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ABSTRACT 

Hydraulic properties of a row of closely spaced circular 
piles as a breakwater have been studied both theoretically and ex- 
perimentally.  A theory is presented for the transmission of waves 
past the breakwater and also for the thrust and bending moment to be 
exerted by the waves upon each pile in the breakwater.  Laboratory 
experiment has been made on a model structure.  A pretty close 
agreement is shown in the comparison between the theory and the ex- 
periment with respect to the transmission coefficient and the bend- 
ing moment distribution. 

Special emphasis is laid on the remarkable rate of decrease 
of the thrust and bending moment to be exerted on each pile in the 
breakwater with the increase of the space of the piles.  In taking 
this economical aspect of this structure into consideration, the 
closely spaced pxle breakwater has been concluded as a promising 
type of breakwater of comparatively light structure. 

INTROCUCTION 

A possible type of breakwater consists of a row of closely 
spaced circular piles [l, 2],  Such a type of structure will some- 
times be very convenient from the standpoint of construction.  A 
question arises to what extent such a structure will interfere with 
the normal propagation of waves and to what extent the thrust and 
moment exerted by waves upon each pile in the structure will be 
reduced by the spacing of the piles.  The purpose of this paper is 
to develop the theory of such a structure and to conduct laboratory 
tests on a model structure under various wave conditions. 
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THEORY 

Wave transmission.  Consider 
ter D and space between piles b(Fig. 
experiments that the piles work like 
a kind of screen to the transmission 
of the incoming waves and, conse- 
quently, the velocity distribution 
of water particles caused by the 
waves becomes vertically more uniform 
than in the case of a vertical wall. 
In taking account of this property of 
the relatively uniform velocity dis- 
tribution of water particles in front 
of the closely spaced pile breakwater, 
and for the sake of mathematical sim- 
plicity, we assume that the waves near 
the breakwater are long waves. 

a single row of piles of diame- 
1).  It is observed from the 

Wave 

b — 

Fig. 1. 

Then, the velocities caused by an incident wave, a reflected 
wave and a transmitted wave are respectively expressed as follows: 

v2 = Ss/h-i2l  (1) 

vR=-Vg7E->2R  (2) 

vT = Vg75->2T  (3) 
in which ^ is the surface ordinate of waves (Fig. 2 at the end of 
this paper), v is the velocity of water particle, h is the water 
depth measured form the still water level, g is the acceleration of 
gravity, and, I, R and T are suffixes referring to an incident wave, 
a reflected wave and a transmitted wave, respectively. 

Neglecting the effect of the wave height at the breakwater, 
the equation of continuity is written as follows: 

V + vRh vTh 

from which we find 
VI + VR • U) 

The velocity of jet discharging from a space between any two 
adjacent piles is given by the Bernoulli's theorem as 

V = cvV2g-T^ ^R " T^ \D+b .(5) 

in which V is the jet velocity, and C is the coefficient of velo- 
city of the jet.  The term appeared in the denominator in the right 
member of the above equation represents the effect of the velocity 
of approach to the jet. 

On the other hand, from the equation of continuity behind 
the breakwater, we have the relation 

C b c h = v„ (D+b) h (6) 
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in which Cc is the coefficient of contraction of the jet. 

Thus, from Eqs. (5) and (6) we obtain 
vT = c5TbV2g(^+??B.J?T)//i-f5^)

2    (7) 

in which C (= C C ) is the coefficient of discharge of each space 
of piles. 

At the instant of collision of the crest of the incident wave 
against the breakwater, from Eqs. (1), (2), (3), (it) and (7) we find 
the following relations: 

vx = V«7E   •   Hj/2  (8) 

vR = - Vg7h • HB/2  (9) 
vT = VgTh" •   HT/2  (10) 

Vj + vR = vT  (11) 

V
T = cc!b * V « (Hi + HR " ST

5
//

1
 -(cTb)2    (12> 

in which H represents the wave height measured vertically from 
trough to crest.  From these five equations we can determine five 
unknown quantities, vIt vK( vT HR and HT> as the functions of H-^ 

The expressions of Hj and HR thus determined are as follows: 

HT =  kh £ [- £   + Je2  +   (Hj / 2h) ]  (13) 

HR =  Hj-  - HT  (14) 
in which 

* - ^/J1 -(&) 2  (15) 

Denoting the coefficients of wave transmission and wave re- 
flection by rm and rD respectively, those coefficients are given 

rT = HT / Hj  (16) 

and     rR = HR / Hj  (17) 

Substituting these relations into Eqs. (13) and (14), we obtain 

rT . k(b/BX)e   [- g + V 8 2 + (Hi/2h) ]    (18) 

rK = 1 - rT  (19) 

Figures 3 and 5 at the end of this paper illustrate the 
magnitude of r^, and rR with respect to b/D for various values of 
h/Hj in the cases of C=l and C = 0.9. respectively. 

Transmitted wave energy, reflected wave energy and loss en- 
ergy.  From the equation of continuity of wave energy at the break- 
water we have the relation 

EI « % + ER + ELoss  (2°) 



876 COASTAL ENGINEERING 

in which ET is the transmitted wave energy per wave lenght per unit 
width of wave, Eg is the reflected wave energy per wave length per 
unit width of wave, and ELOSS is the loss wave energy per unit wave 
length per unit width of wave. In taking account of the relation 

E = ( 1/2 )pg L H 2 

Eq. (20) can be rewritten as follows: 

-"Loss 1 - rT " rK = 2rT (l-rT) .(21) 

The above relation is illustrated in Figs. J+ and 6, in the cases of 
C = 1 and C = 0.9, respectively. 

Wave force acting on each pile. Assuming 

?! = (Hj/2) sin (kx -crt) 

the reflected wave is expressed by 

?B = rB (Hj/2) sin (kx +0~t) 

These two waves make the wave 
pressure in a vertical plane 
just in front of the closely 
spaced pile breakwater as 
illustrated in Fig. 7. 

The thrust exerted on 
each pile by the wave pressure 
shown in Fig. 7 can be determined 
from the momentum equation below, 
formulated with respect to the 
water in the shaded part of Fig. 
8. 

J>VCcb[v  - §£|v]  dy 
= fp   (0+b)dy - F  (2k) 

in which F is the total thrust 
exerted upon each pile.  From Eq. 
(,2k)  we obtain the relation 

dF = p  (D+b)  -/>Ccb(l - j££)v2 

(22) 

(23) 

y 

^ 
TR Hi 

/ \ —i\-rR)Hi/2 
/ 

/ 
/ 

/ 
/ 

/ 

0 \P/PS 
\ 
\ 
\ 
\ 

/ 
/ 

/ 
-nttff    \ 

Fig.  7. 

dy 

%  p   (D+b)   - j>Ccb (l  - J^) v2 

 (25) 

On the other hand, the jet 
velocity V is determined by the 
Bernoulli's theorem as follows: 

For -h 4 y ^ d-rR) HT/2 Fig. 8. 
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V  = Cv  /2g 
HI    HR    HT 

-x    /.   1 - 
Ccb\2 
D+b 

=  Cv V*2g   •   rR Hj//!  - 
Ccb\« 
D+b/ 

and  for       (1 - rR)  Hj/2    <    y    S     (1 + rR)  Hj/2 

.(26) 

V =  Cv_/2g 
Hi   ,   HR 

- y 
C£b\2 

D + b 
Ccb\2 

= Cv V2g [(1 - raMHj/2)  + rR Hl - y]//x -(§£| 

* Cv /2g [(1 - rH)(HI/2)   + rK Hj - y]//l D+b 
(27) 

Thus, the total thrust exerted upon a pile in the closely 
spaced pile breakwater is obtained as follows: 

(1 - rB) Hj/2 

F = T~ dy + dy J 

(1 + rK) Hj/2 
dF 
dy 

dy 

J-  h -/ (1 - rH) Hj/2 

= 1 + (b/D)(3 - 2CCCV
2) + 2(b/D)2 (1 - CcCy

2) 
1 + (2b/D) 

. | (1 + ft) ^ g D H/ 

D + (3 - 2C) b     If1,2h.        2 

rR 

.(28) 

Bending moment about the bottom of the pile.  The moment 
distribution is given by the following expressions: 

For 

M = 

h i 7 i   (1 - rB) H,/2 

(1 - rR) Hj/2 
dF 
d§ • (?- y>d£ +/ 

(1 + rE) Hj/2 

/(l - rR) HT/2 

dF 
dg 

(§- y)d^ 

„ 3  D + (3 - 2C)b 
HT
  *  D + 2b  rE 

rn2 
= y JO g D Hj- 

and for  (1 - rR) Hj/2 £ y £  (1 + rR) Hj/2 

/•(l + rR) Hj/2 

^ + 1 - £ .(29) 

M = § • (e-y)de 
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= 4 ,oKD H 
5 . D * (? -2C)b 1 + ** - if 

13 
.(30) 

The bending moment about the bottom of the pile, i. e. the 
mamimum bending moment on the pile, Mmax is determined from Eq. 
(29) as 

Mmax = £ p S  Hr 
.3D . D * <3 - 2C)b 

D + 2b 
rR 1# + (1 

2hv< 
+ H^ ...(3D 

In the case of non-spaced pile breakwater, i. e. in the case 
when b = 0, it is seen from Eqs. (15), (18) and (19) that rR becomes 
unity. The magnitude of %ax in that case, which is denoted by 
%axO, is given by 

*Wo = | P &  Hj3 D 

Thus, we obtain the relation 

= D + (3 - 2C)b 

1  t  i   2h 2 
3 + ( X + IT) .(32) 

MmaxO D + 2b 
rR 

rp2 

3 V* « * §? 1  ,.  2h 2 
3 + (1 + Hi} J (33) 

The above relation is illustrated in Figs, *t and 6 in the cases of 
C = 1 and 0.9, respectively. 

EXPERIMENTAL EQUIPMENT AND PROCEDURES 

Experiments were conducted in the 0.80m wide by 0.70m deep 
by 30m long wave channel at the Hydraulic Laboratory of Chuo Uni- 
versity, Tokyo. 

The closely spaced pile breakwater at the experiments con- 
sisted of 60.5mm diameter steel pipes (Photo. 1). One of the pipes 
was made of brass and was divided into twenty-two short tubes, each 
tubes having the dimension SOwafi  x 30mm. A flat steel bar 87cm long, 
item wide and 6mm thick, was put through those tubes and built in 
the bottom of the wave channel. Each tube was attached to this bar 
with a pair of screws, on which bar wire strain gauges were attached 
for the measurement of the moment distribution (Photo. 2).  The gape 
of those tubes were covered by vinyl tape in such a way that no 
water could enter the brass pipe. Static calibration curves of this 
brass pipe for the bending moments at various elevations were made 
by pushing a point in the upper part of the flat steel bar fixed in 
this pipe horizontally to the "harbour-side" with a small screw-jack 
which was connected with a ring-type compression link. 

For the experiment of the non-spaced pile breakwater, semi- 
circular pieces attached on a steel plate were used (Photo.3) 

The depth of water and the period of waves were ifOcm and 
1.7sec, respectively, in all runs.  For the experiment of the coef- 
ficients of reflection and transmission, the test range of incident 
wave characteristics was Hj = l8.6~3«9cm, and consequently, 
h/Hi = 2.15—10.3 and Kj/L  = 0.061 ~ 0.013.  For the experiment of 
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the bending moment distribution, all runs were made at an incident 
wave height of l6cm. 

The wave characteristics were measured by resistance elements 
of the parallel wire type and recorded with an oscillograph.  Before 
and after each run, gages were calibrated, the calibration having 
been made by moving the gages up or down. The measurements taken 
from the wave records were based on the average values obtained 
from the first three or four fully developed waves. The bending 
moments at various elevations of the brass pipe were recorded also 
with an oscillograph. 

EXPERIMENTAL RESULTS 

The coefficients of wave transmission and wave reflection. 
These coefficients obtained from the experiments, together with the 
theory calculated with eqs. (15)f (18) and (19), are shown in Figs. 
9 and 10. The thin lines show the theory when the coefficient of 
discharge of jet is unity, and the heavy lines show the theory when 
the same coefficient is 0.9-  It is seen from Fig. 9 that the agree- 
ment between the theory and the experiment with respect to the 
transmission coefficient is pretty good. As to the reflection coef- 
ficient, however, it appears from Fig. 10 that there is difference 
between the theory and the experiment. Main reason for this differ- 
ence may be attributed to the loss of wave energy in front of the 
breakwater, and the improvement in the theory with respect to this 
point may be needed. 

Moment distribution. Comparisons of the theory and experi- 
ment are shown in Fig. 11. Equations (29), (30), (32), (15), (18) 
and (19), with the value of C = 0.9, were used to calculate the di- 
mensionless moment distribution of pile.  It appears that the 
agreement between the theory and experiment is pretty close. 

CONCLUSIONS 

It seems that the theory developed in this paper can predict 
the wave transmission coefficient and the moment distribution 
adequately for engineering design purposes. 

The wave transmission coefficient and the ratio of the max- 
imum bending moment on a pile in the closely spaced pile breakwater 
to that in the case of non-spaced pile breakwater are illustrated 
in Figs. 3-~6.  The rate of decrease of this ratio with the in- 
crease of the value of b/D is remarkable.  For example, for C = 1, 
b/D = 0.05 and h/Hj = 2, the magnitude of rT and that of Mmax/MmaxO 
is read 0.174 and 0.786, respectively, and for C = 1, b/D = 0.075 
and h/Hj = 2, rT and v/^ are read 0.243 and 0.704, re- 
spectively.  In taking account of this remarkable rate of decrease 
of the maximum bending moment with the increase of the value of 
b/D, the closely spaced pile breakwater may be concluded as an 
economical and useful type when it is adopted in the places where 
the transmitted waves of the wave height less than a certain limit 
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are permissible. 
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Closely spaced pile breakwater 

77777777777777777777777777777777777777777777777777777777777777, 
Fig. 2.   Symbols. 

Photo. 1.   Model of the closely spaced pile 
breakwater. 

Photo. 2.   Pile for the measurement of 
moment distribution. 

Photo. 3.   Model of the non-spaced pile 
breakwater. 
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Fig. 3.   Coefficients of wave transmission and wave reflec- 
tion in the case of C = 1. 
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Fig. 4.   ELogg/EI and Mmax/MmaxO in the case of C = 1. 
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Fig. 5.   Coefficients of wave transmission and wave reflec- 
tion in the case of C = 0.9. 

Fig. 6.   Ej^gg/Ej and Mmax/Mmax0 in the case of C = 0.9. 
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Fig. 9.   Coefficient of wave 
transmission. 
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Fig. 10.   Coefficient of wave 
reflection. 
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Fig. 11.  Dimensionless 
moment distribu- 
tions of pile. 
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