CHAPTER 201

WAVE OVERTOPPING RATE AND REFLECTION COEFFICIENT
FOR OBLIQUELY INCIDENT WAVES

Yoichi MORIYA! and Masaru MIZUGUCHI?

Abstract

Recently, wave overtopping over a vertical wall for
normal incidence were treated analytically on the basis of
the wave energy flux concept (Mizuguchi, 1993). In this study,
the Mizuguchi’s model for normal incidence is extended to
oblique incidence. Incident wave angle effect on the wave
overtopping rate is investigated. Validity of the extended
model is checked experimentally. Satisfactory agreement
between the extended model and the experimental results was
found for the wave overtopping rate.

1. Introduction

Wave overtopping for oblique incidence has been
studied experimentally in several papers. The influence of
the incident wave angle on wave overtopping tests over a
vertical wall was studied by using regular waves by Inoue
and Tuchiya (1971) or using irregular waves by Takayama et
al. (1984). Recently, several model tests have been performed,
for example, de Waal and van der Meer (1992) ; Juhl and Sloth
(1994), and so on. However, the quantitative estimation of
wave overtopping rate does not agree among the previous
studies. The disagreement partly comes from the varying wave
height in front of the wall.

Recently, for normal incidence, a set of simple
equation to estimate the wave overtopping rate over a
vertical wall and the reflection coefficient were derived
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(Mizuguchi, 1993). The model, which does not include any
experimental constants, is based on the energy flux concept
with an assumption of partially standing waves. The validity
of the model was confirmed by experiment (Yokoyama and
Mizuguchi, 1993).

The purpose of this study is to investigate the
influence of the incident wave angle on wave overtopping rate
and reflection coefficient, by extending the model for normal
incidence to oblique incidence. Vvalidity of the extended
model is checked experimentally.

2. Theoretical Approach
Wave field in front of vertical wall for obligue incidence

Figure 1 shows the coordinate system. When oblique
waves incident a vertical wall, wave field in front of the
vertical wall fully apart from the wall end is free from
scattering waves forms bi-directional wave field. We
supposed that wave field is uniform along the wall.

vertical wall

-y
reflected waves

incident waves

Figure 1 Coordinate system.

A finite amplitude wave theory is needed in evaluating
the overtopping rate for waves with large height, especially
in estimating the threshold wave height for overtopping.
Since coastal structure are normally built in shallow water
areas, the wave theory to be employed is the linear
superposition of the first order cnoidal waves. The
interaction between the incident waves and the reflected
waves may be negligible as the interaction time is short.

Surface elevation y in front of the vertical wall may be
given by following formula:
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where, H is the wave height, k is the wave number, o¢ is the
angular frequency, 0 isthe wave angle, K( « ) is the complete
elliptic integral of the first kind of modulus « . The symbols
cn denotes Jacobian elliptic function with modulus « , and
an overbar represents the average value over one period. The
subscript i and r denote the quantity of the incident waves
and the reflected waves, respectively.

Horizontal velocities of x and y direction, u and v,
in front of the wall may be given by following formula:

u=\/_§;(nicos(9i+n,cose,) (4)
v=\/_%(nisin9i+n,sin9,) (5)

where, g is the gravitational acceleration and h is the water
depth.

Wave overtopping

Figure 2 shows schematic illustration of the wave
overtopping over a vertical wall. For normal incidence, wave
overtopping discharge is evaluated using an ideal fluid flow
model over a sharp-edge welr by Kikkawa et al. (1967). When
obligue waves are incident on a vertical wall, surface rise
of the wave crest progresses along the wall. Wave overtopping
for oblique incidence is supposed to be a kind of overflow
of the surface rises over the wall. Then wave overtopping
discharge, q,, for obligue incidence averaged over one wave
period may be given by following formula:

3 3
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Figure 2 Schematic illustration of wave overtopping over a
vertical wall.

where, T is the wave period, H, is the crown height of the
vertical wall above the still water level, 7y . is the

overtopping waves at the wall (7 at y = 0) and v, is the
approaching velocity perpendicular to the wall.

Ener flux conservation

% 7

vertical wall

Fx1 — —> F x2

waves

Figure 3 Schematic illustration of the energy flux
conservation.

We consider the balance of the energy flux among the
incident waves, the reflected waves and the wave overtopping
flow. Figure 3 shows schematic illustration of wave energy
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flux conservation. Here, F, and F, are the energy flux of x
and y direction and F_ is the energy loss due to overtopping.
We assume that the phenomenon of x direction (along the wall)
is uniform, so the balance of energy flux yields following
formula:

Ec, sinf, +E.c,sinb, =F, (7)
or

£y, Hsinb, - f,, H K *sin@, =

3 3
2 2\2 8
H | - Du_ ne+—l~|uw2+ww2| dt %)
2¢g 2g =0

where, K, is the reflection coefficient defined as the wave
height ratio and u, is the velocity along the wall. £, is the
ratio between the energy and the wave height square on the
first order cnoidal wave theory (Isobe, 1985), and is 1/8
for the small amplitude wave theory.

Equation (8) gives the reflection coefficient, when
incident wave height, period and angle are prescribed
together with geometry or the freeboard of the vertical wall.
The wave overtopping discharge can be estimated fromeq. (6)
by using the reflection coefficient.

3Tf,,j,, [

Numerical calculation

We performed numerical calculation of this model. We
examine the influence of the incident wave angle and the
incident wave height while water depth 20.0 cm and wave period
1.2 s are kept constant.

Figure 4 shows examples of the calculated non-
dimensional overtopping rate q./q,and reflection coefficient
K, with respect to incident wave angle. Wave overtopping
discharge, q,, is non-dimensiocnalized with g, defined as

H,[gh

_Hygh 9
9o 5 (2)

We performed the calculation using not only the first order
cnoidal wave theory but also the small amplitude wave theory.
It is clear that the wave overtopping rate and the reflection
coefficient slightly decrease with the decrease of the

incident wave angle. Significant decreases of more than 10%
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Figure 4 Examples of the calculated non-dimensional
overtopping rate q,/q, and reflection coefficient K, with

respect to incident wave angle.(calculation condition
h=20cm, T=1.2s,H,=6cm, H,~3cm)
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Figure 5 Examples of the calculated non-dimensional
overtopping rate q,/q, and reflection coefficient K, with
respect to incident wave height.(calculation condition
h=20cm,T=1.2s, 6 =n /3,H=3cm)
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are expected only for the incident wave angle less than n
/4. Nonlinear effect yields the increase of the overtopping
rate and the decrease of the reflection coefficient.
Figure 5 shows examples of the calculated non-
dimensional overtopping rate q.,/q,and reflection coefficient
K, with respect to incident wave height. The difference
between for the small amplitude waves and for the cnoidal
waves in the overtopping rate and the reflection coefficient
becomes larger as the incident wave height gets larger.

3. Experimental Confirmation

Experimental facilities

520 / 7
1050 / %
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840
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Figure 6 Experimental facilities and the coordinate system.

Experimental confirmation of this model is undertaken
by using a multi-directional wave basin. Figure 6 shows the
experimental facilities and the coordinate system. The basin
is 10.5 m wide, 6.8 m long and 0.6 m depth. The distance from
wave paddles to opposite end-wall is 5.2 m. The concrete floox
of the basin is almost flat. The multi-directional wave maker
consists of 28 piston-type wave paddles continuously linked
or 29 sets of actuator rod. Each paddle is 30 cm wide and
50 cm high.

A vertical wall with 12.0 cm high and 540 cm long is
installed in the basin. The influence of the scattering waves
from the wall ends may be suppressed by placing wave absorbers
around the wall ends.
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In a multi-directional wave basin, generating a
uniform wave field with the target value of wave height and
angle is important. However, it is well known that both wave
height and angle of generated reqular waves show considerable
spatial variation. The main cause is the finite length of
the wave maker. The effect of the discontinuity at both ends
of the wave maker may be suppressed by employing linear
decrease of wave paddle amplitude (Mizuguchi, 1994). We
applied this ends control method.

Water depth h = 10.0 cm, the crown height of the wall
H,= 2.0 cm, and a wave periodof T = 1.0 s are kept constant.
Incident wave height and incident wave angle are varied.

Wave field in front of the wall

Non-overtopping experiments (incident wave height H,
=1.0 cm) were carried out in order to check the uniformity
of the wave field in front of the vertical wall. Wave gauges
are installed 1.0 cm distant perpendicularly to the wall.
An array of wave gauge and electro-magnetic current meter
measures the surface elevation and the horizontal velocity
at the same point 1/12 of wave length perpendicularly apart
from the wall.

Figure 7 shows the wave height and the total amplitude
of the horizontal velocity distribution in front of the
vertical wall for non-overtopping cases. Wave field in front
of the wall can be assumed to be uniform at the center of
the wall. Where we measure wave overtopping discharge for
all the cases.

Separation method between incident and reflected waves

A separation method is developed to evaluate the
reflection coefficient and the reflected wave angle from the
measured data. The method assumes the linear superposition
of the incident waves and the reflected waves, both of them
being long waves.

Mathematically, we have eq. (10), eliminating % , and
7 . from eqs. (1), (4) and (5),

h/gu-—ncos@i’_cosor—cosoi__a
Jh/gv~nsing,  sing, ~sing,

(10)

where, « is theoretically a constant, although « vary for
a measured data. Symmetrical reflection (8 =27 - 6 )

gives @« = 0. Incident waves and reflected waves are
calculated by following formula,
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Figure 7 Wave height and total amplitude of horizontal
velocity distribution in front of the wall.
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Jhlgv—nsing hl gu—1ncosO
7, = -8 Lhaited Rk 187 (11)
sinf; —sin@, cosB,; —cosH,
and
n=n-1;. (12)

Reflection coefficient is the ratio between the incident wave
height and the reflected wave height.

Wave overtopping rate and reflection coefficient

Incident wave heights are H, = 2.0, 2.5, 3.0 and 3.5
cm in wave overtopping experiments. The wave overtopping
discharge are measured by using a wave gauge in the box
installed just behind the wall.

Figure 8 shows examples of measured data of surface
elevation 7 and horizontal velocities u and v. Figure 9
shows separated incident waves and reflected waves
calculated from equation (10) and (11) together with the time
series of «, as using data shown in Fig. 8. Reflected wave

angle is calculated by using mean value of ¢ passed from -1
to 1.

Figure 10 shows reflected wave angle obtained from
experimental data. When incident wave angle is large, the
reflected wave angle shows almost symmetry. However, when
incident wave angle is small, the reflected wave angle shows
large discrepancy from symmetrical reflected angle. We may
consider the reason why the separation method for incident
and reflected waves suffers strongly influence from
experimental noise. Figure 11 shows incident wave height
obtained from experimental data. Incident wave height is
almost the same as the target value. When incident wave angle
is large, the wvalidity of the separation method was
confirmed.

Figure 12 shows measured and calculated wave
overtopping rates and reflection coefficients with respect
to the incident wave angle. Wave overtopping was not observed,
for incident wave height H, = 2 cm of all incident wave angles
and H, = 2.5 cm of incident wave angle #, = n/4, n/6 and «
/12. When wave overtopping occurs, good agreement between
the model and the experiment results is found for the wave
overtopping rate. The reflection coefficients for large
incidence (0;,= 7 /2, 5 7 /12and 7 /3) show reasonable values.
For small incident wave angle, the reflection coefficient
obtained from experimental data did not plot.
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Figure 8 Examples of measured data of surface elevation 7
and horizontal velocities u and v.(h=10cm,T=1.0s,H;=3.0cm,
0 =m/3)
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Figure 9 Time series of «, separated incident waves and
reflected waves calculated as using data shown in Fig. 6.
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Figure 10 Reflected wave angle obtained from experimental
data.(O: 8 ,=n/2,4:5 rs12,0: n /3, n/4,V: 7/6,0:
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Figure 11 Incident wave height obtained from experimental
data.(O:Hi=2.0cm,A:Z.5cm,D:3.0cm,<>:3.5cm)
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Figure 12 Measured and calculated wave overtopping rates and
reflection coefficients with respect to the incident wave

angle. (O:H,=2.0cm,A:2.5cm,[J:3.0cm, < :3.5cm)

4. Conclusion

Wave overtopping over a vertical wall for the oblique
incidence were treated analytically by extending normal
incidence (Mizuguchi's) model. Wave overtopping rate and
reflection coefficient can be estimated from the extended
model which does not include any experimental constants. The
results of numerical calculation show the slightly decrease
of the wave overtopping rate with the decrease of the incident
wave angle.

Experimental confirmation of this model was undertaken
by using a multi-directional wave basin. Satisfactory
agreement between the model and the experimental results is
found for the wave overtopping rate. The reflection

coefficient for large incidence (8,= n /2,5 n /12 and = /3)
shows reasonable agreements. The validity of the model was
confirmed at least for large incident wave angle.
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