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PSIS . i ,
gﬁ?s armour sizes on sea side, crest and inner side of a rubble mound breakwater, the

toe structure has to be designed too. This paper focusses entirely on the stablhté/ [ot;etsltlgs

toe structure, as good design rules are lacking, and is based on srm_xll scale mo eed r_hai

'I?he inﬂuenc:a of the governing parameters on stability has been descrﬂ;i:q. Itl;gﬁﬁeyarA fhat
i nly minor influence on this s . .

ave steepness and toe width had no or o [nen - stad !
:itesi:rvn fOI'IlluI[:l has beed suggested, with the range of application, and fills in the gap i

=}
existing knowledge.

DUCTION ' 1
}I;Tﬂioclassical design of a rubble mound breakwater, both, functional and structura

- - . ing,
considerations play a role. Functional considerations are mainly wavc;. o;rz:;ogfn f;e
reflection and wave transmission by the breakwater. Important structural elem
distinguished along the perimeter of the structure:

* armour layer,
* crest and inner slope,
* e,

Data about the stability of the armour layer are wid.ely available (Van g!lf‘:r M;:e;eslfii)&

and data about wave overtopping and wave transmission, and the lstf;xc ::S}irogs o dor

i ted by the authors on severa

inner slope have recently been presen ! e Mo and

i d d'Angremond, 1991, Van
Meer and Pilarczyk, 1990, Van der Mee:j and o Meer 26
i nly to support the armour layer,

Daemen, 1994). The function of the toe Is mai Fty Datn
i iti i the base of the structure (Fig. !
de a transition to Jow(er) weight units in 0 .

Eli(c):zt T.he stability of the toe are lcéss in number. That is the reason to attach specia

attention to this part of the structure in this paper.

EXISTING INFORMATION

of toe depth “
%ffauzggili{y of r.hg toe was traditionally related to the stability of the armour layer. Fo

o . a
values of h/H, = 1.3, a minimum weight of the units in the toe was given fas \?’ai?énzor
clarification of the parameters used, one is referred to Fig. 1 and the table of no .

1996,
308 Advances in coastal structures and breakwaters. Thomas Telford, London, g

PAPER 19: VAN DER MEER ETAL.

b !

toe structure

Fig. I Cross-section of rubble mound breakwater

For a greater submergence, with values of h/H, > 2, the toe unit weight could be
reduced 1o W/10 to W/15 {Shore Protection Manual, 1984), These design rules were
attractive because of their simplicity; they were, kowever, not based on extensive research
or comprehensive theoretical considerations,

Though not really intended for use in the toe of
Protection Manual

the toe h/h,, and the stability
of H/AD,,, for larger values of h/h

¢ time
the context of the CIAD-report (1685). Tt was attempted in vain to find z relation between
H/AD,,, and b/H,, probably

because of the presence of H; in both dimensionless
parameters. Eventually,

a stability number is recommended, but the standard deviation
proved to be considerable.

Influence of wave period

Gravesen and Serensen (1977) indicated that waves with a high steepress (short wave
period) are causing more damage than waves with a low steepness. This assumption was
based on a very small number of tests, and it was not confirmed by the CIAD report.

Re-analysis of existing daiq

As one of the authors of the CUR/CIRIA Manual, Van der Meer re-analyzed existing test
series of Delft Hydraulics and the Danish Hydraulic Institute to establish a more accept-
able relationship between wave action, structural design and damage of the e, He
defined damage levels and found 3-10% acceptable, as only flattening out of the toe
Occurred and the support to the armour layer was maintained. The tests that were availabje
for re-analysis were mainly done in depth limited conditions, with a ratio H/h, close to
0.5.

It appears that a similar tendency is found as in the Shore Protection Manual and in the

original work of Brebper and Dennelly: 2 high location of the toe leads 1o a considerable

reduction of stability. When the actual results of Brebner and Donnelly were compared
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with the apalysis of CUR/CIRIA, they appeared to be too low as long as H was taken
equal to H,. Introduction of a value H = H,;,, as recomumended in the Shore Protection
Manual for the Hudson formula, brought the tests with regular waves close io those with
random waves. The design curve recommended by CUR/CIRIA (Fig. 2) is not completely
satisfactory as the evdiuation is based on experiments under depth limited conditions only
and the possible influence of wave period or wave steepness has not been investigated.
The curve can be expressed by the following equation:

H B\
Too=87 |2 60
AD

1.0k Depth-limited conditions ¢ 0.3% DH
* 3.10% DH
- 3-10% DHI
Q.8[ B >20% DH
® > 20% DHI
—~~SPM (H; )

06 - - SEM (Hy )

hl Ihlll

0.4

Hy /4 Dy

Fig. 2 Survey test results on toe stability; CUR/CIRIA (1991)

PRESENT INVESTIGATIONS

Because of the unsatisfactory situation from a designers point of view, it was decided by
Delft University and Delft Hydraulics to carry out additional investigations. The investiga-
tions were carried out by Gerding as fulfilment of his masters thesis (Gerding, 1993).

Test Conditions

Medel tests were carried out in the "Scheldt" flume of Delft Hydraulics. The length of
this flume is 50 m, the width 1.0 m, and the depth 1.2 m. A short and relatvely steep
foreshore was present with a slope of 1:20, the structure was placed 18 m from the wave
generator. (Fig. 3).
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wave gaages 3 and 4

wave gauges 1 and 2 +12 (without structure)
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Fig. 3 Longitudinal section of the "Scheidt” flume

Before running the actual tests, the wave characteristics were determined in the absence of
the breakwater. In this way, the relation between wave characteristics at the location of
the breakwater could be compared with the "deep water” wave characteristics, Tests were
carried out for "deep” water depths of 0.7, 0.8 and 0.9 m. It is evident that these wave
characteristics changed due to shoaling and breaking on the foreshore. The test pro-
gramme comprised of a variation of wave height (0.15, 0.20 and 0.25 m) and wave
steepness (0,02 and 0.04), all values given for the deep section of the flume, close to the
wave generator.

The stone diameter D, used for the toe in the model was 0.017 m, 0.025 m, 0.035m,
and 0.040 m, with a ratio Dg/D,; = 1.15 to 1.30. Three stone sizes were tested at the
same time by sub-dividing the width of the model in three sections. A range of toe heights
and toe widths was investigated for each combination of wave sieepness and wave height
(Fig. 4). A few tests were carried out with an intermediate wave steepness of 0.03, The
waves were generated according to a preset Jonswap spectrum. During the tests, H,, H,,
H,, were measured, as well as the average period and the peak period of the spectrum.
For the larger water depths and lower wave heights no breaking occurred, which means
that at the location of the structure the ratio between H, and H,, was about 1.4, For the
smaller water depths and larger wave heights a clear shallow water situation developed, in
which the wave heights are not any longer Rayleigh-distributed.

The duration of each test was such that it contained about 1000 waves. The damage was
determnined after each test by counting and weighing the total number of stones removed
from the toe structure, The damage was expressed in the damage number N, obtained by
dividing the number of stones removed from the section by the mumber of D, wide strips
in that section, Actually, N, is the actuzl number of stones removed, related to a width
(along the longitudinal axis of the structure) of one nominal diameter Dg.

Test Results

All data for a particular configuration (wave steepness s,,. deep water depth h, toe height
h, - h and tee width b) were plotted in graphs of Ny versus H,, and distinguishing
between the various stone sizes. The values of H, used in these damage curves are the
values measured at the location of the structure. Examples of such damage curves are
given in Fig. 5.
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A relation was established between the damage number N, as defined above and the

earlier work by Van der Meer in the CUR/CIRIA Manual (1991). Van der Meer distin-

guished three damage levels:

0-3% no {or only few) movement of stones in the toe;

3-10% toe flattened out but the supporting function with respect to the ammour
layer is still present;

>20-30% failure; the toe has lost its function.

These damage levels were represented by N, values of <0.5, 0.5-2.0, and >4.0

cToss section of test set-up

1o respectively. Evenwally, the damage curves were used to determine the wave heights
. causing the three defined damage levels N,, = 0.5, 2.0 and 4.0. In this way a data base
was created that contained the values of all relevant parameters.
030 0.20 012

+015 f
= ! INFLUENCE OF PARAMETERS

The database thus developed was used to analyze the influence of each parameter. This
influence will be briefly discussed for sach parameter, and where appropriate, an exarple
is given in the form of a graph.

test variations in height of toe stuctute test variatiots in width of toe stracture Influence of wave steepness s,

The influence of the wave steepness on the stability was checked by construing a graph of
H, versus s,, for each configuration and indicating the damage level. It appears that the
damage level is & clear function of the wave height, but there is no significant trend
indicating an influence of the steepness (Fig. 6).

¥ig. 4 Breakwater cross-section of test set-up

Sop = 0.02; b = 0.7m; hm- ht = 0.15m:; bt= 0.12m
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Fig. 5 Damage Jevel N,, as a function of significant wave height H, for various stone
diameters D, o, Fig. 6 Influence of wave steepness 8., on required wave height H, to cause fixed damage

levels N,
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Foliowing this conclusion, the database could be condensed, ignering the value of the
wave steepoess. Since this conclusion is based on a limited number of observations, it was
alse attempted to find a confirmation through the additional tests with wave steepness of
0.03. Figure 7 shows the damage curves for a configuration with a (deep) water depth of
0.7 m, a toe height h, - k, = 0.15 m, a toe width of b, of 0.12 m, and 2 stone diameter
Dy of 0.04 m. 1t is also clear from this figure that there is just one damage curve, which
is not affected by a different wave steepness.

h = 0.7m; hm- ht = 0.£5m; bt= 0.12m; Dx50= 0.040m

3.0+
. &
z

2.0+ .

1.0+ *

VN
*
0.0 T T T
0.10 Q.15 0.20 0.25
Hs (m)

Fig. 7 Influence of wave steepness s,, on damage curve

Influence of toe width b,

To assess the influence of the toe width, all data sets with identical water depth, toe height
and stone diameter are combined. Ploiting the toe width versus the wave height, again the
damage appears to be a function of the wave height only (Fig. 8). This permits us to
ignore the width of the toe as a parameter in the remainder of the analysis. For design
purposes, one should realize, however, that a larger toe permits acceptance of more
damage.

Influence of local warer depth h,
For given dimensions of the toe (note that this refers now to the height of the toe only),
the influence of the water depth directly in front of the structure represents the submerg-
ence of the toe, In view of the limited data that were found in literature, it is no surprise

that a larger local warter depth demands higher waves to create the same damage (Fig.9).
Influence of toe height k,, - k,

The influence of the toe height shows a similar tendency as the influence of the local
water depth.
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Fig. 8 Influence of toe width b, on required wave height H, to cause fixed damage
levels N,
h=09m; hm-ht=015m
03 .
% N =05
| & Nes -20
od 4D
= E
- %
027 - *
= T *
é /” //’ /’/ *
2] e -
oni //z ,,/’
01" -
’//
0.0 T T
0.00 0.02 0.04 0.06
Dmso (1)

Fig. 9 Relation between wave height H, and stone diameter D, for fixed damage levels.
Note that the lines do not cross the origin.

Influence of the stone diameter D,

When wave height and stone diameter are plotted against each other, it is again not
surprising that using larger stones leads to a more stable toe. The same is found in the
stability analysis of the armour layer. When analyzing available literature on the stability
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of the armour layer, all authors use 2 stability mumber H/AD,,. This implies that the
damage curves in a graphical representation cross the origin, This appears, however, not
0 be the case for the present tests on toe stability (Fig. 10). Physically, this is understand-
able because the armour layer is situated in the zone of direct wave attack, whereas the
toe is protected by its submerged position. This leads apparently to a threshold value and
an offset in the damage curves.

bm - bt = 0.15m; Dnso = 0.040m
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Fig. 10 Influence of iocal water depth h;, on required wave height H, to cause fixed
damage levels N,

ANALYSIS

Although the data show quite some scatter, a relation could be established between wave
height and damage level. The shape of such 2 damage curve can be described by the
relation:

H =b NP @

¥

Introduction of the stability nember H/AD , as & dimensionless parameter in the analysis
has the advantage that it relates directly to the traditional presenfation of breakwater
stability. It has the disadvantage that the above mentioned offset is introduced. For the
first analysis, it has been decided to stick to the traditional presentation. Under the
assumption that the damage is also a (power) function of the relative submergence of the
twe b /h,, we can plot ali tests as in Fig. 11. The best fit expression for the damage
becomes:

(3)

This relation is valid in the range 0.4 < (h /b)) < 0.9.
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After rewriting and transformation of the damage percentage into the damage Jevel N, it
was possible 1o introduce the expression by Van der Meer, as shown in Fig. 2 and
Eq. (1), into the plot of the present data in Fig. 11. It becomes clear that the earlier
recommendation and the present best fit are quite similar. The remaining difference
between the two curves can be explained by the definition of acceptable damage, in
percentages in the CUR/CIRIA manual, and in the form of N, in the present study.
Judging Eq. (3) on the basis of Fig. 11, it is clear that the scatter of results zround the
best fit is not very satisfactory.

10

+
z
b
kY

Hs
A Dnso
'S

Equation (3)

ht/ hm
Fig, 11 Stability as & function of h/h,,

It is evident that another parameter had to be found to take into account the submergence
of the toe. In the Shore Protection Manual, the relation b /H, is used. This implies a
sccond use of one of the parameters that was already included in the stability number
H/ADs,. Instead of using H, again, one could also opt for D,g, to make h, dimensionless.
In the study, both options have been worked out. The results are demonstrated in Fig. 12a
and 12b. It is evident that eventually h, /D, was chosen as parameter in the ultimate
telation. Best fit procedures resulted in the following expression:

L [0 24 b Le| N2V (4j
- il » Dd
AD.';SO ‘Drr_fo
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Fig. 12 Stability as a function of dimensionless toe heights h/D. s, and h/H,

An idea of the overall quality of this result may be obtained from Fig. 13, which shows
an acceptable reduction of the scatter as compared with Fig, 11. Eq. (4) can be used in
the range:

0.4 < h/h, < 0.9

3 < /Dy < 25
Almost no damage means N, = 0.5, acceptable damage means N, = 2 (some flattening
out) and severe damage can be described by N, = 4. The latter damage levels relate to a

"normal” toe which has a width of a few diameters. For larger toes a higher damage level
can be acceptable as more stones are then available in the toe.
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Fig. 13 Overall results with suggested design curve

DISCUSSION

The result presented in Eq. (4} is an acceptable approximation of the test results. For
values h, < 0, the stability number is 1.6. Physically, this condition represents a sitzation
that the toe extends to a level above MSL. The toe has thus been reconditioned into an
armour layer, and one would expect a similar stability behaviour. In comparable condi-
tions, the use of the Van der Meer stability formula for armour rock leads to a stability
number of 1.7, indeed very close to the 1.6 found in the present study,

The Shore Protection Manual {1984} gives for toe structures with h/H, > 2 the advise to
use W/10 to W/15, where W is the weight of the armour layer. Using H/AD 4 = 1.7 for
armour layers, as suggested above, this becomes H/AD, = 3.7 to 4.2 for the toe, These
values are also given in ¥ig. 13. For fairly deep toe structures this means that the SPM-
advice is a conservative one.

Attention was also paid to the shallow water effects, and in particular to the deformation
of the Rayleigh distribution due to breaking. In such case, ome would expect that H,
would yield better results than the use of H,. In the present case, such substitution did not
decease the existing scatter. It is emphasized that in the present series of tests the density
of the stone (and thus A) was not varied.

CONCLUSIONS

Besides very rough design rules (Shore Protection Manual, 1984) and a method for depth
limited situations only (CUR/CIRIA manuzl, 1991), good design information om toe
structure stability at rubble mound breakwaters is lacking.
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Small scale model tests showed that the influence of wave steepness and toe width on
stability was neglectable. The stability of the toe can be described by the stability number
H/AD 5, the relative toe depth h/D,y, and the damage level N,

A design formula has been suggested (Eq. 4) with the range of application.

NOTATION
b, width of the toe structure (m)
Dyy  nominal diameter (Mg/p)"? (m)
h deep water depth (m)
h,, shallow water depth near structure (m)
h, water depth above the toe structure (m)
Hpe  significant wave height, calculated from energy density spectrum (m)
H, significant wave height, calculated from wave height distribution {m)
H,, significant wave height near the wave board (m)
H,, wave height exceeded by 2% of the waves {m)
m,  zero-th moment of wave energy spectrum (m?
M,  average mass of stone class (kg
N,«  number of stones displaced out of a strip (zlong the longimdinal

axis of the structure) with a width of ane D4, )
S fictitious wave steepness (2#H, /gT,2 )
Ta mean wave period (s)
T, wave period at peak of energy density spectrum (s)
25 mass density of stone {kg/m®)
P mass density of water (kg/m%)
A relative density (o, /o, -1) {-)
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