SECOND INTERNATIONAL CONFERENCE ON

PORT AND OCEAN ENGINEERING UNDER ARCTIC CONDITIONS
UNIVERSITY OF ICELAND
DEPARTMENT OF ENGINEERING AND SCIENCE

ON THE BOUNDARY CONDITIONS AT THE BAY
ENTRANCE IN THE ANALYSES OF BAY WATER

OSCILLATIONS
Hitoshli Nishimura, Lecturer Department of Civil Engineering Tokyo
Kiyoshli Horikawa, Professor University of Tokyo Japan

INTRODUCTION

The Japan Islands are located in the circum-Pacific seismic zone,
therefore the tsunamis generated by submarine earthquakes have attackea
fairly frequently the coasts of Japan facing the Pacific Ocean and
occaslonally the coasts facing the Sea of Japan. The Chilean earth-
quake tsunami in 1960, one of the most disastrous distant tsunamis in
Japan, induced the tremendous damages especlally on the north-eastern
coast of the Japanese main-land. The above fact was the trigger to
awaken the Japanese Government to lay the tsunaml disaster prevention
agaln 1ts keen interest. Since then the various measures for tsunami
prevention have been establlished 1n the nation wide scale. One of those
p}ojects was the construction of tsunami breakwaters at the mouth of
Ofunato Bay, Iwate Prefecture. The execution of breakwater construction
was proceeded during the period of 1963 through 1967 by the Ministry
of Transport in Japan at the cost of about ¥ 1,912 million.

The arrangement of breakwaters 1s shown in Figure 1. The maximum
depth of water at the site of breakwater construction was aboup 38 m
below the Low Water Level, hence a large amount of rubble waskyounged
up to the elevation of 16.3 m below L. W. L. in order to make the
breakwater foundation. Two tide gauges have been installed since the
beginning of breakwater construction; one i1s located at the bay head
and the other 1s at the mouth of bay Just outside of the tsunaml break-
waters as shown In Figure 1.

In 1968 the Tokachi-Oki earthquake occurred and generated the
tsunamis with relatively good size as shown in Figures 2 and 3. 1In

Figure 2 are shown the data on the fluctuation of water surface record-
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Tide gauge record of
Tokachi-Oki earthquake
tsunami in 1968, obtaine
at the entrance of Ofuna
Bay.

Fig. 3.

Tide gauge record of
Tokachl-Okil earthquake
tsunami in 1968, obtaine
at the head of Ofunato
Bay.
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ed by the tide gauge at the entrance of bay, and in Figure 3 the data
at the hsad of bay. Eliminating the initial part of these data where
the fluctuation of water surface was abnormally large, and using the
rest of data, the authors calculated the power spectra of water sur-
face fluctuations at two sites stated above. The result of calcula-
tions are given in Figure 4, where the dotted line is the power spec-
trum at the bay entrance, while the solid 1line is that at the bay head.
From these power spectra the amplificaﬁion factor at the bay head is
calculated on the basis of linear assumption. In Figure 5 the present
curve 1s plotted by dotted line and is compared with the previous re-
sult obtained by R. Takahasi, I. Aida, and Y. Nagat£>prior to the com-
pletion of breakwater in 1964. From this diagram it 1s easily recog-
nized that the response characteristics of Ofunato Bay have awfully
been modified by the construction of breakwaters, and that the break-
waters seem to be really effective in cutting the rise of water eleva-
tion at the bay head induced by the wave components with period longer
than 30 min.

On the other hand the authors have conducted the investigations
on the characteristics of bay water oscillation induced by disturbances
in the open sea through both laboratory experiments and analytical
treatment§3”4“jThe alm of the present investigation 1s to find out the
validity and the limitation of the simple analytical methods such as
the characteristic method 1n the treatment of the stated problems.
Flgure 6 gives an example of previous results. The curves shown in
thls dlagram are obtained analytically under the particular conditions
of a laboratory model on the basis of the characteristic method. Here

d 1s the opening of breakwaters and b 1is the width of bay. These
curves can be compared with the corresponding curves in Figure 4. The

agreement 1in the qualitative sense seems to be quite satisfactory.

BASIC CONCEPT -OF PRESENT TREATMENT

From the fact stated above it may be realized that the one-
dimenslional treatment of long waves is sometimes powerful enough and
18 awfully simpler to analyze the bay water oscillations in comparison
with the two-dimensional treatment. In such treatment, however, there
exlsts a very important and difficult problem to be solved, namely
how to give the boundary conditions at the bay entrance. Although
some hypotheses have been suggested, no one of them is appropriate to
be applied especially for the resonant conditions.
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In order to simplify the complex oscillations near the bay en-
trance, the authors consider idealized channel with semi-infinite
length which is connected to the open sea. The phenomena of water os-
clllations inside and outside the bay are thus separated into the fol-
lowing two parts:

1) The energy of waves propagating in the open sea towards the shore-
line with normal incident 1s partly transmitted into the channel,
and the rest 1s reflected towards offshore at the entrance.

2) The energy of waves propagating through the channel towards the
entrance 1s partly dispersed into the open sea, while the rest is
reflected at the entrance.

In each case, both the reflectlion and transmission coefficients
are obtalned as functions of the ratio of channel width to wave length.
It should be noted that these coefficients have complex values, because
the reflection and transmission of waves are generally accompanied by
the apparent discontinuities of phases which appear due to the appli-
cation of one-dimensional treatment.

Osclllatory characteristics of bay water are easily investigated
for incident waves wilth various periocds by takling into account the re-
flectlion of waves at the bay head and superposing the two parts men-
tioned above. Therefore, the rates of transmission and of reflection
determine the amplification factor of bay water oscilllatlons, and the
phase lag of reflected waves proves the necessity of "entrance correc-
tion'",

It should be mentioned here that the similar approaches have been
taken by M. Hayakawazjand by H. Yamada and S. Ishidgnin experimental

and analytical treatments respectively.

LONG WAVES ADVANCING INTO A SEMI-INFINITE CHANNEL

The coordinate axes of X and %4 are taken 1in a horizontal plane
as shown in Figure 7, and that of Z 1is taken vertically upward above

still water. The water depth h 1s assumed to be uniform in the whole
region.

As 1t 1s assumed also that the fluid 1s inviscid and incompress-
ible, and its motion is irrotational, there exists a velocity poten-
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tial P which satisfies the following Laplace equation:
Vip =0 (1)
The velocity potential may be expressed as
P = (on(x,4,t) 7 (2) (2)

where 0- is an angular frequency. The functions of Z(z)and MN(x, 4.T)
should be the solutions of the following equations respectively:

d'Z _ ja €3)
Frrake k*Z
57, o' ;?—27Z _ (4)

+ +
ax2 ay2
where k 1is a wave number.

The solﬁfioh of Equation (3) under the boundary condition of
S
(g = (a_:{ co_p=0 1s given by

Z o COSIL IQ(}'L""Z-) (5) 5
k sinh kh |

;
Under the consideration cﬁ"zfv e‘wr » 1t 1is recognized that‘q(zay.t)‘

is the water surface elevation above still water level. }

The incident and transmitted waves are written respectively as .
N = o et (k) ang V=% =Ta gt . Here T is a trans- |
mission coefficient. The horizontal velocity U, corresponding to Q;j
i1s formulated as Mz=-—Tkaa'“ei eRAEY,  Tn e present treatment, 1t€
i1s assumed that the width of channel b 1s small in comparison with .
the wave length[_, hence it 1s considered that the wave is uniform im
the direction of channel width. The wave reflected perfectly from tm
shoreline is expressed by ‘7f=:Q;ef“b*‘J and the disturbed wave 1s |
7% . Therefore the wave pattern in the open sea 7, and the correspol
ing horizontal velocity W, are written as follows:

g/ =‘2@“«:95/3;7.,.ei"'?-“qqar (6)
W =-2iko-ZeS sm/ex-e,""“tquiorZ—z;Z:—* (7)

Under the conditions of 1) W, beilng a constant in the region of
X = 0 and [¥|<b% ( b : width of channel) and zero in X = 0
and /g/:>'Q/(é > and 2) Y, =0 at infinity, 7, 1s solved as follay
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o r 26 (\sin(tkbB) ostley o-tImE*kxy
Nl X pot) =C ;i’ e e 3

2 (sin(Elb/2) coskly ~iVE=T kx 4 iot
VC- j! g‘fgz_] ]

Hence 7x(00t) and u,(0,0.t) are given by

= ofn kb P2 i iot
7, (0,0, —c[4 sin (& /z)dg—-%x sin(Lleb/2) dg]e

o EI-§* /e
W,(0,0,t) = cho-CZe* (10)

Here ‘1’,’ and 'ﬁ are functions of the ratio between wave length L. and
the channel width p as shown in Figure 8.

By using the continuity conditions of water surface and horilzon-
tal velocity at X =0 , 4$=0 such as N, =7. and W, = U, , under the
condition of relatively small width of channel, the complex transmis-
sion coefficient T 1s obtained as

Ly (Or _ 2 (11)
T=Te ot i

The amplitude and phase of T are given in Figure 9(a) and Figure 9

(b) respectively. The open circles plotted in Figure 9 (a) are the
experimental data, and they are in good agreement with the theoretical
curve. 1In the laboratory experiment the water depth and width of
channel were 10 em and 20 cm respectively, and the wave height was less
than 1 cm.

REFLECTION OF LONG WAVES PROPAGATING TOWARDS OPEN SEA

.nye wave progressing.through a channel towards open sea is Q:==
at et(@t—k*) and the wave reflected at the entrance of channel is

”Z; = Ra} e,“("‘r"'kz) , where R 1s a complex reflection coefficilent
(See Figure 10). Therefore the composite wave in the channel 77, 1s
expressed as follows:

M, =N = Az (6%**+ Re™*) e (12)
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that is a partial clapotis; while the corresponding current velocity
W, is given by

u;_-_-/ecbZa: (e—nkx_{Reckx)_ew*t (13)
The disturbed wave 7lx in this case 1is also expressed by Equation (8)
The continuity conditions of water elevation 7 and horizontal

velocity W at the entrance of channel X =0 give the complex reflec-
tlon coefficient as follows:

_ o poifk _ -1+ i¥ (14)
R Re Wt +i

The theoretical curves for the amplitude and the phase of R are
compared with the experimental data in Figure 11 (a) and Figure 11
(b) respectively. The agreement between them 1s quite satisfactory.

K. Kajiur;)introduced the effective width be in the open sea in
the one-dimensional analyses of the bay water oscillation, and express=
ed the transmission coefficient T and the reflection coefficient R
as functions of the ratio between the bay width b and the effective
width t@ as follows:

- (15)
T= I+ (b/be)
/ —'(b//be) (16)

R= I +(b/be)

By using Equations (11) and (15) or Equations (14) and (16), the ratio
be}, 1s expressed as a function of L/b . The relationship derived
from the transmission coefficient is not the same as that derived from
the reflection coefficient as shown in Figure 12. From this fact it
may be recognized that the effective width introduced by K. Kajiura

1s only an expedient index.

RESONANCE CHARACTERISTICS OF BAY WATER OSCILLATION

The incident long wave in open sea 1s expressed as a;'e“’f*k",
and the wave invading into a bay 1s written as w-a;e;@{¥ﬁx). The latter |
wave 1s reflected perfectly at the head of bay. Then the reflected
wave progresses towards the open sea and 1s re-reflected partly at the
entrance of bay. Such phenomena are repeated infinitely in this region, |
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hence the water surface elevation at the bay head reaches finally to
such a stationary state as expressed by

Po=2T a‘—ee(w:——feE) > Rme—a-znkl
n=0

=27 a.,— e L(a-t—!eéy( ’_Re-{,zn}eﬂ) (17)

where f, is the distance between the entrance and the head of the
present bay. Therefore the amplification factor M 1is given as follows:

M= | "Zzl _ 2T (18)
’ ar 1/[+R2+.2R cos (2kt+6r)

‘From the above equation the correction for the bay length 4f 1s ex-
pressed approximately as

Al = 2% (19)

In order to investigate the applicability of the above treatment,

a sample calculation for the response curve of bay water oscillation
was made under a speclfied condition, and was compared with the labor-
atory data which were obtalned previously at the Coastal Engineering
Laboratory, University of Tokyo. The agreement between the theoretical
curve and the laboratory data 1s quite satisfactory as shown in Figure
13.

CONCLUSIONS

The purpose of present lnvestligatlion 1s mainly to analyze the com=~
plex phenomena of bay water oscillation by using the rather simple meths
od such as the one-dimensional analyses. In this case the establish-
ment of boundary coditions at the bay entrance is the main difficulty
to be overcome. In order to solve the stated problem the authors treat
the following two cases analytically and verify their approprilateness
by comparing them with laboratory data. The first case 1s that the wavd
in the open sea 1s coming towards the entrance of semi-infinite channel
with normal incidence, and the second case is that the wave propagating
through the channel is coming towards the open sea.
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In the treatment of the above two cases, the authors introduce a
complex transmissilon coefficient and a complex reflection coefficient
respectively. By using the results of present treatment, the response
characteristics of bay water oscillation are easily calculated. The
theoretical curve thus obtained under the specified conditions is quit
satisfactory to represent the tendency of laboratory data.
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