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ABSTRACT L 

An existing analytical model to predict wave attenuation in a 
straight vertically-walled channel with one or both walls lined with 
rubble is tested and modified. Tests were conducted hi a laboratory 
flume with monochromatic waves and four different sizes of stone from 
7.7 mm gravel to 90 um gabion stone. The attenuation coefficient is 
found to vary with the ratio of water depth to period squared, d/gT2, 4 

with the relative channel width, w/d, and with the side slope of the 
rubble, m. The scale effects on wave attenuation due to stone size or 
shape appear to be negligible. Reynolds number scale effects are also 
shown to be unimportant over the range tested. 

RESUME 

On a mis 5 l'essai et modifie un modéle analytique qui servait a prédire l'atténuation des vagues dans un canal droit 5 parois verticales, dont l'une ou les deux étaient faites de moellons. Les essais ont été . 

menés en laboratoire dans un canal d'amenée en présence de vagues mono- 
chromatiques et de quatre tailles différentes de pierres, allantdu gravier de 7,7 mm de diamétre aux pierres 5 gabion de 90 mm de diamétre. On constate que le coefficient d'atténuation varie selon le rapport entre la profondeur de l’eau et la période au carré (d/gT2), la largeur relative du canal (w/d) et l'inclinaison de la paroi de moellons (m). Les effets d'échelle sur l'atténuation des vagues associés 5 la taille ou a la forme des pierres semblent négligeables. Les effets d'échelle du nombre de Reynolds sont aussi négligeables pour la game visée par l'essai.
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MANAGEMENT PERSPECTIVE 

Reducing wave heights in harbours is often solved by lining entrance channel jetties with broken rock (rip rap). This paper shows that where physical model tests are required to establish effectiveness of the added rip rap, that the size of the model rock is not significant to the interpretation of the measurements. Also, the values of para- meters to permit computation of attenuation with greater precision and reliability have been established. I 

T. Milne Dick 
Chief 
Hydraulics Division 

PERSPECTIVE-GESTION 

On abaisse souvent la hauteur des vagues dans les ports en reve- tant de pierres d'enrochement les jetées qui se trouvent 5 l'entrée. Le present document démontre que des essais avec des modéles physiques sont nécessaires pour etablir l'efficacité de l'ajout de pierres d'enrochement et que la taille du moellon ne joue pas sur l'interprétation des mesures. De plus, les valeurs associées aux paramétres permettent de calculer l'at nuation des vagues avec plus de precision et de fiabilité. 

Le chef, 

T. Milne Dick 
Division de l'hydraulique 
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1.0 INTRODUCTION 

The solution to wave agitation problems in some small craft 
harbours may include lining one or both entrance channel walls with 
large quarried stones, hereafter called rubble. This hast been done 
recently in Ontario at Cobourg, Kincardine and Port Dalhousie. 
Increased wave energy dissipation occurs as waves propagate along the 
roughened walls, resulting in a quieter wave climate inside-the harbour. 
Typically, rubble is placed at side slopes of 1.5 or 2 to 1. The most 
important design requirements are 1) the size of the individual stones 
to provide a stable slope, and 2) the length of wall to be lined with 
rubble in order to accomplish the desired amount of wave attenuation. 
Usually 1) is determined from empirical formulas, such as the Hudson 
formula, or is based on local experience. However, 2) is almost always 
determined from the results of a physical hydraulic "model study. A 
major concern exists as to the proper way to scale up the attenuation 
frun model to prototype conditions. In addition, physical hydraulic 
models are time—consuming and_costly but are usually necessary for final 
design. An analytical model to predict wave attenuation would be a 
useful planning tool. 

In physical models, gravel is used to represent the 
multi-tonne rubble used in the field. For example, a typical armour 
stone of four tonnes used in the Great Lakes, with a rectangular 
cross~section, might be modelled by angular crushed gravel with a 
characteristic dimension of a few centimetres. Unfortunately, very 
little is known about the scale effects on wave attenuation caused by 
arbitrary modelling of the stone size and shape. A lack of 
understanding of these scale effects might result in insufficient wave 
attenuation and a subsequent need for additional remedial works to 
achieve the desired wave climate in the harbour under investigation. 

The objectives of this study are
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1) to test in existing analytical model to predict wave attenuation in 

a straight vertically-walled channel with.one or both walls lined 
with rubble, and

' 

2) to quantify the scale effects of stone size and related factors on 
wave attenuation. 

2.0 LITERATURE REVIEH 
2.1 Scale Effects 

H Scale effects are differences between model and prototype per- 
formance. They arise because it is impracticable to achieve a perfect 
dynamically similar nndel. A compromise between correctly nndelling 
gravity or viscous forces must be made. Have agitation models are con- 
cerned primarily with the correct scaling of wave nntion (propagation, 
diffraction, refraction, reflection, shoaling and breaking) which are 
related most closely to gravity forces. Consequently these models are 
usually designed to agree with Froude's law (velocity scale = square 
root of length scale), reflecting gravity forces. Similarity of 
Reynold's number, reflecting viscous forces, is sacrificed; however, if 
the flow regime in both model and prototype is rough turbulent, scale 
effects are usually acceptably small (more on this later). 

Have attenuation due to rough walls is concerned mainly with 
the transformation of wave energy at the walls into heat and turbulence. 
Flow conditions at and inside rubblemound structures ‘are not well 
understood. It is known that the flow regime can change frun the rough 
turbulent regime at the water surface near the beginning of a 
rubble-lined section to transitional or laminar regimes at some 
combinations of depth from the water-rubble interface and/or distance 
from the beginning of the rubble-lined section. Therefore, the flow 
regime at a point in the model could easily be different from that of 
the corresponding point in prototype. Have attenuation by rough walls 
is still basically a wave model with a free surface and should" be 
modelled according to Froude's law.
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There is considerable published information on the scale 
effects in modelling rubblemound breakwaters where the incident wave 
crests approach parallel to the breakwater trunk. If the rubble and 
core layers in a rubblemound breakwater are modelled geometrically 
similar to the prototype, there is relatively more wave reflection from 
the model structure and relatively less wave transmission through the 
model structure compared with the prototype. This occurs unless the 
wave motion is fully turbulent in both model and prototype. These scale 
effects can be reduced by using mpdel stone sizes larger than those 
determined from Froude scaling (Le Méhauté 1965, Keulegan 1973). 
Guidelines for sizing the stones can be found in Hudson et al. (1979) or 
Jensen and Klinting (1983). 

Scale effects in modelling the stability of rubblemound break- 
waters are discussed by Hudson (1975). It was concluded that breakwater 
stability tests would have negligible scale effects due to viscous 
forces as long as the Reynolds Number, RN, was greater than about 
3 x 10“ where 

RN = (gH)1/22 (1)V 
and . g = gravitational acceleration 

H = wave height
_ 

D = characteristic armour stone dimension 
v e kinematic viscosity of water 

At the Hydraulics Laboratory of the National Research Council of Canada, 
a value of RN = 10 x 10“ is accepted as the lower limit where no 
viscous scale effects are experienced in breakwater stability tests 
(Mansard and Ploeg 1978). 

A different approach evaluating the influence of laminar and 
turbulent flow on the hydraulic gradient and energy dissipation of flow 
in porous media results in a lower limit for no scale effects with 
RN = 0.5 - 0.7 X 10“ (Jensen and Klinting 1983).
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If the model RN is too low to prevent stability scale 
effects, Mansard and Ploeg (1978) recommend using rounded, rather than 
angular stone in the breakwater filter layer. Rounded stones tend to 
result in a more continuous series of voids, allowing a relatively less 
restricted flow. 

The preceding criteria for RN deai with waves iwhose crests 
are approaching parallel to a rubblemound breakwater so that the value 
of RN is almost constant over the test area at the mean water level 
(or any other level). However, when dealing with wave crests propagat- 
ing perpendicular to rubble-lined walls, the value of RN changes 
with the propagation distance because the wave height attenuates. 
Furthermore, in both cases the value of RN decreases with distance 
from the water-rubble interface-toward the interior of the rubblemound. 
Clearly then, obtaining correct similitude between model and prototype 
with regards to RN is very difficult. Furthermore, with minimum 
attenuated wave heights in the model of the order of 1 cm, it is not 
feasible to attempt to maintain rough turbulent flow at the rubble 
surface along the whole length of the model. 

2.2 Attenuation by Bottom Friction 

Wave height attenuation by rough walls is analogous to 
attenuation 'by bottom friction. The classical épproach to wave 
attenuation by bottom friction has been to assume that a laminar 
boundary layer exists below the waves (Eagleson and Dean 1966) and to 
use linear wave theory giving 

d" = _ H 
dx 

a (2) 

where H = monochromatic wave height 
x = horizontal coordinate measured in the direction of wave 

propagation ‘ 

a = attenuation coefficient
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Experimental results consistently show that Equation (2) 
underpredicts wave attenuation (Grosch and Lukasik 1961, Eagleson 1962, 
Treloar and Brebner 1970). 

For a rough turbulent boundary layer, Battjes (1965) gives 

9-'1 = -BH2 (3) dx 

where B is an attenuation coefficient. Using a different approach 
involving the wave friction factor, fw, Kamphuis (1978) gives 

dH _ 2 
F; 

' 'YH fw 

which, for the laminar boundary case gives Equation (2), and for the 
rough turbulent boundary case gives 

d_“ = 6+1‘-25 (5) dx 

where *1 and 6 are attenuation coefficients. The use of Equation (4) 
corrects for the differences found between classical theory and 
experimental results. 

2.3 Attenuation by Halls 

In _a laminar boundary layer, wave attenuation by smooth 
vertical walls in a channel of width, w, is given by Hunt (1952) as 

dH _ _
H 1- — -E_ (6) dx w ' 

where e is an attenuation coefficient.
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Battjes (1965) investigated attenuation due to thin roughness 
strips protruding from the sides of a vertically-walled channel and 
spaced uniformly along the length of the channel. Attenuation was found 
to be proportional to the ratio of the roughness height divided by the 
wave height, 

Isaacson (1978) examined wave attenuation by rubble-lined 
channel walls with geometry as sketched in Figure 1. 

Following Isaacson's methodology, the energy dissipation, D, 
per unit length in the x direction can be obtained from the difference 
in wave energy flux, P, across planes a short distance, dx, apart as 

0=;‘l§ (7) 
dx

g 

The energy flux of the waves can be expressed using linear wave theory 
as 

P = £9.H2c ' 

s 9" (8) 

where p = fluid density, Cg = wave group velocity, and w‘ = effective 
channel wfidth. The actual wave motion above the submerged parts of the 
rubble is not known in detail but a first order approximation for the 
effective "width would be. 

w‘ = w+! (9) 
' 

Ill
. 

where d = water depth and m = side slope of the rubble. 
The rate D can be expressed in general as 

D = f(HsTbdsmswspsg9vsA) (10) 

in which v = kinematic viscosity of fluid
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A = an unspecified parameter to characterize the size and 
' 

shape of the rubble. 

Choosing 0, g and H as the repeating parameters for dimensional analysis 
yields 

D _ d H w yv ,
A 

°9 gT2 d a /gHi 

where A‘ is a dimensionless form of A. 
Following Isaacson‘s analysis for algebraic convenience, D can 

be made dimensionless as D/pgH2Cg with a different functional 
dependence on the dimensionless parameters on the right side of Equation 
11. This gives 

D d H ., W H 7: 9 — 9 m '-' 9 Rs AI) zcg 975 <1 

’ 
<1 ‘O (OI 

Substituting Equations 12 and 8 into 7, recognizing that H is 
the only parameter that varies with x, and that w‘ = (w)f(m,w/d) gives 

i"1=if(-i,.5.m.!.R./vi <13) 
dx w gT d d 

Previous results concerning wave~ attenuation (e.g., Battjes 1965, 
Kamphuis 1978) have generally found that dH/dx varies as some power n of 
H. Fran Equation 13, H/d is the only dimensionless variable containing 
H, giving ' 

_ n-1 d_"=_»'-HE) f(i2,m,!,R,A-) (14) 
dx w d gT d 

An attenuation coefficient, a, can then be defined as
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n-1 21(2) i*i=f<l.m.!.R.A'> l 

(15) 
H H dx gT2 d 

From experiments conducted with 19 nm crushed rock at three 
water depths and at three values of m, Isaacson concluded that n = 2, 
giving 

dH if (16) dx wd 

where a is the attenuation coefficient for n = 2.
‘ 

The exponent n was determined frqn logarithmic plots of dH/dx 
versus H in which there was "a fair degree of scatter". Isaacson said 
"a value of n = 2, corresponding to the turbulent damping law, fitted 
the data just as well as other values slightly less than 2 so that, for 
convenience, straight lines corresponding to n = 2 were drawn by eye to 
fit all the data". 

Isaacson used the linear wave theory expression for orbital 
velocity, u, in an expression for the average rate of energy dissipation 
over an elemental area, dxds, of the submerged breakwater surface ‘ 

in dx 

where T = 

S i 

to arrive at 

variations in m 

ds (17) 

shear stress 
coordinate measured up the breakwater face in a plane 
P8rpgndlCUlaT to the x axis 

h _ 

a, modified attenuation coefficient, M, 
and w/d as 

I M =i-<1+i-> <18) 
2 IIIW
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Issacson's results for a versus d/gT2 show a clear trend for a to 
increase with flatter side slopes m. His empirical data for M versus 
d/gT2 is plotted in Figure 2. Equation 18 served to collapse all of his 
data for three different values of m and a range of w/d values on to one 
curve. For the range of conditions tested; no dependency on R was 
detected. Only one type and size of stone was tested, hence no 
dependency on A‘ could be investigated. 

3.0 EXPERIMENTS 

Tests were conducted in the wind-wave flume (100 m long x 
4.5 m wide x 1.5 m deep) in the Hydraulics Laboratory of the National 
water Research Institute. One or both walls of the flume were lined 
with stones along a 30 m long section as shown in Figure 3. The side 
slope, m, of the stones was a constant 1.5 to 1. Views of the test 
setup and a typical transition section are shown in Figures 4 and 5 
respectively. 

Monochromatic waves were generated by a piston type wave 
paddle. The beach at the opposite end was made of fibrous matting at a 
slope of 8 to 1. Haves were measured with 12 capacitance probes, made 
of teflon-coated wire, with an outside diameter of 1.1 nm. _The wave 
probe locations are shown in Figure 3. 

Tests were conducted at water depths of 30 and 60 cm; the 
rubble lining extended to heights of 37.5 and 75 cm respectively. wave 
periods were chosen to provide values of d/gT2 ranging from 0.01 to 0.10 
in steps of 0.01 for d = 60 cm. Have attenuation due to bottom friction 
was negligible; for the shortest period at d = 30 cm attenuation over 
30 m was less than 3 percent. 

The initial wave height was chosen as large as possible, yet 
small enough not to erode the stones at the upwave end, and also to 
maintain a smooth sinusoidal wave profile. For some tests, additional
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runs were made using snaller initial wave heights. Hater surface 
elevations were sampled using a minicomputer at W20 samples per wave 
period over about 51 waves. Haves were generated in a continuous mode 
and duplicate data sets were collected for each test. 

Four sizes of crushed limestone were tested. Results of sieve 
analyses for the three smaller sizes are shown in Figure 6. The corre- 
sponding mean grain sizes, D50, are 7.7, 18.5 and 45 mm respectively. 
For tests with the 7.7 and 18.5 mm stone sizes the transition section 
was made of 45 mm stone to avoid erosion. Gabion stone of nominal size 
130 to 250 mm, was also tested. The average mass of a gabion stone in a 
100-stone sample was 2.0 kg. The specific gravity of the stones was 
measured to be 2.73. This results in an equivalent cube dimension for 
the gabion of 90 nm. A photograph of the four stone sizes is shown in 
Figure 7. 

l 

The measured void ratios of the four stone sizes are 0.89, 
0.92, 1.01 and 0.69 from smallest to largest size respectively (the 
corresponding porosities are 47, 48, 50 and 41 percent respectively). 

One set of tests“ was run with a 5 cm thick layer of the 
18.5 mm stone over a "core" of the 7.7 mm stone. This was intended to 
simulate an armour layer over a quarry run core. Unfortunately the void 
ratios' of the‘ two different sizes of stone were almost identical, 
whereas, in the field, the void ratio of the core would usually be 
smaller than that of the armour layer. 

4.0 ANALYSIS OF DATA 

Typical wave height data for a test is shown in Figure 8. 
Clearly, there is significant variation in wave height in both 
transverse and longitudinal directions. A wave height representative of 
the wave energy at a cross-section was determined by calculating the 
area beneath the curve of H versus y, the distance across the flume, and 
dividing by 2 m, the distance between the two outer wave probes. In a 
similar manner, Battjes (1965) used an average wave height measured at 8
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points per cross-section. Isaacson (1978) ,used on wave height per 
cross-section. 

The procedure to put the data in a form »suitable for 
comparison with Equation 14 is described in the following. 

p 

Values of representative wave height were plotted against the 
longitudinal distance x as shown in Figure 9. A smooth curve was drawn 
by eye through these points. Then, from the'curve H(x), values of the 
slope dH/dx were measured at four or more values of H. Finally, a 
log-log plot of dH/dx versus H was prepared to determine values of n and 
a, The same procedure was followed by Isaacson (1978). U 

5.0 RESULTS 

A 

The subjective nature in which values of dH/dx were determined 
contributed to the scatter in the log-log plots of dH/dx versus H. Best 
fit straight lines were drawn by eye through the data points for°each 
test corresponding to one stone size and one wave frequency. The 
resulting best fit lines for the 45 mn tests in 60 cm of water are shown 
in Figure 10; the empirical values of n vary from 1.14 to 2.76. A 
constant value of n = 2, found to be applicable by Isaacson (1978), did 
not fit the majority of the data very well. Both high and low frequency 
tests exhibited considerable scatter in slope n, while tests at fre- 
quencies from 0.700 to 1.07 Hz (d/gT2 = 0.03 to 0.07) gave consistently 
similar results for n, ‘Tests at two lower frequencies of 0.404 and 
0.572 Hz (d/9T2 = 0.01 and 0.02) Thad wavelengths of 5.6 and 3.7 m 
respectively. Haves for these tests may have been still in transition 
at the first set of wave probes at x = 2 m. Tests at higher frequencies 
of 1.14, 1.21 and 1.28 Hz (d/gT2 = 0.08, 0.09 and 0.10) had wavelengths 
of 0.95, 1.06 and 1.19 m respectively. For these tests the range of 
wave height from x = 2 m to x é 28 m was smaller than the other tests, 
thereby increasing the possibility of error in deriving values of n from 
log-log plots of dH/dx versus H.

_
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The average of 20 estimates of n at frequencies from 0.700 to 
1.07 Hz for tests with the 45, 18.5 + 7.7, 18.5 and 7.7 mm stone sizes 
was 1.36 with a sample standard deviation of 0.24. This anpirical 
estimate of ll was then assumed to be constant and straight lines of 
slope 1.36 were fitted to the log-log plots of dH/dx versus x to 
determine values of the attenuation coefficient a. Lines of slope 1.36 
fit the majority of the data, including that for the gabion tests (which 
was not used in the estimation of the exponent 1.36), quite well as seen 
in Figure 11. Interestingly, the value of n E 1.36 is quite close to 
the exponent value 1.25 suggested by Kamphuis (1978) for attenuation by 
bottom friction in rough turbulent boundary layers. 

Plots of the modified attenuation coefficient, M = (am/ /TIE?) 
(1 + d/wm) versus d/gT2 are shown in Figure 12. It can be seen that re- 
sults corresponding to w/d = 3.8 are distinctly different from those at 
w/d = 11.4. This agrees with expectations since for an infinitely wide 
channel (w/d + ~) one would expect the attenuation coefficient due to 
rough walls to approach 2ero, while for an increasingly narrow channel 
(w/d + 0) one would expect the attenuation coefficient to increase._ 

_ 

Plots of H versus x for the tests with only one wall lined did 
not produce smooth, monotonically decreasing, concave curves as did the 
tests with both walls lined. This may be due to cross-waves and wave 
reflections caused by the asymmetric test setup. Also the range of wave 
height along the test section was considerably smaller than for the 
tests with both walls lined. Consequently, the attenuation coefficient 
could not be determined from log-log plots of dH/dx versus x. Instead, 
the attenuation coefficients have been calculated from the representa- 
tive wave heights using Equation 14 to give

. 

,dH = H H o_as 

whose solution is
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l _ 1 + _6(X2 
' X1) 

(20 "F'?€ ' “‘6‘§t "“'““3'3e ) 

Hx2- _Hx1- 2.78 w d - 

For the tests with one wall lined, values of a were calculated using w = 

760 cm, twice the bottom width with only one wall lined,-assuming the 
damping due to the snooth vertical wall to- be an order of inagnitude 
smaller than that associated with the rubble-lined wall (Isaacson 
1978). Using the representative wave heights at x = 2 and 28 m for 
tests conducted at d = 60 cm, values of M have been plotted in Figure 
12. The w/d value of 12.7 is similar to the value of 11.4 for the tests 
at a depth of 30 cm with both walls lined. As seen in Figure 12 results 
for the tests with one wall lined agree favourably with those for tests 
with both walls lined. ~ ' 

6.0 DISCUSSION 

For the 60 cm depth tests, the M versus d/gT2 curve peaks 
around d/gT2 = 0.03 for w/d = 3.8, and around 0.01 for w/d = 11.4. In 
both cases the wavelengths corresponding to these frequencies are 
approximately 2.8 m which is somewhat longer than the distance from the 
end of the sloped transition section to the wave probes at x == 2 m. 
Accordingly, for smaller values of d/gT2 it is believed that the waves 
were still in transition at x = 2 m and this explains the disagreement 
with the trend of the Isaacson (1978) data. Due to differences between 
Equations 16 and 19, the results for M versus d/gT2 frun this study and 
from Isaacson (1978) are not expected to agree quantitatively, but 
should agree qualitatively. 

The curve of Isaacson exhibits a minimum around d/gT2 1 0.07 
while results frun the present study continue to decrease monotonically 
to d/gli = 0.10. In practice this is of little consequence because 
design values of d/gT2 for most harbour entrance channels will be less 
than 0.03. 

For Issacson's tests at a side. slope rn = 3, his iplot of q 
versus d/gTZ gives a distinctly smaller value of a for w/d = 3.6 than
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for other data at w/d > 4.8. This is contrary to expectations and to 
the results of this study which indicate greater attenuation' as w/d 
decreases. From information in Isaacson's paper, it can be deduced that 
his range of w/d values tested was 3.6 to 13.3 for both walls lined, and 
8.5 to 38 for one wall lined. According to the results of this study, 
his relation for M versus d/9T2 given in Figure 2 of this paper would be 
expected to show some variation with w/d but it does not. Apparently, 
Equation 18 does not adequately account for the dependency of the atten- 
uation coefficient on w/d. The present test program did not vary m. 
Therefore until further testing is conducted, it is suggested that the 
attenuation coefficient be obtained from the M versus d/gT2 plot with

Su w/d as a third variable; a simplified relation for de§ign is provided in 
Figure 13. 

6.1 Application 

An application of the foregoing analytical results is demon- 
strated on a hypothetical entrance channel to.a commercial Great Lakes 
harbour. The design wave at the channel entrance has Ho = 3.0 m and 
T = 8 s. The water depth is 10 m. It has been decided to line a 100 m 
length of one wall with rubble at a side slope of 1.5 to 1 leaving a 
clear bottom width w = 30 m. What will the equivalent wave height be at 
x = 100 m? With d/gT2 = 0.016 and w/d = s.o (using w = 2 x so = so m 
for. an equivalent channel with both walls lined), interpolate from 
Figure 13 to get M = 0.70 and a = 1.0, so that Equation 12 gives H100 = 
1.2 m. Using the curve from Isaacson (1978) and Equation 9, one gets M 
= 0.87, a = 1.26 and H = 1.8 m. Figure 13 should be regarded as a 
preliminary design guide until verified with field data. 

7.0 SIHILARITY 

‘ If the stone size and/or shape affect the wave attenuation, 
then lining the flume walls with a different size/shape material should
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result in observable differences in attenuation, other factors being 
equal. One might expect that a larger roughness size would cause more 
attenuation leading to a relation between H and x as shown in Figure 14. 

Due, to differences in transition losses from x = -5 to 
x = 2 m, identical wave heights could not be attained at x = 2 m. 
Therefore all representative wave heights were normalized by the 
representative wave heights at x = -10 m, referred to as H0. Plots of 
Hx/H0 versus x for the different test series are shown in Figures 15 
and 16. Replicate tests and tests at different values of HO shOWEd 
consistency when plotted as HX/H0 versus x. Similar plots for the 
wave heights at the centreline, rather than representative wave heights, 
showed the same trends. 

The curves in Figures 15 and 16 are, in general, not 
divergent. This suggests that scale effects due to variations in stone 
size and shape over the range tested are not significant. Dissipation 
of wave energy by rough walls can be thought of as a two part process: 
1) dissipation due to surface roughness (friction factor), and 
2) dissipation due to percolation. Percolation is the process by which 
water flows through the interstices of a sediment (or rubble). As the 
size of stones and voids decreases, flow through the rubble becomes 
increasingly more difficult (lower RN), thereby causing greater energy 
losses. A smaller stone size (lower friction factor) tends to cause 
smaller energy losses due to surface roughness. Thus, the percolation 
component of energy losses increases with decreasing stone size, while 
the surface roughness component decreases. This compensating effect, at 
least over the range of sizes tested, may account for the lack of 
substantial differences in measured rates of attenuation. 

For some tests there is a tendency for attenuation to be 
greater with larger stone size (e.g., 1.07 Hz, d = 60 cm, Figure 15), 
but even then, the relative increase is small. A more common feature is 
for rates of attenuation to be comparable for the different stone sizes, 
but for the‘ curves to be offset from one another. This behaviour 
originates from differences in Hz/H0 which are thought to be
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attributable to differences in transition losses for the different stone 
sizes. In propagating from x = -10 m to x = 2 m the waves near the 
walls undergo some shoaling, breaking and refraction over the transition 
section from x = -5 m to x = 0 m. Also, in converging from the full 
width of the flume to the narrower width where the walls are lined with 
rubble, there is some wave reflection. Due to a smaller void ratio, 
reflection from the gabion stone may be greater than that from the 
45 mm stone. These differences in transition losses are considered to 
be a model effect, i.e., behaviour that would not be present in the 
field (there would be no transition section in the field)._ 

There is very little difference between the curves for the 
tests with the 18.5 mm stones only and the tests with the 5 cm thick 
layer of 18.5 um stones overlaying the 7.7 mm core. The surface 
roughness for these two test series is the same but the percolation 
characteristics differ. Due to the small difference in the two sizes, 
this offers only preliminary evidence that the size of the core material 
may not be too important in determining wave attenuation.

' 

The shape of the gabion stone is much more rectangular than 
that of the smaller, more angular sizes. Figures 15 and 16 indicate 
that shape differences such as these 'may not be too important in 
determining wave attenuation. 

Values of RN have been calculated using the smallest of the 
two outer wave height measurements at x = 2 m. The corresponding maxi- 
mum values are 0.37 x 10“ for the 7.7 inn stone, 0.98 ‘x 10“ for the 
18.5 mm stone, 3.4 x 10“ for the 45 mm stone and 6.8 x 10“ for the 
gabion. Have heights right at the rubble-water interface are smaller 
than those measured at the 1 m offsets from the centreline. According- 
ly, most tests had values of RN at the rubble-water interface at 
x = 2 m that are less than one, or all three, of the suggested lower 
limits for avoiding scale effects in rubblemound stability tests 
(Section 2.0).Values of RN for the 7.7 nm stone tests are an order of 
magnitude smaller than those for tests with the gabion. No definite 
conclusions can be made on Reynolds number scale effects until these
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model tests are substantiated by field results. However, it appears 
that wave attenuation is not sensitive to differences in Reynold's 
number over the range tested. 

7.1 Application 

A fixed bed hydraulic model of Cobourg Harbour on Lake Ontario 
was constructed and tested at the Hydraulics Laboratory of the.National 
Hater Research Institute to an undistorted linear scale (Froude scaling) 
of 1 to 72 (Skafel et al. 1979). The Cobourg Harbour model with wave 
probe locations is shown in Figure 17. The study objective was to 
investigate structural alternatives to reduce wave agitation within the 
harbour. Incident prototype wave conditions were H = 1.7 m with a peak 
period of 6.25 s. Two of the schemes tested involved lining a 65 m and 
a 130 m length of the inside vertical wall of the East Pier. In the 
model, stones-were placed against the wall at a side slope of 1.7 to 1. 

Most tests were conducted with a rounded pea gravel with a 

characteristic dimension of 10 mm. Tests repeated with angular crushed 
limestone with a characteristic size of approximately 38 mm showed 
almost no differences in measured wave height ratios inside the 
harbour. This agrees with the present findings which indicate that the 
scale effects on wave attenuation of stone size and shape appear to be 
negligible-

V 

a.o CONCLUSIONS 

An analytical model developed by Isaacson (1978) to predict 
wave attenuation in a straight vertically-walled channel with one or 
both walls lined with rubble has been tested and modified to give

' 

o_ae EH = - .fl .fl 
dx 

a 
w (d)
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where the attenuation coefficient “a” can be determined from curves of M 
versus d/gT2 and w/d in Figure 13 where 

M = _§_@_ ( 1 + §_ ) 

/1+m2 "m 

The scale effects on wave attenuation due to stone size and 
shape, as well as Reynolds number, appear to be negligible. These 
results require substantiation with field data. 
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