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ABSTRACT

This study deals with the breaking of waves on coastal reefs, with
special emphasis on energy dissipation (wave height attenuation), wave
spectrum modification and the characteristics of wave set-up.

It has an engineering perspective; its main objective is to provide
the practicing engineer with much needed information on the design condi-
tions for coastal structures.

Although the problem is three-dimensional in nature considerations here
are limited to two-dimensional conditions.

The study consists of a review of existing literature, further develop-
ment of theoretical concepts, a field study and a hydraulic model study.

Chapter 1 is an introduction. It gives a short description of the
hydrodynamic processes associated with waves breaking on a reef and it
describes the goals and scope of investigations.

Chapter 2 contains a discussion of some relevant aspects of nonlinear
waves. The distinction followed by Whitham (1974), who distinguishes two
main classes of waves as hyperbolic waves and dispersive waves, is followed.
0f particular relevance is the concept of group velocity in nonlinear waves
as an element for the computation of energy flux in both field and model
experiments.

Chapter 3 is devoted to the significant part bottom friction plays in
wave dissipation over ashallow reef. The starting point of discussion is
the bottom friction in linear waves. The bottom friction coefficient
appears to be a function of both the wave Reynolds number and the relative
roughness of the bottom. The effect of nonlinearity on bottom friction is
evaluated by considering bottom friction losses for a solitary wave and by
evaluating the effects of shoaling, breaking, and currents on the bottom
friction coefficient.

The various aspects of energy dissipation in breaking waves are
discussed in Chapter 4. After a general discussion of the behavior of
waves before and after breaking, the similarity between energy dissipation
in a breaking wave and in a bore is considered in more detail. This simi-
larity is used to define a breaking loss parameter ¢, the value of which
has been evaluated in this study from both field and model data. It appears
that the proposed parameter is a useful concept in the evaluation of energy
losses from wave breaking.

Chapters 5 and 6 deal with aspects of wave set-up. In Chapter 5 the
problem is treated as a stationary one. In the evaluation of radiation
stresses required for the determination of the wave set-up, nonlinear
aspects are also considered. Chapter 6 deals with the effects of a modu-
lating wave train on the wave set-up on the reef.



Aspects of the wave spectrum and the characteristics of the spectrum
for various water depths are discussed in Chapter 7. Also discussed are
the various possible ways to determine the energy density spectrum from
the time series and the limitations of this spectrum to describe the
characteristic features of waves in shallow water.

Field experiments and their principal results are discussed in
Chapter 8 and the results of the laboratory experiments in Chapter 9.
In addition, the limitations of the experimental set-up to deal with wave
attenuation and wave set-up in very shallow water in a scale model are
evaluated.

In Chapter 10 the computational aspects of wave attenuation and wave
set-up are discussed both in respect to the analyses of field and model
data and for prediction purposes. A summary, conclusion, and recommendations
are presented in Chapter 11, the acknowledgements in Chapter 12, and the
bibliography in Chapter 13.
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CHAPTER 1: INTRODUCTION

In many parts of the world, coastlines are protected from heavy wave
attack by shaliow-water areas, or shelves, extending between the coastline
and deep water. In tropical settings such shallow-water areas may be formed
by a coral reef, which may be alive or dead. Examples of this are found in
the Pacific (including Hawaii), Japan, and Australia. In the more temperate
zones such areas may consist of sand or mudflats with elevations of about
mean sea level, examples of which are found along the North Sea coasts of
Germany and The Netherlands.

If conditions as described above exist, the larger waves that approach
the shoreline from deep water will break on the shelf, dissipating large
amounts of energy. Only waves of reduced magnitude can propagate shoreward,
whereby additional energy is dissipated due to breaking and bottom friction.

Wave attenuation on a shallow reef is of great interest to practicing
engineers involved in the design of coastal structures. A phenomenon of
equal and simultaneous interest is called wave set-up. It occurs when the
momentum flux of the breaking waves is transferred into a rise in the mean
water elevation on the reef. This wave set-up in turn allows higher waves to
exist on the shallow reef. Because of the increased mean water level and
its effect on wave height, the wave set-up is also an important design
parameter.

After the long ocean waves have broken on the seaward section of the
reef and have lost a large portion of their energy, a process of regeneration
may take place, whereby waves of lower height and shorter period are created.
The total process of wave breaking and regeneration is very complex. It is
highly nonlinear and cannot be treated mathematically by the more simple
1inear wave formulations.

Due to varying bathymetric and hydrodynamic conditions, the amount of
wave set-up usually varies along the shoreline, giving rise to the generation
of currents,

The wave-induced longshore currents along the beach shoreward of a reef
are important agents for the transport of sand along the shoreline. However
this study is limited to the two-dimensional aspects of wave set-up and does
not consider the effects of longshore currents.

Wave attenuation on sloping beaches has been investigated by a number
of researchers. The data available are to a very large extent laboratory
data. Only a relatively small amount of field data is available. Field data
on the attenuation of waves on coastal reefs are even more scarce. The
applicability of laboratory results to prototype conditions meets with
uncertainties because of the scale effects involved. Although much insight
has been gained on the process of wave set-up on a sloping beach during
various studies over the past 20 years, the amount of field data available
to support the laboratory studies is rather insignificant. With respect to
the behavior of wave set-up on a shallow reef, field data are virtually
nonexistent in the literature.



The grave uncertainties regarding the design parameters of wave
attenuation and wave set-up have led to design procedures which may be too
conservative under certain conditions and which may lead to the underdesigning
of structures in other circumstances. The desire to clarify some of the
problems involved in the hydrodynamic processes associated with the breaking
of waves on reefs is the reason for this study.

GOALS

The purpose of this study was to make an in-depth evaluation of the
processes of wave attenuation and wave set-up on a shallow reef and to
develop guidelines for the practicing engineer involved in the design of
coastal structures. Since the process of wave attenuation is Tinked to the
development of wave set-up, both aspects were studied simultaneously.

Based on existing hydrodynamic laws, the existing theories on wave
attenuation and wave set-up were to be developed further.

Because it was felt that Taboratory studies would be insufficient to
obtain reliable quantitative data, great emphasis was placed on the execution
of field investigations. Although such studies meet with many difficulties
and are considerably more expensive than laboratory investigations, the
increased cost was considered justified.

For the study of wave behavior in shallow water, particularly if it
includes breaking phenomena, the use of the Airy theory is no Tonger valid.
Waves not only change form, break, and dissipate, but they also change their
periodic behavior. The significant wave period on a shallow reef is there-
fore considerably smaller than the significant period of the approaching
waves outside of the reef area.

The nonlinear aspects of the problem have to be given full consideration.

SCOPE OF INVESTIGATIONS
This study consists of four parts:

A literature survey
Theoretical investigations
A field study

A hydraulic model study .

Although most of the Titerature on wave attenuation and wave set-up
has been examined, it is not intended to present a compiete overview of all
previous investigations on this subject. However, to provide sufficient
insiaht into the problem, the most relevant papers have been selected for
discussion. Furthermore, use will be made of data available in the literature
to test the development of theoretical concepts.

In the theoretical investigations the nonlinear aspects of wave
behavior get special attention as they refer to group velocity and energy
flux, shoaling, energy losses due to bottom friction and wave breaking,



characteristics of the energy density spectrum, and radiation stress. It
appears that bottom friction plays a dominant role in the dissipation process
on the reef and consequently in the wave set-up phenomena. For this reason
much attention will be given to aspects of bottom friction as they affect
wave behavior on the reef.

Wave breaking is a very complicated hydrodynamic process in which
energy dissipation due to internal friction plays a dominant role. However,
the similarity between the dissipative processes of a breaking wave and of a
bore can be used to analyze energy losses in breaking waves. In the
literature this approach has been followed by a few investigators. In this
study it will be explored further.

The reef off Ala Moana Park in Honolulu was selected as the study site
for the field investigations. Figure 1.1 shows the hydrographical conditions
at the study site and Figure 1.2 the location of the traverse along which
measurements were made.

In this experimental set-up the problem is treated as a two-dimensional
one because due to refraction the angle between breaking waves and the reef
edge is usually very small. Thus, a two-dimensional approach seems justified.
However, at times energy from adjacent reef areas did enter the study area
along the selected traverse, making evaluation of the computer model with
observed field data difficult.

During the field tests in 1975-76, waves were measured at seven
stations in depths ranging from 11m to less than 1m (Figure 1.3). By
repeating the measurements a number of times on different days, a variety of
wave and tidal conditions was experienced.

The wave measurements were conducted in such a way that computations of
the energy density spectrum could be made at both deep-water and shallow-
water stations.

In the analysis the energy density spectrum proved to be a very useful
tool in the study of the wave attenuation and wave set-up on the reef. In
shallow water, however, the area under the curve of the energy density
spectrum was not quite equal to the total energy per unit of surface area of
the waves; neither was the significant wave height equal to 4ving, if my
represented the area under the curve.

The model studies were conducted in the large wave tank at the J.K.K.
Look Laboratory of Oceanographic Engineering, University of Hawaii. The
tank, 55m long x 1.22m wide x 1.22m deep, with a maximum water depth of about
Im, was used to test the model of the traverse at Ala Moana at an undistorted
scale of 1:12, which was considered an acceptable scale for the problem under
study. Despite the relatively large scale, however, elimination of scale
effects for the shallow-water portion of the traverse was not entirely
possible,

The wave generator in the tank was oniy able to generate monochromatic
waves, which is a handicap in a study of this nature. Attempts to build up
a spectrum in the tank from a series of tests with different heights and
periods were not entirely successful for the shallow-water portion of the
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traverse on the reef because of nonlinear aspects.

There is some evidence that the generator system in the tank gave rise
to the generation of a free second harmonic wave, which affected the results
of the experiments to some degree. Other complications of the model test
set-up were due to the confined body of water in the tank (which affected
the wave set-up measurements), the effect of the side walls (friction), and
the difficulty in simulating the proper bottom roughness.

A critical evaluation of these factors was necessary to verify the
results.
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CHAPTER 2: BEHAVIOR OF NONLINEAR WAVES

In this chapter, aspects of wave propagation, wave deformation, and
energy transport are reviewed. First, some properties of linear and non-
linear waves in water of constamt depth are discussed. Following this,
attention is given to waves which travel shoreward over a sloping bottom
and onto a reef or shelf.

The propagation of waves over a sloping bottom and over a shallow reef
have strong nonlinear aspects. As long as the waves are unbroken, deductive
mathematical theories can be used to describe their behavior. After the
waves have broken, nc mathematical theory exists to fully describe the
phenomenon.

WAVES IN WATER OF CONSTANT DEPTH

Waves can be classified in many different ways: short period versus
long period, periodic versus nonperiodic, deep water versus shallow water,
etc.

Whitham (1974} distinguished between hyperbolic waves and dispersive
waves. This classification is considered particularly useful for this study
and will be reviewed briefly in this chapter. Hyperbolic waves are formulated
mathematically in terms of hyperbolic partial differential equations. Dis-
persive waves are identified by the type of solution, rather than by the
governing differential equations. The latter group contains many different
kinds of waves.

In the following sections the symbols used for differentiation are
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where ¢ isanidentifiable characteristic that is propagated through a medium.

Hyperbolic Waves

In hyperbolic waves the frequency is independent of the wave number,
The prototype of this category is often taken to be the wave equation

— 2 2
bt = Cg A ¢ (2.1}

in which c0==constant, although most of the waves are not governed by it.

The simplest form of a hyperbolic linear wave equation is

o *C b, = 0 : (2.2)



¢, = constant, with general solution

¢ = flx-cpt) . (2.3)

This is the Tong wave equation in one direction (+x) only.

The nonlinear counterpart of equation 2.2 is
¢y + c(0) ¢, =0 (2.4)

in which c(¢) is a function of the local disturbance ¢. One of the main
characteristics of this nonlinear phenomenon is the eventual breaking of
waves into shockwaves.

Long waves of small amplitude in two opposite directions are governed
by the equation

btp " Cobxx = O (2.5)
with general solution
¢ = fx - cot) + g{x + cot) (2.6)

where f and g are arbitrary functions. The solution is a combination of two
waves: one with shape described by the function f moving to the right with
speed c,; the other with shape g moving to the left with speed cq.

Here the speed ¢, is constant, independent of the wave frequency and of
the wave number. Long-period oscillations of a reef, as induced by the modu-
lations of the train of short-period waves, are basically governed by this
equation.

The solution of hyperbolic wave equations is associated with the
existence of real characteristics, along which the special properties of the
wave propagate. In an x vs. t diagram, characteristics are represented by
lines for which dx/dt = c(¢). Along such a 1ine the property ¢ often
remains constant, although this is not absolutely necessary.

The basic idea of wave propagation is that some recognized feature of a

disturbance moves with a finite velocity (Whitham, 1974). For hyperbolic
equations the existence of characteristics corresponds to this idea.

Dispersive Waves

The prototype for dispersive waves is based on the type of so1utiop, )
rather than on the type of equation. Whitham (1974) defined a linear dispersive
system as any system which permits solutions of the form

¢ = a cos(kx - wt) (2.7)



where the frequency w is a definite real function of the wave number «;
the function w(x) is determined by the particular system. The phase speed
is then w(x)/x and the waves are usually said to be dispersive if this
phase speed is not constant but depends on «. The term refers to the fact
that a more general solution may consist of the superposition of several
modes of equation 2.7 with different values of k.

It may be noted that equation 2.7 is also a solution of the
hyperbolic equation 2.1 with w = % ¢k, although this does not constitute
a dispersive solution since ¢ = w/k = constant. However, there are cases
of genuine overlap between the two classes.

In dispersive waves the dispersion relation
w = W) (2.8)

is characteristic of the phenomenon. The general solution for linear wave
fits into this category with the well-known dispersion relation

w? = gk tanh k h (2.9)
where h is the undisturbed depth.
A system of nonuniform oscillatory waves may be described by
¢ = a(x,t) cos 6(x,t) (2.10)

where a and & are functions of x and t. The function 8{x,t) is the phase
which measures the point in the cycle of cos 6 between its extremes * 1;
a(x,t) is the amplitude. The uniform wave train, (2.7) is a special case
with a = constant, 6 = kx - wt, w = W(x). In the more general case of
equation 2.10 , a local wave number k(x,t) and a local frequency w(x,t)
can be defined by

_ 99 _ s

k(x:t) - ﬁsw(xst) = 'gf“ - (2.]-1)
Assuming that they are still related by the dispersion relation, an equation
for 6 is then

06 a0 _
34y [.ﬁ] - 0 (2.12)

and its solution determines the kinematic properties of the wave train. It
may be more convenient to eliminate & from equation 2.11 to obtain

Ak . Jw
76_-E+ ﬁ 0 . (2.13)

This relation is a basic one for almost-periodic waves. The wave number
k = 2r/L denotes the number of waves per 2m units of distance. It may be
considered a density of waves. Similarly, w may be considered the flux of
waves, and equation 2.13 is a statement for the conservation of waves.
Substituting w = W{k) gives



3k * o L dH(K)
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where cg(k) is the group velocity, which is a function of k. It appears
that the group velocity is the propagation velocity for the wave number k.

This equation for k is nonlinear and is equal to the hyperbolic equation
given by equation 2.4 even though the original problem is linear. It may
therefore be interpreted as the wave equation for the propagation of k with
speed cg(k), and it may be concluded that hyperbolic characteristics are
included in dispersive waves.

The group velocity plays a dominant role in wave propagation. Both the
characteristic k {wave number) and the energy propagate with the group
velocity. An observer following any particular crest moves with the phase
velocity, but sees the local wave number and frequency changing. An
observer moving with the group velocity sees the same local wave number and
frequency, but crests keep passing him.

Nonlinear Waves

In 1847, Stokes showed that the surface elevation n in a plane periodic
wave train, progressing with constant shape in deep water could be expanded
in a Fourier series, in powers of the amplitude (Whitham, 1974}:

n=a cos {kx-uwt) +%1< a? cos 2(kx-wt) +%K2a3 cos 3(kx-wt}+ ... (2.15)

where
w? = ge (1 +«?a%+ ...) . (2.16)

The linear result, w? = g<, is in agreement with linear theory for deep
water waves.

There are two important aspects included in this result. First, it
proves the existence of periodic solutions in nonlinear waves, where the
dependent variables are functions of 6 = «x - wt, but where the functions
are no longer sinusoidal. Second, it shows that the dispersion relationship
involves the amplitude. The latter has an important effect on the behavior
of nonlinear waves.

The derivations for arbitrary depth are considerably more involved;
one of the important results is the dispersion relation (Whitham, 1974):

2 g tanh* kh_ - 10 tanh®kh_+9
-———H--h—m =1+ 0 Y k2 a% + ...
g tanhkhy 8 tanh* xh

0

(2.17)

where hy is the still water depth, For k2 hy? >> 1 Stokes' original
results for deep water, equation 2.16 , is ogtained.
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In 1895, Korteweg and de Vries made a very significant contribution
to the development of wave theory. They showed that long waves in water
of relatively shallow depth can be described by a nonlinear equation, in
which both the aspects of nonlinearity and dispersion are represented.

I[f the nonlinear terms are approximated to the first order of a/hg,
the Korteweg-de Vries equation.has the form:

ng tcy [1 + —-H—J Ny VN 0 (2.18)
. . 21 2
in which v = & %o h0 .
The Tinearized form of this equation has the dispersion relationship,
€y ¥
© O TEv e (2.19)
Many exact analytic solutions have been found for equation 2.18 .
Korteweg and de Vries showed that periodic solutions,
n = f(8)
(2.20)
and B = kx - wt,

could be found in closed form and without further approximation in terms
of Jacobian elliptic functions, cn6. These solutions are called cnoidal
waves, and they confirm the existence of periodi¢ solutions, as found by
Stokes.

The Korteweg-de Vries equation is limited to waves propagating in one
direction only, in contrast to the Boussinesq equations, which include waves
moving in the opposite direction (Whitham, 1974)}.

The linearized form of the Korteweg-de Vries equation has the form

ngten tvn,, = 0 (2.21)

with solutions

n = acos (kx - wt) l
|
and W T CK - vk ? (2.22)
-1 2
where v o= ¢ Coho

The dispersion relation in equation 2.22 agrees with equation 2.19 for )
small values of k. However, the former has bounded phase and group velocities
if the values of k become large, in contrast to the latter.

In addition to the periodic solution, Korteweg and de Vries (1895) found

a solution for the limiting case, where the period becomes 1nfiqite, repre-
senting a single hump of positive elevation n. This is the solitary wave.
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For depth ho and maximum elevation Ng?

1/2 )
"o
n _ 7, sech? [ 3] (x - ct)] (2.23)
_4h0 i
n
and ¢ = ¢, [1 ¥ %-ﬁ‘l] (2.24)
0

Co being the speed of linear shallow-water waves. Equation 2.24 , for the
velocity of propagation ¢ in terms of the amplitude a, is the remnant of the
dispersion relation in this non-periodic case.

The Korteweg-de Vries equation is a powerful tool in the treatment of
shallow-water waves because it combines nonlinearity with dispersion. It is
a useful equation for evaluating wave conditions on a shallow reef.

The dependence of the dispersion relationship on the amplitude generates
a number of interesting phenomena. One is that, in nonlinear waves, there
are generally two group velocities instead of one. This will be further
discussed below.

Studies by Kruskal (1974) and others have shown that solitary waves
(called "solitons") may form a solitary wave train, in which individual waves
interact but retain their form after joint interaction, Because the wave
speed is a function of the wave amplitude, larger solitary waves will
eventually overtake and pass through smaller ones, with the only effect of
the interactions being a phase shift.

Here, the term "solitons" is also used in a somewhat broader
perspective, as a series of short-period oscillatory waves following a lead-
ing ¢rest in shallow-water waves. Sometimes free, second harmonic waves in
a laboratory wave flume are also referred to as solitons (Hulsbergen, 1974).

Modulations of a Wave Train

Whitham {1974) showed that modulations of a linear wave train can be
described by the equations

3k ., sw _

TR T 0 ] (2.25)

Ja? d 2y _
and Tl 'i'(cg a’) = 0 (2.26)
where a = amplitude

w = wylk) is given by the Tinear dispersion

relationship
cg = w'(k) = 1linear group velocity.
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The concept can be extended into the nonlinear case. The crucial qualitative
change of nonlinearity is the dependency of w on a which introduces a coup-
Ting of equation 2.25 and equation 2.26 . For moderately small amplitudes,
w may be expressed in Stokes' fashion:

w = wo(k) + wy(k) a2 + ....

and equation 2.25 becomes

gt {wo'(k) + le(k)az} gt + wg(k) = - 0 (2.27)
For small amplitudes, equations 2.25 and 2.26 develop further into:
Eovu (k) XKy B - 0 (2.28)
and
%1 '(k) + "(k) a2 g;_ = 0 (2.29)
from which one finds the characteristics
%= 010 2 fual) w0} 2 a (2.30)

In the case w2 wy" > 0, the characteristics are real and the system is
hyperbolic. The double characteristic velocity splits under the nonlinear
corrections providing the two veleocities of equation 2.30 .

If w2 wp" < 0, the characteristics are imaginary and the system is
elliptic. This leads to problems of instability: small perturbations will
grow with time. (Remarkably enough this is the case with Stokes' waves on
deep water.)

The modulation equations for the fully noniinear case can be developed
by applying the variational approach to the modulation theory (Whitham, 1974).
In the hyperbolic case the characteristic velocities dx/dt are used to
define the nonlinear group velotities which is an extension of the linear
case. The development of the double characteristic velocity of the linear
theory into two different velocities has far-reaching results. It predicts
the eventual splitting of a modulation of finite extent into two separate
disturbances. In problems where the linear group velocity is positive the
two nonlinear group velocities will usually be positive also (Whitham, 1974).

Further Considerations on the Group Velocity

The concept of group velocity is relevant in a modulating wave train
where wave properties (k, energy) are propagated with a characteristic speed.

13



For Tinear wave theory one has

_ dw
Cgr(k) = HE (2.3])
which gives the relationship
Cgr = nc¢ (2.32)

where

=
1

2kh
“ZE"W'

In a linear uniform wave train, the concept of group velocity as the
propagation speed of the property k loses its meaning since 9k/3t and 3w/3x
are both equal to zero. The propagation of energy still takes place, however,
and even though no groups of waves are physically present in the train, the
term "group velocity" is still maintained and its value used for the determina-
tion of the energy flux.

In a nonlinear strictly periodic wave train, a similar situation occurs.
The group velocity loses its meaning in identifying the speed at which the
quantity k is transported; yet it remains significant because it specifies
the transport of wave energy.

It 1s assumed that the two values of the characteristic velocities in
nonlinear waves have no significance for the strictly periodic wave train;
only if for some or other reason a modulation occurs, the two different group
velocities start to play a part.

In the near linear case the mean of the two characteristic velocities
will give a good approximation for the average group velocity as a measure for
energy propagation. For Stokes' waves of small amplitude the average value
of the group velocity {equation 2.30) becomes

Cgr‘ = wy (x) (2,33)
which is equal to the group velocity for linear waves.

For strongly nonlinear waves this is no longer acceptable.

Some Specific Relations for Periodic Waves of Finite Amplitude

Various papers have been published dealing with the propagation of
nonlinear waves in water of shallow depth. In this section the results of
some of these studies will be reviewed.

In Longuet-Higgins (1974a) a number of exact relations were proven for
periodic waves of finite amplitude in water of uniform depth.

The speed, momentum, energy, and energy flux are considered and new

relationships between certain fundamental integral properties of waves were
presented.

14



One of the unexpected findings of another paper by Longuet-Higgins
(1974b) was that the speed and energy of solitary waves attain maxima for
waves of less than the maximum amplitude. This property may have implica-
tions for the manner in which waves break in shallow water. Longuet-Higgins
showed that a similar property is relevant to all gravity waves of finite
amplitude; the symbols of Longuet-Higgins are used below.

The rectangular coordinates {x,y) are chosen with the x-axis horizontal
in the direction of wave motion and the y-axis vertically upward. The
equations of the free surface and the bottom are y = n and y = -h, respec-
tively. The velocity (u,v) is assumed irrotational and periodic in x with
wavelength A. The axes are chosen so that the mean elevation 7 is given by

A
am o= fndx = M = 0 (2.34)
a

so that the origin is at the mean surface level and h equals the mean depth.

Similarly, by choosing axes moving with the required horizontal
velocity, the mean velocity u, defined by

A _
A = Sudx = [cb]x:)é = (2.35)
! -

may be made to vanish at one particular level and, hence, since the motion
is irrotational, at all levels within the fluid. The vanishing of 0 and u
implies that both M and C must also vanish, whereas for the solitary wave
both quantities are positive. Other quantities are given per unit of width
and are defined by Longuet-Higgins in the following way whereby the density
is taken as 1. Mass flux is

n
I = J udy (2.36)
-h

whereby the overbar denotes the average over one wavelength or period.
Mean kinetic energy is:

(u? + v¥)dy . (2.37)

ro| —

n
T = 7
-h
Mean potential energy is:
n

Radiation stress (excess flux of momentum due to the waves) is:

n

— 2 1 2
Sy = _fh(p +u?) dy - 5 gh? (2.39)

15



Mean energy flux is:

n
F = f[p+ —;- (u? + v?) + gyl udy . (2.40)
-h

Longuet-Higgins established some simple relationships between these various
guantities. He gave short proof of a relationship already established by
Levi-Civitd in 1924 showing that

2T = ¢ 1 - (2.41)
where ¢ is the phase velocity.

Furthermore, he proved that

= T 2
Sex = 4T - 3V + h uy (2.42)

where uy denotes the velocity on the bottom and that

F o= (3T - 2V)c + 32— (ch+ 1) u” . (2.43)

In deep water the fluxes of mass, momentum, and energy are respectively
given by

1 o= & (2.44)
and

Sxx = 4T - 3V {2.45)
and '

F = (3T - 2V)c (2.46)

whereby the first remains true for water of any depth. It is emphasiged ‘
that all of these relations are exact and do not depend on any approximation
in the wave theory.

It is worth noting that if a different condition is applied--instead of
C = 0 the condition I = 0 (the total horizontal mass flux is zero) is
introduced--an equation different from equation 2.41 1is obtained, viz

2T = -Qe/x (2.47)

where if -Q is the mass flux in the steady flow relative to an observer
moving with the phase speed c:

n
-Q = ﬁ} (u -c)dy . (2.48)

Under certain physical circumstances this is appropriate.

16



Another interesting expression found by Longuet-Higgins is
A 1/2 1/2
2T = c¢/x é {e-[1+(n")23"“[2R-2g (h+n)]"/ )} dx (2.49)

where

R o= p+glu-c)+vi]+gly+h)

which represents the total head of the relative motion, and n! = dn/dx.
This expresses the kinetic energy as an integral involving only the surface
elevation n and other constants of the motion.

For deep water and small amplitude waves, the expressions for S, and F
in equations 2.42 and 2.43 reduce to

Sxx = §-E (2.50)
and 1
F = E-Ec . (2.51)

the usual formulas, since 1/2 ¢ equals the group velocity for deep water.

In the second part of the paper on the mass, momentum, energy and
circulation of a solitary wave, Longuet-Higgins and Fenton (1974) defined a
new parameter

2 2
1- T erest - 9 trough (2.52)

2
cc
1]

{14 =

where qcrest and qirougp denote the particle speeds at the wave crest and
wave trough, respectively, and ¢, denotes the speed of gravity waves of
infinitesimal amplitude. The authors computed the various wave parameters,
defined eariier, as a function of w.

WAVES TRAVELLING OVER A SLOPE ONTO A REEF OR SHELF

When waves move into areas of decreasing depth a number of different
transformations occur

1. Studies by Madsen and Mei {1963) and by Johnson {1972, 1974) have
shown that, if a solitary wave progresses over a slope onto a
shelf, and if no breaking occurs, the initial wave may disintegrate
into a train of solitary waves of decreasing amplitude.

2. Periodic waves propagating into shallow water are likely to

demonstrate cnoidal wave characteristics, as shown in a study
by Svendsen and Buhr Hansen (1976).
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3. In case the wave height exceeds a critical level, the waves
are subject to breaking on the slope or on the shelf. For the
stage after breaking satisfactory theories that describe the
process in detail have not been developed.

Solitary waves propagating (in unbroken form) into shallow water show
remarkable behavior; this is of interest in explaining some basic wave
behavior previously not well understood.

The study by Madsen and Mei (1969) was based on numerically solving a
set of approximate equations for long waves over uneven bottom. The
results showed that, as a solitary wave climbs a siope, the rate of
amplitude increase depends on the initial amplitude as well as on the
angle of the slope. The equations used are equivalent to those derived by
Mei and Le M8hauté (1966). Of particular interest is their finding of the
transformation of the solitary waves when propagating on the sheif into
more than one wave, each with different amplitudes.

In an earlier study, Zabusky and Kruskal (1966) found numerically that,
based on the Korteweg-de Vries equation and spatially sinuscidal initial
data, a steepening of each crest was followed by a disintegration into a
series of solitary waves which interact with those from the neighboring
periods in a complicated manner.

Madsen and Mei (1969) called attention to a common feature of waves
prior to disintegration: a wave crest is steeper at the front and flatter
at the back; the stepped bore (with a horizontal back) may be considered
as a limiting configuration of this kind {see also Perearine, 1966).

The more recent studies give further clarification of the behavior of
solitary waves traveling onto a shelf. Johnson (1972} considered the
problem of a solitary wave moving onto a shelf and derived a Korteweg-de Vries
equation with variable coefficients for this condition. 8y making use of
formal asymptotic methods, a single equation could be derived to describe
the phenomenon. Johnson found that, if a solitary wave moves over the
uniform depth (d = 1) without changing shape before reaching the shelf, it
breaks up into a finite number of solitons (n) on the shelf provided that

-2

d, = lj?n(n+])] ? (2.53)

where d, is the depth of the shelf and n is an integer (n>1). The shelf
must be shallower than the uniform depth (dg < 1):; the number n of solitons
formed is independent of the shape of the shelf formation.

If there is no integer solution for equation 2.53 for given dy, the
situation is more complicated. It appears from the analysis that an
oscillatory wave will be formed in addition to the solitary waves. If the
solution of 2.53 for given dy lies between two integers, N, and Nj + 1,
eventually Ng + 1 solitons will appear on the shelf, together with an
oscillatory wave. For n =1, do = 1, as expected.

18



The soliton amplitudes are

2 i
m,m-i,Z,...n (2.54)

if A is the amplitude of the initial solitary wave.
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Figure 2.1 Two and Three-Soliton Formations on Shelf
(from Johnson, 1972)
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In Figure 2.1 two-soliton and three-soliton formations are depicted
from Johnson (1972). Here d0 = 0.451 and £ is a characteristic coordinate.

Similar studies in this area have been conducted by Kruskal (1974) and
others. The formation of solitons following a crest of shoaling wave has
been observed in nature (Walker, 1974b). Figure 2.2 shows the formation of
solitons at Waikiki Beach.

Johnson also found that in the case of slowly varying and decreasing
depth, a uniformiy valid solution can be obtained in the form of a slowly
varying cnoidal wave. The result is in agreement with the theoretical and
experimental work of Svendsen and Buhr Hansen (1976).

Figure 2.2  Formation of Solitons at Waikiki Beach
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Shoating and Breaking

When waves break on a slope three situations may be considered:

1. laves break on the slope before they reach the shallow reef.
In the studies of Svendsen and Buhr Hansen (1976) which deal
with a slowly decreasing depth, this situation occurred with
the cnoidal shoaling waves. They defined the point of breaking,
which is difficult to define, even in a laboratory setting, as
the point where the crest of the waves reaches its highest
elevation.

In the case of relatively steep slopes the waves may retain
an initial solitary wave form and break in a similar manner
as the cnoidal wave type.

2. Waves break on the edge of the reef. Although the regime of
breaking is strictly outside the area of apnlicability of the
Korteweg-de Vries theory, by considering the near vertical face
of the breaking wave in shallow water as a moving front, the
Korteweg-de Vries equation can be used to define the wave
behavior on both sides of the moving face.

The solution to this problem is formed by the Airy function

and the integrated Airy function (Figure 2.3). It shows an
asymptotic behavior ahead of the disturbance and an oscillatory
pattern following the wave crest.

3. The broken wave on the reef has the appearance of a bore.
This similarity may be used to define a breaking loss
coefficient ¢, the value of which can be determined experimentally.

A bore can be treated as a hydraulic jump by using a coordinate system
that moves with the speed of the waves. In a hydraulic jump a conservation
of mass and of momentum is required; the conservation of energy is no
longer a useful concept because much energy is dissipated by internal
friction. Depending on the difference in water depth before and after the
discontinuity the resulting bore may take two distinct forms.

The weaker bores have a smooth but oscillatory structure (Figure 2.4),
whereas the fully developed bores have a rapid, turbulent change with no
coherent oscillation (Figure 2.5). The first experiments in this area were
documented by Favre (1935). The change in type seems to occur sharply at
a depth ratio of ho/h; = 1.28 corresponding to a Froude number of
F=c¢/Vghy ~1.21. (Whitham, 1974)

When waves break ona shallow reef, theoretical and empirical evidence
indicates that at the breaker point hp/hy is of the order 2. At the
beginning of breaking, the type of bore will likely be what is called a
turbulent bore. When propagating over the reef, however, energy is dissi-
pated by bottom friction and turbulent dissipation, whereby the ratio
h2/h, decreases with traveling distance. When the ratio hao/hy = 1.3 - 1.2,
a change in behavior may be expected in which the usual breaking stops and
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Figure 2.3 (a) Airy Function and
(b) Integrated Airy Function

(from Kalkwijk, 1972)

the wave front develops into an undulating bore.

Experiments suggest that this process usually occurs only over a
relatively short distance. The waves become oscillatory again, with
significantly reduced periods as compared with the intial wave; they may
break for the second time if the water depth decreases further along their
path of movement.

In Yamaguchi and Tsuchiya (1976}, the shoaling of finite amplitude waves

is discussed. In addition, both Stokes' waves and cnoidal waves are con-
sidered and a comparison is made between numerical and experimental results.
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Figure 2.5 Structure of a Fully Developed Bore
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In determining the energy flux of finite amplitude waves a difficulty
arises as to the determination of the wave celerity in the extension to the
high order approximate solution. The first approach is that the average
horizontal water particle velocity over a wavelength vanishes if an
observer moves with the waves, and a second is that the average momentum
over a wavelength vanishes with the addition of a uniform motion. A similar
difficulty was found by Longuet-Higgins and Fenton (1974).

A number of expressions for the energy flux are presented in this paper
based on the Stokes' and cnoidal theories and using the first and second
approach mentioned above. Based on Laitone's (1963} cnoidal wave theory,
the mean energy flux sz is aiven by

2
W, = og ht /W B%{KZ-] o2y Eosyn by e
1
s (8 (<432 - 2) 4 (8c% - 532+ 53) () +

60 (< -2) (5 75 1 D7+ 0 (| (2.55)

where ¥ is the modulus of the elliptic function, and K and E are the
complete elliptic integrals of the first and second kinds, respectively.

Cnoidal wave theories using both of the definitions coincide with each
other for small ratios of h/Ly. The comparison between the change of wave
height computed from Chappelear's cnoidal wave theory by the second defini-
tion and that from Laitone's theory is given in Figure 2.6, in which the
ratio H/Hg from Chappelear's theory becomes greater than that from Laitone's
theory with increase in deep water wave steepness Ho/Lg- The ratio H/Hg at
the breaking point, calculated from Stokes' criterion by Laitone's theory,
becomes considerably smaller than that by Chappelear's theory.

The results of numerical computations were compared with experimental
data on wave shoaling from hydraulic model testing. In the laboratory much
care was taken to obtain the correct mass transport and to avoid undesired
reflections.

In comparing the results of laboratory investigations with the numerical
data, the effect of wave damping due to bottom friction was taken into
account, assuming a laminar wave boundary layer. Figure 2.7 shows some
results, comparing experimental data with Stokes' waves. The comparison is
reasonable: h, and H, are the water depth and wave height measured at the
most offshore site, where hy is the depth measured at the slope and Hj the
wave height at that Tocation.

In the work of Svendsen and Buhr Hansen (1976}, an experimental descrip-
tion is presented for the transformation of periodic waves breaking on a
gently sloping beach. The data inciude the variation of wave height, phase
velocity, wave surface profiles, and the maximum value of the ratio between
wave height and water depth (H/h)max near the breaking noint. The results
are compared with the theories of sinusoidal and cnoidal wave shoaling.

24



\ X LEGEND:
' CNOIDAL WAVES

B . T 2ND DEFINITION
% CHAPPELEAR

-——- LAILTONE

1.75 '—\‘%&
\\“"1..
R
\
:I:° Ho /Lo=\\
> '8 0.001

1.25 |-

Figure 2.6 Change of Wave Height with Depth
Using the Theories of Chappelear
and Laitone

(from Yamaguchi and Tsuchiya, 1976)

ho/H =10, 1r./q/hl = 61, i= 1:50

/
5 FIRST SECOND
‘ DEFINITION DEFINITION)
h, /H b, /H,
o 5.1 ¢ 14.4
et e 36 ¢ B.O
o & ) AIRY WAVES ® 3.1 + 3.3
1 ] 1 ] 1 1 I ! 1 i
1 0.8 0.6 0.4 0.2 0
h. /h

Figure 2.7 Comparison Between Theoretical and
Experimental Results for Change of
Wave Height

(from Yamaguchi and Tsuchiya, 1976)

25



The latter theory in most cases agrees with experimental results if
the energy losses along the bottom and the walls of the wave tank are
included. Furthermore, an empirical relationship is established between
wave length to water depth ratio L/h at the breaking point and the deep
water wave steepness HOJLO. The maximum wave height to water depth ratio

at breaking showed considerably less scattering than found previously when
plotted against the dimensionless parameter S = hx L/h, hx being the bottom

slope (Figure 2.8).
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The ratio L/h at the breaking point appears to be related to the deep
. water wave steepness. Experiments show that this relationship can be
described by

L _ Ho- 172
(F)a . 2-.30(L—) . (2.56)

0

The parameter S = hx(L/h)B then becomes proportional to the similarity
coefficient £ = tan a/~/H0/L0 proposed by Battjes (1974a)}.

The experiments described in the paper by Svendsen and Buhr Hansen
(1976) were carefully conducted with sophisticated instrumentation. The
authors suggested that one possible reason for the many discrepancies in
the resuits of tests on the shoaling of waves by various investigators is
that in many instances the tests were performed on slopes that were
acually too steep to allow the shoaling assumption to be valid. Svendsen

(1974) showed that a consistent shoaiing theory requires that S = 0(h/L)3.
The shoaling condition implies that S is too small to be of importance.

Another important factor cited by Svendsen and Buhr Hansen is the
effect of the friction losses, which can be shown to have a considerable
effect on the shoaling process, particuiarly in a relatively narror labora-
tory flume. In the calculation of friction losses in the experiments,
particle velocities determined by the linear wave theory were used. It was
observed from their study that as Tong as the deep water wave steepness is
less than 3 to 4 percent, the linear wave theory seems to work well in
deeper water. This is of particular interest because the cnoidal theory
cannot be applied for h/L0 > 0.10.

Some results of the experiments are shown in Figure 2.9; deviations
from the linear wave theory are particularly visible in graph b. The
effects of friction on wave shoaling are shown in Figure 2.10. The wave
steepness here is 3.58 percent. Sinusoidal theory gives a minimum value
H/H0 = 0.913 against 0.85 measured.

If the deep water wave steepness increases, the wave height to water
depth will increase to large values outside the cnoidal region. At HO/L0

= 6.4 percent, the waves actually break at h/L0 ~ 0.10 so that the entire

- shoaling process has been determined by the Tinear theory. However, the
Tinear theory cannot handle the larger values of H/h and a second or third
order Stokes shoaling theory would be appropriate.

The theory of cnoidal wave shoaling used in the Svendsen-Buhr Hansen
Paper was developed by Svendsen and Brink-Kjaer (1972). The combined
]inear—cnoidal shoaling medel fits the experimental data surprisingly well
In those cases where the H/h ratio remains small for h/L0 > 0.10

(Figure 2.11). The predictions follow the development all the way to the
breaking point, although the theory is not strictly applicable there.
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The absolute value of the energy flux was determined from the wave
height in the constant depth part of the flume, which may not be correct.
Svendsen and Brink-Kjaer (1972) matched the two theories by assuming
continuity in energy flux, which leads to a discontinuity in wave height
at the matching point. Svendsen and Buhr Hansen {1976) matched the wave
heights at the matching point, which then necessarily led to a discontinuity
in the theoretically determined energy flux.

Walker {1974a,1976) did a study on wave transformation in a hydraulic mode].
The primary objective of his study was to ascertain the influence of wave
height and wave breaking on wave refraction over a three-dimensional shoal.
Wave shoaling, decay in the breaker zone, and phase velocities were analyzed
in a base test series over a bottom slope of 1:30. Wave shoaling observed
over this slope was 25 percent greater than that predicted by the Airy theory
at the breaking point for wave steepness HO/L0 = 0.030 and 50 percent greater

than that predicted for HO/L0 = 0.002. Measurements indicated that the
nonbreaking celerity could be expressed by c =‘(] + .25 H/h) Cyo where ¢, is
the Airy celerity. The celerity in the breaking region was higher and
corresponded with ¢ = 1.33 Jgh .

The results of the wave shoaling tests by Walker are presented in
Figure 2.12, in which values of H/H0 are plotted against the depth over deep

water wavelength ratio. In Figure 2.13, test results are compared with some
theoretical values for selected steepness ratios HO/LO. In Walker's analysis

bottom friction is not taken into consideration.
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Shuto (1976) analyzed the behavior of nonlinear long waves in shallow
water. He derived an equation which includes nonlinearity, dispersion,
topography, and bottom friction, and the results may be considered as a
fundamental equation for waves in shallow water. In the derivations the
horizontal velocity of the linear long waves is used as the representative
velocity. Since it has a uniform vertical distribution, it is easily
connected with the surface elevation n.
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In addition to several solutions in analytical form, the change in
wave height of cnoidal waves is given in Shuto's paper. An example of the
results of a computation for a shallow-water wave on a 1:20 slope is given
in Figure 2.14; the predicted wave height is given with and without friction.
The solid 1ine is for conditions with friction and agrees reasonably well
with experimental results. Scattering of the experimental data is considered
to be due mainiy to the reflection from the slope and the wave absorber
installed at the end of the fiume. The friction coefficient is estimated
from known characteristics of wave and bottom conditions and a comparison is
made between the values of the friction factor based on varying theories.

14 ~ gloPE 4:20
T= 2.86 SEC

e 12 |
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z /
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Figure 2.14 Change in Wave Height on a Slope
(from Shuto, 1976)
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CHAPTER 3: BOTTOM FRICTION IN A WAVE REGIME

In the energy dissipation of waves approaching the coastline, two
phenomena play a major role: bottom friction and energy losses from turbu-
lence due to breaking. In this chapter, energy losses due to bottom friction
will be considered. First some of the basic concepts of boundary friction
phenomena for a steady flow situation will be reviewed; following this,
bottom friction under oscillatory flow will be considered for both smooth
and turbulent-rough boundary layers. After that the effects of nonlinearity,
shoaling and wave breaking, and the effect of a superimposed current on the
bottom friction parameter will be investigated.

Results from field and laboratory experiments will be discussed and a
comparison with theoretical values will be made in Chapters 8 and 9 of this
study.

BOTTOM FRICTION IN STEADY FLOW

Boundary friction in steady flow is related to the boundary layer that
is being developed. Two situations may be considered:

{(a) The formation of a boundary layer in a flow regime with infinite
height and length.

(b) The development of a boundary layer in uniform flow with confined
boundaries, such as the flow through pipes. Channel flow with
open water surface may be considered a special case of this
category.

For the velocity distribution in the boundary layer the Reynolds number
plays a dominant role. Depending on the type of problem the characteristic
length and velocity dimensions that determine the Reynoids number may be
defined in different ways.

In flow over a horizontal plate in an infinite flow regime, the Reynolds

number may be defined by the product of the velocity in the main flow, U, and
the distance from the beginning of the plate, 2

if v is the kinematic viscosity.

In a confined flow regime the diameter of the pipe D, the depth of water
in the channel, h, or the hydraulic radius R may be used to determine the
Reynolds number.

In pipe flow or channel flow the transition from laminar to turbulent
flow occurs at a Reynolds number
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Re = &R . 500 .
v

Flows with higher Reynolds numbers than this value are Tikely to be turbulent,
although the transition between one flow regime to the other is not sharp but
depends on experimental circumsgtances.

The transition from laminar to turbulent flow starts in the middle of a
pipe or at the surface of an open channel. As the Reynolds number increases,
a greater portion of the profile is occupied by the turbulent flow regime,
whereas the flow near the boundaries remains laminar over considerably higher
values of the Reynolds number.

In the turbulent regime, the boundary friction depends on both the Reynolds
number and the relative roughness of the pipe wall or channel bottom.

As a measure of boundary roughness, Nikuradse's sand roughness kS is
usually employed. In the case of a sand covered bottom, the value of kS

equals the diameter of the sand grains; in case of bottom ripples or other
bottom irregularities, a value for ks a few times the ripple height or bottom

irregularity is applicable.

Motzfeld (1937) found that ky values equal to four times the ripple height

or bottom jrregularity should be applied, whereas Bretschneider and Nakazaki,
from measurements of the vertical wind velocity distribution over a rock farm
in Hawaii found that the bottom roughness characteristics corresponded to

ko, = 3.3 d, where d is the average vertical rock dimension. (Nakazaki, 1980).

The thickness of the laminar boundary layer & plays a significant role in
boundary friction. For increasing Reynolds numbers, the value of § decreases;
for very large Reynolds numbers,the value of the laminar layer disappears,
although possibly very near the boundary a very thin laminar layer may be
retained.

The bottom friction is strongly affected by the relative values of kS
and 6.

If the roughness is small compared to the thickness of the laminar layer,
the value of the roughness has no effect on the boundary friction. If on the
contrary the roughness is large compared to the thickness of the laminar layer,
the latter loses its influence on the boundary friction.

According to Rouse (1938), the thickness of the laminar layer Gvisc may
be expressed by
§ = 11.6 — (3.1)

V1sC T
P
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where 1 is the shear stress near the boundary and p the density of the fluid.
Experiments show that for

k

> < 0.25 (3.2)

avisc

the effect of roughness on boundary friction may be neglected, whereas for

k
> 6 (3.3)
visc

8

the boundary friction is only determined by the relative value of the rough-
ness parameter (relative with respect to the radius of the pipe or the depth

of an open channel). Reference is made to Figure 3.1

3
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g
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o | i J

0.1 1 10 100
k/8
Figure 3.1 Variation in Roughness Effect with Relative Thickness

of the Boundary Layer. Values of rojk range from
15.0 to 252.0 . ({from Rouse, 1938)

Utilizing the value of dvisc as expressed inequation 3.1, the criterion

of equation 3.3 may also be written as

T
SVe 5 70 (3.4)
The expression \/g is called the shear stress velocity U, and the parameter
kSU*

W

This boundary Reynolds

has the characteristic of a Reynolds number.
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number plays a significant part in sediment transportation problems in open
channels.

For wide open channel flow the resistance coefficient f, defined below,

may be expressed as a function of the Reynolds number and the ratio %L s
s

whereby the hydraulic radius is replaced by the depth of the water:

f = fnct (Re, o) (3.5)
S

whereas for turbulent-rough boundaries the relationship is reduced to

f o= fct (2-) . (3.6)
s

Analogous to the results of pipe flow experiments, it is found:

1 2h
— = 1.52 + 2.04 log,, K (3.7)

/£

For pipe flow and open channe]l flow the friction parameter f, of above, is
related to the mean velocity U of the flow in the pipe or in the channel by
the expression:

T = -'!-‘Fp!q..l_2

8 (3.8)

In open channel flow the Chezy coefficient C is commonly used to determine
the mean velocity:

U = /RS (3.9)
in which S is the slope of the energy gradient, which for uniform and steady
fiow equals the slope of the channel. For wide open channels the hydraulic
radius R becomes virtually equal to the mean depth h, so that

U = ¢/hS (3.10)

where h is the depth of water in the channel. The boundary shear stress in
steady flow may then be expressed by

1 = pghS (3.11)
From equations 3.10, and 3.11 it follows

2

s = L o= U_ (3.12)
£g cz
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whereas from equations 3.8 and 3.12 the relationship between f and C, as
defined above, becomes

C - %? . (3.13)

Since both f and C relate boundary shear stress to the mean velocity
in the channel, the velocity distribution over the channel cross section
plays a part in these relationships. With the assumption of a constant
shear stress, a derivation of the velocity distribution for turbulent-rough
boundaries gives {Rouse, 1938):

U

T - g—m% - L 'In%c—) = 5.75 logw% (3.14)
in which
Uz = velocity at distance 2z from the boundary
U, = shear stress velocity
k = von Karman's universal constant (k = 0.4)
In = natural logarithm
z, = distance from boundary where Uz =0
ke = bottom roughness parameter .

From equation 3.14 the mean velocity over the profile is

h U

T _x zZ_

-} J : ok (3.15)
Q

which may be replaced by

U,z h/z
- 0 2 Z
= £ £ . 3.16
U xh J In (zo) d (Zo ( )
1
This leads to
U* U*
= h o _ 30h .
Uu = — In EE; - In EF; . (3.17)
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From equation 3.8 one has

g _ /8
so that
8 _ 1 30h
? = E n —eks (3.19)

which leads to equation 3.7 .

Friction Parameter Related to Velocity Near Bottom

In the above section the friction parameter has been defined in relation-
ship to the mean velocity over the flow profile. In certain other problems,
such as wave phenomena, it is advantageous to relate the friction coefficient
to the velocity near the boundary. In order to distinguish the latter from
the former, the symbol fz is used. The boundary shear stress is then defined

by
] 2
T = *é‘fz P Uz (3.20)
where Uz is the velocity measured at a distance 2z from the wail.

Consequently, the value of fz is related to the distance from the wall
at which the velocity UZ is determined. To make a comparison between the
values of f and fz, it will be of interest to look at their relative values.

For this one has to know the velocity distribution function near the boundary.
In the case of turbulent-rough boundaries, the existence of a logarithmic
velocity distribution (equation 3.14) has been validated and is therefore
used for the comparison.

From equations 3.14, 3.19 and 3.20, one obtains

_ 1_‘/g 1n 300 (3.21)
K s

%=

and

= 1 qp302 (3.22)

1
A k2 Ks

From equations 3.21 and 3.22, the ratio between f and fz becomes

2 1n 392
[P SRS (3.23)
f - 300 '
2 U n 3
ek
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It will be of interest to determine for which distance z' from the walil,
at which U, is measured, f is equal to f,.

Equating f and f, gives

S T (3.24)

S

For a reef where the depth varies between 1.0 and 2.0 m and which has
an estimated bottom roughness of between 0.25 and 0.5 m, the value of z' based
on equation 3.24 varies between 0.11 m and 0.06 m. This equals the order of
magnitude of the size of the bottom irregularities of a coral reef. If U,

represents the velocities near the bottom, then the value of f and fZ would be

approximately equal (assuming the logarithmic velocity distribution would still
be appiicable).

BOTTOM FRICTION IN LINEAR WAVES

The physical meaning of the boundary layer in a wave regime is the same
as for steady flow; it is the region over which velocities decrease to zero
from the main flow to the boundary. '

Similar to the development of the boundary layer in steady flow, the
boundary layer conditions in a wave regime are affected by the magnitude of the
Reynolds number and the size of the bottom irregularities. For the wave-induced
boundary layer a distinction is also made between laminar and turbulent flow,
whereby in the latter case smooth and turbulent-rough regimes can be distin-
guished. Accordingly, the bottom friction experienced by waves is related to
the boundary flow conditions.

The boundary layer thickness & may be defined {Jonsson, 1966, 1978a) to
correspond with the lowest level above the wall, where the velocity equals the
free stream velocity. See Figure 3.2. For short-period waves, the thickness
of the boundary layer is usually not more than 1/100 of the water depth so
that it therefore may be disregarded for the establishment of the flow profile.
Experimental evidence shows that at z = 2§, the maximum shear stress is only
about 5% of the maximum shear stress near the bottom. For practical purposes,
28 can be considered to be analogous to the depth h of a steady flow in an open
channel. Jonsson found from experiments (Jonsson, 1963) that 15 = 0.35 7, for

fully developed rough turbulence and 75 = 0.21 T for laminar boundary flow in
a wave regime if Ts represents the shear stress at a distance § from the
boundary and T the maximum shear stress near the wall.

The Reynolds number in a wave regime may be defined in two different wWays
(Jonsson, 1963).
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Figure 3.2 Typical Velocity Profile in the Boundary Layer
(from Jonsson, 1966)

U, s
1) Re = —%}- {boundary layer thickness Reynolds number)  (3.25)
Upas
2) RE = ~5= (amplitude Reynolds number) (3.26)
in which
Ub = the maximum velocity of the main fluid motion near the bottom
§ = thickness of boundary layer
ag = the maximum travelling distance of a particle near the bottom

from its zero position
v = Kkinematic viscosity .
The wave boundary friction coefficient f, was defined by Jonsson (1963) in the

following manner:

(3.27)

Y

where T is the maximum shear stress during a wave cycle and Ub the maximum
value of the orbital velocity near the bottom. Dimensional analysis further
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shows (Jonsson, 1963) that the wave boundary layer thickness § and the wave
bottom friction factor fw are related to dimensionless parameters as listed
in Table 3.1.

TABLE 3.1
DIMENSIONLESS VARIABLES IN WAVE BOUNDARY PROBLEM
Flow Regime 6/a6 fw

Ua6 Uaa

Laminar case fnct (—;;4 fnct (=)
s s

Rough turbulent case fnct (=) fnct (F_)
S s
ia, o,

Smooth turbulent case fnct (—:rd fnct 01;—)

Another way to define the friction factor for wave boundaries is by
setting

1

T = 3 Ceo Uy Uy (3.28)
in which the symbol Cf is used to distinguish between equations 3.27 and 3.28.
T is the instantaneous bottom shear stress and Ub the instantaneous velocity
near the bottom given by

-~

Uy = U sinut (3.29)

U, being the maximum value of U,. The rate of energy loss per unit of time
is given by

1

_ 2
Tl = 5 C u, | (3.30)

£ P Up
and the mean rate of energy loss over a wave period is

_ 2 03
€ = 3. P Cf Ub . (3.31)

It has often been impiied that in equations 3.27 and 3.28 Ce = fw’ but this
is not the case primarily because of a phase shift between Ub and t. However,
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Jonsson (1963) showed that for the rough turbulent boundary f Cf, but
that for the laminar case fw 7 Cf.

Kajiura (1968) defined the bottom shear stress again differently:

T = Co ﬁb Uy (3.32)

in which

c C cos 6 {3.33)

6 being the phase angle between the orbital velocity near the bottom and the
bottom shear stress.

The mean rate of dissipation is then given by

~

%— Cop Ub3 cos 6 . (3.34)

“f
When compared with equation 3.31 it is seen that

_ 3w =z
Cf = 3 C cos 8 . (3.35)

In the expressions above, the symbol * signifies the maximum value of the
parameter.

Sawaragi, et al. (1976) gave the relationship between C and Ub/wz0
(Figure 3.3) and showed that the phase shift in the friction parameter 6, as

. Ub '.’.(Ja‘5
defined by Kajiura, is significant for high values of 7 - K
0 S

The Nikuradse roughness parameter kS and the corresponding value of z, are

(Figure 3.4).

defined as in the case of steady uniform flow (zo = é%-ks).

The Laminar Solution

For a laminar boundary layer flow, the equation of motion can be reduced
to two principle terms {Lamb, 1963):

2
g—‘; = v 3—5 (3.36)
oz

in which u is the horizontal velocity in the boundary layer and the z the
vertical coordinate; v is the kinematic viscosity.

For the solution of this equation, it is advantageous to use the analogue
of a horizontal plate of infinite dimensions that supports a mass of infinite
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height. The plate is oscillating with frequency « and horizontal velocity U,
whereby

U = Ucos wt . (3.37)

The relative water motion near the horizontal plate is identical to the
laminar boundary layer underneath a wave field. For the solution to be
practically valid, the height of the fluid mass does not have to be infinite
but will have to be several times the thickness of the laminar boundary layer
that develops.

The differential equation is solved by separation of variables.

For the simulated case with velocities u', the boundary conditions are:

z = 0 u' = U = G cos wt

0

Z = N u'

and the solution is

o[22
u o= JeV® cos(ﬁ%z-wt) . (3.38)
For the flow with fixed boundary and oscillating fluid, one has
u = U -y
with solution

W

-J5- z
~ ~ 2v
u = Ucoswt-Ue cos( /%Z-wt). {3.39)

The solution contains a traveling wave in the z-direction, for which the
amplitude decreases in an exponential rate. The speed at which this wave

travels is ¢ = 2wv and the length of one complete oscillation is obtained
from

f% A = 27
so that
S LRV A N UL (3.40)

At z = X the oscillating wall velocity "or defect velocity" is reduced to

2787 of its value at the boundary. The length %}
length, also called "decay-length" and represents a reduction of amplitude

is the so-called Stokes
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in the ratioe™'. The value ,/%E— s also a measure for the thickness of

the laminar boundary layer for which various authors have used different
definitions. The wave length A is 27 times the Stokes length.

Longuet-Higgins (1957) defined the thickness of the laminar boundary
layer by

v (\JT)W (3.41)

W T

Jonsson's (1966) definition of & {see Figure 3.2) gives

w -
§ = %\[%‘i = ﬁ(vl’)”z. (3.42)

Brebner (1966) used

s0 that

5 = 4.6 (-2-2)”2 - 4.6 (ﬂ)m. (3.43)

W kil

Brebner's value corresponds to a distance from the boundary at which the
horizontal defect velocity is reduced to 1% of its value at the boundary.

The shear stress at the boundary, which is a measure for the force per
unit of area necessary to move the plate, may be obtained from

_ ou
TS ou e

u being the viscosity coefficient pv. After differentiating the maximum
value of the shear stress is

T, = tev/2W20 (3.44)
It furthermore appears that U lags 45 degrees behind the wall shear stress.
With )

PO 2 Tyax
W pa?

one finds the friction factor for laminar flow:

£ 2 (3.45)

W VRE
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For linear wave motion, the maximum traveling distance of a particle
from its mean position near the bottom (free stream particle amplitude) is:

T, G
a; o o (3.46)
Utilizing Jonsson's (1966) expréssion for the value of § {equation 3.42) and
combining it with the expression for RE, one obtains

(3.47)

This relationship illustrates the physical meaning of RE: it is a measure
for the square of the relationship between the flow amplitude at the bottom
and the theoretical boundary layer thickness.

As to the question when the roughness at the boundary starts to have
influence, Lhermitte (1958) set

kS

= > 0.25 . (3.48)

Jonsson defined the start of the laminar-rough regime at

a
§ _ 42 —

which is equivalent to equation 3.48.

By analogy with steady hydraulics, Jonsson (1966) originally expected
the laminar-smooth turbulent transition regime to lie in the range
250 < Re < 500,

Since for laminar flow Re = 7 ’%;- (using equation 3.42), the lower

limit (Re = 250) gave RE = 1.26 x 104.

Jonsson reasoned that the oscillatory boundary flow should be fully

turbulent for Reynolds numbers RE larger than 2 x 104. However, the validity
of this limit has been questioned. Newer theoretical and experimental results
suggest that the above figure is too low by a factor of about 10 for smooth

walls. It seems justified to assume that the laminar-smooth turbulent transi-

tion regime goes from RE = 104 to RE = 3 x 105 (Jonsson, 1978a).

The Turbulent-Rough Boundary Layer

For rough walls, information on transition is limited.

Jonsson (1966) found that for very rough walls the Tower limit for fully
developed turbulence can be approximated by
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0.33
as
RE = 5500 ( -k-) ) (3.50-a)
S

Sleath's (1974) adaptation of the measurements by Li (1954) and Manohar
(1955) as transformed by Jonsson (1978a) gave

0.45
8s

RE = 4130 ( E—-) . (3.50-b)
5

For design purposes RE = 104 seems reasonable.

For less rough walls Kajiura (1968) concluded, based on Kalkanis' (1964)
data for three-dimensional wall roughness, that fully developed rough turbu-
lence existed for

ag
RE = zooo(k—) ) (3.51)
S

Kamphuis expressed the Tower Timit of the rough turbulent regime in
terms of a roughness Reynolds number

U, k
v

5

= 200 to 70 . (3.52)

a
The former value holds for E§-< 100, the latter for larger values of
s
a

Fé' {Jonsson, 1978a).
s

The mathematical treatment of the turbulent boundary layer is more
compiex because the Reynolds stresses have to be taken into consideration
and assumptions for the value of the eddy viscosity have to be made.

For rough turbulent flow, the friction factor is independent of the

K

a

Reynolds number; one has fw = f(—ii).

Kajiura (1964, 1968) theoretically derived expressions for the wave
induced shear stresses for the smooth turbulent and rough turbulent flow
regimes. In Kajiura's approach, assumptions were made for the eddy viscosity,
whereby the boundary layer was divided into three regions: an inner,
overlap, and outer layer. A limitation of the theory is that it assumed an
average state of turbulence over the wave period (Riedel, et al., 1972).
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For the turbulent-rough flow regime, Kajiura obtained:

1 a5
+ Tlog = -0.256 + log - . (3.53)

]
4.05 ‘J?; 4Ty s

Kalkanis (1964) assumed a form of the equation of the turbulent boundary
layer almost similar to that given by Lamb for the laminar boundary layer, viz

U-u = U £, (2) sin(ut - , (2)) (3.54)

in which u = velocity in the boundary layer at a distance z above the bed,

U = orbital velocity at the limit of the boundary layer and G = the amplitude
of this velocity. From experimental results, he arrived at values of f1(z) and

fz(z).

A similar approach was followed by Manohar (1955}, who in the equation of
motion, replaced the kinematic viscosity by the eddy viscosity:

U-u = UeB'Z sin(ut - 8'z) (3.55)

where
1/2

I .
B = (25 )
and
e = eddy viscosity .

Bijker (1967} followed a similar approach. However, for B'z he chose an
arbitrary function Z of z. Bijker's analysis was aimed at determining the
combined shear stress of waves and currents. He started from the assumption
that for the calculation of the resultant bed shear, the orbital velocity at
a certain level could be superimposed on the velocity of the main current at

ek
that level. For the latter he chose the distance 2' = 72;- in which kS is

the bed roughness.

Horikawa and Watanabe (1968) reported on measurements of the velocity
distribution near a rough wall in a turbulent boundary layer. Their results
agree with the theory developed by Kajiura. Measurements by Jonsson (1963)
also correspond with Kajiura's theory.

The measurements by Jonsson {1963) and Jonsson (1966) were conducted in

a
an oscillating water tunnel where large values of -& could be obtained.

s
Jonsson found that the velocity distribution near the wall confirms to the
turbulent velocity profile in an open channel (equation 3.14). If the
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logarithmic profile is assumed to extend to the main flow, he found the
following expressions for the boundary layer thickness and the wave friction

factor:
306) (305) s
=)+ log{==) = 1.2 £ (3.56)
( ks , ks ks
and
1 1 s
+ Tlog = - 0.08 + 1log T (3.57)
f f 5
4y 'w 4y 'w

Equation 3.57 is slightly different from equation 3.53 developed by Kajiura.

Riedel, et al. (1972) carried out shear stress measurements on both
smooth and sand roughened beds in an oscillating water tunnel. Their results
are based on tests carried out under very controlled conditions. For the
rough turbulent flow, they found:

K 0.77
$ aG
fw = O.ZS(Q) ; 0.1 < ©r 2 25 (3.58)
3
1 ] s
—— + log = 0.122 + log T
4.95 \/Tu & \Fu s
%
-#—(— > 25 . (3.59)
S

The results of Jonsson (1966), Kajiura (1968) and Riedel, et al. (1972)
are shown in Figure 3.5,

The assumption of a logarithmic velocity profile for the oscillatory
a a
boundary layer is reasonable for 'Eg > 25. For FQ- < 25, this assumption
S s

needs to be modified (Riedel, et al., 1972).

Kamphuis (1975) reanalyzed the Canadian data. His new relationship
a
fw versus Eﬁ- is much closer to Jonsson's {1966) results as expressed in
s
equation 3.57.

He proposed the following approximation to the Canadian measurements:

- 0.75

% 3
f, = 0.4 (-k-;) (for T(-s- < 100) . (3.60)
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Jonsson (1978a) suggested that the application of this formula perhaps
a
should be restricted to the interval 2 < E§'< 20, where agreement with
s
equation 3.57 is very good.

Jonsson furthermore suggested that his formula (equation 3.57) should
a a
be used for E§' > 1.57. For values of FQ < 1.57 he suggested a constant
s - S
value fw = 0.30. Kajiura (1968) proposed a constant value fw = (.25 for

a
Fﬁ < 1.67. For a comparison of resylts, reference is made to Figure 3.6.
S

10!

LEGEND: ‘e
107 F —— SEMI-EMPIRICAL [JONMSON, IST8 0) el
——  THEORETICAL {KAJIURA, {9€8)
----- EMPIRICAL (KAMPHUIS, |9TS)

Q BAGHOLD, 1946

o JONSSOM, 1963

D CARLSEN, 1987

-
‘e

10 1 1
-1 Q |
10 10 10 10 o)

a5 /b

Figure 3.6 Friction Factors
(from Jonsson, 1978a)
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Smooth Turbulent Case

There is only a limited amount of data available for this case. Jonsson
(1966) arrived at the following expression:

+ 2%og —— = log RE - 1.55 . (3.61)

s P

A good approximation for equation 3.61 is:

f, = 0.09 e - 02 (3.62)

The criterion for fully developed turbulence has been discussed above.

Transitional Regime

In the transitional regime, the wave friction factor fw depends on both
. _
the Reynolds number (RE) and the ratio Eg - Similar to the case for steady
S
flow, the value of f depends on the ratio between § and ks‘ Jonsson (1966)
gives for the relationship between fw and-fL :
s

0.0604

f, = ok 2B (3.63)
K
s

a relationship similar to the results for steady flow if the depth as taken
is equal to 26.

Experimental results of Riedel, et al. (1972) are presented in Figure
3.7. This diagram resembles the Moody diagram for unidirectional flow. The
horizontal axis shows the Reynolds number RE and the vertical axis the friction
a
factor f, - Lines for given Eé' values are shown as horizontal lines and
5
indicate independence of RE beyond a certain value of the Reynolds number.
a
This value of RE is higher for higher values of Eé"
s

Experimental results by Jonsson (1963) and Riedel, et al. (1972) on these
relationships are similar but not quite identical.
Figure 3.7 also shows that for high values of the Reynolds number f, 1s
a
§

only dependent on the ratio T
3
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ENERGY LOSSES IN WAVES DUE TO BOTTOM FRICTION

Bottom friction causes waves in shallow water to lose energy. Assuming
linear wave theory and constant wave period, an expression can be developed
for the rate of energy dissipation.

Suppose F(x) is the energy flux per unit of crest width and ef(x) the
mean rate of energy dissipation per unit of area.

Assuming stationary conditions and a horizontal bottom, one has

¢t L+ eg(x) = 0. (3.64)

The above equation is valid for a sloping bottom when waves travel
perpendicular to the shore and depth contours are parallel to the coastline.

When waves come in at an oblique angie over a sloping bottom, refraction
has to be taken into consideration and equation 3.64 has to be modified.

However, in this analysis the discussion is limited to the two-dimensional
situation.

Utilizing equation 3.28 for the bottom shear stress

-1
T = 3 CprbIUbI

the rate of dissipated energy per unit of area can be calculated from

3
eex) =TTy = % Cop |U (3.65)

where the overbar denotes the time average. The friction coefficient Cf
usually has a value from 0.02 to 0.04, but on shallow reefs it can become
significantly larger. '

Using linear wave theory, the bottom velocity at a fixed point can be
expressed by

Ub = 1;.—H m}{w sin wt (3.66)

which gives

3
1 mH 4
s = 7 G p(_T'_sinh_k"h) e (3.67)

The energy flux F(x) for linear waves and horizontal bottom can be
written in the form
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F(x} = Enc = %-pg H2 ne (3.68)

so that for a horizontal bottom

di{x) _ 1 dai
I 7 P9 H ax "c (3.69)

The energy balance equation then develops into:

1 dH 2n Cep 3

+ pg H 5 nc + H® = ¢ ' (3.70)

4 dx 3(T sinh kh)®
or

ﬁ% + Bdx = 0 (3.71)
in which

8ﬂ2 Cf
8 = 3 . ' (3-72)

3 gnc (T sinh kh)
Integration of equation 3.71 gives
- + Bx = constant = - (3.73)
UxT A, -

where H0 is the wave height at the beginning of a section and

1. 1]
WO WYt &% - (3.74)

If waves are approaching the shoreline over a sloping bottom, the actual
bottom profile can be replaced by a step-profile with stepwise horizontal
sections with decreasing depth. Equation 3.74 may then be applied to each of
the horizontal sections. At each step an adjustment of wave height has to be
made because of the change in group velocity due to the change in depth.

EFFECTS OF NONLINEAR WAVE CHARACTERISTICS ON THE LINEAR BOTTOM FRICTION
COEFFICIENT

In the previous sections, waves were assumed to have linear character-
istics. The rate of energy dissipation could then be described by equations
3.64 and 3.67.
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When waves become nonlinear, e.g., when they enter into shallow water,
it is customary to retain the linear formulation for the calculation of
energy dissipation.

However, the effects of nonlinearity will then require that the {1inear)
bottom friction coefficient be adjusted in order to account for the different
rate of energy dissipation in nonlinear waves.

In this section, an evaluation will be made on the manner in which this
apparent friction coefficient will deviate from the coefficient valid for
linear wave conditions.

The considerations will take into account the effect of the magnitude of
orbital velocities as well as the effect of increased turbulence.

Effect of Nonlinear Orbital Velocities

In defining the wave bottom friction coefficient, the use of equation
3.28:

1

is most useful for the evaluation because a direct relation is assumed
between the shear stress and the instantaneous bottom velocity.

It is realized that this direct relationship has physical and mathema-
tical shortcomings because the phase difference between shear stress and
orbital velocity is ignored. Nevertheless, the equation is useful to obtain
some quantitative values.

In the following, the index "b" is drepped from the "U" for reasons of
simplifying the notation. The rate of mean energy dissipation was found from

equation e, = T U , which for linear waves gave
f

3
_ 2 3 2 H
& T g el Ut = e (T STh TR

The evaluation of the effect of nonlinearity is based on the equality of
the mean energy dissipation during one wave cycle. Where in linear waves the
bottom velocity at a given location may be described by a sine or cosine
function, in nonlinear waves the function U = f(t) deviates from a sine or
cosine curve. In a higher order Stokes' wave, the velocity U may be written

Ho= ug‘ + U (3.75)

where U, is the linear botom velocity and U' the higher order part of this
velocity. The mean rate of energy dissipation is

.
E - l
LI

0

03
Cep [UR +U'|7 dt . (3.76)

M| —
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In this expression the integrand is always positive because both
positive and negative bottom velocities contribute to the energy dissipation
process. Further analysis gives

.
p C
- ___f_ 3 2 1 |_2 |3
e = l | [uR + 3020 430, 0 sy ] | dt . (3.77)
Q

Assuming that U' is relatively small compared to U, the term with U'3

may be neglected, being of higher order than the previous terms. The third
term, including the integral

T

1 i

T ’ UzU dt
0

is small compared to the first two terms and is also dropped in this analysis.

This Teaves

pC T !
e, = —ot v dt o+ 3 ] U2 Ul gt (3.78)
f 21 L % ' ‘

o c

If the dissipated energy in a noniinear wave is set equal to the amount
dissipated in a linear wave with the same value U£ {the maximum value of the
first mode), an equivalent friction factor C'f may be defined as follows:

DT T T
P L 0.3 ag = O0F u3dlat + 3 u.% yrlde
T L 27 L 2
[0} 0 O

(3.79)
From this the ratio between C‘f and Cf may be calculated:
¢ T
3| fulu Idt
Cc' ]
.t_f = 1 + 0 . (3-80)
£ (T 3
Uy |dt
‘0

Equation 3.80 may be used to determine the effect of nonlinearity on the
friction coefficient for the case of higher order Stokes' waves, in case U’
is relatively small compared to Uﬂ'
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A similar procedure may be followed if instead of Stokes' waves a
cnoidal shallow water wave is employed.

In the above considerations of the behavior of the bottom velocities,
their deviation from Tinear behavior served as a basis for analysis.

Near the bottom the deviations from the linear characteristics are
usually small and therefore the effect of nonlinearity on the bottom friction
coefficient will be small also.

Effect of Turbulence Induced by Wave Breaking

In the area of breaking, waves are highly nonlinear and therefore the
considerations of the preceeding paragraph apply. In addition, however, there
is an additional nonlinear effect which may have to be taken into account.

In the process of breaking, considerable energy is transformed into
turbulence energy which in turn is inducive to energy dissipation due to
internal friction.

In order to determine in which manner the increased degree of turbulence
affects the magnitude of the bottom friction coefficient, the following three
cases may be considered:

a. Increased turbulence over the full depth, but excluding the
bottom boundary layer.

b. Increased turbulence over the full depth of water extending
into the wave boundary layer.

€. Turbulence confined to an upper layer, a less turbulent
central layer and a bottom boundary layer (three layer
model ).

In case (a) the fluid motion in the immediate vicinity of the bottom will
not be affected by the higher degree of turbulence in the upper layers. The
effect on the bottom friction coefficient is then minimal. Observations
carried out in the present study as well as reports by other investigators
suggest that this situation may indeed develop, although criteria for this
condition have not been established.

Most 1ikely this condition occurs in spilling breakers.

The second case (b) may be expected when plunging breakers and a fully
developed bore prevail. Under those conditions the value of the bottom friction
coefficient will be affected, both during the breaking process and possibly also
to some degree after breaking and during regeneration.

Model (c) has been proposed by Huntley (1976) after single point measure-

ments of velocity fluctuations in the surf zone. Its effect on the bottom
shear stress would be similar to model {a).
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In the following, the effect of turbulence on the bottom friction
coefficient will be assessed for model (b} in a way similar to the effect
of nonlinearity, as discussed in the previous section.

The friction coefficient is again defined by equation 3.28, with U the
time dependent orbital velocity near the bottom.

In this equation for the bottom shear stress, the value of U is
considered a mean velocity over a short period of time; turbulent fluctua-
tions of the near bottom velocity increase or decrease the jnstantaneous
values of this velocity.

If U is the mean velocity over a short period and U' the turbulent
fluctuation, then at any time

u = U + u . (3.81)
The instantaneous boundary shear stress is then given by

[

T = 53 Coo [{(U+U)[(T+v) (3.82]
and the mean rate of energy dissipation:
- T 3
T o= 1 (T+U) = %{ %cfp (T +U')| dt . (3.83)

0

Because the frequency of the turbulent fluctuation U' is much higher
than the freguency of U, evaluation of -equation 3.83 may be possible in two steps;
first averaging over a duration 1, during which U may be considered constant,
and secondly averaging U over the wave cycle T.

Averaging over a time period T with constant U gives

—A|—

k 3
| foofa
0]

T 3 T T T
-l- [ ‘U| dt + 3[ IUZ u"dt + 3J IUU'zldt-l-J ‘U'3ldt
v} 0 4]

)

3

+ 3
T

K

T T
_ 5 : 3
O] wia + 1 [ o [ e (3.84)
0 0
Assuming again that the magnitude of the third term is small compared to
the first term of the last equation, the former may be neglected.
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As far as the second term is concerned, define

T
10 w2, o 2 _ 2
?-I U dt OU. = g
o

where o° is the variance of the fluctuation U'. Then the equation
develops into

T
3
%J |U+U"ﬁ = |U3l+ 3|Uioz. (3.85)
[

Consider the variation of U over the wave period T and define

T T
13 m 3 —
]

0

’U3+3U02'ﬁ (3.86)
where Cf" is the friction coefficient as affected by the turbulence.

From equation 3.86

r T
3 U_cxz’dt
{:f'l to
—— = 1 + ; (3.87)
U3|dt
‘0
If it is assumed that
c = alU (3.88)

where a is a constant, equation 3.87 is reduced to

c.m
_:.f.__ = 1 + 3(12 (3'89)
f

and the effect of increased turbulence is directly related to az. There is
no information available regarding the value of o and its variation with time
in a breaking region. A reasonable guess could be o = 1/4 - 1/2 for which

C " C 1}
T;— = 1.19 - 1.75 but higher values of a and thus of 7;— seem possible.
f f
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It may be feasible to suppose that « is related to the Froude number:
a = f (Fr) (3.90)
and
g
Ce

= 1+ 3[f(FR))° . (3.91)

Calculations of the value of the friction factor based on observations
in this study confirm that in breakers of the plunging type an increase in
the friction factor is likely to occur.

The above demonstrates that the effect of increased turbulence on the
bottom shear stress coefficient can be significant, provided the turbulence
extends well into the near bottom fluid layers.

Because waves in a breaking regime are by nature nonlinear, effects of
both nonlinearity and turbulence will both have to be taken into consideration.

The above considerations are particularly valid in the region of actual
breaking.

During the execution of model experiments under this study, some evidence
has been found that an increased level of turbulence persists when breaking
waves have passed through a section, increasing the value of the bottom friction
coefficient for that section.

EFFECTS OF UNI-DIRECTIONAL CURRENT

Similarly to the effects of nonlinearity discussed in the previous
paragraphs, the presence of a uni-directional or slowly varying current on
the waves also varies the value of the apparent friction coefficient. Such
current may be from an outside source (tide, wind) or may be generated by the
waves themselves.

In this paragraph the presence of such a current is assumed and its effect
on the apparent bottom friction coefficient is evaluated.

The problem of the bed shear in a combined regime of waves and currents
has been discussed by Jonsson and Lundgren (1961). They suggested a super-
position of the uniform current velocity and the orbital velocity immediately
above the boundary layer. They applied the logarithmic velocity distribution
in the turbulent boundary layer between the main fluid flow and the bed.

Using similar procedures as developed in the preceeding paragraphs, the
apparent friction coefficient Cf* can be calculated from the equation

] G [ >3 LG [T o3
— U [dt = 5 L '(u+u5) Idt (3.92)
O 0
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. -
where Cf is the instantaneous friction coefficient, U the wave-induced

-5

velocity near the bottom and Us the steady uni-directional current at a
distance & from the boundary.

The vector signs indicate that superposition of the velocities is
accomplished in vector form.

To calculate Us 2 logarithmic velocity distribution is assumed.

From equation 3.92 one obtains

(7 + > 3
( U + U6 ) l dt
Cf* Jo
Cf = - . (3.93)
U3ldt
Jo

The presence of a uni-directional current superimposed on the wave-inducec
currents demonstrates itself as an increase of the apparent friction coefficier
as evidenced from equation 3.93.

~

The outcome of equation 3.93 is a function of ( él-.e ) » where U is the
8
maximum value of the orbital velocity and 6 the angle between the wave
orthogonal and the uni-directional current. The integral may be evaluated
numerically.

Bijker (1967) followed a somewhat different approach in determining the
bed shear under the combined action of waves and currents.

In his analysis the superposition of orbital velocities and main current
is carried out at a Tevel 2' above the bottom, where

ek
z' = —335- (3.94)

in which k, is the bottom roughness and e the base of the natural logarithm.

At that level the orbital velocities have a value pU where p was evaluatec
theoretically and experimentally, respectively at 0.39 and 0.45. He found for
the value of the ratic between the mean resultant shear stress and the bed
shear due to currents only the expression

(3.95)

A5
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n
St
L o
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where

in which

?} = mean value of resultant shear stress

Té = shear stress due to current 6n1y
Y = mean velocity of uni-directional current
G = amplitude of orbital velocity near the bottom
K = von Karman's universal coefficient
C = Chezy coefficient
f = Darcy Weissbach friction coefficient
E = dimensionless coefficient .

The result of equation 3.95 is only to a small degree dependent on the
angle between the wave orthogonal and the current.

Using this result the ratio between the mean resultant shear stress and
the mean shear stress induced by the waves only is then given by

N2
1,2\
L 0 hE R
:; = . (3.96)
Tw

%-pCfU2

By defining T, in the usual manner

R 9
Tc = -8- fp v (3-97)

and assuming a sinusoidal behavior of U, equation 3.96 may be developed into

T 2
_g_:%_ft(i?Jr,j_,g?). - (3.98)
T, f U

This approach provides another avenue for calculating the effect of a
current on wave-induced shear stresses.

This approach can be extended into the evaluation of dissipated energy
from which an apparent shear stress coefficient, as defined eariier, can be
calculated.
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Apparent Shear Stress Coefficient for Waves and Weak Current

The rate of energy dissipation per unit of area due to bottom friction
in a wave-current regime can be expressed by:

eg = 1, -+ (Ug + ) (3.99)

where the overbar denotes the time average and T, is the instantaneous result
shear stress. U6 and U are defined as before.

> -+
Assuming independence between UG and U, one may write:

d -»> -+ -
eg = T Us + G U (3.100)
Setting
-+ > +|
cTe T T P Ty

and assuming sinusoidal behavior of U one obtains:

+ + + - -, -+~
Eg T Tt U6 + L u + < w U
+ -+ -+ >
e = T Ug + T'w -y . (3.101)

> >
LA U
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—

< +
i
H

(3.102)

where €¢ is the energy dissipation due to bottom friction in waves without a
current. This gives

- T.U 103

€d - Tr.U(S + Ef . - (3. )

In a two-dimensional situation, when waves travel in the direction of the
current:
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so that

Writing
1 % 3
4 =z Cer U
and
_ 1 3
e = 7 Cpo U7
gives
c T U
T
L - (3.105)
f f

which is the desired relationship.

BOTTOM FRICTION IN SOLITARY WAVES WITH HORIZONTAL BED

The effect of bottom friction on the deformation of the finite amplitude
long waves on a horizontal bed can be mathematically modelled by associating
the empirical friction term of steady flows with the Boussinesq equations.
(Erdal Ozhan and Hiroyoshi Shi-igai, 1977).

For waves traveling in one direction only, the modified Korteweg-de Vries
equation is applicable. '

The frictional behavior of the bed in the motion of solitary waves was
analyzed by Ozhan and Shi-igai by considering the analogy with the steady flow
past a flat plate.

Keulegan's (1948) analytical result for solitary waves, which gives the
wave height attenuation with traveling distance, applies to the smooth bottom
only and does not hold for turbulent-rough boundary conditions.

In the following, results of Ozhan and Shi-igai (1977) will be briefly
discussed.

In the analytical considerations, a frictional force (on a fluid element

of unit mass) was added to the right-hand side of the equations of motion
defined by:
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Fe £ ]u,l Uy
R CEE)) (3.106)

where Ub ts the particle velocity at the sea bed and f a friction coefficient.

In the equation of motion, the velocity U is the average over-depth
horizontal partical velocity.

The Boussinesq equation with friction term was developed into a
non-dimensional form and computations were carried out based on the modified
equation. The results of the Computations were compared with the results of
Taboratory data.

In the computer analysis, the friction factor was introduced as a constant

coefficient, so the effect of a variable %L ratio over the complete wave was
s
not taken into account.

In order to present the results in a form comparable to Jonsson (1963)
and others, a Reynolds number was to be specified. In analogy with flat
plate theory, the Reynolds number was defined by

Y
RE = - d g | (3.107)
where £ is the excursion length of the bottom particles. By using the
relationships: ' '

dg = U, dt and dt = —,

equation 3.107 could be written in the form

fb .
) |
Ry = 1 I U, dx . (3.108)

vC
max "

By using the second order expressions for Uy and c as developed by Laitone
(1960), the following result was obtained:

\_ /2. 2 3
e s S BB (H0(4)] e

In analogy to the theory of the wave induced bottom friction in a
' a

turbulent-rough regime (where the independent parameter is F;h’ this variable
s
. Emax
1s here computed as the ratio e where
s
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The general functional form of the friction coefficient may then be written

2
f = f (R , -—-“‘a") (3.111)
| 1\ ke
or
172 k
fzfz[(H)v_H,_di,g_] (3.112)

in which d = depth at * ~ .

In the analysis, the rough-bottom friction coefficients were computed
so as to provide the best fit of the computed wave height attenuation curves
with the measured ones.

Friction coefficients were plotted according to equation 3.111 and results
are shown in Figure 3.8, In this figure the curves limiting the completely
rough flow region as suggested by Kamphuis (1975) are also shown. For the

£
rough turbulent flow region, the relationship between f and -%95- is similar
s

to results found by other investigators. See, for example, results by Riedel,
et al. (1972), shown in Figure 3.7.
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Figure 3.8 The Friction Coefficient Diagram for the Solitary Wave
(from Ozhan and Shi-igai, 1977)
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CHAPTER 4: WAVE HEIGHT ATTENUATION IN BREAKING WAVES

ASPECTS OF WAVE BREAKING

Wave breaking is an essential element of wave attenuation, because
1t usually accounts for the major portion of energy dissipation in waves
approaching the coastline.

It is outside the scope of this paper to give a complete overview of
the history and state of the art of wave breaking, but a short summary may
be useful. Reference is made to relevant studies on this aspect. Signifi-
%?nt r?cent contributions have been made by Galvin (1968, 1972) and Battjes

974a).

In view of the scope of this study, elements of importance are the
following:

a. location and depth where breaking starts and where
breaking stops (if relevant).

b.  The type of breaker that may be expected.
c. The energy losses in the breaking process.

Important parameters in the breaking process are the breaker height
relative to breaker depth, deep water wave height, deep water wave steepness,
breaker steepness and beach slope.

A study of the literature reveals that the two parameters which define
the breaking process for the larger part are the deep water wave steepness
and the beach slope. In several earlier studies which were based on the
solitary wave theory, the effect of beach slope was not included, which led
to erroneous results.

Both for theoretical analysis and for experimental evaluation, the
assumption of a criterion for the beginning of breaking is required. There
are several. :

Stokes (1947) postulated as the limiting conditions for breaking that
the crest particle velocity exceeds the phase velocity. If that is the case,
the wave becomes unstable and breaks.

Severai investigators have applied this criterion to various wave theories
to determine when breaking starts.

Michell'(1893) found that the 1imiting condition for deep water waves
was met when

H |
(Ee) - o0e . )

max
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Havelock (1919) extended this to shallow water and found:

iz

= 0.1418 tanh kh - (4.2)
McCowan (1894) found the well known criterion for solitary waves in constant
depth:
Y = { = 0.78 . (4.3)

For shallow water tanh kh -~ kh so that equation 4.2 , applied to the
beginning of breaking, develops into Hp/hp = 0.88.

It is known from experiments, however, that the wave height at the
beginning of breaking, Hy, is related to the depth at that point, hy, by
Hp/hp = Yb, where the ratio yp is not constant, but relates to deep water

wave steepness and beach siope.

To account for this Battjes (1974a) proposed:

H - 0.142 tanh —2 ¢
L = . anh —— kh . (4.4)
max : 0.88

Tests by Danel (1952) showed that the constant 0.142 in equation 4.4
was closer to 0.12:

= 0.12 tanh kh . {4.5)

[l

Reference is also made to Silvester (1974).
For shallow water this becomes identical with equation 4.4 for Yp = 0.743.

Analysis of breaking criteria on a shallow reef observed in this study
has indicated that Havelock's expression indeed needs modification, because
in its original form it leads to an insufficient number of waves that break.
Field measurements carried out in the current study indicated that Battjes'
modified formula with yp ~ 0.7 gave better agreement between theory and
observations.

Another possible breaking criterion is that the wave breaks when the
vertical acceleration in the wave exceeds the acceleration of gravity.
Based on that criterion Laitone (1963) found for solitary waves

= = 0.827 - (4.6)
b

A third criterion, postulated by Stokes (1948) states that waves break
when the wave front becomes vertical.
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In experimental work by Svendsen and Buhr Hansen (1976) the point
of breaking was defined at the location where the wave reaches its highest
crest elevation.

The importance af the bottom slope in the wave breaking criterion was
stressed by Ippen and Kulin (1955), Galvin (1968) and Le M8hauté and Koh
(1967). . The latter replotted the results of several wave tank experiments
and deduced the following breaking criterion, in which S is the beach slope.

7 0
g = 0,76 § (——-) : (4.7)
H0 L0
for 1:50 < S < 1:5
‘ Ho
and 0.002 < < 0.09
-T -

This equation indicates that the relative breaker height increases
with bottom slope and decreases with deep water wave steepness.

Halker (1974a) found that measured wave heights shoaled to greater
breaking heights than were predicted by the empirical curve of Le Méhauté
and Koh.

Galvin (1968) from the study of movies on laboratory type breakers
presented criteria regarding breaker type in terms of an "offshore
parameter" Ho/Lo (tanc}, and an “inshore parameter' Hp/g T? tan o, if tan «
is the beach slope. The breaking point was determined as the most seaward
Tocation where the wave front is vertical, or if this did not occur, the
Tocation where foam first appeared on the crest.

He arrived at the following classification for the inshore parameter:

- TYPE OF BREAKER TNSHORE PARAMETER
Collapsing-Surging | < 0.003
Plunging - =~ ' 0.003 - 0.068
Spilling > 0.068

Spilling occurs when waves break on a small slope for high wave
steepness; in plunging breakers the wave slides up the slope with little
or no bubble production. '

The collapsing breaker is between the plunging and the surging
breaker; minimal air pockets but bubbles and foam are present.

Reference is made to Figure 4.1 .
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Figure 4.1  Cross Sections of Four Breaker Types
(from Galvin, 1972)

Battjes {1974a, b) defined a similarity parameter

£ o= tan o
(H/L )/

and examined the value of the parameter in surf processes. He concluded
that this parameter is a good indicator of many overall properties of the
surf zone, such as breaker type, breaker height-to-depth ratio, set-up,
run-up and run-down, reflection and absorption and the number of waves that
are present in the surf zone. It may therefore truly be called a similarity
parameter. This parameter was used by Iribarren and Nogales (1949) for
determining whether wave breaking would occur. Its general usefulness in
surf problems has also been suggested by Bowen, et al. (1968).

Galvin's offshore parameter can be written 50_2 in which the index o

refers to the deep water wave height. Converting Galvin's values to values
of £,, the following criteria are obtained:
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Surging or collapsing if Eg > 3.3
Plunging if 0.5 < g5 < 3.3
Spilling if £g < 0.5

These results are based cn experlments on siopes 1:5, 1:10, and 1:20.
Galvin's inshore parameter is not equivalent to the parameter Eh. However,
Battjes re-examined Galvin's results and concluded that the c1assxf1cat1on
of the breakers could be done equally well with £, as with Galvin's inshore
parameter.

The following approximate values were found

Surging or collapsing: Ep > 2.0
Plunging: 0.4 < g, < 2.0
Spilling: Ep < 0.4

Figure 4.2 includes data from several investigators. There appears to be

a weak dependence of yp on £g. For low values of &y (g0 < 0.2) yp seems to
be approximately constant with a value of 0.7-0.8. The values of yp found
by various authors show considerable scatter, which is partly due to the
difficulties in experimentation. They reflect on the scatter present in
Figure 4.2.
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Figure 4.2 Breaker Height-to-Depth Ratio
' (from Battjes, 1974a)

Van Dorn (1976) in studying set-up and run-up in a laboratory flume
found that &5 = 0.6 is possibly a better division point between spilling
and plunging breakers than the value of 0.4 suggested by Battjes.
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In calculating the energy flux connected with a breaking wave, the
velocity of propagation of the breaker is of great importance.

Theoretical and experimental analysis reveals that wave height has
a significant influence on the velocity of propagation.

Keulegan and Patterson (1940} gave for the celerity of shallow water
waves of finite height:

2 3n, hfafn
C gh (1 + 5H* 3 3x2) . (4.8)

For the solitary wave (Laitone, 1963) the velocity of propagation is usually
given in the form

¢ = Jg(hHH) (4.9)

which relation is commonly accepted for the value of ¢ near breaking.
Van Dorn {1976) found from measured velocities near the breaking point that
the phase velocity cp was closely approximated by

¢, = (2m)V% - (1.5 gh, ) 172 (4.10)

in which n, is the crest elevation above the mean water level at breaking.

It gives considerably Tower values than the expression for the solitary
wave (4.9).

Walker (1974a) measured phase velocities in a small scale laboratory
model. He found that for the non-breaking waves the phase velocity could
be expressed by

¢ = Gk (1+o0.25 1 (4.11)

as a reasonable average from measurements with considerable scatter. This
equation may be written in the form

L = Fr = 1+0.25 E. (4.11a)
/gh
in which Fr = T + 0.25 H/h has the identity of a Froude number. It gives a

value Fr = 1.25 for H/h = 1. Similarly, the wave celerity in the breaking
zone is given in Walker(1974a) by

¢ = Fr, ARFRT - (4.12)

in which ng is the local wave set-up. The average value of Fry is 1.22 with
slightly lower values in very shallow water.
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To match the celerities of the surf and non-breaking waves, he suggests
the formula

¢, = 1.25 y/g{h +.ﬁ;) (4.13)

where n_ = 0 at breaking point H/h = 1. The factor 1.25 implicitly retains
the influence of wave height on wave celerity.

WAVE CONDITIONS ON A REEF

Shoaling and Wave Attenuation on Ala Moana Reef

In this section some general characteristics of waves breaking on Ala
Moana Reef will be described. The data on which this description is based
were obtained during field observations in the summer of 1976.

Wave Height

High incident waves break on the reef slope and do not necessarily
generate the highest waves on the reef. Those breaking waves lose much of
their energy so that they enter the reef section with strongly reduced height.

Low waves on the other hand, while remaining unbroken increase in height
during shoaling and reach a maximum magnitude when they arrive at the reef
edge.

The results of this'study have shown that the deep water wave steepness
is the controlling parameter. See Figure 4.3. These results are obtained
from the model investigations carried out for this study. In this figure the

wave height divided by depth (H/hs) is plotted against the value Hi/gTz whereby
Hi is the measured wave height in station 7, where the water depth in prototype
is approximately 11.4 m.

This relationship is plotted for stations #5 and #4; the former is
located near the edge of the reef, and the latter approximately 60 m shore-
ward (Figure 4.3).

Although the data show some irregular behavior {particularly for station #4
the general tendencies of wave behavior are visible.

In station #5 the re]at1ve wave height H/h reaches a maximum value for a

steepness parameter H. /gT of about 0.15 x 10‘2 for the curve h /H = 1.0.

Waves of greater steepness break on the sloping bottom seaward of station
#b and lose energy traveling shoreward.

Waves of very low steepness usually remain unbroken and have a lower
height over the reef.
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Figure 4.3 Wave Height over Depth Versus Steepness of Incident Wave
for Ala Moana Reef, from Data Observed During this Study

A similar trend is to be observed for the wave height in station #4,
although less distinct than for station #5. The reason for the generally
Tower wave height in station #4 is the loss in energy that occurs in the
wave from station #5 to #4.

The observations in station #5 indicate that the maximum breaking
coefficient Vg = Hb/hb has a mean vatue of approximately 1.5. It is to be

noted that wave set-up is not included in the depths for Figure 4.3. Battjes
(1974a)has shown that the value of Y, is related to the deep water wave

steepness as well as to the beach siope.

The parameter Hi/gT2 relating to incident wave height is somewhat

different from the value HO/gTZ, which is based on the deep water wave height.

One could therefore expect a family of curves (depending on the ratio
Hi/hs instead of one, but it is assumed that the general characteristics of
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wave behavior do not change significantly if the wave height H; is used
instead of the deep water wave height HO.
Wave Celerity over Reef

Field observations on Ala Moana reef regarding the wave celerity ailow
a Froude number to be calculated from

¢ = Fr /-g? (4.]4)
where h represents the mean depth.

The Froude number Fr as defined above is usually > 1 and appears to be
related to wave height.

It was found that the formula

1/2
¢ = [g(h + Hz, 1/3)] {4.15)

in which HZ 1/3 denotes the significant wave height and h the mean depth,
best describes wave propagation velocities over the reef.

The corresponding Froude number is
'H _ 1/2
Fr = [1 + —Elﬁllgi]

Wave Spectrum

Shoaling and wave breaking have significant effects on total wave energy
as well as on the distribution of energy over the various wave components.

Generally speaking there is a noticeable shift of energy density to
higher and lower frequency components as waves travel shoreward and break
on the reef.

The loss of energy and the change in wave spectrum have been subject of
detailed analysis in this study.

Figure 4.4 shows the change in variance along a sloping bottom with
shallow reef, as obtained from the mode] investigations carried out under the
present study.

Hensen's Model Studies for North Sea Coast

Hensen (1954) described the results of a series of model tests carried
out to determine the design wave height for coastal protection works on the
German North Sea Coast.
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Figure 4.4 Variance (of water level observations) as

function of location from model experiments.
Test 2: Runs 9 - 17, reduced to prototype data.

The German North Sea Coast is protected by a shelf of extensive tidal
flats at mean sea level. The storm floods of February 1, 1953 demonstrated
that water levels up to 5m above mean sea level may occur during extreme
conditions.

The study was undertaken to determine the wave height that could be
expected at various levels of inundation of the tidal flats, which informa-
tion would provide the design wave height for the sea defense works along
the North Sea Coast.

This problem shows much resemblance with the present study. Although
water depths over the shallow reefs in Hawaii are usually significantly
smalier than the ones used in the German study, the nature of the problem
is similar.

The experimental set-up in Hensen's study is shown in Figure 4.5.

The tidal flats have a width of 600m, whereas the offshore section
(with horizontal bottom and a depth of 10.60m below M.S.L.) covers a
distance of 1200m.

The study was conducted at an undistorted scale of 1:20. Both wave
height and water elevation above M.S.L. varied between 2.00m and 5.00m.

A water level of +2.00m in the field and a scale of 1:20 provides a
water depth over the shelf in the model of 0.10m.
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Figure 4.5 Test Conditions for North Sea Dike
(from Hensen, 1954)

In the model experiments carried out for the present study, the scale
was 1:12 and a depth of 1:20 m in the field was therefore also represented
by a model depth of 0.01 m, which is identical to the depth used in the
German tests for the lowest water level.

Some significant results of Hensen's investigations are shown in
Figures 4.6, 4.7 and 4.8. Figure 4.6 shows the wave height on the shelf
as related to the water depths over the shelf for waves with periods larger
than 9 seconds.

Although several curves could be drawn between the data points, there
is a clear upper limit indicated by the solid line in the diagram.

Hensen's study does not indicate at which location the waves over the
shelf have been measured. This makes a strict comparison with the results
of this study difficult, since wave attenuation over the reef accounts for
a reduction in wave height in the direction of wave travel.
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Figure 4.6 | Wave Height on Tidal Flat as Related to
Water Depth (from Hensen, 1954)
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Figure 4.8 Wave Height on Shelf as Related to Wave Period
(from Hensen, 1954)

Nevertheless an attempt is made to make an overali comparison, by
replotting Hensen's data in a dimensionless diagram similar to Figure 4.3,
where the change in relative wave height, H/h, is related to the steepness

parameter of the incident waves, Hi/gTz, for varying relative water depths
on the shelf, h/Hi.

The results are shown in Figure 4.7.

Hensen's data show that the ratio H/h is somewhat higher for the
higher water levels than for the lower ones. In view of the wave dissipa-
tion over the reef between the reef edge and the point of measurement this

dependency on wave height is to be expected. Some scale effects may also
have been involved.

Wave Period

Hensen's (1954) study is basedon linear concepts as far as wave
period is concerned. Consequently, wave period is related to the primary
wave only and does not include the secondary waves and higher frequency
Components generated in the shoaling and breaking process.

If the Tatter are taken into consideration and periods are measured

by a zero-upcrossing method, a tendency for decrease in mean wave period
would have been observed.

80



In his study Hensen (1954) found that the effect of period on
wave height over the shelf is evident for low periods, but that for
periods over 9 seconds the water level is the dominant parameter (see
Figure 4.8).

Transformation of Waves After Breaking

The process of wave breaking is characterized by intense energy
dissipation resulting in a decrease in wave height and ultimately also in
a change of characteristic wave period.

The problem has been treated both experimentally and theoretically in
the lTiterature; a distinction is to be made between waves breaking on a
slope (beach) and on a horizontal bed. In the following, some relevant
studies on wave transformation after breaking will be discussed. However,
considerations are limited to regular waves. The effects of the changes in
wave spectrum will be discussed in a later chapter.

Horikawa and Kuo (1966) studied the wave transformation inside the
surf zone both theoretically and experimentally. The theoretical curves,
computed numerically, had a consistent agreement with experimental data
in case of wave transformation on a horizontal bottom, but for the wave
dissipation on a uniformly sloping beach the analytical results were
inadequate to describe the actual phenomena.

Their theoretical analysis is based on the following assumptions:

a. The 2nd order approximation of solitary wave theory
introduced by Laitone was adopted to express the
characteristics of the broken waves progressing in the
surf zone .

b. The wave is attenuated by the effects of turbulence
and bottom friction.

c. The friction coefficient was assumed to be constant
over the surf zone.

d. The turbulence is isotropic and decreases exponentially
with the travelling distance from the breaking point.

The effects of bottom friction were accounted for in the usual manner
by introduction of a bottom friction coefficient.

The energy dissipation due to turbulence per unit of volume and per
unit of time was expressed by

Fory2
V- 1511-(—”-):2— (4.16)

where W is the rate of energy dissipation due to turbulence per unit of
volume

u = coefficient of fluid viscosity
u' = fluctuation of horizontal velocity component
2 = microscale of turbulence or dissipation length.
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Assuming the kinetic energy of turbulence to decrease in an exponential
manner with the distance from the breaking point, it is possible to express
the decay of turbulence by the relationship

(u')? = oexp. (- Bx/L) (4.17)

where B indicates the damping coefficient of turbulence, x the distance
measured from the breaking point and L the wave length. They found that the
dissipation length may be expressed by the following relation:

2 12
3= -10\)——d",z = ']Ovﬂ 2 = wl’BT—. (4.18)
u ]cil*-
(a"'t_"') dXJ
Assuming furthermore that
o= g - k(z + h) (4.19)

in which the mixing length £ is taken proportional to the distance from the
bottom, k Von Karman's Universal constant and u the horizontal component of
the particle velocity of the wave, it was found that

2 2
o= 15058 e () (4.20)
and
v
dEt
—d*f* = J Iw dz dx =
-n, =h
0.825 gBh? (H\* H Hy?
= (h) [1 + 3.99 (h) +7.29 (h)
Hy? H,* Hy®
+ 7.65 (HJ + 3.60 (HJ + 2.08 CH) ] (4.21)
dEt
where at is the rate of energy dissipation due to turbulence .

The requirement of energy conservation is expressed by the expression:

dE dE dE
s _ b t
2 = -[—dt + _dtJ (4.22)
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in which

dE

7ﬁ§ = the time rate of energy dissipated in the solitary
wave (per unit of width).

dEb

gt rate of energy dissipation due to bottom friction.

Introducing the appropriate expressions in eguation 4.22 an
expression is found for the change in wave height due to eneray dissipation.

Figure 4.9 presents a sample of experimental results and Fioure 4.10
the theoretical curve for 8 = 5 for a horizontal bottom. In this diagram
the dimensionless wave height H/h is plotted against the dimensionless
horizontal distance x/(T vgh). The agreement between theoretical and
experimental results is satisfactory.

1.0
LEGEND:
e« h = 61 cm o h =12.9 cm
0.8 i X = 7.5 ¢m : 150 ¢m

o 10.0 cm
T
I =1
c4
0.2 | | | | J
0 l 4 5

2 3
x‘/G'Q/;F

Figure 4.9 A sample of experimental results. (Horizontal Bottom)
{from Horikawa and Kuo, 1966}
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Figure 4.10 Comparison of the experimental results with the
theoretical curve. {(Horizontal Bottom)
(from Horikawa and Kuo, 1966)
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The authors also compared their results with field data, obtained by
I[jima by means of stereophotography of waves in the surf zone on the
Niigata West Coast. Figure 4.11 shows a comparison of various curves.

1.0 LEGEND:
i LABORATORY
os L *——-e THEORY (C, = 0.005, 2= |)
' weeeem JIMA
. 06
o
I
0.4
0.2
o ] | 1 ]

X//T :EET

Figure 4.11 Relationship between H/h and x/(T/gh) obtained from
various sources. (Horizontal Bottom)
(from Horikawa and Kuo, 1966)

Although the agreement with the analytical curve and the field data
is consistent with the results of laboratory investigations, it was noted
.by the authors that the value of the damping coefficient 8 = 4-5 for the
laboratory was much higher than the value 8 = 1 for the field.

The discrepancy suggests the existence of a scale effect of
turbulence in the problem under study.

For the uniformly sloping bed the following relationships were
determined from dimensional analysis:

H [H _—
0
- ol2, ’SJ (4.23)
H, L, > hy
(H
H 0 h ‘
RLEG w[—ﬂ, —-,s] (4.24)
h L, hy

where S is the slope and the subscripts o and b denote the respective values
in deep water and at the breaking point.

Figure 4.12 presents results of experimental data for a slope of 1:65.
Each individual curve represents the change in wave height as the wave
progresses from deep to shallow water for wave steepness ratios Hg/Lg
decreasing from 0.065 to 0.025.

Figure 4.13 summarizes the results of wave attenuation, presented as
H/Hp versus h/hp, for several beach slopes. In the same diagram resuits
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Figure 4.12
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Transformation of wave heights inside surf zone with
1/65 bottom slope.

(from Horikawa and Kuo, 1966)

Figure 4.13

Fffect of the bottom
slope on the wave
attenuation inside
surf zone,

(from Horikawa and

0.2

0.4

Kuo, 1966)

h/n,

from experiments by Nakamura, et al. (1966) are plotted for a 1:10 slope

and wave steepness ratios Hg/l, between 0.01 and 0.02.

Figure 4.13 shows

that for 0.2 £ h/hy < 0.8 and for the 1:10 slope the ratio H/Hp decreases
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with h/hy in an almost linear fashion; for the more gentle slopes, the
wave attenuation is strongest immediately after breaking.

In Figure 4,14 the ratio H/h is plotted against the relative depth
h/hy, for various slopes; both the experimental curves and the theoretical
curves are shown; the agreement is not fully satisfactory. There was a
large scatter in the data used. for plotting this diagram. The figure
shows that the relative wave height, H/h has its minimum value at h/hp = 0.6
for all slopes considered. It is to be noted that wave set-up is not
included in the data.

LEGEND:
. EXPERIMENTAL
....... THEORETICAL

Figure 4.14

H/h

Comparison of the
theoretical and
experimental
results

(from Horikawa
and Kuo, 1966)

h/hb

Nakamura et al. (1966} studied wave decaying due to breaking. Their
approach was basically experimental. Some results are presented in Figure
4.15.

They found that after progressive waves over a sloping bottom pass the
breaking point, they advance in the breaker zone in the form of a bore.
When the bottom slope is 1/30 or steeper, the breaking waves arrive at the
shoreline in that form; when the slope is 1/50 or gentler the waves reform
to nonbreaking waves after passing the breaker zone.

The relationship between H/Hp and h/hp found in Figure 4.15 is also
plotted in Figure 4.13 to allow comparison with Horikawa's findings. They
are in general agreement.

The relative length of the breaker zone Lp/lLy is related to the deep

water steepness as shown in Figure 4.16. There is scatter in the data but
the relationship is convincing.
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Figure 4.15 Change of Wave Height According to Water Depth
(Slope: 1/10) (from Nakamura, et al, 1966)
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Figure 4.16 Relation Between HO/L0 and Length of Breaker Zone
{from Nakamura, et al, 1966)
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H/H,

';;

Figure 4.17 shows the dependency of H/Hp of the deep water wave
steepness. It appears that for h/hy > 1 there is a significant dependency
on steepness, whereas in the breaker zone (h/hp < 1) the dependency on wave
steepness is small. An average curve common for all Ho/Lo values is likely
to give a representative relationship.

2.0 r _
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r 0.015
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R (Slope: 1/50)
0.1 S BT I N T I N e N (fmm Nakamura, et ail, 1956)
0.2 0.4 060810 ? 4 6 8 10

h/hb

Another interesting result of this study is Figure 4.18 which shows
the change in wave period in dimensionless form. The ratio Ta/Th which is
the period of .the reformed wave divided by the period of the breaking wave
is presented as function of hp/Lo for slopes of 1:50 and 1:00. The paper
does not specify how the period of the reformed wave is defined.

1.0 o~ PE -
oa £ SLOPE
- 1/50
06
- H/100
‘__"‘ 0.4 -
\ =
'-U
0.2
0.1 1 | T | 1 1 1 | T W | L 1
0.002 Q.01 0.02 Q. 0.2

hb /Lc

Figure 4.18 Change of wave period due to breaking
(from Nakamura, et al, 1966)

Van Dorn {1976) studied set-up and run-up in shoaling breakers. He
included the measured wave set-up in his data on wave attenuation.
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Results are presented in Figure 4.19 in which values of H/Hp are plotted
against {0 + D)/(nb + Db) and against x/x,, for three different slopes.

n + D represents the local depth corrected for wave set-up and ﬁb +

Dp the correspondi

ng value at the breaker point.

The value xp represents

the width of the surf zone and the distance x is measured from the
theoretical shoreline, taking wave set-up into consideration.
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Figure 4.19 Wave height versus total water depth

and surf zone width, all normalized
to breaking values

{from Van Dorn, 1976)
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For the steep slope S = 0.083 he found an almost linear relationship,

whereas for gentler slopes the ratio H/Hp decreases more quickly immediately
after breaking and more slowly for the smaller water depnths.

The period

does not seem to have a determining effect on the process of wave decay.

By and large Van Dorn's results are in agreement with Horikawa's

and Nakamura's.
provides a higher

degree of accuracy.
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Have Attenuation, Using "Bore-Approach"

Murota (1966) presented theoretical and experimental results on the
transformation of surges. His paper deals with the transient deformation
of surges (bores) in open channel.

In several estuaries and tidal rivers the rising tide during its
upward propagation develops into a sudden jump of the water surface.
This phenomenon is called a bore. A similar phenomenon may be
experienced when tsunamis enter shallow water.

Dronkers (1964) described the characteristics of a bore in a tidal
river. From a hydraulic point of view the bore can be considered as a
moving hydraulic jump which propagates with the velocity c. If an observer
moves with the velocity of the bore he will observe the phenomenon of the
stationary hydraulic jump; the well-known formulae for the hydraulic jump
may then be applied and be transformed into a moving coordinate system.

The difference in energy level AH, for a hydraulic jump is given by

s
. (hy = h)) '
mo= Gl (4.25)

vhere hy and h, represent the depth of water on either side of the jump.

The rate of change of energy, dE'/dt in a bore per unit width is
given by )

1
%%? = -pqgaH (4.26)

whereby the discharge q per unit of width is defined by
q = {c+vi) (4.27)
relative to the moving system. c is the velocity of propagation of the bore.

The phenomenon of the bore has a great deal of similarity with the
breaking of wind waves and swell in shallow water and offers an attractive
model for the dissipation of wave energy during breaking. Such approach
was followed by Le Méhauté (1962), Divoky et al. {1970), and Hwang and
Divoky (1970). The concept is also used in this paper to arrive at an
energy dissipation coefficient for waves breaking on a reef.

The rate of dissipation of total energy available in a bore, E!, per

unit of width, dE}/dt is related to the rate of energy dissipation per
unit of distance by

1 1
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Combining equations 4.26 and 4.28 gives

dE?

-1
dx ¢ P9aAH . (4.29)

Writing equation 4.27 ip the form
q = ¢ [
where T is a representative water depth, equation 4.29 develeps into

1
d_dEi_ = -pghaH - (4.30)
Divoky et al. (1970) combined the Boussinesq solitary wave theory with

the dissipation of energy of a hydraulic jump to arrive at an expression for
wave attenuation.

Hwang and Divoky (1970) used the similarity between breaking wave and
bore to determine wave set-up and decay on gentle slopes.

In their paper the energy dissipation rate is assumed to be a fixed
fraction, B, of that of a bore of the same height.

Use of equations 4.25 and 4.30 leads to

dE! [dE‘] ] H3D
— = B — = - — Bpg (4-3])
dx dx BORE 4 ytlyt + H)

where H is the height of the bore H = (h, - hy), y¢ is the depgﬁ below the
trough {yt = h;) and D is the representative water depth (D =

This model furthermore applied the usual expression for the momentum
flux. To implement the model the cnoidal wave theory of Keulegan and
Patterson (1940) was used to describe periodic waves in moderately shallow
water and gently spilling breakers.

For the relationship between total wave energy E! and momentum flux M
a linear approximation

El
M= 3/2 T (4.32)

in agreemeni with the theory given by Longuet-Higgins and Stewart (1964)
was applied.

For the calculation of the total wave energy E!, it was assumed that
this value was two times the total potential enerdy of the wave.

Results of computations based on this model with B taken arbitrarily
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as 0.8 are presented in Figure 4.20, where they are compared with data by
Horikawa and Kuo (1966) for a slope of 1/65.

1.0 ~ LEGEND:
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+ - -4

0.2

h/h,

Figure 4.20 A Comparison of the Hwang and Divoky Model with
S -Data of Horikawa and Kuo (1966) for Wave Height
Decay in the Breaking Zone

( from Hwang and Divoky, 1970)

Considering that the distance between consecutive jumps equals the
length of a breaking wave, L, the mean energy per unit of surface area
equals

1
E = & (4.33)
and
N _
£ . ¢ L (4.34)

Expressing the energy dissipation in terms of the energy flux, F,
one has for breaking waves

F = Cqr E = ¢¢t (4.35)
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and for a horizontal bottom:

dF

'a'; & ¢ 'a'x' ’ (4.36)
which leads to _
A
dF _ _ pghdH |
dx S {4.37)

Fquation 4.36 is strictly not applicable for a sloping bottom since
the term E 3c/3x # 0, but for slopes of low steepness equation 4.37 is
still a reasonable approximation.

Schonfeld's Approach to Bore Propagation and Energy Dissipation

In this section the method developed by T.C. Schonfeld (1955) will be
utilized for additional analysis of the bore problem.

Introducing again a coordinate system moving with the velocity, ¢, of
the bore, the laws of conservation of mass and momentum are applied to the
water between two cross sections perpendicular to the flow direction, one
just before and the other one just behind the jump. The derivations below
are for a channel with width b. For the two-dimensional case, b can be
taken equal to 1; if refraction occurs, b can be considered the distance
between two orthogonals. Let Fg furthermore denote a friction force.

Hith reference to Figure 4.21, where h; and h, are the water depth
before and after the jump and v, and v, the mean velocities in the bore as
shown, the law of the conservation of mass gives

p bhy{c + vi) = p bhy(c + v2) (4.38)
where ¢ is the velocity of propagation of the bore.

The law of conservation of momentum gives

Fe+ 309 bhu? +p (¢ +vi)? bhy =

¥ 00 bho? + 0 (¢ +v2)? bhy (4.39)

Introducing 4.38 into 4.39 gives

( - ah = g f 40
c+vi) (c+ve) = ghy = di—y—- o FTE ) (4.40)

and defines a water depth hy.
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Figure 4.21 Definition Sketch of Bore
(from Schonfeld, 1955)

Solving (¢ + v;) and (c + v2) from equations 4.38 and 4.40

Vi - v, ghm
h2 _ h], = 8 - h] h2 (4.41)
and
C = -V, + Bhl = -v; + th =
1
-—;- (vi + vy) + 5 8 (hy + hy) . (4.42)

By treating the Jump as located in one eross section and treating the
energy losses due to friction separately, the friction force Ff may be left
out of consideration obtaining

h = %—(h1 +hy) . (4.43)
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The law of conservation of energy is not satisfied, if considerations
are limited to the mean values of the velocities. The bore provokes a
dissipation of energy of the main flow; the rate of dissipation is equal
to the power set free in the jump. Schonfeld (1955) considered the shape
of the bore and its energy budget. The bore travels faster than the
characteristic wave component in the lower water ahead, but slower than the
wave component in the upper water arrear. The equilibrium of the profile
can nonetheless be attained by the effect of the vertical accelerations and
by considering some characteristic features of the bore (Figure 4.22).

EXPOMENTIAL 3
\

SECONDARY WAVE ){.\
/-_\“ -

—— e ~

..o OSCILLATORY

e ————— i ——— oty ooy . ——— — —————

Figure 4.22

Features of Bore
(from Schonfeld, 1955)
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a. The front of the bore may be considered as a wave of
exponential shape

m = aexptpy (x-ct) | (4.44)

The velocity of propagation of such wave in flowing water with
velocity v 1is

c = v+ //é%— tang p,h, (4.45)

which is larger than v + Jgh;, the velocity of propagation of a long wave.

b. The upper portion of the bore is usually characterized by
a sinusoidal wave:

N, = @, cos k(x - ct) - (4.46)

The phase velocity of such wave in flowing water is

c =y 4+ J(f% tanh kah, (4.47)

which is smal]er than the long wave phase velocity v + ¢gﬁz .
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In order for the two wave systems to move forward with the same speed,
the average level arrear must be greater than the average level ahead, which
arrangements exist in the characteristics of the bore.

Assuming that the phase speed ¢ is the same for front and back waves
gives a consideration for determining the values of P and k,.

The formula
-k-z— 4 ET = 6 hz - h1 (4'48)

is a good approximation for not too great values of the relative height
2(h2 - hy)/(ha + hy).

In his paper Schonfeld (1955) presented another characteristic feature of
the bore, the part played by surface tension.

The exponential toe of the bore is preceded by a train of capillary
waves with the phase velocity

c = v +.//]%J_—r (4.49)

when o is the constant of surface tension between air and water.

He found
2h,
LI
0 og Tz (h1 ¥ Tiz) (4.50)

as an expression for the wave number k, of these waves.

In agreement with the above described characteristics of the bore
the energy in the bore is dissipated in three different ways:

(1) The group velocity cg of the short gravity waves is less
than the phase velocity. Consequently there is a rearward
transport of energy in the trail amounting to

Py = (c- cgr) b %-pg a,?
: hy + h, 2k2h, ,
- 7P 5 U -gmhagn,! 2 (4.81)

This power is gradually dissipated by internal and bottom
friction in the wave train.
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(2} The group velocity cy of the capillary ripples is greater
than the phase velocity; hence there is a forward transmission
of energy in the ripple train amounting to:

P, = (cg -¢c)b %-T kK12a,?
1 hi + h»
P = 7 TbB—— (k7?a)?) - (4.52)

This power is gradually dissipated by viscosity in the ripple
train,

(3) Relative to the moving coordinate system the flow appears as
decelerated, which induces extra turbulence and a less of head.
The deceleration loss is total, when it equals AH [equation 4.25 ].
Assuming that the loss is only partial to the fraction a, the rate
of energy dissipation due to turbulence is given by

P, = ,}Ta 0g b 8 (hy; - hy)? . (4.53)

It is clear that the train of gravity waves must be fed from ahead
and that the ripple train must be fed from behind. The delivered
power P must be the sum of the three dissipations, discussed above:

p = Pg + Pr + Pd ) (4.54)

When the water is deep the capillary ripples must be very short and
the power transmission negligible. In a laboratory setting, how-
ever, they may have to be considered. In very shallow water the
phase velocity of the sinusoidal and exponential gravity waves have
to be corrected for capiliarity and the phase velocity of the
capillary ripples for gravity. In case capillary power may be
neglected, the available power will be distributed over the two
remaining components, as follows. When the jump is low, the steep-
ness is small and the transition very gradual. There will not be
much energy dissipated through deceleration and most of the

energy available will be invested in the trailing waves. As the
Jjump grows higher the deceleration losses increase rapidly and
finally take a great deal of the available energy when the jump

has broken and an eddy has formed. Reference is also made to the
work of Benjamin and Lighthill (1954).

Energy Dissipation Coefficient for Waves Based on Similarity With
the Bore

O0f the three dissipation mechanisms of equation 4.54 the loss due to
turbulence (P4} is the most significant one for breakina waves. From
equation 4.53 an expression may be developed for the rate of energy flux
dissipation per unit of length.
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The principle mechanisms of energy dissipation under field conditions
are wave breaking (turbulence) and bottom friction.

Assuming stationary conditions and parallel wave orthogonals,
conservation of energy requires:

%_E = _(Eb + Ef) (4.55)

where dF/dx is the gradient of the energy flux in the direction of wave
propagation.

In this expression ey relates to the energy dissipation due to breaking
and ¢¢ to the dissipation from bottom friction.

Although there is some nonlinear interdependence between bottom
friction and wave breaking observations indicate that such interaction is
small and that the two mechanisms may be treated independently.

In the following analysis only wave breaking will be considered; the
effects of bottom friction were considered in Chapter 3.

To evaluate the energy dissipation due to breaking equation 4.53 will
be used as a starting point, whereby b is taken equal to one

o P _§ﬁ@_ {hy, - h;)? (4.56)
g h: h, 2 1 . .

For a wave at the breaking point (see Figure 4.23) the difference in water
level on both sides of the bore equals the wave height:

B=
[«

1]
= —

h, - hy = H
and
h; = hy + H
hl
TP
Figure 4.23 Breaking Wave Schematized To Bore
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— 3 —_
hn = 2 = h *3

hi ha = hy (hy + H)

AR

3
Py = yopg vy mmtt KL (4.57)

1+ m
hy

This leads to

a is the fraction of the total dissipation rate P that is due to
turbulence (breaking) as defined earlier.

For periodic breaking waves with bore similarity, the gradient of
energy flux due to breaking is related to P4 by

P
%% = e - Td (4.58)

if L is the length of a wave in the breaking zone.

This gives
]+]__I-|_ 3
1o Zhll'l
€, = 7y e9/gh, ——1 — - (4.59)
b 4 L 1 hy
a +-%i
1
Introducing
_ H
Y hy
L = T
A
w T
¢ = Fr/gh;

where Fr is a Froude number, equation 4.59 develops into

&, = o pg  v/Z +y wH? (4.60)
8n/Z. Fr v 1T + v

Introduce a coefficient ¢ according to

= Wy (4.61)

FrvT + v
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which reduces equation 4,60 to
= E 2
€ = OgwH? | (4.62)
b 8nv/2
The function

tfr . yWZ¥y
o ﬁr‘—* Y

(4.63)

is dependent on v only and is plotted in Figure 4.24.

r.5 ’—

fFr/a

o I 1 ] i 1 )
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Y = H/hl

Figure 4,24 Energy loss coefficient as a function of
wave height-to-depth ratio

In order to obtain a value of ¢ from equation 4.63 appropriate
values of Fr and o must be assumed. _

Equations 4.55 and 4.62 allow the experimental verification of ; from
field and model experiments.

Energy Transfer to Waves of Higher Frequency in the Breaking Process

In the previous paragraphs energy losses due to wave breaking have
been considered.

An important additional aspect of the breaking process is the nonlinear
transfer of energy from the main wave system to waves of higher frequencies.
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In the total .energy budget this transfer of energy to higher frequency
modes is respons1b1e for a downward shift in the significant wave period
as waves approach shallow water and propagate over the shallow reef.

Experiments taken at Ala Moana Reef under this study have confirmed
this phenomenon. However, the conditions on the reef at Ala Moana usually
involved a wave spectrum, although often with a narrow band swell, and are
not directly comparable to conditions used in the laboratory studies wheve
monochromatic waves were generated.

~ The use of equation 4.54 provides some insight into this process.
For field conditions the capillary term is relatively insiagnificant and is
neglected. This gives

P = Pg + Pd S (4.64)

For the principle wave the term Pg signifies a loss of power, similarly to
the losses due to.turbulence (Pq): ' :

Identifying the energy flux of the principal wave system with F* and
neglecting friction, the energy losses for this system may then be found
from the relation

(P, + P}
dF*  _ _ d g _ P
_d_J.(- T -(Eb + Eg) = - L = - L (4.65)
or
*
% - ERLLB (hy - hy)? (4.66)
Similarly to equation 4.55 write
dF*  _ _ ! 2 (4.67)
- = (e, +e )} = = pguH
dx b g 8n/3
where
b= Ell-t; . | (4.68)

Integrating equation 4.67 over the traveling distance x; - x» (see Figure
4.25}) gives

Xz. ‘
1 .
Fo-F = -j = pguH?dx (4.69)
8m )
X,
and X, .

+* *

F, = F, - j L pguHdx . (4.70)
X1 B
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The total flux of wave energy (including secondary waves) at station Xz is
larger than the quantity F% given by equation 4,70 because part of the
energy of the principal wave system is transferred into wave undulations

of shorter period. If the enerqy flux of the latter system is F** then

F2 = F37 +F™ (4.71)
If the higher frequency waves have an amplitude a; and a group speed Cgr

F* = %’Cgr pg a,’ (4.72)
and

Fa = F3+ % Cgp P9 327 - (4.73)

Using the value of FF as expressed by equation 4.70 one has:

X2
F, = FY - 2 oguhZdx + L ¢ a,? (4.74)
2 1 8“ 2 pg 2 gr pg 2 * .

X1

For the total energy flux {primary wave system and secondary wave system
together) it was earlier derived that

a Tt anC/? ok
so that X2
Fo = F, - J b oguH2dx . (4.75)
x18ﬂ

Equating equations 4.74 and 4.75 gives

X2
* z? 2 1 2
Fi - f pgwH*dx + = ¢ Pg a;
8nv2 2 “gr
X1
X2
= F - [ —E pguH?dx (4.76)
8mv2
X
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which  leads to:
Xp

1 2 *
c pga, =F -F + pg dH dx 7!
2yl 11 o<

X»

At the point where breaking starts the energy flux present in the

secondarywavesgenerated by the bore maybe considered negligible so that
at that location

F*="F
11
which reduces equation .77! to

Xp
2 -al

gr 87r&2

78!

X»

The value of anecessary to evaluate equations 4.77 or 4.78 is
related to the relative height of the breaking wavey. |See Figure 4.26]

For 0.=1, az =0, which may be expected since all energy is
dissipated in the bore by turbulence and no energy is available to form
secondary waves.

The amount of energy available in the secondary wave system is related
to the valve of uas well as to the travel distance of the bore.

For surging breakers the value of awill be close to one, whereas for
low breakers its value is small and much energy is available for the
generation of secondary waves.

Based on research by Favre 935! weaker bores have a smooth
oscillatory  structure, whereas the fully developed bores have a rapid
turbulent change{see Chapter 2!. The changeof type seemso occur rather
sharply at adepth ratio h~/h» -1.28, corresponding to all/lh» ratio of
-0.28.

The expected trend in the values for ais suggested in Figure 4.26.

In case c approaches zero this is also the case for gand equation
478 loses its meaning. All energy of the bore is then dissipated in
short period oscillations.

High Frequency OseiZEations

For the determination of the frequencies of the secondary wave system
two different approaches provide an order of magnitude for the period or
frequency of these oscillations.
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Figure4.25 Energy.ossin BreakingHave

Figure 4.26 Trend in the Value of a, as
Related to

H
hl
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In the first approach, equation 4.48 provides aformula for the
computation of the energy in the high frequency bandinduced by the breaking

wave.

According to Schonfe'ld 955! this formula is  a good approximation for
determininthewaveumbd?if the relative height

2h2 h)l
h2+ hl h

iS not too ﬁreat. This relationship may be used to compute the wave number,
andgiventhe depthh2, also the waveperiod.

It is assumed without proof! that the formula gives an acceptable
approximation, even if the ratio H/h is not very small.

A second approach for determining the period of the short period oscil-
lations following the crest of the b~eaker is based on the Airy function.
Reference is madeto Chapter 2. In this solution the wave number of the
induced oscillations iS not constant but it varies with time and location.

If an appropriate value of tis selected, the length of the waves and
consequently their wave number can be determined from Figure 2.3,

The above procedure provides someinsight into the energy transfer from
the principal wave to higher frequency modesand may be used to obtain some
quantitative information  on this process.

ENERGYDISSIPATION FOR WAVESBREAKING ON HORIZONTAL REEFS OR SLOPES

The derivations in the following sections are meant to give an overal'l
verification of the use of the bore concept for energy dissipation in
breaking waves.

Experiments by different investigators show that the wave attenuation
during breaking has adifferent  character depending on the slope of the beach.
Therefore, it is attempted to develop approximate expressions for slopes of
varying degrees of steepness.

Ener Dissi ation due to Wave Breakin on a Horizontal Reef
The relationships  4.61 and 4.62 may be used to determine the energy

dissipation on a horizontal reef. For these calculations, expressions for
energy dissipation and for the energy content of the waves are needed.
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For the latter the Boussinesgexpression for the energy of a solitary wave
per unit of width is selected:

.8 >g H>)h,/» 701

3

Althoughthe solitary waveextendsitself to + ~ and- ~ the energy
is contained in alimited part of the wave on either side of the crest.
Underthese conditions it maybe assumedhat the meanenergy flux is equal

to

8 H~/» ha/»
3&3
T .80!
if Tis the "waveperiod" for the pseudo-solitary wave.
the average amount of energy per unit of area is
8p ff 332
3&3
E o .81!
For parallel orthogonals and neglecting bottom friction
dF
dx T 82!
may be used in conjunction  with equation 4.80
Taking the depth as constant, gives
drF 81 ~3/ /.dH _
h3/2H = -C I
3x 3~ T Pg X b .83!
Using equation 4.62 to define Ebleads to
81 p/ g/» dH
lg hP2 H
3A ° dx 8D
! pg H .84!

After  some reorganization of symbols:

e3"H3/2 © o
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Integration assumingy and h constant! gives:

W2 plg 1 _,ic
<D3 k

in whiclC isanintegratiorronstant.SettingH =Hlbat x =0 andaking
the + x in landward direction, the integration constant is defined and the
equation for H develops into

32wz, x4b
<3 A

Theassumptiarf constank is onlyvalid for distance®f limited length.
Sincer.=fy! andy = H/h, the variability of q for longerstretcheshas
to betaken’into account, andthe differential equation 4.86 is thento
be solved taking avariable qinto consideration.

Alonga horizontal reef the wavéheight attenuatesdueto energy
dissipation and consequently the value of y decreases also; this therefore
affects the value of r..

_In Figuret.27theratio H/HIs plottedagainstx~b! A#? in
whichA =32Kr &3,

t,0

0.8

0.6

0.4

0.2

00.6 0.2 0.4 0.6 i.o
x~H,

Figure 4.27  Energy Dissipation
After Breaking OnHorizontal Reef < = constant!
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Introducirgpropartionalibetwedmebreakingavieeighat the
be mnlg;;gI ehorizontasecCtionHandhedeptioverthereef, h,

YB= Hb/hlequatioM.87 camalsobewrittenin theform
32v2 Dbl
Yb~n H 88!

wheredenotasdistanéenthepo~nthekd Hb.

Below limitingvaluef H,thewavasolongebreakndnergig
transmittedonly’in the sinusoidalwavedollowing the crest.

_ Equatiod.86 canbesolvediumerica'liy a variablay, correspond-
ing to equation 4.61 ,is used.

_ In orderto verify the valuesof q, the experimentsarried out under
this study, havebeeruseful. Howevdb makehe correct evaluationfor
<, tzjottom‘nchon lossesin the breakerzonemustalso be takeninto
consideration.

Ener Dissi ation On Gentle Slo es

. Applicatiorof the proceduras the previousectiona'isogives
satisfactory results for gentle slopes m< 1/65!.

. It appeaythat for suchslopeghe derivationof the ener
d|SS|patI%pras or aLorlzontaB%ttommt h =hb,is adequgﬁle.

References madé¢o Figure4.28, whereHorkawas 966!observations
for 1/65 1/80 slopesare comparedith computedissipation rates based
onthe horizontalbedformulation. Fora 1:65slope,withyb = 0.8, q =
constant= 0.77andfriction neglected,a reasonabléegreenf agreement

with Horikawa'sobservations! is obtained.

Theassumestalue of q = 0.77 is relatively high. Howeverjn such
gentle slopesenergydissipation dueto bottonfriction, whichhasbeen
neglectedso far!, plays a measurableart. If friction wouldhavebeen
takeninto consideratiothe valueof g necessaty obtainagreementill
be significantly reduced.

Ener LossesFor WavesBreakin OnSlo es Of Ngderate Stee ness

Whewavedreakon a slope of moderatsteepness.20 - 1:40! the

procedurelevelopead the previougparagrapltanstill beappliedalthough
with alesser degree of accuracy.

In the first place it maybe expectedthat the expressionfor total
waveenergy, whichwasbasedon the pseudo-solitary waveconceptbecomea
less attractive modebf description. It maybepreferableto usethe
expressiofor energylensityof linear wavesmnodifiedvith a nonlinearity
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coefficient  h, as defined by

6E = E:Zng .89!
l.o
0,8
0.6
0,4
0.2

0

0 lo 20 30 40
x/ 111

Figure 4.28 Comparison Between Observed and ComputedOata Gn
WaveAttenuation for Low Steepness Slo

HorizontdBottonyb= 0.8,q :O.7p7e,Friction
Neglected!

In the secondplace, the expression for energy dissipation in breaking
waves, equation  4.62,

2
A puQIA
8ll.v7

was derived for a horizontal bottom.

It is proposed that for slopes of moderate steepness this relationship
maystill  be used although with a slightly  different value of <.

A Froude numberrelated to waveheight:
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Fli C ' 90!

is defined, whereH is a breaking or brokenwaveheight. Assumingthat
c= cgirs a reasonable approximation, the energy flux can be expressed by

_ 11 2
F= U HFr'  vgH
Fé Pg 3/2H5/2 o1l
Underthe simplified assumptionthat both Fr' and 5 are constant and using
dF
dx b

further  development leads to

d>|<:F 8(;/ - ’5/2’d|;|/ dH

2
pgok 92!
8~<

Integration gives

25N Fr 1 1H X

Hb! T-gHb 93!

whereHbis the heightof the waveat the beginningpf breaking.

A graphical representation of this equation is given in Figure 4.29,
where the various numerical parameters are grouped together in a constant

2.5 Fr'

After somealgebraic manipulation of the right hand memberof equation
4.93 whereby the travelling distance xis replaced by the decreasing depth,
one finds

h

hb

1

94!
T vgHb
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where in the denominatorof the right handside of the aboveequation
the similarity parameter

tan O
ATbiW drab,K !
appears.

This development leads to the equation

1 - h/hb!
g4.95!

where the constant 8" contains all numerical constant! parameters.

.96!

Equation 4.95 is used to verify someexperimental data published by
Hori kawa 966! for a1: 20 slope.

For the evaluation the following numerical values for the various
parameters were used:

yb 0. 75; e= 075 Fr =1.15; 5= 13; g= 0.16

Figure 4.24 gives for yb =0.75: < Fr/e =0.94 andq = 0.61, whichmakes

Swwr v%75 1.15
.. 0.61 1.3

For this value of 8" areasonable. agreement between observed data and
theoretica'l values is obtained, as shownin Figure 4.30.

The agreement is least satisfactory for h/hb >0.7. A possible reason
for this is ales'ser rate of energy dissipation in the beginning of the
breaking process, whenthe bore has not completely formed.

Breakin Of Waves On Stee Slo es

Experimental evidence see e.g. tlakamura, et al, 1966 and Figure 4.31! s
that for steep slopes e.g. 1:10! alinear reduction in waveheight develops
after the bore stage has been attained. For alinear relationship  between

wave height and depth, the expression of energy of aso'titary wave
[equation 4.79 ]can be modified to

E= I 8 pgH 97!
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wherel' is a proportionality coefficient whichdependsnyb.

t.o
OB

0.6

0.2

h/h~

Figure 4r30 Comparison Between Observed and Computed Data
on Wave Attenuation ~ for Steep Slope.
WavdenergyProportional to H~.

yb=09Fr =13 a=075 ~=066 g=013

Assuming this expression to be valid for a breaking wave, the
corresponding energy flux for awave with period 7is

I'8 H
F pg r .98!
3R3

Assuming that the relationship

dF .
dx b
is still valid for the steep slope, one has
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r8 3H dH - ~~ Kk
T dx 4~

or

dH

constant
dx

whiclns in agreemefththepresumptitmest leado equatioh97,

fordSTHSt 378 e TR SR HEBRR

linearfor valueef h/hi> 0.7.

0.8
0,6

0,4

0.2 OPORTIONAL  TO H
UNREALIST C!

REALISTIC!

02 0.4 0.6 0.8 1.Q
h/hb

Figured.31 ComparisBetweddbservexthdComputBata
for Steep Slope :10!



This may be explained as follows. For a steep slope a plunging
breaker may usually be expected. Over the horizontal distance between
the beginning of overturning and the formation of the actual bore, eneroy
dissipation due to turbulence is small and wave attenuation  accordingly
is minor. With reference to Figure 4.32 dissipation due to breaking
starts at alocation x= x'" and not at x= 0.

Figure 4.32 Geometry of breaking wave

This position x' can be computed approximately by considering the
parabola that is described by the water particles in the crest after the

breaking point.

The time it takes to reach the position xcan be approximated by

1 2 _
295 =H
ol
100!
and the horizontal distance covered
X'=tc =t Fr/gH> dal !

where Fr' represents the Froude numberas related to the wave height at
breaking.

X Fr' JgHb

= Fr' NHb .102!
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For

Fr' =n .64 =1.24 VnrDorn1976!

Furthermore from geometrical considerations:

X' ~1- h/h
Hp myb

rIl:/ﬁ)ra sot%epslope,m =1/10,andassumingp = 1.2, equation4.104 gives
p =0.79.

This im,oliesthat for depthratios h/hb> 0.79noenergydissipation
dueto turbulenceoccursanda plotting of H/Hpagainsth/hbtherefore will
shova lowdegreef waveattenuationtor high valuesof h/hb.

.104!

Theaboveeffect is particularly noticeable for steep slopes. For
entle slopes,e.g. m =1:50andyb = 0.7 the particular valueof h/hb
?f_rome uation 4.104jis 0.975andthe effect of the describecohenomenon
will be hardly visible “in a H/Xpversus h/hp relationship.

Ener Losses DueTo Breakin And Bottom Friction For A Horizontal
Bottom

K'ith bottonfriction andbreakingboth beingimportanthe governing
equation for the gradient in energyflux is equation 4.55 :

dF
- !
dx C. fb+F !

Assuminghe linear waveexpress~orfor energydensity to be valid,
one has F= Enc =1/8 pgH'nc.

Mith nc considered constant horizontal bottom! the differential
equation becomes

H _ 2i
éllpgx neH = 3 -PevT sinhk  h pgtdH 105!

This equation can be integrated for a horizontal bottom.

Setting:

A= 1/4 pg nc
f
B= 2 w
3 .106!

8m/2 4T P2
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A, Band Care constants if the bottom is taken as horizontal.
Equation 4.105 is then simplified to

A dH — gy 2 _CH
dx
dH 1
~HBH+C A
H x! X
dH
I HHHBHC A &
XO

This integral  can be solved directly and gives:

H x!
A BH +C
Rn - X-  Xo!~
¢ H

If xo=0 then x- Xxp =X

and
“ H o! C.
~Hx! A
or
S
6Hx! +C 0] A
c g
B
~Hx ©
Cc
1 8 B
e
C
In case friction is neglected
B-0
and
CX
A

so that the wave height decreases exponentially with distance.
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A sloping bottom may be schematized to aseries of horizontal steps.
Integration may then be carried out along the horizontal steps; at the end

of each step achange in weve height due to shoaling is to be taken into
consideration.



CHAPTER: RADIATION STRESSAND WAVESET-UP

RADIATION STRESS IN LINEAR WAVES

Studies by Dorrestein 961b!, Lundgren963! andLonguet—Hi%ginsand
Stewart 963, 1964!, andothers are basedon the phenomenatat the
presence of water waves in abody of water induces an excess flow of
momentum.This wascalled radiation stress by Longuet-Higgins and Bowen
andwaveimpulseby Lundgren. Dorrestein also related it to the concept
of radiation.

In this paper, Longuet-Higgins and Bowen'sterminology will be used,
Anexpressionfor the radiation stress maybe found by consideringthe
conservation of horizontal momentunin awave regime.

Consider an undisturbed body of water of uniform depth and two-
dimensional conditions as in Figure 5.1. The z-coordinate is taken vertical
upward with zero at the undisturbed water level. The bottom is at level -h
and width =1.

Consider a section 6x of the fluid andthe forces acting on this
section. The pressure p at any point is equal to the hydrostatic pressure

po

po Og

The force from left to right per unit of width on the section 5is then
equal to

Because of Newton's second law of motion, aforce is equal to the flow of
momentumand therefore the force from left to right maybe considered as
the horizontal  flow of momentumbetween the bottom and the surface in an
undisturbed bodyof water. Referenceis madeto Longuet-Higgins 972!

Figure 5.1

Undisturbed Body of Water
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In an undisturbed body of fluid the quantity

0
pdz
-h

is independentf x andthe flow of momentuserossthe plane x + 6x

iIs the sameas across the plane at x; there is no net changein the flow
of momentuipetweenthe two planes. In other wordsthe gradient in the
x-di rection of the flow of horizontal ~momentumis zero.

Consider the momentunflux in asystem of linear waves of constant
amplitude LFigure 5.2] described by the equation

rmr =a cos kx -~t!
where ais the wave amplitude, k= 2/L the wave numberand ~= 2m/T
the angul ar frequency.
Figure 5.2 Linear wave system

The particle  velocities  in the wave have orbital  velocity =~ components
uand w in the horizontal and vertical direction given by

d
u a cosh kz +h! cos kx ~tl 3-al
sinh kh

sinh kz +h! sin kx ~tI ~ .3-b!
sinh kh
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Theinstantaneousflow of horizontal x! momentuamrossa unit _
areaof vertical planeperpendiculdo the directionof wavéropagation
Is given by p + pu_andthe total flux of horizontal momentumerossthe
plane x = c¢onstant is expressed by

? p +puldz
-h

Theprincipal componeft of the radiation stress is nowdefined
as the time averageof this integral minusthe flux in the absenceof waves

S = J' p +puldz J p dz 4l

-h

The overbar denotes the time average of the function; it is to be noted
that the time average of

0

Jp dz

is the functionitself. A solution of equation 5.4 is simplified by
separatingthe right handside of this equationinto three parts:

. S'+S  1+S | g

XX XX XX XX e
where

S! =J'd 5-al

XX 40P "P ldz . 5!

3! = fpd 5-c!

XX
0

Asto the first integral SxX, Longuet-Hjggin®asonethat sincethe
integrandis of the secondrder, the upperlimit z = g maybereplacedb
the mearlevel z = 0, becausdahe additional rangecontributes only a thir

order term.

Thus disregarding the third order terms,

S' '= | pudz = Jpudz el

XX



Sincethe limits of integration are nowconstant, the overbardenoting
the time averageis in the integrand.

_ For the part Sxx'  the time averaging can also be movedinside the
integra’l which gives

0
S he P Vi
The part Sx drises from the changein pressure within the fluid.

~An expression for p can be found directly from a consideration of the
vertical flux of vertical momentunDorrestein, 196lb!-

The meanflux of vertical momentumer unit of area across a horizontal
plane, p + pw, must balancethe weight of the columnof water above that
plane

p+ pw -pgz p .8!
so that

-pw 2 ol

p- p0=

p is genera»yless thanthe hydrostatic pressurepo.

Substituting equation 5.9 into equation 5.7 yields

S I - (|1 'OWlle 10!

XX

and combiningequations 5.10 and 5.6 gives

! S ' =~ ,'d Wl

XX XX

Since u > wthe value of this expression is >0. Substituting equations
5.3-a and 5.3-b into equation 5.10 gives

lg ! I~a'w'h
XX XX '2 sinh kh
2 kh
'h2kh 12!
after introducing~' = gktanhkhandg =%%~" <~ mearnergyper
unit of surface areal. In deep water the 28

particle orbits are circles and uequals ~w so that equation 5.11 becomes
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S'1~S"1 =0 . <13

XX

In shallow water the water particle-orbits becomelongatedellipses and
~w becomesmall comparedo ~u. In that case

S'+S
XX XX 28 14!

Thisresult foll~y fromequation 5.12 if sinh 2kh~ 2kh. Theremaining

contribution Sxx<" representsthe time averageof the pressurep integrated
from z= 0Oto z= q.

To the first order the pressure p near the free surfaceequals the
hydr ostatic ~ pressure

p=  pgnz
so that
I
’XX.
0
pgbtz " 3_ = 'pgn S.ial
and
S S Sz fpu -wldz +  pgq S.16!

For alinear wave: E = pg q and therefore

I
S S.17!

XX 2
The sum of the three components finally gives

XX ~sinfekh 2] S.al
which for deepwater kh » 1! approaches

S, pE S.19!

and for shallow water kh «1!

s= ¥ S.20!

123



RS CHT sta R ate dhemnsen
s ma0Bsidrdpay;momethigHalire calenuation

S= fp+pvidzf pdz

. 21!

wherkeistheorbitalelocitin they-direction.
Similarlyo theprevioysrocedurest

s S +S I+8S
yy 22!
where
S= fqv'dz
1 = -Nl
S f p-pldz o
S= f pdz

SRR G BRSO RERERE MR
s | ThmdigwanByyarequathealusfSxxand

I 0

{5.24
Substitutagyiaticn3-bntoequatidn24gives
I ~al-kh 1]
yy 2 sinh 2kh 2 25!
Furthermore, S{3 = 'E

.26!
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and adding vyields

g%a:értgh 2ks] ES@ES’IKi 271
Indeepwatkin» 1!S ~ O, whildor shallowaterhk«1!:

_ 1
S= E 28!

Offurthennteresis theflowof x-momenitomey-directioandhe
flow of y-momenturm the x-direction

Sxy: S)‘/x: 'puvdz 29!

Inthis caséheras nocontributiasf themegressureSinceiv= 0

at all times

SO
Xy yX .30!
Theaesultsof the calculationsarbeexpressea thefornof a
radiation stress tensor S
2kh 1
sinh  2kh 2
5= F . 31
sinh  2kh
enotecthat the radiation tre e ne véasthe |
chm SIO% ?orceunlto engthN |Soﬁaas?h gmensmn

of energyper unit of area J/nt!.

RAOIAYIGBYRESSI NONLINEWRVES
In.the previou et*g'tlon .ex res%) vebeerderlve qQr the .
Ine

radi t|0|$te eass t sint |sse i ,
nonlin Aractens Sider re\éeudm

mtere stn viewnf thenon a\rave aracterlstl ah W
reef. erefor@,nevaluatlooft enonlinearityf thewavent e

valueof the radiation stressmaybe in order.

llhefollPﬁ/v .theradi tlonstre swill beeval ﬁ@brt ree

c¥10| S%yni\?/re] h@va\(uegagr;;%r e nthenga tlono a’lugr?n

stres onguet-H |gg|nﬂquat|o

o
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S J pt+pu2!dz-f i R dz

X

Shadictids ADgygrRslati RRHreEhebodyfwatawithothe

QT J p+puldz  pgh

Inthissecthooé)nsmer?tlwi\li; belimitedo theradiatiostress
componentt rection Wavepropagatlon.

Pseudo-Solitar Wave

ere %akl ve ssuth r”ﬁegh Iltary

o ows SR bl
ors v s:n I;[lél r%v ta ase
man éﬁera I’OXIm ey
co | |m|ta mspo ave
enote pse |tarywave

dept-mé)as g){ﬁnrré%aw%egﬂ\g)v\é\xv 8H{§_§ undisturbecter

Figures.3 Sol i tarywaven waterof constant
depth

n IS | |-
coordrineanalysis is assuntieatthezerdor thevertical z!
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To arrive at an expression for the integral,
2
f  p+pul dz
-h

in equation 5.32 the equations for the conservation of massand of
momentum will be utilized.

Conservation of mass gives

at ax 33!

Moving with the wave

an -c ', cbeingthe speedf propagation,
and
c dp d f udz =0
dx dx
from  which n
chn = f udz+Cl 341
h

where Cl is an integration constant.

Cl appearsto be zero becausen = 0andu=0at x=+~. This is strictly
correct only for true solitary wave.!

Conservation of Momentungives
n

f pudz+ N f pu +p! dz
-h -h

I
o

at
Followingthe sameroceduresas aboveandusing equation 5.34 gives

-c~<+< f u+<!l dz =0
X X hp

cn = f u+-dz+C2
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Thentegrationonstai@ds determinggsettingy =0, andi =0,
for x =+~., wherg =-pgz for true solitary wave!

0 rp;—dﬁ

% -
This gives
Cq U'+ 'p‘" dZ' 1/2 ghI .35
-h
pc g J uu'+ pldz- 1/2ugh’ 361
-h

Theimeavera ece|uatior5._36forthepseudo-solita\ravea,ssuming
that equation 535 remainsvalid, g~ves

pu'+ pldz = pc'~+}pgh' 351

-h

which gives for the radiation stress

S pcq 38!

Fora real solitary wave wouldbezero,but for a pseudo-solitary
wave) hasa valuedifferent fromzero. In orderto calculaten for a
pseudo-solitary  wave, take

\Y;
cT

in whiclV is thevolumef watecontaineid a solitarywaveerunit
of width,c its velocityof propagati@mdr, theassu¥nWM\?eerlod.

Thevalueof T shouldelgngenoughothat for exampl@8%r more
of thetotal volum& becontainédithinthe distancet 1/Z2c¢ T fromthe
centerof the wave. Theerror madéy usingequation 5.39 is then2Xor

less.

39!
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Suppose that 98L of the volume is contained between two vertical
planes at distances of x= +3.8 hfrom the center of the wave. This
gives avalue for the minimumwave period:

38 h< 1/2 ¢T

and

76 h 40!

~ To quantify the volume of water per unit of width contained in a
solitary wave the Boussinesq expression

is used.
This gives 6 h'H/?2
3d 42
and pC 136 h[?_ﬂ./Z
XX
ge 4h3/2 HIl2 23
XX ~ T
Com arison of Radiation Stress for a Pseudo-Solitar Wave and
for alLinear Shallow Water Wave havin the Same Wave Hei ht

It will be of interest to comparethe radiation stress for a pseudo-
solitary  wave with the va'tue for alinear shallow water wave with the same
height H, for which

— 3 —
M E = pgH 44

whereS denotethe radiationstressfor a linear shallowvatemnwave.
Oenoting SXX ! sthe radiation stress for the pseudo-solitary wave, the

ratio between the two stresses becomes

XX S c 64 H!3/2 45!
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TABLE 5.1*

CACULATEELUBSEY ANDORRESPONTDNISIE>1 BERSOLITARKVE

*from Longuet-Higgins and Fenton 974!

For the shallow portion of' the reef, the coefficient A/gT' is expected

to have alow value, e.g. between 0.02 and 0.03 for avariety of conditions,
whereasfor the portion of the reef, where the wavesstart breaking, the H/h
ratio is relatively high. This combination maylead to alow value of rH.

Nearer to the shore, the waves are lower due to energy dissipation
and the relative wave height H/h will be smaller.  Consequently the value
of rH maythen rise again above the value |.

It is realized that the above derivations are not mathematically rigid
and that characteristics of true solitary waves have been applied to pseudo-
solitary waves and vice versa,

The main objective is to get an impression of the radiation stress
a nonlinear wave with the charact(_eristic_s of as_oli_tary wave, in order to
evaluate the effect of wavenonlinearity on radiation stress andwave set-up.

In the following paragraph the comparison will be madein a similar
manner as above usi ng the meanwave energy as acriteria  of comparison.
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Com arison of Radiation Stress for a Pseudo-Solitar Wave Train
and a Linear Shallow Water Wave Train with the Same Mean Ener

The previous derivations were made for waves with the same wave
height. It is also of interest to compare the radiation stress of a pseudo-
solitary  wave and of alinear shallow water wave with the same amount of
meanenergy. In order to do that the ratio radiation stress energy per
unit of surface area is determined for both waves. For the linear shallow
water wave, this gives

XX 48!

Using the Boussinesq expressions for the volume and total energy of
the solitary wave.

36hH! /2

per unit of

and crest width

f:?/é%%j—l h3/2

the ratio between radiation  stress and energy density for the pseudo-
solitary  wave is

XX 3 F2Ah! 49

S

The ratio of the radiation stress for a pseudo-solitary wave train to a
linear shallow water wave train with the samemeanenergy density per unit
of surface area! ris then the ratio of equations 5.49 to 5.48 which gives

r= et o~ 50!
EH

Basedon the numerical data of Table 5.1, Figure 5.5 gives a graphical
representation of rE against H/h.

In this diagram the period is_not involved. It may be noticed that
thevalueof rEis > 2.0,whereE increase®r decreasingluesf H/h.
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Figure 5.5 Ratio betweerRadiation Stress in Solitary Waves
and in Linear Wavesof Equal Energy. E!

The following assumptions are madefor this case:
- hydrostatic ~ pressure distribution

horizontal component of orbital  velocities
independentof vertical elevation [u =u x!]

Starting from equation 5.4

XX Ep+ 2ld 0

implies that gq= 0.
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Introducing

p= -pg z-n! . 51!
leads to
SXX
[-g z-n! +uldz - ; gh'
p
-h
0 n
” -gz-qldz +- gzqldz+u dz- ; gh
h 0 h
nn
Syx z z2 z
i -g2+ gqz 5 +gnz  +u Zdz - , gh
0-h
s n
:)XZ ! gR +gg +u dz
SXX
" +dg~  +u-~dz 52}

The horizontal componentf the orbital velocity maybe expressed by
U= c 53!

The term with u' of equation 5.52 gives

c'dz c2 zf
+n ' 1V++q
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C

This is in first approximation equal to =0 Theresult of this
approximation is

S XX+124Crr

XX 1, ~c'" 'Fr
Pg 2

SXX T

p9 2

For asmall amplitude wave Fr =1, and

S
32 ¢ =32 E

P9

which conforms to shallow water wave formulation of linear waves.

Cnoidal Maves

' Manipulation  of equation 5.~ leads to

XX Piudz + gzdz
-h

S XX pt2!

XX B +gz+uldz- n
oo g , 9
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The momentumequation is written in the form
. %‘ udz_ [h ~+ gzt Udz , gn2] 5e)

Venezia®77, personatommunicatia@rivedhe followingequatiorfior

the cnoidal wave:

~+gzldz=gn +ghp* h+nl'u +uy-u’ 57!

-h

in whichthe subscripts x andt of u denotethe partial derivatives to x
and t. Consequently, one can write

S
XX

o h+nlu'+ , 90 + ghqg h+q!' u, +uy u ! .58!

For progressive wavesthe following simplifications are introduced

u= <= cl - .. u "
h+q h+n*" x hant
" 22
XX
u= ch u= -cu .59!
h+ I h+ I
This gives
S ~Nn
XX c2 2 1 " ' 1
£z 4 it ]gn + chq__ - Lch x
p h+n 999 2 qxx 38+n
s
XX c 1
5 ho © 9 e
Sxx 12 1
|
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Comparinthis result with the previous onefor long wavesthe
Forrectlon termwith nx' maybe noticed. Thelatter approachegzero for
ow valuesof ~nx

_ Usinga linear approximatiofor the correctiontermmaybe
H_colqsstent with the use of nonlln%ar theory andwith the realization that

igheordecomponengsgontributsignificantlyo ~nxHowevene
maystill obtain a first order impressionof the value of the correction
term in this way. Oneobtains

2a2k2 1 n2k2
X2

which leads to

S xx <$1+ F~1 hzkz! .

Forthe shallowvateronthe reef h-Im!anda waveeriodof e.g. T=10sec.
k=2~/L=2T/cT-0 2m'and the correction termis of the order

h i< = .1 004 =0 013

which is small for the conditions considered.

Neglecting the correction term qives

o C2'F

pa
which equals equation 5.54

In summaryt maybe concluc'edhat the differences betweenthe values
of the radiationstressfor linear andnonlinearwavemayot beinsignificant
Theresults of the longwavepproadndcnoidalwavepproactiffer “only
slightly;  both solutions indicate that the radiation stress for nonlinear waves
will  be higher than for linear waves.

It is not clear whatsignificancethe results for the pseudo-solitary
wavénavdor the Purposef ca'lculatinghe radiationstressfor breaking
waves. Thereare tworeasongor this. |rstlé/_ the useof the solitary wave
characteristics for defining the boundargonditionsfor the pseudo-solitary
wavewill haveinducederrors of approximation. Secondlyin the zonesof
breakingandbrokenwaveshe structure of the solitary wavdas destroyedand
the formulasmaynot be applicable anymore. Thereforethe high values

obtainedfor the ratio coefficients rH andrp maynot berealistic for calcu-
lation purposes.
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WAVE SET-UP

Derivation of E uations

Oerivationof equationdor wavenducedset-uphavebeergivenby
Oorrestein 961b!, Longuet-Hiqginand Stewart 963, 1964!andothers.

~ Forthe purposef this studyit washelpful to useBattjes’ 974al
treatise on subject, also becausehe evaluated the effect of aweak
horizontal flow on the set-up equation.

Theequationsare derived for situations in whichthe bottomslope

is small.

In this section it is assumethat the local conservationequations
can be averagedover atime interval which is large comparedvith a wave
period, but whichis short in relation to the time scale of the gradual
variations. ~ The specific effect of wave induced modulations on the wave
set-up will bediscussedin a following chapter !.  Asis customaryn
the literature, averageswill again be indicated by an overbar and fluctua-
tions about these averages by a prime.

Phillips 966! introduced separate notations for the horizontal
coordinates, the horizontal velocities, etc. ke used the Cartesian tensor
notation with Xxi rePresentlng the horizontal coordinatesandqgi the horizontal
velocities 1 =1,2l. Thetotal velocity vectoris u= q,w!.

For the vertical coordinate, z=0 is taken in the undisturbed water
level

The mearelevation abovethe plane z=0,, is allowed to vary in
accordance with the equation for the balance of horizontal ~momentum.

The equation of the bottom is z= -hp x>, x~! and the instantaneous
depth hp + Ti with its meanvalue hp +ii-, written as h-

Assumingthat only the organized wavemotions contribute significantly
to the unsteady velocity field, expressions may be derived for the conserva-
tion of mass and pf vertical and horizontal momentum.

In the conservation of massequation, the time-mean mass flux per unit
of width, hi, is thought to consist of part hic! due to the meancurrent,
and a part iiw! due to the waves.

Conservation of VerhicaL Momentum

Theequation for the conservation of vertical momentufior nearly
horizontal slowly varying meanflows leads to an equation for the mean

pressure at an elevation z!. This expression wasfirst derived by
Dorrestein 1961b!

pz! =pgTiz! -pw Zz! .63!
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aresult identical to eouation 5.9 which showsthat the meanpressure is
less than the hydrostatic value by an amountpw~ z!, w z! being the
instantaneous  vertical velocity at elevation  z.

The vertical velocity vanishes at arigid horizontal bottom, in
which  case

pB =pg 8+hp! =pg" 641

At gently sloping bottoms w' is very small and its effect on the
bottom pressure pB mav be neglected.

Consemation of 8o~izontal Momentum

For the conservation of horizontal momentum consider a control volume
of unit horizontal area, extending vertically from the bottom to a height
above the free surface. The balance of horizontal momentum for this control

volume is, neglecting lateral shear stresses,

nn ah,
3t HAT dt + BX] hllpq'(]'r p5--}qz tv. Ppg BX,. 0 .e5!

in which 6|'j' is the Kronecker delta defined by
1 1if i= J
Offi f, ] S.66!

is the horizontal componentof' the shear force per unit of horizontal
area excited by the water on the bottom. For gently sloping bottoms this
is equal to the tangential stress at the bottom Dorrestein, 196lb! Taking
time averages and setting

n

M, 1 pg. -dz .67!
! -h
gi ves
aMm, h Id hBh
|+ + =+ - =
s By 9 Pg; 4. +ph.ldz /.-, pgh _ 0 s.68!
0
Oefining a mean velocity
M'li + M. ~H. 1
U I
oh ipﬁ s.6g!
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the momentunbalance for the meanflow can be written in the form

aM.

Bt * 3L)J,JM' J1

S5t Tpo+<gh—2 =0 70!

in which the quantity S.. is defined by

M w
$g. = pg'.g9y ;i p6..!dz 1/2pgh6,,- hph~. 71!
-ho

Si> representsthe contribution of the unsteadyflow to the mearhorizontal
flux of horizontamomentanag'i, g'> the fluctuationsof the horizontal

velocity  components.

For the two dimensional situation with wavesapproaching perpendicular
to the shoreline andwith parallel depth contours:

S= nq'2 MXV dz 1/2 pgh'- 72!

-h
0

Comparingequation 5.72 with equation 5.4, the following
differences  may be noted:

the depth his represented by h + q; earlier h represented
the still water depth;

M w
2! the term is _a correction term accounting for _the effect

of masgransportin nonIineawaves.Becauédi". is of second

order
Mwlg
i

usually need not be tal:en into account.

Further evaluation of the integral of equation 5.71 leads to

rp qgj w 6ij'!dz t, paq’ 267]‘ 73!

-h
0
it 1 =rlq

and for two dimensional waves:
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S= pu w !dz + pgq 74!

-h

which is the sameas equation 5.16 if the still water depth is replaced by
ho + q.

Steady State Conditions

If the flow is irrotational and steady after averaging over the waves!
and only two-dimensional conditions are considered, the pertinent equations
may be reduced to:

dMm

|
i 0 75!
and
d@=ir + + A =
dxl‘.’Jsl. N pgh 3 0 76!
in which the x-direction is taken shoreward perpendicular to the coastline.

Since Nis the total masstransport averaged over one or more wave
lengths! and Uis the average masstransport velocity

and the equation becomes

o . dS d —
diﬁhlj! o % pgh = 0 77!
In the literature it is generally assumed that the term T, which is the
average bottom shear stress over one or more wave lengths, is small compared
to the other terms. In linear waves the value of 7is indeed equal to zero
but in nonlinear waves the value zcould make a contribution that is not
insigni  fi cant.
First assume ~= 0Oand constant depth and write equation 5.77 in the
form:
dphU~S ~h dh ol
dx dx P- dx e

Integration gi ves for constant depth:
phU + ; pgh +S = constant S.79!
which equation is identical to the one derived by >thitham 974!.

If the depth is changing the gradient dg/dx cannot be replaced by
dh/dx; consequently the expression with dg/dx has to be retained.

142



Whitham974! set the masdransport velocity U equalto the sunmof
a velocity fromsteadyflow 8 anda velocity inducedy the wavesE/pch

U=  8+eh .80!

for the wavesto drive a meancurrent there should be an imbalance
betweerthe divergenceof the radiation stresses on onehandandthe horizontal
pressure gradient, associated with the wave-inducedchangesin meanwater
level waveset-up! onthe other hand. Battjes argueghat suchanimbalance
IS impossible in steady irrotational flows referrin? to the work of Bowen.
In the unsteady case wavemodulation! this is no longer the case, however.

Waveson a Beach or Shallow Reef under Stationar Conditions
Waveapproachin? beachor a shallow reef at right angles, assuming
a

a closed landwardboundaryandno longshorecurrents, will, for continuity
reasons, create  a situation for which

.81!

at all times.

~ This is true if steadystate conditions prevail andaveragesare deter-
minedover long enoughtime intervals; it is not necessarily true, however,
if shorter time spansare considered wherebytime dependentfluctuations

occur. The latter is the case in the study of the effect of wave modulations,

For the meancurrent being equal to zero and the shear stress T beino
neglected, obtain:

d dn
F pgh O 82-al

or

dg. _ p dn
o g ho g 0 .82-p!

Inclusion of the shear stress leads to..
d§ dg
| -cl
o 0og hod+x V! I 0 .S2-c!

For horizontal bottom and h= h+ ti, equation 5.82-b gives after
integration

S+ ;gh' = constant 83!

For a sloping bottom, h= h x! the differential  equation is written
in the form
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dn 0

d
¢ pgh,xt +q E s.a4!

and integration has to be done numerically. As a boundary condition qis
assumed to be zero in deep water.

If Tiis small comparedto the undisturbed depth ho, the following
approximation is acceptable:

d ; do

df pgh x! == 0 s.ab!
with  solution

S+ pg h0 x!de = constant S.s6!

Longuet-Higgins and Stewart 964! and Lundgren 963! have given proof
that for linear waves:

ka' 71
2 sinh 2kh s.af:
where Timay be chosen to be zero in deep water.
This can also be written as Whitham 974!
1E
- R I
2 pgh S.aal

Numerical integration of equation 5.84 may be conducted along a
sloping bottom and along a horizontal reef, starting from deep water. The
distance along which inteqgration takes place is divided in sections hx with
bottom  assumed horizontal.

The Effect of Bottom Shear  Stresses on llave Set-u

The effect of bottom shear stress on wave set-up manifests itself in
two different ways:

1! in terms of energy dissipation
2! in terms of momentum balance.

The Zf~+eetof Shear Stress in the Energy Equation

Energy losses due to bottom fr~ction are one of the two principal
modesof energy d-~ssipation in shallow water. Reference is madeto Chapters
3and 4of this study.

The rate of energy dissipation  due to bottom friction  becomesparticu-
larly significant for wavesin water of shallow depth, e.g. ho < 2.0m.
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TheEffect o0,~the Shear,S'tr'ess the momentiiguation

If the effect of bottomshear stress is retained in the momentum
equation, equation 5.82-b is modified to equation 5.82-c .

d n
d)J(rS pgh +n.Fj o T°= 0

Forwaterof constandepth approximatelghe conditionsonthe shallow
reefl integration gives:

S+ pgh09+ pgn' + Ji. dx =C 891

where Cis an integration constant.

Theernfi dxreduces zerofor linear waveshecauggositive
andnegative contributions of the shear stress cancel eachother.

In_the caseof nonlinearwaveshoweverthere mayea residueafter

integration overa full wavecycle whichgives a contributionto the momentum
equation.

RadiatiorStresan Pseudo-solitar 1!lavevith i."ealCorensatingCurrent

Theanalysigegardinghe radiationstressin a solitary waveas _
presentedarlier doeésot takeinto accounthe effect of a weakomnensating

reverse current.

Suchreversecurrent will havean effect on the momentutax which
leads to the following considerations.

Supposeweakountercurrefd is superimposeiaa Eseudo-solitary
wave, Assumet this time that the depthis constant see Figure5.6!. Sduch
countercurrentmaybe generatedby a reverse masstransport q per unit of

Figure 5.6 Countercurrent in solitarv  wave
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width such that along the wave

q= U‘c.i} = constant

-h
0

If urepresents the wave-induced current, the equation of continuity
has the form

+ u-u! dz 0 s.go!
which from the condition set above may be reduced to

an -
at agdz 0 'g“
which is equal to the continuity equation for zero flo«.

tiovinp with the speed of the wave and assuminq the wave to be of
constant form implies:

dt + an gy =0
at ax

and

an |
Cc aax s.gr:

where ca and nrefer to the wave characteristics  as thev occur with the
superimposed current, with reference to afixed coordinate system.

Substituting the expression for atﬂw 0 eouation 5.91 aives
al

aax ax

and

-ch+ udz =C
a
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Cl being an integration constant. Boundargonditions for the solitary wave
provide u = 0 at rl =0 fromwhichit is foundCl = 0.

The momentunequation for a horizontal bottom, neqglecting the bottom
shear  stress is

g U Ul dz+3x |p7+ u-ull dz 0 5.93!

-h -h
0 0

which becauseof the condition implied for U, gives

g UdzZ+. g ot u-u!jdz 0

This 1leads to:

a Bt 3x

-h
0

re Q4 ~ I_p+ u-Uull dz

and

B 1
¢ o9 Xgp—+uU!]dz 0

Integration gives

c;pq+ g-+u Ul dz =C2
-h

Theintegration constantC2maybe determinedby setting u = 0 for
0= 0; this qives

1 -
22 g ho o+U
where Uois the meanvelocity at g = 0.

This qives:

[<+ u- U!]dz=c g+2ghr +U h
-ho
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_ Passingnto pseudo-solitamaveharacteristicandakingthe
time averagever oriewaveperiod the’equality

~+ u Ul dz ~ U~
[p J c g gh + h

Is assumdod beapproximatelyalid.

Defining furthermore

I I
S+ gh'+U'h |
P p 2 0 00 . 95!
-h
0
gives for the radiation  stress
S pe, d 96!

a result equal to whatvasfoundn equation5.38.

: e Bl AR R A e
Balah’&%orlzo rcesea eequa el
Ip +pu Ul ]dz T +p ah, 971

K\c/)rrllzegrr%gre?.b Iaottcspne et@O Onlﬁbb the

pone epressune 3x
Defining in this case:

n+ Vv

+u -Udz=S +2gh <!zt puh+n! 98!

where
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gives

o a h,+~! aPU,' h+ n! Blj
Pgh ti Bx +B + pg h Q!
and
XX+ h ~! 3¢ BRHg' hov! s.00!

which is the sameas equation 5.77

IMAVE SET-UP ON A BEACH

In the previous sections the concept of radiation stress has been
approached in various degrees of approximation: both linear and nonlinear
waves were considered and the effect of return flow on the radiation stress
was evaluated.

Earlier, attention has been given to various models of wave dissipa-
tion.  Since radiation stress is related to wave energy density and the
latter again is coupled to the process of wave attenuation, it is obvious
that various models can be developed to calculate the wave set-up.

It has furthermore been suggested that the shear stress in the
momentunequation may play apart in the process.

In this section the wave set-up on aplane beach is evaluated while
regular waves are considered,

Results of Previous Studies

A distinction is made between the zones outside and inside the breaker
point.  Outside the breaker point the flow is considered i rrotational,
except near the bottom where shear stresses extract energy from the wave
regime.

The calculation of the changes of the mean water level outside the
surf zone is faci litated if the effects of the shear stress, both in terms
of energy dissipation and momentunare neglected.

In that case the wave set-down outside the surf zone maybe computed
from equation 5.87

ka'
2 sinh 2kh

where nis chosen to be zero in deep water and the water depth is taken to
be the depth at mean sea 1 evel.
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o Fé)r7definition of symbolsusedin this Chapter reference is madeto
igure 5.7.

BREAKER POINT

Figure5.7 Definition Sketchfor HaveSet-Up

on aPlane 8each

Inside the breakerzone, energydissipation mustbe taken into

account.

R semi-em iicaaPro the problerwadir iven .
Longuet-} |gg% te arﬁég?!.h'?ﬁepostu atatlatafterbreaking
the waveheightH wouldlecayin constantproportionto the undisturbed

depth. Thiswadater modifiedyBowest al. 968! whassumeiat H
wouldoeproportionato the meatotal depth,includingthe effect of the

set-up:
yZ +nl .100!

Thismayea fair approximatiamdercertainconditionse.g. for
relatively steepslopes!. It is furthermoreassumethat inside the

breakezonehe shallovwwvaterapproximatiofisr the waveequationapply.

Considering perpendicular vlave incidence;

3 _ 2
S S E= pgH lol!

XX

and using equation 5.1GO

S 16Pgy’ h+n!' 102!

XX

Substitutiorof this expressiom equation5.82-b andneglectinghe
effect of shear stress (gives

32
dti 8y dh

dx 3 2 dx 1G3!
8Y



indicating aset-up in the surf zone with agradient proportional to the
local bottom slope.

Experiments by Howenet al. '1968! and by Van Dorn 976! have
confirmed the validity of this general relationship.

The total rise of the mean water level in the surf zone can be
calculated by integrating equation 5.103 from the breakpoint to the point

of maximum set-up. Batties  974a!  obtained
2
[ 1] 8 nn
max~b = 31+ ., "madt hb! 104!

where hb is the depth at the breaker point «ith respect to meansea level
and gb is the set-up at the breakerline.

Thi s gi ves
e .105!
The set-up at the breakerline gis estimated from equation 5.87
1b 1b H |
~h O~hh+tl 16~h+ n 106!
Withthe substitutiorof H>= y hbt n! Hattjes974a!found
16y Hb- 0.3 y Hb 107!

Van Darn 976! represented results of aseries of laboratory
experiments with periodic waves breaking on a uniformly sloping impermeable
beach, with different beach slopes and wave periods. Slopes were 0.022,
0.040 and 0.083, whereas wave periods varied from 1.65 to 4.80 sec.

The slopes of the set-up lines m= 3g/3x, appeared to he constant and
independent of frequency for the 0.022 and 0.040 beach slopes.

Tests with the 0.083 slope showed some dependency on frequency.
Someresults of Van Dorn's experiments are shown in Fiqure 5.8

Areasonable fit for the dependencyof meansurface slope m, and the
beach slope S, was

m = 34S' .108!
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Using equation 5.103 this requires.

3y/8 =34 S/  3.4S 109!

and integration gives

"max b .4S/ 3 b hb 110!

Comparingcomputedvalues, using equation 5.110, and observed values
YanDornconcludedhat the disparity betweerthe twowastoo great to
considerequation 5.110 a satisfactory prediction equation.

Nevertheless he considered equation 5.110 abetter prediction model
than Battjes's result equation 5.107! which predicted values mucHarger
than the ones that were observed.

Hwangand Divoky 970! developeda model for energy dissipation of
wavesthat is similar to the one developedin this stu_d)é. The energy dissi-
pation wasrelated to that of abore of equal local height.

‘Their computedvaveset-up profiles are convex upwardswhile
experimental results usually showa near linear relationship. See Figure
5.9.!

Wave Set-u on aBeach Calculated from Dissipation Model

In this section the wavedissipation equation developedn Chapters
3 and 4 will be usedas a model for analysis. It was found that energy
dissipation on aslope or reef is primarily due to bottom fricti on and
breaking losses.

Neglecting wave reflection enerqy flux in the direction of wave
propagation is reduced in the rate

dF
-~ +~I1 =-C |
dx fb t 1!

where ~t is the meantotal rate of energy dissipation per unit of area.

Assuming that the sloping bottom may be approximated by a step function
according to Figure 5.10, integration maytake place over the step length
hx, assuming the group speed is constant over this section

From F= E c A1~!
gr

and
dF dE

dx “gr dx t 113!
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Figure 5.10 Schemdor Calculation of Energy Dissipation
Along Sloping Bottom

one has

11 '
L pg H

and

8< ax
H -H,
p 0g th . . 116!

if H>and H, are the wave heights at the beginning and end of a section.

In a more general form integration between section division points
jand j+1 Figure 5.10! gives:

8b. AX.
H. ) . »7!
I P9 tc ar
J
in which ct = tf + EDb
2 QH
. »8l
t3 w~T 2 sinh k.\:| Jh O'EVY
The effect of shoaling is tal<en into account by setting at the
division  point j+1
2 H. 1
. c .1 C
j+1 gr.J i+1
or Cc
i1 1 ¢ 119!
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Insertingthis into equation5.117 gives:

C
gr.+1

and

12 ar. 86. hx.

- 120!
< o, P9 1 g1 41

utateimsarriédrwvdotompdieh. +2

in the samemannErand SO 0

rlctlon s.mp|bP %&; er Sﬁpat'ma?ac}fdo% C|Jsbr0ettpc1aced

y rf, wh| alc ations.

T rr m Y/ li
tothelinear "@‘fv?ﬁ B hreditactomalavio fpRPiied

beg | ning of thls c apter.

P Ty i = e

approximationEquatiorb.18m ewrltten e form

S. n. 1/2! E.
JJ |

Wasgetis thercalculatbgusingnefthetwset-ugguations,

3 ~g h+n! = O

d
dx dx

or

Integratioaf thewavset-ugquatiomithousheastresgyives:

aS
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A consequence of using frictional dissipation outside the breaker
zone is that the amount of "wave set-down" is reduced whereby the location
of minimum water level shifts in  shoreward direction.

Inclusion of a positive resultant shear stress in the momentum
equation tends to reduce the wave set-uo and to increase the wave set-down.
A negative resultant shear stress has the opposite effect.

LJAVE SET-UP ON SLOPING BOTTOM AND SHALLOIl REEF

The conditions  comprising asloping bottom and shallow reef are of
particular reLevance to the purposes of this study. The basic difference
with the previous section is that the sloping bottom is connected with a
shallow, horizontal or nearly horizontal reef.

For the calculation of the wave set-up three zones, referred to as
zones a, b, and cin Figure 5.11, may be considered.

BREAKER REEF
OUTER REGION~ REGION ~REGION
ZONE a ZONE ZONE'c

STILL WATERLEVEL

hb

Figure 511 Definition Sketch for Mave Set-Up on a Beef

Zone "a" is located outside the breaking point. Since regular waves
are the basis for analyses in this chapter, the breaking point is always
at the same location for given wave conditions.

Zone "b" is situated between the breaking point and the outer reef

edgeand is usually characterized by the presenceof brokenwavesover this
entire section.

Zone "c" extends over the shallow reef, shoreward of zone "b"-  Over
a portion of the horizontal reef, waveswill continue to break wherebywave
energy is dissipated.

After acertain distance waves stop breaking and are being regenerated
with oscillatory  type wave conditions.
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Resu]ts of Previous Studies Usin Sim lified Models
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122!
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P 123
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Mave Set-u on a Reef, Calculated from Dissi ation Nodel

The dissipation model again refers to the concepts developed in
Chapters 3 and 4.

Similar to the procedures suggested for a plane beach a numerical
approach is proposed whereby the slope is schematized to a step profile.

Zone a

Regarding the calculations for zone a, inclusion of bottom friction
in the analysis will lead to aslight reduction of wave height before the
breaking point, and as aresult the beginning of breakina will shift somewhat
landward, thereby reducing the lenath of zone band diminishing the wave
set-up at the edge of the reef.

Zone b

For the calculation of wave set-up along zone bthe numerical
approach developed for the plane beach is also applicable.

A somewhat different approach may also be followed. In this approach
the slope is not schematized to astep profile, but regular shoaling is

taken into consi deration.

Assuming shallow water waves whereby

F=Ec=Ec
qr
one has
dF dc dE )
dx " " dx ° 125!
The integration is carried out over sections for which the value of
~t maybe consideredconstant.
Setting
c= Fr ~gh

and assuming the Froude number Falso to be constant, leads to

Freya d : dE .

+£ B Mpigg  E c 176!
J

+Edh+dE t

2h  dx dx Fr—q 1>7
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dE -E ~dh! t

,128!
dx 2h dx! Frigg

Usingthe shallowwater relationship

S= 32 E
gives:
dS 3 2dE 3 Edh t
dx dx 4h dx 129!
Mri ting ‘g H= 6E . 130!

8

andinserting this expressioninto equation 5.127 qives

~S 3p gk dh
dx  326hdx F 1311
Assumingquation 5.82-b is applicableas a waveset-upmodel,

9%pg h+n! L= a3

leads to:

~3g H'dh ** & I dqg 1391

32 bh dx

Integration over astep ax gives

h +nl ar 13 H  dhl
e 2,~'326h dx! 133

In this equatiorct, k, Fr, 6 andh are all dependemnx, but maybe
considered constant over the step hx.

For the calculation of k use is madeof the energyequation 5.128 in
combinatiorwith equation 5.115 wherebythe proper value of 6 is to be
introduced. 6 canbe determinedfrom experimentsor maybe calcu'fatedfrom
an appropriate nonlinear  wave model.
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Integration of equation S.I32 over step Xxgives

-E dh t
I
h,E 2h dX F 5% 134
and making use of the relationship 5.133
22
H 135!

in whichH is2 the averageof HI andH squared.

22
If the step hx is sufficiently small, HI 2 may be replaced by HI in
the right hand side of the equation, so that

2

21 ~L2h dx] 0g, .y, 1361

whereHI andH2representthe waveheight at the beginningandat the endof
the section over which integration takes place.

Similarly to the development in an earlier section the more general
formulation  may be used:

2

22
|
j+1 i 2h. dx pgF hx. 137!
) 33
in  which
t3 °p ~ [ksinh k n +pg d H. .138!
[ . 3

For the computation of the wave set-up, equation 5.133 is used in
conjunction  with equations 5.137 and 5.138

It may not always be justified to omit the shear stress term from the
momentunequation, as implied by utlizing equation 5.82-b .On the
contrary there are indications that such omission induces an error.
Inclusion of the shear stress term changes the differential equation for
wave set-up into



d§ ; dn -
a0 pg h+n! Iy T 0
which in turn modifi es equati on 5.133 into:

t3 O' Idhi ~Ax
139!
209 Fr q 32 6h [dxl pPg

h+n! zn

Regarding the value of T to be used in the calculations further
discussions are presented in later chapters as related to the results of
field and laboratory investigations.

Zone a

Regardingenergy dissipation on the shallow reef both energy losses
due to wave breaking and bottom friction must be taken into account. In
laboratory studies, depending on the scale selected, friction from side walls
of flume, from viscous effects and from surface tension effects may have to
be considered as well.

For the calculation of energy losses over ashallow reef, equations
5.137 and 5.138 are considered applicable.

The value of q.is slowly decreasing from the reef edge landward, but
may be considered constant over short sections.

For the calculation of wave set-up on ashallow horizontal reef, the
following approximations of the set-up equation are feasible, considering
steady state conditions:

! d dn
dQS Pg h! dx 0
and h= constant
! d -1 dg
dx§ pg h+~! dx 0
! d gn -
dx§ P9 h+nt ax =0

' aoe e
| dS - h!dq dtp h+0]

In the above equations Srepresents the principal component of radiatior
stress in the direction of wave propagation.
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In the first model, the wave set-up is considered small comparedto
the depth and is therefore neglected in h; the latter represents the depth
with respect to still  water level conditions.

The second model is arefinement of the first in that the wave set-up
gis accounted for in the actual meanwater depth h +TIl. In the third
model the meanshear stress is included in the momentunequation. The fourth
and fifth  model take into account the effect of the wave induced currents,
which are generated in the form of return flow to compensate the wave induced

mass transport. The case of the pseudo-solitary wave describes this. For a
non-steady state sojution,  an additional term with atime derivative has to
be addedto model !. This is discussed in Chapter 6.

The radiation stress function to be used for the shallow reef depends
on the assumptions utilized for describing wave behavior. In the current
literature  on this subject, it is usually assumedthat the radiation stress
can be computed from linear wave theory, whereby for shallow water a relation-
ship S= 3/2 E, is valid.

The validity of such linear approximati on may be evaluated as follows.

For ashallow nonlinear water wave with wave height H, the linear
approximation for the radiation stress is given by equation 5.20:

— 12 3
Sxx!1_8 - Pg H! 2!

The effect of nonlinearity on radiation stress for a cnoidal-type wave
may be expressed by equation 5.60 which can be reduced to

S =pgrf ~*+Fr!

Comparing the two expressions one has for nonlinear waves of the
cnoidal type:

pPg r12 < éng H
and .140!
32 Fr ®

Because of these two inequalities involved, it cannot be determined in

advancé S _ will besmallemwor largerthan S
XX 2 XX 1

The assumption
Sx!, =S,

may therefore be an acceptable approximation.
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WAVESET-UP IN IRREGUIAR WAVES

In the preceding sections radiation stress andwaveset-up have been
considered for regular monochromatic! waves.

For those conditions, formulas have been derived that relate wave
set-up to radiati on stress and radiation stress to energy.

In nature wavesmayusually be described as irregular wavesbecause
they show a distinct  irregular behavior.

Theirregularity of the wavesis demonstratedy the following
characteristics:

~ ‘irregularity  in wave height and period,;
~ irregularity in wave direction; and
~ breaking point develops into breaking zone.

As to the secondaspect, it can be shownthat. a directional spectrum
gives rise to short crestedness of the waves, which in turn affects the wave
set-up Battjes, 1974a!. Since in this study the analysis is limited to a
two-dimensional situation,  this aspect will not be discussed further.

_ Irregularity ~ in wave height and wave period is characteristic of waves
in prototype conditions.

The problem can be treated in two possible ways:

~ Dby considering the wave height and wave period
probability distributions;

by considering the distribution of the meanwave
energy over the various frequencies in the wave spectrum.

Further discussions on each of these two approachesis given in
Chapter 7, whereas in Chapter 8 the analysis of somerelevant field data
is presented.

Thesecondwayprovides a meando relate radiation stress of Irregular
waves to mean wave energy. Nore than one method exists to derive the wave
spectrum from the digitized! time series of water level observations. One
of themis the Fourier analysis wherebythe time series is analysed into a
large numbeof Fourier componentsachwith its ownamplitude andphase.

An important characteristic of the wavespectrumis that the area under
the curve multiplied by pg equals the total mearenergyof the particular
waverecord assumindinear waveconditions!, whichvalue in turn equals

half the sumof the squaresof the amplitudesof all real Fourier components.



This meansthat the meanenergies of all spectral frequency componentsare
added to provide the total mean energy of the wave record,

The above discussed characteristics of the wave spectrum indicate that
since energies of the spectral components may be added linearly to give the
total meanenergy of the waves the radiation  stress of the sumof all wave
componentsis related to the total meanenergy of the waves by

-1/2!  dE 141 !

S = pg n 1/21 G f! df 142!

0

where G fI represents the meanenergy per unit of frequency, and where the
parametern = cr/c is dependenton the frequency f=1/T! andon the depth h.

For shallow water thi sdevelops into

g fl 143!

0

as for monochromatic wave conditions.

Equation 5.142 is correct for linear waves when the Fourier spectrum
is atrue representation of the distribution of the meanenergy over the
various frequencies.

IJhen waves have strong nonlinear  characteristics the Fourier spectrum
does not give a fully correct  representation ~ of the energy distribution  over
the free! harmonic components;someanomalies maybe expected from this.

A similar  consideration may be given to the correctness of equation
5.142 regarding the determination of the radiation stress in nonlinear,
irregular  waves.

For practical purposes the error is wusually not significant enough to
be of great concern.

Finally for the calculation of the wave set-up the fraction of broken

waves in the breaking zone must be known. Aspects of this problem will he
discussed in Chapter 10.
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CHAPTBR THEEFFECTHWAVHEODULATONWAVEET-UP

INTRODUCTION

In the previouschapterequationdor radiation stress andwave
set-u _av%oeerpresent or st_ead%atecond|t|onsNherehnlge_t|me
derivative$or wavset-up radiatiorstressancenergwereonsidered

zero.

_ Closerexamlnatlalnf a recordof ocearwaveshowshat wave
heightindvaveeriodvarywth timeandhat wavegsuallytravelin
%r_oupsof h*gher andl%werenerg content. Thewavemodulationhasa | .
Istinct effect upomhewavenducechasowin thewaveegimand,in
caseof wavedreakingona reef, onthe waveset-uponthe reét.

. In the followingthe magnituds this effect will beevaluated,

tilizing . the basicequationsf conservation.lf the depthof wateron.
thereetis shﬁfovmqenonﬂneaandsha owvatelforrmlcfc {Reseequatlons

may be utilized.

GENERAEORNMDF A PERIODICWAVHRAIN

_ Themosgeneraformof a periodicwavérain is presenteby
Whitham 974!,

8 pt +C9z, 6= kx - ut,
N I-

wherg is the velocity potentialande e,z! andN ! are periodic
functions of !

Theparametds is the meanf the horizontalvelocity g@/hereas y

Is related to the meanheight of the water.

In the uniformcase, a frameof referencecanbe selected, in which
8 = 0and the meanheight is zero.

In the modulatiotheory,changes the meamelocity andmeaheight
are coupledvith change# the wavamplitude. Accordingly9, y anda
relatedparametdor the meawavdneightmusbeleft open.

. Thenonlinearcouplingof amplitudenodulationsvith meawelocity and
heightis animportantphySicalcharacteristic of this phenomenon.

Exactexpressiondgor C ,z! andN! are not knownbut the periodic
functionsC ,z! andN ! maypeexpandexs Fourierseries. Pursuinghe
Stokes development:
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4 O,z = ZTA cosh nkzsin nB

.21
N ! =h + acos8 +Z ancos n9

in which ais an amplitude and hthe meanheight of surface above horizontal

bottom.

The ultimate parameterswill be the triads ~k,al and y,g,h!.

Mhitham {1974! found for the eventual expression for the average
Lagrangian for a horizontal  bottom:

f ~ gk!
2 ~2g 2 fgk tanhkh

1 k2E' fgT" - 1PT' +9
STD

3!

Theterm O E'' identifies athird order correction termin E, where
E= 1/2 pga'. Furthermore T = tanh kh.

E is the energy density for linear wavesmovinginto still water; it
is aconvenient parameter in the place of a.

In general,changesf the meamuantities y,g,h! are coupledo the

wave motion.

It is consistent to replace h by the undisturbed depth ho in the
coefficient of the term with E'a' and replace Tby To =tanh kho in that
term. In the other terms it is important to keephinstead of ho. If the
bottom is not horizontal it is not useful as areference value for the
Rotent!al energy. In that casethe term1/2 pgh'is to bereplacedoy

/2 pgii* 1/2 pgho'if z =q =mearsurface,andz = -ho bottom.

THE MODULATIONEQUATIONS

In case of a modulated wavetrain the term Bx -yt must be replaced
by a pseudo-phaseg x,t!, wherebyy and 8 are defined by

V= 0. 8 {6.2!

t X

wherethe subscripts tand x denote different~ation to tand x.

This is similar to a uniform wavetrain, wherekx - ~t represents the
phasee x,t! andwherek = 30/Bx and ~ = -re/at.
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X Thefollowing expressionsare presentedby blhithanmfor a horizontal
ottom:

~ ~k 9T - 10T + 9k2E
+0E" . 5l
4T 4 Og
0
and
2 LT o kE
y=~eghe To 6!

It seennvenietd expressoefficientdependingToin term®f:
kI = gk ta.h kh,!2
cok! = gk 'tanh kho!

cgk! = >co Ki+ ~>kp

¥vohrei||rﬁ:g }(\!N%r\\/decg) 5! Vrle res%ﬁrfhve\:/ g{a%&/elocity andthe phaseelocity
This leads to.

2 2'g0 _ .
;QZ ghe R o tOE! . 71

This is a Bernoulli type of equation for the mearpotential
modf ied by the wavecontribution, proporti onal to E.

CONSERVATIGEQUATIONS
Basic E uations, Ne lectin Ener Losses

~_Somemportant conservationproperties wherebytentatively energy
dissipation is ignoredare the following ‘Whitham,1974!.The bottomis
assumedo be horizontal andis usedas areference level for potential
energy.

F7' of Pass NI

oh>e +OET . 8l
co

Thewavesadda net contribution E/coto the massflow; the mass
transport velocity U is accordingly

E
pc 9!
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Energy Density Z.D.!
E.D. =>ghU'+ 2Pgh+ E+ O{E" 10!

Energy Flux E.F.!
'2¢ o
lhul, +gh! +U 9 E+ U+cglE

Momentum Flux M.F. !

C
M.F. = PhU + W2gh2° E+0E 1o
0
E is the energydensity contributed by the wavesandthe term.

lgo

c2

Is the radiationstressas definedby Longuet-HiggiasdStewart962, 1963!.

E= S

The term

U™ 'E =Us

c2

contributes a rate of wqrkingUSjn the energyflux e jon: this is awave
Interactiorermn a |t|o?bo%heusuafe% t’f+ %yﬁ
A set of correspondingonservatiorequationss the following

K+~ =0 wave number! a!

tx

0 mass! b!
phut phu" pgh'+ S =0 fmomentuns! 13!
-phU  +-ogh + E! phU EJ' + gh!
+Us+ U+cg,)E! =0 energy! ~ d!
It appearsthat the general formof a conservationequation is

, aV.
dt Bx 14!

in whichg represents the conservationquantity andT the flux of g.
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Equation a! of the set represents the conservation of wavenumber,
as discussed in Chapter 2. It is equal to equation 2.13 . Equations b,
¢, and dexpress the conservation of the quantities defined in equations
6.8 ,6.10 , 6.11 and 6.12

Equation 6.13-d ,the conservation of energy equation, is in aform
which does not account for energy losses due to bottom friction and
turbulence.

Conservation of "Nave Action"

One of the characteri sti cs of equation 6.13-d is that due to the
interaction with the mean flow, the wave energy E alone is not conserved,
even if energy dissipation is neglected.

It has been shown Bretherton and Garrett, 1969; Jonsson, 1977, 1978b!
that in the absence of dissipation the quantity E/~r is conserved, where
zr is the relative angular frequency, which for the two-dimensional case
is defined by

d =d k V
ra

where~a is the value of the wavefrequency in the absenceof a current, and
k the wave number.

The energy conservation equation then reads:

+ U+cg! 0 16!

rt rX
The expression E/~ has beencalled "waveaction” andequation 6.16 then
states that "wave action” is conserved 8retherton and Garrett, 1969;
Mhitham, 1974!.

In case energy dissipation plays a significant role in wave trans-
formations and the boundary shear stress is of significant value, equations
6.13-c  and 6.13-d have to be modified to include respectively the shear
stress and the energy dissipation.

The two-dimensional momentum equation is
phU! + phU' + ;egh' +5! +~ =0

where ~is the time averaged bottom shear stress over one or more wave
periods.

The energy equation for two-dimensional flow then has the form

2 hV ~h'+ Elt+ LPhW2+ gh% VS U+CE! + cd=0.
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wheredis therateof energyissipatioperunitof horizontalrea
Qg}};tgﬁb.(? edunoli ecom&%m afwgvem urrentsseealsoJonsson,

If the flow exerts a meashearstress7 onthe bottomandthere

energyissipatioro wavest a ratect, there apewritten Phiﬁips,

cd Ui+ et 19!
Fronthe aboveequationsan energybalancdor the wavenotioncanbe

obtained.

Et+EU+C(‘)g)!J§X SU+e 0 20!
In termsf "wavaction' seaabovequatios.20 mapereplacday

+  Utcg T+ 0 211

Xr

Using6.19, equation6.21 malso bewritten bythe form:

+' U+ | 4+
rt rx .22!

For steady state phenomenaherethe variation of E with time is
negligible, equation .22 is reduced to:

U+cg!+ 0 23

rXx r

as presented in Jonsson 978b!.

Thepair b, ¢, of the setof equations6.13 canbeviewedads determining
the changesin h and U induced by the waves.

Theseequationsare basically the long waveequationswith an additional

term S.

Theymaybe usedo computthe changes-oli andU inducedby the wave

train.

Formanyurposeg is sufficient to take S asa knowifiorcing function
E\Ir%adg/ determinedrom the linear dispersive theory for the distribution of
an

|I|Thelinearizedformsnf theseequationsassumind anch =h - hoto be
Smallt are:



neoY 241
Ugh 251

A solutioof thesequationis WhithadQ74!:
0 S

- - .26!
ghy go© Tkk  ph,
-c ki
Ch S 27!
poo ph el

Ve|OClI'[:yOCth<?S oulchtiQe {00 C O%-yd:hfgrOU{EbCIm klanthgohase

e RO BRI RN FTalgigpenadetd

STOKESVAVESNA S8EACH

Fora uniformvavérain approachirggbeach

. gktanhkh = constant .2S!
%ggo = constant 20l
whlch ?ufflu deter r%trlbutlomac k x!andE x!in
e 63 argou
ésée[@%are not ‘consi @‘Hel-fé g@( E)éﬁ Hgg mréy

In the latter case the results are:

2cg 1

rl =h-h 02 ¢ pgh 30!
and
u= 0.8 . 31!
n6 30.w utsideth eakerondas
equw%fll equatlor’od%n% ongue?—lb—[lgglns.

Inclusionof energylissipatiormodifies the results.
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In case waves approach the beach in amodulating wave train the
energy densities at specific locations are functions of time.

In principle the solution of the problem consists of the particular
solution in addition to the solution of the long wave equations.

In areas of sufficient depths, where the values of nand O are
relatively small, the linearized equations 6.24 and 6.25 may be used
to represent the long wave solution.

For the particular solution, equations 6.30 and 6.31 will be
useful, in which, E, gqand U are then functions of t.

Theratio n =cg k!/co k! is also a function of k andthereforeof t,
since Bk/Bt gO0.

It will simplify the solution if an average value of nmay be
introduced to solve equations 6.30 and 6.31

In the shallow water region before breaking the above approach is still
valid as an approximation Observations and calculations indicate  that near
the breaking point the bottom shear stress affects the amount of the wave
setdown. Computations without the shear stress are only reliable  for
relatively short wave periods, when the bottom friction is small.

WAVES APPROACHING A SHALLOW REEF

For the purpose of describing modulation behavior, four different
regions may be identified as waves oropagate from deep to shallow water and

onto a reef, They are: the deep water region, where the waves are dispersive
and linear; the intermediate region, where the waves become less dispersive
as the water depth increases; the region just before and after breaking on

the sloping section; andfinally, the reef section. [See Figure 6.1]

In the deep section waves are approximately linear and wave set-up may be
taken equal to zero

The solution of the problem of the modulated wave train in the inter-
mediate region is complicated because of the unsteadiness of the momentum
flux  associated with  individual waves in the train.

The phenomenorof wave set-up under those conditions has received only
little attent~ on in the 1iterature.

The investigations by Li-San Hwang970! "WaveSet-up of NonPeriodic
WaveTrain and its Associated Shelf Oscillation"  are particularly relevant.
In this study aset of experiments was performed in the laboratory for
measuring the wave set-up in the non periodic wave trai n. The osci llations
on the connecting shelf were also investigated. Reference is madeto
Figures 6.2 and 6.3 from this study, in which the experimental arrangement
and the wave set-up and set-down measurementin various stations along the
traverse are shown.
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I NIT IAL
DEEP WATER 8REAKING
REGION  ~INTERMEDIATE DEPTH REGION~ REGI ON + REEF REGION

Figure 6.1  Characteristic regions for wavemodulatedset-up

DISTANCE FROM WAVE GENERATOR IN m

Figure 6.2 Experimental arrangementsin Hwang,1970

It wasfound that waveset-up and set-downoccur on the reef and on the
slope respectively as expected!, andthat both set-up and set-downhavea
modulatingcharacter, The tatter canbe seenfromequations 6.30 and 6.31
if the energy density Eis of amodulating nature.

Theparticular solutions of equations 6.30 and 6.31 do not give
difficulties; however, the effect of the associated long wave phenomenoan
the sloping bottom is moredifficult  to determine.

Consider for examplethe conditions at Station 7, as shownin Fig. 6.1

whichmaybe considered boundarycondtions for the i ntermediatesection
shoreward of Station 7 with
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n tl 32!
E, t!

~§ o

U, tl .33

whereE t! representsthe modulatingpart of the energydensity at Station
7 and ho the still water depth at that location.

The values got! and Uot! are then to be considered boundaryconditions
for the long wave problem in the intermediate section; the boundary values
iso t! andUo t! propagatshorewandith the speef the longwave~-go; on

the slope, the characteristics of qt!' and Ut! vary as function of the
location X.

Since in the intermediate depth range the energy modulation of the
propagatingvaverain travels with the groupspeectg k!, the latter is
different from the long wavespeed~g o.

In a subsequent Station 6 See Fig. 6.1!, the long wave, induced by
go t! andU< t! at Station 7 andthe groupof wavesepresentinghe high
energy portion have aphase difference and arrive at different times.

Since Station 6is located on the slope and has a smaller depth, the
energy of each of the individual wavesin the group has most likely increased
due to shoaling.

For the section landward of Station 6the conditions at Station 6 could
again be considered as aboundary condition for along wave generated here.

The latter has alarger amplitude than one originated in Station 7 and
a phase shift regarding to the Ilatter, because of the difference between
the group speed and the speed of the long wave on the slope.

In addition to propagation and shoaling of long waves on the sloping
bottom, reflection of the long wave phenomenon also wi 1l have to be con-
sidered.

Unlike the almost! complete dissipation of energy of wind generated
waves breaking on the beach, long waves are partially reflected, from the
slope and near-completely from the landward boundary of the reef section
if no breaking of the long wave occurs!.

Analytical treatment of this problem has not been attempted here.

Arelated study is by Li-San Hwang, Samuel Fersht, and Bernard Le [I'ldhautd
969!. In this study the transformation and run-up of explosion generated
wave trains on asloping beach are investigated analytically, however, the
effect of wave set-up is not taken into account.

Analytical  treatment of the third and fourth region must include

nonlinear characteristics and energy dissipation. The latter includes energy
losses due to breaking and to bottom friction.
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If the shear stress is included, this g~ves for horizontal bottom:

+gh % 1as 1 =g 39!

0 ax p ax p

The energy equation is first considered without regard to energy
losses.

In that case 6.13-d is valid:

hU'+~gh'+ E+phUU' igh! +US U +cglE, =0

Mriting this equation in terms of nand U for shallow water, and assuming a
horizontal bottom,whereby:& k! =cok! =~go, andS =3/2 E, leads to:

pho ~at ~2 at+ ho™ at

+ R h +nlU +pgh0+n!

ax

+@%hg htntu+ m2u | 88

3 ax

DS 0 <Ol
3ax 3~0 ax

If energy losses are included, the equation mdy be adjusted, using the
results of Chapters 3 and 4 where the major causes for the eneroy dissipation
per unit of time are considered energy losses due to bottom friction and due
to breaking:

Et =Ef +Eb

fl12 h khipg H

Introducing  these values into the shallow water equations and considering
equation  6.19 the energy equation for horizontal bottom then develops into:

U+pg n! at+p "I'at 3 at
+ 2» h0 +nlkt+~U "+ ~h +nlU
au 52 as
0 ax 33 go ax
‘H

3ax i [3 Bsinh'kh
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For the steady state condition with U, 3U/3t 3n/3t and 3E/3t equal
to zero the equation reduces to

{cgoF-!

3x iT  38sihh’ h0

The three equations governing the wave set-up on a horizontal reef are
then equations 6. 35, 6.39 and 6.41

These equations are complex and a solution is not easily obtained.

For waves moving into still water of depth ho, and with nand U'/2g
small compared to ho, equations 6.35 and 6.39 maybe 1incari zed as
di scussed earlier.

For many purposes it is sufficient to take S as aknown forcing term
already determined from the linear dispersive theory for the distribution of
kand E. For waves in shallow water this corresponds to S= 3/2 E.

In order to obtain a simplified, but still useful solution for the wave

set-up on ashallow reef, the following simplifications are further intro-
duced:

In the continuity equation, the last term is small compared to the
middle one; this leads to equation 6.36

30¢h +n 0
0 3x

A further reduction of the equation by considering nsmall compared to ho
may not always be justified for the shallow reef.

In the momentumequation the following  simplifications seem appropriate:

1! U3tis smallcompared {h, + nit

2! U is small comapredto h +n!

!3n

U .
3! 2h03; nt UV is small compared to ghosj(rn

Elimination  of the smaller terms from the momentumequation gives.

h +nu3 gh em 3 155 4 =0 43!
o Bt 0 3x p Bx p

For the energy equation the following reduction of terms seemsreasonable:
~pUis small comparedto pgh +n!
2! p ho+ n!¥3tis smallcomparéa pgho3t

3! is small comparedto 2pg hO +n!U
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4! 2p + gq!Us smatompaaoh )+ g’
5! 335ksmalcomptr8dd

Theresult is the following

09 i n*® 5 B 2pgof,n'ER py g, 2P°Y

+?BO Bx ggum tUT =0 44!

Theebfreducedquatiasthen6.36 6.43 and6.44
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CHAPTER 7: WAVE SPECTRUM AND MAVE VARIABILITY

INTRODUCT ION

The waves of the sea are characterized by a variability in height,
period and direction: they have arandom character.

In the open ocean the randomness of the sea is best treated as a
Gaussian or normal process, whereby it is assumedthat the existing sea
state is aresult of avery large number of causes, the effects of which
are superimposed upon one another. Only in the cases of large waves or
breaking waves does this approach meet with serious difficulties.

The randomness of the waves can be described by statistical methods.
Assuming stationarity and ergodicity for the random process statistical
distributions may be derived from the time series describing the water
level at agiven location. For a Gaussian process it may be expected that
the instantaneous water level observations with discrete time steps conform
to a Gaussian distribution.

Investigations on the statistical distribution of maximaof arandom
function  Cartwright and Longuet-Higgins, 1956 !, indicate that the type of

distribution that best describes the variability of the maxima is dependent
upon the characteristics of the spectrum. A narrow band spectrum relates to
a Rayleigh  distribution; for awide band spectrum the distribution becomes
Gaussian.

Whenwaves approach shallow water, shoal and break, the statistical
parameters describing water level and wave height, variations will change.
In this study, the nature of these distributions in shallow water will be
invest~gated.

An entirely different way to describe arandom sea is by means of the
energy density spectrum. This describes the distribution of the meanenergy
per unit of frequency over the range of spectral frequencies present in the
random  sea.

The wave energy density spectrum is avery powerful tool in wave
analysis. It is also very useful in analyzing the changing of wave behavior
in water of shallow depth, although the nonlinearity of the phenomenorposes
some unresolved problems.

There are two principal routes that can be taken to determine the wave
spectrum from the time series. Oneis by treating the time series as a
Fourier series; the other one is by taking the Fourier Transform of the auto-
covariance function.  The latter function itself gives additional insight
into the nature of the wave motion on the days of observations.

The problem of nonlinearity can be partly solved by computing the zero-

upcrossings spectrum rather than the energy density spectrum, as will be
further discussed in this chapter.
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hfAVESPECTRUMROtGFOURIERANALYSIS

If a reall eseriesx {! is consideredyhichunctionis de mecb
aflnlte mtervatlcg? time, tf] }unctlorma%n d,vressag hesum) anln nlte

num mfsmu idatom( onenEac ? ranwe&ldand hase.O
S[?eu tere rana actic rob emghediscre eerleswhereby
I consistf a seriesof d retepointsat equalimeintervals.

Thedlscr?xe S|%r]ga ma ere ardedas |ngb erde |vedfroma con-
tlﬂUOUSI n ajra Tolg} ?D? Hes thesignaat
spacingt, o alnedy V|d|ngth thetimeseriesbyn,

so that ht = ne

Definingimebyt At =T t, t representghe numbeaf timestepsf
length Dt.

Thereare several forms in whichthe discrete Fourierseries can be
wri tten. One of them is

.n-1
32

— 02¢r it in 2T
X t! _Z-lJ!:lJa' cos jtj- +b. sin 2t

+ COos ~t

wherebthe suffix j refers to the successivd-ouriercomponenisth
amplitude%heaspdfrequencyh .

Thevaluefor the Fourier coefficietits can be obtained from

2n-1 o
aj.n= =05 tt cosjtr j= 0,1, .. n2 2.4l
and
2n-1 5 N
b, :nt:%xt! sin 'jt; j= 0,1, ... n2 2.pl
_ Or_\substituti_n%t =0, 1 2, .. n-lin equatior?.l, a setof n equations
is obtainedbywhichthe n'unknowrts the Fourier series maybe determined.

Thauppeboundao§ thesun¥is aninteger. If nis even?
shoultbethelowenumbeif, n is odd,thelast terndoesotappear.This
termcorresponasth | = ;@nd the frequency = j- :ngrepresentsthe
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highest frequency at which the discrete series can be sampled; it is called
the Nyquist frequency f

If the timestep is ht, this frequency is equal to f= . The time
distance ht between the data points does not allow to sample at higher frequencies.

The complex form of the discrete series may be written as

n-1 i 2 jt
xt =1 e 3l
~0J
whereby the values of the Fourier coefficients c.. may be computed from
J
.. 23T
Mt | " jt
C. = x ! e 4!

| nto

This form is very suitable for computer handling.
The complex form is symmetrical in structure.

If xt! is real, the Fourier line spectrum ij,j or jc.j % as function of
jis symmetricaboutf.  Thepart for%z <] < nrepresentgshe compleyart
andis equalo the valuesof ]cJ.J orjc.jfor negativevalueofj - ~ < <0l

A continuous  spectrum is obtained from the line spectrum by computing the
energy density of each component by taking

s. = 5l
3
The basis of the energy considerations lies in Parseval's theorem:
+1/2T
x tdt =1 jcj 6!
-1/2T

stating that the meanenergy of the series is equal to the sumof the squares
of all its  Fourier coefficients.

This is true for the continuous as well as for the discrete series,
provided in the latter all frequencies up to the Nyquist frequency are included.

Adirect way to arrive at the continuous spectrum is by treating the time
series xt! as afunction on an infinite interval and decomposingthis function
into its Fourier components by meansof the Fourier Integral and its converse,
the  Fourier Transform.
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Fora continuoudunction, the latter is definedby
Xfl o =xtl e dt

Theapplication of the Fourier Transforno a time series of restricted
lengthmeetsvith difficulties sincesucha seriesdoesiot have transform

in the strict sense.
Nevertheless, one may define

1/2T

t;T!  i2irftdt
-1/2T

and conversely

XtTl = XfTle™ t«

wherebyhe symbol identifies the limited length of' the time series.
It canbeeasily verified that the relationshipbetween.andX f;T!
J

has the form:

Ananalysis of the statistical properties of the Fourier coefficients shows
that the Fouriercoefficients havetoo muclvariancecompare their mearto
provide statistically  significant results.

What can be done about this' ?

A longer time series will not help. This simply reducesthe distance hf
betweesuccessivealueof Coo butit doeshotimprovéne accuracyf c..

Improvemecodsbe foundn different ways. Onenethot takinga group
of ¢ .'stogetheanddetermininthe meawaluéfor this group. Suclprocedure

improvesaccuracybut-reducesthe resolution of the obtained values.
Confidence Limits

It canbe showrthat f'or a Gaussiarrandonprocessthe Fourier coefficients
aJandbJ, as defined by equations/.2-aand7.2-b, are randomariables with a

mearfzer@and standateviation. Definingy- = aJ+ bJ, therandom

vari abl e
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or

log 2'+ 109G f! ~ log0f

X0 g7

log 2+ logG f! 141
X0025

Referenceis madeto Figure 7.1 where the confidence intervals are
schematicai ly shown.

FOR FRKQUKHCY f

Figure 7.1 Fourier spectrumwith confidence intervals.

The values of <1! and >1!

'‘D.a~a X0-025
fif  the logarithmic scale for Gf! is used.

are independent of frequency

IAVE SPECTRUMFROMAUTOCOVARIANCEFUNCTION

General Descri tion of Method

A different approachto arrive at the wavespectrunfrom the time series
is by meanso f the autocovari ance function.

The latter is defined by

+I2T

. | .
c. V! = X tIx t + Tld~ s.i5!
XX lImT
-1/2T

whereby xt!' and xt + T! have azero mean.
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For adiscrete time series of ndata points, asample covariance function
cxx~! may be defined by;

n-1
c~l =1 Ixtlxt +~1 ~ 16!

XX nto
It can be shown that the sample SPectrum CXXf! may be obtained by taking the

Fourier ~ Transform  of the sample autocovariance function:

n-1 -2m .
C fl= Ic vlen 17!

i=O

Calculation of the estimated spectrum takes place by multiplying the auto-
covariance function with a windoww i! and taking the Fourier Transformof the
product cXXi! w >l see Figure 7.2.

Figure 7.2  Autocovariancdunction a! andlag
window b!.

In the frequencylomainthis accountgor the convolutionof the functions
C fI andM f! bywhicha higherdegreef accuracyor the estimatedspectrum

isxxobtained. Theresult is the so-called smoothedspectrum. The smoothed
spectrum GGGMmaybe found Loomis, 1977 ! from
N --2'
GGfG=$wz!l c z! en 18!

and becauseof the symmetricalform of c i! andw ~! gives:
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GG¥Fwat o!+2%w zlc ~! cos'|~ 19!

where the boundaries -M, +M denote the length of the lag window.

It is customary to consider only real frequencies f> 0. Becauseof the
syrrrnetryinvolved for real functions xt!:

GGGf= 2 GGGf .20!

The choice of length and form of the lag window affects the accuracy

obtained, and is related to the degrees of freedom of the XCdistribution
that describes the probability density function for the smoothed spectrum.

A wide window corresponds to high resolution and low accuracy, whe~eas
a narrow window has a high accuracy and low resolution.

Reference is madeto Jenkins and Watts 968!.

A comparison between the wave spectra obtained from each of the two
methods described is presented in Figure 7.3.

The time series used as abasis for the calculations is the one obtained
at station $7 in the traverse along Ala Moanareef on September 14, 1976. In
order to allow adequate comparison in the high frequency range energy densities
are plotted on alogarithmic  scale.

Figure 7.3 showsa good agreementbetweenthe two methods, the only
marked difference occurring near f~ 0, which maybe due to the convolution
process applied in the second method.

Dueto the advantages of Fast Fourier procedures in the computer handling
of the data, the Fourier coefficient —method will be applied for the calculation
of the energy density spectra from the observed wave records.

Usefulness of Autocovariance Function and S ectrum

Although the autocovariance function and the corresponding spectrum
are formally equivalent as to the amount of information they contain, use
of the spectral format is usually preferred for the presentation of this
information.

Battjes {1977! lists the following advantages for the use of the spectrum
apart from computational efficiency!:

" the spectrum localizes the contributions to the variance of the
process in terms of frequency and wave number, and it thereby
g~ves more insight into the underlying structure of the process
than is possible through the autocovariance function;
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Figure 7.3  Fourier spectrumcomparedith A CV - spectrum
for September 14, 1976.
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as a corollary, the structure of a glven process as revealedn
its spectrurrusuallycanbemoresmP yexplaineth termsof
causativefactors thanin the caseof the autocovarlancmnctlon

- the calculation  of the effects of linear operatorson the process
Is far simplem the spectratlomaimlgebraimultiplication!
thanthroughhe useof covariancegonvolutions!;

- the statistical theoryof the samplingdistribution of estimates
froma finite samﬁ eandthe results obtained, are less compli-
cated for spectra than they are for covariances.’

Theaboveadvantagesre particularly true for wavesn deepwater,
whera linear spectralrepresentationsuallygivesa true representation
of wavecharacteristics, exceptin casesof véry large or breakingvaves.

In water of shallow depth, the advantagesvecoméess obV|ous When

Ingvithnonli avedhe ncertalntleabout e hysic nin
0?6}1 ger eal?ma%ehlghekjrequen ngeas gl ew%ereg
in this ¢ apterta eawagomef the effecii veneseft eenergypectrum

asa descriptiorof thetrue natureof the waveharacteristics.

Undethesecondijtions, the presentatjo f utocovarianckinction
mayupplgg tlonah?ormatl%hatma é% pf&ocharacterlﬂee

wave motion.

Figure.4showhieautocovariarfoactiorfor oneof thedatasets
of stations onAlaMoanaef, the spectrumf whichs showm Figure
7.3. Theswe'ltypenatureof the wavebecomesidentromthe strongly
oscillating characteristics of the autocovarianciinction.

ZEROUPCROSNG SPECTRUM

Definition  of Zero-U crossin  Spectrum

Jhe%escrlptlonfwaveehawdm ymeard theener ensﬂys ectrum

IS mosa eWe ewavm%tlo anrealisticall be e 3h
superposit ~nearavesithdi eren re ue ciesnde ose

condltlo hedispersionelationshi hedispersive
naturee)fn t Iewavgiw ere rloug.:anponeh&‘.v«re]%§t erentphasepeeds.
orthe condltlon escrlbecabovethe en rgyjen ity valuesin the

hi uen O WaVS ectrwme SIC |Sten ort
éﬁéﬁ?ﬁ rdpagatamaac fsite %lwf% reeenGler

anavem deepyaterbecontgghandsteepandnonsinuso
under wmsumpﬂ&@weener n SpeCL:[HLE[TEHO ongeﬁjﬁmfed
anddeviations fromthe ideal situation are to be expected.
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Figure 7.5 Typical wave spectra tor Ala MoanaReef
August 25, 1976.

Wavestraveling into very shallow water becomesstrongly nonlinear and
approach the cnoidal or solitary wave form.

An energy density spectrum of such wave conditions will show peaks in
the higher harmonic components that arise from the higher harmonics in shallow
water as shownin Figure 7.5. The difference with the spectrum for linear
waves is that these harmonicS are coupled to the phase speed c¢ of the cnoidal
or solitary wave and do not constitute free waveswith their own propagation
characteristics.

After waves break on a shallow reef, higher harmonics are usually formed
originating  from the breaking wave front. Such waves are not coupled but behave
as free waves; however, the water depth in which these waves are generated is
larger than the meandepth because they ride on the crest of the waves.

In an energy density spectrum for shallow water waves, one is not able to
distinguish betweencoupled and free harmoniccomponents. In using the spectrum
as basis for the computation of the energy flux, additional information on the
wave behavior must  be known.
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This prob]ems partly solved by calculating the zero-upcrossingspectrum.

In the latter, the energyof all consecutivewaves,the height of whichis
measuredvith the zero-upcrossing method, is computed. For eachwave, the mean
energy divided by pg is computed from

E, 11 H. 2
i6.

oo ll

whereby the index idenotes the sequence numberof the individual wavesin the
waverecord. Thefactor ‘is introduced to account for the nonlinearity of the

individual wave form.

To calculate the physical energy of the wave, multiplication with pg is
required.

Thenergiex allwavesr theperiodntervall,, T. | andfor the
frequencinterval 3 T are surmismn:tUividedbytﬁe requencinterval
j+1
11 _
f7 , T+l
to give
sftl ' 22!

where Nis the total number of waves in the record and mis the total number of
waves in the frequency interval hf.

In order to simplify matters, the correction factor lis  taken constant

for allwaves;its value can be determined by comparingthe total mearenergy
of the zero-upcrossings spectrumwith the area under the curve of the energy
density spectrum as defined in the previous paragraphs.

Advanta es and Disadvanta es of the Zero-O crossin S ectrum

The most important advantage is that the waves for which the spectrum is
calculated do not need to have linear characteristics. Each individual zero-
upcrossing wave is defined by itself and requires no knowledge of the rest of
the time series.

~ Furthermore, it may be expected that a spectrum defined in this manner
will  be relatable to zero-upcrossing statistics. The zero-upcrossing spectrum
will contain an inherent relationship of height to frequency of the waverecord.

A major disadvantage of the methodis similar to the disadvantageof the

zero-upcrossing methodin general: it eliminates higher frequency components
from the record that do not have a zero-upcrossing characteristic. Consequently,
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agreat deal of higher frequency components will not be accounted for and
will  not show up in the spectrum.

Another serious difficulty  occurs whena long period waveof appreciable
amplitude is present in the record. This wave will elevate the time series
above or below the meanwater level for prolonged periods of time so that
many zero-upcrossings are not counted. The lowfrequency wave will not
show up in the spectrum if the high frequency componentsdominate.

Afinal disadvantage is associated with the accuracy of the spectral
data points.

In the previous two methodsof spectral analysis, higher accuracy of
the spectral estimate is obtained by taking the meanof a numberof spectral
estimates at consecutive frequencies or by using a convolution process.

In the zero-upcrossing procedure, the numberof data points is consider-
ably less e.g. 15times less! than the numberof data points usedfor a
Fourier  spectrum.

Although the accuracy of the zero-upcrossing methodcan be improvedby
increasing the frequency bandwidth for which spectral estimates are determined,
one cannot go too far in this direction because of its associated effect  of
losing resolution.

The spectral estimates of the zero-upcrossing spectrum therefore show
more irregularity  then those of the smoothedFourier spectrum.

Comarison of the Zero-U crossin S ectrum with the Fourier S ectrum

In this study, the usefulness of the zero-upcrossing spectrum has been
explored for the Ala Noanareef data, The following results have been
obtained.

Both the Fourier spectrum and the zero-upcrossing spectrum have been
calculated for the waverecords at Ala Moanareef. Results for probe 4 are
presented in Figure 7 6 as an example.

Both spectra contain equal energy and are therefore directly comparable.

Generally, the Fourier spectrum has more energy in the high and low
frequency ranges, as may be expected. It is found that in most cases, both
spectra have their peak density at the samefrequency.

The greater inaccuracy of the spectral estimates for the zero-upcrossing
spectrum is also visible in this figure. There is areasonable agreement
betweenthe two types of spectra for the mediunfrequencies. The deviations
betweenthe two are highest for the high frequency ranges.
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Probe 4, Ala Noana, 1976.
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WAVE FREIGHTVARIABILITY
Distribution of Water Level
The characteristics of a Gaussian randomsea conformto a Gaussian
probability distribution for the discrete time series h t!:

~h-t ?

fhl =e Po 23!

~2~ a

Thefunction hastwoindependemgarameters:the meawalueu of the time
series and the standard deviation a.

This distribution wasusedio test the probability distribution of the
waterelevationsfor station 87 of the Ala Moaneeef observations. Figure
7.7 givesexampled this analysis. It wadoundhat basednthe appli-

cation of the yzgoodness of fit test the hypothesisof a Gaussiardistribution
for waterlevels appearetb bevalid in a humbeof daysof observationsput
had to be rejected for other days.

0! FIRST RUN b 1 SECOND RUN

LEGENO:
OBSERVED
THEORETICAL

Cl
ID

IL

-0.9 0,9 -0.9 0.9
WATERLEVEL IN m
al!Septembel6, 1978 b!Septembefl6, 1978

First Run Second Run
P.D.F. is near Gaussian P.D.F. is not Gaussian

Figure 7.7 Digitized water level observations
compared with Gaussian distribution.



Regarding the distribution of water level for the stations in shallower
depth, it wasfound that the latter deviates considerably from the Gaussian
distribution. Reference is madeto Figure 7.8 where the observed water level
distribution for probe 4is comparedwith the Gaussian distribution.

10.0

8.0

6.0

4.0

WATERLEYEL IN m

Figure 7.8 Probability density of sea level elevation, September 7,
Probe 4 with Gaussian distribution, Ala Noana, 1976.
Distribution of Nave Hei ht

For the distribution of wave height, a distinction is usual 1y made between
short-term and long-term phenomena.In this study, only the short-terlll aspects
of the sea state are considered.

197



For the measurement and counting of wave height and period, the zero-
upcrossing method has been shownto give a statistically acceptable method
which is also satisfactory from an engineering point of view.

The definition sketch for zero-upcrossing height and period is shownin
Figure 7.9. A waveheight His detined as the total ran%]e of ht! in atime
interval betweenwo consecutivezero-upcrossingsof ht! Battjes, 1977!.

LEGEND:
0 ZERO-UI CROSSING
~ CREST
a TROUGH

Figure 7.9 Definition sketch for zero-upcrossing
height and period,

from [3attjes, 1977!

The underlining of the variables ht! and H signifies that the variables
are of random nature.

It has been shown Cartwright and Longuet-Higgins, 1956 !that for a narrow

band spectrum, the probability density function for the wave height conforms
to a Rayleigh distribution.

The Rayleigh probability densi ty function is aone-parameter distribution;
it attains various forms depending on the parameter used for defining the
distribution, the latter can be the mean wave height, root mean square wave

height,  significant wave height, or mean energy.

In terms of the root meansquare wave height HrmS I, the function is given

by

fH! =B ms 24 al

H
rms

In termsof the relative waveheightq = Hthe functionis:

rms

fTi! =2lie” .24-b!
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In terms of the meanenergy m of the time series, the equation reads:

-M
8m
f H! .24-c!

The applicability of the Rayleigh distribution to the distribution of wave
height is limited to a narrow bandfunction.

The bandwidth of a wave spectrum may be described by its spectral width
parameter defined by

m2

.2S!
s mm4

Wherebyrrg, m and m are respectively the zero, secondand fourth momenof
the spectral density function.

The spectral momentsare defined by

fN
m = f G fldf .2e!

n

A narrow bandspectrumcorrespondsto ¢ = 0, whereasa wide bandspectrum

relates to E= 1.
S

It can be shown,that dependingon the value of the spectral width
parameter,the probability density function of the peaksmayvary from
Raleighian for ~=0! to Gaussianfor ¢ = 1!

Referenceis madeto Figure 7.10 Price and Bishop, 1974!, wherex
denotes peak elevation above the mean.

A narrowbandspectrumhas another important characteristic. It canbe
showrthat for a Rayleigh probability density function, the significant wave
height is directly related to the mearenergyof the time series:

=4.0M 27!

sO

Thesignificant waveheight is then defined in the usual wayas the mean
value of the one-third_ highest wavesof the record. If the zero- upcrossmg
methad usedit is |dent|f|edbyH 1 3. Inordetto test theapplicability

of equation27 thesignificanivaveeight] ,1/3 andhestandactkviation
of the time series a2== ng' have beencomputed. Therelationship betweerhe
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Figure 7.10 Probability density function of the
peaks for various values of the band
width c,

from Price and Hishop, 1974!

significant waveheight andthe standarddeviation is showrin Figure 7.11.
Thebest fit of the equationfor all data waveheight in meters! is

HZ’I/%/B = 357406- 0031 .28l

Values of 24/3 for deep and shallow water are presented in Table 7.1

in which also standard deviations are listed, In addition, computedvalues of

andH' are presented;-hereH is the meazero-upcrossingaveheigh

and H the maximunzero-upcrossing waveheight in the waverecord.

The theoretical _, value of 4.0 for. the coefficient in, equation 7.27 has {o
bereplac é.570utovera|?helmearrelatlons ipetweehl,3an

ais observed,

The fact that the Rayleigh probability density function is based on one
single parameter makesit less useful if conditions in the field do not com-
pletely satisfy the underlying assumptions of this distribution.

A useful probability  distribution of wide application is the Weibull
distribution Weibull, 1951 I
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Figure 7.11 Significant Wave Height vs Variance for All Ala Moana Data.
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TABLE 7.1

VALUBS=A 3z, 1/3 AHD max
ok z1/3

FORDEEPANDSHALLOtHATERAT ALA MDANAREEF

Ratio of significant. height to standard deviation

ofthetimeserieskz1/3/0!
Shallow water mean: 3.88. s= 0.52
Intermediatewater mean probe 6!: 3.37, s~ 0.28
Deep water mean probe 9! 3.56, s= 0.13

PROBE 07-30-76 08-04-76 08-25-76 09-07-76 09-14-76 09-16-76

4.94 3.35

3.37 3.36 3.93 3.35 3.25

3.83 3.26 4.70 3.73 3.63

3.13 3.73 4,67 4.58 3.58 4.37
3.63 3.86 3,90 3.69 3.70 4.00
3.25 3.25 3.85 3.40

3.56 3.77 3.46 3.47

Ratiof significantbeighto meameight{H 1/3/kz!

Shallow water mean: 1.70. s= 0.13
Intermediate  water mean probe 6!: 176, s~ 011
Deep water mean probe 9 172, s= 011

Ratio of the height of the largest wavein t7e record
to thesignifican elght H /T(Zlg, 3!
Z,max ' Z,
Shallow water mean.' 188, s= 0.38
Intermediate  water mean probe 6!: 2.40. s= 054
Deep water mean probe 9! 1.80, sO. 13

PROBE 07-30-76 08-04-76 08-25-76 09-07-76 09-14-76 09-16-76

2.70 2.01 2.34

241 2.36 1.89 2.70 2.46

1.75 2.00 1.76 1.71 1,53

1.63 1.51 1.48 1.66 171
1.44 1.98 1.84 1.65 1.71
2.15 3.32 2.42 1,96

1. 69 1.65 1.94 180

ZD2

09-23-76

4.56
3.89
4.25
3.78
4.85
3.12
3.53

09-23-76

2.08
2.37
1.54
1.77
1.48
2.14
1.91



and the corresponding probability density function is

-ax
fx!' =ag xe .30!
It may be observed that for a= land g= 2the function becomes equal to the
Rayleigh distribution, so that the latter represents a special case of the
Meibull distribution.
Com arison Between  Theoretical and Observed Values

Observed wave height distributions from the wave records at Ala Noana reef
are comparedwith theoretical va'lues. In the following, sameresults of this
analyses are summarized.

Figure 7.12-a and 7.12-b show observed wave height distributions  for two
days of wave observation in station P7 of the Ala Noanatraverse, together with
the computed Rayleigh distributions for this data. The parameter used for the
theoretical curves is the root mean square wave height.

0 ! FIRST RUN b ' SECOND RUN
2.0
2,0
1.5
L5 LEGEND.
: 08SERVED
-- ~~~~THEORETICAL
1,0
0,5
0 0
0 1,20 m 0 1,50 m

al September 16, 1978 b! September 16, 1978
First Run Second Run
P.D.F. is Rayleighian P.D.F. is Rayleighian

Figure 7.12-a Observed wave height distribution

comparedwith Rayleigh distribution.
Station 7!
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c !'FIRST RUN d ! SECOND RUN

2,0
2.0
1.5 LEGEND:
OBSERVED
.~~~ THEORETICAL
1.0
-
4 0.5
4 05
41L
0 0
0 1.50 40 1,40 4
c! September 30, 1978 d! September 30, 1978
First Run Second Run
P.D.F. is not Rayleighian P.D.F. is not Rayleighian

Figure 7.12-b Observed Waveheight distribution

comparedwith Rayleigh distribution.
Station 7!

Figure 7.12-a showsa good agreement between predicted and observed values.

An application of the X goodnessof fit test to the data indicates that at

the 95J significance level the hypothesis of a Rayleigh distribution IS not
rejected.

Figure 1.12-b showsthe sametype of comparisonon a different day.
Onthe samebas~s, the hypothesis has to be rejected for that day.

The results are likely to show larger differences between observed and
predicted values whenconsidering waverecords in shallower water. Particularly
after breaking whenhigher harmonicsare being generated, the usefulness of the
Rayleigh distribution as a description of the waveheight distribution is
likely to fai I.

A testing of the Weibull distribution as probability density function
with its two independent parametersinstead of one! has indicated that this
distribution is able to adequately describe the actual distribution  of wave
heights in the various stations.

Ho~ever, for this it is necessary to fit the value of the two parameters
of the theoretical function to the observed distributions.



WAVE PERIOD VARIAS8It ITY
Distribution of Wave Periods

Bretschneider 959! found that the square of the period follows a

Rayleigh distribution. The results of analysis for the Ala Moanawave data
indicate that the first power of the periods more closely fits the Rayleigh
distribution. Reference is madeto Figure 7.13 where histograms of wave

periods are presented for two days of observation.

a ' AUGUST 25, 1976

20.00
15,00
(0]
10.00
133
!
5.00
-61 -30 30 61 91 122 152 DEEP wATER
DISTANCE FROM DATUM IN m
Figure 7.13-a Distribution ~ of wave periods against distance from a
datum, Ala Moana, August 25, 1976.
b! SEPTEMBER 7, 1976
20.00
o] 15.00
Ci
1o oo
CL
!41'
S.00
-6l -30 30 61 9l 122 152 DEEP WATER
DISTANCE FROM DATUM IN m
Figure 7.13-b Distribution ~ of wave periods against distance from the

datum, Ala Moana, September 7, 1976.
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_ An even better description of the waveperiod distribution is obtained
if a Heibul] probability density function similar to equation7.30 is used:

wherebythe periods are fitted by linear regressionto obtain the appropriate
values of uand B. Lee and Black, 1978!. In this way, the linear corre]a-
tion coefficient betweenobservedand predicted data, exceeds0.98 for most

cases.

However,values of 8 vary considerably on a day to day basis; its mean

value is

8= 1.665 +0.219
Relationshi s Between Period and S ectral Characteristics

Fo'tlowingBattjes' 977! description, the time interval betweerconsec-
utive zero-upcrossings,often called the "zero-upcrossingwaveperiod” is a
randomvariable, written as T. Its expected value, the meanzero-upcrossing
period is called T.

Analysis by Rice 944! has showrthat the value of T may be expressed
in terms of the zero and second momentof the energy density spectrum:

Theshap®f the probability distribution of T is rather sensitive to variations
in the shape of the spectrum.

Consider furthermore the maximaof h t!. Theratio betweenthe average
time interval betweenconsecutive maxima,T, andthe mearnzero-upcrossing

wave period TZ,

r«! 32!

z

Is a parametaewhichdescribesto a certain degredhe irregularity of the
process h t!.

For a narrow band spectrum, r= 1.

Broadbandedpectra showa muchgreater irregularity wherebythe value
of rcan approach zero.

Anothewayto lookat the wavenotioras a randoprocesss byconsidering
the correlation betweerthe function h t! andits secondlerivative.  Battjes,
1977 1.
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The coefficient  of linear correlation p! between these two can be expressed in
terms of the moments of the energy density spectrum:

33!
m,m~ ~2

A narrow spectrum corresponds to aslowly modulated sine curve as process
realization,  whereby h t! and its second derivative are strongly negatively
correlated, whereby p~ -I.  With increasing spectral widths, the value of

m2
becomes smaller and p approaches zero.

mmg!

It can be shown that for Gaussian processes

e 35!

For Gaussian processes, this provides alink between the two approaches.

The bandwidth c has earlier been defined by

2 2

I - =l -p
m m<

which for the conditions specified is identical to

37!

If the process is not completely Gaussian it may be expected that c_

For the Ala Noanaeef data, it is generally found Hlack, 1978althat

shal low water

offshore  probe
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Comarison Between Theoretical and Observed Values

Fromthe wave records at Ala Moanareef the values of Tpgnd T?ave been
computednd comparedith correspondingvalues obtained from the spectrum.

In addition, values of the significant waveperiod have beencomputedin
two different ways. the value T as the mearperiod of the one-third

. z, 1/3
highesof wavesonthewaveecordandhevaluel, 1/3 astheaveragealue
of the one-third highest periods of the waverecord.

Thecomputedalues of Tzand Tmas obtained from the waverecords deviate

considerablyfrom the theoretical relationship, presentedin equations7.31 and
7.34. Markingthe observedvalueswith the index ol, the following relation-
ships have been obtained:

1/2

T. .= 114 I for deep water
.38!
1/2
i|: 1.64 ! for reef area
Z O! m2
and
- 112
T= 1.40 | for deep water
m o! m4 P
. .39!
o
T= 1.33 | for reef area
m o! m

The observed ratios between T2'c|}1nd T as obtained from the wave records for deep

and shallow water are.

-
=0.361 for deep water

z o!
40!

:F L 0.353for reef area
o!

z

for the Ala Moana data varied between 0.83 and 0.97 whereas
S

cTwadoundo varybetweeb.88and0.96.
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The meanvalues of the ratio ZT*' y@tained from the data at Ala Noana
reef are
1.30 +0.13 shallow water

z1/3

Tz 156 +0.12 offshore

This comparewith 1.14 + 0.11 obtained by Goda974!.

Fortheratio T ',*®  thefollowingraluesver@btained:
z, 1/3

1.35 +0.14 shallow water
T2z,1/3 42!

z, 1/3 1.11 +0.04 offshore

MEANVAVEENERGANDENERGFLUXAS RELATEDO MAVESPECTRUM
Considerations About MeanEner in Linear and Nonlinear Waves
Theenergydensity spectrumdescribesthe distribution of mearenergyper

unit of frequencyover the various bandwidths presentin, the éoectru_ms. The
meaenerggreserbetwedhefrequencidsaand f> Figurer.14!,is giverby

f2

ha =G fldf 43!
fl

a quantity representedby the area underthe curve betweerthe ordinates fl

andf2'

Thetotal meamnergyof the time series is thenrepresentedy the total
area under the curve from f= oto f= fj

Gfldf =m 44!
0

Theabovedescription of energyrefers to the characteristics of the time
series defined by
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a!LINEAR WAVES

Gl

fi fz

a! Energy Density Spectrum For Linear Waves

bl NON LINEAR WAVES

Gf !

fi f~

b! Energy Density Spectrum For Nonlinear Waves

Figure 7.14  EnergyDensity Spectruntor Linear a!
And Nonlinear Waves b!.
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T

Yean energy = h tldt 45!

0
in which Tis the length of the record.

To relate this value to the meanenergy present in linear waves, linear
wavetheory gives for the meartotal energypresentin a wavetrain with
amplitude a:

E= 21p29a 46!

For a sinusoidal signal energy computedaccording to equation 7.45 gives:

12

= ~“a AT!
2

which becomesidentical with equation 7.46 except for the factor pg which is
required to obtain the dimension of physical energy.

For linear waves, the area under the curve of the energy density spectrum
is therefore a measure of the total energy contained in the waves.

Physically, this meartotal energyis composed potential andkinetic
energy, which for linear wavesare equal in magnitude.

Expression7.45 then correspondso two times of the potential energyof
linear waves, which then presents the total meanenergy of such waves.

In nonlinear waves, the above procedure presents difficulties.

Theenerg%,computeﬁjomthewaverecordbyapplyingequation7.44is _
actually twice the potential energyof the wavanotion,andis not necessarily
equalto the meartotal energy potential + kinetic! of the waves,because
potential andkinetic energyare not evenly distributed.

Longuet-Higgins974b! has computedhat for solitary wavesandlarge

Eratios the potential energyis about45%of the total energyof the wave.

If a signal wouldconsistof a sequencef solitary wavesndthe wave
spectrunwvouldbe computedhe total areaunderthe curvewouldonly represent
90%of the total waveenergy. For shallowwater waves,wherethe waveshape

is closeto a solitary form,a correctionfactorof 009 1.11thenhasto be
applied to determinethe mearenergyfrom the area underthe curve.

Ener Flux as Related to the Ener Densit S ectrum

For atrain of linear waves, the transport of energy in the direction of
wavenotionper unit of width F is related to the meaenergyE andhe group



velocity by
F= Ec 48'

If the wave train is composedof waves with different amplitude and period
and energy is distributed over the frequencies according to Figure 7.14-a the
portion of the energy flux which is related to the frequency band df is given
by

dF =Gfldf ¢ !
ar

where ¢ !denotes the group velocity that corresponds to the frequency f.
gr

The total energy flux can then be computed from

F =Gfl c ! df 49!
ar
0

The basis for the above calculations is that all harmonic components,
including those with higher frequencies, behave as independent free waves
each having its own group velocity.

For linear waves, the meangroup speed cgtro be used for the calculation
of the energy flux is obtained from the equations

E'c= Gft ¢ !df =Gl d fl -C
ar ar ar

or

Cfl ¢
gl

c 50!
gr

Gfl df

For wavesin intermediate depths and nonlinear characteristics, the above
approach posesa problem. As discussed earlier, the energy contained in the
higher frequencyrangesmaycomdrom higher frequencycomponentshichare
coupled to the primary wavesof lower frequency, and therefore havethe same
phasespeedas the majorwaves. Calculation of the energ%/flux basedon the
previouslydescribednethodhenis not completelycorrect seeFigure7.14-b!.
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In very shallow water, the problem mentioned becomes less significant
because waves lose their disperse nature and propagate all with the same
phase speed, which is equal to the group velocity.

In computing the energy flux from the wave spectrum, the nonlinearity
of the waves may introduce errors, in the mean total energy E of the waves
as well as in the evaluation of the group speed.

In experimental procedures, those effects have to be taken into con-
sideration.
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CHAPTER 8: FIELD EXPERIMENTS AND ANALYSIS

The previous chapters have been concerned with the description of the
problem and with its theoretical background.

Whereappropriate, work of other investigators that was relevant to this
study was reviewed and compared with the theoretical developments carried out
for this study.

Results of the experimental part of this study have been used incidentall~
in chapters 4, 5and 7 to verify or illustrate theoretical concepts.

This chapter will give adiscussion of the experimental set-up in the
field and will further analyze results that have been obtained.

EXPERIf1ENTAt SET-UP

The field experiments were conducted across the offshore shallow coral
reef at Ala Ploana Beach Park in Honolulu. ‘The site is situated west of Waikik
Beachand southeast of the entrance to the small craft harbor "Kewalo Basin,"
situated on the south shore of the Island of Oahu Figure 8.1l

Site conditions and bathymetry were shownin Figures 1.1, 1.2 and 1.3.
An aerial photograph of the site, showing wave conditions as they prevail on
the reef, is presented in Figure 8.2.

KAHUKU POINT AV AUAI
OAHV
Olo km MOLOKAI
VI
KAENA POINT
LANAI
K AIMLA W
MAKAPUU
21017 N
BARBERS POINT 4ANAC, POINT

PROJECT SITE
ALA  MOANA BEACH

157052 W

Figure 8.1 Study Site on Istand of Oahu
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Figure 8.2 Aerial  Photograph, Ala Moana Reef
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In St tlon£1thro€iﬁMSS|£l@edonthereefandm Sta élonP7S|tuated

g@\m)r ewav e&s pacitane@veecorders.| 10N
asit Irst brea neyavaemeas ming

themotiorof a floating buoyfroma highpointonshore westof the Harbor

entrance.

A concretbencimarkvasestablishednthe shalloweefasa reference
point for station identification.

Reebathymetgya&zletermlnetoyIevel|ngW|th referencéo a bencimark

on shore during “low ti conditions

Theffshordathym gakerfroma currenhydrograplulcart: the
offshor rofi Ieln%érav%wameasufm&m gsseﬂsﬁ necho
depthecorder At the site the offshorebottontonsistof a stablecoral

reef.

1loslataNereeE ectedn thes n}rrmncfall of 1976durin he rtjod

JuI 30to SWp 10exper|ment sver
wh |c h3 runs ererejected becausef som kely "error.

Durlngzthls first series of measurementbe meawaterlevel at the
variousstationswasneasuraddirectly by determininthe meaaf the time

series of the wave records.

A secon erhes of easuremema 3rrled out in the fall of 1978 The
mal urpo IS ef ortwa$o VGI’IR/C ataonwavset- ulpobtaln rlng

first serles .Duyrin measurempragr nwave ergmeasurga
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Allinstrumentsand recording equipmentor the reef stations were
transp ortedncbleglo yefroma smallmobilep]atformequippedith four jack-
up legs, the "reef e%gg ' Duringtransportthe four legs wereraisedto a
h|ghp03|t|on Figur l. At the projectsite, thelegswerdowerednthe
reef andthe platformwasraised abovet e waterlevel out of the reachof the

waves.
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Figure 8.3 ManometeiFor WaveSet-Up Measurement
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Figure 8.4-a  Readingf Mancroetdor RaveSet-Up

Figure 8.4-b ManometeFixed to Staff-Gage in KewaloBasin
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Figure 8.5 Socket for manometer Fixed to Reef

The platform consisted of a3x2 nflife raft sandwiched between two

rectangular  frames of angle iron. On top of this abolted wooden platform
served as deck. Oneach corner aseven foot tall metal pipe was attached
to the frame with ahand operated winch and pulley. The winches allowed
the legs to be raised or lowered. Figure 8.9 shows the reef buggy in position

over the reef.

For the reef stations the capacitance wave gages were mounted on tripods
Figure 8.10!. The wave information was cabled to the reef buggy and recorded
on a Sangamo Nodel 3400, 16 channel portable tape recorder. A portable
generator was used as a power source.

The offshore capacitance wave gage was mounted on a vertical pile in 11m
of water. The pole was hinged to aheavy concrete anchor block on the bottom
and wired to stabilize its vertical position Figure 8.11!

After use the pole cou'ld be lowered and secured on the sea bottom to
avoid damage from ships and floating objects.

l<aveinformation  from the offshore probe was transmitted by cable to a
Sanborn strip chart recorder on board of acraft See Figure 8.12!.

Breaking wave conditions in Station 06 with depth of about 2.0m made it
impossible to use capacitance gages as employed on the reef. For this reason
the motion of a floating buoy tethered to acoral head, was fiilmed from aloca-
tion on shore. Oata were recorded on magnetic tape, strip chart, and film.
All of these had to be calibrated and prepared for computer analysis.
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Figure 8.6 Float-type  Tide Recorder at Kewalo Basin

Figure 8.7 Bubble-type Tide Recorder for Tide on Reef
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Figure 8.8 Reef Buggy Under Way to Measurement Site

The strip chart data from the offshore probe was digitized at 2.605
points  per second.

During the second series of measurementsin 1978, emphasis was on
determining the wave set-up over the reef, waves were only measuredin the
offshore  stat~on in the sameway as during the first series of measurements
in 1976,

At the reef stations, only visual estimates of the wave height were
made in addition to the water level observations. Current  velocities on
the reef were measuredusing a submerged bottle as afloat attached to a
string with distances marked on it.

Detailed information on data calibration and data handling is presented
in Black 978a! and Wentland 1978!.
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Figure 8.9 Reef Buggy in Position Over Ala Moana Reef
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Figure 8.10 Capacitance WaveStaff on Reef

Figure 8.11 Offshore Capacitance Gage



Figure 8.12 Recording Equipment Aboard Research Vessel

NETHODS OF ANALYSIS

The analysis is based on the calibrated time series of water elevation
for the various stations. Wavesvere usually recorded continuously during
approximatelyone hour of measurementThedata weredigitized for computer
handling at 2.5 points per second.

The digitized tapes were converted into files of 8096 data points: in
the analysis 4096 points corresponding with ~ 27.3 minutes of record!, were
used for the computation of the wave spectrum.

Although wave conditions during the one hour of measuremenwill vary
slightly, partly becauseof the changesin tide, for the analysis the time
series is considered as part of a stationary process.

During the 1976 series, the tide elevation wasassumedo correspond with
predictions from the tide table for Honolulu. During the 1978experiments, in
order to improve accuracy, two tide recorders were employedon the site and
water levels on the reef were measuredwith the visually read manometers.

Thetime series of water elevation were analyzed in two different ways:

a. by calculating the statistical distributions of water level, wave
height, and wave period,

b. by computing the wave spectra to provide information on the
distribution  of energy over various frequency components.
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To obtain wave elevation data the mean was subtracted from the data
points to obtain the deviations from the mean water level.

To obtain wave heights and wave periods a zero-upcrossing method was
used. The wave height estimated by the zero-upcrossing procedure is de-
pendent on the digitizing interval. To reduce the error a parabolic inter-
polation wasapplied which fitted a parabola to three data points Black, 1978a!

Because the data is in digital form, it is also necessary to interpolate
for the time at which the record crosses the mean.

For the computation of the wave spectra aF.F.T. procedure was used.

A small change in tide level during aseries of measurementsproduces
a trend in the data. To remove this  trend the time series was fitted to a
straight line by linear regression, which was then subtracted from the
record before data  reduction.

Wave heights in Station k6 were obtained by filming the motion of a
tethered bouy Brower, 1977!. The filmed record was obtained with an 800 mm
lens on aspring wound Bolex 16 mmmotion picture carera at 8frames per
second.

The film was projected against agrid and the motion of the bouy was

obtained from aframe by frame analysis. The scale was obtained from the
known diameter of the bouy. The digital information  was punched into
computer data cards in blocks of 256 data points. The digitizing interval

was 4 points  per second.

WATERLEVEL, WAVEHEIGHT AND NAVE PERIODVARIABILITY

For seven days of observation in 1976 parts of the calibrated time ser~es
are shownin Figures 8.13 to 8.19. The following general characteristics may
be observed.

The waves in the offshore Station P7 usually show agroup behavior with
groups of low and high waves following each other.

Such group behavior induces a modulating effect in the mass transport
associated with the breaking waves on the reef. This in turn induces a long
period oscillation on the reef, as visible in the records of probe 5on July
30, 1976 and to alesser degree in probe 3 on August 4, 1976. The period of
these oscillations is of the order of afew minutes. Waves at Station 85
can be higher or lower than waves at Station $7, depending on shoaling and
dissipation characteristics of the incident waves.

Due to the energy dissipation, waves reduce in height from Station 05
to Station PI.

The time series of Stations 15 through P3 usually show steep, almost
vertical upcrossing characteristics, which are indicative of wave breaking.
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Figure 8.13 NaveRecords,Ala MoanaJuly 30, 1976
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TIME IN sec

Figure 8.14 Nave Records, Ala Moana, ALIgust4, 1976
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TIME IN 660

Figure 8.15 WaveRecords, Ala Noana, August 25, 1976
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TIME IN seC

Figure 8.16 hlave RecordS, Ala NOalla, September 7, 1976
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0.99

Figure 8.17

TIME IN sec

WaveRecords, Ala Noana, September 14, 1976
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PROSE 3

TIME IN eec

Figure 8.18 NaveRecords, AlaMoana,Septemberl6, 1976
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TIME IN 960

Figure 8.19 WaveRecords, Ala Noana, Septembe23, 1976

~ Most breaking wavesare characterized by a set of high frequency oscil-
lations foalowingthe crest. Despite the presenceof these high frequency
oscillations, the characteristics of the primary wavesystemis retained in

the records of the shallow water probes on the reef.

Mater Level Distribution

the probability density function for the discrete time

If fh! signifies
Is defined by the probability statement

series htj, this function
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Pr h <h <h +dhj =fh! dh

It can be reasoned that the water level fluctuations in ocean waves are
likely to be described by a stochastic Gaussian process. If the meanvalue
is reduced to zero the probability density function then conforms to the
Gaussian  distribution

The probability density function is characterized by its moments, the

n-" moment being defined by

hfh! dh

Thefirst momensignifies the mean,the secondmomenthe standard deviation.
The third momentgives the skewness, which describes the asymmetry of the
distribution and is defined by

N3
8.4!

3/2
The fourth moment defines the Kkurtosis. The latter measures the peakedness of
the distribution:

N4

K=
4
Ct
For a Gaussian  distribution S= 0Oand K= 3.0

A positive skewnessvalue indicates that the function is skewedtoward
the left, anda negative value meansthat it is skewedtoward the right.

Examplesf probability density functions for the Ala floanareef data
have been presented in Chapter 7. For the offshore probe, the distribution
IS not strictly Gaussianbut deviations are relatively small. For the reef
stations, however, considerable deviation from the theoretical Gaussian
distribution wasobserved. Compard-igure 7.8. A positive skewnesscoef-
ficient may be noted in this figure.

Considering all records of 1976, the skewnesscoefficient rangedfrom
-0.25 to +3.29.

Its variation along the traverse is shownin Figure 8.20.

Theskewness the greatest at probe 1 under onshorewind conditions.
Thekurtosis coefficient Is nearly 3.0 offshore varying betwee.93and3.69!
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FigureB.20 Sedevel elevationskewnesggainsipositiononthe
reef, Ala Moana, 1976.

conforte a nearhGaussianstri butiorandncreasesithdecreasi th
withits maxi um| Statiord1,varyin etweéméhnce{).ﬁ B%%B,Q?Ba
. Asa result of theanalysis,it is_concludetthat the Gaussiatistripution
IS n_otva[l orve}hyh_aﬁlalwater. onﬂ_e eewatepro%e%tatloré%,t e
distribution maybe considerednearly Gaussian.

Wave Hei ht Distribution

Usingero-upcrossimgalysis,the distripution of wavéaeightshave
beexaminémnt ,varlo_useconycfs.Son'resurt)&\avealrea presented
in Chapter 7 for discussion purposes.

. Wavhkeightdistri butionshavebeerrompareadth the Rayleigladlistri-
bution, the truncatedRayleigldistribution andthe Weibuldistribution., A
methdd arriveat a wavkeightistributionusingheenergglissipation
model,describedin Chapters4 and5, is also discusSed.

. A detailed analgsis of' the Ala Moandatawith respectto the first three
distributions is preSentedn Black 978al.

A'ayZeigh Dist~i&ution

_ _Wa\,leeigptetor_all AlaNoanstationavereomparedhtheRayleigh
distribution. heheights werebrokenup into 20 bins of width
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H z,max
B.6!

and the number in each bin was counted.

For the goodnessof fit test, ax® cri terion was used, where

and mis the number of bins

E. is the theoretically expected numberof wavesin the bins, and

0. is the observed number.

The numberof degrees of freedom for the x distribution is m 1
For the offshore station two out of five wave records did not exhibit a
Rayleigh distribution using the above given criterion. Since the Rayleigh

distribution is based on the assumption of a narrow band spectrum, a filtering
procedure was applied by removing all waves with period less than 2 seconds
from the record. The height of awave with period less than 2 seconds was
comparedwith the height of the wave imnediately following and the larger of
the two was retained. @ The goodness of fit appeared to be considerably improved
if the short period waves are eliminated. For the offshore probe all records
exhibited Rayleigh characteristics when this procedure was followed.

For the reef stations correspondence with a Rayleigh distribution is less
satisfactory. Of the total of 31 wave r'ecords in shallow water, nine exhibited
Rayleigh characteristics. Filtering did not improve the correspondence; on the
contrary, it reduced the numberof fitting  distributions  from 9to 6.

The Truncated Rapleigh Distzibutmn

In the truncated Rayleigh distribution, it is assumed that the initial
distribution in deep water is Rayleighian and that in shallow water the height
of the waves are limited by depth.  Such distributions have been proposed by

Kuoand Kuo, 974! and by Battjes 972b! and Battjes and Jansen 978!.

The form of the truncated Rayleigh distribution proposed by Kuo and Kuo
975! is:

f x! 2~ x<xb
1-exp-xb!
a.s!

fxI =0 x> xb
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where

X = HHaHg xb

rms rms

are dimensi onless wave heights.

Forthe determinatioof Hba breakingriterion musbeselected. Kuo
and Kuo 975! proposed:

Hb = 0.63 hb

For the Ala Moana Reef it was found that

Hb =0 64hb

if Hlrepresenteemeanf theminimwandnaximbreakehneightaveraged
for Stations 4and 5. This is in close agreement with equation 8.9.

In applying the distribution  given by equation 8.8 to probe 4 of the Ala
Moanadata, it was found that just inside the first breaking region the truncated
distribution gave a good description of the actual distribution.

The Veibul L Diatmbution

Since the Weibull distribution has two parameters u,p!, its ability to
describe observeddistributions is greater than of the Rayleigh distribution.

By curve fitting,  values of a and B can be determined so that wel1fitting
distributions can be obtained for the description of the wave height distribu-
tion.

In Lee and Black 978! the characteristics of the Weibull distribution
are discussed and the usefulness of this distribution for wave heights s
demonstrated.

Thevariability  of the coefficients aand g and the lack of theoretical
foundation for the Weibull distribution reduce the value of this distribution
for prediction purposes.

The distribution  also appearsuseful to describe the variability of wave
period and to identify the shape of the wave spectrum.

Table 8.1 summarizesthe results of the curve fitting of the Ala Noana
waveheight data to the Weibull distribution.  In all casesthe linear cor-
relation coefficient pis nearly 1.0 so that given the proper values of m
and 9, the Weibull distribution is applicable for all stations.

Beta is usually smaller than 2.0 which indicates that the distribution
is somewhatflatter  than the Rayleigh distribution.
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The mean values of 8are
1.770 +0.262 all stations
1.534 +0.195 all stations, onshore winds
1.983 +0.101 for breaker zone.
As a matter of comparison, 8 = 2 for the Rayleigh distribution.

Values of ccan be determined if the values of 8and of the mean wave
height are known.

Another useful equation for the relation betweenaand 8, given by
Black 978al!, is

where xFi)s the peak of the distribution of x.

As to the overall usefulness of the Weibu» distribution to describe wave
height variability, it maybe concluded that the distribution is very adequate
to describe observed data. However, because of the variability of the coef-
ficients uand 8and the lack of theoretical foundation for this distribution,

it is of lesser significance for predicti on purposes.

PaveHeight Distribution in Shally Vates Calculated from Distribution
in Deep Pater

The concepts of energy dissipati on, developed in Chapters 3 and 4, also
provide a basis for the derivation of a wave height distribution for wavesin
shallow water, whereby conditions in deep water provide the input for the
calculations. The latter can be in the form of ajoint probability density
distribution  for wave height and wave period

For each combination of Hand T, the joint probability
fHT! dHdT
determines the re'lative frequency that such combination exists.
Using the energy dissipation model, a wave with characteristics H T
maybe carried into shallow water and its attenuation of waveheight can be

assessed.

This modelrequires a breaking criterion as well as a criterion that
defines the end of breaking for agiven  wave.

The approachdiscussed above is only strictly valid if no energy transfer
takes place from the frequency bandconsidered to higher frequencies. In

238



reality such transfer of energy does occur, however, and corrections have
to be applied to account for this. The latter makesthis procedure less
usefu tfor engineering purposes.

Wave Period Distribution

The wave period distributions  were comparedwith the following theore-
tical distributions:

the Rayleigh distribution,

a symmetrical probability density function proposed by Longuet-
Higgins 975!,

a Meibull distribution.

Due to the formation of secondary waves when waves move into shallow
water and break, there is anon'linear change in period behavior during this
process, which affects the period distributions.

Aayleiph  Dist2'ibutian

Although Bretschneider 959! found that the wavelength or period
squared follows a Rayleigh distribution, analysis of the Ala Moana wave data
suggests that the period to the first power offers a better approximation,
although there is a considerable variation in the peakednessof the distribu-
tion with the position on the reef Black, 1978al.

Longuet-Higgins  Distribution

The observed period distributions have a positive  skewness with tail to
the right! and therefore do not fit Longuet-Higgins 1975! theoretical
distribution Black, 1978al.

Veibul | Distribution

Similarly  to the procedures followed for wave height. the Weibull distri-
bution with its 2 parameters offers an attractive model to describe the period
distribution. Again, the lack of atheoretical foundation makes this model
less valuable for prediction purposes Black,1978b, and Lee and Black, 1978!.

Variation of Si nificant Wave Hei ht and Wave Period Alon the
Measurement Traverse

For each station and for each day of measurement the significant wave
height was computed.

Figure 8'21 showsthe ratio between the significant wave height at the
various reef stations and at Station 7 in deep water.
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This ratio usually has its maximunmvalue at Station 86 and rapidly decreases
in shoreward direction. The increase in wave height is primarily due to
shoaling, whereas the reduction in wave height is dominated by turbulent

dissipation.

Although all days of measurementdemonstrate the sameoverall trend,
there are also somediscrepancies. On September 14, 16 and 23, 1976, an
increase in wave height may be observed from Station P4to 43, which can
only be partly explained from shoaling. Visual observations of the wave
directions on the reef suggest that at times wave energy from the adjacent
reef section between the traverse and the harbor entrance affects the
measurementsalong the traverse due to wave refraction.

The variation in significant  wave period along the traverse is shownin
Figure 8.22. The sign~ficant period is again normalized by dividing it by
the deep water value. There are significant  differences of period behavior
for the various days of observation. Input of wave energy from adjacent
areas mayalso play arole in the observed period behavior,

1.20

0,8'3

| 0.60

0.40

0.00
WATER

OISTANCE FROM DATUM IN m

Figure 8.22 Significant  period normalized by the deep water value,
against distance from the datum, Ala Hoana, 1976.

THE WAVE SPECTRA

The wave spectrum is a powerful tool in wave analysis. In Chapter 7 the
theoretical ~ background of the spectrum and the various methods of calculation
were discussed. In the following section the results of somecalculations

will  be presented.
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Since the characteristics  of the discrete time series length and sampling
interval! are related to the required charactertistics of the spectrum, the
following aspects are considered for the determination of the required record
length and sample distance.

1. Becauseof computer efficiency, aFast Fourier Transform technique
is used.

2. The resolving power of the spectrum should be such that in the low
frequency range a distinction can be made between the lowest swell
frequency to be expected {f =0.05 Hz! and the lower frequency
components such as surf beat f <0.03 Hz!. A minimumof four
independent spectral density estimates between zero frequency and
f= 0.05 Hz is considered desirable. This criterion  implies that
the width of the spectral filter should not exceed 0.0125 Hz.

3. In order to improve the accuracy of the spectral estimates, two
possible methods may be employed for the Fourier spectrum:

{it ~ Averaging over the ensemble, whereby the time series is cut
into anumber of shorter series of equal length and an
average value is computed for all spectral estimates for
the same frequency;

{ii! The time series is viewed as one realization of the sto-
chastic process and the averaging takes place over anumber
of adjoining elementary frequency bands.

In this study the second method is foll awed. Assuming ax?’ dis-
tribution of the spectral estimates, the number of degrees of
freedom should be sufficiently high to obtain results of adequate
accuracy.

The number of degrees of freedom was chosen to be 40, which cor-
responds to averaging over 20 adjoining elementary frequency bands

of width T, T beingthe lengthof the time series.

In view of requirement !, this leads to an elementary band width
of

20 0.00625 Hz

The corresponding length of the time series is then

T= ~kf =1600 seconds

4. The sampling interval ht to be selected should be small enough so

that water level and wave height statistics based on the record do
not contain serious errors. The time step is furthermore related to
the Nyquist frequency by
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N 2A¢ 8.12!

The choice of At and the corresponding value of fwould require that

the amountof energy to be cut off beyondthe Nyquist frequency should
be negligible.

Since part of the data is collected in analogue form, from which
digi tizing has to be done, the value of the time step should not
be smalter than necessary.

In view of the above considerations, atime step of 0.4 seconds was
selected for the reef stations, corresponding to a sampling rate of
2.5 per second. For the offshore station the digitizing was done

with 2.605 points per second, which requirement was associated with
the digitizing procedures for the offshore record.

Atime step At = 0.4 seconds corresponds to a Nyquist frequency

fN = 1.25Hz

The above criteria lead to anumber of data points for each record

of ¥¥  4000.

In view of the fact that F.F.T. procedures are particularly effective
if the numberof data points is an integer powerof 2, this gives

N = 4096
and
T= 384 sec

The corresponding number of data points on the wave spectrum is then
N/2 =2048

The elementary frequency based width is then

1638 0. 006Q Hz

and the width of the filler band
Af =20 xAf =0.0122 Hz

The latter value is well in agreement with the requirement listed under
I-
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6. The total length of the time series to be used for analysis is
limited by the requirement that the assumptionof stationarity is not
violated. The selected duration of 1638 seconds is not considered
too long for this criterion.

Although during the execution of the experiment time series of about
one hour were measured, only apart of this series was actually used
for the analysis.  This also provided a means to remove bad data
from the record and so obtain uniformity for all record lengths.

S ectra from Field Measurements

The computed spectra for the Ala Noanadata are shownin Figures 8.23
through 8.29. In each figure the energy density spectra for Stations 11
15 on the reef and Station 11 in deep water are summarized.

The results of the computations f'or Station 16 are not always included
in the analysis because of uncertainties regarding the accuracy of certain
floating bouymeasurements. Although the spectra for Station 16 often fitted
well with the other measurements, some probable errors occured which are
attributed to the inert~a of the bouy in breaking waves.

The offshore station usually has a relatively narrow band around the
peak frequency with low energy densities for the lower and higher frequencies,

_ Going shorewardfrom the offshore station, energy densities tend to
increase dueto shoaling andto decreasedueto energylosses bottomfriction
and breaking losses!.

The total area under the curve equals the total meanenergy of the wave

record ! , divided by pg:

ht = Gfl df =o

. . . . . . 2
which is equal to the variance of the time series. The maximurof o usually
occurs at Station 16.

Inland of Station 6 energy dissipation usually exceeds the effect of
shoaling. Consequently, the total meanenergy decreasesover the reef'.

In Stations !1 and !2 the spectrum is usually very flat but the energy
density is still  somewhahigher near the peak frequency of the offshore probe.

Theenergydensty in the low frequencybandsfor the stations on the reef
IS in most cases higher than the energy density for the offshore station. For
the very low frequencies energy losses are small and shoaling effects are
considerable. In addition, some wave reflection from shore may occur,

1 Forhighmonlineavavas shallowatersolitarywaveshis is not

completely  correct. See Chapter 7,
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Figure 8.23 Fourier spectrum for time series of 4096 data points
digitised at 2.5 points per second. Each spectral

estimate has 40 degrees of freedom, Ala Noana,
July 30, 1976.
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Figure 8.25 Fourier spectrumfor time series of 4096 data points
digitised at 2.5 points per second. Eachspectral
estimate has 40 degrees of freedom, Ala Noana,
August 25, 1976.
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Figure 8.26 Fourier spectrum for time series of 4096 data points
digitised at 2.5 points per second. Each spectral
eStimate has 40 degreeS of freedom, Ala Noana,

September 7, 1976.
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Fourier spectruill for time series of 4096 data points
digitised at 2.5 points per second. Each spectral
estimate has 40 degrees of freedom, Ala Moana,

September 14, 1976.
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Figure 8.29 Fourier spectrum for time series of 4096 data points
digitised at 2.5 points per second. Each spectral
estimate has 40 degrees of freedom, Ala Moana,
September 23, 1976.

In the very low frequency range 0.02 Hz!, energy in the spectrum may
be associated with a "beat" effect: the generation of along period oscil-
lation on the reef due to group behavior of the incoming waves.

In order to increase the plotting accuracy for the lower energy densities
in the high frequency range, the field spectra were plotted on a similogarithmic
scale. In the figures the confidence Ilimit for a 955 probability is also shown.

Thelatter is basedon a X distribution with 40 degrees of freedom see also
Chapter 7!.
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Figures 8.30 through 8.36 showcumulative energy contours. The cumulative
energy is given by

G fl df =curnenergy

0
wherebythe upper boundaryfis let to vary.
Severfrequenciesbetweerf = o andf = vaere selected in sucha waythat

the energyamplification or attenuation could be examinedn greater detail.

Thefigures showthe contours-of cumulativeenergyversusposition on
the reef. Theuppermosturveis for f= 1.25Hz Nyquist frequency!and
thus gives the total meanenergy in the spectrum.

The cumulative energy contours in Figures 8.30 through 8.36 are obtained
from the spectrum. For Stations Pl - 0'5, interpolation is doneby straight
lines, which is not expectedto give erroneous results

Becauseof the uncertainties involved in the accuracy of the spectrum
for Station P6, only the total meanenergy is shownfor that station in

rder to indjcate, the considerableeffect . of shoalipng! onnecting
lineswer ravxﬁnetweé’natlone@gand?jﬁorvaﬂ?eeaﬂ‘d i

The various days of measuremenappear to have similarities  but also
showdistinct differences. Most energy appears in the frequencies below
0.4 Hz, and very little  energy is present above 0.8 Hz.

In the following sections further consideration will be given to the
changesin the energy spectrumon the reef, due to energy dissipation.

The Sha e of the Spectrum

Leeand Black 978! have shownthat the shapeof the spectra for the
various stations on the reef maywell be described by the ‘iJeibull distribution
curve, if the coefficient gis allowed to vary.

Figure 8 37 showsthe theoretical spectra based on the Meibull distribu-
tion curve for varying values of g, and for unit variance.

A comparisonwith the observed spectra showsthat this modelis suitable
for adescription of the calculated spectra.

By meanf curve fitting, the values of a and 8 were computedfor the
various days of measurement. The results are summarized in Table 8.2.

It is seenthat B averagesl.79 + 0.22 on the reef as against an expected
value of 8 = 4 for deepwater wavesin a generating area Bretschneider, 1959!.

The form of the wave spectrum maybe described by

Gf! =EaBf exp -o.f !
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Figure 8.30 Contours of cumulative energy from frequency 0.0 to F, Nhere
Fis given on the symbol table, aaainst position on the reef,
Ala Moana, JU'ly 30, 1976.
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Figure 0.31  Contours of cumulative energy from frequency 0.0 to F, vihere
Fis aiven on the symbol table, against position on the reef,
Al a Moana, August 4, 1976.
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Figure8.32 Contoursof cumulative energyfrom frequency0.0 to F, whereF
IS given on the symboltable, against position on the reef.
Ala Moana, August 25, 1976.

2.0

Q0

[ -5

Figure8.33 Contoursof cumulative energyfrom frequency0,0 to F, whereF
is given onthe symboltable, against position on the reef,
Ala Noana, September 7, 1976.

DISTANCE FROM DATUM IN m

254-



ill_ 004
E

x 0.03

0.02

0,01

OISTANCE FROM DATUM IN m

Figure 8,34 Contoursof cumulative energy fram frequency 0.0 to F,
where Fis given on the symbol table, against position
on the reef, Ala Moana, September 14, 1976
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Figure 8.36  Lontours of cumulative energy from frequency 0.0 to F,
where Fis given on the symbol table, against position
on the reef, Ala Noana, September 23, 1976
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where E is the total energy of the spectrum with dimension [jt?]!, fthe
frequency and G f! the spectral density; aand 6 determine the shape of the
spectrum and have been determined by curve fitting.

The procedures on energy dissipation will  provide values of E across the
reef.

It can be shown that the coefficient ais related to the coefficient 5
and to the peak frequency f.
P

Based on the observations and curve fitting of Bthe best estimates for
the shape of the spectrum are the following:

~S11 «112 dp 1i

G fl=4EIf fff 1expl-~ ff !] 8.15!
! Shallow water, offshore ed eof reef .5 m depth!

G fi= 3Ep fit | exp[-~ fif 1] 5.16!
! Shall owwater, near shore side of reef . 75 m depth!

Gfl =2 E3fIO fIf Io!pexp [-2 fif ] 8.17!

For amore detailed analysis of curve fitting procedures and the general
characteristics  of the Meibull spectrum, reference is madeto Black 978a, b! and
Lee and Black 978!

ENERGY DISSIPATION  COEFFICIENTS

The main forms of energy dissipation for waves approaching ashallow reef
are bottom friction and turbulent dissipation. The theoretical back-
ground of these phenomenawas discussed in Chapters 3 and 4..

In the offshore section, between Station 17 and the breaking point,
the energy dissipation is governed by the bottom friction. Inshore of the
breaking point the energy losses due to turbulence dominate.

Dissipation of energy maybe expressed by the relation see Chapter 4!:

& ¢ +c !
dx fb

whereby st the gradient in the energy flux

andcf andebdenoteespectivelythe mearate of energylissipationper

unit of area due to friction and turbulence.
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the major objectives of this stud |s ua the respective
Iosscoe FlClentgjroneprerlmentgie/aluyeza q OE% eeQ/aIuated

from both field and modeldata In the following, the anaIyS|s of the field
data will  be discussed.

Thevaluesof cbandc were definedby

f3 wXx~sSsikh~

and
2
b pPg ~H
8~%

where

+f + cb= at total dissipation

Theexpressiofor cf is basedna linear wavenodedndonthe assumption
that the bottom shear stress is proportional to the square of the orbital
velocity  near the bottom.

If the waves are nonlinear a certain deviation from the linear friction
coefficient ~ maybe expected. Similarly, deviations may be possible if waves
are breaking Chapter 3.

From the results of the experiments and from acomparison with results
obtained by other authors, it will be established if nonlinearity and breaking
will  have significant effects on the friction coefficient.

Anal sis of Field Data for the Determination of Ener Loss Parameters

Regarding the procedures to determine f\Ilrom the field experiments, the
following considerations are of importance.

The computationsmaybe carried out by using the normalized zero-upcrossing
spectrum, which is knownfrom observations and by considering the energy
losses to which the waves within a frequency, bandwidth hf are subjected.
The normalized zero-upcrossing spectrumwas defined by
2
8°H,.f

sfl =17

where mrepresents the number of waves in the bandwidth hf and N the total
number of waves in the record. See Chapter 7!.
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The normalization parameter 6is related to two characteristic  aspects
of the wavesviz. the nonlinearity of the waves and the zero-upcrossing
procedure, by which energy in high frequency components which do not have

. . o I .
a zero-upcrossing! is eliminated. The first effect tends to make6! 1,
whereas the second effect tends to make 6 1.

The resultant  effect may make 6 either  smaller or larger than |. Resu]ts
of calculations of 6are listed in Table 8.3.

The change in the energy Sfl hf over asection Mis not only caused by
energy losses due to friction and breaking, but also to ashift of energy
toward other frequencies.

If for each frequency band hf, both the numerical value of 6and the
amount of energy shift would be knownor could be calculated independently,
the sum of the friction losses and breaking losses could be calculated for
this frequency band.

Here a simplified  method of calculating friction  and breaking losses
will  be utilized, whereby this effect of interfrequency energy exchange is
neglected.

The first assumption is that for agiven section the friction coefficient
for all waves has the samevalue, representing an average value.

Although for steady wave motion the friction coefficient is frequency-

dependengndfis related to T}6for turbulent-roughboundariesin a random

S
succession of waves of varying period the boundary resistance is likely not to
respond to individual waves but rather to the spectrum as awhole. Therefore,
the assumption of amean value of the friction coefficient far all waves of the
spectrum seems not too objectionable.

The second assumption relates the normalization factor 6to the whole
spectrum by taking.

117

6 N%. 8 H. 2 £ variance =—a

The third assumption is that the energy flux associated with an individual
wave Hi is reduced by friction and by breaking, if it occurs.

By introducing the known calculated values of 6 at the beginning and at
the end of a section, an energy balance equation may be obtained.

The result is one equation with one unknownif only bottom friction is
considered, or with two unknownsif both fricion and breaking are involved.

A possible third aspect is related to the period distribution of the
zero-upcrossing  waves.
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TABLE 8.3

VALUESGFNORMALIZATIODEFFICIENTFRONMEASUREMENTS

Date Probe NZS ]1_|2 Variance
m
7-30-76 .0283 .0296 .9561
.0083 F0134 . 6181
8-4-76 . 028] .0356 .7909
.0324 .0370 .8754
.0164 .0]98 .8300
.0121 .0139 .8653
.0040 .0055 7220
8-25-76 . 0123 0] 56 . 7863
.0] 95 . 0329 . 5936
. 0103 . 0117 .8762
.0096 .0068 1.4]]0
.0025 .0036 .6795
.00]7 .0024 .7000
.0008 .00]1 7250
9-7-76 . 0220 . 0339 . 6488
.0I23 .0]50 .8242
.0]29 .0107 1.2070
.0109 .0091 1.2000
.0023 .0026 .8786
.0038 .0027 1.4034
9-14-76 .0332 . 0451 .7364
.0695 . 0790 .8805
.0189 . 0228 .8322
.0056 . 0073 .7570
.0079 .0095 .8304
.0029 .0040 7349
9-] 6-76 .0194 .0265 .7309
. 029] .0424 .6859
. 0186 .0204 .9109
.0]05 .0094 1.1149
.0124 .0163 7657
.0026 .0053 7263
.0037 .7100
9-23-76 .0128 .0179 . 7124
.0227 .0396 5725
.0186 .0155 1.2012
.0090 .0108 .8353
.0]36 . 0144 9426
.0049 .0058 .8581
. 0049 .0043 1.1522
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The above procedure partly accounts for the generation of higher harmonies
due to the introduction of the wvalues of 6. It does not account, however, for
the energy losses of these higher harmonies over the sectioli considered.

It is fe'lt that the above simplifications are justified in the light of
other unknowns and uncertainties.

If only friction is involved, which is predominently the case for the
Section 7- 6o0f the measurement traverse, the value of the friction coef-
ficient f\g:van be determined from the above precedures.

If both friction and breaking occur, it leads to an equation of the type:

= |
pf +a C= 1 8.18!

whereby pand gare numerical values obtained from the analysis.

Relationship 8.18 is established by assuming a value of one of the two
parametersg. 0 anddetermininthe other f ! "bymatchinthe computeohd

measured energy value for the station at the end of the section considered.

Graphical representations of the relationship 8.18 are given in Figure
8.38. It should be noted that the relationship va r. is not arelationship

between the actual values of these parameters, but rather it indicates the
various combinations of the two parameters that produce the sameloss of
energy.

In the procedure for selecting the most likely value of < use

is madef Figure4.24wherethe paramete?™ is plotted againstthe breaking
H

height index yb hbb

Byevaluating and makingssumptiofsr Frandu seeChapted!,

the value of g may be determined.

Forexamphh= 0.65gives®  0.8. Assumetg 0.18ndr= 1.2

onefinds g=.5 _vvhlchagpears*.o bea fair valuefor the wavedreakingonthe
reef slope Section6 of traverse!. Forthe inner reef sections with smaller
depths, lower values of ~ maybe expected. Althoughboth Fr anda decreasein sh
ward direction across the reef, ais expected to decrease more rapidly than Fr.

In the calculation of the energyflux the effect of nonlinearity of
the wavesis to be evaluated, both with respect to the calculation of the
meanenergy and of the group speed.

A further discussionon the computationalproceduresusedfor this analysis
is presented in Chapter 10.
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EXPERIMENBAUESFRICTIGMMBREAKIBGEFFICIENT
Basamhthegbowdescribgnoceduneduesor thefriction coefficient

andareaklm;peﬁ%ewereo%uﬁeg%evarlousectlons thetraverse.
Theelationshipsvebandgasrepresentadrigur8.38)ivaise

to the following discussion.

It isto benotethata diagcrt%nr}‘\y%ssitc}/epeegnlyexistsif botHriction

and breakinglossesoccur in the s
Datéronvariousectionsftenshowonsiderabiariatiofior thevarious

days of observation.
Theteepnedshecurverepresentthgrelationshigetwekeandg
IS a measaftherelatiy rtarmdreaking theenerdgssguation:
a closéo verticalinein }[/I%]geg_lagramerrespgngsi re?agge%aﬂ
r?olljmtf %W\ sd;& t&tl)j(ren kll L%?éng {dml frlctlonh In rangﬁgnrave%ta '
0 t%e%{a umbsEmwaves therecor O%t evalk%ﬁnl]s on(f&o J
a very minordegreaffected by the selectedvalue of q. v

. Fronthis ob_serva'tiorh),reakinigvouldaemosprominerin Sectiorb 4
whichs thesectiomeaithee [ge) thereef. Basedntheﬁtheogetl aturve
A I% mit

=

of Figurel 24it 1s assu =1 |s a practicalu or this
para%eter‘l’ helowa?ues) thr an qur9-7-7ﬁaﬁ&-25-76re ardo

explairexcepbyexperimenttrorsdugo deviationfrontheassumeab-

dimensional conditions.

aset?igthe raphef Figuré.38andhe selectioof a propevalueof
g, value® car?bé)&tem%ned?ormosb ﬁ1e§ataava1p g =0.5will
produceeasonablaluedor the friction coefficient. Theresultsof this
analys~s are listed in Table 8.4.

.. It is of Interest to compartheseresults with valuesfoyndin th
terature. Oétb tﬁe erl ﬁi ai’vtlcaf\l/o %QOI’]SS 6!,
e eﬁjetal. bsfand%gﬂurgggaais onferterest e€ hapteat.
Thesauthordoundhat for the turbulentroughregimehe friction
coefficient maybe expresseds a function of' the paramete?“' Whereabis

the maximumorizontagxcursioof a waterparticle near  the bottonfromthe
mearposit~onandk is the bottomroughness.

Their results are basedn linear wavanotionandsteadyconditions.

In orderto usethe samgypeof relationshifor a randomavenotionas
experiencead thefield, areep/Pesentatlvwav ag?o eselectedthe

ﬂﬁarameteref which eu?edto computthe linear! bottomvelocity U and
ecorrespon 3@@ a<
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.09

.81
48
.63

.16
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.03
.08
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.14
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.18
.21
2
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3

.61
.59
1.0
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.27
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.38
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31

.82
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.9'9
2.02

1.38
F 05

2.3

9.49x 105
2.88x 105
2.07x 10~
157 x10

2.30x 104
9.49x 105
2.88 x10

.30x 104
9

1.57 x10 5

41510,

2.33x 106
1.63x 106
1.17 x10

=
[0}
X
=
&

T2
P06
X X

—
e
o

2.62x 105
5.42x 105
469 x10

4.98 x 105
1.28x 105
4.53] x 105
2.35x 105
3.54x 105
3.81 x10

6.32x 105
2.02x 105
1.36x 105
264 x10



Forthis, rather subjectively, the significant waveheight andwaveperiod

have been selected.

Sincethe bottomof the traverse is sloping, the representative depth and
wave height are selected in the middle of the section.

Evaluation of the wave Reynoldsnumbersindicate that for all field data,
the WaveRegnoIdeumberbasecbn the previouslydefinedcriteria, is abovelO,
so that a turbulent.-rough regime maybe expected.

Figure 8.39 showsthe relationship betweenfvzvsmd §~, for an assumed

valueof k of 0.25m. Thelatter valuewasestimatedbaseanthe relatively

roughbottomconditions. Referenceis maddo Figure 8.40 showingunderwater-
photographsof the reef bottom taken by DaveWentlandin the summeof 1978.

Figure8.39 showshe curvesproposety the three authorsmentionedA large
numberof data points fall within or near the curves by these authors, but
thelre are also somesignificant deviations for whichthere maybe acceptable
explanations.

The two points with extremely low friction  coefficients  could have been
plaguedby experimentalerrors, as discussedbefore including three-dimensional
effects!. = Thesepoints refer to Sections5 4 and4 3, respectively.

The high values for Section 6 5 maybe explained by the fact that this
section is characterized by plunging breakers. According to discussions in
Chapter 3 regarding the effect of breaking on the value of the friction
coefficient, higher values than applicable to regular wavesf low amplitude
may be expected in a breaking wave regime.

Overall the agreementseemsto be closest to the curves proposedby Jonsson
966!, but a changen the estimated value of ksmay affect this.

The high values of ffound for the nearshore reef section -2! are
: : : : a
in agreementwith the increase in ffor lower kv$alues. However,they are

considerably higher than Jonsson's proposed maximumvalue of 0.3 for low
‘&
values Jonsson,|978a!. The turbulence induced by breaking on the reef may

S
be res ponsibl e for thi s.

It is of interest to note that the computed values of the friction
coefficients for the shallow reef mayinclude significant errors for the
following  reasons:

Waveenergy values are small and are affected by input from offshore
winds.

The problem is not completely two-dimensional; observations on
September 14, 16 and 23, 1976, show an energy level at Station 3
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a/k
Figure 8.39 Wave Bottom Friction  Coefficient From Field Experiments

which is higher than at Station 4. This cannot be explained from
shoaling and suggests energy input from adjacent reef areas.

The highly irregular reef surface makes it difficult to properly
estimate k.

In the calculation of the energy dissipation coefficients  from the field
data, a difficulty arose as to the determination of the number of waves +ha'
were subject to breaking and consequently had breaking losses.

Use of the theoretical and empirical  criteria to determine if awave breaks
and where, provided an insufficient numberof breaking waves in the record, and
would lead to erroneous  results.

Another way to evaluate the number of breakers in arecord is by means of
avisual analysis of the wave record. Particularly in Stations 4 and 3the
breaking waves in the record were clear'ly identifiable by their steep rising
fronts.

Using this number of breaking waves in relation to the observed probability
density function of wave heights for the station considered, avalue for the

ratio Y ':Hh couldbeestablishedHbbeingthe lowestwavdieightthat would
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H

brealat that station. Thevaluey = 7. H beingthe maximuvavéieight
in the record, was a'lso determined.

. Tal)éallgcsasf yl andy2 establishedn the abovelescribethanneie listed

Thevaluesof y2 are usuallylowerthanexpectedasednexisting theories

suchas discussedin Chapter4. Theuseof the actual time series has showrto
be informative as to the nature of the wavesin a specific station.

~ Additional researchinto the natureof turbulencein a waveébreaking
regimeis required to further explore the effect of turbulence on the bottom

shear  stress.

As expected the effect of the waveReynotdsnumberdoes not have a
significant  influence on the friction coefficients for the field. = Reference is
madéo Figure8.41wherethe horizontal coordinateis the waveReynolds

number RE.
a

Thecalculated values of  are listed with eachof the data points.

Trends are as shownin Figure 8-39.

uT U
For the computationof the value a mm = , linear  wavetheory

2m
Is used,wherebyhe valuesof the significant waveheight andthe significant
wave period are used as basis for the computation.

In summary, it may be concluded that the linear friction  coefficient f

is considered auseful parameter for the estimation of friction losses in

shoaling and breakingwaves, that the order of magnitudeof it corresponds
well with the results of other investigators, exceptin the area of plunging
breakers, whema higher value of the friction coefficient mustbe expected.

w

_For practical purposes, the mean friction coefficients ~ for the various _
sections of Ala MoanaReef are listed in Table 8.6 below, in which corresponding

values of g are also given.

CALCULATIOQF THEWAVESPECTRUM SHALLOWATERFROMHESPECTRUM DEEPWATER

In this section, a method will be suggested to calculate the wave spectrum
in shallow water if the wavespectrumin deepwater is known. Whenwvavestravel
into sha'tlow water they are subject to shoaling, friction and breaking. Because
the process of wavebreaking is highly nonlinear there is aneed to use actual
wave heights rather than spectral components for the calculation of the energy

losses.

The analysis of the field data has provided insight into the dissipation
mechanicdfriction andbreaking! and has resulted in providing numerical values
for the friction and breaking coefficients, which may be used in the calculations.
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Figure 8.40 Underwater Photographs of Reef 8ottom
at Measurement Site
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TABLE 8.6

MEANVALUESOF FRICTION AND BREAKINGCOEFFICIENTS
FOR ALA MOANAREEF TRAVERSE, IN ROUNDFIGURES

Thespectrumat the deepwater Station 7 will be usedas input fran which
spectra for the inshore stations will be calculated. A comparisorcanthen be
madebetweerthe spectra obtainedfrom field measurementndthe onesobtained
from the dissipation model. A satisfactory agreemenvouldindicate that the
coefficients usedgive an adequatedescription of the dissipation.

In the methodfollowed the assumptionis madethat the energy G f! ~Af
contained in a frequency bandhf, maybe considered to represent the energy
of a single wavewith the approPrlateamourrbf mearmenergy. It is further-
more assumedhat the transfer of energy from one frequency bandto higher
andlower frequencybandsis negligible comparedo the combineceffect of

shoaling and dissipation.

Forthe input spectrumeither the Fourier spectrunor the zero-upcrossing
spectrumayoeconsidered.l'helatter hascertain advantagebecause deals
with real waves and not with spectral components.

If Sf! representdhe zero-upcrossingpectrumijts valueis obtained

from

s 8.19!

1 In Chaptei0,aspectsf interfrequenexchangéenerggrediscussed.
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where mis the numberof waves in the frequency band hf, Nthe total number of
waves in the record and 6 a normalization coefficient, which makes the total
mean energy equal to the variance.

This may be written

sfl ~f 8.20!

wherel—ll.z’ is the meanof the squaresof all waveheights in the frequency
band Df.

This provides the representative value of Hi that is useful for the

calculations.

H2N=8 6s5fl Af 8,211
1m

The use of the zero-upcrossing spectrum has two major disadvantages,
however. High frequency componentsthat do not have a zero-upcrossing, are not
counted; furthermore, the accuracy of the zero-upcrossing spectrumis considerably
less than that of the Fourier spectrum.

The zero-upcrossing spectrum therefore  shows more erratic  features than
the Fourier spectrum. It may be advantageous to combine the zero-upcrossing
concept with the Fourier spectrum by taking the area between two frequencies

from the Fourier spectrum. If the Fouri er spectrum is identified by Gfl,
then a spectral-ratio coefficient 6 may be defined by

c fl
f sSfS

wheresf ! 1 for higherfrequenciesand6f | for mediurandlowerfrequencies,

so that

8.22!

and equation 8.21 is modified to

2 _
F\Z'Fns H 6= 8 FeXi zf

H2 86 ~Gf pf

rms 6m
N

where Hrrggfers to the frequency band Af selected.
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Theratio Emay be determined from the probability density function of

the waveperiod f T!.  For the period interval hT or the corresponding
frequency interval h,f

mfT! 8.2al

Thelatter is related to the probability density function of the wavefrequency
ffl by

fT! dT =ff! df

so that
ffl af 8.25!
H rms f(f;f ?ff
Hims  ©,+HfF 8.2e!
Consequently
G fl :H21 8"Iff!! s.z7!

The values of d, 6and ffl for Station 7 the input station! may be
obtained from the measurements at Station 7.

If the factor between parenthesis is aconstant from Station 7 on shore-
ward, the change in spectral density may be obtained from

Gl

4 s.z8!

7H
rms7

This ratio can be calculated by computing the change in I—ﬁ(r)]rs the band

hf considered, as the waves travel into shallow water.'

. Experiments show that the coeffficient Ois not the same for all _ stations,
Similarly6f andf f! also shoveomdifferences. Thereforegquatior.28is

an approximation.
If one would refrain  from the requirement that the zero-upcrossing

spectrum would have equal energy comparedto the Fourier spectrum the results
would be as follows.

A method for this calculation is developed in Chapter 10.
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Define

8.29!
Equation 8.21 is then reduced to
2, _ . N
Hi =8 S fIl af o 3.30!
82 8S'
and
8.32!
whichequationis valid for the frequencypbandhf at the frequency.
Similarly to equation 8.28 one obtains for the interval Af:
2
rms 6
8.33!

H
rms7

In order for equation 8.33 to be valid, only ffl must be constant whenthe
wavesmoveinto shallow water. This is a reasonable assumptiononly if the
_c|1enerat|onof hlgg_erfrequencycom_ponenhs the breakingprocesmaybe neglected.

his correspondwith the assumptiomadearlier that interfrequencyenergy
exchangeis neglected in this procedures

Results of somecalculations are shownin Figures 8.42 and 8.43.

Although results are generally agreeable, the model appears to have
shortcomingsbecausehe interfrequency energytransfer is neglected.

The following aspects are of interest.

Energy in the very low frequency bands f 0.0375! is associated
with the long period oscillations  on the reef, induced by the
variable masstransport induced by the breaking waves. This energy
Is part of the energy transfer process and comesmainly from the
energy densities around the peak frequency. Theamountof energy
contained in these very low frequencies is relatively low and
neglecting this energy shift doesnot give rise to serious errors.

Goodagreementcan be obtained for the frequency bandswith high
energy density if proper dissipation coefficients are selected.
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However,the value of these coefficients will actually be too high
if the energy shift to higher and lower frequencies is not taken into
account. If correct values would have been used, the results of the

computedspectrumwould be higher than the values actually present
in the spectrum.

0.3

R 0J

0.05 0. lo 0, 15 0.20 0.25 0,30

FREOUEHCY IH HZ

Figure 8.42 Observed and Calculated Spectra for Various
Probes on Ala MoanaReef, August 25, 1976

278



30

20

O,I0 0.20 0.30 0,40

0.9 |
E 0.6l

r0.3

0.10 0.20 0.30 0.40

Hz

Figure 8.43-a ObservedNumbewnf Mavesin Different FrequencyBands mj
and Running Average

Figure 8.43-b ComputedValues of H at Station 7 from Fourier
Spectrum
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interfrequency exchange of energy is neglected, significant

deviations may be expected in the high frequency bands. In order
to correctly evaluate the differences obtained, it is necessary

to take into account that certain peaks of the Fourier spectrum

in the high frequency domain are induced by nonlinearities in the
wave form and are not related to high frequency oscillations

induced by the breaking process. Use of the zero-upcrossing
spectrum does not completely solve this problem because in this
spectrum the energy density for higher frequencies is underestimated.

WAVE SET-UP

Waveset-up on the reef was measured during two efforts

al

b!

In the sunmerof 1976 from the measurementof water surface eleva-
tions as described in the previous sections! wave set-up was

measured indirectly by determining the mean value of various time
series; leveling of the wave gages was done from the reef buggy.

In the summerof 1978 the meanwater level in aseries of reef
stations  was measured directly by determining the mean value of
a series of manometerreadings Wentland,1978!.  The manometer

stations were established in fixed positions A5 1on the reef

see Figure 8.44! Dby providing them with aconcrete footing with a
short piece of galvanized steel pipe, in which the manometer could
be mounted during the experimental runs Figure 8.3!. Leveling of
manometer levels was done along the reef during low tide from a
fixed benchmark  on shore,

To dampen the wave-induced oscillations of the waterlevel inside
the manometer tube, the valve at the foot of the manometer was
partly closed.

Atripod mounted capacitance wave gage was used to calibrate the
manometer readings.

The wave set-up measurements in Station 1Awere correlated  with the
observations of the tide level in this location by means of a
nitrogen bubbles tide level recorder. The recording instrument was

established on shore and was connected with Station 1Awith a hollow
plastic tube, p= 19 mm, laid on the reef bottom.

The accuracy of the obtained data relies heavily on the accuracy of the
leveling procedure. Ouring the 1976 measurementswhen the leveling instrument
was installed on the reef buggy, the elevations could not be established with
great accuracy due to the lack of stiffness of this platform raised above the

water.

The leveling in 1978 was done with extreme care. Because the bases af
the stations were fixed to the reef, the surveys could be repeated afew times
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to obtain greater accuracy. It wastherefore expectedthat the values on
waveset-up obtained in 1978 have muchgreater accuracy than those obtained
in  1976.

It wasverified by calculations that the difference betweenthe mean
waterlevelnsidethe harborandin the operoceanms at all timesverysmall,
sothat the formercouldbe usedas a referencelevel for the operocean.*

Verification of the waveset-up measurementsy mean®f calculations
confirmedthat the measurement§ 1978weretrustworthy but that the 1976
waveset-up data containedobvious and unexplainableerrors. Therefore, the
t%}976Nave5et-updatawerenot usedfor analysisandhavebeeromittedfrom

IS paper.

Theesultsof the 1978neasurememtigvaveset-upare showim Figure
8.45. Visualmanometsradingsveretakensimultaneouslgt all reef stations
during a 15 minutesperiod. Thereadingsweretaken at 15 secondntervals and
a meanvalue wasdetermined from the 6Gobservations for eachstation. On
three of the four days, the measurementgere repeatedshortly after the first
run. Thedifferences betweenthe meanvalues during the first and secondrun
weresmallandcanbeaccountedr bythe differencein meande level during
the two runs. OnSeptembet6 and 30, 1978, wavesveremeasuredt the offshore

robeas during the 1976measurementsWavespectra werecomputeftom the
our time series. Theresults are presentedin FiguresBA6-a andb .

_ The wavecharacteristics on the two days of observation showsome _
interesting differences. Thespectraon Septembdi6, 1978re relatively wide-
banded.Thereare no significant differencesbetweethe tworuns Figure8.46,

OnSeptembed0, 1978the spectra hadtypical narrowbandcharacteristics,
wherebythe considerable increase in meanenergy betweenthe two successive
runs is to be noted.

Somansight into the nature of the wavesis provided by the autocovariance
functions see Figure 8A7 -a and b!.

The onefor Septemberl6 reveals irregular wavecharacteristics, because
the function c,, i-! decreasegelatively fast.  Figure 8.47-a!

OnSeptembes0, 1978, Figure 8.47-b showsa dominatingswell pattern that
corresponds with the narrow band spectrum.

This is only true if nowavebreaking occursin the harborentrance.
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Verification of Observed978Waveéset-U Dataon Reefwith Calculated

Values

Regrettablyduring the 1978vaveset-upmeasurements detailed wave
measurementsremad®nthe sha'lioweef, whichcould'serveas input data
for the calculation of meamwaterlevel variations acrossthe reef andthen
couldserveasverification of the observedatetevelsascomparé¢al

calculated values.

Duringwospecific days,respectively Septemb#s, 1978first run!
andSepter%bH,plwfﬁ?_]ev%/ate e elvar?a%ge t the deepvaterprobe
Station7! hadapproximatelyhe samealue respectively0.044'and

0.045IM!. Referencés madéo Table8.7! Tide conditionswerealso equal.

By assuminghat the processof waveattenuation acrossthe reef would
also be similar on those two days, the wavedata of 1976could be usedto
verify the wave set-up data measured in 1978.

‘Admittedly there is no proof that suchsimilarity indeedexisted and
a strict agreemenshould therefore not be expected. Neverthelesshe above
processis likely to indicate whetheror not serious errors mayhaveoccurred
during the 1978 measurements.

Thecomparisometweerthe measuredalues of the waveset-up on
Septemberl6, 1978and the calculated values basedon wavedata from
Septembet4, 1976,asdescribedabove,is showrin Figure8.48. Tomakehe
two Praphscomparable%he measuredvaveset-up in Station 5 wasusedas a
level” ot reference for both graphs.

The basis of the differences in meanwater level over the reef was the
simplified wave set-up equation:

ds ddt
x pgh dx 0 8.34!

wherebythe linear rel ationship
S=3/2E

wasusedfor the calculation of the radiation stress onthe reef. Figure8.48
shows that there is no large differences between observed and calculated

values, so that the 1978waveset-up data are likely to represent realistic
values.

Unfortunately the measureddata are few and do not cover a wide range of
conditions. Besides they were taken during conditions of relatively low wave
energy. Therefore, they are not suitable to test avariety of computational
models for the calculation of wave set-up. To do this, one has to revert to
the results of the hydraulic model experiments, wherebyone can verify whether

or not the field data points fit the general trends.

In the abovecomparison, the waveset-up at the reef edge Station 5! was used
as abasis of comparison. In order to see whether or not the measured data fit
the calculated values of the total amounbf waveset-up, using the deepwater
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STATIONS

SEA ~

Figure 8.48 ComparisoBetweemeasurednd Computed/avéet-LIgor Equal
Energy

meansea level as areference level, calculations of the total amountof wave
set-up have been made using a simplified model

Wave Set-U at Ed e of Reef Station 5

In order to evaluate the measuredset-up in Station 5for the 1978
measurementsywaveset-up in Station 5 was calculated using the following
criteria.

I' Calculationswerecarried out for a representative waveheight,
having the samemeanenergy as contained in the wave spectrum for
the offshore probe;

I Energylosses wereincluded in the calculations using the dissipation
model developed in this study;

! Radiation stress wascalculated from linear wavetheory;

I Waveset-up was calculated basedon the simplified model given in
the previous  section

! The location of the breaking point was assumedto coincide with that
of the significant waveheight rather than that of root meansquare

b : :
wave height!.  Thevalueof y’ :H wasdeterminetomHattjes 974!,
Figure 4.2
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Theresults of the calculations are presented in Table 8.7 for the 1978
measurementsand in Figure 8.49 and showa reasonable agreementbetweenobse

. . . . |
and calculated values considering the use of the simplified model!. !
Wave Set-U on Reef

A simplified expression for the waveset-up on the reef itself maybe
obtained by assuming the depth over the reef constant. This is not comple
correct, but the slope of the reef bottom is very small and depth differences
are of minor importance. It is furthermore assumedthat the values of the
wave set-up are small comparedto depth for all locations on the reef.

The differential equation 8.34 can then be directly integrated between
the edge of the reef Station 5! and the shoreline

SI-S5!+ ~1-~51 =0 8.35!

wherebythe index 1 indicates a station nearshore andthe index 5 refers to
Station 5at the edge of the reef.

At location Iclose to shore, the meanwave energy is very small because
most energy is dissipated by friction and breaking.

Therefore, assume
S, =0
so that
1
g pgh55 8.36!
Furthermore
s= 82 ppg »r

which gives

2 var 8.37!

as areasonable approximation for the waveset-up over the reef.

At the offshore station, the meanwave energies on September 14, 1976
and Septemberl6, 1978were almost identical.

Assumindull similarity for waveattenuation on these two days of
observation, Aii can be calculated.

OnSeptembet4, 1976the mearenergy variance! measuredt Station 5

var =0.022&2
1 Animprovedodak discussad ChaptetO.
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Figure 8.49 Computed Wave Set-Up,
Measurements September 1978,
Offshore Area



Estimating an average depth of 0.9 m,

%, 0223
m

hg =2 =0 037 m= 37 cm.

0.9
On September 16, 1978 the observed difference in mean sea level between
Stations 5 and was 0.10 ft =3.0 cm; this maybe considered a reasonable

agreement.

In the previous paragraph, the wave set-up between deep water and the
reef edge was calculated. For September 16, 1978 its value was 0,6 cm.

The total calculated set-up would then be 0.6 cm+ 3.7 cm=4.3 cmwhich
compares reasonably well with the tota't observed value of 3.6 cm.

The simplified model of wave set-up seemsto provide adequate results.

It will be of interest to determine what the order of magnitude of the
possible maximumwave set-up over the reef section could be for the same tide
conditions, using the previous approach. For this the maximummeanenergy
in Station 5is computed from the maximumwvave height.

In view of the results of the field experiments, the assumption is made
that the maximumbreaking wave height in Station 5is related to the local
depth by

H= 0.8 hb
Withhb = 1.22m thisgivesW = 0.98m. In orderto computbe

mean energy, it is furthermore assumed that this value is close to the

significant height and that the Hm\nlsalue may be computed from
0. 98
H AllS 069 m
The variance at Station 5is then
var =~ .69! *?=0.0595m

and the maximumwave set-up over the shallow reef

1.5~ 00595 0099 m~ 10 cm.

This represents amean value of the set-up, to which adynamic component
of the wave set-up must be added. It is to be noted that the computations are
based on a two-dimensional model. This assumption is not completely justified;
the effects of refraction and local circulation may have someinfluence on the
prevailing conditions.
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Almor recisecalculationof the waveset-uponthe reef mayinclude
a nonline adlatlomtress,§k<,an measheastress,, Inthe

momentum equation

as
nR a .
0

+pgh  + = 8.38!

wherd is themeasheaiforceexertedbythe fluid onthe bottombeing
positive in the direction of wavepropagation.

This gives
av ].I’]kaS
ax pgh ax pgh

SincelJs  negative,the first termof the right handside of the equation
Is positive andits value is decreasedby a positive value of' ~.

_Thenonlinear radiation stress usualcll¥ being larger than the linear one,
the introductiorof S instead of S<andthe inC'lusiorof a positiveshear

stress partly compensate one another.
Total Wave Set-U on Ala Moana Reef from Tide Ga es

During the 1978 experiments, ati de stat ion was functioning in Kewalo Sasin

and another was established at Station on the reef. The two recorders
werein operation for almosttwo monthsbut werenot alwaysproviding reliable
data; abouttwoweekof observationsprovedto be useful for set-up calcula-
tions.

Figure 8.60 showsthe waterlevel inside the harbor and out on the reef
on August 16 17, 1978. The difference between the two is assumedto be
close to the actual waveset-up, which showedonly smallvariations over a full
tidal cycle Wentland,1978!.

For all days with useable tide records, set-up values were determined at
0:00, 6:00, 12;00 and 18:00 hrs. The maximumalue of the waveset-up
established in this mannerwas 10.7 cm, which comparesvellwith the previously
calculated values.

There is no sufficient field data available to evaluate the magnitudeof
three-dimensional effects on wave set-up.

MODULATING PART OF WAVESET-UP

The results of the field measurements  indicate that osci llations of the
wave set-up around a mean value occur. This modulating part of the wave set-up
was found to have the sameorder of magnitude as its meanvalue.

1 Theffecoftheresultarsheastresss discussereatatetailin

Chapter 9.
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Figure8.51shows portion of waterlevelrecordsonAuguse5, 1976.
Thelong period oscillations are indicated by dotted lines; in all stations
the mearwater level showsa modulatindehaviorwith a period of oscillation
of aboupneminute, Onanothedayof record,Au u#? 1976%Ionger

eriof abou? mlnute/saS)bservedElgguréB. owanotheexample
aken frommanometeeadingsat 5 secondintervals by DavéNentlandn

Station 1. This figure showsa dominantperiod of oscillation of aboutl
minute, but a mucHonger period of oscillation canalso be detected.

FigureB.51showa progressiveavéehaviowith shorewaptopagation
for thelongperiodoscillations. Thelines connnectingzavecrests andwave

troughsnayeconsiderecharacteristicdor whicrg:‘: c, thespeedf'long
wavepropagationin shallow water ¢ = Mgh

Theobservatiomof progressivavavebehavions not completelgxpected.
Ina S'[I‘IC'[!}/ two-dimensiorsaduation, reflection of the lowamplitudelong
periodoscillations could ?eneratea standingwaveatternwherebthe
vertical oscillations would showthe samehasefor all stations.

Progressive wavecharacteristics maybe dominantbecauseof two different
reasons: energy losses due to friction and flow toward adjacent reef areas.
Calculations indicate that the reduction in amplitudedueto friction for
wavedraveling acrossthe reef is of the order of 20$. Theenergylasses
due to friction therefore only partly account for the observedwavebehavior.
Thesecongbossibility is likely to also play a role in the longwavebehavior
in the study area. It wasobservedthat water flows from the reef into the
entrancechannelto Kewaldasin see for location Figure1.1!; furthermore,
somelow mayalso be diverted eastwardinto the deepchannelbetweerhe
shallow reef and the coastline.

‘Ouring the 1976measurementsthe amplitude of the oscillations in the
Stations5 to 3 waf the order of 6 to 9 cm,with decreasingmplitude

towards the coast.

OnOctober13, 1978Station 1"exhibited an oscillation of approximately
7.5 cm ampli tude.

Ph sical Back round of Modulations

It has previously beensuggested that the modulating part of the wave
set-up is associatedwith varying masstransport in breakingwaves.

Incident wavesften showgroupsof high and lowwavedollowing each
other, the variation in mearenergyinducing a variable masgransport
shoreward. Theoscillatory nature of the waveinduced flow induces a vertica!
displacemenbf the water surface in the form of a Iongl periodic wave. The
period of this waveis related to the period of the pulsating flow.

The characteristi cs of the long progressive wavemaybe deductedfrom the
characteristics of the induced current.
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Figure 8.51 Water Levels on Reef, August25, 1976

~~~-  Propagation of Long Wave
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Whitham 974! defined the masstransport velocity in nonlinear waves
by

I
g+ och S.39!
whereby waves add anet contribution %o the mass flow. For waves of
C

constant height traveling towards a beach, the meanmass transport velocity
over one or more wave periods equals zero:

because of mass co~servation, so that

E
pch

If the waves approaching the beach form a modulating wave train, the
meanvalue of U over long periods of time is stixl zero, but there is nowa
mass transport  variation due to the variation of wave energy with time.

In a strictly two-dimensional  situation
E E .
max  min E al 8.40!
2pch pch T

where E a! represents the amplitude of the energy variation.
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The above formulas are for nonlinear waves and may be assumedto be valid
up to the point of breaking.

If water maybe discharged through adjacent reef areas such as is likely
to occur in the study area!, the meanvalue of the masstransport current will
be different from zero and may be expressed by the relation

~Ea
pch

wherebythe value 8' is related to the resultant landward flow discharging
to adjacent reef areas.

Resonance

In astrictly two-dimensional situation and a relatively narrow coastal
reef friction neglected! reflection of the long period oscillation against
the coastline causesthe generation of a standing wavefrom the superposition
of the incomingand reflected wave. In various stations on the reef, the
water level fluctuations will then have the samephase, but a different
amplitude dependingon the distance from the coastline.

Resonance occurs if

T 4a 4a 8.42!
mg

whereT is the natural period andR is the distance betweerthe reef edgeand
the coastline; cis the velocity of propagation for linear shallow water wave

Themoregeneral formulation for the natural period of a shallow reef in
a two-dimensional situation is

n +1! ~g
where nis the numberof nodal points inside the reef.

4 strongincreasein amplitudeof the longwavenaybe expectedavherthe
exciting fluctuating current hasthe sameeriodas the resonanperiod.

In the current  study,
400 m
h ~ 0.8 m.
For the first modeof oscillation, n= 0and T = 572sec =9.5 minutes.
For the second mode n =1!, T= 3.2 minutes.

Higherharmonican ! 2! are usually not able to generatesignificant
amplifications.
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If wavegroups arrive in accordancewith the abovecalculated periods,
amplification  of the long period oscillation  may be expected.

The natural period is dependent on depth and therefore on the tide. In
Hawaii, tidal variations are small andthe effect

is insignificant.

In case resonance occurs and wave amplitudes build up, velocities become
larger and friction losses becomesignificant.

A roximative Calculation of Shelf Oscillations

In the following, an approximate calculation is carried out to determine
the amplitude of the long period oscillation.

For this, equation 8.40 is assumed to be valid.

For a progressive

long wave horizontal particle
with the vertical

/ velocities are in phase
displacement.

For small amplitude waves n«h!

8.44!

where Uis the mean horizontal velocity over depth.

The amplitude of the shelf oscillations in that case can be directly
calculated from the energy oscillations

by equating equations 8.40 and 8.44:

“max Ep<car: " e 8.45!
from  which
~Ea 8.46!
pc
E al is the amplitude of the wave energy oscillation.
In  terms of the variance
Eal =pg Y al 8.47!
and
ya 8.48!
where V al

is the amplitude of the variance.

A study of several wave records reveals that the amplitude of the variance
is of the sameorder of magnitude as its meanvalue.
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Examiningthe waverecord of August4, 1976, the variance at Station 5

was 0,0337 nf, whereas the depth at that station was 1.32 m and applying
equation 8.48 gives

a= %932 =0.025m= 2.5cm

where ais the amplitude of the long wave oscillation.
This is amean value for the whole record. Ouring parts of the time
series, the value of amay be considerably higher; during other parts it may

be lower.

It is estimated that a-~ 0.05 m.
max

For Station 4 similar calculations give

*105~ 0.02m

with a possible maximurwalue a= 0.04 m.

Visual analysis of the correspondingl976 waverecords give estimated
valuesfor the long waveamplitude betweer0.06 m and0.09m. This is consid-
erably higher than the values found above.

Possible explanations for the differences are:

~ aresultant shoreward flow diverted to adjacent reef areas,

~ the influx of wave energy and flow! from adjacent areas,

~ equation 8.40 giving too low valuesfor the masstransport
velocity in the breaking zone.

ForAugusk5, 1976he calculations gavethe following results:

Station 5:
0.
a= °126 0 Glm
a 0.02 m estimated!
max
Station 4:
a= ‘= 0.045 m
0. 67

a= 0.03 m estimated!

max
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In the Fourier analysis, the value of energy of all componentsup to 0.007 Hz
was determined:

Sta 5 av =0. 00054 nt

Sta 4: AV =00028 nt

Summarizing all energies in the low frequency ranges to represent one wave
with amplitude agives for the value of aerespectively

Sta 5 a= 0033 m

Sta 4: a= 0.075 m

The latter values can be considered to represent measured values for
"a" for the stations. These values correspond well with the values found
visually, but are considerably higher than the ones calculated above.

The reasons listed above may be cited as possible causes for the
deviations,
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CHAPTER 9: HYDRAULIC MODEL EXPERIMENTS

INTRODUCTION

In addition to the field experiments on Ala Moana Reef, the results of
which have been described in the previous chapter, hydraulic model experiments
have been carried out in the wave flume of the J.K.K. Look Laboratory of the

Department of Ocean Engineering. The main objective  of this additional part
of the study was to determine if model testing of wave attenuation and wave
set-up on ashallow coastal reef would provide reliable results. If that
would be the case, the range of test conditions can be significantly ex-

panded beyond those experienced in the field so that wave attenuation and
wave set-up values may be determined over alarger range of conditions.

Unfortunately, in the available wave flume only monochromatic waves
can be generated so that tests with randomwaves could not be conducted.

Because of this limitation the comparison between field and model data
needs to be considered with caution. During the course of the study it was
confirmed that the various wave components of the spectrum show a different
attenuation  behavior and that representation of the wave spectrum in the modei
by one monochromatic wave does not necessarily lead to the sameresult.

For the calculation of wave attenuation and set-up in engineering design
it is of practical interest to determine if awave spectrum can be replaced
by one characteristic monochromatic wave.

Because of the absence of arandom wave generator in the laboratory,
the model experiments by themselves were not able to answer this question.
However, the combination of model studies, field studies and theoretical
analysis provided aframework for evaluation of this question.

The hydraulic model experiments can be divided into three groups:
a. bottom friction and breaking loss experiments;

b. wave set-up experiments;

c. simulation  experiments.

The first group of experiments was conducted to obtain bottom-friction
coefficients  and energy dissipation coefficients  from wave breaking. The
analytical models developed in Chapters 3 and 4 served as basis for the
analysis. The values of these coefficients, obtained in the laboratory set-
ting were comparedwith those in the field to obtain insight in possible
scale  effects.

The second group of experiments was aimed at providing data on wave

set-up. It appeared that manometerswith small diameter plastic tubing
were useful for obtaining adequate data on wave set-up.
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The third group of experiments, the simulation experiments, were carried
out as an attempt to compose awave spectrum from aseries of tests with
monochromatiavaves. Becausethe problemsof shoaling and breaking are
highly nonlinear, it was not completely obvious if such procedure was justi-
fied in this case. It was indeed found that for the stations on the shallow
reef' such compoition procedure did not provide reliable results.

Results of the simulation tests are discussed in a separate paper by
Lee and Black 'f978!.

EXPERIMENTAL SET-UP AND DATA ANALYSIS

Thewaveflume, in which the experiments were conducted, is 54 m long,
1.22 m wide and allows a maximumwater depth of about 1 m.

The monochromatic waves are generated with a parabolicly  shaped plunger
type wave generator, moving in a vertical direction.

The maximumwvave height in the model is about 0.3 m, whereas the period
ranges from 0.5 seconds to over 4 seconds.

The vertical side walls of the flume consist partly of glass panels and
partly of rubber cloth. The panels are supported by frames at distances of
1.22 m. Reference is madeto Figure 9.1.

54 m

.22~

Figure 9.1 WaveFlume J.K.K Look Laboratory schematic!.

Waves generated in the tank being monochromatic and cylindrical,
represent atwo-dimensional wave approach.

The size of the tank allowed the construction of alil2 scale model of
the reef traverse in the tank. The section of the reef traverse to be re-
presented in the model would include the offshore station probe 7! at a
prototype water depth of 0.5 m below M.L.L.M.

A high tide level of 0.75 m above M.L.L.N. makesthe prototype depth
at the offshore probe I 25 m, corresponding to 0.94 min the model.
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The selected scale allows to build about 130 m of reef area of a total
of about 380 m! into the model; in this section mostenergy dissipation takes
place, so that this situation is expectedto represent an acceptable limitation

Forthe scaleselected,depthsin the modeln the offshore areasare adeqi
f'or experimentat.on, but such is not completely the case for the shallow reef

areas. In the prototype, the shallowest protion of the simulated reef section
has a depth of 0.35 m belowN.L.L.M., which at a scale of 1:12 correspondsto
adepth of only 2.9 cmin the model. This depth is too small for the correct
simulation of waveattenuation andwaveset-up at tide conditions corresponding
to M.L.LW.

To reduce the scale effects, most experiments were run with prototype
tide levels of 0.75 mto 0.88 m above M.L.L.W., which increases the minimum
depth in the field to at least 1.10 m andthe corresponding modeldepth to
at least 9.2 cm. This was considered an acceptable model test condition.

The reef body in the model was built of coarse sand, covered with a
5cmlayer of 1-3 cmcrushedrock. During test runs to verify the experi-
mental set-up, it was found that under condi tions that simulated the actual
tide levels and wave conditions on the days of field measurements, wave
dissipation on the shallow reef wasin excessof'the correspondingdissi-
pation in the field. In order to overcome these discrepancies, the shallow
reef sections were covered with thin metal sheets. This reduced the bottom
roughnessn the modelandreducedoerculation losses from the permeableock
structure, whichreducedhe discrepanciebetweefield andmodephenomena.

In the model waves were measuredwith capacitance wave recorders, fixed
in positions that correspond with the locations of the field stations.

Two types of cylindrical capacitance staffs were used: one with a
diameter of 1.25 cm and another with a diameter of 0.25 cm.

Both gagesprovided accurate readings for waveperiods larger than about
0.6 seconds model periods!. For shorter periods the readings becameaun-
reliable. The waves were recorded on two-channel recorders.

The shoreward end of the tank was provided with an effective wave
absorber, consisting of PVCshavings with awire meshcover.

For the first series of tests, wave data from the model were obtained

by reading the wave heights from the charts. It was found, however, that this
method was not sufficiently accurate to provide reliable input data suitable
for the determination of friction coefficients.

During the main series of the experimental program the water level varia-
tions were therefore electronically recorded on atape whereby arecord of
12 minutes duration wasused for the determination of the mearenergy vari;
ance!, meanwave heights, significant wave height, etc. Even though the waves
were generated as monochromatic waves, slight variations in wave height over
a period of several minutes appeared sufficiently important to justify the
use of these meanvalues over longer periods.

304



Forthe measuremaritthe waveset-uptwaodifferent methods/ereemployed.
Thefirst methodusedthe mearwater leve'l obtained from the 12 minutewave

recordas basisfor analys~s. It wasfoundthat this metho#vasinaccurate,
due to run-up and depression around the probes.

“Toobtain moreaccruate waveset-up data, manometersereattachedto the
outside of the tank whichwereconnectedvith g = 3 mnplastic tubes mounted
against the inside of the tank with their openingclose to the bottom. The
manometersvere read visually a numberof times and a meanvalue wasdetermined
fromthosereadings. Thismethodrovedo (%lveadequaudaata. All set-up
data reported in this chapter weremeasuredn this way.

For the determinationof the WavdreynolddNumbethe water temperature
was measuredvith each experiment. The temperature of the air also was
recorded.

WaveReflection and Second Harmonic Free Wavein Model

_Wavegeneratedin the modelus_uall¥ generatea slight long period
oscillation "in the flumewhichrequiresthe useof a waveecordof long

2 minutes!duration. Thismodulationis reinforcedby reflection fromthe
landwar@ndof the tank andfromthe reef slope. In addition, the generation
of afree second harmonic by the wave generator has an effect on the wave
height measurements.

By improvementsf the waveabsorber, the wavereflection maybe re-
duced as muchas possible.

A sampleof waverecords of the tank experimentsis shownn Figure 9.2,
in which a second harmonic may be observed. At different stations a second
harmonic free wavewill have a different phaserelationship with reference to
the primary wave system.

~ Thegenerationof a secondharmonidree wavein a modelsetting was

discussed by Hulsbergen 974!, whogave suggestions to copewith it. No
attempt has been made, however, to arrange for corrective measures in this
study.

TRANSFEROF ENERGYTO ~IGHER HARMONIC®UETO SHOALINCANO BREAKING

The methodof waveanalysis applied madeit possible to computewave
spectra from the modelwaverecord. This provided insight into the generation
of higher harmonicdn the shoaling and breaking process. Secondnd higher
harmonics are of two different types:

! from the nonlinear wave form,

I from free higher harmonicggeneratedby the breaking process.

Unfortunately, the Fourier analysis applied to the data does not provide
the meansto distinguish  between one wave form and the other. A visual

inspection of the waverecord is required to determinewhichof the two types
is likely to be present in the spectrum,
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Figure 9.2 Sampleof FlumeWaveRecord

Energin the secondndhigherfree harmoniagill bederivedromthe
energwf the primarymode.Thereductiomof the ene_rg¥onta|nem the fir
mod@an ratio to the'total mearnergyf the wavesis thereforeanindicat
of the relative importancef the higherharmonicg the waveecord.

Figureé993givesanexampl®f thereductioof energy theprimar
moddor Stations P6and 85-,as function of the initial wavesteepnesdsor tw
different waveperiods. Thedata are convertedto prototype data.

Thesolid lines refer to Station 85with a prototype depthof 1.6 m. Th
ratio betweernthe mearenergypresent in the first modendthe total mea
energin Statior05reached minimuon a wavsteepnebgtweahOan

2.5x 10 for a periodof 6.7 seconds. Fora periodof T =10.0secondsth
fractionof'energy in the primarymoda Station 85is muclower.

Station P6, located further offshore at a depthof 6.5 m showsimilar
features; the effect of wave period is significant.
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Figure 9.3 Energy in first harmonic mode Eas fraction of total mean

energy, ZE as function of wave steepness at Station P7.

BOTTOMFRI CTION COH-H CI ENTS IN MODEL

Basis of Anal sis

The mathematical model, used for the analys~s of the friction coefficient
in the model is basically the same as the one used for the field data.

It is again assumed that energy losses are predominantly caused by
friction  and breaking and that for gradually sloping or horizontal bottoms

the reduction in energp flux is given by

=-c +c!
dx fb

where the symbols used are the sameas in Chapter 8.

ThemodelUsedor the determinatiorof the friction coefficient fw is

the one described in Chapter 3. It was assumedthat in nonlinear and even
in breaking waves, the particle velocities in the immedate vicini ty of the
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bottonretain their harmonicharacteristics, andthat the linear wavemodel
maythereforebea useabletool for the calculation of orbital velocities near
the "bottom and of the bottom friction  losses.

In thecasef plungingreakerghebottorfriction coefficienimay
havea highernumericalalue thanin nonbreakingaveslueto the effect
of turbulence extendinginto the bottomfluid layer.

Lossesducedybreakingravemapecalculatedsingheanalogue
of the bore. Forthis™ a breakingloss coéfficient g wasntroducedand
defined in Chapter 4.

Althougithe wavesn the modehre basically monochromatitieto
reflectionsandotherpossibleflume-effectsyariationsin wavéneightover

timeoccu a%:mrenot(ﬂ]onsignificant.‘l’hereforea 12minutdimeseries
wasecor tapean echaracterlstlwavgarameteraearv_av elght,
tsh_lgnlflcant waveheight, root mearsquarevaveheight! weredeterminedrom

For linear andslightly nonlineawaveghe meaenergyof the waves
maybe directly obtained from the record variance!.

Forsolitary wavewith highH/hratios a correctiorfactor is required
to obtainmeagnergyaluedromthe variance. Forthosevavethe potential
andkinetic energyare no longer exactly equalto oneanother.

. |n the or[?ulationfor friction parameterthe waveamplitudeor wave
heightnusbeknown,l hisvalueva®btainetfontheenergyalu

taking

wherekE is the meamvavesnergyper unit of surfacearea, obtainedfromthe
time series.

Thevaluesof meaanergt realso usedor thecalculationof the energy
flux. Forthis, the valueofthe groupspeeds required.

Fordeepvaterandintermediatdepths linear formulatiorior the group-
speed was used. For shallow water the relation

cgﬁc:Fng

was used with appropriate values of the Froude Number.

] In oneother aspect, modelstudies deviate fromthe field: cross sections
in the modedre notonly affectedbybottoniriction butalso by sidewall
friction.  For propercomparison,a correction for sidewall friction mustbe

applied.
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The exact evaluation of this effect may be possible by meansof care-
fully executed experiments. Such exact approach has not been attempted here
in view of other uncertainties involved in the measurementprocedures.

The side walls of the flume consist partly of glass panels.and partly
of rubber-lined panels. The latter may induce appreciable side wall friction.

Results of Ex eriments

.The tests used for the determinatio_n_ of bottom friction coefficients .
are listed in Tables 9.1 and9.2. Similarly to the proceduresdevelopedin
Chapter 8, the reduction in energy flux gives rise to an expression of the

type
1 =pf +g~

where fvgnd c are the unknownparameters and p and q numerical values,

obtained from the tests. If no breaking is involved, equation 9.3 consti-
tutes one equation with one unknown fW!, the value of which can then be

determined. In case both friction and breaking are to be considered the
expression gives rise to one equation with two unknowns.
A graphical representation of equation 9.3 is afW - q relationship

for each test, such is shown in Figure 9.4-a, b, ¢, d. It is emphasized
again that this relationship betweenfvzamd gis not arelationship  between

the physical quantities f V%nd g but rather arelationship  between a certain
value of fv%nd a corresponding  value of Zthat produces the same loss in
energy flux.

Since values of f\?vnd gwill  generally differ for different  wave con-

ditions, results of additional tests with different wave heights and periods
do not in general provide additional equations from which the values of fW

and gqcan be solved.

From the graphs of Figure 9.4, values of the friction coefficients
can be obtained if the values of gare known. Based on the considerations
of Chapter 4 and the analysis developed in Chapter 8, avalue g= 0.5 would
be an appropriate mean value for the model assuming that hydrodynamical
similarity =~ between model and prototype exists.

Friction  coefficients f\pvave been calculated from the model experiments
on that basis, the results of which are listed in Tables 9.1 and 9.2.

In anumber of tests, markedly those for section 6-5, Figure 9.4,
maxumuatueof q for f= 0! arebelow).5. Forthosetests a valueof r,
equalto ™ wasusedfor the calculation of the correspondingva’lueof f ~

This is admittedly a rather arbitrary procedure; it wasusedbecausea better
alternative  was lacking.
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RUNO
H m!
T sec!

1
H7~ .36
T~ 175

2
H7~.

T155

3
H7~ .66

56

T= 14 5

4
H7% 52

T K 135

5
H7=.

69

T= 12 5

6
H7=.

58

T= 115

7
H7=.

T10.5

8
H7%= .65

T=

9
H7~ .45

T=

10
H7~ .40

T=

11
H7= .40

T6.5

12
H7< .35

T~

54

9.5

85

7.5

55

REPRODUTHROTOT

SECTION

e
Assumedvalues of g

TABLE 9.1

LABORATGRRSULTIESTI.

DITIONS

Uncorrectéat SidewalEffects!
Tide + .46 m HLLM!

NEAR
DEPTH

6. 58
1. 47
.92
.88

6. 58
1.47

a<

2.30
32. 10
29. 20
16. 30

2.85
35. 20
28. 50
12.10

3.20
38. 10
29.10
13.10

2.57
34. 90
29.40
13.90

2.87
35. 00
29.80
16. 80

2.21
25.70
23.90
16.70

1.79
20. 90
20, 50
13. 30

1.81
20. 40
19.50
12.10

1. 06
12. 40
11. 70
8.32

.765
8.43
7.84
6.05

.60
6.10
4.95
3. 58

.355
2.99
2.14
1. 32
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4.21x 104
2.74 x 104
2.27 x 103
7.09 x 10

7.30x 104
3.72 X 104
2.44%x 103
442 x10

9.83x 104
4,67 x 104
2.73% 103
549 x10

6.82x 104
42Tx 104
298 x10
6.66 x 10

9.18x 104
458 x 104

3.31x1G4
'1.05 x 10

5.93 x 104
2.68 x 104
2.32x 104
1.14 x 10

4.25 x 104
1-95x 104
1.86x 103
7.86 x10

4.82x 104
205X 104
1.88x 103
7.18 x10

1.86x 103
8.39x 103
7.47% 103
3.80 x10

1.09x 103
4.47 x 103
3.82x 103
2.28 x10

7 73x103
2.67x 103
1,76 x 102
9.19 x10

3.19x 102
7.60x 102
3.87x 102
1.48 x 10

.116
121

.625

124

.219
.080
1.050
.285

.148
. 14D

248

. 0462
179
.750
446

.125
.176
.350
.203

. 135
, 327
. 145
.326

. 200
.325
125
.643

.230
-301
, 165
.641

, 373
.382
.534
.155

.514
.555
.4i?8
133

.609
1.G70
. 694
.379

1.280
2.990

.599
5.020

o> B

ao
o

oo 0] tD o
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RUN Il]
M m!
T sec!

H 1.85
T10

2
H7~1.21
TTO

3A

H7.54

T10

38

H7~ .92

T~ 10

H7 1.28
T=14

5
H7=.92
T= 14

H7 1.86
T14

7
H7 1.81
T6 7

8
H7~ 1. 26

T~ 6.7

H7 .87
T~ 6.6

10
H7 .90

T 6.7

SECTION

7-6
6-5
5-4

7-6
6-5
5-4
4-3

7-6
6-5
5-4
4-3

7-6
6-5
5-4
4-3

7-6
6-5
5-4
4-3

7-6
6-5
5-4
4-3

7-6
6-5
5-4
4-3

TABLE 9.2

LABORATORRESULTSTEST?2,
REPRODUCEDO PROTOTYPECONDITIONS
Uncorrected for Sidewall Effects!

Tide ~+ .76 m NLLW!

DEPTH

m!

6.63
1.83
1.30
1.22

6.63
1.83
1.30
1.22

6.63
1.83
1.30
1.22

6. 63
1.83
1. 30
1.22

6,63
1.83
1.30
1. 22

6. 63
1.83
1. 30
1.22

6.63
1.83
1.30
1.22

6.63
1.83
1.30
1.22

6.63
1.83
1.30
1.22

6.63
1.83
1.30
1.22

6.63
1.83
1.30
1.22

4.24
32,00
25.80
'14.30

3. 56
38, 50
31. 90
16.30

l. 66
18.10
19. 80
15. 50

2.64
27.70
28.80
16.60

4.61
37.70
29.70
15.00

4.15
42.50
33.70
17.80

5. 69
37 00
29. 30
16.80

2.73
25.20
16.90

5.97

1.94
20.40
18.10

9.59

1.33
12.70
12.10

8.06

1.43
13.80
14,50
11.60

3EE

2.50x 104
4.77x 104
3.10x 103
9.57 x10

1.77x 104
6.91x 104
4.74x 104
1.23 x 10

3.86x 104
1.52x 104
1.82x 104
1.13 x 10

9,69x 104
3.57x 104
3.87x 104
129 x30

2.12x 104
473% 104
2.94x 103
841 x10

1.71x 164
6.02x 104
3.78x 104
1.06 x10

3.22x 104
4.55x 104
2.86x 103
9.43 x 10

1-56x 104
4.41x 104
'.99x 103

248 x 10

7.86x 104
2.90x 104
2.29x 103
6.40 x 10

3.73x 104
114x 104
1.03x 103
459 x10

4.28x 104
1.32x 104
1.46x 103
9.30 x10

.175

. 108
470

.572

130
127
.346
.629

.360
.164
.155
482

330
.0359-
.249

1150

.180
.148
425
1.190

.126
.130
.290
'L 190

.250
.150
435
.841

. 187

.120

.590
2.390

.235
151
.230
1.210

.379
.383
.166
1.330

.376
.322
.0197
.616

.34
.15

ouUNo
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RUN f
H m!
T sec!

El
H7~ 1.25

TO 6.7

12
H~1.75

T~ 67

13
H7 1.33

T4 10

14
H7~ .88

T~EO

15
H7~1 87

T~ 14

16
H7~1.27

T14

17

H7 .88

T~ 14

SECTION

TABLH.2 CONTINUED!
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OTSEHDTIONS

7.64x 104
274 % 104
29.7x 104
159 x 10

1.54x 104
5.66x 104
3.89 X 104
1.05 x10

2.48 x E05
1.04x104

7.41x 104
2.09 x 10

9.51x 104
3.48x 104
4.46 x 104
271 x10

3.36 x 104
534% 104
3.61x 104
191 x10

2.12x 104
500x 104
3,17x 103
9.84 x10

1.50x 104
6.23x 104
5.03x 104
2.11 x10

LABORATBRSUL

PRODU

ncorrecte |d
Tide ~+1.07m NLLW!
NEAN a<
DEPTH

m!

6. 94 1.92
2.14 19.80
1.60 20.70
1.53 15.10
6. 94 2.72
2. 14 28.50
1. 60 23.60
1.53 12.30
6. 94 422
2.14 47.20
.60 39.80
1.53 21,20
6. 94 2.61
2.14 27.30
1. 60 30.90
1.53 24.10
6. 94 5. 81
2. 14 40. 60
1.60 32.90
1.53 24.00
6.94 461
2.14 38.80
1.60 30.90
1.53 17.20
6. 94 3. 88
2.34 43. 30
1,60 38.90
1.53 25.20

.230
.080
.060
.610

.131

.070

.245
1.070

.0511
.0992
. 345
.670

. 244
. 0957
, 240
465

.240
. 150
.390
.199

. 200
140
490

,136
. 040
. 370
.338

.065
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Similar to the results of the field experimentsthe modefriction
aQ

coefficients  were plotted as function of

Results are presented in Figures 9.5 to 9.9

The estimated kS- values are:

k= 2.5 cmfor Section 7-6 rock}

k= 0.45 cm for reef sections plated!.

| EGEND:
a TEST |

~BRE AKING WAV E
aTEST 2
~ BREAKING WAVE

2 NU'hRBERS REFER TO RUNS

0.010

alk

Figure9.5 Uncorrecte@ottonfriction Coefficientf as Functionot

a<
K for  Section 7 6.
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10 LEGEND:
o TEST
~ BREAKNG WAVE
o TEST 2
BREAKING  WAVE
NUMBERS REFE'R TO RUNS

0.01

al/k

Figure 9.6  Hottomfriction coefficient f\xersus kfor Section 7 - 6,

corrected for side wall effect of flume.
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0.010 lo 1O

alk,

Figur®.7 BOttOmCtian COeffiCiefverSuk far SeCtiGh 5,

corrected for side wall effect of flume.
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Bottom  friction coefficient f\\ﬁrsus kfor

corrected for side wall effect of flume.
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0.010 fo 10

al/k

a
Figure 9.9 Bottom friction  coefficient fv\ﬁrsus for Section 4 3

S
corrected for side wall effect of flume.



Noefforts havebeemmadeo verify the estimated<s valuesexperi-
mentally. If real valuesof k differ fromthe estimatedones, this results
in a horizontal shift of the plottings in respective diagrams.

~ For the determination of the maximurbottom velocity and of the excursion
distancea<, the meawalueof the waveheightoverthe lengthof the section

is usedor theglotting of thedata. Asfor periodtheperiodf theprimary

wave induced by the wave generator is used.

Eachdiagranmalso presentsthe relationshipsfor linear wave r0||oosed
respectivelyby Riedel, et al. 972!, Jonsson966! andKajiura 968! to
serve as comparisonwith the data obtained from the model study.

In Figure 9.5 friction coefficients for the Section 7 6, uncorrected
for side wall effects, are presented.

Thedata referring to breaking wavesare markedwith a solid symbol.

Theuncorrectediataseento correspondeasonablwell with Jonsson's966!
results. If a correctiononside wall effect is applied, howeverthe agree-
ment with Jonsson 966! is not so good.

For the side wall correction, asimplified formulation was used because
of lack of precise information:

1
WC w T+~
8

in which f\;\;ecpresents the corrected value of the friction coefficient.

A correction in the abovemanneris most likely too strong and the actual
values may, therefore, be found between the uncorrected and corrected data.

Corrected values for Section 7-6 are listed in Tables 9.3 and 9.4, and
are shownin Figure 9.6.

Thecorrected data fare closest to the curve proposedby Riedel, et al

972!.  Correspondingly, corrected friction coefficients for the Sections
6-5, 5-4 and 4-3 are shownin Figures 9.7 through 9.9. It maybe seen that
for those sections the obtained values for fare strongly different from the

results of Riedel, et al, JonssomandKajiura. Figures9.7 through9.9 also
do not showdistinct differences betweenthe data obtained for breaking and
nonbreaking waves.

A comparison between the mean values of the friction coefficient for the
different sections for the prototype andthe modelis showrin Figure 9.10.
Somef the differences betweenmodeland prototype maybe causedby the some-
what higher water levels usedin the model comparedo the conditions in the
field.
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78.2

3.0

8.1

FIELD

MODELTEST |

MODELTEST 2 f

DISTARCE Itf w

76.2

SECTIOR 2-1
0.'73
0.3

f  utfCORRECTED!

fw ICORRECTED!

URCORRECTED!

ICORRECTH

IfOTE: AVERAGESDF | FOR RE% 4 X IO3

Figure 9.10

152.6

3-2

0.42

0.3

228,6 304. ~
RRO%E

4-3 5-0 8-5 7-6
O.11 0.10 0.48 D.I |
0.304 0,5 0,5
0.38 0.53 0.26 D.IS
0,33 0.48 0.2 10.08

0.5 0.5 0.5
0.8 10.3 10, 40.20
0.85 0.25 O.11 0. It
O.d 0.43 0.27 0.47

Comparison Between Mean Values of Friction and

Breaking Loss Coefficients
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TABLE 9.3

USORATORYMODELRESULTSQITH 510EWALL CORRECTION.TEST 1

10

SECTTON

7-6
6-5
5-4
4-3

7-6
6-5
5-4
4-3

7-6
6-5
5-4
4-3

7-6
6-5
5-4
4-3

6-5
5-4

7-6
6-5

4-3

7-6
6-5
5-4
4-3

7-6
6-5
5-4
4-3

7-6
6-5

4-3

7-6
6-5
5-4
4-3

7-6
6-5
5-4
4-3

116
.121
.625
124

.219

.08
1.05

.285

.148

.14
1.02

.248

.0462
179
.75
446

125
.176
.35

.203

135
.327
.145
.326

.200
.325
125
.643

.230
.3011
.165
.641

.373
.382
,534
.155

.514
.555
428
133

.609
1070
,694
.379

1. 280

2.990
.599

5,020
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w
C

. 061
.101
.556
111

115
.067
.933
.254

.078
117
.907
221

. 024
.149

. 667
. 398

. 066
. 147
. 311
.181

. 071
272
.129
291

.105
271
.111
. 574

121
192
147
572

.196
. 318
AT5
.138

271
462
.380
119

.321
.891
.617
.338

.674
2.490

.532
4.480

a<

2.3
32.1
29.2
16.3

2.85
35.2
28.5
12.1

3.2
38.1
29. 1
131

2,57
34.9
29.4
13.9

2.87
35.0
29.8
16.8

2.21
25.7
23.9
16.7

1.79
20.9
20. 5
13.3

=N
N OO
Ll IV 7))

1. 06
12.4
11. 7

8. 32

.765
8.43
784
6. 05

;60
6.10
4. 95
3. 58

.355
2.99
2.14
1.32



TABLE 9.4

LABO}JATOR®DERESULTISIT}} SIDEMALCORRECTIOMES T2

SECTIO}} w a6
c | ~

7-6 175 .092 4.24
6-5 .108 . 086 32.00
5-4 470 399 25.80
4-3 572 490 14,30
7-6 130 .068 3. 56
6-5 27 102 38.50
5-4 346 294 31.90
4-3 .629 539 16.30
7-6 360 189 1.66
6-5 164 131 18.10
5-4 155 132 19.80
4-3 482 413 15.50
7-6 330 173 2.64
6-5 .0359 ~029 27.70
5-4 249 211 28.80
4-3 1.150 986 16.60
7-6 .180 .094 4.61
6-5 148 118 37.70
5-4 425 361 29.70
4-3 1.190 1.020 15.90
7-6 126 .066 4.15
6-5 130 104 42,50
5-4 290 246 33.70
4-3 1.190 1.020 17.80
7-6 250 131 5. 69
6-5 150 120 37. 00
5-4 435 370 29. 30
4-3 841 721 16 80
7-6 187 .098 2.73
6-5 120 .096 25,20
5-4 590 501 16.90
4-3 2.390 2.040 5.97
7-6 235 123 1. 94
6-5 151 121 20.40
5-4 230 195 18.10
4-3 1.210 1.040 9.59
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10

13

14

15

TABLE9.4 CONTINVEO!

LABORATORYIOOELRESULTSWITH SIDEWALL CORRECTION,TEST 2

w
SECTION c
7-6 .379 . 199
6-5 .383 .306
5-4 .166 .141.
4-3 1.330 1. 140
7-6 .376 197
6-5 .322 257
5-4 .0197 .0167
4-3 .6i6 .528
7-6 .230 118
6-5 .080 . 062
5-4 .060 .049
4-3 .610 .505
7-6 131 . 067
6-5 . 070 . 054
5-4 .245 . 201
4-3 1.070 . 886
7-6 .0511 . 026
6-5 .0992 .077
S-4 .345 .283
4-3 .670 .554
7-6 . 244 125
6-5 .0957 .074
5-4 .240 197
4-3 465 .385
7-6 . 240 123
6-5 150 ;116
5-4 .390 .320
4-3 .199 165
7-6 .200 . 102
6-5 . 140 , 108
5-4 490 402
4-3 1.200 .993
7-6 .136 .0698
6-5 . 040 . 031
5-4 .370 .304
4-3 .338 .280
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a<

1.33
12.70
12. 10

8.06

1.43
13. 80
14.50
11.60

1.92
19.80
20. 70
15.10

2.72
28. 50
23.60
12.30

4.22
47.20
39.80
21.20

2.61
27.30
30.90
24.10

5.81
40. 00
32.90
24, 00

4.61
38. 80
30.90
17.20

3.88
43.30
38,90
25.20



In order to evaluate the effect of fluid viscosity, the values of the
coefficients  were plotted against the wave Reynolds Number RE!. Reference
is madeto Figures 9.11 through 9.13. REvalues are listed in Tables 9.2
and 9.3.

Except for Section 7-6, most data points fall within the turbulent-
rough regime as defined by Jonsson 966!; most wave Reynolds Numbersare

higher than 104 .

It appearsthat viscosity doesnot account for the relatively strong
differences between the calculated friction coefficients and the established

relationshipsbetweehand =°.

S
The apparent lack of agreement with respect to the relationship  between

a<
wand  for the model data suggests a considerable scale effect in the

S
bottom friction  coefficients. This was already expected because of the need
to provide the reef bottom in the model with aflat metal plate in order to
obtain realistic dissipation characteristics, as mentioned earlier.

Possible scale effects of the model include surface tension and viscous
damping. In addition, systematic errors in the measurementsmay play a part.
For example, it has been established that for waves shorter than 0.6 0.7
seconds in the model, the capacitance wave gages were not very accurate. Such
waves contribute to the meantotal energy of the waves after breaking because
of the generation of higher harmonics

The question of the most probable cause of the scale effect in the wave
attenuation over the reef has remained unresolved. No theoretical or
experimental efforts  have been made to clarify this  further.

However, acomparison between the results of two field tests and one
model test with approximately equal wave energy in deep water is of interest
and is shownin Figure 9.14.

The water level in the model corresponded to a prototype value of 0.75 m
above M.L.L.W.!, whereas in the field the tide was 0.45 m above M.L.L.W,

Both model and prototype show asharp reduction in mean energy shoreward
of Station 5. |In the field, breaking of waves occurred and such rapid decrease
in energy may be expected. In the model, however, no visual breaking was
observed and the rapid decrease in meanenergy must have a different  cause.

Further study is required to resolve this question of apparent scale
effect.

WAVE SET-UP IN MODEL

Of the two methods used to measure the meanwater level one using the
meanvalue of the time series for agiven wave probe, and another using a
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Figure 9.ll Bottom Friction Coefficient f uncorrected!  for Section 7-6
as Function of Wave Reynolds Number
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IO LEGEND.

TEST |
e BREAKING WAVE
o TEST 2
~ BREAKING WAVE

2~~5

02

0lo

TRANSITION  ZONE

RE

Figure 9.12 8ottoltlFriction Coefficient f uncorrected! for Section 5-4

as Function of Mave Reynolds Number
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10 LEGENO.

aTEST

~ BREAKING WAVg
o TEST 2

~ BREAKING WAVE

70

Figure 9.13  8ottom Friction Coefficient fWuncorrected! for Section 4-3
as Function of Wave Reynolds Number
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laboratory manometer!, only the results of the latter appeared consistent and
were used as basis for analysis. The «st data are listed in Tables 9.5 and
9.6.

Aview of the experimental data indicates that wave height, wave
period and water depth on the reef play apart in generating wave set-up.

Analysis of the experimental data furthermore suggests that a modified

Ursell parameter may be a characteristic parameter against which wave set-up
data may be plotted.

The Ursell parameter is defined by

" LH
R =
h

in which Lis wave length, His wave height and his water depth.

For shallow water this parameter becomes

2
gT H
R h2

and may be written in the form:

For the problem of wave set-up it is expected that the deep water wave

H .

steepnegmrametef 2 andtheaverageelativedepttof watepverthe
hgT

reef Kplay dominant roles in the process under investigation.

Consequently, a modified Llrsell parameter
gT°H

h

maybeof interest for the plotting of the experimentatlatain dimensionless
form, and a relationship of the type
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max

H
0

may be evaluated from experimental data.

_For the actual plotting of the model data, it has someadvantage to use
the incident wavéheightat probe7, H,, as a wavgarameterather thanthe

hypothetical wave of HO.

Defining therefore

gT?H.

h

it is of interest to explore if the function

max

fct X!

will  be useful to organize the data. In Figure 9.15 the relative wave set-up

A,
':ax 1S plotted againSt X = ¢ fOr the model data of TeSt 82, runS 1- 17.
h

S

The diagram shows considerable scatter, which may be partly from

experimental error, being largest in the zones of low wave set-up when
accurate measurements become difficult.

Assuming that the curve drawn in Figure 9.15 represents the average
conditions the above relationship, equation 9.7, implies that

max ft 1 s
H H.

Equation 9.8 and Figure 9.15 may be used to present someother graphical

S "max HL " -
relationship, e.g. between and 2 ' using 2S a characteristic
1 gT
parameter.
: _ _ “max H.
In Figure 9.16 such arelationship  between and ~1Is plotted
h
for various values of HS For the value of h_ the average of the depths of
1
Stations 3and 4is used.
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TABLE 9.5

LABORATORY WAVE HEIGHT DATA
Reproduced to Prototype Conditions!

Test 1
WAVE WATER MEAN WAVE HEIGHT AT PROBE NUMBER
RUN . PERIOD LEVEL 7 6 5 4 3
s"l m! m! m! m! m! m!
10 +0.76 1.85 1.30 0.79 0.49 0.25
10 +0.76 1. 21 1. 63 1.49 0.72 0.27
'3A 10 +0.76 0.54 0.61 0. 62 0.35 0. 38
3B 10. +0.76 0.92 0.98 1. 03 0.53 0.21
! 14 +0;76 1.28 0.73 0. 50 0.26 0.15
~5 14 +0.76 0.92 0. 94 0.77 0.39 0.17
6 14 +0.76 1.86 1.24 0.68 0.34 0.21
17 6.7 +0.76 1. 81 1.49 1.16 0.30 0. 10
8 6.7 Y 4076 1.25 '1.05 1. 03 0.62 0.18
-9 6.6 +0.76 0.86 0'65 0.57 0.35 0. 21
10 6.7 +1.07 0.90 0.67 0.57 0.66 0.35
fl 6.7 +1.07 1.25 1.07 1.07 0.94 0.40
12 6.7 +1.07 1.75 1.68 1. 54 0. 87 0.38
13 10 +1.07 1.33 2.44 2.14 ].02 0.38
‘14 10 +1.07 0.89 1. 07 1.07 0.71 0. 40
15 14 +1.07 1.87 1.40 0.81 0.44 0.42
16 14 +1.07 1.26 0.97 0.65 0.72 0.18
17 14 +1.07 0.88 0.87 0. 94 0. 52 0.37
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TABLE 9.6

WAVESET-UP FROMMOOELEXPERIMENTS
Reproducedo Prototype Conditions!

Test 2
LEvEL. CHARAGTERISTICS b e S
iBLot\@! T sec! H7mean 'min n5 "max
m! cm} cm! cm!
1 +0.76 10 1.85 -2.4 +11. 4 +12. 6
+0.76 10 1. 21 -4.2 +1.8 +9.6
3A +0.76 10 0.54 -1.8 +0.6 +1.2
6 576 14 1.28 -5.1 +5.4 +11.6
76 14 0.92 -4.2 +0.6 +5.4
+0.76 14 1.86 -8.4 +17.4 +19.2
7 +0.76 6.7 1.81 -8.4 +9.0 +10.2
8 9 +0.76 6.7 1.25 7.2 -48 +2.4
i0. 76 6.6 0. 86 -3.6+ -1.2 + 0.6
10 +1.07 6.7 0.90 -0.6 -0.6 +1.8
1 +1.07 6.7 .25 -3.6 3.0 +1.2
12 +1. 07 6.7 1.75 -6.6 36 +10.8
13 +1. 07 10 1.33 7.8 -7.8 +7.8
14 +1. 07 10 0. 89 5.4 -4.8 +1.2
15 +1.07 14 1.87 -3.6 +10.2 +15.0
16 +1.07 14 1.26 -8.6 +0.36 +8.2
17 +1.07 14 0.88 -6.6 4.2 +24

* Fallsnside Station5
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Although there is considerable scatter, the overall results seem
promising. Considering Figure 9.15 for agiven value of X, the relative

wave set-up y is assumedto have one unique value. This implies thai

~max
19T

H. h
for a given value of, the product 'I% and I_lls constant

h

equation9.7!. Forthe lines indicating = constantandfor h and H. both
1

H.
havindfinite values, ~'tan only goto zerofor large valuesof T.
gT
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h
The physical significance of the limiting case H-S~ 0 may be considered as

representing asloping beach without a shallow reef. Such can be

h
demonstratdaly plotting M versus 5~ with ~as parametensing
aT

Figure 9.15 as a given relationship. A graph of this type has been plotted
for corrected model data and is discussed in a following section.

The results of the model experiments confirm that the steepness of the
incident, wave and the relative water depth on the reef are important para-

meters of the set-up problem whereby a relatively lesser depth in the reef
leads to arelatively higher wave set-up.

It will be of interest to determine if the results of the model tests,
as discussed above, may be converted to prototype conditions by using the
Froude model scale. In order to answer this question, an evaluation of
possible scale effects for wave set-up must be made.

Possible Scale Effects in the Wave Set-U Measurements

The interpretation  of waveset-up measurementsn the modelin terms of
prototype data maybe affected by possible scale effects. In the conversion
of data, it is assumedhat a hydrodynamicsimilarity exists basedon Froude's
model law.

A deviation from this assumedsimilarity = mayoccur if forces or processes
are presentfor whichthe translation of modelto prototype data doesnot
conform to the Froude model law. Such forces or processes are surface tension,
viscous forces and internal energy dissipation. In the latter, viscous and
turbulent  stresses may play arole.

In a previous section, the likely existenceof a scale effect regarding
waveenergydissipation wassuggested. Thequestion maybe raised as to what
influence such ascale effect will have on the interpretation of wave set-up
measuredin the model. In order to evaluate this effect, the governing
differential equation is considered.

Neglectingesulting bottonshearstresses,this equations written in
its most simple form

Bg . 0 9.9!
Bx pgh Bx

indicating  that the gradientof the meawaterlevel jjs balanceagainst

135
pgh Bx

Integrationof this equatiobetweestationss andl oveltthe reefgives

q S5 -S| 9.10!

n5_pgh

335



Since for shallow water the radiation stress Sis proportional to the mean
energy E, ascale effect in the gradient of E signifies ascale effect in the
variation of the wave set-up along the reef. However, if all energy is
dissipatedandS| ~ 0, onehas

1
~ S5 9.11!
Pg
anda scaleeffectin Apl5 is reducet a scaleeffectin S5 andherefore

In ES!

From the experimental results on the bottom friction coefficient it was
concluded that for the deep water Section 7-6 results from model and prototype
had si gnificant  similarity =~ and showed no or very little  scale effect.

If the assumption is justified that the meanenergy in Station 5 also
has only negligible scale effect, the sameconclusion holds for the maximum
wave set-up on the reef.  Although there is no proof that this is truly the
case, further analysis will be made based on this assumption.

A problem encountered in the measurementof wave set-up in the model is

due to the confined body of water present in the flume. If wave set-up occurs
at one end of the flume, aset-down s experienced on the opposite end because
of the conservation of mass. Corrections must be made to account for this

effect.

Another possible source of scale effect on wave set-up may be related to
the effeet of surface tension and the existence of aviscous shear force near
the surface of the water in the model. This may be particularly relevant if a
surface film is present at the surface from oily substances or other contami-
nants! which enhances the damping of waves.

~ The damping of waves at sea with surface-active agents has been known
since antiquity Davies and Vose, 1965!. Aitken [884! studied the subject

scientifically, showingthat wavedampng by a surface film is associated with
its resistance to compression.

Dorrestein 951! extended l.amb's treatment of insoluble films in capillary
waves and obtained an expression for the damping as afunction of the surface
compression modules.

No effort has been madeto quantify the magnitude of various types of
scale effects in the interpretation of the model data on wave set-up.

Effects of a Difference in Resultant Bottom Shear Stress on Wave Set-U
in Model and Protot e

In addition to the consequences of previously described scale effects of
the hydraulic model which arise from the differences in hydrodynamic processes
in model and prototype, differences in measurementmayresult whenthe boundary
conditions of the model do not completely conform to those of the prototype.
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Those deviations also may be considered aform of scale effect, better
called "model effect."

In the prototype, conditions are fundamentally three-dimensional. Even
if the site has been selected so as to represent two-dimensional conditions
as closely as possible, small three-dimensional effects maystill be present
in the prototype that are not simulated in the fundamentally two-dimensional
model .

A "model effect" in resultant shear stress will occur, if, for whatever
reason, the time histories of the bottom shear stress in model and prototype
are different. In the prototype asmall landward mass transport may occur
that is diverted to adjacent reef areas by sma» longshore currents. If that
would be the case, the resultant bottom shear stress would be affected.

In the two-dimensional model, the landward mass transport induced by the
breaking waveswi'll be balanced by a seaward return flow. However, the
existence of slight permeability in the model reef versus an assumedmper-
meable reef in the prototype! may affect the distribution of the return flow
in the model, thereby constituting a possible "model effect.”

Evaluation of the Effect of a Difference in Resultin Shear Stress on
Wave Set-U Measurements

If the resultant bottom shear stress is included in the wave set-up
equation, one has

as ogh ag X = 0 9.12!
ax ax

assumingsteady state conditions and neglecting the effect of a superimposed
fl. ow.

The effect of ~may be evaluated by making use of equation 9.»and by
comparinggcomputedndmeasuredalues of dpi

By assuminga linear relationship betweenthe radiation stress and the
meanenergy variance! in shallow water equation 9.» may be written as

|||1_5 —_ ? Var 9. » -al

asdiscussezhrlier, wherevar representhevariancef thetimeseries
at Station 5.

Assumin@at differencesbetweethe ca'lculatedvaluesof hn basedn
equation9.»-al' andthe observedaluesin the modehre solely dueto the
effect of the resultant shear stress i;, avalue of 7 can be determined.

A possiblemodefor the valueof x that seem#o give acceptableesults

Is the hypothesisthat ~is proportional to - zxs . For a shallow reef this
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can be interpreted as a proportionality between~ and the rate of energy
dissipation.

Denoting the dimensionless proportionality constant for the model as 8

one has

as
8 9.13!

m ax

Inserting this value of Tinto equation 9.12 gives

B - | as  _
pgh # g I ¥ =0 9.14!
This modifies equation 9.1l-a to

- |3 |
8 > var: 5
9.15!

Usingthis equation, the value of 8 can be evaluatedfrom the modelresults,
usingthe measure@luesof A@5, var!s5andh.

~In this evaluation, a correction for the effect of nonlinearity on
radiation stress is not applied in order to keepthe modelas simple as
possible.

Theresults of this analysis are shownin Figure 9.17, corresponding to

avalue 8= 0.36 and a resultant shear stress
7= 036 as I
ax 9.16!

Calculation of the Coefficient 8 from the Protot e Measurements

In order to determine if a"model effect" occurs and if differences in
resultant shear stress betweenmodeland prototype are present, a similar
approach must be followed for the field observations. Unfortunately, the
numberof data points with simultaneous information on waveenergy at Station 5
and wave set-up over the reef is limited to only one. It was obtained by
combining the field observations of Septemben4, 1976with those of September
16, 1978 first run! which observations showedequal waveenergy for the offshore
station.

Since the va'lues of waveenergy and wave set-up do not comefrom simul-
taneous measurements, the accuracy of the information used is debatable.

Nevertheless, this information is used in this analysis to obtain a much
neededcaparison.  Applying equation 9.15 to the field conditions gives
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Aq

whereBPis the coefficient of equation 9.13 applied to prototype measurements.

Using the above field data gives

-B12 .0223!

0.915

0.0305

and

B= 0.17
The value of Bpi% approximately half that of B

Based on the value of B, the resultant meanshear stress term in the
. ) p
field experiments maybe expressed by

ds
-0.17
p' dx

A tentative conclusionbasedon only onedata point is that the resultant
shear force plays alarger part in the hydraulic modelthan in the field for
reasons not well understood.

If these differences are classified as model effects, then model measure-
ments can be corrected for modeleffect by applying a correction factor

1017 =0B3 =13
1

036 064

to the portion of the waveset-up in the modelthat develops over the shallow

reef.

It is hereby assumedhat scale effects for the conditions along the
offshore porti on of the traverse are small and maybe neglected.

A verification  of the correctness of this assumptionis not possible at
this time.

Convertin Model Data to Protot e Conditions

If the hydraulic model is considered atrue simulation of the prototype
conditions at Ala MoanaReef so that it can be used for prediction purposes,
a correction must be applied to the model data as discussed above.

In the following, the wave set-up measurementsin the model have been

corrected for "modeleffect" andthe results are presented in dimensionless
form in Figures 9.18, 9.19 and 9.20.
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Figures 918 and 9.19 correspond to the Figures 9.15 and 9.16 for the
uncorrected model data. Although scatter of calculated results in each of
these figures is significant, it is expected that experimental and procedural
errors are principally responsible  for the deviations from the mean trend.

If it is assumed that the average line through the data points in
Figure 9.18 represents true conditions, whereby

qgTH
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|

gT
Theyare shownin Figure 9.19. Becauseof the corrections, corresponding

max

relationships between and maybe drawnwith as parameter.

valuesof Ffin Figure9.19are somewhhtgherthanthe observeduncor-
1
rected! information of Figure 9.16
Validit of Results

The results of Figures 9.16 and 9.19 apply to the conditions at Ala Moana
Reef with corresponding prototype tide ‘levels of 0.76 mand 1.07 m above M.L.L.W.

For water levels considerably higher or lower than these, the wave set-up
may be somewhat different in terms of the dimensionless parameters used.

In the preceding section it was suggested that the difference in resultant
shear stress could be the major reason for a model effect. Other possible
factors influencing the differences between the results of model tests and of
field experiments are:

a. the difference in water level, which in the model corresponded to
0.76 mand 1.07 mabove M.LLW. and in the field ranged between
041 mand 0.57 mabove N.L.L.W.

b. differences in bottom roughness and friction coefficient;

C. the difference between monochromatic waves in the model and random
waves in the field.

Com arison Between Model and Field Data

A comparison between results obtained from the model and from some field
observations is given in Figure 9.19. The average of four field observations
on September 16 and 30, 1978 two runs on each day! is shown. Unfortunately,
these data were the only reliable information on wave set-up in the field for
which  simultaneous measurements  of wave elevations in the offshore station
were available. During those four observations, the relative wave set-up,
calculated by using the root meansquare wave height, ranged from 0.063 to
0.074, with average value of 0.069.

h
The depth-waveheight ratio Hyaried from 1.35to 1.89 average 1.63!

H.

whereasthe deepwater wavesteepness parameter varied between0.038 and
gT

0.048, with mean value 0.045.

To calculate the latter, the wave period corresponding to the peak frequency
of the wave spectrum was used.
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The data point obtained in this mannerwith a depth-wave height ratio

h
[.63 falls within the lines for H va'lueof 1.5 and2.0.

Consequently, the average field data point may be considered in agreement

with the results of the mode'l tests as corrected for model effect.
A Different Wa of Plottin the Results of the Model Ex eriments
The relationship represented by equation 9.8 makes it possible to present
~max h
the data also in a different form, viz as arelationship between and 9y
1 1

H.
with the valuesof 2 as anindependemarameter.
gT

Such relationships  are shownin Figure 9.20. In this figure only the
functional relationships  derived from the average line in Figure 9.18 are
shown; the individuaT data points are omitted from this diagram.

Presenting the results as in Figure 9.18 allows the extrapolation of
h

curves toward o 0. All lines show aclose to linear relationship for
h - -

low values of o The extrapolated curves cross the vertical axis where

S ~max . .

o ”E)"f‘ close together near the point, where _is 0.162.

1 i

This value may be considered to be an approximation for the maximumwave
set-up on asloping beach, without reef. There is no guarantee, without
further detailed calculations, that such linear extrapolation is justified,
but this method provides at least afirst order estimate for the wave set-up
on asioping beach in comparison with the wave set-up on a reef.

In Figure 9.21 a comparison is madebetweenresults obtained in this
study and those obtained from an elaboration of results by other investigators.
The results of this comparison are plotted with reference to the deep water
waveheight I—(|) Results from VanDorn 976! andBattjes 974a! were used

for this comparison.
In llan Dorn's results, his equation 5.110 of Chapter 5 was manipulated to

obtaira relationshipetweenH and 2. Tobeableto dothis a slope
0 T

of 0.03 was assumedand resu its of the Shogre Protection Manual 1973 Fi gures

2-65 and 2-66! were used to convert Van Dorn's results into the parameters of

Figure 9.21. The results of this conversion are shown by a dashed line,

indicating that the converted Van Dorn data fall somewhatbelow the extrapolated

ree< data of the present study.
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To compare with Battjes' 974a! results, calculated maximunwave set-up
values from his Figure 6.3 were used for comparison. These results were
calculated by Battjes for 'a narrow spectrum with an approach only of I5 and
y = 0.8, the root meansquare waveheight representing the deepwater wave
height. Battjes' results are also shownin Figure 9.21.

In comparing the results of Battjes and of this study, it must be realized
that Battjes' calculations are for a narrow spectrum, whereasthis study relates
to regular waves in aflume.

~There is , furthermore ,a slight effect of the angle of approach, but
Battjes' Figure 6.1 showsthat there is only a minimal difference betweenwaves
normal to the beach and those approaching at an angle of 15' to the normal.

Battjes' values for relative maximunwave set-up are somewhathigher than
the extrapolated values obtained from the present study. This would be expected
since in Battjes' modelthe effect of aresultant bottom shear stress has been
neglected.'

Fi?ure 9.2] showshat the extrapolated reef data fromthis study gives
values for the waveset-up which are In betweenthe results obtained by Battjes
974a! and the manipulated data from VanDorn 976!.  The extrapolated resu]ts
imply that there is only asmall dependencyof maximunwave set-up on wave

steepness. Further study on wave set-up on asloping beach, both in model and

prototype, is required to arrive at firmer conclusions regarding the validity
of various models.

Na nitude and Direction of Resultant Shear Stress -~

Themagnitudeanddirection of the resultant shearstress depend®n the
characteristics of the near bottom velocities in the breaking waveregime.

The results of both field and model studies indicate that under the
conditions studied, aresultant positive shear stress exerted by the fluid on
the bottom! is likely to develop. This result suggests a masstransport
velocity near the bottom in shorewarddirection.

~In the field, this resultant current pattern maypossibly be associated
with someaesultant landwardmasstransport onthe reef to be dischargedside-
waysinto adjacentareasandthroughrip channels.

~In the model, this explanation doesnot hold since the situation is
strictly two-dimensionahjoweverin the modeit is not inconceivablehat
somdandwardmassransport over the reef could be associatedwith return
f'lowthroughhe porousnodeteef structure,althoughhe latter wadargely
coveredy animperviousnetalsheet. It is also conceivablghat in the
modelthe return flow is concentratedin the middle portion of the depth.
Referenceis madetoBijker, et al. 974!,

A meapositive bottonshearstress hasa reducingeffect on the wave
set-uponthereef. In the studyareaunderconsideratiorthereis reasorto

believe that this is the case.
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In order to convert the results of the modeltests to prototype data for
design purposes, it is conceivable that such positive shear stress not always
exists and that in a strictly two-dimensional situation, azero or even
negative resulting shear stress may be possible.  This will increase the amount
of wave set-up.

In developing prediction models for design purposes, it may be justified
that the resultant bottom shear stress be introduced as avariable, the resu'lts
of the calculations then varying accordingly.

In the previous paragraphs, it was indicated that experimental results
justified the re'lationship

ds
dx

-B

wherethe valuesfor B for the field andfor the hydraulic modelere different.
For the model the relationship

ds
dx

-0.36

gave areal istic approximation of observed values.

In the foll awing, the value of the shear stress will be expressed in terms
of wave height and depth. As afirst  approximation, consider bottom friction
in the breaker zoneto be absorbedin the value of g so that one maywrite.

dF 2
pg td H 9.19!
8 ~
For the shallow reef zone
c= candS= 3E
ar 2
so that
dF dE _ 2dS
dx ¢ dx -° 3dx 9.20!

Equating 9.19 with 9.20 gives

¥ o

T being the wave period and

ds 3c H
dx 8~ ® cT 9.21!
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Kith ¢ = vgh this gives

clS 3Q H
dx 9.22!
8<

The corresponding value for the shear stress in the modelis:

I35 ~H?
Pg 9.23!

This equationcan be usedto calculate the waveset-up in the model.

As an example, consider Run7 of modeltest g2. Maveattenuation and
wave set-up have been calcul-ated for this test run with and without a resultant
bottomshear stress. Referencés madeo Figures 9.22 and9.23. Forthe
computationof waveattenuation, both wavebottomfriction andenergy
dissipation due to breaking were taken into account.

As maybe expected, computedvalues of the wave height attenuation are
in general agreementwith the observedvalues in the model. As to the wave
set-up Figure 9.22 presentsthe.results of calculations basedon the simplified
model, without resultant bottom shear stress.

There is a .considerable deviation between observed values and <alculated
values of wave set-up based on this model.

Agreement between calculated and observed values can be obtained if a
resultant shear stress iis included in the waveset-up equation. If for this
resultant shear stress the abovederived equation 9.23 is used, agreement
betweenobserved and calculated values is obtained for avalue q= 0.37. This
is close to the mearvalue of g usedfor the calculation of the energydissi-
pation, although since the bottomfriction wasabsorbedin r., a somewhdtigher
value for < had beenexpectedto give adequateagreementbetweencalculation
and measurement.

In order to obtain acceptable agreement between calculated and observed
values for the wave set-up over the reef, aresultant shear stress ~ was
required over a portion of the offshore slope as well as over the shallow por-
tion of the reef {see Figure 9.23l.

349



20

15

10

T
z
50
o,
43
75
100
Figure 9.22

2.5

2.0

15

0,5

-0.5

-1.0

Observed and Calculated Values for Wave Attenuation
and Wave Set-Up in Hydraulic Model. No Resultant
Shear Stress in WaveSet-Up Equation.

secion 76:  f =0.]2; =0 no breaking!
Section  6-5: f = Oll, g =0.2

Section 5-4: f= 0.59; z= 0.6

Section  4-2: f= 10;r=20 no breaking!

350

co
4]



20

25

N

50

oro
o

75

100

Figure 9.23

Observed and Calculated Values for Wave Attenuation
and WaveSet-Up in Hydraulic Model. Resultant
Shear Stress in WaveSet-Up Equation Eq. 9,23l
For 7W and g-values, see Figure 9.22.

05
cL
o
|.
i1
L1J
ul
05 ¢



CHAPTERLO: COMPUTATIONASPECTSOF WAVEATTENUATION

INTRODUCTION

In the previous parts various aspects of wave attenuation and wave set-up
have beendiscussed, wherebyattention was primariiy given to the concepts and
basic equations underlying various computational procedures; so far limited
space has beendevoted to the computational aspects of the problem.

In this chapter special consideration will be given to the following
problem areas:

Computation of friction and breaking loss coefficients from measure-
ments.

Computation of the change in wave height due to friction and wave
breaking.

Energy losses due to breaking in randomwaves.

Interfrequency energy exchange in shoaling and breaking waves.

COMPUTATION OF FRICTION AND BREAKING LOSS COEFFICIENTS IN REGULAR WAVES

In this study considerable effort has been madeto determine energy loss
coefficients  from measurements. This section deals with analysis of data from
the hydraulic model.

The wave flume of the JKK Look Laboratory, in which the hydraulic model
experiments were conducted, is provided with a monochromatic wave generator
and the analysis was therefore based on regular monochromatic! waves. However,
due to irregularities in the wave generating system including the generation
of long waves of low amplitude, waves in the flume were not as regular as
desired, so that 12 minutes records were used from which meanwave heights and
root mean square wave heights were determined.

Computation of Friction Losses

The differential equation that governs the friction losses in two-
dimensional waves, without breaking, s

F
ddxx ¢ x 0.1!

Thefriction dissipation coefficient cf wascalcuiatedfromlinear wave
theory Chapter 3!. Its value was

cf 3m fw P Tsinhkh l0.2!

wherefvﬁf C = friction coefficient along bottom boundary.
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In the analysis of model data, it was first assumed that all friction was
concentrated along the bottom.  Afterwards a correction to this friction
coefficient was applied to account for losses along the vertical walls of the
wave flume.

Using 1~near wave theory and assuming a horizontal bottom, it was found
that

HHxH HHHo 0.3!

in  which

8 2 f
W
0.4!

3g nc T sinh kh!®

For a sloping bottom, the distance betweentwo stations xoa}]nd X may

be divided into a numberof steps with horizontal bottom, as shownin Figure
10.1-a. Equation 10.3 maythen be applied along a horizontal step. However,
at the locations where achange in depth occurs, the wave height is subject
to the effect of shoaling. Thewaveheight HI is obtained from the value

H', by applying equation 10.3 over the section 0-1 See Figure 10.1-a!:

11
+B hx 0.5!

1
0
The shoalin is considered to be concentrated in the steps; e.g. the

waveheightH'lonthe right handside of step 1 is computedomthe wave
heightHI left of the step by assuminthat the energyflux is conserved.

This gives:
2

] car 1! cg 0.6!

112
0.7
Inserting  equation 10.5 into equation 10.7 g-~ves:
1/2
+ Bl hx 0.8!
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In asimilar  way:

n2 1 + tl ) dx Ogl
cl/2
gr2 1
c L Tg Ax o +g Qx 0.10!
1 0
and
cl/2 cl/2
gr3 gr2 1
. t+s, ax +e2 e
grl H
C9r3 1/2 c1/2
: +81 hx + | f32hx . 0.11!
Finally one obtains:
1/2 1/2
Cg'é 1g ¢ '/n
+9 X + 8 +
"Agr 1H = gr2 2
cl/2
grn
c3 83hx + 8<ex +...+ 8-~x . 0.12!
gr3, gr<

If betwedhestation and thefriction coefficientftwcanbe
considered to have constant value, then for each of the sections the factor 9

can be expressed as:

8= constant x f
W

Followinthis, thevalue®f thewavéeightdl, H'1,H2 H'2, etc.

can be calculated by use of equations of the type 10.5.

The actual waveheight and energy! at the steps can be calculated by
taking the average value left and right of the steps

HI 0.13!
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H+ O H+ H
Consequently. one should also take Hoz and H
n

for the waveheights at the stations o andn; u’_ andH can be computedrom
HandH:

2H
0.14!
1/2
C
1+
C
ar 0
and
2H
n
0.15!
1/2
]
gl
+
C
ar

Theabovallowsthe calculation of the friction coefficient fw from
themeasuremehtwavéeightat the stationso anch, H andH .

If wave variability in the model is significant, it may be desirable to
work with mean energy values. An equivalent wave height may then be defined

by
0.16!

frOm whiCh Other wave characteristicS, SuChas orbita't velocities may be
calculated. If applicable, anonlinearity coefficient 6 may be applied.

The necessity of calculating H'0 from Hoand of anrgom Hcan be
avoided by taking Hoin the middle of section 1 and Hnin the middle of
section n see Figure 10.l-bl.

Equation 10.5 then becomes:

11 + gl hx 0.5-a!

whereag equationsl0.8to 10.11,H’ is replacedbyH and gl hx by

hx
12
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Equation 10.12 then changes into

cl/2 cl/2
gn
gal gr2
g'n 1/2 clr/2
] 830x + C 84hx + ...
gl3 gr<
HH HM, H~ H~ MmH-~

X0

82 Ax +

Figure 10.l-a Bottom Slope Schematized to Step Profile

HM H H~ H~ H, H

Figure 10.I-b Alternate  Bottom Slope Schematization
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Nonlinear As ects

Theaboveoutlined procedurewvorkswell if the waveheight is small
compardd the depthso that the linear formulationsof energyandgroup
SReedare applicable. '"hemueto shoalingwave®xhibit strongnonlinear
characteristics, the useof the linear formulasgiverise to appreciable .
errorsin the valuebtained. In the breakezone the propagatiorelocity
and group speed may be formulated by the equation

c= c= Fr ~gh

ar
wherethe FroudenumberFr mayvary betweenl.05 and 1.3.

The Froudenumbersof the shallow water wavescan be evaluated from
experimental data.

In the area before breakingwavesnayalso exhibit strong nonlinear
cha_racdterlstlcso that anadjustmento the linear! grougpeedcaye
requi red.

In order to computdotal mearenergyfrom potential energy, a correc-
tion factor wasapplied if the wavedemonstratedsolitary wavecharacteristics
with " » 0. In that case,the meaenergywasobtainedby consideringhe
fact that the potential energyof suchwavas only 45Kof the total energy.

Longuet-Higdi®s4 A correcti@oefficienof'd0  1.1lwashen
applied to the linear meanenergy obtained from awave record to account for
the nonlinearity.

In the process of shoaling and breaking on the reef, secondarywavesare
generated, giving the wavesin shallow water a distinct variability. For the
analysis it was therefore considerednecessaryto digitize the waverecords
and to computethe wavespectra eventhoughthe primary waveswere monochromatic.

oner Losses Due to Bottom Friction and Breakin

If both bottom friction and breaking are important, the differential
equation for the loss in energy flux is

dF x! | |
dx g X Cp X 0.18!

After introducinghe appropriatexpression®r cf andcb, equation

10.18 may be integrated for ahorizontal bottom. The results of this calcula-
tion were presentedin Chapter4 equation 4.109!. A numericalprocedure,
similar to the one described above,mayalso be applied.

It is of interest to comparethe relative magnitude of friction and breaki ng

. . . . . Cc .
in a breaking regime. For this the ratio E?for shallow water maybe determined.
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The orbital velocity near the bottom in shallow water is

Hc
b'/max 0.1g

whiclgivesfor theratio betweeabandef

b3 Zh
2<2  wWg

0. 20!

To obtain an order of magnitudefor the quantities at Ala MoanaReef,
assumsomaeaealistic values for the various parameterf equation 10.20:

0,5 0.6

I
=

This gives
ef

It appearsthat, in regular wavesbreaking and friction have approximately
equal weight in the energy dissipation process in the surf zone, wherewave
height and depth have equal order of magnitude.

FRICTIONANDBREAKINGOSSCOEFFICIENTS8N RANDONAVES-ROMFIELD EXPERIMENTS

In the analysis of field data, the randomness of the waves must be taken
into  consideration.

:or wavestraveling perpendicular to the shoreline no refraction! with

energy flux Der unit of width equal to F, equation 10.18 may be written in the
form.:

& FTwe sibki- g 021

Integration over distance hx for regular waves gives

3

F3 2™ p3 +pg f Fihx 0.22!

sinh kh 4wy

For the analysis of random waves, two methods of approach may be
considered.

~ wuse of Fourier spectrum

~ use of zero-upcrossing spectrum

358



In the latter, individual wavestraveling through a section maybe
considered, which is a definite advantagefor the analysis. Also, the location
where breaking starts can be determined for each individual waveand the sumof
the losses canbe determinedfor all waves. In the following, the wave-by-wave

treatment will be utilized.

Similar to the analysis in Chapters 7 and 8, the following definitions
are applied:

0.23!
and
pg - variancel. 0.24!
Set equation 10.23 equal to equation 10.24 by introducing afactor 6
H Vv 025|
so that
: 0.26!
EV
Values of 6 obtained from the measurements were listed in Table 8.3.

The mean value of 5obtained for aseries of waves is now assigned to
each indi vidual wave. Thisi snecessarily an approximation but no other means
of finding o0is available.

Hy again considering  a step-profile and considering the group speed
constant over the distance hx. of asection j-j+I! with a schematization
3
according to Figure S 10, one has
DF=E 1- FE'!c ]0.27!
which gives for any individual wave,
] " 166 fw ~Hj ° e
. =W'. . . + f . H'.
j+1 ] 3 vrg sinh ka ~] o

0.28!
H, 1 maye computeﬁiomWé. if all other factors are known.

rence equation 10.28 instead of the corresponding differential
equation is allowed only for small values of Ax, e.g.

8m fwW hx
3« |, for exampl<0.01~
3gnc T sinh kj|’J] !
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Furthermore, at the transition j+1 conservation of energy flux requires:

BT R S

or

0.29!
Combination of equations 10,28 and 10,29 gives
) ‘gl e~ 6f fH
’ W
j+1 c 3g sinh  k.h-
ar.
hx-
6<f H" 0. 30!
Jc
ar.
For the depth hj, the mean depth over the section j, j+1 is to be used.

If N wavepassthe sectionj, j+1 of whichNbwavedreak,the resulting
equation for all waves is:

N N - . N hx. 16'  6f
" THR ij X
i=1 ':1 IS]_ C . i— 9
i [ gr i1 i=1 gr.i1 i+1
3 Nb
_ ) 6f 0. 31
11 g, 1
The calculation is carr~ed out for anumber of steps hx..

Assuming that energy levels are knownfrom measurementsat the beginning
and end of asection, the above procedure allows the calculation of f if the

value of cis known and vice versa. < For this procedure, it is assumed that
the friction coefficient fw has aconstant value for the section considered.

The dependency of fw on frequency is thereby neglected. It is also assumed
that Cis constant in this equation.

Calculations based on equations 10.29 and 10.30 have been carried out by
assuming values for fw and determining the corresponding values of Z by means
of aiterative procedure,

F11 t « * | diff bH 00 d' d1l
Hand H' may be neglected.
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The result is an equation of the form
pf +
fromwhichpairs of f, r.! values maybe determinedhat give the same
energyloss. p andqg are numericalconstants determinedromthe analysis.
Referenceis madeto Chapter 8 for results of these computations.

Unfortunately, it is impossible to exactly determine the value of both
fand <from this equation.

Where no breaking occurs, it is possible to determine fbecause the
w

losses due to breaking disappear and the analysis gives rise to one equation
with one unknown. Wherbreaking occurs, the friction coefficient maybe
affected by the breaking process so that a different value of f may be found.

If the f-< curves are crossing the <-axis, an upper limit for zis
found since the friction coefficient cannot be negative.

Theorder of magnitude of the g-values maybe obtained by applying
Figure 4.24. Basedon assumedvalues of q, values of fmr/nay then be calculated.

The above procedure only partly accounts for interfrequency energy
exchange through the use af the experimentally found values of 6.

An important aspect of equation 10.31 is  that the total, numberof waves N!
andhenumbef breakinggaves\Nb'appean theequatiorwhere

This is a significant characteristic of the analysis.

In designing a prediction model, whereby experimentally = found values of
fvgnd g are used as input, the fact that in irregular wavesonly a fraction

of the total numberof waves breaking, has to be accounted for.  The probability
density distribution of wave height at the various stations, therefore, plays
apart in this analysis. To determine the number of waves that break in a
subsection, the mod~fied Miche-criterion  as proposed by Hatties 974alwas used.

Y 0.14 tanho.88 ™ 0.32!

where Es the maximum steepness that can be reached in nonbreaking waves.

For shallow water this reduces to

f 4 0.33!
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_ The coefficient y' maybe associated with the lowest breaking wave height
in the record for astation. Values of y' obtained from the field experiments
are presented in Tables 8.5 and IO.T.

Finally, an acceptable formulation was required for the group speed.

At the point of breaking cg~r c and

c= Fr /gg 0.34!

At the breaking point cggiffers significantly from the linear

expression c¢c= ~g so that realistic Froude numbers have to be taken into
account. The latter were found from the experiments.

Walker 974a! found from his investigations in a hydrau'lic model:
c= ca + 'h ! lo.35!
where c a! denotes the celerity for linear waves.
For h =1 this correspond® a Froudenumbeof 1.25.

In order to have agradual increase in group speed from relatively deep
water 2 m! to the breaking point, it was similarly = assumedthat

025 H
lo.36!

There is no theoretical foundation for this expression, but introducing
it eliminates asudden change in group speed from linear to nonlinear wave
characteristics at the breaking po~nt.

It was found that the results of the calculations for the zone before the
breaking zone were not very sensititve to the group speed relationship used.

PREDICTION OF ENERGYLOSSES FROMBREAKING IN RANDOMWAVES
General Considerations

For computational procedures in randomwaves, it will be extremely useful
if an effective energy dissipation coefficient qcan be defined so that energy
loss calculations can be applied to aregular wave train representing the wave
spectrum.

A random wave field has waves of varying height and period. Whensuch
waves approach a coastal reef over asloping bottom, the larger waves of the
spectrum will break in deeper water than the smaller waves; after the breaking
the larger waves are subject to energy dissipation, whereas at the breaking
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points of the larger waves,the smaller wavescontinue unbroken,subject to
shoaling and friction until they also break. This process is illustrated in

e> KA

LOW WAVE

Figure 10.2  Behaviorof HighandI| owwWave\earBreaking

Supposindhe largest wavesstart to break at a station, identified by
in this figure ando asmall fraction of the wavesbreak at th(%t]c |
r !
er and
hemati shownin

r4! i r2J

Figure 10.3 Schematized Trend Regarding Fraction of Wavesthat are Broken
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~Theconsequencef this is that the effect of breaking on energy
dissipation is small at Station ! and increases in shorewarddirection;
further shoreward on the reef, this effect decreases again.

For randan waves an evaluation of this aspect must be madein a
guantitative mannerin order to correctly assessthe breaking losses in energy
dissipation.

Energylosses in breakingwavesweredefined by equation 10.18.

Therate of energylossesdueto breakingperunit of area, E:bwasfor

monochromatiovaves defined by equation 4.62. For the numerical evaluation
of the randomnessof waves in breaking, this equation must be evaluated for a
wavespectrum. In previous chaptersthe energydensity spectrumof the waves

waglefinedn termsof the frequencl= + and equatn4.62mayherefore

also be written in the form
b pgf H 0.37!

For the numerical evaluation of cin randomwaves, a probability density
distribution for waveheight in breakingwavesanda criterion for wavebreaking

must be known,

Battjies and Jansen 978! Yodel for Ener Dissi ation

In a recent paperBattjes andJansen 9/8! developed dissipation modelfor
randomwavesin the breaking zone. A short descript~on of this model follows.

Vave 8eight Distribution

It is impossibldor wavesvith heightsconsiderablyn excessof the
depthh to passa locationvith that depth. Havewhichwouldtherwis@loso
arereducedn heightdueto breaking,wherebyhe limited deptheffectively
limits the larger waveheights in the distribution.

As a modelfor the waveheight distribution, Battjes andJansenuseda
truncated distribution, wherebytor each depth h a maximumpossible wave
height, Hm, was defined by

H= yh 0. 38!

m

It is assumethat the heights of all the waveswvhichare breaking or
brokenat the point considered and only these! are equalto H .

Forthe shapef the distribution of the non-brokemavesa Rayleigh-type

distribution was accepted.

Theabovassumptiomritten in termsof the cumulativdistribution
function F H! leads to.
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FH =Pr H<H!=1 exp - ;ﬂ/ﬁ!for 0<H<H

0.39!
1 for H< H

P
in whichH is the modalvalue andthe underscoreindicates a randonvar~able.

Equatiori0.39representsa probability distribution with twoparameters
H andHnso that all the statistics of the waveneightscanbeexpresseth

term®f H,H!. Onefthosas therootmeasquaresaveeightH [,
defined by

dF H! '0.40!

Anotheri robabilit t at a oint a wavehei
associawedhea eb'?rea vqe\‘faﬂlp robé{\bmﬂzg I|ech
whichon the assumptiorof a maximumaveheight for a given depthequals

0.41!
Substitution of equation 10.39 into equations 10,40 and 10.41 gives
H= 2 J Qb!H 0.42!
and

Qs exp - A /H 0.43!

Instead of H, Hm!rmist is also possible to use H ,H las the two

governing parametersof the distribution. For the purposeof this study,
where energy dissipation is essential, the latter two parametersare preferred
having a clearer physical meaning. This leads to

1-Q b rms H
Jn Qb H 0.44!

fromwhiciQlcanbesolvedas a functionof im

m

A graphical representation of this equation is given in Figure 10.4 by
a solid line. In deep water Wherel—lmfsl—| ~ 0 equation 10.44 gives

m

Qb 0. In shoalingwater the ration I—!m/SH i tends to increaseandthe value
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0,8

0.6

0,4

0.2

0.2 0.4 0.6 o.e 1.0

Ob AND 0

Figurel0.4 Fractiorof Brokemavesghb! and

Calculated Yalues of g'! from
Observations

of gincreases seealso Figure10.3!. In the limit H/H ~1 andgb~ 1,

which would imply that all waves are broken and equal to H

Criterion for Breaker Hei ht

Battjes Igl4a! applied Miches' criterion to the maximurheight of
periodic  waves

Hm= 0.14 L tanh !L =0.88k tanh kh 0.45!
and modified this to
-1 kh
= 0.46!
Hm 0.88 0.88k tanh

In shallowwaterwherdganh 788 ~ gksr; this reduceto

k= yh
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whereyis somewhatadjustable depending on wave steepness and beach slope.
See a'iso Chapter 4!.

k= 2&5 the positive real root of the dispersion equation

ifi > =gk tanh kh. 0.47!

In application to randomwaves, equation 10.46 is used with fin
equation 10.47 given as a single representative value, e.g., f, the mean
frequency of the spectrum defined by

fGft  df
0

G{ft df
0

{In principle it is also possible to use a distr~bution of f values leading
to a distribution of Hvalues.!
Ener Dissi ation in Broken Maves

~Battjes and Jansen {1978! following Le Hdhautf 962! developedan energy
dissipation model, basedon the similarity with the bore andonevery similar
to the model developed in this study.

Forthe averaggowedissipatedin the breakingprocesger unit of
area, they presented

C'b > 1K pg f- O48|

Applyinghis to randormwavespneis interestedin the expectedialue
of the dissipated power per unit of area.

Applying equation 10.48 to broken waves, they obtained
2 *
b gb Q4 f pgH 0.49-a!

with fbeing the mean frequency as defined earlier.

In termsof the dissipation coefficient g developedin this study, this
is equivalent to

gb =g fPgH * 0.49-b!

4vp

Here c¢' is used instead of I3attjes’ abecause of different meaning~ « <
already used in this study.

367



Formonochromatiavesvith gb=1 andf = f, this gives

Q2 fpgH 0.50!

Apparently ~' is equivalent to with q defined as in Chapter 4.

The combination of equation 10.49-a or band equation ]0.44 determines
the powedissipatedn the breakingprocessch, as a functionof the unknown!

value of H_or the local energy density E!, the knownlocal depth and some

constants.

Batties and Jansen compared the results of thei rtheoretical model with
the results of hydraulic model experiments and found that the wave height
variation across the surf zone was predicted reasonably well, Reference is

madeto Figure 10.5 which is taken from thei r study.

-Z0 0z0 ~0 eO eo 100 1ZO Im leo IO -Z0 OEo ao GO So I00 IEO I-O IGO
LEGENO:
THEORETICAL

EXPERIMEHTAL

Figure 10.5 Experimental and Theoretical Values of Wave Attenuation
and Have Set-Up. from Battjes and Jansen, 1978!.
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It is to be noted that in Hattjes andJansen 978! modelfriction losses
are not accountedor. This in part, explains the difference in quantitative
vaollu_es %btameg for e andg/v2, respectively obtained by Battjes andJansen
and In this study.

Usef theWeibuDistributiofor theCalculatiad cbin a Random

Wave Field

Theresults of this study have shown see Chapter 8 and Black 978a!
that the Weibulldistribution” providesan adequat@escriptionof waveheight
variability in shallowwater waves,including the stations wherewavesare

broken.

The Weibull probability density distribution ~ Weibull, 1951! for wave
height is given by the general form:

fHl =~ SH exp -~H! 0.51!
and is defined by two parameters m and

An important difference with the truncated Rayleigh distribution is
that the probability function F H! doesnot exhibit a discontinuity at H=H,

such as is the case in the truncated Rayleigh distribution.

A disadvantage of the Weibull distribution is that the parameter 8 must
be known from experiments.

For examé)te the, coefficient 8 may. be obtained from the relationship .
betweéh 1/3/H significantvavaeighbvemeawaveeightlasshowin

Figure 10.6. Furthermoreg canbe determinedf g andthe meamwaveheight
are given see Figure 10.7!

Whenusing the Weibull distribution, it is desirable to express the mean
energy dissipation rate per unit of area! in terms of Hmﬁgther than in

terms of Hm since there is no maximunwave height defined in this concept.

Define aratio factor Qfor irregular waves by

ol .2
ba Q fpgH 0.52-a!

rms

or in terms of -~
cb =Q fpg H 0.S2-b!
The fraction Qis then determined from
fH' dH

rOH f HAM
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2.0

.00 20 25

Figure10.6 2'M?® versus8 of WeibullDistribution.
f rom B ack, '1978al .

W32, |

2,7

Figure 10.7 Mean of Weibull Distribution Versus P.
from Black, 1978al.
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or

rH f HiH

H
rms

In ordeto solveequatiat0.53f H!, H ,andd must beknown.

rms

f HimalyeexpressetermsfH and 8 coefficienfitheWeibull

distribution!.

H maybeexpressadermsf thecoefficientsand oftheWeibull

distribution:

0.53!

0.54!

and

I 0.55!

wherd' representdshe gamnfanction seeBlack,1978a!.

Forg=2,0=~ which holdsfor the Reyleighdistribution,
H

rms

~ Thevaveeightbs definedsthelowestwvavéeighthatis broken;
its valuis tobadetermiinedxperimeltawesiH Hiardhere-
foreal'tunbrokemheralu®f Hixarbeexpressedtermsfwatedepth

Hbo =y h 0.56!

wherey' is to bedistinguished fromy, defined earlier.
Modifie@attesandlanser®78! Moddbr Ener Dissiation,

Oevelo ed from A a NoanaReef Data

Thefield experimentsonductedt Ala MoanReefin 197

tion onthe varioustatistical parametarscessaty evalu
losses dueto breaking.

(‘gr vidednforma-
teheenergy
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Referencaes maddo Table 10.1 which presentsrelevant data for Stations
5through |on the reef for the days of measurementin 1976.

Listed in this table are depthat station, maximumaveheight measured!,
root meansquare wave height computed! and somederived characteristics.

The data give rise to the following discussion.

NazunumVaue Height

H
Fromthe measuredvalues of the maximurwave height, values of y = )
have been computed Column 6!.

The meanvalues for the Stations 5-1 are listed in Table 10.2.

Table 10.2 showsthat the meanvalues of y range from 0.81 at the reef
edge Station 5! to 0.60 at Stations 1 and 2.

Accordingto Table 10.1, the maximuralue of y = 1.11 wascomputedor

Station 5 on Septembet6, 1976,whereaghe minimurmalue of y = 0.46 was
found at Station 2 on September 7, 1976.

The meanvalue for all stations is y= 0.70.

Root Mean Square Vave Height

Values of the root meansquare wave.height were computed from

Hrms 0,57!

where Nis the total number of waves in arecord.

Computedluesof HH are listed in Tablel0.1,Column

m

Minimum Breaker Beight

From avisual inspection of the wave record, the number of broken waves
was determined. Breaking or broken waves in the record are characterized by a
very steep wave front. Although this procedure is not 100% accurate, it is
believed that the method is superior to using an empirical or theoretical

relationship. Independent analysts also arrived at approximately the same
number.

From the numberof broken waves and the computedwave height distribution

obtainedromthe measuremeni® coefficienty' = IF']bcanbedetermined
Table 10.1, Column8L!.
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TABLE 10.2

MEANVALUESOF y =

The trends in y' are similar to those of y; usually higher values occur
for Stations 5and 4and lower values at Stations 2and 1.

Stati sti cal Parameters P, and Q'

The statistical parameters P, Q and Q' listed in Table 10.1 will be used
in amanner similar to Battjes and Jansen's 978! model.

They are defined as follows:

The quantity Pis the fraction of broken waves in arecord

Nb
p 0.58!
N
where Nbis the number of broken waves and Nthe total number of waves. It

may be compared with the parameter Q defined by equation 10.44.

The quantity Q is defined by
Nb

" bril
i=]
N

H
i=1

whichs thenumericalornof equatiot0.5&ndvherélb .!represents

a broken wave in the record.

Theuantit®)'obtainénobservatiohstedin Tablé0.1Colurhh!

has been derived from Q by equating

0.59!

1

* Q' is usechereratherthanQ to identify it asanexperimentallyetermined

value.
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b 4~ QfroH rms

and

b 4~9 TPeg m la.eo!
so that

H%S Ql H%
and

le O H ' 0.61!

Tocomput@', the ratio "His takenfromobservationdablel0.1,

m

Column?7!. The value of H needs further clarification.

Use of Observed Statistical Parameters with Battjies and Jansen's 1978 Model
Battjes and Jansen's 978! model is based on the truncated Ray'leigh

distribution with the assumption that no wave is higher than avalue H, with

the probabilityfor H =H being equalto Qb.

In order to apply the concept of atruncated distribution to data obtained
from observations, a difficulty arises as tothe value of Hmat which the

distribution curve is truncated.
The observed maximunmwvave height of awave record is 1likely to occur only
onetime andis expectedto be larger than the truncated maximurwave height.

In the observed record one may find a probability  d~stribut~on of Haround the
value H_, instead of anumber of equal values Has specified by the theoretical

truncated distribution.

If the observedhighest wavein the record is used for the calculation of
QMromequatiot0.44a valuef Qlronsideraldiywetharthefractionof

actually brokenwavesP will be obtained, such as found in the following
examples.

Consider the conditions at Station 5 obtained from_ measurements on July

197@&ndSeptemhig, 197@&ndcalculatethe valuesof Qlhbasednthe maX|mum

observed wave height, H.
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H
July 30, 1976: H 476 m; H= 0.800 m; , =053

m

Qb 0. 032 from equation 10.44!
P= 0.12 from equation 10.58!

Sept. 23, 1976  Hrms .387m:H.= 0.894m'H = 043

Qb< 0,01 from equation 10.44!

P= 027 from equation 10.58!

In bothcasexb« P.

Similar results are obtained for other days of observation. Clearly the use of
the maximwinservedavédneightleadsto’ valuesof Qlthat are lowerthan

anticipated.
In order to resolve this problem, two approaches may be considered:

I Usethe observed maximumwave height in the record to represent
Hand make an empirical adjustment to equation 10.44.

I Use for Ha value, which is less than the maximunpbbserved

wave height and which is more likely to correspond to the
maximumvalue of the theoretical! truncated distribution.
This value is identified by H’'

Both approaches  will be discussed below.
Adqg'ustment o Eguafion 10.44

If Qis calculated from equation 10.59, using observational data, and Q'
from equation 10.61, using the observed maximumwave height for H,, the data

points for Q' implying a realtionship
Q =fct

can be plotted. See Figure 10.8.

In the same figure, the value of Qis plotted as obtained from Battjes
and Jansen's 978! model equation 10.44!

In calculating Q' andQbthe valuesof H haveclearly different meanings
and, therefore, oneshouldnot expectagreemeritetwee®' andQb.
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A comparismiwea andgbis, thereforenotto beconsideresga

verification of Battjes and Jansen's model, in view of the difference in the
meaning of Hm.

In caseH signifies the maximuexpectedwaveheight in a record, its

H
valueis relatedto the parametgr= .  Calculatetheamaluesf y are

listed in Table 10.2;for the Stations S and4, a mearvalue of 0.80 wasobtained
from the observations.

Consideritigpconsideralseatteof pointsn Figurd.2whergbis
plotted against the similarity parameter J a value of y = 0.80is not
unrealistic for low valuesof g, suchas prevailed during the experiments.

Themaximumaveheight H, therefore, hasadvantage®r prediction purposes,
since it is related to a predictable value of vy,

A consequenceof this is that equation 10.44 is no longer directly appli-
cable. In this equationH represents the truncated waveheight andnot the

maximuwaveheight Howeverthis equationcan be modified to expressthe
H
relationship betweerg' and | , H beingthe expectedhighest wavein the

m

record. This modified equation as represented by the dashedline in Figure
10.4 and 10.8 has the form:

where 0.62!

y= 071 q -1! +1

This relationship is also plotted in Figure 10.4 covering the total range
of g from Oto I

In the above equati on, yis anumerical parameter based on experimental
data. Consequently, equation 10.62 must be considered an empirical relation-
ship having no strict theoretical foundation.

Values of ' obtained from Figure 10.8 or from equation 10.62 when combined
with the experimentally evaluated parameters yand qwill give the correct
amount of energy dissipation.
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Adjustmenbf MaximuiRaveHeight

In this approaah is realizedthat the characteristigparametef the
truncatecﬁstﬁButloanwerelgentl e byH'represenEBW%) ighsmaeéer

than the maximurabservedwaveheight H .

In orderto obtaina reasonab&stim_atefor H, it IS nowassumdiaat
themeamthawwaluesH themaxinnaveeiglantibtheowest

breakingvaven the record,couldbea goo@pproximationlherefore,
H'm=~ Hm Hb!

If similar to earlier procedures,aratio Q"is ca'lculatedfrom

wher®,H and H' are obtainedromobservationalata,the relationship

Q" =ft | 0. 63!

m

maybe established. A plotting of this relationship is presentedn Figure
10.8, averaged by a dotted line.

It mapenotethatthecurvéor Q'is in betwedrecurvefor Qand
Q';thereis still anappreciatiléferencbetwe&and".

In order to be able to use equation 10.63 for prediction purposes, the
value of H' hasto be estimated. Defining

gives

2

Thevalues for y, y' andy" are listed in Table 10.1. Values of y" are
consequently lower than those of y, the meanvalue of y" from the observations
for Stations S and 4 being 0.64.

Thisis onthe lowsideas comparedth the valuesof ybin Figure4.2

for low values of the similarity parameter , a'lthoughthe scatter of the
data points in Figure4.2 preventsdrawinga definite conclusion.
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This method is conceptually better than the first one in view of the
more realistic  concept of Hmand an empirical formulation for g" could be

developedrom the data points, assuminghe value of y" could be predicted.

At present it is felt that values of y" are too low and that the
armaetery, discussed in the previous section is_a better . prediction tool
ecauﬁclosercorresponcietmc@eva uesfyb o} Figuret.2

~ Comparinthe two approachespreferencemusttherefore be given to the
first approach, using y and the empirical relationship 10.62.

Procedures

The procedures sugc?ested are nowthe sameas suggested by Battjes and
Jansen 978! as modified and described above.

Use of the maximumwave height H, equation 10.60! instead of the root

meansquare wave height for brokenwaves equation ] 0.52-b!,offers a signifi-
cant simplification andis therefore to be preferred abovethe use of the
Weibull  distribution.

The above described method provides the tools for the calculation of
wave attentuation and wave set-up for randomwaves.

In the calculations, both energy losses due to breaking and bottom fric-
tion must be taken into account. The wave set-up calculations are based on
the proceduresdeveloped in Chapter 5.

As an example of calculations, consider observed and calculated values
of waveheight for the conditions on August 25, 1976 and Septemberl4, 1976
as shownin Figure 10.9-

Values of f, zand yintroduced into the calculations are in agreement

with those found from the analysis so that it is not surprising that a
reasonable agreement is obtained. However, in the analysis awave by wave
calculation is utilized whereby anestimate for the number of broken waves is
obtained from the record and from its probability density distribution of
wave heights, such as discussed before.

For the prediction model the procedures described in the previous section
have beenutilized, wherebythe root meansquare waveheight at Station 7is
used as a deep water boundary condition.

Values of fvgnd <used in the calculations are listed in the figures.

Observed wav'e heights in Stations 3 and 4 on September 14 show a discre-
pancy with calculated values. In the field, energy entering the measurement
traverse from adjacent reef areas may have contributed to the higher waves in
Station 3.
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__ Thedifferences do not identify a shortcomingof the modelbut rather
indicatethat in the field waveonditionglid not completelgonforrto a

two-dimensional situation.

Thelocation wherewavebreaking stops andwavesregain their oscillatory
characteristics is i11def ined.

Favre's results see Chapter2! indicating that regenerationstarts at
a maximunmwvave height-depth ratio of about 0.25 seemsto give a useful
cri teri on.

WaveAttenuation Calculated b Utilizin the Comlete Ener S ectrum,
Ne lectin Interfre uenc Ener Exchan e

~In this approach the starting point is the wave spectrum in the offshore
station for whichthe zero-upcrossingspectrumis utilized.  Usingthis
spectrum as input for the calculations, wave spectra for the shallow water
stations may be calculated as described in Section 8.

With referenceto Figure 10.10, a frequencybandhf contains an average
amounbf energyS f! hf; this energymaybe representedby a single wave,
whichis the root mearsquareof all waveheights in the energybandhtf.

It wasfound equation 8.21! that for a frequency bandhf:

H =H 86 Sfl af

irms
if Sfl represents the normalized zero-upcrossing spectrum,

The energy in the se'lected frequency band hf is carried shoreward
similarly to the proceduresapplicable to asingle wave.

If in the energy packageS f! hf wave breaking develops, problems
similar to the ones described in the previous section arise.

All wavesith frequencigetweeth andf2 or with periodoetween

le and il'?ve a wave height probability  density distribution of their own.

The largest waves of this package break first, the waveswith medium
height follow and finally the smallest waves break.

In order to evaluate the procedures to be followed, the bivariate
probability  density distributions for anumber of wave spectra are of interest.

The distributions  are shown in the form of frequency diagrams Figure
10.11! for the normalized wave height and wave period obtained from the zero-

upcrossing procedure for various stations, Black, 1978al.

Although a certain correlation betweenthe wave height and period para-
ZT

meter is unquestionable, for each period interval the wave height
Tz
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H

parameter hows a probability  distribution, the shape of which varies
H

wi th the value of TZ

~ It maybe reasonable to assumethat these marginal distributions  behave
similarly as the wavedistribution for allthe wavesso that the procedures
described before may be followed.

Using the modified truncated Ray'leigh distribution analogue, the maximum
wave height may be obtained from

H= yh

whereas the value of the Hmig calculated from energy dissipation.

The combination H_, X . !provides the required value for Q' equation
10.62!, from which the corresponding value of E may be calculated using

. f pgH
b4 P
where fis now the frequency in the middle of the frequency band hf considered.

If appropriate  wave attenuation coefficients are used for friction and
wave breaking, the results of the above described calculations will  be similar
to the one schematically indicated in Figure 10.10. Near the peak of the
spectrum the computed spectrum is likely to be too high, whereas for the high
and low frequency components the opposite may be the case.

The reason for the apparent discrepancies that will be found is the
interfrequency exchange of wave energy where energy in the area of the peak
of the spectrum is transmitted to lower and higher frequency components.

INTERFREQUENGNERGYEXCHANGHEN SHOALINGAND BREAKINGMAVES

In previous chapters , 7, 8!, it has been observed that in the process
of shoaling and breaking, wave energy is transferred from medium frequencies
to lower and higher frequency components. In the calculations carried out for
the determination  of energy loss coefficients, this aspect of the phenomenon
has been largely neglected in order to facilitate the analysis.

A possible way to describe this phenomenon is based on the concept of
source function. Other possible approaches for describing the interfrequency
energy exchange mechanismwere suggested in Chapter 4 and are based on the bore
characteristics and on the Airy functi on.



Utilization of Source Function

In studying the growth anddecay of wind generated waves, Hasselman,
et al. 973! “havedefinedthe sourcé&unction S fromthe lawof energy
conserva'tion of an energy packageG f! df of a wavespectrum Fourier
spectrumt!:

+> | Gfldftc fif =5 df 0.64!

or

\—?Vgﬁ 83)90 gr!= S 0.65!

In general, the source function S consists of three components:

~ an energy input component Sin !
~ a nonlineanteractiorcompone8k!
~ an energy dissipation component S !

so that

0.66!

If steady state conditions are assumedand the energy input from the
wind is neglected, equations 10.65 and 10.66 are reduced to.

Gc = S+S 0.67!

wheresdhasa negativevalue.

Since dde Cg!r is a measureof the gradient of the energy flux per

unit of frequency, the dissipation part of the source function may be expressed
in termsof zf andcb.

For a finite frequency band hf:
S~f d¢ Gc~fl -Sd~f
S~f = '<Gc ~+ o~ _ 4+l 0.68!

dx gr fpg fb
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Integration of equation 10e68over a distance hx anddividing by hx

gives:
6G c ; 1
Sn hf * g Cip©
and
| I + eb!
. a Gc ) ct eb 0.60
nt 5x pg

fromwhicls <canbecomputéat the sectiorhx.

In thebreakingone-:: H4andcb . H; howevernlya small
erroris introducedl it is assumd#uht bothef andebareproportiondb

H
rms

SinceHM$fhs proportional to G f! hf see Chapter8! define
+~b =pgc' GflSf 0.70!

so that equation 10e69is modified to

. e 0.71!

n9
If no energy losses would occur, then

aGce! d Gc |

Sni. bx dx

wouldivea first orderestimatéor S . If, howevanpenerggxchange

betweenrequernmandskeplac = 0 andiezdi! 0 aswoulde

expected.

ForshoalingandbreakingvaveskFigureslO-12, b andc demonstrate
the meaningof the terms of equation 10'69.

In this figure the nonlineaenergyransferfor the sectionbetween
the two stations Aand 8is schematically shown.

Theabov@rocedurallowsto computide nonlineaenergyransfer
fromthe measuraegpectran A and if the dissipationratescf andcb are

known. If no breakingoccurs, then cis only of interest.
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Although the abovedesired relationships provide someinsight into the
phenomenonit doesnot provide the tools for calculation of spectra for
prediction purposeswhenmeasurementare not available.

For this, one has to revert to other methods, such as to Schonfeld's
bore model, discussed in Chapter 4.

al

Figure 10.12 Nonlinear Energy Transfer.
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CHAPTER 11: SUMMARY, CONCLUSIONSAND RECOMMENDATIONS

INTRODUCTION
General Back round and Descri tion of Project

In Hawaii many coastal areas have a relatively low elevation and require
protection against wave attack by storm waves. In some of these areas a
shallow coral reef extends between the shoreline and the deeper water. The
reef may be biologically alive or dead. Such coastal reef offers significant
protection to the coast; the large ocean waves break on the edge of the reef and
the wave that reaches the coastline is of reduced magnitude. Not only is wave
energy lost in the breaking process but attenuation of wave height also takes
place due to friction along the bott'.

After the breaking of waves on the reef 's seaward edge, regeneration  of
waves may occur over the reef, creating waves of lower height and shorter
period. If wind blows over the reef in shoreward direction, wind energy is
transferred into wave energy but the growth of wind generated waves over the
shallow reef is limited by the depth of the water.

The effect of wave breaking and wave attenuation on ashallow reef,
however, also has another aspect: it generates aset-up of the mean water
level over the reef and near the coastline. The increased water depth in
turn may result in greater wave heights near the shoreline. Onshore winds may
further  increase the depth of water near the shoreline and in this way also
contribute to a potentially greater wave height.

The depth over areef usually varies in the direction parallel to the
shoreline, giving rise to differences in set-up along the coast. The resulting
gradients of the mean water level drive amean current system. Such currents

are of importance with regard to the transportation of' coastal sediments and
also for the onshore-offshore mixing of the water leeward of the reef and the
ocean waters. guantitative knowledge of the set-up is required for a quantita-

tive pred~ction of these currents and their effects.

Much study has been done on the nature and magnitude of wind set-up; design
parameters are well defined and they give reliable insight into water level
behavior under the act~on of wind. On the other hand, although the theory of
wave set-up is well developed, field data were lacking, and the value of
empirical  coefficients were ill-defined.

Knowledgeof the set-up and the -wave characteristics leeward of areef s
necessary in numerous engineering endeavors, such as the assessment of beach
stability  or the design of coastal structure as well as the predicti on of the
dynamic response of ships or the design of marine terminals in waters partly
protected by areef . The existing grave uncertainti es with regard to the design
parameters mentioned above have lead to a widespread practice of using conserva-
tive results, which needless to say, results in unnecessarily high cost.

In view of the preceding arguments, the present study was undertaken.
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It has led to the formulation of a mathematical model that gives an
adequate description of this process and that provides the tools for predic-
tive analysis.

The theoretical model encompassesthe foll owing aspects:
]!  energy dissipation
! energy distribution
! wave set-up.

Ener Dissi  ation

Energy dissipation in waves approaching and propagating over a shallow
reef is governed by two principal processes: bottom friction and energy losses
due to breaking turbulence!.

The equation that describes the energy losses due to these two phenomena
for waves that approach the shoreline at right angles has the form:

dF
Gx fb

wheré is the gradientof the energylux per unit of width!in thedirec-
tion of wavepropagatiomndcf andcb are the meamates of energydissipation
per unit of area due to friction and breaking, respectively.

In the quantity cthe bottom friction  coefficient f ! plays adetermining

role. In order to relative f\t/g) the orbital velocities of the waves near the
bottom, alinear wave model was applied. In strongly nonlinear waves and in

breaking waves, this introduces someerrors in experimentallydetermined values
of ffrom field and model data. however, useful results have been obtained
w

from this procedure. Oneof the reasons for this is that in nonlinear and even
in breaking wavesthe orbital motion along the bottom characteristically  retains
its harmonic nature. Oneexception possibly is associated with a plunging
breaker whenthe jet of the plunging breaker penetrates the near bottom fluid
layers.  Then values for the bottom friction  coefficient may be considerably
higher than those obtained for regular wave conditions.

To determine the quantity c, the similarity  between breaking wave and the

phenomenorof a bo« was utilized as abasis for the analysis. This idea has

earlier beendevelopedoy Le Mdhautd962! andwasalso usedby Battjes and
Jansen 978!. The bore model proved to be very useful.

In agreementvith the assumptionslescribed above, valuesof cf and~b «e
given by
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2f P> H

f3 W vr T sinh  kh
Eb pg 41 H
8~%
where.
f= dimensionless wave bottom friction coefficient

dimensionless wave breaking loss coefficient

H= wave height
T= wave period
h= depth

angular frequency
k= wave number.

In the IaboratorK investigations of this study, monochromatiovaveswere
exclusivelyused. Theaboveequationsare directly applicable to monochromatic
wavessince the waveheight H andthe period T of the incomingwaveare well
defined.

‘In the caseof randonwaves,suchas occursin the field, ananalysis is
required to account for the numberof breaking wavesin arecord in addition
to criteria for energydissipati onandthe beginningof breaking.

In the analysis of observational field data, the actual numberof broken
wavesvasestimatedfrom an inspection of the waverecord; for prediction
purposes, however, a model for the fraction of broken waves or for the frac-
tion of the energythat is containedin brokenwavesis required.

Field and model experiments have beenused to determine the numerical values
of fand r. required to predict energy dissipation.

In the hydraulic model experiments, attention hadto be given to possible
sca'leeffects suchas inducedby surface tension andinternal friction particu-
larly for the shallow reef section.

oner Distribution

The energy density spectrum describes the distribution of the meanwave
energy over the various spectral components present in the wave record. It
appears that due to shoaling and breaking on the reef a redistribution of
energy takes place, whereby energy of mediumfrequencies shifts to lower and
higher frequencies.

This aspect has beenanalyzed in this study. It aﬁpears that the Source
Function is a useful tool for the description of this phenomenon.
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Wave Set-U
The calculation of wave set-up is based on:
I energydissipation discussed above!
! conservation of horizontal momentum.
In the analysis, use has been madeof the concept of radiation stress.

Although in the course of this study the effect of wavenonlinearity on the
radiation stress has been considered, actual calculations have been made based
on the formulation of this stress for linear waves, in view of other uncertain-
ties involved in the various aspects of the calculations.

Field bieasurements

The field measurementswere carried out in atraverse at the Ala Noana Reef,
where five wave gages were established over the shallowreef at intervals of 30
to 60 m and one gage installed in relatively  deep water.

Waveswere measuredwith capacitance wave staffs. Hecauseof the difficulty
of placing instruments at he outer breaker point, waveheights were remotely
measured there with atelephoto  movie camera installed on shore, where the
vertical motion of afloating buoy was observed as a measure of wave height.

Instruments and recording equipment were transported and deployed from a
small mobile platform equippedwith four jack-up legs. The instruments were
operated with power supplied from a portable alternator installed on the plat-
form.

Field experiments were conducted during two periods: the summersof 1976
and 1978. Information on wave set-up during the 1976 experiments was not
considered sufficiently reliable so that additional experiments were carried
out in 1978 to broaden the data base.

Wave spectra  were computed from the time series using aFast Fourier
Transform technique. In addition, zero-upcrossing spectra were calculated.

Characteristics of Waves Breakin on Reef

The following  general features of waves approaching the coast over a
sloping bottom and ashallow reef have been observed. The incident wave was
usually a narrow-band swell often demonstrating distinct wave group behavior.
As the waves shoal and break, secondary waves are typically formed and are
indicative of anonlinear wave process.

The process of energy dissipation due to bottom fricton and breaking leads
to reduction in wave height. = The wave attenuation is primarily at the expense
of the energy at the peak frequency. In this process, nonlinear transfer  of
energy takes place to higher and lower frequencies.
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The lower frequencies demonstrate themselves in the surf beat induced
by the height modulation of the breaking waves. The higher frequencies are
generated in the breaking process in the form of secondarywavesfollowing
the crests of the primary waves. The process of interfrequency energy
exchange can be described by the Source Function. Possible models for the
guantitative  evaluation of this process are discussed in this study.

The surf beat phenomenamay be seen as a modulating, time dependent
portion of the wave set-up.

As aresult of the transformations, the mean period of the waves inside
the reef is considerably smaller than the meanperiod of the incident waves
outside of the reef area. Atypical set of wave spectra for August 25, 1976
is shownin Figure 7.5 whereas Figure 8.32 showsthe meanenergy in various
stations on that day when waves approach the coast line.

Nave Friction Coefficients and Breakin Loss Coefficients

The calculated gradients in the energy flux allow the calculation of the
bottom friction  coefficients. For this a number of assumptions had to be made,
which are described in the report.

The wave friction coefficient is defined by the equation

> fwo UblUbl 11.41

in which zis the bottom shear stress, f\}lhe wave bottom friction coefficient,

pthe fluid densityy, and Uthe near bottom orbital velocity.

Dimensional analysis indicates that for rough-turbulent boundary conditions
a
the wave bottom friction coefficient is a function of the parameter ¢ where

a<is the maximuexcursiorof a waterparticle nearthe bottonfromits mean
position  and ksis the Nikuradse sand roughness.

The results obtained are shownin Figure 8.39. For the calculation of the
valueof a<for the wavepectrunihe significant wavdieightandwaveeriod

have been used. If the root mean square values of wave height and period would
have been selected, somewhat different values would have been found. Relation-
ships found by other investigators are also shown. There seemsto be areason-
able agreement between the results of this study and the general trends present
in other  studies.

In anumber of instances, wave friction coefficients were considerably
higher in the breaking zone.

To compute fricti  on coefficients  for breaking waves, values for the break-
ing loss coefficients g must be known. From theoretical considerations, the
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moslikely valueof % werdeterminedMearalue®r friction andoreaking
coefficients™ for Ala MoanaReef are listed in Table 8.6.

Valuesnwaveet-upfromthe 1978neasuremertsshowm Figure
8.45, Themaximuobhservedalueof waveset-uponthe reef was10.7cm,which

was obtainedromtwotide gatge%yvhichneasurelde~ater|eve_| respectively
in Kewal®asinandonthe reef. Therewereaboutl4daysof reliable tide
gage measurementswith 4 observations each day.

Wave Conditions on Reef

~ Thechangein waveheight for wavesapproachinghe reeFmaybe calculated
taking both shoaling and energy dissipati on into account.

Outside of the breaking zone only bottom friction —must be taken into
consideratioras a dissipating mechaniswhereamside the breakingzoneboth
breaking and bottom friction  losses must be considered.

The determination of the extent of the breaker zone meetswith difficulties
in a randonwavefield; both the location wherebreakingstarts andwhereit
endsvaries for the different wavesof the spectrum. A methodto account for
this is related to the probability distribution of broken waves.

With respect to the location onthe reef wherebreakingstops, it was

foundthat usually breakingdoesnot continuebeyonaé maximuwaaveheight-
depth ratio of about 0.25.

~ Observations have shownthat the significant waveperiod at the leeward
side of the reef often is only aboutone-halfof the valueof the period of the
incident wave;this phenomenas dueto the generationof secondarywavesin
the shoaling and breaking process.

The form of the wave spectrummaybe conveniently described by the
Weibull  distribution:

Gfl =Ee Bf exp -~f ! 1.5!
whereE is the total energy of the spectrum with dimension Ik?j!, fthe
frequency and G f! the spectral density; a and g determine the shape of the
spectrumand have beendetermined by curve fitting. The procedures on energy

dissipation ~ will  provide values of Eacross the reef. It can be shown that
the coefficient uis related to the coefficient 8 andto the peakfrequency f.

Based on the observations and curve fitting of 5, the best estimates for
the shape of the spectrum are the following;

dn
Gfl =4 EIf fif lexpL- fjf ! L 6l
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I Shallowater,offshoreede of reef 1.5 m depth!

| = | - |
Gf =3 Ef fif lexpl- ,ff !

I Shallowater,nearshoreside of reef .75 m depth!

| = | - |
Gfl =2 Ef fif texpl- 21 ]

Use of Ex erimental Results for Prediction Pur oses

Forpractical calculationsn desigrprocedureswoapproachesaye
followed for the calculation of waveattentuation and waveset-up.

Onapproacisesheinputwavepectrunsalculatinggnergipossesand
waveset-up contributionsfor the variouswavecomponents the spectrum.
This is arather laborious procedure.

In anotheapproadhewavepectruns replacedyonecharacteristic
wave. Calculationscarried out in this studyandcomparisoof calculated
andmeasuredataindicate that sufficient accuracynaybe obtainedin this

manner.

Forthe characeristicwavdjeight, the root meaisquarevaveheightis |
usedo calculatewavattenuatiomndwaveet-upbecauste energgontained
in the root measquar&vavdeightis a direct measuid the meaanergyf

the spectrum.

Theut~lizatjon of thi procedurﬁecluiesa moddbr the calculationof
ene_rgiJs& atiom randosavesAnalogdosa proce lﬁe\/ eloa{)L
Battjesandlanse®78!, theenerggissipatiomueo breakinlgyrandom

waves may be obtained from

b <+ apgfH rms

wherg is thefractiorof theenergyatis contained brokemaves,
the meairfirequencyandH the  root mearsquaravaveheight.

rms

Forthecompﬂtatiommbce{itlfl]'re IS advantage

resheener
dissipateith breaking terms i

eXxpr:

emaximuaviaeightdefinetdy
H= 0.88k tanhy k h/0.88!

This gives

png2 » 11!
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Meanvalues of y obtained from the observations are fisted in Table 10.2,
whereas experimental data indicate that Q' may be computed from

~1

y=071 |-Q'! +1,-
y%?n Q' m

Model experiments were conducted in the wave flume of the JINKLook
Laboratory. The flume is 54 mfeet long and '1.22 m wide with a maximumwater
depth of approximately 1.0 m.

A 112 scale model of the reef at Ala Moana Park was investigated using
regular monochromatic waves!. Fromthe experiments, friction coefficients and
breaking loss coefficients were determined, and wave set-up values were
evaluated. A comparison between field and model data indicated that in the
shallow section of the model, scale effects and model effects influence the
results of the wave attenuation and wave set-up.

For the maximumwave set-up, the approximate scale and model effect was
evaluated using acomparison between model and prototype, so that the laboratory
data could be used for prediction purposes of the corresponding prototype.

It appearedthat the relative maximurwaveset-up with deepwater wave
height as areference height! could be plotted as afunction of the deep water
wave steepness parameter and the relative depth of water on the reef. A greater
water depth is thereby associated with alesser value of the maximumwave
set-up.

The results of the laboratory data on maximunwave set-up, corrected for
scale and model effect, are shown in Figure 9.19.

Thewave set-up values only include the meanvalue of the waveset-up and
do not include the time dependant part induced by surf beat. The latter depends
on wave group behavior of the incident wavesand on the dynamicresponse charac-
teristics of the shallow reef. The measurements revealed that the surf beat
had a period of 1-3 minutes, whereasthe amplitude of the oscillations had the
sameorder of magnitude as the meanvalues of the wave set-up.

Eventhoughwavesin the modeleregeneratedmonochromaticallyreflections,
higher harmonics and tank oscillations causeda measurable variation in wave
height. Therefore, for the plotting of Figures 9.16 and 9.19 root meansquare
wave heights were selected to characterize wave height, rather than meanwave
heights.

Calculations on waveset-up basedon root meansquare waveheight values
from afew field measurementprovided reasonable agreementbetweenobserved
and computed data. Onthat basis for design purposes, Figure 9.19 may be
applicable to randomwaveswith narrow band spectrumalthough the results must
be considered preliminary.
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DISCUSSION
Discussion of Data Obtained

In the field experiments, information obtained from the wave staffs was
generally reliable. Although certain measurements had to be discarded
because of errors or failure of unknown cause, the time series used for the
analysis obtained from the capacitance wave recorders appeared to be suffi-
ciently accurate as abasis for analysis.

Calculation  of wave spectra from these observations did not introduce any
serious problems.

The measurements of wave height by the use of a floating buoy provided
data that often fitted well  with  the other information. However, at times
the buoy observations contained apparent errors probably caused by inertia
effects of the buoy in the breaking wave regime.

To acquire accurate data on wave set-up in the field required a great
deal of effort and accuracy. The wave set-up data obtained from the 1976
measurements contained obvious errors. Additional wave set-up measurements
in 1978 were conducted with greater care and provided abetter set of data.
Unfortunately, during the latter experiments wave characteristics  could only
be measured in the offshore station so that the information of the two data
sets had to be combined to provide information necessary for the analysis.

The results of the analytical work of' the field experiments and of the
model study allowed to develop a mathematical model on wave attenuation and
wave set-up and to make recormendations on the bottom friction coefficient  and
breaking loss coefficients in shoaling and breaking waves.

Problems Encountered

The most serious limitation regarding the results of the study was the
lack of arandom wave generator in the hydraulic model study; the plunger-type
wave generator was only capable of generating monochromatic waves. Attempts
to composea wave spectrum from the superposition of anumber of linear wave
componentsvas only successful for the deeper part of the profile, but failed
for the shallow section because of strong nonlinear character~sties of the
waves breaking on the reef.

A problemencountered in the hydraulic modelwas the low accuracy of the
capacitance wave staffs used in the experiments for wave periods less than say
0.7 sec.; results becameunreliable becauseof fluid-wave staff surface inter-
action. The purchaseof a completely newset of capacitance wavestaffs did
not alleviate this  problem.

In the hydraulic model study, scale effects were experiencedin energy
dissipation over the shallow reef. In order to partly compensatdor this the
reef' bottom in the ~odel was covered with a relatively smooth metal sheet in
order to reduce bottom roughness.
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Anotherproblemencounteredn the measurement waveset-up in the model
wasthe confined volumeof water present in the flume. If waveset-up occurs
in one side of the flume, a set-down necessarily occurs on the other end of the
flume for reasonsof continuity.  Corrections to the waveset-up measurements
in the model are required ta compensate for this effect.

CONCLUSIONSAND RECONNENDATIONS
Conclusions

1. Naveattenuation in shallow water maybe adequately described by a
model in which energy dissipation is governed by bottom friction and
wave breaking.

2. Bottom friction  coefficients  in nonlinear and breaking waves,
determined from experiments in which linear wave theory is used as a
basis of analysis, have values close to those predicted for linear
waves, except for plunging breakers where the turbulence induced by
breaking extends into the turbulent boundary layer near the bottom

so that the oscillatory nature of the flow near the bottom is
significantly disturbed.

3. Determination of bottom friction coefficients from al:l2 scale model
is unreliable for the shallow reef zone because of scale effects.

4, A breaking loss coefficient g For breaking waves may be derived from

the similarity with the bore.

5. In random waves the fraction of waves that break or the fraction of
the total mean energy contained in the broken waves must be known if
asingle wave predictive model is utilized. A model for this s

suggested in the report.

6. For shoaling and breaking waves, interfrequency energy exchange takes
place, where energies contained in the mediumfrequencies transferred
to lower and higher frequencies.

7. At the offshore station observed water levels usually exhibit a Gaussian
distribution. In shallow water the distribution is non-Gaussian.

8. At all stations, including the shallow water ones, the wave height
variability may be described by a Weibull distribution provided the
parameter 8 of this distribution is adjusted from experimental data.
At the offshore station, zero-upcrossing wave heights usually exhibit
a Rayleigh  distribution.

9. The Fourier spectrum is avaluable tool for shallow water wave analysis,
provided peculiarities of the spectrum which are related to the non-
linearity of waves are interpreted in the correct manner.
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0. The zero-upcrossing spectrum is an acceptable tool to analyze
shallow water waves, particularly if awave-by-wave analysis is
called for. The probable error in spectral estimate is higher
than in aFourier spectrum because of asmaller data base.

Radiation stress in shallow water waves is increased by nonlinearity
of the waves.

12. The resultant  bottom shear stress in the momentumequation seems
to play arole in the -calculation of the wave set-up on a shallow
coastal reef.

13. The maximumwave set-up on acoastal reef depends on the wave

H
steepnesparameter~'and onthe relative waterdepthonthe
gT

reef Hh H being the incident wave at the offshore probe.

1

The dynamic part of wave set-up on acoastal reef, arising from the
group behavior of the indicent waves, is significant  and may be of
the sameorder of magnitude as the steady part of the wave set-up.

Recommendations

The recommendations that follow  have reference to additional studies
that will assist in confirming theoretical and experimental data of
the present set-up and expand%he applicability of the results to
other conditions.

A part of the recommendations stems from inadequacies experienced
during the present study, whereas another part is concerned with
further advancement of the theories in view of needs emerged during
the present investigations.

During the 1976 investigations, measurementsof the meanwater level
in the stations on the reef demonstrated intolerable inaccuracies due
to alack of awell established reference datums.

This deficiency was partly compensatedfor by the measurements of
1978 when fixed stations were established and visual manometer readings
were made at short time intervals. Unfortunately, the scope of these
investigations hadto be limited so that only in the offshore station
adequate accompanyingvavemeasurementsould be taken.

It is recommended that another series of measurement be carried out
over the reef, whereby wave heights and meanwater level be measured

simultaneously in all stations.  Such an approach actually would
represent a combination of' the 1976and 1978 measurementspbut with

an extended program of observations.
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3. In addition to the customarymeasurementd waveheight andmean
water level, the extended program would include:

measurement of wave induced currents in 3 stations on the
reef;

~ simultaneous aerial photographs to evaluate refraction of
waves;

array of wave probes on reef to measure wave direction.

4. Arepeat of asimilar schemeof observations for a different reef
with a different  characteristic depth.

5. Arepeat of asimilar schemefor astraight beach without reef.
Theresults of this study would provide the limiting case for the
reef study and would serve to evaluate the validity of the limiting
case which in the present study was basedon Battjes' 974a!
calculations and Van Dorn's 976! elaborated laboratary data.

6. The limitations  of the present hydraulic model study were due to the
following  conditions:

l

,sca'le effects in the shallow water zone;

l

generation of monochromatic waves only;

l

inaccurate wave sensors for low wave periods;

~ no information on wave induced velocities;

l

no informati on on wave induced shear stress;

l

fixed slope and bed roughness.

Future model studies require improvements in the above mentioned areas,
such as:

adepth of at least 10 cm in the shallow reef zone,
utilization of an irregular wave generator,

use of improved wave sensors,

measurement of wave induced velocities,

measurement of wave induced shear stress by flush mounted
sensors,

tests under avariety of slope and reef conditions.
7. For design purposesthe calculation methodson waveattenuation and

waveset-up developedin this study can be used. Values obtained for
the numerical coefficients  of bottom friction and energy loss due to
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wave breaking may be used in conditions similar to those at

Ala NoandReef. If field conditions deviate considerablyfrom
the test conditions, adjustments should be madein the values of
the bottom friction coefficient and of the breaking loss coeffi-

cient.
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