et al. 2003)
should be used to cover the total wave spectrum of low and high waves, including long wave energy. Such a
wave model can also compute the wave-driven longshore and cross-shore currents.

Figure 2.2.1 shows an example of computed and measured wave heights (Hi/3 and Hi10) along a sloping
beach in a large-scale wave flume (Hannover GWK flume, Germany). The computed wave heights are based
on a wave by wave model (CROSMOR-model), which computes all individual waves of the total wave
spectrum. Both the measured Hi3 and Hy/10 are well represented 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, (CROSMOR-model)

Figure 2.2.2 shows the cross-shore distributions (based on the CROSMOR-model; 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 (T, = 11 and 8 s), storm set-up value of 1 m (no tide) and an offshore wave incidence
angle of 30° for a coast protected by a seadike.

During major storm conditions with Hs, = 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 with Hs .= 3 m, the wave height remains constant to the -4 m 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 longshore velocity increases strongly landward of the -10 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 for Hs,= 6 m and about 1.7 m/s for Hs, = 3 m (offshore wave angle of 30°)
just landward of the toe of the dike slope.
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Figure 2.2.2 Bed profile, wave height, longshore velocity for offshore wave height of Hs,= 3 and 6 m;
setup= 1 m; offshore wave incidence angle= 30° for coast protected by seadike

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 in Figure 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 of Figure 2.2.3 implies that wave heights close to the 100 years-condition 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 height depends on the
water depth: Hs = 0.7(hmst + Ahsurge) with husi= water depth to mean sea level and Ahgyrge= 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 extreme 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 100 years are 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 height. Figure 2.2.4 shows this plot for Pevensey Bay on 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 tide). The joint probability curves represent a
standard shape for conditions where the wave height and surge are weakly correlated. At Pevensey Bay
the largest surges would probably come from the South-West (Atlantic Ocean) as would the largest
offshore waves. However, Pevensey Bay is sheltered by Beachy Head and the offshore bathymetry; so the
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 highest water 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 years. An example 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, see Table 2.2.1.

Damage of the structure is not acceptable for very small return periods (<20 years). Minor damage is
acceptable for higher return periods (50 to 100 years).
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Figure 2.2.3  Extreme (deep water) significant wave height as function of return period (PIANC 1992)
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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

(s)

(m) (m) (m)
1 Return period 10 years

2 Return period 20 years

3 Return period 50 years

4 Return period 100 years

Table 2.2.2 Scenarios of extreme conditions

2.2.4 Example wave computation

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

given offshore wave height:
1) simple refraction-shoaling wave model;
2) Battjes-Janssen wave model (Van Rijn, 2011);
3) CROSMOR wave model (Van Rijn et al. 2003).

The refraction-shoaling model and the Battjes-Janssen model are implemented in the spreadsheet model

ARMOUR.xIs. All results are given in Table 2.2.3.

The computed wave heights of the B-J model and the CROSMOR-model are in good agreement. The simple

refraction-shoaling model yields a wave height at the depth of 8 m which is about 25% too large.

Parameters Refraction-shoaling | Battjes-Janssen | CROSMOR-
wave model wave model wave model

Offshore water depth h 28 m 28 m 28 m

Offshore significant wave height Hso | 7mM 7m 7m

Offshore wave angle to shore normal 0 30° 30° 30°

Wave period T 16s 16s 16s

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

Bed roughness ks - 0.01lm 0.01lm

Breaker coefficient Y 0.7 0.7 variable

Wave height at depth =8 m Hs 5.6 m (breaker line 42m 4.35m

(breakerline at depth= 8.9 m)

Wave angle at depth=8 m 0 17.3° 16.7° 16.6°

Longshore current at depth=8 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. This phenomenon 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 waves are long waves (semi-diurnal 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 wave is known 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 wave propagation is affected by shoaling (funnelling) due to the decrease of the channel cross-section
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 ¥

Figure2.3.1  Tidal curve

The following definitions of tidal levels are given (see also Figure 2.3.1):

Mean Sea Level (M.S.L.) average level of the sea surface over a long period (=18.6 years)
Mean Tide Level (M.T.L.) average of all high water levels 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 between M.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 gravitational interaction 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 Sunin 365.2 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 than that 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 (semi-diurnal tide) in most places.

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 catch up 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 0.508° per hour or 6.1° per 12 hours). Thus, the Moon moves over a sector angle
of 6.1° per 12 hours. The Earth covers a circle of 360° in 24 hours or a sector angle of 15° per 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 50 minutes 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 (semi-diurnal tide) is known at the day of
New Moon (Spring tide), the time of the next HW is 6 hours and 12 minutes later and 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 from spring 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 tide-generating force at a given location on Earth is a complicated but
deterministic process.

The largest force component is generated by the Moon and has a period of 12.25 hr (M,-constituent). 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 (see Table 2.3.1) provides us 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 observations at that 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.

The International Hydrographic Bureau in Monaco publishes the harmonic constituents for many locations
all over the world.

The British Admirality Tide Tables provide information of the four principal harmonic constituents (M3, S,
K1 and O;) for many locations.

The periods and relative amplitudes of the seven major astronomical constituents, which account for about
83% of the total tide-generating force, are presented in Table 2.3.1.

In deep water the tidal phenomena can be completely described by a series of astronomical constituents. In
shallow 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 as partial tides or shallow water tides. These higher harmonic
components can only be determined by tidal analysis of water level registrations at each location.

The neap-spring tidal cycle of 14.8 days is produced by the principal lunar and solar semi-diurnal
components M5 and S, and has a mean spring amplitude of M»+S; and a mean neap amplitude of M>—S..

Origin Symbol Period (hours) RelativeStrength (%)
Main Lunar, semi-diurnal M, 12.42 100
Main Solar, semi-diurnal S, 12.00 46.6
Lunar Elliptic, semi-diurnal N, 12.66 19.2
Lunar-Solar, semi-diurnal Kz 11.97 12.7
Lunar-Solar, diurnal K1 23.93 58.4
Main Lunar, diurnal 0. 25.82 41.5
Main Solar, diurnal P1 24.07 19.4

Table 2.3.1 Tidal constituents

11
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2.3.2 Storm surges

A storm is an atmospheric disturbance characterized by high wind speeds. A storm originating from the
tropics is known as a tropical storm and a storm originating from a cold or warm front is known as an extra-
tropical storm. A severe tropical storm with wind speeds larger than 120 km/hours is known as a hurricane.
Hurricanes generally are well-organized systems and have a circular wind pattern which revolves around a
center or eye where the atmospheric pressure is low. The maximum wind speed does occur in a zone (at
about 100 km) outward from the eye.
Storms and hurricanes can produce large rises in water level near coasts, which are known as storm surges
or wind set-up. In combination with springtide conditions the water level rise may reach a critical stage
(flooding). Accurate storm 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 consist of various effects:

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

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

e wave-induced setup due to breaking waves near the shore.

Wind blowing towards the coast causes a gradual increase of the water level (Figure 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 are in onshore 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 set-up near the coast

In the case of a constant wind stress Tsxover a distance L with constant water depth h, and boundary
condition n =0 at x = 0, the storm surge level can be described by (Van Rijn 2011):

n/ho =-1+[1 + (2a x)/L]*® (2.3.1)
in which:
a =(aTsx L)/(p g ho?) and a =0.8;
n = water level setup due to wind stress;
Tsx =pPafa W 10 [Wiox = pa fa (W 10)?> cosO = onshore wind shear stress at surface (x-direction);

Wiy = W 10cos0 = onshore wind velocity at 10 m above surface;
fa = friction coefficient (= 0.001 to 0.002);

pa = density of air (= 1.25 kg/m?3);

ho = water depth to MSL;

L = wind fetch length;

0 = angle of wind vector W 10 to shore normal.
This yields: n/ho=0.05 atx=L for a=0.05,
n/ho = 0.01 atx=L for a=0.01.
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Maximum wind set-up values that have been observed, are:
e 1 =9.0 min Biloxi east of New Orleans, Mississippi, USA (Katrina hurricane, 2005),
e n =4.5 min Galveston, Texas, USA (1900),
e n=3 m in North Sea, Europe (1953),
e n=2 m in Atlantic Ocean near USA coast (1962).

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 funnel-shaped estuaries, bays and bights (southern 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 are important 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 probability of occurrence is an offshore storm during
springtide and an extreme river flood level due to heavy rainfall and/or snow melt.

2.3.4 Sealevelrise

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

Future sea level rise (around 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 of very expensive large-scale 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 structure. Strong 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 : H; = K Hi with H,= reflected wave height, Hi= incoming wave
height at toe of structure and K,=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:

Kr=1.3-1.7s%" for hardly and partly reshaping berm breakwaters Hs te/(ADnso) < 2.5 (2.4.1)
Kr=1.8-2.65%" for hardly and partly reshaping berm breakwaters Hs te/(ADnso) > 2.5 (2.4.2)

with: s = wave steepness= Hstoe/Lo= (27/8) Hs toe/Tp?.
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25 Wave runup
2.5.1 General formulae

Wave runup, defined as the runup height R above the still water level (Figure 2.5.1), occurs along all
structures with a sloping surface (see Figures 2.5.1); the runup level strongly depends on the type of
structure and the incident wave conditions.

Wave transmission (Figure 2.5.1) is the generation of wave motion behind the structure due to wave
overtopping and wave penetration trough the (permeable) structure.

Wave runup

Incident wave
Transmitted wave

SWL still water level

Permeable rubble

SEA mound break water HARBOUR BASIN

Wave overtopping

Wave runup
Incident wave ~

U=wave velocity
Transmitted wave

SWL still water level

Permeable rubble

SEA mound break water

HARBOUR BASIN

Figure 2.5.1 Wave runup, wave overtopping and wave transmission

If a seadike is designed 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 (erodible) side 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 construction 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 the general aspect of the above-mentioned 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 structure is known.

The crest level of a high-crested structure strongly depends on the maximum water level and wave run-up.
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:
e the incident wave characteristics,
e the geometry of the structure (slope, crest height and width, slope of foreshore),
e the type of structure (rubble mound or smooth-faced; permeable or impermeable).

When high waves approach a nearshore structure during a storm event, the majority 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 wave runup height above the still water level (SWL) is defined as the run-up level which
is exceeded by only 2% of the incident waves (R2x).

Runup is caused by two different processes (see Figure 2.5.2):

e maximum wave set-up (h’), which is the maximum time-averaged water level elevation at the shoreline
with respect to mean water level (MSL);

e swash oscillations (s:), which are the time-varying vertical fluctuations about the temporal mean value
(setup water level); the runup is approximately equal to R =h’+ 0.5Hswash With Hswash = 2Smax = 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 run-up processes along a structure

Laboratory measurements with monochromatic waves on a plane beach have shown that the vertical swash
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 vertical swash and runup, i.e the swash is saturated.

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

R=0,7 H (2.5.1)
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in which:
R = runup height measured vertically from still water level (including wave setup) to runup point;
Hi =incident wave height at toe of structure,
G = tana/s%° = surf similarity parameter;
S = (Hi/L,)® = wave steepness;
Lo = wave length in deep water;
tana = slope of structure;
Y = proportionality coefficient.

Low Zo-values (< 0.3) typically indicate 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) generally tends 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 on laboratory 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 geomteries are required to obtain accurate
results.

Van Gent (2001) has 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 basin: foreshore
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 double-peaked wave
energy spectra, represented by a 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 represented by ( Figure 2.5.3):

RZ%/Hs,toe: 2.3 ¥sYberm Ypeta (1)0.3 for1<7<30 (2.5.2)
with:
4 = tanoi/s®° = surf similarity parameter;
s = Hs 10/ Lo = Wave steepness;
Lo =T%,.18/(2m) wave length in deep water;
Hs toe = significant wave height at toe of the structure (or spectral wave height Hm);
Tm1 = wave period based on zero-th and first negative spectral moment of the incident waves at the
toe of the structure (= 0.9 T, for single peaked spectrum);
To = wave period of peak of spectrum;
a = slope angle of structure;
Yberm = berm factor (see Section 2.5.3);
Ypeta = oblique wave factor (see Section 2.5.4);
Ys = safety factor (about 1.2 to use upper enveloppe of data).
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Figure 2.5.3
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The run-up level Ry according to Equation (2.5.2) varies roughly from 1Hs e to 5Hs 1. depending on the value
of the surf similarity parameter. The influence of the wave energy spectrum can be accounted for by using the
spectral wave period Tm.; 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 m (see Figure 2.2.2) resulting in a {,-value of 2
to 3 and thus R/Hswe= 2.5 to 3 and R=5 to 6 m above the mean water level, based on Equation (2.5.2).

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

An expression similar to Equation (2.5.2) can be fitted to the available wave runup data (EUROTOP 2007) for
rough slopes including rock-type slopes in the range of 1 to 2 and 1 to 4, yielding (red curve of Figure 2.5.3):

RZ%/Hs,toe =YsYp Yberm YBeta (Z)O'4 (253)

C = tanoi/s®° = surf similarity parameter;

s = Hs10e/Lo = Wave steepness = surf similarity parameter based on the Tn.; wave period;

Lo = (g/(2m)T%n1 = wave length in deep water;

Hs toe = significant wave height at toe of the structure (or spectral wave height Hm);

Tm1 = wave period based on zero-th and first negative spectral moment of the incident waves at the
toe of the structure (= 0.9 T, for single peaked spectrum);

To = wave period of peak of spectrum;

a = slope angle of structure;

Yr = permeability factor (=1 for impermeable structures and 0.8 for permeable structures);

Yberm = berm factor (see Section 2.5.3);

Ypeta = oblique wave factor (see Section 2.5.4);

Ys = safety factor (about 1.2 to use upper enveloppe of 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 of Figure 2.5.3):

RZ%/Hs,toe =¥s C1 ¥r Yoerm Ypeta { for{<1.7 (2.5.4a)
RZ%/Hs,toe =Ys Yr Yberm Ypeta (CZ - C3/ZO‘5) for (>1.7 (254b)
with:
Yr = roughness factor (see Section 2.5.2 and Table 2.5.1), y. =1 for smooth slope;

Yoerm = berm factor (see Section 2.5.3);
Ypeta = Oblique wave factor (see Section 2.5.4);
Ys = safety factor (about 1.1 to 1.2 to use upper enveloppe of data).

C1=1.65 (61=0.1), C;=4.0 (062=0.2), C3= 1.5 (03=0) and vs = 1 in the case of probabilistic design method,
vs = 1.2 in the case of deterministic design method.

Using a deterministic design method, the model coefficients C;, C; and Cs 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.

Using a 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 (minimum 10) 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 wave runup decreases with increasing roughness.

The wave runup for rock-type 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 Equation (2.5.4), the roughness is taken into account by a roughness factor (y:).

Table 2.5.1 shows some roughness reduction values defined as ¥ = Ras,rough slope/ R2%,smooth siope based on many
laboratory tests (Shore Protection Manual, 1984 and EUROTOP Manual 2007).

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 run-up, see Figure 4.1.1.

Most smooth slopes have roughness elements (blocks) at the upper part of the slope to reduce the wave
runup and wave overtopping rate. Some values of the y-factor are given in Table 2.5.1.

The roughnes elements are placed in the zone 0.25 to 0.5 He above the design water level (SWL). The
height of the roughness blocks is of the order of 0.3 to 0.5 m (about 0.1 to 0.2 Hstee). 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 laboratory scale tests.
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Type of surface slope Placement method Reduction factor v,
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 units 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 or more berms.
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 1.5H; .. below and above the still water level (see Figure 2.5.4), as follows:

tan(ow)= 3Hswe/(L - B) (2.5.5)

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 overtopping during a storm event,
depending on the berm width (see Figure 2.5.4): yuerm = 0.6 for very wide berms (berm width = 0.25L.e with
Lioe = wave length at toe) to yeerm= 1 for very small berms. Wide berms are very effective.

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

Design still water level SWL

1.5Hs,toe

Foreshore Toe,

(bed slope over 1 wave length
Scour hole

Figure 2.5.4  Effect of composite slopes
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The berm effect can be simply expressed, as:
'Yberm= (1Hs,toe/B)o.3 fOF B > 1H5”toe (2.5.6)

ThiS yieldSZ 'Yberm = 1 fOf' B S 1HS,t06' 'Yberm = 0.8 fOf' B = ZHsltoe, 'Yberm = 0.6 fOf' B 2 5H5"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):

Ypeta= 1 - 0.0025| [ | for0<p <80° (2.5.7a)
'Y[}eta= 0.8 fOf' B 2 800 (2.5.7b)

with: B = wave angle to shore normal (in degrees), see Figure 2.5.5.

Shore normal

Wave direction

Wave crests

Shore

Figure 2.5.5 Wave direction

2.6 Wave overtopping
2.6.1 General formulae

Wave overtopping occurs at structures with a relatively low crest (see Figure 2.5.1); 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 height R is smaller than the crest height R above still water
level (R < Rc).

Wave overtopping consists of:

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

e splash water and spray droplets (white water) generated by wave breaking somewhat further 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 time-averaged 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 volume and time due to the randomness of the incoming waves.
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Table 2.6.1 presents damage levels (based on wave overtopping simulator tests) in relation to the

overtopping rate.

Wave overtopping | Type of overtopping Damage to erodible surface

(litres per second

per m crestlength)

<0.1 - No damage

0.1to 1.0 - Clay surface: first signs of erosion

Grass surface: no damage

1.0to 10 Film of water passing over crest; walking | Clay surface: moderate erosion
on crest is possible; Grass surface: very 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 erosion
passing over crest with velocities of Grass surface: minor erosion; most grass
about 1to 2 m/s; layers do not show significant damage up to
Driving at low speed is possible; 301/m/s (Van der Meer 2011)
Acceptable once in 10 years Breakwater: considerable transmission

30 to 100 Layer of water with thickness of 0.03 to Clay surface: armour protection is required
0.1 m passing over crest with velocities Grass surface: armour protection is required
of 2 to 3 m/s; driving is dangerous; loose | Breakwater: major wave transmission
objects will be washed away;
Acceptable once in 30 years

Table 2.6.1 Damage due to wave overtopping

Percentage of overtopping waves

Figure 2.6.1 shows the percentage of overtopping waves as function of the relative crest height parameter
Rc Dn/Hs1oe” based on laboratory tests of conventional breakwaters armoured with tetrapods and accropods
and a relative low-crested concrete superstructure; D,= nominal cubical size of the armour units; Hs=
significant incident wave height at toe of structure; R.= difference between water level on seaward slope of
structure and crest level of structure (freeboard), see Figure 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 exp[ - A (Re/Ras)?]
with:
Pow = percentage overtopping waves (0 to 100%); Rc = crest height above SWL (m); R.% = 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 [(Rc Dn)/(Hst0e2)]**]
with:
Pow = percentage overtopping waves (0 to 100%), see Figure 2.6.1; D, = nominal cubical size of the armour
units; Hstwe = significant incident wave height at toe of structure; R. = difference between water level on
seaward slope of structure and crest level of structure (freeboard), see Figure 2.5.1.

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

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

Qwo = Pwo € 8w Uw (262)

with:
Qwo = wave overtopping rate (in m3/m/s);
Pwo = percentage of overtopping waves being a function of R¢/H; (pw= 0.1 to 0.2);

e = efficiency factor (=0.3; as only the wave crest is involved);

dw = thickness of wave layer above the crest of the structure (0.1H; to 0.5 H; depending on R./Hi);
Hi = incident wave height (1 to 3 m);

uw =& (gHi)% = wave velocity above crest of structure;

€ = coefficient (= 0.5) depending on R¢/H..

Using these values, the wave overtopping rate is in the range of 0.005 to 0.25 m3/m/s or 5 to 250 litres/m/s
(per unit length of structure). These estimates show a crude range of overtopping rates during storm events
for low-crested structures. For a seadike the overtopping rate should not be larger than about 1 litre/m/s.
Assuming that: dw/Hi= a1 exp[(-a2 Rc/Hi)], it follows that:

Qo= Pw € € (gHi)** a1 exp[(-az Re/Hi)] = A (gH?)** exp[(-B Re/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):

qwo= A (gHS,t063)0.5 EXp(-B Rc/Hs‘toe) (2.6.3)
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with:

Qwo = wave overtopping rate (in m3/m/s);

Hste = incident significant wave height;

Re = crest height above SWL =freeboard (see Figure 2.5.1);

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

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

dwo =Y & [A/(tana)®?] (gHs.oe®)*® exp{(-A2Rc/ (& YoermYrypetaHs,oe)} for &< 1.8 (2.6.4a)
Qwo,max = s A3 (gHs,toeS)O'5 exp{( -As Rc/(Yr Yberm YBeta Hs,toe)} for E_) >1.8and<7 (2.6.4b)

For very shallow foreshores (& > 7):
Owo  =7s As (8Hsoe>)> €Xp{(-As Re/(Yr Yoerm Ypeta (0.33+0.022E)Hs 10e)}  for & >7 (2.6.5)
with:

gwo = time-averaged wave overtopping rate (in m3/m/s);
Hste = incident significant wave height at toe;

& = surf similarity parameter (see Equation 2.2.1);

Re = crest height above SWL =freeboard (see Figure 2.5.1);

a = slope angle of structure;

Yr = roughness factor (see Section 2.6.2, Tables 2.5.1 and 2.6.3), y. = 1 for smooth slope;

Yoerm = berm factor (see Section 2.6.3); yberm =1 for no berm;

Ypeta = Oblique wave factor (see Section 2.6.4); ypea= 1 for waves perpendicular to structure;
Ys = safety factor (about 1.1 to 1.2 to use upper envelope of data).

A = coefficients, see Table 2.6.1.

Equation (2.6.4a) shows that: qwo= & and thus: qwo = T. If Hs = constant, the wave overtopping rate increases
with increasing wave period T. As the wave period T may have an inaccuracy up to 20%, it is wise to use a
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 the Tr.1 period, which better 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 the approximately same height but rather different periods).

The coefficients A; to As of Equations (2.6.4) and (2.6.5) are given in Table 2.6.2. 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 method 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 Ae=1.11, then Equation(2.6.5) is equal to Eq. (2.6.4b) for £ > 7.

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

Using a 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 (minimum 10) 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.
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Coefficients Probabilistic design method Deterministic design method
A 0.067; ©a=0 0.067

Az 4.75; o©a=0.5 4.3

As 0.2; oa3=0 0.2

A, 2.6; ©a=0.35 2.3

As 0.12; o©as=0.03 0.2

As 1; ops=0.15 1.11

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

Figure 2.6.2 shows the dimensionless overtopping rate as function of the relative crest height R/Hi. based
on data from EUROTOP (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 rate quo/(gH:®)%> as function of R,/H; (EUROTOP, 2007)

According to the EUROTOP Manual 2007, the wave overtopping rate for straight, rough slopes of
permeable breakwaters with a crest width of maximum B.= 3D, can also be computed by Equation (2.6.4b),
which is valid for steep, rough slopes as the surf similarity parameter for steep slopes is in the range of 1.8
to 7 (see Figure 2.6.3). The equation to be used, reads as::

Qwo = 0.2 Yerest (8Hs 10e%)%> €Xp{(-2.3 s Re/(Yr Yberm Ypeta Hstoe)}  fOr Re/Hst0e> 0 (2.6.6)
with:
Ogwo = time-averaged wave overtopping rate (in m3/m/s);
Hste = incident significant wave height at toe;
& = surf similarity parameter (see Equation 2.5.1);
Re = crest height above SWL =freeboard (see Figure 2.6.3);
a = slope angle;
Yr =roughness factor (see Section 2.6.2 and Table 2.6.3);

Yoerm = berm factor (Ycrest =1 for B.< 3Dy,; see Section 2.6.3);
Ypeta = Oblique wave factor (see Section 2.6.4);
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Yerest = Crest width factor (see Section 2.6.5);
Ys = safety factor (= 1.1 to 1.2 for deterministic design method).

The maximum value is quomax= 0.2 (gHst0e)®° for Rc = 0 (crest at still water level).
This yields Qwo,max= 7 m3/s/m for Hse= 5 m.

Btotal=total width
—

Bc=crest width
—

- - Re=crest height
Still water level SWL Ac= armour cres height

Foreshore Toe,
(bed slope over 1 wave length

Scour hole

Figure 2.6.3  Definitions breakwater

2.6.2 Effect of rough slopes

Seadikes and revetments
The roughness factor of relatively smooth surfaces with roughness elements are given in Table 2.5.1.

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

Type of roughness Reduction factor for wave
overtopping y:

Smooth surface (concrete, asphalt, grass) 1

Rocks; straight slope, 1 layer on impermeable core 0.6

Rocks; straight slope, 2 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 profile) 0.4

Rocks; berm breakwaters, 2 layers, permeable core (non-reshaping) 0.35

Cubes; straight slope, 1 layer random 0.5

Cubes; straight slope, 2 layers random 0.45

Accropods, X-blocks, Dolos; straight slope of random blocks 0.45

Tetrapods; straight slope of random blocks 0.4

Table 2.6.3 Roughness 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 (see Figure 2.5.4): yperm = 0.6 for very wide berms (berm width = 0.25Le With Lie = wave
length at toe) to Yverm = 1 for very small berms. Wide berms are very effctive.

Berms should be placed at a high level to be effective, just above the 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 (2.5.6): Yberm = (1Hs t0e/B)%>.

Breakwaters

The effect of composite slopes on the overtopping rate is 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 breakwaters

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 at 1.5Hs. below the design
water level and the runup-point. This latter 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.

Berms should 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 rough armour
slopes of berm breakwaters. They have analysed many data of wave overtopping of berm breakwaters and
found a clear effect of longer-period wave steepness and the berm width.

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

Ybermnew = Yr Yberm= 0.68 - 4.5 5 - 0.05 B/Hswe  for hardly to partly reshaping breakwaters (2.6.7a)
Yoermnew = Yr Yberm= 0.7 -9's for fully reshaping breakwaters (2.6.7b)

with: B= berm width, s = Hstoe/Lo = (271/8)Hs e/ Tp> and Hs1oe= design significant wave height at toe of structure
based on 100 year return period, L,=(g/2m)T,>= deep water wave length.

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

Qwo,max = 0.2 Yerest (gHs,toeS)O'S eXp{('2-3 Ys Rc/(Yberm,new Yﬁeta 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 with Hsottshore = 11 M, Hstoe = 5 M, Tp= 13.5 s, resulting 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 almost none.
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2.6.4 Effect of oblique wave attack

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

Smooth slopes (dikes/revetments)  ypeta=1-0.0025| | for 0<B <80° (2.6.9a)
Ypeta= 0.8 for B =80° (2.6.9b)
Rough slopes (breakwaters vp=1-0.0063|f | for 0<p<80° (2.6.9¢)
vp=0.5 for  p>80° (2.6.9d)

with: B = wave angle to shore normal (in degrees), see Figure 2.5.5.
2.6.5 Effect of crest width

If a breakwater has a crest width larger than Bst = 3Dy, 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 reducing effect.

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

Yerest= 3 €XP(-1.5Bcrest/Hs toe) for Berest> 0.75 Hs toe (2.6.10a)
This yields: yc= 1 for for Berest= 0.75Hs 0, Yc= 0.7 for Berest= 1Hs0e @and ye=0.15 for Berest= 2Hs toe.
A more conservative expression is:

Yerest= 0.75 Hs toe/Bcrest for Berest > 0.75 Hs toe (2.6.10b)
This yields: yc= 1 for for Bcrest= 0.75Hs t0e, Yc= 0.75 for Berest= 1Hstoe and yc= 0.375 for Beresi= 2Hs tce-
2.6.6 Example case

Seadike with smooth slope of 1 to 4: tan(a)= 0.25, pw= 1025 kg/m?

Water depth attoe =3 m

Wave heights and wave periods are: Hste=2,3,4mand T,=8, 10, 12 s.

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

Safety factor wave overtopping ys = 1.5.

The spreadsheet-model ARMOUR.xIs has been used to compute the wave overtopping rate.

Figure 2.6.4 shows the wave overtopping rate (litres/m/s) as function of the crest height above the
maximum water level for three wave conditions and a rougness factor y. = 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 two roughness factors y,=
0.8 and 0.6 (see Table 2.5.1). 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 crest
height should be about 11 m above the maximum water level and thus 14 m above MSL. Using roughness
elements (yr = 0.8) on the dike surface, the crest height can be reduced by about 2 m. Other coefficients
(Yberm, Yoeta) have a similar strong effect.
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Given 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.
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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:

e the incident wave characteristics;

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

o the type of structure (rubble mound or smooth-faced; 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 incident wave height.

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

Generally, the transmission coefficient Kris expressed as: Kr= Hs1/Hs toe.

Figure 2.7.1 shows the Kr-coefficient as function of the relative crest height (Re/Hste) for rubble mound
structures (Van der Meer, 1998) with R = crest height above the still water level (SWL) and Hs e = incident
significant wave height at toe of structure.

Re/Hste = 0 means crest height at still water level.

Re/Hswe=1 means crest height at distance H; above the still water level.

Re/Hst0e = -1 means crest height at distance H; below the still water level.
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The available data can be represented by (Van der Meer 1998):
Kr= 0.1y, for Re/Hsoe = 1.2
Kr= 0.8y, for Re/Hsjtoe <-1.2
Kr= - 0.3Ys (Re/Hs t0e) + 0.45 for-1.2 < Re/Hstoe< 1.2

(2.7.1)

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

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

Figure 2.7.1 also shows the wave transmission coefficient (K1) for a conventional breakwater armoured
with tetrapods and accropodes and a relatively low-crested concrete surperstructure. The results show that
even for relatively high crest levels (R¢/Hswe > 2) always some wave transmission (5% to 10%) can be
expected due to waves penetrating (partly) through the upper part of the permeable 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 Kr-values 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
surface, smooth surface) have been studied by others (De Jong 1996 and D’Angremond et al. 1996). More
accurate results can only be obtained by performing laboratory tests for the specific design under
consideration.
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Wave transmission coefficient Kr as function of relative crest height R/Hstwe for rubble
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mound structures and conventional breakwaters (based on Van der Meer 1998)
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Figure 2.7.2 shows the wave transmission coefficient for a wide-crested, submerged breakwater (reef-type
breakwater) based on the results of Hirose et al. (2002).
B= width of crest, Ls1.e= Wave length at toe of structure, Rc= crest 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 by the method of Shields (Shields’ curve) for granular material. This method is also known as the
critical shear stress method. A drawback of this method is that knowledge of the friction coefficients is
required which introduces additional uncertainty.

Therefore, the stability 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 shear-stress 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 granular materials in flumes, he proposed the classical Shields’ curve for
granular materials in a current. The Shields’ curve expresses the critical dimensionless shear stress also
known as the Shields number (6¢) as function of a dimensionless Reynolds’ number for the particle, as
follows:

Ocr = Toer/[(Ps - pw) 8 Dso] = Function (us ¢ Dso/V) (3.2.1)

with: Tpr = pw (U= r)? = critical bed-shear stress at initiation of motion, u« = critical bed-shear velocity, ps =
density of granular material (2700 kg/m?3), pw = density of water (fresh or saline water), v= kinematic
viscosity coefficient of water (=0.000001 m?/s for water of 20 degrees Celsius), Dso = representative
diameter of granular material based on sieve curve (Shields used rounded granular materials in the range of
0.2 to 10 mm; stones and rocks are presented by Dy so, sSee Equation 3.3.1).

The Shields’ curve is shown in Figure 3.2.1 and represents the transition from a state of stability to
instability of granular material.
Granualr material is stable if:

0 < O (3.2.2)

Tb
< 0u (3.2.3)
(Ps - pw) g Dso

The O-value according to Shields is approximately constant at 0.05 (independent of the Reynolds’
number; right part of Shields’ curve) for coarse grains > 10 mm or u=Dso/v > 100.

The precise definition of initiation of motion used by Shields is not very clear. Experimental research at
Deltares (1972) based on visual observations shows that the Shields’curve actually represents a state with
frequent movement of particles at many locations, see Figure 3.2.1. Hence, the Shields’ curve can not really

be used to determine the critical stability of a particle.

A conservative estimate of the transition between stable and unstable is about 0.,= 0.025 to 0.03.
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Figure 3.2.2  Dimensionless bed load transport according to Paintal (1971)
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An important contribution to the 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 conditions with 0-
values in in the range of 0.01 to 0.04, see Figure 3.2.2 and Table 3.2.1.

The results of Paintal can be represented by:

@, = 6.6 10" 0'°

with:
D, = (ps)™* (A g)**(Dso)™* ab;
gp = bed load transport by mass (kg/m/s);
0 = To/[(ps - pw) g Dso] = dimenasionkless bed-sherar stress (Shields number);
A = (ps - pw)/pw = relative density;
To = bed-shear stress due to current (N/m?).
0-values Dimensionless bed load
transport @
measured by Paintal (1971)
0.01 43101
0.02 4.310°
0.025 1.5107
0.03 3. 10°
0.04 3. 10*
Table 3.2.1 Bed load transport measured by Paintal (1971)

(3.2.4)

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

with:
Tb,c
Th,w
u
U
fe
fw
h
Hs
Ls
Tp
A
ks

Th,ew = Th,c + Thw

=1/8 pw fc U?%= bed-shear stress due to current (N/m?);

A

=1/4 py fw U ?= bed-shear stress due to current (N/m?);
= depth-mean current velocity (m/s);

(3.2.5)

= near-bed peak orbital velocity (m/s) = 7t Hs (T,)? [sinh(2rh/Ls)]™? (linear wave theory);

=0.24[log(12h/ks)]2= 0.12(h/ks)*32 = current-related friction factor (-);

= exp{-6 + 5.2( A /ks) ¥} = 0.3( A /ks)°¢ = wave-related friction factor (-);

= water depth (m);

= significant wave height (m);

= significant wave length (m);

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

= (Tp/2m) U = near-bed peak orbital amplitude;

= effctive bed roughness of Nikurade (= 1.5 Dnsofor 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 1993) the O.-value can be computed as:

9cr= K(xl K(xz ecr,o (326)
with:
Ksioper = sin(@-au1)/sin(@) = slope factor for upsloping velocity; sin(g+ou)/sin(g) for upsloping velocity;
Ksiope2 = [€OS(02)][1 - {tan(az)}?/{tan()}*]°® = slope factor for longitudinal velocity;
Ocro = critical Shields’ number at horizontal bottom;

a1 = angle of slope normal to flow or wave direction (slope smaller than 1 to 5);
o, = 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 approach can be used to determine the bed load transport of granular material at very small 0-
values, resulting in:

Qo= 6.6 10% 0% p; (A g)°° (Dso)* (3.2.7)

The bed load transport (qp) is given in kg/m/s. This can be converted into number of stones/m/day by using
the mass of one stone Mstone= (1/6) T ps Dso® resulting in:

Nstones= 1.5 10 Vs o go's (DSO)-:LS (328)
with: Nstones = Number of moving stones/m/day and vs = safety factor.
Using: 6 = 0.020; it follows that: Nstones = 0.001 s g% (Dso)*
Using: 0 = 0.025; it follows that: Nstones = 0.035 s g% (Dso) >
Using: 6 = 0.030; it follows that: Nstones = 0.65 s g°° (Dso) ™
The number of stones moving out of the protection area in a given time period can be seen as damage
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) and 1ty = 1/8 pw f. U %, f.= 0.05 for large stones; Th,c
= Ocr (ps-pw) g Dnso; the critical diameter can be expressed as:

Dn,SO = 00063 Ys (A g)_l (K(xl K(xZ ecr,o)_1 (U)3 (329)

with: v, = safety factor

34



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

“

Example 1

Protection layer of stones on horizontal bottom:

h =6 M, Bprotection= thickness of protection, U=2 m/s, A =1.62, Ko1 = Koz = 1, Ocr,o= 0.02 and s = 1.5.

Equation (3.2.9) yields: Dnso=0.12 m (ARMOUR.xls)

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

Waves

Using: tow = 1/4 pw fw VE , fw = 0.1 for large stones and thw = Ocr (Ps - pw) 8 Dnso; the critical diameter can
be expressed as:

Dnso= 0.025 s (Ag)™ (Ka1 Kaz Oero)™ (U)? (3.2.10)

Example 2

Protection layer of stones on horizontal bottom:

h = 6 M, Sprotection= thickness of protection, H=3 m, T, = 10 s, U = 1.96 m/s (linear wave theory), A =1.62,
Kal = Kaz = 1, ecr,(,: 0.02 and Ys = 1.5.

Equation (3.2.10) vyields: Dnso=0.45m (ARMOUR.xls)

Equation (3.2.8) yields: Nstones = 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:

Th,cw
Dnso= (3.2.11)

(pS - pW) g (Kal KaZ ecr)

with: Ty cw = shear stress at granular material due to currents plus waves (see Equation (3.2.5))

Equation (3.2.11) can be expressed as:

v+ (0.0063 T2 +0.025 U?)
Dn,50= (3.2.12)
A g (Kal Koz ecr)
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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 perpendicular to the structure, which reads as:

v H?
w> (3.3.1)
Kp A cotan(at)

with:
W  =weight of unit (= g M);
M = mass of units of uniform size/mass, usually Mso for non-uniform rock units (kg/m?3);

Mso = mass that separates 50% larger and 50% finer by mass for rock units;
Dnso = nominal diameter of rock unit= (Mso/p:)/? ,(m);
Dn,s0= 0.8 -0.9 Dso for smaller stones (0.05 to 0.15 m; Verhagen and Jansen, 2014);

H = wave height used by Hudson (= 1.27 Hs, 10e), (M);

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

Ko = stability coefficient based on laboratory test results (-);
Yr = specific weight of rock (= g pr)

Pr = density of rock (= 2700 kg/m3 for rock and 2300 kg/m?3 for concrete);
pw = density of seawater (= 1030 kg/m3);

a = slope angle of structure with horizontal;
A = relative mass density of rock= (pr-pw)/pw;
g = acceleration of gravity (9.81 m/s2).

Equation (3.3.1) can be rearranged into:

Hs,toe

> 0.8 [(Kp cotan(a)]*? (3.3.2)
A Dn,so
Hs,toe

> Ner (3.3.3a)
A Dn,so

Using a safety factor (ys) and taking oblique waves (yseta) into account, it follows that:

Hs,toe
2 Ncr/('Ys'YBeta) (3.3.3b)
A Dnso

with: ys = safety factor (>1) and yseta= 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:

('Ys YBeta) Hs toe
Dnso 2 ————— (3.3.4)
A N

with: N = 0.8 [(Kp cotan(a)]Y/? = critical value (= stability number) (3.3.5)
Rocks/stones are stable if Equation (3.3.4) is satisfied.
For example: Hswe=5m, Ner=2, 5= 1, Ygeta= 1 and A = 1.62, yields Dy 50= 1.55 m.

The value N is a function of many variables, as follows:

No= F(type of unit, type of placement, slope angle, crest height, type of breaking waves,
wave steepness, 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 results can be found in the
Literature.

Generally, the N¢-values are in the range of 1.5 to 3. This range of N.-values yields Dy se-values in the range
Of Dn’SO = 0.2 tO O.4Hs’toe.

The N¢-value is found to increase (resulting in smaller diameter of the armour units) with:
decreasing wave steepness (~s°?);

decreasing crest height (low-crested structure);

decreasing slope angle;

larger packing density (more friction between units);

higher permeability of the underlayer (less reflectivity of the structure);

more orderly placement (closely fitted).

Two types of stability can be distinguished:
o statically stable: structures designed to survive extreme events with very minor damage;

e dynamically stable: structures designed to survive extreme events with minor damage 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 value of N.r increases resulting in a smaller
rock size. This will reduce the construction costs, but it will increase the maintenance cost. The value of N,
may never be taken so large (= 4) that the armour units are close to failure during design conditions.

A safety factor (ys) should be used to deal with the:
e uncertainty of the input variables (boundary conditions);
e 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);
e type of structure (single or double armour layer).
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The damage is described by various parameters, as follows (see Tables 3.3.1 and 3.3.2):

e Sy = Ae/(Dnso)? for rock units with A = area of displaced rocks/stones in cross-section of the armour
layer (including pores) above and below the design water level (see Figure 3.3.1); Sq4 = non-
dimensional parameter; sq is mostly used for reshaping slopes of rocks;

e Nog = number of concrete units displaced over a width of 1 nominal diameter (Dnso) along the
longitudinal axis of the structure for concrete units (Nod = Sq(1-p) with p=porosity = 0.45);

e N = percentage of damage (%) = Nos/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 total volume of displaced stones for a section with length L is (see Figure 3.3.1): Ve = A.L with A. is area
of displaced stones of cross-shore armour slope.

The volume of displaced stones also is equal to: Ve = n (Dnso0)®/(1-p) with n = number of displaced stones
over section with length L, p = porosity (= 0.45). This yields: S¢= Ae/(Dns0)?= n Dnso/((1-p)L) = Noa/(1-p).

The Nog parameter is: Nog = n(Dnso/L)

Using Sq=1, L= 100 m, p =0.45 and D, s50= 1 m, yields: n = 55 displaced units.
Nod= 1x55/100 = 0.55 and Nog= (1-p) S¢= 0.55.

Rock armour slope | Start of damage | Minor damage Severe damage Failure
Sd Nod Sd Nod Sd Nod | Sd

1to 15 1 0.5 2 1 4 2 8

1to2 1 0.5 2 1 5 2 8

1to3 1 0.5 2 1 8 12

1to4 1 0.5 3 10 17

1to6 1 0.5 3 10 17

Table 3.3.1 Damage Sq4 for rock and concrete armour slopes

An example is shown in Table 3.3.2 for a breakwater with cubes (n = 20 units between toe and crest) and
Dn=1.85m.

Damage in number of units over a length of | Damage Nog Damage N

L = 150 m along the axis of the structure (-) (%)

N1so= 16 units (Dn/150) x 16= 0.2 0.20/20x 100% =1 %
N1so= 34 units (Dn/150) x 34=0.42 0.42/20 x 100% = 2.1%
N1so= 73 units (Dn/150) x 73=0.9 0.90/20 x 100% = 4.5%

Table 3.3.2 Damage example for concrete armour units
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Any damage of an armour layer of 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 in a single layer is relatively large (ys = 1.3 to 1.5). Failure of a single layer of concrete units often is
defined as Nog=0.2.

Minor damage (Nos= 0.5 to 1) of a double layer of rock units is acceptable (see Table 3.3.1), as the failure of
an individual unit will not immediately lead to exposure of the underlayer. Generally, a double-layer
armour slope will not fail completely, but the slope will be reshaped into a more S-type profile because
units from higher up near the crest will be carried toward the toe 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 as: ys=1.1t0 1.3

Furthermore, it is noted that the safety factor for weight is higher than that for size: ysweight = (Vs size)>.

Thus: Ys,size= 1.1 means Vs, weight= 1.33
Yssize= 1.3 means s weight= 2.2
Yssize= 1.5 Mmeans s weight= 3.4

3.3.2 Stability equations for high-crested conventional breakwaters

A breakwater is high-crested, if Rc > 4 Dy 50 with Rc= crest height above still water level, see also Figure 2.5.1
or 3.3.6.

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

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

3.3.2.1 Randomply placed rocks in double layer

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 given in Table 3.3.3. More information is
given in the Rock Manual (2007). The stability values 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 (S¢= 0,Noq= 0) for rocks, cubes and tetrapods in a double layer is almost the same.

The design stability numbers of rocks and concrete cubes randomly placed in a double layer accepting
minor damage are Ncr designminor damage = 1.5 and 2, which is the same as that of rocks and cubes orderly
placed in a single layer accepting no damage (Ncr,design,no damage) due to the use of different safety factors (1.1
and 1.5), see Table 3.3.1.
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Types of Placement Num Slope of Ner N Ne Ner,design Ner,design
units ber armour no minor
of layer damage damage Failure no damage | minor
layers (Nog=0) (Nog=0.5) damage
(Sq=0) (Sq=2)
Rocks Randomly 2 1tol5 1.3to 1.7 1.7 25t03.0 | 1.1(ys=1.1) | 1.5(ys=1.1)
Orderly 2 1to 1.5 1.7t02.2 2.0 3.0t03.5 | 1.5(y=1.1) | 2.0(ys=1.1)
Orderly 1 1to2 2.2 - 3.0 1.5 (ys=1.5) -
Cubes Randomly 2 1to 1.5 1.5t02.2 2.2 3.0 1.3 (ys=1.1) | 2 (ys=1.1)
Irregularly (n,=0.7) | 1 1to 1.5 22t025 | - 3.8 1.5 (ys=1.5) | -
Orderly (n,=0.7) 1 1to 1.5 3.0 - 4.5 2.0 (ys=1.5) | -
Tetrapods Randomly 2 1tol5 1.5t02.2 2.2 3.0 1.3 (ys=1.1) | 2 (ys=1.1)
Accropodes Strict pattern for 1 1t0o1.33 | 3.7 - 4.1 2.5 (ys=1.5) | -
interlocking
Core Locs Strict pattern for 1 1to1.33 | 4.2 45 2.8 (ys=1.5) | -
interlocking
Xblocs Strict pattern for 1 1t01.33 | 4.2 - 4.5 2.8 (ys=1.5) | -
interlocking

Vs= safety factor = Ncr,start damage/Ncr,design
vs= 1.1to 1.3 for double layer units; ys= 1.3 to 1.5 for single layer units; np= packing density
Table 3.3.3 Stability of various armour units (Van der Meer, 1988, 1999; Nurmohamed et al., 2006)

Various formulae are available to determine the nominal diameter of rock armour units on the seaward
side of non-overtopped, high-crested breakwaters (Rock Manual 2007). The formuale should be valid for
shallow water, as rock-type breakwaters are mostly built in shallow water. In deep water rock-type
breakwaters are not very common; caisson-type breakwaters are more economical in deep water
conditions. Waves start breaking at a mild sloping foreland if Hs> 0.3 h, with h=local water depth.
Thus, deep water with non-breaking waves can be crudely formulated as h > 3Hsce. Using Hstoe =3 to 5 m,
the water depth is 10 to 15 m. Rock-type breakwaters are not very attractive solutions for water depths >
10 m.
Herein, only two formulae based on many laboratory scale tests carried out in The Netherlands, are
explained:

e Van Gent et al. 2003;

e Van der Meer 1988.

Van Gent et al. 2003
The formula for randomly placed rocks (2 layers) on a slope in deep and shallow water reads as

Ner = [1.75/(Vseta Vs)] [cotan(a)]®® [1 + Pg] [Sa/Nuw*1%2 (3.3.6)
with:
Pe = Dinso,core/ Dnso = permeability factor of structure (Pc=0= impermeable; Pe=1=fully permeable);
Dnsocore = Nominal diameter of core material (approximately 0.2 to 0.4 m);
Dnso = nominal diameter of armour layer (grading Dss/D1s< 2.5);
a = slope angle of the structure (not foreland slope);
Sd = damage = Ac/Dnso%, Sa = 2 = minor damage (design value), Sq = 10 = failure;
Nw = number of waves during a storm event (1000 to 3000 for storm event of 6 hours);
Ys = safety factor for deterministic design method (= 1.1 for permeable structures and 1.3
for impermeable structures);
YBeta = 0.5+ 0.5(cosP)?= reduction factor oblique waves; 3 = 0° for perpendicular waves (Fig. 2.5.4).

Equation (3.3.6) is rather accurate for structures with a permeable core in both deep water and shallow
water, but less accurate for impermeable cores. The D, so-value increases with decreasing permeability and
decreases for less steep slopes.

40



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

\

According to Van Gent et al. (2003), the effects of wave steepness, wave period and the ratio Hy/Hyy 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 H;o/hiwe= 0.2 t0 0.7.

Stability formulae for rock armour layers are usually applied assuming perpendicular wave attack. Often,
the effects of oblique waves are neglected. Based on many tests simulating oblique waves on a rubble
mound breakwater in relatively deep water (no wave breaking on the foreland), Van Gent (2014) has
proposed a size reduction factor (increase of stability) for situations with oblique waves. The effect is found
to be relatively small for small wave angles and relatively large for larger wave angles. For B = 90° (wave
propagation parallel to axis of structure, see Figure 2.5.4), the reduction effect is about 0.35 to 0.45. To be
on the safe side, it is herein proposed to use: ygeta = 0.5 + 0.5(cospB)?, which yields a maximum reduction
effect of ygeta= 0.5 for B = 90° (parallel waves) and no reduction of ygeta= 1 for f = 0° (perpendicular waves).
Using: Pe= 0.3, S¢= 2 (start of damage) and N,=2500, it follows that: Ncr = [1.2/(ysVeeta)] [cOtan(a)]

This yields the following design values of N cotan(a) =1.5 Ne= 1.45/(Ys Ygeta)

cotan(o) =2.0  Ne= 1.70/(Ys Yeeta)

cotan(a) =2.5 Nc=1.90/(ys Yeeta)
Equation (3.3.6) and also Equation (3.3.7) are related to Sq®2. This means that the rock size is 15% larger, if
Sq =1 instead of Sq = 2 (reduction of factor of 2) and 30% larger if Sq = 0.5 instead of S4 = 2 (reduction of
factor of 4).

Van der Meer 1988
The formula for randomly placed rocks (2 layers) on a slope in deep and shallow water reads as

or = [Colunging/ (Yeeta ¥s)] P28 £0° 1 [Sa/Nw®>]%2 for plunging waves E<Eciical and cotan(a)>4  (3.3.7a)
or = [Courging/ (Yeeta Ys)] P21 EPyu [tan(a)] 0 [Sa/Nu®>]%? for surging wave conditions E>Ecritical (3.3.7b)
Ecritical = [(Cplunging/ Csurging) P%>* [tan(a)]%>]R (3.3.7¢)
with:
P = permeability factor of structure (P = 0.1 for impermeable core; P = 0.4 for rocks on a

semi-permeable filter layer; P = 0.5 for permeable core; P = 0.6 for fully permeable structure with
uniform rock);

Sd = damage = Ac/Dnso?, S¢= 2 minor damage (design value), Sq¢ =10 = 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);

€ = tanoy/[(27t/8)Hs toe/ T?mean]®> = surf similarity parameter based on the Timean Wave period;

Tmean = mMean wave period at toe of the structure (= 0.85 T, for single peaked spectrum),

YH = Hs/Hay = ratio of wave heights at toe of breakwater (= 0.71 for deep water and 0.85 for shallow
water with breaking waves);

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

Yeeta = 0.5+ 0.5(cosP)?=reduction factor for oblique waves; B = 0° for waves perpendicular and ygeta=1.
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The following steps are required:

e determination of wave conditions and number of waves (offshore and at toe of structure);
determination of preliminary dimensions of cross-section (slope angle, crest height, core, etc);
determination of allowable damage (in cooperation with client);
determination of surf similarity parameter;
determination of permeability value;

e determination of rock dimensions for different scenarios;
o finalization of design based on iteration and sensitivity analysis;
e verification of design based on scale model tests.

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

Equation (3.3.7a) shows that the D,so-value increases with decreasing permeability.

Equation (3.3.7a) shows that: Dnso~ Hs £%° and thus: Dnso ~ H>7° %, If Hs = 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%-increase 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 height Hs, the 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) is most valid for conditions with non-breaking waves
in relatively deep water (h > 3H;e). Only, few tests with wave breaking in shallow water were carried out.
The original coefficients are: Coiunging = 6.2, Csurging = 1 and yu = 1 and the wave period is the mean period
Trmean.

Later it was proposed to use the yu-factor (= 0.71 for a single peaked spectrum) resulting in: Cpiunging = 8.7
and Csyrging= 1.4 (Van Gent et al., 2003 and Van Gent 2004).

As the yu-factor is larger for shallow water (= 0.85), this results in a larger N-value for shallow water and
thus a smaller rock size. The yy-parameter can be simply represented as: yu = 0.4(Hs/h) + 0.58 yielding yx
=0.7 for Hy/h< 0.3 and y4 > 0.82 for Hs/h= 0.6.

Van Gent et al. (2003) have recalibrated the coefficients using more test results (using Tm-1 instead of Tmean)
including shallow water conditions resulting in: Cpiunging = 8.4 and Csurging = 1.3; these coefficients represent
the trendline through the data points. The Tm.1period has been used because it better 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 coefficients 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 (3.3.7) is also valid for shallow water, both the original and the modified formula
can be compared for a certain location (with constant Hs, P, Nywand S4), which leads to:

DnSO,modified/DnSO,originaI = (Cpl,original/cpl,modified) (YH,original/YH,modified) (Tm»l/-rmean)o'5

In shallow water: (Cpi,original/ Cpl,modified)= 8.7/8.4 = 1.04 and (Yw,original/ YH,modified)= 0.71/0.85 = 0.84, and thus:
DnSO,modified/DnSO,originaI =0.87 (Tm—l/Tmean)o'5

This yields: DnSO,modified/DnSO,originaI >1if (Tm-l/Tmean) >13

Thus: the modified formula will give a larger Dy 5o value in shallow water if the Tm.1 period is larger than
1.3Tmean, Which may occur if long wave components are important.
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Author Colunging Csurging Wave period | Wave height ratio
Van der Meer 1988 original 6.2 1 Thean va=1
Modified by Van Gent et al. (2003) 8.7 1.4 Tm-1,0 v = Hs/Hay
Recalibrated by Van Gent et al. (2003) 8.4 1.3 Tm-1,0 vr = Hs/Hay

Table 3.3.4 Coefficients of Van der Meer formula

Figure 3.3.2 shows the stability of randomly placed rocks based on the formulae of Van Gent et al. 2003
and Van der Meer 1988 as function of the surf similarity parameter &. Other data used: S¢= 2, Nog= 0.5
(minor damage), Nw= 2100, Py= 0.5, Hs/Ha%= 0.71, tan(a)= 0.5, Pg= 0.3, prock = 2700 kg/m?3, ys=1.

Both formulae produce approximately the same results for & > 2.5. For very small values of & <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 smaller rock sizes.
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Figure 3.3.2  Stability values of rocks and concrete armour units at conditions with minor damage
(S4=2, Noy=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 consisting of randomly-placed rocks on a semi-permeable core is exposed to storm events in
relatively deep water, see Table 3.3.5.

What is the rock size D,s0 based on the methods of Van der Meer 1988 and Van Gent et al. 2003 using
Equations (3.3.7) and (3.3.6), see ARMOUR.xIs( sheet4)?

Here, the parameters Hswe and yu=Hs/Hy% are given, but generally wave computations are required to
compute these values.

The rock mass can be computed as: Mso = prock (Dn,s0)>.

The results (based on a safety factor ys = 1 and ygeta= 1) are shown in Table 3.3.5.

The Van der Meer-coefficients are given in Table 3.3.4.

Using a larger damage (Sq= 5) for the 100 years storm event, the armour size is about 15% smaller.

Using a safety factor of y; = 1.1, the armour size will be 10% larger.

Using recalibrated coefficients, the rock size of the Van der Meer method is slightly larger (210%) due to
the larger wave period (Tm1 in stead of Tmean) yielding a larger surf similarity parameter. The original
formula is based on Tmean.
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Parameters 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 height at toe Hs toe 4m 5m 5m
Wave period Tmean; Tm-1 7s;8s 9s;10s 9s;10s
Ratio wave heights Hs/H2 0.71 0.71 0.71
Density of rock Prock 2650 kg/m? 2650 kg/m?3 2650 kg/m?
Density of seawater Pw 1025 kg/m3 1025 kg/m3 1025 kg/m?
Number of waves Nw 1800 2160 2160
Permeability factor Van der Pwm 0.4 0.4 0.4
Meer
Permeability factor Van Gent Pe 0.3 0.3 0.3
Damage Sq 2 (minor) 2 (minor) 5 (severe)
Slope angle tan(a) 0.33 0.33 0.33
Safety factor s 1. 1. 1.
Obliqueness/wave angle factor | yget 1. 1. 1.
Computed values
Surf similarity parameter £ 1.44 original 1.65 1.65

1.65 recalibrated 1.85 1.85
Critical surf similarity V.d. Meer | & 3.0 original 3.0 3.0

3.1 recalibrated 3.1 3.1
Stability number Van der Meer | Nc 2.36 original 2.17 2.60

2.13 recalibrated 2.0 2.38
Rock size Van der Meer Dn,s0 1.07 m original 1.46 m 1.21m

1.18 m recalibrated | 1.59 m 1.32m
Rock size Van Gent Dn,s0 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.?
Input data: armour slope 1 to 3 (tana = 0.33), Sq= 2, Nw= 2160 (6 hours), Pc= 0.3, Pm= 0.4, yu = He/Hag =
0.71, ps= 2650 kg/m?3, py= 1025 kg/m?.
The wave period has been varied in the range of 7 to 20 s. Three wave heights (Hswe = 3, 4 and 5 m) have
been used. A wave height of 3 m in combination with 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 post-storm swell type waves along an open ocean coast (west coast of Portugal, south-west

coast of France).

Rock armour sizes of high-crested breakwaters for storm events; ARMOUR.xls (sheet 4)

Figure 3.3.3 shows the rock size Dy 50 as 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 not dependent on the wave period resulting in constant values of Dnso. The 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 rock size 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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Figure 3.3.3  Rock size D, soas function of wave period and wave height

3.3.2.2 Orderly placed rocks in single layer

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

Nurmohamed et al. (2006) have studied the stability of orderly placed rocks (initial damage) in a single
layer. The experimental range of the stability numbers is shown in Figure 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. (2006), the mean trendline of N-values can be described by:

or = [8.8/(ysVeeta)] 08 for € < 3 (plunging breaking waves) (3.3.8a)
Ner = [1.0/(ys Veeta)] E¢  for & >3 (surging waves) (3.3.8b)

with: & = surf similarity parameter and y,= safety factor for deterministic design (= 1.5 for orderly placed
rocks in a single layer; = 1.1 for orderly placed rocks in a double layer).
Equation (3.3.8) is shown as the mean trendline in Figure 3.3.4.

Using a safety factor of 1.5, the lower envelope of the experimental 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 on: S¢= 2, Nw= 2100, Py= 0.5, Hs/Ha9=
0.71, tan(a)= 0.5, Pg= 0.3.

Equation (3.3.8) can also be used for orderly placed rocks in a double layer. In that case the safety facor can
be reduced to ys=1.1.
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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 to 0.06 and Nog= 0.5 (minor damage) and
Nw= 2100 are shown in Figure 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 than that of cubes. The N¢-values of concrete cubes and tetrapods randomly placed in two
layers on a permeable underlayer can be roughly described for preliminary design by (Noa < 2):

Cubes: Ner

Dn,50

[1/(YBeta ¥s)] [1.1 + Nog®?] E° for 0 < Nog <2 (3.3.9)
[('YBeta Ys /A)] [1~1 + NodO'S]—1 E,.-O'z Hs,toe

Tetrapods: N [1/(VBeta ¥s)] [1 + Nog®®] £03 for0 < Nog< 2 (3.3.10)
Dn,SO = [('YBeta YS/A)] [1 + Nodo's] E_,>0'3 Hs,toe

The effects of the armour slope and the wave period are taken into account by the &-parameter. The
stability number increases slightly with increasing &-value (see Figure 3.3.2). This means that a steeper
armour slope will result in a higher N¢-value and thus a slightly smaller size Dnso. A steeper angle 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 for Nog< 2 (Nog¢> 1 means severe damage).

Using Nog = 0.5 (minor damage) and a safety factor of ys= 1.1 (double layer) as acceptable for design, the
Ncrdesign is approximately 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 forces between the side planes, ii) larger
uniformity resulting in a ‘smoother’ surface. Tetrapods are more stable than cubes and rocks due to the
additional interlocking forces.
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3.3.2.4 Orderly placed concrete units in single layer

Cubes and cubipods
The stability of cubes in a single layer strongly depends on the placement pattern and packing density np
(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= porosity; porosity is the volume of the spaces between the blocks
in a control volume divided by the total control volume).
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Figure3.3.5  Randomly placed (left) and ordely placed (right) in horizontal rows

Two placement patterns can be distinguished for cubes in a single layer (see Figure 3.3.5):

e 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
(Verhagen et al., 2002);

e 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 pattern, see Table 3.3.3.

The packing density should be about 70% (open space 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 to N, = 4.8
(no damage; Van Buchem, 2009).

If the packing density is too high (80%) the stability reduces, 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 smaller at a slope 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 cubes under wave action.

High-density cubes (up to 4000 kg/m3) can be obtained by using magnetite as aggregate material (Van Gent
et al., 2002). If the cube density can be increased to 4000 kg/m?3, the relative density increases with a factor
of 2 and the cube size reduces with a factor of 2. This reduces the weight of an individual high- density
concrete unit by a factor of 5.

Concrete interlocking units (single layer)

Various types of interlocking concrete units in a single layer have been developed: Accropodes, Core-locs,
Xblocs. The stability numbers are given in Table 3.3.3. The safety factor is recommended to be y; =1.5 (high
value for single layer).
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3.3.2.5 Example of high-crested conventional breakwater of rock and concrete armour units

A high-crested breakwater is exposed to storm events in relatively deep water, see Table 3.3.6.
Water depth to MSL at the toe of the structure =7 m.

Three storms are considered:

Storm 1: Return period= 25 years, Hste=4 m; hiwe to MSL=7 m; Max. water level above MSL= 3 m.
Storm 2: Return period= 100 years, Hswe= 6 m; hiwe to MSL= 7 m; Max. water level above MSL= 4 m.
Storm 3: Return period= 100 years, Hs we= 6 m; hwe to MSL= 7 m; Max. water level above MSL=4 m.

The wave overtopping should be smaller than 10 |/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 years storm event.

The results (based on the spreadsheet-model ARMOUR.xls) are shown in Table 3.3.6 (ys = 1.1 and Ygeta=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 maximum 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 event, the armour 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 friction forces 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 layer of cubes (safety factor= 1.5) yields a size of 2.4 m (32 tonnes; peoncrete= 2.3 t/m?).
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Parameters | Storm 1 | Storm 2 Storm 3
Input values: Column
Density of seawater F47 Pw 1025 kg/m® | 1025 kg/m® | 1025 kg/m3
Density of rock F48 Prock 2650 kg/m® | 2650 kg/m? | 2650 kg/m?
Density of concrete F49 Peoncrete | 2300 kg/m3 2300 kg/m3 | 2300 kg/m?
Kinematic viscosity coefficient F50 v 10° m?/s 10 m?/s 10° m?/s
Crest width armour F52 Bc 5m 5m 5m
Total crest width F53 Bt 15m 15m 15m
Berm F54 - 0 (none) 0 (none) 0 (none)
Slope angle front F55 tan(a) | 0.5 0.5 0.5
Slope angle rear F56 tan(a) | 0.5 0.5 0.5
Rougness front slope F58 e 0.45 0.45 0.45
Permeability factor Van Gent F60 Ps 0.3 0.3 0.3
Permeability factor Van der Meer F62 Pm 0.4 0.4 0.4
Critical stability number concrete units F64 Ner 3 3 3
Safety factor runup F66 Ys 1.2 1.2 1.2
Safety factor wave overtopping F67 Ys 1.5 1.5 1.5
Safety factor wave transmission F68 Ys 1.2 1.2 1.2
Safety factor stone size double layer F69 Ys 1.1 1.1 1.1
Safety factor stone size single layer F70 Ys 1.5 1.5 1.5
Water depth in front of toe to MSL B82 h 7m 7m 7m
Crest height to MSL C82 Re 10m 10m 10m
Max. water level due to tide+surge to MSL D82 SSL 3m 4m 4m
Flow velocity (parallel) at toe of structure E82 U 0m/s 0m/s 0m/s
Significant wave height at toe of structure F82 Hs 4m 6m 6m
Wave period G82 Tmean 10s 14s 14s
(Trm-1) (11 s) (15s) (15s)
Wave angle at toe of structure H82 B 0 deg. 0 deg. 0 deg.
normal normal normal
Damage parameter 182 Sd 2 2 4
Damage parameter 182 Nod 0.5 (minor) 0.5 (minor) 1 (severe)
Number of waves K82 Nw 1800 1800 1800
Computed values
Ratio Hs/H2% (van der Meer) T82 TH 0.81 0.82 0.82
Surf similarity parameter us2 & 3.1 3.6 3.6
Runup height Y82,Z8 | Ra% 6.8 m 10.4m 104 m
2
Wave overtopping rate Al82 Cow 11/m/s 751/m/s 751/m/s
(<1%) (7%) (10%)
Transmitted wave height AL82 Hs,Tr 0.48 m 1.08 m 1.08 m
Rock size front slope based on Van Gent AY82 Dn,s50 1.59m 2.36m 2.07m
Critical surf similarity Van der Meer BA82 Eer 3.8 3.8 3.8
Rock size front slope based on Van der Meer BG82 Dn,s50 1.51m 2.37m 2.08 m
Rock size rear slope CS82,C | Dnso 0.8 m 1.28 m 1.14 m
usg2
Rock size first underlayer front slope CX,CZ,D | Dn,so 0.8 m 1.18 m 1.03 m
B82
Cubes randomly front slope in double layer CJ82 Dn,50 1.56 m 2.25m 1.95m
Cubes orderly front slope single layer above LW CD82 Dn,50 1.61m 2.39m 240m
Tetrapods front in double layer C082 Dn,50 1.47 m 210 m 1.80 m

Table 3.3.6 Rock and concrete armour sizes of high-crested breakwaters for storm events (ARMOUR.xls)
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3.3.3 Stability equations for high-crested berm breakwaters

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

Mostly, rock armour units are used:
e randomly placed rocks in two layers under water;
e 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. The Py-factor should be taken as Py=0.6.

Andersen et al. (2012) have found that the stability of berm 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 breaking 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 S-type profile of the armour layer (see also Van der Meer 1988 and Rock Manual 2007).

3.3.4 Stability equations for low-crested, emerged breakwaters and groins

A breakwater has a low crest if 0 < Rc< 4 Dy 50 With Rc = crest height between crest and still water level (Rc>
0 for emerged breakwaters and R.< 0 for submerged breakwaters), see Figures 2.5.1 and 3.3.6.

Low-crested emerged breakwater Submerged breakwater

Figure 3.3.6  Low-crested breakwaters

The crest width is approximately 3 to 10Dns0; wide-crested breakwaters (having a width equal to 0.5 the
local wave length) are known as reef-type breakwaters.

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

Van der Meer (1990) and Van der Meer et al. (1996) have analysed scale model tests for rock-type low-
crested breakwaters with slopes of 1 to 1.5 and 1 to 2. The effect of rock shape and grading (up to Dgs/D1s=
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 measured Nc-values (minor damage) of Van der
Meer et al. (1996) are shown in Figure 3.3.7A and Table 3.3.7. Figure 3.3.7A is based on data with wave
steepness in the range of 0.01 to 0.05; crest widths in the range of 5 to 8Dn so,front and seaward front slopes
of 1 to 1.5 and 1 to 2. The rock size of a toe/bed protection can also be expressed in terms of N and
R¢/Dnso. 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 number of 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 levels (R¢/Dnsofront) in the
range of 0 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) and Van der Meer and Daemen (1994) have proposed a
correction method to determine the stability of rock slopes of low-crested, emerged structures (0 <
Re/Dnsofront < 4). The correction factor can be applied to the stability formula of Van der Meer 1988
(Equation 3.3.7) for rock slopes of high-crested structures, as follows:

Ncr,lowcrested = 'Ycor Ncr,front, highcrested (3311)
Yecor = 1.25 - 4.8[Rc/Hs,toe ][S/(ZTE)]O'S and YCOFZ 1 for 0< RC/D”ISO'frO”t< 4

With: Ner fronthighcrested = Stability number based on Equation (3.3.7), Rc = crest height (Rc > 0), s = Hstoe/Lo=
wave steepness, L,= wave length deep water. The Pu-value is about 0.4.

Equation (3.3.11) yields about yeor = 1 for Rc > Hsoe and about yeor = 1.25 for Rc= 0. Thus, the correction
factor of Equation (3.3.11) is in the range of 1 to 1.25 for 0 < R¢/Dn,sofront < 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. (2003) for rock slopes of
high-crested structures.

The stability number N of low-crested structures, as shown in Figure 3.3.7A can be expressed as a
correction to the stability number of the front slope of a high-crested structure, as follows:

Nerlowcrested = Yeor Ner front,highcrested- The correction factor ycor can be derived from the data of Figure 3.3.7A.
Figure 3.3.7B shows the dimensionless correction factor ycor = Ner/Ner front highcrested With Ner front highcrestea=1.3
(based on the data of Figure 3.3.7A) for R./Dnso> 4. Using this approach, the stability number of a low-
crested (submerged or emerged) breakwater can be computed as: Ner = Veor  Ner fronthighcrested  With Yeor =
correction factor based on Figure 3.3.7B for the front slope, the crest zone and the rear slope.

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

Rc/Dhn 50, front Minor damage (S¢=1) Minor damage (S¢4=0.5) | Minor damage (S¢=0.5
0 1.6/(vs Yseta) 1.5/(ys Ygeta) 2.2/(Ys Yeeta)

1 1.5/(Ys Yeeta) 1.4/(ys Yeeta) 2.0/(Ys Yaeta)

2 1.4/(vs Yseta) 1.5/(ys Ygeta) 1.9/(vs Yeeta)

3 1.35/(Ys Yaeta) 1.9/(ys Ygeta) 1.9/(Ys Yseta)

4 1.3/(ys Yseta) 2.6/(Ys Yeeta) 2.7/(Ys Yeeta)

Rc= crest height above still water level; ys= safety factor
Table 3.3.7 Stability of randomly-placed rocks for low-crested, emerged breakwaters
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Figure 3.3.7B Correction factor for stability of low-crested, emerged and submerged rock breakwaters
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The correction factors of Figure 3.3.7B can be roughly represented as:

Front slope: Ner,lowcrested = Yecor Ner, front highcrested (3.3.12)
Dn,SO, lowcrested = (1/Ycor) Dn,SO,front, highcrested
Yeor = 1 for Rc/Dn,SO,front >4
Yeor = 0.0035 (| Re/Dn,so front - 4])*¢+ 1 for -8 <Re/Dnso ront < 4
Yeor = 3 for Rc/Dn,SO,front <-8
Crest zone Dn,s0,crest = (1/Ycor) Dn,50,front, highcrested (3.3.13)
Yeor = O-S(Rc/Dn,SO,front) for Rc/Dn,SO,front >2
Yeor= 0.0035 (|Rc/Dnsofront - 4| )26+ 1 for -8 < R¢/Dn,s50,front < 2
Yeor = 3 for Rc/Dn,SO,front <-8
Rear slope: Dn,50,rear = (1/Ycor) Dn,s0front highcrested (3.3.14)
Yeor = O-S(Rc/Dn,SO,front) for Rc/Dn,SO,front >3
Yeor = 15 for 0< Rc/Dn,SO,front <3
Yeor = -0.4(Rc/Dnso front) + 1.5 for -3 <R¢/Dn,s50,front < 0
Yeor = 3 for Rc/Dn,SO,front <-3

With: Ner front highcrested = 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 of the parameter |R¢/Dnsosront - 4| and yields a smooth
transition to a bed protection for submerged breakwaters, see Figure 3.3.7B.
The computation of Dnsofont requires an iteration procedure as its value is a priori unknown. Given the
accuracies involved, two iterations generally are sufficient, taking Dnso,front, highcrested @S the start value.
A safety factor ys =1.2 to 1.3 should be used for deterministic design of randomly-placed rocks in a double
layer for low-crested breakwaters. The uncertainty is somewhat larger as that for high-crested
breakwaters.
Equation (3.3.12) yields a size reduction of about 10% for Rc/Dnso = 0 and about 50% for Rc/Dnso = -4 with
respect to a high-crested structure (R¢/Dnso > 4)
In nearshore breaking wave conditions with Hsce = yor h and yu= 0.6 to 0.8 and Ncrgesign = 1.4, it follows
that: Dnsofront = 0.27 to 0.35 h for low-crested, emerged breakwaters.
Vidal et al. (1995) and Burcharth et al. (2006) have carried carried out laboratory tests of low-crested
(emerged and submerged) breakwaters with crest widths in the range between 3D s front and 8Dn 50 front and
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 those of the 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 N -value of the front and crest of the trunk and roundhead of low-crested
(submerged and emerged) breakwaters is proposed (by the present author) to be described by the
following expression (see Figure 3.3.7A):
Ner = [1/(Ys Veeta)] [-0.25(Re/Dnsosront) + 1.8 (Sa)®1]  for -3 < Re/Dnsofront< 2 and 0.5 < Sg< 2 (3.3.15a)
Dnso= [0.35 (s Vgeta)Hs,toe + 0.14 Rc] (Sa) ! for -3 <R¢/Dnsofront<2 and 0.5<Sg<2 (3.3.15b)
with: Sq= damage (Sq= 0.5 = start of damage and Sq4= 2 = minor damage).
Equation (3.3.15a) requires iterative equations, as the value of Dy 5o front is @ priori unknown. If Re/Dn so,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 all data (Figure
3.3.7A):
Ncr= [1/(Ys 'YBeta)] [006 (Rc/Dn,SO,front)2 - 0-23(R6/Dn,50,front) + 136] for -3< Rc/Dn,SO,front< 2 (3315C)
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3.3.4.2 Randomly placed concrete units in double or single layer

Stability numbers are given in Table 3.3.3.

Equations (3.3.9) and (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:

e relatively low crest below the design water level;

e crest width between 3Dy s front and 10Dy 50 front;
relatively steep slopes of 1 to 1.5 in non-breaking wave conditions (deeper water);
relatively mild slopes between 1 to 2 and 1 to 3 (in nearshore breaking wave conditions);
e all waves are overtopping;
e permeable underlayers and core;
e mostly used in the nearshore with depths (to MSL) up to 8 m.

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

In nearshore waters 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 double layer

Van der Meer et al. (1996) have carried out scale model tests for submerged breakwaters.
The Nq-values based on their results are shown in Figure 3.3.7A and Table 3.3.8.

The N-values of the front slope are largest for a relative freeboard Re/Dn 50 front= -3.

The lower limit of the the data is about Rc/Dn,s0,front = -4.

Relative crest level Front slope Crest Rear slope
below water level

Rc/Dn,SO Ncr,design Ncr,design Ncr,design

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

-3 2.5/(ys Yseta) 2.4/(Ys Yseta) 3.3/(ys Yseta)

-2 2.2/(ys Yeeta) 2.0/(ys Yeeta) 2.7/(ys Yseta)

-1 1.8/(Ys Yaeta) 1.7/(Ys Vseta) 2.4/(Ys Vseta)

0 (crest at SWL) 1.6/(Ys Ygeta) 1.5/(Ys Ygeta) 2.2/(Ys Yaeta)

Rc= crest height above still water level; ys= safety factor
Table 3.3.8 Stability of rocks for low-crested, 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 factor (Equations 3.3.12 to 3.3.14) with
Rc = (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 concrete (cubes) units.
A safety factor ys = 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 case of submerged breakwaters in shallow water.

A relatively simple expression can be derived (Burcharth et al. 2006):
Dn,50,front = 0.3 herest With herest = height of crest above the bottom

A double layer of rocks with D, 50> 0.5 h. (see Figure 3.3.6) in nearshore shallow water requires that part of
the structure should be placed below the bed level, which requires the dredging of a trench. The Dnso can
be reduced by using a milder slope than 1 to 2 in the surf zone. A conventional structure with core and filter
layers above the bed requires Dnso < 0.2 hc. 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 in Table 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 tested a single layer of interlocking Xblocs on the slope and crest of low-crested,
emerged and submerged breakwaters.

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

Ncr: 3.5/(’}’5’YBeta) fOI" RC/HS,tOE > 1 (3.3.163)
Ner= 3.0/(YsYseta)  fOr -0.5 < Re/Hsoe < 1 (3.3.16b)
Ncr: 3.5/(’}/5 YBeta) fOI" RC/HS,tOE < '0.5 (3.3.16C)

with: ys = safety factor=1.3 to 1.5.

Xblocs have relatively low stability for -0.5 < Rc/Hs 10 < 1 due to the gap-effect at the transition from slope to
horizontal crest. 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 1: Low-crested breakwater in shallow water

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

Emerged case: Hs0e= 3 m; crest level= 0 m above mean sea level (MSL); Tide level= -2 m below MSL.
Submerged case: Hsie= 4 m; crest level= 0 m above mean sea level (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).

The input data and results based on the tool ARMOUR.xIs (Sheet 2) are given in Table 3.1.1.

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 cases, only the offshore wave height
is known. The tool WAVEMODELS.xls can be used to compute the wave height at the toe of the structure.

The results of Table 3.3.9 show that the armour size is slightly larger for the submerged case.

The maximum size of randomly placed rocks in a double layer is about 1.15 to 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 which 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
Emerged case Submerged

Input values: Column

Density of seawater F47 Pw 1025 kg/m?3 1025 kg/m?3

Density of rock F48 Prock 2650 kg/m?3 2650 kg/m?3

Density of concrete F49 Peoncrete 2300 kg/m?3 2300 kg/m?3

Kinematic viscosity coefficient F50 v 0.000001 m?/s 0.000001 m?/s

Crest width armour F52 Bc 5m 5m

Total crest width F53 Bt 15m 15m

Berm F54 - 0 (none) 0 (none)

Slope angle front F55 tan(a) 0.5 0.5

Slope angle rear F56 tan(a) 0.5 0.5

Rougness front slope F58 Yr 0.45 0.45

Permeability factor Van Gent F60 P 0.3 0.3

Permeability factor Van der Meer F62 Pm 0.4 0.4

Critical stability number concrete units F64 Ner 3 3

Safety factor runup F66 Ys 1.2 1.2

Safety factor wave overtopping F67 Ys 1.5 1.5

Safety factor wave transmission F68 Ys 1.2 1.2

Safety factor stone size double layer F69 Ys 1.1 1.1

Safety factor stone size single layer F70 Ys 1.5 1.5

Water depth in front of toe to MSL B82 h 8m 8m

Crest height to MSL C82 Re Om Om

Maximum water level due to tide+surge to D82 SSL -2m +2m

MSL

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

Significant wave height at toe of structure F82 Hs 3m 4m

Wave period G82 Tmean (Tm-1) | 85(9s) 10s(115s)

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

Damage parameter 182 Sd 2 2

Damage parameter 182 Nod 0.5 0.5

Number of waves K82 Nw 1800 1800

Computed values

Ratio Hs/H2% (van der Meer) T82 YH 0.73 0.78

Surf similarity parameter us2 & 2.9 3.1

Runup height Y82,282 Ras% 5.05m -

Wave overtopping rate Al82 Cow 73 1/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,50 1.16 m 1.21m

Critical surf similarity Van der Meer BAS82 Ecr 3.8 3.8

Rock size front slope based on Van der Meer BG82 Dn,50 1.17m 1.19m

Rock size orderly placed single front above LW BN82 Dn,50 134 m 1.45m

Rock size orderly placed double front above LW | BT82 Dn,50 0.98 m 1.07m

Rock size rear slope CS82,CU82 Dn,s0 0.75m 0.79 m

Rock size first underlayer front slope CX,CZ,DB82 Dn,s0 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 LW | CD82 Dn,50 1.17m 1.22m

Table 3.3.9
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3.3.5.4 Example case 2: Low-crested 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 (in the range of -1.5 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 level (-1.5 m) yields an emerged breakwater and the highest water level (+4.5 m) yields a
submerged breakwater. The significant wave height at the toe is Hste= 0.6 hioe resulting in values between
1.5 m and 5.1 m. The data are given in Table 3.3.10.

The results based on the spreadsheet-model ARMOUR.xls are shown in Figure 3.3.8. The armour size (Dns0)
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) have been applied in
combination with a correction factor (Equation (3.3.12) to account for the varying values of R./Dnso. 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 are also 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 rocks (in a double 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 level incl. tide to MSL | SSL -1.5,-0.5,0.5,1.5,2.5,3.5,45m
Significant wave height Hs 15,2.1,2.7,3.3,3.9,45,51m
Water depth in front of toe to MSL h 2.5,35,4.5,55,6.5,7.5,85m
Wave period Tmean 5,6,7,8,9,10,115s

Density of rock Prock 2650 kg/m?

Density of concrete Peoncrete 2300 kg/m3

Density of seawater Pw 1025 kg/m?

Number of waves Nw 2500

Permeability factor Van der Meer Pwm 0.4

Permeability factor Van Gent Ps 0.3

Damage Sd4; Nod 2;05

Crest height above MSL Rc +1m

Total crest width Bt 15m

Berm - none

Slope angle front tan(a) 0.5

Slope angle rear tan(a) 0.5

Rougness front slope Yr 0.45

Safety factor runup Ys 1.2

Safety factor wave overtopping Ys 1.5

Safety factor wave transmission Ys 1.2

Safety factor stone size double layer s 1.1

Safety factor stone size single layer Ys 1.5

Wave angle at structure B 90 degrees

Table 3.3.10 Armour sizes of low-crested submerged and emerged breakwaters
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Figure3.3.8  Armour size as function of wave height for low-crested emerged and submerged
breakwaters

3.3.5.5 Example case 3: Low-crested breakwater in shallow water.

The water depth is constant at h= 6 m and the significant wave height at the toe also is constant at Hstce=
3.6 m. The mean wave period is To,= 10 s. Ten cases with varying crest heights (in the range of -5 to +6 m)
have been considered. The lowest crest level (-5 m) yields a submerged breakwater and the highest crest
level (+6 m) yields an emerged breakwater. The data are given in Table 3.3.11.

The results based on the spreadsheet-model ARMOUR.xIs (sheet 2) are shown in Figure 3.3.9. The armour
size (Dnso) of the front slope and the crest (minor damage Sq = 2) increases with increasing crest height.
Equation (3.3.6) of Van Gent et al. (2003) and Equation (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 values of R/Dnso. The
computed rock sizes are in the range of 0.5 to 1.5 m. The emerged breakwater cases have the largest
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 Dnso = 1.48 m for S¢= 2 and Dns0 = 1.95 m (30% larger) for Sq = 0.5. The correction
factor yields a size reduction of about 60% for the submerged case with the lowest crest. The correction
factoris 1 (no reduction) for Rc = 6 m ( Re/Dnso > 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 for Sq= 0.5 (start of damage) and Sq= 2 (minor damage). The results for Sq= 2 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). Equation (3.3.15c) given by Burcharth et al. (2006) yields relatively large rock
sizes for crests higher than -2 m, which is caused by the fact that this expression is the underenvelope of all
available data (almost no damage), whereas the other expressions are trendlines through the data points
(see Van der Meer et al., 1996).

The rock sizes of a toe protection layer (ys=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 shown in Figure 3.3.9. The rock size of a submerged breakwater with a
crest level at -5 m is slightly smaller than that of a toe protection layer at -5 m of a high-crested breakwater.
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The rock size of the toe protection at -5 m is expected to be somewhat larger as it experiences both the
incoming wave 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 rock Prock 2650 kg/m3
Density of concrete Peoncrete 2300 kg/m?
Density of seawater Pw 1025 kg/m3
Number of waves Nw 2500
Permeability factor Van der Meer Pm 0.4
Permeability factor Van Gent Ps 0.3
Damage Sd; Nod 2; 0.5 (minor damage)
Crest height above MSL Rc -5,-4,-3,-2,-1,0,1,2,3,6m
Total crest width Bt 15m

Slope angle front and rear tan(a) 0.5
Rougness front slope Yr 0.45

Safety factor runup Ys 1.2

Safety factor wave overtopping Ys 1.5

Safety factor wave transmission Ys 1.2

Safety factor stone size double layer Ys 1.1

Safety factor stone size single layer Ys 1.5

Wave angle at structure B 90 degrees

Table 3.3.11  Armour sizes of low-crested submerged and emerged breakwaters
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Figure3.3.9  Armour size as function of crest height for low-crested emerged and submerged
breakwaters
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3.3.6 Stability equations for toe protection of breakwaters

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

The toe structure of a breakwater provides support to the armour layer slope and protects the structure
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 10 Dnso and the thickness of the toe varies in the
range of 2 to 5 D, 50 depending on the conditions, see Figure 3.3.10. The 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 (about 3Hs.) and thicker in
strong scouring conditions. The toe protection should be designed such that almost 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 solution. In deeper water the rocks/stone size can be reduced as the wave forces are
smaller.

A small ratio of hwe/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 shallow water (hwe/h < 0.4) the slope of the foreland
also is important as it determines the type of breaking (Baart et al., 2010).

Some Nc-values based on flume tests (h= water depth in front of toe, hi.e.= water depth above toe), are:
Ne= 3.3 for hiwe/h =0.5
o=4.5 for hie/h =0.6
Ne= 5.5 for hie/h =0.7
Ne= 6.5 for hye/h =0.8

h htoe

Btoe= width of toe

\ 4 a

! Otoe= height of toe Toe

Figure 3.3.10 Toe dimensions

Based on laboratory tests in a wave flume, Van der Meer (1998) has proposed:

Dn,50: Ys [6.2(htoe/h)2'7+ 2] A>1 Nod_o'15 Hs,toe fOr' 0.4 < htoe/h < 0.9 (3.3.17)
with:
Nods =0.5to 1 =start of damage; Nog= 2 = severe damage and Noq= 4 = failure;
Ys = safety factor (=1.5).
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Based on many laboratory tests in a wave flume (non-overtopped rock slope of 1 to 2; permeable core;
foreland of 1 to 30; no severe wave breaking at foreland), Van Gent and Van der Werf (2014) have
proposed the following formula (Nc-values in the range of 2 to 6):

Dn,SO= (032 Ys) [Hs,toe/(A Nod0'33)] (Bwe/Hs,toe)O'1 (Stoe/HS,toe)o'?’?’ [Umax/(g Hs,toe)0'5]0'33 (3318)

with:

Bwe = width of toe;

Owe = height of toe;

Nos =damage (Nos= 0.5 for small toe width and Noq= 1 for large toe width);

Umax = T Hsoe/ (Tm-1,0 Sinh(khioe/Lo)) = peak orbital velocity at toe based on deep water wave length;
K = 27t/L = wave number;

Lo = wave length at deep water = (g/27) (Tm-1,0)%;

hwe = water depth above toe;

h = water depth in front of toe;

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

Equation (3.3.18) is valid for hie/h = 0.7 to 0.9 or dwe/h = 0.1 to 0.3. The peak orbital velocity (Umax) is based
on the deep water wave length (L,) which leads to relatively large Umax-values in shallow water and hence
relatively large Dnso-values for shallow depths.

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

Ner = (3/ys) 702 (Ng)233 for0.3<£<0.9 and hie/h < 0.4 (3.3.19)
with:
& = surf similarity parameter = tan(Oottom)/s™>; minimum value of & = 0.3 for relatively flat slopes;
S = Hs.10e/Lo= Wave steepness;
Oforeland = Slope angle of foreland in shallow water (between 1 to 10 and 1 to 50);
Lo = wave length in deep water ((g/(2)) Tp2);
No, = 100 n (Dns0)3/((1-p) V1) = damage as a percentage of the total volume of stones per unit
length of the structure (N =5 should be used as start of damage);
Vr = total volume of stones per unit length of structure;
N = number of stones displaced per unit length of structure;
p = porosity factor;
Ys = 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 Pw 1030 kg/m?3 1030 kg/m?3
Density of rock E22 Prock 2700 kg/m?3 2700 kg/m?3
Kinematic viscosity coefficient E23 v 0.000001 m?/s 0.000001 m?/s
Thickness of bed protection layer G82 1) 1m 1m

Length of bed protection normal to waves B82 B 3m 3m

Critical Shields parameter E28 Ocr 0.02 0.02

Tan of longitudinal bed slope E30 tan (ou) 0.04 0.04

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

Tan of angle of repose E35 tan (Otrepose) | 0.3 0.3

Safety factor E37 Ysafety 1.5 1.5
Maximum water level incl. tide and surge to MSL C46 SSL Im 1m

Water depth at toe to MSL B46 htoe 5m 5m
Significant wave height E46 Hs toe 3m 3m

Wave period FA6 Tmean (Tm-1) | 85(9s) 8s(9s)
Flow velocity D46 Uo (m/s) 0m/s 1m/s
Damage parameter G46 Nod 1 1

Damage parameter H46 N 1 1
Computed values

Delta parameter H22 A 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 size Van der Meer; Equation (2.9.1) S46 Dn,50 0.48 m 0.48 m
Rock size Van Gent; Equation (2.92.) Y46 Dn,50 0.44m 0.44m
Rock size Baart; Equation (2.9.3) based on L Va6 Dn,50 0.51m 0.51m
Rock size van Rijn AG46 Dn,s0 0.48 m 0.51m

Table 3.3.12

Example 1:

Rock sizes of bed protection based on tool ARMOUR.xIs (sheet 3)

Protection layer of stones a on sloping sea bottom of 1 to 25 (tan(ooettom= 0.04)).

Case 1: only waves with Hse= 3 m at toe of bed protection.
Case 2: waves Hs e = 3 m plus current of U,=1 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 given in Table 3.3.12.

Equation (3.3.17) yields: Dnso= 0.48 m.

Equation (3.3.18) yields: Dns0= 0.44 m based on local wave length L; Dn,so= 0.59 m based on L.

Equation (3.3.19) yields: Dnso= 0.52 m with s = Hsoe/Lo= 0.019, & = tan(Otwottom)/s%> = 0.31, Ne:= 3.6.

Equation (3.2.10) yields: Dnso= 0.48 m with Ocrshietss = 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 spreadsheet-model ARMOUR.xls).
The original bottom has a slope of 1 to 25. Other data are:
Hs = significant wave height in front of the toe =3 m,

Tp = peak period =105,

Owe = thickness of toe above the original bottom=1m,

Bwe =lengthoftoe=3m,
A =1.62,
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N,
Nos =damage parameter =1,
Ny, = damage parameter=1,
ecr,shields =0.02,
Vs = safety factor= 1.5.

Figure 3.3.11 shows the results for depth-values (hwe) 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 increasing depth-values.

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) [
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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 Baart et al. 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 stress-method shows a strong effect of the water depth as a result of the
decreasing peak orbital velocity for increasing depth. In shallow depth (= 5 to 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 side of a 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 relatively large. The velocity
decreases in downward direction due to friction and lateral spreading.

Van Gent and Pozueta (2004) have given a formula for the Dnso of the rear side rocks of high-crested
breakwaters, which reads as:

Dn,50 rear = 0.008 YBeta (Sd/NwO'S)_O'167 (Ul% Tm-l,o/AO'S) (tan arear)]0'417 [1 +10 e)(p('I:{c,rear/Hs,toe)]o'167 (33203)
Uiy =1.7 (g 'Yr,crest/’}’r,slope)o'5 (R‘RC)O'S (1+0-1Btotal/H5,toe)_1 (3320b)

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

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

Rerear = crest height above still water level at rear side (m);

Bt = total crest width (m);

drear = Slope angle of rear side (degrees);

Sq = damage level parameter;
N = number of waves;
A = (prock-pw)/pw = relative density of rock;

Yrslope = roughness factor of seaward slope (= 0.55 for rock slopes; = 1 for smooth, impermeable slope);
Yrerest = roughness factor of crest (= 0.55 for rock crest; = 1 for smooth, impermeable crest),
Yeeta = Obliqueness or wave angle factor (see Van Gent, 2014).

Table 3.3.13 shows the required dimensions of the rock armour units on the rear side based on a graph in
Rock Manual 2007. The results can be represented by:

Dn,SO rear/Dn,SO,front armour = -0.67 (Rc/Hs,toe) +1.1 fOF Rc/Hs,toe >0.3 (3321)

If the crest is relatively high (R¢/Hswe > 1), the armour 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 low (Re/Hs e < 0.5), the upper part of the rear side generally consists of similar, but
somewhat smaller armour units 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
Rc/ Hs,toe Dn,50 rear/ Dn,50,front

<03 1.0

0.3 0.9

0.6 0.7

0.9 0.5

1.0 0.4

1.2 0.3

Table 3.3.13  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:

o relatively mild slope of 1 to 4;

e relatively high crest (almost no overtopping);
relatively low wave heights at the toe (1.0 to 2.0 m);
impermeable underlayer.

Various types of armour units are used:

e randomly placed rocks in two layers under water;
orderly placed rocks in one or two layers above water;
closely-fitted (pitched) rocks in one layer above water;
closely-fitted concrete units (Basalton) in one layer above water;
gabions (cage-type boxes filled with stones);
e bituminous/asphalt layers.
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The hydrodynamic loads exerted on a slope of a seadike consisting of a sloping armour layer and almost
impermeable underlayers, are:

e wave impact forces;

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

o 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 and closely-fitted rocks and concrete blocks

Pilarczyk (1990) introduced an empirical formula for various types of armour layers (Table 3.3.14), as
follows:

a=(2.7/7s) & £%% cos(a) (3.3.22)

with: ¢ = empirical stability factor, see Table 3.3.14, & = surf similarity factor, o = 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 density A Stability factor ¢
Stones/rocks (placed in 2 layers) 1.6 1.0
Stones/rocks (regular shape, closely-fitted) 1.6 1.3
Basalt blocks (closely-fitted) 1.6 1.5
Concrete blocks (closely-fitted) 1.3 1.5
Concrete blocks (connected to each other) 1.3 2.0
Concrete block mattrass on geotextile 1.3 1.5
Gabions filled with stones/rocks (closely fitted) 1.6 2.0

Table 3.3.14  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 (grading Dgs/Disin the range of 1.2 to 1.7).
Based on the work of Nurmohamed et al. (2006), the N-values can be described by:

Ner
Ner

(4.8/ys) £°8 for < 3 (plunging breaking waves) (3.3.23a)
(1/ys) &°¢ for £ > 3 (surging waves) (3.3.23b)

with: & = surf similarity parameter and y.= 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.

Closely-fitted concrete units (Basalton, peoncrete= 2300 kg/m3; www.holcim.nl) in a single layer with granular
space filling placed on a dike slope has been tested in the large-scale Deltaflume of Deltares.

Based on these results, the N.-values of concrete Basalton blocks can be described by:

Ner = (6.5/ys) £067 for 1.5 < < 2.5 (plunging breaking waves) (3.3.24)
with: § = surf similarity parameter, y.= 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 determine the stability of gabions (filled with
rocks/stones). The porosity (p) of the rocks/stones (gage filling) should be taken into account.

Thus: Ner= Hstoe/((1-p) A Dn,s0).

3.3.8.4 Bituminous layers

Armour layer of stones can be made more stable by using 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 graded filter
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 level (berm used as maintenance road)

3.3.8.5 Example case 1

Input data:

Hstoe=2m, To=6's, o= 17 degrees,

tan(a) = 0.3 (1 to 3.3), cos(a) = 0.95,

Prock = 2700 kg/mM3, Peoncrete = 2300 kg/m?3, p = porosity = 0.4, pwater = 1025 kg/m?3, Arock = 1.63 (saline water),
Aconcrete = 124,

vs= 1.5 (single layer), ys= 1.1 (double layer),

s =H/L,=0.036, y4=0.8, Sq =2, Ny = 3600, Pu=0.1, Pc=0, §=1.6.

The results are given in Table 3.3.15.

Type of armour layer [\ Dn,s0
Randomly placed rocks double Van Gent et al. 2003; ARMOUR.xls (sheet 4) 1.5 0.81m
Van der Meer 1988; ARMOUR .xIs (sheet 4) 1.7 0.71m
Ordely placed rocks in single layer; Equation (3.3.23); 2.20 | 0.56m
Closely-fitted concrete blocks single layer; Equation (3.3.22) 1.87 | 0.86m
Closely-fitted concrete blocks single layer (Basalton); Equation (3.3.24) 3.17 | 0.51m
Gabions filled with rocks/stones (single) 2.5 0.81m

Table 3.3.15  Armour size of seadike or revetment

3.3.8.6 Example case 2

Seadike (no berm) with mild, smooth slope of 1 to 4: tan(a)= 0.25,

Prock = 2700 kg/m3, Pconcrete = 2300 kg/m3, Ppw= 1025 kg/m3

Water depth at toe = 3 m (to MSL); crest height is not important for the rock size in the 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 are: Hswe=1, 2,2.5,3,3.5and4mand T,=6, 8,9, 10, 11, 12 s.

Waves perpendicular to seadike: B = 0°.

Safety factor armour y; = 1.2 (double layer) and 1.5 (single).

Van der Meer: Pm=0.4,Sq4=2, Ny= 2160

Van Gent: Ps =0.3,S4=2, Nw=2160
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Figure 3.3.12 shows the armour size as function of the significant wave height using various types of
armour units and placement methods. The formulae of Van Gent and Van der Meer yield about the same
results for rocks. The size of closely-fitted concrete blocks (Basalton) are slightly smaller (10%) than
randomly-placed rocks. Basalton in a single layer has a smaller density than rock, 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 3.3.16 shows wave overtopping rates for various crest levels. The crest should be 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.

14 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)
)
DC
_GE) 0.8
[%2]
2 0.6 )
E
<
0.2
0
0 0.5 1 1.5 2 25 3 35 4

Significant wave height at toe, Hg 1, (M)

Figure 3.3.12 Armour size as function of significant wave height

Wave Maximum Wave overtopping rate (I/m/s)
height | water level
(m) (m) Crest=10m | Crest=15m | Crest=17m | Crest=15m+
(y=0.9) (y~=0.9) (y=0.9) roughness (y.= 0.8)
1 0 0 0 0 0
2 1 0.04 0 0 0
2.5 1.5 0.47 0 0 0
3 2 5.35 0.08 0.01 0.02
3.5 2.5 25.7 0.66 0.16 0.21
4 3 85.8 3.51 0.98 1.3
Table 3.3.16  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 are built as flood protection structures along coastal sections where natural
defences such as sand dunes, cliffs or rock formations are absent, see Figure 4.1.1.

Generally, these types of structures have a smooth, impermeable surface slope at the seaside in the range
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 the dike are of the order of 2 to 3 m during storm events due the
limited water depths.

Figure4.1.1  Seadike between Caperduin 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 the 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 height. Figure 4.1.2 shows examples of
various dike profiles, all having the same wave runup level.

| | | |
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Figure 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:

e subsoil of sand and/or clay; subsoil should be sufficiently compacted to prevent settlement under
loading conditions;

e geotextile filter; artificial permeable fabrics made of polyester or polypropylene to prevent the
erosion of particles from the subsoil; a geotextile filter is necessary between two layers of different
granular materials if a significant fraction of the finer-grained layer cannot be restrained by the
coarser layer under the expected pore water flow (if Dsoupperiayer/Dsosubsoil > 5); special sinkable
geotextiles and mattrasses are available for underwater applications (double layer geotextiles with
and without granular filling);

o 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 overpressures under 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 also Figures 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 (narrow-graded 20 to 40 mm) on top of it; filter layers are not
required if firm clay is used as subsoil;

e top armour layer consisting of rocks or crushed rock/concrete blocks, asphalt, etc. (Table 4.1.1);

Figure 4.1.3 Armouring made of concrete blocks (Basalton) on thin granular levelling layer and geotextile
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The type of materials used for armour slopes of seadikes and revetments are given in Table 4.1.1.

Type of armouring

Description

Applications

1. Crushed
rocks/stones

A. Randomly dumped (2 layers); least stable

B. Orderly placed (2 layers); reasonably stable

C. Closely fitted (1 layer; pitched position); most stable
Various size/weight classes are available but most often
the vertical size (thickness) is between 0.3 m and 0.5 m
for exposed seadikes (Class IV stones);

Smaller stones are used as filter layers (10 to 100 mm);
Stones for underwater layers should be dumped through
a pipe (to preserve the right size grading)

Filter layers;

Toe and bed protection
under water;

Top layer (only orderly-
placed rocks)

2. Closely-fitted blocks
of basalt and concrete
(basalton)

Closely-fitted blocks with thickness of 0.3 to 0.5 m placed
above the LW tide level up to the berm level (low to high
wave loads); spaces between blocks should be filled with
fine granular materials (16-32 mm) to increase the
resistance of the blocks against vertical movements due
to wave forces; larger blocks in upper zone to reduce
runup

Permeable top layer
above LW tide level up to
the berm level (2to4 m
above MSL); zone of low
to high wave loads; very
aesthetic appearance

3. Crushed
rocks/stones
impregnated with
cement and
bituminous mixtures

Strong impermeable armour layer (two layers) with large
resistance againt wave forces; wave runup increases over
impermeable surface; water overpressure under armour
layer due to high loads may lead to local breakouts at
weak spots (damage); easy maintenance ; the maximum
stone range is 5 to 50 kg; otherwise the spaces are too
large

Impermeable top layer
above LW tide level up to
the berm level (2to 4 m
above MSL); zone of low
to high wave loads

4. Asphalt layer

Very smooth and impermeable layer; wave runup is
relatively large; roughness elements are often required to
reduce runup; water overpressure under armour layer
which may lead to local breakouts at weak spots
(damage); easy maintenance;

Impermeable top layer
from just below berm
level to crest; zone of high
wave loads

5. Cage-type boxes of
wire filled with crushed
rock (gabions)

Wire material should be resistant (galvanised or coated)
against corrosion by salt water; easy construction and
practical use in developing countries

Permeable armour units
for toe protection of
nearshore groins

6. Block mats and

Concrete blocks are attached to each other by wire or by

Semi-permeable top layer

mattrasses geotextile material under water and in lower
zone of dike up to HW
tide level
Table 4.1.1 Armour materials for seadikes/revetments
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4.1.2 Traditional seadike

The cross-section of a traditional seadike generally consists of the following zones (see also Figure 4.1.5 and
Table 4.1.1):

e core of sand and clay;

o fully submerged toe protection (up to low water level LW), consisting of two or three layers of loose
materials (crushed stones/rock of 0.2 to 0.4 m) on geotextile or on granular filter layer of finer
crushed materials (0.5 to 1 m thick); see Figure 4.1.5;

o lower armour zone with slope of 1 to 4 between LW and berm level (about 2 to 4 m above MSL),
mostly exposed to low daily waves and high waves during storm events, consisting of closely fitted
basalt or concrete blocks on foundation layer of finer crushed materials (0.5 to 1 m thick);

e berm of 10 to 20 m wide (with maintenance access road) just above the design water level (50 to 100
year return period), consisting of an asphalt layer on sublayer of fine crushed materials;

e upper armour zone with slope of 1 to 4 exposed to high waves and wave runup, consisting of closely
fitted blocks on sublayer of fine crushed materials (0.5 to 1 m thick); roughness elements can be used
to reduce wave runup and wave overtopping;

o crest with superstructure (vertical wall, road, width of 3 to 10 m), consisting of asphalt layer;

e rear side with slope of 1 to 3 consisting of grass on sublayer of clay (0.5 to 1 m thick).

If the land surface behind the dike is below mean sea level, the penetration of salt water through the dike
body may be a problem and mitigating measures using impermeable sublayers of clay may be required on
the seaward side (see also Table 4.1.2).

Many old seadikes in The Netherlands, built in the period 1800 to 1900, have an outer armour layer
consisting of pitched stones with sizes in the range of 0.3 to 0.5 m (weight 100 to 400 kg; grading < 1.7).
These dikes are mostly situated along the Wadden Sea coast (less exposed with Hsce Of about 2 m). An
armour layer of pitched stones consists of a single layer of permeable, very closely packed natural
stones/rocks, often with their longest axis perpendicular to the dike surface and has a very aesthetic
appearance, see Figure 4.1.4. The pitched pattern in a single layer is much more stable than a randomly
dumped pattern of 2 layers. The dikes have survived about 150 years with almost no damage (Van de
Paverd, 1993 and Nurmohamed et al., 2006).

Nowadays, the armour layer is made of closely fitted concrete units (Basalton, www.holcim.nl), see Figure
4.1.3. These concrete units are the modern alternative for closely fitted stones as used in old seadikes.

Figure 4.1.4 Armour layer consisting of pitched stones (left) and randomly dumped stones at toe (right)

72


http://www.holcim.nl/

Note: Stability of coastal structures
Date: August 2016

&

www.leovanrijn-sediment.com

“

Low Water tide level

Closely-fitted
concrete blocks
0.3 m high \

Granular levelling
layer 20 to 40 mm
0.1 m thick

Granular filter layer
5 to 50 mm; 0.6 m thick

Crushed rocks/stones
layer of 1 m thick

Ge
for

Figure 4.1.5

Geotextile filter

otextile filter

underwater wooden or concrete sheet piles; 2 m long

Armouring of toe and lower zone of conventional seadike/revetment in The Netherlands

Subsoil of clay

Subsoil of sand

1. geotextile on clay

2. thin filter layer (0.1 to 0.2 m) of granular
material (20-40 mm); D1s of filter material should
be larger than 20 mm to prevent erosion through
the spaces between armour blocks

3. closely-fitted basalt blocks or concrete blocks
(Basalton)

4. space filling of very angular crushed rock of high
density (2900 kg/m3) with sizes in the range of 4-32
mm or 16-32 mm depending on maximum space
size between armour blocks (largest space size of
basalton is about 40 mm)

1. geotextile on sand

2. thick foundation layer (0.6 m) of crushed rock (2-60 mm)
of wide grading to reduce permeability

2. thin filter layer (0.1 to 0.2 m) of granular material (20-40
mm); D1s of filter material should be larger than 20 mm to
prevent erosion through spaces between armour blocks

3. closely-fitted basalt blocks or concrete blocks (Basalton)
4. space filling of very angular crushed rock of high density
(2900 kg/m3) with sizes in the range of 4-32 mm or 16-32
mm depending on maximum space size between armour
blocks (largest space size of Basalton is about 40 mm)

Table 4.1.2

7m

Armour and underlayers of conventional seadike/revetment in The Netherlands

7m 3m

dike crest at +7 m
grass
slope1to2

asphalt layer at +4 m

o] blocks 0.2 m

Closely-fitted

concrete/basalt
blocks 0.3 m high

slope 1 t%—l
Crushed rocks/stones 0.3-0.5 m;
layer of 1 m thick
Granular filter layer

5to 50 ; 0.6 m thick
Lake level 030 mm mthie

Geotextile filter

for underwater wooden or concrete sheet piles; 2 m long

Figure 4.1.6

Granular levelling layer 20 to 40 mm; 0.1 m thick

Armouring of toe and lower zone of conventional lake dike in The Netherlands
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Figure 4.1.6 shows a typical cross-section of a dike along a large-scale lake (lJsselmeer lake) in the
Netherlands. The dike crest is at +7 m. The armouring consists of: crushed rocks at the lower base; closely-
fitted basalt blocks (or basalton) at the lower slope; asphalt layer (road) at the berm and grass at the upper
slope above the +5 m.

4.1.3 Modern seadefence

A modern seadefence (length of 3.5 km) for a land reclamation with land surface at 5 m above mean sea
level (sea defence Maasvlakte 2, The Netherlands) consists of (see Figure 4.1.7);
e core of sand of 0.25 to 0.35 mm (1);
e detached breakwater consisting of concrete blocks (5) of 2.5x2.5x2.5 m® and mass of 40 tonnes on
foundation layers of crushed stones (4) of 150-800 kg and 5-70 kg and a filter layer of gravel/pebbles
(3 to 35 mm); the toe protection (6) consists of rock blocks of 1 to 10 tons; sandy bed is fully
protected down to the -6 m depth contour to prevent erosion by waves plus longshore currents;
e armour slope of 1 to 7.5 consisting of cobbles (4) in the range of 20 to 135 mm between the
breakwater and the crest of the dike;
e crest at about 14 m above mean sea level;
rear side of the dike consists of a layer of clay and grass as protection against erosion due to
overtopping waves during extreme events.

[ L] ] 4 4 2 3 1

Figure4.1.7  Example of sea defence along land reclamation (Maasviakte 2, The Netherlands)

4.1.4 Landward side of seadike

Generally, the landward side of a seadike consists of grass on a thick layer of clay (1 m). During storm
events with significant overtopping, the landward side may be endangered by erosion of the top layer due
to overtopping waves. The strength of the grass cover of a particular dike under overtopping waves can be
tested using an in-situ wave overtopping simulator (Van der Meer, 2011), which is a 4 m wide, high-level
mobile box with a water storage capacity of 22 m? and a maximum discharge rate of 125 |/m/s simulating
overtopping waves in the range of 1 to 3 m during a period of 6 hours.
In-situ tests using the wave overtopping simulator (Van der Meer 2011) have shown that wave overtopping
rates as large as 30 I/m/s over a period of 6 hours (storm event duration) donot significantly damage the
top layer of grass on a sublayer of clay.
If the wave overtopping rate is larger than 30 I/m/s, the landward side can be eroded and should be
protected with an armour layer. A large overtopping rate implies that large volumes of water have to be
pumped out at the toe of the dike during or shortly after a storm event, which requires a relatively large
pumping capacity for rare events. It may be better (safer) to take measures to reduce the wave overtopping
rate by raising the dike crest level. The foreshore on the seaward side of the dike can also be raised and
armoured over a length of about 100 m to reduce the incoming wave height.
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4.2 Wave runup and wave overtopping of seadikes

The crest height of a seadike depends on:
e extreme water levels (return period > 1000 years; 10,000 years is used in The Netherlands);
e sea level rise and subsidence during the life time of the dike (100 years);
e wave runup and oscillation margin (to account for water level oscillations due to wind gusts).

The crest height of smooth sloping and impermeable structures is primarily based on the maximum runup
and overtopping rate during design conditions. Minor wave overtopping in the range of 0.1 to 1 I/m/s may
be allowed in extreme events with a large return period (> 100 years). The water depth at the toe of
seadikes and revetments often is relatively small in the range of 3 to 5 m during storm events. Hence, the
maximum wave height at the toe is of the order of 2 to 3 m with periods periods in the range of 10 to 15 s.
At open ocean coasts large swell waves (2 to 3 m) may occur with periods in the range of 15 to 20 s. The
wave runup and wave overtopping rate for smooth slope structures can be computed by using the
spreadsheet-model ARMOUR.xIs.

4.3 Armour size of seaward dike slope

The spreadsheet-model ARMOUR.xIs (based on the equations of Chapter 2 and 3) can be used to
determine the wave overtopping rates and the armour sizes. Examples are given in Section 3.3.8.
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5 PRACTICAL DESIGN OF ROCK-TYPE BREAKWATERS, GROINS AND REVETMENTS
5.1 Types of structures and armouring

Rubble mound breakwaters are high- and low-crested, permeable structures of rock and crushed rock
covered by a steep sloping outer armour layer of rock blocks or concrete units/blocks, see Figures 5.1.1 and
5.1.2. The outer slopes generally are relatively steep in the range between 1 to 1.5 and 1 to 2 (minimum
construction costs.

A revetment (see Figure 5.1.3) is a local armour protection layer at the toe of relatively small dunes or urban
boulevards at the end of the beach against scour due to wave action during storm events. Revetments consist
of closely-fitted rocks, stones, block-works, in-situ cast concrete slabs, underlying filter layer and toe
protections. To reduce scour due to wave action and wave reflection at the toe of the structure, the slope of
the revetment should not be steeper than 1 to 2. Preferably, a mild slope should be used. The crest of the
revetments should be well above the highest storm surge level resulting in a crest level at +5 m above mean
sea level along open coasts and upto +7 m at locations with extreme surge levels.

Groins (see Figure 5.1.3) are low-crested structures approximately perpendicular to the shore and constructed
to reduce beach erosion by deflecting nearshore currents. Seabed protection may be necessary in case of
strong tidal currents passing the head of the structure.

Figure 5.1.2 Icelandic-type berm breakers at Sirevag (Norway) and Husavik (NW Iceland)
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Figure 5.1.3 Coastal revetments and groins of orderly rocks at Caparica, South of Lisbon, Portugal

Two major types of breakwaters can be distinguished (see Table 5.1.1):
e conventional, high-crested and low-crested or fully submerged breakwaters of rocks or concrete
units;
e berm breakwaters of large rocks; massive high-crested breakwaters also known as Icelandic berm
breakwaters, which can withstand incoming significant wave heights at the toe (Hstoe) in the range of
3 to 6 m without significant movement of individual rock blocks.

Types of Waterdepth=4to 6 m Waterdepth=6 to 10 m
breakwaters Hstoe=2t03.5m Hstoe=3.5t0 6 m
Conventional High-crested | Rock Class Il Interlocking concrete blocks,
Orderly placed cubes (1 layer)
breakwaters Low-crested | Rock Class Il Orderly placed cubes (1 layer)
Submerged Rock Class Ill and IV Randomly placed cubes (2 layers)
Berm breakwaters Not used in low wave Orderly placed rocks, Class | and Il
conditions (only, if special equipment is
available)

Table 5.1.1 Classification of breakwaters

Sigurdarson and Van der Meer (2013) have proposed a classification of breakwaters (see Table 5.1.2) based
on the stability of the armour layer. The recession (Rec) at the edge of the berm (see also Figure 5.3.1) and
the damage (S4) are also shown. The damage Sq is defined as Sq = Ae/(Dnso)? With Ae = Le x 1= damage or
erosion area near the water level per unit length of structure, L. = damage or erosion length along the slope
of the structure.

Behaviour of outer armour layer Recession Damage | Hs/(ADnso) Dnso Dnso
at edge of for for
berm Hi=3m Hs=5m

Rec Sd

Hardly reshaping Icelandic armoured HR-IC 0.5t02 Dnso 2-8 1.7t02 0.9-1.1m 1.5-1.8 m

Partly reshaping Icelandic armoured PR-IC 1 to5 Dnso 10-20 2to 2.5 0.7-09m 1.2-15m

Partly reshaping mass armoured PR-MA |1 to5 Dnso 10-20 2t02.5 0.7-0.9 m 1.2-1.5m

Fully reshaping mass armoured FR-MA 3 1010 Dnso 25t03 0.6-0.7 m 1.0-1.2m

Table 5.1.2  Classification of berm breakwaters
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5.2 Cross-section of conventional breakwaters
5.2.1 Definitions

The cross-section of a conventional breakwater (Figures 5.2.1 and 5.2.2) has a trapezoidal shape and
mostly consists of:

o crest: crest width is often determined by the dimensions of the superstructure (vertical wall, crown
wall/cap, access road, construction road), the minimum crest width is Bc = 3Dyso;

e outer sloping armour layer consisting of rock or concrete blocks (see Table 5.1.1) to resist and
dissipate the wave energy (through breaking and friction) without significant movement; rock/stone
classes and concrete armour units are shown in Table 5.2.2, Figures 5.2.1 and 5.2.2;

e core of quarried rock fill (crushed rock);

o underlayers (foundation/filter layers) of crushed rock;

o geotextile layer to prevent the erosion of sand from the soil surface.

Geometrical definitions are shown in Figure 5.2.1:

e crest height (R.) is the distance between the still water level and the crestpoint where overtopping
water cannot flow back to the sea through the permeable armour layer (also known as freeboard);

e armour crest height (A.) is the distance between the still water level and the crest of the outer
armour layer;

e armour slope is the slope of the outer armour layer (generally between 1 to 1.5 and 1 to 3);

e toebermisthe horizontal transition between the foreshore and the armour slope with a length of
maximum 0.25 L; (with L; = incident wave length); toe berm should support the armour layer and
reduce the undermining effect of toe scour.

Btotal= total width
—

Bc=crest width
—

Still water level SWL AC= armouy cres helght Rc=cre5t helght

Foreshore Toe,
(bed slope over 1 wave length

Scour hole

Crest

Design still water level SWL

Toe
Scour protection

Figure 5.2.1 Conventional breakwaters

78



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

\

®

TRY—

1= armour units (Xblocs), 2=underlayer, 3=toe, 4=core, 5=crest, 6=crown wall, 7=freeboard, 8=filter layer
Figure 5.2.2 Conventional breakwater with concrete armour units (Xblocs)

5.2.2 Crest height

The crest may have a superstucture or crown wall (= cap block plus vertical wave wall):
e often an access road is required for construction and maintenance;
e avertical wall may reduce the wave overtopping and protect the lee side;
e a superstructure is a rigid element in a flexible structure; uneven settlement of the breakwater may
lead to problems;
e avertical wall will lead to larger wave impact forces.

Significant cost savings can be made if the crest height is reduced as much as possible.
The crest level should allow for post-construction settlements and mean sea level rise.

The water depth at the toe of a breakwater generally is in the range of 5 to 10 m during storm events.
Hence, the maximum wave height at the toe is of the order of 3 to 6 m with wave periods in the range of 10
to 15 s. At open ocean coasts large swell waves (3 to 6 m) may also occur with wave periods in the range of
15t0 20s.

The surf similarity parameter § is relatively large for steep, rough slopes.
Assuming a surface slope of 1 to 2 (tana = 0.5) and a wave steepness in the range of s = 0.02 to 0.05, the
surf simularity partameter is in the range of & = (tana)/s%>= 2 to 5.

The crest height of rough, sloping, permeable breakwaters is primarily based on the allowable wave
overtopping and wave transmission affecting the rear side of the structure and the harbour basin with
moored ships. The allowable overtopping rates are in the range of 1 to 10 I/m/s. A value of 10 I/m/s is a
rather large value (about 5% overtopping waves).

5.2.3 Armour layer, underlayers and core

The armour layer is supported by the core, the underlayers and the toe protection.

The core and toe generally are founded on granular filter layers to prevent the erosion of finer grains from
the sand bed. Filter layers are not required, if a geotextile filter fabric is used. Special easy sinkable
geotextiles for underwater are available (www.geotextile.com).

One or more filter/underlayers are used to obtain a smooth transition form the core to the largest rock
sizes or concrete units of the armour layer; otherwise finer stones from lower layers may be washed
through the upper layer during storm events.
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The outer armour slope consists of a single or double layer of armour units, depending on type of armour
units (rocks or concrete units) and the placement method (randomly or interlocking), see Table 5.2.1.
Generally, randomly placed rock units are placed in a double layer, whereas a single layer of highly
interlocking concrete units can be used.
Stability values are given in Section 3.3.

Types of units | Placement and interlocking Number Slope of | Size Relative
of layers armour Dnso volume of
layer concrete
Rocks Randomly placed (no interlocking) | 2 1to 1.5
Ordely placed (some interlocking) | 2
Cubes Randomly placed (no interlocking) 2 1to 1.5 D 220%
(strong units) Orderly placed (no interlocking) 1 (only for high crest)
Tetrapods Randomly placed (fair interlocking) | 2 1to 1.5 0.65D | 210%
(weak legs)
Accropodes Strict pattern (high interlocking) 1 1to1.33 | 0.7D 100%
(strong units)
Core Locs Strict patterm (high interlocking) 1 1to1.33 | 0.8D 80%
(strong units)
Xblocs Strict pattern (high interlocking) 1 1t01.33 | 0.8D 80%
(strong units)
D= height of unit
Table 5.2.1 Placement and interlocking characteristics of armour units
Rock/Stone Mass Msg Size Size grading
size classes (tonnes and kg) Dnso (M) Dnss/Dn1s
I 10 - 30 tonnes >1.55
Il 6 - 10 tonnes 1.30-1.55 | 1.2 (narrow grading)
1] 3- 6 tonnes 1.05-1.55 | 1.5 (narrow grading)
v 1- 3 tonnes 0.70-1.05 | 1.5 (medium grading)
\Y 0.3- 1 tonnes 0.45-0.70 | 1.5 (medium grading)
Quarry run
Via 60 - 300 kg (boulderstones) 0.30 -0.45 | 1.5 (medium grading)
Vib 10 - 60 kg (large cobblestones 0.15 -0.30 | 2.0 (wide grading)
Vic 0.1- 1 kg (fines; crushed stones) | 0.03 - 0.07 | 2.5 (wide grading)
Rock/Stone Mass Msg Size Size grading
size classes (tonnes and kg) Dnso (M) Dnss/Dn1s
I 20 - 30 tonnes 1.95-2.25 | 1.2 (narrow grading)
Il 10 - 20 tonnes 1.55-1.95 | 1.3 (narrow grading)
1] 4 - 10 tonnes 1.15-1.55 | 1.4 (medium grading)
v 1- 4tonnes 0.70-1.15 | 1.6 (medium grading)
\Y 0.4 - 1tonnes 0.50-0.70 | 1.4 (medium grading)
Quarry run
Vla 70 - 400 kg (boulderstones) 0.30 - 0.50 | 1.7 (wide grading)
Vib 3 - 70 kg (large cobblestones 0.10 - 0.30 | 3.0 (wide grading)
Vic 0.3- 3 kg (small cobblestones) 0.05 - 0.10 | 2.0 (wide grading)

Diso= (Mso/ps)*® with ps= 2700 kg/m? (rock/stone density)

Table 5.2.2

Rock and stone size classes

Upper: Rock manual; Lower: Sigurdarson et al. 2001
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Rocks

Randomly placed rocks in a double layer are mostly used in conditions with incoming waves (Hs e) less than
3 m. Larger waves require rock sizes (>10 tonnes) which cannot be handled and/or may not be available in
most countries. Interlocking concrete units are then much more attractive.

The highest stability is obtained, if the rocks/stones are as much as possible paced in an interlocking
arrangement (lcelandic berm breakwaters).

Rock size classes are given in Table 5.2.2. Generally, rocks are described/identified by their weight range
(for example: 3-6 tonnes). In developing countries the maximum weight of rocks that can be handeld
(transportation) is of the order of 5 to 10 tonnes (Class Ill rocks).

The grading of the stones can be given by Dmax/Dmin (see Table 5.2.2) or by Dgs/D1s, with Dis, Dss = size for
which 15% and 85% is smaller. The grading also depends on the specifications of the quarry. The
rocks/stones of the outer layer should have a narrow grading to obtain a stable structure with minimum
movement. The core may have a relatively wide grading (quarry run).

Plan Bottom Plan Bottom
j \» QUADRIPOD TETRAPOD
L €O
Elevation
Elevation
LTX,% ﬁ"’;

3 A O

Plan Bottom

[\ DOLOS
] — (DOLOSSE,, plural) ) | TRIBAR
t_li/ Elevation

Elevation

Accropode unit

Figure 5.2.3 Example of concrete armour units
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Figure5.2.4  Desintegrated concrete cubes (left) and new cubes (right); I/Imuiden, The Netherlands

Concrete interlocking units

A special class of modern concrete units is the class of interlocking units in a single layer (less construction
cost). Various types of interlocking concrete armour units are shown in Figure 5.2.3.

A single layer of concrete units with high interlocking offers a reliable solution in conditions with large
waves (> 3 m), because the units act as an integral layer whereas randomly placed units act as a layer of
individual units. Highly interlocking concrete units in a single layer can be placed at a slope of 1 to 1.5.
Examples are: Accropodes, X-blocs, Core-locs. Tetrapods (with 4 legs) only have a fair degree of interlocking
and are generally placed in a double layer.

Laboratory tests have shown that high-interlocking concrete units in a single layer are stable to very high
wave heights (N-values up to = 3.5). But as soon as damage starts to develop, a rather sudden failure of
the whole structure does occur. This can be overcome by using a large safety factor (1.5) to compensate for
errors in the design parameters.

A weak spot at breakwaters consisting of interlocking concrete units in a single layer generally is the
transition from the slope to the horizontal crest. Special measures/units are required to prevent the
presence of gaps, where relatively large impact forces can occur. Placement (in a strict pattern) under
water may be problematic if visibility is low.

Concrete mass units (Cubes and Cubipods)

Various types of concrete mass armour units (cubes/cubipods) are shown in Figures 5.2.3 and 5.2.4.

The stability of these types of armour units is mainly based on heavy mass and friction between the side
planes. Generally, non-interlocking mass units are randomly placed in a double layer at a slope of 1 to 2.
Minor damage and rearrangement of the units in a double layer is acceptable.

Stability studies (Van Gent and Luis, 2013) have shown that simple straight cubes in a single layer at a slope
of 1 to 1.5 are feasible and economically competitive with interlocking concrete units. Cubes are easy to
produce, to place (also in low visibility underwater conditions) and to maintain. Therefore, concrete cubes
(low or high-density concrete) in a single layer are rather attractive for developing countries Concrete
cubes in a single layer should be placed in a regular pattern (open space of 20% to 30%). A danger is the
settlement of cubes which may lead to relatively large open spaces locally and exposure of the underlayer,
see Figure 3.3.5.

Settlement of the cubes along the slope due to wave action may also lead to relatively large gaps near the
crest (transition from slope to horizontal), which are weak spots as regards wave impacts on the cubes of
the crest.

Therefore, the crest of a breakwater with cubes should be relatively high (overtopping < 10%). The mass of
the (filter) underlayer of rocks should be about 10% of the mass of the cubes to obtain a relatively smooth
surface for placement of the cubes.
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The safety factor of cubes in a single layer layer should be relatively large (1.5), as damage is not
acceptable.

In the case of a low crest, the horizontal cubes on the crest will experience relatively large impact forces
due to a change in slope (gap) from the outer layer to the horizontal crest, which may cause damage. As the
surface of orderly placed cubes in a single layer is rather smooth, the wave overtopping rate is relatively
large for a low-crested-structure. This can be reduced somewhat by constructing using a roughness
element on the surface of each cube.

A structure of concrete units in a single layer should always be compared as regards construction costs to a
double layer of rock units, if rocks are locally available.
Disadvantages of cubes in a single layer are:

e more overtopping due to relatively smooth surface;

e presence of gaps at the transition between armour slope section and horizontal crest.
Cubes in a double layer can be used for relatively low-crested structures. The cubes in a double layer should
be placed randomly (which often is difficult as the cubes tend to lie face to face) to avoid the presence of
gaps between the slope section and the horizontal crest. Cubes in a double layer can also be used for
submerged breakwaters.
Cubes or cubipods in a double layer can also be used for massive breakwaters in high-wave conditons.

Figure 5.2.4 shows desintegrated concrete cubes (units of 20, 30 and 45 tonnes) and new cubes of the 2
km long breakwater at IJmuiden (North Sea), The Netherlands. The concrete cubes tend desintegrate on
the long term after 30 to 50 years due to cracking under severe wave action in relatively deep water (10 m).
As a result the breakwater has got an aesthetic rock-type appearance. Regular maintenance is required
using new cubes.

Cubes with small pods on the side planes are known as cubipods, see Figure 5.2.3. They can only be placed
randomly in a single or double layer at a slope of 1 to 1.5 or 1 to 2. Weights in the range of 15 to 35 tonnes
(size of about 2.5 m) in a single layer have been used in the long breakwater of Punta Langosteira (Spain).
Wave heights are as large as 7 m (Tp= 18 s).
Advantages of cubipods (compared to straight cubes) are:

e more friction between the units and underlayer;

o |ess overtopping due to presence of pods;
both for low-crested and high-crested structures;
less volume (5% to 15%) of concrete per unit area due to larger spaces between the units.

Burcharth et al. (2010) have compared the stability of cubes and cubipods:
e 2D steep waves: cubes and cubipods have about the same stability;
o 3D medium steep waves: cubipods are slightly more stable than cubes;
o 3D long waves: cubipods are significantly more stable than cubes.

Example breakwater of cubes

Most harbour breakwaters in The Netherlands are made of cubes randomly placed in a double layer (Hoek
van Holland, Scheveningen, IJmuiden). The long (4 km) northern jetty at Hoek van Holland (approach to
Rotterdam harbour) consists of cubes (weight of 20 to 30 tonnes) without a road at the crest. This reduces
the crest width. The jetty was made by using a barge with crane. A barge has a large loading capacity, which
is more economic for a long jetty than transportation of individual blocks by a crest road.

Figure 5.2.5 shows a plan view of the breakerwater of Scheveningen fishery harbour along the North Sea
coast of The Netherlands. The breakwater is made of cubes, which are placed randomly in a double layer
(slope in the range of 1 to 1.5 and 1 to 2). The size of the cubes (Dnso) is about 2 m.

The length of the south breakwater is about 600 m beyond the low water line at the beach.
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The crest width (including road) is about 10 m.

The crest level is about 7 m above mean sea level (MSL).
The water depth at the entrance of the harbour is about 7 m to MSL. The tidal range is about 2 m.

The most extreme event (return period of 100 years) is a storm with a maximum storm surge level of 4 m
(including tide) above MSL yielding a maximum water depth of about 11 m at the head of the breakwater.
The maximum wave height (Hstoe) is estimated to be in the range of 5 to 7 m with wave periods (T,) in the
range of 10 to 14 s. The computed results based on ARMOUR.xIs are given in Table 5.2.3.

The computed cube size (randomly in double layer) is in the range of 1.5 to 2.2 m. The cube size is 2 m.

Cube size Armour slope Hstoe=5m Hstoe=6 M Hstoe=7 m
tan(a) T,=10s To=12s To=14s
Noa=1,Nw=2500 | Nog=1,N,=2500 | Nog=1, N,=2500
Dn,s0(m) 0.67 (1to 1.5) 1.55m 1.80m 2.05m
Dn,s0(m) 0.5 (1to?2) 1.65m 1.90 m 220m
Table 5.2.3 Computed cube armour size for Scheveningen harbour

Figure 5.2.5

e

Breakwater of randomly placed cubes, fischery harbour Scheveningen, The Netherlands
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5.2.4 Armour sizes

To determine the rock/stone sizes, the wave climate along the full length of the breakwater should be
known, from deeper to shallower water. Most practical, the breakwater should be divided into a number of
subsections. The spreadsheet-model ARMOUR.xIs (based on the equations of Chapter 2 and 3) can be used
to determine the wave overtopping rates and the armour sizes. Examples are given in Section 3.3.

In deep water with non-breaking incoming waves, the outer armour layer of the largest rocks/stones should
be extended to a distance of about 1.5Hs.e below the still water level.

In shallow water with breaking incoming waves (depth-limited conditions), the outer armour layer should
be extended to the toe.

The thickness of the layers is given by: 6= n ks Dnso (5.2.1)
The number of units per m? is given by: Na= n ks (1-pv)/(Dnso)? (5.2.2)
The packing density is: ¢ = Na/(Dn,s50)? (5.2.3)
with:

) = layer thickness (m);

n = number of layers (1 to 3);

ks = layer thickness coefficient (see Table 5.2.4);

Dnso = stone size (m);

N. = number of stones per m?%;

Py = volumetric porosity;

) = packing density.

Based on general practice, the stone mass/size of the underlayers and core is related to the mass/size of
the stones of the outer armour layer, as follows:

First underlayer Front (Class IV): Miso,underlayer 1 = 0.1 t0 0.2 Msg outeriayer
Dn50,under|ayer 1= 0.4t00.6 DnSO,outerIayer

Second underlayer Front (Class V): Mis0,underlayer 2 = 0.02 t0 0.04 Msg outerlayer
DnSO,underIayer 2 = 0.25t00.35 DnSO,outerIayer

Core (Class VI Quarry run): Msg,core = 0.001 to 0.01 Msg outerlayer
DnSO,core = 01 to 02 DnSO,outerIayer

First underlayer Rear Side (Class V): Msg,underlayer 1 = 0.1 t0 0.2 Msg rear
Dn50,under|ayer 1= 0.4t00.6 DnSO,rear

with:
Dn,s0 = nominal diameter of rock or concrete unit= (Mso/p;)/* and p: = density of rock/concrete (kg/m?3).
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Types of armour units ks - coefficient P, -volumetric porosity
Smooth, uniform rock, n=2 1.02 0.38

Rough, uniform rock, n=2 1.0 0.37

Rough, uniform rock, n>3 1.0 0.40

Graded rock 1 to 1.5 depending on grading 0.37

Cubes 1.1 0.47

Tetrapods 1.04 0.5

Dolosse 0.94 0.56

Table 5.2.4 Coefficients (SPM, 1984)

5.2.5 Seaward end of breakwater

A round or circular seaward end of a shore-connected breakwater is termed the roundhead. This end
section experiences severe wave forces during storm events. The most severe attack is at the leeward far
end quarter section of the roundhead. The primary armour layer should be extended to this section. The
slope of the roundhead can have a milder slope to reduce the wave forces. Furthermore, the crest level can
be somewhat reduced. Laboratory model tests are generally required to finalize the geometry and
dimensions.

Sometimes, a caisson-type structure is constructed at the end of a breakwater to install ship navigation aids
(lights, radar).

Scour protection due to both currents and waves should be studied in detail.

5.3 Cross-section of berm breakwaters

Berm breakwaters (Sigurdarson et al., 2010) are mainly used in severe wave climates with relatively large
incoming waves (Iceland, Norway). The berm is mainly designed to create a breakwater with a high wave
energy absorption, to minimise wave reflection and wave overtopping (and thus wave transmission). Good
interlocking of carefully placed large rocks at the front and at the edge of the berm is of major importance,
see zone with class | rocks of Figure 5.3.2.

The stability of the outer armour layer strongly depends on the size and grading of the rocks used in the
armour layer. Armour layers consisting of a relatively wide range of rocks (wide graded) may deform or
reshape into an S-type profile (see Figure 5.3.1) during design conditions, as has been observed at many
built breakwaters. Wave overtopping and wave transmission will increase after reshaping of the armour
layer resulting in reduced functioning of the breakwater. Berm breakwaters can only be made in countries
where large rock sizes (> 10 ton) can be produced and transported using special equipment (Iceland,
Norway, etc.).

Icelandic berm breakwaters are designed to keep their form without any reshaping, see Figure 5.3.1. These
latter breakwaters are built up of several narrowly graded armour classes with the largest armour classes
placed at the most exposed locations within the breakwater cross-section. The rock units have an
interlocking arrangement at the front of the berm. The largest rock size is up to 2.5 m with a weight of
about 40 tons. An armour layer of these types of rocks has a large porosity/permeability which increases
the stability of the structure and decreases the wave overtopping rate and wave reflection. The wave
transmission due to overtopping decreases significantly, but the wave transmission due to wave
penetration through the structure may increase somewhat.
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The construction of Icelandic breakwaters requires careful quarry selection of rock units in narrow graded
size classes. Examples of Icelandic berm breakwaters with non reshaping armour layers including the
required rock size classes (between | = largest size and V = smallest size) are shown in Figures 5.3.2 and
5.3.3.

The outer slope mostly is 1 to 1.5. Steeper slopes of 1.3 have also been used, but these slopes are
significantly less stable.

The berm level mostly is high-crested: at about 0.5 to 1H; e above the design SWL. A low-crested berm just
above the design level is less effective (more damage at the edge of the berm, Andersen et al., 2012).

Crest

Rec

Design still water level SWL

Foreshore Initial Armour slope
(bed slope over 1 wave length)

Scour hole

Figure 5.3.1  Berm breakwater with fully reshaping profile (FR-MA)

Design still water level SWL

Figure 5.3.2 Berm breakwater with none reshaping armour layer (Rock size classes, see Table 5.2.2)

Figure 5.3.3  Cross-section of Sirevag berm breakwater, Norway (Sigurdarson et al., 2001)
(Hstoe=5to 7m, T,= 14 s for 100 years return period; length = 500 m)
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Figure 5.4.1  Examples of cross-sections of low-crested breakwater and groin

5.4 Cross-section of low-crested breakwaters

The armour layer of submerged or emerged, low-crested structures in shallow water mostly is extended to
the toe on both sides of the structure for practical reasons, see Figure 5.4.1.

A double layer of relatively large rocks in nearshore shallow water may require that part of the structure
needs to be placed below the bed level in a dredged trench. The Dnso can be reduced by using a milder
slope than 1 to 2 in the surf zone. To reduce the armour size, the rocks of the armour layer of groins should
be placed orderly above LW and impregnated with bituminous materials. The armour size can be computed
by using the spreadsheet-model ARMOUR.xls. Examples are given in Section 3.3.

5.5 Settlement of armour units and subsoil

Consolidation of the subsoil and settlement of the rubble mound during and after construction may cause
lowering of the crest. This must be compensated by a certain overheight during the design phase. The
required overheight is relatively small, if the structure is built out from the beach/shore by land-based
equipment moving over the structure during construction. Crest lowerings up to 0.5 min 5 to 10 years have
been reported for detached breakwaters along the Italian coast (Burcharth et al. 2006).

Another longterm problem is the reduction of the porosity of the structure due to sedimentation, flora and
fauna, which will lead to a larger reflectivity of waves and less wave absortion and thus to more damage in
later years (Burcharth et al. 2006).

Failure of a breakwater can be caused by geotechnical factors such as slope failure due to toe scour,
foundation failure due to erosion (washing out) of sediment particles from the bed through the core
materials and due to seismic action. Breakwaters in shallow water (surf zone with breaking waves) may
show significant settlements (0.5 m) during and after construction (within 1 to 5 years) due to consolidation
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of the rubble structure and scour of the bed (Burcharth et al. 2006) requiring overdimensioning of the
design.

Geotechnical investigations based on test borings are required to know the soil properties (non-permeable
fine cohesive sediments or permeable sands and gravels), bearing capacity, risks of liquefaction, expected
settlements and long term subsidence.

Geotechnical design is based on stability and deformation analysis of the subsoil under various loads:
permanent loads, variable wave impact loads, accidental loads (ship collision) and seismic loads.

A berm breakwater has been built in Iceland on very weak soil consisting of more than 20 m of thick soft
organic silty soil (Sigurdarson et al. 1999, 2001). The potential for liquefaction and settlement under various
loads was studied in detail. The breakwater was constructed in stages to allow the construction to settle
over significant vertical distance. The observed settlement was 1.3 m six months after construction.
Geotextile filter material is used to prevent the erosion of relatively fine sediment particles from the subsoil
through the relatively coarse core materials (0.1 to 0.3 m). Various types of geotextiles are available
(www.geofabrics.com; www.geotextile.com; www.usfabricsinc.com).
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6 DESIGN GUIDELINES FOR GRANULAR AND GEOTEXTILE FILTERS
6.1 Granular filters
The classical criteria of Terzaghi for granual filters can be expressed as (Giroud 2010):

15,soil (6113)
85,s0il (611b)

Permeability criterion  Disfiter = D
Retention criterion Dis fiter < D
Equation (6.1.1a) means that the Dis of the filter must not be too small.

Equation (6.1.1b) means that the Dis of the filter must not be too large. The filter should only retain large
soil particles; the large soil particles accumulating in the filter lead to a decrease of the pores of the filter
and so on creating the filter process, see also Figure 6.1.1.

The Disqiter is used, because the opening (pore) size of granular filter material is approximately equal to
0.2D1s. Thus, particles with size < 0.2D1ssirer can pass through the filter.

Giroud (2010) shows that the permeability criterion is equivalent with:
kfilter =25 ksoil (612)

with: k= permeability coefficient.
The thickness of a granular filter should be at least 0.25 m.

Giroud (2010) also shows that the retention criterion can be refined to:

D15 fitter < 10 Degs soil for uniform soils (narrow grading) (6.1.3a)
Dis fiter < 5 Das soil for non-uniform soils (wide grading) (6.1.3b)
rubble Particl
~Particle_
| ' Xy oo ¢o \“ ®e
c .go ..h.'.N. o0
scour level Kta o o ®lo o .o
or_ba N oo Ooo"\lo
§ . PO J . PY ..‘». ﬁ&.
s o0 o % ° 'é

=%/ "5 _. beach sand

Figure 6.1.1  Granular filter layers (left) and filter process through geotextile filter (right)

6.2 Geotextile filters

Geotextiles of polypropylene or polyester materials can be divided into (see Figure 6.2.1):
e woven geotextiles (thin two-dimensional fabrics; thickness of 0.5 to 3 mm);
e non-woven geotextiles (thick three-dimensional fabrics; thickness of 10 to 20 mm);
e geo grids (thin two dimensional structures);
e geo-matrasses (three-dimensional structures filled with granular materials, 10 to 30 mm thick).
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woven geotextile non-woven geotextile geogrid geomattrass

Figure 6.2.1 Examples of geotextile filter materials

The filter criteria can be formulated, as follows (Giroud 2010):

Ofitter < 2 Dsgs soil for uniform soils (6.1.4a)
Ofitter < Dgs soil for non-uniform soils (6.1.4b)
Kiter = Ksoil (614C)
A > 10% for woven geotextiles (2D) (6.1.4d)
priter = 0.55 for non-woven geotextiles (3D) (6.1.4e)

with: O = opening size of filter, k= permeability, Az = openingspercentage (ratio of area of all openings and
total area) and p = porosity factor of filter.

Using Das fiter = 1 Dsssoil for uniform soils may easily lead to clogging (blocking) of the filter.
Using Das filter = 2 Dss soil fOr non-uniform soils may easily lead to piping (creation of small channels).

Thin 2D woven filters should be relatively open (openingspercentage > 10%).

The 3D non-woven filters should be sufficiently thick. A soil particle moving through a filter moves from
constriction to another, following a filtration path, see Figure 6.1.1. The particle will be stopped or will pass
depending on the constriction size. Based on analysis of Giroud (2010), a 3D filter should have at least 25
constrictions over its thickness. In practice, this means a thickness of about 20 to 30 mm. Granular filters
are relatively thick (> 0.25 m) and have sufficient constrictions.

Geotextiles for underwater applications require ballast material (granular materials or reinforcing steel
bars) for succesful placement underwater. Ballast material (steel bars) can be attached to the geotextile by
using cable ties for small-scale structures. Furthermore, two lines (ropes) are laid on the upper side of the
geotextile along its length (see Figure 6.2.2). The geotextile and lines are rolled onto a steel pole. The rolled
geotextile panel can be lowered to the bottom from a barge. The leading edge of the geotextile is anchored
at the bottom. The two lines are hauled from on board a barge. A layer of rock should be placed on the
geotextile immediately to ballast it. Successive geotextiles should have an overlap of about 1 m.

Double layer geotextile matrasses with granular fill materials are also available for medium-scale
structures. Various types of geotextiles are available (www.geofabrics.com; www.geotextiles.com;
www.usfabricsinc.com).
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Figure 6.2.3 shows a geotextile with traditional twigs, which are roped to the geotextile. The mats, which
have been used for a massive breakwater at Ostend (Belgium), are about 20 m wide and 50 m long. The
mats are towed to the sink location at high tide and ballasted with stones (10 to 300 kg) at slack tide.

Major marine contractors have ships and special equipment to install geotextiles under water and to
precisely dump stones.

12m long x 100mm

dia stee| core Overlap guide lines:
A 4 spray-painted, 1m from both edges Ropes
e , attached to
. stoel core
88 L A, 7 L Ao T
BN A R R (B A O g 8 O O
Double LREEREEE C 5 eyl
Wit L o ety . g il s i Prayer
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T

Figure 6.2.2  Preparation of geotextile for underwater applications (www.usfabricsinc.com)

Figure 6.2.3  Preparation of geotextile for massive breakwater
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ANNEX | SPREADSHEET-MODEL ARMOUR.xIs

The spreadsheet-model ARMOUR.xIs can be used to compute the wave runup, wave overtopping rate,

wave transmission and the armour size.

Two wave models are available to compute the nearshore wave height and wave angle based on the

offshore data.

The excel 2010 file consists of 7 sheets, as follows:
e sheet O0: Overview;
e sheet 1: Seadikes and revetments;

e sheet 2: High-crested, low-crested (emerged and submerged) breakwaters and groins;

e sheet 3: Toe protection;

e sheet 4: Formulae of Van der Meer and Van Gent;
e sheet 5: Wave model refraction-shoaling;

e sheet 6: Wave model Battjes- Janssen.

Hereafter, an example of the input and output data of sheet 3 is shown.
(input data in red; output data in blue and black)

Armour size (concrete and rock units) of high-crested, low-crested and submerged breakwaters

General input data

Fluid density

Density of rock armour units
Density of concrete armour units
Kinematic viscosity

Width of armour crest (Bc)

Total width of crest (Btotal)

Width of berm (Bberm=0, if no berm)
Seaward slope of armour layer Tan (alphal)
Slope of rear armour layer Tan (alpha2)

Roughness factor armour (see table 2.6.3 on right)
Permeability factor of armour slope Van Gent
Permeability factor of armour slope Van der Meer

Design stability number CONCRETE UNITS (single layer) excl. safety factor (Table 3.3.3)

Safety factor runup

Safety factor wave overtopping rate
Safety factor wave transmission

Safety factor Stone sizes in double layer
Safety factor Stone sizes in single layer

95

1025 (kg/m3)

2650 (kg/m3)

2300 (kg/m3)
0.000001 (m2rs)

2 (m)

10 (m)

0 (m)
0.67 ()
050

0.45 ()
0.3
0.4 ()

30
1.2 ()
1.5 ()
1.2 ()

11()
1.5 (-)
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Input data (10 columns): water depth, maximum water level, wave parameters, damage parameters
(each row is a new case)

Single topped spectrum

(Tmean =0.9Tp)
(Tm-1=0.9Tp) Max value=5 Max value=1
Used in method (Beta=0 for normal waves)
(MSL=mean sea level) van der Meer (Beta=90 for parallel waves) Damage Sd Damage Nod
Water Crest Maximum  Flow velocity Effective Wave period Wave incidence rock units concrete units Number of
Depth in height water level in front of toe Significant Tmean or angle at toe O=start of damage O=start of damage waves
front of toe Rc above parallel to breakwater wave height Tpeak or with normal to 2=minor damage 0.5=minor
to MSL to MSL MSL u-mean at toe Tm-1,0 axis of structure 4 severe 2severe Nw
ho (m) (m) (m) (m/s) (m) (s) Beta (degrees) 10=failure 5=failure )
7 10 3 0.01 4 10 0 2 0.5 1800
7 10 4 0.01 6 14 0 2 0.5 1800
7 10 4 0.01 6 14 0 & 1 1800
8 0 2 0.01 3 8 0 2 0.5 1800
8 0 2 0.01 4 10 0 2 0.5 1800
25 1 -15 0.01 15 5 0 2 0.5 2500
3.5 1 0.5 0.01 2.1 6 0 2 0.5 2500
4.5 1 0.5 0.01 2.7 7 0 2 0.5 2500
55 1 15 0.01 3.3 8 0 2 0.5 2500
65 1 25 0.01 3.9 9 0 z oz 200
7.5 1 35 0.01 45 10 0 z s 2200
85 1 45 0.01 5.1 11 0 2 05 2500
6 6 0 0.01 3.6 10 0 2 05 2500
6 3 0 0.01 36 10 0 2 05 2500
6 2 0 0.01 36 10 0 2 05 2500
6 1 0 0.01 36 10 0 2 05 2500
6 0 0 0.01 3.6 10 0 2 05 2500
6 a 0 0.01 36 10 0 2 05 2500
6 2 0 0.01 36 10 0 2 05 2500
6 -3 0 0.01 3.6 10 0 2 05 2500
6 -5 0 0.01 3.6 10 0 2 05 2500
6 0 0 0.01 51 1 0 g g:g gggg
6 0 0 0.01 Gl 11 0 2 05 2500
6 0 0 0.01 5.4l 11 0
Example of ouput data
(each row is a new case)
FRONT SLOPE AND CREST l l
ROCK/STONE SIZES Van Gent 2003
Randomly placed rocks in double layer UNCorrected Corrected
Wave Stability Correction Correction Correction Size Dn,50 Corrected Corrected Size Dn,50
angle Number  factor factor factor (if Re/Dn>4) Rc/Dn50  Rc/Dn50  Size Dn,50 Size Dn,50 (if Rc/Dn<4)
factor Ncr at start after iteration after iteration after iteration after iteration after last iteration
) ) ] C] (m) (€] ©) (m) (m) (m)
i 1.58775125 1 1 1 1.589088296 4.40504157 4.40504157 1.5890883  1.5890883 1.589088296
i 1.58775125 1.00974784 1.00933399 1.00935133 2.383632445 2.54170353 2.54066181 2.3606215 2.3615894 2.361548816
1 1.82384724 1.00457527 1.00443466 1.00443894 2.075072567 2.90469437 2.9042878  2.0656218 2.06591096 2,065902159
1 1.58775125 1.03127921 1.02947381 1.02957622 1.191816222 1.73060106 1.7275714 1.15566784 1.15769456 1.157579398
1 1.58775125 1.2620154 1.30690623 1.31503904  1.589088296 -1.58835151 -1.64485036 1.25916712 1.21591608 1.208396291
1 1.53644038 1 1 1 0.615809022 4.05970019 4.05970019 0.61580902 0.61580902 0.615809022
1 1.53644038 1.02916179 1.02749012 1.02758431 0.862132631 1.79060928 1.78770078 0.83770369 0.83906659 0.838989681
1 1.53644038 1.09425815 1.09135015 1.09143903 1.108456239 0.49359555 0.49228382 1.01297509 1.01567424 1.015591536
1 1.53644038 1.161837 1.16765238 1.16786371 1.354779848 -0.42879181 -0.43093805 1.16606706 1.16025957 1.160049619
1 1.53644038 1.22235083 1.24757458 1.25054184 1.601103457 -1.14516413 -1.1687951 1.30985591 1.28337294 1.280327777
1 1.53644038 1.27445434 1.32674742 1.33735311 1.847427066 -1.72463418 -1.79539891 1.44958278 1.39244821 1.381405595
1 1.53644038 1.31894133 1.40286515 1.4269783 2.093750674 -2.20479674 -2.34508725 1.58744792 1.49248178 1.467261751
1 1.53644038 1 1 1 1.477941652 4.05970019 4.05970019 1.47794165 1.47794165 1.477941652
1 1.53644038 1.02040639 1.01930957 1.01936758  1.477941652 2.071272 2.06904563 1.44838534 1.44994386 1.449861352
1 1.53644038 1.04396719 1.04144346 1.04158585 1.477941652 1.41273127 1.40931607 1.41569741 1.41912807 1.418934075
1 1.53644038 1.07946523 1.07616572 1.07630101 1.477941652 0.7303842 0.72815169 1.36914243 1.37334021 1.373167585
1 1.53644038 1.12865422 1.12865422 1.12865422  1.477941652 0 0 1.3094725  1.3094725 1.309472495
1 1.53644038 1.1931482 1.20749717 1.20858848 1.477941652 -0.80730399 -0.81701274 1.23869076 1.22397112 1.222865914
1 1.53644038 1.27445434 1.32674742 1.33735311 1.477941652 -1.72463418 -1.79539891 1.15966622 1.11395857 1.105124476
1 1.53644038 1.3739943 1.50905365 1.56424068 1.477941652 -2.78900246 -3.06315269 1.07565341 0.97938311 0.944830086
1 1.53644038 1.49311915 1.79046942 2.01295563  1.477941652 -4.04107739 -4.84584602 0.98983504 0.82544926 0.734214721
1 1.53644038 1.63312035 2.22776409 3 1.477941652 -5.52498248 -7.5367119 0.90498025 0.66341928 0.492647217
1 1.53644038 1.12865422 1.12865422 1.12865422 2.093750674 0 0 1.85508604 1.85508604 1.855086035
1 1.53644038 1.12865422 1.12865422 1.12865422 2.093750674 0 0 1.85508604 1.85508604 1.855086035
1 1.53644038 1.12865422 1.12865422 1.12865422 2.093750674 0 0 1.85508604 1.85508604 1.855086035
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