CHAPTER 120

WAVE ATTENUATION AND CONCENTRATION ASSOCIATED WITH HARBOUR
APPROACH CHANNELS

by

J.A. Zwanborn® and G. Grieve¥*¥

ABSTRACT

Modern bulk carriers require deeper and wider harbour entrances. As a
result long approach channels have to be dredged outside the breakwaters.
These large channels cause considerable changes in the waves due to
refraction and diffraction which effect the wave conditions in the
harbour entrance.

As part of the Richards Bay harbour entrance studies, two phenomena
were found to considerably effect the design of the entrance layout,
namely:

(1) wave attenuation for waves travelling near parallel to the
channel axis, caused by refraction of wave energy away from
the channel, and

(ii) wave concentration on the channel side slopes, also mainly due
to refraction, reachigg a maximum for a critical approach
direction of about 25  relative to the chamnel axis.

As a result of the wave attenuation, waves travelling within an angle
of 20~ either side of the channel axis were found to cause no problems
whatsoever with regard to wave penetration into the harbour.

Unacceptable wave penetration was, however, experienced for wave
directions close to the critical direction. A great number of variations
to the entrance layout were tested to minimise this problem. The results
showed the superiority of a flat channel slope of 1 in 100 above steeper
side slopes and the beneficial effect of a Vee-shaped channel bottom.

Also test results with irregular waves with regard to height, period
and directions were found to be significantly different from those
with uniform waves which considerably exaggerate the wave concentration
phenomenon,
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INTRODUCTION

As a result of ever increasing ship sizes, greater channel depths and
widths have to be allowed for in modern harbour entrance design.

Entrance channel depths of between 22 and 25 m are required for
150 000 dwt loaded ships whereas 250 000 to 300 000 dwt bulk carriers
may require depths of between 25 and 28 m. Due to the limited depths
which exist in most of the world's coastal areas, entrance channels
become several kilometres long and, under these circumstances, it becomes
impractical to protect the entrance channels by breakwaters over their
entire length.

Moreover, safe manoeuvring of these huge vessels requires sufficient-
ly wide entrance channels with widths varying between 300 and 600 m and
preferably straight approach channels to avoid sudden course corrections
in the channel.

As a result the conventional two~arm system of breakwaters is not
very effective in reducing wave heights in harbours which incorporate
these deep and wide entrance channels. Relatively short breakwaters
sufficiently long to avoid excessive sediment deposition in the harbour
entrance should therefore normally suffice.

This means that an approach channel of several kilometres long has
to be dredged and maintained outside the protection of the breakwaters.
During the studies for the design of the deep water port which is
being constructed at present at Richards Bay in Natal (approximately
160 km north of Durban) it was found that the approach channel has a
considerable influence on the wave conditions in the harbour entrance.

WAVE TRANSFORMATIONS EFFECTING HARBOUR ENTRANCE DESIGN

Wave directions and heights change due to wave refraction, diffraction,
shoaling, bottom friction and percolation, as waves move into transitional
and shallow water. Although bottom friction has been found to effect

the wave heights and wave energy spectra in shallow water!’?, wave refrac-
tion and diffraction are by far the most important wave transformations

in harbour entrance design. The effect on wave heéght due to shoaling
only becomes important in very shallow water (d/L - 0,05, where d =

water depth and L = deep water wave length) and Phe shoaling coefficient
viz. kS = H/HO (Hobeing the wave height in a water depth d and H_ in

deep water), can readily be determined for a given wave length and water
depth® . On the other hand, the effect of wave refraction and diffraction
differ from case to case and can only be determined for a particular harbour
layout by extensive hydraulic model testing or, in cases, with relatively
simple boundary conditions, by calculation, i.e. mathematical modelling.
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Conventional harbour layouts

Before the advent of the super class ships conventional harbours usually
consisted of twin-armed breakwaters enclosing a sufficiently large area
for mooring ships or protecting a river mouth or lagoon entrance in the
case of inland harbours (see Figure 1).
Examples of the first
type can be found at
Kashima (Japan), Gordons
Bay, Port Elizabeth, Cape
Town (South Africa) and
of the second type at
Ijmuiden, Rotterdam
(dolland), East London,
Durban (South Africa).

The main purpose of
the double breakwaters
in the convential harbour
design was to reduce the
wave heights in the harbour

(a) HARBOUR BUILT (b) RVER MOUTH (c) LAGOON  OR . .
INTO THE SEA HARBOUR BAY HARBOUR basin to acceptable limits
‘and, in the case of sandy
Fig. 1. Conventional type harbours. coasts, to protect the

harbour entrance from

excessive siltation.
To facilitate the reduction of wave heights the entrance widths were
made relatively small, i.e. 50 to 200 m, which was acceptable in view
of the high manoeuvrability of the smaller ships using these harbours.

Although in certain cases, for example Durban harbour, some dredging
was necessary outside the breakwaters to maintain the required water
depth in the harbour entrance the breakwaters usually extended to such
a depth that no extensive outside dredging was necessary. For the
design of these harbour entrances, including the breakwater structures,
deep sea wave conditions could thus be converted to the harbour entrance
area by standard refraction techniques and wave heights inside the
harbour could be determined using diffraction diagrams® or on a hydraulic
model.

Harbour entrances for super ships

The enormous increase in the size of super tankers has introduced a new
dimension in harbour design. Where in the past the main emphasis was

on providing sufficient entrance width between the breakwaters for ships
to pass through, with the 17 to 22 m draught of the 150 000 to

300 000 dwt ships, deep and wide entrance channels have to be provided
over considerable distances out to sea. Although sedimentation problems
still play a role in the design of such channels" the channel alignment,
width and depth are mainly determined by navigation requirements®. Prefer-
ably, the approach channel should be straight for easy manoceuvring and
it has to be dredged out to sea to the point where the depth is equal

to the required channel depth. Where the channel meets the shore rela-
tively short breakwaters are provided to protect the channel against
siltation caused by littoral drift and, to some extent, from wave
penetration.
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The presence of a deep approach
channel, however, considerably
changes the local wave regime in
the entrance area, mainly as a
result of wave refraction caused
by the channel,

(o) EsEty waves As an example the basic layout
of the Richards Bay harbour is
shown schematically in Figure 2.
This figure indicates for waves
travelling in the direction of
the channel a reduction in wave
height in the entrance area near
the breakwaters, Figure 2(a) for
waves crossing the channel very
little change, Figure 2(b) and
for waves approaching the channel
at a 'critical' oblique angle a
considerable concentration of
wave energy which may cause
serious problems, Figure 2(c).

Fig. 2. Wave refraction caused by
channel slopes.

WAVE ATTENUATION

Based on conventional diffraction theory there would virtually be no
reduction in wave heights inside a harbour with a large entrance
channel as shown in Figure 2 for waves running in line with the channel
axis. For instance for a 12 s period ESE'ly wave (i.e. almost parallel
to the channel axis) the wave height inside the harbour would still be
about 60 per cent of the incident height.

Tests on a 1 in 100 scale model showed considerably greater reduc-
tion in wave heights caused by refraction and diffraction in the approach
channel. For the above wave condition the model gave a wave height in
the harbour of only about 20 per cent which effectively solved the
problem of the potentially difficult wave direction parallel to the
channel axis!

Effect of dredged channels

The effects of a relatively deep dredged channel on the incident waves
may be separated as follows:

(i) A difference in wave celerity between the waves travelling in
the channel and adjacent to the channel causes a considerable
phase difference, resulting in wave diffraction on the channel edges;
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(ii) waves travelling on the channel slopes are refracted away from
the channel.

Due to the difference in depth the part of the wave travelling in the

channel will move faster than that in the shallower surrounding area.

For example when the channel is 25 m deep and the surrounding sea

bottom depth is 20 m the wave celerities for a 12 s period wave are

13,8 and 12,7 m/s respectively. Thus the wave in the channel would be

180" out of phase after it has travelled over 955 m in the channel

(see Figure 3), Due to the difference in phase a mixed wave pattern

will result. Assuming

vertical channel sides

and constant water depth

the resulting wave

pattern could perhaps be

I: I l | I approximated using con-

T ventional diffraction

! @123 theory, i.e. the wave

§ wS?NT travelling in the channel

I EI{ l I [ ’ r will diffract out of the

i channel and the wave on
1000jn 500 m the sides will diffract
; ‘95{?“550. . ——t — t into the channel. The

resulting waves are the
sum of the two diffrac-—

Fig. 3. Wave advance in dredged channel. ted waves.

WAVE CRESTS AT 12s INTERVALS

20m

25
=

Preliminary tests in a wave basin, however, showed that with a
phase difference of about 90° the waves break up into waves with
individual crests inside and next to the channel and the average wave
height at a distance of 700 m from the channel entrance was reduced by
about 40 per cent for 12,0 s waves.

In practice the channel side slopes will not be vertical but will
have a slope varying between 1 in 20 and 1 in 100. 1In addition to the
diffraction effect, waves travelling on or near the side slopes will
therefore refract away from the channel (see Figure 2(a)).

Richards Bay Harbour entrance

The proposed layout of the Richards Bay harbour entrance, which is
designed for 150 000 dwt ships entering under virtually all conditionms,

is shown in Figure 4 %2%. The layout includes a 3,5 km long, 300 to 400 m
wide and 25 m deep dredged approach channel and a 1,2 km long main break-
water.

Wave penetration studies formed an important part of the design of
the Richards Bay harbour entrance. Tests were carried out on a 1 in 100
scale model to determine the wave heights in the harbour for all possible
wave directions between SSW and ENE. As expected, the wave penetration
for ESE'ly waves running parallel with the channel axis was greatly
reduced due to diffraction and refraction in the entrance channel (see
Figure 5) whereas normally this wave direction would have caused the
worst wave penetration.
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As may be expected, the wave concentration spreads out as the slope
decreases but only for a 1 in 100 slope was a satisfactory reduction
obtained in the wave heights in the entrance channel (see Figure 11).
To reduce dredging costs, composite slopes were also tried but were
found to be ineffective, as can be seen from the example in Figure 12.
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Fig. 13. Wave penetration at
Sandy Point for various
channel layouts.
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Fig. 14. Wave penetration at

Sandy Point for various
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tip to channel edge.

The wave heights inside the
harbour are shown in Figure 13.
The change of slope from 1 in 20
to 1 in 100, involving 4 x 100 m3
extra dredging, is not too signifi-
cant whereas the 1 in 60 and the
composite slopes are considerably
worse. The wave heights in the
entrance channel, however, were
much lower with the 1 in 100 slope
(see Figures 9 and 11) and in later
tests with different breakwater
configurations it was found that
the 1 in 100 slope was also superior
with regard to wave penetration
at Sandy Point.

The 1 in 100 south channel
slope was therefore accepted as
the best solution for the Richards
Bay channel layout.

The effect of the distance of
the breakwater tip to the channel
side (bottom side) was also studied.
The basic layout used was the
same as shown in Figure 9 and wave
penetration for distances of O,

100 and 200 m respectively are
shown in Figure 14. TFrom the
navigation point of view the break-
water tip should be as far as
possible away from the channel side
and the optimum distance is thus
100 m because wave penetration

was found to increase significantly
for greater values.

The effect of channel tapering
was also tested. The increase in
channel width from 300 m to 400 m
shown in Figure 4 at the seaward
end of the channel is required to
compensate for the reduction in
accuracy of navigational aids for
greater distances offshore. Although
no improvement was expected, a channel
layout tapering from 300 m to 700 m
was tested, but the results showed
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The test results in Figure 16 show a considerable reduction in
wave penetration, even for the 1 km Vee-bottom which involves only
0,5 x 106 m3 extra dredging. Although there are obvious practical
disadvantages, this solution is very effective and in the case of
wide entrance channels it is probably the only solution to the wave
penetration problem.

o | .
" ' VALUES ARE AVERAGES FOR HIGH H In certain cases a Vee-bottom can
W AND LOW WATER ‘ also be provided in the outer part
b ! of the e@annel to reduce the wave
. | ! heights in the harbour entrance
=h I ! area. In fact, in the case of a
% | r harbour entrance for a marina at
2 : ! Muizenberg near Cape Town one
x ' | proposed solution involved the
Z 0 AJ ] provigsion of a specially shaped
5 - - HAX PERMISSIBLE Com = offshore depression combined with
- K?(:&_ i i re%atively short breakwaters
= R, 0/ I N, ! which was found to reduce wave
e {#m VEE -[BOTTOM) o penetration to acceptable limits
zo@ s — }r% ani, at tZe'tiameatime, Zmproved
E =~ I S en condi tions
; ?<2?5- ;n_VEE” BOTTOM ) [ I)y

%
o L. |
B5° 140,6° 146,3° i51,8° 157,5°
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Fig. 16. Wave penetration at
Sandy Point for various
Vee-bottom channel beds.

Wave penetration Richards Bay proposed layout

The final layout for the Richards Bay harbour entrance arrived at after
some two and a half years research into the wave concentration problem
is shown in Figure 4. Relative wave heights for ESE'ly waves are shown
in Figure 6, which shows the considerable wave attenuation for the
direction parallel to the channel, and for the 'eritical' directiom of
1461° in Figure 17, which shows the remaining wave concentration on the
south channel slope.

Figure 18 gives the SE'ly wave condition, which results in far the
worst wave attack on the South breakwater, causing serious problems to
the stability of breakwater armouring. Figure 19 gives the 'critical'
wave direction of 77° for the north slope of the channel (77 deep sea
or 90° at the seaward end of the channel). Although some concentration
is noted on the north channel slope this causes no problems whatsoever.

Wave orthogonals, based on conventional refraction theory, are
superimposed on the wave penetration diagrams of Figures 17, 18 and 19.
The agreement between model tests and refraction theory is again seen
to be very good, both qualitatively as well as quantitatively.
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The wave penetration inside the harbour opposite Sandy Point is shown
in Figure 20 for 12 s waves and all directions tested, Wave conditions
inside the harbour were not to exceed 0,9 m more often than once in 10
years. As may be seen from Figure 20 this requirement, however, was
not met for the layout shown in Figure 4. The only way to further
reduce the wave penetration was found to be a 1 km long Vee~bottom
(see Figure 16).
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Fig. 20. Wave penetration at Sandy Point for
Richards Bay final layout.

EFFECT OF IRREGULAR WAVES

The above considerations are all based on uniform waves which seldom
occur in nature. Since the wave concentration only occurred in a
narrow direction band it was decided to investigate the effect of irre-
gular wave spectra particularly of a direction spectrum.

With the available wave generating equipment it was possible to
generate pseudo-random waves both with varying wave heights only as
well as with simultaneous direction, height and period Varlatlons'
Tests were carried out with the basic wave directions of 152° and 157
which are in the critical direction sector, and a dominant wave perlod
of 12 s. The direction spread achieved was 7° (model input) which can
be accepted to occur under most conditions found in nature®’.

Obviously, the wave measuring method used for the uniform waves,
which was done for 10 s intervals on a close grid of 0,35 m by 1 m,
could not be used for the irregular wave tests, Instead, the incident
waves and the waves inside the harbour were measured simultaneously at
six points for a 10 minute period, Simultaneously recorded 1 minute
sections of the records were spectrally analysed on a Varian 620,L.100
computer and the average ratio of Sandy Point and model input on values

*H =4 g=H, where 0 is the root of the variance and H the
significant wave height.
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were calculated to determine the wave penetration. The results, shown as
point values in Figure 20 show very close agreement between uniform wave
results and the wave height spectrum only. However, the wave height,
period and direction spectrum cases show a considerable reduction in
wave penetration, particularly for the 1571° case, for which the re-
duction is more than 50 per cent! Thus, provided it can be confirmed
that for the critical wave directions at Richards Bay the minimum wave
direction spread is at least 7 the entrance layout shown in Figure &

is completely satisfactory.

The above results prove that the wave concentration problem is,
in accordance with refraction theory, caused by a critical wave
direction which focusses the wave energy onto the channel slope.

It also follows that the tests with uniform uni-divectional waves
greatly exaggerate the wave concentrating and that, for situations
similar to the Richards Bay one, it will be necessary to tests with a
spectrum of wave heights, periods and directions.

CONCLUSIONS

Modern bulk carriers require wide and deep harbour entrances which

could result in serious wave penetration problems for waves running

near parallel to the entrance channel axis. However, due to the
existence of a 3,5 km long approach channel at Richards Bay this problem
was completely eliminated because these waves were considerably reduced
in height due to wave transformation in the approach channel. 1In the
case of Richards Bay, this applied to all wave directions within about
20° either side of the direction of the chanmel axis.

Since the avoidance of beam waves also improves the navigability of
the entrance '°it thus follows that the direction of the entrance channel
should preferably coincide with the dominant wave directions to minimise
wave penetration.

Particularly, when the incident waves are limited to a relatively
small direction sector selective offshore dredging can thus be utilised
to reduce wave heights in a harbour entrance considerably reducing the
problem of wave penetration.

At Richards Bay the channel alignment had to be made 111° because
of the existence of a sub-bottom gorge in the base rock and also to limit
the length of the apgroach channel, which did not agree with the dominant

wave approach of 1587, In any case, recorded wave directions covered a
direction sector of about 80 (in the channel area) which is much larger
than the above 2 x 20° = 40° sector. For the angles of wave approach

in excess of 20 relative to the channel axis, serious wave concentration
was found to occur on the chanmel slopes particularly when the angle
was close to the 'critical' value.

From a comparison of model test results and wave orthogonals based
on refraction theory, it was established that the wave concentration is
mainly caused by wave refraction on the channel slope.

Based on extensive model tests it was found that this problem could
be minimised for the Richards Bay harbour layout by providing a flat
1 in 100 south channel slope, by using a short kink at the end of the
south breakwater and by dredging a Vee-shaped channel bottom. The
optimum distance from the breakwater foot to the channel edge was found
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to be 100 m and the channel should have a minimum widening towards
it's seaward end. The wave concentration of course, can be avoided
by lengthening the breakwaters but in most cases this would be
uneconomical.

As a result of the wave concentration on the channel slopes, special
attention had to be given to the stability of the breakwaters which
experienced wave heights greatly in excess of the incident wave heights
used in the design.

It was found recently that the wave concentration and resulting wave
penetration were considerably reduced when a wave height, period and
direction spectrum was introduced in the Richards Bay model. It is
thus clear that, in similar studies, not only should a large number
of wave directions, possibly with only 5 in between, be used in the
tests but preferably irregular waves with regard to wave height period
and divection should be used to avoid considerable ervors in the
results obtained from tests with uniform waves.

Measurements of prototype directional spectra thus becomes a
prerequisite for accurate reproduction in the model of prototype condi-
tions. Moreover, model wave machines which can cope with directional
wave spectra should be employed for these studies.
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