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Abstract

Project Code: PDF/768/2540

Project Title: Mathematical Modeiing for Cross Shore Sediment Transport and Beach
Deformation under Regular and lireqular Waves

Investigator: Mr. Winyu Rattanapitikon, D.Eng., Asst. Prof., Dept. of Civil Engineering.
Sirindhom Intermational Institute of Technology, Thammasat University,

E-mail Address: winyu@siit.tu.ac.th

Project Period: 3.5 years (1 Sep. 1997 — 28 Feb. 2001)

Objectives: The main objective of this study is to develop a mathematical model for
computing beach deformation und;r the action of regular and iregular waves. The beach
deformation model can be separated into two main parts, i.e., hydrodynamics and sediment
transport. The present study concentrates only on the hydrodynamics part, which consists of

breaker height model, wave model and undertow model.

Methodology: The models are developed based on the anaiysis of the related existing
models. To make the models reliable, wide range and large amount of published

experimental results are used to calibrate and verify the models.

Results: Reliable 3 mathematical models, i.e., breaker height model, wave model and

undertow model.

Discussion Conclusion: Based on a wide range and large amount of published expenmental
results, reliable models are developed for computing breaking wave height, wave height
transformation, and undertow velocity. The accuracy of the present models and some existing
models\are also compared. The comparisons show that the present models give better

agreement than those of existing models.

Suggestions: it is better to continue part 2 (sediment transport and beach deformation
modet).

Keywords: wave, wave breaking, energy dissipation, undertow, current.
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Executive Summary

The goal of this study is to develop the mathematical model for computing beach
deformation under the action of regular and irregular waves. The beach deformation modei
can be separated into two main parts, i.e., hydrodynamics and sediment transport. Due to the
time constrain, the present study concentrates only on the hydrodynamics part. The purpose
of the present study is to develop the models for computing breaker height, wave height
transformation and undertow velocity under the action of regular and irregular waves.

During the last few decades, many theories have been developed and experimental
studies, both in laboratory and in the field,-have been carried out to draw a clearer picture of
wave and undertow. Considerable amount of knowledge on the mechanism of wave and
undertow has been accumulated so far. However, it has not reached to a satisfactory level.
Owing to the complexity of the wave breaking mechanism, full description of the mechanism
of the wave and undertow has not yet been developed. At the present state of knowledge,
clearly any type of mathematical models for computing wave and undertow inside the surf
zone have tc be based on empirical or semi-empirical formulas. Most of the models were
developed with the limited experimental conditions. Therefore their validity is limited according
to the range of experimental conditions which were employed in the calibration. The evidence
is that there are so many models exist. Also it is logical tc expect that a relatively new model
based on more experimental results than the previous ones should be the most reliable ones.

The present models fcr regular waves are developed based on the analysis of the related
existing models and then the models are modified for irregular waves. Wide range and large
amount of published experimental results are used to calibrate and verify the models. The
accuracy of the present models are compared with the 36 existing models (20 models for
breaking height, 9 models for wave height, and 7 models for undertow). It appears that the

present models give better agreement than those of the existing models.

vi
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Chapter 1: INTRODUCTION

1.1 General

In recent years, the coastal region has become an area of intense human activity for
industry and recreation. It is also an imporiant area for tsunami and storm surge protection.
The need for reliable predictions of beach response to the changes in hydrodynamic
conditions, or to the construction of man-made structures, is increasing due to an increase of
human activities on the coast.

Figure 1.1 shows the typical structure of beach deformation model. The calculation of
beach deformation is composed of six main parts, i.e., input data, wave, undertow velocity,
sediment concentration, sediment‘transport, and profile change. The wave model is used to
compute wave height transformation across beach. From the computed wave height,
undertow velocity, sediment concentration and sediment transport rate can be computed.
Then new beach profile can be computed from the mass conservation equation. The new
beach profile will feed-back into the wave model and causes wave height changes. This
yields the loop of dynamic beach deformabon.

The beach deformation model can be also separated into two main parts, i.e.,
hydrodynamics and sediment transport. The present study concentrates only on the
hydrodynamics part (wave and undertow models). in the beach deformation model, the
hydrodynamics part should be kept as simple as possible because of the frequent updating of
wave field for accounting the variability of the change of beach profiles.

During the last few decades, many theories have been developed and experimental
studies, both in laboratory and in the field, have been carried out to draw a clearer picture of
wave and undertow. Considerable amount of knowledge on the mechanism of wave and
undertow has been accumulated so far. However, it has not reached to a satisfactory level.
Owin\g to the complexity of the wave breaking mechanism, full description of the mechanism
of the wave and undertow has not yet been developed. At the present state of knowledge.
clearty any type of numerical model for computing wave and undertow has to be based on
empirical or semi-empirical formulas calibrated with the experimental results. However most of
the models were developed with the limited experimental conditions. Therefore their validity is
limited according to the range of experimental conditions which were employed in the

calibration. The evidence is that there are so many models exist.



In the past, we could not develop a model based on a large amount of experimental
results covering a wide range of test conditions, because they did not exist. However, at
present, the experimental results obtained by many researchers have been accumulated and
a large amount of experimental results have become available. It is a good time to develop
models based on the large amount and wide range of experimental results. Also it is logical
to expect that a relatively new models based on more experimental results than the previous

ones should be the most reliable ones if the accuracy is in the acceptable range.

Input - Initial beach profile
- Incident wave

= Wave Model

!

Undertow Model

'

Sediment Concentration Model

h 4
Sediment Transport Model

h 4
Profile Change Model
(Updates the profile)

Figure 1.1: Basic structure of the beach deformation model.



1.2 Scope and Objective of Study

The scope and objectives of the present study can be described as follows:

1. This study focuses mainly on the two-dimensional (cross-shore) hydrodynamics
model for regular and irregular waves.

2. Published experimental resulis are collected for calibration and verification of the
present models.

3. The main purpose of the present study is to develop simple models for predicting the
breaker height, wave height transformation and undertow velocity based on a wide range

of published experimental results.

4. To confirm the ability of the models, the present models are compared with some

existing models.

1.3 Organization of Report

The contents of some parts of this report are substantially the same as a series of papers
published in the intemational journals shown in appendix A. The report updates and extends
some material in the papers. The present report is written in the following stages:

Chapter 1 is an introduction and gives a statement of problem and objective and scope
of study.

Chapter 2 describes the wave height transformation across beach.

Chapter 3 describes the undertow velocity.

Chagpter 4 presents the comparison between the present models and the existing
models.

Chapter 5 gives conclusions of the study.

Appendix A presents the paper reprints of this research.



Chapter 2: WAVE HEIGHT TRANSFORMATION

In order to calculate the sediment transport rate and beach profile change, wave height of
each location is necessary. During last few decades, a number of studies and experiments
have been carried out to develop the wave height transformation models. There is a variety
of mathematical model simulating wave propagation and wave decay.

For computing beach transformation, the wave model should be kept as simple as
possible because of the frequent updating of wave field for accounting the variability of mean
water surface and the change of bottom profiles. For example, if we assume that wave
height does not change within the time interval of 30 minutes (although the beach changes),
we have to run wave model 96 times for é-days storm. If the wave model cost 5 minutes to
get the solution for a certain beach profile, It spends 8 hours for two-days storm. This
calculation time is only for wave model. If the model is extended to include longshore
direction or for irreqular wave, more computation time will be required. This amount of
computation time seems to be not suitable for practical purposes. To avoid this problem, in
the present study, wave height transformation in cross-shore direction will be computed from
the energy flux conservation. It is

o'?(EcR cos 19)
Ix

where E is the wave energy density, c, is the group velocity, & is the mean wave angle,

=-D, (2.1)

x is the distance in cross shore direction, x -axis points onshore, and [, is the energy
dissipation rate which is zero outside the surf zone. The energy dissipation due to the bottom
friction is neglected.

Snell's law is employed to describe wave refraction as

sin&d

= constant (2.2)
c

where ¢ is the phase velocity.

As ‘waves propagate to the nearshore zone, they enter the intermediate-depth region
where the wave motions are affected by the sea bed topography or water depth. These
effects include decrease of wavelength and increase of wave height (shoaling), and thus
change of the wave direction (refraction). The shoaling process continues until the wave
becomes unstable and then breaks. The topic of wave breaking point is of considerable
interest (see sec. 2.1). Once the waves start to break, a part of wave energy is transformed

to turbulence and heat, and wave height decreases towards the shore.



This chapter is divided into three main sections. The first section describes the
development of the breaker heigiht formulas. The second section is the development of

regular wave model. The third section describes the development of irregular wave model.

2.1 Breaker Height Formulas

The initiation of wave breaking has been a subject of study for a century due to its
importance in design of coastal structures, as well as for the prediction of wave height
transformation. Owing to the complexity of wave breaking mechanism, most predictions of
the breaker heights are based on empirical formulas. To make the empirical formula reliable,
it is necessary to calibrate or verify the formula with wide range of experimental data.

Laboratory data of the breaking wave height from 24 sources, including 574 cases, have
been collected for calibration and verification of the formulas (see Table 2.1). The data cover
wide range of wave and bottom slzJpe conditions. The data include 3 types of beach
conditions, i.e.l, plane beach, barred beach, and stepped beach. All experiments were
performed under regular wave actions and the wave propagates normally to the beach. The
experiment of Maruyama et al. (1983) was performed in large-scale wave flume and other
experiments were performed in small-scale wave flumes.

This section is divided into two main parts. The first part describes the development of the

breaker height formulas. The second part is the examination of the formulas.



Table 2.1: Summary of collected experimental data used to validate the breaker height

formulas.
Sources No. of Beach Bottom HoIL
cases conditions slopes
Galvin (1969)" 19 | plane beach 0.05-0.20 | 0.001-0.051
Hansen and Svendsen (1979) 17 | plane beach 0.03 | 0.002-0.069
Hattori and Aono (1985) 3 | stepped beach 0.00 | 0.006-0.021
88 | plane beach 0.01-0.05 | 0.006-0.073
Horikawa and Kuo (1966)
60 | stepped beach 0.00 | 0.007-0.100
Hwung et al. (1992) 2 | plane beach 0.07 | 0.026-0.048
Iversen (1952)* 63.| plane beach 0.02-0.10 | 0.003-0.080
lwagaki et al. (1974) 39 | plane beach 0.03-0.10 | 0.005-0.074
Maruyama et al. {1983)" 1 | plane beach 0.03 0.091
Mizuguchi (1980)* 1 | plane beach 0.10 0.045
Nadaoka et al. {1982) 12 | plane beach 0.05 | 0.013-0.080
1 | plane beach 0.05 0.027
Nagayama (1983) 5 | barred beach 0.05 | 0.025-0.051
6 | stepped beach 0.00-0.05 | 0.025-0.055
Okayasu et al. {1986) 2 | plane beach 005 | 0.023-0.025
Okayasu et al. (1988) 10 | plane beach 0.03-0.05 | 0.009-0.054
Ozaki et al. (1977) 20 | plane beach 0.10 | 0.005-0.060
Saeki and Sasaki (1973)* 2 | plane beach 0.02 | 0.005-0.033
Sato et al. (1988) 3 | plane beach 0.05 0.03‘1-0.050_I
Sato et al. (1989) 2 | plane beach 0.03 0.019-0.036
Sato et al. (1990) 7 | plane beach 0.05 0.003—0.073—
Singamsetti and Wind (1980)* 95 | plane beach 0.03-0.20 | 0.018-0.079 |
Smith and Kraus (1990)" 5 | plane beach 0.03 | 0.009-0.092
75 | barred beach 0.03-0.44 | 0.008-0.096
Stive (1984) 2 | plane beach 0.03 | 0.010-0.032
Ting and Kirby (1994) 2 | plane beach 0.03 | 0.002-0.020
Visser (1982)* 7 | plane beach 0.05-0.10 | 0.014-0.079
Walker (1974)* 15 | plane beach 0.03 | 0.001-0.037
Total 574 0.00-0.44 | 0.001-0.100

* data from Smith and Kraus (1990)



2.1.1 Formula development

The majority of the existing formulas represent a reiationship between the breaking wave
height ( A, ) and the variables at the breaking or deepwater conditions, i.e., still water depth
at breaking ( 4, ), wavelength at breaking { L, ), iocal bottom slope (m ), deepwater
wavelength ( L, ), and deepwater wave height (/{,). The term “breaker index” is used to
describe non-dimensional breaker height. The four common indices are in the form of
H,/h, H /L, H /L, and H,/H . Either local or deepwater conditions are used to
express the breaker indices. There are four dimensionless parameters that often used to
express the breaker indices, i.e.,, m, h,/L,, h, /L, ,and H, /L, . The existing breaker

indices can be categorized into four general functions as:

B o pidm e 2o 2 2.3)
h, L, L, L,
Bt e ] s
- 2 ¥ L] ] .
Lh Lh La La
H.h hh hh Hﬂ
= ,—3_9 25
La fl{m LJ‘! Lu Ln } ( )
H h H
H“ zf‘{m‘f‘f‘ L"} (2.9)

Each breaker index may be the function of four dimensionless parameters as shown in
Eqgs. (2.3) - (2.6). However not all of the dimensionless parameters are contained in each
existing breaker index and it is difficult to consider all these dimensionless parameters
simultaneously. A common way for engineers to do is to select one or two as the dominant
parameters governing each breaker index. In this study, the selection of dominant
parameters is performed by plotting the relationship between each breaker index and each
dimensionless parameter. A much simpler relationship is expected for the breaking wave on
horizontal sicpe (m = 0) because the parameter m can be excluded from the formula.
Therefore, the development of breaker height formula is separated into two stages. At first,
the breaking waves on horizontal slope (m = 0) are analyzed to identify the "basic forms” of
breaker indices. After that the bottom slope effect will be included explicitly into the basic

formulas obtained from the first stage.

2.1.1.1 First stage of development
To identify the basic form of breaker index, the effect of bottom slope effect is excluded in
this sub-section. Only the measured data of the breaking waves on horizontal slope (m=0)

are used in this sub-section (i.e., the experiments from Hattori and Aono, 1985; Horikawa



and Kuo, 1966; and Nagayama, 1983). An attempt is made to correlate the breaker indices
(e, H,/h,, H,/L,, H /L, , and H,/H ) with the possible dimensionless parameters
i.e., b, /L,, h,/L,,and H_ /L ). A total of 12 possiblie relations are plotted (e.g.,
H,/h&h /L, H,/h&h /L  and H,/H,&H_ /L, ). Amoeng the 12 possibilities, the
relationships of H, /L, &h, /L,,and H,/L & H /L, show better correlation than the
others.

The relationship between H, /L, and h, /L, is shown in Fig. 2.1. A hyperbolic tangent
function has been fitted to this relation, with the resuft

% =0.1 tanh[7.4 %} (2.7)

o [ed

Figure 2.2 shows the relationship between H, /L, and H_ /L, . The relation can be
fitted with a power function, which is a straight line on logarithmic graph. The equation of

fitted line can be expressed as -

y i 0.75
—t =0.46] —=2 (2.8)
L, L,
|
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Figure 2.1: Relationship between H, /L and h, /L, for the case of breaking wave on

horizontal slope (measured data from Hattori and Aono, 1985; Horikawa and Kuo, 1966; and
Nagayama, 1983).
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Figure 2.2: Relationship between H, /L, and H_/L, for the case of breaking wave on

horizontal slope (measured data from Hattori and Aono, 1985; Horikawa and Kuo, 1966; and

Nagayama, 1983).

2.1.1.2 Second stage of development

The analysis is extended by incorporating the measured data of the breaking waves on
various bottom slopes. The measured data from 24 sources (shown in Table 2..1) are used in
this analysis. This revised analysis is based entirely on the basic formulas obtained from the
first stage of development (Egs. 2.7 and 2.8). To include the effect of bottom slope, Egs.
(2.7) and (2.8) can be modified as the following.

a) Modification of equation (2.7)
The bottom slope effect coefficient may be included in Eq. (2.7) by replacing the constant
74" as
H, h
= 0.1tanh| S, - 2.9
5 2] -

where S, is the bottom slope effect coefficient.

o o

From Eq. (2.9), the formula of S, can be written as



S, =22 tanh | o (2.10)
h, 0.1L.

The measured S, of the collected data (shown in Table 2.1) is determined by using Eq.

(2.10). The relationship between the measured S, and tha bottom slope m is shown in Fig.
2.3. It can be seen that the relationship can be fitted with a parabolic function
(S, = a,m® +a,m+ a,). The coefficients a, —a,, in the parabolic function, can be
determined from multi-regression analysis. After the analysis, it is found that the best-fit
formula for S, can be expressed as
S, =—81.07m* +35.27m + 7.88 (2.11)
Substituting Eq. (2.11) into Eq. (2.9), the breaker height formula can be expressed as
H, =0.1L, tanh[(— 81.07m? +35.27m + 7.88)%-] (2.12)

[:]

Hereafter Eq. (2.12) is referred ta.as PS1 formula.
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Figure 2.3: Relationship between slope effect coefficient (S, ) and bottomn slope (measured
data from 24 sources shown in Table 2.1).

b) Modification of equation (2.8)
The slope effect coefficient is included in Eq. (2.8) by replacing the constant “"0.46" as

10



¢.75
H, H
-5 | 2o 2.13
7 2{ I ] (2.13)

o o

where S, is the bottom slope effect coefficient.
From Eq. (2.13), the formula of S, can be written as

0.75
H, (L
S, =—"| =2 2.14
2L (HJ (2.14)

o o

The measured S, of the collected data (shown in Table 2.1) is determined by using Eq.
(2.14). Figure 2.4 shows the relation between measured .5, and the bottom slope m . The
derivation of the formula of S, is the same as that of S,. After the analysis, it is found the
best-fit formula for S, can be expressed as

S, ==2.06m* +0.67m + 0.46 {2.15)

Substituting Eq. (2.15) into Eq. (2.13), yields

- 0.75
H
H, =(-2.06m* +0.67m + 0.46)1,{ - ] (2.16)

Hereafter Eq. (2.16) is referred to as PS2 formula.
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Figure 2.4: Relationship between slope effect coefficient S, and bottom slope (measured

data from 24 sources shown in Table 2.1).
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it can be seen from Fig. 2.4 that the variation of S, with m is quite small. It is worth
while checking, whether excluding the effect of m is possible. The graph between 7/, /L,
and H, /L, is plotted to check the effect of m on this relation (see Fig. 2.5). It can be seen
from Fig. 2.5 that the effect of bottom slope may not significant for this relationship. The
relationship in Fig. 2.5 can be fitted by a power relation of the form

ﬂza{H"] (2.17)

where a, and a, are constants.

Equation (2.17) is a straight line on logarithmic graph. The constants a, and a, can be
determined by the regression analysis between log(H, /L ) and log(H_/L,). Using all
collected data for the regression analysis, it is found that a, =0.48 and a, =0.75.
Therefore the breaker height formula becomes

H H 0.75
% 048 —= (2.18)
L L

o

o

Hereafter Eq. (2.18) is referred to as PS3 formula.
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Figure 2.5: Relationship between H, /L and H_/L, (measured data from 24 sources
shown in Table 2.1).
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2.1.2 Formula examinations

The objective of this subsection is to examine the accuracy of the present formulas (Egs.
2.12, 2.16 and 2.18). A straightforward way to examine a formula is to compare the
computed breaker height with the measured data. In order to evaluate the accuracy of the
computation, the examination results are presented in term of root mean square (rms )

relative error, ER , which is defined as

!Z(Hci - Hmi)2
ER =100 |2 (2.19)

"

2 H.,
i=]

where i is the wave height number, H,, is the computed wave height of number i, f,, is

the measured wave height of number i, and 7 is the total number of measured wave
height. Smaller values of ER cowrespond to a better prediction.

The measured breaking wave heights from 24 sources are used to examine the validity of
each formula. The experiments cover wide range of wave and bottom conditions (0.001
<H_, /L, <£0.100, and 0< m <0.44). The bottom siope is classified into 4 groups, i.e.,
horizontal (m = 0), gentle (0 <m <0.07), intermediate (0.07 <m < 0.10), and steep
(m > 0.10). The total number of cases of the collected data for m=0, 0<m<0.07,
0.07<m<0.10and m > 0.10 are 64, 338, 102 and 70, respectively.

The computations of the breaker height formmulas are carried out with 24 sources of
collected data (see Table 2.1). Table 2.2 shows the emrmor ER of each formula for 4 groups
of bottom slope and all cases. It can be seen that overall, the present formulas (PS1-PS3)
give very well prediction for general cases and the PS1 formula (Eq. 2.12) gives the best
prediction for general cases. The error ER of the formula is 10.8%.

The comparison between measured and computed breaking wave height from the PS1
formula is shown in Fig. 2.6. One point on the upper right of the figure is the data from large-
scale wave flume of Maruyama et al. (1983) and other points are the data from small-scaie

wave flumes. The solid line in the figure is the line of perfect agreement.
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Table 2.2: The root mean square relative error { ER ) of each formula for four groups of

bottom slope and all cases.

Formulas m=0| 0<m=<007 | 007<m=<0.10 m>0.10 | Al 574]
(64 cases) (338 cases) (102 cases) | (70 cases) cases
PS1 (Eq. 2.12) 13.22 9.96 12.49 11.33 10.76
PS2 (Eq. 2.16) 10.04 10.67 12.69 11.31 10.96
PS3 (Eq. 2.18) 11.64 10.87 11.83 11.77 11.17

150

! 100 |

Computed (cm)

50 .

-

— Perfect agreement

H

50

100

Measured (cm)

150

"l

Figure 2.6: Comparison between measured and computed breaking wave heights from the

PS1 formula (measured data from 24 sources shown in Table 2.1).
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2.2 Regular Wave Height Transformation

The wave height transformation can be computed from the energy flux balance equation
(EqQ. 2.1) by substituting the formula of the energy dissipation rate, D, and numerical
integrating from offshore to shoreline. The main difficulty of energy flux conservation approach
is how to formulate the energy dissipation rate, D, , inside the surf zone. The phenomenon
of wave breaking is very complicated. At present stage of knowledge, any type of formula for
computing D, has to be based on empirical formula.

During the last few decades, a number of studies and experiments have been carried out
to develop the energy dissipation models. Owing to the complexity of wave breaking
mechanism, any type of model for computing the rate of energy dissipation has to be based
on empirical or semi-empirical formula calibrated with the experimental results. To make the
empirical formula reliable, it is necessary to calibrate or verify the formula with a large amount
and wide range of experimental results. It is the purpose of this study to develop the energy
dissipation model based on wide range of experimental conditions.

Experimental data from 11 sources, including 490 cases, have been collected for
calibration and verification of the present models. A summary of the collected experimental
results is given in Table 2.3. The expernments cover wide range of wave and bottom
topography conditions, including both small and large-scale laboratory. Most of the
experiments were performed under fixed bed conditions, except data of Kajima et al. (1983),
Kraus and Smith (1994), Shibayama and Horikawa (1985}, which were performed under
movable bed conditions.

The main target of the next sections is to develop an empirical formula for computing the

energy dissipation rate for regular wave breaking.

2.2.1 Energy dissipation

A major problem of wave field calculation inside the surf zone is how to evaluate the rate
of energy dissipation. A number of works on theoretical and experimental studies have been
performed to draw a clearer picture of the energy dissipation rate, Dy . Various models have
been proposed, by previous researchers, for computing the energy dissipation rate, D, .
Widely used formulas for computing energy dissipation rate are the Bore model and the

model of Dally et al. (1985). A briefly reviews of these two models are described as follows.
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Table 2.3: Summary of collected experimental data used to validate the present modeis.

Sources No. of Wave Bed condition Apparatus
cases condition
Hansen and Svendsen (1984) 1 regular plane beach small-scale
Horikawa and Kuo (1966) 213 regular plane and small-scale
stepped beach
Kajima et al. (1983) 79 regufar sandy beach large-scale
Kraus and Smith (1994) 57 regular sandy beach large-scale
Nadaoka et al. (1982) 2 regular plane beach small-scale
Nagayama (1983) 12 regular | plane, stepped small-scale
and barred
beach
Okayasu et al.(1988) B 10 regular plane beach small-scale
Sato et al. (1988) 3 regular plane beach small-scale
Sato et al. (1989) 2 regular plane beach small-scale
Shibayama and Horikawa (1985) 10 regular sandy beach small-scale
Smith and Kraus (1990) 101 regular plane and small-scale
barred beach
Total 490

a) Bore model, originally introduced by Le Mehaute (1962), is developed based on an
assumption that the energy dissipation rate of a broken wave is similar to the dissipation rate
~of a hydraulic jump. Several researchers have proposed slightly different forms of the energy

dissipation rate, e.g.,

2
Battjes and Janssen (1978): D, = peH” _ ZE (2.20)
4T T
pgH’> 2H
Thomton and Guza (1983): D, = = E
( ) 8 4Th ™ (2.21)

where p is the density of water, gis the acceleration due to gravity, H is the wave height,

T is the wave period, and A is the water depth.

b) The model of Dally et al. (1985) is based on the observation of stable wave height on
the horizontal bed. They assumed that the energy dissipation rate is proportional to the

difference between the local energy flux and the stable energy flux, divided by the local water

depth as

16



- [Ecg —E_‘cg]

. (2.22)
K
or D,=-2t[E-E]- Kyen [E-E,] (2.22)
where
E, = % pgH? = épg(l_‘h)z (2.24)
n = [1 + 2kh/sinh(2kh)]/ 2 (2.25)

in which K, is a constant (decay coefficient), ¢ is the phase velocity, £_ is the stable
energy density, / _is the stable wave height and I' is the stable wave factor.

From the modef calibration with the laboratory data of Horikawa and Kuo (1966), Dally et
al. (1985) found that K, = 0.15 and I is varied case by case between 0.35-0.48. However,
finally, they suggested to use I = 0.4 for general cases. The Dally et al.’s model has been
verified extensively for a variety of wave conditions (e.g., Ebersole, 1987; Larson and Kraus,
1989). The advantage of Dally et al.'s model is that it is able to reproduce the pause (or stop
breaking} in the wave breaking process at a finite wave height on a horizontal bed or in the
recovery zone while the bore model gives a continuous dissipation due to wave breaking.

From the above empirical formulas (Eqs. 2.20-2.23), we see that the energy dissipation
rate, D, , may be a function of the energy density, £. Moreover, the energy dissipation rate
should be equal to zero for recovered wave. Therefore, in the present study, the energy
dissipation rate is assumed to be proportional to the difference between the local energy
density and stable energy density:

D, <[E-E,] (2.26)
or D, =p|E-E] (2.27)
where [ is the proportionality constant.

Rewriting Eq. (2.27) in term of wave height leads to
D, = ﬂ%[Hz —(rn)?] (2.28)

The energy dissipation rate of Eq. (2.28) contains two parameters 3 and I” which can be
determined empirically from the measured wave heights. The published experimental data
from small-scale and large-scale experiments performed under regular wave actions are used
to determine the parameters # and [. Totat 11 sources of published experimental results,

including 490 cases, are used in this section (see Table 2.3).
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2.2.1.1 Determination of parameter f
By comparison of Eq. (2.27) to Eqgs. (2.20), (2.21) and (2.23), respectively, we soe that
there may be four possible forms of . Therefore, there are four possible models of the

energy dissipation rate, D, :

model (1): D, = K, %(15— E) =K, -%%[u’ - (rh)’] (2.29)
2
where f# =K, T
!
model (2) D, =K, 3'i(l' ~E)=K, ’;’" [[H’ (1°'n)? ] (2.30)
2H
h K,=—~
where [ = e
model 3) Dy = K, S (E-E) =K, ”"‘"[u’ (1'5) ] (2.31)
where 4 =K, % -
model (4) D, =K, %(13— E)=K, f;ﬁ“ [112 - (ny'] (2.32)

where =K, <.
h
in which K, — K, are constants, which can be found from model calibrations. Model 3 (Eq.
2.31) is the same model with Dally et al. (1985).

In order to select the proper form of £ or D, , the above four models (Eqs. 2.29-2.32)
will be examined by using measured wave heights inside the surf zone.

By rewriting Eq. (2.1) in term of wave height, it becomes

oL a”(H’c‘ cosO)
8 ox

The wave height transformation is computed from the energy flux balance equation (Eq.

=-D, (2.33)

2.33) by substituting the above possible expressions of D, and numerical integrating from
breaking point to shoreline. In this subsection, I" =0.4 Is used as suggested by Dally et al.
(1985) and it will be modified later in the next subsection.

In order to evaluate the accuracy of the prediction, the verification results are presented in
term of rms relative error, £R, which is defined as Eq. (2.19).

A calibration for models 1-4 was conducted by varying the values of K, — K 4 until the
minimum error ( ER ) between measured and computed wave heights is obtained. The
optimum values of K, — K, are 0.90, 0.98, 0.15 and 0.15, respectively, which give the
average rms relative error of each model equal to 20.23, 18.66, 17.84 and 17.55,
respectively.

18



The rms relative errors ( ER } of each model for all cases of cellected experiments are
shown in Table 2.4. From Table 2.4, among the four possible models, the modei 4 (Eq. 2.32)
appeared to be the best. Therefore, the proper form of the parameter [ is recommended to

be
¢
£=015 ; (2.34)
Therefore, the energy dissipation rate can be written as
D, =K, S[E-E]=k, L& — (rhy] (2.35)
h 8h
where K_= 0.15 is the constant.

Comparing Eq. (2.35) with Dally et al.'s model (Eq. 2.23), we see that Eq. (2.35) is similar
to the Dally et al.'s model (Eq. 2.23) except the factor n.

It should be noted that we could get the same form as Eq. (2.35), if we assume that the
energy dissipation rate is proportional to the difference between the energy per unit width

( EL) and the stable energy per unit width ( £ L), divided by the local water depth and wave

period as
[EL-E L]
D, o< T (2.36)
L c
= —I|E-E |=K_ —|E-F .
or DB Ka hT[ J] ah[ .t] (237)

where K is the proportional constant. Rewriting Eq. (2.37) in terms of wave height yields

D, =K, C’Sghg (17 - (rhY] (2 38)

which is the same as Eq. (2.35).
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Table 2.4: Root mean square relative error ( ER ) of the four possible forms of Dy .

No | Sources Total | D,from| Dyfrom| Dgfrom| D,from
Noof | Eq.229| Eq.2.30| Eq.231 Eq. 2.32
cases | K,=0.90 | K,=0.98 | K;3=0.15| K,=0.15

1 Hansen and Svendsen (1984) 1 5.14 4.82 13.83 16.15

2 Horikawa and Kuo (1966}, 101 11.98 14.21 13.87 13.30

slope=0
Horikawa and Kuo (1966), 112 29.44 22.99 17.86 20.64
slope=1/80-1/20

3 Kajima et al. (1983) 79 26.03 19.29 20.06 18.36

4 Kraus and Smith {1994) -57 21.58 26.25 21.87 20.86

5 Nadaoka et al. (1982) 2 21.70 15.44 8.38 11.57

6 | Nagayama (1983) h 12 10.00 9.69 9.55 9.19

7 | Okayasu et al. (1988) 10| 1739 16.06 13.57 14.18

8 | Sato et al. (1988) 3 15.20 12.43 8.11 11.35

9 | Sato et al. (1989) 2 25.39 17.75 24.76 31.83

10 | Shibayama and Hornkawa 10 19.25 17.68 17.15 16.23

(1986)
11 | Smith and Kraus (1990) 101 24.73 25.11 21.98 19.44
Total 480 20.23 18.66 17.84 17.55

2.2.1.2 Determination of the parameter I

Since the parameter I' changes between 0.35-0.48 (Dally et al., 1985), the objective of
this subsection is to determine the empirical formula of the parameter 1.

After substituting Eq. (2.35) into Eq. (2.1), the equation of energy flux balance can be

written as

A\ E. o
Aee,cos6)_ o8]y _ (e

Considering Eq. (2.39), the measured " can be determined from the measured wave

(2.39)

height, period and water depth by using the following formula (rewriting £q. 2.39).
1 JHZ _ J(Ec,cos6) 8k

=-—
- (2.40)

x 0.15¢cpg
Using the measured wave heights, periods, and water depths from the experimental data
of Kajima et al., (1983), the measured I" can be determined from Eq. (2.40). An attempt is
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made to correlate the parameter I with the wave parameters. Among the various
possibilities, the correlation between I" and h/ v LH appeared to be the best (see Fig. 2.7).

A formula for the stable wave factor I, from Fig. 2.7, can be expressed as

= exp[— 0.36—1.25L] (2.41)

JLH

Substituting [" from Eq. (2.41) into Eq. (2.35), finally, the energy dissipation rate D, of the

present study can be expressed as

p, = &15¢P8 | —(hexp(-—O 36-1 25L)]2 (2.42)
? 8h ’ T JILH '
{ -
2
: + Measured
i o Fitted line
15 »
N
| |
L
05 -
|
5 |
0
0 1.2

Figure 2.7: Relationship between I' and h/ v LH (laboratory data from Kajima et al., 1983).
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2.2.1.3 Model verification

Comparisons between measured and computed wave heights inside the surf zone are
used to verify the model. The verification is performed for 490 cases of 11 sources of
collected laboratory data. The verification by using these independent data sources and wide
range of experiment conditions are expected to clearly demonstrate the accuracy of the
present model.

The wave height transformation is computed from the energy flux balance equation (Eq.
2.33) by substituting D, from Eq. (2.42) and numerical integration, using backward finite
difference scheme, from breaking point to shoreline. All coefficients in the model are kept to
be constant for all cases in the verification. Comparison between measured and computed
wave heights for all 490 cases are shown in Fig. 2.8. Columns 4 and 5 of Table 2.5 show the
rms relative error, FR, of the Dally et al.'s model (Eq. 2.23) and the present model (Eq.
2.42), respectively. From Table 2.8 we see that the resuits of computed wave height of
present model are better than those of Dally et al.'s model, for most cases. The average rms
relative error, for all 490 cases, by the present model is 15.8 % while that by Dally et al.’s

model is 17.8 %.

Table 2.5: Root mean square relative error ( £R ) of Dally's model and present model.

No | Sources Total No. Dally Present
of cases model, study,

(Eq.2.23) | (Eq.2.42)

1 Hansen and Svendsen (1984) 1 13.83 7.00
2 Horikawa and Kuoc (1966), slope=0 101 13.87 11.66
Horikawa and Kuo (1966), slope=1/80-1/20 112 17.86 17.68

3 Kajima et al. (1983) 79 20.06 16.37
4 Kraus and Smith (1994) 57 21.87 19.16
5 Nadaoka et al. (1982) 2 8.38 10.81
6 Nagayama (1983) 12 9.55 8.61
7 Okayasu et al. (1988) 10 13.57 11.30
8 Sato et al. (1988) 3 8.11 7.74
9 Sato et al. (1989) 2 24.76 19.78
10 | Shibayama and Horikawa (1986) 10 17.15 17.69
11 | Smith and Kraus (1990) 101 21.98 20.44
Total 490 17.84 15.75
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Figure 2.8: Comparison between computed and measured wave heights inside the surf zone

{measured data from Table 2.3).

2.2.2 Breaking location

When waves propagate to the nearshore zone, wave profiles are steepen and eventually
waves break and it will induce strong turbulence. At the present stage, the knowledge of
breaking wave is not enough to describe details of breaking process. Empirical method must
be used to predict the breaking location.

Considering wide range of data, the author (see section 2.1) proposed an empirical
formula for computing the initiation of breaking wave height. However if this formula is used
together with linear wave theory, the predicted breaking point, in some cases, will shift on
shoreward of the real one. In those cases, linear wave theory gives under estimation of wave
height just before the breaking point. To avoid this problem, Watanabe et al. (1984) used
linear wave theory to covert breaking depth diagram of Goda (1970) to be the diagram of
particle velocity-celerity ratio (u /¢ ) and used it to determine the breaking point (Isobe, 1987).
For the convenience of numerical calculation, the diagram of Watanabe et al. (1984) was

approximated by iscbe {(1987) as
. 2
h
[5] =0.53—0.3exp|:—3 /—"—:|+5m:’2 ex —45( fh—” —0.1} (2.43)
/s La La
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where & is the amplitude of horizontal water particle velocity at the mean water level, L, is
the deep-water wavelength, m, is the bottom siope and subscript & denote the quantity at
breaking point. The variables # and ¢ are calculated based on linear wave theory.

Since wave height is the convenient variable in this study, Eq. (2.42) is transformed in

term cof breaking wave height, by using linear wave theory.

b

L,
" rweothi(k,h,)

h,

H 0.53—0.3exp[—3 i—"}ﬂ—Smﬁ”exp -—45[ L——O.l} (2.44)

o ]

Eq. (2.44) will be used to compute the location of wave breaking. Since Eq. (2.44) i1s

originated from Goda breaking depth diagram, Eq. (2.44) will be call as Goda breaking index.

2.2.3 Wave model structure and results

The numencal model is based on the energy flux conservation (Eq. 2.1). Backward finite
difference scheme is used to compute wave height transformation from energy flux
conservation equation. The finite difference method replaces the partial differential operator in
Eq. (2.1) with algebraic operations at the grid points as (& = 0 for cross-shore propagation)

1 (H,ch, —Hf_,cg,_,)

— =-D 2.45
8 pg A_\' Ai-1 ( )

or Hr :J[le-lcm—l _SﬁDBJ—IJ/c,ﬂ (246)
254

where subscript ¢/ denote the quantity at the grid number 1.

Eq. (2.46) enables the grid-by-grid explicit computation ot the value H,. The numerical
procedure for computing wave height transformation from offshore to shoreline can be
summarized as the followings.

1. Input the initial water depth (/) at each grid, wave period (T ) and grid distance { Ax ).

2. Input incident wave height at the first gnd.

3. Compute group velocity (c, ) for each gnd (using linear wave theory).

4. Compute the breaking wave height ( /,,_, ) from Goda breaking index (Eq. 2.44).

5.4 H,_, <H,, ,.the wave is in the offshore zone. The wave height can be computed
from Eq. (2.46) by using Dy, |, =0.

6.1f H,,>H, ,,the wave is in the surf zone. The wave height can be computed from
EqQ. (2.46) by using Dy, from Eq. (2.42).

7. The wave model allows wave reformation to take place when the local wave height

reaches the stable wave height in which energy dissipation is equal to zero. In the
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reformation zone, wave propagates in the same manner as in offshore zone and steps 4-6
will be repeated.
8. The steps 1-7 are repeated until the wave height for z2ll grids have been computed.
9. Mean water level (wave set-up or set-down). ¢ , is computed from the momentum

conservation equation as

6g:_ 1 2§, (2.47)
ox pgh Ox

1 2kh
where §_ = —+——
2 sinh 2kh

difference scheme is used to solve Eq. (2.47). The finite difference form of Eq. (2.47} is

JE is the normal radiation stress in x -direction. Backward finite

expressed as

(é:j "671-1 ) _ 1 (S.ui _val )

- (2.48)
Ax pgh Ax

At the offshore boundary, the mean water level is set to be equal to zero. The mean water
level, ¢ , for all grids can be computed from Eq. (2.48).

10. The steps 1-9 are repeated until the values of mean water level reach a steady
solution. About 2 or 3 iterations are enough to get a steady solution.

Comparison between measured and computed wave height for all cases of Kajima et al.
(1983) are shown in Fig. 2.9. Figs. 2.10 and 2.11 show the typical examples of computed and
measured wave height transformation. The results of the present wave model can be
summarized as follows.

a) In the offshore zone: the computed results show that linear wave theory gives an under
estimation of wave height at the iocation of high Ursell number (near breaking point of case
2.2 in Fig. 2.10).

b) At the breaking point: case 2.2 of Fig. 2.10 clearly shows the under estimation of wave
height but breaking location, computed from Eq. (2.44), is quite well. Wave breaking always
occurs at the shoreward slope of bar. In some cases, the predicted breaking location shifts
seaward of the measured one (e.g., cases 2.1 and 6.1) and some cases are shift shoreward
(e.g., case 2.3). However, Eq. (2.44) has a trend to give good prediction in general cases.

¢) In the surf zone: as seen in Figs. 2.10 and 2.11, the energy dissipation model gives
good prediction compared with the measured wave height. However, wave reformation in
cases 4.2 and 4.3 can not be predicted. Even if we use the value I'= 0.4, it still can not
predict the wave reformation. This problem is also found by Larson and Kraus (1989).

d) In general, we can say that the model gives reasonably well estimation. The main merit

of this model is that it requires only a few seconds to get the solution.
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Figure 2.9: Comparison between computed and measured wave heights (measured data from

Kajima et al., 1983).
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Figure 2.10: Examples of computed and measured wave height transformations {measured
data from Kajima et al., 1983, cases 2.1, 2.2, 2.3, and 3.1)
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Figure 2.11: Examples of computed and measured wave height transformations (measured

data from Kajima et al., 1983, cases 3.2, 34, 4.1, 4.2, 4.3, 5.2, 6.1, and 6.2).

27



2.3 Irregular Wave Height Transformation

Iregular wave breaking is more complex than regular wave breaking. In contrast to reguiar
waves there is no well-defined breaking point for irregular waves. The highest waves tend to
break at greatest distances from the shore. Thus, the energy dissipation of irregular waves
occurs over a considerably greater area than that of regular waves. The experimental results
from laboratory and field experiments have been collected for calibration and verification of

the model. A summary of the collected experimental results is given in Table 2.6.

Table 2.6: Summary of collected experimental data used to validate the present models.

Sources No. of Wave Bed condition Apparatus
cases ‘ condition
Kraus and Smith (1994) _ 128 irregular sandy beach | large-scale
Smith et al. (1993) 4 irregular sandy beach field
Smith and Kraus (1990) 12 irreqular plane and | small-scale
barred beach
Thornton and Guza (1986) 4 irregular sandy beach field
Total 148

2.3.1 Model development

Dalty {(1992) used regular wave mode! of Dally et al. (1985) to simulate transformation of
imegular wave by using wave-by-wave approach. This means that Dally assumed that D, is

proportional to the difference between local energy flux of a breaking wave and stable energy

flux. Also wave-by-wave approach requires much computation time. Therefore it may not
suitable to use in a beach deformation model.

However, the model becomes simple if we set an assumption, similar to that of present
regular wave model, that the average rate of energy dissipation in breaking waves is

proportional to the difference between local mean energy density and stable energy density.

After incorporating the fraction of breaking, the average rate of energy dissipation in irreqular

wave breaking, Dz, can be expressed as

K.O.c
Ds = ;%i[Em -E,] (2.49)

where
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Em = éngfm\ (2'50)
] , 1 ,
E = gng: = gpg(F,h)‘ (2.51)

in which all variables are computed based or the linear wave theory, K, is the proportional
constant, O, is the fraction of breaking waves, ¢ , is the phase velocity related to the peak
spectral wave period 7, A is the water depth, £ is the local mean energy density, £, is
the stable energy density, H_ _ is the root mean square wave height, /{_ is the stable wave
height and [, is the stable wave factor of irregutar wave.
Rewriting Eq. (2.49) in term of wave height yields
KQ,c,pg

Ds = —gh—[Hfm - (r,h)z] (2.52)

The stable wave factor, [, is determined by applying Eq. (2.41) as

;
T =exp| K (-0.36—1.25 ————) (2.53)
L H

n s

~

where K, is the coefficient, LP is the wavelength related to the peak spectral wave period.

Substituting £qg. (2.53) into Eq. (2.52) yields

]

— K,Q,c , / v
Ds =220 P8 2 | hexp(=0.36K, —1.25K, —==—) | |

The local fraction of breaking waves, (J,, is determined from the derivation of Battjes and

(2.54)
84 1 _H

r L R

Janssen (1978) based on the assumption of truncated Rayleigh distribution at the maximurn

wave height:

]_Qh :(Hmnjz (,.155)
-InQ, \ H, ‘

where H, is the breaking wave height that can be computed by using the breaking criteria of
Goda {1970):
. Th 4
H, =ATLﬂ{l—exp|:—I.5L—(l+15ma )}} (2.56)

(£

where K, is the coefficient, L is the deep-water wavelength related to the peak spectral
wave period, and m, is the average bottom slope.

Since Eq. (2.55) is an implicit equation, the iteration process is necessary to compute the
fraction of breaking waves, (), . It will be more convenient if we can compute O, from the
expiicit form of Eq. (2.55). From the multi-regression analysis, the explicit form of (), can be

expressed as the following (with R2=0.999):
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H
0 or —— <0.43
S H

b
= 2.57]
Qa Hm ( )

2 3
] - 0.28({ H J +1 .785( H o, J +0.235  for h > 0.43
H, k H, H,

The energy dissipation model (Egs. 2.54, 2.56 and 2.57) contains 3 coefficients, K, — K, ,

—0.738[

b

that can be found from model calibration.

2.3.2 Model calibration

The model is calibrated for determining the optimal values of the coefficients K, — K, in
Egs. (2.54) and (2.56). The calibration is carried out with the large-scale experimental data
from the SUPERTANK Laboratory Data Collection Project (Kraus and Smith, 1994). The
SUPERTANK project was conducted to investigate cross-shore hydrodynamic and sediment
transport processes, during the period Auqust 5 to September 13, 1992, at Oregon State
University, Corvallis, Oregon, USA. A 76-m-long sandy beach was constructed in a large
wave tank of 104 m long, 3.7 m wide, and 4.6 m deep. Wave conditions involved regular and
irregular waves. The 20 major tests were performed and each major test consisted of several
cases (see Table 2.7). Most of the major tests were performed under the irregular wave
actions, except the test No. STBO, STEO, STFO, STGO, STHO, and STIO. The collected
experiments for irregular waves include 128 cases of rms wave height profiles, covering
incident rms wave heights from 13.9 c¢m to 60.1 cm, peak wave periods from 2.8 sec to 9.8
sec.

The rms wave height transformation is computed by the numerical integration of energy

flux balance equation (Eq. 2.1) with the energy dissipation rate B, of Eq. (2.54):

A\H? ¢_cos@ K,0,c
( '-a: ) —_ ’% PIH?2 —| hexp(—0.36K, —1.25K, L—’;{—) (2.58)

plY

where (), is computed from Eq. (2.57), and H, is computed from Eq. (2.56).

Eq. (2.58) is solved by backward finite difference scheme. Trial simulations indicated that
K,=0.10,K;=1.60,and K, =0.10 give good agreement between measured and
computed rms wave heights. Finally, the energy dissipation rate of irregular wave breaking

can be written as
2

HY, —| hexp(—0.58~-2.00 L—'}'—) (2.59)

’.Mt

— 01
D. = Q;:'pp g



Comparison between measured and computed rms wave heights for all 128 cases are
shown in Fig. 2.12. Table 2.7 shows the rms relative error, ER, of the present model for
each major tests. The average rms relative error, ER, for all 128 cases is 9.8 % which
indicates good prediction. Typical examples of computed rms wave height transformation for
each maijor test are shown in Figs. 2.13 and 2.14. From Table 2.7 and Figs. 2.13-2.14, it can
be seen that the model results generally show good prediction, except the test no. STKO

{broad-crested offshore mound). Furthermore, for some cases, the model tends to under-

predict the wave heights very close to the shore.

80

60
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8
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of large-scale experiments (measured data from Kraus and Smith, 1994).
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Table 2.7: Root mean square relative error ( /'R ) of tho prosent modoel comparing with

irregular wave data of Kraus and Smith (1594).

Test No. | Description Total No. ER of
of cases Prosent
study
ST10 Erosion toward equilibrium, irregular waves 26 577
ST20 Acoustic profiler tests, regular and irregular waves 8 6.86
ST30 Accretion toward equilibrium, irregular waves - 19 10.01
ST40 Dedicated hydrodynamics, irregular waves 12 10.37
STS50 Dune erosion, Test 1 of 2, irreqular waves 8 12.1T
STGO Dune erosion, Test 2 of 2, hreqular waves o 9 972
ST70 Seawall, Test 1 of 3, wrogular waves 9 7.87
ST80 Seawall, Test 2 of 5 irreqular waves o 3 10.98
ST90 Berm flooding, Test 1 of 2, irreqgular waves‘ a 3 4.32
STAO Foredune erosion, irreqular waves a 1 4.94
STBO Dedicated suspended sediment, regular waves ¢ -
STCO Seawall, Test 3 of 3, irreqular waves 8 10.8;
STBO Berm flooding, Test 2 of 2, imregular waves 3 12 39
STEO Laser Doppler velocimeter, Test 1 of 2, reqular waves 0 -
STFO Laser Doppler velocimeter, Test 2 of 2, reqular waves 0 -
STGO Erosion toward equilibrium, regular waves 0 -
STHO Erosion, transition toward accretion, regular waves 0 -
STIO Accretion toward equilibrium, reguiar waves 0 -
STJO Narrow-crested offshore mound, reg. and irreg. waves 10 10.12
STKO Broad-crested offshore mound, reg. and irreqg. waves 9 22.18
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Figure 2.13: Exampies of computed and measured rms wave height transformation for Test
No. ST10-ST60 (measured data from Kraus and Smith, 1994).
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Figure 2.14: Examples of computed and measured rms wave héight transformation for Test
No. ST70-STKO (measured data from Kraus and Smith, 1994).
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2.3.3 Model verification

Since the present model is calibrated with only the data from the large-scale experiments,
there is still a need of data from small-scale and field experiments for confirming ability of the
present model. Three sources of experimental results are collected to verify the model, i.e.,
small-scale experimental data of Smith and Kraus (1990), field data frorn the DELILAH project
(Smith et al., 1993) and field data of Thormnton and Guza (1986).

The wave height transformation is computed from the energy flux balance equation (Eq.
2.58) by using backward finite difference scheme, from offshore boundary to shoreline. All

coefficients in the model are kept to be constant for all cases in the verification.

2.3.3.1 Comparison with small-scale laboratory data

The small-scale laboratory data of Smith and Kraus (1990) is used in this subsection. The
experiment was conducted to invéstigate the macro-features of wave breaking over bars and
artificial reefs using small wave tank of 45.70-m-long, 0.46-m-wide, and 0.91-m-deep. Both
regufar and irregular waves were employed in this experiment. Total 12 cases were
performed for irregular wave tests. Three irregular wave conditions were generated for three
bar configurations as well as for a plane beach.

Comparison between measured and computed rms wave heights for all cases are shown
in Fig. 2.15. The average rms relative error, £R ., for all cases is 11.9 % which indicates a
good prediction of the model. Fig. 2.16 shows the typical examples of computed rms wave
height transformation for incident rms wave height of 10 cm, peak period of 1.75s and four
bottomn conditions. The model results generally show good agreement with the measured
data. However, the model could not predict the rapid increase and decrease in wave heights
near the narrow-crested bar. Also, the model gives under prediction for the wave heights

close to the shore.
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2.3.3.2 Comparison with field data

Two field data from the DELILAH project (Smith et al., 1993) and Thornton and Guza
{1986) are used in this subsection. DELILAH (Duck Experiment on Low-frequency and
Incident-band Longshore and Across-shore Hydrodynamics) project was conducted on the
barred beach in Duck, North Carolina, USA, to measure currents waves, wind, tide, and
beach profiles, during the period October 1-19, 1990.

Thornton and Guza's (1986) experiment was conducted on a beach with nearly straight
and parallel depth contours at Leadbetter Beach, Santa Barbara, California, USA, to measure
longshore currents, waves, and beach profiles, during the period January 30 to February 23,
1980.

Comparison between computed and measured ~ms wave heights for all cases are shown
in Fig. 2.17. Fig. 2.18 shows the typical examples of computed and measured rms wave
height transformation for the cases of DELILAH project. The model results generally show
good agreement with the measured data. However, the predicted wave heights are
consistently smaller than the measured wave heights shoreward the bar. Fig. 2.19 shows the
typical examples of computed and measured rms wave height transformation for the cases
of Thornton and Guza (1986). The model results also generally show good agreement with

the measured data. However, the model gives slightly over estimation in the offshore regon.

2.3.3.3 Summary

The result of verification for each data source is summarized in Table Z.8. It can be seen
that the model is capable of simulating the increase in rms wave height due to shoaling and
subsequent decrease due to wave breaking over wide range of wave conditions and various
shapes of beach profiles. The validity of model was confirmed by small and large scale

laboratory and field data. The average rms relative error, £R , of the model is 10.1 %.

Table 2.8: Root mean square relative error { ER ) of the present model.

No. | Sources No. of data set Apparatus ER
1 | Kraus and Smith (1994) 128 | large-scale 9.75

2 | Smith and Kraus (1890) 12 | small-scale 11.90

3 | Smith et al. (1993) 4 field 14.54

4 | Thornton and Guza (1986) 4 field 14.41
Total 148 10.08
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1000 and 1600 (measured data from Smith et al., 1993).
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Figure 2.19: Examples of computed and measured rms wave height transformation for cases

3Feb and 5Feb (measured data from Thomton and Guza, 1986).
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Chapter 3: UNDERTOW VELOCITY

In order to predict the on-offshore suspended sediment transport rate, it is necessary to
predict the vertical distribution of sediment concentration and velocity profile accurately. This
chapter concentrates on the derivation of formulas for predicting the time-averaged velocity
profile under monochromatic wave actions.

From laboratory and field observations, it is well known that, water waves induce a steady
drift of fluid particles (mass transport velocity) in additional to an oscillatory motion both for
non-breaking and breaking waves. Because of the additional mass flux caused by surface
roller, the mass transport velocity induced by breaking waves, commonly referred to as
undertow, is larger than that induced by non-breaking waves (Hansen and Svendsen, 1984).

Although, the magnitudes of these time-averaged flow components are generally smaller
than those of oscillatory components, it has a significant effect on the sediment transport,
especially, in on-offshore direction. From the previous works, many models have been
established and give satisfactory results of time-averaged velocity (compared with the limited
number of the experimental results). The purposed of this study is to find a proper explicit
formula, which can be computed from the flow parameters that emerge as output from the
wave model, based on wide range of experimental results.

This chapter concentrates on the denvation of a simple formula for predicting the profile
of undertow induced by regular waves (sec. 3.1). After that the formula is applied to compute

the undertow profile induced by irregular waves (sec. 3.2).

3.1 Undertow Velocity Induced by Regular Waves

From the previous research works, a number of models have been established for
computing undertow profiles. Since the formulas or assumptions in each model are different,
the computed results from various models must differ from each other and (may be) from the
measured data. We cannot see clearly which model is better than the others, because every
model usually shows that it gives a good prediction being compared with a limited range of
the experimental conditions. In order to confirm the underlying assumptions in the model,
wide range of experimental conditions should be used in the calibration or verification of the
model. Unlike many other existing models, wide range of experimental conditions is used to
develop and verify the present model.
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Laboratory data of undertow profiles from 6 sources, including 379 undertow profiles, have
been collected for calibration and verification of the present model. These include small-scale
and large-scale laboratory data obtzined from a variety of wave and bottom conditions. A
summary of the collected laboratory data is given in Table 3.1. Case number in Table 3.1 is
kept to be the same as the originals. The experiments of Nadaocka et al. (1982), Hansen and
Svendsen (1984} and Okayasu et al. (1988) were performed over the smooth bed conditions,
while the experiments of CRIEPI (Kajima et al., 1983), SUPERTANK (Kraus and Smith, 1994)
and Cox et al. (1994) were performed over the rough bed conditions. The experiments of
CRIEPI (Kajima et al., 1983) and SUPERTANK (Kraus and Smith, 1994) were performed in
large-scale wave flume and other experiments were performed in small-scale wave flume.

Due to the limited of measuring points.in the large-scale experiments of CR]EPi (Kajima et
al.. 1983) and SUPERTANK (Kraus and Smith, 1994}, the measured data may difficult to be
used in the model calibration. Only the measured undertow inside the surf zone of Nadaoka
et al. (1982), Hansen and Svendsen (1984), Okayasu et al. (1988) and Cox et al. (1994) are

used to calibrate the present model. However, all of the collected data are used to verify the

present model.

3.1.1 Governing equation

For computing the beach deformation, the undertow model should be kept as simple as
possible because of the frequent changing of wave and bottorn profiles. Therefore the present
undertow profile is calculated based on the assumption of eddy viscosity modei. By

considering time-averaged values, the eddy viscosity model can be expressed as
oU
_ oz
where 7 is the time-averaged shear stress, p is fluid density, v, is the time-averaged eddy

(31)

T=pv,

viscosity coefficient, U is the time-averaged velocity or undertow, and z is the upward
vertical coordinate from the bed.

To solve the eddy viscosity model [Eq. (3.1)], the expression of 7/v, should be known
and one boundary condition of velocity should be also given. The mean velocity (vertically

averaged from bed to wave trough), U, , is used as the boundary condition of Eq. (3.1).
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Table 3.1: Summary of collected laboratory data used to validate the present modal.

Sources Case No. | Total No. | Bed conditions | Apparalus
of profiles
Nadaoka et al. (1982) 1 7 | plane, smooth small-scale
5 7
Hansen and Svendsen (1984) 1 4 | plane, smooth | small-scale
Okayasu et al. (1988) 1 6 | plane, smooth small-scale
2 6
3 6
4 G
"6 7
7 6
8 7
9 6
10 6
Cox et al. (1994) 1 6 | plane, rough small-scale
CRIEPI (1983) 2.1 13 | sandy beach large-scale
23 10
3.3 16
34 13
4.1 10
42 22
4.3 48
5.2 57
6.1 21
6.2 19
SUPERTANK (1994) STEO 8 | sandy beach large-scale
STFO 4
STGO 10
STHO 10
STIO 38
Total 379
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3.1.2 Shear stress and eddy viscosity coefficient

In the eddy viscosity model, vertical distribution of shear stress, r, and eddy viscosity
coefficient, v, , are important for the analysis of vertical distribution of the undertow. Okayasu
et al. (1988) showed through experiments that the vertical distribution of the shear stress and
eddy viscosity coefficient, from bed to wave trough, are linear functions of the vertical
elevation. Since the turbulence in the surf zone is mainly caused by broken waves, the shear
stress and eddy viscosity ccefficient may depend on the rate of energy dissipation due to
wave breaking. Thus the formula of shear stress, 7, is assumed to be

T=me,2,”’(k|3+k3:| (3.2)

L

where 0D, is the energy dissipation rate of a broken wave, d is the water depth at wave
trough, k, and k, are the coefficients.

The eddy viscosity coefficient, v, , is calculated by

173
D
v, = k;{_ﬂ] z (3 3)
fo,
where k_‘ is also a coefficient.
So, r/v, can be expressed as
! ‘3 k k(
Lop? ’D},-[—‘+—} (3.4)
, d =z

where k, =k, /k,, and k, =k, /k,.

The main attention in this section is to find out the appropriate values of the coefficients
k,and k, in Eq. (3.4). It should be noted that, the ratio of turbulent shear stress and eddy
viscosity coefficient in Eq. (3.4) depends only on energy dissipation of the breaking waves
The turbulence caused by bed roughness is not included in this equation. This means that
Eq. (3.4) may be invalid at the region closed to the bed (inside the bottom boundary layer).
For the rough bed experiments, only the laboratory data outside the boundary layer is used in
the model calibration.

The experiments of Nadaoka et al. (1982), Hansen and Svendsen (1984), Okayasu et al.
(1988) and Cox et al. (1994) are used to examine the ability of Eq. (3.4). Since the measured
values of 7 and v, are not available, we have to examine Eq. (3.4) in terms of velocity.
Substituting Eq. (3.4) into EQ. (3.1). then take an integration, the time-averaged velocity or

undertow profile can be expressed as

o) d z
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1/3
U= Dy k"z+k lnz—‘+U (3.6)
d 5 J a

where U/, is an integral constant.

The mean velocity, U, is defined as

U =— fUdz (3.7)

where z _ is the height of bottom roughness.
Substituting Eq. (3.6) into Eq. (3.7) then taking an integration and assuming z, is.very
small comparing with the water depth of wave trough (4 ), the integrai constant U/ is

expressed as

173

k
u,=U, —(&J {—‘+k5(lnd—l)} (3.8)

o, 2

Substitution of Eq. (3.8) into Eq=(3.6) vields
1/3
U= [kd(i—l)+k5(lni+l)}+(}m . (3.9)
Yol d 2 d

According to the difference of observed breaking wave shape, Svendsen et al. (1978)
suggested to divide the surf zone into transition zone and inner zone. The behavior of the
vanation of wave height and mean water level inside the transition zone s quite different from
the inner surf zone. In the transition zone, wave height decays rapidly and mean water level
is relatively constant then abrupt change in slope at the transition point {(Svendsen, 1984a;
and Basco and Yamashita, 1986). Okayasu (1989) defined the transition point as the point
where fully developed bore-like wave is formed. It is interesting to note that from the
expenmental results of Nadaoka et al. (1982). Okayasu et al. {1988) and Cox et al. (1994),
the maximum of mean velocity occurs at the transition point. In summary, we may use four
criterions to define the transition point, i.e., mean water level, wave height, mean velocity and
bore formation.

The experimental results of Okayasu (1989. pp. 33 and 36-38) show that the turbulence,
induced by breaking waves, in the transition zone is different from the inner zone. Since the
mechanisms of turbulence induced by breaking wave (or surface roller) in these two zones
are different, the different treatment is necessary. To incorporate this process, for the sake of

simplicity, Eq. (3.9) may be written as follows.

173
D z 1 z
U=k6(_p£.] [k4(§—5)+k5(ln;+l)]+Um (3.10)

where &, is the coefficient introduced herein to account for the growing of surface roller in

the transition zone.
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In order to investigate the validity of the model, the validation data should be compatible
with the assumption on which the model itself is based. As mention before, the proposed
model is not valid inside the bottom boundary layer. Therefore the data that used to calibrate
the present modei should be between the upper edge of bottom boundary layer and the wave
trough. Since the experiments of Nadaoka et al. (1982), Hansen and Sverdsen (1984) and
Okayasu et al. (1988) were performed under the smooth bed conditions, all measured
velocities below the wave trough are used in the present study. However, the experiment of
Cox et al. (1994) was perform under the rough bed condition. Therefore only the measured

velocities between the upper edge of bottom boundary layer and the wave trough are used.
' z 1 z
The multi-regression analysis between measured U vs. [E-EJ and (ln;+ IJ is

performed to determine the measured U,, and to justify the use of Eqg. (3.10). Totally 76
measured undertow profiles inside the surf zone of Nadaoka et al. (1982), Hansen and
Svendsen (1984), Okayasu et al. (1988) and Cox et al. (1994) are analyzed. The averaged
regression coefficient (R2 ), of 76 undertow profiles, is 0.86. This means that the Eq. (3.10),
or Eq. (3.4), is fitted well with the measured undertow profiles inside the surf zone.

From the bore model (Thornton and Guza, 1983), D, can be expressed as

20
_ pel 3.11)

* o aTh
where g is the acceleration of the gravity, H is the wave height, 7 is the wave period, and

h is the mean water depth.

Substituting Eqg. (3.11) into Eq. (3.10), the formula of {/ beccmes
gH’
°\ aTh

Eq. (3.12) shows that the derived undertow prefile consists of two parts, i.e., linear part

1/3
z 1 z
] [k4(2—5)+k5(l'ng+l)]+U_, (3.12)

and logarithmic part, and contains 3 coefficients, &, —k, .
In order to evaluate the accuracy of the prediction, the verification results are presented in

term of root mean square relative error ( ER ), which expressed as:

m

2w, -u,)

ER=100 ;=" — (3.13)
u,
2

where { is the velocity number, U is the computed velocity of number i, U . is the

o

measured velocity of number i, tn is the total number of measured velocity.
According to Rattanapitikon and Shibayama (1993), the coefficient k, is taken to be 0.3 at

the breaking point and 1o be 1 at the inner surf zone. Since the measured undertow profiles



of Nadaoka et al. (1932) and Okayasu et al. (1988) show logarithmic profile at the breaking
point (see Figs. 3.2a, 3.2d, 3.3a, 3.3d, 3.3g and 3.3j). The coefficient &, (of the linear pait of
Eq. 3.12) may be caused by the surface roller which is zero at the breaking point and
gradually increase in transition zone until fully developed at the transition point and inner surf
zone. Therefore the coefficient k, is taken to be 0 at the breaking point and to be 1 at the
inner surf zone (including transition point). The optimal values of k, at the breaking point and
inner surf zone are determined by trial and error. The minimum error, £R , between
measured and computed undertow profile is obtained when k, = —0.21. at both of the
breaking point and inner surf zone. The coefficients k, — k, at the breaking point and inner

surf zone are summarized as follow.

Coefficients Breaking point Inner surf zone
k, 0.00 1.00
kg -0.21 -0.21
k, 0.30 1.00

In the transition zone, the coefficients k, and k, are assumed to increase linearly with
distance from breaking point to the transition point. The coefficient k, is assumed to be —0.21

throughout the transition zone. The formula for undertow profile, therefore, can be written as

3 1/3
gH z 1 z
U=b b (—-=)-021(In—=-+1D |+ U 3.14)
‘[ 4Th ] [ d o2 d (
where b, and b, are the coefficients and expressed as
03+072"%  ransition zone,
b] = X, — X,
1 inner zone
X, —X .
transition zone,
b2 =1Xs T X,
1 inncr zone.

where x is the position in cross-shore direction, x, is the position at the breaking point, and
x, is the position at the transition point.

Unlike some existing models (e.g., the mode! of Cox and Kobayashi, 1997), calibration or
adjustment of free parameters is not required for each case. All coefficients in the present
model are kept to be constant for all cases of the computation. Fig. 3.1 shows the
comparison between measured U and computed U from Eq. (3.14) in which the measured

U, is the input data. Figs. 3.2 and 3.3 show the examples of measured and computed
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undertow profiles in which the measured U, is the input data. Table 3.2 shows the rms
relative error, £R, of the present model for each case. The rrs relative error, £R, for all
76 data sets is 15%. From Figs. 3.1-3.3 and Table 3.2, we can judge that the Eq. (3.14) is
accurate enough to be used for computing the profile (or shape) of undertows in the surf

Zone.
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Figure 3.1: Comparison between measured and computed undertow [/ inside the surf zone;

the mean velocity U_ is given data (measured data from 4 sources as shown in Table 3.2).
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Figure 3.2: Examples of measured and computed undertow profiles in which the mean

velocity U is given data (measured data from Nadaoka et al., 1982; Hansen and Svendsen,

1984; and Cox et al,, 1994).

47



a) Okayasu, case 1|-o b) Okayasu, case 1] c) Okayasu, case 1 . l
X/Xb=1.00 X/Xb=0.57 * X/Xb=0.28 b
Y ; '
U8 . 0.8 08| — — 11
06 0.6 0.6 " 4
< © © / B
Noali———1%— | " 04 04! ¥
_‘.measured K, |
0.2 _“_computed | 02 0.2 :
e & ;
ol . 0 ol . T=%e {
-0.15 -0.05 -0.15 -0.15 -0.05 ‘.
Ulc U/c i
d)io—kayasu, case 3 e) Okayasu, case 3, X/Xb=084 | _ | Okayasu, case 3 |
X/Xb=1.00 1 e l X/Xb=0.47 /’ * \ |
, I | '
08] 0.8 o/ 0.8 . |
| . . ¥
06! 06 , 0.6 — !
v | : < ( * © o ;
| N D
|~ 0.4| ™ l. | 0.4 * .
| & |
02¢-- 02— 1o I
! L 4 I :
i 0l - [ ) N—— J
I 015 -0.05 -0.15 -0.05 |
§ Uic |
"g) Okayasu, case 6 h) Okayasu, case 6 i) Okayasu, case 6 . T
X/Xb=1.00 : X/Xb=0.61 | X/Xb=0.32 , @ ‘
1 1 i
08 1 | 08 Vad 08| 0[ —
i
0.6 * _ | 06 / 0.6 - :
he) (=] Le) :
04. | 04 * 0.4 o
A W -
0.2} — | 02 02 * I
r " Y A, 1
0 - . 0 AR ¥ oL T —
-0.15 -0.05 -0.15 -0.05 -0.15 -0.05
Uic U/lc U/c

-lr j) Okayasu, case 9

I X/Xb=1.00
08 . -

\

S

Ulc

-0.05

k) Okayasu, case 9
X/Xb=0.89

08

) Okayasu, case 9

0.6

z/d

04

0.2

y
#
:
le

0

e

-0.15

-0.05
U/c

X/Xb=0.77 ¥ .
0.8 /
06 |
k)
N 04 ]
. |
02 3
AN

0

-0.1%

-0.05
U/c

Figure 3.3: Examples of measured and computed undertow profiles in which the mean

velocity U, is given data (measured data from Okayasu et al., 1988).
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Table 3.2: Reot mean square relative error ( £R ) of computed undertow from Eq. (3.14) in

which measured U/ is the given data.

Sources Case Total No. | Total No. of ER of
No. of profiles data points Eq. (3.14)

Nadaoka et al. (1982) 1 6 65 19.76
5 5 51 11.88

Hansen and Svendsen (1984) 1 4 22 13.68
Okayasu et al. (1988) 1 6 62 13.91
2 6 53 16.09

- 3 6 62 16.03

4 6 54 13.99

) 6 7 51 14.35

7 6 40 16.43

8 7 54 10.83

9 6 46 13.40

10 6 43 20.20

Cox et al. (1994) 1 5 43 13.08
Total 76 646 15.06
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3.1.3 Mean undertow velocity
Tne mean velocity, U/_, is assumed to consist of two components, one is due to the wave
motion and the other one due to the surface roller (Svendsen, 1984b).

u =U,+U, (3.15)
where U _ is the mean velocity due to wave motion, and U, is the mean velocity due to
surface reller

Various formulas for computing ', and {/, have been suggested by the previous
researchers. However, no direct literature has been published {o describe clearly the
applicability and accuracy of each formula. Therefore, the objectives of this section are to
investigate the performance of each formula and to develop the appropriate one comparing
with the collected experimental results. The mean velocity due to wave motion and due to

surface roller are presented in sections 3.1.3.1 and 3.1.3.2, respectively.

3.1.3.1 Mean velocity due to wave motion
From the previous studies, the following explicit formulas have been suggested to compute

the mean velocity due to wave motion.

a) Svendsen (1984b) proposed to compute the mean velocity due to wave motion as

U = —B,,c(ﬁJ (3.16)
A

1
where B, = —
pa

waves, ¢ is the phase velocity, 7 is the water surface elevation measured from mean water

7
J‘(q/H]:dt is the wave shape parameter, which equals 1/8 for sinusoidal
0

level, and 1 is time.

Svendsen (1984b) suggested to use B, = 0.08, while Hansen and Svendsen (1987)
suggested to use B, = 0.09. However, from the experimental results of Hansen and
Svendsen (1984) and Okayasu et al. (1988), B, varies with a quite wide range of varieties
from 0.05 to 0.11. Therefore t may not suitable to use B_ as a constant value. Using the
measured B, of Hansen and Svendsen (1984) and Okayasu et al. {1988), the following
formula is fitted well with the measured B, in the surf zone (R* = 0.81, see Fig. 3.4):

B, =0.125+0.6m, —0.089 % (3.17)

where m,_ is the average bottom slope.
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Figure 3.4: Comparison between measured and computed wave shape parameter B,

(measured data from Hansen and Svendsen, 1984; and Okayasu et al,, 1988).

b) Hansen and Svendsen (1987} found that the oscillatory particle velocities are
significantly smaller than predicted by linear wave theory. Therefore, equation for computing
U, of Svendsen (1984b) is modified to be

2
U, =—k, Boc[%] (3.18)

where k. is the coefficient and &, = 0.7 is recommended by Hansen and Svendsen (1987).

¢) Stive and Wind (1986) proposed an empirical formula for computing the mean velocity

U, = —O.IH‘/% (3.19)

The coefficient 0.1 is from the best fit with the laboratory data. However, Stive and Battjes

for entire surf zone as

(1984) suggested using this coefiicient as 0.125.
Eq. (3.18) may be written in the form of U, + U as

{g fg
U, =-k,H |2 —k H |E 3.20
8 PR A (3.20)
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where k, and k, are the coefficients.

Therefore the mean velocity due to wave moticn, U/ _, of Stive and Wind (1986) can be

expressed as
U, = -ksH\f% (3.21)

d) Sato et al. {1988) proposed to use Eulerian mass transport velocity as

2
U =_10'H coth(kh) (3.22)

” 8 h
where o is the angular frequency, and k is the wave number.

Using dispersion equation, the Eq. (3.22) can be rewritten as

2
U, =—%g[: (3.23)
) c

As found by Hansen and Svendsen (1987) and Okayasu (1989, page 61) that linear wave

theory give an overestimation of [/ _, The Eq. (3.23) may be written as

H2

U, = ko2 — (3.24)
ch

where k,, is the coefficient and expected to be less than 1/8.
If the wave is not sinusoidal, the Eq. (3.24) may also be written as
B,gH’

U, =k, 2227 (3.25)

ch

where k|, is the coefficient and expected to be less than 1. It should be noted that the form
of Eq. (3.25) will be the same as that of Eq. (3.18) for linear shallow water wave.

Based on the above previous studies (with some modifications) from a) to d), we see that
there are four possible forms for computing U _, i.e., Eqs. {3.18), (3.21), (3.24) and (3.25,.
The best-fit value of k, for each equation can be determined by using regression analysis
between measured U, vs. each possible formuia of U/ .

At the breaking point: the effect of surface roller is very small and is negiligible, gives
U, =0 and U_ =U_ (e.g., Basco and Yamashita, 1986; and Okayasu et al., 1986).
Therefore, the regression analysis between measured U, (at the breaking point) vs. each
possible formula of UV is used to determine the best-fit value of k, in each possible
formula. The results of regression analysis (the best-fit value of k, and regression coefficient
R?) are shown in the second and third column of Table 3.3.

The computed results of U, from the four possible formulas, using the best-fit value of
k, . are quantified in terms of rms relative error, ER . Using the best-fit value of k., the
rms relative error, ER, of each possible formula (comparing with the measured data at the

breaking point) is shown in the fourth column of Table 3.3. Through Table 3.3, among the
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four possible forms, the form of Eq. {(3.25) appears to be the best. Therefore, the formula for

computing {/ _ in the present study is
B,gll’

U, =-076"2="— (3.26)
ch

Table 3.3: Results of regression analysis of U _ and rms relative error ( ER ) of the four

possible forms of U/ (using measured data at the breaking point).

Formulas Best-fit &, R2 ER (%)
HY k, =0.83 0.70 15.48
Eq. (3.18) U, = -k, B, c| —
(o k, =0.05| 0.71 15.28
Eq. (3.21): U, = —k,,H\{—g— i
h
H? =0. 4 .
Eq 3.24y U, =k, & ko, =005| 049 20.28
ch
B,gH’ k;, =0.76 | 0.83 11.68

Eq. (3.25): U_ = —k,, —*

The form of Eq. (3.25) may also be derived (in the similar manner as Dean and Dalrympie,

1984, page 286) as follows;

Mass flux above the mean water level is defined as
T neh

M=1 | [pudzar (3.27)
T [V ]

where u is the horizontal orbital velocity above the mean water level (MWL),

Assuming u is proportional to horizontal orbital velocity at z = h;
H
u o &L cos(o) (3.28)
2c
H
or u=k, %——cos ot) (3.29)
c

where k,, is the coefficient.

Substituting Eq. (3.29) into Eq. (3.27), then taking an integration;

177 gH 17 H g pgH? 17 n?
M= F‘;[ J pk,, ;cos(ar)dzdt = F(;[q? cos(at)pk,, :dt =k, - Fo 7E
(3.30)
,
Since B, =% J-(I]/HYdI . thus
0
B pgH’?
M =k, =P (3.31)
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Since total mass transport in any section is equal to zerc, net mass flux below the mean
water level (MWL) balances that above MWL. This means that the mean velocity, due to

mass transport, is

M B gH?
U, =——=-k, o8 (3.32)
ph ch
which is the same form as Eq. (3.25).
The volume flux below or above the trough level (Q,) may be written as
. B gH’
O =U_d =k, —"gh d (3.33)
c

it should be note that the form of Eq. (3.33) is the same as that of Svendsen (1984b) for
linear shaliow water wave. Therefore Eq. (3.26) can be considered as a refinement of
Svendsen (1984b)'s model. -
3.1.3.2 Mean velocity due to surface roller

From the p}evious studies, the following explicit formulas have been suggested to compute
the mean velocity due to surface roller.

a) Svendsen {1984b) proposed to compute the mean velocity due to surface roller as

U, =-— (3.34)

where A is the cross-sectional area of the roller.

Based on the experiment of Duncan (1981), Svendsen (1984b) proposed an empirical
relation for computing cross-sectional area of surface roller as

A=k,H’ (3.35)

where k&, is the coefficient and determined at 0.9 on the basis of the measurement of
Dancan (1981). However, Sato et al. (1988) suggested using k,, = 5.6 on the basis of the
best fit with the measured undertows of Okayasu et ai. (1986) and Shimada (1982).

Substituting Eq. (3.35) into £q. (3.34), U, can be expressed as

2
Ur = _kll H—
Th

b) Stive and Wind (1986) proposed the formula for computing U/, for the entire surf zone

(3.36)

as shown in Egs. (3.19) and (3.20). From Eq. (3.20), U, can be expressed as follow

U, = —k,H E (3.37)

¢) Okayasu et al. (1986) proposed to compute U/ as

cH
U, =k, >y (3.38)

r

where k,, is the coefficient and determined at 0.06 on the basis of their measurements.



d) Okayasu et al. (1986) and Hansen and Svendsen (1987) proposed an empirical formula
for computing the cross-sectiona!l area 4 as
A=k HL (3.39)
where L is the wave length, and kl,, is the coefficient. On the basis of the measuremenis
the coefficient k,, is determined at 0.06 for Okayasu et al. (1986) and determined at 0.07 for
Hansen and Svendsen (1987).

Substituting £q. (3.39) into Eq. (3.34), U, can be written as

U. =k, %ti (3.40)

e) Okayasu et al. (1988) obtained U/, by dividing the onshore mass flux by the trough

level and proposed as
. 7%
U, =—k,— (3.41)
¥ dr

where k,, is the coefficient and determined to be 2.3 on thc basis of their measurements.

f) Based on a hydraulic jump model of Engelund (1981), Deigaard and Fredsoe (1991)
assumed the front of a broken wave is similar to that of a bore or a nydrauiic jump. The
cross-sectional area of the roller is approximated from the model of Engelund (1981) as

A=k (3.42)
h
where k,, is the coefficient and determined to be 1.42.
Substituting Eq. (3.42) into Eq. (3.34), U, can be expressed as
H3

U, =~k — 3.43
’ 16 Thz ( )

g) Itis also interesting to assume that U o« U ; the equation of U, therefore can be
expressed as
B,gH’

o (3.44)

U, =k

where k , is the coefficient

h) The cross-sectional area of roller, 4, may also depend on the shape of water surface.
The wave shape parameter B, is employed as a dimensionless parameter to represent the
shape of water surface. Therefore, the formulas of A in the Egs. (3.35), (3.39) and (3.42)

may be modified as follows

A=kyB H’ (3.45)

A=k B HL (3.46)
H.‘

A=kyB, e (3.47)

here k,,, k,, and k,, are the coefficients.
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Substituting Eqgs. (3.45), {3.46) and (3.47) into Eq. (3.34), respectively, lead to

2
U, =—k,B, };_h (3.48)
U, = kB, (3.49)
H3
U, = _k2OBo ﬁ (350)

Based on the above previous studies (with some modifications) from a) to h), we will try to
find out an appropriate formula for computing U, . From Eqs. {3.36), (3.37), (3.38), (3.40),
{3.41), {3.43), (3.44), (3.48), (3.49) and (3.50), we see that there are ten possible forms for
computing U, .

The measured data that used in this section is the same as that of in section 3.1.2. The

B gH
regression analysis is performed with the measured U, +O.76%
¢

2
{at the breaking point

-

and inner surf zone) vs. each possible formula of U/, . The results of regression analysis (the
best-fit value of k, and regression coefficient R*) are shown in the second and third column
of Table 3.4. Using the best fit value of &, . the error £R of each possible formula
{comparing with the laboratory data at the breaking point and inner surf zone) is shown in the
fourth column of Table 3.4. Through Table 3.4, we see that the form of Eq. (3.49) has the
best prediction on the mean velocity. Therefore, the formula for computing U/ in the present

study is

U, :-1.123‘,5}25’- (3.51)

‘This means that the cross-sectional area of roller, A, should be equal to 1.12B _HL . Up

to here, we can conclude that the following formula is suitable for computing U/ _ .

2
—0.76M -1.12 B,cH inner zone

U, = 5 ng h (3.52)
~0.76 22871 breaking point

ch

Since there is no surface roller in the offshore zone, the value of the mean velocity caused
by surface roller is zero. The formula for computing the mean velocity in the offshore zone is

the same as that of at the breaking point.
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Table 3.4: Results of regression analysis of U, and rms relative error (£K) of the ten

possible forms of U, (using measured data at the breaking point and inner surf zone).

Formulas Best-fit &, R2 ER (%)
] 2 = .01 . . 4
Eq. (3.36): U, =k, H ki, =2 0.31 33.2
Th
k, =0.10| 0.74 20.34
Eq (337) Ur = —qu\/% 9
Eq (338): U, = -k, % k, =008 | 073 20.58
H _
Eq. (3.40) U, = -k, CT k,=010| 074 20.35
H? =156 | 034 32.55
Eq. (3.41): U, =—k,, — ks
dar
H’ k., =2861| 0.10 37.89
Eq. (3.43): U, =k, = - 16
2
Eq. (3.44) U =k D287 k,=158| 074 20.48
ch
H* =23.02| 0.38 3154 |
Eq. (3.48) U, =—k,B, — Kis
Th
H _
Eq. (3.49): U, = —k,B, 5;1_ kg =112| 075 20.06
H’ =3103| 021 35.59
Eq. (3.50): U, = —k,,B, — Kz |
- |

Considering at the transition zone: the structure of the flow field in this zone has not yet
been described in sufficient details to make it possible to identify the characteristic of the flow
field. Okayasu et al. (1986) suggested the cross-sectional area of surface roller, 4, grows
linearly with distance from zero at the plunging point. Also, Basco and Yamashita (1986)
suggested linear increasingrof A (with distance) from zero at the breaking point for the case
of spilling breaker and from zero at the plunging point for the case of plunging breaker.
However, if we follow the previous researcher's assumptions, we need to define the position
of the plunging point which will make the model to be more complicated. From the trial of
many possible parameters, finally, we assume A increases linearly with one over square root
of wave height ( A is zero at the breaking point and it is fully developed at the transition
point). Eq. (3.52), therefore, can be written as
B gH’

ch

B,cH

U, =-0.76 —1.125,

(3.53)

where b, is the coefficient and expressed as
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offshore zonz

0
, :Jl/m—ll.\/H_‘a
’ [1/@-1/,/}1_,,
1

where subscript b indicates the value at the breaking point, and subscript ¢ indicates the

transition zone

inner zone

value at the transition point.

The comparison between measured U,, and computed U, from Eq. (3.53) is shown in
Fig. 3.5. The examples of cross-shore variations of measured and computed U/, are shown
in Fig. 3.6. We can see from Figs. 3.5 and 3.6 that the mean velocities are predicted well in
general cases, but the variation of computed U is rather smoother than the measured U, .
However, for the experiment of Hansen and Svendsen (1984), the present formula gives over
estimations for all points of the measurements. This may indicate the limitation of the
capability of present formula. Sincg the experimental condition of Hansen and Svendsen
(1984) is not significantly different from that of Nadaoka et al. (1982), Okayasu et al. (1988)
and Cox et al. (1994), the limitation of present formula can not be identified at the present

More analysis is necessary to find out the limitation.
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Figure 3.5: Comparison between measured and computed mean velocity U, inside the surf

zone (measured data from 4 sources as shown in Table 3.2).
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U, . inside the surf zone (measured data from 4 sources as shown in Table 3.2).
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3.1.4 Recommended procedure for computation of undertow profile

The recommended procedure fcr computing undertow profile, is summarized as follows:
1)Given X, z, h, H, T, d, X,, X, and m,.
2) Compute ¢ using linear wave theory.
3) Compute B,, U, and U from Egs. (3.17), (3.53) and (3.14), respectively.
Although, the present model is developed for predicting the undertow profile inside the surf
zone, appiication of the present model to the offshore zone is possible. By assuming that the
turbulence in the offshore zone (above the bottom boundary layer) is very small and is
negligible, the coefficients b, and b, in Eq. (3.14) equal to zero. Therefore, Eq. (3.14) for the

offshore zone becomes U =U .

3.1.5 Model verification

In order to exarnine the overall performance of the model, the model has been applied to the
wide range of laboratory data covering small-scale and iarge-scale experiments, i.e., the
experiments of Nadaocka et al. (1982), Hansen and Svendsen (1984), Okayasu et al. (1988),
Cox et al. (1994), CRIEPI (Kajima et al., 1983) and SUPERTANK (Kraus and Smith, 1994).
Brief summary of each experiment is given below.

The experiment of Nadaoka et al. (1982) was conducted to reveal the struclure of velocity
field inside and near the surf zone. A 16.8-m-long wooden plane beach of slope 1:20 was set
in a small wave flume of 44.5 m long, 0.5 m wide and 1.0 m deep. The experiments were
carried out under regular wave actions for 12 cases. In most cases (except cases 1 and 5)
velocities were measured at elevation 0.5 m above the bottom. Only in cases 1 and 5, the
velocity profiles were measured at 7 locations (P1-P7) in cross-shore direction. The measured
velocities below the trough level of cases 1 and 5 are used in this study. For case 1, the
measuring locations in the offshore zone, breaking point, transition zone and inner surf zone
were P7, P6, P5 and P4-P1, respectively. For case 5, the measuring locations in the offshore
zone, breaking point, transition zone and inner surf zone were P7-P6, P5, P4 and P3-P1,
respectively. The experimental conditions are shown in Table 3.5,

The experiment of Hansen and Svendsen (1984) was conducted to measure velocity field
inside and near the surf zone over the 1:34.3 concrete plane slope. The experiment was
carried out under regular wave action in a small wave flume of 32.0 m long, 0.6 m wide and
0.6 m deep. The measured velocities below the trough level are used in this study. The
velocity profiles were measured at 6 iocations (L1-LG) in cross-shore direction. The first and

second measuring positions (L1 and L2) were set in ithe offshore zone. The third measuring
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' position (L3) was set in the transition zone. The other positions (L4-L6) were located in the

9 inner surf zone. Only the velocity profiles at L3-L5 are available. The experimental condition

| is shown in Table 3.5.

. The experiment of Okayasu et ai. (1988) was constructed to measure the velocity field and

[ to determine the Reynolds stress and eddy viscosity in the surf zone including the area close

[ to the bottom. The experiments were carried out under regular wave actions in a small wave
flume of 23.0 m long, 0.8 m wide and 1.0 m deep. Ten wave conditions were performed on
1:20 and 1:30 slopes of rubber and stainless plane beach. Only in case 5, the measuring
points were taken close to the bottom and will not be used in this study. The measured
velocities below the trough level of cases 1-10, except case 5, are used in this study. The
velocity profiles were measured at 6 or 7 loeations (L1-L7) in cross-shore direction. The first
measuring position (L1) was set on the wave breaking point. The second measuring position
(L2) was set in the transition zone. The other positions (L3-L7) were located in the inner surf
zone. The experimental conditions are shown in Table 3.5.

The experiment of Cox et al. (1994) was conducted to measure velocity field inside and

: near the surf zone over a rough bottom. A single layer of sand grains with 4., = 0.10 cm was
glued on the 1:35 plane beach to increase the bottom roughness. The experiment was
carried out under regular wave action in a small wave flume of 33.0 m long. 0.6 m wide and
1.5 m deep. The measured velocities between the upper edge of bottom boundary layer and

+ the trough level are used in this study. The velocity profiles were measured at 6 locations

(L1-L6) in cross-shore direction. The first measuring position {(L1) was set on the wave

- breaking point. The second measuring position (L2) was set in the transition zone. The other
positions (L3-L6) were located in the inner surf zone. The experimental condoon is shown in
Table 3.5.

The experiment of CRIEPI was performed by Kajima et al. (1983) at Cenz=i Research
Institute of Electric Power Industry (CRIEPI). The experiments were performee under the
condition of regular wave and movable bed in a large wave flume (205 m lonz. 3.4 m wide
and 6 m deep). Coarse sand ( D,,=0.47 mm) and fine sand ( D,,=0.27 mm were used in
the experiments. The velocities were measured at various sections along th= <ume, covering
both in offshore and surf zone. However at a few points, the vertical velocit=s were
measured. Table 3.6 shows the CRIEPI experimental conditions that are us=- n this section.

The experiment of SUPERTANK Laboratory Data Collection Project (Kra_s and Smith,
1994) was conducted to investigate cross-shore hydrodynamic and sedimer Tznsport
processes, during the period of August 5 to September 13, 1992, at Orego- Zate University,
Corvallis, Oregon, USA. A 76-m-long sandy beach was constructed in a lay: ~save tank of
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104 m long, 3.7 m wide and 4.6 m deep. The 20 major tests were performed and each major
test consisted of several cases. Most of the major tests were performed under the irregular
wave actions. However, 5 major test; were performed under regular wave actions, i.e., test
No. STEO, STFO, STGO, STHO and STIO. The velocities were measured at various
sections along the flume, covering both in offshore and surf zone. However at a few points,
the vertical velocities were measured. Table 3.6 shows the SUPERTANK experimental

conditions that are used in the verification.

3.1.5.1 Comparison with small-scale experiments

Four sources of the small-scale laboratory data are used to verify the present model, i.e,
Nadaoka et al. (1982), Hansen and Svendsen (1934), Okayasu et ai. (1988) and Cox et al.
(1994). The undertow profiles are computed based on the procedure recommended in section
3.1.4. All coefficients in the modelTare kept to be constant for all cases. Table 3.5 shows root
mean square relative error ( £R ) of computed undertow U for each data set. The ER of all
cases is 24%. The error of each data source is summarized in Table 3.7. Fig. 3.7 shows the
comparison between measured and computed undertow for all points of the measurements.
Examples of measured and computed undertow profiles are shown in Figs. 3.8-3.9. Through
Figs. 3.7-3.9 (except 8d and 8j) and Table 3.5, it can be seen that the present model is quite
realistic in the simulation of undertow profile in the surf zone.

The mode! is also applied to compute the undertow profile in the offshore zone. Figs. 3.8d
and 3.8j show the predicted undertow profiles in the offshore zone over the smooth bed and
rough bed, respectively. The model could not predict well the velocity near and inside the
bottom boundary layer. Fig. 3.8d shows that the model gives under estimation of the velocity
near and inside the bottom boundary layer, whilé Fig. 3.8) shows that the model gives over
estimation. It seems to be impossible to use the simple model for predicting the velocity near
and inside the bottom boundary layer in the offshore zone. However, the model gives
reasonably well prediction in the region out of the bottom boundary layer. it may be accurate
enough for using in the computation of suspended sediment transport above the bottom

boundary layer.
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Table 3.5: Root mean square relative error ( £R ) of the present model comparing with the

small-scale experiments.

Sources Case m, T H, h, | Total No. ER
No. (s) (cm) | {(cm) | of profiles

Nadaoka et al. (1982) 1| 120 1.32 216 | 700 7 27.17

5| 1720 | 2.34 219 | 70.0 7 22.61

Hansen and Svendsen 1| 134 | 2.00 12.0| 36.0 4 22.60
(1984)

Okayasu et al. {1988) 1| 1/20| 2.00 8.50 | 40.0 6 18.59

2| 120 | 2.00 563 | 40.0 6 28.41

3| w20 | 117 9.87 | 40.0 6 22.23

4| 1/20| 0.91 6.69 | 400 6 24.73

6| 130 161 8.80 | 40.0 7 16.93

7| 130 197 6.17 | 40.0 6 21.00

8 1/30 | 1.96 8.22 | 400 7 23.43

9 1/30 | 1.12 826 | 400 6 28.18

10| /30| 1.23 6.05| 400 6 46.07

Cox et al. (1994) 1| 17135 | 220 | 1322 | 28.0 6 22.55

Total 80 24 27
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Figure 3.7: Comparison between measured and computed U for all points of the data

(measured data from 4 sources of small-scale experiments as shown in Table 3.5).
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Figure 3.8: Examples of measured and computed undertow profiles (measured data from

1994).
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3.1.5.2 Comparison with large-scale experiments

Two sources of the large-scale laboratory data are used to verify the model, i.e., CRIEPI
(Kajima et al., 1983) and SUPERTANK (Kraus and Smith, 1994). The velocity profiles are
computed based on the procedure recommended in section 3.1.4. Alt coefficients in the
model are kept to be constant for all cases in the verification. However, due to the
fluctuations of measured wave heights (that is used to determine the coefficient &, in Eq.
3.53), the coefficient b3 become negative which is impossible. To overcome this problem,
(only in this subsection) the coefficient b, is set to be equal to the coefficient b, in Eq.
(3.14).

The last column of Table 3.6 shows the rms relative error, ER, of the present modet for
each case. The rms relative error, ER, far all data sets is 39%. The error of each data
source is summarized in Table 3.7. Fig. 3.10 shows the verification results of all measuring
points. Fig. 3.10 shows about 82 percent of the predicted results are within 0.5 and 2 times
the measured values. Figs. 3.12 and 3.14 show examples of measured and computed
undertow profiles. From the general tendency of Figs. 3.10-3.14, we can judge that the
present formula gives reasonably well estimations of the time-averaged velocity in the large-

scale wave flume,
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Table 3.6: Root mean square reiative error ( ER ) of the present model comparing with the

large-scale laboratory data.

Sources Case Time Dy, T H, A, Total ER of
No (mm) (s) (cm) | (cm) No. of | present
profiles study
CRIEPI (1983) | 2.1 26.0 hr 0.47 6.0 180 350 13 38.95
2.3 3.1 hr 0.47 3.1 66 350 10 25.95
33 5.7 hr 0271 12.0 81 450 5 35.62
243 hr 027 12.0 81 450 6 32.13
78.3 hr 027 12.0 81 450 5 18.01
3.4 4.9 hr 0.27 3.1 154 450 5 29.51
23.6 hr 0.27 3.1 154 450 4 42.78
75.2 hr 0.27 3.1 154 450 4 46.89
4.1 10.8 hr 0.27 3.5 31 350 5 53.52
22.9 hr 0.27 3.5 31 350 5 50.36
4.2 52 hr 0.27 45 97 400 7 37.23
24.4 hr 027 | 4.5 97 400 8 47.99
76.3 hr 0.27 4.5 97 400 7 64.20
4.3 30.3 hr 0.27 3.1 151 400 25 48.37
91.0 hr 0.27 3.1 151 400 23 50.94 |
52 8.0 hr 0.27 3.1 74 350 16 51.85
29.1 hr 0.27 3.1 74 350 20 45.14
89.5 hr 0.27 3.1 74 350 21 47.12
6.1 9.8 hr 027 50] 166 400 5 25.29
53.6 hr 027 50| 166 400 16 31.9]
6.2 6.2 hr 0.27 7.5 112 450 19 36.84
SUPERTANK | STEO | s0315a 0.22 3.0 60 305 3 44 65
(1994) s0316a 0.22 3.0 80 305 5 36.32
STFO | s0410a 0.22 8.0 40 274 4 39.07 |
STGO | s0415a 022 3.0 80 305 5 47.60 !
s0416a 0.22 3.0 80 305 5 40.74
STHO | s05C8a 0.22 3.0 80 305 5 37.09
s0510a 0.22 4.5 70 305 5 31.00
STIO |s0513a 0.22 8.0 50 305 5 34.26
s0514a 0.22 8.0 50 305 5 28.09
s0515a 0.22 8.0 50 305 5 31.47
s0516a 0.22 8.0 50 305 5 40.37
s0607a 022 8.0 50 305 4 31.61
s0610a 0.22 8.0 50 305 4 32.63
s0612a 0.22 8.0 50 305 5 4298
s0614a 0.22 8.0 50 305 5 40 .82
| Toual 299 | 39.03
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Table 3.7: Summary of root mean square relative error ( ER ) of the present model comparing

with measured data of each data source.

Sources Apparatus | Total No. of | Total No. of ER
profiles data points
Nadaoka et al. (1982) smail-scale 14 149 24.6
Hansen and Svendsen (1984) small-scale 4 22 22.6
Okayasu et al. (1988) small-scale 56 465 250
Cox et al. (1994) small-scale 6 53 226
CRIEPI {(1983) large-scale 229 667 39.0
SUPERTANK (1994) large-scale 70 119 39.6
Total : 379 1475
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3.2 Undertow Velocity Induced by Irregular Waves

Cross-shore time-averaged velocity below wave trough, or undertow, is important in the
computation of suspended sediment transport rate and consequently, beach detormation.

Recently, Cox and Kobayashi (1997) developed a simple model for computing the profile
(vertical distribution) of undertow induced by regular waves. The model combines a
logarithmic profile in the bottom boundary layer with a parabolic profile in the middle layer.
Their model was applied by Kennedy et al. {1938) to predict the profile of undertow induced
by irregular waves. Their model is simple and easy to use but the empirical coefficients in the
model are not really constant. The coefficients have tc be adjusted at each measured profile.
This may be difficult to use in the practical work.

This section concentrates on the deriva;tion of a simple formula for predicting the profile of
undertow induced by irreqular wayes based on the formula for regular wave as described in
sec. 3.1. Ali coefficients in the present formulas will be kept to be constant for all cases of the
computation.

Published experimental data of undertow profiles from $ sources, including 675 undertow
profiles, have been collected for calibration of the present formulas. These include small-
scale. large-scale. and field expenmental data obtained from a variety of wave and bottom

conditions. A summary of the collected expenmental data rs given in Table 2.8.

Table 3.8: Summary of collected experimental data.

Sources Apparatus | Bed condition Wave | Total No.
condition | of profiles
Dette and Uliczka (1986) Large-scale sandy beach irregular 4
Okayasu and Katayama Small-scale plane beach irrequtar 6
(1992)
SUPERTANK (1994) Large-scale sandy beach irregular 643
Stumisu and lkeno (1996) Large-scale sandy beach irregular 14
Rodriguez et al. (1994) field sandy beach irregular 8
Total 675
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3.2.1 Profile of undertow velocity

Irreqular wave breaking is more complex than regular wave breaking. In contrast to regular
waves there is no well-defined breaking point for irregular waves. The highest wave tends to
break at greatest distance from the shore. Thus the turbulence, induced by irregular breaking
waves, occurs over a considerably greater area than that of regular waves. Since the width of
surf zone and the transition zone varies with each individual wave, the influence of the
transition zone is not significantly observed in the irregular wave surf zone (Nairn et al.,

1990). To make the formula simple, the influence of the transition zone for irregular wave is
excluded in this study. Therefore Eq. (3.10) is applied for computing the undertow profile of

irregular waves.
val . Lz z
U= DB kZl(;_E)_FkZZ(lnE_‘_l) +Um {3.54)

where k, and k,, are the coefficients.
Using the concept of Battjes and Janssen (1978), the energy dissipation rate, D, , of the
irreqular breaking waves can be expressed as

H
— Qh pg N (355)
4Th
where /{__ is the root mean square wave height, J, is the fraction of breaking wave which

D,

can be computed from the derivation of Battjes and Janssen (1978) as
2
1- H,_,.
D _[ Hom (3.56}
—InQ, H,

where H, is the breaking wave height that can be computed by using breaking criteria of

Goda (1970):

H, = 0.1L,,{1 —exp[—l.s’[i—h(l + 15m3”)]} (3.57)

Q

where L is the deep-water wavelength, and m, is the average bottom slope. The coefficient
0.1 is used according to Rattanapitikon and Shibayama (1998).
Substituting Eq. (3.55) into Eq. (3.54), the undertow profile can be expressed as

4Th

The coefficients k,, and k,, can be determined from the formula calibration. The

H3 1/3 ]
U= (____th s J [kn (3 - 5) +k,,(In 3 + 1)] +U, (3.58)

measured undertow profile data, under irregular wave actions, from 5 sources (see Table 3.8)
are used to calibrate the formula.
The undertow profile is computed from Eq. (3.58) by using measured U,, as the input

data. Trial simulations indicated that k,, =0.30and k,, =0.12 give good agreement
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between measured and computed undertows. Fig. 3.15 shows the verification results of all
measuring points. Fig. 3.16 shows the examples of measured and computed undertow
profiles. Table 3.9 shows the rms relative error, £R, for each case. Table 3.10 shows the
rms relative error, ER, for each source. The rms relative error, ER, for irregular wave data
is 21%. From Fig. 3.15-3.16 and Table 3.10, we can judge that the Eq. (3.58) is accurate

enough to be used for computing the profile (or shape) of undertows induced by irregular

waves.

Table 3.9: Root mean square relative error { £R ) of the Eq. (3.58) comparing with the

experiment performed under irregular wave actions.

Sources Test Case No. . T H, h, Total ER
No (s) (cm) | (cm) No. of | of Eq.
profiles [ (3.58)
Dette and Uliczka dune without 6.0 106.1 | 500 4 26.2
(1986) foreshore
Okayasu and 2 1.26 5.9 35 6 21.9
Katayama (1992)
Shimisu and L2 5.0 76.4 [ 205 3 19.6
[keno (1996)
L3 5.0 83.4 | 205 3 31.0
L5 3.0 73.5| 200 4 231
L6 3.0 77.1 | 200 4 20.6
Rodriguez et al. C3 6.1 60 [ 750 3 15.3
(1994)
C4 5.6 443 | 750 5 21.3
SUPERTANK ST10 | a0509a, a0510a, 3.0 56.6 1 305 53 239
(1994) a0512a, a0515a,

a0517a, a0€08a,
a0609a, a0611a,

a0615a
a0617a, al618a 3.0 56.6 290 12 31.5
a0710a, a0711a, 4.5 56.6 305 60 25.6

a0713a, a0715a,
a0717a, a0808a,
a0809a, a0812a,
a0814a, a0815a

a0908a 6.0 56.6 | 305 6 183
a0910a 5.0 354 | 3065 6 20.5
a0911a 3.0 49.5 | 305 6 30.0
a0912a 3.0 63.6 | 305 6 31.3
a0914a 4.5 63.6 | 305 6 273




Table 3.9 (cont.): Root mean square relative error { ER ) of the Eq. (3.58) comparing with the

expenment performed under irregular wave actions.

| Sources Test | Case No. T H, h, Total ER
No (s) (cm) | (cm) No. of | of Eq.
profiles | (3.58)
SUPERTANK ST20 |[al2l2a 8.0 28.3 | 305 6 11.0
(1994)
al215a 8.0 42.4 | 305 7 20.5
al2l7a 8.0 56.6 | 305 6 23.3
al310a 3.0 28.3 | 305 5 11.2
al313a 3.0 424 305 7 27.7
al3l5a 3.0 56.6 | 305 7 32.2
ST30 | al408a, al409a, 8.0 283 305 31 8.9
al410a, al4lla,
al413b
al415a, al416a, 8.0 354 | 305 21 152
ald417a
al507b, al508a, 9.0 28.3| 305 32 10.0
al510a, al511a,
alS13b
al515a,al516a 9.0 354 290 14 204
al607b 6.0 28.3| 305 7 10.8
al608a 7.0 354 | 305 7 12.2
al6l0a 7.0 28.3 | 305 7 15.0
al6lla 10.0 283 305 7 13.5
ST40 | al90%b 3.0 28.3 | 305 5 12.0
a2007b 5.0 495 305 5 18.9
a2008a 5.0 495 305 5 21.6
a2015a 5/8 354 | 305 5 7.7
a2017a 8.0 354 | 305 5 13.6
a2018a 5.0 354 | 305 5 6.8
a2107b 5/8 495 | 305 5 7.0
a2108a 5/8 495 305 5 8.7
a2109a 3/7| 49.5] 305 5 5.8
a2llla 3/7 28.3| 305 5 14.3
a2ll2a 3/7 495 305 5 5.5
ST50 | a2208a, a220%a 3.0 56.6 | 290 10 5.8
a2209b 4.5 56.6 | 290 5 7.9
a2210a 6.0 56.6 , 290 6 3.3
a2213b 3.0 56.6 | 320 7 19.8
a2214a 4.5 49.5 | 320 7 18.0
a2213a 6.0 49.5 | 320 6 15.6
a2216a 3/7 354 320 7 21.7




Table 3.9 (cont.): Root mean square relative error ( £R ) of the Eq. (3.58) comparing with the

experiment performed under irregular wave actions.

Sources Test Case No. T H, h, Total ER
No ($)| (em)| (cm)| No.of | ofEq.
profiles | (3.58)
SUPERTANK ST60 | a2308a, a2308b, 3.0 495 | 320 18 16.5
(1994) a2309a
a2310a, a2311a, 4.5 49.5| 320 18 153
a2311b
a2313b, a2315a, 6.0 354 | 335 I5 21.6
a2316a '
ST70 | a2609a, a2610a, 4.5 495 290 12 5.8
a2610b
a2613a 4.5 495 | 305 4 9.4
a2614a, a2615a 4.5 70.7 | 305 11 6.6
a2617b 4.5 56.6 | 335 7 11.7
a2618a, a2618b 4.5 495 335 14 11.7
ST80 | a2708a, a2708b, 4.5 495 | 335 20 31.8
a270%a
STO0 | a2809b, a2810a, 3.0 495 | 335 20 22.3
a2811a
STAO | a2816b 3.0 495 | 335 7 17.8
STCO | s0209b, s0210a, 3.0 56.6 | 274 12 9.6
sO021ta
STDO | s0309a, s0310a, 3.0 495 305 15 10.7
s0311a
STJO | s0913a, s0914a, 3.0 49.5 | 305 18 20.6
s0915a, s0916a
s0917a, s1008a, 8.0 354 | 305 30 14.3
s1008b, s1000%a,
siOlla, s1013a
Total 119 675 20.5
Table 3.10: Summary of rms relative error ( £R ) of each data source.
Sources Apparatus | Bed condition | Total No. ER
of profiles
! | Dette and Uliczka (1986) large-scale | sandy beach 4| 262
Okayasu and Katayama {1992) small-scale plane beach 6 21.9
SUPERTANK (1994) large-scale sandy beach 643 19.1
3himisu and lkeno (1996) large-scale sandy beach 14 23.1
Rodriguez et al. {1994) field sandy beach 8 18.7
! h_TotaI 675 20.5
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Figure 3.16: Examples of measured and computed undertow profiles induced by irregular

wave actions (measured data from Table 3.8).
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3.2.2 Mean undertow velocity

Irregular wave breaking is more complex than regular wave breaking. The highest wave
tends to break st greatest distance from the shore. Since the width of surf zone and the
transition zone varies with each individual wave, the influence of the transition zone is not
significantly observed in the surf zone of irregular wave (Naimn et al., 1990). To make the
formula simple, the influence of the transition zone for irregular wave is excluded in this

study. Therefore Eq. (3.53) is modified to compute U, of irregular waves.
U, =k, 8H e _ k,, 22H (3.59)
c h

where (), is the fraction of breaking wave which can be computed from Egs. (3.56) and
(3.57), k,; and k,, are the coefficients which can be determined by the modet calibration.

The measured undertow profile data, under irregular wave actions, from 5 sources (see
Table 3.8) are used to calibrate the™model.

The undertow profile is computed from Eq. (3.59). Trial simulations indicated that
k,, =0.57and k,, =0.50 give good agreement between measured and computed
undertows. Fig. 3.17 shows the verification results of all measuring points. Figs. 3.18 and

3.19 show the examples of measured and computed the mean undertow veiocities.

Table 3.11: Summary of collected expenmental data and rms relative error ( ER ) of the Eq.

(3.59).

Sources Apparatus Total No. Total No. ER of

of cases | of profiles Eq. (3.59)

Dette and Uliczka (1986) large-scale 1 4 27.2
Okayasu and Katayama (1992) small-scale 1 6 28.8
SUPERTANK (1994) large-scale 111 643 43.7
Shimisu and lkeno (1996) large-scale 4 14 30.3
Rodriguez et al. (19%4) field 2 8 48.9
Total 119 675 42.6

79



oo

-20

Computed Um (cm/s)

-40

-20 0 20

Measured Um (cm/s) !
{

Figure 3.17: Comparison between measured and computed mean undertow velocity, U,

induced by irregular wave actions {measured data from Table 3.8).

a) Dette and Uhczka b) Okayasu and Kalayama
dune writhout foreshore case 2
100 . . o s LT T

i
- measured H [
50 - . - . computed Um

velocity, U, . induced by irregular wave actions (measured data from Table 3.8, except

SUPERTANK data).

I 80
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Chapter 4: MODELS COMPARISONS

Due to the complication of the wave breaking mechanism, most of the hydrodynamics
models have to be based on an empirical or semi-empirical formula calibrated from the
laboratory data. Over the past century, many models have been proposed for computing the
initiation of breaking wave heights, wave height transformation, and undertow velocity. This
often causes confusion in the profession in the selection of models for solving engineering
problems. Moreover, no direct literature has been written to describe ciearly the applicability
and the accuracy of each formula. Hence, the objective of this study is to examine the
validity of each modei and find out the propér models that predict well for a wide range of
experimental conditions. -

The comparison of the existing models of breaker height, wave height, and undertow are

presented in sections 4.1 to 4.3, respectively.

4.1 Breaker Height Formulas

The initiation of breaking wave height is an essential requirement for computing wave
height transformation. It is also important to the design of coastal structures Over the past
century, many breaker height formulas have been proposed for computing the initiation of
breaking wave heights. Hence, the objective of this study is to examine the validity of each
formula and find out a proper breaker height formula that predicts well for a wide range of
experimental conditions.

Laboratory data of broken wave heights from 24 sources, including 574 cases, have been
collected for examination of the formulas. The data cover a wide range of wave and bottom
glope conditions {deepwater wave steepness ranging between ¢.001 and 0.100, and bottom
slope ranging between 0 and 0.44). The data include 3 types of beach conditions, i.e., plane
beach, barred beach, and stepped beach. All experiments were performed under regular
wave actions and the wave propagates normally to the beach. The experiments were
performed in both small-scale and large-scale wave flumes. The experiment of Maruyama et
al. (1983) was performed in large-scale wave flume and other experiments were performed in

small-scale wave flumes. A summary of the collected experimental data is given in Table 4.1.
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This section is divided into two main parts. The first part presents the existing breaker
height formulas. The second part is an examination of the all formulas to identify the best

one.

4.1.1 Description of the breaker height formulas

The maijority of the existing formulas represent a relationship between the breaking wave
height ( f{, ) and the variables at the breaking or deepwater conditions, i.e., water depth at
breaking { /4, ), wavelength at breaking ( L, ), bottom siope (m ), deepwater wavelength (L),
and deepwater wave height (/). A tota! of 23 existing breaker height formulas are
examined in this study. A brief review of the 23 breaker wave height formulas, that may be
used in general cases, are described as follows.

a) McCaowan (1894), hereafter referred to as MC94, derived a limit of breaking wave in

-

water of constant depth based on solitary wave theory and proposed that the breaking will
occur when ‘
H, =0.78h, (4.1)
where H, is the breaking wave height, A, is the water depth at the breaking point.
b) Miche (1944), hereafter referred to as MI44, developed the semi-theoretical breaking
criterion for periodic waves in finite water depth and proposed the limiting wave steepness as

a function of water depth to wavelength ratio.

H, =0.142L, tanh 27h, (4.2)
4 L

[}
where L, is the wavelength at the breaking point. Danel (1952) suggested changing the
coefficient from 0.142 to be 0.12 when applying to the horizontal bottomn.
¢) Le Mehaute and Koh (1967), hereafter referred to as MK67, proposed an empirical
formula based on three sources of the experimental data (Suquet, 1950; lversen, 1952: and
Hamada, 1963). The experiments cover a range of 1/50 <m < 1/5and 0.002 <H /L <
0.093. !

-4
H, = 0.76H0[IZ°J m'’? (4.3)

a

where H_ is the deepwater wave height, L, is the deepwater wavelength, and m is the

local bottom slope.
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Table 4.1: Summary of coliected experimental data used to validate the formulas.

No. of Beach Bottom
Sources slopes H,/L,
cases conditions
(m)

Galvin {1969)* 19 | plane beach 0.05-0.20 | 0.001-0.051

Hansen and Svendsen (1979) 17 | plane beach 0.03 | 0.002-0.069

Hattori and Aono (1985) 3 | stepped beach 0.00 | 0.006-0.021

Horikawa and Kuo (1966) 98 | plane beach 0.01-0.05 | 0.006-0.073

60 | stepped beach 0.00 | 0.007-0.100

Hwung et al. (1992) 2 | plane beach 0.07 | 0.026-0.048

Iversen (1952)" 63 | plane beach 0.02-0.10 | 0.003-0.080

lwagaki et al. (1974) 39 | plane beach 0.03-0.10 | 0.005-0.074

Maruyama et al. (1983)" 1 | plane beach 0.03 0.091

Mizuguchi (1980)' 1 | plane beach 0.10 0.045

Nadaoka et al. (1982) 12 | plane beach 0.05| 0.013-0.08C

1 | plane beach 0.05 0.027

Nagayama {1983) 5 | barred beach 0.05 | 0.025-0.051

6 | stepped beach 0.00-0.05 { 0.025-0.055

Okayasu et al. (1986) 2 | plane beach 0.05 | 0.023-0.025

Okayasu et al. (1988) 10 | plane beach 0.03-0.05 | 0.009-0.054

Ozaki et al. (1977) 20 | plane beach 0.10 | 0.005-0.060

Saeki and Sasaki (1973)" 2 | plane beach 0.02 | 0.005-0.039

Sato et al. (1988) 3 | plane beach 0.05| 0.031-0.050

Sato et al. (1989) 2 | plane beach 0.03 | 0.019-0.036

Sato et al. (1920) 7 | plane beach 0.05| 0.003-0.073

Singamsetti and Wind (1980)" 95 | plane beach 0.03-0.20 | 0.018-0.079
Smith and Kraus (1880 5 | plane beach 0.03 | 0.009-0.092 |

75 | barred beach 0.03-0.44 | 0.008-0.096

Stive (1984) 2 | plane beach 0.03 | 0.010-0.032

Ting and Kirby (1994) 2 | plane beach 0.03 | 0.002-0.020

Visser (1982)" 7 | plane beach 0.05-0.10 | 0.014-0.079

Walker (1974)" 15 | plane beach 0.03 | 0.001-0.037

Total 574 0.00-0.44 | 0.001-0.100

s
* data from Smith and Kraus (1990)
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