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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
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Introduction

This International Standard, which deals with the actions from waves and currents on structures in the coastal
zone and in estuaries, is the first of its kind. Waves and currents and actions from waves and currents on
structures in deeper water, especially structures for the petroleum industry, are dealt with in ISO 19901-1 and
ISO 19902, 1SO 19903 and ISO 19904-1. Some of the structural elements for deeper water structures and
coastal structures are the same especially elements with cylindrical shapes There will thus be, to some
exterft, an overlap between this International Standard and other ISO standards on the wavg and current
actions on cylindrical structural elements. There is though, a difference in wave conditions and wave
kinematics between coastal waves and deeper water waves.

© 1SO 2007 — All rights reserved \4
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INTERNATIONAL STANDARD 1ISO 21650:2007(E)

Actions from waves and currents on coastal structures

1 Scope

This |nternational Standard describes the principles of determining the wave and current actions pn structures
of thg following types in the coastal zone and estuaries:

— hreakwaters:

— rubble mound breakwaters;

— vertical and composite breakwaters;
+— wave screens;

+ floating breakwaters;

— ¢oastal dykes;

— geawalls;

— ¢ylindrical structures (jetties, dolphins, lightheuses, pipelines etc.).

For the rubble mound structures it is not passible to determine the forces on and the stability of each individual
armopr unit because of the complex floawyaround and between each armour unit. But there are formulae and
princlples to estimate the necessary.armour unit mass given the design wave conditions. Coefficients in these
formuylae are based on hydraulic-thodel tests. Since the rubble mound structures are heavily uged, they are
inclugled in this International Standard, although they may not be treated exactly in accordance with ISO 2394.

This |nternational Standard-does not include breakwater layout for harbours, layout of structurgds to manage
sediment transport, scour-and beach stability or the response of flexible dynamic structures, ¢xcept vortex
induged vibrations.

Design will be performed at different levels of detail:

— ¢oncepts;

A H 2 H TN
I 1ICdasiviiity,
— detailed design.
This International Standard is aimed at serving the detailed design.

It is pointed out that the annexes are only informative and are not guidelines/manuals. The annexes have no
regulatory power.

Wave and current conditions vary for different construction sites. It is very important to assess the wave and
current conditions at a given site. Assessment procedures for these conditions and for their uncertainties are
included.

© 1SO 2007 — All rights reserved 1
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and definitions

For the purposes of this document, the following terms and definitions apply.

2.1
actions

force (load) applied to the structure by waves and/or currents

2.2
anchors

units placed on the seabed, such as ship anchors, piles driven into the seabed or concrete blocks, to which

mooring lines

2.3

are attachedto restrain a ffoating object fron eXCessive TMovEMEntS

annual maximum method

method of eg

24
armour laye
protective lay

25

armour unit
relatively larg
and density

2.6

timating extreme wave heights based on a sample of annual maximum wave heights

i
er on a breakwater, seawall or other rubble mound structures composed/of armour units

e quarry stone or concrete shaped unit that is selected to fit specified geometric characte

astronomical tide

phenomenor

of the alternate rising and falling of sea surface“solely governed by the astronomical cond

of the sun and the moon, which is predicted with the tidal\Constituents determined from harmonic analy

tide level rea

27
breakwater
structure pro

2.8

buoyancy
resultant of (
water displag

29
chart datum
CD
reference ley

210
core
inner portion

2.1
crest

dings over a long period

ecting a shore area, harbour, anchorage and/or basin from waves

pward forces, exerted by the water on a submerged or floating body, equal to the weight
ed by this body

el far 'soundings in navigation charts

istics

tions
5is of

f the

of a breakwater, dyke and rubble mound structures, often with low permeability

1. highest point of a coastal structure

2. highest point of a wave profile

2.12
crown wall

concrete superstructure on a rubble mound

© 1SO 2007 — All rights reserved
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datum level
reference level for survey, design, construction and maintenance of coastal and maritime structures, often set
at a chart datum or national geodetic datum

214
deep

water

water of such a depth that surface waves are little affected by bottom topography, being larger than about
one-half the wavelength

2.15

desigh-waterlevel

DWL

watef level selected for functional design, structural design and stability analysis of marine structures

NOTH Generally it is the water level that mostly affects the safety of the structures/facilities in qugstion. DWL is
chosgn in view of the acceptable level of risk of failure/damage.

2.16

densjity driven currents
hts induced by horizontal gradients of water density generated«by changes in the salinity and/or

curre
temp
from

217
diffra
ratio

2.18
direg
funct

2.19

dired
funct
expre

2.20
drag
coeff

2.21

dyke
nearl
main

rature, which are caused by the influx of fresh water from run-off ffom land through an estu
coastal power stations, or other reasons

ctions coefficient
Df the height of diffracted waves to the height of incident waves

tional spreading function
on expressing the relative distribution of wave energy in the directional domain

tional wave spectrum
on expressing the energy density, distribution of waves in the frequency and directional dog
ssed as the product of frequéncy wave spectrum and the directional spreading function

coefficient
cient used in the Morison equation to determine the drag force

berms
y horizontal area in the seaward and landward dyke slope which are primarily built to provig
enance-and amenity and which reduce wave run-up and overtopping

ary, heat flux

mains, being

e access for

2.22

dyke

toe

part of a dyke that terminates the base of the dyke on its seaward face

NOTE Various toe constructions are used to prevent undermining of the dyke.

2.23

extreme sea state
extreme waves

state of waves occurring a few dozen times a year to once in many years, expressed with the significant wave
height and the mean or significant wave period at the peak of storm event

©I1SO

2007 — All rights reserved
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2.24
filter

intermediate layer, preventing fine materials of an underlayer from being washed through the voids of an

upper layer

2.25
floating breakwater
moored floating object to reduce wave heights in the area behind the floating breakwater

2.26

foreshore

shallow waterzerne-nrearthe-shore-on-which-coastaldykes,seawallsand-otherstructuresare built

NOTE In|[beach morphology the term foreshore is used to denote the part of the shore lying between the erest |of the
seaward berm|and the ordinary low water mark.

2.27

frequency wave spectrum

function expressing the energy density distribution of waves in the frequency domain

2.28

geotextile

synthetic fabfic which may be woven or non-woven used as a filter

2.29

highest astrpnomical tide

HAT

tide at the highest level that can be predicted to occur under aveérage meteorological conditions and undgr any
combination pf astronomical conditions

NOTE HAT is not reached every year and does not represent the highest sea level that can be reached, befause
storm surges and tsunamis may cause considerably higher levels to occur.

2.30

highest wavie height

height of the |highest wave of a given wave:record or that in a wave train under a given sea state

2.31

impulsive wve pressure

water pressure of high peak intéensity with a very short duration induced by the collision of the front surfgce of
a breaking wave with a strueture or the collision of a rising wave surface with a horizontal or slightly in¢glined

deck of a pie

2.32
inertia coeffjcient
coefficient uded’in the Morison equation to determine the inertia force

2.33
international marine chart datum
IMCD

chart datum set at the lowest astronomical tide level, as adopted by the International Hydrographic

Organization (IHO)

2.34
jetty GB
pier US

deck structure supported by vertical and possibly inclined piles extending into the sea, frequently in a direction

normal to the coastline

4 © 1SO 2007 — All rights reserved
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2.35
lift coefficient
coefficient used to determine the lift force

2.36

lowest astronomical tide

LAT

tide at the lowest level that can be predicted to occur under average meteorological conditions and under any
combination of astronomical conditions

NOTE LAT is not reached every year and does not represent the lowest sea level which can be reached, because
storm, surges (nng:\fi\/n) and-tsunamis may cause r\nneidnrnhly lower levels to occur

2.37
mean high water springs

MHWS

avergge height of high waters, occurring at the time of spring tides

2.38
mean low water springs

MLWS

average height of low waters occurring at the time of the spring tides

2.39
mean sea level
MSL
avergge height of the sea level for all stages of the tide ©ver a 19-year period, generally det¢rmined from
hourly height readings

2.40
mean water level
MWL
avergge elevation of the water surface ovér a given time period, usually determined from houfly tidal level
readiphgs

NOTH The monthly mean water level varies around seasons by a few tens of centimetres.

2.41
meai wave period
avergge period of all waves’among a given wave record

NOTH The mean._wave period is often estimated from the spectral information obtained from a|wave record.
See §.2.1.

242
moofings
ropes, Wires or chains to hold a floating object in position

243

overtopping

passing of water over the top of a structure as a result of wave run-up or surge actions

NOTE This definition could serve as a general definition and should not be given individually for each structure.
244

parapet

low wall built along the crest of a seawall

© 1SO 2007 — All rights reserved 5
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2.45

peaks-over-threshold method
POT method

method of estimating extreme wave heights based on a sample of peak heights of storm waves exceeding
some threshold level

2.46

peak wave period
period corresponding to the peak of frequency wave spectrum

2.47

permeabilit)
capacity of b
pores

2.48
pipeline
structure for

2.49
piping
erosion of clq

NOTE Sq
2.50
pore press

interstitial pr:
2.51
porosity
percentage g

2.52

ulk material (sand, crushed rock, soft rock in situ) in permitting movement of water throu

Carrying water, oil, gas, sewage, etc.

sed flow channels caused by water flowing through soil usually underneath the dyke body

il particles are carried about by seepage flow, thus endangering the stability of the dyke.

e
ssure of water within a mass of soil or rock

f the total volume of a soil and/or granular'material occupied by air/gas and water

pulsating wave pressure

wave pressu

2.53

e with a period comparable-with the wave period

refraction coefficient

ratio of the
deep water W

2.54
reflection cg
ratio of the h

2.55

eight of waves having been affected by the refraction effect in shallow water to their hei
ith the shoaling effect eliminated

efficient
bight ofreflected waves to the height of incident waves

gh its

ght in

revetment

cladding of concrete slabs, asphalt, clay, grass and other materials to protect the surface of a sea dyke
against erosion

2.56
rip-rap
usually, well-

2.57
rock
aggregate of

graded quarry stone, randomly placed as an armour layer to prevent erosion

one or more minerals

© 1SO 2007 — All rights reserved
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run-up/run-down
phenomenon of waves running up and down the seaward slope of a sloping structure, their height being
measured as the vertical distance from the still water level

2.59

R-year wave height
extreme wave height corresponding to the return period of R years

NOTE When used, the specific value of R is indicated such as 100-year wave height.

2.60

scoJr

remoyval of underwater sand and stone material by waves and currents, especially at the~bas
strucjure

2.61

sea gtate

condjtion of sea surface within a short time span, being expressed with characteristic wave hei
and directions

2.62

seaward dyke slope

slop¢g of the dyke on the seaward side that is generally flatter thap’ 174 to reduce wave run-up, p
revetment made of clay and grass, concrete slabs, asphalt, or stones to prevent erosion

2.63

shallow water

watef of such a depth that surface waves are noticeably affected by bottom topography, being leg

one-|

NOTH
intern

than

2.64

shoalling coefficient

ratio

the r¢fraction effect eliminated

2.65

shorgward dyke slope

slop€

NOTH

alf the wavelength

Region of water in which waves propagate is sometimes classified into three categories d
ediate depth, and shallow water. According to this classification, shallow water represents the zong
bout one-twentieth of the wavelength,

b or toe of a

phts, periods

rotected by a

s than about

f deep water,
of depth less

of the height of waves_affected by the depth change in shallow water to their height in de¢p water with

of dyke on'the landward side, generally no steeper than 1:3 to prevent erosion by wave ove

It is generally protected by a revetment made of clay/grass.

rtopping

2.66

significant wave height
average height of the one-third highest waves of a given wave record

NOTE

See 5.2.1.

2.67

significant wave period
average period of the one-third highest waves of a given wave record

2.68

slamming actions
actions when a water surface and a structure suddenly collide

©I1SO
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2.69
still water le
SWL

vel

level of water surface in the absence of any wave and wind actions, is also called the undisturbed water level

2.70
stone

quarried or artificially broken rock for use in construction, either as an aggregate or cut into shaped blocks as
dimension stone

2.71

storm surge
phenomenor]
estuaries dug
induced seic

2,72

swell
wind-generaf
winds

2.73

tidal currents

alternative of
NOTE Ti

274
toe
lowest part o

2.75

e to the action of wind stresses on the water surface, the atmospheric pressure reduction, s
hes, wave set-up and others

ed waves that have advanced out of the wave generating area and are\no longer affect

circulating currents associated with tidal variation

es and tidal currents are generally strongly modified by the coastline.

f sea- and port-side breakwater slope, generallyforming the transition to the seabed

total samplg method

method of es
a site of inter

2.76
tsunami
long waves V|
generated by
mass of eart

2.77
uplift
upward wate

timating extreme wave heights by(extrapolating a distribution of all the wave heights measu
est

ith the period of several'minutes to one hour and the height up to a few tens of meters, whig
the vertical movement of sea floor associated with a submarine earthquake, by plunging of
h into water by land’slide or volcanic eruption, and other causes

I pressure exerted up the base of a structure or pavement due to waves, excluding buoyanc

2.78

of the rise of the sea surface above astronomical water level on the open coast, bays a|I1d on

torm-

bd by

ed at

h are
large

vortex induced vibration

VIV

vibration induced by vortexes shed alternatively from either side of a cylinder in a current and/or waves

2.79

wave climate
description of wave conditions at a particular location over months, seasons or years, usually expressed by
the statistics of significant wave height, mean or significant wave period, and wave direction

2.80

wave induced currents

currents in the nearshore zone, which are induced by the horizontal gradient of wave energy flux being
attenuated by wave breaking

© 1SO 2007 — All rights reserved
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2.81
wave pressure
water pressure exerted on a structure induced by the action of waves, excluding hydrostatic pressure

2.82
wave set-up
rise of water level near the shoreline associated with wave decay by breaking

NOTE Wave set-up may amount to more than 10 % of the offshore significant wave height.
2.83
wave transmission coefficient

ratio pf the height of waves transmitted behind a structure to the height of incident waves

2.84
wind|waves
wavess generated by and/or developed by wind

2.85
wind|driven current
currents induced by the wind stress on the sea surface

NOTE In coastal waters, wind driven currents are influenced by the.bottom topography and the priesence of the
coastline.

2.86

wind|set-up

rise df water level at the leeward side of a water body caiised by wind stresses on the water surface

3 $ymbols

Hys significant wave height or the average height of highest one-third waves

H,ax  highest wave height

Hpo significant wave height estimated from wave spectrum

m, n-th moment of waveg spectrum such as mg and m,

T3 significant waVve period

T mean wave period

Tmod  meanwave period estimated from the zero-th and second moments of wave spectrum

period corresponding to the peak of frequency wave spectrum

4 Basic variables for actions from waves and currents
4.1 Water levels

411 Tides

The astronomical tide levels at a design site shall be calculated with the tidal constituents obtained through
the harmonic analysis of a long-term tide record at the site or those estimated from a nearby tide station.

The highest and lowest water levels that have occurred at or near the site should be taken into account in the
evaluation of the actions from waves and currents.

© 1SO 2007 — All rights reserved 9
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The datum level for maritime structures shall be established with reference to the International Marine Chart

Datum and/o

r the national geodetic datum levels.

4.1.2 Storm surges and tsunamis

The characteristics of storm surges at a design site should be duly investigated and be taken into
consideration in evaluation of the action of waves and currents.

Investigation of storm surges may include data collection and hindcasting of storm surges in the past, and

numerical ev

aluation of hypothetical storm surges in the future.

Sets of storr
functions so

In the locality

investigated
of hypothetic

4.1.3 Joint
Evaluation o
height and
controlled by
The wave m

depth should
water deepe

4.2 Wave

4.21

The charact

significant wave height /4,5 and the highestiwave height 4,

in the time d
when a met
estimated frg
employed, th

significant wave height, because,they may differ by several percent or more (see B.1.2).

The charactgristic periods<of wind waves and swell for evaluation of the action of waves are the signi

wave period
analysis, and
period may

Wave heights and periods

N surge water levels and/or storm tides should stafistically be analysed for extreme diskrik
bs to determine R-year storm surge levels.

where the action of a tsunami is not negligible, tsunami characteristics at the sitecshould bg

by means of data collection and hindcasting of tsunamis in the past, and/or numerical evalu
al tsunamis in the future.

probability of waves and high water level

f the action of waves should be made with due consideration for the joint probability of
vater level, especially at a site where the water is relatively-Shallow and breaker height
the depth of water under influence of the tide.

pasurement data obtained at the location where the largest wave height is limited by the

than the site of measurements.

'Y

pristic heights of wind waves and-swell for evaluation of the action of waves should b
ax Which are defined by the zero-crossing m
bmain analysis. Other definitions of wave heights may be used as the characteristic wave he

m the zero-th moment of wave spectrum, m, as being equal to 4,0 my"2. When this estimat
e symbol Hmg should be used instead of H,; so as to clarify the estimation method ¢

71,3 and ¢he*mean period 7,,,, which are defined by the zero-crossing method in the time dg
the speetral peak period T, which is obtained from the frequency-domain analysis. The
be estimated from the zero-th and second moments of wave spectrum as being equ
hen this estimation is employed, the symbol 7, , should be used so as to clarify the estinq

ution

duly
ation

wave
5 are

vater

not be used for extreme statistical analysis for the gstimation of storm wave conditions at the

b the
bthod
ights

nod of evaluation requires the use of such wave heights. The significant wave height may be

on is
f the

ficant
main
mean
al to
ation

method of th

ETTearT wave period, because the spectratty estimmated-meanm period-isgeneratty smatter th

individually counted mean period.

n the

Because of the random nature of wind waves and swell, the heights and periods of individual waves in a given
sea state are distributed over broad ranges of variation. Statistical distributions of individual wave heights and
periods should be taken into consideration when evaluating actions from waves in shallow water (see B.1).

4.2.2 Wave spectrum

Characteristics of wind waves and swell may also be represented with the directional wave spectrum, which is
expressed as the product of the frequency spectral density function and the directional spreading function

(see B.2).

10
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When evaluating the action of waves, the information on the wave spectrum being employed should be clearly
stated.

The extent of the directional spreading of waves becomes narrower in shallow water than in deep water
because of the wave refraction effect. This change should be taken into consideration when evaluating the
action of waves in shallow water.

Where wind waves and swell coexist, wave spectra exhibit multiple peaks. Wave heights may be estimated
from the zero-th moment of the wave spectrum (see B.1.2). Difficulty is encountered in defining the significant
wave period and the spectral peak period as well as the wave direction in case of multi-peaked wave spectra.
Evaluation of the action of waves of muIt| -peaked spectra can be made by calculating contributions of

com nic anctrrectad byv crinarimmn o s~y thao canacntra ~Ff A nd-cwall otin
Fullvlll.o, COTTStToctCtoy OU'J\JIIIII'JU\)Illy e opuuuu oW e-Wavesaha-Swenth \.1u\.,a|.|u||

4.2.3| Statistics of extreme sea state
Statigtics of extreme sea state at a specific site should be established on the basis of instrumentdlly measured
wave data and/or hindcasted wave data, coupled with necessary refraction/shoaling‘analysis, which cover the
durafjon as long as possible and not less than 15 y (see B.4.1).

The method of wave hindcasting should have successfully been calibrated with several storm Wwave data by
instrymental measurements around the site of interest.

Caution should be taken for the water depth at which waves have‘béen measured, because a ghallow water
depth imposes an upper limit to the largest wave height owing to Wave decay by breaking.

The Ireferred method of producing the data set of extreme waves is the peaks-over-threshold (HOT) method.
The annual maximum method may be employed, but the dse of the total sample method is discoyraged.

When estimating the wave height corresponding tota given return period, the confidence intervhl to account
for sample variability should be evaluated and reported.

The wave period associated with the return-wave height can be determined by referring to empirical joint
distributions of wave height and period of‘€xtreme wave data.

statigtical analysis for the significant wave height, by converting the latter to the former on the| basis of the

Theiuighest wave height correspanding to a given return period can be estimated from the resylt of extreme
Raylgigh distribution of individGal wave heights and the wave transformation analysis.

4.2.4] Wave transformation

4.2.41 General

Wavés undergo’ various transformation processes while travelling from deep water toward thg¢ shore. The

procgsses‘include wave shoaling, refraction, diffraction, reflection, transmission, breaking and g¢thers. When

waves propagate into a region with currents of appremable strength the wave helghts and drre tion change.
- , , Sses , 2.4.8.

4242 Wave shoaling

The process of wave shoaling may be evaluated using the linear wave theory. The shoaling coefficient of wind
waves and swell can be calculated by means of either the monochromatic wave method or the spectral
method, because the difference between the results by the two methods is a few percent at most.

When evaluating wave loading on structures however, it is preferable to take into account the wave non-
linearity effect that can cause a large increase of wave height beyond the prediction by the linear wave theory.
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4.2.4.3 Wave refraction

Wave transformation by refraction should be evaluated by the directional spectral calculation. For preliminary
analysis however, the calculation with monochromatic waves can be employed for the cases of simple
bathymetry because of a relatively small difference between the two calculation methods for such cases
(see B.5.2).

4.2.44 Wave diffractions

Wave transformation by diffraction behind barriers such as islands and breakwaters shall be evaluated using
the directional spectral calculation. Diagrams of multidirectional random wave diffractions can be referred to
for the purpdse of preliminary analysis. Care should be taken for the directional spreading characternisics of
wind waves @nd swell at the site of interest, because they are the governing factor of random wave diffragtion.

When it is gxpected that wave diffraction takes place in association with wave refraction over“shoals, an
appropriate method of numerical analysis and/or hydraulic model tests should be employed (seeB.5.3).

4.24.5 Whve reflection and transmission

The coefficignts of wave reflection and transmission of a maritime structure can be estimated by megns of
hydraulic mogel tests and/or the knowledge gained through model tests of similarstructures in the past.

The influencg of reflected waves on harbour tranquillity, structural stahitity/and others should be exarhined
when evaluafing the action of waves.

4.2.4.6 Wpve breaking

Decay and variation of wave height caused by breaking inthe nearshore zone shall be evaluated by taking
into account the random nature of waves.

The nearshofe zone is characterized by gradual changes in the functional shape of wave height distribption,
rise of the mpan water level (called wave set-up):dnd its long-period fluctuation (called the surf beat) by wave
actions, and[non-zero wave height at the initial_shoreline of zero depth. A numerical model for random jwave
breaking in the nearshore zone should be capable of reproducing such features.

4.2.47 Whve transformation by currents
Changes in the heights and directions of waves by currents depend on the current strength and the angle of

encounter. Appropriate numefical models and/or hydraulic model tests should be used to evaluate fhese
changes when changes are‘expected to be significant.

4.2.4.8 Other transformations

Other procegses\of wave attenuation by bottom friction, soft subsoil damping, and others may be takep into
account as ngeessary when evaluating the action of waves.

4.2.5 Wave crest elevation and wave kinematics

4.2.51 Wave crest elevation

The height of a wave crest above the still water level is larger than one half of the wave height owing to the
non-linear nature of water waves. Non-linear wave theories and/or reliable laboratory test data should be
referred to when estimating the crest elevation of design waves. The theory and/or laboratory data of
monochromatic waves may be applied to the highest individual wave of random waves for estimation of
highest wave crest elevation.

12 © IS0 2007 — All rights reserved


https://standardsiso.com/api/?name=69d7a30fff543df7feb2e58b665a451e

ISO 21650:2007(E)

4.25.2 Wave kinematics

The wave kinematics, or the orbital velocities and accelerations of water particles under the action of waves,
should be evaluated by means of non-linear wave theories of high accuracy, because the linear wave theory
underestimates the orbital velocities especially around the wave crest.

When waves are expected to break at a location at which the action of waves are to be evaluated, special
consideration should be taken when evaluating the kinematics and the form of the waves because they can be
quite different to those of non-breaking waves. Use of hydraulic model tests and/or advanced numerical
models is recommended for the evaluation.

4.2.5[3 Wave and current Kinematics

When currents of appreciable strength coexist with waves, the vector sum of the current)velocity and the
orbitgl velocities of particles by waves may be employed in evaluating the kinematics of water particles.

4.3 | Currents

4.3.1] General

Currgnts may have an effect on structures, directly and indirectly. Directly-they exercise the drag and lift forces
on the structure. Indirectly they interfere with the waves and modify~the wave kinematics and thus affect the
actions from waves and currents. Thus the current-wave interactions should be considered when evaluating
the aftion of waves and currents unless the currents are weak.

Currgnts in coastal waters may be divided into tidal currentsy wind-driven currents, density-driven|currents and
waverinduced currents.

Currgnts in coastal waters may be affected by the\current in the adjacent ocean. The current velocities are in
genefal stronger in coastal waters than in the deeper oceans.

4.3.2| Current velocity

The purrent velocity should be eXpressed in vector form, with the absolute magnitude (spged) and the
direction, or with the velocity components in a coordinate system.

Currgnt velocities at a desigh site should preferably be investigated by field measurements for|a sufficiently
long [duration time. Wheére tidal currents are not negligible, measurements should be made at several
elevgtions in the water{-because current velocities vary vertically.

When field measurements are not feasible, numerical computations may be carried out for gaining information
on currents. Haowever, calibration of the computations model should have been made with the field
meagurement-data at several sites in the region of the same coastal waters.

5 Wave and current action on structures
5.1 Wave action on mound breakwaters

5.1.1 Definitions

Mound breakwaters are characterized by a seaward sloping front and a porous structure. The rear side might
be a slope, a vertical face structure or reclaimed land. While the core is most often made of relatively small
size wide-graded stone material, the slope surfaces are generally armoured with larger well-sorted rocks or
concrete blocks of various shapes. Core and armour layers are separated by filter layers. A monolithic
concrete crown wall, sometimes fully or partly sheltered by armour blocks, is used for the crest when access
roads are needed or by some other reason.
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Berm breakwaters are a special type of rubble mound breakwater which allow a certain degree of deformation
of slope surfaces under wave action and reshape themselves to gain stability against further wave actions. A
berm is formed around the mean sea level on the seaward side. A horizontal berm is built at construction

stage and is allowed to reshape into an S-shape.

5.1.2 Types of wave action

Waves break on the sloping front resulting in loading on the armour units, run-up, run-down as well as related
pore pressure variations and porous flow inside the structure.

The impact of waves on a breakwater depends on the stage of instability of the waves, i.e. the actions from

non-breaking
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5.1.5 Wave overtopping

The effect of overtopping water and spray should be considered in relation to the function of the breakwater
and the activities on and behind the breakwater. Attention should be given to wave transmission, danger to
traffic and vessels moored behind the breakwater and damage to infrastructure and goods on hinterlands.

Empirical formulae based on model tests for assessment of average overtopping discharge can be used
within their validity range (see D.1). Where overtopping is a critical factor it is recommended to perform model
tests, because the existing formulae have large uncertainties and provide no information on the distribution in
time and space of the overtopping water.
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5.1.6 Wave action on rear slope armour

The stability of the rear slope armour layer should be considered. Overtopping water hitting the rear slope
might cause damage to the slope and thus endanger the stability of the breakwater crest. Large pore pressure
gradients can enhance the effect by causing a push-out load on the rear side surface blocks. This effect is
usually enhanced by the presence of crown wall structures.

Assessment of rear slope armour stability should in general be based on model tests due to the lack of

reliable formulae.

5.1.7

Influence of wave action on geotechnical failures

Wavl loading on the slopes together with wave-induced pore pressures in the mound, and ‘o

seab

bd, should be considered when examining the stability against geotechnical failures.
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5.1.9

Wave action on filter layers

Filter layers should be designed to resist migration of finer mound materials into coarser mound materials
caused by wave-induced pressure gradients. Empirical formulae for gradation of filters, based on physical
tests and prototype observations, can be used (see D.1).

5.1.10 Stresses in armour units

Wave action imposes direct hydraulic loads on armour units with subsequent movements like rocking and
displacements of some of the units. This, together with gravity forces, impose stresses which result in
breakage when stresses exceed the material strength. The problem, which is more pronounced for slender
types of unreinforced concrete units, should be examined in the design.
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Calibrated semi-empirical formulae for stresses can be used (see D.1).

Abrasion and breakage of armour rocks can occur where wave action causes repeated movements of the
rocks. The long-term performance should be considered for such cases.

Stones for building berm breakwaters should be hard and have sufficient resistance to crushing, because

stones on the seaward side are forced to roll over large distances by wave actions and are subject to abrasion
and crushing.

5.1.11 Seabed scour due to waves and currents

Waves and durrents may cause scour close 1o and around structures on an erodible seabed. The scour fepth
should be cohsidered and scour protection should be provided as necessary.

5.2 Wave|action on vertical and composite breakwaters

5.2.1 Defirition of vertical and composite breakwaters

A vertical breakwater is a structure of rectangular or nearly rectangular cross-sections having a verti¢al or
nearly vertical front wall extending directly from the seabed or built on top of a thin bedding layer. A composite
breakwater is a combined structure with a main body of rectangular or pearly rectangular cross-segtion,
placed on a|rubble mound that is submerged at all tidal levels. The main~body is made of masonry works,
concrete blo¢k works or a reinforced concrete caisson filled with sand, et€/A’superstructure made of plaged-in
concrete is donstructed on top of it. The cross-section of superstructiite can be different from a rectargular
shape and have a sloped front or other shape. The rubble foundation'has berms in front and rear of the|main
body, and the berms and slopes are covered with armour units for.protection against wave action.

The front of the main body can be covered with a mound of-concrete blocks to reduce the action of waves on
the main body and reduce wave reflection.

A front part pf the main body can have an open chaniber that is connected with the seaside water thjough
perforation in the front wall for the purpose of partially absorbing wave energy and decreasing the degiee of
wave reflectipn by the breakwater.

5.2.2 Typep of wave action on verticahand composite breakwaters

The main aclion of waves on verticaland composite breakwaters are the wave pressure on the front wall and
the uplift on the bottom of the main body, which govern the overall stability of the main body against sljding,
overturning, gind foundation failure as well as the integrity of the structural elements.

Vertical and [composite breakwaters can endure a certain degree of wave overtopping without endandering
their structurl integrity))Composite breakwaters are susceptible to the instability of armour units on rubble
foundations ¢aused<by wave-induced flows in front of their main bodies. Wave-induced flow may cause gcour
of the seabed atthe toe of the rubble mound, which can cause damage to the rubble foundation.

5.2.3 Wave pressure, uplift and buoyancy

The action of waves on the main body of a vertical or composite breakwater should be evaluated for the wave
of largest height among random trains of individual waves.

The wave pressure and uplift exerted upon the main body should be evaluated by means of hydraulic model
tests or appropriate calculation models, e.g. the extended Goda formula (see E.2). The wave pressure on its
rear wall may need to be considered if the waves diffracted from the head towards the rear of the breakwater
are not of negligible height. Care should be taken for the difference between the wave pressures for the
evaluation of overall stability and those for the design of structural elements. The buoyancy of the immersed
part of the main body below the design water level shall be taken into account in the stability analysis of the
breakwater.
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Under a certain combination of wave conditions, breakwater geometry and bathymetric features, impulsive
breaking wave pressure can be exerted on the breakwater. The impulsive pressure is characterized by high
peak intensity and a very short duration. When the action of impulsive pressures on the whole or structural
elements of the main body needs to be considered in the design of breakwaters, it should be evaluated by
taking its duration into account together with its peak intensity.

5.2.4 Wave overtopping

Depending on the use of the area behind a breakwater, the amount of wave overtopping and the height of
waves transmitted behind the breakwater should be examined by determining the crest elevation of a vertical
or composite breakwater and the configuration of its superstructure.

5.2.5| Wave action on armour units of rubble foundation

Armdur units covering the surface of a rubble foundation shall have the capacity to remain in ppsition under
the dctions from waves. The minimum mass of armour units required should prefefably be determined by
means of hydraulic model tests. Three-dimensional tests are recommended for examination of the stability of
armopr units around a breakwater head. For empirical formulae for estimation of the required mags, see E.3.

5.2.6| Influence of wave action on geotechnical failures
The main body of a vertical or composite breakwater is subject~t6 the wave pressure on its front wall,
supefstructure and the rear wall, the uplift on its bottom, and<the’ buoyancy to its immersed part. These
loadings, together with its self-weight, give an eccentric and inglined load on the seabed or the qurface of the
rubble foundation. The eccentric and inclined load can cause-geotechnical failures within the riibble mound
and/qr through the seabed foundation when the bearing’scapacity of the rubble mound and| the seabed
foundation is insufficient.

Appropriate methods for stability analysis against’stip failures should be employed to ensure the safety of
vertigal and composite breakwaters (see E.4).

5.2.7| Seabed scour due to waves and currents

Wavegs and currents may cause scour close to and around structures on an erodible seabed. The scour depth
should be considered and scour protection should possibly be provided.

5.3 | Wave actions on c¢oastal dykes and seawalls
5.3.1| Coastal dykes

5.3.1|1 Definition

Coastal dykes are man-made sloped soil structures parallel to the shore to protect the hintefland against
erosipn and floodlng They may be sea dykes along coastal shorelmes and estuary dykes in a fiver estuary.

- A W very often, the
seaward and/or shoreward S|des of the dykes have a berm which provides access for malntenance and/or
reduces wave run-up and wave overtopping (seaward side). Coastal dykes are generally built of sand and/or
clay and are covered by different materials such as grass, asphalt, stone or concrete revetments, etc.

5.3.1.2 Types of wave actions
Wave and current actions on coastal dykes include:
— wave loading (including impact loading by breakers) on the seaward slope of the dyke;

— wave run-up and run-down on the seaward slope of the dyke (including layer thickness and velocities);
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— wave overtopping over the dyke crest;
— infiltration due to wave run-up and run-down in the dyke core;

— internal pressure on an impermeable top layer (with open toe) on the seaward side of the dyke (in case of
a high water level inside the dyke).

Wave actions on coastal dykes shall be evaluated for the design wave height and wave period (see 4.2) and
for a design water level (DWL) taking into account the water depth and tidal variations in front of the dyke. If
relevant, the influence of the shape of wave spectra should be accounted for.

5.3.1.3 Whpve action on seaward slope

The run-up height of the seaward slope is the governing factor for the determination of the crest-elevption.
This run-up height shall be assessed with due consideration of wave breaking (breaker index). Therun-up and
run-down flow (layer thickness and velocity), infiltration, phreatic water level in the dyke body, wave inquced
uplift forces Winderneath the revetment or cover layer, and wave impact loads on the seaward side of the|dyke
should be considered (see Annex F) when relevant.

5.3.1.4 Whave action on seaward toe

The stability|of a seaward toe at a sea dyke should be examined to ensuré the support of the dyke pody.
Therefore, tHe stone mass required should be accounted for by hydraulic odel tests, empirical formulae or
experience. YWave-induced run-up and run-down during lower water levels will mainly affect the stability ¢f the
toe and thug need to be considered (see Annex F). In addition, the width of the toe may be important in
relation to the scour hole and hence should be accounted for.

5.3.1.5 Whpve overtopping

Wave-inducgd overtopping over the dyke crest shall be assessed since overtopping waves can irjduce
damage to fhe shoreward side of the dyke. Empirical formulae can be used to predict mean and [peak
overtopping flischarges (see Annex F). Damage {e:the dyke body or hazards resulting from wave overtopping
can be avoided when the dyke is designed for allowable overtopping rates taking into account local condjtions
of the dyke gnd the hinterland. Where overtopping is a critical factor, hydraulic model tests are recommgnded
since individual overtopping rates, whichiinduce damage to the dyke body, differ significantly from mean
overtopping fates.

5.3.1.6 Whve action on dyke‘crest and shoreward slope

The crest hgight of the dyke/shall be sufficiently large to prevent wave overtopping rates higher thap the
allowable raje under the‘design condition. Overtopping or overflowing water may result in considgrable
damage of the rear slope of the dyke and may eventually lead to total collapse of the dyke body. Hydfraulic
model tests g$hould be*performed to assess the stability of the rear slope by providing information on the mean
wave overtopping \rate, individual overtopping volumes per wave, the layer thickness and velocity qf the
overtopping bére on both the dyke crest and inner slope. Empirical formulae to assess these parameterls are
given in Ann

5.3.1.7 Influence of wave action on geotechnical failures
Geotechnical failures may be induced by wave action on the dyke and therefore need to be examined as they

affect the overall stability of the dyke body. Semi-empirical and analytical models are available to account for
these processes (see Annex F).

5.3.1.8 Seabed scour due to waves and currents

Waves and currents may cause scour close to and around structures on an erodible seabed. The scour depth
should be considered and scour protection should be provided as necessary.
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5.3.2 Seawalls

5.3.2.1 Definition

Seawalls are onshore or foreshore structures generally parallel to the shoreline. They are built as vertical face
structures such as gravity concrete walls, steel or concrete sheet pile walls, and stone filled cribworks or as
sloping structures with revetment typically made of concrete slabs, concrete armour units or rock armour. The
principal function of seawalls is to reinforce a part of the coastal profile and to protect land and infrastructures
from the action of waves and flooding.

5.3.2.2 Classification and structural components of seawalls

With respect to the effect of wave actions, two main categorizations of seawalls should be distingsIAished:
a) sjoping or vertical seawalls;

b) porous or non-porous seawalls.

Irrespective of the type of seawall, three main structural components shall be_distinguished:
— the body (which includes the front face and the core);

— the toe;

— the crest (which includes the rear face).

5.3.2|13 Types of wave action

Wave action on seawalls shall be evaluated for the'design wave height and wave period (see 4.2) and for a
design water level (DWL) taking into account the water depth and tidal variations in front of the [seawall. The
crest|height should be evaluated under duelconsideration of the total allowable overtopping raje and/or the
wave run-up height.

The following factors associated with_the stability of the structure components including body (frgnt face, filter
layer| core), toe and crest (different\types of crests and rear face) shall be considered:

a) horizontal wave forces((positive and negative);
b) wave up-lift forces;
c) hydraulic stablility of revetments, including filters;

d) ipternalvwater pressure in the body and seepage flow.

5.3.2|14 Wave reflection

Seawalls will reflect some proportion of the incident waves and these reflections may have significant impact
on the wave pattern and the sediment transport on the coastal regime in front of the sea wall. The influence of
wave reflections from seawalls should therefore be investigated. Reflection coefficients can be estimated from
empirical and semi-empirical formulae for perpendicular wave attack (see Annex F).

5.3.2.5 Wave action on seaward slope

Wave action on the seaward slope of a seawall are to a large extent dependent on the type of armour used for
its protection. Wave climate and type of protection shall be examined together, and armour material shall be
selected accordingly. Hydraulic model tests may be required to assess the stability of the selected material on
the seaward slope. Empirical or semi-empirical formulae can also be used (see Annex F).
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Wave-induced run-up and run-down need to be estimated since excessive run-up leads to severe overtopping
over the wall crest and both run-up and run-down may cause erosion damage on the seaward slope.
Empirical and semi-empirical formulae are given in Annex F.

5.3.2.6 Wave action on seaward toe

The main purpose of the toe structure of seawalls is to prevent undermining of the body of the seawall. Failure
of the toe may lead to total collapse of the seawall so that wave actions on the toe should be assessed in
hydraulic model studies.

5.3.2.7 Wave overtopping
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bstigation of relevant failure modes such as sliding, overturhing, slip and bearing capacity fai
combinations of horizontal forces, uplift forces and.high water tables shall be considered

verall
both
bd by
ures.
. For

further relevgnt issues such as duration of wave impact forces and strength of the seawall see 5.1.8.

hex F
nodel

Wave-inducs
for simple ge
tests for mor

d forces may be assessed using semi-empirical formulae for 2D situations as given in An
ometries (vertical walls with and without berms) but need to be investigated by hydraulic
b complex geometries.

5.3.2.9 Seabed scour due to waves and currents

Waves and ¢
should be co

urrents may cause scour close'to and around structures on an erodible seabed. The scour
hsidered and scour protection should be provided as necessary.

Hepth

5.4 Wave|and current actionon cylindrical members and isolated cylindrical structures

5.4.1 Definition

Cylindrical structures\may be single isolated cylinders to support a platform of some kind (e.g. lighthous
structures cdmpaosed-of vertical cylindrical members supporting a platform (e.g. jetty) or a truss structur
vertical, inclined ‘and horizontal cylindrical members, supporting a platform (e.g. oil platform) or a pif
close to or on the seabed.

s) or
with
eline

5.4.2 Types of wave and current action
Waves and currents passing a cylindrical member induce dynamic pressures different from the hydrostatic
pressures on the surface of the cylinder. These pressures when integrated over the whole surface of the

cylinder result in a net force on the cylinder. The wave and current actions are the drag actions, the inertia
actions, diffraction actions and the vortex-shedding induced actions (vortex-induced vibrations).

5.4.3 Current action

Current action on a cylinder should be calculated with a drag force formula with an appropriate drag coefficient.
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5.4.4 Wave and current action on vertical cylinders from non-breaking waves

The action of non-breaking waves and currents on small diameter cylinders and cylindrical structural elements
should basically be calculated using the Morison equation with appropriate wave kinematic formulation and
appropriate drag and inertia coefficients.

The action of non-breaking waves on large diameter cylinders and cylindrical structural elements may be
calculated using wave diffraction theories, by numerical methods or hydraulic model tests.

5.4.5 Wave and current action on vertical, inclined and horizontal cylinders from breaking waves

Wavé and current action of breaking waves on vertical, inclined cylinders in shallow water and on| reefs should
be chlculated using appropriate formulae. Special considerations should be made regarding any wave
slamming action. Hydraulic model tests should be carried out on important and critical structurgs on rapidly
varying bathymetry.

5.4.6] Slamming action of waves on horizontal and inclined cylinders

For horizontal and inclined cylinders entering and leaving the water surface-as waves pass by, slamming
action should be considered.

5.4.7] Wave action on decks

Waveg action, including slamming, on platform or jetty decks, shall be considered when there is a|possibility of
the deck being hit by waves.

5.4.8)| Wave action on small diameter pipelines
Wave action and current action on small diameten pipelines on or close to the seabed should e calculated

using a Morison type equation for the horizontal.force and a similar equation without the inertia tgrm for the lift
force

5.4.9| Current and wave-induced vibrations

For glender structures, e.g. pipelines in free spans, current and wave-induced, vortex-sheddling induced
vibrations shall be considered from the strength and the fatigue resistance point of view.

5.4.1p Seabed scour at.cylinders due to waves and currents

Wavegs and currents-may cause scour close to and around structures on an erodible seabed. The scour depth
should be considered and scour protection should be provided as necessary.

5.5 | Wave-interaction with floating breakwaters

5.5.1  Definitions

Floating breakwaters are moored floating objects installed to reduce the height of waves approaching
harbours, marinas, etc. The cross sectional form of the object may vary. The most commonly cross sectional
form is the rectangular form, thus forming a box type structure of a certain length. Several such boxes may be
placed in a row thus forming a breakwater of required length. Other cross sectional forms are also used.

The wave height reducing function by floating breakwaters is mainly dependent on the ratio wave length:width
of the breakwater. Floating breakwaters are thus mainly used in relatively sheltered areas where only
relatively short period waves are present. On open coasts with ocean waves and swell, the floating
breakwater concept is not economical. To give any reasonable wave-reducing effect, the size of the
breakwater will be excessively large on the open coast. An exception to this is the case in which reduction of
only the short period waves of the wave spectrum is of significance, e.g. protection of fish farming devices.
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The moorings of a floating breakwater are normally wires and/or chains, which are fixed at the seabed to
anchors, piles or concrete units These moorings often have non-linear force-motion characteristics.

5.5.2 Types of wave and current action

Wave action on a floating breakwater induces forces on the floating "box" and in the moorings of the
breakwater. Hence the dynamic system "floating breakwater/mooring" lines shall be considered. The bottom
anchors, piles or concrete units should provide sufficient resistance against the tension from the mooring lines.

The floating breakwater will undergo motions in its six degrees of freedom: surge, sway, heave, roll, yaw and
pitch. The wave transmission, the wave forces on, and the motion response of, the breakwater should be

calculated by
of the moorin

Slowly varyir
mooring forc

Current actig
appropriately

If necessary
5.6 Wave

5.6.1

Wave screer
fixed or rigid
panel section]
separate pilg
gap at the b
wave fences

Definition

g system.

g wave drift forces induce generally large horizontal motions and are the governing factor
bs of floating breakwaters.

ns should be calculated with a drag force formula. The value of the drag’coefficient shou
selected by taking the draft:water depth ratio into consideration.

combined wave-current actions should be considered.

action on wave screens

s include a wide range of structures consisting of one or more thin vertical walls used to fi
breakwater to protect a harbour or marina fromwave actions. Wave screens consist of thi
s, used to limit wave actions, which are then‘attached to a supporting structure, usually a p
-supported structure. Wave screens can_bg solid or permeable, and extend to mid-depth v
bttom or to the seabed without a gap. Other names for these structures include wave ba
wave “skirts”, baffle breakwaters and'curtain walls.

numerical methods or hydraulic model tests, taking into account the force-motion characiefistics

bf the

Id be

rm a

wall
ier or
vith a
riers,

5.6.2 Type|of wave action

pf the
N by

p.

The main acftion of waves on wave sCreens are the oscillatory wave pressures on the front and back
screen. Thede integrated pressuresresult in horizontal forces and related moments which have to be tak
the panels and support structures~\Wave loading is generally due to wind-waves or boat-generated wave

5.6.3 Wave forces

from
bn of

Horizontal wave forcés on a wave screen may be computed by an integration of dynamic pressures
mathematical models for wave-structure interactions, by verified empirical formulae or by extrapolati
results from [physical model tests. Wave forces should be evaluated for the wave of largest height among
trains of indiyvidUal waves for the design wave conditions (see Annex |). Wave screens may be consi@lered
“brittle” compared to vertical or rubble mound breakwaters and due consideration should be taken when
selecting safety factors. Vertical loads due to buoyant forces shall also be included.

5.6.4 Wave slamming action

Wave screens are usually designed for situations where slamming loads do not occur and where wave
loading is periodic in nature. Wave slamming action from breaking waves should be examined in physical
model tests if such conditions are expected to occur.

22 © IS0 2007 — All rights reserved


https://standardsiso.com/api/?name=69d7a30fff543df7feb2e58b665a451e

5.6.5

ISO 21650:2007(E)

Wave transmission, reflection and overtopping

The degree of wave transmission under or through the wave screen, the wave reflection and the degree of
overtopping, should be examined when determining the draft, porosity, and crest elevation of a wave screen.
Effects of waves diffracted from the ends of wave screens should also be considered. Wave interactions with
wave screens should be examined using mathematical models or hydraulic model tests. An evaluation should
consider irregular waves and should consider both low and high water level conditions.

5.6.6

Seabed scour at wave screens due to waves and currents

Waves and currents may cause scour close to and around structures on an erodible seabed. The scour depth

shou

6
and

6.1

Actio
basig
Claus
whiclt
as a
struc
press
on w|
stabi
trans
contd
to the

q
y

q
y

A

d be considered and scour protection snhould be provided as necessary.

Probabilistic analysis of performance of structures exposed to action fr
currents

Examination of uncertainties related to wave and current action

n from waves and currents is classified as variable action by the definition given in ISO 2394
variables are the hydraulic parameters characterizing water’ levels, waves and curre
e 5. They are all random variables given by probability distributions, except the astronom
can be predicted accurately once the time and the locationvare specified. However, it shod
random variable when the times of wave and current action are uncertain. For desig
ures, the action of waves and currents appear in calculations either as hydrodynamic loadir
ure on the structures, or only indirectly as a responsé’of the structure. The first case appli
blls and piles, whereas the second case applies\to structural response such as rubble m
ity and integrity, seabed scour, and to hydrauli¢ response such as wave run-up and overt

in uncertainty besides the random variahility of the hydraulic basic variables. Major source
uncertainties are as follows (see J.1 fer.discussion).

btatistical variability of basic natural.variables.
Errors related to measurement;-hindcast or visual observation of hydraulic basic variables.
bample variability due toYimited sample size of the available data of basic variables.

Choice of distribution as a representative of the unknown true long-term distributions for hy
ariables.

ariability~of parameter estimation for a distribution function fitted to basic hydraulic data.

\cclracy of models for prediction of storm surge water levels.

pPmM waves

. The related
hts, given in
cal tide level
Id be treated
n of coastal
g in terms of
bs to loading
ound armour
bpping, wave

Mmission and reflection. In both cases the méthods of estimation of action and the respomfse to action

contributing

draulic basic

Accuracy of models for wave forecasting and/or hindcasting.

Accuracy of models for prediction of action of waves and currents.

Accuracy of models for prediction of structural and hydraulic response.

response.

©I1SO

Variability of structural parameters.
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Accuracy of models for transformation of waves and currents, for example from deep to shallow water.

Reliability of the results of physical model tests for the estimation of loadings and structural and hydraulic
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The bias and standard deviation of each factor of uncertainty should be investigated and be duly taken into

account in th

e evaluation of the action of waves and currents.

6.2 Reliability assessment of structures

Structures subject to the action of waves and currents should be assessed for their reliability at the
serviceability and ultimate limit states with due consideration for their economic and social functions,
environmental influences, and the consequences of failure. The nature and extents of the uncertainties in 6.1
should be duly taken into account when assessing the reliability of structures during their design working life.

All failure modes and failure mode interactions of importance for the performance of the structure should be

considered.

The probabil
less than thq
responsible §

The probabil
by numerical

For a structu
expected am|

NOTE A
berm breakwa

ty of failure during the design working life should preferably be assessed and confirmed
minimum value assigned to a specific class of structure, which is to be preset or approv
gencies.

ty of failure may be evaluated by the use of the reliability index method or with direct calcu
integration of their probability density functions or Monte Carlo simulations.

re that permits a certain degree of deformation at the serviceability~and ultimate limit state
ount of deformation should preferably be evaluated.

ter allows reshaping of its seaward slope by wave actions until it\reaches a stable shape.

to be
bd by

ation

5, the

Caisson breakwater can function as a wave barrier even after its main body has slid over a small distapce. A
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Annex A
(informative)

Water levels

Tide levels

Because the astronomical tide level at any location varies continuously with time, certain representative tide
levelg are used to provide the information on the range of tide levels. Most frequently used ones are the mean

high

obtaiped over a long period of time. It is equal to the elevation above (or below) the . mean se

(or low) water springs, which is the average height of high (or low) water at the.'time ofl spring tides
level by the

amoynt equal to the sum of the largest two constituents of the same family, usuallycthe M, and|S,. Because

the hgights of two high (or low) waters in a day usually differ, they are not the highest (lowest)

ter levels at

spring tides. The near highest high water level is calculated by adding the amount equal to the sum of the
amplltudes of the four main tidal components M,, S,, K; and O, to the mean Sea level. The near lowest low
water level is calculated by subtracting the same amount from the mean sealevel. The latter is also called the
low water Indian springs and has been used as a chart datum in some countries before the|lnternational

Hydrographic Organization resolved to adopt the lowest astronomicahtide (LAT) as the chart datu

In addition to the above high (or low) water levels, the mean monthly highest (or lowest) water |

vel, which is

the annual mean of the highest (or lowest) water levels within)five days after the day of new oy full moon in

respgctive months, may be used as representative of the high (or low) water levels of tides.

The

water level at a given location can vary beyond the range of astronomical tide level§ due to the

occufrence of storm surges, tsunamis and others”Both storm surges and tsunamis can raige the water
surfage to very high elevations, but they can also cause the water surface to drop below the lowest

astropomical tide.

A.2

need

use

safety of the structure and/or facilities under design.

Design water level

to be specified. It is called the design water level. The principle of selecting the design water level is to
e combination of waves, currents and water level which is most unfavourable to the stpbility and/or

Whe:E evaluating the action of-waves and currents on structures, the water level at the time df their action

For g certain type_ofstructure such as retaining walls, exceptionally low water at the ebb of f[sunami may
causg its seaward-collapse owing to the earth and residual water pressures behind it. When|scour of the
seabged in front,Of a structure is apprehended, a low water level can become a critical conditipn. Impulsive
breaking wave pressures may be exerted on a vertical or composite breakwater when the water level is
intermediate or low, depending on the geometry of the breakwater. However, most cases of structural design
set tHe design water level at a rather high elevation.

The

methodology of selecting the design water level at high elevation is not established yet, depending on the

available data, design practices in use, local situations and others. Several methods are cited in a) to d).

a)

Use of the highest record of high water level

This method is sometimes used for the case of tsunamis with the addition of a certain allowance, because
the statistical analysis of tsunami heights is difficult owing to the rare occurrence of tsunamis.

Extreme statistical analysis of storm surge levels

This can be done for both the absolute level of the highest water above the datum level and the deviation
of highest water level from the astronomical tide at the time of storm surges. The analysis can yield the
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return water level corresponding to a designated return period. When the R-year storm surge deviation is
evaluated, it is added to the near highest high water level or some other high water levels. The
designation or return period is the matter decided by the owner of the facilities.

¢) Numerical simulation of the past worst storm surge or tsunami, around the locality

The storm surge or tsunami that inflicted the worst damage on the locality is selected, and the temporal
and spatial variations of water level along the coastline are computed for design consideration.
Sometimes, the strongest storm is chosen as a design storm and its track is shifted so as to yield the
worst storm surge at the design site. Selection of the astronomical tide level when a design storm passes
depends on the analyst in charge.

d) Probabiljstic analysis

All the pasic variables related to design of structures including the water level are given statistical
variabiliy and various combinations of variables are analysed with their occurrence prababilities. Wonte
Carlo sirmulation techniques are often employed and economical and/or risk optimisationcan be made.

26 © IS0 2007 — All rights reserved


https://standardsiso.com/api/?name=69d7a30fff543df7feb2e58b665a451e

B.1

ISO 21650:2007(E)

Annex B
(informative)

Wave action parameters

Wave variability and wave parameters

B.1.1
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B.1.1

The
distri
swell

pp. 2

The
inforr

Variability of waves in the sea

waves and swell in the sea are essentially random in time and space. Heights and périods
s in a short time span vary randomly over wide ranges. It is necessary to defifg individus
criteria and calculate characteristic wave heights and periods in a statisticalimanner in the,
sis. The zero-upcrossing or zero-downcrossing method is the standard technique to defi
S, in which the two successive crossing points of the wave surface profile with the mea
tline) mark the start and the end of one individual wave, respectively.~The significant wave

ean of the highest one-third waves thus defined.

state of wave activities on the surface of the sea varies gradually with time. The conditig
Ce in a short time span is termed the sea state, which is.generally expressed with the sig
t and the mean wave period or other period parameter,-'and the principal wave directig
sis of the sea state over months, seasons and years yields a long-term description of wave
ficular site, which is called the wave climate. The subjject is discussed in Clause B.3.

sis of individual waves of a wave record is generally made for a time span of 20 min or so.
5pan is chosen as the result of compromise between the requirement of a short duration to g
ancy of sea state during the recording time and that of a long duration to have a sufficie
s necessary for reliable estimates of significant wave height and other characteristic wave
s.

P Marginal distribution of.individual wave heights in a short time span

Histribution of individual wave heights in a short time span can be approximated using
pution. The Rayleigh.distribution is approximately applicable to any sea state inclusive of
and coexisting state-of both, regardless of frequency spectral shapes; e.g. see Godal®8! (g
51-265).

hssumptiontefrthe Rayleigh distribution enables the estimation of significant wave height
hation as‘below

H1/3 = Hmo 24,07]rms 24,01”}10

of individual
| waves with
time domain
ne individual
N water level
height H, 3 is

n of the sea
hificant wave
n. Statistical
conditions at

he length of
uarantee the
ht number of
heights and

the Rayleigh
wind waves,
p. 40-41 and

rom spectral

(B.1)

where 7,.,s denotes the root-mean-square surface elevation and m is the zero-th moment of frequency wave
spectrum defined by

m

v =, 1SN

where S(f) denotes the frequency spectral density function.

(B.2)

Although the Rayleigh distribution provides a good approximation to the wave height distribution, the latter in
deep water is slightly narrower than the Rayleigh, resulting in the empirical relationship of Hq,3 = 3,87, OF
Hy3 =20,95H 4. In relatively shallow water outside the nearshore zone, on the other hand, the wave height
distribution becomes as broad as or broader than the Rayleigh owing to the enhanced effect of wave non-
linearity.
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In the outer part to middle of the nearshore zone where waves begin to break randomly owing to depth-
controlled limitation to large wave heights, the marginal distribution of wave heights becomes much narrower
than the Rayleigh. As waves proceed toward the shoreline however, the distribution of wave heights becomes
broad again owing to the stationary rise of the mean water level (wave set-up) and its temporal variation (surf

beat).

B.1.3 Highest wave height in relation to significant wave height

A specific va

lue of the highest wave height A,

in a group of waves is subject to random variation governed

by its own probability of appearance. Its ensemble mean is the function of the number of waves within

duration of a

given sea state and expressed relative to the significant wave height as given below.

H 0,577 2
[ﬁ:‘ . > 0,706[\/m + m] (B.3)
where N, defotes the number of waves.
The most prgbable value is given by the first term of the right-hand side of Equation (B.3).
Equation (B.8) is based on the Rayleigh distribution of wave heights. Therelare some reports in yhich

extremely la
distribution ¢
probability of

fge waves were observed with heights beyond what might be expected from the stat

f H..x/Hy3. These waves are called freak waves. It is an’unsettled question whethg

freak wave appearance remains within a range predicted bythe theory of Rayleigh distribut

stical
r the
on of

wave heightg or if they are caused by some effects not accounted forin currently available theories of wave
statistics.
B.1.4 Distrnibution of individual wave periods in a short time span

The distribut
wave heights
defined in as
wave heights

on of individual wave periods needs to be_examined in the light of the joint distribution bet
and periods, because the characteristic\wave periods such as the significant wave perig
sociation with the wave heights ranked-by their magnitudes. The joint distribution of indi
and periods is strongly affected by the functional shape of the frequency wave spectrun

reliable theoretical model is available for the joint’distribution of wave heights and periods for versatile sp

shapes. Wa
peak period,

wave periodg.

For wind w4
defined by th

es of sharply-peaked spectra_exhibit a narrow spread of period distribution around the sp
while a combined sea staté of wind waves and swell shows multiple peaks in the distribut

ves with single-pedkySpectra, the following empirical relationships hold for the wave p¢
e zero-upcrossing-or zero-downcrossing method.

ween
d are
idual
n. No
bctral
bctral
on of

riods

Tnax = T3 =127, (B.4)
where T, |T4/3, a7, denote the periods of highest wave, significant wave, and the mean wave pgriod,

respectively.
the spectral

The relationship between the significant wave period and the spectral peak period is affect
shape. For fully-grown wind waves, the mean relationship of 7,5 =

information

an-be-found-inTable 2.4 of Godalt8l.

bd by

0.97,, is applicable. Flrrther

The mean wave period can be estimated from the frequency wave spectrum with the zero-th and second

moments as
Tm = Tm

where the sp

below.

02 =+Mmo /mz

ectral moments mg and m, are calculated by Equation (B.2).

(B.5)

Equation B.5 is based on the condition that the wave spectrum is comprised of all the free linear frequency
components. Because actual waves contain a certain amount of non-linear spectral components in the high
frequency ranges, the mean period Tino,2 estimated by Equation (B.5) becomes shorter than the mean period
T,, calculated by the zero-crossing technique; the difference is enhanced in shallow water and can reach up to
20 %.
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B.2 Wave spectra

B.2.1 Directional wave spectra

A detailed structure of wind waves and swell is represented with the directional wave spectrum, which can be
expressed as the product of the frequency wave spectrum S(f) and the directional spreading function D(¢9|f).
The term fdenotes the frequency and @is the azimuth measured from some fixed axis of direction.

The frequency wave spectrum or the frequency spectral density function, S(f), expresses the distribution of
wave energy density (being divided by the unit weight of water) in the frequency domain and has the
dimension of m2s or equivalent units. The directional spreading function, D(¢9|f), expresses the distribution of
wavd energy density in the directional domain at a specific frequency £, relative to the spectral, density at that
frequency. Thus the directional spreading function has no dimensions and its integration over-thg full range of

azimuyth is set at unity for every frequency.

Detalls of directional wave spectra can only be examined through multiple-component;wave m
Howgver, some standard functional forms are available for evaluation of the actions‘from waves
in B.2.2 to B.2.4. Directional spectral functions of wind waves and swell can bé |expressed with
characteristic wave height, period and direction. For the sea state of coexisting wind waves a

asurements.
as described
the input of
nd swell, the

respective spectral densities can be linearly superposed so as to yield the-directional wave spgctrum of the

combined sea state.

Specfral analysis of wind waves and swell is based on the congept of linear superposition g
. When the characteristic wave height becomes large compared with wavelength and/or
non-linear interactions between component waves are enhanced and a wave spectrum begins
appreciable amount of non-linear spectral components. Use“of'wave spectra in very shallow wa
made with due caution for the effect of non-linear components on wave actions.

B.2.2 Frequency spectra of wind waves andcswell

Varigus functional forms of frequency wave'spectra have been analysed on the basis o
meagurements, and several standard functions have been proposed. Some frequency spectra a
as the function of wind speed for the purpose of wave forecasting. They include the Pierson-M
JONSWAP and the TMA spectra. For evaluation of the action of waves, it is more convenient
frequency spectrum as the function of characteristic wave height and period.

lly-grown wind waves, thé Bretschneider-Mitsuyasu frequency spectrum, as follows, can be
_ 2 nAe=b -4
5(f)=0,257H{)3Ty3P ~ exp[-103(Ty,3/) "]

The f
that

Hy3
meag

unctional dependence of the Bretschneider-Mitsuyasu spectrum with respect to frequency is
of the Pierson-Moskowitz spectrum. Its constants have been set to satisfy the
= 4,0 /n )and the relationship of T, = 1,057}, which was derived by Mitsuyasu baseg
urements of wind waves with the presence of some low frequency components.

For \

f component
water depth,
o include an
er should be

f many field
e expressed
bskowitz, the
to express a

employed:
(B.6)

the same as
condition of
on his field

bws, is often

ersatile functional shapes of single-peak wave spectra, the modified JONSWAP, as foll

employed:

Af - ~(Tp /1?1202
S(f) = ByHE3T5 £ 75 exp[-1,25(T, )41, P o/ 7071207

in which
By = 0,062 4 -[1094-0,019 15Iny]
0,230+0,033 67 —0,185(1,9 + )~
T, = Ty3/[1-0,132(y +0,2) %%
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a{

in whichfp = 1/Tp denotes the frequency at the spectral peak.

0,07 :f<f,

(B.10)
0,09 :f>f,

The term yis called the peak enhancement factor, which was given the value between 1 and 7 in the original
proposal of the JONSWAP spectrum. In using Equation (B.7) however, the value of y can be chosen between
1 and 10, depending on the wave characteristics. For fully-grown wind waves, y= 1 is appropriate because it
yields the frequency spectrum equivalent to the Pierson-Moskowitz spectrum. For swell, the value should be
increased in proportion to the distance of travel, but y= 10 can be regarded as appropriate for swell having
travelled ovef several thousand kilometres (see Godal88, p. 30).

/) is due to Godal86l, who also derived the functional form of the modified Walldps spe¢trum

parameter of the exponent of the power of frequency.

Equation (B.
having a freg

B.2.3 Diregtional spreading function

B.2.3.1 Standard directional spreading functions

q
y

bome
ue to

Various fungtional forms have been proposed for the directional spreading/function of wind waves.

functions are
an insufficier
function is le

based on the analysis of field data, while some others are without validation by field data. D
t number of field measurements of directional wave spectra; selection of a directional spre
ft to the judgment of an analyst of the wave action. In.this subclause, two functional form

nding
S are

introduced, Hut other functional forms can also be used in the analysis.

The directional spreading function based on field data is the Mitsuyasu type as follows:

D(9|f):Docoszs[9_00] B.11)
in which
0 0-0,\]"
Do{jgm_ax 032S[ Oﬂ B.12)

where ¢, denotes the principal-wave direction measured from a given axis of direction and s is the spre
parameter thpt varies with the frequency as in the following:

hding

fp)ssmax :féfp

fp)-z'ssmax = fp

U
(f

B.13)

N

According to Mitsuyasu et al.['5%], the peak value of spread parameter, s, varies depending on the state of
wind wave growth. A representative value for fully-grown wind waves is about s,,,, = 10. With an increase in
the spa¢ Value, the extent of directional spreading becomes narrow. Godal88l (p. 34) and OCDI63] (p. 39)
suggest the value of s.,,,, = 25 for swell with short decay distance and that of s, = 75 for swell with large
decay distance for the case of deep-water waves.

The directional spreading function employed in some multi-directional model tests is the wrapped-normal type

as expressed below.
2
D(0) = i+l exp[—@] cosnf

2r 7«
n=1

(B.14)
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in which o, represents the angular standard deviation defined by

2

0,
o2 = jemax (0-0y)2D(6)do

min
The number of serial terms, N, should be sufficiently large to ensure convergence of the finite seri

B.2.3.2 Mutual relationships among standard spreading functions

(B.15)

es.

The M|tsuyasu type spreadlng functlon dictates the frequency dependency of dlrect|onal spreading as

specfrum with Smax = 10 approximately yields o, = 33°, while sy, = 75 yields o, = 14%) For m¢
| comparison of several directional spreading functions, see Godal®71.

B.2.3.3 Directional spreading functions in shallow water

Owinpg to wave refraction effects, directional spreading of wind waves and swell becomes narrg
watel compared with that in deep water. Numerical analysis has beén made for the refraction
randgm waves on a coast with straight, parallel depth-contours. A directional wave spectrum con
Bretschneider-Mitsuyasu frequency spectrum and the Mitsuyasu type spreading function was em
analysis. From the result of this analysis, an equivalent value of spreading parameter s, was e

aI spreading
4 possible by

bquency, the
re details of

w in shallow
pf directional
posed of the
ployed in the
aluated as a

functjon of the ratio of water depth to the deepwater wavelength. A diagram for the estimation of the
equivalent value of the spreading parameter has been prepared and is listed in Godal®8! (p. 36) gnd OCDI[163]

luation of the actions from waves, such a change of the spreading parameter should be
ated and a corresponding value in shallow‘water should be employed.

pppropriately

Representative height and period of combined sea state

When a sea state is composed of\wind waves and swell, the directional wave spectrum exh
peaks at different frequencies and azimuths. If the information of the characteristic heights and psg
as the principal directions of these wind waves and swell is known, the respective directional spgctra of these
wind [waves and swell can be estimated using the formulae in the previous subclauses. The dirgctional wave
speci{rum of the combined-sea state is obtained by linearly superimposing the directional spectrdl densities of
thesq wind waves and_swell. The action of these waves is then analysed by calculating contributions of
components of the“directional wave spectrum thus obtained.

ibits multiple
riods as well

The fepresentative height of the combined sea state can be estimated as follows:

(B.16)

i, =\/H12 +H3 4+ + H?

where Hg denotes the characteristic wave height of combined sea state and H, to H, are the characteristic
heights of wave groups. Any definition of wave height such as the significant wave he|ght or the highest wave
height is applicable to this formula, because the distribution of wave heights of the combined sea state can be
approximated by the Rayleigh distribution as discussed in B.1.2.

The representative period of the combined sea state is difficult to define, because the joint distribution of wave
heights and periods exhibits multiple modes that correspond to the modes of periods of respective wave
groups. However, there is a formula for estimation of the significant wave period of the sea state composed of
two wave groups as listed in OCDI!83] (p.70). It was proposed by Tanimoto et al.[218] for the purpose of
evaluating wave loading on vertical face breakwaters.
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B.3 Wave climate statistics

B.3.1 Statistical representation of wave climate

As mentioned in B.1.1, a long-term description of wave conditions at a particular site is called the wave
climate. Continual wave measurements carried out every few hours provide the basic source of wave climate.
The significant wave height is the characteristic height of wave climate statistics, while the characteristic wave
period is either the mean period, significant wave period or spectral peak period, depending on the method of
wave record analysis.

Wave climate at a particular site can be described in many ways. Time-history diagrams of characteristic
height, periofl and direction over a month, a season or a year visualize a general trend of wave climate at a
particular site. The means and standard deviations of height and period over months, seasons_and jears
provide basig¢ statistics of wave climate. Marginal and joint distributions of characteristic waveyheight and

N
9

period are ut wave
direction with
sand transpd
analysis of th

B.3.2 Marg

The Weibull
height and p
periods mea

lized in the analysis of long-term effects of wave actions on structures. Joint distributions of
wave height or period are also important in assessing tranquility of a harbour.basin and |

e workability and operational efficiency of maritime facilities.

inal distributions of characteristic wave height and period

and log-normal distributions are often fitted to the marginal distributions of characteristic
eriod of wave climate statistics. Because the sea state varies’gradually, the wave height
sured at intervals of several hours are mutually correlated.” Even with a time lag of 24 |

correlation ¢

efficient between successive significant wave heights can’maintain a value of 0,3 or higher.

ttoral

rt rate along a coastline. Duration statistics of calm seas and rough seas are.also examingd for

wave
5 and
, the
Thus

the data set for the marginal distribution of characteristic wave height or period does not constitute a sa
of statistically independent data.

mple

e the
on of
or an
thod,

The upper tdils of the marginal distributions often exhibjt'trends different from the main parts, becaus
data in the upper tails are samples from the population-of storm waves being different from the populat
medium to cplm sea state. A simple extrapolation of a-marginal distribution of significant wave height f
estimation of extreme wave height, such as 100 year wave height, which is called the total sample me

should not
involved.

made in the evaluation process for design wave heights because of the inherent inacc

B.3.3 Joint distribution of characteristic wave height and period

The pattern

of wave clini
correlation b
the area in W
between wa
models such
period.

f the joint distribution-0f characteristic wave height and period is highly dependent on the n
ate at locality. In-the area in which wind waves are predominant throughout a year, a
btween wave Height and period is observed and the scatter of data points is relatively sm
hich swell activity is strong, the data points are scattered over a broad area and the corre
e heightcand period is weak. Caution should be taken against simple application of theon
as double’log-normal distributions to the joint distribution data of characteristic wave heigh
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Rayleigh distribution for individual wave heights so as to yield the marginal distribution of whole individual
wave heights or actions during the design working life of a maritime structure. For each class of joint
histograms of wave height and period, the number of individual waves expected in the time interval between
successive measurements is calculated using the characteristic wave period. These waves are given
respective heights according to the Rayleigh distribution, and the numbers of waves in respective classes of
the height are counted and tabulated. If some information is available on the joint distribution of individual
wave heights and periods at the site of interest, further refinement can be achieved.
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B.4 Extreme wave statistics

B.4.1 Data set for extreme wave analysis

The database for extreme wave analysis is a long record of instrumental wave measurements and/or results
of wave hindcasting projects. The accuracy of wave hindcasting is affected by the reliability of both the
hindcasting model itself and the meteorological information for wind field estimation. It is necessary to employ
a wave hindcasting method that has been verified to yield predictions in good agreement with instrumental
wave records for several large storm waves obtained around the site of interest.

The length of data record is preferably 30 y or longer. A long record is needed so as to reduce the effect of
samgle variability and to minimize the influence of wave climatic changes on the prediction of, extreme wave
heights for a long return period such as 100 y.

The

mete
data
extre
not b

measured and/or hindcasted extreme waves should preferably be classified, @ecording| to types of
brological disturbance so that the data sets can be constructed for respective storm types. Extreme wave
bf respective storm types may constitute samples from different populations-of.extreme waves. When an
me wave analysis is made on a data set of mixed populations, the prediction of extreme wave height may
e reliable.

A set
in ev

of extreme wave data can be prepared by two methods. One is ta take the maximum signjficant waves
bry year, and the other is to take the waves at a peak of every storm event that is defined by the level by

which
meth
of ex
data
beco
reme

the significant wave height exceeds a preset threshold level,\The former is called the ann
bd, and the latter is the peaks-over-threshold (POT) methed:~Because the currently availab
freme waves in the world do not cover a sufficiently langytime-span, the sample size of e
by the annual maximum method is rather small andthe confidence interval of extreme w
mes relatively large. Therefore, the POT method is‘a preferred technique of data analysis
mmbered that a set of extreme wave data by the ROT method does not belong to the catego

al maximum
e databases
Ktreme wave
ave analysis
It should be
y of extreme

data [in the strict sense of the statistics, because:ddpeak height is not a maximum data among a subset of

indepgendent data such as required in the extremestatistics.

The pverage number of storm events, or-the mean rate, is an important parameter in the ektreme wave
analysis when the POT method is employed. The mean rate should preferably be calculated fpr respective
storm types.

B.4.2 Extreme distribution-functions for storm wave heights

Because no consensus has-been established on the population distribution of storm wave heights and the
POT|wave data are not-the extreme data in a strict sense, several distributions are employed as the

cand|dates for fitting«o, the data set of extreme wave heights.

Com
or Gymbel), the/Fisher-Tippett type Il (Frechét) and the Weibull distributions (see Chapter 11 o
their functional forms). However, other distributions such as the Generalized Extreme Value an
distributions can also be used.

only employed distributions in extreme wave analysis are the Fisher-Tippett type | (doubl¢ exponential
Godal®8l for
d log-normal

B.4.3 Data fitting and selection of extreme distribution function

A data set of extreme wave heights, or a sample, is fitted to a candidate distribution for parameter estimation.
The least squares method (LSM), the maximum likelihood method (MLM), and other valid methods may be
employed for distribution fitting. When applying the LSM, the shape parameter of the Fisher-Tippett type Il or
the Weibull distribution is often fixed at a predetermined value so as to transform it into a two-parameter
distribution. Care should be taken to employ the non-bias plotting position formulae for distribution functions
when using the LSM.

Appropriate criteria of best fitting and/or rejection should be chosen and applied for the data set, depending on
the methodology of data fitting.
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B.4.4 R-year wave height and confidence interval

Once the distribution best fitted to the data set is selected, the distribution is assumed to represent the
population of extreme wave heights at the site of interest. The wave height corresponding to a given return
period, or R-year wave height, can be estimated by a standard procedure of extreme statistics.

A data set of extreme wave heights obtained through wave measurements and/or hindcasting represents one
sample from the population of storm waves at the locality. Even with absence of climatic changes, a data set
covering different but equal lengths of time will constitute a sample of the same distribution but with different
statistical characteristics. This is called the sample variability of data set. Because of this variability, each
sample will yield different estimates of R-year return wave height. A range of confidence interval should be
estimated and-indicatedfor-everyestimate-of returnwave-height—even-though-the-methodology of estimation

is left to analysts.

Furthermore] there is no way to know the true population distribution of storm wave heights in genéral. A |misfit
of an extremg wave data set to a distribution different from the true population will yield a bias'in the estlmate
on R-year refurn wave height. Analysis of storm wave data sets at multiple stations in a region’of same gtorm
characteristi¢s can yield information on the population of storm waves (see Goda et al.[93}).

B.4.5 R-year height of highest wave

The highest wave height corresponding to a given return period is usually gstimated from the R-year rfeturn
significant wave height by multiplying it with a certain factor based on the Rayleigh distribution or others.

In offshore engineering, efforts are often made to estimate the R-year:teturn height of highest wave from the
marginal disfribution of whole individual wave heights, which is constructed from the wave climate data peing
convoluted with Rayleigh distribution, as discussed in B.3.3.

B.4.6 Wave period associated with R-year wave height

Information qn a wave period associated with the R-year return wave height is often needed when evalyating
the action of|waves. However, no established method is currently available to estimate such a wave pegriod.
Often a joint|distribution of storm wave heights-and periods is prepared to find out a meaningful correjation
between the height and period.

For fully-grown wind waves in deep water;\the following mean relationship can be quoted:

Ty = 3,BH13003 B.17)

in which the inits of T3 are séepnds and those of /3 are metres. The above relationship is due to Godal®,
based on Wilson’s[267] form@la for wind wave forecasting.

B.5 Wave|transformations

B.5.1 Processes of wave transformation

During the propagation of waves and swell, they experience various processes of wave transformation, by
which the height, period, direction and spectrum are changed. The processes mainly considered in evaluation
of the actions from waves and currents are shoaling, refraction, diffraction, reflection, transmission and
breaking. Wave shoaling denotes the process of changes in wavelength, wave celerity, wave height, etc.
when waves propagate in water of decreasing depth. Wave refraction is the process by which wave direction
and height change when the waves propagate obliquely to the depth contour. Wave diffraction is the
phenomenon that waves propagate into the geometric shadow zone behind a barrier. When waves encounter
a man-made or natural barrier to their propagation, waves are partially or fully reflected and there may be
some waves transmitted behind the barrier. These are the phenomena of wave reflection and transmission.
When the height of a wave becomes large beyond a certain threshold, which is expressed either in terms of
the ratio of wave height to wavelength or the ratio of wave height to water depth, the wave cannot maintain its
kinematic stability and loses a part of its energy through breaking.
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When waves encounter currents, they are refracted by them if the directions of the waves and the currents are
different. When waves meet the opposing currents, wave heights increase and wavelengths are shortened.
When waves propagate riding on the following currents, wave heights decrease and wavelengths are
elongated.

Most of these processes are linear in the sense that the wave height after transformation is linearly
proportional to the wave height before a transformation, and are analysed by linear wave theories. When the
relationship between the wave heights after and before a transformation is not linear, the process is called
non-linear. Wave transformation by breaking is a typical non-linear process. Wave shoaling exhibits some
non-linear features. The effect of wave non-linearity on wave refractions is small and neglected in most
analyses.

Estin
unce
evalu

ation of wave heights, periods and directions by wave transformations involves a certg
tainty due to the variability of transformation processes and the reliabilities of estimation’ m
ating the action of waves, such uncertainty should be taken into consideration.

in degree of
odels. When

B.5.2 Wave shoaling

B.5.2.1 Linear shoaling coefficient

The |
coeff]
affec
The 3
wate

For s
com
in sh
resul

near wave theory provides the basis for calculating the wavelength;)celerity, group velocity
cient in shallow water. The shoaling coefficient denotes the ratio of the height of waves
ed by the depth change in shallow water to their height in deep.water with the refraction effe
thoaling coefficient by the linear wave theory is calculated\with a closed-form function of th
depth to the local wavelength.

hoaling of random waves, the shoaling coefficientlis first computed for a range of spect
onents and the results at various frequencies are\utilized to construct the frequency spectr
baling water. The characteristic wave height incshoaling water is estimated from the zero-
ant wave spectrum by Equation (B.1) and_the random shoaling coefficient is calculated

specirally evaluated wave heights. The shoaling coefficient of random waves differs from

coeff]

B.5.2

cient of monochromatic waves, but the difference is a few percent at most in many cases.

.2 Nonlinear shoaling coefficient

When waves with a large height-or non-linear waves propagate into quiet shallow water, the

takeg
beco
heigh
wave
shoa
is list

the form of a sharp crest’ and flat trough. The potential and kinetic energies for a given

t of linear waves for.the same energy flux. Because of this feature, the shoaling coefficient
s becomes larger,than that of linear waves. Several theories are available for evaluation of t
ing coefficienf,-among which the theory by Shutol197] is often referred to. A diagram based ¢
bd in BSIB1Godal88l (p.77), and OCDIN63] (p.75).

The mon-linear shoaling coefficient should be employed when evaluating wave loading on structu

predi

ctionvof such wave loading is usually made with the input of local wave height having bee

non-|

and shoaling
having been
ct eliminated.
e ratio of the

al frequency
um of waves
h moment of
by using the
the shoaling

wave profile
wave height

me less than those of-linear waves. Conversely, non-linear waves can have a height lafger than the

of non-linear
he non-linear
n this theory

res, because
n affected by

nedar shoaling. However an increase of wave height by non-linear shoaling beyond the lin

ear shoaling

process does not represent a net increase of wave energy density, as explained in the above. Therefore, the
non-linear shoaling coefficient should not be used in the calculation of wave energy flux, radiation stresses,
longshore currents and other energy related phenomena.

B.5.3 Wave refraction

Upon entering a region of shallow water, wind waves and swell undergo the process of wave refraction
together with wave shoaling. Changes in the direction of wave propagation and wave height are often
analysed using the wave ray method or equivalent methods by computer, which have been developed for
regular (monochromatic) waves with a single period and direction. In the coast of simple bathymetry, such
methods of wave refractions analysis can be utilized for the purpose of preliminary analysis. In principle
however, wave refraction should be analysed for multidirectional random waves with the input of directional
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wave spectrum. Diagrams for estimation of the height and direction of random waves refracted on a coast with
straight, parallel depth-contours can be found in Godal®8! (pp. 55-56) and OCDI[63] (pp. 51-52).

Around a three-dimensional reef or other complicated bathymetry, refracted waves generate a set of diffracted
waves behind the shoal. Advanced mathematical models need to be mobilized to numerically analyse the
detailed distribution of waves around it. In this case, use should be made of multidirectional random waves.

B.5.4 Wave diffraction

The phenomenon of wave diffraction by breakwaters and other barriers is analysed with theoretical and/or
numerical models by means of computers for monochromatic waves and multidirectional random waves.
However, th¢ results of diffraction coefficients thus obtained often differ greafly between monochromatit and
random waves. Because wind waves and swell in the sea can only be represented using the conc{pt of
directional wave spectrum, the diffraction analysis with monochromatic waves should not be applied t¢ real
situations wHen evaluating wave action.

A diffraction
waves can |
calculating th
straight barri

diagram or a contour map of diffraction coefficients behind a barrier of multidirectional rapdom
e constructed by computing diffraction coefficients of directional spectral components and by
e directional spectral density of diffracted waves at respective locations. Diffraction diagrams of
brs for multidirectional random waves can be found in BSI31], Godal®8land OCDI163],
ent of

The value of|the diffraction coefficient of multidirectional random waves is latgely dependent on the ext

directional s
made with d
effect as disqa

When the an
obstacles ca

preading of wave energy. Selection of the value of directional spreading parameters shou
le caution by taking into consideration the condition of wavesgrowth state and the shallow
ussed in B.2.3.

ea behind a barrier causing wave diffractions has>a-bathymetry of variable depth and/or
pable of reflecting the diffracted waves, the diffraction analysis of wave distribution in the

should be made by taking wave refractions and/or reflectiondinto account.

B.5.5 Wave reflection and transmission

When trains
direction opp
permeation,
reflection is 4
waves to th
transmission

of waves encounter a structure (inywater, a part of the wave energy is reflected towar|

and the rest is dissipated by:breaking, turbulence and other phenomena. The degree of
xpressed by use of the reflection coefficient, which is the ratio of characteristic height of refl
at of incident wave. The’ degree of wave transmission is expressed by use of the

coefficient, which is the ratio of characteristic height of transmitted waves to that of incident

When no engrgy is lost through-interaction between waves and structure, the magnitudes of the reflectio

transmission
loss of wave
of wave refle
irregular trair

coefficients canvbe analysed theoretically. For most of prototype structures however, a c
energy flux\s inevitable. Hydraulic model tests are generally required to assess the coeffi
ction and\transmission of the structures concerned. It is standard in such model tests to er
s of waves with the input of an appropriate frequency spectrum.

B.5.6 Wave-breaking
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A train of monochromatic waves in shoaling water, breaks at a stationary location at a certain depth at which
the stability and continuity of wave surface are lost and dissipation of wave energy starts. A train of irregular
waves breaks randomly at various locations over a wide distance, with large waves breaking off the shore and
small waves breaking near the shore. Breaking of individual waves is mainly governed by the ratio of wave
height to the local water depth. The ratio is sometimes called the breaker index.

In the nearshore zone, or the surf zone, where most of wave breaking takes place, the distribution of individual
wave heights deviates from the Rayleigh distribution. Just outside the nearshore zone, large waves
experience a strong non-linear shoaling process and the wave height distribution may become broader than
the Rayleigh. In the outer part to the middle of the nearshore zone, the wave height distribution becomes
much narrower than the Rayleigh owing to the disappearance of large waves by breaking. However, the
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distribution maintains a shape of gradual decrease toward the upper limit, which is controlled by the water
depth, because of probabilistic variations of wave breaking phenomena. From the middle of the nearshore
zone toward the shoreline, the wave height distribution becomes broad again because of reformation of
individual waves after breaking, presence of temporal variations of mean water level or the surf beat
phenomenon, and the rise of mean water level or the wave set-up. At the location of initial shoreline, there is
an appreciable amount of surface fluctuation that yields a certain distribution of individual wave heights. The
nearshore zone with non-zero wave heights at the shoreline of initial zero depth is sometime termed the
unsaturated surf zone (see Godal®'l for details).

There have been proposed several numerical models to predict the variation of characteristic wave heights
such as Hy;3 and H, ms (root-mean- square height). Only a few models have the capablllty of simulating the
a uniformly
prepared by

d seabed, a set of deS|gn dlagrams together with apprOX|mat|on formulae have been
for the variations of H1,250 and H,3, in which H,,,5, denotes the mean of highest 1/250-waves and has

inclin
God

the relationship of H,,59=1,80 Hy,3 assuming the Rayleigh distribution. The diagrams, together with the

formylae can be found in BSI[31] Goda[88] OCDI63] and others.

For an area of complicated bathymetry such as ones with bars, troughs and/or reefs; efforts are being made to
develop the methodology for prediction of the random wave breaking process; References shouldd be made to
most|recent research works including Godal®1l.

B.5.T Wave transformations by currents

Intergctions between waves and currents are generally evaluated‘sing linear theory. The rate of wave height
changes caused by opposing or following currents can be estitmated by the works of Jonsson et al.['17] and

Brevi

For g
al.[25
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mode

k and Aasl27]. Meil47] gives the theoretical treatment of the phenomenon of wave refractions

and Holthuijsen et al.[108]) the STWAVE .miadel (Vincent et al.[253]) or MIKE by Dani
ite, etc. Most of the models have some “shortcuts” and assumptions to save computati
ed necessary that the model allow for<directional wave spectra, especially when the G
lar. Each model has considerable ‘strengths and each can be an appropriate choi
formation. However, none of the medels can be considered universally applicable and re
be inaccurate if the assumptions ‘made in model development are significantly violated.
Is must be thoroughly familiar with the models, their assumptions and limitations.

B.5.8 Other transformations

ie.,
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coast where a_nearly flat and shallow sea extends over a long distance or the seabs

On the
towaIij the shorelinewith a slope gentler than 1/300, waves are gradually attenuated owing to bg

e loss of wayve“energy flux by the orbital motion of water particles working against botf
stress. Reliable evaluation of the amount of wave attenuation by bottom friction is diffi
ise therenis) a wide scatter of the data of the friction coefficient estimated from the field mea
decay, Some efforts are being made to incorporate the term of energy dissipation due to b
pectral models for wind wave generation and propagation in shallow water.

by currents.

ractical applications, several numerical models are“available, which include the SWAN mgdel (Booij et

sh Hydraulic
bn time. It is
athymetry is
ce for wave
sults from all
Users of the

d is inclined
ttom friction;
om turbulent
ult however,
surements of
pttom friction

Another source of possible wave attenuation is the wave-induced motion of soft subsoil layers and associated
visco-elastic energy dissipation. There are reports that an appreciable degree of wave damping takes place in
coastal waters with the seabed composed of very soft clay. Several theories have been presented and
laboratory tests have been made for their verification. No established methodology is available however for
quantitative evaluation of wave damping by this mechanism, in the field.
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B.6 Wave

kinematics

B.6.1 Crest elevation

The crest elevation of the highest wave is one of the key factors in designing pile-supported structures such
as piers and oil-drilling platforms, because it determines the upper limit to which the action of waves is exerted.
Non-linear theories of monochromatic waves such as the Stokes' 5th wave theory and the stream function
theory are often used to calculate the crest elevation and the profile of large waves. The theory of non-linear
random waves has not yet developed to accurately calculate the crest elevation of the highest wave among
random waves. Comparison of the second order theory with the observed probability distribution of wave
crests is found in Forristalll75]. Report of the Technical Committee |.1 “Environment” of the 14th ISSC contains

a good sourg

The ratio of
infinitesimally
limit of the ¢
Table B.1 lis
sharp cornef
crest-to-heig
permanent W
estimation of

e of information on crest height statistics (Ohtusbo and Sumil'65]),

the crest elevation above the still water level to the wave height increases fronm0/5 fq
small waves toward a limiting value at wave breaking as the wave height increases. The

rest-to-height ratio at wave breaking is a function of the water depth relative te'the wavele
s the theoretical breaker limit of progressive waves of permanent type (symmetric profile v
at crest) on water of uniform depth, which was computed by Yamada.and Shiotanil26°]
t ratio at wave breaking is listed in the right-most column. Even though the applicabi
ave theory to random sea waves has not yet been proven, Table B.1 provides a guideline f
the crest elevation of very large waves.

Table B.1 — Characteristics of breaking waves of{pefmanent type
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Hy/Lg hplLa hy/Ly, C/Cp Hy /L4 Hy/hy, nJHy
0 0 0 1,193 0,141 2 0 0
0,935 0,935 0,768 6 1,189 0,140 9 0,1791 | 0,6706
0,471 0,474 0,401 1 1,181 0,138 6 0,3456 | 0,676 5
0,286 0,300 0,259 7 1,154 0,127 7 0,4919 | 0,6908
0,1856 0,216 0,1885 1,143 0,111 5 05912 | 0,7165
0,111 7 0,151 0 0,133 1 1,134 0,08997 | 0,6683 | 0,7619
0,076 3 0,119 8 0,105 0 1,141 0,074 10 | 0,7059 | 0,793 9
0,047 4 0,0915 0,079 15 1,156 0,05771 | 0,7293 | 0,8392
0,028 4 0,0694 0,059 09 1,174 0,04430 | 0,7496 | 0,876 6
0,016 69 0)052 5 0,043 98 1,193 0,03371 | 0,766 6 | 0,906 1
0,010 95 0,042 2 0,034 99 1,207 0,02720 | 0,7774 | 0,924 2
0,005,75 0,030 6 0,248 3 1,231 0,01962 | 0,7904 | 0,9453
0,00239 | 0,01953 | 0,01570 1,244 0,01260 | 0,8028 | 0,964 9
0,001 144 | 0,01351 | 0,01075 1,257 0,00871 | 0,8099 | 0,9757
H, = breaking wave height;
hy, = water depth at breaking;
L, = deepwater wavelength by small amplitude wave theory;
L, = length of breaking wave;
L, = small amplitude wavelength;
C,, = celerity of breaking wave;
C,, = celerity of small amplitude wave;
1, = crest elevation above still water level.
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B.6.2 Water particle velocities

The velocities and accelerations of water particles under wave action induce drag and inertia forces on
cylindrical structural elements and isolated structures. They should be evaluated for waves of large height for
which structures are designed. Three approaches have been taken for the estimation of wave kinematics of
large waves.

The first approach is the use of the non-linear theories of monochromatic waves, which is applied to individual
waves defined by the zero-crossing method. Laboratory measurements of wave kinematics by Chakrabarti
and Kriebell8] among others have demonstrated their applicability in the mid-water zone. Measurements of
honzontal veIocrtles around the wave crests have been made by Skjelbrela[202] W|th Iaser doppler velocimetry

y—ta ; : tvglence of the
imum honzontal velomty to the celenty of a breaklng solltary wave, while Lader obtaingd maximum
velodity in the range of x 0,7 to x 0,8 for the celerity of transient breaking waves by extrapglation|of measured
velogity profiles. When a non-linear theory of monochromatic waves is employed, it-is-recommended to
confifm that the theory can predict the horizontal velocity at the crest of a breaking wave being| equal to the
wave celerity. Table B.1 can be referred to for the estimation of the breaking wave celefity.

The pecond approach is the spectral computation of wave kinematics by converting the dirgctional wave
specfrum of surface elevation to that of wave kinematics by means of the ‘transfer function from the surface
elevdtion to the kinematics. A simple application of the linear wave theory*for the transfer function overpredicts

the wave kinematics near the wave crest in relatively deep water, because the spectral compon
kinematics at the high frequency range are excessively amplified. Itis,customary to employ some
the |vertical coordinate. Wheeler's method[262] for examiple] transforms the vertica
zinto|z' = (z — n)/(1 + n/h), where n denotes the instantaneous surface elevation. Gudmestad[®7] h
a revjew of measured and predicted wave kinematics in deep-and intermediate water, including
field measurement reports.

The third approach is the hybrid method proposed by-Dean(®2] in which the prediction of wave K
non-linear wave theories is reduced by taking into-account the effect of the directional sprea
specira, which is estimated by the linear transformation theory. Reduction of wave kinemati
dimepsional wave theories up to 15 %-.has been observed in several field measurem
(e.g.,|Forristall et al.[77]). The ratio of the directional wave-induced water particle velocity to the
waverinduced water particle velocity is ‘sometimes called the spreading factor. Reference is mad
and Ewansl76] who have presented the.value of the spreading factor for various wave conditions i

As to| non-linear wave theories;the Stokes' 5th order wave theory and the stream function metho
are dften used by practitioners-in the oil industry. There is another numerical (user-friendly) me
lineaf wave kinematics by Rienecker and Fentonl85] which employs Fourier expansion series
functjon and applies Newton techniques to solve a system of non-linear simultaneous equation
can glso solve the ease’of waves in water flowing at a specified speed. The Fenton method is
and gpplies well toregular shallow water waves.

B.6.3 Wave-and current kinematics

The ¢gombined k|nemat|cs of waves and current are, in prlnC|pIe required when calculatlng actiong

ents of wave
stretching of

coordinate
As presented
a number of

inematics by
jing of wave
Cs from two-
ent projects
Inidirectional
b to Forristall
h the field.

i by Deanl61]
hod for non-
pf the stream
s. The latter
user-friendly

5 from waves

S, etc.

For the simple case of the following or opposite currents in water of uniform depth, Hedges!10¢] gave the
horizontal and vertical water particle velocities and accelerations for the stationary frame, assuming linear
wave theory. Hedges also gave, for similar conditions, the spectrum of the water article velocities and
accelerations by a transfer function approach when the scalar water elevation spectrum is given by Sy (fa,U)
where f, is the frequency corresponding to the period observed by a stationary observer and U is the current
velocity.

Hedges also refers to methods being available for dealing with shortcrested seas for which there will be
varying degrees of wave refractions caused by currents, depending on initial wave direction and frequency, as
well as on current direction and strength.
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However, there have been no investigations on the effect of directional waves and currents on the Morison
type force. The recommendation is to use the scalar wave spectrum together with the angle between the
mean direction of the waves and the current when evaluating the spectrum of the water particle velocities and
accelerations.

Within the oil industry, practise has been to simply add the current velocity, stretched to the instantaneous
water level, to the water particle velocities from the waves as obtained from a proper wave theory, e.g. APl RP
2A WSDI10l and NORSOK Standard(62]. The Fenton Fourier series theory as mentioned in B.6.2 is also
useful and more exact than the engineering approach taken by the oil industry.
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Annex C
(informative)

Currents

General

For
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C.2

Currg
tidal

curre
gradi
large

Tidal

pottom-founded structures, the total current profile should be considered. The total \c
Ciated with the sea state producing extreme or abnormal waves should be specified for struc

Current parameters

nt velocities vary in space and time. The total ocean current velocity is.the vector sum of t
pr residual currents. The components of the residual current include-circulation and stor
hts, as well as short and long period currents generated by various phenomena, suc
ents, wind stress and internal waves. Residual currents are often irregular, but in many |
5t residual current to be considered is the extreme storm surgé.currents.

currents are regular and predictable and their daily maximum velocities are approximately p

irrent profile
ure design.

dal and non-
M generated
N as density
bcations, the

roportional to

the tidal range of the day. They are generally weak in degp*water past the shelf break. They gre generally
stronper on broad continental shelves than on steep shelves. Tidal currents can be strengthened by shoreline
and hottom configurations such that strong tidal currents can exist in many inlets and coastal regipns.

Circu

includle the North Atlantic Current. While relatively steady, these circulation features can n
nittently break off from the main circulation feature to become large scale eddies or rings, which then can

interr

lation currents are relatively steady, large scale, features of the general oceanic circulatig

n. Examples
neander and

drift at a speed of some few miles per day:These circulation features occur mainly in deep watdr beyond the

shelf

Wind

stormy.
cteristics, bathymetty)and shoreline configurations, and water density profile. In deep watdr along open
coasllines, surface storm*currents may be estimated to up to 3 % of the 1 h sustained wind v

chars

storm

These current velocities are a complex function of the storm strength and

s. As the stora™approaches the coastline and shallow water, the storm surge and current ca

C.3

surf zone) ‘there exist special currents called the nearshore currents induced by waves.

break and generally do not affect ceastal sites. But they may affect wave refraction from degp to shallow
water.

generated currents are(caused by the wind stress and atmospheric pressure gradients| through the

eteorological

locity during
n increase.

Because the
areas where

Current characteristics

alt water.

The characteristics of the extreme or abnormal current profile that need to be estimated for the design of
coastal structures are particularly difficult to determine since current measurement surveys are relatively
expensive and consequently it is unlikely that any measurement programme will be sufficiently long to capture
a representative number of severe events. Furthermore, current hindcasting modelling is not as advanced as
wind and wave modelling in terms of being able to provide the parameters needed. Also extrapolation of any
data set requires account being taken of the three-dimensional nature of the flow.
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Site-specific measurements of currents at the location of a structure can be used either as the basis for
independent estimates of likely extremes or to check the indicative values of the various components of the

total current.

For most design situations in which waves are dominant, estimates of the extreme or abnormal residual
current and total current can be obtained from high quality site-specific measurements. These should extend
over the water profile, depending on water depth, and over a period that captures several major storm events
that generate large sea states. Current models may be used in lieu of site-specific measured data. The period
over which the current model is run should be adequate to allow tidal decomposition to be carried out and the
residual current to be separated out of the total current. Efforts should be made to ensure that the output of a
current model is validated against nearby measured data.

C.4 Current profile

!

The charact
climate, in p
these contro
dominant ca
whereas dee
The logarithr

where appro
waters):

U(z) =1

or by a simg
measured

U(z)=U
where
is th
is th
is th

is V|

ristics of current profiles in different parts of the world depend on the regional~oceanogr
rticular the vertical temperature structure and the advection of water into or out-of an area.
ling aspects vary from season to season. Typically, shallow water profiles-in which tide
n often be characterized by a logarithmic profile or simple power laws.af velocity versus @
p water profiles are more complex and can even show reversal of the‘Current direction with

nic current profile given in Equation (C.1) or the simple power law, Equation (C.2), may be
priate (e.g. in areas dominated by tidal currents in relatively.shallow water as in most c(

=)

ler expression, when the velocity at a certain*elevation below the still water line, z,, has

h+z

*
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e vertical coordinate~(z.= 0 at the still-water line);
e friction velocity;

e bed roughness length;

an Karman’s constant = 0,4;
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Hepth.

used
astal

(C.1)

been

(C.2)

is tt

42

g coefficient, approximmatety t/7;

is the water depth.
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Annex D
(informative)

Wave action on rubble mound structures

Conventional rubble mound breakwaters

D.1.1

Rubb

Introduction

le mound breakwaters may take various configurations depending on water depth,. sévereness of wave

action, the availability of armour units, core materials, use of the rear area, etc. A spedialtype of nubble mound

breal

water allows reshaping of its seaward slope by wave actions. It is called a berm breakwatgr, the design

aspegts of which are described in D.2. The present clause deals with conventional types of riibble mound

brea
provi

A co

waters in order to supplement 5.1. A general reference is made to.Burcharth and Hughesl[44], who
e detailed information on design of breakwaters.

ventional rubble mound breakwater is built with a core mostly made of quarry run, protect¢d by armour

layers on the seaward and rear slope surfaces. Armour units arglarge rocks or concrete blocks of various
shapegs. Filter layers are usually provided between the armour layers and the core to prevent|loss of core

matefials by being sucked out by wave actions through gaps between armour units.

D.1.

Failure modes of rubble mound breakwaters

Because of its complex construction and configuration damage to rubble mound breakwaters includes several
modes of failure as illustrated in Figure D.1 (according to Burcharth[32]). The major failure mode is the erosion

of th
armo
follow
impo

seaward slope by removal and/or breakage of armour units by wave actions. If a certaip area of the
ur layer is removed, the filter layer (s*subject to direct wave actions and may be desfroyed, being
ed by sucking-out of core material: ;Thus, selection of the material and size of armour units is the most
'tant design item.
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D.1.3.1 Definition of damage of armour units

armour f Venting.
Overtoppiphg. 9 Berm erosion.
Erosion, Qreaking of armour. h' Core settlement:
Breakage| sliding, tilting of capping wall. i Seabed scodrand toe erosion.
Erosion of armour. I Filter instability.
Slip failurg. k' Subséilsettlement.
Figure D.1 — Overview of failure modes for rubble mound breakwaters
.3 Stabjlity of seaward armour units

Armour laye

various emp

armour layerg has been defined differently in several formulae. Three definitions are currently used:

D=

nymber of displaced units

rical stability formulae for the selection of the mass of armour units. The degree of dama

nurhber of unitsin the section’

where

44

A

o |

massdensity

number of displaced units within a strip along the slope with a width corresponding to the no

s of rubble mound breakwaters are generally designed with acceptance of a certain amodint of
armour units| being displaced froni_théir original positions. The degree of damage is the input parame

ter in
ge of

minal

dth/of armour unit;

o isthe eroded area of the cross-section profile of the armour layer;

L \1/3
mass of unit J = (equivalent cube side length).
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D.1.3.2 Minimum mass of armour units

The minimum mass of armour units that are stable against wave action within the permissible range of
damage can be calculated by the following general formula:

3
=2 (D-1)
N4
or
o g T
V= _ (D.2)
*AMIpg)? 4D,
wherge

M is the mass of armour units;
#s is the mass density of armour units;
M is the characteristic wave height used in the design calculation;

is the stability number dependent on types of armour unitand affected by various design| factors;

Pr

w

4 is the relative density of armour units in water =

with p,, being the mass density ¢f water;

P, is the equivalent cube side length = (M/p) 3.

n

For graded materials such as quarried rock and natural stones the 50 % fractile D55 = (Msq/p,)"/3|is used.

D.1.3.3 Stability number of non-overtopped two-layer rock armoured slopes

TherI1 have been proposed a number of empirical formulae based on laboratory tests for the stapility number
of armour units. The following lists some formulae for seaward slopes.

Hudson[11% formula for-head-on waves
Vs = (Kp cotd) > (D.3)

wherge

& s the slope angle;

Kp is the stability coefficient.

The 50 % fractile equivalent cube side length D, 5, is used with Equation (D.1). The formula was based
entirely on regular wave tests and there remains some ambiguity on the K value applicable for irregular
waves. The 1977 edition of the Shore Protection Manual (SPM) by US Army Coastal Engineering Research
Center recommends the values listed in Table D.1 with the characteristic wave height # = H,,3. However, the
1984 edition of SPM recommends the values listed in Table D.2 with the characteristic wave height # = H, 4.
When considering the mean relationship of /5 = 1,27H4;3 under the Rayleigh distribution (for non-depth-
limited waves), SPM 1984 introduces a considerable safety factor compared to the practice based on SPM
1977.
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According to Van der Meerl2421[243] the coefficient of variation of the stability number using Equation (D.3) is
estimated to be 18 %. Melby and Mlakerl14°] have reported a coefficient of variation of K of 25 % for stones
and 20 % for Dolosses.

Table D.1 — K, values for stones by SPM 1977 with /7 = H,; for slope angles 1,5 < cot o< 3,0

Damage, D?

Stone shape Placement 0%1tob5% 5% t010 % 10 % to 15.%
Breaking Non-breaking Non-breaking | Non-breaking
waves P waves © waves waves

Smdoth, rounded Random 2,1 2,4 3,0 3,6
Rough angular Random 3,5 4,0 4.9 6,6
Rough angular Special d 4.8 5,5

@  Pis defined according to SPM 1984 as follows. The percent damage is based on the volume of armour units

displaced from the breakwater zone of active armour units removal for a specific wave height. This.zone extends
from|the middle of the breakwater crest down the seaward face to a depth equivalent to the wave height causing
zero [damage below still water level.

b Breaking waves mean depth-limited waves, i.e., wave breaking takes place in ffont of the armour slope.
(Critipal case for shallow-water structures.)

¢ No depth-limited wave breaking takes place in front of the armour slope.

d

Special placement with the long axis of stone placed perpendicular to the\slope face.

Table D.2 — K, values for stones.by,SPM 1984 with /7 = i,

Damage, D2=0%1t05 %
Stone shape Placement
Breaking waves b Non-breaking waves °©
Simooth rounded Random 1,2 2,4
Rpugh angular Random 2,0 4,0
Rpugh angular Special® 58 7,0
a.p.c.d see Table D.1.

Table D:3 — Damage levels, S, for two-layer armour, Van der Meer(242]

Slopé Initial damage Intermediate damage Failure
(needs no repair) (needs repair) (core exposed)
1:1,5 2 3to5 8
1:2 2 4106 8
1:3 2 6t09 12
1:4 3 8to 12 17
1:6 3 8to12 17
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Van der Meer formulael242] for breakwaters exposed to non-breaking waves (outside the surf zone) and
breaking waves (inside the surf zone).

H 01,
S = 6,2C'HSO’2P0’18NZO’1 m0’5: &m < Eme» plunging (D.4)
AD,50
H _ _
S = 1,0CHSO’2P 0’13NZO’1(cota)0’5§n1: *&m > Emes surging (D.5)
D50
where

[;; is the modification factor due to random wave breaking [= 1,4/(H,50/H43)], which takes a value 1,0
outside the surf zone;

h is the relative area of the eroded area defined in D.1.3;

P is the notional permeability, 0,5, for conventional two layer rock slopes;

N, is the number of waves (during storm duration); maximum 7 500 waves, after which damage does
not develop further;

¢, is the Iribarren number defined as equal to tan alsp 03, in which sy, is the deepwater wave
steepness H, 3 /Ly, with the deepwater wavelength Ly, corresponding to the mean wave period,;

¢ne I8 the critical Irribarren number (plunging waves ‘for &, < &, and surging waves fpr &, > &..0),

given by [6,2P0-31(tan )0.5]1/(P+0,5),
The gharacteristic wave height is /4,3 and the 50 % fractile equivalent cube side length D, 5,|is used with
Equations (D.1) and (D.2). Inclusion of the modifieation factor Cy; in Equations (D.4) and (D.5) is|according to
the QCDII'63] (p.114), which replaces the 2 %:exceedance wave height H,o, (as originally employed by Van
der Meerl242] with the one-twentieth highest-wave height H,, (difference of 0,4 %); diagrams of the ratio
HypobHy5 are available in OCDII63], Within the surf zone, C,; may take the value up to 1,15 jand thus the
stability number becomes slightly largerthan for the region outside the surf zone.

The poefficient of variation on thefactor 6,2 in Equation (D.4) and on the factor 1,0 in Equation (D.5) is
estimated to be 6,5 % and 8 %, rnespectively.

Tablg D.3 shows damagé+evels for two-layer rock armour, Van der Meer(242],
The yalidity ranges-for/Equations (D.4) and (D.5) are:

— for cot «>.4,0 only Equation (D.4) should be used;

— 0,+<P'<0,6,0,005 < s, < 0,06, 2,0 t/m3 < p < 3,1 t/m3;

— for the eight tests run by Van der Meerl242] with depth limited waves, breaking conditions were limited to
spilling breakers which are not as damaging as plunging breakers; therefore Equations (D.4) and (D.5)
may not be conservative in some breaking wave conditions.

D.1.3.4 Stability number of non-overtopped concrete block armoured slopes
The stability number of concrete armour units varies widely depending on their shapes and laying methods.

The Kp-values for various shapes of concrete blocks in conjunction with Equation (D.1.3) have been proposed
by researchers and manufacturers of respective blocks. Some of the available formulae are listed below.
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Two-layer concrete cubes

The characteristic wave height is H,3. Brorsen, Burcharth and Larsenl28] have proposed Equation (D.6) for
the range of 1,5 < cot a < 2,0 for randomly placed cubes in head-on waves.

1,8-20:D=0%
N :{ (D.6)

23-26:D=4%
The damage rate of D = 0 % indicates the onset of damage.

Van der Meerl243] has presented Equation D.7 for two layer cubes randomly placed on 1:1,5 slopes by using
irregular heap-on waves in the non-depth-limited conditions.

Ng = (6 N23 IN23 1+10)5,2" (D.7)
Uncertainty qf this formula corresponds to a coefficient of variation of approximately 10 %.

Two-layer Tetrapods

The charactIristic wave height is Hy/3. Van der Meerl?43] has presented Equation (D.8) on 1:1.5 slopgs by
using irregular head-on waves in the non-depth-limited conditions.

Ng =(3[5Nos | N2 +0,85)s0%7 (D.8)
Uncertainty qf this formula corresponds to a coefficient of variation of approximately 10 %.

For depth-linited wave conditions, d’Angremond, Van der Meer and Van Nes[®9] have proposed to incfease
the above stability number by the modification factor C,;.

Two-layer Dplosse

The charactgristic wave height is H,3. Burcharthand Liul0l) have presented Equation (D.9) for twojlayer
randomly plaiced Dolosse with a 1:1.5 slope.

Ng = (47 -72r)pD 3N = (17 — 26 )p? 3N [P N 7O (D.9)
where
r is|the Dolosse waist-ratio (test range of 0,32 < r < 0,42);

7 is[the packing\density in two layers (test range of 0,61 < p< 1);

D is[the relative number of units displaced more than one dolosse height or more within the zdne of
the devels SWL + 6,5D,, (insert D = 0,02 for 2% displacement);

Noq is the number of displaced units within a strip width of one equivalent cube length D, (length of a
cube having the same volume as Dolosse).

Tests were made for breaking and non-breaking wave conditions in the range of 2,49 < &, <11,7. For the
number of waves N, greater than 3 000, N, = 3 000 is to be used. Uncertainty of this formula corresponds to a
coefficient of variation of approximately 22 %.

One-layer Accropodes

Van der Meer[?43] found no damage up to Ng = 3,7 and failure at Ng = 4,1. The standard deviation of the
factors 3,7 and 4,1 is approximately 0,2.
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Burcharth et al.[*!] have presented Equation (D.10) for one layer of Accropodes on 1:1,33 slope by using
irregular, head-on waves in breaking and non-breaking wave conditions.

Ng = A(D°? +7,70)

(D.10)

where 4 denotes an empirical coefficient having the mean value of 4 = 0,46 and the coefficient of variation of
0,02 + 0,05(1 — D)B. The minimum stability was observed in the range of 3,5 < &n <4,5.

D.1.3.5 Stability of overtopped rock armoured slopes

The with reduced
crest| levels. Reference is made to various formulae for low-crested structures given in“Blrcharth and
Hughes[441.

D.1.4 Wave run-up and overtopping

D.1.41 Run-up of irregular waves

The tun-up, R, ,0,, is defined as the vertical distance between the still water{evel, SWL, and the level of the
highgst posmon of the water on the slope which will be exceeded by p% ©fthe waves. For a conyentional two-

layer

rock armoured slope exposed to head-on waves with Rayleigh distributed wave heights, R, up% can be

estimated by the central fit formula of the following by Delft Hydraulics:
Afom 1 10< é:Om <15
Ru, p% 1/C
‘H" B(&om)© 1 15< &om <(DIB) (D.11)
1/3
- (DIB)VC <&y <75
wherg
$om s the Iribarren number equalto:tan a/sg,0-5;
om IS the wave steepness.defined as 3/ oy, With the deepwater wavelength related |to the mean
wave period.
The goefficients 4, B, C and D are listed in Table D.4. The coefficient of variation for 4, B, Cand I} is 12 %.
Table D.4 — Coefficients for estimation of wave run-up
P(%) A B C DA
0,1 1,12 1,34 0,55 2,58
1 1,01 1,24 0,48 2,15
2 0,96 1,17 0,46 1,97
5 0,86 1,05 0,44 1,68
10 0,77 0,94 0,42 1,45
33 (significant) 0,72 0,88 0,41 1,35
50 (mean) 0,47 0,60 0,34 0,82
@  Only applicable for permeable slopes.
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D.1.4.2 Overtopping rate

Wave overtopping occurs when the highest run-up level exceeds the crest freeboard, R, defined as the
vertical distance from SWL to the crest level of the breakwater. Several formulae exist for the estimation of the
time-averaged overtopping rate per unit length, ¢g. For a breakwater with a straight two-layer armoured slope
and no crown wall, ¢ can be estimated by the following formula (Van der Meer and Janssen(247]).

q

=0,2exp (-3,7 —<) (D.12)
gH3 Hay,
where H,q, isthe-2-%-exceedance-wave-height-aneHs-equat-te-t4Hunderthe-Rayleigh-distribution-efwave

heights. The|formula is valid for $op > 2, where &y, is the Iribarren number defined with the deepwater wave
steepness refated to the spectral peak wave perlodp as op = tan al(H, ,3/L0p)1/2.

The coefficient of variation on the factor 3,7 in Equation (D.12) is approximately 15 %.

Critical values of average overtopping discharges are shown in Table D.5.
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Table D.5 — Critical values of average overtopping discharges
Burcharth and Hughesl[44l (CEM)

A
&
l‘;E/
< Safety of traffic Structural safety
. . o Embankment Grass
. Vehicles Pedestrians Buildings seawalls sea-dykes Revetments
10
Damage even
for pqund
Damage promenade
even if fully
rotected
P Damage Damage if
107" 4 promenade not
paved
Very Damage if
Unsafe at dangerous back slope not
any speed Structural protected
damage
1072 Damage if
crest not
protected
Dangerous on Start of
grass sea damage
dykes, and
horizontal
1073 composite
breakwaters
L
Unsafe parking
on horizontal
composite
4 breakwaters Dangerous on
10 vertical walll No d
o0 damage
Unsafe parking breakwaters g
on vertical wall
breakwaters
L Uncomfortable No damage
105 +———— ~hbut not Minor damage No damage
dangerous to fittings, sign
posts, etc.
Unsafe driving
at high,speed
6
10 Wet, but not
uncomfortable
Safe driving No damage
at all speeds
107
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D.1.5 Stability of rear side armour units

Design of lee-side cover layers depends on the extent of wave overtopping and the design of the crest. No

general stabi

For severely

lity formulae are available for leeside armour stability.

to moderately overtopped rubble mound breakwaters without a superstructure, it is good practice

to extend the main armour units over the crest down the rear side to a level well below the still water level.
Where concrete crown walls are installed, stability of the lee-side armour units should be verified in model

tests.

D.1.6 Stability of roundheads

Under simila
layer in the
lateral supp9

Key

1 still water

a8  Critical se
b Direction

Figure D.2 — lllustration’of the most exposed section of a cone-shaped roundhead

This is the

damaging th
can resist lar]
However, the

r wave conditions the armour layer in a roundhead is more exposed to damage than the allmour
adjacent trunk. This is because the cone shape causes higher overflow velocitiesyand lesser
It of the armour units. The most exposed section of the roundhead is indicated in Figure D.2

a

evel

ctor for damage initiation.

f wave propagation.

ocation where the water jets from the plunging waves hit the cone. Long waves are [more
hn short-waves. Within the slope range 1:1,5 to 1:3, it seems that roundheads with steeper sjopes
ger waves than roundheads with milder slopes for stages of small damage and damage initiation.
damage develops faster the steeper the slope.

The weight o

f the roundhead armour units is in most cases x 1,5 to x 2,5 the weight of the trunk armour units,

given the same wave climate and mass density. Alternatively the mass density of the armour units can be
increased in the roundhead (Burcharth et al.[*6l). Generally, it is recommended to check roundhead stability in
hydraulic model tests.
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D.1.7 Stability of armour units on toe berm

For a toe berm of two to three layers of quarry rocks with mass density ps = 2,68 t/m3, the following stability
formula has been given by Van der Meer et al.[241] in conjunction with Equation (D.1), based on model tests
with a non-overtopped rubble mound structure with front slope 1:1,5 in head-on irregular waves. The
characteristic wave height is /5.

h
Ny =[0,24D b +1,6]Nga15 (D.13)

D, 4 < hb/hs <0,9
D,28 < H | hg <0,8 (D.14)

in thg range of 0,4 < h,/hg < 0,9, 0,28 < Hy3/hg < 0,8, and 3 < h,/D, gy < 25, where hg denotes thg water depth
in fropt of the toe berm.

For g standard toe of about 3 stones to 5 stones wide and 2 stones tg,3 stones high, the following N 4 values
can ke used:

0,5 nodamage
Vog =12  acceptable damage (D.15)

4 severe damage

D.1.8 Design of filters

Design criteria for granular filters must ensure that the finer material of the core is not lost by being sucked out
through the gaps between coarser materials. Many criteria for filter design exist. The following det of stability
criter|a is one of those used:

7P
| 15, filter <4105

85, core

(D.16)
‘WSO,ﬁIter

<1510 20
50,core

where 4 and W are the diameter and weight of granular materials, respectively.

A criteriadfor the internal stability criterion of the filter layer is given by

d -
60, filter <10 (D.17)
d10,c0re

D.1.9 Breakage of concrete armour units

Concrete armour units have limited strength and might break due to too large impact forces when placed, or
due to rocking and displacements caused by wave actions. The concrete tensile strength is the limiting factor
for unreinforced units. A considerable size effect causes large units to be relatively weaker than smaller units.
Critical impact velocities for normal concrete quality (tensile strength > 2,5 MPa) ranges from 5 m/s to 6 m/s
for a 5t cube to 3 m/s to 4 m/s for a 50 t cube, and 2 m/s for a mid size tetrapod or a Dolos with a waist ratio
of 0,4. The stresses in the placed armour units imposed by gravity also contribute significantly to breakage in
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case of slender units like tetrapods and Dolosse. The breakage can be predicted by the following formula by
Burcharth et al.l43],

B=CoM 12158 (D.18)
where

B is the relative number of broken units;

M is the armour unit mass in tonnes, 2,5 < M < 50;

Nas is the concrete static tensile strength in megapascals, 2 < f1 < 4;

Hys is the significant wave height in metres;

Co: Cq, €5, C3  are empirical parameters.

The effect of static, pulsating and impact stresses are included in the formula. The,values of the emypirical
parameters fltted to test data are listed in Table D.6.

Table D.6 — Fitted values of empirical parameter for breakage'of concrete armour units

Co
i i i C C. C.
Location Waist ratio Coefficient of 1 2 3
e Mean
variation

0,325 0,188 0,00973 | -0,749 | —2,58 | 4,143
Trunk of dolosse 0,37 0,200 0,00546 | -0,782 | —1,22 | 3,147
0,42 0,176 0,01306 | -0,507 | —-1,74 | 2,871
Roung-head of dolosse 0,37 0,075 0,025 -0,65 - 0,66 2,42
Trunld of tetrapods 0,25 0,003 93 -0,79 -2,73 | 3,84

D.1.10 Stability of crown walls
Wave-inducdgd forces might,cause a crown wall to fail as a monolith by sliding or tilting, or by breaking.

With referenfe to Figure D.3 the wave-induced horizontal force and uplift force can be calculated bly the
formula by Pedersent?2] given below.
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Figure D.3 — Notations for calculating wave actions.on)crown walls

Figure D.4 is a representation of the tested models and Table D.7Z lists the range of test parametg¢rs according
to Pedersen.

Dimensions|in centimetres

A
 J

W ——/—m e —————————————
11,5

1:3,5

Key

botextile

2 coufse sand
HHSE-5ahR6

-
«Q

a8 51cmto59cm.
b R,=11cmto37 cm.

¢ A4,=11cmto19cm.

Figure D.4 — Tested models
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Fho1%

Mgs9, 5

Py019%
where

Fh 0,1%

My 19,

Py, 0,1%

Ry, 0,1%

Ru,o,1% =

Table D.7 — Parameter ranges

B

= 1,004 pm,

probability;

Parameter Range
Hy 0,101t0 0,18
Tom 1,07 t0 1,94 s

Top! Tom =1,1,3
Som 1,11 t0 1,51
Som 0,02 to 0,06
RJH, 0,7t03,6
HJA, 0,5t01,7
AJB 0,3to 1,1
cota 1,5t03,5

Number of waves

> 5 000 per test

L
0,21, [—2™ (1,6 pVett + Ameh')

ax Fpgq9 =0,55(h"+ Yot )Fho1%

iS the IDWg(RU, 0.1% — AC)’

is the wave upliftpressure corresponding to 0,1 % exceedance probability;
is the deepwater wavelength corresponding to the mean wave period;

is thezberm width of armour layer in front of the wall;

(p.19)

(p.20)

(p.21)

is the horizontal wave force perrunning metre of the wall corresponding to 0,1 % exceedance

is the wave generated_turning moment per running metre of the wall corresponding to 0,1 %
exceedance probability;

is the wave run-up corresponding to 0,1 % exceedance probability.

{1,12H85m

134H£0°°

tan

56

Em <15

Emn > 15

(D.22)
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where
«a is the slope angle of armour layer;

A.. is the vertical distance between MWL and the crest of the armour berm;

C

A is the minimum {4,/44, 1}, where 4, and 4, are areas shown in Figure D.3;

Yett is the minimum {y/2, 1.}:

n
\

Ry G7—s SIS o
= sina  cos(a-15) " i (D.23)
0 ,¥<0

" is the height of the wall protected by the armour layer;

/& is the height of the wall not protected by the armour layer.

The uncertainties of the coefficients in the formulae (D.19) to (D.21) are shown in Table D.8.

Table D.8 — Standard deviation of the coefficients in formulae (D.19) to (D.21)

Coefficients in the formulae 0,21 1,6 0,55 1,00
Standard deviation 0,02 0,10 0,07 0,30

Stability against sliding between the crown wall base and the rubble foundation requires
Fg—Fy)p = Fy (D.24)
wherge

A s the friction coefficientfor the base plate against the rubble stone (0,5 < £ < 0,7);
Fg s the buoyancy<reduced weight of the structure;

Iy is the waye-induced uplift force;

¥y is therwave-induced horizontal force plus force from armour resting against the front of the structure.

A safety factor has to be applied to F}, in deterministic design.

Stability against overturning is maintained if:
Meg = Mpy + Mpy (D.25)
where

Mg is the stabilizing moment of F around the heel;
Mg s the antistabilizing moment of /|, around the heel;

Mgy is the antistabilizing moment of F, around the heel.
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A safety factor shall be applied to the right hand side of Equation (D.25) in deterministic design.

Stability against geotechnical slip failures shall be demonstrated. Conventional slip failure calculation methods
can be used.

Hydraulic model tests are in general recommended for determination of wave-induced loads on crown walls.

From the test series must be identified the combinations of simultaneous wave-induced forces that give the
minimum crown wall stability.

D.2 Berm breakwaters

D.2.1 Introduction

PIANCI'76] issued a report from a working group on “State-of-the-art of designing and coenstructing [berm
breakwaters’l. The main items for designing berm breakwaters are referenced here.

Berm breakwaters are different from conventional rubble mound breakwaters as indicated‘in Figure D.5.

1

»
g

v /_\
/\\ A /A
t - A / \\
| AN A

Conyentional rubble mound breakwater Rubble mound berm breakwater with recession

he

Key

1 recession

Figure D.5 — Conventional and berm rubble mound breakwaters

A conventiorjal rubble mound breakwateris required to be almost static stable for the design wave conditions,
while the begrm breakwater has traditionally been allowed to reshape into reshaped static or a reshaped
dynamic stable profile as indicatedin Figure D.5. Non-reshaping static stable berm breakwaters havq also
lately been cpnsidered. Berm breakwaters may thus be divided in three categories:

a) non-reshaped static:berm breakwater, where only a few stones are allowed to move similarly to what is
allowed pn a conventional rubble mound breakwater, for the design wave conditions;

b) reshapefl static stable berm breakwater, where the profile is reshaped into a stable profile wherg the
individuarl stones are also stable for the design wave conditions;

c) reshaped dynamic stable berm breakwater, where the profile is reshaped into a stable profile, but the
individual stones may move up and down the slope for the design wave conditions.

The berm breakwater is normally constructed with a berm that is allowed to reshape into an S-shape. This is
because it currently is cheaper to construct the breakwater with an ordinary berm rather than with the S-shape
directly. A more stable design has been developed in Iceland in close cooperation between all partners
involved: designers, geologists, supervisors, contractors and local governments and Sigurdarson et al.[199],
One reason for this development is the fear that the reshaping process may eventually lead to excessive
crushing and abrasion of individual stones as they move on the berm breakwater. The question of allowing
reshaping or not has obviously to do with the stone quality and the stones' ability to withstand impact, crushing
and/or abrasion. It is however clear that even a non-reshaping berm breakwater requires cover stones with
significantly less mass than required on a conventional rubble mound breakwater.
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There are methods available to evaluate the suitability of quarried stones against crushing for reshaped static
stable type berm breakwaters. There is less information on how to evaluate the suitability of quarried rock for
reshaped dynamic stable berm breakwaters. It is not recommended to design for reshaped dynamic stable

conditions.

In cases where no quarried cover stones large enough for a conventional rubble mound breakwater can be

provided, a berm rubble mound breakwater may be an economic alternative to rubble mound
with concrete cover blocks.

D.2.2 Stability and reshaping of berm breakwaters

breakwaters

D.2.2.1 Stability and reshaping of the trunk section

Most|of the research on the stability and reshaping of berm breakwaters has been for homogs
But lately some work has also been made on the stability and reshaping of multilager-berm

(Sigurdarson et al.[200]). The multilayer berm breakwater allows a better and more econémical uti
quarry yield than does a conventional rubble mound breakwater and it is expected\that this will

design of berm breakwaters.

nous berms.
breakwaters,
ization of the
be the future

Therg¢ have been several papers presented on the reshaping of berm breakwaters following dif

erent routes,

e.g. Yan der Meerl244], Van Gent[237] Archetti and Lambertil'2] followed a‘route similar to Van der Meer [242],
[243] lwhile Hall and Kaol®® and Tarum et al.[233] followed another rbdte. The reshaped profile is determined

with the aid of several length and height parameters depending amysimplified description of the s
T and N, (where N, is the number of waves) of the geometry of the structure and of the charac
stong (D, 50, p5)- The dynamic profile is characterized by a number of parameters (Van der Meerl3

Toruml(229] and Terum et al.[233] followed to some extent the route of Hall and Kaol®9. With
Figure D.5 the recession, was analysed from several thodel test series at DHI and SINTEF. It was
for a|given berm breakwater all the reshaped profiles intersected with the original berm at al
point[A in Figure D.5.

a states, A,

eristic of the
42], [243)),

reference to
5 noticed that
most a fixed

Torum et al.l233] arrived at the following jsimple equation for the mean non-dimensional rfecession for

homq@genous berm breakwaters and mdaltilayer berm breakwaters with randomly placed stones,
used|for conceptual design.

R
[ _ 0,000 027(H,T, )% 0,000 009(H T, )? +0,1 (HoTo)= fifg) = fol—
n50 n50

)

The gradation factor functionf(fg) is given by:

f1(fq) = 9.974% +23,9/5-105

and the depth function f'(d/D, 5) is given by:

which can be

(D.26)

(D.27)

d
n50

fo(dID,50) =-0,16(———)+ 4,0 for 12,5 < dID, 5, < 25.

As an approximation #; in Figure D.5, can be obtained from:

=0,2 +0,5 for 12,5 < d/Dp5q < 25.
l)n50 l)n50
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where

is the equivalent cube side length = (W, /p;);
w_ is the mass of an individual stone
is the stability number = Hy/(AD, 54);

I, = (g/DnSO)O’STz;

H,T, [isthe perod stability number = [H(AD,50)1&D,50)0°15;

Hy is the significant wave height;
T, is tfje mean wave period,;
A =(glpw)-1;

fq s tfle gradation factor = D, g5/D, 15;
D,50 = ([Vs0/05) "3, W5 = median stone mass, i.e. 50 % of the stones'have a mass smaller than Ws;

D, 15 = ([V45/05) "3, W15 = 15 % of the stones have a mass smallér than 75;

—~

D, g5 = ([gslps) V'3, Wgs = 85 % of the stones have a mass smaller than Wgs;
g is the acceleration of gravity;

ps is the mass density of stone;
Py I8 tle mass density of water;

d is tHe water depth at the breakwater.

Teruml229] found that the coefficient of variation for Re /D, 507, COV, was 0,33 based on the test series at
SINTEF and[DHI. The COV was)found to be independent of H,T.

Terum et al.}234] came to-the preliminary conclusion that orderly placement of the stones on the berm may
improve the $tability.

Alikhanil?l regonfmeénds the following threshold values for long shore transport.

50 :
H_T,, = ———= for the reshaping phase (D.30)
ooP  [sin2g,
H,T =L after the reshaping phase. (D.31)

oop \/sinZ,Bo

The suggested threshold design criteria for the trunk section, almost head-on waves, for different categories of
berm breakwaters are shown in Table D.9.
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Table D.9 — Preliminary stability criterion for different categories of berm breakwaters for modest

angle of attack, f =+ 20°

Category Hy H,T,
Non-reshaping <1,75t0 2,0 <30to 55
Reshaping, static stable 1,75t0 2,7 55t0 70
Reshaping, dynamic stable >27 >70
NOTE The criterion depends to some extent on stone gradation.

As mentioned before, it is recommended to design for reshaping static stable conditions.

D.2.2.2 Stability and reshaping of the berm breakwater head

Comparing results of tests by Van der Meer and Veldman(248], Burcharth and Frigaard[381.139] Tgrum[228] and
Terum et al.[233] it is concluded that if a berm breakwater is designed as a, réshaped static|stable berm
breakwater, where H, T, < 70, it seems that by using the same profile for the,head as for the trynk the head

will be stable, with no excessive movements of the stones in the area behind-the breakwater.

D.2.2.3 Rear side stability

Andersen et al.l8] arrived at the following relation for the necessaty stone size D, 5, on the rear side:

R [ H 1 - cosa, —sin
1 tc S02 >tanaf_( mo ) 1X(,U r ar)
o

Hm AD,50 y[so2 Cp HACL
wherge
R is the breakwater crest height;
Mo =Hg;

n s the drag coefficient;

[, s the lift coefficient;

Pt is the effective ‘slope on the front side (Figure D.6);

zr is theslépe of rear side (Figure D.6);

" is-the friction factor = 0,9 for the material used by Andersenlé;

(D.32)

A

Re

= T

Figure D.6 — Definition of geometrical parameters for rear side stability
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D.2.3 Wave overtopping

There are very few measurements of wave overtopping on berm breakwaters. Lissev('39] and Kuhnenl!32]
have measured average overtopping on a reshaped berm breakwater.

The Kuhnen data compare well with Lissev data, while the Van der Meer[249] relation for a conventional rubble
mound breakwater show larger overtopping than the berm breakwater data. The results of Sigurdarson and

Viggosonl'98] indicate, as expected, that the time mean overtopping discharges for non-reshaped berm

breakwaters

are less than for reshaped breakwaters.

Burcharth and Andersen[*l gave preliminary results from the first systematic investigation on the wave

overtopping

D.2.4 Abrasion and stone crushing

When a ber
eventually le

Abrasion see
breakwaters,

Impact break
et al.[232] de
breaking po
reshaping sf
breakwater {
slope, but it
velocity. It is
repeated img

The probabil
a) the imps
b) the brea

Although bo|
independent

D.2.5 Locadl scour and-scour protection

Assessment
formulae or
found in US

bf berm breakwaters.

M breakwater reshapes, the stones suffer impact as they roll on the berm.(Thls impact
bd to abrasion and/or breaking of the stones.

ms not to be a problem for berm breakwaters as reported by Archetti etal.['3] for Icelandic

ing may be a problem for stones rolling on a berm breakwater. Terum and Krogh[231] and T
Veloped a method of evaluating the suitability of stones from a specified quarry from the
nt of view, when the stones roll on a reshaping berm. breakwater. The method appli
atic stable berm breakwaters. For this condition a stone will basically move once dow
lope and come to rest at a lower level. The speed of'the stone will vary as it moves alon
is anticipated that it will be subjected to one major'impact if it hits another stone at max
well known that a stone that does not break on the first major impact may break after many

ty of breaking of the stones can be evaluated by considering only two variables:
ct energy;

king energy required to break the stone.

th are dependent on—~theé mass of the stone, velocity and strength are considered f{

bediment transport theory can be used. Useful guidelines on scour and scour protection m
Afmy Corps of Engineers Coastal Engineering Manuall235] Whitehousel268], Sumer
OcDI83],

acts, which could be the case for stones on a\reshaped dynamically stable berm breakwatet|.

may

berm

arum
5tone
bs o
h the
g the
mum
major

o be

of local scour should preferably be based on experience. If lacking, then validated semi-emypirical

by be
and

Fredsgel213]
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Annex E
(informative)

Wave actions on vertical and composite breakwaters

General

Ther«L are several types of wave action on vertical and composite breakwaters as discussed.in

these

E.2

types of action, those referred to in the main text are described in Clauses E.2 to E.5.

Extended Goda formula for wave action on main body of breakwater

Wave pressure exerted upon a front wall of the vertical or composite breakwater is assumed to

distri

bution as shown in Figure E.1.

The glevation to which the wave pressure is exerted, denoted by 7*, iS.given by

wher

>

y,

The
wave

7" =0,75(1+cos f)A4Hp
B is the angle between the direction of wave approach and a line normal to the upright wal

/o is the wave height to be used in calculation as specified later.

vave direction should be rotated by up-to 15° toward the line normal to the upright wall from
direction in consideration of inaccuracy in defining the wave direction.

The pressure intensity is given by

5.2.2. Among

have a linear

(E.1)

the principal

1 =0,5(1+cos ) a4y 3 oo coszﬁ)prHD (E.2)
p3 = a3P1 (E.3)
0 n*<h,
where
a4, ap, and a3  are the coefficients given by Equations (E.5) to (E.7);
Ay and 4, are the pressure modification factors;
Pw is the density of seawater;
g is acceleration due to gravity;
hg is the crest height of front wall above the still water level.
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2
a4 =0,6+l M (E.5)
2| sinh(4zhlL)
hy—d \(Hp > 2d
oy = min o % ) ZID ,— (E6)
3hy, d Hp
as :1—h— 1——1 (E.7)
h cosh(2zhl L)

where

min{a, b} denotes the smaller one of a or b;

d is the water depth on top of the armour units (or foot protection blocks);
h is the water depth at the location of the front wall;
n is the water depth at the toe of the front wall;
hy, is the water depth at an offshore distance of x 5 the significant wave height from the front wall;
L is the wavelength at the water depth 4.
< i >
p

| Al

A

L\ J

i

T
<
g

Pu

Py

| |

Key

1 buoyancy

Figure E.1 — Distribution of wave pressure and uplift exerted on the main body of the breakwater
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The uplift exerted on the bottom of the main body is assumed to have a linear distribution with the maximum
intensity as follows:

Py 20,5(1+005ﬂ)a1a3l3pngD (E8)
The buoyancy is applied to the immersed part of the main body regardless of wave overtopping.
The pressure modification factors 14, 4,, and A5 are given the values of 1,0 for standard vertical or composite

breakwaters, but they are assigned smaller values for composite breakwaters covered with wave-dissipating
concrete blocks (see OCDI['63] p. 109 and Tables VI-5-58 and VI-5-59 of Burcharth and Hughes[44]).

The Wwave height Hp 1S the height of the highest wave, which is taken as x 1,8 the design sigpificant wave
height H,,3 when the breakwater is located outside the surf zone. Inside the surf zone; Hp should be
evalyated by taking the random wave-breaking process into consideration. The wave period)for fevaluation of
the wavelength L is the significant wave period of the design wave, which is approximately-equalfto 0,9Tp and
1,274, for wind waves.

For the cases in which consideration is needed for the exertion of impulsive breaking wave pfessures, the
coefflcient o, must be replaced by a =max{ay; |}, where ¢ is the coefficient for impulsive breaking wave
presgure and defined below.

| = H B (Eg)
wherg
by = min{H /d; 2,0} (E.10)
cosd, / cos 4 18, <0
1B = 1/2 : (E11)
1/(coshdq cosh” “65) 105 >0
20041:014 <0
= 11. 11 (E.12)
15511 . 511 >0
511 :0,93(BTM-0,12J+0,36(0,4-%] (E.13)

4,9522 . 522 <0

Do = E.14
2 {3,0522 :522 >0 ( )

50 :—0,36(BTM-0,12J+0,93(0,4-%) (E.15)

where By, is the width of the berm of the rubble mound in front of the main body.

The above formulae are due to Takahashi et al.[216].

Formulae for the total force and overturning moment can be found in Godal88l p.139, and Table VI-5-55 of
Burcharth and Hughesl441.

The Goda formula tends to overestimate the total wave loading on composite breakwaters by about 10 % with
the coefficient of variation of 0,1 or so (see Takayama and lkedal?'”] and Table VI-5-55 of Burcharth and
Hughesl#4]). As such, the bias and uncertainty of the Goda formula should be taken in consideration in the
probabilistic design of composite breakwaters.
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E.3 Empirical formulae for minimum mass of armour units of rubble foundation

One of the available formulae for designing armour units of the rubble foundation of a composite breakwater is
due to Tanimoto et al.[218] and is expressed by Equation (E.16). For other formulae, see Tables VI-5-45 to 48
of Burcharth and Hughes(441.

Y]
S (E.16)
Ns (ps /pw - 1)
where
M is the minimum mass of an armour unit that is stable against the action of waves\With a

design significant height of H3;

Ps and g are the densities of armour unit and seawater respectively;

Ny is the stability number to be calculated by use of Equation (E.17).
B ' N2 g
Ng =max{18; 1,311—/’:: " 18exp| 151 1’/‘3) By /1 <025 E.17)
k' Hys k' Hysg
in which
P, (L AL — (E.18)
sint{(4zh'/ L")
2 2( 27x _ 2 oo 27x)|.
ko =mgx40,45sin“ S cos Tcosﬂ ; COS“ f3Sin I 0<x< By (E.19)
where

max{a;b} is a function denoting the'Targer one of a or b;

n is the water depth at'which armour units are placed;

L is the wavelengthof the design significant wave period at the depth #’;
£ is the wayedncident angle;

By is the-berm width.

The factor 0 45-in"Equation (E.19) is due to Kimura et al.['22] and accounts for the effect of the front sldpe of
rubble mounck:

E.4 Stability analysis of rubble mound and seabed against geotechnical failures

The rubble mound and the seabed foundation of a composite breakwater might experience geotechnical
failure by the eccentric and inclined loading from the main body of the breakwater under wave action. The
bearing capacity of the rubble mound and the seabed foundation can be analysed with circular arc
calculations based on the simplified Bishop method (OCDI'63] pp. 277-278). The strength parameters of
rubble stones of which the mound is composed are preferably estimated through large-scale triaxial
compression tests, because they are affected by the stress level. For rubble stones generally used in port
construction works however, their strength parameters can be represented with an apparent cohesion of
cg = 20 kN/m3 and the internal friction angle of ¢4 = 35°.
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E.5 Local scour and scour protection

Assessment of local scour should preferably be based on experience. If lacking, then validated semi-empirical
formulae or sediment transport theory can be used. Useful guidelines on scour and scour protection may be
found in US Army Corps of Engineers Coastal Engineering Manuall23%], Whitehousel268], Sumer and

Fredseel213], OCDI[166],
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Annex F
(informative)

Wave action on coastal dykes and seawalls

F.1 Coastal dykes

F.1.1

Coastal dykes are man-made sloped soil structures parallel to the shore to protect the hinterland ag
flooding. They comprise coastal dykes along the shoreline and estuary dykes ifariver es
are characterized by flat slopes on the seaward side (usually 1:4 corresponding to an an
zontal and flatter) and on the shoreward side (usually 1:3 corresponding to ‘an angle of 18,3
often, berms are installed on the seaward and/or shoreward side of the.dyke (e.g. dyke a
roads). Coadtal dykes are generally built of sand and/or clay and are covered by different materials su
I, stone revetments, etc. A summary of relevant hydraulic and geotechnical processes for c(
n in Figure F.1.

erosion and
These dykes
14° from hor
flatter). Very

grass, aspha
dykes is give

IntroLiuction

Waves
offshore

T

Waves and
water level
nearshore

HTPR>

Waves and
water level
at structure

Overflow

ainst
uary.
hle of
> and
ccess
ch as
astal

overtopping ~

(TF)

A

Wave
reflection

A

g

N

Failure

mechanisms at
seaward slope

Failure

mechanisms at
shoreward slope

A

Loading at
structure

=

y

A

(TF

Failure

mechanisms in

the dyke

Gpnmpfry aof the fareshore !

Gpnmm‘ry and soil parameters aof the dykp

L
]

Figure F.1 — Overview of relevant hydraulic processes, loading processes and failure modes for
coastal dykes

Figure F.1 shows that the hydraulic processes in the foreshore and the nearshore of the dyke are transferred
to processes describing the loading at the structure and the overflow or overtopping, respectively. These
“loading processes” can then be used to describe the failure mechanisms at the seaward side, the shoreward
side and the interior of the dyke. Some guidance on “loading processes” and failure mechanisms is given in
F.1.2 to F.1.5. The main design manuals available are EAKI71], OCDI[163] CIRIA/CURI[®2], BS|[30],
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For determination of wave run-up height the widely used definition of R 5o, can be used which is defined as
the height of the run-up tongue above still water level, which is exceeded by only 2 % of all waves. It can be

determined using Van der Meerl245l:

Ru,2%

=16xyp x 7§ X yg X $op With @ maximum of 3,2 x y x y
S

(F.1)

The surf similarity parameter or Iribarren number &, (= tan a/s00'5) should be determined using the deep

water_wave steepness sq related to L, and the significant wave height /.. Empirical parameters », and 7B
descfibing the influence of a berm and the angle of wave attack are described in Van der Meert24p] and can be

deterfmined as follows:

R, 50 +h
1-0,5x DA | Zu2% Tl | g oy
Loerm \ Ru29% —Hs Hg
2
b =11- Ba_, 1—0,5><[h—h] for |20 | < 1
Lberm Hs Hs
B
1-0,5x—A x[z—h—h] for M5 4
berm Hs Hs
g = 0,35+0,65xcos
wherg
p is the angle of wave attack (0°, if perpendicular);
Ba is the horizontal width of the berai on the seaward slope of the dyke;
h is the height of water above the berm;

Lperm I8 the effective lengthrof the berm as described in Figure F.2.

(F.2)

(F.3)

The ¢mpirical parameter. % ¢an be taken from Table F.1. More parameters can be found in Van dgr Meerl249],

However, for shallow foreshores, breaking on the foreshore may occur, which changes the typqg of the wave

specfrum. Under\these conditions it might be advisable to use a different wave period (7},

of thg surf similatity parameter. Details can be found in Schittrumpf and Van Gent[194],

_1.0) for calculation
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Figure|F.2 — Reduction coefficients accounting for angle of wave attack‘and berm influence

Table F.1 — Overview of reduction coefficients y accounting for roughness on coastal dykes|

Reduction coefficient

Type of dyke cover &
t

Asphalt 1,0
Grass 1,0
Basalt revetment 0,9

Wave run-dgwn height is defined as the distance jof water level elevation during wave trough to still water level.
It can be defermined using Schiittrumpfl191] or Van Gentl239]. The thickness of the water layer on the|dyke
changes with the elevation over the still.Water level and can be determined for the seaward side of the|dyke
using Schuittfumpf (for crest and shoreward side see F.1.4). Mean run-up velocities on the seaward sid¢, the
crown and the shoreward side of-the dyke can be estimated using Schittrumpf and Van Gentl'$4] or
Schuttrumpf,

Infiltration in [the dyke bodymay result from excessive overtopping (from the shoreward side) or wave rlin-up
and overtopging on the séaward side and the crown. Investigation has been made to determine whethgr this
is mostly degendent on-th& mean layer thickness of the water body on the dyke, see Kortenhaus['24].

The phreatic| waterslevel in the dyke body will influence the geotechnical parameters of the dyke in thg long

term and is therefore more relevant for long-lasting water levels in front of the dyke. The duration for segpage
through the yl{n hnr'ly canbe estimated ||Qing eg Kortenhaus (:\e ahn\/n)

Wave-induced uplift forces beneath the revetment or cover layer are very relevant for removal failure of
revetments and therefore need to be duly considered. They can be estimated using e.g. Bezuijen and Klein-
Bretelerl23],

Erosion of grass and clay material at the seaward side is difficult to predict and, to date, only empirical
formulae exist. However, these formulae are only validated by a very limited number of model tests and
variations of relevant parameters may yield different results. The most promising approach is to predict the
duration needed for erosion of the respective layers. More detailed information regarding erosion of grass
layers is given in TAWI[221]: some details on erosion of clay can be found in Méller et al.['%6]. Regional data
may be available and should then be used because soil, vegetation types and agricultural and construction
practices have a large influence on erosion rates.
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Wave impact loads on the seaward side of the dyke may cause the revetment or the surface of the dyke to fail,
see Miiller and Wolters[58]. These loads can be estimated using results from Fiihrboter(80l.

F.1.3 Wave overtopping

Mean overtopping discharges over coastal dykes per unit length have been investigated quite intensively in
recent years. Influence of various parameters have been investigated and incorporated in formulae available
from the literature. The most common formulae for coastal dykes originates from the analysis of a quite
significant amount of data of various slopes as given in Van der Meerl249l as follows (see Annex D for
comparison for rubble mound breakwaters).

R
4 __00e X ¥ X Sop X EXP -5,2x—C%-x 1 (F.4)
\/g><Hé3 Jtana s Sop XVbX7fX7p
with @ maximum of:
R
|9 _02xexp| —26x1e (F.5)
gxH s r1x7p
In Equations (F.4) and (F.5) the same empirical parameters y,, #, and ;%are used [see Equation|(F.1)]. It was
howgver discussed in Schiittrumpf and Van Gentl194]; Oumeraci‘et al.[70] and Groenendijk and|Van Gentl

that e the mean

overt

the influence of shallow foreshores and different forms»of wave spectra can influeng
bpping discharge significantly and therefore has to be aceounted for.

larczyk[179]),
Dblique wave

tions of the dyke geometry have been investigated ‘with respect to berms (Van Gentl238l; P
s slopes and different roughness factors (Pilarézykl179]; Klein-Breteler and Pilarczyk[123]). ¢

Varia
vario

attack on coastal dykes has been investigated recently (Ohle et al.['64]: Oumeraci et al.['71l) puggesting a
simple formula which predicts decrease of wave overtopping due to non-perpendicular wave attagk for coastal
dykes.

Tod
that

dyke
all’8

bte, but little information is available on individual wave overtopping volumes. It is however suggested
ndividual overtopping volumes, are relevant for the initiation of failure at the landward sigle of coastal
5. Individual overtopping voldmes can be estimated from analysis of vertical breakwaters py Franco et
or rubble mound breakwaters by Sloth and Juhi[206],

Some progress has been/made accounting for scale effects which might result from hydraulic mgdel tests and

which
CLA9
huge
From

therefore needdo be accounted for in many formulae resulting from model testing. T
bH project, De Rouck et al.[69] has delivered guidance on scale effects, but has also broug
database of‘\overtopping tests for various types of structure as described in Van der Me
this database a neural network prediction model was derived to predict the mean overtop

ne European
ht together a
er et al.[249],
bing rates for

variolis types-af‘coastal structure.

F.1.4

Wave actions on dyke crest and shoreward slope

Actions on the dyke crest and the inner (shoreward) slope can be estimated using simple limits to tolerable
overtopping discharges, or formulae describing mean velocities and layer thicknesses of overtopping or
overflowing water masses on both the crest and the inner slope as suggested by Schuttrumpf and Van
Gentl197]. These formulae are based on large-scale hydraulic model tests with random waves and typical
coastal dykes as well as numerical models and also provide information about uncertainties of model
prediction and parameters involved. Formulation of both methods is different but results are almost identical
so that most simple approaches can be selected from Schittrumpf and Van Gent. Results of formulae provide
input for geotechnical failure modes on the crest and the shoreward slope such as erosion of shoreward slope
and infiltration of dyke body (see F.1.5).
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F.1.5 Influence of wave action on geotechnical failures

A couple of hydraulic and geotechnical failure modes can be identified for coastal dykes as given in
Kortenhausl'24l. Availability of information regarding these failure modes is very different so that future
research is required regarding many of them. Table F.2 shows an overview of failure modes, also indicating
the background information (model tests, review, etc.), relevant references and whether formulae are

available.

Table F.2 — Overview of most important failure modes with respect to coastal dykes

breach tests

Mode Based on Reference Remarks
Global failure modes
analvtical model analytical formulae avaifable for
Breaching Y ' Visserl254] sand dykes only, expatdéd to

overtopping by Korterihausl'24]

Seaward sid

Stability revet

ment

empirical model model
tests

Pilarczykl179]

Impact

theoretical model

Kortenhaus!124]

maghitude of impacts given by
Fihrboter(0]

Bezuijen and Klein-

modified by run-down approach

in

side

Uplift revetmgnt analytical model Breteleri23] Kortenhaus!124]
. analytical model, Schittrumpf and approach for run-down also inclpded
Velocity run-yp 1192] .
model tests Oumeraci in reference
. o empirical model, few . 1251] e .
Erosion grasg model tests Verheij et al. predicts time for grass erosion
Erosion clay semi-empirical model | TAWI222] predicts time for clay layer erosion
Erosion of cofe empirical model Kortenhausl124] describes "cliff erosion” at seaward

Slope stability

analytical model

DINI60]

based on circular sliding area

Shoreward sjide

Erosion grasg

empirical.model

Kortenhaus!124]

similar to grass erosion at seaw
side

ard

similar to clay erosion at seawa

Slope stability

analytical model

Erosion clay semi-empirical model | Kortenhaus!24! cide
Uplift clay Weilmann[261]
Sliding clay WeiRmannl261]

DINISO]

based on circular sliding area

Shoreward erosion

see breaching

Internal failu

re modes

Piping

semi-empirical model

Van Loon[240]

Most relevant failure modes are erosion at the seaward side, impact by breaking waves and wave overtopping.
Only when significant overtopping occurs does erosion at the shoreward side of the dyke also become
relevant.
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F.2 Seawalls

F.2.1 Introduction

Seawalls are onshore structures parallel to the shoreline. They are built as vertical face structures such as
gravity concrete walls, steel or concrete sheet pile walls, stone filled cribworks or as sloping structures with
revetment typically made of concrete slabs, concrete armour units or rubble material. The principal function of
seawalls is to reinforce a part of the coastal profile and to protect land and infrastructures from the action of
waves and flooding.

Figure F.3 shows that the hydraulic processes in the foreshore and the nearshore of a seawall are transferred
to prpcesses describing the loading at the seaward slope and the seawall as well as the| overflow or
overtppping, respectively. These “loading processes” can be used to describe the failure méchahisms on the
slopg, the interior of the seawall body and the seawall structure itself. Some guidance onleading processes”
and fhilure mechanisms is given in F.2.2 to F.2.7. Main design methods are summarisedin EAKI[1l, OCDI[163],
Thonjas and Hall224], CIRIA/CURI®2], BSI30],

E\Fl ~J] Overfflow
| S | overfopping |
Walves Waves and Waves and
offghore ®_‘l'> water level ®_‘l'> water level
“ nearshore at structure TF
Y
Wave Loading Failure
N A
reflection <I‘L®: atcrest [ ?ezwgrfr:sstat
Y
)
@ar /ﬁ
L$ Loading Failure
A LR dope :|J> mechanisms at
seaward slope
> > / % Failursg
(TF) mechgnisms in
G / %/ the bofly

Geometry of the foreshore Geometry and soil parameters of the sgawall

F1gure F.3 — Overview of relevant hydraulic processes, loading processes and failure rTodes for
seawalls

F.2.2 Wave reflection

Wave reflections from seawalls may have a significant influence on the coastal regime in front of the structure.
Especially vertical or almost vertical constructions may almost totally reflect the waves increasing the wave
height in front of the wall quite significantly, see Allsop and McBridel4l. Together with increasing wave heights
the sediment transport potential may increase (Miles et al.[48l) and so does the potential danger of scour
(Oumeracil'®4l). Generally, rough and porous walls will result in lower reflection coefficients due to an
increased energy dissipation at the structure (see Bélorgey et al.[20]). Wave reflection is dependent on wave
steepness and wave length resulting in longer waves being more reflected than shorter waves. An overview of
wave reflection formulae for vertical walls and simple and complex slopes (both porous and non-porous) is
available from the literature in Thomas and Halll224] or Ahrens and Bender(1].
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F.2.3 Wave action on seaward slope

The use of different material to be used as armour of the seaward slope is dependent on the wave climate, the
required hydraulic performance, visual and access aspects, maintenance and other functional characteristics,
see Thomas and Halll224] or CIRIA/CURI52l. Rock armour, rip-rap, concrete armour units, gabion mattress,
and open-stone asphalt revetments have been used as porous slopes and various constructions are feasible
to be used as non-porous slopes comprising stepped slopes, concrete slabs and blocks and many others.

The armour layer of the seaward slope can be designed using the Hudson formula or similar approaches as
described in Annex D or Burcharth and Hughesl[#4l. It should however be noted that hydraulic model tests will
be required for special geometries of seawalls where these formulae are not directly applicable or whenever

the selection

The design ¢f the underlayer of the seaward slope needs special consideration due to its desired\fung

such as filtrg

underlayers
Hall224],

Run-up on s
erosion dam
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tion, erosion control, drainage and energy dissipation. Some advice on the design lof gra
for rip-rap, rock armours and concrete armour units) and geotextiles is given(in-Thomas

pawall slopes may cause overtopping (see F.2.5) whereas both run-up and run-down may ¢
hge on the seaward slope depending on the material used for the armouband underlayer. R

heights can
may be det

be estimated using formulae introduced in Thomas and Halll224]. Run-up and run-down velg
rmined by methods available for sea-dykes (Schiitrumpf and Van Gentl194]) or revetr

tions
nular
5 and

ause
in-up
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nents

(Bezuijen anf Klein-Bretelerl23]). Very little information is however yet available for critical velocities that are

linked to initigtion of erosion on the slope so that hydraulic model tests‘are’ recommended wherever er

failure may
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F.2.5 Wave overtopping

Wave spray
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Kamikubo et
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mean overto
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empirical for
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come critical for the investigated cases.

actions on seaward toe

rpose of the toe is to prevent undermining of.the body of the seawall. Therefore, the stabi
Eential to guarantee the overall stability of the'seawall. Various types of toe construction su
concrete aprons or rubble toes are désectibed in Thomas and Halll224] together with

tion for design. Further types are discussed in Burcharth and Hughes[44 and CIRIA/CURI52]

has not yet been simulated‘in’hydraulic model tests and therefore needs to be taken into ac
ng experience whenever’ needed. Limited information for special cases is available
al.["91 Hayakawa et-al.l'02] and Hashida et al.[101].

pping volumes.are“many times greater than spray water volumes and are usually express
bping rate. Wave” overtopping will affect the design of the seawall depending on which amo
s acceptable:~Since seawall constructions may differ considerably from one to another, it
provide ‘generic prediction formulae for wave overtopping discharges over those walls. How
mulae-have been provided in the UK by Besleyl22l, diagrams of overtopping rates of seawa

psion

ity of
ch as
some

count
from

bd as
int of
s not
ever,
lls of

and.armour mound types have been suggested by Godal88] pp. 170-174, and the Eurg

Union resea

pean

ch-project CLASH has used neural networks, see Van der Meer et al.l?49]. A large varigty of

information from different scales is available for overtopping over seawalls, most of them considering simple
or composite (vertical) walls, see e.g. Bruce et al.[29] and Hedges and Shareefl103], or special case situations,
see Kamikubo et al.[1%] Besleyl?2l and Thomas and Halll124],

Oblique wave attack has been considered in a limited number of publications regarding vertical and seawall
constructions, see e.g. Napp et al.l'%%] Daemrich and Mathias[®6] and Thomas and Halll?24], suggesting a
decrease in wave overtopping with increasing obliquity. Generic prediction formulae for different types of
seawall are however not yet available so that hydraulic model tests still need to be performed when needed.
Note that for vertical walls Mach stem waves may increase overtopping at appropriate angles of wave attack.
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F.2.6 Wave-induced forces

Depending on the type of seawall, the crest and/or the wall may be exposed to wave-induced forces acting
horizontally and vertically, which can endanger the stability of the seawall. The distinction between breaking
and non-breaking waves is therefore essential and needs to be considered during design of the seawalls.
Formulae predicting the breaker type are however only available for simple seawall constructions and vertical
walls with and without berm, see Allsop and Kortenhaus[3! or Besleyl?2l. Wherever the situation is unclear,
hydraulic model tests must be performed to determine the breaker type.

For the most simple types of seawall, comprising vertical walls with and without berms, formulae are available
mostly based upon hydraullc model tests in USACE[235] ASCE[14] AIIsop and Kortenhaus[31 Kortenhaus et

: ; gl a couple of
¢t al.[119] and
investigated

in Oumeraci

F.2.7 Local scour and scour protection

Assepsment of local scour should preferably be based on experience. If facking, then validated s¢mi-empirical
formdlae or sediment transport theory can be used. Useful guidelinesron scour and scour proteftion may be
found in US Army Corps of Engineers Coastal Engineering,Manuall23%] Whitehousel268]| Sumer and
Fredsgel213], OCDI163],
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Annex G
(informative)

Wave and current actions on cylindrical members and isolated

G.1 Currentaction

The action o

force equatign:

Fp = 0,9p,, Cps DIU?

where
Py IS
Cps Is
D IS
/ is
U is

For circular members the drag coefficient is a function of the Reynolds number, Re (= UD/v, where v

kinematic vi
Reynolds nu
elements. Vi

conditions. Tlhe parameter e is equal to/kfD, where k is the roughness element height. See Figures G.
G.2. Note that in case of heavy marine growth the nominal diameter should be increased from D to D.

76

is|the drag coefficient for steady flow;

is|the characteristic diameter of the structural member;

structures

a steady current on a single structural element may be determined by use of the following

the mass density of the water;

the characteristic length of the structural member;
the current velocity.
scosity) and the roughness of the\weylinder. Steady current drag coefficients at post-G

mbers, e.g. Re > 0,5 x 108, for circular cylinders, are shown in Figure G.1 for “hard” rough
bry frequently, real structurestare in the post-critical range for the design current and

drag

(G.1)

s the
ritical

ness

wave
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Figure G.1 — Dependence of steady flow drag coefficient for circular cylinders on relatiye surface
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5 to estimate ghethickness of marine growth that will ultimately accumulate.
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age less than 3 %.

al marine growth on_piles and platforms will generally have e = k/D > 10-3. Thus in the abse
nation on the expeeted value of surface roughness and its variation with depth for a partic
nable to assume Cpg = 1,0 to 1,1 for all elements below high tide level. In order to estimat

e data in“Eigure G.1 are for cylinders that are densely covered with surface roughness ele
urements, Madsenl(143] Schlichting[90], show that there is little degradation of the effg
Ce foughness for surface coverage as sparse as 10 %, but roughness effects are negligib

nce of better
ular site, it is
e D, one still

ments. Load
ctiveness of
e for surface

The effect of soft, flexible growth on Cp, is poorly understood. Tests indicate that:

a) soft, fuzzy growth has little effect, Cpq being determined predominantly by the underlaying hard growth;

b) anemones and kelp produce drag coefficients similar to those for hard growth.
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Figure G.2 — Definition of surface roughness height'and thickness (See [115])

ged elements the drag coefficients are independent of the Reynolds number, depending only on

e element. For such elements Cpg may be-assumed to be independent of surface roughness.

Zdravkovich[271], DNVI®S] give current drag coefficients for a number of bodies of different
shapes and ¢rientations, different roughness, different Reynolds numbers, etc.

B2] give Cp values for single cylinders as well as for groups of cylinders and for different clirrent

actions

G.2.1 Wave actions on single slender bodies

When body

embers are relatively slender, viscous effects are important and the wave/current actiond may
be expressed asthe sum of a drag force and an inertia force, using Morison’s equation [154]. The wave agtions

on a length, dz, of a member is given by:

2

dF = dFp + dF; = 0,5py, CpyDulu|d= +pWCM%adz

See Figure G.3.
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Figure G.3 — Wave actions on a cylindrical pile

is the action vector normal to the member axis;

is the drag action vector;

is the inertia action vector;

is the drag coefficient;

is the inertia coefficient = 1 + Cj;

is the added mass coefficient;

is the diameter of the cylinder;

is the local water particle \velocities normal to the member axis;

is the local water particle accelerations normal to member axis = du/ct;
is the mass density of the water;

is the length of the considered element.

If important, l6cal velocity should include disturbance from neighbouring large volume elemenfs. When the

struc
(strug

ural member moves, a maodification to account for the velocity and acceleration of [the member
turé) must be introduced. The wave actions are then:

2
dF = O,SpCDD|u - r|(u —7)dz + P%(CMQ — Cy#)dz

where

7 = orlot velocity of member normal to its axis;

¥ = 62102 = acceleration of member normal to axis.
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Eddies can be shed from a cylinder alternatively on either side, thus inducing a transversal force normal to the
main direction of the water particle velocity direction. The eddies are shed at twice the frequency of the wave.
Two eddies are shed when the wave crest passes and two are shed on the return flow when the wave trough

passes. The

lift force thus induced is expressed as follows:

F = O,SpWCLDuZmaX sin2awt

the maximum water particle velocity in a wave cycle (u = u,,Sinax);

(G.4)

where
Umax 1S
w is
Cc. is

The combing

The drag, in
The values @
number and

The Keulega

Un

KC ="

where vis th

One of the
Sarpkayal86
Reynolds nu
the cylinders
elements glu

Marine grow
cross sectior
Marine grow
growth thickrn

ISO 19902["
data should
structural elg

the radian frequency for the wave = 24T,

the lift coefficient.

d effect of simultaneous drag and inertia action is obtained by vector addition.

ertia and lift coefficients have been obtained from analysis of the resulfs)of experimental
f the drag and inertia coefficients depend on the Keulegan-Carpenter (KC) number, the Rey
he cylinder surface roughness.

h-Carpenter number, KC, and the Reynolds number, Re, are défined as:

hax! . Re = Umax D

D v

b kinematic viscosity.

1.[187]. The experiments were performed.in an oscillating U-tube water tunnel for a ran
mbers up to 700 000 and Keulegan-Carpenter numbers up to 150. Relative roughness, /]

varied between 0,002 and 0,02- The roughness k is the average height of the rough
d to the cylinders.

h is considered to contribute)mostly to the roughness of a structural element in the ocean
al dimensions of structurallelements shall be increased to account for marine growth thick]
th will depend on the(location. The NORSOK standardl162] gives recommendations for m
ess as shown in Table G.1. The marine growth thickness can be different in other locations.

5] cautions that'it'takes very little roughness to make the rough value of Cp realistic. Site-sp

be used toreliably establish the extent of the hydrodynamically rough zones. Otherwis
ments shiould be considered rough down to the sea floor.

Table G.1 — Thickness of marine growth

work.
holds

most extensive investigations on drag, ‘inertia and lift coefficients was carried oyt by

e of
D, for
ness

The
hess.
arine

ecific
e the

Water depth? Altitude 56° to 59° Altitude 59° to 72°

0
100 mm

0

60 mm

>+2m
+2mto-40m
<—-40m

50 mm 30 mm

The water depth refers to mean water level NORSOKI'62],
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Sarpkaya carried out his tests in less than ideal conditions with rectilinear oscillating flow. For "real" waves
there is still some controversy on the choice of relevant Cp and C, values. Different standards, codes and
guidelines for the offshore oil industry give different values, NORSOKI'62] API[10] DNVI®6] |SO 19902115,
Moe and Gudmestad!['53] and Gudmestad and Moel®8] discuss the coefficients and recommend the American
Petroleum Institute's recipe on selection of coefficient values, APII'0l. The following is quoted from

ISO

19901-1[248];

“For typical design situations, global hydrodynamic loading on a structure can be calculated using Morison’s
equation with the following values of the hydrodynamic coefficients for unshielded circular cylinders:

NOR
quotd

“For

a)

smooth Cp = 0,65 C; = 1,6

fough Cp = 1,05 Cyy = 1,2

SOKI162] elaborate somewhat more on the issue of selecting Cp and Cy, values @nd the
d from NORSOK, which again adhere mainly to API"%] for slender tubular structuralélemen

structures with small motions, the wave action can be calculated as follows:

If the Keulegan-Carpenter number (KC) is less than 2 for a structural element, the action may

otential theory:

) If the ratio between the wave length L and the tubular diameter D is greater than 5, the i
the Morison formula can be used with Cy, = 2,0.
2) If the ratio between L and D is smaller than 5, the diffractions theory should be used.

KC is greater than 2, the wave action can be calcufated by means of the Morison formula
[\ given as functions of the Reynolds number, Re, and the Keulegan-Carpenter number K(
ughness.

It should be noted that the Morison formula@jignores lift forces, slamming forces and axial R
rces.

or surface piercing framed structures consisting of tubular slender members (e.g. convent
xtreme hydrodynamic actionson .unshielded circular cylinders are calculated by the Morisg

the basis of:

Stokes' 5th order or. stréam function wave kinematics and a kinematics spreading facton
water particle velocity, which is 0,95 for North Sea conditions. This kinematics sprea
introduced in the-fegular wave approach to account for wave spreading and irregularif
states;

drag and’inertia coefficients equal to

—~Cp = 0,65 and Cy, = 1,6 for smooth members,

following is
|s:

be found by

hertia term in

with Cp and
" and relative

roude-Krylov

onal jackets)
n formula on

on the wave
ling factor is
y in real sea

Val —1’)&' kL

=1 NOC A =N
- \./D L,UJ diiJu \./M U1 IUUUII LA~ BRI A Re

These values are applicable for

whe

T/D >3

Umax

re

umax 18 the maximum horizontal particle velocity at storm mean water level under the wave crest,

T;

, is the intrinsic wave period,

D is the leg diameter at the storm mean level.
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d) For (dynamic) spectral or time domain analysis of surface piercing framed structures in random Gaussian
waves and use of modified Airy (Wheeler) kinematics with no account of kinematics factor, the
hydrodynamic coefficients should in the absence of more detailed documentation be taken to be:

CD = 1,0 and CM = 2,0

These values apply both in stochastic analysis of extreme and fatigue action effects.”

If time domai
hydrodynami

Taken into a
structures in
theory. For s
(Rienecker a
with Cp = 1,
value which
should be co|

It should be
intermediate

All wave the
Morison equ
al.[63] and Td

G.2.2 Wave action on clusters of circular cylinders

Reed et al.l!
forth motion
the waves.

Chakrabartil
cylinder spad

ISO 199021

G.2.3 Wave¢ action on large-volume bodies

Wave action
incoming wa
the incoming

n analysis is carried out with non-symmetry of wave surface elevation properly accounted for, the
c coefficients in item c) could be applied.

-

shallow water and in the coastal zone, it is recommended to apply the Stokes' 5th order
tructures in these areas, other approaches are the Fenton method, which is very userfri
nd Fentonl'85]), the Stream function method (Deanl®']) or some other high order theory, todether
1 (Kriebel et al.['29]) and Cy, = 2,0. For square formed piles ASCE 7-02['4l reGemmends|a Cp
s approximately 30 % higher than for the circular pile. Note that possible wave‘slamming agtions
hsidered.

noted that the wave kinematics have been much more thoroughly explored by measuremerits for
and deep water irregular waves than for shallow water irregular wayes.

bries predict that the maximum water particle velocities are at maximum at the crest heighf. The
btion thus also predicts that the maximum wave force also«occurs at the crest height. Den et
ruml227] found a slight modification to this due to surface effects.

P2] give drag coefficients for single cylinder and<a cluster of cylinders in a unidirectional back and
and with different orientations. Reed et al.-also performed tests with a current superimposéd on

9 gives information on the maximum wave forces on cylinders in a single row for different
ing and different wave direction and different KC numbers.

9] gives additional information on conductor shielding factors.

on large-volume bodies should be calculated on the basis of wave diffraction theory] The
Ves are reflected and scattered and the wave potential is expressed as the sum of the potential of
waves andythose of the reflected scattered waves.

For simple
Fuchsl144] g
the maximu

tructural shapes like a vertical circular cylinder resting on the sea bottom, the MacCamy and
dlytical solution may be applied. This solution shows that there will be a phase angle between
i i i e D:L

ratio. Comparing the MacCamy and Fuchs analytical solution to the general formulae for the inertia force, dF,
on a unit length of the cylinder,

2
D y ou(z)

dFy(2) = pyCux T px 22 (G.5)

where oulot

4 ot

is calculated at the centre of the cylinder, Cy, and phase angles are shown in Figure G.4.

(according to Dean and Dalrymplel64]).
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eneral structures consisting of several large-volumeZcomponents, boundary element or f
bds should be used, e.g. Isaacson and Sarpkayal!*2}; Faltinsenl73l.

MacCamy and Fuchs solution and some computer programs based on boundary element
bsed due to motion, diffraction, radiation}; wave/current interaction effects, and other nor

s, e.g. shallow water effects. These should be accounted for in the wave actions calculatior
ate deck clearance and freeboard!

fce

nite element

methods are

] on linear wave theory. However, in the-vicinity of large bodies, the free surface elevations can be

-linear wave
and used to

ind et al.[83], carried out test§ton wave forces for a 100 m diameter circular cylinder in 25 n

considered the set-down ‘effect due to the influence of radiation stress. The waves with |
reater heights were-highly non-linear with regard to water surface elevations. The compa
amy and Fuch's theoretical results showed a fair agreement for the horizontal force, especi
pwn effect was ipeluded. The overturning moment was significantly underestimated by M
s theory.

i Slamming actions

water depth

nger periods
ison with the
blly when the
acCamy and

or waves with periods in/the/range 7,7 s to 27,3 s and wave heights in the range 4,8 m q 17 m. They

G.24

.+ General

For a structure in waves, the parts of the structure in the splash zone are susceptible to forces caused by
slamming when the member is being submerged in the waves or when the structure is hit by plunging
breaking waves.

Forc

ircular cylindrical members the slamming actions may normally be calculated as:

dFg =0,5p,,CsDVR2dl

©I1SO
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where

dF, is the slamming force in the direction of the velocity;

Py is the mass density of water;

Cs is the slamming force coefficient;
D is the member diameter;
VR is.the relative \/nlnr‘ify of water surface o the surface of the member;

dl isthe length of the circular cylinder element.

For 2D circular cylinders the first, simple theoretical approach by von Karman (1929) leads ta.a-C, valug of .
Later theorefical work, e.g. Wagnerl[2%9l, Puchanov and Korobkinl'8'], Armand and Cointél®l, Faltinsgnl73],
Wienke and |Oumeracil?%6] |ead to C = 2n. This value is also to some extent confirmed)by experiments. 3D
effects will Igad to smaller Cg values than obtained from 2D considerations, but thé reduction factor s not
exactly known.

The Goda approach [84], leads to time duration of the wave slamming actionsof r =0,5D/v, while Wjenke
and Oumeragil266] theoretically found the duration time to be 7 =0,20D/¥;ysee Figure G.5. This is cldse to
what Tanimato et al.l219]) found experimentally. The slamming force versts time, (f;/pRV?2) versus ¢, wherg R is
the cylinder fadius, for different theories and approaches are also shown in Figure G.5. In which “own model”
is by Wienkeland Oumeraci.

f1/rF’/V2T
1
2p y
A
p
0
0
Key
1 Wagner 4 von Kaman
2 Cointe 5 Goda
3 Fabula 6 own model

Figure G.5 — Slamming coefficients and slam time histories according to different theories
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G.2.4.2 Slamming action on vertical and inclined cylinders on uniformly sloping or horizontal
bottoms

For vertical or nearly vertical piles exposed to plunging breaking waves, slamming action occurs in a limited
region from the wave crest and downward as indicated in Figure G.6. The total wave force on the pile is

F=Fp+F+F; (G.7)

where Fp + F) are the Morison force and Fj is the slamming force.

A — = \ A

Figure G.6 — Sketch of a plunging wave hitting a vertical pile

God4 et al.[84] measured the total slamming force on.avertical pile. They introduced the term “curling factor” 4
and assumed that the slamming force intensity was<niformly distributed over the height A7, where 7, is the
wave] crest elevation. The total slamming force was'then obtained as:

[ = 0,50,,CsDCy2 A1, (G.8)

wherg

H

L is the wave celerity at'the’breaking point;

H

s s assumed to be’Cg = m (von Karman theory).

Godd et al. arrived’at'a curling factor of 4 = 0,5 for plunging breakers and 1 = 0,1 for spilling brealers.

Sawgragi andNochinol'88] measured the slamming forces from breaking waves along a verfical cylinder.
They| foundsa considerable scatter in the forces and larger forces than those obtained by Godla et al. The
maximun.curling factor they obtained was 0,9 with Cg =, which complies with the findings o{Wienke and
Ouerreraci[%sl (maximum curling factor is approximately 0,45 with C. = 2r). Sawaragi and Nochiho found that
the slamming force intensity distribution along the pile had a triangular form and not a uniform form, while
Wienke and Oumeraci inferred from their wave pressure measurements on their test cylinder that the
slamming force intensity was uniformly distributed.

Tanimoto et al.[219] investigated the slamming force along a pile with different inclinations and with detailed
measurements of the slamming force intensity along the pile. They also found that the slamming force
intensity distribution along the pile had triangular form, and the maximum measured forces were comparable
to the forces obtained by Goda et al.[84]. Apelt and Pierowiez[®! obtained total breaking wave forces and
overturning moments on a vertical cylinder on a sloping bottom as a function of D/H, and Hy/L,, where D is
cylinder diameter, H, is deep water wave height and L is deep water wave length.
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Oumeraci et al.[170L[171] Wienkel264] and Wienke and Oumeracil266] analysed their large scale laboratory
flume test results according to the Goda approach, i.e. they analysed their measured total slamming force, but
used a slamming coefficient C; =2n and a force-time history as given in Figure G.5 when calculating the
curling factor A. The breaking waves during Wienke and Oumeraci’s tests were generated by superimposition
of several waves with different frequencies or so-called Gaussian wave packets. Wienke and Oumeraci
subdivided the experiments into five different loading cases. From their measurements Wienke and Oumeraci
found that impact occurs almost simultaneously at the different levels of the front line (violent spreading). They
obtained curling factors 4 as shown in Figure G.7 for loading case 3, which was the case that gave the largest
slamming force. For vertical cylinders, « = 0, Equation (G.8) may be used to estimate the total wave slamming
force. Wienke and Oumeraci also present a method of obtaining the total wave slamming forces on an inclined
cylinder, taking the angle of inclination into account.

For a vertical cylinder Wienke et al. obtained a maximum curling factor of 0,46 with a slamming [force
coefficient off Cg = 2r, which leads to a force twice the force obtained by Goda et al. and by Tanimoto et al.,
but the samd as Sawaragi and Nochino obtained as the maximum slamming force. Since short duration fprces
are tricky to fneasure, a possible explanation for the discrepancies may be because of the different forcg and
pressure megsuring method and the analysis methods used.

Ircschik et alll'1] carried out similar tests as Wienke and Oumeraci with a foreshore/1310 in front of thq pile.
The results dn the force measurements have not been examined and published yet.

0,6} ¢

04 L

{45 -25 0 24,5 45 o (°)

Key

a  gtill water level.

Figure G.7 — Curling factor A for loading case 3
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G.2.4.3 Wave action, including slamming action, on vertical cylinders on reefs and shoals

Special attention should be given to vertical structures erected upon reefs subjected to breaking waves.
See Figure G.8, Godal®%], Hovden and Teruml105], Kyte and Taruml'34], Hanssen and Taruml199]. The height
of breaking waves over shoals, Lie and Tgrum (1991), and the wave kinematics (Goda; Hanssen and Tgrum),
differs considerably from the uniformly sloping bottom. No numerical wave programme on the wave heights
and wave kinematics is yet available to cover the breaking wave conditions on peaky shoals. Hence the
general results from laboratory wave flume investigations should be used with care and not for conditions
deviating too much from the shoal configurations used during the laboratory tests. However, the obtained
results can be useful for conceptual designs. For important structures, it will be necessary to carry out site-
specific hydraulic model tests.

Figure G.8 — Waves over shoals

God48%! investigated the wave forces on vertical circular cylinders on cylindrical and ledged regffs. The short
duratjon slamming actions were of no concern for the structures Goda considered and the slarpming forces
are npt included in his results. Goda also gives results on the wave crest elevations.

Kyte f|and Teruml'34] carried out tests*on a cylinder on a site-specific shoal, but which was almos} circular and
rathef peaky, i.e. the water depth.increased rapidly in front of the cylinder. The water depth over the shoal was
kept tonstant during the tests. TFhe slamming actions were also measured. Kyte and Tgrum derivied equations
almost similar to those derived by Goda, but the force coefficients Kyte and Tegrum arrived at wds larger than
thosg obtained by Goda,~This difference is mainly attributed to 1) differences in wave forge measuring
systems; i.e. Goda did not, on purpose, pick up the high intensity, short duration slamming forcg, and 2) the
topography of the §hoals differs. This indicates again that local effects may be significant and tha} site-specific
tests|should be.carried out for important structures. An example of such tests is the tests that|Hansen and
Toruml00] carried out for a tripod on a shoal.

G.2.5 Wave action on piers and platform decks

Many types of wave loads should be considered in the design of piers. See Figure G.9.
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Figure G.9 — Wave loads on piers

The main tyges of action to be considered are:

— wave action on pile (as described in previous clauses);

— horizontgl wave action on beams, fenders or other projecting elements;

— wave uplift action on decks;

— wave upift action on beams, fenders or other projeeting elements;

— wave downward action on decks (inundation-afid suction).

These forceq, with the exception of pile loading, are called “wave-in-deck forces”.

There have heen several investigations ‘'en wave action, including wave slamming actions on the unders|de of
smooth horigontal platforms, e.g. EL.Ghamryl72], Frenchl74], Shih and Anastasioul!9%l, Baarholm['®l, Ren and
Wangl1831[18¢4],

Shih and Anastasiou derivedvery simple empirical formulae for wave uplift pressures on horizontal platfofms.
Kaplanl'20], Kaplan et al*21l and Murray et al.['5%] developed a set of equations to calculate the wave agtions

on almost arly form_of'the platform. According to HSE[99] Kaplan’s approach is state-of-the-art in predijcting
impact loads|on platform decks.

OCDI163] pr vides an estimated order of mngnihldn of anmming force on the underside of a haorizontal
platform deck, expressed as an equivalent static load with uniform upward pressure of 2p,gH for progressive
waves and 4p,,gH for standing waves (in case of open-type wharf with a retaining wall behind), where p,, is
the mass density of water, g acceleration due to gravity and H the wave height.

Stansberg et al.[210] give results from a study on deck wave impacts on a gravity base structure at a depth of
150 m water.

Most of the referenced recent research on wave forces on platform decks is related to oil platform decks.
However, Tirindelli et al.[225], McConnell et al.l'49], Tirindelli et al.l226] and Cuomo et al.[5] give preliminary
results from a research project related to exposed jetties at HR Wallingford, UK, while, based on this research,
McConnell et al.l'46] give guidelines for loadings on piers, jetties and related structures.
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G.2.6 Dynamic amplification and vibrations

Slamming actions are characterized by high peak intensity and a very short duration. Depending on the
elasticity and damping characteristics of a structure subject to slamming action, the effect of slamming action
depends on the dynamic response of the structure and its foundation, which may amplify or dampen the peak
force. Thus a structure should be investigated for the dynamic response to slamming action.

Slamming action may also cause vibrations in the structure. Some light beacons for navigation aids can be
vulnerable to such vibrations.

G.2.7 Wave and current actions on pipelines

Wavl and current actions on pipelines are most extensively dealt with by the oil industry and‘are treated in
differpnt standards and guidelines, i.e. DNVI[671.[68],

Wave¢ and current actions on pipelines on or close to the bottom, Figure G.10, are cdlculated wlth a Morison
equation approach.

The horizontal action on a pipe length d/ is given by:

2
iF}, = 0,5p,,CpDulu|sinadl + p,,Cy “i) Z—L;sinadl (G.11)
and the lift actions are given by:
1F, = 0,5p,C Du?sinadl (G.12)

wherg « is the angle between the wave direction and‘the pipeline axis.

The model given by Equations (G.11) and (G, 12) predicts that vertical action is in phase with the yater particle
velogities. But measurements show that the-vértical action is ahead of the undisturbed water particle velocities
above the pipeline. More refined methods*have been developed to obtain the horizontal and vertical action
that more accurately predicts the phases; see Lambrakos et al.l'37], Verley et al.[252]. Hoever, these
methpds are cumbersome to use‘'and are not employed unless it is very critical for pipgline stability
considerations.
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a)

b)

Figure G.10 — Pipeline on a) the sed bottom or b) in a trench

The drag, ingrtia and lift coefficients Cp, Cyy and C, are dependent on the Reynolds number, the Keulggan-
Carpenter nymber, the gap to diameter ratio, e:D, the ratio « between the current velocity and the wave ater
particle velogities, and the pipe roughness.

DNVI®8] givef a detailed recommendation:of-the Cp and Cy,; coefficients depending on the ratio betwegn the
current velogity and the wave particle. velocity amplitude, the seabed proximity, pipe roughness, the p{pe in
trench and cfoss-flow vibrations.

There are ng values given in DNV for the lift coefficient C|. Sumer and Fredsgel22l give values of C||as a
function of sgabed proximity,~pipe roughness and Keulegan-Carpenter number.

G.2.8 Vortex induced/vibration (VIV) of pipelines

Water or any fluid past a slender member can cause unsteady flow patterns due to vortex shedding. At cgrtain
critical flow pelocities the vortex-shedding frequency may coincide with, or be a multiple of, the ngtural
frequency oflmstien—of-the-member—resulting-in-harmenic-or-sub-harmenic-exeitations—eitherintire—with the

flow or with the cross flow.

These effects may be investigated by using semi-empirical methods based on model tests and full scale data.
The other alternative is to use computational fluid dynamics (CDF) methods by direct numerical solution of the
fluid/structure interactions problem.

The vortex shedding frequency may be calculated as follows:

V
r=sit (G.13)
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where
fis the vortex shedding frequency;
St is the Strouhal number;
V' is the flow velocity normal to the slender member axis;
D is the diameter of the member.

For circular cylinders the Strouhal number, St, is a function of the Reynolds number, Re. In a wide range of
ReynptdsTambersthe-StroutatmumberisSr=0;2:

For determination of the velocity ranges where vortex induced vibration (VIV) can occut,ya garameter 7,
called the reduced velocity is used. 7, is defined as:

= Voo (G.14)
fioD
wherg
" is the flow velocity;
Ap is the natural frequency of vibration of the structural member;
b is the diameter of the member;
b is the angle between the current direction.and the pipeline axis.
Another parameter controlling the motions is the_stability parameter, K, defined as
.= zp’”;f (G.15)

wher

w

e is the effective virtual mass;
is the generalized logarithmic decrement (27¢) of damping defined by, 6= o + oo + Oy
in whiich

Ds, is the logarithmic decrement of structural damping;

ds0il is the logarithmic decrement of soils damping or other damping;
ok is the generalized logarithmic decrement of hydrodynamic damping.

The amplitude of vibration ratio, 4:D, where 4 is the vibration amplitude, is primarily a function of the reduced
velocity. For reduced velocities in the range ¥, = 2 to 4 in-line vibration occurs, while for V', =4 to 12, cross-
flow oscillation occurs. The maximum amplitude of cross-flow oscillation is approximately one pipe diameter,
while the maximum amplitude of in-line oscillation is approximately 0,15 pipe diameter.

DNVI68] give vortex-induced pipeline vibration amplitudes for in-line as well as for cross-flow oscillations. The
oscillation amplitudes are given as functions of the reduced velocity, stability parameter, flow angle,
turbulence intensity and trench proximity.
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G.3 Local scour and scour protection

Assessment of local scour should preferably be based on experience. If lacking, then validated semi-empirical
formulae or sediment transport theory can be used. Useful guidelines on scour and scour protection may be
found in US Army Corps of Engineers Coastal Engineering Manuall23%] Whitehousel268], Sumer and
Fredsgel213], OCDI[163],
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Annex H
(informative)

Wave interaction with floating breakwaters

H.1 Introduction

The yvave height reducing effect of a floating breakwater is to a large extent governed by the fati
widthwave length. Thus the floating breakwater concept easily becomes uneconomical forcoas

breakwater
exposed to

oceap waves. But floating breakwaters can be economically used for marinas etc in areas with| limited fetch
lengths and large depths. Floating breakwaters have also successfully been used on:open coast to protect
fish farms. They will let the longer period waves pass through, but reduce the heights of the shorter period

wavess that can be devastating to the fish farm cages.

A large variety of floating breakwater concepts has been presented. PIANCH7#1 gives an overviel of different
typeq. probably the most frequently used is the box type floating breakwater, an example of which is shown in

Figure H.1.
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Dimensions in metres
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Figure H.1 — Box type floating breakwater
Araki and Chujo!" ] and Yoshida and Isozakil270] show an example of a floating breakwater to protect fish

farm

cages. It dampens the shorter period waves while the longer period waves of the wave spectrum are not
damped. This floating breakwater is 450 m long and is located in 65 m of water. The breakwater has

experienced

H.2 Wave

at least 11 m high waves; see PIANCI[174],

-reducing effects of floating breakwaters

H.2.1 General

When waves meet a floating breakwater they will basically be partly transmitted under the breakwater and
partly be reflected from the breakwater. Some of the wave energy is lost due to turbulence and friction,
depending on the breakwater type.
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The wave transmission coefficient for a floating breakwater is defined as:

Hy
Cr=—1t H.1
T (H.1)
and the wave reflection coefficient as
Hg
Cp = — H.2
R H, (H.2)
wher

is the height of the incoming wave;
is the height of the transmitted wave;
is the height of the reflected wave.

In cage of irregular waves the significant wave height is commonly used as the wave height parameter.

The fransmission coefficient is dependent on many parameters/bHut, as mentioned, the mo
parameters for box type floating breakwaters are the width:wave(Jength ratio and the draft:wave
To gjve an idea of the wave attenuation characteristics, a breakwater with seven units similar

st significant
length ratio.
to the ones

shown in Figure H.1 will attenuate waves with a peak periodiof Ty= =5s by 10 % and waves with Ty = =3 s by

apprgximately 65 %; see Stansberg et al.[209],

H.2.2 Calculations of transmitted and reflected waves and mooring forces

A floating breakwater is a complex structure frtem a hydrodynamic and motion point of view. N¢ satisfactory

analytical solutions exist on the motion andiwave transmission. Most operational numerical m
assumptions of small waves and small motions.

The gssumption of small structure‘motions does not appear to be a major limitation, for if the
should attenuate the waves effectively, its motion should be small. However, this is not the cas

bdels rely on

breakwater
e if a floating

breakwater, designed for short' wave periods, is exposed to a swell coming from the open sea. In
heave and sway can become relatively important and for this special case, the adequacy of

this case roll,
the mooring
for “resonant
incident and

f a group of
blasticity and
us damping,
onfirmed the
excluding the

slow drift forces and motions.

Other non-linear effects are effects from non-linear waves and non-linear damping. The latter is especially the
case for large motions when viscous effects and turbulence can become more important.

In addition to the forces mentioned above, a wave drift force that is proportional to the incident wave energy
flux acts on the floating breakwater and will especially influence the horizontal motion and the mooring line
forces. The mooring line forces and anchor's holding capacity should be evaluated with the inclusion of the
wave drift forces and the resulting breakwater motion.

Stansberg et al.[208] and Stansbergl207] deal with non-linear slow drift oscillations of moored floating structures
with some reference to floating breakwaters, according to Stansberg et al.[209]. There is, as yet, no readily
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available theory to handle the slow drift oscillations. The findings from the experiments of Stansberg et al.[208]
are the following:

a) the slow drift oscillations are dominant with respect to mooring forces;
b) the slow drift motion is larger on a long breakwater than on a short one;

c) the low frequency drift sway motion oscillations get significantly reduced in multidirectional irregular
waves compared to those in unidirectional irregular waves.

The mean offset is, however, the same.

PIANCI174] refers to results of several test programmes on wave damping by and mooring forces for-different
types of floafjng breakwater.

96 © 1SO 2007 — All rights reserved


https://standardsiso.com/api/?name=69d7a30fff543df7feb2e58b665a451e

1.1

ISO 21650:2007(E)

Annex |
(informative)

Wave action on wave screens

Types of wave screen

A definition sketch of a wave screen is given in Figure 1.1. Wave screens are generally built in
typed.

a)

b)

c) |

In all

Key

§
V)

(o2 )

o

lhetween boards.

The most common configuration includes a permeable walkin front with an impermeable wal

one of three

ingle impermeable wall: consists of a single vertical wall that is impermeable, and which gxtends from

bove the still water level down to near mid-depth (or deeper) with a gap at the-bottom to
ater circulation and wave transmission. Wall panels are usually built from pre-cast concrete

ingle permeable wall: consists of a single vertical wall which is permeable, and which

bove the still water level down to near the sea floor (gap at bottom) or'to the sea floor (no g
Vall panels are usually built from pre-cast concrete panels or, from timber boards with

Uultiple walls: consists of two or more parallel wall sections. or either the impermeable or per

Vall panels are usually built from pre-cast concrete panels.

types of wave screen, wall panels are then attachedto a pier or pile-supported structure.

b

cident wave.

aveé barrier.

permit some
panels.

pxtends from
hp at bottom).
gaps or slits

meable type.
at the back.

.
d s

1.2

koS mittad \aiava
cHoH e oW ves

till water level.

Figure 1.1 — Definition sketch for generic wave screen or wave barrier
{Coastal Engineering Manual (2003)}

Applications of wave screens

Wave screens may be used as a type of breakwater in areas of restricted fetch within bays, estuaries,
harbours, lakes and other enclosed or semi-enclosed water bodies. They are not recommended in areas
where impact loads due to breaking waves are expected. Typical design wave conditions include significant
wave heights of one metre to two metres and peak wave periods of less than 6 s.
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.3 Functional design for wave transmission, reflection and overtopping

The function of a wave screen is to reduce wave heights transmitted into the harbour or marina while at the
same time minimizing adverse effects of wave reflection from the structure. Wave screens dissipate some
wave energy but designs yielding low wave transmission are usually accompanied by high wave reflection.
Multiple wall designs can yield the best reduction in transmitted waves while keeping reflection to a minimum.

Incident waves, transmitted and reflected waves should be specified in terms of the wave spectrum, or may be
specified in terms of the significant wave height and peak wave period. In random waves, wave screens
preferentially reduce transmission of high frequency waves in the spectrum and allow more transmission of
low frequency waves in the spectrum. The tolerable level of transmitted wave height within a harbour or
marina dep i to a

significant vae height of 0,3m or less. ,

The transmis
draught (gay
Because sin

sion and reflection coefficients of a wave screen are affected by many factors including the wall
at the bottom), permeability, incident wave periods (wavelength), water depth’ and ofhers.
gle walls are usually thin relative to the wave length, wall thickness is not‘@ major facfor in

determining
important fag

Waves will g
screen need
waves.

Wave screer

wave transmission. For multiple walls, spacing between walls relative ‘to, wavelength
tor.

Iso be diffracted around the ends of a wave screen. The configurations and layout of a
to be determined by taking into consideration both the transmitted waves and the diffr

s are generally designed to prevent overtopping. Some -Qvertopping may be allowed for

larger than the significant height, and the adverse effects of occasional overtopping on harbour perforn

should be ex

Water levels
should be ch

amined.

(tidal elevations) affect functional performancezAs a result, wave transmission and wave lo
ecked for a complete range of expected water‘levels. The highest wave transmission some

S an

wave
hcted

aves
ance

Ading
fimes

occurs at a Ipw tide condition.
Some design diagrams are available for typicalkconfigurations. Wave transmission past impermeable wave
screens are piven for regular waves by Wiegell263] and by Kriebel and Bollmannl'28], and for random waves
by Gilman apd Kriebell82], Kriebell'27] and.by Losada et al.[#11.[142]_ Wave transmission past permeable or
slotted wave| screens extending to the séa floor are given by Grune and Kohlhasel®l, and Kriebell1#6l. A
method of egtimating transmission past partial depth permeable wave screens is given by Isaacson et af[113],
Wave transnpission past multiple walls”is difficult to generalize. Gardner et al.[81] and Cox et al.[33] present
results of prmysical model test programmes of some typical designs, while Tillman et al.[223] present a
theoretical gpproach. In geneéral, hydraulic model tests are recommended for evaluating the funclional
performance|of multiple wave screens.

Oblique incig
in functional

ence of waves results in some reduction in wave transmission, but it may usually be disregarded
Hesign-eonsiderations unless the angle of incidence is large.

.4 Structural design considerations

1.4.1 Waves for structural design of wave screens

Structural design of wave screens should consider the complete wave spectrum and should be based on the
largest waves in a design sea state. Kriebell127] shows that forces on impermeable wave screens due to non-
breaking waves in a random sea follow a Rayleigh probability distribution. Following Godal®8l, a design wave
height of 1,8 Hg should be used for computing wave forces and overturning moments.

Wave screens are usually designed for non-breaking waves and are usually not used in areas where high
impact loads due to breaking waves are expected. If breaking waves are expected, appropriate wave
slamming or impact loads should be considered through hydraulic model tests.
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Wave screens are also subject to repeated wave loadings of small to medium storm waves that have a high
frequency of occurrence. A fatigue analysis of structural members should be conducted based on the joint
frequency tables of wave heights and periods.

1.4.2

Wave-induced pressures, forces and moments

Structural design of wave screens should include consideration of wave-induced pressures, depth-integrated
wave forces, and wave-induced overturning moments. Because wave screens have water on both sides,
hydrostatic pressures are normally equal on each side of the wave screen. Wave-induced pressures on the
front and rear faces of the vertical walls must be evaluated with due consideration of the wave phase on each
side of the wall.

For 3
exert|
uppe
refleq
of th
overt

Som

Bergmann and Oumeracil2!] provide information on wave loads for full-depth permeable (S
scregns. Kriebel et al.[130] Gilman and Kriebell®2], Kriebell127], and lkosada et al.[1411.[142] provid

n impermeable wave screen with a small gap at the bottom, an approximation to the vae pressure

ed on the front surface can be made by applying the modified Goda formula (Annex.E). |
F limit to the actual wave pressure, because it neglects a reduction of pressure causéd by
tion and by the bottom gap. The maximum horizontal force is then obtained frormthe vertic
b wave-induced pressures along the height of the wall over one cycle of wave period. T
LiIrning moment about the sea floor by wave actions is similarly obtained.

design diagrams are available for the maximum forces and moments.for wave screens. Krj

provides an
partial wave
al integration
ne maximum

ebell126] and
lotted) wave
b information

on wave loading on partial-depth impermeable wave screens. For) wave screens of other configurations,
hydrgulic model tests are required for evaluation of wave pressures, forces and moments.
For the case of an impermeable wave screen, of the type“shown in Figure F.1, the U.S. Army Corps of
Engineers Coastal Engineering Manuall23%] presents anémpirical design method for computing [wave forces.
Large-scale physical model test data of Kriebel et al.['30 were used to develop an expression for significant
force| Results are shown in Figure 1.2 and are givendby
" 0386(h/ Ly )-07

fivo = Fo| — (1.1)
in whiich

- i sinh(kph) (12)

O = PEINO " oot ) '

wherg

Fvo s theysignificant force per unit width on a partial-depth impermeable wave screen;

Fo 4_isthe significant force per unit width on a full-depth wall;

YMO is-the b;gllifibdl twave hcigh‘l,

h is the water depth;

w is the wave screen draught or penetration;

L, is the wavelength associated with peak spectral wave period, T;

ko is the wave number associated with peak spectral wave period, 2n/Lp;

P is the water mass density;

g is acceleration due to gravity.
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The USACE method should be used within the limits of data for which it was developed: 0,4 < w/h < 0,7 and
0,14 < h/Lp <0,5. See Figure 1.2.

YA
1
4
//
)
/
’/
® =014
g =0,23
A =0,34 |
o =0,50

Xy

Key

X wall penefration, wih
Y relative fofce, Fyp/Fgo

Figure 1.2 — Dimensionless wave forces on impermeable wave screen
(USACEI[233])

The design force per unit-width on the wave screen should be the load corresponding to the design wave
height recommended fy)Godal®, of 1,8 H\,5. The appropriate design force is then given by

FDesign [ 1:8H\o (1.3)

Horizontal wave forces vary dynamically in time over the wave cycle. When an incident wave crest is at the
wall, dynamic wave loads are landward (toward the harbour side). When an incident wave trough is at the wall,
dynamic wave loads are seaward. Equations (I.1) to (1.3) and Figure .2 give the magnitude of the dynamic
force. This can be coupled with sinusoidal time dependence. In some conditions, wave loads associated with
the wave trough can be larger than those associated with the crest.

The expressions above are also valid for 0° wave incidence where incident wave crests are parallel to the
wave screen. Waves generally approach wave screens obliquely and wave loads are then reduced for non-
zero angles of incidence. The Goda formula in Annex E, includes a simple expression to account for the effect
of oblique incidence on the pressure intensity. Gilman and Kriebell82] and Grune and Kohlhasel®] suggest a
cosine dependence in oblique waves in which wave loads at 90° incidence are reduced to one-half of those
for 0° incidence.
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In addition to a reduction in the force per unit length, oblique waves also cause a variation in loading along the
length of the wave screen. This longitudinal variation should be considered when designing the structural
support (pier or pile supports) for the wave screen.

1.4.3

Connections between wall panels and supporting structures

The method of attachment of the wall panels to the supporting structure is critical due to the oscillatory nature
of wave loading on the panels. Loose connections will permit relative movement between the wall panels and
the supporting structure, leading to rocking or impact of the panels against the supporting structure. It is
important to remember that loads will act in two directions and that connections must work in both
compression and tension. Periodic inspection and maintenance is required to prevent damage due to

corrofion and/or undesired structural motions.

1.5

Assepsment of local scour should preferably be based on experience. If lacking, then validated s
formdlae or sediment transport theory can be used. Useful guidelines on scour, and scour prote

foung
Fredy

Local scour and scour protection.

in US Army Corps of Engineers Coastal Engineering Manuall238-Whitehousel268],
gel213] OCDI63],

bmi-empirical
Ction may be
Sumer and
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