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Physical model l ing of mos t of the hydraulic phenomena 
i n coastal waters can be achieved wi th considerable 
accuracy if i t were possible to satisfy both Froude and 
Reynolds l aws simultaneously. Gravity and inertia being 
predominant; coastal hydraulic models are generally 
des igned and operated in accordance wi th the Froude 
criterion. Porous coastal structures exhibit further 
problems w h e n modell ing for reflection and transmis­
sion. This i s main ly because of t h e probability that flow 
through the structure m a y not be turbulent U s i n g the 
Froude criterion and scal ing the core material geomet­
rically wil l result i n a l e s s permeable core i n the model. 
In order to correct for th i s dissiinUarity i t i s suggested 
that t h e s izes of the core material i n certain parts of t h e 
model should be larger t h a n that which would be indi­
cated by direct application of the linear, scale. This 
paper refers to detai led invest igations both theoretical 
a n d experimental , re lat ing to the hydraulic models of 
porous coastal structures. Resul ts from field and ex­
perimental invest igat ions are used to a s se s s the avail­
able analytical methods . 

LO I n t r o d u c t i o n 

Hydraulic modell ing frequently involves the s imula­
t ion of large sys tems a t a substantial ly reduced scale 
which usual ly prevents t h e at ta inment of full simili­
tude be tween model and prototype. Scale effects may be 
defined a s any hydraulic inaccuracy i n model perform­
ance caused by the reduced size of the model. Such 
effects m a y be present to some degree in any model 
smal ler t h a n i t s prototype. 

T h e forces t h a t m a y affect a flowing fluid are those of 
inertia, gravity, pressure, viscosity, elasticity and sur­
face tens ion. To obtain dynamic similarity between two 
flow fields w h e n all t h e s e forces act, all corresponding 
force ratios m u s t be the same i n model and prototype. In 
mos t engineering problems some of the forces m a y not 
be involved, m a y be of negligible magnitude or m a y 
oppose other forces i n such a w a y that the effects ofboth 
are reduced. In each problem of simil itude a proper 

understanding of the fluid phenomena i s necessary to 
determine how the problem m a y be satisfactorily s im­
plified by el imination of the irrelevant, negligible or 
compensating forces. 

Most of the hydraulic phenomena that m a y be m e t i n 
coastal engineering projects could be s imulated w i t h 
considerable accuracy if i t were possible to satisfy both 
Froude and Reynolds laws simultaneously. Gravity and 
inertia being predominant, coastal hydraulic models 
are generally designed and operated i n accordance w i t h 
the Froude criterion. The other forces are a s sumed to be 
negligible. However, w h e n the l inear scale i s too small , 
viscous forces m a y become significant and cause inaccu­
racies i n model performance. Therefore, selection of 
scale for a model involving wave action usual ly requires 
a compromise between economy and the degree of 
accuracy required. In th i s paper certain aspects related 
to modell ing of wave transmiss ion through a porous 
breakwater on a natural undistorted scale are pre­
sented. 

2.0 M o d e l l i n g tor T r a n s m i s s i o n a n d 
R e f l e c t i o n o n U n d i s t o r t e d Sca le 

Breakwaters are usual ly constructed of rubble w i t h 
natural rock pr concrete armour. In addition to the scale 
effects discussed earlier, porous structures exhibit fur-

. ther problems w h e n modell ing for reflection and trans­
mission. The major problem is largely because of the 
probability that flow through the structure m a y not be 
turbulent. Hudson (1979) observed that generally there 
i s relatively more wave energy reflected a n d l e s s trans­
mitted i n the model structure t h a n i n the prototype 
unless the model scale i s large enough to ensure t h a t 
motion i s fully turbulent i n the model. U s i n g the Froude 
criterion and-scal ing t h e core material geometrically 
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will result i n a l ess permeable core in the model, leading 
to relatively higher down-rush pressures from inside 
the structure. 

Flow through porous media h a s to be correctly repre­
sented wi th due regard to the similitude o f the hydrau­
lic gradient in model and prototype. For example, hy­
draulic model tes ts on breakwaters are normally car­
ried out at small scales such that the flow through 
various layers of the breakwater i s not completely 
turbulent. Hence, i n breakwater model tes ts where 
transmission is considered critical, it i s important to 
recognise the modell ing requirements of both the ar­
mour layer and the underlayer. Model design m u s t take 
these into account and appropriate modifications made 
i n the construction o f t h e model. 1 

It is required that the flow through the main armour 
layers i s properly scaled in order to obtain reliable 
results w i th respect to their stability and related fac­
tors. Hence for this region the emphas is i s on stability 
and the weight of the armour un i t or stone must be 
accurately reproduced and errors m u s t be avoided in 
scaling these weights . Breakwater models are normally 
constructed a t scales in the region 1:30 to 1:40. In such 
models the main armour layer i s composed of units 
which have characteristic dimensions of the order of 5 
cm. For typical flow conditions encountered in models 
the Reynolds number for the m a i n armour will be 
approximately 5 x 1 0 4 which i s a n acceptable value for 
similitude. 

However, the condition nearer to the core of the struc­
ture i s quite different; both the dimensions of the stone 
and the magnitude of velocities are relatively small . 
The Reynolds number characterising the flow i s below 
the critical value required for fully turbulent flow. 
This i s of particular importance for wave transmiss ion 
and will also influence the stability of the main armour 
layer and the reflection from the breakwater. In 
order to achieve a correct and more representative 
hydraulic gradient in the model, some of the interior 
layers and the core could be made of s tones larger 
than the Froude criterion would demand, satisfying 
the requirement 

k(? l ) is a n enlargement factor which should be applied 
to the l inear scale. 

is the l inear scale 

d and d . are characteristic dimensions of the stones in 
the cores of the model and prototype. 

3.0 M e t h o d s o f D e t e r m i n i n g t h e Sca le 
R a t i o f o r P a r t i c l e S ize 

Methods for calculating the enlargement factor k in eq. 
(1) have been presented by LeMehaute (1965), Keule-
gan(1973) , Jensen and H i n t i n g (1983). Of these studies 
the first and the last are similar to each other in that a n 
established expression for the hydraulic gradient -
velocity relationship w a s assumed as the initial step. 
Keulegan (1973) adopted equations arising from a l im­
ited experimental study. However, in all these studies 
attention w a s not focussed on the relative influence of 
laminar and turbulent flow coefficients for different 
media or the influence of porosity. 

Although these calculations provide a method of pre­
dicting approximate enlargement factors, the correct 
value i s best determined by two dimensional tests . 
These consist essential ly of two series of experiments 
the first to determine wave transmiss ion and reflection 
characteristics at prototype scale and the second to 
determinen the correct size of stone for reproduction of 
these characteristics in the model. However, due to 
practical l imitations or due to non-existence of the 
prototype i t may .not be possible to perform the first 
investigation. Under such conditions the prototype 

' should be replaced by a model section built on a scale 
considered sufficiently large to avoid scale effects. Wave 
transmission characteristics recorded during these 
experiments m a y then be considered to be representa­
tive of prototype conditions. In the model t e s t series, 
stone size h a s to be varied until transmiss ion coeffi­
cients are approximately the same. Once the stone size 
i s selected, model breakwaters for three dimensional 
studies could be constructed. Whal in and Chatham 
(1974) adopted th i s technique for a model study of a 
harbour project a t a distorted scale. It i s evident that on 
most occasions this type of detai led experimentation i s 
not feasible on economic considerations. Furthermore 
exact reproduction is rarely possible because of the 
variations of transmission coefficients w i th wave period 
and height, a s a n exact correspondence over range of 
wave periods i s unlikely. Hence much reliance i s placed 
on analytical techniques however approximate they 
m a y be. 
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4 .0 O b j e c t i v e s o f t h e P a p e r 

To obtain complete simil itude between model and proto­
type for flow through porous media i t i s required that 
the hydraulic gradient i s same for both. In th i s paper a n 
analytical method i s presented, based on the expression 
for hydraulic gradient under steady flow condition, to 
evaluate the enlargement factor k. In the initial phase 
k i s expressed in terms of laminar and turbulent resis­
tance terms, velocity and a characteristic d imens ionas 
applicable to both model and prototype. Simplifying 
assumpt ions are made to express k i n terms of parame­
ters applicable only to the prototype and results from 
steady flow te s t s are used to assess the validity of such 
assumptions . Attent ion i s also focused on the sensitiv­
i ty of k to variations i n porosity. Finally, results from 
experiments pertaining to scale effects o n cylindrical 
latt ice structures and spherical lattice structures are 
presented. The objective i s to obtain a clearer under­
s tanding of the influence of the key parameters in 
relation to wave transmiss ion in hydraulic models. 

5.0 A n a l y t i c a l D e v e l o p m e n t , i t s 
A p p l i c a t i o n a n d D i s c u s s i o n 

5.1 Analytical development 
T h e general expression for the hydraulic gradient (I) for 
s teady How through porous media i s of the form 

I - a u +. b u a (2) 

where u = bulk or macroscopic velocity 

where a and b are constants 'dependent on the void 
characteristics of the medium, the two terms being 
interpreted as the laminar and turbulent components 
respectively. 

I - IL - I T « l 

I = hydraulic gradient 

I L = hydraulic gradient (laminar) 

L,, = hydraulic gradient (turbulent) 

Of the m a n y expressions developed for flow through 
porous media, those of Engelund (1953) and LeMehaute 
(1957) are widely accepted. 

A more specific w a y of presenting the above expressions 
i s a s follows, 

• I - x J L u + -iV —. • • • C*) 

Or 

1 = Re 
_U_V . (5) 

In which d i s the characteristic dimension 

Re i s the Reynolds number (Re = ud/r) 

F and f are l iminar and turbulent resistance 

coefficients 

T i s kinematic viscosity * 

Values of F and f a s g iven by the equations of Engelund 
(1953) and LeMehaute (1957) are given i n Table 1. 

The term £ = I i - R e 

plays an important role in assess ing the degree of 
turbulence in flow through porous media, including i ts 
dependence on Reynolds number. 

In evaluat ing scale effects for laminar and turbulent 
flow it i s observed that for complete s imil i tude be tween 
model and prototype i t is necessary to consider the total 
expression for the hydraulic gradient g iven by eq. 4. 

I r * 
- ^ 5 3 ^ 4 ^ 1 5 ; 

P 9 d £ P ? a*P p 

s . I 

.00 

U s i n g the Froude criterion, 

go. 
Where Lr i s the length scale ratio 

H>. 
I.E. U •A. * U p /Cy . 

Assuming d y / l ^ a n d t h a t dr can be expressed as . 

0 ) 

where k (£1) i s a n enlargement factor, i t i s possible to 
introduce eq. 9 and eq. 1 into eq. 8 in order to obtain a n 
expression for k. 
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It i s observed that k is found from a quadratic equation 
and i s expressed as follows. 

do) 

However, if i t i s assumed that 

f t m * "f »-p a ^ ~ 

( i .e LfL)r *0 

. 0 0 

and 

rTrvn • f tp - "̂ 1 (•a; 

( i .e , UT)Y • I 

eq. 10 can be simplified to 

3/» 

. . . . 03) 

By introducing eq. 6 into eq. 1 3 k i s further simplified 
to 

where 

w 

as the expression for k-> i (i.e. turbulent flow) 

Us ing these two extreme conditions and substituting in 
eq. 1 then 

Q r a 4 u r for laminar flow (15) 

Ay - L r forturbulentflow (16) 

This indicates that although the turbulent term is 
correctly represented, the laminar term requires that 
material should be scaled much larger than the values 
determined according to the Froude criterion. 

It should be noted that the expression for k as g iven by 
eq. 14 i s valid on the assumption h that the respective 
resistance coefficients for the model and prototype are 
equal. It i s observed that the enlargement factor i s a 
function of the Reynolds number of the prototype (Re p ) , 
the scale ratio of length (L) and the ratio of turbulent/ 
laminar resistance coefficients (fr/fL).-

However, i t should be appreciated that i t i s difficult in 
practice to determine the Reynolds number of the proto­
type by measuring the velocity within a porous struc­
ture. The largest uncertainty in the use of the above 
evaluation for model studies of breakwaters i s that 
concerning the magnitude and characteristics of the ve­
locity field in the prototype structure. Under such 
circumstances i t i s convenient to replace the Reynolds 
number by a related parameter whose value could 
either be measured or evaluated from exist ing field 
data. For this purpose i t i s possible to use the hydraulic 
gradient (1=AH/AL) and relate i t to field measurements 
on wave transmission. 

Eq. 5 can be expressed as a quadratic equation i n terms 
of the Reynolds number 

Re* + i t . Re - t a a f * O . . . . 07) 

the solution being 

subject to conditions specified in eqs. 11 and 12 ( From 
the above equation i t appears that 

as yp->0 the expression for «•» y(i .e . laminar flow) and 

in which 

AL 
0 9 ) 
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5.2 Evaluation of hydraulic gradient 
W h e n applying eq. 18 to a practical case, i t i s necessary 
to e s t imate the head loss o f a rubble mound breakwater 
and t h i s h a s to be obtained from reported values of wave 
transmiss ion. A n analys is of th i s type i s appropriate to 
successive quasi-steady flows such as long wave inter­
action w i t h breakwaters. A s a n initial approximation, 
& H can be t a k e n as the amplitude at the loop in front 

' of the breakwater and £>L a s the average width of the 
core. A H / A L is the gradient o f t h e head loss through 
t h e voids i n t h e core o f t h e breakwater section. The in ­
fluence of k i s more significant if the crest o f t h e core 
materia l section i s relatively h igh wi th respect to the 
total structure. With reference to the properties of 
prototype material , LeMehaute (1965) suggests the use 
of a n effective diameter which i s taken to be the "10 
percent smal ler than" quarry stone from the core mate­
rial grading curve. 

Resu l t s from field s tudies on wave transmission provide 
further information which i s of use for th i s type of 
computation. Fig. 1 re lates to t h e work of Thornton and 
Calhoun (1972). For a g iven wave s teepness i t i s pos­
sible to evaluate Kt from which the extreme values of 

H can be computed a s 

It i s evident t h a t the problem i s more complicated if i t 
i s required to determine the conditions for similitude 
and scale effects i n t h e case of a breakwater which i s 
subjected to overtopping. Simple relationships cannot 
be obtained for t h e combination of overtopping and 
permeability. 

5.3 Influence of laminar and turbulent 
resistance coefficients 
On the bas is o f t h e above analytical developments, i t i s 
possible to a s s e s s the influence of some ofthe important, 
parameters . 

T h e requirement that the respective resistance coeffi­
c ients are the s a m e for the model and prototype (eq. 11 
and 12) i s not fully justified and i s assumed valid i n the 

• absence of experimental data covering a wide range of 
materia ls . Unt i l s teady .flow-tests are performed on a 
wider spectrum of materials u s e d for breakwater con­
struction the influence of these parameters wil l remain 
unclear. The conditions under which Engelund's equa­
t ion w a s derived have been already presented. 

In th i s paper t h e results from tes t s on cylindrical lattice 
structures can be used to i l lustrate th i s point. Given i n 

Table 2 , are the resistance coefficients of three struc­
tures in which the porosity, the shape of void and the 
tortuosity remain unchanged. The varying parameter 
is the size of the void characterised by i ts dimension 
which i s also equal to the diameter of the cylindrical 
member. 

It is evident that the values of fL and f^for these struc­
tures vary quite significantly indicating the influence of 
the void dimension. Since all parameters except the 
void dimension (d) are constant i t can be assumed that 
the turbulent parameter i s proportional to a certain 
power o f t h e diameter (d) of the cylinder ( i .e .bxd m ) and 
m was found to be equal to -1.98 wi th a correlation co­
efficient of 0.96, indicating the existence of a n inverse 
square law. Although this value w a s determined, only 
on three se ts of data i t i s evident t h a t the overall results 
do not support the simplifying assumptions made, eqs. 
l l , 1 2 i . e . tfv.\ ft--(fr)r.»i 

5.4 Influence of porosity on the enlargement 
factor 
The analytical development presented earlier can be 
used to a s se s s the influence of porosity on.the modell ing 
of transmission. For t ius purpose, Engelund's equation 

. i s assumed to be val id and £p represented by 

with<* 0 = 15000.00 and = 3 . 6 being used for compu­
tations. This expression i s now subst i tuted i n eq. 1 4 to 
calculate the enlargement factor, k. 

Fig. 2 i s a plot of t h e enlargement factor, k, versus 
porosity (n) for various L-T a t a prototype Reynolds, 
number, Rep= 1000. Since the influence of k i s impor­
tant for low flow rates , a Rep value o f 1 0 0 0 w a s u s e d for 
the il lustration. Varying Reynolds numbers wil l be con­
sidered in a separate plot. From Fig. 2 i t i s observed t h a t 
for a given scale ratio, k reaches a max imum at n = 0 . 3 5 
and for smal l models the curvature of the plots i s 
pronounced. A reasonable value of porosity for 
quarry-run core material i s in the range 0.35 to 0.40, 
depending on the grading. In th i s region the respective 
curves are reasonably flat and therefore a variation i n 
porosity wil l not have a significant influence on the 
value of k. However, in other regions the curves have 
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considerable slope and a difference of 0.1 in porosity can 
change the value of k by approximately 20% or 
more. This plot clearly i l lustrates the sensit ivity of k 
to changes in porosity and the importance of assess ing 
the value of the porosity of the prototype in order to 
obtain a n appropriate value of k for correct 
similitude. 

Fig. 3 i s a plot of the enlargement factor (k) versus 
porosity (n) for varying prototype Reynolds number at 
scale ratio L r = 1 . 3 0 . Two-dimensional studies on break­
waters are typically constructed at scales around this 
value. It i s evident that as flow changes from laminar to 
turbulent the enlargement factor reduces in magnitude 
and approaches unity. 

Fig. 4 i s a plot of the enlargement factor (k) versus scale 
ratio (Lr) for varying prototype Reynolds number at a 
porosity of 0.4, the latter being a representative value 
with regard to breakwater studies . The advantage of 
working wi th a large model at h igh Reynolds numbers 
i s clearly evident. 

Figs. 2 , 3 and 4 i l lustrate some of the problems associ­
ated wi th modell ing flow through porous media wi th 
particular attention being focused on the occurrence of 
laminar flow and varying porosity. In the absence of 
extensive experimentation i t i s necessary to use this 
type of analytical method to evaluate model properties 
required to compensate for scale effects. Sufficient care 
should be taken i n evaluat ing prototype properties 
which are required for th i s purpose. 

When us ing a n enlargement factor i t i s important to 
ensure that i t i s uniformly applied to. the regions con­
cerned and precautionary measures should be adopted 
in grading the model material and i n the construction of 
the model. It i s also very difficult to adjust or to dupli­
cate the voids ratio for a scale model of a breakwater. 
The relatively large variation of the permeability with 
a small variation of the void coefficient i s the m a i n 
source of error in th i s kind of study. 

This aspect can be further invest igated by analysing the 
-hydraulic characteristics of randomly packed spheres of 
diameters 19 and 25 m m which are'in the ratio 1:1.32. 
Table 3 , g iven below, i l lustrates the relevant parame­
ters. Both media consist of spherical e lements of differ­
ent diameter packed i n a similar way. The u s e of th i s 
type of e lement ensures that the voids matrix i s uninflu­
enced by the irregularities in shape of the constituent 
e l e m e n t Information pertaining to rounded stones i s 
also included for comparison. 

In the case of the spheres i t i s observed that i s 

approximately the same whereas i differs significantly. 
This i l lustrates the point that by us ing material which 
are slightly different, in this case a change in diameter 
by a factor 1.32, i t i s possible to obtain flow coefficients 
which are different For example, if the required en­
largement factor obtained by us ing the flow coefficients 
of the 19 m m spheres i s 1.32, this necess i tates the use 
of 25 m m spheres which have different permeability 
coefficients. This demonstrates some of the l imitations 
of the analytical procedure and further developments 
can be achieved by detailed experiments on flow through 
porous media. 

6.0 Sca le E f f e c t T e s t s o n W a v e 
T r a n s m i s s i o n a n d R e f l e c t i o n 

Experimental investigations on scale effects pertaining 
to wave transmiss ion are important to obtain informa­
tion on the reliability of us ing models to predict proto­
type performance. Although a given experimental re­
sult relates to a certain s tate of flow, i t does not neces­
sarily represent prototype condition nor can i t be used 
to predict prototype behaviour. Hence care m u s t be 
exercised w h e n interpreting transmission coefficients 
obtained under laboratory conditions for application in 
prototype conditions. 

Tests to determine the scale effects of wave transmis­
sion through porous structures have been reported by 
Johnson, Hondo and Wall ihan (1966). Wilson and Cross 
(1972) for rubble, Delmonte (1972) for closely packed 
uniform spheres and Hondo and Toma (1972) for cylin­
drical lattice structures. In all cases they have used the 
Froude criterion for sraling and considered the largest 
structure to be the control model. 

In this paper results from tes t s performed on three 
cylindrical lattice structures and two spherical lattice 
structures are presented. The details of the investiga­
tion are reported in Table 4. U s i n g the Froude criterion 
for seeding and considering the largest structure to be 
the control model w i th the smaller un i t s a s models, the 
conditions specified i n the Table were u s e d for the five 
structures. A t the selected wave period and depth, 
transmission and reflection coefficients were obtained 
for different incident wave heights . It i s noted that 
water depths ranging from 15 cm to 30 cm and wave 
periods ranging from 1.0 to 1.5 seconds were used for 
this study. 

Figs. 5a to 5c show the results from cylindrical lattice 
structures. From these plots i t i s observed that scale 
effects are not particularly dominant for the three 
structures tested. In the case of and K d the results 

'Engineer', September, 1990 49 



can be presented by a s ingle curve wi th a good degree of 
correlation. The s a m e cannot be said for the variation of 
K ,and th i s i s attributed to a n inherent deficiency i n the 
method of m e a s u r e m e n t known a s the loop-node tech­
nique. Th i s problem h a s been encountered by all who 
h a v e performed s imilar studies . 

Fig. 6 presents the resul ts for the spherical lattice 
structure. Unl ike the cylindrical latt ice structures, the 
presence of scale effects i s clearly observed. The smaller 
structures exhibited higher transmission, higher re­
flection and lower loss coefficients in comparison wi th 
the control model. A s ingle curve cannot be used to 
represent e i ther transmiss ion or reflection for both 
structures. 

It i s a point of interest to note t h a t a cross-comparison 
w i t h t h e work of Delmonte (1972) indicated that higher 
transmiss ion coefficients are obtained for larger struc­
tures and th is trend i s not observed in the present 
study. This m a y be due to the fact that the wave period 
range u s e d by Delmonte varied from 1.90 sees to 0.95 
sees , whereas the corresponding range for th i s s tudy 
varied from 1.16 sees to 1.00 sees. A t shorter periods the 
energy diss ipation i s more effective and it increases 
w i t h the l ength o f t h e structure result ing in miTmimim 
transmiss ion. Hence i t i s important to realise that due 
consideration should be g iven to'the wave period range 
w h e n comparing the results of scale-effect studies . It i s 
recommended t h a t for a g iven se t of structures, teststo 
mvest igate scale effecte be performedfor different ranges 
of wave period and water depth to assess their influence 
on the phenomenon. 

The objectives of th i s t e s t programme were to investi­
gate the influence of scale effects and their relative 
magnitude. From the foregoing discussion, i t i s evident 
t h a t the resul ts obtained cannot be general ised over a 
wide range of wave period and their interpretation is 
strictly l imited to the tes t conditions. It i s observed that 
the experiments are not really representative of typical 
model-to-prototype relationships. Amore detailed study 
would n e e d to cover scale ratios ranging from 1/10 to 1/ 
1 0 0 for different ranges of wave period. For the selected 
t e s t conditions i n the present study, scale effects were 
l e s s evident i n cylindrical lattice structures t h a n in 
spherical lattice structures. 

7.0 C l o s u r e 

This paper identifies important aspects pertaining to 
the hydraulic model l ing of porous coastal structures. I n 
particular i t concentrates on the modell ing technique of 
enlarging t h e size of the core material in the model t h a n 

would be indicated by direct application of the l inear 
scale. For this purpose a n analytical method i s pre­
sented and i ts relative merits and demerits are dis­
cussed. The influence of important parameters such a s 
the overall porosity, scale and the flow conditions 
(Reynolds Number) are i l lustrated. Resul ts from steady 
flow tes t s are presented i n order to a s se s s the impor­
tance of the resistance coefficients of both model and 
prototype material. Results from wave transmission 
and reflection tes t s are presented to assess the influ­
ence of scale effects. A cross comparison i s also per­
formed wi th previous investigations. The outcome of 
this study i s applicable directly in the des ign and 
application of hydraulic model investigations of wave 
action through porous s tructures . . 
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Engelund 
(1953) 

a 0 0 - n > 3 / n 2 fl0(l-n)/n3 0 o / c * o n ( l - n ) ' 
0 O

R E 

Engelund 
(1953) 

a 0 0 - n > 3 / n 2 fl0(l-n)/n3 0 o / c * o n ( l - n ) ' 
a 0 n ( l - n ) * 

LeMehaute 

(1957) 

c , / 2 n s c 3 / 2 n s C

3 / C 2 c 3 R e / c 2 

TABLE 1 STEADY FLOW LAMINAR AND TURBULENT COEFFICIENTS 

n - 0 . 6 0 7 a and b i n f^ and f j in 

Diameter I - au + b u ' I - f L J L u + f T 1 - U J 

gd* 

a ( s e c / m ) b ( s e c / o ) J 

f L 
f T 

15 mm 0 . 6 1 2 3 . 0 5 1 1210 .9 0 . 4 4 9 

20 mm 0 . 6 8 2 1 .338 2400 .1 0 . 2 6 3 

30 mm 0 . 6 4 2 0 .751 5 0 8 3 . 5 0 . 2 2 1 

TABLE 2 STEADY FLOW COEFFICIENTS FOR CYLINDRICAL LATTICE 

STRUCTURES 
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a and b in 
I - au + bua 

and f-f in 
I - f L -3— u + fx — u2 

gd2 gd 

a ( s e c/n.) b ( s e c /m) 2 fL 

Spheres 
D - 19 aim 
n - 0.350 

1.707 14.632 5420.6 2.727 

Spheres 
D - 25 mm 
n - 0.394 

1.454 11.558 7995.7 2.835 

Rounded 
stone 
D - 34.8 mm 
n - 0.362 

1.120 14.085 11932.2 4.808 

TABLE 3 STEADY FLOW C O E F F I C I E N T S FOR SPHERES AND ROUNDED 

STONES 

i 

P r o p e r t i e s of p o r o u s media C o n d i t i o n s s p e c i f i e d 

. - f o r s c a l e e f f e c t t e s t s 

D e t a i l s of s t r u c t u r e s Dimension P o r o s i t y S t r u c t u r e Water Wave 

- used f o r t h e (Diamete r l e n g t h dep th p e r i o d 

i n v e s t i g a t i o n i n mm) (cm) (cm) ( s e c ) 

C y l i n d r i c a l c o n t r o l model 3 0 . 0 0 .607 4 5 . 0 30 .00 1.50 

l a t t i c e 1 :1 .5 model 2 0 . 0 0 .607 3 0 . 0 2 0 . 0 0 1.23 

s t r u c t u r e 1:2 model 1 5 . 0 0 .607 . 2 2 . 5 1 5 , 0 0 1.06 

S p h e r i c a l c o n t r o l model 5 1 . 0 0 . 476 4 0 . 8 26 .84 1.16 

l a t t i c e 1.:1.34 3 8 . 0 0 .476 3 0 . 4 20 .00 . 1.00 

s t r u c t u r e 

TABLE 4 DETAILS OF THE PRESENT STUDY ON THE INFLUENCE OF SCALE 

EFFECTS ON WAVE TRANSMISSION AND REFLECTION 
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F i g . l b R e f l e c t i o n and T r a n s m i s s i o n c o e f f i c i e n t s 
v s Frequency 

F i 8 ' ' F i e l d i n v e s t i g a t i o n s on porous c o a s t a l s t r u c t u r e s 
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. ENLARGEMENT FACTOR (k) vs POROSITY 

k-enlorgement factor 

Upscale ratio based on Froudes Criteria 

a«1500.0 , 0=3.6 Reynolds Number - 1000. 

t L>1/70 
* U-1/60 4 W-1/S0 « 1^1/40 
• U-1ZM 
T L - 1 / 2 0 

3 ~"S 5 5 5 1 5 fc 
POROSITY 

F i g . 2 Enlargement f a c t o r vs P o r o s i t y f o r d i f f e r e n t s c a l e r a t i o s 

ENLARGEMENT FACTOR (k) vs POROSITY 

d.-WA 

*] k->enlargornent factor 

Upscale ratio based on Froudes Criteria 

o=1500. , 0=3.6 
0 •cole ratio - 1 / 3 0 

Re-10 . 

Re-100. 

Ro-1000. 
Ro-10000. 

T 3 S 
POROSITY 

T 

F i g . 3 Enlargement f a c t o r vs P o r o s i t y f o r v a r y i n g pro to type 

Reynolds number 
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* 1 

ENLARGEMENT FACTOR (k) vs SCALE RATIO 

k=enlargement factor 

Locale ratio based on Froudes Criteria 

0=1500. , 0«=3.6 PoroaKy •» 0.40 

tf 

#b7 

Ra» 10. 

Ro-100. 

Re-1000. 

Rs-10000. 

73O. VK. !#>. Wo. jftT~ jflo. 

Scale Ratio 

F i g . 4 E n l a r g e m e n t f a c t o r v s S c a l e r a t i o f o r v a r y i n g p r o t o t y p e 

R e y n o l d s n u m b e r . 
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KT VS STEEPNESS 
SCALE EFFECT TESTS FOR CYLINDRICAL LATTICE STRUCTURES 

0-7 

• 5 

» 4 

• a >ie 
t ' U 
w>ao «T 

• 0 • » 
1 • • • » c r . » 

«T 

A 
o •« 
t -LM 

• 0 40 M I M 140 ICO 7*0 MO I M 164 40* 410 400 

H|/L • I 0 J 

Fig .5a T ransmiss ion c o e f f i c i e n t s vs S t e e p n e s s f o r 

c y l i n d r i c a l l a t t i c e s t r u c t u r e s 

K„ VS STEEPNESS 
SCALE EFFECT TESTS FOR CYLINDRICAL LATTICE STRUCTURES 
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Fig .5b R e f l e c t i o n c o e f f i c i e n t s v s S teepness f o r 

c y l i n d r i c a l l a t t i c e s t r u c t u r e s 
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Fig . 5c Loss c o e f f i c i e n t s vs S t eepnes s for 

c y l i n d r i c a l l a t t i c e s t r u c t u r e s 
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F i g . 6 T r a n s m i s s i o n , R e f l e c t i o n and Loss c o e f f i c i e n t s f o r 

s p h e r i c a l l a t t i c e s t r u c t u r e s 
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