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ABSTRACT

This study is concerned with the influence of wave
transformation and bed shear stress on wave height and wave
set-up. The ultimate goal is the prediction of wave height
and mean water level in the nearshore zone., In order to
develop such a predictive model, relevant empirical
relationships were determined based on data measured during
a two-dimensional hydraulic model study with a scale of 1:12
representing the Ala Mcana reef on the south shore of Oahu.

For predicting the wave height from deep water to
inside the breaker zone, a new empirical relationship is
obtained for the parameters, H/nqpg, and Pazﬁa/Lacothz(D/La).
The relationship is based on data from this experiment and
from Hansen and Svendsen (1979). The hydraulic model used
in this study had a compound slope of roughly 0, 1:80, 1:32
and 1:20, while Hansen and Svendsen used a plane slope of
1:34,

The bed shear stress was determined by direct
measurements of wave forces on the bed and of fluid
velocities near the bed under breaking waves and cther
highly nonlinear waves. The resulting friction factors are
compared with the existing friction factor curve by Jonsson
(1964), which was established under sinusoidal wave

conditions.
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Under the assumption that the dominant factors for the
dissipation of energy are bottom friction and the wave
breaking phenomenon, the energy dissipation is determined
based on linear wave theory for the friction loss and on
bore similarity for the breaking loss. Correction factors
to these theoretical dissipations are empirically obtained.

The effect of the mean shear stress on wave set-up is
examined by comparing measured mean water levels with
results calculated using the computational procedure
developed in this study.

It is concluded that the new curve for wave height
prediction is applicable in the entire nearshore region,
even in the breaking zone, at least for slopes ranging from
0 to 1:34. The Jonsson's friction factor curve for rough
turbhlence, developed from linear waves, accurately predicts
friction factors for highly nonlinear waves, provided that
an appropriate particle amplitude at the bed is used. The
mean shear stress, which is usually considered to be

negligible, is important in the calculation of wave set-up.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Waves transform in the process of propagation from deep
water through the breaking region to the shore. The primary
transformations are in wave height, energy density,
celerity, steepness, asymmetry, bed shear stress, breaking
and energy dissipation. The consequent commoh phenomena are
mass transport, reflection, refraction, defraction and wave
set-up. It is common Kknowledge in the field of ocean
engineering that linear wave theory no longer gives accurate
values of nonlinear wave characteristics in this region. In
order to obtain reasonably accurate values for these
nonlinear wave characteristics, several nonlinear wave
theories have been developed, such as Stoke's nonlinear wave
theory, cnoidal wave theory, nonlinear long wave theory,
Dean's stream function theory and Cokelet's wave theory. It
is, however, still common in coastal engineering practice to
use linear wave theory to estimate values of wave
characteristics in the nearshore zone. The reasons for this
practice are that it is difficult to use these nonlinear
wave theories and that these theories are applicable only in
limited water regions. None of these wave theories are
applicable in the breaking region and predictions in this

area presently depend on empirical rules.



1.2 Purpose

The purpose of this study is to conduct a hydraulic
scale model investigation and establish empirical rules
describing wave transformations for nearshore areas. Wave
characteristics of primary concern are wave height, bed
shear stress, wave breaking, energy dissipation and wave

set-up.

1.3 Arrangement of Dissertation

This two-dimensional hydraulic model study was
initially conducted as a portion pf the National Science
Foundation project entitled, "Effect of Wave Induced
Resultant Bottom Shear Stress on Wave Set-up". A 1:12 scale
hydraulic model of Ala Moana reef was constructed in the
wave flume at the J.K.K. Look Laboratory of the University
of Hawaii. Among the parameters measured were water surface
elevations and mean water levels as indicated by hydrostatic
pressure. A unique aspect of this experiment was the direct
measurement of wave forces on the bed under highly nonlinear
wave and breaking wave conditions as well as measurements of
fluid velocity near the bed. All time series quantities
were obtained using the zero up-crossing method and were
defined as the mean values of the highest one-third. The
details of experiments are shown in Chapter 2.

For wave heiéht calculations an empirical curve was

obtained as a function of a nonlinearity parameter. The



idea of the nonlinearity parameter was originally proposed
by Goda (1983). This parameter combines wave steepness and
Ursell's parameter using a hyperbolic cotangent function, so
that the parameter can cover an entire region from deep
water to shallow water. The applicability of this approach
was examined using data from this experiment and from Hansen
and Svendsen (1979). The parameter was applied to wave
height and wave celerity. The results are shown in

Chapter 3.

The data for bed wave forces were analyzed in the
frequency domain along with the data of fluid velocities
near the bed. This analysis was aimed at obtaining friction
factors under highly nonlinear waves by implicitly including
a phase difference between bed shear stress and fluid
velocity near the bed. The resulting friction factor was
used to determine energy loss due to bed shear stress for
nonlinear waves. The analysis and results are shown in
Chapter 4.

Chapter 5 is concerned with breaking waves. Wave
breaking is an important phenomenon when dealing with waves
in shallow water. In the experiments, the location of
breaking and the end points of broken waves were observed.
In some cases, however, it is difficult to determine the
breaking points; especially in case of a plunging breaker.
For this reason, a general breaking criterion was obtained

based on data from.other sources. The energy dissipation



from wave breakiné was obtained based on the assumption of
similarity to a bore. The correction factor to the
dissipation from a bore was determined in a way that used
all available experimental information including energy
‘dissipation by bottom friction, wave breaking points, wave
height and wave set-up. -The energy levels were calculated
using numerical integration, as discussed in Chapter 7.
Using an iterative process, the correction factor was
determined from the best fit to the experimental energy
levels. These energy levels were determined from variance of
the water surface elevation.

In Chapter 6 wave set-up is discussed. Radiation
stress was obtained from linear wave theory, as defined by
Longuet-Higgins and Stewart (1964)., Radiation stress values
calculated using linear wave theory were compared with
values based on measurements by Stive (1982) in the wave
breaking zone. In the wave set-up calculation, the mean
shear stress was usually considered to be negligible in the
momentum balance equation. This assumption was examined
using experimental values of mean shear stress and mean
water levels,

In Chapter 7 a computational procedure for
two-dimensional cases is developed based on the energy flux
equation and the momentum balance equation. In this
procedure all experimental relationships obtained in this

study are applied. The primary predicted values are wave



energy level, wave height and mean water level in the area

from deep water to inside the wave breaking zone.



CHAPTER 2

EXPERIMENTS

2.1 Introduction
A 1:12 scale hydraulic model investigation of Ala Moana
reef was conducted in the flume at the J.K.K., Look
Laboratory of the Department of Ocean Engineering. There
were four objectives in this investigation:
(a) discription of wave height deformation in the
propagation process.
(b) determination of frictioﬁ factor under nonlinear
waves.,
(e) calculation of energy dissipation from bed shear
stress and from breaking waves.
(d) determination of wave set-up on the reef.
For these purposes the following measurements were made:
(a) water surface elevation at six stations.
(b) wave forces on the bed and fluid velocities near
the bed at two stations.
(e) mean water levels at thirteen stations.
Figure 2.1 shows the experimental set-up. All data were
electronically stored on floppy disks eicept mean water
levels, which were manually recorded. For the
electronically recorded data the sampling interval was 0.1

seconds and 4923 data points were recorded for each test.
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2.2 Facilities and Equipment
2.2.1 Flume

The flume is 54 m long and 1.22 m wide. For the 1:12
scale hydraulic model the maximum water depth in the flume
is 89 cm at the deep horizontal portion of the bottom
profile, and the minimum is 3 cm on the reef at the mean
lower low waLer level (MLLW). A wave absorber was placed at
the shoreward end of the flume. This absorber consists of
PVC shavings with a wire mesh cover. The flume is covered
in order to avoid wind influence on generated waves., A
parabolic plunger wave generator, which produces
monochromatic waves, is located at the seaward end of the

model flume. See Figure 2.1.

2.2.2 Water level measurements in waves

Water surface elevations were measured with capacitance
probes of 3.5 mm diameter. In the begining stage of
experiments floater wave gauges were also used in the
shallow water area. It was, however, realized that the use

of these floater gauges were limited to the small waves, and

they were not used in the later experiments.

2.2.3 Shear Plates
Two shear plates were used to directly measure the wave
force at the bed. One of the shear plates was 25.1 cm wide

and 39.4 cm long. The other was 29.9 cm wide and 30.5 cm



long. These shear plates as well as the rest of the model
bottom were covered with two types of surfaces, a smooth
surface and a rough surface., The smooth surface in the
model bottom consisted of a concrete surface. It was
estimated that this surface roughness corresponded to the
roughness obtained by a surface covered by sand with a
diameter between 0.71 mm to 0.83 mm. To obtain this surface
onh the shear plates varnish was thinly applied on a vinyl
adhesive paper, and appropriately sized sand was sprinkled
onto the varnish until the surface was completely covered.
After the varnish was dry, any excess sand was removed.

For the rough surface, sieved gravel was selected with
sizes between 1.3 cm and 2.5 cm and glued to the concrete
model bottom. In order to make the gravel surface on the
shear plates neutrally buoyant, the gravel was mixed with
lighter fiber-glass elements of similar shape and size and
attached to the shear plates using vinyl adhesive paper and

marine plastic resin glue.

2.,2.4 Flow Measurements

A miniature propeller flowmeter, model WSM-0"
manufactured by the Delft Hydraulic Laboratory, was used to
measure fluid velocities above the shear plates. The
propeller is 15 mm in diameter with 4 blades. A ring on the
propeller with 60 holes generates 60 pulses per revolution,

so that fast fluctuations can be detected. The center of
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the propeller was placed 1.5 cm above the bed in the case of
the concrete bed and 3 cm above the concrete datum for the
gravel surface, so that measured velocities approximately

represent fluid velocities just above the boundary layer.

2.2.5 Mean Water Levels

Gerritsen (1981) reported that mean water levels
obtained by averaging the water levels measured with
capacitance probes were inaccurate due to water run-up and
depression around the probes. Based on Gerritsen's report
mean water levels in this study were obtained by measuring
the hydrostatic pressure using manometers. The manometer
design involved a 1.5 foot long tygon level indicator tube
with a 0.5 inch inner diameter with a reading scale inside.
The indicator section was connected to a flexible tube of
0.5 inch in diameter which extended below the water level of
the flume. The water end of the flexible tube was equipped
with a sand filter. This filter 3/8 inch inner diameter
tube filled with thickness of the sand was determined to be

2.5 em. The grain size ranged from 0.71 mm to 0.83 mm.

2.3 Procedure

Test-runs were carried out for four incident wave
heights ranging from 2.5 cm to 15 cm. For each wave height,
3 or 4 wave periods ranging from 1 to 4 seconds were tested.

These various wave conditions were repeated for 3 different
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still water levels. These were 3 cm, 6 cm and 9 cm above
MLLW. The overall experiment was conducted for 2 types of
bed roughness. One roughness was a concrete surface and the
other was a surface covered with gravel. The total number

of runs tested was 87.

2.4 Modeling and Scale Effects

If the model and the prototype are perfectly similar
geometrically, kinematically and dynamically, the.model
results can exactly predict the prototype properties. 1In
geometrically similar models, kinematic similarity is
assured when there is dynamic similarity (Hudson and
Keulegan, 1979). However, in practice perfect dynamic
similarity between the model and the prototype practically
cannot be achieved since several forces cannot be scaled.
These forces are the gravitational force, the fluid
frictional resistance of adjoining particles and the surface
tension.

The Froude number is defined as the ratio of the
inertial force to the gravitational force and it is given by

1/2

F. = V/(gL) , where L is a characteristic length. The

length scale is defined as the ratio of the model length to
prototype length by L, = Lm/Lp. Subsequently, the velocity
ratio and time ratio in the Froude number model are Vy = LJ/Z
and T, = LQ/Z; respectively. The ratio of pressure is L,

since the ratio of g is unity. The ratio of shear stress
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is also L, similar to the pressure. The ratio of force is
shear stress times area; i.e., Ly . The Reynolds number is
the ratio of the inertial force to the viscous force and it
is given by LV/V, where v is the kinematiec viscosity. When
the surface tension is important the Weber number is
considered which is the ratio of the inertial force to the
surface tention. It is given by V/(ot/pLﬂ/Z,where og,is the

t
surface tension. For an air-water interface Oy is T4
)
dynes/cm at 20 C.
Froude number and Reynolds number similitude is

possible only if the viscosity of the model fluid is scaled

L3/%

according to the relationship of V.= Lo

In reality the

same fluid water is used in the model and in the prototype,

3/2

r times the

and hence the model Reynolds number is L
prototype Reynolds number.

In general practice the dominant forces in the
phenomenon to be studied is determined and the model is
scaled according to the dominant force similitude. For
example, hydraulic models are usually scaled according to
the Froude number similitude considering the inertial and
gravitational forces as dominant while the viscous force and
the'surface tension are neglected. When these secondary
forces are not negligible such as in the case of bottom
friction with a low Reynolds number, the model results show

some disagreement with the prototype behavior. These

discrepancies are called scale effects. In cases of fully
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turbulent flows the shear stress is proportional to the
square of the velocity; i.e., the dominant force is similar
to the inertial force. The ratio of the shear force in
fully turbulent flows to the gravitational force is also the
Froude number. In breaking waves flows are also very
turbulent and the dissipation of energy 1s mostly due to
turbulent fluctuations. Le Mehaute (1976) suggested based
on rather experience that the scale effect is negligible in
breaking waves where the breaker heights are greater than 5
cm. In these cases it is rgasonable to neglect the viscous
effect. However, in a small-scale model fully turbulent
flow frequently cannot be produced. In this data analysis
it was found that all flows over the concrete bed formed
boundary layers of transition from the smooth turbulent flow
to the rough turbulent. In these flow conditions some
viscous effects were expected although the relative viscous
forces were still small. In the case of the gravel bed all
flows belonged to the rough turbulent conditions. These
judgements were based on the velosity measurements at two
stations on the reef.

The effect of surface tension also increases in the
small-scale model. Fan and Le Méhaute (1969) examined the
capillary effects and found that the surface tension effects
on .the wave length is less than 1 % when the wave period is
larger than 0.35 seconds and the water depth is greater than

2 cm.
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In flume experiments the viscous energy dissipation on
the side walls should also be considered. From linear wave
theory Hunt (1952) found the viscous energy dissipation on a
side wall in one wave period, T, in a region Ax. It is
given by:

np/3776'gzﬂzk/w2-Ax tanh kh (2.1)
where A is the mean wave amplitude in Ax. From (2.1) the
corresponding energy flux change can be obtained. This
equation (2.1) corresponds to the mean energy flux change,
bAFT, in one wave period in the region Ax, where b is the
flume width and AF is the mean energy flux change due to a
side wall per unit of time. Equating the mean energy flux
change to (2.1) and re-arranging the equation, the gradient

of the energy flux is given by:

AF/bx = Y9725 /b-pgR%/2°kg/w-tanh kh . (2.2)
Linear wave theory gives:

w2 = kg tanh kh , (2.3)
and

E = pgA®/2 . (2.4)

Inserting (2.3) and (2.4) into (2.2) the rate of change of
the energy flux by a side wall yield:

AF/Ax = E/b-VVw/2 .
For two side walls this relationship is:

AF/Ax = E/b-V2vw . (2.5)
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CHAPTER 3

TRANSFORMATIONS OF WAVE HEIGHT AND CELERITY

3.1 Introduction

As waves approach the shore from deep water there are
changes in several characteristic parameters such as wave
height, celerity, steepness, asymmetry, bed shear stress,
and energy dissipation. During this approach, waves are
transformed from a rather linear condition to a nonlinear
one. Consequently, values for parameters which are
calculated for the nearshore area using linear wave theory
exhibit large deviations from experimental data. The
discussion in this chapter is concerned primarily with
transformations in wave height and wave celerity. Later

chapters will cover the other parameters.

3.2 Wave Height

In coastal engineering practice it is common to use
linear wave theory to estimate wave height. It is, however,
common Knowledge in the field that linear theory
underestimates wave height in shallow water regions, where
waves are highly nonlinear. In order to calculate nonlinear
wave height, several methods based on nonlinear wave
theories have been proposed. Sakai and Battjes (1980) used
Cﬁkelet's wave theory. Shuto (1974) used nonlinear long

wave theory, and Svendsen and Brink-Kjaer (1972) used
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cnoidal waves. James (1974) applied a combination of
Stoke's waves and third order hyperbolic waves in specified
regions. All of these approaches showed that nonlinear wave
theories do a good job in predicting nonlinear wave height.
There are, however[ two significant disadvantages in the use
of nonlinear wave theories. First, it is mathematically
difficult to use these theories. Second, they are
applicable only in limited water regions. Fof example,
Svendsen and Brink-Kjaer used cnoidal waves in the region of
D/L0 < 0.1, and James used Stoke's waves for the region
Ur:HL%/D3 <68 and third order hyperbolic waves for U,.>68.
None of these theories are applicable in the breaking
region.

For these reasons it was decided in this study to
establish an empirical approach for estimating wave heights
for all of the water regions of interest. Goda (1983)
originally proposed a nonlinearity parameter which smoothly
connects the two most familiar wave parameters using a
hyperbolic cotangent function. These parameters are the
wave steepness, H/L, in the deep water region and Ursell's
parameter, U,, for the shallow water. The proposed

nonlinearity parameter by Goda is;

T = (H/L,) coth’

where,

w? = @n/M% gks tanh kyh
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and,

kg = 21/Lg
The subscript "a" is used to denote the quantity calculated
by linear wave theory. The parameter N is easily shown to

approach H/L , in deep water and (2nY3HL;?h3

in the extreme
of kyh+ 0. For convenience in calculation and ease in
definition a new expression can be written in place of I by
using La instead of k;. This new parameter designated P,.

In order to relate wave height to wave energy the ratio
of wave height to the root-mean-aquare surface elevation was
chosen as a wave parameter. This is based on the fact that
wave energy is proportional to the variance of the water
surface elevation. In this study wave energy is defined as:

E = pg ngms . (3.1)
The change in the wave parameter with respect to the wave
nonlinearity parameter, po, was examined and is shown in
Figure 3.1. It is evident from Figure 3.1 that Hmrms
increases with the nonlinearity parameter; i.e., the ratio
of wave height to root-mean-square surface elevatiop is not
a constant value of /8 as predicted by linear wave theory.
In this figure numbers denote rounded wave periods. H is
the mean value of the largest one-third of the wave heights
as obtained by using the zero up-crossing method. This

significant wave height was used because the experimental

wave data included secondaryv waves.
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Figure 3.1 The ratio of non-broken wave height to root-mean-square
- surface elevation versus wave non11near1ty parameter, P
(Numbers plotted denote rounded wave periods.
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Figure 3.2 The ratio of non-broken wave height to root-mean-square

surface elevation versus wave nonlinearity parameter, P _.
(Numbers plotted denote rounded wave periods.) n
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Examining Figure 3.1 we notice a dependency of Hh%ms
on wave periods. The wave length, La, calculated using
linear wave theory seems to be too large to represent the
characteristic wave length in shallow water; i.e., in the
area of large values of the nonlinearity parameter. It may
be reasoned that wave energy is transfered mainly to higher
frequency components as waves deform and also as secondary
waves are produced in shallow water. In order to reduce the
influence of the linear wave length in the nonlinearity
parameter on H/nrms , Several smaller values for the power
of the hyperbolié cotangent function were tried. The value
of 2 was finally chosen as minimizing the influence of the
linear wave length. In consequence Ursell's parameter was
changed to HLa /h2 using the linear wave length. Using the
above considerations a new nonlinearity parameter was
defined as:

P = H/La'coch(D/La) . (3.2)
Using this new nonlinearity parameter, ﬁ], we can
recduce the dependency of H/nrms on wave periods. The result
is shcwn in Figure 3.2, Figure 3.3 shows plots of data from
“ansen and Svendsen (1979). The plots in Figure 3.3 are
less scattered. Thié greater uniformity may be because

Zarsen and Svendsen contreclled their experiments so as to be

-

S
IS,

- of secondary waves. Hansen and Svendsen's data were

{

fitted to a fifth order polynomial. An overlay of this

4

“urve Tnotne plot of the data developed in the present study
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Figure 3.3 Hansen and Svendsen's data of the ratio of wave height
to root-mean-souare surface elevation versus nonlinearity
parameter, P . (Numbers plotted denote rounded wave
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Figure 3.4 The ratio of non-broken and broken wave height to

root-mean square surface elevation versus wave
nonlinearity parameter, Pn
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shows that the curve alsc fits the data very well if the
curve is shifted slightly upward. The need for this

slight shift may be attributable to different definitions of
wave height in the two sets of experiments. Our data were
obtained in experiments over a compound slope of roughly O,
1:80, 1:32, and 1:20. All data were measured over the
slopes of 0 and 1:80. Hansen and Svendsen used a single
plane slope of 1:34, Since both experimental data sets give
similar curves we can conclude that there is little bed
slope influence on the curve, at least for slopes in the
range of 0 to 1:34,

The case of breaking waves is shown in Figure 3.4. It
is evident that the curve for non-breaking waves also
closely describes breaking waves._ Similar results were also
shown in Goda's data (1983). This feature is very useful in
calculating wave heights in the breaking zone if the
nonlinearity parameter is also expressed using Npms instead
of H. For this purpose a wave height was defined in

unction o as:
function of Npps 28

Hy = /8 Npms (3.3)
which is based on wave energy from linear wave theory.
Subsequently, the second nonlinearity parameter is:

P, = Ha/Lg-cothZ(D/Ly) . (3.4)

The new and unique curve of H/n versus Pa is applicable

rms
for calculating the wave height by knowing wave eneréy. In

this case wave energy is defined as being propotional to the
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variance of the water surface elevation. The calculation of
wave energy from known data will be discussed in later

chapters. The curve of H/n on 3] is used to obtain wave

rms
energy by knowing wave height. These curves will be used in

later chapters.

It should be mentioned that the curve of H/nrms as a
function of Pa was cbtained based on the curve from Pn’ not
from curve fitting to the measured data, so that the error
caused in the interchange of these nonlinearity parameters

would be minimal.

Experimentally obtained H/nrms are:

Vrems = TP 2 3 4 5
=ag+ a1Pn + a2Pn + a3Pn + a4Pn + a5Pn (3.5)
and,
H/nrms = f(Pa) 4 g
_ 2 3
= bo + bTPa + t>2Pa + b3Pa + b4Pa + b5Pa (3.6)
where,
2g = by = 2.94
ay = -2.480 x 107%
) -2
a, = 1.613 x 10
2y = -8.690 x 1074
a = 1.836 x 1072
= _1.378 x 107/



TABLE 1

The Ratio of Wave Height to Root-Mean-Square
Surface Elevation Versus Wave Nonlinearity
Parameters, P, and Pj.

o1 cBEE 2,948 Z.941
2 152 2.941 2,942
3 C2E3 2.941 2,943
o . 339 2.942 2,545
=1 . 438 2.944 2,545
B . S75 2.945 2,747
7 JET2 2.947 2,949
.3 e -Ye 2.958 2,351

3 «BE2 2.352 2,853
1.3 . 957 2.955 2,959
2.9 1.887 2.997 2. 935
2.9 2.771 3.862 .88
4.8 3.3%8 Z.14g 3.138
5.4 4,359 3.2494 3,295
£, S5.a58 3.354 R
7.8 S.vez 3,472 H.493
2.9 5293 3.598 TOEEE
ERL 5.823 3.723 .75
18.8 7.345 3.851 2.875
12.8 3,271 4.194 4.113
14.8 9.118 4,344 4,324
1.8 9.917 4.5853 4,548
13,8 18.56%3 4.759 4.731
0.9 11.478 4,929 4,583
22.8 12.25% 5.87V5 F.9EE
24.8 3.8358 S.ze2 S.218
25.9 3.245 S.311 S.232
23.D 14.548 5.418 S.4c4
8.8 15.423 5.5482 5,522
22.8 16.125 5.932 S.E0a
34.9 18.91a 5.683 TLEPT
25.0 17.683 S.783 T.VE3
8.4 153,258 5.8288 S.EE5
SRS 13.873 5.993 T,
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and,
by = 1.095 x 1072
b, = 1.108 x 107>
by = 4.397 x 107
by = -3.966 x 107
bs = 9.694 x 107°

For Pn>40 or Pa>l8.88, where there was no data available,

H/n was set equal to 5.99. In the case of Hansen and

rms

Svendsen's data a. and b. are 2.87 and the other

0 0
coefficients are the same as our case.

3.3 Wave Celerity

The role of wave celerity is vital in calculation of
wave energy from the conservation of energy flux. Eagleson
(1956) studied the transformation of wave celerity. In his
experimental study he found that the celerity calculated by
linear wave theory was in close agreement with experimental
results over the full range of transformations, including
breaking waves. From linear wave theory the celerity is

given by:

c.2 = gL_/2n-tanh(2nh/L.) , (3.7)
a a a

provided that the wave period is constant. Despite
Eagleson's results, it is generally known that the celerity
has some dependence on wave height in shallow water region.
Walker (1674) concluded from his laboratory study that wave

height and wave breaking have considerable influences on the
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wave celerity. He gave expressions for the celerity of a

shoaling wave as:

C = Ca (1 + 0.25 H/D) (3.8)
for non-breaking waves and,
Cb = 1.25/g9D (3.9)

as the maximum wave celerity at breaking. Bretschneider
(1960) found the maximum wave celerity during breaking to
be:

C =‘/29_”c (3.10)

b
where n. is the crest elevation above still water depth.
Van Dorn (1978) also found the same result as (3.10) at the
breaking points from his experiments on the assumption

ug - Cb=0 on the crest, where Cb is the breaking wave
velocity and Uy is the particle velocity in the breaking
wave. These expressions show that the wave celerity is
influenced to some degree by wave height.

For the examination of celerity deformation in this
study, Hansen and Svendsen's data were used. Their
experimental data gave similar results in wave height
deformation, which were discussed in the previous section,
The wave height deformation affects wave celerity. The
ratio of the measured celerity to the celerity calculated
using linear wave theory was plotted against the

nonlinearity parameter, P in Figure 3.5. In this figure,

a ’
numbers denoting wave periods are rounded. From the figure,

the deformation of celerity was approximated using the
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Figure 3.5 The ratio of measured wave celerity by Hansen
and Svendsen to calculated wave celerity using
linear wave theory versus wave nonlinearity
parameter, P; . (Numbers plotted denote
rounded nonfhroken wave periods and cress
marks refer to broken waves.)
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following expressions:

C = Ca for Pa < 4, (3.11)

C=0C,(1/3-TogP_ + 0.8) for 4<P, < 18.88 (3.12)
and,

c =1.23 Ca for Pa > 18.88 . (3.13)

The last expression was used since there were no measured
data available for P> 18.88. The celerities predicted from
these expressions were compared with the celerities by
Walker's expressions and by linear wave theory. In Figure
3.6, the cross sign refers to the breaking wave. The
celerity as a function of Pa appears to be the best
predictor of overall deformation except in some cases of
breaking waves. The celerities calculated by linear theory
are good estimates as found by Eagleson, except for breaking
waves. Although it ovehestimates the celerity for
non-breaking waves, Walker's expression of (3.8) gives the
best results for breaking waves,

From Figure 3.6, it was decided that the wave celerity
would be predicted in this study by equations (3.11), (3.12)
and (3.13) for non-breaking waves and by.equation (3.8) for

breaking waves.
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CHAPTER 4

BED SHEAR STRESS AND ENERGY DISSIPATION

4.1 Introduction

The bed shear stress i1s an important consideration in
coastal engineering. It is one of the dominant causes of
energy dissipation in waves. The mean shear stress also
influences the wave set-up, a subject which will be
discussed in Chapter 6. This chapter begins with a review
of the theory of an oscillatory boundary layer. This is
followed by a discussion of pertinent existing formulas
which were obtained based on sinusoidal oscillations.
Finally, a comparison of experimental results, which were
obtained under nonlinear wave conditions, is made with

results from the existing formulas.

4,2 Oscillatory Boundary Layer

This section contains a discussion of the analytical
expressions for the shear stress and the related energy
dissipation for a two dimensional flow which combines wave
oscillations and a steady weak current. The datum is taken

at the bottom and z is measured upward from the bottom.
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4.,2.1 Basic Equations

By neglecting normal stresses, the governing equations
for combined current wave motions are given by:

aV/at + VaV/ax + waV/dz + 1/p-3P/3x = 1/p-31/3z (4.1)
for horizontal motions, and

aw/at + Vow/dx + wow/3z + 1/p-3P/5z = 0 . (4.2)
for vertical motions, where p is density, V and w are
horizontal and vertical velocities, respectively. V is
given by:

v=U+u ,
where U = U(x,z) is the steady current velocity and
u = u(x,z,t) is the wave particle velocity. The total
pressure, P, consists of two components, a steady pressure,
PC, and an unsteady pressure, Pw’ giving:

p =PC+PW
The shear stress, 1 , is given using the eddy viscosity, e :

T/p = € 3V/3z

The current motion is obtained by taking the time
averaged values of (4.1) and (4.2). The bar, "—", refers
to the time averaging. For the current motion:

Ual/3x + udu/dx + wau/3z + 1/p-3P_/3x = 1/p-31/3z (4.3)
and,

udw/3x + wow/3z + 1/p-aPC/az +g=0 . (4.u4)



The wave motion is obtained by subtracting (4.3) and
(4.4) from (4.1) and (4.2), respectively.
su/dt + Usu/ax + udU/ax + udu/dx - udu/dx + wou/dz

- wou/3z + 1/p-3P /3x = 1/p.3(t - T)/3z , (4.5)

and,

ow/at + Udw/ox + udw/dx + wow/dz - udw/ox
- waw/dz + 1/p+3P /32 = 0 . (4.6)
Now, we simplify (4.3), (4.4) and (4.5) to the first
order approximation. By neglecting second order terms in
wave amplitude in (4.4), we obtain:
aPc/az +pg=0 . .7
Applying the boundary condition, E:=O for z=h, to the

integrated result of (4.7), yields:

P.(z) = og (h - z)

Differentiating the equation with respect to x, we have:

aPC/ax = pg 3h/3x . (4.8)
Using (4.8), and the first term in (4.3) we find:

oU 3U/ax / P /ox ~ W/gh
which means that the first term of (4.3) can be neglected
for small U, Neglecting second order terms in wave

amplitude in (4.3), we find:

P/ x = 3/9z . (4.9)
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Comparing the second term and the third in (4.5}, we have:
ual/ax / Udu/dx ~ 1/kU-3U/3x
since,
du/ax ~ ku
Because of small variation of current in x direction in a
wave length, the third term can be neglected. Neglecting
second order terms in the wave amplitude in (4.5), we find
the simplified form of (4.5) is given by:

du/st + Usu/ox + 1/p-3P /3x = (T - 1T)/3z . (4,10)

4,2.2 Bed Shear Stress

It may be considered that the shear stress is
negligible outside the wave boundary layer, where z>8 .
Using this assumption we find from (4.10):

du/at + Udu/ax + 1/p-aPW/3x =0 . (4.11)
Inside the boundary layer, z<§ , the second term in (4.10)
can be neglected for the following reasons:

Usu/ax / du/d3t = U/ 93x/at = U/C
and U << C for z<g§. C is the wave celerity. Considering
at z = é , we find:

Bué/at = - 1/p-an/ax (4.12)
where u = ug at z =6 . Assuming that the pressure
gradient is constant with repect to z within the wave

boundary layer, we find the equation of motion given by:

3(u - ué)/at = 1/p-3(t - T)/32
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Integrating the equation, the bed shear stress is obtained
as:
1o (1, - 7o) = =% (u - u.)/at dz . (4.13)
b b 0 S
Integrating (4.9) and using the boundary condition, PC =0

at z = h, we find:

]

T=(z-h) aP /3x .
The equation at =z = 0 is:

Ty = ~h aPC/ax . (4.14)

4.2.3 Energy Dissipation Due to Bed Shear Stress

The dissipation, E is given by:

d’

m
I

= f:+”réV/az dz

[t (U + u)|:+n - f2+n (U + u)at/3z dz
where n is the water surface elevation above the mean
water level. The first term is zero since 1 = 0 at z = h#n

and u = U = 0at 2z = 0. The dissipation E, can be

d
separated into two terms:
Ey = - f?*” U 3t/5z dz - f?*” u 31/3z dz
N Edc * Edw
where Edc is the dissipation due to steady motion and Edw

is the dissipation due to waves. This equation is solved as
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follows:
- _ (htn
EdC = IO U 3t/5%z dz
= - f? U 37/5z dz - f2+” U at/3z dz .

The second term is zero since T 1is zero at z = h. Using

(4.9) and (4.14), we find:

91/%2 = - Tb/h

Using the above result, Ed is given by:

c
EdC =T u. (4.15)
where U is the current velocity averaged over the depth.

Now, solving for Edw:

E

©
dw = " fo u 9t/%z dz

= - f?+n Us 3t/%z dz + f?+n- (u - u.) 9t/3z dz .

5)
Taking the second term as zero, as will be shown later, we

find:

E

n

dw =~ " Ys
- Us T (4,16)

f:+n3T/BZ dz

]

The second term of Edw’ defined as I, can be shown to be

zero using (4.9) and (4.10):

I=- /My - us) d1/32 dz
0
h+n
- J (u - us)'(QBU/at + pUsu/3z + 3(P + P_)/8x dz
0 w C
h+n
- f0 (u - us)'(QSU/Bt + pl3u/3z + an/ax) dz
h+n
- aPc/ax f0 (u - ué) dz
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The second term is zero since there is no net mass transport
by the wave motion. Dividing the first integral into two
layers and applying (4.11) for =z > 8 and (4.12) forz< 6§,

we find:

I=-S0Uu- ug) 03(u - ug)/at dz
; |

- ffp/z-a(u - ué)z/at dz
=0

since there is no net mass transport by the wave motion.

4,3 Existing Theories

The important factor in the study of oscillatory
boundary layer is the type of flow, such as a laminar flow,
smooth turbulence flow or a rough turbulence flow. Also of
importance are the friction factor and the boundary layer

thickness.

4,3.1 Transition to Rough Turbulence

In the prototype, flow under the wave motion is always
rough turbulent near the sea bed in the coastal zone. In
the scale model, however, this is not always true. It is
important to be able to produce a given type of flow,
because each type of flow nas different boundary layer
characteristics., Flows are categorized into three types,

laminar, smooth turbulent and rough turbulent.
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Several investigators have given criteria for the rough
turbulent condition. That criterion is generally expressed
by the amplitude Reynolds number, RE, which is defined as:

RE = Usm aG/V
Udm is the maximum fluid velocity at the height of the
boundary layer thickness, &, a6 is the maximum travelling
distance in a half cycle and v is the kinematic viscosity.
For the case of very rough walls, Jonsson (1980) gave thé |
lower 1limit of RE as:

RE = 5500 (a/k)%% . (4.17)
Sleath (1974) gave a criterion for the rough turbulent
condition and Jonsson (1980) re-expressed the limit in terms
of RE as given by:

)0.45

RE = 4130 (aé/Ks (4.18)

For the less rough wall condition Jonsson proposed the limit

as:

RE = 223 (a/k) ! . (4.19)
Kajiura (1968) found the following limit based on Kalkanis'
data:

RE = 2000 aS/KS . (4,20)

Kamphuis (1975) defined the limit where the friction factor
starts being dependent on RE. He gave the limit as:
Uen Ks/v = 200 , - (4.21)

foras/Ks<100. In this expression, is the wall friction

U
velocity defined as:

ey = (tpy/e)/°
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4.,3.2 Friction Factor for Rough Turbulence

For the rough turbulent flow condition, Jonsson gave

the friction factor, fw’ as:
1/4/F, + Tog(1/4/F ) = -0.08 + log(a/K,) (4.22)

by applying the logarithmic velocity profile to (4.13) where
?b = 0. He defired f in the form:

Tom = 1/2°F,0 Ugp lugyl
Kajiura found the friction factor, Cfm’ from an eddy

viscosity model. His expression is:

0.4//5;% + 1n(1//f;%) = -2.25 + 1n(u6m/wz )

0

Replacing Cfm’ quA) and Z0 by fw/2, a. and KS/30, his

8
formulation becomes:

1/4.05%?& + 109(1/4/?&) = -0.254 + 1og(a6/K§) . (4.23)
He defined Cfm in the form of the instantaneous shear stress
as:

= (Cg,, cOS 8)-( cos 9)

Ty qu qu
From direct measurement of bed shear stress Riedel et.al.
(1972) obtained the friction factor expresses as:

_ 0.77
fw = 0.25 (Ks/aé)

for 0.1 < aa/KS <25,
and,

1/4.95/?& + 109(1/4/?&) = 0.122 + 1og(a6/KS) for a /Ks > 25 .
Reanalyzing Riedel's data, Kamphuis (1975) obtained an
empirical formula for Qv as:

1/4/?& + 109(1/4/?&) = -0.35 + 4/3-1og(a6/Ks) . (4.24)

For small values of aa/Ks,Jonsson suggested fw = 0.3 for

ad/Ks< 1.57, and Kajiura proposed £, = 0.25 for aé/KS< 1.67.
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4.,3.3 Boundary Layer Thickness
Using a logarithmic velocity profile, Jonsson obtained

the boundary layer thickness, § , in terms of ad/Ks’ He
defined 8§ as the height from the bottom where the fluid
velocity equals that of the free stream. He experimentally
found that Tsm was O.35Tbm at the level of § and T
practically disappears at the level of 2§ . From Jonsson,
§ is given in the following forms:

udm/ufm = 2.5 1n(306/KS) s (4.25)

and,

306/Ks-]og(306/KS) = 1:2 ad/Ks . ) (4,26)

4,4 Experimental Results
4,4.1 Introduction

First, the friction factors for the nonlinear wave case
were determined over a concrete surface bed and a bed
covered by gravel. The calculations were based on the
measurement of wave forces on the shear plate and on the
fluid velocity at a single level. Second, the energy
friction locss calculated from the fluid.velocity data was

compared with the result calculated by linear wave theory.

4,8,2 Nikuradse Roughness, Boundary Layer Thickness
and Wave Particle Amplitude
Nikuradse roughness, Ks’ was defined only from a

roughness size. Kamphuis (1974) obtained KS values applying
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TABLE 2

Nikuradse roughness and roughness
size from Kamphuis (1974).

D90 (mm) Ks (mm)
0.54 0.84
0.98 2.37
2.2 5.76
4.2 9.75
9.1 14.0

46.0 35.7

a logarithmic velocity profile to experimental results. The
results are given in Table 2. The range of roughness
diameters used was from 0.54 mm to 46 mm for D9O' This
range covers the roughness sizes used in our experiments.
Kamphuis' data were fit to the linear relationship as:

Ks =3 D90 . (4.27)
In order to accommodate a wide distribution of data in the
regression analysis, a log-log regression line was used as:

log KS = Jog a + log D90
Solving for "a" yields,

a=1.735 , (4.28)
which is different from the valug that Kamphuis suggested.
He recommended a=2. |

In our experiments, two types of bed surfaces were
used, a concrete surface and a surface covered by gravel.
It was estimated that the roughness of the concrete surface

was equivalent to sieved sand between 0.71 mm and 0.83 mm in
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size. Assuming a uniform distribution of grain sizes, Dgg
for the sand was determined as:

090 = 0.82 (mm) .

Gravel was initially sieved to between 1.3 cm and 2.5
cm. In order to determine D90 for the gravel, some amount
of sieved gravel was randomly taken and placed in a flat
bottom container. Individual stone heights were measured by
adding water in the container and counting stones completely
covered by water at each water level. The total number of
sampled stones was 222 and the cumulative distribution of
the stone height is shown in Figure 4.1. From that figure

D for the gravel was determined as:

90

Do = 18  (mm) .

90
For the case of the gravel covered bed, the datum height
from the concrete bed was approximated as the average gravel
height which was obtained by dividing the volume of gravel
in a container by the area where the volume of gravel was
placed. The average height was 13 mm, which is nearly equal
to D90'

The current meter should be placed at the height where
the fluid velocity represents the free stream. For this
purpose, the boundary thickness was estimated using (4.26)
for 21l experimental waves. A single level from the bed was

chosen for each roughness. These levels were 1.5 cm for the

concrete bed and 3 cm for the gravel bed.
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For a sinusocidal wave, the wave particle amplitude is

defined as:

agq =T uém/Zﬂ

81
where "1" stands for a linear wave., For nonlinear waves,
however, the definition of a(S is not clear. In this study

aé was defined as one half of the mean value of the largest
one-third of the particle traveling ranges, which was
obtained through the zero-up crossing method. For this
purpose, the time series of the particle position was
produced in such a way that the velocity time series was
integrated with respect to time through Fourier
transformation, and the result was inversely transformed.
In the process of integration, frequency components lower
than the first harmonic frequency were discarded. The
results of the ratio of a, to a

§ §1
against the nonlinearity parameter, R, . According to

are shown ‘in Figure 4.2

Figure 4.2, the wave particle amplitude by linear wave
theory overestimate the ag for highly nonlinear waves. From

the figure, we estimate a(S values as:

a., = a

5 for P < 3.6 , (4.29)

81
and

Q
"

a., (-0.805 log Pyt 1.45) for %]> 3.6 . (4.30)

81

4,4.3 Friction Factor
The arrangement for the measurement of the friction

factor is indicated in Figure 4.3. The measured totzal
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Figure 4.2 The ratio of nonlinear wave particie amplitude
to linear wave particle amplitude at the bed
versus wave nonlinearity parameter, P
(Numbers plotted denote rounded non-broken
wave periods and cross marks refer to broken
waves.)
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force, FT , on the shear plate is expressed as a combination
of the inertial force, F; , and the drag force. The drag
force consists of two types of forces, the shear stress, Fg,
acting on the plate surface and the pressure gradient force,
FP , acting on the front and back plate edges.

The inertial force per unit length of the shear plate
is:
Fo=aV (x,t)

where,

a=1/2(m + oV)
2 is the plate length, m is the added mass, 0 is the fluid
density, V is the plate volume and VG is the derivative of
the particle velocity at the bed with respect to time. The

total inertial force is obtained by integrating Fi over

flowmeter propeller

C
i shear plate

I’

x=0 X=2

Figure 4.3 Diagram of measurements.
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the plate. In order to estimate the space integration from
a time series, two assumptions are made; i.e. the fluid
velocities at the front and back plate edges have the same
time history with a time lag, t1, and the wave celerity, C,
is constant over the shear plate. Using these assumptions, FI

is expressed in terms of an instantaneous velocity.

FI f2 o Bvé(x,t)/st dx
0

Vs(z,t)
= f a (-C) dv
Vé(o,t)
= - CCJ. {V\S(Q«3t) - Vé(oat)}
= - Cy {Vs(t—t]) - Vd(t)} > (4.31)
where,
ty = /C

Tre pressure gradient force is approximated from linear
wreLry. The pressure by a wave 1is:
= . n ¢osh kz/cosh kh + n
e varticle velocity is:e

v . tannowz ‘sinh o xh oo

B cne enuatioing z is taken zero at the bottom and is
vel Liwars Tromothe becttom. Dividing Pw by V, we have
celat, o rrry wetween Poand V.

(4.32)
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Using this relationship, the pressure gradient force can be

expressed in terms of velocity.

F

p Ae AP

= Ae(P - P

1 - Po)
= Ae{ DC V6(Oat> = QC Vd(l’t) }
= Aot {Vé(t) - Vd(t-t])} (4.33)

where Ae is the cross section area of a plate edge.

The inertial force and the pressure gradient force are

combined and expressed by:

Fre = Fr* Fp

C (o + Aep){Vé(t) - Vd(t—t])}
(4,34)

ALV (t) - v(t-tq)3
where,

A=¢C (o + Aep)
= 1/t]-(m + 2oV)

The shear force per unit length of the plate is:

-
t

= 1/2:pC¢ Ap/z-Vé(x,t)|V6(x,t)[
B Vg(x,t) [Vg(x,t)]

1}

where,

g= 1/2-pCf'Ap/Q s
and the friction factor, Cf, is defined in the form of the
instantaneous bed shear stress, Ty 0 giving:

T, = 1/2+ oC V6IVGI . (4.35)

A is the area of the shear plate. Introducing a new
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variable, Xv(x,t) = V(x,t) |V(x,t)| , the shear force per
unit length is;

FS = 8 XV(X>t)
The total shear force on the plate is:

-
n

2
fOFde

I

A8 X (x,t) dx
0 \

8 ey (x,t)/at dx
0 \

Yv(z,t)

¥,(0,t)

= [ -gC dYV

= BC {YV(Q'!t) - YV(Oat)}

1}

- BC 1Y, (t-t7) - ¥ (t))

B {v,(t) - Y, (t-t)} (4.36)
where,
Y (1) = X (x,t) dt

Y
and,

[we)
1

B C
= 'I/t]'(pCf Ap/Z) . (4.37)

Finally, the measured total force, ET, is;

Frlt-ty) = Fp(t) + Fg(t)

A {Vé(t) - Vd(t-t1)} + B {Yv(t) - Yv(t-t1)} . (4.38)

The time lag, t2, between the wave force measurement on the

shear plate and the fluid velocity measurement is due to

three reasons: the physical phase shift between the bed
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shear stress and the fluid velocity, the position of the
current meter relative to the shear plate position and the
small time lag in recording, which is 1/90 of a second at
Station 5 and 1/45 of a second at Station 5A.

Applying a Fourier transform to each term of (4.38)

yields:
I Frlt-t,) ienft 4 Fr(f) -ienft,
_z A {Vé(t) - Va(t-t1)} e 12t 4 2 p Vd(f){] _ e—iant]}
28 0,(8) - Y (1) T g gy (e - e

B/i2nf X (F){1 - e 127Tty)

where, Xv(f = 0) = 0. Separating each force into the real

part and the imaginary part, we find the expression for each

force as:
FT(f) e-iZﬂftz
= RO+ T, cos(8y - 8,) + 1 sin(8) - 8,) (4.39)
AV(F) 11 - e 18T
= A {(RV-S - IV-T) + 1'(RV-T + IV-S)} (4.40)
B/i2mf X, (F) {1 - & 1ET ey

= B/2nf- {(RX-T + IX-S) - 1(RX~S - IX-T)} (4.41)
In the above equations, the following definitions apply:
- 2 2,1/2
cos 6, = Rt/(Rt + It )
. _ 2 2,\1/2
sin 8, = I./(R." + I,7)

62 = 2wft2
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S 1 - cos 2nft

]

il

T = sin 2nft

1
also R and I denote the magnitude of the real part and the

imaginary part, respectively. Collecting the real parts and
the imaginary parts separately from (4.39), (4.40) and

(4.41), we have:
2 1/2

(R, + 1,5)2cos (8, - 8,)

= A (RV-S - IV-T) + B/Zﬂf-(Rx-T + IX-S) (4.42)
(R.2 + 1.9 %sin (8, - 8,)

= A (RV-T + IV-S) - B/an-(Rx-S - IX-T) . (4.43)

Squaring and summing (4.42) and (4.43), the term of t, is

eliminated:

2 2
Rt + It
_ 2 2 2 2 2
= 2(1 - cos 2nft1){A (RV + 1, (RX + 1, )

+ 2AB/2Wf~(RV-IX - IV-RX)} .o (a.hy)

2y + (B/2nf)

We can re-express (4.44) in a simple form as:
2 2

A X+B2Y+ABZ =W (4.45)
where,

X = 2(1 - cos 20ft-)(R 2 + 12)

1 v v ’

Y = 2(1 - cos Zﬂft])(sz + IXZ)/(wa)2 i

Z=4(1 - cos 2nft)(R I, - LR )/(2nf)
and,

22
=R+ L,

From the expression (1—0052ﬂft1) we can see the limitation
of the frequency range with respect to the size of the shear

plate. When fty21, the shear plate is longer than the wave
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length of the frequency components and the shear plate no
longer distinguishes these components.

Equation (4.45) is solved for A and B using a least
square method. The details of this procedure are shown in
Appendix A. It should be noted that an increase in the
amount of data results in an increase in the reliabilty of
the least square method. There are two ways to increase the
data. One is to increase the wave nonlinearity; i.e. to
increase frequency components. The other is to shorten the
shear plate length. Conversely, the accuracy of the results
decreases for waves with less frequency components and for
short period waves. As shown in Appendix A, the final
equation from the least. square method in this case is a
fourth order polynomial. The polynomial was numerically
solved using the Siljak function., Only the positive real
roots were taken. If there were more than one positive real
root, the root with a better fit to the time series of wave
forces was chosen. Figure 4.4 and 4.5 show a comparison of
the calculated shear force with the measured total force as
well as a comparison of the calculated totai force with the
measured total force. Figure 4.4 is an example for the
concrete bed and Figure U4.5 is one for the gravel bed. For
the concrete bed, the results were not very successful.

Many cases for the smooth roughness did not have a positive
real root, and even if having a positive real root, in some

cases the calculated answer did not fit to the measured time
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Comparison of the measured total wave force on the
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with (b) the calculated total wave force: for the
concrete bed.
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Series well. One of the reasons is that the magnitude of
the shear force for such a smooth surface is very small
relative to the total force, as shown in Figure 4,4, A
small error in the total force strongly affects the
determination of the shear force. The possible sources of
error are the static calibration of shear plate and two
assumptions made, i.e., the same time history of velocity at
the front and back plate edges and the constant wave
celerity over the plate. For the gravel bed, the results
were very good in that the predicted total force was very
similar to the measured force, with the exception of a few
cases in which the wave periods are short (one second) and
waves are very small. The results of the friction factor
determination are shown in Figure 4.6. It is interesting to
note that the friction factors for the gravel bed fit
Jonsson's curve, (4.22). For the concrete bed the friction
factors are rather large relative to those predicted from
existing theories. Figure 4.7 examines the types of
turbulence which were used in the experiments. This figure
shows that the experiments for the gravel bed belong to the
rough turbulent zone and the ones for the concrete bed are
in the transition from the smooth turbulent zone to the
rough turbulent zone. Consequently, it is reasonable for
the concrete surface to exhibit rather large friction

factors.
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Figure 4.6 Comparisons of experimental friction factors under
nonlinear wave conditions with existing curves of
friction factors, (a) Kajiura, (b) Jonsson, and
(c) Riedel.
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4,4.4 Empirical Energy Dissipation

The energy dissipation pertinent to this experiment is
defined by (4.16) since there is no net mass transport, i.e.
T = 0 in (4.15). (It is, however, possible that there is
shoreward mass transport in the surface water layer and
offshoreward mass transport in the bottom water layer.)

From (4.16) and (4.35), energy dissipation is:

Eqw = = Us Tp

2
- 1/2+0C¢ JuglV, (4.46)

u

where V5= Usg + ug and Uy is the steady velocity.
From linear wave theory, the maximum fluid veloc:ity,ué]m ,
at the bed is:

Ugqp = H/(T sinh kh) . (4.47)
Inserting (4.47) into (4.46), energy dissipation, Egqps for
the linear wave is:

Eyqy =-2/3m-pCe {n H/(T sinh kh)}’ (4.48)
where Ugs = O for the linear waves.

Now, we can compare the empirical energy diséipation to
the theoretical results by dividing (4.46) by (4.48) giving:

E

_ , 2 .
Egp = 3n/8Ju |V . (4,49)

du/ Bl
This ratio was plotted against the nonlinearity parameter P,
and is shown in Figure 4.8. In the calculation of Uslm» the
measured significant wave height was used. The figure shows
that the energy dissipation predicted by linear wave theory

overestimates that for highly nonlinear waves. The trend of

the plot, however, is not conclusive because the data do not
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a ] o1l

Figure 4.8 The ratio of experimental energy dissipation due to
bed shear stress to energy dissipation calculated using
linear wave theory versus wave nonlinearity parameter, Pn'
(Numbers plotted denote rounded non-broken wave periods
and cross marks refer to broken waves.)
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cover the whole range of Pn. For small values of Pn, the

ratio should approach the value of unity,

but such a trend

is not seen from the available data. In Figure 4.8, the

cross sign indicates breaking or broken waves,

approximated empirical rule is:

Ed = Ed]" for

E

it

4= Eq (-1.365 Tog Pyt 1.891) for

and minimum energy dissipation, Edmn is

Egmn = 0-1 Eq

The value of Edmn is arbitrarily chosen.

g]s_u.s,
P > 4.5,

An

(4.50)
(4.51)

(4.52)
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CHAPTER 5

WAVE BREAKING AND ENERGY DISSIPATION

5.1 Wave Breaking

The breaking wave phenomenon is an important area of
study in coastal engineering. It is the dominant factor in
wave energy dissipation. Since there are no generally
acceptable theories available regarding the breaking
phenomenon, analysis in this area must depend on empirical
rules.

‘ Michell (1893) found that the limiting steepness for
deep water waves is:

Hb/Lb =0.142 = 1/7 . (5.1)
McCowan (1894) obtained the familiar wave breaking condition
from solitary wave theory as:

Hb/Db = 0.78
Iversen (1952) and Galvin (1969) found from their laboratory
experiments that the ratio of the breaking wave height, Hy,
to the depth, Db’ depends onh the beach slope, s. Bowen
(1968) demonstrated that I-Ib/Db is a function of a parameter
which consists of the beach slope and the deep water wave
steepness. Replacing the deep water wave height in this
combined parameter by the local wave height, Battjes (1974)
called it a similarity parameter and discussed the

usefulness of the parameter. The similarity parameter was
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defined as:
£ = s/(H/LO)
Le Mehaute and Koh (1967) also showed that the breaking wave

1/2 (5.2)

condition is a function of the beach slope and the deep
water wave steepness. They obtained the following empirical
formula:
- 1/7 -1/4
Hb/Lb 0.76 s (Ho/Lo) . (5.3)
Weggel (1972) analyzed the dependence of H /D on the wave

b" b
steepness and on the beach slope and proposed this

relationship:

Hy/D, = bls] - als] H/T° (5.4)
where,

als] =1.36 (1 - e-19s) (sec?/ft)
and,

b[s] = 1/{0.64 (1.0 + e712-5%))

In (5.4), als] has dimensions of (sec?/ft).

Meanwhile, Svendsen and Hansen (1976) found that the
ratio, Hb/Db, is primarily a function of a slope parameter,
The slope parameter is a combination of the beach slope and
the relative water depth:

Sp = s/(Db/Lb) . (5.5)

In this study, an attempt was made to obtain the wave
creaking condition in terms of the beach slope and the
noniinearity parameter,Pn, which consists of the wave
nteepness and the relative depth. Data used were from other

investigations; Iversen (1952), Bowen et.al. (1968), Galvin
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(1969), Van Dorn (1976), Hansen and Svendsen (1979) and
Nadaoka et.al. (1982). The range of beach slopes used was
from 1/5 to 1/50. Using (5.1), the empirical form of Hb/Db
was modeled by a power regression curve as:

Hy/Dy = B (P, - 1/7)
where Pb is the nonlinearity parameter, Pn, for the breaking
waves. Coefficients A and B were determined for each beach
slecpe. Using another power regression curve, A and B can be
expressed as:

A= a, 532

B = b] sb2 .
where a],az,b , and b2 are constant coeffiéients. They were

determined to have the following values:

a; =1/2
a, = 1/4
by = 1/2
b, =0
Consequently, the final form for Hb/Db is:
/0, = 172.(p, - 2 (5.6)

The estimates of H_ from (5.3), (5.4) and (5.6) are shown in

b
Figures 5.1, Correlation coefficients of these estimates to

measured values of Hb are 0.96 for (5.4) and 0.98 for (5.3)

and (5.6). From this it may be concluded that the empirical

relationship expressed by (5.6) gives a better estimate of Hb

than does (5.4), and as good as (5.3). In (5.6), Hb is
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Figure 5.2 Diagram of hydraulic jump.

determined only from local properties, whereas (5.3)

requires the deep water wave height.

5.2 Energy Dissipation Due to Wave Breaking

The energy dissipation in a breaking wave is the main
cause of wave attenuation. Investigators of this process
have estimated the dissipation by adopting the related
phenomenon of a hydraulic jump as a model for breaking wave.
Those are Hwang and Divoky (1970), Svendsen et.al. (1978),
Battjes (1978), Gerritsen (1981) and Stive (1984).

The change in energy }evel, AH, through a hydraulic
jump is given by:

BH = (ny = hy)3/(4 hyhy) (5.7)
where h] is water depth before the jump and hy is the one
after the jump. See Figure 5.2 for an illustration of this

process. The rate of energy change, dET/dt per unit width
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in a bore, which is referred to a moving hydraulic jump, is
given by:

dE1/dt = - pgq OH (5.8)
where the discharge of water per unit width is defined by:

q=(C-Vy)hy . (5.9)
C is the velocity of the Qore and V] is the flow velocity
before the jump. Relating the rate of dissipation of the
total energy in a bore to the rate of energy dissipation per
unit of distance, we find:

dE1/dt =C dE1/dx . (5.10)
The mean energy per unit area, E, equals:

E = E1/L (5.11)
where L is considered as a distance between consecutive
bores.

The energy flux, F, is given by:

F = Cgr E . (5.12)
The rate of change of the energy flux is:

dF/dx

d(Cgr E)/dx

Cgr dE/dx + E ngr/dX . (5.13)

From (5.10) and (5.11) the gradient of the mean energy per

unit area is:

dE/dx = (1/C-dE;/dt - E dL/dx)/L . (5.14)
Inserting (5.14) into (5.13), we obtain:

dF/dx = n/L-dE]/dt + E (-Cgr/L~dL/dx + ngr/dX) (5.15)
The second term of the right hand side of (5.15) implicitly
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shows the bed slope and the change of wave height influence
on the energy flux in addition to the dissipation from
hydraulic jump. Including the second term of (5.15) in the
first term, we define the energy dissipation, Eb, in a
breaking wave as:

E, = - dF/dx = - AE/L-dE1/dt (5.16)

b
where A_ is an empirical coefficient. From (5.7), (5.8) and
(5.9), dﬁ/dt can be expressed in terms of the wave height,

H, and the mean water depth, D:

dE,/dt = - 0gCa?/d - (H/D)/ (/D + 1) H° (5.17)
where,

H = h2 - h-l

Vﬂﬁ = Ny C
and,

D = m -ng <o m
o 1s an empirical constant determined to be 1.22, see
Figure 5.3, Inserting (5.17) into (5.16) we obtain:

A?/6 - 0g/T + (H/D)/(oH/D + 1) H (5.18)

Ey
or

E A€a2/8"rr - og - (H/D)/(aH/D + 1) wh? . (5.19)

b
Introducing a coefficient ¢, which is defined as:

c= V2 A (H/D)/(aH/D + 1)
E, is expressed in the same form as Gerritsen (1981) used:
£, = ¢/(87/2 ) - oquHe . (5.20)

Using (3.6) we can express (5.20) in terms of the total mean
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energy density, E, and the nonlinearity parameter, Pa:

£, = o/ (81/2) - wE F2(P,) . (5.21)
It should be noted that in this formulation E is defined as
two times the potential energy, and the wave height is the
mean value of the largest one-third of wave heights. The
potential energy is defined in terms of the variance of
water surface fluctuations.

Hwang and Divoky used an A€ value of 0.8 in an
analytical prediction of wave set-up and wave height in the
breaking zone.

Svendsen et.al. found A€ to range from 1.4 to 1.6 . Battjes
used an AE of 1.0 in an irregular wave analysis and found
good agreement between predictions and experimental data.
Gerritsen used ¢ values in his laboratory study. T values
used by Gerritsen ranged from 0.3 to 0.5. Using H/D=0.6 AE
values corresponding to these r values are estimated from
0.4 to 0.7. Stive experimentally obtained A€ values and
used A€ values of 1.3 and 1.6 in his prediction model. He
generalized A. as a function of the similarity parameter,
€y s expressed as (5.2) in terms of Hg -

In order to determine A. values in this study, the
energy equation, (5.16) was numerically solved for E
including the dissipation by bottom friction. The
calculated values of E were fitted to the data by adjusting
As values. The A. values obtained in this way are 0.15 for

one-second waves, 0.27 for two-second waves, 0.40 for
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three-second waves and 0.50 for four-second waves. Wave
heights and mean wave energies calculated using these values
of AE are compared with data in Figure 5.4 to 5.7. There
appears to be little dependence on the deep water wave
steepness. In this regard, the results do not agree with
Stive's results. Using Stive's experimental wave heights in
the present semi-emprical model, values of AS were found to
be 0.9 for both tests. The quantitative difference of A
between Stive's model and the present model result mainly
from the discrepancies in the energy density values. Stive
showed that the experimentally obtained mean energy flux, F,
was closely predicted from the following approximation in
the inner region of breaking zone:

F(gm)/?

In performing calculations using the present model, P,

F=1/8 - pgH (5.22)
values were found to be about 6 for test 1 and about 1C for
test 2 of Stive's experiments; i.e., H/nrms are 3.5 and 4.6,
respectively. This means that the mean energy densities
used by Stive are 1.5 and 2.6 times greater than the energy
density used in the present model for test 1 and test 2,
respectively. Nonetheless, the predicted wave height decay
rates agree well with Stive's data, see Figure 5.8. A,
values were also obtained using Horikawa and Kuo's data
(1966) ,see Figure 5.9. These A, values are plotted in
Figure 5.10 against the modified slope parameter,

S*zs/(D/L)]/.2 The trend is quite clear. However, the values
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of A€ for small values of S, are uncertain, especially for
the case of a horizontal slope. In Figure 5.10, "x" marks
were calculated using estimated wave height and water depth
at the breaking points for Horikawa and Kuo's data. The
value for a slope of 1/80 was used to obtain the modified
slope parameter for this experiment. From Figure 5.10,
approximate A€ values are:

A

e =145, -0.3 for 0.03 < S, < 0.085 , (5.23)

and,

A = 0.9 for S, > 0.085 . (5.24)



(

CHAPTER 6
WAVE SET-UP
6.1 Introduction

Wave set-up refers to the mean change in water level
due to wave deformations in the process of shoaling and
breaking. The mean water level is lowered in the shoaling
process and rises after the wave breaks. The wave set-up is
an important design parameter in coastal engineering. The
increase of mean water level allows higher waves to exist in
the shallow water region. The higher water levels also
creates a current structure in this water region.

Laboratory measurements of wave set-up by Bowen et.al.
(1968) indicate that the maximum elevation of the water
level can be as much as 50 % of the breaking wave height.
Hansen (1978) also found from field measurements that the
maximum wave set-up is 50 % of the significant wave height
at the breaking point.

Longuet-Higgins and Stewart (1964) successfully
explained the phenomena of wave set-up by introducing the
concept of radiation stress. Under steady state conditions,
the horizontal momentum equation is generally given by:

d(UM)/dx + ds . /dx + pg(h + n)-dn/dx + T =0 . (6.1)
The first term in this equation is the gradient of the mass
transport and the last term is the average bed shear stress.

Neglecting the mass transport for flume experiments, this
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mometum equation becomes:

ds . /dx + pg (h +7n) dn/dx + T =0 . (6.2)
By neglecting the mean shear stress term in (6.2),
Longuet-Higgins and Stewart obtained the following formulea
for wave set-up 1in the area before the breaking point:

n= -k H2/(8 sinh 2kn) . (6.3)
Bowen et.al. found good agreement between the wave set-up
calculated from (6.3) and measured data in the region well
outside the breaking point. However, measured values near
the breaking point were always less than the calculated
values. In contrast, Van Dorn (1976) showed that calculated
set-up values from (6.3) fit his data quite well. Van Dorn
obtained values for k in (6.3) using observed wave speeds.
Van Dorn also found that the mean surface slope of the wave
set-up after waves breaking on a plane slope is independent
cf wave periods and depends only on the beach slope. The

relationship was given by:

d/dx = 3.4 s° . (6.4)

6.2 Radiation Stress

Longuet-Higgins and Stewart (1964) developed the
concept of radiation stress by beginning with linear wave
theory. According to them, the radiation stress component,
S , in the direction perpendicular to the coastline is
given by:

Sex = E (2n - 0.5) , (6.5)



79

where E is the mean wave energy per unit area and n is the
ratio of the wave group velocity to the wave velocity.

These parameters are defined from linear wave theory as:

E=1/8 - pg H (6.6)

and,

n = (1 + 2kh/sinh 2kh)/2 ,
where k = 2r/L and h is the still water depth. In shallow
water, n is unity and Sxx is given by:

Sxx =3/2 . E . (6.7)
Gerritsen (1981) developed expressions for radiation stress

for nonlinear waves. According to Gerritsen, radiation

stress for long waves and cnoidal waves is given by:

2

Sey = E (Fpq

“x + 0.5) , (6.8)

where ﬂq is defined as:
Foq = C//aR
Radiation stress for long waves and cnoidal waves is larger

than radiation stress for linear waves since Fr is always

1
greater than unity for these nonlinear waves. Stive (1982)
obtained the radiation stress for two laboratory tests based
on the measurement of the fluid velocity and the water
surface elevation. He compared the resulting radiation
Stresses with radiation stresses calculated from linear wave
theory and from nonlinear wave theories. These nonlinear
wave theories were the Cokelet's wave theory and the

hyperbolic wave theory. His two test results showed that

calculated radiation stresses from linear wave theory and
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from these nonlinear wave theories overestimated the
experimental radiation stresses before wave breaking. After
wave breaking the calculated radiation stresses from these
nonlinear wave theories underestimated the data while the
radiation stresses from linear wave theory overestimated the
data.

According to Longuet-Higgins (1974), the potential
energy for solitary waves is 45 % of the total energy.
Consequently, two times of the potential energy is a
reasonable approximation of the mean wave energy. If we
define the mean wave energy as two times the potential
energy, as expressed as equation (3.1), the energy
calculated from (6.6) is much greater than this wave energy
estimate. It is worthwhile to see how the radiation stress
from (6.5) changes if we use the mean energy defined from
the potential energy instead of the energy from (6.6). The
comparisons are made in Figure 6.1 using Stive's
experimental.results and radiation strsses for Cokelet's
waves calculated by Stive. The radiation estimate from
(6.5) with the wave energy obtained from potential energy is
in very good agreement with data at and just after the
breaking point. Inside the breaking region however, the
radiation streés from (6.5) underestimates the data values.
This disagreement between the radiation stress calculated
from (6.5) and the data results primarily from the

difference of the wave energies from the data and the
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estimate inside the breaking region. Although the radiation
stress from (6.5) along with the wave energy defined from
potential energy underestimates the data from Stive's test
inside the breaking region, it is as good as the calculated

values from the nonlinear wave theories.

6.3 Experimental Results of Mean Shear Stress and Its
Effect on Wave Set-Up

The mean shear stress in the momentum equation (6.2) is
usually considered to be negligible. The mean water levels
calculated using (6.2) without the mean shear stress have
shown good agreement with laboratory data; for example, Van
Dorn (1976) and Stive (1982). On the other hand, Gerritsen
(1981) reported that the results of both field observations

on Ala Moana reef and model studies indicated a shoreward
.mean shear stress.

In the past, experiments were commonly carried out over
a smooth bed with the exception of those by Gerritsen
(1981). In the present study, experiments were done both
over a smooth bed and a rough bed in order to evaluate the
effects of bed roughness on the mean shear stress.

Time averaged shear stresses were obtained using
measured bottom particle velocities and experimentally
obtained friction factors. The pertinent relationship is
given by:

T = 1772 7 o V(ETTV, ()]
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The measured mean shear stresses were separated into four
cases; i.e., for non-broken waves and for broken waves over
two types of bottom surfaces. Non-dimensional mean shear
stresses, 1 /pgD , are plotted against the ratio of the wave
height to the water depth in Figu%es 6.2 and 6.3. For both
types of bottom, it appears that the mean shear stress in’
the non-broken wave increases with H/D. Although there is
some difficulty in determining accurate trends from the
small amount of data which also 1s susceptible to lack of
precision, linear regression lines for both types of beds
are drawn in the figures. Comparing these regression lines,
the mean shear stresses for the rough bed are approximately
twice those for the smooth bed. According to friction
factors obtained in Chapter 4, however, the friction factors
for the rough bed are approximately four times those for the
smooth bed.

For broken wave cases, the mean shear stresses are
plotted in Figure 6,4. These data are scattered arodnd zero
with no readily apparent trend. For this reason, the mean
shear stress for broken waves is considered to be zero.

The mean water levels were calculated both with and
without these empirical mean shear stresses. The smooth bed
cases are shown in Figures 6.5 to 6.7. Comparisons are made
in Figures 6.8 and 6.10 for the rough bed. All cases show
some improvement in the mean water levels when calculated

values include the mean shear stress. In these calculations
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of the mean water level, positive shear stresses were
applied to the non-broken waves and the shear stresses for
the broken waves were taken as zero. Stive's experimental
results also indicate positive mean shear stresses just
before and at the breaking points. For four-second waves in
Figures 6.7 and 6.10, the calculated mean water levels are
in very good agreement with measured values. For cases of
three-second waves the predicted mean water levels are less
satisfactory but still reasonable. For cases of two-second
waves the deviations of calculated mean water levels in the
wave breaking zone from measured data are most apparent.

The deviations of calculated values from measured values are
seen in both two-second waves over the concrete bed and over
the gravel bed. This evidence suggest positive mean shear
stresses in broken waves for the case of two-second waves.
This suggestion also agrees with the results in Figure 6.4,
From Figure 6.4 there are evident positive mean shear
stresses for two-second waves in the area where H/D ‘is
greater than 0.6. From this figure the values of the mean
shear stresses in the broken two-second waves were found to
be approximated by T/pgD .1034125 for the case of concrete
bed and 0.8 for the gravel bed only in the area where H/D is
greater than 0.6. These values were tried for tests 26 and
61 and the results are shown in Figure 6.11. The predicted

mean water levels are in very good agreement with measured
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values, These results suggest that the mean shear stress in
broken waves is dependent on H/D and the wave period.

In summary, it may be said that non-broken nonlinear
waves produce positive mean shear stress. The magnitude of
the mean shear stress depends on the ratio of the wave
height to the water depth. The mean shear Stress is most
significant at the breaking point where H/D is maximum. The
maghitude and the direction of the mean shear stress for
broken waves are not conclusive and were found to not be
very significant except for two-second waves. The mean
shear stess for broken waves are a function of the wave
period and the ratio of the wave height to the water depth.
The relative significance of the mean shear stress in the
calculation of the mean water level primarily depends on the
bed roughness. For the gravel-covered bed used in the
present experiments, the estimate of the meam shear stress
in non-breaking waves is given by:

T=0 for H/D < 0,190 (6.9)
and,

T = pgD {0.844(H/D) - 0.160}-10'3 for H/D > 0,190 . (6.10)
For the concrete bed the mean shear stress is approximated
by:

for H/D <£0.113 (6.11)

|
]
o

and, .
ogD {0.398(H/D) - 0.045}'10'3 for H/D > 0.113 . (6.12)

|
n



For broken waves the mean shear stress is tentatively

considered to be zero in this study.
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CHAPTER 7

COMPUTATIONAL PROCEDURE

7.1 Introduction

The computational procedure developed herein is
appropriaté for calculating the mean wave energy, the wave
height and the mean water level in the near shore zone. The
formulations ﬁsed in the calculations are primarily based on
linear wave theory with experimental results applied as
nonlinear wave corrections. These nonlinsar wave effects
were discussed in previous chapters; i.e., wave height in
Chapter 3, energy dissipation due to bed shear stress in
Chapter 4, energy dissipation due to wave breaking in
Chapter 5 and effects of mean . shear sress on wave set-up in
Chapter 6. All these nonlinear wave effects are included in
the computational procedure. The mean wave energy is
calculated using the stationary two dimensional energy
equation with experimental energy dissipation relationships.
The mean wave energy links this energy equation and the
stationary momentum equation. Subsequently, the mean water
level is calculated using this momentum equation. The mean
wave energy also links to the. wave height caiculation
through the nonlinearity parameter.

Comparisons between results calculated using this

procedure and measured data were made in previocus chapters;
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i.e., concerning wave height and mean wave energy in Chapter

(9]

and concerning wave set-up in Chapter 6.

7.2 Equations Used in the Computational procedure
In the computational procedure the governing equations

are:

dF/dx = - Et (7.1)
and,

dex/d¥ + 09 (h+mn)dy/dx +T=0 . (7.2)
In (7.1) F is the energy flux given by the mean wave energy
times the group velocity. The dominant dissipations are
considered to-be due to bottom friction, Ed, and wave
breaking, Eb' In flume experiments, the viscous
dissipation, EV, on the side walls is also included.
Subsequently, the total dissipation of energy is given by:

E, = -E

t d b

Ed, Eb and EV were discussed in Chapter 4, Chapter 5 and

Chapter 2, respectively.

+E tE, . (7.3)

Re~organizing (7.2) the momentum equation becomes:

dY/dx = pgn dh/dx - T , (7.4)
where;

Y =1/2 - ogi + pghn + S, (7.5)
and SXX is defined as:

Sex = (2n - 0.5) E . (7.6)

In equation (7.4) dh/dx is obtained from the given bottom

profile. The mean shear stress, T, was discussed in Chapter
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6. E and n are expressed in terms of F and Y:
E =}VCgr (7.7
and,

n

1/2 (7.8)

H

-h + [h - ((4n - 1) F/C . - 2Y}/pg]
In this study the two simultaneous first-order ordinary
differential equations, (7.1) and (7.4), are solved for F
and Y using the fourth-order Runge-Kutta method. The
initial value for F is obtained from the wave energy, E, a

given value and from the group velocity, which is

Cgr’
calculated using linear wave theory. The initial value for
Y is obtained from values for wave set-up and radiation
stress, Sxx’ which are also calculated using linear wave
theory. Equation (6.3) is used in calculating the initial
value of wave set-up as expressed as:

-k H2/(8 sinh 2kh)

1]

E and 7 are then calculated using (7.7) and (7.8). After
calculating E, the wave height is determined using the
empirical relationship (3.6).

As a example this computational procedure is applied to
Hansen and Svendsen's (1979) experimental test number
051071. Comparisons between measured values of wave heights
and mean water levels and results calculated using this
procedure are shown Figure 7.1. The figure shows that the
calculated values of wave heights and mean water levels are
almost exactly the same as the measured values before the

wave breaking point. After the wave breaking point the
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calculated wave.heights exibit very satisfactory agreement
with the measured values. The calculated values of wave
set-up are less satisfactory but still reasonable. The
predicted wave breaking point is also in very good agreement
with the experimetal wave breaking point.

The empirical relationships used in the computational

procedure are summarized in Table 3.

7.3 Notes Regarding Calculation Procedures

The mean wave energy is defined from the variance of
the water surface fluctuations; i.e., two times the
potential energy. The wave height is defined as the mean
value of the largest one-third of the wave heights. The
initizl point of the calculations should be a point far away
from the breaking point, where linear wave theory is
applicable in calculating wave set-up values. For the mean
wave energy and wave height calculations the unique curves
cf (3.5) and (3.6) are applicable at least for bottom slopes
ranging from 0 to 1:34. The first approximations of C and n
zre made taking D=zh at each calculation step. If necessary,
tre resulting D value is used to again calculate C and n in
én lterative process. It was, however, noticed that the
first approximations of C and n do not significantly change
the caiculated results. The increment of Ax is changed at
¢zoh celculation step according to the ratio, H/D.

#2diticnally, the limitations of Ax are used; for example,
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20 =) TEST 931071
Ho-slLo=1.87
16t T=2 (sec.)
measured wave heights

-~ ]2_
S calculated wave heights
X s+

-3

z 1 1 ] | |

(s S 1a 15 2a 25 Y
ONSHORE DISTAMNCE (m)
2.

® o) TEST 051071
Ho /Lo=1.87
1.5F 7=2 (sec.)

1. @k measured mean
water levels

Ccm)

.5k calculated
mean water levels

Il i I

S lb 15 24 a5 klr]
ONSHORE DISTANCE (m)

.
T ey
3

-

“nroarisons between measured values of wave heights
in2 -ean water levels by Hansen and Svendsen (1979)
272 values caiculated using the computation procedure
‘motnis study, {a) wave heights and (b) mean water
N

EaN
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the maximum value of Ax is 2 m and minimum is 10 cm for this
flume experiment.

Required initial values are the wave period and either
the wave height or the mean wave energy. Data describing
the bottom profile and the bottom roughness are alsoc

required.
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TABLE 3

Empirical Relationships Used in the Computational Procedure.

(a) Wave nonlinearity parameter

H = the mean value of the largest one-third of wave heights

Ha= V8 Nypg
CH 2D
Pp= L coth™( La)
- _Ha 2, D
Ps o coth™( La)
(b) Wave height from mean wave energy density and vice versa
H
B
nY‘mS ( n) 5
= f(p,) |
rms 2 3 4 5
= by + bIP, + byPa’ + by’ + bgPy" + bgP,
ao = bO = 2.94
a; = -2.480 x 1074 b, = 1.095 x 1072
a, = 1.613 x 1072 b, = 1.108 x 1073
a; = -8.690 x 1074 by = 4.397 x 1073
a, = 1.836 x 1072 by = -3.966 x 107
ag = -1.378 x 1077 bs = 9.694 x 1076
(c) wave°ce1erity
2 gla 21h
2 = 9ka tapp(2mh
a 2m anh( La)
i) Non-breaking waves
C=2Ca for Py <4
C = (% Tog(Py) + 0.8} Ca for 4 < P, < 18.88
C=1.23 C3 for P, > 18.88




TABLE 3 (continued)

Empirical Relationships Used in the Computational Procedure.
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ii) Breaking waves
C=(1+0.25 H/D) C4
Nonlinear wave particle amplitude at the bed

s = Tuém/2ﬂ

d =a

5 51 for P 5_3.6

a (-0.805 log(Pp) + 1.45) ag for P, > 3.6

§
Nikuradse roughness

1

ks = 1.735 D90 for  0.54 < Dy, < 46 (mm)

90
Friction factors

1/(4/Fy) + Tog{1/(4vFy)} = -0.08 + 1og(a6/Ks) by Jonsson
Energy dissipation due to bed friction |
£y =-(2/3n) of,, {nH/(T sinh kh)}>

Ed = Ed] for P, < 4.5.

E (-1.365 log(P,) + 1.891) Ed] for P > 4.5

d
Eqmin = 0-1 Eqy
Wave breaking criterion
1/4
- 1/2-s
Hy /Dy = 172+ (Py - 1/7)/

Energy dissipation due to wave breaking
£, = (Ao®/T)-(H/D)/(aH/D +1)- E f(Py)°
a=1.22

A
£

0.15 for one-second waves

0.27 for two-second waves

0.40 ) for three-second waves

0.50 for four-second waves
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TABLE 3 (continued)

Empirical Relationships Used in the Computational Procedure.

(j) Radiation stress

SXX = E (2n - 0.5)
2

rms
n = (1 + 2kD/sinh 2kD)/2

E = ogn

(k) Mean shear stress
i) Non-breaking waves

For the gravel bed ( Dgg = 18 mm )

3]

=0 for H/D < 0.190

T = pgD (0.844 H/D - 0.160)-1073 for H/D > 0.190

For the concrete bed

T=0 for H/D 5_0.113

ogD (0.398 H/D - 0.0450)-1073

Al
0

for H/D > 0.113
ii) Breaking waves

T=0




(a)

(b)

(ec)

(d)

(e)
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CHAPTER 8

CONCLUSIONS

Based on this study, it is concluded that:

The new and unique curve obtained in this study for
wave height prediction, Figure 3.4, is applicable in
the entire nearshore region, even in the breaking
zone, at least for slopes ranging from 0 to 1:34.
For rough turbulent conditions, friction factors
determined under highly nonlinear wave and breaking
wave conditions fit well to the Jonsson's friction
factor curve, which was developed from sinusoidal
waves.

The phase shift between the shear stress and the
particle velocity at the bed has little effects on
the friction factor. This conclusion is based on the
fact that the friction factors in this study were
determined with the phase shift whereas, the friction
factors by Jonsson were without the phase shift.
This conclusion comfirms Jonsson's results.,

The energy dissipation calculated using linear wave
theory overestimates the energy dissipation due to
bottom friction in the shallow water region.

The energy dissipation due to wave breaking is

accurately predicted by assuming similarity to a
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(g)

(h)
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bore. The energy dissipation cocefficient is a
function of the modified slope parameter,

S, = s/(p, /1)"?

The mean shear stress is a function of the bottom
roughness and the ratic of the wave height to the
water depth for non-breaking waves. For breaking
waves the mean shear stress depends on the wave
period in addition to the bottom roughness and the
ratio of the wave height to the water depth,

The effect of the mean shear stress on the wave
set-up depends on the bottom roughness and the wave
period. The mean shear stress is important in
calculations of wave set-up for the rough bed and

for short period waves.

By using the method developed in this study it is
possible to accurately calculate the wave set-up and
energy dissipation of waves approaching the shoreline
given thé incident wave height, wave period and water
depth, the bottom profile and the bottom roughness on

a gentle slope.
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APPENDIX A

Solution of Equation (4,45)

The equation (4.45) is solved for A and B using the

least square method. The difference, d between the left

i
side and the right side of (4.45) is defined as:

_ 2 2
di =Wy - (A X1+-B Yi + ABZi)

where i denotes an individual data. The summation of square

of differences 1is:

N
_ 2 2 2
= E (W; - A Xy - B%Y, - ABZi)

Taking derivatives of D;

it
[an)

(1
(2)

25 (W - A%X - BOY - ABZ)(-2AX - BZ)

3D/3B = 2% (W - A®X - B2Y - ABZ)(-2BY - AZ)

i}

aD/3A

]
o

where the subscript, i, is omitted hereafter. Re-arranging

(1) and (2);

283 £x2 + 3a%8 $X7 + ABE(2 TXY + 379
+ 83 IYZ - 2A TWX - B IWZ = 0 (3)
A3 £xz + a2 (2 XY + £7°) + 3AB% wvZ

+ 283 2v% - A TWZ - 2B SHY = 0 (1)
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Dividing (3) and (4) by A$§

2

2 5x% + 3(B/A) XZ + (B/A)2(2 zxy + £7%)

£ (8/8)33vZ - 2(1/8)20Hx - (8/A)-(1/M2mWZ = 0, (5)
TXZ +.(B/A)-(2 1XY + 572) + 3(B/A)%3vZ

+2(8/8)%¥2 - (1/m)%muz - 2(8/8)- (/M %suy = 0 . (6)

Introducing new variables, P and Q;
P = (1/8)° | (7)
Q=B/A , (8)

where P and Q are always positive since A and B are positive
values.

Inserting P and Q into (5) and (6);

2 5x% + 30 £XZ + 0%(2 XY + 1Z°)

s 3z - I - PQTHZ =0 , (9)
IXZ + Q(2 TXY + £7°) + 30% 1vz

203 2¥2 P oWz - 2pQ Ty = 0 . (10)

From (9) and (10) the final equation is obtained in terms of

Q.

By *+ A0+ AQE + A0+ At =0 (11)
where,

Ay = THX-ZXZ - zwz-zx2

Ay = 2(2HX-2XY - £XE-zHY) + (zhX-zZ? - TMZ-3XZ)

A, = 3(INX-ZYZ - ZWY-ZXZ)

Ay = 2(oNX-2¥% - ENY-ZXY) + (IWZ-IVZ - EWY-5Z°)

Ay = THZ-3YZ - ZWY-2YZ

w=r2+ 12

= 2(1 - cos 2mft, ). (R
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Y = 2(1 - cos 2nft1)-(RX2 + IXZ)/(wa)Z

Z=4(1 - cos 2wft])-(R I, - I,-R.)/enf

v X
Q = B/A
and,
P = (1/A)°
_ 2 2 2 3
= {2 5X° + 3Q ZXZ + Q°(2 XY + £Z%) + 0° zYZ} /(2 WX + Q zWZ)

The equation (11) is numerically solved for Q using Siljak

function and only positive real roots of Q are taken.



APPENDIX B

Tables 4 to 15
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Bottom Profile for

TABLE 4
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the Two-Dimensional Hydraulic Model.

wh

.

100
L

[ VYN O
)
R SRX Y

0y 0N
.
oo 0 T
[xx}

i U BN CO RS PR +3

—
— g
-
-

DISTHMIE
ma

Doz A (1]

S 12,23

A== e P

I 15 I e I

27 14,352
SR.en 15,23
PI.S7 15,94
TE.43 15,81
25,41 17,57
sRL,95 13,33
S7.19 19,99
S3.82 19.85
43,26 24,52
45,89 21,22
41.23 22.14
3.1 22,30

Is.51 2

24,29 24,
21.75 25,
29,33 25,
.32 2e.
2e.94 27V,
24.77 2

19,95 .
1v.ve .

17,

17,

1E,

0 DD G D0 03 D3P e

Ja A OO0 LN X

—
(15}
I 0 — L

—
a

TABLE 5

(SN BECCRECRE CONDE | IR IEOCHN SR SNublt LY (I oW 4]

[OCR BE el i S CCRY UORE P OIS SN Ui |

o

Locations of Equipment.

DERTHOMLLM
Czmd

MAHOMETER

WARYE

L) COCRY NS Rl SR R B

SHIUJGE

DA 00

[ Y]

Ahmy Ddom?
R )
.3 )
. .3

.3

YRV Y
-
o

4o Ny

D) IS O TV [DCR S Y ON O PR

e
-

B O SR SO RO Ul BT Iy N PR O |

[ASCHN SV QU VURE S CCR OBV CRUDURY QR OCREFYCI of
LR BRI SO et BN I 08

DO U S |
oo

T fa

il

SHERR FLATE

(X

N
=] S ) e
O S AT O

21,38
25,15

P
o

4 A -

Wi W WS

T

$0 Oy W W R D
A~ 2O

—
[
o

13.87
15.74
15.33
17.15
23.88
43,389
38.76

#5



112

TABLE 6

Wave Breaking Points, End Points of Broken Waves and Types of
Breaking Waves. (Distance Is in (m). SP and PL Stand for
Spitling and Plunging Breakers, Respectively.)
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TABLE 6 (continued)

Wave Breaking Points, End Points of Broken Waves and Types of
Breaking Waves. (Distance Is in (m). SP and PL Stand for
Spilling and Plunging Breakers, Respectively.)
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TABLE 7

Significant Wave Height in ( cm ).

STATION MUMEER

1z 4, 9 .54 3.45 ¥ 2.11 2,33
12 3,28 vers 3.48 5,33 1.77 1.33
14 5,853 7.33 2.28 S.41 1,683 2.34
15 2.93 2.56 .21 Z.61 2. 88 1.67
15 13,37 3.39 9.34 4,453 .57 2.982
17 2,93 2.94 3.91 S.14 2.72 2.1z2
13 3.39 3.34 4.21 4.48 2,81 2.21
19 11.13 12,1t 12.91 .43 2.98 1.58
28 19,91 12,37 11,43 4, &R 1.31 1.53
21 18,21 14.5% 13,33 s.12 2.3z 1.72
24 1£.43 11,21 19.51 s,91 1 Z.25
239 12,99 13,91 12.74 T2 2 1.53
28 13,93 12,59 12.44 r. 59 3 2.14
27 19,33 18,13 12.563 S.84 2 2.17
25 18,51 13,33 17.52 T.74 : .13
29 11,13 15,81 11.43 s K .93
32 5.35 T.23 765 5,95 4 2.91
33 2. 48 3.82 3.99 3,42 3 4,25
24 2.71 2.57 4.17 9.31 T2 2.79
3% 3.32 4.18 4.37 I ) 4,58 4,349
38 B 75 B 27 S.77 5.d3 3.8% B9
37 4,73 =i 2.85 14,15 S.28 3.82
33 S.92 T.45 .71 o, 23 : [ 4,13
39 14.15 15.1°¢ 12.48 .32 < 9,38
43 19.51 13.54 13,67 5.3 = .15
41 14,15 13.85 15.77 2.32 .31 3.91
2 S, 39 .21 Fold ¥.55 1] 3.51
43 2.85 4,43 3.18 S5.27 DL Ed .73
44 .13 3.95 4,58 T.18 S.78 5.3
45 3.495 23.59 .82 4,73 4,43 4,973
45 TOET .42 Q.34 11,43 SL.aET 5.23
47 J.22 2.9 He33 12.51 B.ra 5,47
43 4,59 B.7T 5.77 .88 9,81 5.9
43 18,92 13,82 14,85 11.38 T.Ed4 4,93
S 2.91 17,39 17.43 18,85 4.79 95.39
51 .33 13.19 13.89 12,87 r.12 4.38

2 12.27 23.39 17.985 .oz s ) 4.283
S3 15,38 21,87 28.22 11, E.dd S.15
5S4 2.18 2,44 2.34 3. 3.9 F011




TABLE 7 (continued)

Significant Wave Height in ( cm ).

STATIOH HUMBER
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B Z.14 2.99 2.9% .42 2.93
e S.7a 5.74 95.29 3.7 .82
e 2.5% R E e 3.E85 2,038
=7 .l T.35 525 4.93 : 2,59
=2 .32 .25 Z.473 i 3= = 3E 1.33
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TABLE 8
Root-Mean-Square Wave Height in ( cm ).
STATIOH HUMEER

E 13.8 14, 11. . .

i a2 17, i1, . el

1 13.89 17.89 14, =

2 BCH 33 . . . =
42 B3 .11 39 . 1)

1
-
i
A
3
E

OO0 E G e IR QDN

S
g
.8
1
5]
=
5]

CUNS 08
3=

2 4,23 T.43 3.3 v.39 1.73 238
13 4,17 T.B5 .17 .75 1.:34 1,45
14 5.35 T.E9 2,87 S.a7 1.47 1,584
15 .47 .43 2.268 2,32 1.323 1.29
15 13,88 2,82 3.35 3,24 2.7 1.49

v 2.58 3.23 2.23 e ' 1.34 1.81
13 2.97 3.77 4.15 4,37 1.34 2.93
139 11.89 18,73 11.23 Toas 2.3 1.12
249 3,88 3.73 3. 324 3,48 1.27 1.11
21 18,52 1,81 12.37 4,53 1.53 1,28
24 15.28 3.24 v.37 E.2d 1.21 1.71
25 13.39 12.54 11.58 2.13 2.1% 1.34
2% 13.74 18,38 11.41 5.27 2,37 1.89
27 19.57 14.97 t@8.7:2 4,892 1.23 1.6
2% 13.43 14,25 16,34 S.31 2.7 32
29 11,81 14,93 19,73 S.23 2.8 37
32 S.r@ 5,99 cE: S.ED 3.7 . 35
33 2.31 2.89 3.8 4,24 2.4 .13
24 2.54 3.99 4.85 eI 2.4 =
3% 3.87 3.32 3.98 4,33 2.3 .18
38 5. 6548 5.91 5.89 B2 2.7 .
37 4,353 2,14 3.72 V.2 3.5
28 4.395 .23 5,27 = 2.8
3 3.594 ar 4 a.a
4 0,38 15 4 1.

4 3 5] 1 2.

: 3 2 5
3 4.
3 =
2 3
7 3
g 4
El

—
R S B OO U VDO I G CY I B B 1 VI St I ¢
(X]

3
4
3
3
p
3
F.‘
5}
21
1
&
%]
3
8
]
1

[0 40 = o [0 e Oy 0 (0 W e e
Yol W R A

& b

= 2 S =

11 e 4,44 & 13
43 .94 .29 2.76 e 2 .TY
48 51 12 9.12 SV .7 <31
47 .85 3] I, 39 B o7 .93
413 35 .55 5.89 3T 5.5 A=
49 t.ve 14,65 13,71 18.353 LT BT
S 2.61 12.34 13.97 LT L3 . 5B
S 9.5% 14,73 9,832 11.24 S.8 39
S2 12.82 21.98 13,835 L3 2.9 .85
S3 15.81 19,72 19,33 e 4.2 29
S4 1.95 .28 2.78 2,93 .9 » 35



TABLE 8 (continued)

Root-Mean-Square Wave Height in ( cm ).

STATIOM MUMEER

] 2.2 1z.91 3.98 3.648 1og3 .31
=11 15.27 Z.49 7.57 3.87 1.43 .TH
SV 9.56 11.49 19,53 3.87 1.4 .72
Ss 9.38 9.30 T.53 3.4 3B .55
59 F.33 3.35 5.88 3.13 D! .51
€68 9.8388 T.70 V.43 D073 1.55 .73
Bl 13,33 11,987 9.37 5.9 1.5% =1
52 11,55 13.5% 19.38 S.ve 1.5%8 . 338
53 5. 48 7.15 6.99 13 1.58 1.13
£ 5.29 S.679 8.32 4,83 1.37 )
S 5,84 5,37 5.8%9 .32 1,868 1.17
=1 2,685 2.88 2.73 1.77% 1,43 1.1
57 18,53 g.ze &.75 9.8 e 7
5 2.73 3.57 3.61 2.53 3 .33
78 7.24 .83 S.45 4,658 2.9 1.24
Vi 3,33 3.5¢ 3.39 .28 1.594 1.38
va 2.93 2.79 3.82 z.3e 2.15 1.78
V3 2.72 2.79 2.54 .19 1,31 1,34
74 5,81 5.59 5.29 5. 14 2.11 2. 44
v3S 5.38 T.27 732 S .83 1,34
g 5.835 4.'95 S.58 5,29 2.3% 1.5%
e 12,42 13.84 13.37V Tald R 1.73
v 19.31 12.893 .55 2.9 l.g2 1.3%9
v 3,93 14.389 1g.42 .22 1.37 1.7@
=] 12.99% 14.55 g.72 2 .43 .27
Sl 11.42 15.42 13.28 T 2. 11 1.78
32 15,88 18.37 5.2% S .31 1.98
33 14.78 9.48 £.31 3 1.72 1.7
54 12.32 15.48 11.95 < 2.1 1.73
S5 13,71 13.44 13,84 ) Z. a8 .79
26 14,66 12.15 ?.735 B 3. a3 2,38
=h 15,53 2.89 18.73 S 2.58 2.57
32 .93 13.42  12.80 z 3,97 3.869
s S.568 14.89 1s5.41 ] .88 2.31
S 13,75 18.82 12.87 2 .19 4. 94
31 13.81 12.80 11.28 & 5,85 3.38
32 S.12 5.34 S5.77 = SLET 4.19
83 5.83 ERR - e S.496 v 4.17 2.53
4 2.35 3.27 2.8%9 3 2,88 1.51
35 5.56 J.659 S.1% S 4.78 3.58
£l 2059 3.19 2.96 ) T 1.39
X T34 v.14 5.13 3,54 2.55
32 2.585 2.69 2.42 2033 1.349




TABLE 9

Wave Perijod Corresponding to Significant
Wave Height in (sec.).

STATIOHM HUMEER

I

12 2.81 3.89 2.9% 2,93 1.73 1.38
13 4,81 2.39 3.32 2.19 1.3V 1.88
14 2.87 2,95 2.95 2.a87 1.2%9 1.51
19 2.95 2,99 2.93 1.83 1.43 1.758
ts 1.88 1.81 1.81 1.82 1,84 1.85
v 3.37 3,98 3.34 2.14 2,38 2.22
13 1.39 2,99 1.93 1,39 1.87 1.332
1% 1.99 2,98 2.89 2.909 1.24 1.58
e 4.89 4. 89 3.383 2.32 1.3% 1.87
21 2.98 2.53 2.96 2.57 1.13 1.48
24 4.84 3.55 3.31 4,99 1.58 1.38
23 2.99 2,97 2.97 1.73 .22 1.59
25 1.99 z2.91 2.91 1.59 1.17 1.%39
27 3.908 3.349 3.8%9 1.32 t.13 1.54
213 2,97 2.97 2.35 2.7%9 t.12 1.55
23 1.93 1.9% 2.89 2.949 1.15 1.99
22 2.89 2,89 2.39 2.91 l.22 =.91
33 2.39 2,97 2.94 2494 1.1% 2.22
34 4,04 4. 82 4.81 2.25 1.vV3 1.21
23 2.8 2,94 2.82 R 2.7 1.45
38 .39 1.98 33 1,89 1.1 g, 58
37 4.82 4,82 4.91 2.74 1,32 1.43
33 2.37 2.95 2.35 2,95 1.74 1.138
33 1.99 2.82 2.81 2.83 1.78 .88
49 4,94 4.04 4.93 1,33 1.13 1.78
41 2.93 2.94 2.94 2.19 1.av 1.33
42 t.82 l.92 1.81 1.8 1.a2 1.88
43 2.82 2,04 2.83 2.83 2011 2.85
44 4,82 4.82 4.99 2.92 1.54 2.11
43 2,97 2.95 3.99 3 1.v2 2.28
45 2.9%9 2.689 2.89 2.89 2.93
47 4.85 4,981 4.92 1.3 .82
43 2.97 2.94 2.93 2,93 2.97
43 1.%9 2.69 1.39 5 1.15 Z.94
549 4.82 3.34 3.71 2.13 1.58 1.52
31 2.97 2.97 2.31 2.938 237 1.558
s52 4.87 4.08 .85 1.231 1.14 1.31
53 2.97 2.97 2,97 .93 1.51 1.%8
54 2.93 2.89 2.81 2.82 2.82 z.81



TABLE 9 (continued)

Wave Period Corresponding to Significant
Wave Height in (sec.).

STATIOH HUMEER

TEST Mo #v 1) #5H #5 #4 #2

59 .41 3.99 3.499 1.582 1.14 1.27
SE $.12 3.835 4.18 3014 T.1E 1.564
a7 3.82 3.83 3.82 1.54 1.482 1.41
52 4,12 4.11 4.11 2.37 .24 1.28
S3 4,731 3.12 3.85 2.52 1,35 1.23
s ] 2.63 2.91 3.62 1.82 1. 1.29
&1 1.33 2.81 2.91 2.91 1.85 2.91
52 1.9 1.993 2.88 2.899 1.15 1.6832
53 3.42 3.909 3.88 3.98 1.84 1.52
54 4.14 3.37 4,12 2,04 1.65 1.55
353 1.99 2.89 1.39 1,99 1.59 .83
BE 2.99 2.93 2.9¢8 1.71 1.13 2.85
57 1.81 1.81 1.81 1.41 1.91 1.858
B3 4.13 4.12 4.11 .37 2.8 2,37
A 1.98 1.81 1.948 1.889 1.948 1.91
71 2.833 2.94 2.92 2.32 1.38 2.34
v 4,21 4.18 4.18 4.14 .42 1.325
T3 .81 .99 2.93 297 1.22 1.5%
T3 2.88 2.99 1.329 1.39 T.81 1.€8
S 4,88 4,98 4,93 2.7% 1.2% 1.38
v 2.99 2.97 2,97 2.97 1.51 1.2
rard 1.38 1.98 1.99 1.9 1. 85 1.93
72 4,12 4.11 3.7V3 2.28 1.54 1.585
T3 4,583 $.55 4,11 2.8 .29 1.54
38 2.939 2.01 2.98 .31 1.19 1.79
3 2.5 T.985 3.85 2,85 1.38 1.22
a2 4,18 3.79 2.79 .34 1.28 1.7%
33 3.72 2.35 2.68 1.581 1.57 2.153
34 2.83 .82 3.82 2033 1.11 1.85
35 2.99 2.99 2.99 : 5 1,47 1.52
3 3.89 3.59 2.34 v 2011 2.39
av 4.15 4,15 4,14 2.32 1.7 1.77
33 3.91 2.83 3.82 2.92 1.72 1.58
39 4,87 4.98 4,87 2.93 1.65 1.41
34 1.99 2.08 2.389 2898 1.84 2.81
91 1.99 1.99 2.949 2.08 1.13 1.99
S2 3.873 3.91 3.499 .88 1.71 2.36
33 4,88 4,134 4,82 2.59 2.18 1.78
94 3.85 .83 3,94 I.aR 1.287 1,392
R 2.84 1.93 1,33 1.39 1.33 2.48
ElS 4.1z .12 4.89% 4.8% F.1 1.354
97 1.81 1.91 1,686 1.91 1.81 1.83
32 2.93 2.93 2.82 P 2.82 2.85
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TABLE 10
Mean Water Depth in ( cm ).

ShL STATIOH HUMEER
AEOYE =mmmmm e o o e e
TEST Ho.  MLLM 47 #5 #SA 45 B #3

12 2048 B2, I@.48 0 29.18 14 3.23 T.1%
132 I.33 0 92,23 29.43 2A.A5 14 2,99 T.96
14 3033 92,23 29.46  29.11 18.9%  9.33 T.16
15 23.62 92,52 29.7H  ZH.IE 1H.FT 0 9.8 £.93
15 J.44 92,34 28,41 20 11,11 5,37 7.33
17 2.83 9I.53 28.75 1 2.14 7.4
13 2,048 92,28 20,63 2 .84 8.383
1% I.15 0 92,86 28,24 2.5%  T.485
g5} 2.209 .18 20,45 3049 7.48
e 3,25 92,15 28,35 3 3.4%  TL48
@ 2.53 31,42 28.748 3 3.7E  T.74
2% 2.62 91.52  29.T71 5 3,92 T.39
26 2.72 91.62 Iw.2s L2E 2.88  7.S53
27 €.82 34,32 22.98 BT 13.2% 19,24
23 .11 95.81 22,92 12,39 19,22
29 .16 35.95 23,45 12.3% 18,37
a2 £.43  95.3% 23,50 12,85 18,81
33 .53 55,43 23.73 11,38 9.74
34 .49 95,39 23,88 11,91 9,78
35 £.55 95.45 23.74 11,83 9.7
5 .59 95.58 23,68 11,82 3.7%
37 .60 $5.59 23.72 12,21 19.8%
38 £.54 95,54 23.73 12.82 19,82
39 .27 35.17 23,48 12.72 19,82
41 .28 95.13 23.37 12,49 19,41
41 £.12 95.82 22.96 2.83 19.58
42 3,37 98,27  25.4% 14.85 12,58
3 3.39 98.29 26.55 14,69 12.52
44 .82 9%.52 26.8% 14,53 12.80
45 2,58 99,45 26.74 14,93 12,33
45 9.49 93,39 26.5% 15,11 13,19
47 .43 92,33 26.81 8 15,17 12.98
43 FL.E2 93,52 25.79 48 15,85 12,99
49 2,52 33.42 26.82 25 15.58 12.5@
S8 .44 BE, 34 25, 44 21 15.34  13.29%
51 .41 98.31 25.49 26,18 15.36 13,39
e 9,27 98.17 26.18 26.23 15.58  13.48
53 .50 98.48 26,28 25.9% 15,93 13.7%
54 2,47 33,37 25.75 26,36 15.8% 12.73
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TABLE 10 (continued)

Mean Water Depth in { cm ).

SHL STRATIOH MUMEER
ABIWE ==-——mm e e e m e e e e e
TEST Mo, MLLU #7 #6 #SA #5 #4 #3

-t e s i e e = ek e et - e o - = = = = = o A = v -

= Z.6% 91,59 19,83 19,025 £l Tel2
Se 2.38 91.8% 28.:3 =ZB.:25 3 7e33
Sv 2.72 H1.88 19.87 13.54 2.95 594
53 C2.FR St.80 19,93 19,3209 3,82 535
59 3.23 %2.13 E2B.25 IZB.85 Q.28 T.ld
5y 3,11 82,81 28.33 28.14 Q.34 v.o12
=1 3.7 91,97 28.25  Z6.29 5.54 .34
52 .38 FZ.28 28.32 19,391 ERNcy 7.26
53 .94 92.44 2B.58 2B.21 F.82 g9
54 3,45 92.38 28.57 29,17 9,97 5,94
53 3.48 92.33 29.583 29.23 9,82 5.93
1 3.52 392.42 2A.67 29,35 .87 5,38
e 3.52  92.42 28.57 29.49% F. 89 £.99
53 3.55 322.43 28.7! 29,37 2,39 5,39
va S.59  395.5@0 23.74 23,34 11,9 .99
i 5.582 9$5.58 23.7s5 I 11.38 3.89
ra 5.58 93,38 23,75 . 3 11,94 9.39
Y3 5,92 S5.43 23.78 ] i1.21 3.8%9
) 5.43 35,38 23.59 .19 11,38 F.81
75 E.43  93.33 23.354 JHS 11,93 9.81
-] 5,44 35,34 23.60 13 11,354 .77
i £.21 35,11 23.44 33 t2.22 19.21
73 5.18 95.88 23,348 29 18,13 193.89
G .18 35.80 23.3%0 25 11.58 15,84
1G] S.84  S4.74  23.34 ol 2.32 18.35
1 5.%4 94,84 23,34 2 .18 18,11
S2 .56 94,45 23,51 e 2,44 1/.,3%9
23 S5.41 594,31 23.51 ) 45 1B.42
a4 .82 94.52 23.25% 2z.8: 38 19.2°7
25 .81 3P.91  285.51 E5.F7 X4 13,34
1) S.54  FP.44 28,353 E8.1% T 13.41
37 3,48 9V.38 26.63 28,19 4 13.3¢9
338 F.81  F7.91  28.71 26,11 v ;18,82
89 2.33 3BV.?3 28,38 25.15 . 15,13 13.18
29 3,79 S7.8% 28,73 28,13 IV.IF 19,32 13,33
ED 9.11 93.81 28.81 2B.2Z 1&.95 15.87 13,43
Rz F.E28 98,18 28.54 28,27 IF.B0 0 14,79 12,83
3 F.47 ¥8.87 28,87 28,13 18,35 14,32 12,85
B 3,58 93,48 26.5% 2E.ET  IFV.E5 0 14,34 2.ve
B Fods ¥3.38 28,82 26,10 18,97V 14,77 12,79
S 3,45 92,39 ds.81l 2A.1R 0 18,57 14,79 12,89
e .44 33,34 25,57V 28014 1E.FE 14,77 12.73
EE F.43 28,38 28.84 25,35 17.88 14,82 12,77
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TABLE 11

Variance of Water Surface Elevation in (cm2)

STRTIOH HUMEER

12 2073 4011 4,43 3.45 el 47
13 2,17 4.35  3.98  1.:32 .23 .25
14 4.25  5.51  5.98 2.4 L .31
15 .7 1.25 1.89 1.14 .25 S
18 13.14  9.48 38.73  1.52 .91 .27
17 .71 1,54 1.34 1.72 .33 .24
18 t.12 1.55 1.7z 1.5z 45 35
19 15.58 11.27 19.95  4.38 .52 W15
2 11.38 9.18 7.42  1.63 Lod .15
21 11.63 1S.15 1@.34  2.26 .37 .13
2 27,13 3.95 7.T1  2.8% .27 .43
25 34,80 14,13 11.44  2.83 LET .25
25 25.43 12.87 ti1.28  3.92 L EW .31
z7 11.37 12.74  3.31  2.33 .48 .33
2 11.45 15.42 14.96  3.75 .25 T
29 15,33 18,64 189.81 S.86 JHE 1,82
32 4.21  S.82  S5.92  5.83 54 JET
33 .55 .87 1.18  1.45 L33 1.@1
34 .73 1.23 1.73 1.3t LT .53
35 1,22 1.42 1.89  2.44  1.43  1.48
35 S.49 4,35 3.77  4.75 LEE 5. B4
37 .38 4.8% S.83 S.28 1.73 .75
33 2.50 4.43  2.54  3.95 1.8 1.12
39 25.33 17.52 11.87  S5.83  1.17  5.99
4 12,11 16.55 19.86  3.2% L5 .55
41 25.94  IB.46 15.58  2.9%5  1.13 53
42 2.85 F.85  S5.85 S5.76  3.63 . 52
43 1.67  1.93 t.18 2.53  1.54  2.5%
44 1.18  1.52 1.98  1.85  1.39  2.41
45 .92 1,24 .32 2.8 1.81  1.95
45 £.59  3.93  8.2%  S.7%  1.9% .61
47 2.81  5.83 5.81 B.7E  2.89 1.6
48 .18 4.52 3.33  S.15  4.21  2.23
49 13.82 17.67 16.85  9.87  1.37  1.59
53 .59 14,33 15.52 S.78  1.32  1.68
51 2,54 14,84 14.84  S.65 2.93 1,48
5z 15,39 22.25 15.87  4.43 1.85 1.42
53 22,42 25.93 23.79  £.38  2.73  1.45
54 .4 .51 L 93 LB3% 1,48 .33
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TABLE 11 (continued)

Variance of Water Surface Elevation in (cmz).

STATIOM HMUMEER

55 12,23 149,83 R} t.42 L)
55 24,24 2.18 5.58 1.42 . B3
57 1a.31 8.99 V.45 .42 . BY
=1 9.133 7.23 4.93 1.32 .83
59 1g.28 18,83 S.51 1.27 .95
1) 12,24 9.81 S.14 1.82 .13
sl 25.%4 12.33 3.8 2.94 z .19
52 1p.85 12,45 5.72 2.7 ] 12
B3 3.45 4,26 3.49 2.5%3 < .13
g4 3,34 4.94 4.3S5 1.54 2 15
55 4,258 4,43 3.5% 2.2 = 14
=1 e 1.88 85 .58 3 .13
= 12,71 .46 3.5¢ 2039 B 1)
53 .31 1.47 1.27 1.13 =g .93
Ty 7,89 4,32 3.87 2,73 t.avy 43
71 1.41 1.45 1.49 1.28 33 .33
72 g 1.12 1.18 1,893 L EH .39
V3 73 1.84 .98 JRE 43 .32
Ve 4.358 4,45 4.28 3081 BV 7’5
TS 3.49 4.73 4.53 .47 .78 .53
g 2.39 3.45 3.18 2,45 TR .31
vy 1v.35 14,87 13.58 4,439 BB .49
TE 13.33 15.67 2.59 2.651 L) .31
v9 ta.e2 12,18 H.58 2.29 = 432
=40 23.87 L7F.47 9.34 S.ae 1,532 L7
31 14,37 13,29 11.87 .EvV T .59
32 27.58 13,83 3.11 .91 Ta 4
33 25.82 13,15 T.15 2.83 C3E .58
347 22.23 1s5.61 12.23 2,91 =1 .42
25 28.53  21.89  13.45 gL 1.74 1.41
35 2e.22 13.73 11.83 .17 1.53 .78
37 25.43 17,71 13.94 .99 1.1 .9
23 1,85 12,14 11,41 2.87 2,57 1,79
39 1a.8% 14,V3 12.79 4.24 1.85 s
L] 2.2l 21.%2 15.89 T2z 1.54 1.59
31 13.85 13,51 12.82 9054 3.81 1.43
w2 .85 3.73 3.54 .81 .21 z2.12
33 4.52 &.28 5.85 4.72 1 .93
EL .89 1.20 1.88 1.14 .45
95 .72 3.71 3.15 3018 1.31 1.335
I .33 1.19 .32 1.11 STE =13
7 Lol 5.904 4.52 3.98 1.654 .82
23 82 .87 . TE .29 ST A2



TABLE 12

Values of Wave Set-Up in ( cm ).

MAHOMETER MUMBER

9,90 -.45 -, 99 =-.17? -.15 -.18 -.29 -.28 .26 .45 .43 .48 .€3
D.00 -.87 -.13 -.,89 -.11 =-.12 =-.28 A6 .23 .49 .47 .44 .52
B.08 ~-.1% ~-,838 -.01 ~-.894 -.16 -.13 .15 .45 .64 .62 .54 .71
9.080 -.04 -.05 -,07 ~,06 ~,88 ~.14 -, 07 .01 .04 .83 .02 .14
9.69 -.84 -.156 -.18 -,23 -.18 -.43 .15 .51 .57 .S5& .60 -.5%
0.a% -.91 ~-.81 -.92 .82 -.64 -.05 ~. 14 03 .16 .12 .12 .13
3,90 -.29 .41 .00 .92 .08 -.,02 -.17 .05 .20 .1l .86 .12
a8 -.12 -.28 -.87 .21 .58 .47 .3 .99 1.087 1,985 (.91 .97
9.80 -,16 -.35 .89 .31 .55 .83 .66 .36 .93 {.08 .99 .34
9.8 -.12 -.31 -.@5 -.84 .35 .44 .52 .38 .83 .89 .92 .97
6.90 -.29 -.27 .96 1.19 1.48 1.439 1.43 1.73 1.84 1,906 1.87 1.85
9.0 ~.34 -.54 .39 1.18 1.5V 1.54 1.60 2.86 1.95 2.90 1.99 2.02
9.90 -.22 -.4¢ .49 P2 1.0 1.02 .81 1.39 1.52 1.55 1.52 1.49
8.0e¢ -.11 ~-.41 -, 21 .95 .44 .51 .49 .35 .91 .93 .93 .93
Q.00 -.21 -.,44 -.34 -.,23 -.,02 .24 -.988 .72 .83 .99 .32 .33
6.90 ~-.11 -, 44 -,26 -.16 .20 .27 .38 .79 .87 .98 .93 .9S
0.90 ~.46 -.18 -.13 -.12 -.04 -.22& ~-.32 .83 .24 .30 .24 .22
0.9 -.93 -.31 -.00 ~.96 -.65 -.03 ~-.19 -,13 -.13 -.14 -, 12 ~.03
Q.00 .84 .93 .93 -.92 -.83 .0mH -, 87 .86 .87 .90 -,82 .01
g.00 .02 .D2 .94 -.01 LB2 -.9S -.03 -.95 -.08 -.03 ~-,04 -,09
9.00 ~.02 -.84 -.0€ -.07 .91 -.14 -.23 -.92 -.14 -, 08 .99 .03
3,00 -.09 .91 -,02 -.04 -,00 -.19 -, 17 .11 .25 .23 .19 .19
g.a0 0 .91 -0 -,.88 =012 .03 -, 1% =038 -.12 .62 .94 .99 12
8,00 -,19 -.43 -,82 .25 .85 .89 €8 .92 1.69 1,14 1,13 1,17
0.00 .02 ~,34 -,06 .11 .42 .44 .41 .65 .7¢ .82 ,84 .85
g.90 -.12 -,37 -.31 .17 .87 .P5 .55 1.!1 1.15 1,18 1,17 1.3!
0.0 .99 -,82 -,983 -.85 .01 ~-.13 -.83 -.93 -.087 -,01 -,1@ 0%

(]
Y
1
=
w
1
)
oy
1
(]
o]

6.00 .0t -.02 .91 -.02 .92 -.89 -, ~.88 .00

6.00 .00 .9Z -.903 -.04 BO -.14 -.33 -.20 -.05 -.06 -,10 ~-.04
9.90 a2 -.83 .08
8.00 3?7 .32 .28
0.09 27 .18 .2l
0,00 2z -,01 .87
9. @9 88 -.31 .69
9.060 €3 .SA4 ?
6,03 °8 .88 .54
9.980 6 .92 .88
9.00 - 93 .39 (.82
9.08 04 -,93 -,8%

124
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TABLE 12 (continued)

Values of Wave Set-Up in ( cm )

MANOMETER HUMEER

4 8.00 -.01 -
65 9.00 ~,135 -
65 8.80 .z .02 .09 .86 .63 .9YY -.04 -,84 -.38 -.01 -.00 -
b 0,00 -.04 -.0% -.t@ -.26 -.07 -.12 -.1§ .18 .21 .24 .18 -
53. Q.00 ,9»1 .82 .02 -,81 ,03 -.0!1 -.85 .BS .88 .18 .@5 -
7 9.00 ¢.09 -.05 -.81 ~.09 -, 12 -.02 -.094 -, 12 -.091 ©.086 .05 -
7 8.00 -.88 -.91 -.01 -,06 -.B67 -.83 -.82 -.84 -.81 -.01 -.01 -
s 2.09 .09 -.04 -.00 -,84 -,065 .99 -.04 -.,08 -.62 -.04 .9} -
3 0.99 .83 -.,090 .dz2 -.03 -.02 .81 -.8! -.84 -,03 -.01 .02 -
2

55 8.806 -.S7 -.B83 .03 .32 .62 .&7 .93 1.12 t.22 1.24 1.13 -
S 9.089 -.5% .94 .76 1.85 1.29 1.41 1.32 1,51 1.66 1.65 1.47 -
57 8.069 -.39 .23 .@0 .,@3% .35 .S58 .80 .85 .87 .50 .94 -
S8 0.99 -.32 .24 .83 .27 .50 .70 .€¢ .39 .86 1.11 .87 -
$3 P.00 -, 21 -.89% ~-.13 .89 .34 .49 .43 .64 .69 .71 .62 -
60 9.9 -.15 -.8? .BY .20 .53 .s8 .56 ,32 .83 .82 .72 -
61 9.80 -.19% -.65 .63 .30 .V L7100 .71 1,04 1.1 ta1e 23 -
82 9.89 -.19 -.08 -,13 -, 23 .18 .04 .9S .65 .78 .72 .67 -
63 0.00 -, 0 ¥ ~-.11 =16 -,95 -.17 -.2% .02 .11 .89 .1¢ -

2

3

w
]
.
[ e

-.81 -,8% .00 -.0% -.12 .11 .19 .21 .16 -

74 0.00 -. . 04 -
7S Q.99 -, .09 -
g 8.0 -.02 -.,45 .00 -,13 -,13 -.85 -.8&3 - B4 -

ST oo
'
@2
L
]
o
FN
]
-
[
1
r
EN
i
o
w
'
.
o
o
'
-
D
k3
ra
o
w

1
a
1
<
H
'
N
@
1]
o
PR
'
-
—
1
.
—-
o
—-
o w
© -
IS
]
S -
-

7? Q.09 -.87 -,13 .04 -.21 ~-.42 -, 08 .33 .61 .65 .€9 .7?! -
78 0.98 ~-,04 .01 .85 -.84 ,24 .43 .59 .54 .69 .75 .70 -
79 9.66 .93 .03 .18 -.07 .18 S8 .12 .84 .65 -
&0 B.00 -.94 .84 .34 ,3Z2 ,61 35 1.12 1.21 1.22 -
31 8.00 .05 ,20 .26 .91 .@%3 ¥8 .87 .83 .88 -
3z 9.88 .02 .2z .80 .8% .39 S2 1.52 1.55 1.53 -
33 9.60 .18 1?7 1.05 1.12 1.29 =5 1,68 1.79 1.72 -
34 8.8 .07 .36 .48 ,37 .57 29 1.32 1.3% 1.35 -
25 0.99 -.41 -.,83 .35 -.97 -.32 21 .97 .61 1.04 -
g6 6.908 -.22 .21 .33 .82 1.03 1.33 L1 1.53 1.57 1.53 -
37 8.09 .13 .47 1.08 .96 1.81 ) 1,62 1.67 1.80 1.70 -
238 0.80 .18 .26 .SS .27 -5 5 .39 .70 7% .72 -
a9 0.00 .29 .43 .82 .49 .14 34,94 1.82 .98 -

99 .00 .03 .24 .84 ,S51 1S 23 1.17 1.25 1.25 -
91 8.00 .04 .11 .34 27 -.38 .41 ,S9 .55 .6z -
2 g.083 .04 .08 .21 .16 =013 19 L2 .87 .15 .26 .12 -
33 0.00 -.93% -,05 .05 -.17 ~-.11 -.10 -.04 -.133 .B3 .83 .09 -

94 0,80 -.062 .02 .03 -.06 -.06 .00 .94 -,06 -,02 -,06 -.061 -

] D.00 -.02 -,02 .91 =13 -,11 ~-,03 -.090 -.11 ~-.04 09 -.0S -

36 9.0 .01 .04 .01 -,08 -.93 .90 ,9H -,B8 -.02Z .04 -.05 -
v 0.99 -.01 -,02 -,02 -.12 -.93 -.89 .91 -.10 ~-.0B2 .04 .02 -
3 9s

9,800 -.0S5 -, .09 -,06 -.082 LUC @9.00 -.04 -.02 .H2 9.90 -
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TABLE 13

Wave Particle Amplitude, Amplitude Reynolds Number, Friction
Factor, Mean Shear Stress and Energy Dissipation due to Bed
Shear Stress at Station 5.

i Ke as RE o T B4
TEST Mo. (cm)____(cm) (g/cm-sec?) (g/sec’)

12 14 J.41 1473 - - -
13 14 7.24 9523 . B85 -. 85 4.5
14 14 6.92 12938 - - -
15 14 .94 8671 - - -
£ 14 3.25 7458 - - -
17 14 7.78 19965 . o04 11 7.1
13 14 4,93 3827 - - -
13 14 T.95 22489 13! 4.9 358, 2
29 D14 .94 3419 - - -
21 14 T.B6 11777 - - -
24 14 7.75  1851s L8789 -1.81 39.3
25 D14 £.83 19935 - - -
28 14 T.11 17581 - - -
27 14 3.18 11563 - - -
23 14 3.52 17385 SB35 -2.TE 51,8
23 14 T.53 28555 L1 -, 28 43,9
32 (14 7.42 19155 BT S.51 Z54.8
33 14 7.27 2241 - - -
24 L4 7.78 18857 13 .15 3.4
35 14 B.49 14293 - - -
38 14 3.38 7725 - -
27 .14 £.235 7833 LBEL - 18 44.7
33 D14 3.52 16444 - -
29 14 2.24 23985 - - -
49 14 §.23 11254 - - -
41 14 .93 7952 TS B 33.3
42 14 3.34 9353 - - -
43 14 5.83 113833 - - -
44 S14 0 11.89 21237 - - -
45 14 7.33 12885 - - -
46 14 5.56 31923 LS .98 S3IF.LE
43 L14 19.24 24453 - - -
49 14 7.99 22044 337 -39 135.5
59 14 - - - -
51 L14  11.94 323930 - - -
52 14 9.35 14843 - - -
53 14 9.45 29591t - - -
54 14 3.83 5179 - - -
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TABLE 13 (continued)

Wave Particle Amplitude, Amplitude Reynolds Number, Friction
Factor, Mean Shear Stress and Energy Dissipation due to Bed
Shear Stress at Station 5.

Ks ag RE Cs T Ed
TEST Ho.  (cm) (cm) (g/cm-secz) (g/sec3)

S9 .12 - - - - -

95 I e - - - - -

57 3.12 - - - - -

R 2.12 - - - - -

53 3012 - - - - -

g0 .12 - - - - -

&1 3.12 - - - - -

B2 .12 - - - - -

53 .12 - - - - -

s .12 - - - - -

&3 .12 - - - - -

1) 3.12 - - - - -

BT .12 - - - - -

& .12 - - - - -

73 2.12 2.73 95324 - - -

71 .12 4,33 7232 - - -

ya 3.12 2.16 112484 L1383 1.48 123.1
73 3.12 5.5 2528 121 .28 ri.9
T4 3.12 3,98 12357 . 131 4,27 429.7
rg= Z.12 5.57 V9S8 . 125 4,37 423.85
-] .12 T.75 14298 171 4,94 293.9
vy .12 &,32 17715 L3S -1.42 391.1
- 3012 739 11151 1Bl 2.51 259.49
=] .12 F.49 14213 193 T2 292,19
29 2.12 - 21543 g sy 11.7¢ 32,9
21 3012 T.85 14328 297 1.32 293,73
a2 .12 2,83 14593 . 183 -8 248.9
32 3.12 5.7%9 EE2S 134 EP B 233.5
34 3.12 5,32 9vS3 221 L3 283.3
29 2012 19,29 29522 - -

55 .12 3.53 53249 258 29 2 s
a7 3012 9,34 15337 212 R 332,01
53 .12 11,28 39vaz 145 71 182s8.98
893 3012 13,23 18352 157 L4E 419,73
5] .12 £.37 14333 P23 43 BT3.9
S .12 F.35 323245 L2332 DA 1795, 2
el 3.12 2. 54 13333 . 153 av 5.4
27 .12 .23 15185 3 12,1
34 312 .91 27118 1 35,7
=] 3.12 5.33 12823 2.94 422,89
35 2.12 2.45 12585 Lo 111.53
97 T.12 2.51 5679 - - -

93 2.12 3.382 5254 - - -
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TABLE 14

Wave Particle Amplitude, Amplitude Reynolds Number, Friction
Factor, Mean Shear Stress and Energy Dissipation due to Bed
Shear Stress at Station 5A.

Ks ag RE

TEST Mo, (cm (cm)
12 Sl TOTT O 14524
13 Jld 11,12 22483
14 14 £.1% 13858
15 .14 5,43 7143 - - -
15 .14 4.83 11732 - - -
17 L14 2.16 12084 LET 1.a7 Tt
13 D14 4,98 5654 - - -
13 D14 5.42 14558 LB4E -S.8% 185, 3
e3s) L4 11,39 25128 - - -
21 .14 9.29 28387 JE3S -1.87 111.4
24 Jl4 tzZ.11 256383 LAS51 0 -Z.48 153,08
2s Li4 18,53 26343 - - -
25 D14 7.89 17474 JET4 -E.23 0 208.3
27 .14 13,81 29385 - - -
23 4 11,22 29325 CBES £.15  S11.3
23 14 7.71 28979 L .50 31,4
32 .14 £.39 13815 . B2S 1,48 44,7
33 L1 S.19 5G22 et .21 5.5
34 .14 7.13 3775 L5279 .35 9.2
35 L1 4,04 5543 - - -
36 L1 2.83 4632 - - -
37 L14 18,97 29198 AT Z.33 139.5
33 D14 £.86 19851 - 3 9.5
39 L14 6.54 14931 - - -
413 J14 12,41 25804 - - -
41 L14 18,63 24588 LB3S -1.83  11%.7
42 .14 2.52 4355 - - -
43 L1 4.9 7534 - - -
44 L14 9.86 14163 - - -
45 14 5.253 5573 - - -
45 Sl G.44 14517 CBES JTE 183,08
43 .14 3.88 15294 - - -
49 L1 3.95 22422 - - -
53 L4 14,83 3398t - - -
51 S48 18,99 27943 A1 .37 7o
52 S14 14,11 33759 - - -
53 L4 130280 34383 45 1,55  334.%
54 .14 2,93 2942 - - -
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TABLE 14 (continued)

Wave Particle Amplitude, Amplitude Reynolds Number, Friction
Factor, Mean Shear Stress and Energy Dissipation due to Bed
Shear Stress at Station 5A.

33 .12 11.78 B2BVE . 139 -5 S44.,4
=1 I lz 12.38 27SVg 21l D23 EHE. S
37 2012 18,54 2va2 LTS 35 FE3.1
58 3012 i11.88 23459 L2230 -5.21 &35.9
59 2.12 12,54 24382 284 -5.15 0 S5E.73
58 3.12 19,44 29vS7 224 -11.41 EET. A
51 3.12 7.TY 21349 L2E8 0 -23.88 0 1983,
£2 3.12 743 29243 . 388 <31 1233.9
B3 3.1 2.2 16513 <138 1.1% 299.4
g4 .12 11.399 25231 175 1.5 417.8
53 3.12 .15 13835 JETFT -1.13%  4387.°7
55 3.12 §.57 [g-1-1 L3149 -1,83 117.4
67 3012 3.87 9635 - - -
B3 3.12 .48 12538 (243 5 134.7
7 3.12 - - - - -
71 3.12 - - - - -
72 3.12 - - - - -
73 3.1z - - - - -
74 3.12 - - - - -
7S 3.12 - - - - -
7E 3.12 - - - - -
e 3.1z - - - - -
T3 3. 12 - - - - -
73 3.12 - - - - -
e 3.1z - - - - -
31 2.1z - - - - -
32 3.12 - - - - -
33 3.12 - - - - -
34 3.1z - - - - -
25 2.12 - - - - -
i 3.12 - - - - -
3v 3.1 - - - - -
23 3.12 - - - - -
29 312 - - - - -
39 3.1z - - - - -
21 3.1z -~ - - - -
32 3.12 - - - - -
93 z.12 - - - - -
94 3.12 - - - - -
35 3012 - - - - -
95 3012 - - - - -
7 3012 ~ - - - -
33 3.1z - - - - -
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TABLE 15
Values of Nonlinearity Parameter, P

STATION HUMEBER

I

12 L43 TL.53 0 3.83 £.35 0 18,32
13 .58 18.43 11.57 .82 13,28
14 .35 S.27  5.67 S 3.7%  T.PT
15 .24 3,48 3.23  3.%3%  g.8% 2,29
15 .25  2.78  2.87  3.51 3.7 2.85
17 .34 4,94 5,13 17,15 12.81 13.828
13 .19 2.55 2.79 F.?3 S.94  T.85
19 .63 T.99  7.95 14.15  S.95  4.31
28 1.35 16,81 1S5S.42 15.16 T.5%  9.83
21 1.95 14,353 13.45 14.57 T7.23 T.T9
24 2,27 14,85 14.83 21,75  £.59 13.85
25 1.86 13.49 12.34  =.39  2.45  7.58
25 T 3,33 2,23 55 £.5% 5.39
27 C1.38 17.75  13.95 13,49 T.4%  Z.94
23 .99 13,28 14.72 14,29 ©.13 2,94
29 LS54 3.3%  8.27 14,44 4,51 7.15
3z .34 2,24 4,15 18.25 5.7¥  5.57
33 L23 2.38 2.47 F.F9  B.73 12.76
34 .35  3.85 4.58 12.71 9.395 11.28
as .19 2,14 2.24  5.29  g,98  3.87
36 .14 1.43 1.35 3.5¢4¢ 2.13  @.9@
37 .51 3.9%  9.79 24,25 15.15 14.19
35 .45 5,34  S.3% 1S5.72  5.55 11.92
29 .39 7.9F7 &.58  Z.83  S.81 §. 99
45 1.37 21.53 15.21 15.25 F.37 11.73
41 1.25 15,18 13.13 14,45  =.11 3.52
4z .19 1.59 1.42 2.13  3.51 2.23
43 .21 1.94 1,41 4,52 9,45 7.82
44 .39 3.58 4,17 9,98 13,25  17.324
45 .27 2.3%4 1.91 E.15 F.82  9.75
45 CL42 0 411 4,13 18,18  £.85  &.50
47 L84 3,83 8,71 22.78  14.19%  17.24
43 L4804, 41 3.83 11.55 14.82 123.59
49 .59  6.S8 £.22 9.5 5,53 5,52
S 1,18 15.83 18.12 13,96 9,33 13.860
51 .53 19,85  &5.35 15.84 18,520 3.1i2
52 1.53 21.85 15.87 13.54 18.37 18.837
53 1.35 14.71 13.95 12.97  9.28 3,25
54 L2 1.88 1.26 2.73  4.15 4.19
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TABLE 15 (continued)

Values of Nonlinearity Parameter, P

STATIDH HUMEER

53 1.23 132.58 11.13 12.33 S.E9 .25
55 2.22 15.41 14.19 1£.55 F.S2 5.31
S° .89 13.%91 11.98 12,99 Foas 4.51
58 1.35 17.15 14,34 13.51 £.47 S.29
53 1.48 19.35 12.84 13.13 S.38 5.23
58 1.232 12.87 11.99 15.83 2058 5.3%
51 .38 2.73 5.74 11.1°7 .98 3. 42
52 7Y 3.13 7.358 18,32 4,28 3.57
&3 5 7.24 7.1% 17.998 Fedd v.17
54 JPE 18,48 12,73 13,94 TOEE T B.87
535 .37 4.51 3.95 1@.182 4.71 4.13
1) L 27 3011 2.7S £, 39 =1 GER-1-
87 c2 2.43 2.12 5.83 [ 1.352
1 <49 S.33 5.8V 13,42 S.82 7.82
v Jde 1.45 1.33 2.51 2.1% 1.81
71 .29 1.93 1.84 3.88 3.9 3.29
v 35 3.389 3.5z T 18,24 9.2%
73 .27 2.49 2.38 S.B88 ] S.28
74 .33 3.59 3.43 7,37 S.31 5.47
VS .71 8.31 9.11 28.32 12.34 14,95
TE 43 4.93 4.58 11.33 = 7.34
i 73 757 7.59 9,18 4.73 4.14
73 1.98  22.57 13.36 14.7S GPR=3 7.38
73 tod3  23.79% 13.53 14.93 18.34 149,864
20 .32 3.35 S.58 19,54 .37 5.52
31 1.12 13.52 12.88 14.3895 £.74 .15
32 2.35 15.15 9.32 18.28 14.18 9.97
33 1.31 12.43 .53 12.33 S.&7 9.77
54 1.32 13.82 11.36 18,52 FaHET 5.51
35 1.26 14.82 12.98 11.85 5,284 5.93
35 .71 13.57 .87 18,38 ERCES 2.39
37 2,19 15.82 14,93 13,44 2.27 9. 34
23 .35 3,23 S.432 13,34 EPR I EP-
a3 1.83 13.82 1s5.32 14,41 ERPRCE 9.29
L5 .33 V.58 &.14 A 4,47 S5.73
91 .58 5.32 5.87 EREL E.71 S.21
92 .47 4.34 3.97 2,87 lz.te 11,31
93 e 3.47 8.87 {7,883 13.31 19.89
94 .28 2.31 1.99 4,44 4.23 4.13
35 «31 2.49 2.38 4,34 S.21 S.22
) .37 3.13 2.38 553 T4 V.39
9?7 17 1.42 1.24 2.81 1.2 .71
33 .15 1.24 1.11 2,32 2,04 2,359
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