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1. FUNCTION OF DETACHED BREAKWATER IN CONTROLLING WAVES
AND WAVE-INDUCED CURRENTS

1.1. Historical background and present situation of shore protection works
in Japan

Japan is surrounded by sca with a total 34360 kilometers of shorcline. 47% of the shoreline,
or 15991km, requires protection works to avert potential disasters.

Since World War Il Japan has depended heavily upon hydraulic power for its clectricity. A
large number of hydroclectric stations and dams were constructed, and the dams trapped a
huge amount of scdiment, resulting in significant erosion of many coasts.

The Japanesc Coastal Law was cnacted in 1953 to regulate two kinds of engincering works
that provide protection against coastal disasters. One group mitigates storm surges and the
other beach erosion. Needless to say, there are also engineering works for coastal disasters
causcd by. wave overtopping, tsunamis, blockage of river mouths and so on. Various kinds of
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coastal structures such as sca dikes, seawalls, lockgates, detached breakwaters, groins,
artificial recfs, and wave absorbing block mounds have been constructed to provide protection
against thesc disasters (sce Table 1).

Table-1 Total length of shoreline with protection works (1988)

Wave absorb-

Structure Sea walls Seca dikes Detached
breakwaters | ing blocks
Total length 2870 km 5960 km 630 km 1100 km

Figure 1 illustrates the ratio of increase of the region where these kinds of coastal structures
were constructed, using 1962 as a base year (Toyoshima, 1986).

20
18
16

14
12
10

Growth rate
Y O N W

- —o— offshore detached breakwaters/v
---------- sea dikes .4
4 —e—s- Jetties

——.— sea walls

______

V‘:
A
/4

)

b2 195 ' 1970

" 1985

Year

Fig.1 Ratc of construction for various coastal structures (Toyoshima, 1986)

Detached breakwaters are increasing at a remarkable pace since they effectively reduce and
absorb incident wave encrgy.

Howecver, detached breakwatcers, as we

11 as the wave absorbing block mounds in front of

seawalls, detract from the coastal landscape and prevent the effective utilization of many coastal

regions.

Recently, with the increasing concern for the p
acccss to the shoreline, and with d

works have been devised in Japan:

1) gentle slope sca dikes with permeable surfaces,

2) submerged breakwater with wide crown widths or artificial recf,
3) beach nourishment,
4) hecad-land defensc works.

reservation of coastal environments and easier
emands for pro-water front, new forms of coastal protection -
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In this paper, the hydraulic functions and stability of detached breakwaters and submerged
brecakwatcrs with wide crown widths are discussed.

1.2. Function of detached breakwaters in the control of waves

Two wave forms are found behind detached breakwaters: waves transmitted the breakwater
and waves diffracted from the two ends of the breakwater. Wave height behind the breakwater
is oftcn cstimated from the energetic mean of these two kinds of waves. In Japan, the wave
height behind the group of detached breakwaters (H) is usually estimated by the following
equation (National Association of Sea Coast, 1987):

H_ [ 2, l 3
Hi = \/1+r Ke® + 17 Ke @
where /is the length of the dctached breakwater, I' is the length of the opening in the row of

detached breakwatcrs, Kt is the transmission cocfficient through the breakwater, and Kg is the
diffraction cocfficicnt at openings in the breakwaters (see Fig.2).

e % Detached
é Breakwater
vl ok ot
L %
/4
| g
Z
Sea Z

Dike Initial Shoreline

Fig.2 Definition sketch of a plane arrangement of detached breakwaters

Various studics have becn conducted to determine the value of K, the transmission
cocfficient. The following is the empirical expression for Ki derived by Numata (1975) under
conditions where wave overtopping takes place: ‘

Ki = 0.123 log (43.12 u_,%,;:_a) )

where B is the breakwater width at still water level, hg is the crown height from still water

level, nc is the height of wave crest from still water level. The expression umax represents
maximum water particle velocity at the wave crest and is expressed as:

nHi, | Hi\0.5 (h+nc\3 cosh k(ho+mc)
Umax =~ "\[1 ‘(ho) ( ho ) sink kho (€)
my = -0.644 log{1.562(ho/L)} : 0.07 < ho/L < 0.4
=1.50 : ho/L < 0.07
=0.25 :0.4 < ho/L

where ho is water depth where the breakwater is constructed, L is the wave length at depth h
and k=2m/L. Numata also gave the relation betweenn¢/ho and Hi/ho as follows:
e _ Hi Hiy218
he = 2hg * 0-415 (ho) 4)
Although the txact valuc for Kli)ims to be calculated from the diffraction pattern, valucs of
between 07 and 0.9 arc usually substituted in actual calculations of Eq.(1).
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In Eq.(1) the cffcct of intcraction between waves and structures is not taken into account.
Rccently, a boundary intcgral mcthod has been developed to solve a wave ficld around
structures such as dctached breakwaters in which the effcct of wave-structure interaction is
fully considered. For examplc, Spring (1975) has solved the wave ficld resulting from a
regularly spaced infinite row of vertical cylinders, and Pullin (1984) has developed a numerical
procedure for solving waves around a group of vertical structures. In these procedures, wave
ficlds around structurcs arc calculated by solving velocity potential as a boundary valuc
problem.

The velocity potential around structures ¢ is expressed as the sum of the velocity potential of

incident waves ¢j and a scattcred wave potential ¢s, ¢=¢i+¢s. The unknown potential ¢s is
usually cvaluated by a finite clement method or a boundary clement method. Compared with
the former method, the latter requires less computer capacity and CPU time because variables
in the latter method arc onc order lower in dimension than those in the former. However, the
detail of the numcrical procedures is not referred here.

1.3. Function of detached breakwaters in the control of longshore currents

With the normal wave incidence, a pair of circulation cells of wave-induced current is
formed behind the breakwaters. Since analytical solutions to mean water surfaces (wave sct-up
and sct-down) and longshore currcnts were sct forth by Bowen (1969) and Longuet-Higgins
(1970), much study on the time-averaged propertics of water-particle motion has been
conducted.

The basic cquations for these fluid motions are derived by temporally and vertically
avcraging a continuity cquation of mass flux and a N-S equation, and arc expressed as follows:

an  dU(h+m)  dV(h+m) _
at ax t gy -0 ©)
U . .U . aU a1 [/3Sxx . 3Sxy Rxx . 9Rxy
at t Usx Vay = "Bx - (h+m) [( ax tay t 1:") i ( ax tay )]

6
aVv Vv an ©

v vV AV _ M 1 [/Syx dSyy 9Ryx , dRyy
at +Uax+vay"gax'(h+.q) [(ax oy +‘Y)'(ax * ay)]

where U and V arc the depth and time averaged velocitics of wave-induced current in the x- and
y-dircction, respectively; tx and Ty are the time averaged bottom shear stresses;

Rij, {(i,j)=(x,y)} is thc dcpth and time averaged Reynolds' stress tensor; 1 is the mean water
level and Sij,{(i,j)=(x,y)} is the radiation stress tensor introduced by Longuct-Higgins (1970);
and h is the depth in still water. '

Using linear wave theory, Sjj is expressed as follows:

Sw = B H2 [Z—gﬂ (cos?® + 1) -1]

Sxy = Syx = %_63_ H? s5in26 _ ™
Syy = E;—g H? [%g (sin?0 + 1) - l]

where p is the density of water, C and Cg are the celerity of wave propagation and group
velocity, respectively, and 8 is the angle of wave incidence. .

The time averaged bottom shear stresses Tx and Ty are usually cvaluated from the
approximate cxpression using friction factor, the water particle velocity caused by waves at the
bottom, and the vclocity of wave-induced current.
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The Reynolds' stress term is gencrally cvaluated using a gradicent-diffusion type expression

with the cddy viscosity (€) and is rcferred to as "lateral mixing term". Some heuristic models
for cddy viscosity in an uniform longshorc current on a long straight beach have been
proposed. They arc summarized in Table-2.

Table-2 Model for eddy viscosity in uniform longshore current on a long straight beach

Lateral mixing term Lateral mixing Remarks
cocfficient
2
Bowen (1969) Rey =08 €: constant
Longuet-Higgins d dVy | e = NxWgh 0<N<0.016
(1970) Ryxph = g~ (Peha;) & x: offshore distance
; from the shoreline
d / dV H? gT
Thornton (1970) Ryx = 4x (Ea) & g2 h cos?6 q: wave direction
James (1974) Ryxph = g (phEg) VIS hahy | St bottom slope
@hbzl(hS):h>hb
d dv _4_, a,: excursion length
Jonsson ct al. (1974) || RyxPh =4 (phsa) E=T % cos?0 of water particle
) _d dv SY2\1/3_4/3 M: constant
Battjes (1975) Ryxph =4y (ph"'dx) €=M(1—6) s xVeh y - H/(ham)

wiien al. (1) “ax? F=53-335-0.07/s |1=HANS

. { d2V : hshb € =AF]/3YSUXJg_h A: constant
yx =
0 : h>h S=1/60

S'=(-0.413+0.98)S

The author ct al. conducted a series of experiments in a wave basin to investigate the
function of breakwater length / and distance from the initial shoreline Xoffin controlling
longshore currents in cases where angle of wave incidence is 150°. The results show that:
1)When a breakwater with a length of less than two times the incident wave length is
constructed within the breaker zone(Xor¢/ Xo=0.57, where Xp is the width of the breaker zone),
the velocity of longshore current decreased to about 1/2 of that on a natural beach.
2)When the breakwater is constructed in a location where Xor¢/ Xo>0.86, although shore-side
waves decreasc significantly, longshore currents on a natural beach are not affected by the
breakwater just behind the breakwater. However, a small weak circulation forms in the
downdrift side of the breakwater.

1.4. Function of submerged breakwaters with wide crown width in the control
of waves

The powerful effects of detached breakwater on wave transformation, especially the effect
of diffraction, greatly affects the surrounding coast. It has also been pointed out that the
breakwaters reduce the exchange of sea water and detracts from the natural coastal view.

Recently, to.cope with these problems, sections of detached breakwaters are being replaced
by submerged breakwaters, which are often referred to as artificial reefs, in Japan. Figure 3 is
a diagram of submerged breakwaters constructed on the Niigata coast facing the Japan Sea.
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Fig.3 Submerged breakwaters (Niigata Coast)

The submerged breakwater has two encrgy dissipation mechanisms that attenuate wave
height. First, cnergy is dissipated when the wave breaks duc to the abrupt change in water
depth as it mects the submerged breakwater. Secondly, energy dispersion takes place on the
surfacc and in the permcable layer of the submerged breakwater.

Nowadays, a so-called mild slope equation is applied to predict wave transformation across
submerged breakwaters (Mci, 1978 and Yeang, 1982). However, the equation requires much
CPU time. A proccdure for predicting wave transformation over submerged breakwaters based
on the conscrvation of wave cnergy is introduced here.

The cquation for energy conservation ona permeable layer in a stationary state is expressed

by

d d . 1Y) CAZ:1Y) A%

3x E(Cgeos + U)} + 5 {E(Cysin® + V)} + Sxx 50+ Sxy (a_x + W) +Syy 5y

= -Dioss (8)

where E is the encrgy density of incident waves and Dyoss is the total energy dispersion rate.
Dioss is cstimated as the sum of the cnergy losses in the permeable layer Dp and on the surface
of the laycr Drand cnergy loss caused by wave breaking Db.

The energy dispersion in the permeable layer Dp is expressed by
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1 T
Dp = TJ (Wp)z=-n dt )]

where T is the wave period; w and p are the vertical water particle velocity and pressure at the
surfacc of the permeable layer, respectively; and h is the depth on the permeable layer.
The cnergy dispersion rate per unit arca on the permeable surface caused by boundary shear

Dr is cvaluatcd using the following cxpression for boundary shcar stress T on the bottom:
T/2

D=2 [ e (10)
According to lincar wave theory, velocity potential on and in a permeable layer with

permcability of Ky is given as follows (Deguchi et al., 1988):
on the permeablc layer:

¢ = iﬂ Re [i{coshl_(z - % sinhl-(z} exp{i(kx- 0()}] (11)
o
in the permeable layer:
$d = gl Rc[ {—-l—— coshk(h+z)(coshkh+ il(-sinhl-(h)
20 i+Ys

A sinhk(h+z) (sinhkh + %{ coshl-(h}exp{i(l_(x- Ot)}] (12)
Y

s={(1-N)Gn + 1}/
- where A, kp, d are the void ratio, permeability and the thickness of the permeable layer,

respectively; h is the depth on the permeable layer; O is the angular frequency(=2r/T); Cm is
the added mass cocfficicnt; i2 = -1; and Re| ] indicates the real part of the quantity in the

brackets [ ]. The expressiony is the nondimensional permeability defined by the kinematic

viscosity v, Kp and O in the form of Y = kpo/v. The expression of k is the complex wave

number (=.+iB), which satisfics the following dispersion relation on the permeable layer.
o = ok (vs +i)sinh]-(hcoshl-(d + Ycoshkhsinhkd

- = = E 13
(Ys+i)coshkhcoshkd + Ysinhkhsinhkd (13)
The values of w and p in the permeable layer are expressed using ¢d as follows:
dbd
W=y _ (14)
p_ d% v
p_'sat -kp¢d (13)
From thcse relations, Eq.(9) is expressed as

Dr=5E (16)

where B is the imaginary part of the complex wave number k which indicates the attenuation
rate of wave height on the permeable layer. Figure 4 illustrates the relation between p and
02h/g when 02H/g=0.1, kpyo/v=0.5 and d/(h+d)=0.5 (Deguchi ct al., 1988).

To evaluate the value of Df, Jonsson's expression for the bottom shear stress (Jonsson,
1978) was utilized.

2
T= pfuZ=-h / 2
Jonsson (1978) and Ricdel ct al. (1972) have provided empirical expressions for friction factor
f. When linear wave theory is used to evaluate the horizontal water particle velocity at a depth
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Fig.4 Relation between wave attenuation ratio p and 02h/g

of z=-h, Dy is expressed as follows:
2 H \3
, D= 3 n2pf (Tsinhkh) @17)
where k is the usual real wave number at the depth of h.

On the other hand, various rates for cnergy dispersion after wave breaking have been
proposed. In cstimating the value of Db, the existing dispersion rate proposed by Sawaragi et
al. (1984) was used, where £

Db = 0.18 Fp~1/2(h+n)372
F=f 33 3.38)-0.07/S : inside the breaker zone
- 0 . : outside the breaker zone
where S is the bottom slope.

Figure 5 shows a comparison between the calculated wave heights and measured wave
heights in a two-dimcnsional experiments on the submerged breakwater shown in Fig.2
(Sawaragi ct al., 1989). Figures (a) and (b) correspond to non-breaking and breaking
conditions on the breakwater, respectively.

(18)

water depth on the submerged breakwater:2m,
height of breakwater:3m, crown width:50m

°
1o} 8 o0 g og O
0°¢° 1.0 0,85 °8
o 00 (0 (S Coe o\,
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= breaking 8 Z 77| non-breaking
x x o
06 scale 0.6 [ scale ® °
0.4). /50 O exp. WQOQ)OOO 0.4k / theo:
—— theo. ° LJ ) * 1 ’ X LJ
1710 o exp. . p WD W
0.2 -=== theo. ' 0.2 |- =
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1 1 1 1 1 1 0 1 1 I 1 1 | 1 1
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x/L . x/L
(a) breaking condition (b) non-breaking condition
Hi=1.5m , 7=6.4 sec Hi=0.5m , T=6.4 sec

Fig.5 Wavc attcnuation on thc submerged breakwater
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1.5. Function of submerged breakwater in the control of nearshore currents

Wavce-induced current around the submerged breakwater can be calculated using Egs.(5)
and (6) in a similar manncr as for currents on the shore-side of the detached breakwaters.

Uda ct al. (1988) conducted experiments on wave-induced flow patterns around a
submerged breakwater with length /, opening width ', and distance from the shorclinc Xoff.
The flow was classificd into four patterns, as shown in Fig.6.

The flow patterns occurred under the following conditions:

Pattern I (Fig.(a)) : I/Xorr=1to4 and /' < 4,

Pattern II (Fig.(b)) : I/Xors>4 and Il < 4,

Pattern 1I(Fig.(c)) : I/Xore~ 1 and Il < 4,

Pattern IV (Fig.(d)) : I/Xorr=1to 3 andI/I' > 4.

Bascd on these results, Uda et al. recommended that:

1) If the region in the shore-side of the submerged breakwater is to be used as a swimming
arca, or when uniform wave decay behind the breakwater is desired, the width of the
opening I' must be less than //4.

2) When there is likely to be a deposition of sediment on the shore-side of the breakwater, the
valuc of I' should be greater than I/4 and the length of the breakwater ! should be less than

4Xoft.

(a) Pattern 1 submerged (c) Pattern Il submerged

v breakwater ¢ breakwater
g T ot g

R R R R R e R I R R R B T R B 2D
(b) Pattern 1 breakwgter (d) Pattern IV, brgakwgter
: 7 7

DO OE

O 2D G vvibiiiing
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v e

SRR XX PP A0 S IR DR KRR

tetet et etet e T et 0t
D A AR R A

Fig.6 Patterns of wave-induced current around submerged breakwaters

2. FUNCTION OF DETACHED BREAKWATER IN THE CONTROL OF
SEDIMENT MOVEMENT

2.1. Mechanism of formation of salient behind detached breakwater

Salients or a tombolos formed on the shore-side of the detached breakwaters are brought
about by nonuniform longshore scdiment transport on the shore-side of the breakwater. The
topographic change caused by scdiment transport in the littoral zone is expressed by the
following cquation:

oh 1 (9gx  dqy

= (o * o) (19)
where gx and qy are the local scdiment transport rate in x(cross-shore) and y(longshore)
dircctions, respectively; and h is the water depth measured downward from still water level.
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We investigated the relation between the longshore sediment transport and topographic
change by integrating Eq.(19) in the region where the sediment transport takes place. Xo and
Xer were given the landward and the seaward limit of the significant sediment transport,
respectively. The integration of Eq.(19) between X=X, and Xcr yiclds the following relation
because the longshore and cross-shore sediment transport at x=X, and x=Xcr are zero:

X
Fl dXcr Xo__ 1 (9
at Ar hdx - hx=xcr at + hx:xo at o=’ 1- A, (ay Ar qde) (20)

Change in a sectional area below a reference level along the x-axis A and a total longshore
sediment transport rate Qy is defined as follows:

Xer
A =)£ hdx ' (21)
Xer
Q= x{ qydx (22)

When the characteristics of the incident waves are constant, the second and the third terms in
the left hand side of Eq.(20) approach zero. Under such conditions, Eq.(20) is written as
follows:

aA_ 1 3Qy

=1 9y . 23)

Furthermore, when the change in sectional area AA is expressed as the product of

represcntative depth of topographic change h and shift in the shoreline Als, Eq.(23) becomes
dls _ 1 19Qy
at 1. ah dy (29)
where g is mcasured positive landward.

Eq.(24) implics that the longshore gradient of total longshore scdiment transport rate causes
the change in shorcline contour. For example, the shoreline retreats if 4Qy/dy > 0 and the
shorelinc advances if dQy/dy < 0.

Figurc 7 schematically illustrates wave patterns and changes in a shorcline. Oblique incident
wavces arc diffracted by a detached breakwater which breaks the uniformity of longshore
scdiment transport. As a result, the shoreline is transformed according to the broken line in the
figure.

Qy erosion

‘—%reuon
L equilibrium— i e equilibrium

direction of
littoral drift

[/

Fig.7 Schematic illustration of shorcline change on the shore-side of a detached breakwater.
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2.2. Function of detached breakwater in the trapping of sediment

In designing detached breakwaltcers, the location, length and opening width must first be
determined. Topographical changes on the shore-side of the breakwaters resulting from
scdiment trapped by breakwaters closcly related to thesc values. Numerical simulation
procedures which will be mentioned later can be of great help in the determination of these
values.

First, the simplificd rclation between these values and the topographical changes are
cxamincd through ficld data. The Ministry of Construction of Japan studied the correlation
between geometrics of detached breakwaters and the topography on the shore-side of these
breakwatcrs through ficld surveys (National Association of Sca Coast, 1978). A definition
sketch of the gecometry of detached breakwaters is shown in Fig.2. The expression Xofr is the
distancc between the initial shoreline and the breakwater, [ is the length of the breakwater, I' is
the width of the opcning, and Tx and Ty are the length and the width of the salient,
respectively.

Figurc 8 shows thc rclation between the gcometry of the breakwater and a representative
profile of the corresponding beach topography which is defined as the ratio between the area
of the shore-side coast of the breakwater and the area of salient As:

L ~Arca of saliant _ TxTy/2 25
As " Area of the shore-side coast of the breakwater ~ Xoff / (29)

®ox : sandy coast
A : gravel coast

* : others
T T

a5 i
))\\T °
1 1 1 11 1
1 2 3 L} 5 6
L/L
T I T T T T
1 A =
/ 34 o
i/t
; :f"r -
A
h' -
1 ' 1 L 1 11
0 0.5 1.0 1.5 0 2 4 6 8 0 1 2 3 4 5 6
he'/ he L/X t/L

Fig.8 Topographic change on the shore-side of the detached breakwater as a function of
location and length of detached breakwater

In Fig.8, ho is the water depth at the breakwater and, hrand L arc defined using the averaged
wave height and period for the five largest incident significant waves during the year [Hs]s and
period [Ts]s as follows:
hr=[Hs]s ; L=Ygho [Ts]s.
B- and C-type coasts in the figurc correspond to bar typc coasts with gentle slopes and planc
coasts with stcep slopces, respectively. The values of I/ for the large part of breakwater in
Japan range between 0.3 to 0.5.
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2.3. Numerical simulation for trapping of sediment by breakwaters

Sediment movement in the shore-side of the detached breakwater depends on both waves
and currents. Given the wave and current ficlds in the shore-side of the breakwater, the rate of
scdiment transport there can be cstimated using proper sediment transport formulas.

A number of formulas for predicting rate of sediment transport have been proposed by many
investigators bascd on various sediment transport models. Thosc models are generally
classificd into two catcgories. One is the power model, originally proposed by Bagnold (1965)
(for cxamplc, Komar, 1970; Walton et al., 1979; Watanabe et al.,1982).

The other is the flux model in which the rate of sediment transport is expressed as the
product of sediment concentration and its migration speed (for example, Kana,1976; Tsuchiya
ct al., 1978; Sawaragi ct al., 1986). There is a third group of formulas based on the rate of
scdiment transport in a unidircctional flow (for example, Iwagaki et al., 1962; Bijker, 1968).

Here, the following formulas for bed load transport rate(qp) and suspended load transport
rate(qjs) derived by the authors(Sawaragi et al., 1990) are used to examine the cffects of
detached breakwaters on longshore sediment transport rate:

gb = 4710dso?(Ym-We)*/ AU /uy) (26)
gs =fCU dz
= Co (&2 /wp) U : outside the breaker zone } @7
= Co min {&sz /wD}U : inside the breaker zone

where dsg is mean grain sizc of bed material, Y is the critical Shields' Number, U is the
velocity vector of mean current, u, is maximum water particle velocity at the bottom due to
waves, G is the concentration of sediment at the reference level, €s is the diffusion coefficient
of suspended scdiment, wr is the scttling velocity of sediment, D is the total local depth, and

min{ , } indicatcs thc minimum value of the two quantitics in { , }. The values for{y, €sz/wr
and Cy arc rclated to the scdiment and fluid properties as follows:

Pm = (/2)|Fof? / {(0s/0 - 1)gdso} (28)

es7/wi = 0.021exp{0.5(f|Fo]2/2)'/2}  (in cgs unit) (29)
where |Fp| is the water particle velocity duc to waves and currents and is cxpressed as:

[Fo? = {up? + (2/m)wy(UcosD + Vsin®) + (U2 + V2) /4} (30)

Co = 0.347 [0.688u;, / {1.13(0g/0-1)gw,T1-77}] (31)

Figurc 9 compares the calculated and measured total longshore sediment transport rates Qyf
and Qye on the shore-side of the detached breakwater(Sawaragi et al.,1990) . The value of Qyr
is calculated by intcgrating local longshore sediment transport rate g,y and gsy obtained from

Eqs.(26) and (27). The velocity of wave-induced currents and that of watcer particles at the
bottom arc calculated by solving mild slope equations and the fundamental equations for wave-
induced current.

The valuc of Qye is cstimated from topographical change Ah(x,y), measured over time

intcrval At during the movablc bed experiments:

A
Qye(y+Ay) = Qye(y) +AA(y)Z{(1-X) 32)

AA(y) = f Ah(x,y) dx

where Ay is the interval of the measuring linc.
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Fig.9 Distribution of longshore sediment transport rate on the shore-side of detached
breakwaters

2.4. Topographical change on the shore-side of submerged breakwater

The cffects of submerged breakwaters with wide crown width mentioned in the sections (1.4
and 1.5) on topographical change were examined using ficld data from a location on the
Niigata Coast. The planc arrangement of the breakwater is shown in Fig.3. Figurc 10 shows
the annual change in the contour of the shorcline from 1986 (before the construction of the
break-watcr) to 1988 (after the completion of two breakwaters) (Japan Inst. of Construction
Eng., 1989).

']g‘hc two submerged breakwaters were constructed in the gap between the detached
brecakwatcrs where the facing shoreline was subject to erosion. The shoreline facing the
submcrged breakwater indicates a quite different change compared with the shoreline facing the
dctached breakwaters. The latter advanced seaward, resulting in a salicnt. On the other hand,
the shorcline facing the submerged breakwatcers did not significantly advance seaward showed
no marks of crosion. The shorclinc configuration is also smooth compared to that facing the
dctached breakwaters. This indicates that well-designed submerged breakwaters have a mild
but steady effect in maintaining shorelines.

3. STABILITY OF DETACHED BREAKWATERS

Detached breakwatcrs arc usually constructed from rubble or wave absorbing blocks of
various kinds.- The stable weight of the rubble stone is usually determined by the so-called
Hudson's formula. However, as pointed out by many researchers, the incident wave period is
not taken into account in the formula. Conscequently, some modifications in Hudson's formula
have been proposed in which the significant wave height and period are used to express the
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Fig.10 Change in shorcline contour due to submerged breakwaters (Niigata Coast) (Japan Inst.
of Construction Eng., 1989)

characteristic of irrcgular incident waves. The cffect of the duration of incident waves is also
taken into account in the modifications. These modifications together with the destruction
mechanism and reliability of the rubble mound structure will be discussed in lectures by Dr.
Magoon and Dr. J. Vander Mcer in this short course.

The author ct al. also conducted a series of experiments on the destruction mechanism of
rubble mound breakwaters by irrcgular waves and found that the destruction rate of a rubble
mound breakwater depends largely on the run of the incident waves. The run of irregular
incident waves is closcly rclated to the peakedness of the frequency spectrum of incident
waves. From thesc data, the author ct al. derived a design procedure to directly determine the
stable weight of rubble stone from the frequency spectrum. The design procedure is outlined
below.

3.1. Effect of incident wave irregularity and grouping on the stability of
rubble mound breakwater

The destruction rate of a rubble mound Dy' is usually determined by the number of rubble
stones which arc moved from their former place per total number of stones in the reference
scction, as follows:

number of stoncs moved from their former position

Da'(%) = ““Yotal number of stoncs in the rcference scction x 100 (33)
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To express the degree of destruction more accurately, the author et al. (1985) proposed a ncw
dcfinition for destruction rate Da:
Ao
Da(%) = Ao X 100 (34)

where Ao’ is the destroyed volume of the cover layer (revetment) and Ao is the destroyed
volume of the cover layer when the destruction reachces the core layer as shown in Fig.11.

- revetment(rubble stones)
Xy

Fig.11 Dcfinition sketch of damaged profile of rubble mound

The valuc pf Da is roughly rclated to Da by
Da = 0.2Da. (35)
Per Bruun (1979) pointed out that resonance on the slope of the breakwater strongly affects
its stability. The author et al. (1983) found that resonance took place when the surf similarity

parameter & is in the region of 2<& <3.

Morcover, it is natural to consider that the run of high waves affect the destruction of rubble
mound. Therefore, in the design of rubble mound breakwaters, the probability of the
occurrcnce of both high waves and the surf similarity parameter of zero-up or zero-down cross
waves have to be considered in determining the stable weight of the rubblc stone.

The author et al. represented this probability using the conditional run length j@o‘lﬂs)

which express the run length 0fEo*= E/Eo = 2 under the condition of H= Hs, where Eq is the
surf similarity parameter of the maximum wave and Hs is the significant wave height.
Furthcrmore, wave encrgy dircctly relating to the stability of the rubble mound breakwater is
represcented by the average of the encrgy sum of each wave in each of the runs derived above
over each run length, defined by

© N
1
Eaum =3, PEH? /}21 Nj (36)

where N;j is the number of the run whose length is j, and H; is the wave hecight of i-th wave in
the run. The author ct al. obtained the following relation between Esum and the mean run length

iEo*l):

Esum .
= 0.78j(Eo*|py,) - 0.44 37
pgHs?/8 H
The destruction ratc Da of a uniform slope breakwater is related to Esum by
Da= 153.8 | Fem 222 39 (38)

psgla? tamp]
where ps is the density of the rubble stone, [a is the representative diamcter of the rubble stone,
Y is the friction anglc of the rubble stones, and fana is the slope of the breakwater.
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The mcan run length j(&y‘le) dcfincd above is closcly related to the pcakcdness of the
frequency spectrum of incident waves Qp by the following relation:

iEo*lys) = 3Qp/16 + 0.81 39
where E(f) is the frequency spectrum of incident waves,
% .
2
=mef /BN (40)

Assuming that the weight of the rubble stonc W is expressed by W = psgla’, the stable weight
of rubblc on the uniformly sloping mound is dctermincd from Egs.(37) to (39) as follows:

w .. [PE(6-150+20.0) @
(Psg)V/3(Da+30.1) tanp

When the rubble mound breakwatcer of uniform slopc is damaged, the slope of breakwater
dcforms into a compositc shapc as shown by a thick solid line in Fig.12.

312
] “Hs? : for uniform slope (41)

Y

\ .
ha
AW he

N

\n

N
I
|

7777777
Fig.12 Definition sketch of rubble mound breakwater of composite slope

If the original slopc of the rubble mound breakwater is a composite shape as shown by the
dotted linc in Fig.12, thc breakwater will be more stable and the weight of rubble needed can
be reduced. The author et al. carricd out experiments on the stability of a rubble-mound

breakwater of composite slope whose hypothetical slope rana' is 1/2.3 and obtained the
following relation for determining the stable weight for the rubble stone:

w = [P8(5:46Qp+17.73) anc' 1372

(Psg)'/3(Da+36.3) tany

Figurc 13 illustrates the relation between the value of Qp and the stable weight of the rubble
stonc W. It can be scen that the stablc weight W increases in proportion to Q.

Comparing the results for the cascs with different values of I, the stability becomes higher
with incrcasing /. As to the influence of h2 on the stability, the experiments with hi/ho = 1/4
show better results than those with h2/ho = 1/2. The recason for this is considered that the
hydrodynamic forces become less impulsive and the resonance on the slope occurs less
frequently, with hz decreasing. The quantitative estimation of the influence of /B and h2 must
be studicd further.

Figure 14 shows the rclation obtained between the stable weight of the rubble stone W and
destruction ratc Da when Qp=2.5 and Hs=7m.

In the figure, the stablc weight of the rubble stone calculated from Hudson's formula is also
shown. The calculated weight from Eq.(41) with an allowable destruction rate (Da) of 20%
scems to correspond to that evaluated by Hudson's formula. The determination of allowable
destruction rate is a practical problem for future study.

Hs? : for composite slope (42)
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Fig.13 Stable weight of rubble stone as a function of Qp
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Fig.14 Relation between stable weight of rubble stone and destruction rate

Stable wcight for composite type breakwaters is approximately 1/2 that for uniform slope
breakwaters, given the samc rate of destruction; in other words, smaller materials can be used

in constructing rubble-mound breakwaters of composite slope.

3.2. Stable weight of rubble stones for submerged breakwaters

The Public Research Institute of the Ministry of Construction of Japan (Uda,1988) conducted
a scrics of experiments to determince the stable weight of rubble stones for submerged
breakwaters before starting construction of the submerged breakwaters on the Niigata coast
shown above in Fig.3. They found that rubble stones on the submerged breakwater were first
lifted up by the lift force and then moved from the surface of the breakwater. From the
cxperiment, the following formula for determining stable weight was proposed, based on the
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balance between the weight of the stones and the lift force acting on them, in the cases where
Ho /h>0.3:

fu 3
Ws = (Sn —— ) psKvR? 4
) ( ! (ps/p-1) cos (1) PsBv 43)

in which
Sn = G Ka#/2Ky (Stability Number)
_ Umax _ g cHo 5o R
fu= " 8ex.p( 153> 2.8H0.) +0.2

Kv = V/d® , Ka= Add?
where Cpis the lift force cocfficient, Vr and Ay arc the volume and sectional area of the rubble
stonc, Ho' is the cquivalent déep water wave height of incident waves, ho is the depth of the
sca floor at the submerged breakwater and R is the depth at the crown of the breakwater. The
valucs of Sy and Ky depend on the material used for rubble. The following values are given by
the Ministry of Construction of Japan:

Sn=0.9,Kv=0.5 : natural stone

Sn=0.9, Kv =0.5to 1.0 : wave absorbing block

4. CONCLUSIONS

The functions of dctached breakwaters and submerged breakwaters in controlling waves,
wavc-induced currents and scdiment movement were discussed. As has already been reported
by many rescarchers, detached breakwaters arc very cffective in controlling incident waves and
salicnt or tombolo formation due to deposition of sediment sometime result in sever erosion of
downstrcam coasts.

On the other hand, submerged breakwaters have a relatively mild but steady effect in
retaining shorc-side scdiment and have little cffect on the surrounding coasts. Therefore,
submerged breakwaters arc recently replacing detached breakwaters in Japan. However, there
arc some issucs rclated to submerged breakwaters: 1)They may become fatal obstacles for
fishing boats or small pleasure boats; 2)The cffect of a submerged breakwater on a coast with a
wide tidal range is not obvious because the hydraulic function of the submerged breakwater
depends on the water depth at the crown.

In determining the stable weight of rubble stoncs for a submerged breakwater, it is important
to consider the cffccts of irrcgularity and grouping of incident waves. Naturally, the wave
period should also be taken into consideration, as was pointed out by Bruun and the author.
From this point of vicw, thc formula for determining the stable weight of rubble for
submerged breakwaters as proposed by the Ministry of Construction of Japan needs to be
further studicd.

SYMBOLS

Changc in sectional arca below a reference lovel along x-axis
Sectional area of rubble stone
Arcal ratio of salient and shorc-side coast of breakwater
Destroyed volume of rubble mound breakwater when the destruction reaches the core
layer

Destroyed volumc of cover layer of rubble mound breakwater
Excurtion length of water particle

Brcakwatcr width at still water level

Celerity, Suspenced sediment concentration

Group velocity

Lift force cocfficicnt

QOwE P Prr>

Q
=
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Cm Added mass coefficient

Co Rcference concentration

Da Destructionratcofrubble mound breakawter determinedfromthe volume of deformed
slope

Da Destruction rate of rubble mound breakwater determined from the number of rubble
stones moved from their original place

Dy Energy loss duc to breaking waves

Dr Energy loss causcd by boundary shear
Dioss Total cnergy loss
Dp Encrgy loss took place in permeablc layer

d Thickness of permcable layer
dso  Mean grain size
E Energy density of incident waves

Fv Watcr particle velocity causcd by waves and currents

E(f)  Frequency spectrum of incident waves

Esam  Wave cnergy directly relatingtothe stabilityofrubble mound breakwater
f Friction factor

g Gravity accerelation

Hi Incident wave hcight

Hs Significant wave hcight

[Pl§]5 Avcrage of five largest incident significant wave heights

Ho Equivalent deep watcr wave height
h Depth in still water
h Representative depth of topographic change

hy Water depth at breaking point
ho Water depth at the foot of breakwater

hr Represcntative depth

hs Crown height from still water level

h2 Berm depth of rubble mound breakwater of composite slope
k Wave number

k Complex Wave number on permeablc layer

Ka Cocffisient relating shape of rubble stone
Kg Diffraction coefficicnt '

kp Permeability

Kt Transmission coefficient

Kv Coefficicent relating shape of rubble stone
L Wave length

1 Length of detachewd breakwater

I Length of opening in the row of detached breakwaters

la Representative diameter of rubble stone

Ip Berm width of rubble mound breakwater of composite slope
mo 0-th moment of frcquency spcctrum

p Pressure

Qp Peakedness of frequency spectrum

Qy Total longshorc sediment transport ratc

Qye Total longshore sediment trasnport rate estimated from toporgaphic change
Qyf  Total longshore scdiment transport rate calculated from flux model
qp Local bed load transport rate

gs Local suspended sediment trnasport rate

gi Local sediment transport rate

R Depth at the crown of submerged breakwatcr

Rij  Depthand time averaged Reynolds' stress tensors
Bottom slope

Si,j Radiation stress tensors
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Sn Stability number for submerged breakwater

T Wave period

[Ts]s Average of five largest significant wave periods

Tx Length of salicnt

T Width of salient

J Time and vertically averaged velocity of wave induced current in x (offshore) direction

uy Maximum watcr particle velocity due to waves at bottom

Umax Maximum watcr particle velocity at the wave crest

Vv Time and vertically averaged velocity of wave-induced current in y (longshore)
direction

Vr Volume of rubble stone

w Weight of rubble stone

w Water particle velocity in vertical direction

wy Settling velocity

X Offshore distance

Xb Width of breaker zone
Xoff  Distance between initial shorcline and breakwater

Xo Landward limit of significant sediment transport

Xcr  Scaward limit of significant sediment transport

y Longshore distance

z Vertical distance

a Slope of brecakwater

a' Hypothetical slope of rubble mound breakwate of composite slope
B Imaginary part of complex wave number

Y Friction angle

Ye Critical Shields' number

Ym Shields' number

€ Eddy viscosity

Esz Diffusion coefficient of suspended sediment
¢ Velocity potential

dd Vclosity potential in permeable layer

bi Velocity potential of incident waves

bs Velocity potencial of scattered waves
A

Void ratio

M Displacement of mean water level

MNe Hight of wavc crest from the still water level
Kincmatic viscosity

Y Ratio of wavc hcight and total water depth or Nondimensional permeability (=kpo/v)

P Density of water

Ps Density of rubble stone

0 Angle of wave incidence

(o] Angular frequency

T Time averaged bottom shear stress

E Surf simularity parameter
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Eo Surf similarity paramcter of the maximum wave
&' =8k
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