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ABSTRACT

This paper 1s a sequence to two papers, (1) and (2), pre-
viously read at Coastal Engineering Conferences. They presen-
ted a mathematical model for estimating displacements, veloci-
ties and accelerations 1in a downrushing wave on a rubble mound
breakwater slope. Verification by photographic recording of
displacements 1involved some uncertainties. In the present
paper are reported measurements of velocities, which gave much
more definite data. The correlation with velocities calcula-
ted from the model 1s shown to be good.

INTRODUCTION

At the VIIIth Conference on Coastal Engineering Brandtzaz
(1) presented a mathematical model intended for estimating
roughly the displacements, velocaities and accelerations in the
downrushing water on a rubble mound breakwater slope. A very
few experiments 1indicated fair agreement between observed valu-
es and those calculated from the model.

At the Xth Conference Brandtzzg and Tgrum (2) presented
data from a greater number of waves of different heights and
periods on slopes of 1:1,25, 1:1,5 and 1:2,0. Displacements
calculated from the model were found to agree reasonably well
with the observed ones, although the scatter was quite consi-
derable. This was to be expected, since displacements had to
be deduced from photographs of the wave surface profiles. As
these were often rather irregular, the deduction became diffi-
cult and involved some uncertainty.

Therefore 1t was highly desirable to measure velocities
directly, and the more so because 1in application of the model,
velocities and accelerations are the interesting quantities.
However, getting reliable readings of velocities in the rapid-
ly accelerated downrushing water 1s difficult. But recently
such measurements have been made, and the results are presen-
ted here. They are compared with velocities calculated from
the model, partly by use of the particular values of z and B
(Fig. 3) found for each wave dimension and slope, as in refecr-
ence (1) (Calculation l)and partly by use of more general
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values of z and B, permitting calculation without previous
knowledge of specific experimental data, as in reference (2)
(Calculation 2).

VELOCITY MEASUREMENTS

The tests were made in the wave channel shown in Fig. 1.
The wave generator has an ordinary piston type paddle adjust-
able as to wave height and wave period. The wave gage was
placed about 11 m in front of the model. Vertical surface
displacement at this point was recorded on a Sanborn paper
recorder.

The model 1tself was a wooden platform with a sloping
front on which the cover blocks were placed on top of a layer
of smaller stones, about & cm thick. As the stability of the
armour was not at issue in these tests, the blocks were held
in place with a few nails, none of which protuded above the
top of the blocks.

In the tests of ref. (1) and (2) the cover blocks were
arbitrarily placed with regard to orientation as well as lo-
cation. In the present tests, however, it was found necessary
to have a slightly smoother breakwater front (Fig. 2), so as
to avoid too much air bubbles 1in the downrushing water, as
this tended to blur the photographic recording described below.

As stated in ref. (1) the mathematical model applies to
the downrushing wave only as far down as the stream is not
influenced by the incoming next wave. From the wave profiles
(Fig. 8) and also from the direction of velocities indicated
by confetti in the water (see ref. 1, Fig. 5) 1t is seen that
this condition holds good also somewhat below the SWL. In
order to extend as far as possible the time interval during
which velocity readings could be obtained, the limiting line
at which velocities were measured (point A) and calculated,
was shifted from the line M ~ N, as used in ref. (1) and (2),
to the line P - Q, Fig. 3 and Fig. 8.

An Armstrong-Whitworth Miniature Current Flowmeter, Type
176/1 was placed 10 cm from the glass wall of the channel.
It had a very light plastic propeller with outer diameter
1,5 ecm. The range of reliable registration in a steady
current covered velocities from 2 to 150 ecm/sec. The instru-
ment apparently worked satisfactorily alsc in unsteady cur-
rents. The propeller movements were recorded by means of a
motion picture camera making some 800 - 900 exposures pro
second, while a time mark was made on the film every 1/100
second.

The test programme included three slopes of the break-
water face, and with each slope three wave periods, each with
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two wave heights, in total 18 waves (Table 1). Due to diffi-
culty with the camera one wave, No. 6, dropped out.

Velocities were measured during downrush of one of the
first waves arriving at the model front after the generator had
been started and a reasonably stable wave height had been attai-
ned. First a trial wave train was run. From the registration
diagram (Example in Fig. Y4a) was picked out the wave to use,
and 1ts number (n) from the front of the wave train was noted.
After rest the wave generator was started again and when the
nth wave arrived at the model, the fast motion camera was
started. Mostly the third or fourth wave was used (Fig. 4 b).

Beside the fast camera film, giving the velocities, an-
other motion picture film was needed to give the wave surface
profiles required for determination of B and z (Fig. 3 and 8).
As the two exposures could not be made similtaneously, a third
wave train was run for this purpose (Fig. 4 c¢), and photographs
taken with a camera making about 24 exposures a second. As 1n
earlier tests, the time between exposures could be read off on
the clock shown in Fig. 2. The surface profiles were drawn up,

and z determined as described in ref. (1) page 456, and the
values plotted against time, t, after start of downrush, in
diagrams of which examples are shown in Fig. 5, 6 and 7.
Smooth curves for B and z were drawn for each wave.

From the fast film strips the number of revolutions pro
second of the propeller could be ascertained. From calibra-
tion curves the corresponding velocities were taken off and
plotted against t, time from start of downrush. Examples are
shown in Fig. 9 to 17.

Velocities measured in this way will be roughly average
values. An effort was also made to register velocities by
means of confetti in the water. Only a few data were obtained.
They showed great variations, as was to be expected, but seem-
ed to group themselves fairly well around the propeller-obser-
ved values.

CALCULATION 1.

Velocities calculated with B- and z-values as observed 1in
the tests.

The definition of the mathematical model here employed
and the underlying assumptions and simplifications have been
set out i1n detail in ref. (1) and briefly summarized in ref.
(2). TFor ease of reference the basic consept of motion 1is
restated here (Fig. 3):

1) The body of downrushing water 1s considered as a triangle.
That 1s, the surface profile 1s assumed to be a straight
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line forming an angle B, with the breakwater front and an
angle, §, with the horizontal.

2) The triangular body is divided into indavidual slices, "s ".
Each slice is defined by its original distance, u, from
the top, 0, of the triangle.

3) Each individual slice 1s taken to move integrally and inde-
pendently, without regard to continuity of the fluid, but
otherwise in accordance with the gravity, the pressures and
the boundary resistance, frictional and inertial, acting ain
the fluid.

As shown in (1) and (2), the assumption that the "slices"
move independently of each other should not be expected to
cause significant error in the calculations, because restor-
ing the continuity need not to any considerable degree alter
the general picture of the motion.

The model leads to the followaing equations for the dis-
placements, x, velocities, v, and accelerations, a, as func-
tions of the time, t, from the start of downrush:

x = BZ 1n (Cosh (§ 1)) (1
_ A
v = AB:Tanh (§ t) (2)
2
a = S (3)
Cosh (—B' t)
A2 _ glsino - taancosa) )
1+ O,SCMP Z
2 Xy, 32.2. 322
B™ = (1 + 0,5Cyp E) 32+z (loglO X ) (5)

Figures for C,,, cover block dimension, k, and B8 and z
(Fig. 1) are required for the calculation. Like in ref. (2)
CMP = 1,0 has been used here. This figure seemed reasonable
on the basis of data given by Wiegel (3), Johansson (4) and
others. Actually a small variation in CM does not greatly
affect the calculation of velocities, as geen in Fig. 9, 12
and 15 where a value of 0,75 has been used for comparison.

In the tests of ref. (1) and (2) the characteristic line-
ar dimension, k, of the block was de§ined by assuming the aver-
age volume of the blocks to be 0,5 k™. As a slightly smoother
breakwater front had to be used in the present tests, a some-
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what reduced value, k = 4 cm was used 1n the calculations.
Again, a change i1n k does not much affect the calculated

velocity. Changing k from 4 to 3 cm causes a change of v
about as great as that caused by reducing CMP from 1,0 to
0,75.

For want of something better, the ordinary Prandtl equa-
tion for frictional boundary resistance was used in ref. (1),
although the roughness of a rubble mound breakwater front
certainly 1s very different from the "sand roughness" of
Nikuradse. In ref. (2), however, the figure 14,8 in the last
parenthesis of Eq. (5) was changed from 14,8 to 5, based on
a note given in ref. (5). The same figure is used here.

The parameters B and z, important in Eg. (1) to (5),
define the shape of the individual waves. How to determine
appropriate figures for these parameters must depend on the
objective aimed at. As the objective of Calculation 1 is to
probe the possible merits of our mathematical model by compa-
rison with specific tests, the values of B and z have been
taken as nearly as possible representative of the particular
waves in which velocities were measured.

Consequently, values of B and z were taken off curves
like those an Fig. 5, 6 and 7 and used in CALCULATION 1.
Individual values of B and z rarely deviated more than 10 per
cent from the curves, corresponding to a deviation in calcu-
lated velocity of the order of § per cent.

With the parameter values discussed above, velocities in
downrush have been calculated from Eq. (2), (4) and (5) and
the resulting curves entered in the v - t - diagrams for each
of the 17 waves tested (Fig. 9 to 17). On the whole the cur-
ves seem to agree fairly well with the plotted test data.
Only for the three waves 10,15 and 16 do the measured veloci-
ties near the end of downrush exceed the calculated ones by
some 25 to 50 per cent.

CALCULATION 2.

Velocities calculated with B- and z-values derived from
general relationships.

Practical use of our mathematical model should permit
estimating the order of magnitude of the velocity in down-
rush of a known wave on a known rubble mound breakwater slope
within the range of slope steepness considered here. In such
a case the appropriate f- and z-values are not known from
specific tests, as in Calculation 1, but must be derived from
general relationships.
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The data plotted in Fig. 5 of ref. (2) indicated the fol-

lowing relationship between B, o and wave steepness H/L . B

= a -8, and § = 6,56 H/L. Similar data from the present tests
are plotted in Fig. 18. They show considerably more scatter
than the former. The line § = 7,67 H/L seems to give about the
best fit. If the previous data are taken into account, an
overall average value of § = 7,0 H/L may cover the field fairly
well. However, in the present calculation § = 7,67 H/L has

been used.

With B known, the z of any slice (Fig. 3) 1s given by z =
u tan B, and the z of the first slice to pass the SWL at the
start of downrush 1s
R

Z = luo tanp = 3o o tan B

The uprush, R, 1s generally considered as being roughly
proportional to the wave height, although 1t 1s surely influ-
enced also by factors like steepness and roughness of the slope,

etc. In the earlier tests, an average value of R was found to
be 1,23 H. ((2) p. 980). TheR - H relationship found in the
present tests 1s shown in Fig. 19. The scatter 1s great. The

average value, R = 1,36 H, has been used in Calculation 2, cor-
rected for the fact that velocities were measured at the line

P - Q, intersecting the slope at a point 4 cm (vertically) be=-
low the SWL. The z-value of the first slice to pass the line

P - Q at the start of downrush therefore 1s taken to be:

:Mtans
sin o
From these relationships velocities at the P - Q line have
been calculated from Eq. (1) to (5) with otherwise the same
parameters as used in Calculation 1. As explained in (2),
page 981, the calculation must be done by iteration.

The resulting velocity curves have been entered in the
v - t - diagrams in Fig. 9 to 17 for comparison with the test
data and the curves from Calculation 1. It is seen that Cal-
culation 2 in a number of cases gives somewhat lower velocities
than both Calculation 1 and the tests, the difference being
most pronounced towards the end of the downrush.

CONCLUSTIONS

The comparison between observed and calculated velocities
has been summarized in Fig. 20 for Calculation 1, and in Fig.
21 for Calculation 2. It 1s felt that the former shows about
as good agreement between calculation and measurement as can
reasonably be expected 1in this case. Calculation 2 gave velo-
cities somewhat lower than the measured ones, in particular to-



RUBBLE MOUND BREAKWATERS 821

wards the end of the downrush. Probably some adjustment of
the R- and §- relationships would give better agreement.

In total 1t 1s concluded that the mathematical model
presented in ref. (1) and (2) does provide a means by which
velocities in downrush on a rubble mound breakwater slope
may be roughly estimated. Discrepancies are hardly avoid-
able, but Calculation 1 indicates that these may be due, not
as much to the mathematical model 1tself, as to the difficul-
ty of predicting more accurately the values of R and § in
actual cases.
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