d) Galvin (1969), hereafter referred to as GA69, performed laboratory experiments with
regular wave on plane beach and combined his data with the data of Iversen (1952) and
McCowan (1894). The breaking criterion was developed by fitting empirical relationship

between A,/ H, and m.
1

y=hy ————— for m <0.07 (4.4.1)
1.40-6.85m
h
H, =—2 for m > 0.07 (4.4.2)
0.92

e) Collins and Weir (1969), hereafter referred to as CW69, derived a breaking height
formula from linear wave theory and empirically included the slope effect into the formula.
The experimental data from three sources (Suquet, 1950; Iversen, 1952; and Hamada, 1963)
were used to fit the formula.

H, =h(0.72+56m) . (4.5)

1} Goda (1970), hereafter referred to as GO70, analyzed several sets of laboratory data
on breaking waves on slopes obtained by several researchers (lversen, 1952; Mitsuyasu,
1962; and Goda, 1964) and proposed a diagram presenting criterion for predicting breaking

wave height. Then Goda (1974) gave an approximate expression for the diagram as

H, = 0.17[.,_{1 —exp[— 1.5 ”th (l + lSm‘”)}} (4.6)

o

g) Weggel (1972), hereafter referred to as WE72, proposed an empincal formula for
computing breaking wave height from five sources of laboratory data (lversen, 1952; Galvin,
1969; Jen and Lin, 1970; Wegge! and Maxwell, 1970; and Reid and Bretschneider, 1953).
The experiments cover a range of 1/50 <m < 1/5.

_ h,gT?1.56/1 + exp(~19.5m)]
" gT? +h,43.75[1 - exp(—19m)]

h) Komar and Gaughan {1972), hereafter referred to as KG72, used linear wave theory to

H 4.7

derive a breaker height formula from energy flux conservation and assumed a constant
H, /h, . After calibrating the formuia to the laboratory data of iversen (1952), Galvin (1969),
and unpublished data of Komar and Simons (1968), and the field data of Munk (1949), the

formula was proposed to be

-1/5
H, = 0.56H,,( [Z z J (4.8)

aw

i) Sunamura and Horikawa (1974), hereafter referred to as SH74, used the same data set
as Goda (1970) to plot the relationship between H,/H_ , H /L, , and m . After fitting the

curve the following formula was proposed
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L

-0.25%
H, = Hm" [i] (4.9)
i) Madsen (1976), hereafter referred to as MA76, combined the formulas of Galvin (1969)

ind Collins (1970C) to be
H, =0.72k,(1+6.4m) for m<0.10 (4.10)
Jlack and Rosenberg (1992) found that the formula of Madsen (1976) gives good predictions
or individual breaking wave height in laboratory and field experiments.
k) Ostendorf and Madsen (1979), hereafter referred to as OM79, modified the formula of
Aiche (1944) by including the beach slope in to the formula. After calibrating to the

aboratory data, the Miche (1944)'s formula was modified to be

1

-
”""J for m<0.1 (4.11.1)

[

2mh,

H, =0.14L, tanh[(c.s +5m)

4

H,=0.14L, taﬂh[(o.s +5(0.1)) } for m>0.1  (4.11.2)

1) Sunamura (1980), hereafter referred to as SU80, conducted an empirical formula based
:n an analysis of various laboratory data (lversen, 1952, Bowen et al., 1968, Goda, 1970;

ind Sunamura, 1980) and obtained the following formula

H, = I.Ih,[L] (4.12)

,/H. /L,
m) Singamsetti and Wind (1980), hereafter referred to as SW80, conducted a laboratory

ixperiment and proposed two empirical formulas based on their own data. The experiments

‘over a range of 1/40 <m < 1/5 and 0.02 < H /L, < 0.065.

H 0254
H, =-0.575H.m°°”(L—"J (4.13)
H -0.13
and H, = 0.937h,m°-'”(zi] (4.14)

n) Ogawa and Shuto (1984), hereafter referred to as 0S84, obtained the following formula
rom the same data sets as Goda (1970). The formula is limited to use for the range of 1/100
‘m< 110 and 0.003 <H_ /L, < 0.065.

025
H, = 0.68Hcm°'°°(%] (4.15)

o) Larson and Kraus (1989), hereafter referred to as LK89, developed a breaking criterion
rased on the large wave tank data of Kajima et al. (1983). The breaking height index
H,/h, was related to the deepwater wave steepness and the local beach slope seaward of

he breaking point.
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021
H, = 1.14h,{_’"_] (4.16)

Vi, T,
p) Hansen (1980), hereafter referred to as HA99, used the laboratory data from Van Dom
{(1978) and unpublished data of ISVA to plot the relationship between H, /h, and mL, /h,
and proposed the following empirical formula

/ L 0.2
H, =1.05h,| m h—"J (4.17)
\

b

q) Smith and Kraus (1990), hereafter referred to as SK90, proposed 2 empiricat formulas
based on the analysis of 11 sources of laboratory data performed on plane beach conditions.

The experiments cover a range of 1/80 <m < 1/10 and 0.001 <H_ /L, < 0.092.

1.12 - H
H,=h —5.0[1 —exp(—43 o 4.18
) h{l + exp( 60m) [t - exp(—43m)] 3 } (4.18)
- ' —{0.30+0.88m
H
and H,=H,(034+ 2.47m{ L“J (4.19)

r) Gourlay (1992), hereafter referred to as GL92, proposed an empirical formula based on
seven sources of laboratory data (Bowen et al., 1968; Smith, 1974; Visser, 1977, Gourlay,
1978; Van Dom, 1976; Stive, 1984; and Hansen and Svendsen, 1979). The experiments
cover a range of 1/45 <m < 1/10 and 0.001 < H_/L_ < 0.066. The data was used to plot the
relationship between H,/H_  and H_ /L, the curve fitting yields

H -0.28
H, = 0.478H,[ L"J (4.20)

o

s) Present study: the author proposed 3 empirical formulas (PS1-PS3, see section 2.1)
based on the re-analysis of existing models. The published experimentat data from 24
sources were used to calibrate the formulas. The experiments cover a range of 0 <m < 0.44

and 0.001 <H_ /L, < 0.10.

h
PS1: H,=01L, tmh[(— 81.07m? +35.27m + 7.88)L—”} (2.12)
H 075 ‘
PS2: H, = (— 2.06m* +0.67m + 0.46)Lo{ 7 o ] (2.16)
0.75

H, H
PS3: — =048 —=

L [ L J (2.18)
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4.1.2 Comparison of the breaker height formulas

From section 4.1.1, we see that there are 23 formulas for computing /&, (i.e., Eqs. 4.1-
4.20, 2.12, 2.16, and 2.18). The accuracy of the 23 formulas is examined against a wide
range of measured breaking wave heights (shown in Table 4.1). The experimental data cover
a wide range of wave and bottom conditions (0.001< H_ /L, <£0.100, and 0< m <0.44). In
order to evaluate the accuracy of the prediction, the examination results are presented in
terms of root mean square relative eitor, £ER , which is defined as £q. (2.19).
The measured breaking wave heights are grouped into different ranges of bottom slope.
According to the bottom slope conditions in Eqs. 4.4 and 4.11, the group of bottom slope
may be classified to be m <0.07, 0.07 <m <0.10, and m > 0.10. However some formulas
(i.e., MK67, SH74, SU80, SW80, 0S84, LK89 and HA90} are not valid for the bottom slope
m = 0. Therefore, in this study, the bottomn slope is classified into 4 groups, i.e., horizontal
{m=20), gentle (0 <m <0.07), inte‘rmediate (007 <m<0.10), and steep (m > 0.10).
The computations of the breaker wave height formulas are carried out with 24 sources of
collected data (see Table 4.1). Table 4.2 shows the error ER of each formula for 4 groups
of bottom slope. The examination results from Table 4.2 can be summarized as follows.
a) The errors ER shown in Table 4.2 vary from 9.8 to 110.3. The formula of GO70 gives
the best prediction ( ER = 9.8) for the breaking wave on the bottom slope of
0 < m <0.07 while the formula of CW69 gives the worst prediction ( £R = 110.3) for
the breaking wave on the bottomn slope of m > 0.10.

b) The formula of PS1 gives the best prediction ( ER = 10.8%) over a wide range of
experiments. However higher overall accuracy rating of a formula does not guarantee
that the formula is superior to others under all conditions. The accuracy rating of a
formula may vary depending on the bottom siope conditions. The best formulas for
predicting the breaking wave heights on the bottom slopes of m =0, 0 <m <£0.07,
0.07<m<0.1, m>0.10, and all cases are the formulas of PS2, GO70, OM79,
PS2, and PS1, respectively.

c) Most formulas (except MC94, GAG69, CWE9, MA76, and SW80b) give well predictions
( ER <15) for the breaking height on the gentie slope (0 <m < (0.07 ). However, for
the steep slope (m > 0.10), the error ER of most formulas (except GA69, WE72,
KG72, OM79, SW80a, and GL22) give fair predictions ( ER > 20).

d) The formulas of CWE9, GO70, SH74, and MAT76 give unrealistically very large errors
( ER > 50) for breaking wave on the steep slope (m > 0.10). This may cause by an

inappropriate bottom slope effect including in the formulas.
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Table 4.2: The root mean square relative error ( ER ) of each formula for four groups of

bottom slope and all cases.

Formuias m=0|( 0<m<0.07 | 0.07<m<0.1| m>0.10| Al574
(64 cases) (338 cases) (102 cases) | (70 cases) cases
MC94 (Eq. 4.1) 14.77 16.98 21.83 27.91 19.26
Mi44 (Eq. 4.2) 13.94 11.13 18.04 25.37 14.93
MK67 (Eq. 4.3) 100.00 12.23 17.28 28.02 32.07
GA69 (Eq. 4.4) 15.84 21.05 25.49 17.61 20.83
CW69 (Eq. 4.5) 15.57 25.89 41.31 110.31 48.02
GO70 (Eq. 4.6) 13.86 9.82 23.04 81.57 32.21
WE72 (Eq. 4.7) 14.77 - 13.03 18.16 19.02 14.76
KG72 (Eq. 4.8) 10.89 10.69 12.42 12.55 11.13
SH74 (Eq. 4.9) 100.00 12.54 31.95 52.89 37.26
MA76 (Eq. 4.10) 15.57 2255 32.01 86.97 38.70
OM79 (Eq. 4.11) 18.86 11.13 11.68 14.44 12.45
SU80 (Eq. 4.12) 100.00 14.42 14.51 20.18 31.72
SW8o0a (Eq. 4.13) 100.00 12.75 17.21 17.32 31.17
SW80b (Eq. 4.14) 100.00 15.73 15.53 20.66 32.23
0S84 (Eq. 4.15) 100.00 10.64 18.40 24.08 31.32
LK89 (Eq. 4.16) 100.00 13.39 14.43 23.54 31.73 J
HAS0 (Eq. 4.17) 100.00 14.72 20.34 29.83 33.18 |
SKS0a (Eq. 4.18) 30.01 11.03 11.83 21.09 15.12
SK90b (Eq. 4.19) 13.90 12.61 15.61 26.78 15.71
GL92 (Eq. 4.20) 21.23 14.54 16.43 13.18 15.23
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

89



4.2 Wave Models

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. The common equation for computing wave
height transformation is the energy flux conservation expressed as Eq. (2.1).

é’(Ec . COS 9)
x
The wave height transformation can be computed from Eq. (2.1) by substituting the

=-Dy 2.1)

formula of energy dissipation rate, D,, and numerical integration from offshore to shoreline.

The energy dissipation rate is the most importance parameter in the computatior: of wave
height transformation. During the past decades, many dissipation models have been
proposed. Due to the complication of the wave breaking mechanism, most of the dissipation
models have to be based cn an er%pin'cal or semi-empirical formula calibrated from the
experimental data. In order to make the models reliable, it is necessary to calibrate or verify
the models against wide range and large amount of experimental data.

Some of the existing dissipation models were developed with the limited experimental
conditions. Therefore, the coefficient in those models may not ba the optimal values for a
wide range of experimental conditions. Therefore, the objective of this study is to re-calibrate
and compare some existing models based on wide range of experimental data.

Experimental data from 19 sources, including 877 cases, have been collected for
calibration and comparison of the selected models. The experiments cover wide range of
wave and bottom topography conditions, including small-scale and large-scale and field
experiments. The using of these independent data sources and wide range of experimental
conditions are expected to clearly demonstration the applicability of the models. A summary
of the collected experimental results is given in Table 4.3 (Table 4.3a is for regular waves
and Table 4.3b is for irregular waves.

This section is divided into two main parts. The first part presents the dissipation models

for regular wave and the second part is for irregular waves.

90



Table 4.3a: Summary of collected experimental data of regular waves.

T

Sources No. of Bed condition Apparatus
cases

Horikawa and Kuo (1966) 213 piane and stepped beach | small-scale

Nadaoka et al. (1982) 2 plane beach | small-scale

Kajima et al. (1983) 79 sandy beach | large-scale

Nagayama (1983) 12 | plane, stepped and barred | small-scale

beach

Hansen and Svendsen (1984) 1 plane beach | small-scale

Shibayama and Horikawa (1985) 10 sandy beach | small-scale

Okayasu et al.(1988) 10 plane beach | small-scale

Sato et al. (1988) 3 plane beach | small-scale

Sato et al. (1989) 2 plane beach | small-scale

Hurue (1990) o1 plane beach | small-scale

Smith and Kraus (1990) 101 plane and barred beach | small-scale

SUPERTANK project 57 sandy beach | large-scale

(Kraus and Smith, 1994) -

Cox and Kobayashi (1997) ] plane beach | small-scale.
Total 492

Table 4.3b: Summary of collected experimental data of irregular waves.
Sources No. of Bed condition Apparatus
cases

Thomton and Guza (1986) 4 sandy beach field 1 |

Hurue (1990) 1 plane beach | small-scale

Smith and Kraus (1990) 12 plane and barred beach | small-scale

DELILAH Project a4 sandy beach fieid |

(Smith et al., 1993)

SUPERTANK project 128 sandy beach | large-scale

(Kraus and Smith, 1994)

LIP 11D project 95 sandy beach | large-scale

(Roelvink and Reniers,1995)

Sultan (1995) 1 plane beach | small-scale

MAST III - SAFE project 138 sandy beach | large-scaie |

(Dette et al.,1998)

Grasmeijer and Rijn (1999) 2 sandy beach | small-scale
Total 385
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4.2.1 Energy dissipation for regular breaking waves

A number of works on theoretical and experimental studies have been performed to draw
a clearer picture of the energy dissipation rate, D, . During the past few decades, various
models have been proposed for computing the energy dissipation rate ( D, ). Widely used
concepts for computing energy dissipation rate ( D, ) are the bore concept and the stable
energy concept. Several researchers have proposed slightly different forms of the energy

dissipation rate. Some brief reviews of the models based on these two concepts are

described as follows.

4.2.1.1 Bore concept

This concept was proposed by Le Mahaute {(1962), based on the similarity between the
breaking wave and the hydraulic jumip. The average rate of energy dissipation of bore

concept can be calculated as

1 _(h-h)
Dy=7rg il Q (4.21)

where A is the lower conjugate depth (see Fig. 4.1 for definition sketch), A, is the higher
conjugate depth, () is the volume discharge per unit area across the bore which is equal to
ch/L or h/T (Hwang and Divoky, 1970). ¢ is the phase velocity, h is the mean water

depth, L is the wavelength, and 7 is the wave period.

T —>

Figure 4.1: Definition sketch of the bore concept.
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Substituting Q = h/T and h, —h = H into Eq. (4.21), the dissipation model of bore
concept can be written as

D _lpth“
84 Thh,

Several researchers have proposed slightly different forms of the dissipation model based

(4.22)

on this assumption. The following models were developed based on the bore concept.

a) Battjes and Janssen (1978) developed the dissipation model from the bore concept by

assuming that Ak, =h’ and H/h=1. Therefore Eq. (4.22) is modified tc be

H]
D, =C, pﬁ'T (4.23)

where C, is the empirical coefficient introduced to account for the difference between a
breaking wave and hydraulic jump. The proposed vatue of C, is 1.00.

b) Thornton and Guza (1983) proposed a refinement of Battjes and Janssen’s {(1878) formula
by assuming that Ak, = h* in Eq. (4.22). Therefore the generai form of the energy dissipation
rate can be expressed as

1
PR (4.24)
47Th

where (', is the empirical coefficient. The proposed value of (, is 0.51 for the laboratory.

D, =C,

c) Deigaard et al. (1991) developed the formula to express the rate of energy dissipation of a
broken wave. The energy dissipation is expressed through the energy loss in a bore. They
assumed that A =h—(H /2) and h,=h +(H /2). Therefore Eq. (4.22) is modified to be
pghH’
TR -HY)

where C, is the empirical coefficient. The proposed value of C; is 1.00.

R

4.2.1.2 Stable energy concept
a) Dally et al. (1985) assumed that the energy dissipation rate is proportional to the difference

between the local energy flux and the stable energy flux, divided by the water depth as

D, = % [Ec, - E.c] (4.26)

where C, is the decay coefficient, £ = pgH /8 is the stable wave energy, and H, is the
stable wave height. Dally et al. (1985) proposed to compute the stable wave height () as

a function of water depth as
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H_ =0.4h (4.27)
Substituting £ = pgH* /8, E, = pgh ’ /8, and H_=0.4h into Eq. (4.26), the dissipation
rate can be written as

C.PE

D, =C, [F7? - (0.4m)?] (4.28)

The proposed coefficient C, is 0.15.

b) Rattanapitikon and Shibayama (1998) assumed that the energy dissipation rate is
proportional to the difference between the energy per unit width ( £L ) and the stable energy

per unit width ( £_L), divided by the local water depth and wave period as

[EL-E,L]
D, o« 22—l 29
B AT (4.29)
or D, =C, ——hl% [E-E]=¢, —; [E-E.] (4.30)

where C is the proportional constant. Rewriting Eq. (4.30) in terms of wave height yields
D, =C5C§—,g[H2—Hf] (4.31)
]

The stable wave height ( /) was proposed to be

o=k exp[— 0.36--1.25 ) (4.32)

h
vLH

Substituting £q. (4.32) into Eq. (4.31) the dissipation rate becomes

Cp&' 3 h h—‘
D, =C, H =} -036-125— 4.33
" 3 [ o mﬂ | s

The proposed value of (, is 0.15.

4.2.1.3 Model Calibrations and Comparisons

Since some dissipation models were developed with limited experimental conditions, the
coefficients in those models may not be the optimal values for a wide range of experimental
conditions. Therefore the re-calibrations of the coefficients in the 5 models are performed
before examining the validity of the models. However, the value of dissipation rate D, could
not be measured direclly from the experiment. In order to determine the proper coefficients
C, —C,, Egs. (4.23), (4.24), (4.25), (4.28), and (4.33) are calibrated by using the measured
regular wave heights inside the suif zone.

The computed wave heights can be determined from the energy flux conservation (Eq.
2.1). Substituting E = pgH’ /8 into Eq. (2.1), the energy flux conservation can be written in

the term of wave height as



_ pg O(H’c, cos@)
8 o -
The computed wave heights are determined from Eq. (4.34), by substituting the expression

-D, (4.34)

of D, (Egs. 4.23, 4.24, 425, 428, and 4.33) and numerical integration from breaking point
to shoreline. The measured regular wave heights from 13 sources (totally 492 cases) of
published experimental results have been used in this section (see Tabie 4.3a). The
experiments are divided into 2 groups based on the experiment scale, i.e., small-scale and
large-scale experiments.

In this study, the basic parameter for determination of the accuracy of a model is the root

mean square (rms ) relative error, which is defined as

g
B Z‘(Hcr'_Hmi)z
ER, =100 |- (4.35)

uy

- > H,,
=1

where ER_ is the rms relative error of the data group, i is the wave height number, H , is

the computed wave height of number i, H , is the measured wave height of number 7, and
ng is the total number of measured wave heights in each data group. The average error
(ER,"}_ ) is defined as

$ix,

ER, =-"1"—— (4.36)
m

where j is the group number, rn is the total number of groups, and EK_, is the rms
relative error of the group number ;. The small value of average error (ERM) represents a
good accuracy of the model. The average error is used to judge the applicability of the model.

The calibration of each dissipation mode! is conducted by varying the empirical coefficient
{C) in each dissipation model until the minimum average error (ERM) between the
measured and computed wave height is obtained.

The calibrated coefficients ', — C, are summarized in the second column of Table 4.4.
Using the calibrated coefficients, the errors ( £R, and ER__) of each model have been
computed and shown in Table 4.4. The results can be summarized as follows.

a) The accuracy of models for general cases in descending order are Rattanapitikon
and Shibayama (1998), Dally et al. (1985), Deigaard et al. (1991), Thornton and
Guza (1983), and Battjes and Janssen (1978).

b} Overall, the stable energy concept gives better prediction than that of bore

concept.
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¢) The errors of most models (except Battiest and Janssen, 1978) for small-scale

wave fiume are nearly the same as that of large-scale wave flume. It imeans that

those models may not have scale effect.

d) The model proposed by Battjes and Janssen (1978) gives quite large error

(E£R > 25) for all conditions. It may not be suitable for using. The model may be

too much simplified.

e) The model of Raftanapitikon and Shibayama (1998) gives the best prediction for

all conditions.

Table 4.4: The error ER, for 2 groups of experiment scales, and £R,  of each model

comparing with regular wave data shown in Table 4.3a.

Models Coeff. C ER, ER,..

h Small-scale | Large-scale

(356 cases) | (136 cases)
| Battjes and Janssen, 1978 (Eq. 4.23) (,=048 347 48.7 417
. | Thornton and Guza, 1983 (Eq. 4.24) C,=0.68 223 25.8 24.0
Deigaard et al., 1991 (Eqg. 4.25) C,=049 233 23.0 231
Dally et at., 1985 (Eq. 4.28) C,=0.15 17.3 20.2 18.7
Rattanapitikon and Shibayama, 1998 C,=0.15 16.3 16.6 16.4

(Eq. 4.33)
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4.2.2 Energy dissipation for irregular breaking waves

Irregular 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 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. Much work has been
done on the energy dissipation. Three main approaches have been proposed for describing
the energy dissipation of irregular waves, i.e., probabilistic approach, spectral approach, and
parametric approach (Hamm et al., 1983). The probabilistic and spectrai approaches are
computationally intensive and may not suitable to use in the beach deformation model.
Therefore this section focuses only on the models in parametric approach because of their
ccmputation efficiency. This appreoach relies on the macroscopic features of breaking waves
and predicts only the transformation of rms wave height.

The energy dissipation rate in tr‘ne parametric approach is described by combining an
energy dissipation of a single broken wave with a parametric description of the wave height
distribution. Widely used concept in the parametric approach was proposed by Battjes and
Janssen (1978). Several researchers have proposed slightly different forms of the energy
dissipation rate. The main differences are the probability density function of breaking wave
height, the dissipation formula of a broken wave and the breaking wave height formula. The

brief reviews of selected 6 dissipation models are described as follows.

a) Battjes and Janssen (1978) proposed to compute D, by multiplying the fraction of
imegular breaking waves ( (J, ) by the energy dissipation of a single broken wave. The energy
dissipation of a broken wave is described by the bore analogy and assuming that all broken
waves have a height equal to breaking wave height ( 4, ).

H2
D, =C, —Q"f}# (4.37)
F

where T is the peak period of the wave spectrum, C is the coefficient and the published

value of C, is 1.0.
The fraction of breaking waves, (J,, was derived based on the assumption that the shape

of probability distribution function of non-broken wave inside the surf zone is Rayleigh

distribution.

1- Qh [Hrm.\wz
(4.38)

~InQ, \ H,
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The breaking wave height is determined from a Miche's (1944) criterion with an adjustable

coefficient. After calibration, the breaking wave height was suggested to be

088
H, = Ttanh(o.mk,,h) (4.39)

r

where kp is the wave number related to 7.

Since Eq. (4.38) is an implicit equation, the iteration process is necessary to compute the
fraction of breaking waves, (J, . Quicker method is possible by using the explicit formula of
Rattanapitikon and Shibayama (1998), i.e.,

H
0 or —/— <043
J H

h

0, = (4.40)

2 1
H H H
—0.738[—1’2‘—]—0.280{ﬁﬂ] +_1.785[—ﬂJ +0.235 forh>0.43
H, | #H, H, H,

Since Egs. (4.38) and (4.40) give aimost identical results (correlation coefficient R'=

0.999), only Eq. {4.40) is used in this study.

b) Thornton and Guza (1983) proposed to compute D, by integrating from 0 to o of the
product of the dissipation for a single broken wave of height f{ and the probability of wave
breaking at that height. The energy dissipation of a single broken wave is described by the
bore analogy. The probability density function of breaking wave height is expressed as
weighting of the Rayleigh distribution.

ﬁ( H JI 1- 1 pEH,., (4.41)
4 042k i+ (1, /0420y | 4T,k '

where C, is the coefficient introduced to account for the different between breaking wave

D, =G,

ancd hydraulic jump. The published value of C, for laboratory is 0.51.

c) Battjes and Stive (1984) used the same energy dissipation model as Battjes and Janssen
(1978).

: H,
D, =K %% (4.42)

f.J

where C, is the coefficient (the published value of C; is 1.0), and O, is computed from Eq.

(4.38) or Eq. (4.40). Battjes and Stive (1984) modified the breaking wave height formula to be

0.88
H, =258 [0.57+0.4m[33MHk,,h e

P op

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

I

related to TP.
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Hence the model of Battjes and Stive (1984) is similar to that of Baltjes and Janssen

(1978), except the formula of H, .

d) Southgate and Nairn (1993) modified the model of Battjes and Janssen {1978) hy

changing the expression of energy dissipation of a broken wave.

. O,pgH,

D, =C 4.44
P 9 aT h ( )

where C, is the coefficient (the published value of C, is 1.0), and @, is computed from Eq.
(4.38) or Eq. (4.40). The breaking wave height is determined from the formula of Nairn
{1990).

1, =039 0 5ot 3% | (45

np
e) Baldock et al. (1998) proposed to compute [J, by integrating from H, to co of the product
of the dissipation for a single broken wave of height H and the probability of that wave
height occurring. The energy dissipation of a single broken wave is described by the bore
analogy. The probability density function of wave height was assumed to be the Rayleigh

distribution.

2
H pe\Hy +H.,
Dy =C,,exp _[H,:“J ( ‘;Tp ) for 4, <H, (4.46)

In the saturated surf zone (H_, = H,). H,, is setto be equalto H,. The published

coefficient C,, is 1.0. The breaking wave height ( £/, ) is determined from the formula of

Nairn (1990) as shown in Eq. (4.45).

f} Rattanapitikon and Shibayama (1998) modified the model of Battjes and Janssen (1978} by
changing the expression of energy dissipation of a broken wave from the bore concept to be

the stable energy concept.

h
1/LPH,,"‘)

where C,, is the coefficient (the published value of C,, is 0.1), L

QP8

Sk H? —|hexp(-0.58-2.00

Dy

C, (4.47)

» is the wavelength related
to 7,, and Q, is the computed from Eq. (4.38) or Eq. (4.40). The breaking wave height (H,)
is computad by using breaking criterion of Coda (1970).
h
H, = 0.1L,,,,<[1 - cxp{—l.SL—(l +15m" )“ (4.48)

“f’
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where m, is the average bottom slope.

4.2.2.1 Model calibrations and comparisons

The value of dissipation rate D, could nct be measured directly from the experiment. In
order to determine the proper coefficients C, — C,,, Eqgs. (4.37), (4.41), (4.42), (4.44), (4.46)
and (4.47) are calibrated by using the measured irregular wave heights. Only the measured
wave heights inside the surf zone should be used in the calibration. However the surf zone of
irregular waves could not be clearly defined. Therefore all measured wave heights (from
oifshore to shoreline) are used in this section. The computed wave heights are determined

from the energy flux conservation (Eq. 2.1). From linear wave theory, the wave energy
2

fg A%

density ( £) is equal to pgH /8. Therefore, Eq. (2.1) can be written in the term of wave

height as
“pp O(H. ¢ cos@
pg OH L Cpp )=—Du (4.49)
8 Ox
where ¢ is the group velocity related to T .
Snell's law is applied to describe wave refraction as
sin @ = constant (4.50)
¢

[l

where ¢, is the phase velocity related to T,,.

The computed wave heights are determined from Eq. (4.49), by substituting the expression
of D, (Egs. 4.37, 4.41, 4.42, 4.44, 4.46 and 4.47) and numerical integration from offshore 1o
shoreline.

The measured irregular wave heights from 9 sources of published experimental resuits
(totally of 385 cases) have been used in this section. A summary of the collected
experimental data is shown in Table 4.3b. The experiments are grouped into 3 groups based
on the experiment scale, i.e., small-scale, large-scale, and field experiments.

Because some dissipation models were developed with limited experimental conditions,
the coefficients in each model may not be the optimal values for a wide range of experimental
conditions. Therefore the re-calibrations of the coefficients in the 6 models are performed
before examining the validity of the models.

The calibration of each dissipation model is conducted by varying the empirical coefficient

C in each dissipation model until the minimum average error ( £R_ ) between the measured

and computed wave height is obtained.
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The calibrated coefficients C, — C,, are summarized in the second column of Table 4.5.

Using the calibrated coefficients, the errcrs ( ER, and ER__) of each model have been

computed and shown in Table 4.5. The results can be summarized as follows.

a) The models developed by Battjes and Janssen (1978), Thornton and Guza

(1983), Battjes and Stive (1984), Southgate and Nairn (1993), Baldock et al.

(1998) give quite large error ( ER_> 15%) for field application.

b) The model of Rattanapitikon and Shibayama (1998) gives very good prediction for

general cases.

Table 4.5: The error ER, for 3 groups of experiment scales, and ER,,. of each model

comparing with irregular wave data shown in Table 4.3b.

Shibayama, 1998
(Eq. 4.47)

Models Coeff.C ER, ER,.
) Small-scale | Large-scale Field
(16 cases) | (361 cases) | (8 cases)
Battjes and Janssen,1978 C,=12 11.0 10.0 17.6 12.9
(Eq. 4.37)
Thomton and Guza, 1983 C,=0.22 12.9 12.1 18.6 14.5
(Eq. 4.41)
Battjes and Stive, 1984 C,=1.0 8.7 71 18.8 11.6
(Eq. 4.42)
Southgate and Nairn, Cy,=14 9.8 8.0 19.8 125
1993 (Eq. 4.44)
Baldock et al., 1998 C,,=0.9 12.0 7.3 211 13.5
(Eq. 4.46)
Rattanapitikon and C,=0.1 10.1 7.4 14.5 10.7
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4.3 Undertow Models

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. The pioneering experiment iﬁ this phencmenon was
carried out in by Bagnold (1940).

Because of the additional mass flux caused by surface roller, the mass transport velocity
induced by breaking waves, commonly referred to as undeirtow, is larger than that induced by
non-breaking waves (Hansen and Svendsen, 1984).

The undertow velocity is important in the prediction of cross-shore suspended sediment
transport rate. Dyhr-Nielsen and Sorensen (1970) were the first to give a qualitative analysis
on the undertow. The undertow velocity can be computed by using momentum equation or
eddy viscosity concept. In order to compute the undertow velocity accurately, the mean
undertow velocity (vertically averaged from the bed to wave trough) should be known as the
boundary condition. This section concentrates cnly on the comparison of the existing models
for computing the mean undertow velocity induced by regular and irregular waves.

For computing the undertow velocity, the mean undertow velocity (depth average velocity)
is an essential requirement. Widely used concept for computing mean undertow velocity (L'_)
is the concept of Svendsen (1984b). Svendsen (1984b) proposed to separate the mean
velocity {U/_ ) to be two components, one is due to the wave motion ({/ ) and the other one
due to the surface roller (U/,).

Uu,=U_+U, (3.15)

Various formulas for computing U/, have been suggested by the previous researchers.
However, no direct literature has been published to describe clearly the applicability and
accuracy of each formula. Therefore, the objective of this section is to investigate the
performance of each formula based on wide range of the experimental data.

Published experimental data of undertow profiles from 9 sources. including 751 undertow
profiles, have been collected for calibration of the present formulas. These inciude smali-
scale, jarge-scale and field experimental data obtained from a variety of wave and bottom
conditions. A summary of the collected experimental data is given in Table 4.6 (Table 4.6a is

for regular waves, and Table 4.6b is for irreqular waves)
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Table 4.6a: Summary of collected experimental data for regular breaking waves.

Sources Apparatus Bed condition Wave | Total Total

condition | No. of No. of

cases | profiles

Nadaoka et al. (1982) small-scale plane beach regular 2 1

Hansen and Svendsen small-scale plane beach regular 1 4
(1984)

Okayasu et al. (1988) small-scale plane beach regular 9 56

Cox et al. (1994) small-scale rough beach regular 1 5

Total 13 76

Table 4.6b: Summary of collected experimental data for irregular breaking waves.

Sources ) Apparatus | Bed condition Wave Total Total

' condition | No. of No. of

cases | profiles

Dette and Uliczka (1986) large-scale sandy beach irregular 1 4

. Okayasu and Katayama small-scale plane beach irregular 1 6
(1992)

SUPERTANK (1994) large-scale | sandy beach imregular 111 643

Shimisu and lkeno (1996) large-scale sandy beach imegular 4 14

Rodriguez et al. (1994) field sandy beach irregutar 2 8

Total 119 675

4.3.1 Mean undertow velocity induced by regular waves

4.3.1.1 Description of the models

From the previous studies, the following explicit formulas have been suggested to compute

the mean undertow velocity induced by regular wave actions:

a) Svendsen (1984) proposed to separate the mean undertow velocity into two parts, one
is due to wave motion and the other one due to surface roller. The following formula was
suggested to compute U/, throughout the surf zone:

2 2
v, = _kslBo‘{}_{'J - k.\‘z i

h T (4.51)
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where kg and kg, are the coefficients. The published value of kg, is 1.0, and k, is 0.9.

b) Stive and Wind (1986) proposed an empirical formula for computing the mean undertow

velocity for entire surf zone as

U =—k,,,,HJ%—kWH % (4.52)

where k, and k,, are the coefficients. The published vaiue of k,, + &, , is 0.1.

¢) De Vriend and Stive (1987) used the same concept as Svendsen (1984) but different

formuia:
;Ff:' L oo LT 2
é\ ‘ wr

U =k, (4.53)

g "8cd. L 8cd,

where k,, and k., are the coefficients. The published value of &, is 1.0, and k,, is 7.0.

d) Hansen and Svendsen (1987} modified Eq. (4.51) by introducing the new formula of
U .ie.,

r

iy cH
Um = *k}“ ]))n(,'[‘?J — kH:‘ ‘71—' (45-4)

where k,, and k,,, are the coefficients. The pubhshed value of k,, is 0.7, and k,, is 0.07

e) Rattanapitikon and Shibayama (2000a) re-analysis of the existing formulas and

proposed to compute {J_ from
BgH’
ch

B.cH

— kb

U, = —kk.\l (4 55)

- RN2
where k,., and k,, are the coefficients and b is the coefficient which expressed as

0 offshore zone
L/H -1/ JH,

b:
1/ JH, -1/ JH,
1

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

ransition zone

inner surf zone

value at the transition point.

4.3.1.2 Comparison of the models
It should be noted that the models of Svendsen (1984), Stive and Wind (1986), De Vriend
and Stive (1987). and Hansen and Svendsen (1987) do not account the effect of transition

zone. Tnal simulations of the above 4 models (Eqs. 4.51-4.54) indicate that the models give
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poor estimations for the undertow in the transition zone. Therefore, the above 4 models (Eqgs.
4.51-4.54) have been modified to include the influence of the transition zone by muitiplying
the formula of /| by the coefficient 4 as in Eq. (4.55). Using the collected experimental data
at the breaking point and inner surf zone, the existing 5 mode!s (Eqs. 4.51-4.55) are re-
calibrated to determine the best-fit coefficients in the models. The verification resuits are
presented in term of rms relative error ( £ER ) and summarized in Table 4.7. From Tabie 4.7,
it is found that the coefficients in all models (Eqs. 4.51-4.55) are slightly differed from the

published values and Eq. (4.55) shows the best prediction.

Table 4.7: Verification results of Egs. (4.51)-(4.55) (measured data at the breaking point and

inner surf zone from Nadacka et al., 1982, Hansen and Svendsen, 1984; Okayasu et al.,

1988; and Cox et al., 1994).

Formulas - Best-fit coefficients ER
knl kul’
Svendsen (Eq. 4.51): k¢ =1.00 ke, =1.79 30.8
2 2
H
U, =-kyB,c E — kb ——
h Th
Stive and Wind (Eq. 4.52): ky, =0.05 k,. =010 213
et [E o
DeVriend and Stive (Eq. 4.53): k,, =042 k,, =10.81 369

gH2 P bh gH2

U, =—k,, =——-k. b—
" “"'8cd, ' L 8cd,
Hansen and Svendsen {Eq. 4.54): k=083 k,,=0.10 - 20.7
2
H cH
U":—kHlBoC{—h'_J —ksz—h—
Rattanapitikon and Shibayama (Eq. 4.55): kpo =0.76 Kooy =1.12 201
B gH’ B.cH

U, = —k i Dc—h - km'zb h
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4.3.2 Mean undertow velocity induced by irregular waves

Irregular wave breaking is more complex than regular wave breaking. The highest wave
tends to break at 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 irregular wave surf zone (Nairn et al., 1990). To make the

formula simple, most of the models exclude the influence of the transition zone.

4.3.2.1 Description of the models
From the previous studies, the following explicit formulas have been suggested to compute

the mean undertow velocity induced by trregular wave actions:

a) Rodriguez et al. (1994) maodified the formula of De Vriend and Stive (1987) to predict

the mean undertow velocity induced by irreqgular wave actions:

gHzn ]T gHFzm\
U =-k = —k,, — 4.56
m K1 8(‘(1’ R-Qh L Scd’ ( )

where (), is the fraction of breaking wave which is computed from Eqgs. (2.55) and (2.56),

ky, and k,, are the coefficients. The published value of &, is 1.0, and k., is 7.0.

b) Grasmeijer and Van Rijn (1997) proposed:

H... i
U. = —k(“ J% d’ (45 !')

where k_,, is the coefficient. The published value of &, is 0.125.

c) Kennedy et al. (1998) proposed:

hiH Y
U =k, g'[ mj (4.58)

where &, is the coefficient.

d) Present study (see section 3.2.2) modified our undertow model for regular wave for

computing the undertow for irregular wave as

H’? cH
U, =k, ey O, (3.59)
ch h

where (), is the fraction of breaking wave which is computed from Eqgs. (2.55) and (2.56),

k., and k., are the coefficients. The published value of &, is 0.57, and k,, is 0.5.
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4.3.2.2 Re-calibration and comparison of the formulas

Using the collected experimental data at the breaking point and inner surf zone, the above

4 models (Eqgs. 4.564.59) are re-calibrated to determine the best-fit coefficients in the

models. The verification results are presented in term of rms relative error ( ER) and

summarized in Table 4.8. From Table 4.8, it is found that the coefficients in Eqgs. (4.56) -

(4.58) need to be slightly changed and Eq. (4.59) shows the best prediction.

Table 4.8: Verification results of Egs. (4.56) — (4.59) (measured data from Dette and Uliczka,

1986; Okayasu and Katayama, 1992; SUPERTANK, 1994; Shimisu and Ikeno, 1996; and

Rodriguez et al., 1994).

Formulas Best-fit coefficients ER
knl kn'_’
Rodriquez et al. (Eq. 4.56): ~ k, =047 ko, =4.92 56.1
2 2
gHITHT h gH’Tﬂ(
U =—-k, —™ -k, .0, —
" K 8ed, w2 L 8cd,
Grasmeijer and Van Rijn (Eq. 4.57): k., =009 - 58.0
H2
U, -k, & P
" "“Yh 4
Kennedy et al. (Eq. 4.58): | k,, =120 - 47.0
2
Jeh ( H

U, =-k,, NEO[ P

8 h
Rattanapitikon and Shibayama (Eq. 4.59): k, =057 k,, =0.50 426

H’ H
Um —kPI g — = k,.z chh -

c
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Chapter 5: CONCLUSIONS

Based on a large amount of published experimental results covering a wide range of test
conditions under regular irregutar wave actions, simple models are developed for computing
the breaker wave height, wave height transformation, and undertow profile. The following is
the summary of the conclusions of the present study.

1. Data from small scale, large scale, and field experiments in a total of 41 sources were
collected and utilized in development of the present models (see Table 5.1).

2. A total of 574 cases from 24 sources of published experimental results were used to
develop the new breaker height formulas: The experimental data cover wide range of wave
and bottom conditions (0.001< /{_ /L, £0.100, and 0< m <0.44). The development of the
present formulas was separated into two stages. Firstly, the measured data of breaking
waves on the horizontal slope were analyzed to identify the basic forms of breaker indices.
After that, based on the measured data of the breaking waves on various bottom slopes, the
equations of bottom slope effect were derived and explicitly included into the basic formulas.
The present formulas were examined against the measured data. The examination resuits
were presented in terms of root mean square relative error ( £R }. It was found that the
present formulas predict well for wide range of wave and bottomn slope conditions. The error
ER of the present formula is 10.8%. As mention before that the validity of empirical formulas
may be limited according to the range of expernmental conditions that used in the calibrations
or verifications. The use of the present forrmula become questionable for the beaches havin)
slope greater than 0.44 and for the deepwater wave steepness greater than 0.1,

3. For the wave model: the wave height transformation from offshore to shoreline is
computed from the energy flux conservation. To solve the energy flux conservation, the
energy dissipation model should be known. The energy dissipation model for requiar breaking
waves was developed based on the analysis of energy dissipation models of previous
researchers. The energy dissipation model for irreqular breaking waves was developed based
on the parametric approach and the present regular breaking wave model. The models were
examined using published experimental data from 13 sources (638 wave profiles in total). For
regular wave conditions, the model was verified by using small and large scale laboratory
data. The average rms relative error by the present regular wave model is 15.8 %. For
irregular wave conditions, the model was capable in simulating the increase in rms wave

height due to shoaling and subsequent decrease due to wave breaking over wide range of
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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 of the
present irregular wave model is 10.1 %.

4. A simple explicit model was developed to compute undertow profile induced by regular
breaking waves and then applied to the irregular breaking waves. The main formula of
undertow profile was derived from the eddy viscosity mode!. In solving the eddy viscosity
model, the expression of r/v, should be known. The ratio of shear stress and eddy viscosity
coefficient {7 /v, ) was proposed as a function of energy dissipation rate of a broken wave.
The validity of proposed formulas {for determining the shape of undertow) were calibrated
using the published experimental data from 9 scurces (751 undertow profiles in total), The
present model gives reasonably well estimations of the undertow profiles above the bottom
boundary layers. The rms relative error, £ER, of the proposed formulas for regular and
iregular are 15% and 21%, respettively.

5. A total of 574 breaker heights from 24 sources of published experimentai results were
used to examine and compare the accuracy of the 24 existing breaker height formulas.
Comparisons were made of overall accuracy as well as the accuracy within different ranges
of bottom slope. It was found that the present formula gives the best overall predictions.

6. A total of 877 wave profiles from 19 sources of published experimental resuits were
used to caklibrate and compare the accuracy of 11 existing dissipation modeis (5 for regular
waves and 6 for irregular waves). The experimental data cover a wide range of wave and
beach conditions. The calibration of each model was conducted by varying the empirical
coefficients in each model until the minimum error £R , between the measured and computed
wave heights, is obtained. Using the calibrated coefficients, the errors ER of each model for
various conditions \.Here computed and compared. The comparisons show that the present
models give the minimum error for all conditions.

7. A total of 751 undertow profiles from 9 sources of published experimentai results were
used to calibrate and compare the accuracy of 9 models of mean undertow velocity (5 for
reqgular waves and 4 for irregular waves). The calibration of each model was conducted by
varying the empirical coefficients in each model until the minimum error ER, between the
measured and computed mean velocity, is obtained. It was found that the present model

gives the best predictions.
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Table 5.1: Sources and number of collected data for present study.

No Sources Hy | Hoo | H,, | e | u,.,
1 | Coxetal. (1994) 3
2 | Cox and Kobayashi (1957) 1
3 | Dette et al. (1998); MAST III - SAFE 138
4 | Dette and Uliczka (1986) 4
5 | Galvin (1969) 19
6 | Grasmeijer and Rijn (1999) 2
7 | Hansen and Svendsen (1979) 17
8 | Hansen and Svendsen (1984) 1 4
9 | Hattonn and Aono (1985) 3
10 | Horikawa and Kuo (1966) 158 | 213 i
11 | Hurue (1990) ] 1
12 | Hwung et al. (1992) 2
13 | Iversen (1952) 63
14 | Iwagaki et al. (1974) 39
15 | Kajima et al. (1983) 79
16 | Kraus and Smith (1994); SUPERTANK 57| 128 643
17 | Maruyama et al. (1983) 1
18 | Mizuguchi (1980} i
19 | Nadaoka et al. (1982) 12 2 11
20 | Nagayama (1983) 12 12
2] | Okayasu et al. (1986) 2
22 | Okayasu et al. (1988) 10 10 56
23 | Okayasu and Katayama (1992) 6
24 | Ozaki et al. (1977) 20
25 | Rodriguez et al. (1994) 8
26 | Roelvink and Reniers (1995); LIP 11D 95
27 | Saeki and Sasaki (1973) 2 f
28 | Sato et al. (1988) 3 3
29 | Sato et al. (1989) 2 2
30 | Sato et al. (1990) 7
31 | Shibayama and Horikawa (1985) T *I
32 | Shimisu and Ikeno (1996) 14,
33 | Singamsetti and Wind (1980) 95 '
34 | Smith and Kraus (1990) 80| 101 12
35 | Smith et al. (1993); DELILAH 4
36 | Stive (1984) 2
37 | Sultan (1995) 1
38 | Thomton and Guza (1986) 4
39 | Ting and Kirby (1994) 2]
40 | Visser (1982) 7
41 | Walker (1974) 13
Total 574 | 492 | 385 76 | 675
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HBased on a large amount of published laboratory results, reliable models are developed
for computing the average rate of energy dissipation tn regular and i-regular breaking
waves The average energy dissupabion rate s assumesd to be proportional Lo the difference
Letween the local mean energy density and smable enerpy density. Wave teight transforma-
ton s computed from the enery Aux conservation las hased on the lincar wave theory
The models are exananed and verithed extensively for a vniety of wave and bottom condi-
tons, including small and large acake Labcoralory and fekd expeniments Reasonable good
agTeerents are obtained betweer the measured and computed wave heighits and root mean

square wave heights

Keywords: Energy dissipation. wave breaking, wave model.

1. Introduction

In studying inany coastal engineering problems, it is essential to have accurate infor-
mation on wave conditions in the surf zone. When waves propagate to the nearshore
zone, wave profiles are steepen and eventually waves break. Once the waves start to
break, a part of wave energy 1s transforined to turbulence and heat, and wave height
decreases towards the shore. The rate of energy dissipation of breaking waves is an
muential requirement for predicting wave height, sediment transport rate and beach
protile change in the surf zone.

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
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Table 1. Summary of collected experimental data used to validate the present models.

Total No. Total No. of Wave

Sources of cases  data points condition Bed condition Appaiatus
Hansen and Svendsen {1984) I 5 regular plane beach small-scale
Horikawa and Kuo (1966) 213 2127 regular plane and small-scale

stepped beach
Kajima et ol (1983) 79 1379 regular sandy beach large-scale
Kraus and Smuth {1994} 57 429 regular sandy beach large-scale
128 2223 irregular
Nadaoka et al. {1982) 2 11 1egular plane beach small-scale
Nagayama (1983) 12 171 regular plane, stepped small-scale
and barred beach
Okayasu ¢t af (19%8) - 10 62 regular plane bea:h small-scale
Sato ef al {1938) 3 25 regular plane beach small-scale
Sato et al (1989) 2 11 regular plane beach small-scale
Shibayama and Horikawa 10 85 regular sandy beach small-scale
(1985)
Smith et al (1993) 4 32 irregular sandy beach field
Smith and Kraus (1990) 101 506 regular plane and small-scale
12 96 irregular barred beach
Thormton and Guza (19%4) 4 0 rregular sandy bearh field
Total G T240

calibrate or verify the formula wath a large amount and wide range of experimental
results. Since many energy dissipation models were developed based on data with
the limited experimental conditions, there is still a need for more data to confirm
the underlying assumptions and to make the model more reliable. At this moment,
the experimental results obtained by many researchers have been accumulated and
a large number of expenmental results have become available. It is a good time to
develop a model based on the 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 13 sources, including 638
cases. have been collected for calibration and verification of the present models. A
summary of the collected experimental results is given in Table 1. The experiments
cover wide range of wave and bottom topography conditions, including both small
and large scale laboratory and field experiments. Most of the experiments were
performed under fixed bed conditions, except data of Kajima et ol (1983), Smith
et al. (1993), Kraus and Smith (1994), Shibayama and Horikawa (1985), Thornton
and Guza (1986) which were performed under movable bed conditions.
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2. Governing Equation

If we apply wave model 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.
In the present study, wave height transformation will be computed from the energy
flux conservation law. It is
(Ec
(Ecgjfos_ﬁ) _ _Dy )
where E 1s the wave energy density, ¢g is the group velocity, 0 is the mean wave angle,
z 1s the distance in cross shore direction, r-axis points onshore, and D g is the energy
dissipation rate which is zero outside the surf zone. The energy dissipation due to
the bottom friction 1s neglected. Snell’s law is emiployed to describe wave refraction.
The wave height transformation can be computed from the energy flux balance
equation [[Iq. (1}| by substituting the formula of the energy dissipation rate, g, and
numerical mtegrating from offshore to shoreline The main difficulty of energy flux
conservation approach is how to formulate the energy dissipation rate. D g, inside the
surf zone. The phenomenon of wave breaking is very complicated. At present stage of
knowliedge. 1t is clear that any type of formula for computing the energy dissipation
rate, Dg. has to be based on enpirical or semi-empirical formula. The main target
of the next sections i1s to develop an empirical formula for computing the energy
dissipation rate for regular wave breaking and then for irregular wave breaking.

3. Energy Dissipation Due to Breaking of Regular Waves
3.1. Model development

A major problem of wave field calculation inside the surf zone s how to evaluate
the rate of energy dissipation. A number of works on theoretical and experimental
studics have been perfonned to draw a clearer picture of the energy dissipation rate,
Dy. Various models have been proposed, by previous researchers, for computing th:
energy dissipation rate, Dg. Widely used formulas for computing energy dissipation
rate are the Bore modet and the model of Dally et al. (1985). A briefly reviews ct
these two models are described as follows.

(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 juinp. Several researchers have proposed slightly
diffcrent formns of the energy dissipation rate, e.g.

. pgH? 2

Batt dl 1978): Dg=— = —
attjes and Janssen ( ) B AT T (2)

pgH3 2H

Tt t d G 1983): Dpg = = —
lornton an uza ( ) B ATh Th E (3)
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where p is the density of water, ¢ is the acceleration due to gravity, H is the
wave height, T is the wave period, and h is the water depth.

(b) The model of Dally et al. (1985) is based cn 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

~ [Ecy — Escgl

Dg n (4)
Qor
1N K
Dp = ;CQ[EME,J - dTm[E—Es] (5)
where
E. = LpgH? =1 (Ch)* 6
s = gPoHs = cog (6)
" (1 + 2kA/ sinh(2kh)) )

2

in which Ky is a constant (decay coeflicient), ¢ is the phase velocity, E, is the
stable energy density, H, is the stable wave height and I’ is the stable wave

factor.

From the model calibration with the laboratory data of Horikawa and Kuo
(1966). Dallv et af {1985) found that K4 = .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 condi-
tions {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 break-
ing 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 Eqgs. (2)-(5), we see that the energy dissi-
pation rate, Dg, may be a function of the energy density, E. Moreover, the energy
dissipation rate should be equal to zero for recovered wave. Therefore, in the present
study, the encrgy dissipation rate is assumed to be proportional to the difference
between the local energy density and stable energy density:

Dp o« [E — E,] (8)

DB:ﬁ[E_Es] (9)

where 3 is the proportionality constant.
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Table 2. Root mean square relative error (ER) of the four possible forins of Dg.

No Sources Total No Dgfrom Dgfrom Dgfrom Dg from
of cases  Eq. (11) Eq. (12) Eq. (13) Eq. (14)
K1 =09 K,=098 K;=015 Kg=0.15

Hansen and Svendsen {1984) 1 5.14 4.82 13.83 16.15
2 Horikawa and Kue (1966), 101 11.98 14.21 13.87 13.30
slope=0
Horikawa and Kuo (19G6), 112 29.44 22.99 17.86 20.64
slope=1/80-1/2¢
3  Kajima et al. (1983) _ 79 26.03 19.29 26.06 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 11.97
6 Nagayama (1983) - 12 10.00 9.69 9.55 9.19
7 Okayasu et al. (1933) i0 17.39 16.06 13.57 14.18
8 Sato et ol {1953) 3 15.20 12.43 8.1] 11.35
9 Sato et al. {1989) 2 25.39 17.75 24.76 31.83
10 Shibayama and Horikawa (1956) 10 19.25 17.68 17.15 16.23
11 Smith and Kraus (1990} 101 24.73 2511 21.98 19.44
Total 490 20.23 18.66 17.84 17.55

Rewniting Eq. (9) in terins of wave height leads to
Ds = 6% |H? - (Th)?] (10)

The encrgy dissipation rate of Eq. (10) contains two parameters J and I’ which can
be determined empirically from the measured wave heights. The published experi-
mental data from small-scale and large-scale experiments performed under regular
wave actions are used to determine the parameters § and I'. Total 11 sources of
published experimental results, including 490 cases, are used in this section (see the

first column of Table 2).

3.1.1. Determination of parameter 3

By compariscn of Eq. (9) to Eqgs. (2), (3) and (5), respectively, we see that there
may be four possible forms of 3. Therefore, there are four possible models of the
energy dissipation rate, Dg:

model (1): Dp = Ki2(E ~ E5) = Ky 22 (H? — (Th)?) (11)
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where 8 = Kl%

model (2): Dg = Kg—(E E,) = K,222 4Th {H2 (Th)?] (12)

where 8 = K2l
model (3}: Dp = Ka—(E Eg) = Kapg;in[ H? — (Th)?) (13)

where 8 = K3 .
Im@uquazmgwﬂggzxf“mz(m?] (14)

where § = K4f; in which Ky — K; are constants, which can be found from model
calibrations. Model 3 of Eq. (13} is the same model with Dally et al. (1985).

In order to select the proper form of 3 or Dg, the above four models Eqs. (11)-
(14) will be examined by using measured wave heights inside the surf zone.

By rewriting Eq. (1) in term of wave height, it beccmes

pg O(H?c, cos 8)
s ar
The wave height transformation is computed from the energy flux balance equa-
tion [Eq. (15)] by substituting the above possible expressions of Dg 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 Subsec. 3.1.2.
In order to evaluate the accuracy of the prediction. the verification results are
presented in term of root mean square (rms) relative error, ER, as uszd by Dally
et al. (1985), which is defined as

= —Dg (15)

n

ER =100,|> (He — Hme)? /ZHm- (16)
1=1
where 1 1s the wave height number, H is the computed wave height of number
i, H,,, is the measured wave height of number i, and tn is the total number of
measured wave height. Smaller values of E'R means better preaictions.

A calibration for models 14 was conducted by varying the values of K — Ky
until the minimum error (E'R) between measured and computed wave heights is
obtained. The optimum values of K; — K4 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.

The rms relative errors ( ER) of each model for all cases of collected experiments
are shown in Table 2. From Table 2, among the four possible models, the model 4
of Eq. {(14) appeared to be the best. Therefore, the proper form of the parameter 4

is recommended to be

C
B=0157 (17)
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Therefore, the energy dissipation rate can be written as
Dp = Ko [E — Ej) = K 32 (H? - (Th)?] (18)
8h
where K, = 0.15 is the constant.

Comparing Eq. (18) with Dally et al.’s model Eq. (5), we see that Eq. (18) is
similar to the Dally et al’s model Eq. (5) except the factor n.

It should be noted that we could get the same form as Eq. (18), if we assume
that the energy dissipation rate is proportional to the ditference between the energy
per unit width {E£L) and the stable energy per unit width {E,L}), divided by the
local water depth and wave period as

(EL - E,L|
(x —

D
B h

(19)

-

or
B ﬂh,r L u’ E

where K, is the proportional constant. Rewriting Eq. (20) in terms of wave height
yields

Dp = Ko 22 |H? - (ThY?] (21)

which is the same as Eq. (18).

3.1.2. 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 I'.
After substituting Eq. (18) into Eq. (1), the equation of energy flux balance can
be written as
AN Ecycosb)
fok» N

Considering Eq. (22), the measured I can be determined from the measured wave
height, period and water depth by using the following formula [rewriting Eq. (22)].

r— %\/HQ _ O(Ecycos6) 8h (23)

cpg 2
Kas—h[H2 — (Th)7] (22)

oz 0.15¢cpg

Using the measured wave heights, periods, and water depths from the experimen-
tal data of Kajima et al. (1983), the measured I’ can be determined from Eq. (23).
An attempt is made to correlate the parameter I' with the wave parameters. Among
the various possibilities, the correlation between I' and h/m appeared to be
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Fig. 1. Relationship between I' and A/ LH (laboratory daia from Kapima et af., 1983}

the best (see Fig. 1), A formula for the stable wave factor [, from Fig 1, can be

expressed as

LH

Substituting T from Eq. (24) into Eq. (18). finally. the energy dissipation rate Dg
of the present study can be expressed as

0.15¢cpg 2 ( . h ) ?
= T \H* - lhe -0.36 - 1.25 - — 25
Ds = —5; [ ( exp N (25)

!
' = exp [-036 —-1.25 : ] (24)

3.2. Model verification

Comparisons between measured and computed wave heights inside the surf zone are
used to verify the model. The verification is perforined 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 madel.

The wave height transformation is computed from the energy flux balance equa-
tion |Eq. (1)] by substituting Dg from Eq. (25) and numerical integration. using
backward finite difference scheme, from breaking point to shoreline. All coethaents
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.
Columns 4 and 5 of Table 3 shows the rms relative error, ER, of the Dally et al’s
model Eq. (5) and the present model Eq. (25), respectively. From Table 3, we sce
that the results of computed wave height of present model are better than those
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Fig. 2. Comparson between computed and measured wave height for all 490 cases (measured data
from 11 sources as shown in Table 2)

Table 3. Ront mean square relative error (ER) of Dally’s model and present model.

No Sources Total No. Dally model, Present study,
of cases Eq. (9) Eq. (25)

1 Hansen and Svendsen {19534) 1 13 83 7.00
2 Horikawa and Kuo {190.0]), slope = 0 101 i3.87 11.66
Horitkawa and Kue (a0 sboge — 1 BO- 120 112 1786 I7 68
3 Kajyma ef af (193 T 20.06 1637
4 Kraus and Smuth {1¥d) 57 21.87 19.16
5 Nadaoka et al. (1982) 2 5.38 10.81
6 Nagayama (1983) 12 9.55 8.61
7 Okavasu ef ol (198n) 10 13.57 11.30
] Sato ¢t al. (19388) 3 8.11 .74
9 Sato et al. {1989) 2 24.76 19.78
10 Shibayama and Honkaww (1956) 10 17.15 17.69
11 Smith and Kraus (1440) . 101 21.98 20.44
Total 490 17.84 15.75

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%.

4. Energy Dissipation Due to Breaking of Irregular Waves

Irregular 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 waves tend to break at greatest distances from the shore. Thus, the energy
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dissipation of irregular waves occurs over a considerably greater area than that of
regular waves.

4.1. Model develoepment

Dally (1992) used regular wave model of Dally et al. (1985) to simulate transfor-
mation of irregular wave by using wave-by-wave approach. This means that Dally
assumed that Dpg is proportional to the difference between local energy flur 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 irregular wave breaking, Dpg, can be expressed as

Dp = 2228, - B, (26)
where
Ep = éngfm (27)
E, = 1pgH? = pg(T\h)? (25)
5" 5

in which all variables are computed based on the linear wave theory. Ky is the
proportional constant, (), is the fraction of breaking waves, ¢, is the phase velocity
related to the peak spectral wave period 7. h is the water depth, E,, is the local
mean energy density, E, 15 the stable energy density, H,mn, is the root mean square
wave height. H, is the stable wave height and I'; is the stable wave factor of irregular

wWave,
RewTiting Eq. (26) in term of wave height yields

_ A
Dp RSP 2 | (rhy (29)
The stable wave factor, T, is determined by applying Eq. (24) as
r K 0.36 — 1.25 h (30)
Rt o i NN = oy

where KA’ is the coefficient, Ly is the wavelength related to the peak spectral wave

period.

2
Dp = KsQooPd g2 (h exp (—0.361{5 - 1.25K6—h—)) (31)

8h VIpHms

130



December 30, 1998 15:5 WSPC/101-CEJ 0019

Energy Dissipatinn Model for Regqular and Irreqular Breaking Waves 337

The local fraction of breaking waves, Qy, is determined from the derivation of
Battjes and Janssen (1978) based on the assumption of truncated Rayleigh distri-
bution at the maximum wave height:

1-Q _ (Heme\?
—anb‘( Hb) (32)

where H, is the breaking wave height that can be computed by using breaking
criteria of Goda (1970):

Hy, = K7Lo {1 — exp [—1.5-?(1 + 15m"/3)] } (33)
[}

where K7 is the coefficient, Lo is the deep-water wavelength related to the peak
spectral wave period, and m is the bottom slope.

Since Eq. (32) is an implicit equation, the iteraticn process is necessary to com-
pute the fraction of breaking waves, Q. It will be more convenient if we can compute
Q. from the explicit form of Eq. {(32). From the multi-regression analysis, the explicit
form of Qg can be expressed as the following (with R? = 0.999):

H.
0 f T2 <04
or H, = 3

Qs (34)

Hyms Hems\? (Hm)3 Hyrns
—0.7: —0.280 +1.785 +0.235 f >0.43
0 '18( H, ) ( A, ) H, or o,

The energy dissipation model Eqs. (31), (33) and (34) contains 3 coefficients,
Ky — K+, that can be found from model calibration.

4.2, Model calibration

The model is calibrated for determining the optimal values of the coefficients K5— K7
in Egs. (31) and (33). The calibration is carried out with the large-scale experimen-
tal 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 August 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 4).
Most of the major tests were performed under the irregular wave actions, except the
test No. STBO, STEQO, STFO, STGO, STHO, and STIO. The coliected experiments
for irregular waves include 128 cases of rms wave height profiles, covering incident
wave heights from 13.9 cmn to 60.1 cm, peak wave periods from 2.8 sec to 9.8 sec.
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Table 4. Root mean square relative error (£H) of the present model comparing with irregular wave
data of Kraus and Smith (1994). '

Test No. Descrintion Total No. ER. of
of cases Present study
ST10 Erosion toward equilibriuim, irregular waves 26 5.77
5T20 Acoustic profiler tests, regular and irregular waves ¥ 6.86
ST30 Accretion toward equibibrivim, irregular waves 19 10.01
ST40 Dedicated hydrodynamics, irregular waves 12 10.37
3Ts06 Dune erosion, Test 1 of 2, irregular waves 8 12 11
8160 Dune erosion, Test 2 of 2, irregular waves 4 972
ST70 Seawall, Texst | of 4, irrepular waves a 7.87
STRO Seawall, Test 2 of 3, wregular waves 3 10.08
ST30 Berm Anonding, Test 1 of 2, irregular waves 3 4.32
STAO Foreduna erosion, icregnial waves 1 4.094
STBO Dedicatrd suspended seedpmnent, regulnr waves 0 -
STCO Seawall, Test 3 of 3, irregular waves H 10.88
STDO Berm flooding, Test 2 of 2, irregular waves 3 12.39
STEOC Laser Doppler velocimeter, Test | oof 2, regular wives 6] -
STFO Laser Doppler velncimeter, Test 2 of 2, regular waves 0 -
STGO Frosion toward equithbnium, regular waves
STHO Erasion, transition toward accretion, regular waves 0 -
STIO Accretion taward equibbrium. regular waves 0 -
STJO Narrow—crested offshore mound, reg. and irreg. waves 10 10.12

STKO Broad-crested offshore mound, reg. and irreg. waves 9 22.18

The rms wave height transformation is computed by the numerical integration
of energy flux balance equation [Eq. (1}] with the energy dissipation rate Dp of

Eq. (31):

2
B(HWCWCOSB):M Urzm_,ffhexp —0.36 K¢ —1.25K¢

T h

h
V LpH s
where () is computed from Eq. (34), and f{y is computed from Eq. (33).

Equation (35) is solved by backward finite difference scheme. Trial simulations
indicated that K5 = 0.10, Kg = 1.60, and K7 = 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

= 0.1Queppg 2 h
= TP | —{he —0.58 - 200 —— :
Dg a0 s L exp L {36)
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g

Computed {¢m)

Fig. 3. Comparison between computed and measured rrns wave height for 128 cases of large-scale
expenments (measured dara from Kraus and Smith, 1994).

Table 5 Root mean square relative error (ER) of Lrhe present model.

No. Sources No. of data set Present study
1 Kraus and Smith (1994} 128 9.75
2 Smith and Kraus (1990) 12 11.90
3 Smith et al. {1993) 4 14.54
4 Thornton and Guza (1986) 4 14.41
Total 148 10.08

Comparison between measured and computed rms wave heights for all 128 cases
are shown in Fig. 3. Table 4 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 major test are shown in Figs. 4 and 5. From Table 4 zud
Figs. 4 and 5, it can be seen that the model results generally show good predic-
tion, 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.

4.3. Model verification

Since the present model is calibrated with only the data from the large-scale ex-
periments, there is still a need of data from small-scale and field experiinents 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
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Fig. 4 Examples of computed and measured rms w.ave height transformation for Test No. STI10-
STEC {measured data from Kraus and Smith, 199.1)

(1990), ficld data {rom the DELILAH project (Smith et al., 1993) and field data of

Thornton and Guza (1986)

The wave height transformation is computed from the energy flux balance equa-
tion |Eq. (35)] by using backward finite difference scheme, from offshore boundary
to shoreline. All coefhicients in the model are kept to be constant for all cases in the

verification. -
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Fig. 5. Examples of coinputed and measured rms wave height transformatica for Test No. ST70-
STKO (measured data from Kraus and Smith, 1994).

4.3.1. Comparison with small-scale laboratory data

The small-scale laboratory data of Smith and Kraus’s (1990) is used in this sub-
section. The experiment was conducted to investigate 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-in-deep. Both regular and irregular waves were employed
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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. 6. The average rms relative error, ER, for all cases is 11.9% which
indicates a good prediction of the model. Figure 7 shows the typical examples of
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Fig. 6. Comparison betwesn computed and measured rms wave height for 12 cases of small-scale
experiments (toeasured data from Smuth and Kraus, 1990)
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Fig. 7. Examples of computed and measured rms wave height transformation for incident rms wave
height of 10 cm, peak period of 1.75 s, and four bottom conditions {measured data from Smith and
Kraus, 1990).
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computed rms wave height transformation for incident rms wave height of 10 cm,
peak period of 1.75 s and four bottom 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.

4.3.2. 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, tc 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 wave heights for all cases are
shown in Fig. 8. The average rms relative error, ER, comparing with the data
from DELILAH project and Thornton and Guza (1936) are 14.5%, and 14.4%,
respoectively.

Figure 9 shows the typical examples of computed and measured rms wave height
transformation for the cases of DELILAH project. The model results generally show
goud agreement with the measured data. However, the predicted wave heights are
consistently smaller than the measured wave heights shoreward the bar

Figure 10 shows the typical examples of computed and measured rms wave height
transformation for the cases of Thornton and Guza (1986). The model results also

Compuled (cm)
S
—
]

Mexsured {om)

Fig. 8. Comparison between computed and measured rms wave height for 8 cases of field experi-
ments (measured data from Smith et al, 1993, and Thornton and Guza, 1986).
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Fig. 9. Examples of computed and measured rms wave height transformation for cases 1000 and
1600 {measured data from Smith ef al., 1992).
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Fig. 10. Examples of computed and measured rms wave height transformation for cases 3 Feb and
5 Feb {measured data from Thornton and Guza, 1986).

generally show good agreement with the measured data. However, the model gives
slightly over estimation in the offshore region.

5. Conclusions

The energy dissipation models for regular and irregular breaking waves were devel-
oped and applied to compute wave heights by using energy flux conservation law.
The energy dissipation model for regular breaking waves was developed based on the
analysis of energy dissipation models of previous researchers. The energy dissipa-
tion model for irregular breaking waves was developed based on the present regular
breaking wave model and on the local fraction of breaking waves. The models were
examined using published experimental data from 13 sources (638 wave profiles in
total). The results of verification can be summarized as follows:

(1) For regular wave conditions, the model was verified by using small and large
scale laboratory data. The results of computed wave height of present model
are better than those of Dally et al (1985)'s model. The average rms rela-
tive error by the present model is 15.8% while that by Dally et al’s model is

17.8%.
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(2) For irregular wave conditions, the model was capable of simulating the in-
crease 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 labo-
ratory and field data. The average rms relative error, ER, of the model is
10.0%.
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Based on a re-analysis of the existing undertow models and the experimental results, a
proper explicit model is proposed for computing undertow profile inside the surf zone.
The model has been derived by using the eddy viscosity approach. The model is exam-
ined using published laboratory data from six sources covering small-scale and large-scale
experiments, i.e. the experiments of Nadaoka 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). The present undertow model is considerably simpler than most
of existing mode!s. Although the model is simple, it shows good agreement with the ex-
perimental results above the bottom boundary layer. The calculation is so simple that the
undertow profile can be calculated by using a pocket calculator.

Keywords: Undertow, velocity profile, surf zone.

1. Introduction

Cross-shore time-averaged velocity below wave trough, or undertow, is important
in the prediction of cross-shore suspended sediment transport rate. This paper con-
centrates on the derivation of a model for predicting the undertow profile induced
by regular breaking 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. At the present state of
knowledge, clearly all the existing undertow models were developed based on certain
assumptions. In order to confirm the underlying assumptions in the model, wide
range of experimental conditions should be used in the calibration or verification
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Table 1. Suinmary of collected laboratory data used to validate the present model.

Sources Case Total Total No. Bed conditivas Apparatus
No. No. of of data
profiles points
Nadaoka et al. (1982) 1 7 76 plane, smooth small-scale
5 7 73
Hansen and Svendsen (1984) 1 4 22 plane, smooth small-scale
Okayasu et al. (1988) 1 6 62 plane, smooth small-scale
2 6 a3
3 6 62
4 6 o4
6 7 al
7 6 40
8 7 54
9 6 46
10 6 43
Cox et al. (1994) 1 6 53 plane, rough small-scale
CRIEPI (1983) 2.1 13 36 sandy beach large-scale
23 10 20
3.3 16 40
3.4 13 37
4.1 10 18
4.2 22 58
4.3 48 194
5.2 57 142
6.1 21 63
6.2 19 59
SUPERTANK (1994) STEO 8 11 sandy beach large-scale
STFO 4 9
STGO 10 16
STHO 10 16
STIO 38 67
Total 379 1475

of the model. Therefore, there is only one way to make the model reliable, that is,
to compare the computed results with the wide range of experimental conditions.
Unlike many other existing models, wide range of experimental conditions is used

to develop and verify the present model.
Laboratory data of undertow profiles from six sources, including 379 undertow

profiles, have been collected for calibration and verification of the present model.
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Simple Model for Undertow Profile 3

These include small-scale and large-scale laboratory data obtained from a variety of
wave and bottom conditions. A summary of the collected laboratory data is given
in Table 1. Case number in Table 1 is kept to be the same as the originals. The
experiments of Nadaoka 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 lume.

Due limited measuring points in the large-scale experiments of CRIEPI (Kajima
et al., 1983) and SUPERTANK (Kraus and Smith, 1994), the measured data may
be difficult to use 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.

The present paper has two main parts. The first part i1s model development
(described in Secs. 2-5). The other is model verification (described in Sec. 6).

2. 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 bottom profiles. Therefore
the present undertow profile is caiculated based on the assumption of eddy wviscos-
ity model. By considering time-averaged values, the eddy viscosity model can be
expressed as

oU

T = pry—- (1)

oz
where 7 is the time-averaged shear stress, p is fluid density, 1/ is the time-averaged
eddy 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. (1), the expression of 7/uv; 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. (1). The following section deals with the expression of 7/v,. The
mean velocity, Um, is described in Sec. 4.

3. Vertical Distribution of Shear Stress and Eddy Viscosity
Coefficient

In the eddy viscosity model, vertical distribution of shear stress, 7, and eddy viscosity
coefficient, v, are important for the analysis of vertical distribution of the undertow.
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QOkayasu 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 zcne is mainly
caused by broken waves, the shear stress and eddy viscosity coefficient may depend
on the rate of energy dissipation due to wave breaking. Thus the formula of shear
stress, T, is assumed to be

z
T = 1,19]‘/3191?3/3 [kla + ]\:2} (2)

where Dpg is the energy dissipation rate of a broken wave, d is the water depth at
wave trough, ky and k; are the coeflicients.
The eddy viscosity coefficient, vy, is calculated by

D 1/3
vy = k3 (TB) z (3)

where k3 is also a coeflicient.
So, T/v; can be expressed as

T 03 1/3 [Ka | ks
;;‘—P/DB [E‘FFJ (4)
where k4 = kl/k;;, and k5 = kg/kg.

The main attention in this section is to find out the appropriate values of the
coefficients k4 and ks in Eq. (4). It should be noted that, the ratio of turbulent shear
stress and eddy viscosity coefficient in Eq. (4) depends only on energy dissipation
of the breaking waves. The turbulence caused by bed roughness is not included n
this equation. This means that Eq. (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 13 used in the model calibration.
The experiments of Nadaoka et al. (1982), Hansen and Svendsen (1984), Okayzsu

et al. (1988) and Cox et al. (1994) are used to examine the ability of Eq. (4). Sir.ce
the measured values of 7 and v are not available, we have to examine FEq. (4) n
terms of velocity. Substituting Eq. (4) into Eq. (1), then take an integration, the
time-averaged velocity or undertow profile can be expressed as

-] ()4

1/3 L
U = (%ﬁ) [k—j;—i—kslnz} + U, (6)

Then

where U, is an integral constant.
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The mean velocity, U,,, is defined as

1 d
0

where zg is the height of bottom roughness.

Substituting Eq. (6) into Eq. (7) then taking an integration and assuming 2o is
very small comparing with the water depth of wave trough (d), the integral constant
U, is expressed as

D\ [k
Uy, =Up — (—E) [—4 + ks(Ind — 1)} (8)
p 2
Substitution of Eq. (8) into Eq. (6) yields
DB 1/3 Z 1 Z
U (p) [lm(d > +5(nd+1)J+Um (9)

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 variation of wave height and mean water level inside the transition
zone is quite different from the inner surf zone. In the transiticn zone, wave height
decays rapidly and mean water level is relatively constant then abrupt change in
slope at the transition point [Svendsen, 1984(a); 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 experimental 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 fro:n the
inner zone. Since the mechanisms of turbulence induced by breaking wave (o: sur-
face roller) in these two zones are different, the different treatment is necessary. To
incorporate this process, for the sake of simplicity, Eq. (9) may be written as foliows.

U=k6(%5)1/3 [k,; (3—%)+k5 (1n§+1)]+Um (10)

where kg is the coefficient introduced herein to account for the growing of surface
roller in the transition zone.

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 mentioned
before, the proposed model is not valid inside the bottom boundary layer. Therefore
the data that used to calibrate the present model should be between the upper edge
of bottom boundary layer and the wave trough. Since the experiments of Nadaoka
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et al. (1982), Hansen and Svendsen (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 were used.

‘The multi-regression analysis between measured U versus (% — %) and (In 3+1) is
performed to determine the measured U, and to justify the use of Eq. (10). Totally
76 measured undertow profiles inside the surf zone of Nadaoka et al. (1982), Hansen
and Svendsen (1984), Okavasu et al. (1988) and Cox et al. (1994) are analyzed. The
averaged regression coefficient (R?), of 76 undertow profiles, is 0.86. This means that
the Eq. (10), or Eq. (4), is fitted well with the measured undertow profiles inside
the surt zone.

From the bore model {Thornton and Guza, 1983), Dp can be expressed as

pgH*

| D5 ="4Tn (11)
where g is the acceleration of the gravity, H is the wave height, T' is the wave period,

and A is the mean water depth.
Substituting Eq. (11) into Eq. (10), the formula of U becomes

9H3 1/3 2 1 .
U=k6(4Th) {k4(3—3)+k5(m3+1) + U, (12)

Equation (12) shows that the derived undertow profile consists of two parts, 1.e.
linear part and logarithmic part, and contains three coefficients, k4—k¢.

In order to evaluate the accuracy of the prediction, the verification results are
presented in terms of root mean square relative error (£ R), which expressed as:

" (Uei — Usi)?
ER = 100\[ Z*j;(m 2 ) (13}
i=] Yo

where i is the velocity number, Ug is the computed velocity of number 2, Uy is th:
measured velocity of number %, tn is the total number of measured velocity.

According to Rattanapitikon and Shibayama (1993), the coefficient kg is taken to
be 0.3 at the breaking point and to be 1 at the inner surf zone. Since the measured
undertow profiles of Nadaoka et al. (1982) and Okayasu et al. (1988) show logarith-
mic profile at the breaking point [see Figs. 2(a), 2(d), 3(a), 3(d), 3{g) and 3(j)]. The
coefficient k4 [of the linear part of Eq. (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
ks 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 ks at the breaking point and inner surf zone
are determined by trial and error. The minimum error, ER, between measured and
computed undertow profile is obtained when ks = —0.21 at both the breaking point
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Coefficients Breaking point Inner surf zone

k4 0.00 1.00
ks —0.21 -0.21
kg 0.30 1.00

and inuer surf zone. The coeflicients k4—kg at the breaking point and inner surf zone
are summarized as above.

In the transition zone, the coefficients k4 and kg are assumed to increase linearly
with distance from breaking point to the transition point. The coefficient ks is
assumed to be —0.21 throughout the transition zone. The formula for undertow
profile, therefore, can be written as

gH? 1/3 z 1 oz

where b, and b, are the coefficients and expressed as

Ty — I

03+0.7——— transition zone
b = Tp — T4
1 inner zone
Iy — I "
_ transition zone
1 Inner zone
10— - — =
i
0 -+ TIJ#*' -
I
| o
——— .:
g '
E, '4- "'T : *
o [ - )
o -0 |——— g
b LI t
é_ t ! |
E ' .
8 + + *
+Rp
-20 3 '*+*,‘YL —_— . - ]
+ '
a0 L o ]
=30 -20 -10 4] 10

Measwmed U {cmvs)

Fig. 1. Comparison between measured and comnputed undertow UJ inside the surf zone; the mean
velocity Um is given data {measured data from four sources as shown in Table 2).
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here z is the position in cross-shore direction, z, is the position at the breaking
oint, and z; is the position at the transition point.
Unlike some existing models (e.g. the model of Cox and Kobayashi, 1997),
ibration or adjustment of free parameters is not required for each case. All coefhi-
ients in the present 1nodel are kept to be constant for all cases of the computation.
igure 1 shows the comparison between measured U and computed U from Eq. (14)

in which the measured Uy, is the input data. Figures 2 and 3 show the examples of
measured and computed undertow profiles in which the measured U,, is the input
data. Table 2 shows the rms relative error, ER, of the present model for each case.
l)N.u:'l.._ol:l,cmi b) Nadaoka, case 1 Ic} Nadaoka, case 1
X/Xb=1.00 ‘ X/Xb=0 69 ./ | X/Xb=0.35 .
) EE— 08 08
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06! _computea|- ¥ — | os]-- 06
3 P ——F 13 . 3 */
04~ - 04t - _— - — 04 *
[ j.
L
- 02 02 —
2| o ~
0w — E o L2 ]
02 ©os 02 005 02 0.05
U Ufc Urc
d) Nadaoka, case 5 e} Nadaoka, case 5. X/Xb=0.81 }_ ) Nadaoka, case 5, X/Xb=042 | _
X/Xb=1 00 * -
1s . y
0.a|l . os LN 08 f
06 h o /' LY : ‘
o b b= 0[ , 3 L /[ ‘
Poal - - ‘ “oa . os £ I
o\ \ . [ -
02 ») 02 0l
y T& o %z 8 005
015 005 X
0.15 Um-o.n::e. re we
Ly Hansand Svendser h) Hansen& Svendsen )
P XIKb=0.74 ./ XXb=0.59 WK=0 47
08 0.8 L/
7 / s ol
o8 - oe /
° / = / Roe}—
] " / !
04 ( . 04 { 04 T | I
d 02
02 \ L 02 1
4 Qs 005 S £0.05
0.15 we o ' uve ' ue
k) Cox et o, PCametal
D a0 " X/Xm0.68 XXD=0.35 P
- o /
o3 0.8 / 112
o8 * 0e 00
= - E / g »>
n 0.4 ‘X 04 # 0.4 t
02 02
T PN %, s
p 05 o1 005 o 005
0.8 we Ul e
Fig. 2. Examples of measured and computed undertow profiles in which the mean velocity U, is
given data (measured data from Nadacka et al., 1982; Hansen and Svendsen, 1984; and Cax et al.,
1994).
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Fig. 3. Examples of measured and computed undertow profiles in which the wean velocity U s
given data (measured data from Okayasu et al., 1988).

The rms relative error, ER, for all 76 data sets is 15%. From Figs. 1-3 and Table 2,
we can judge that the Eq. (14) is accurate enough to be used for computing the
profile {or shape) of undertows in the surf zone.

4. Mean Velocity

The 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, 1984(b)].

U = Uy + U,
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Table 2. Root mean squarc relative error (ER) of computed undertow from Fq. (14) in which
ineasured um is the given data.

Sources Case Total No. Total No. of ER of
No. of profiles data points Eq. (14)

Nadaoka et al. (1982) 1 6 65 19.76

9 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 14.325

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 3 43 13.08

Total 76 646 15.06

where U,, is the mean velocity due to wave motion, and U, is the mean velocity due

to surface roller.
Various formulas for computing U,, and U, have been suggested by the previous

researchers. However, no direct literature has been published to 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 tc
‘wave motion and due to surface roller are presented in Secs. 4.1 and 4.2, respectively.

4.1. 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 [1984(b)] proposed to compute the mean velocity due to wave motion

as
Uy = —Boc (%)2 (16)

where By = % foT(ﬂ/H )2dt is the wave shape parameter, which equals 1 /8 for
sinusoidal waves, ¢ is the phase velocity, 7 is the water surface elevation measured

from mean water level, and t is time.
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Fig. 4. Comparison between measured and computed wave  hape parameter By (measured data

from Hansen and Svendsern. 1954, and Okavasu et al., 1985).

(b)

(c)

Svendsen [1984(b)] sugeested to use By = 0.95, while Hansen and Svendsen
(1937) suggested to use 3, = 0.09. However, from the experunental results of
Hansen and Svendsen {1034) and Okayasu et al. (1988), By varies with a quite
wide range of varieties from 0.05 to 0.11. Therefore it may ot suitable to use
By as a constant value. Using the measured By of Hansen and Svendsen (1984
and Okayasu et al. (1988), the following formula is fitted well with the measured
By in the surf zone (R* = 0.81, see Fig. 4):

H
By = 0.125 + 0.6m — 0.0893 (17)

where m; is the mean bottom slope.
Hansen and Svendsen (1937) found that the oscillatory particle velocities wre

significantly smaller than predicted bv hnear wave theory. Therefore, equation
for computing U, of Svendsen [1984(b)] is modified to be

H 2
U, = —k:Bgc (—};) (18)
where k- is the coeflicient and k7 = 0.7 is recommended by Hansen and Svendsen

(1987).
Stive and Wind (1986) proposed an empirical formula for computing the mean

velocity for entire surf zone as
g ~
[Im - _Olf{\/; (19)
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The coefficient 0.1 is from the best fit with the laboratory data. However,
Stive and Battjes (1984) suggested using this coefficient as 0.125.
Equation (19) may be written in the form of U, + U. as

Un = —kgH\/% - kgH\/% (20)

where kg and kg are the coefficients.
Therefore the mean velocity due to wave motion, U, of Stive and Wind

(1986) can be expressed as
B g

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

1 g H? coth(kh)

w - (22
Uw = 3 - (
where o is the angular frequency, and k is the wave number.
Using dispersion equation, the Eq. (22) can be rewritten as
1 gh?®
= =T 23
Ve 8 ch (23)

As found by Hansen and Svendsen (1987) and Okayasu (1989, page 61) that
linear wave theory give an overestimation of Uy, the Eq. (23) may be written
as

H2
Uy, = —k102 (24)
ch
where kg is the coefficient and expected to be less than 1/8.
If the wave is not sinusoidal, the Eq. (24) may also be written as
Bogh? |
Uy =~k =2 (25)

ch

where ky; is the coefficient and expected to be less than 1. It should be noted
that the form of Eq. (25) will be the same as that of Eq. (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. Egs. (18), (21), (24)
and (25). The best-fit value of k, for each equation can be determined by using
regression analysis between measured U,, versus each possible formula of U,,.

At the breaking point: the effect of surface roller is very small and is negligible,

gives U, = 0 and U,, = Uy (eg. Basco and Yamashita, 1986; and Okayasu et al.,
1986). Therefore, the regression analysis between measured U,, (at the breaking
point) versus each possible formula of U, is used to determine the best-fit value
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Table 3. Results of regression analysis of U, and rms relative error (ER) of the four possible forins
of Uw (using measured data at the breaking point).

Formulas Best-it kn  R?2  ER (%)

H 2
Eq. (18): Uy = —k7Bye (F) ky = 0.83 0.70 15.48

Eq. (21): Uw = —kgH % kg =005  0.71 15.28
gH®

Eq. (24): Uw = —k10%- kio =005 049  20.28
B 2

Eq. (25): Uy = k“%H k;; =076  0.83 11.68

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.

| 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, FR, of each possible formula (comparing with
the measured data at the breaking point) is shown in the fourth column of Table 3.
Through Table 3, among the four possible forms, the form of Eq. (25) appears to
be the best. Therefore, the formula for computing U,, in the present study is

BogH2

U, = —0.76 (26)

The form of Eq. (25) may also be derived (in the similar manner as Dean and

Dalrymple, 1984, page 286) as follows:
Mass flux above the mean water level is defined as

1 T n+h
M = f-I"—'/(; A pudzdt (27)

where u is the horizontal orbital velocity above the mean water level (MWL).
Assuming u is proportional to horizontal orbital velocity at z = h:

u o % cos(ot) (28)

or

H
u= kllg;z_c cos(ot) (29)

' where k;j; is the coefficient.
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14 W. Rattanapitikon & T. Shibayama
Substituting Eq. (29) into Eq. (27), then taking an integration:

1 T ot gH 1 (T H
M= k2 == [ o g
T,/o fh PRI o7 cos{ot)dzdt T./o e cos(at),okllcdt

pgf® 1 [T n”
C T 0 H2

= kll dt (30)

Since By = L [7(n/H)dt, thus

BopgH?

M=1Ikn (31)

Since tota! mass transport in any section is equal to zero, net mass filux below
the mean water level (MWL) balances that above MWL. This means that the mean
velocity, due to mass transport, is

- (32)

which is the same form as Eq. (25).
The volume flux below or above the trough level (Q,) may be written as

BogH:
ch

Qs = Upd = k1 d (33)

It should be noted that the form of Eq. (33) is the same as that of Svendsen (1984b)
for linear shallow water wave. Therefore Eq. (26) can be considered as a refineme:t

of Svendsen (1984b)’s model.

4.2. Mean velocity due to surface roller

From the previous studies, the following explicit formulas have been suggested to

compute the mean velocity due to surface roller.

(a) Svendsen [1984(b)] proposed to compute the mean velocity due to surface rciler

as

where A is the cross-sectional area of the roiler.
Based on the experiment of Duncan (1981), Svendsen [1984(b)] proposed an
empirical relation for computing cross-sectional area of surface roller as

A = ki H? (35)

where kj, is the coefficient and determined at 0.9 on the basis of the measure-
ment of Dancan (1981). However, Sato et al. (1988) suggested using k;2 = 5.6
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on the basis of the best fit with the measured undertows of Okayasu et al. (1986)
and Shimada (1982).
Substituting Eq. (35) into Eq. (34), U, can be expressed as
H2

Uy = —klzﬁ (36)

Stive and Wind (1986) proposed the formula for computing U/, for the entire
suri zone as shown in Eqs. (19) and (20). From Eq. (20), U, can be expressed

as follow
. /g
Ur - _""QHi E (37)

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

H
Ur = —kig—- (38)

where kj3 is the coefficient and determined at 0.06 on the basis of their

measurements.
Okayasu et al. (1986) and Hansen and Svendsen (1987) proposed an empirical

formula for computing the cross-sectional area A as
A=k4HL (39)

where L is the wave length, and k;4 is the coefhcient. On the basis of the
measurements the coefficient k)4 is determined at 0.06 for Okayasu et al. (1986)
and determined at 0.07 for Hansen and Svendsen (1987).

Substituting Eq. (39) into Eq. (34), U, can be written as

H
U, = —k,fT /10)

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

trough level and proposed as
H?

Uy = _kISE (11)

where k;s is the coefficient and determined to be 2.3 on the basis of their

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

H3

A= ke~ (42)

where kg is the coefficient and determined to be 1.42.
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16 W. Rattanapitikon & T. Shibayama

Substituting Eq. (42) into Eq. (34), U, can be expressed as

H3
D“r = ""k p———
16 772 (43)
(g) It is also interesting to assume that U, o U,; the equation of U, therefore can
be expressed as

BogH2

Ur = —k17 o

(44)

where k7 is the coefficient

(h) The cross-sectional area of roller, A, may also depend on the shape of water
surtace. The wave shape parameter By is employed as a dimensionless parameter
to represent the shape of water surface. Therefore, the formulas of A in the
Eqs. (35), (39) and (42) may be modified as follows

A= kigBoH” (45)

A =kigBoHL (46)
HB

A = kz0Bo—~ (47)

wliere kg, k19, and kg are the coefhcients.

Substituting Eqs. (45), (46) and (47) into Eq. (34). respectively, lead to

H:.’

= —k 48,

Ur ks Bo Th (48)

H \

U, = —ki9BoS- (49)

| H?3 .

| Ur = —k2oBorps (50;

!

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. (36)-
(38), (40), (41), (43), (44), (48)—(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 in Sec. 3.
The regression analysis is performed with the measured U,, + 0.762‘-’-(:-}1@2 (at the
breaking point and inner surf zone) versus 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 4. Using the best fit value of k,,
the error ER 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 4.
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Table 4. Results of regression analysis of Ur and rms relative ervor (ER) of the ten possible forms
, of Ur (using measured data at the breaking point and inner surf zone).

Formulas Best-fit k», R? ER (%)
H2
Eq. (36) Ur = —kIZﬁ klg = 2.01 031 33.24
Eq. (37): Ur = —koH % ko =0.10  0.74 20.34
H
Eq. (38): Uy = —klgc? ki3 =0.08  0.73 20.58
Eq. (40): Ur = —qug}—?{— k14 = 0.10 0.74 20.35
H? .
Eq. (41) Ur = —k]Sﬁ k]5 = 1.56 0.34 32.55
3
Eq. (43): Ur = —kyg o kg = 2.61  0.10 37.89
Th?
H2
Eq. (44): Ur = —k17 Bofh k7 =158 074 20.48
H?
Eq. (48): Uy = _kISBOﬁ kg = 23.02 0.38 31.54
H
Eq. (49): Ur = —k,gBofh— ko =1.12  0.75 20.06
H3
Eq. (50): Ur = —k20Bozys k2 =3103 021 35.59

Through Table 4, we see that the form of Eq. (49) has the best prediction on the

mean velocity. Therefore, the formula for computing U, in the present study is
cH

Ur = —1.12B0 - (51)

This means that the cross-sectional area of roller, A, should be equal to
1.12BgHL. Up to here, we can conclude that the following formula is suitable for

computing U,,.

BogH? BocH )
—O.?’ﬁL —-1.12 0 mnner zone
ch h
Up = 0 (52)
BogH . )
—0.76—Ch— breaking point

Since there is no surface roller in the offshore zone, the value of the mean veiocity
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.

Considering at the transition zone: the structure of the flow field in this zone
has not vet been described in sufficient details to make it possible to identify the
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characteristic of the flow field. Okayasu et al. (1986) suggested the cross-sectional
area of surface roller, A, grows linearly with distance from zero at the plunging
point. Also, Basco and Yamashita (1986) suggested linear increasing of 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}. Equation (52), therefore, can be written as
Bogfi{2 B()CH

= —-0.76—— — 1.12b
U 0.76 o 371

(53)

where b3 is the coefficient and expressed as

0 offshore zone
vVH-1//H
by = < L/VH —1/ b transition zone
1/ H, — 1/v/ Hy
1 inner zone

\

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

the value at the transition point.
The comparison between measured U and computed Uy, from Eq. (53) is shown

in Fig. 5. The examples of cross-shore variations of measured and computed U,, are

Computed Um {cmvs)

Y.

-20
-20 -15 -10 -5 0

Measured Um {cmi's)

Fig. 5. Comparison between measured and computed mean velocity Un, inside the surf zone
(measured data from four sources as shown in Table 2}.
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Fig. 6. Examples of cross-shore variations of measured and computed mean velocity, Um, inside
the surf zone {measured data from four sources as shown in Table 2).

shown in Fig. 6. We can see from Figs. 5 and 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 (1981%), the
present formula gives over estimations for all points of the measurements. This may
indicate the limitation of the capability of present formula. Since 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 cannot be identified at the present. More analysis is necessary to

find out the limitation.
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20 W. Hattanepitikon & T. Shibayama

5. Recommended Procedure for Computation of Undertow Profile

The recommended procedure for computing undertow profile, is summarized as
follows:

(1) Given X, z, h, H, T, d, X,, X, and m,.
(2) Compute c using linear wave theory.
(3) Compute By, Upn and U from Egs. (17), (53) and (14), respectively.

Although, the present model is developed for predicting the undertow profile inside
the surf zone, application 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 by in Eq. (14) equal to
zero. Therefore, Eq. (14) {or the offshore zone becomes U = U,,.

6. Model Verification

In order to examine the overall performance of the model, the model has been
applied to the wide range of laboratory data covering small-scale and large-scale
experiments, i.e. the experiments of Nadacka 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 structure
of velocity field inside and near the surf zone. A 16.8-m-long wooder: 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, P35
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 5.

The experiment of Hansen and Svendsen (1984) was conducted to measure ve-
locity 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 locations (L1-L6)
in cross-shore direction. The first and second measuring positions (L1 and L2) were
set in the offshore zone. The third measuring position {L3) was set in the transi-
tion zone. The other positions (L4-L6) were located in the inner surf zone. Only
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Table 5. Root mean square relative error (ER) of the present model comparing with the small-scale
experiments.

Sources Case T T H; h; Total Total ER of
No. (s) (cm) (cm) No.of No.of present

profiles data model

points

Nadaoka et al. (1982) 1 1/20 1.32 216 70.0 7 76 27.17
5 1/20 234 219 70.0 7 73 22.61

Hansen and Svendsen (1984) 1 1/34 200 120 36.0 4 22 22.60
Okayasu et al. (1988) 1 1/20 2.00 850 400 6 62 18.59
2 1/20 2.00 5.63 40.0 6 53 28.41

3 1/20 1.17 9.87 40.0 G 62 22.23

4 1/20  0.91 6.69 400 6 54 24.73

6 1/30 1.61 8.80 40.0 7 51 16.93

7 1/30 1.97 6.17 40.0 6 40 21.00

8 1/30 1.96 8.22 40.0 7 o4 23.43

9 1/30  1.12 8.26 400 6 46 28.18

10 1/30 1.23 6.05 400 6 43 46.07

Cox et al. (1994) 1 1/35 2.20 13.22 28.0 6 53 22.55
Total 80 689 24.27

the velocity profiles at L3-L6 are available. The experimental condition is shown in
Table 5.

The experiment of Okayasu et al. (1988) was constructed to measure the veloc-
ity 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 10 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 locations (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 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 dsp = 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
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Table 6. Rooi mean square relative error ([ZR) of the present model comparing with the large-scale

laboratory data.

Sources Case Time Dsg T H; h; Total No. Total No. FER of
No (mm) (s} (ecm) (cm) of profiles of data  present

points study

CRIEPI (1983) 21 26.0 hr 047 6.0 180 350 13 36 38.95
2.3 3.1 hr 0.47 3.1 66 350 10 20 25.95

3.3 5.7 hr 0.27 12.0 81 450 5 13 35.62

24.3 hr 0.27 120 81 450 6 17 32.13

78.3 hr  0.27 12.0 81 450 5 10 18.01

34 4.9 hr 0.27 3.1 154 450 5 16 29.51

23.6 hr 0.27 3.1 154 450 4 10 42.78

75.2 hr 0.27 3.1 154 450 4 11 46.89

4.1 10.8 hr 0.27 3.5 31 350 5 9 53.52

229 hr 0.27 3.5 31 350 5 9 50.36

4.2 52 hr 027 4.5 97 400 7 22 37.23

24.4 hr 0.27 4.5 a7 400 8 22 47.99

76.3 hr  0.27 4.5 97 400 7 14 64.20

4.3 30.3 hr 0.27 3.1 151 400 25 100 48.37

91.0 hr 0.27 3.1 151 400 23 94 50.94

5.2 8.0 hr 0.27 3.1 74 350 16 44 51.85

29.1 hr 0.27 3.1 74 350 20 47 45.14

89.5 hr 0.27 31 74 350 21 o1 47.12

G.1 9.8 hr 0.27 5.0 166 400 5 18 25.29

53.6 hr .27 5.0 166 400 16 45 31.91

6.2 62hr 027 7.5 112 450 19 59 36.84

SUPERTANK STEO s0315a 0.22 3.0 60 305 3 5 44 .65
{1994) s0316a 0.22 3.0 80 305 5 6 36.32
STFO s0410a 0.22 8.0 40 274 4 9 39.07

STGO s0415a  0.22 3.0 80 305 5 8 47.60

s0416a 0.22 3.0 80 305 ] 8 40.74

STHO s0508a 0.22 3.0 80 305 5 8 37.08

s0510a 0.22 4.5 70 305 5 8 31.00

STIO s0513a 0.22 8.0 50 305 5 9 34.26

s0514a 0.22 8.0 50 305 L) 9 28.09

s0515a  0.22 8.0 50 305 5 9 31.47

s0516a 0.22 8.0 50 305 5 8 40.37

s0607a 0.22 8.0 50 305 4 7 31.61

s0610a .22 8.0 50 305 4 8 32.63

s0612a  0.22 8.0 50 305 5 8 42.98

s06ida 0.22 8.0 50 305 5 9 40.82

" Total 299 786 39.03
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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 condition is shown
in Table 5.

The experiment of CRIEPI was performed by Kajima et al. (1983) at Central
Research Institute of Electric Power Industry (CRIEPI). The experiments were per-
formed under the condition of regular wave and movable bed in a large wave flume
(205 m long, 3.4 m wide and 6 m deep). Coarse sand (Dso = 0.47 mm) and fine sand
(Dsop = 0.27 mm) were used in the experiments. The velocities were measured at
varicus sections along the flume, covering both in offshore and surf zone. However
at a few points, the vertical velocities were measured. Table 6 shows the CRIEPI
experimental conditions that are used in this section.

The experiment of SUPERTANK Laboratory Data Collection Project (Kraus
and Smith, 1994) was conducted to investigate cross-shore hydrodynamic and sed-
iment transport processes, during the period of August 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. 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, five
major tests 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
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Fig. 7. Comparison between measured and computed U for all points of the measurements
(measured data from four sources of smali-scale experiments as shown in Table 5).
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flume, covering both in offshore and surf zone. However at a few points, the vertical

velocities were 1neasured. Table 6 shows the SUPERTANK experimental conditions
that are used in the verification.

6.1. Comparison with small-scale erperiments

Four sources of the small-scale laboratory data are used to verify the present model,
i.e. Nadaoka et al. (1982), Hansen and Svendsen (1984), Okayasu et al. (1988) and
Cox et al. (1994). The undertow profiles are computed based on the procedure
recommended in Sec. 5. All coefficients in the model are kept to be constant for all
cases. Table 5 shows root mean square relative error (ER) of computed undertow U

\ a) Nadacka, case 1 b) Nadaoka, case 1 |5 ¢) Nadaoka, case 1 ~
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Fig. 8. Examples of measured and computed undertow profiles (measured data from Nadaoka et al.,
1982: Hansen and Svendsen, 1984; and Cox et al., 1994).
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Fig. 9. Examples of measured and computed undertow profiles (measured data from Okayasu ¢i al.,

for each data set. The ER of all cases is 24%. Figure 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. 8-9. Through Figs. 7-
9 [except 8(d) and 8(j)] and Table 5, it can be seen that the present model is quite
realistic in the simulation of undertow profile in the surf zone.

The model is also applied to compute the undertow profile in the offshore zone.
Figures 8(d) and 8(j} 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. Figure 8(d) shows that the
model gives under estimation of the velocity near and inside the bottom boundary
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layer, while Fig. 8(j) 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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Fig. 10. Comparison between measured and computed U for all points of the measurements
(mecasured data from two sources of large-scale experiments as shown in Table 6).
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Fig. 11. Measured bottom topography and wave height variation (measured data from CRIEPI,

1953, case 6.1, time = 53.6 hr).
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6.2. Comparison with large-scule erperiments

Two sources of the large-scale laboratory data are used to verify the model, i.e.
CRIEPI (Kzjima et al., 1983) and SUPERTANK (Kraus and Smith, 1994). The
velocity profiles are computed based on the procedure recommended in Sec. 5. All
coefficients in the model are kept constant for all cases in the verification. However,
due to the fluctuations of measured wave heights (that is used to determine the
coefficient b3 in Eq. 53), the coefficient b3 become negative which is impossible. To
overcome this problem (only in this subsection) the coefficient b3 is set to be equal
to the coefficient by in Eq. (14).
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Fig. 12. Computed and mcasured undertow profiles (measured data from CRIEPI, 1983, case 6.1,
time = 53.6 hr).
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Fig. 13. Measured bottom topography and wave height variation (measored data from SUPER-
TANK, 1994, case s0510a).
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Fig. 14. Computed and measared undertow profiles (measured data from SUPERTANK, 1994, case
s50510a).

' The last column of Table 6 shows the rms relative error, 'R, of the present model
for each case. The rms relative error, E'R, for all data sets is 39%. Figure 10 shows
the verification results of all measuring points. It also shows about £2 percent of the
predicted results are within 0.5 and 2 times the measured values Figures 12 and
14 show examples of measured and computed undertow profiles. From the general
tendency of Figs. 10-14. we can judge that the present formula gives reasonably well
estimations of the time-averaged velocity in the large-scale wave flume.

7. Conclusions

A simple explicit model was developed to compute undertow profile in the surf zor -
and then applied to the offshore zone. Published laboratory data of Nadaoka et qi.
(1982), CRIEPI (Kajima et al., 1983}, Hansen and Svendsen (1984), Okayasu et al.
(1988). SUPERTANK (Kraus and Smith, 1994) and Cox et al. (1994) were used tc.
calibrate and verify the model. The formula of undertow profile was derived from:
the eddy viscosity model. To solve the eddy viscosity model, the expression of the
ratio of shear stress and eddy viscosity coeflicient (7/v;) should be known and one
boundary condition of velocity should also be given.

The ratio of shear stress and eddy viscosity coefficient (7/1;) was proposed as a
function of energy dissipaticn rate of a broken wave. The proposed formula of 7 /v,
was used to derive the formula for determining the shape of undertow. The validity
of proposed-forinula (for determining the shape of undertow) was confirmed by 76
measured undertow profiles inside the surf zone and above the bottom boundary
laver. The rms relative error, ER, of the proposed formula is 15%.
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Table 7. Summary of root mean square relative error (EK) of the present model comparing with
measured data of each data source.

Sources Total No. Total No. of ER of
of profiles data points present study

Nadaoka et al. (1982) 14 149 24.6
Hansen and Svendsen (1984) 4 22 22.6
Okayasu et al. (1988) 56 465 25.0
Cox et al. (1994) 6 53 22.6
CRIEPI (1983) 229 667 39.0
SUPERTANK (1994) 70 119 39.6
Total 379 1475

The mean velocity was used as the boundary condition of the eddy viscosity
model. Based on an analysis of previous formulas, the new and best formula for
computing the mean velocity was proposed.

To investigate the overall performance of the model, the model was applied to
the wide range of laboratory data covering small and large-scale experiments. The
present model gives reasonably well estimations of the undertow profiles above the
bottom boundary layers. The rms relative error, EFR, of the present model for each
data source is summarized in Table 7.
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This study is undertaken to find out the most reliable breaker height formulas that predict
well for a wide range of hydraulic conditions. The applicability of 24 existing formulas,
for computing breaking wave heights, is examined by usang sade range and large amount
of published laboratory data (574 cases collected from 24 sources). It is found that most
formulas predict wrll for the breaking waves on the gentle slope (0 < rn < 0.07). but the
prediction 1s unsatisfactory for the breaking waves on the steep slope (0.1 < m < 0.44).
Three formulas are selected and are mcdified by including the new form of bottom slope
effect into the formulas. The new breaker height formmulas predict well for wide range of

wave and bottom slope conditions.

Keywords: Breaking wave, breaker index, incipient wave breaking.

1. Introduction

To analyze the coastal processes, breaking wave height is one of the most essen-
tially required factors. When waves propagate from offshore to the near shore zone,
wave profiles become steep. The increase in wave steepness continues until the wave
breaks. In order to compute the wave height transformation in the surf zone, it
is necessary to determine the initiation of breaking or wave height at the break
point.

Because of the complexity of wave breaking mechanism, most predictions of the
breaker heights are based on empirical or semi-empirical formulas calibrated from
laboratory data. Many breaker height formulas have been suggested over the past
century. Since the formulas are different, the computed results from various formulas
should differ from each other and from the laboratory data. No direct approach has
been made to describe clearly the accuracy of each formula over wide range of

389
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hydraulic conditions. The breaking criteria of Miche (1944), and Goda (1970) seem
to be widely used. However, most of the previous formulas were developed with the
limited laboratory conditions. Therefore, their validity may be limited according
to the range of experimental conditions that were employed in the calibrations or
verifications. There is one way to examine the validity of the empirical formulas, that

Table 1. Summary of collected laboratory data used to validate the formulas.

No. Sources No. of Beach Bottom Ho/Ly
cases conditions slopes
1  Galvin (1969)° 19 plane beach 0.05-0.20  0.001-0.051
2 Hansen and Svendsen (1979) 17 plane beach 0.03 0.002-0.069
3 Hattori and Aono {1985) 3 stepped beach 0.00 0.006—0.021
4 Horikawa and Kuo {1966) 98 plane beach 0.01-0.05 0.006-0.073
60 stepped beach 0.0 0.007-0.100
5 Hwung et al. (1992) 2 plane beach 0.07 0.026-0.048
6 Iversen (1952)° 63 plane beach 0.02-0.10 0.003-0.080
7 Iwagaki et al. (1974) 39 plane beach 0.03-0.10 0.005-0.074
8 Maruyama et al. (1983)" 1 plane beach 0.03 0.091
] Mizuguchi (1980)° | plane beach 0.10 0.045
10 Nadaoka et al. (1982) 12 plane beach 0.05 0.013-0.080
11 Nagavama (1983) 1 prlane beach 0.05 0.027
5 barred beach 0.05 0.025-0.051
6 stepped beach 0.00-0.05 0.025-0.055
12 Okayasu et al. (1986) 2 plane beach 0.05 0.023-0.025
13 Okavasu et al. {1988) 10 plane beach 6.03-0.05 0.009-0.054
14 Qzaki et al. (1977) 20 plane beach 0.10 0.005-0.060
15 Saeki and Sasaki (1973)" 2 plane beach 0.02 0.005-0.039
16 Sato et al. {1988) 3 plane beach 0.05 0.031-0.050
17 Sato et al. (1989) 2  plane beach 0.03 0.019-0.036
18 Sato et al. (1990) 7 plane beach 0.05 0.003-0.073
19 Singamsetti and Wind (1980)° 95 plane beach 0.03-0.20 0.018-0.079
20 Smith and Kraus (1990)° 5 planc beach 0.03 0.009--0.092
TS barred beach 0.03-0.44 0.008-0.096
21 Stive (1984) 2 plane beach 0.03 0.010-0.032
22  Ting and Kirby (1994) 2 plane beach 0.03 0.002-0.020
23 Visser (1982)° 7 plane beach 0.05-0.10  0.014-0.079
24 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).
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is, to verify the computed results with the wide range of experimental conditions.
The main objective of this study is to fiud out the most reliable breaker height
formulas that predict well for a wide range of experimental conditions.

Laboratory data of broken wave height from 24 sources, including 574 cases,
have been collected for examination of the formulas. The data cover wide range
of wave and bottom slope conditions (deepwater wave steepness ranging between
0.001 and 0.100, and bottom slope ranging between 0 and 0.44). The data include
3 tynes 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 of 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 smail-scale wave
flumes. A summary of the collected laboratory data is given in Table 1.

This paper is divided into three main parts. The first part briefly reviews the
existing breaker height formulas. The second part is the verification of existing
formulas for identifying the best formula or the formulas that have potential to be
modified. The third part describes the modification of selected potential formulas
obtained from the second part.

2. Breaker Wave Height Formulas

The wajority of the existing formulas present a relationship between the breaking
wave height (H,) and the variables at the breaking or deepwater conditions, i.e.
water depth at breaking (h,). wave period (T), wavelength at breaking (L;), bot-
tom slope {m), deepwater wavelength (Lp), and deepwater wave height (Hy). The
terin “breaker index” is used to describe non-dimensional breaker height. The four
common indices are in the form of Hy/hy. Hy/Ly, Hy/ Lo, and Hy,/Hp. Either local
or deepwater conditions arc used to express the breaker indices. There are four di-
mensionless parameters that often used to express the breaker indices. i.e. m, hy/ Ly,
hy/Lq. and Hg/Lg. Some brief reviews of selected breaker wave height formulas, that
may be used in general cases. are described in the following:

(a) McCowan (1894) 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, (1)

This formula is referred to be MC94 hereafter.

(b) Miche (1944) developed the semi-theoretical breaking criterion for periodic
waves in finite water depth and proposed the limiting wave steepness as a
function of hy/Ls.

2mhy
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(c)

(d)

(c¢)

(1)

(2)
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This formula is referred to be M144 hereafter. Danel (1952) suggested changing
the coefficient from 0.142 to be 0.12 when applying to the horizontal bottom.
Le Mehaute and Koh (1967) proposed an empirical formula based on three
sources of the experimental data (Suquet, 1950; Hamada, 1951; and Iversen,
1952). The experiments cover a range of 1/5G < m < 1/5 and 0.002 < Hy/Lg <
0.093.
-1/4
Hy, = 0.76 Hy (@) ml/7 (3)
Lo

This formula is referred to be MK67 hereafter.
Galvin (1969) performed laboratory experiments with regular wave on plane
beach and combined his data with the data of Iversen (1952) and McCowan
(1894). The breaking criterion was developed by fitting empirical relationship
between h,/Hp and m.

1
= hp—— f < 0.07 4
He = he 1 06 85m or m < 0.0 (4a)
H _ he_ for m > 0.07 (4b)
>~ 092 ‘

This formula is referred to be GA69 hereafter.

Collins and Weir (1969) derived a breaking height formula from linear wave
theory and empirically included the slope effect into the formula. The exper-
imental data from three sources (Suquet, 1950; Hamada, 1951, and Iversen,

19452) were used to it the forinula.
Hy = hpy(0.72 + 5.6m) (5)

This formula is referred to be CW69 hereafter.

Goda (1970) analyzed several sets of laboratory data of breaking waves on
slopes obtained by several researchers (Iversen, 1952; Mitsuyasu, 1962; and
Goda. 1964) and proposed a diagram presenting criterion for predicting break-
ing wave height. Then Goda (1974) gave an approximate expression for the

diagram as
h
Hy, = 0.17Lo {1 —exp [—1.5%(1 + 15m4/3)] } (6)

This formula is referred to be GO70 hereafter.

Weggel (1972) proposed an empirical formula for computing breaking wave
height from five sources of the laboratory data (Iversen, 1952; Reid and
Bretschneider, 1953; Galvin, 1969; Jen and Lin, 1970; and Weggel and Maxwell,
1970). The experiments cover a range of 1/50 <m < 1/5.

_ hpgT?1.56/[1 + exp(—19.5m)]
b7 gT? + hypd3.75[1 — exp(—19m)] (7)
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This formula is referred to be WE72 hereafter.

Komar and Gaughan (1972) used linear wave theory to derive a breaker height
formula from energy flux conservation and assumed a constant Hy/hy. After
calibrating the formula to the laboratory data of Iversen (1952), Galvin (1969),
and unpublished data of Komar and Simons (1968), and the field data of Munk
(1949), the formula was proposed to be

-1/5

Hy = 0.56H, (EO-) / (8)
\ Lo

This formula is referred to be KG72 hereafter.

Sunamura and Horikawa (1974) used the same data set as Goda (1970) to plot

the relationship between Hy/Hg, Ho/Lg, and m. After fitting the curve, the

following formula was proposed

H, ~0.25
H, = I)r()TT'!.O‘2 (f‘) (9)
0

This formula is referred to be SH74 hereafter.
Madsen (1976) combined the formulas of Galvin (1969) and Collins (1970) to
be

Hy = 0.72hp(1 + 6.4m) (10)

This formula 1s referred to be MA76 hereafter. Black and Rosenberg (1992)
found that MA76 gives well predictions for individual breaking wave height in
laboratory and field experiments.

Battjes and Janssen (1978) modified Miche (1944)s formula by including the
terin of “v/0.887 into the formula so that the formula can be reduced to be
H, = ~h in shallow water condition, in which v 1= an adjustable coefficient.
The calibration of formula indicated that the coefficient v = 0.8 gave the best
prediction.

(11)

0.8 27wh
H, = 0.14L, tanh ( il ”)

0.88 L
This formula is referred to be BJ78 hereafter.
Ostendorf and Madsen (1979) modified the formula of Miche (1944) by includ-

ing the bottom slope into the formula. After comparison with the laboratory
data, the Miche (1944)s formula was modified to be

2mh
Hy = 0.14L, tanh [(0.8 + 5m) 2 b] for m < 0.1 (12a)
b
2mhy
Hy = 0.14L tanh [(0.8 + 5(0.1))—L— for m > 0.1 (12b)
b

This formula is referred to be OM79 hereafter.
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Sunamura (1980) proposed an empirical formula based on an analysis of various
laboratory data (Iversen, 1952; Bowen et al., 1968; Goda, 1970; and Sunamura,
1980) and obtained the following formuta

Hy = 1.1k, (13)

1/6
_m
( V' Ho/Lo )
This formula is referred to be SURO hereafter.
Singamsetti and Wind (1980) conducted a laboratory experiment and proposed

two empirical formulas based on their own data. The experiments cover a range
of 1/40 < m < 1/5 and 0.02 < Hy/Lg < 0.065.

H ~0.254
Hb = 0.575H0m0'031 (L_(?) (14)
and
H -0.13
H, = 0.937h,m®155 (L—;’) (15)

Equations (14) and (15) hereafter are referred to be SW80a and SW80b,
respectively.

Opgawa and Shuto (1984) obtained the following empirical formula fromn the
same data sets as Goda (1970). The formula was suggested to be used for the
range of 1/100 < m < 1/10 and 0.003 < Ho/Lg < 0.065.

o\ —025
Hy, = 0.68 Hom (—") (16)
Lo
This formula is referred to be OS84 hereafter.
Battjes and Stive (1985) modified the formula of Battjes and Janssen (1978)
by relating the coefficient -y with the deepwater wave steepness as
Hy

27hy
=0 . 4tanh { 33-2
H, = 0.14L tanh { [o 5+ 0.4tan ( LO)J 0.88%} (17)

This formula is referred to be BS85 hereafter.

Seyama and Kimura (1988) measured wave height deformation of individual
wave of the irregular wave experiments and investigated the wave height to
water depth ratio at wave breaking. The formula of Goda (1970) was modified
to compute the individual wave breaking in irregular wave trains as

L h
Hy = hy {0.16h—° {1 ~ exp [—o.sarzi(l + 15m4-’3)] } — 0.96m + 0.2} (18)
b 0
They also found that the individual waves, derived by zero-down crossing

method, tend to break before satisfying the breaking criterion for regular waves.
The reduction of the wave height to water depth ratio at the breaking point
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was found to be about 20%. Therefore the coefficient of Eq. (18) when applying
to regular wave breaking should be changed to be 1.25.

L h
hy = 1.25h, {0.16h—0 {1 — exp [—O.SWEE(I + 15m4/3)] } —0.96m + 0.2} (19)
b 0

This formula is referred to be SK88 hereafter.

Larson and Kraus (1989) developed a breaking criterion based on the large
wave tank data of Kajima et al. (1982). The breaking height index Hy/h; was
related to the deepwater wave steepness and the local bottom slope seaward of
the breaking point.

m \ 0.2}
— (20)
vV Ho/Lo }
This formula is referred to be LK89 hereafter.
Hansen (1990) used the laboratory data from Van Dorn (1978) and unpublished

data of ISVA to plot the relationship between Hy/h, and mLy/hy and proposed
the following empirical formula

Hy = 1.14h, (

L,\°2

H, = 1.05h (m—) (21)
by

This formula is referred to be HA90 hereafter.

Simith and Kraus (1990) proposed 2 empirical formulas based on the analysis

of 11 sources of laboratory data performed on plane beach conditions. The

experiments cover a range of 1/80 < m < 1/10 and 0.001 < Ho/Ly < 0.092.

1.12 Hy
= —5.0[1 — —43 — 22
Ho = e o g — 5001 — exp(—43m)] } (22)

and

—0.30+0.88m
il ) (23)

Hy = Ho(0.34 + 2.47m) (—0
Lq
Equations (22) and (23) hereafter are referred to be SK90a and SK90b,
respectively.
Kamphuis (1991) modified Miche (1944)s formula by introducing the exponen-
tial form of the bottom slope into the formula and applied to compute the
significant wave height of the irregular wave breaking. After calibrating to his
irregular breaking wave data, the formula becomes

T

2
H, = 0.095 exp(4m) Ly tanh ( th) (24)
Lo

He also found that the regular breaker height formula can be used for irregular
wave to compute the significant wave height at the breaking but the coefficient
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has to be reduced to be around 75% of the proposed coeflicient. Therefore the
coeflicient in Eq. (24) should be changed from G.095 to be 0.127 when applying
to the regular breaking waves as

h
Hy = 0.127exp(4m) Ly tanh (22 b) (25)
b

This formula is referred to be KA9Yl hereafter.

(v) Gourlay (1992) proposed an empirical formula based on seven sources of labo-
ratory data (Bowen et al., 1968; Smith, 1974; Visser, 1977; Gouriay, 1978; Van
Dorn, 1978; Stive, 1984: and Hansen and Svendsen, 1979). The experiments
cover a range of 1/45 < m < 1/10 and 0.00! < Hy/Lo < 0.066. The data was
nsed to plot the relationship between Hy/Lg and Ho/Lg, the curve fitting yields

Ho\ ~028
Lo

This formula is referred to be GL92 hereafter.

Hy = 0.478H, ( (26)

3. Formula Verifications

From Sec. 2. we see that there are 24 formulas for computing Hy, ie. Eqs. (1)-
(17}, (19)-(23). and (25)-(26). All 24 formulas were developed with limrited range of
experimental conditions. Therefore. their validity may be limited according to the
range of experimental conditions that were employed i the calibraticns. However,
some of them may be able to predict well for a wide range of conditicns. The main
objective of this section is to identify the best formula or the formulas that have the
potential to be modified. The accuracy of the 24 formulas is examined against the
measured breaking wave heights.

In order to evaluate the accuracy of the prediction, the verification results are
presented in terms of root mean square relative error, ER. which is deiined as

ER — 100 San (Hba Hbmz) (27)

hm:

where 7 is the number of wave height, Hps 15 the computed breaking wave height
of number i, Hgm; is the measured breaking wave height of number i, and tn is the
total number of measured breaking wave height. Smaller values of ER correspond
to a better agreement.

The measured breaking wave heights from 24 sources are used to examine the
validity of each formula. The experimental data cover wide range of vrave and bottom
conditions (0.001 < Hg/Ly < 0.100. and 0 £ m < 0.44).

According to the bottom slope conditions in Egs. (4) and (12), the group of
bottom slope may be classiied to be m < 0.07, 0.07 < m < 0.10, and m > 0.10.
However some formulas (e.g. MIK67. SH74. and SUS80) are not valid for the bottom
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slope m = 0 and the experimental data cover the range of 0 < m < 0.44. Therefore,
in this study, the bottom slope is classified into 4 groups, i.e. horizontal {m = 0),
gentle (0 < m < 0.07), intermediate (0.07 < m < 0.10), and steep (0.10 < m <
0.44). The total number of cases of the collected data for m = 0, 0 < m < 0.07,
0.07 < m < 0.10 and 0.10 < m < 0.44 are 64, 338, 102 and 70, respectively.

The computations of the breaker height formulas are carried out with 24 sources
of collected data (see Table 1). All variables are computed based on the linear wave
theory. The water depth (hs) and the bottom slope (m) that used in the computation
are the still water depth and the local bottom slope seaward of the breaking point.
Table 2 shows the ER error of each formula for 4 groups of bottom slope and all

Table 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<01 0l<m=<044 All574

. {64 cases) {338 cases) (102 cases) {70 cases) cases

MC94 Eq. (1) 14.77 16.98 21.83 27.91 19.26
MI44 Eq. (2) 13.94 11.13 18.04 25.37 14.93
MK67 Eq. (3) N.A" 12.23 17.28 28.02 32.07
GA69 Eq. (4) 15.84 21.05 25.49 17.61 20.83
CW69 Eq. (5) 15.57 25.89 41.31 110.31 48.02
GO70 Eq. (6) 13.86 9.82 23.04 ¥1.57 32.21
WET2 Eq. (7) 14.77 13.03 18.16 19.02 14.76
KG72 Eq. (8) 10.89 10.69 12.42 12.55 11.19
SH74 Eq. (9) N.ASC 12.54 31.95 52.89 37.26
MA76 Eq. (10) 15.57 22.55 32.01 8G.97 38.70
BJ78 Eq. (11) 13.31 14.34 24.24 31.41 18.78
OM79 Eq. (12) 18.86 11.13 11.68 14.44 12.45
SUS0 Eq. (13) N.A.* 14.42 14.51 20.18 31.72
SW80a Eq. (14) N.A.® 12.75 17.21 17.32 31.17
SWs30b Eq. (15) N.A-* 15.73 15.53 20.66 32.23
0S84 Eq. (16) N.A.* 10.64 18.40 24.08 31.32
BS85 Eq. (17) 20.66 18.42 28.40 29.65 21.75
SK88 Eq. (19) 14.40 13.09 13.44 35.65 1798
LK8Y Eq. (20) N.A* 13.39 14.43 23.54 31.73
HA90 Eq. (21) N.AC 14.72 20.34 29.83 33.18
SK90a Eq. (22) 30.01 11.03 11.83 21.09 15.12
SKS0b Eq. (23) 13.90 12.61 15.61 26.78 15.71
KA91 Eq. (25) 13.84 10.11 19.14 106.41 40.64
GL92 Eq. (28) 21.23 14.54 16.43 13.18 15.23

*N.A. = Not Applicable
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cases. The verification results from Table 2 can be summarized in the following
points:

(a) The best formulas for predicting the breaking wave heights on the bottom slopes
of m =0,0 <m < 0.07, 007 < m < 0.10, and 0.10 < m < 0.44 are the
formulas of KG72, GO70, OM79, and KG72, respectively. The errors ER of these
formulas tend to vary with the bottom slope. Therefore they have possibility to
be improved by including the new form of bottom slope effect into the formulas.

(b) The formula of KG72 gives the best prediction (ER = 11.2%) over a wide range
of experiments.

(c) The formula of GO70 (a commonly accepted formula) gives very well prediction
for the bottom slope m < 0.07 but it may not be suitable for steep slope
conditions (m > 0.10).

(d} Although the formula of MC94 is very simple, it seems to predict reasonably
well for a wide range of experimnental conditions. It can be used for rough
approximation.

(e) Some formulas are not valid for the horizontal slope (m = 0) and give ER = 100
(i.e. the formulas of MK67, SH74, SU80, SW80, 0S84, LK89, and HA90).

(f) Most formulas {(except MC94, GA69, CW69, MA76, SW80b, and BS85) give
well predictions (EFR < 15) for the breaking height on the gentle slope (0 <
m < 0.07).

{g) For the intermediate slope (0.07 < m < 0.10). the ertors ER of almost all
formulas are larger than those for gentle slope.

(h) For the steep slopes (0.10 < m < 0.44), the errors ER of most formulas (except
GA69, WE72. KG72, OM79, SW80a, and GL92) are quite large (ER > 20).

(i) The formulas of CWG9, GO70, SH74, MA76, and KA91 give unrealistically very
large errors (ER > 50} for breaking wave on the steep slope (0.10 < m < 0.44).
This may cause by an inappropriate botton slope effect included in the formulas.

(j) For the non-horizontal slope (m > 0), the errors of most formulas (except GA69,
SWB80b. and GL92) tend to increase with the bottom slope.

(k) For better prediction, most formulas should have to include the new form of

bottom slope effect.

4. Formula Modifications

The verification results in Table 2 show that, for bottom slope m > 0, the errors ER
of most formula increase with the increasing of bottom slope. It is expected that the
error E R of the formulas could be reduced by incorporating the new form of bottom
slope effect into the formulas. Three formulas, that give the best prediction for each
group of bottom slope, are selected to be modified in this study, i.e. the formulas
of KG72, GO70 and OM79. To include the new form of bottom slope effect, the
selected formulas will be modified as the following.
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4.1. Modification of Komar and Gaughan (1972)s formula

The slope effect coefficient may be included in Eq. (8) by replacing the constant
“0.56" to Ko as

i H -1/5
Hy = Ko Hg (—0) (28)
Lo
where A'pg 1s the slope effect coeflicient for Komar and Gaughan (1972)s formula.
From Eq. (28), the formula of K g can be written as

Hy [ Ho\ M
Krpo = b (2¢
e HO(LD) =

The measured R p¢; of collected data (shown in Table 1) is determined by using
Eq. (29, Figure 1 shows the relation between measured A g and the bottom slope
(m}. It can be seen from Fig. 1 thut K p o (y-axis) is mainly varied between 0.50 and
0.65. This narrow hand of variation indicates that the effect of bottom slope (m) on
the formula of KG72 is not much. Although the effect of bottom slope () is not
much. it still has some effect. For better prediction, it is worthwhile to include the
slope effect into the formula. A formula of Kx ¢ is derived by using multi-regression
analysis between K po and power series of m. After multi-regression analysis, the
best-fit formula for Kp ¢ can be expressed as

Kuc = 10.02m® — 7.46m? + 1.32m + 0.55 (30)

- !
o M
s he
= 06T
T} -
&
O Y
Tz
= 04°
o !
v .
£ |
o l
0.2 7| —Modified formula (Eq. 30)
‘r .. Oniginal formula
0 | [ |
0 0.1 02 03 04

Bottom slope

Fig. 1. Relationship between slope effect coefficient for Komar and Gaughan (1972)s formula and
bottom slope (measured data from 24 sources shown in Table 1). Solid line is the computed Ko
from Eq. {(30) and dashed line is the computed Ky from the original formula [from Eq. (8),
K = 0.56).
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Table 3. The root mean square relative error (ER) of each modified formula for four groups of
bottom slope and all cases.

Formulas m=20 0<m <007 007 <m <01 0.1 <m <044 All 574
(64 cases) (338 cases) (102 cases) {70 cases) cases
MKGT2 Eq. (31) 10.60 10.14 14.07 11.72 10.92
MGO7T0 Eq. (35) 13.01 9.92 11.39 11,99 10.73
MOM79 Eq. (39) 13.29 9.94 11.88 12.19 10.80

Substituting Eq. (30) into Eq. (28). the formula of Komar and Gaughan (1972)
is modified to be

-1/5
Hy = (10.02m3 — 7.46m? + 1.32m + 0.55) Hy (%) (31)

This formula is referred to be MKG72 hereafter. The computations of breaking
wave height from Eq. (31} are carried out for 24 sources of collected data. The error
ER oi Eq. (31} for 4 groups of bottom slope is shown in Table 3. The error EFR for
all cases is 10.9%.

4.2. Modification of Goda (1970)s formula

The slope etlect coefficient may be included in Eq. (6) by replacing the original slope
effect term “—1.5(1 + 15m*/3)" as

Hy =0.17Lg {1 — exp [WL_’:’(KGO)] } (32)

where Kgo is the slope effect coefficient for Goda (1970)s formula.
From Eq. (32), the formula of Ko can be written as

Lo H,

The measured Ko of collected data (shown in Table 1) is determined by using
Eq. (33). Figure 2 shows the relation between the measured Kgo and bottom slope
(m). A formula of Kgo is conducted by using multi-regression analysis. After the
analysis, the best-fit formula of Ko can be expressed as

Kco = 16.21m? — 7.07m — 1.55 (34)
Substituting Eq. (34) into Eq. (32), the formula of Goda (1970) is modified to be

h
H, =0.17Lg {1 — exp [%(16.211712 —7.07m — 1.55)] } (35)
0

This formula is referred to be MGG70 hereafter. The error ER of Eq. (35) for 4
groups of bottom slope is shown in Table 3. The error for ER all cases is 10.7%.
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| _ Modified formula (Eq. 34)

- Onginal formula

Slope effect coefficient

[ b '
| \-_7

0 01 0.2 03 0.4
Bottom slope

Fig. 2. Relationship between slope effect coefficient for Goda (1970)s formula and bottom slope
{measured data from 24 sources shown in Table 1). Solid line is the computed K¢ from Eq. (34) and

dashed line is the computed R from the original formula {from Eq. (6), Kgo = —1.5(1+ 1m4/3)).

4.3. Modification of Ostendorf and Madsen (1979)s formula

The slope effect coefficient may be included in Eq. (12) by replazing the original
slope effect term “(0.8 + 5m)” as

(36)

2mh
Hy = 0.14L, tanh [(KOM) T b]

Ly,

where Ko is the slope effect coefficient for Ostendorf and Madsen (1979)s formula.
From Eq. (36), the formula of Kpps can be written as

L ./ H
Rom = zwlbu, tanh™ (0 1435,5) (37,

The measured Koas of collected data (shown in Table 1) is deterinined by using
Eq. (37). Figure 3 shows the relation between measured Koas and the bottom slope
(m). A formula of Koas is conducted by using multi-regression analysis. The best-fit
formula of Kpar can be expressed as

Koam = —11.21m? 4+ 5.01m + 0.91 (38)

Substituting Eq. (38) into Eq. (36), the formula of Ostendorf and Madsen (1979)
is modified to be
271”15
Ly

H, = 0.14L, tanh |(—11.21m? + 5.01m + 0.91) (39)
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03 ' ) — Modified formula (Eq. 18)
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Fig. 3. Relationship between slope effect coefficient for Ostendorf and Madsen {1979)s formula and
bottom slope (measured data from 24 sources shown in Table 1}. Solid line is the computed Koars
from Eq. (38) and dashed line is the computed Kgoar from the original formula (from Eq. (12),
Kop =08+ 5m for m £ 0.1, and Koar = 1.3 for m > 0.1).

This formula is referred to be MOMT79 hereafter. The error ER of Eq. (39) for 4
groups of bottom slope is shown in Table 3. The error ER for all cases is 10.8%.
The results from Tables 2 and 3 can be summarized as follows:

(a) There are some ranges of m where the error increases after the modification
(e.g. 0 < m < 0.07 for MGO70). However, the error in most cases are decreased
after the modification.

(b) The modified formulas give very well prediction for general cases and the pre-
dictions are better than the predictions of existing formulas.

(c) The MGO70 formula Eq. (35) gives the best prediction for a wide range of
experiments.

(d) Although the MKG72 formula Eq. (31) is better than the original KG72 formula
Eq. (8), the formula of MKG72 is long. Using the original KG72 formula is
recommended for the first approximations.

(e) Since the breaking wave height (Hp) in the MKG72 formula depends on the
deepwater wave height (Hp), it may have difficulty to be applied in cases where
secondary breaking or refraction or diffraction effects are involved.

(f) The overall accuracies of the top four formulas in descending order are those by
MGO70, MOM79, MKG72 and KG72. These formulas are recommended to be
used for computing breaker wave heights in general cases.

The comparison between measured and computed breaking wave height from
MGO70 formula Eq. (35) is shown in Fig. 4. One point on the upper right of the
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Fig. 4. Comparison between measured breaking wave heigit and the computed from Eq. (35)
(measured data from 24 sources shown in Table 1). Solid line is the line of perfect agreement.

figure is the data from large-scale wave flume of Maruyama et al. (1983) and other
points are the data from small-scale wave flumes. The solid line in the figure is the
line of perfect agreement.

As we know, the validity of the empirical formula depends much on the range
of experimental data used in formula calibration. Since the modified formulas have
stroug sensitivity to m and the experiments used in this study cover the range of
0 < m < 0.44, the proposed formulas should not be used for cases of m > 0.44.
However, based on the analysis of bottom slope of sand in the large-scale wave
flume, Larson and Kraus (1989) found that the maximum slope of the sand bare
== 0.44. Therefore the proposed formulas can be used without care when applying

to the sandy beach.

5. Conclusions

A total of 574 cases from 24 sources of published experimental results were used
to verify 24 existing breaker height formulas. The experimental data cover wide
range of wave and bottom conditions (0.001 < Ho/Lg < 0.100, and 0 < m < 0.44).
The verification results were presented in terms of root mean square relative error
(ER). It was found that the formula of Komar and Gaughan (1972) gives the best
prediction, amoung 24 existing formulas, over a wide range of experiments. Most
existing formulas predict well for the breaking waves on gentle slope (0 < m < 0.07),
but predict fair for the breaking waves on the steep slope (0.10 < m < 0.44). The
errors ER of most formulas vary with the bottom slopes. It was expected that
incorporating the new form of bottom slope effect into the formulas could improve
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the accuracy of the formulas. Three formulas were selected to modify by including
the new form of bottem slope effect into the formulas. The modified formulas seem
to predict well for a wide range of wave and bottom slope conditions. The modified
Goda (1970)s formula Eq. (35) gives the best prediction for general cases (ER =
10.7%).
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