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Samenvatting 

Stortsteen Laluds en grindstranden onder golfaanval 

Taluds van losgestorte matcrialen onder golLwnval werden onderzocht met 

behulp van klein en grootschalige physische modellen. Deze taluds kunnen wor

den onderverdeeld in stortsteen golfbrekers, stortsteen taludverdcdigingen, 

steen- en grindstranden. De koostrukties kunnen kortweg worden verdeeld in 

statisch e11 dynamisch stabiele konstrukties. 

Bij statisch stabiele koostrukties is geen of maar weinig verplaatsing van 

ma.teriaal toegestaan. Als vcrplaatsing optreedt, wordt gesproken van schade 

aan de konstruktie. Dynamisch stabiele koostrukties kenmerken zich door het 

instellen van een profiel onder golfaanvaL In dit geval is niet de schade van 

belang, maar het gevormde profiel. Deze studie beschrijft het gebied van "geen 

schade'' bij statisch stabiele koostrukties 

mm) grind onder prototype omstandigheden. 

tot de profielvorming van fijn ( 4 

Als eerste worden variabelen behandeld die van invloed kunnen zijn op stabi

liteit en profielvorming. De achtergronden en vermoedelijke invloeden van deze 

variabelen worden beschreven. De variabelen worden herleid tot dimensieloze 

grootheden. De rnagelijkheden en gevaren van het gebruik van dimensieloze vari

abelen worden toegelicht. Uiteindelijk wordt een lijst geproduceerd met van 

belang zijnde dimensieloze variabelen en hun mogelijk toepassingsgebied. 

Hoofdstuk 2 behandelt deze materie. 

Het physisch onderzoek is zodanig opgezet dat alle van belang geachtte 

dimensieloze variabelen werden ouderzocht in een zo breed mogelijk gebied. 

Hierdoor zullen ook de resultaten een breed toepassingsgebied beslaan. In eer

ste instantie is een kwalitatieve analyse uitgevoerd op de resultaten. Bij 

statische stabiliteit werden invloeden op de stabiliteit beschreven met behulp 

van zogenaamde H5 /tiDn50 -E:m plots. De kwalitatieve resultaten bij dynamische 

stabiliteit werden geanalyseerd door profielen rechtstreeks met elkaar te ver

gelijken. 

Funktionele verbaliden werden afgeleid met als basis de resultaten van de 

kwalitatieve 3nalyse. Het onderzoek naar statische stabiliteit heeft geleid 

tot twee stabiliteitsformules, één voor brekende en één voor nif>t-brekende 

golven, die de st<Jbiliteit van statisch stabiele stortsteen koostrukties he

schrijven. De welhekende 1\udson fonnule, overigt'ns impliciet verwerkt in de 

formules, kan hiermee worden verv.--mgen. Hoofdstuk 1 behandelt de opzet en ,lJw

lyse van de statiscl1 stabiele konstrukties. 



De funktioncle verbanden, gevonden voor dynamisch stahiele konstrukties, 

hebben geleid tot een computer model waarmee het profiel kan worden berekend 

dat zich vormt op een willekeurig uitgangstalud. Het model werd geverifief'rd 

met afhankelijke en onafhankelijke proefgegevens en met prototype waarne

mingen. Berm golfbrekers, die momenteel een sterk groeiende belanstelling 

genieten, kunnen met dit model worden ontworpen. De opzet en analyse van dyna

misch stabiele koostrukties en de ontwikkeling van het model worden in hoofd

stuk 4 behandeld. 

Abstract 

Rock slopes and gravel beaches under wave attack 

The stability of slopes consisring of loose materials under wave attack have 

been investigated with the aid of small and large scale physical models. These 

slopes can be divided into rubble mound breakwaters, rubble mound revetments, 

rock beaches and gravel or shingle beaches. The structures may be treated as 

either statically or dynamically stable. 

No displacement of material or only very little is allowed for statically 

stabie structures. Displacement of stanes is called daaage. Dynamically stable 

structures are characterized by the forming of a profile under wave attack. In 

this case damage is nat important, but the developed profile. This study des

cribes the range from "no damage" to statically stable structures up to the 

profile development of very small (4 mm) shingle under prototype circumstan-

ces. 

Governing variables on stability and profile development were treated first. 

The basic background and pos si ble influences of these variables we re descri

bed. The variables were transformed into dimensionless governing variables. 

The possibilities and disadvantages of using dimensionless variables were 

highlighted. A list of governing variables with their possible range of appli

cation was given finally. Chapter 2 deals with these aspects. 

The physical investigation was set up in such a way that all listed gover

ning variables were stuclied in a range as wide as possible. This means that 

the results will cover a wide range of possible applications too. In a previ

ous stage a qualitative analysis was performed on the results. The influences 

on static stability were described by so-called lls/110 0 _50- t:m plots. The 

results of tl1e dynamically stabie structures were qualitatively analyzed by a 

direct comparison of l'rofiles. 



Functional relationships were established with the results of the qualita

tive analysis as a basis. The investfgation on static stability resulted in 

two stability formulae, one for plunging and one for surging waves, which des

cribe the stability of statically stabie structures. The well-known Hudson 

fonnula, although implicitly described in the formulae, can he replaced by 

these formulae. Chapter 3 deals with the set-up and analysis of statically 

stabie structures. 

The functional relationships established for dynamically stabie structures 

resulted in a computer model which is able to compote the profile that will he 

developed under wave attack on an arbitrary initia! slope. The model was veri

fied with dependent and independent test results and with prototype measure

rnents. Berm breakwaters which gain increasing interest, cao be designed with 

the aid of this model. The set-up and analysis of dynamically stable struc

tures and the development of the model are described in Chapter 4. 
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ROCK SLOPES AND GRAVEL BEACIIES ONDER WAVE ATTACK 

1. Introduetion 

1.1 Introduetion to stability 

Most breakwaters and revetments are designed in such a way that no or only 

little darnage is allowed for in the design criteria, damage being defined as 

the displacement of the structure as a whole (caisson) or the displacement of 

armoor units. This criterion leads to large concrete structures ar large and 

heavy rock or artificial concrete elements for armouring. A more economie 

salution can be a structure with smaller elements, where profile development 

is being allowed in order to reach a stable profile. 

ln recent years, there has been an increasing demand for reliable design 

formulae, to cape with the ever growing diroenslons of the structures and the 

necessity to move into more hostile environments. Moreover, the alternative 

structores with high economical potential, soch as S-shaped and berm breakwa

ters, required new design techniques. 

The H/60 parameter can be used to give the relationship between different 

stroctures. Here: H = wave height, 6 = relative mass density and 0 = characte

ristic diameter of structure, armour unit, stone, gravel or sand. Structores 

such as caissons or structores with large armoor units are characterized by 

small values of H/t.O. Large values imply gravel beaches and sand beaches. 

Examples of types of stroctures with corresonding H/t..O valoes are shown in 

Figure l.l. 

Figure l.l gives the following roogh classification: 

• 11/60 < 1 Caissons or seawalls 

No damage is allowed, for these fixed stroctores. The diameter, D, can be 

the height or width of the structore. 

e H/t..O "' l - 4 Stabie breakwaters 

Generally, uniform slopes are applied with heavy artificial armoor units or 

natoral rock. Only little damage (displacement) is allowed onder severe 

design conditions. The diameter is a characteristic diameter of the unit, 

such as the nominal diameter. 

• H/60 = 3- 6 S-shaped aod bera breakwaters 

These structures are characterized by more or less steep slopes above and 
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below the still water level with a more gently intermediate part. This 

gentle slope reduces the wave farces on the armoor units. Berm breakwaters 

are designed with a rather steep seaward slope anc! a horizontal berm just 

above the still water level or tidal area. The first storms develop a more 

gentle profile which does not change later on. The profile changes to be 

expected are important. 

e H/~D • 6 - 20 Rock slopes / beaches 

The diameter of the rock is relatively small. The structure cannot with

atand severe wave attack without displacement of material. The profile 

which is being developed under different wave boundary conditions is the 

design objective. 

• H/~D • 15 - 500 Gravel beaches 

Grain sizes, between ten centimeters and four millimeters, can be classi

fied as gravel. Gravel beaches will change continuously under varying wave 

conditions and water levels (tide). Again the development of the profile is 

one of the design objectives. 

• H/W ) 500 Sand beaches and dunes 

Material with very smal! diameters can withstand severe wave attack. The 

Dutch coast is partly protected by sand dunes. The dune erosion and profile 

development during storm surge are the main design parameters. Extensive 

basic research bas been performed on this topic (Vellinga, 1986). 

Structures, designed to proteet coasts or harbours against wave attack, can 

be classified by the H/&D parameter described above. These structures can be 

classified into statically stable· structures and dynamically stable struc

tures, dependlog on the behaviour under design conditions. 

Statically stabie structures are structures where no or minor damage is 

allowed under design conditions. Damage is defined as displacement of armoor 

units. The mass of individual units must be large enough to withstand the wave 

forces during design conditions. Caissons and traditionally designed breakwa

ters beloog to the group of statically stable structures. The design is based 

on an optimum salution between design conditions, allowable damage and casts 

for construction and maintenance. Static stability is characterized by the 

design parameter daaage, and can roughly be classified by H/&D < 4. 

Dynamically stable structures are structures where profile development is 

accepted. Units (stones, gravel or sand) are displaced by wave action until a 

profile is reached where the transport capaci ty a long the profile is reduced 
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to a minimum. Material around the still water level is continuously rnaving 

during each run-up and run-down of the waves, but when the net transport capa

city has become zero the profile has reached an equilibrium. Dynamic stability 

is characterized by the design parameter profile, and cao roughly be classi

fied by H/AD ) 6. 

Rock slopes and gravel beaches can be divided into statically and dynami

cally s table s truc tures. Sta bi li ty of indi vidual s tones is concerned in the 

case of static stability. For dynamic stability the transport capacity along 

the slope is important. The intermediate range where static stability passes 

into dynamic stability is the most difficult area to describe. Bath the stabi

lity of individual stanes and the transport capacity along the slope must be 

taken into account. 

The design of statically stable rubble mound (rock) breakwaters and revet

ments and dynamically stable rock slopes and gravel beaches will be discussed 

in this theses. This encompasses a range of H/l'ID values from 1 - 500. Rubble 

mound structures armoured with artificial concrete units and structures such 

as caissons will nat be considered. 

Only the behaviour of the cross-section perpendicular to the alignment of 

the structure will be described. This is the damage for statically stabie 

structures and the profile for dynamically stable structures. The aspect of 

longshare transport of material due to oblique wave attack or currents has nat 

been considered during the research and has also not been considered in this 

thesis. 

In IAHR/PIANC (1986) a list of sea state parameters was produced. In their 

preface it was stated: "Active use of the recommended parameters and their 

symbols can significantly reduce the possibility of serious misunderstandings, 

and prevent further confusion. It is sincerely hoped that this document, re

commended for use by IAHR and PIANC, will benefit the marltime research and 

engineering community". The notation of symbols in the present thesis is ac

cordingly to the IAHR/PIANC list, as far as possible. This means that notation 

in this thesis may differ slightly from the notation in earlier publications 

of the author. 

1.2 Background of the research 

Stability of loose materfals under wave attack has been investigated all 

over the world during the past fifty years. Initially monochromatic waves were 

applied, investigations with random waves in the model facilities started 
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about twenty years ago. Many design formulae are still based on monochromatic 

wave tests, however. 

As far as static stability tests under .anocbro-atic waves are concerned the 

widely used Hudson formula (Hudson, 1959) will be discussed and the work of 

Hedar (1960), Losada and Giménez-Curto (1979a) and the large scale tests of 

Ahrens (1975) on riprap slopes. Thompson and Shuttler (1975) have performed an 

extensive research on static stability of riprap slopes onder rando• wave 

attack. Their work has been used as a startlog point for this basic research 

on static stability of rubble mound breakwaters and revetments under random 

wave attack. 

Dynamic stability of gravel beaches has been investigated at DELFT HYDRAU

LlCS during the past fifteen years. Summarized results have been published by 

Van Hijurn (1974, 1976), Van Hijurn and Pilarczyk (1982) and Pilarczyk and Den 

Boer (1983). Van Hijurn and Pilarczyk (1982) developed a model which described 

the dynamically stabie profile of gravel beaches in the range H/AD ~ 12 - 35. 

Their work has partly been the basis for an extensive literature review in 

order to study the validity of the model beyond the range tested, (DELFT 

HYDRAULICS-Ml809, (1984)). 

The latter literature study included also static stability of breakwaters 

and one objective of the study was to identify ''blank spots" in the knowledge 

of statically and dynamically stabie rock slopes and gravel beaches. The 

results of this study were used to set-up an extensive model investigation 

which was performed by the author, (DELFT HYDRAULICS-Ml983, (1988a and b)). 

First tests were performed in September 1983, the final tests were completed 

in December 1986. In total about 500 tests have been performed, divided into 

three parts: 

• small scale tests on static stability 

• small scale tests on dynamic stability 

• large scale tests on scale effects and extrapolation of dynamic stability 

up to the transition to sand beaches. 

The latter research- and the study of Thompson and Shuttler (1975), and the 

work of Van Hijurn and Pilarczyk (1982) have been the basis of this thesis. The 

methodology, the philosophy of approach and the governing variables for stabi

lity are described in Chapter 2. Static stability is described in Chapter 3, 

including the large scale tests on scale effects. Finally, dynamic stability 

is described in Chapter 4. 
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1.3 Conclusions and recoaaendations 

1.3.1 Static stability 

l. The stability of statically stabie rock slopes is determined by a large 

number of variables. The main governing variables are: 

The significant wave height at the structure: H, 
The average wave period: Tm 
The storm duration or number of waves: N 

The water depth at the structure: h 
The nomina! diameter of the stone: Dnso 
The relative ma" density: ' The slope angle of the front slope: cota 
The permeability of the structure: p 

2. A number of variables investigated had no or only minor influence on sta

bility. Amongst them are the speetral shape parameter, K , and the grading 

of the stones, Dss/DtS• 

3. A clearly defined damage level, S, was introduced by coupling the cross

sectional eroded area, A, to the nomina! diameter of the armour stones, 

2 s = A/Dnso (2.4) 

For the "no damage·· criterion of Hudson (1959), S is taken generally to be 

between l and 3. The lower and upper damage levels, that is the onset of 

damage and failure (filter layer visible), were determined from the inves

tigation. These damage levels should be considered in the design of a two 

diameter thick armour layer. 

DAMAGE LEVEL 2 s = A/Dso 

filter layer visible 
cota start of damage 

(2nso thick layer) 

1.5 2 8 
2.0 2 8 
3.0 2 12 
4.0 3 17 
6.0 3 17 
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4. The relation between the damage, S, and the number of waves, N, cao be 

described by s//N (N < 8500). The surf similarity parameter, ~m. describes 

the influence of wave steepness and slope angle in a proper way, but only 

for plunging (breaking) waves. For surging waves the dependency of slope 

angle and wave steepness on stability is different from that described by 

ç • The wave height, H8 , relative mass density, 6, and nomina! diameter, 
m 

D0so, cao be combined to the dimensionless wave height or stability num-

ber, H5 /t.D 0so• The permeability of the structure cao be described by the 

permeability coefficient P. The lower boundary of P is given by an imper

meable care (P c 0.1) and the upper boundary by a homogeneaus structure 

(P ~ 0.6). 

5. The dimensionless governing variables on static stability can be summari

zed as follows: 

S/IN 

Hs/llDn50 

<m 
cota 

p 

6. The relationship between the governing variables can be given by two sta

bility formulae, one for plunging waves and the other for surging waves. 

For plunging waves: 

I D * ~ - 6.2 P
0

"
18 

(S/"'N)
0

"
2 

Hs ll n50 "~m r'N (3.23) 

For surging waves: 

(3.24) 

The transition from plunging to surging waves is described by the loter

seetion of both formulae: 

~m • (6.2 P0.31 /tana) 1/(P + 0.5) 
(3.25) 

7. The influence of the truncation of the wave height exceedance curve on 

stability, due to depth limitation, can be described by using the H2% wave 

height in the formulae. This means that only the highest waves during a 

storm will influence stability. Formulae with H
2

% instead of Hs are given 
by Equations 3.26 and 3.27. 
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8. The reliability of the stability formulae can he expressed by consiclering 

the coefficients 6.2 and 1.0 in Equations 3.23 and 3.24 as stochastic 

variables. Assuming a normal distribution for these coefficients, the 

standard deviation of the coefficient 6.2 amounted to 0.4 (6.5%). For the 

coefficient 1.0 this amounted to 0.08 (8%). These values can be used in a 

probabilistic design. 

9. Large scale tests confirmed the validity of the above stability formulae. 

Physical model investigation on stability of 

the Reynolds number if Re is 

rock armoured slopes is 

between 4.104 and 7.105, 

not 

The influenced by 

value of 4.104 

fects. 

is not necessarily the lowest boundary to avoid scale ef-

10. The permeability coefficient, P, can be related to the volume of water 

that is stared (dissipated) in the care of the structure. This dissipated 

volume was computed in a first atternpt by the computer program HADEER. It 

is possible, therefore, to establish P for each actual structure on the 

basis of computations. It is recommended to extend research in this field. 

11. The stone shape, being more or less cubical tbraughout the investigation 

was not considered to be a governing variabie on stability. Test results 

indicate, however, that the shape of the stone, described by the roundness 

and the surface texture, have large influence on stability. Forther re

search is strongly recommended, using recently developed techniques to 

measure shape descriptors. 

1.3.2 Dynamic stabllity 

1 Dynamic stability is described in terms of 6 length or height parameters 

and 2 slope angles, characterizing the profile under wave action. These 

profiles were described in the range of Hs/6DnSO = 3 - 500. The curved 

profile around the still water level is described by two power functions. 

The lengtil and height parameters are related to the water level or to the 

local origin of the profile {the intersection with the still water level). 

This means that the profile description is independent of the initia! 

slope and of the location of the profile itself. The location of the pro

file is finally determined from the mass balance. The schematic profile is 

given in Figure 4.20. 

2. The governing variables for dynamic stability are: 

The nomina! diameter: 

The relative mass density of the stone: 
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The significant wave height at the structure: Hs 

The average wave period: Tm 
The storm duration or number of waves: N 

The water depth at the structure: h 

The angle of wave attack: ~ 

3. From the analysis of the profiles it foliowed that: 

Wave height and period have similar effects on the profile formation. 

This is expressed by the combined dimensionless wave height - wave 

period parameter, H0 T0 , which is described by: 

where: 

H0 '"" H8 /l!.Dn50 

Ta • I g/Dnso Tm 

dimensionless wave height parameter 

dimensionless wave period parameter, related to D0so 

The storm duration bas influence up to a very large number of waves. 

The speetral shape bas no influence on the profile, using Tm as the 

wave period. 

For H5/6Dn50 < 15 - 20 the developed profile is influenced by the ini

tia! slope. A methad to establish an equivalent slope angle was intro

doced, therefore. 

The initia! slope has no infloence on the profile for Hs/6DnSO ) 15-20. 
The shape of the material, cobical, long and flat, or rounded has no 

infloence on the profile. 

The profile is infloenced by the angle of wave attack, llJ. The length 

and height parameters shoold be redoced by cosllJ (except for one para

meter). 

The profile below the still water level becomes steeper when the stroc

ture is sitoated in shallow water. 

4. The profile parameters were related to the boundary conditlans and a com

puter program was developed to compote the profiles. The profile can be 

computed for an arbitrary initia! slope. A sequence of storms with varying 

water levels can be simolated by taking the last computed profile as the 

initia! profile for the next computation. 

5. The verification of the model with bath dependent and independent data 

showed good agreement between computation and measurement. 
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6. Possible applications of the model are: 

Computation of the behaviour of rock slopes and gravel beaches. 

Design of a berm or mass armoured breakwater. 

Design of an S-shaped breakwater. 

Prediction of the behaviour of filter layers and care of breakwaters 

under construction, for yearly storm conditions. 

Performance of a sensitivity analysis on a designed profile. 
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2. Governing variables 

2.1 Methodology 

2.1.1 Overall view 

Basic research in engineering is aften based on numerical and/or physical 

rnadeling of processes. lt depends largely on the process to be investigated 

whether numerical or physical rnadeling will be applied. Two aspects are impor

tant in this case. First the availability of theoretica! descript:ions of the 

process and the possibility of solving these descriptions. Secondly the possi

bility of physical modellog of the process. 

The possibility of solving a large amount of equations increases tremendous

ly with the aid of the fast increasing capacity of super computers. The deve

lopment of a lot of numerical models is based on this increased capaci ty of 

the computer. This is especially so in areas where physical rnadeling is nat or 

hardly possible. Breakthroughs in engineering have been realized. Sophistica

ted hindeast wave roodels are a good example of this. 

Numerical roodels have been developed in many area's where physical roodels 

were applied before. Expensive physical roodels are replaced by cheaper and 

faster numerical models. Wave penetration into harbours is an example. 

Stability of coastal structures has mostly been studled by means of physical 

modeling. One of the main reasans for this is the relatively easy way of ma

deling the structures and its loads by smal! scale roodels based on Froude's 

law. Another reason is the large number of governing variables involved in the 

processes. Only a part of them can be described by theoretica! descriptions or 

equations. 

A disadvantage of physical roodels is the possibility of model and scale ef

fects. Scale effects occur if physical properties can not be scaled properly. 

The Reynolds number is one of the most important proporties which is not sca

led correctly. Large scale investigation (in the Delta Flume) might, however, 

overcome this problem. Model effects result from an impraper schematization of 

the processes, with respect to nature. Common effects are parasttic reflection 

from model boondarles and wave board, basin resonance, etc. By applying modern 

wave generation techniques, these parasitic effects have been eliminated. 

The processes involved with stability of coastal structures onder wave at

tack are given in a basic scheme in Figure 2.1. The environmental conditlans 
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A. Environmental parameters B. Structural 

descrihing the water motion parameters 

in front of the structure 

~ ~ ! 
c. WADS D. STRENGTH 

External water motion Resistance against 

Internal water motion wave loads 

t ! 
E. Description of static and 

dynamic stability: 

damage, profile 

Figure 2.1 Basic scheme of coastal structures under wave attack 

lead to a number of parameters which describe the water motion in front of the 

structure. These parameters are nat influenced by the structure ltself, and 

generally, the designer of a structure bas no influence on these parameters. 

Wave height, period and water depth are the main environmental parameters. The 

structure can be described by a large number of structural parameters. Same 

important structural parameters are the slope of the structure, the mass and 

mass density of the rock, and the dimensions of the structure. 

The loads on the structure or on structural elements are given by bath the 

environmental and the structural parameters. These loads can be divided into 

loads due to external water motion on the slope and loads generated by inter

na! water motion in the structure. The external water motion is affected by 

amongst others the deformation of the wave (breaking or nat breaking), the 

run-up and run-down, reflection and overtopping. The internal water motion 

describes the penetration or dissipation of water into the structure, the 

varlation of pare pressores and the varlation of the freatic line. 

Almast all structural parameters might have some or large influence on the 

loads. Size, shape and grading of armour stanes have influence on the rough

ness of the slope, and therefore on run-up and run-down. Filter size and gra

ding, tagether with the above mentioned characteristics of the armour stones, 

have an influence on the permeability of the structure, and hence on the in

ternal water motion. 
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The reststance against 'the wave loads can be called the strength of the 

structure. All structural parameters tagether describe the strength of the 

structure. Most of them have influence too on the loads, as described above. 

Final1y, the behaviour of the structure (strength) under the water motion 

(loads) leads to a description of static and dynamic stability, given by the 

thresho1d of motion or the subsequent profile deformation, respectively. 

Figure 2.1 can be used too in order to describe the various ways of physical 

and numerical modelling of the stability of coastal structures. A black box 

methad is used if the environmental parameters (A in Fig. 2.1) and the struc

tural parameters (B in Fig. 2.1) are modelled physically, and the results (E 

in Fig. 2.1) are given in graphs or formulae. Description of water motion (C) 

and influence on strength (D) is not considered. 

A grey box metbod is used if parts of the loads (C) are described by theore

tica! formulations or numerical models which are related to the strength (D) 

of the structure by means of a failure criterion or reliability function. The 

theoretica! derfvation of a stability formula might be the simplest example of 

this. 

With regard to numerical rnadelling the recent work of Kobayashi et al (1985, 

1986 and 1987) should be mentioned. He developed a numerical model of wave 

motion on a slope and coupled the water veloeities with stability criteria for 

rubble. In this way stability curves for monochromatic waves were derived 

solely with a numerical modeL But even with this model it is difficult to 

incorporate for instanee the influence of random waves, storm duration and 

permeability on stability, which means that it does not describe the loads (C) 

and strengtW (D) completely. 

Other numerical work has been described by Barends (1985) and Hölscher and 

Barends (1986) who developed the computer code HADEER. This model is able to 

compote the internal water motion in the structure for given hydrodynamic 

boundary conditions on the slope. 

Finally, a white box is used if all relevant loads and failure criteria can 

be described by theoretica! formulations or numerical models. It is obvious 

that it will take a long time and a tremendoos research effort befare coastal 

structures can be designed by means of a white box. 

Therefore, the grey box methad was described in this thesis. The behaviour 

of the structure was studled by means of an extensive physical model investi-
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gation. However, in addition qualitative descriptions of processes were given 

wherever possible, including the computer code HADEER which was used to esta

blish the permeability of the structure with regard to stability. Finally, 

scale effects were stuclied by means of large scale tests. 

2.1.2 Philosophy of approach 

Based on lirerature a list of governing variables can be composed and an 

approximation can be made of the qualitative influences of these variables on 

stability. As it is hardly feasible to investigate all variables, a selection 

is made again based on the work of other researchers. 

The model investigation is performed on a smal! scale. Direct results, 

therefore, will be available in model units. Application into prototype design 

is possible by using scale relations, generally basedon Froude's law. Another 

possibility is to describe the variables in a dimensionless way. 

A warning with respect to the use of dimensionless variables should be given 

bere. The choice of the length parameter in dimensional analysis defines the 

shape of most dimensionless variables. The choice of this parameter, there

fore, is extremely important and should in fact be the most governing variabie 

in the processes considered. The investigation should cover these variables in 

a wide range of possible application. If this requirement is not met, applica

tion of results is hardly possible and can lead to large errors. 

Overtopping on a structure can be used as an example. If the water depth is 

used as the length parameter, the dimensionless crest height is directly rela

ted to the water depth. lf the investigation is focussed on varlation of wave 

height, period, and crest height and not on water depth, the dimensionless 

expresslons found can hardly be used in situations with another water depth. 

The choice of the length parameter with respect to governing stability vari

ables is nat difficult. The diameter of the stone defines the behaviour of the 

structure, as described inSection 1.1. Large diameters give statically stabie 

structures as conventional breakwaters. Smaller diameters give dynamically 

stable structures as rock and gravel beaches. The diameter classifies the 

structure and will therefore be used as the characteristic length with regard 

to stability. 

Other processes are not influenced by the diameter of the armoor stone. The 

description of the waves and the overtopping with regard to the crest height, 

are examples of this. The choice of the length parameter in this case is ob-
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viously the wave height. Therefore it depends on the process considered which 

length parameter (diameter or wave height) is chosen in composing dimension

less variables. 

Another aspect of using dimensionless variables to be considered, is the 

extrapolation of results beyend the range tested. Therefore, the range tested 

should be given tagether with the possible range of application. Final results 

presented in 

application. 

a dimensionless way should be given tagether with the range of 

It is essential that the set-up of the investigation covers a 

of possible applications. If this requirement is met the final large part 

results can be applied in a wide range of applications. 

The results of the investigation will give quantitative measures for the 

governing variables. Unexpected phenomena should be considered in more detail 

in order to find the basic background. 

Finally the quantitative results have to be described by formulae in order 

to make the results applicable for ether researchers or designers. If possi

ble, formulae should be based on theoretica! backgrounds, using for instanee 

lower and upper boundaries. In a lot of cases, however, a theoretica! rela

tienship is nat available. Then curve fitting with a presumed functional rela

tienship might be used. 

Most warnings described for the use of dimensionless variables yield for 

curve fitting too. Extrapolation of the curve beyond the range tested, but 

within the range of possible application should be considered. lf the investi

gation, however, covers lower and upper boundaries of variables, curve fitting 

can be performed on a sound basis.·The set-up of the investigation, therefore, 

is extremely important and should cover a wide range of application, as said 

before. 

The functional relationship to be used for curve fitting might be a linear, 

exponential, logarithmic or power function. In this thesis the power function 

is used in most cases. This relationship has the advantage that variables can 

be combined in relatively simple equations. The power coefficient for each 

variabie expresses clearly the influence of that variabie and the relationship 

with the other variables. The other coefficient can still be a tunetion of 

ether variables. In this way the number of (curve fitted) coefficients will be 

minimized. The procedure of curve fitting will be treated in more detail in 

the relevant sections (Sections 3.4 and 4.4). 

Based on the procedures and comments described in this Sectien the philoso

phy of approach of the study can be summarized as fellows: 



-16-

1. Select the governing variables and describe the expected qualitative influ

ences on the process using a qualitative description of phenomena. Describe 

the governing variables in a dimensionless farm. Give the possible range of 

application of each variable. Chapter 2 deals with these aspects. 

2. Set up the investigation on the basis of the governing variables selected 

and try to cover the range of application of each variable. Sections 3.1 

and 3.2 give this set-up for static stability and Section 4.1 for dynamic 

stability. 

3. Analyze the qualitative results of the tests and try to find basic back

grounds of the processes involved. For static stability this is described 

inSection 3.3 and for dynamic stability in Sections 4.2 and 4.3. 

4. Try to derive functional relationships between the governing variables on 

the basis of the results of the analysis on the qualitative results. These 

sections on curve fitting are described in Sections 3.4 and 4.4 for static 

and dynamic stability, respectively. 

5. Verify the formulae derived on (dependent) test results and if possible on 

independent data. Sections 3.5 and 4.6 deal with this aspect. 

The following part of this Chapter deals first with the description and de

finition of the basic governing variables or descriptors of static and dynamic 

stability: damage {Section 2.2.1) and profile (Section 2.2.2). The main envi

ronmental parameters (A in Fig. 2.1) are described in more detail in Section 

2.3. These are the wave height, the wave period, the speetral shape and the 

storm duration. A list of governing variables is produced inSection 2.4.1 and 

dimensionless variables are composed with the diameter and wave height as cha

racteristic length parameters {Section 2.4.2). Finally the lists of governing 

variables is reviewed, resulting in separate lists for static {Section 2.4.3) 

and dynamic (Section 2.4.4) stability. The range of possible application is 

given for each variable. 

2.2 Descriptor& of static and dynaadc stability 

2.2.1 Damage 

Armour layers of statically stable structures consist of loose materials, 

such as large rock or artificial concrete units. Normal wave conditlans are 

not able to move or displace stanes or units of such armoor layers. Only under 

design conditlans wave farces can become so large that individual stanes or 

units can start rnaving (rocking) or can be displaced. 



-17-

For large structures with heavy artificial concrete units, especially slen

der units such as Dolosse, rocklog cao lead to breakage of the units. This 

breakage can cause an early failure of the armoor layer. A lot of research has 

been performed in recent years in order to describe the impact farces, caused 

by rocklog (DELFT HYDRAULICS-Ml968 (1983a and b), Hall et al (1984), Baird et 

al (1986), Nishigori et al (1986) and Scott et al (1986)). Other research was 

focussed on the strength of concrete armour units onder impact loading (Desa! 

(1976), Burcharth (1980, 198lb, 1984), Timco (1983a and b, 1984)). 

The maximum size of rock in armoor layers of breakwaters and revetments is 

limited by the available material in the quarry used. In almast all cases 

where good quality rock is used, the strength of the rock is large enough to 

withstand the impact loads caused by rocking. Therefore, the influence of 

rocking on stability of armour layers, consisting of rock, is usually not 

taken into account. 

The design process of a statically stable rubble mound breakwater or revet

ment should result in a unit mass for the armour layer. This mass is based on 

an economically optimum solution, where construction casts (higher for heavier 

rock) are compared with maintenance casts (higher for smaller rock). The 

amount of displacement of rock to be expected in the structures lifetime and 

under design conditions, is an essential parameter in the design process. This 

amount of displacement is called damage. 

Damage after a storm (or test) can be measured by counting the number of 

displaced stones, or by camparing the initia! profile of the slope with the 

profile after the event. 

Hudson (1959) measured damage with a rod equipped with a circular foot with 

a diameter equal to one-half the average diameter of the armour stones. Herlar 

(1960) counted the number of stanes displaced. Ahrens (1975) used the same 

metbod as Hudson (1959) for bis large wave tank tests. The survey pattern was 

a square grid with points 2 by 2 feet apart in the horizontal plane. This 

resulted in 6 parallel profiles along the slope. Brederiek (1984) used exactly 

the same method. Thompson and Shuttler (1975) used also a rad equipped with a 

circular foot with a diameter equal to one half of the average diameter of the 

armoor stones. A survey consisted of recordinga over a square grid of posi

tions (in plan) one average diameter apart. Ten profiles parallel along the 

slope were measured. 

Summarizing, the metbod of measuring damage by using a rod with a circular 

foot is used by many authors. The accuracy, i.e. the distance between the mea-
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sured points and the number of parallel profiles along the slope, differs in 

most investigations. 

Bath the methad of using a surface profiler and the methad of counting the 

number of displaced stanes result in a damage which bas to be related to the 

structure used. Hudson (1959) defined the "no damage criterion" as less than 

1% of displaced stones, where the actual number of stanes was related to the 

total number of armour stones. Herlar (1960) defined that the slope was consi

dered stabie until some of the stanes were just about to move. Ahrens (1975) 

defined "no damage" as a loss of the riprap layer erosion zone of 1.5 cubic 

feet per foot tank width. As Ahrens used three different stone sizes, this 

definition gives a larger tolerabie number of displaced stones, using smaller 

stones. 

Thompson and Shuttler {1975) defined a damage parameter, NA, as "the number 

of Dso sized spherical stanes eroded from a 9Dso width of slope which was 

obtained by dividing the product of the bulk density, Pb and the eroded volume 

by the size of a spherical stone". The figure 9D
50 

was applied as the average 

profile was measured with 10 sounding rods, placed one Dso apart, resulting in 

a width of 9o50 • The bulk density was used to take into account the porosity 

of the armoor layer. In fact a damage parameter was defined which should give 

an es ti ma ti on of the ac tual number of displaced s tones. Th is more exact, but 

also more difficult definition of damage can be expressed by: 

3 
NA = A Pb 9Dso/ (Pa Dso 1f /6) (2. 1) 

where: 

NA damage parameter 

A erosion area in a cross-section 

Pb ~ bulk density of material as laid on the slope. 

Dso : diameter of stone which exceeds the 50% value of the sieve curve 

Pa mass density of stone 

The advantage of a damage parameter as NA is that the damage is independent 

of the size of the armour layer (length above and below water level and thick

ness), compared to a percentage of damage. The parameter, NA, is directly re

lated to the erosion area and to the stone size. A problem can be the roeasore

ment of the bulk density in prototype. Another disadvantage is the use of the 

sieve diameter instead of the actual mass of the stone. Broderick (1984) dele

tes the bulk density and defines the damage, S, as the erosion area divided by 

the cube-root squared of the median stone mass, Wso, divided by the mass den

sity of the stone, Pa• 
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s = A/(Wso1Pa) 213 (2.2) 

In faet, the damage, S, is direetly related to the diameter of the stone 

used. By introduetion of the nomina! diameter, Dnso, where: 

DnSO = (Wso/Pa) 1/) (2.3) 

damage (Equation 2.2) ean be ehanged to: 

s = A/o~ 50 (2.4) 

A physieal deseription of the damage, S, in Equation 2.4 is the number of 

squares with a side DnSO whieh fit into the erosion area, see Figure 2.2. An 

other deseription of S is the number of eubie stanes with a side of Dnso, ero

ded within a width of one D0 so· The aetual number of stanes eroded within this 

width of one DnSO ean be more or less than S, dependlog on the porosity, the 

grading of the armour stanes and the shape of the stone. But generally, the 

actual number of stanes eroded within a width of one DnSO is equal to 0.7 to 1 

times the damage, S. 
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Figure 2.2 Damage, s, based on erosion area, A. 

Braderlek (1984) states that S • 2 is the lowest level of damage that ean be 

eonsistently deteeted in the survey data, using the average of 6 parallel pro-
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files. Thompson and Shuttler (1975) use an average of 10 parallel profiles 

and a smaller soundlog interval of one DnSO• They detected S values smaller 

than 0.5. Dependlog on the size of the armoor layer and the definition, the 

"no damage" criterion of Hudson (1959) and Ahrens (1975) is taken generally to 

be when 5 is between 1 and 3. Braderlek (1984) defines "no damage" as S • 2. 

Equation 2.4 gives a clearly defined damage level parameter, S. A clearly 

defined "no damage" criterion is found when 5 is set at a eertaio low level. 

2.2.2 Profile 

Static stability is described by using the damage level, S. This damage 

level is based on the average profiles of a eertaio number of parallel profi

les (see Section 2.2.1). The erosion part of the average profile is used for 

calculating s, and the accretion part(s), (below and/or above the water level) 

are less important. 

Dynamic stability is defined by the formation of a profile which can deviate 

substantially from the initia! profile. Now all the changes of the slope have 

to be taken into account. Interesting areas are for instance, the upper and 

lower points of movement, the depth of the erosion part and the amount and 

direction of transport of materiaL In fact the profile ltself is important 

tagether with the position of the profile with regard to the initia! profile. 

In order to describe a dynamically stable profile the profile has to he 

schematized into profile parameters. Early work has been done by Popov (1960), 

who described a profile under monochromatic wave attack by four heights rela

ted to the still water level and by three angles. Hls tests were performed for 

a 1:3 uniform initia! slope and described only profiles where material is 

transported downwards. 

Van Hijurn and Pilarczyk (1982) schematized the profile by a number of length 

and height parameters and angles, as shown in Figure 2.3. Initia! slopes were 

mainly 1:5 and 1:10 uniform slopes. Profile parameters were established for 

monochromatic and random waves and for perpendicular and oblique wave attack. 

Same parameters were related to the uniform initia! slope which means that it 

is difficult to describe the dynamic profile for initia! slopes with a more 

irregular shape. The model describes the ··equilibrium·· profile which is formed 

after a fairly long storm duration. Consequently the effect of short storm 

durations with varying water levels can nat he described correctly. A diffe

rence between Popov (1960) and Van Hijurn and Pilarczyk (1982) is the formation 

of a "step" for the gentler slopes of Van Hijurn and Pilarczyk, see Figure 2.3. 
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Figure 2.3 Model for dynamically stable profile (Van Hijurn and Pilarczyk 

(1982)). Symbols given in this Figure are oot described in the 

text or list of symbols. 

Recently, Powell (1986) performed a small scale investigation on shingle 

beaches. The tests were run with -anocbru.atic waves on a 1:5.5 initial slope. 

Small diameters of 2 and 4 mm were used where scale effects were present. The 

research covered the same range as the research of Van Hijurn (1974) with mono

chromatic waves (Hs/ADnSO • 13 - 30) and gives no additional data with regard 

to profile formation. 

Powell (1986) defined the profile by two power curves. The upper curve star

ted at the crest and described the run-up and run-down area, up to the transi

tion to the steep part (line with angle 13 in Figure 2.3). The lower curve 

started at this transition and described the step (see Figure 2.3). The pro

file was completely described with a forther definition of a crest height, a 

length for the upper curve and a depth for the lowest point of incipient mo

tion. 

As the research of Powell was based on monochromatic wave testing, the data 

will not be used here. Powell (1986-pp. 334, 335) gave the following recommen

dations for forther research: random wave testing, including research on the 

influence of shingle shape and grading, the time dependent formation of the 

profile and scale effects. lt is worth noting that all these recommendations 

were effected in the present research (described in Chapter 4). 

Static stability is described by damage and dynamic stability by the pro

file. The profile cao be schematized by profile parameters such as height and 

length parameters and angles. 
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2.3 Hain environmental parameters 

2.3.1 Wave height 

The International Commission for the study of Waves (PIANC, 1976) gave an 

overview of existing stability formulae for static stability of rock slopes. 

Generally, a stability formula can be developed by assuming incipient instabi

lity of an armoor unit, subjected to certain wave farces. Depending on the 

schematisation of resisting farces and wave farces, numerous formulae can be 

developed, as shown by the Commission mentioned above. 

Most stability formulae, however, have a camman part. And this part can be 

regarcled as very important for stability of rock slopes, but also for stabi

lity of artificia1 armoor units and for stability of placed block revetments. 

A general development of a stability formula will be given first. 

Figure 2.4 shows a part of an armoor layer. The slope angle is given by a, 

the natoral angle of re pose by ~ and the boyant ma ss of the stone by W', 

where: 

w' 

' ' 
•, 

' ' ' ' 

Figure 2.4 Schematisation of incipient instability 

(2.5) 

The wave farces are schematized by two farces, one parallel to the slope, 

Fp, and the other normal to the slope, FN· The same assumptions were made by 

Sigurdsson (1962). Assuming incipient instability the momenturn equation for 

the point A gives: 

FN sin~ D/2 + Fp cos~ D/2 = g W' sin(~-a) D/2 ( 2. 6) 

Generally, wave farces as Fp and FN are related to the wave height (Hudson 

(1959)) by the following equation: 
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( 2. 7) 

where: 

F • wave force 

C • coefficient 

D = diameter of the stone 

Assuming a coefficient Cl for the normal wave force, FN, a coefficient Cz 
for the parallel wave force, Fp, and assuming D = KDnSO• (K = coefficient), 

Equation 2.6 becomes with 2.7: 

Equation 2.8 can be elaborated to: 

H/AD0so - K sin(t - a)/(Cl sin$ + Cz cos$) (2. 9) 

with: 

• - (p -p)/p (2.10) a 

Defining the friction coefficient, ~. (Iribarren (1950)) as u = tan$, 

Equation 2.9 can finally be rewritten to: 

H/AD0so ~ K(ucosa - sina)/(ucl + Cz) (2.11) 

Equation 2.11 was already developed by Sigurdsson (1962). The H/AD 0 so is the 

same as the aften used stability number, N8 , (Hudson (1959)). In fact H/AD
0

so 
is a combination of two dimensionless variables, the H/Dn50 and the relative 

mass density, A. The H/ADn50 appears in a lot of stability formulae. 

In fact the ADnSO determines the stability of a stone under wave action. In 

Section 1.1 the H/ADn50 parameter (with DnsO .. D) was used to distinguish 

between various types of structures. Statica1ly stable structures have H/ADnsO 

values between 1 and 4, and dynamically stabie structures between 6 and 500. 

As described in Section 1.2 this thesis wil! deal with the range of H/ADn50 R 

1 - 500, which is the complete range for rock slopes and gravel beaches. 

Artificial armour units can be described by the nomina! diameter, Dn, where 

Dn- (W/pa)1/3. In that case H/AD cao be used. An important design parameter 
n 

for placed block revetments is the thickness of the blocks, D. With this defi-

nition of D, the parameter becomes H/AD. It is obvious that by using a nomina! 

diameter for a mass and a thickness for a block, the stability of different 
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structures under wave attack can be compared by using the parameter H/6.D as a 

reference. Moreover, structures onder steady flow regimes are aften described 

by the Shields parameter, u2/g6.Dn50· Assuming H :: u2 /g, the agreement between 

H/6.Dn50 and the Shields parameter becomes clear. 

Equation 2.11 can be rewritten to some well known formulae. Assuming that 

only a parallel force exists, (Cl = 0), Equation 2.11 becomes lribarren's for

mula: 

with: 

K1 == K/Cz 

Assuming only a normal force (Cz 

formula, modified by Hudson (1959): 

H/ t>.D 0 so Kz (ucosu -sina)/u 

with: 

(2.12) 

0), Equation 2.11 becomes Iribarren's 

(2.13) 

Hudson (1959) assumed for rubble structures cfl ,. 1, which reduces Equation 

2.11 to: 

H/li.DnsO K(cosu - sina)/(Cl + Cz) (2. 14) 

Hudson combined all coefficients to one coefficient, Kn, and replaced the 

term cosa- sina by (cota)l/3. This reduces Equation 2.14 to the well-known 

Hudson formula, although written in a more simple equation: 

H/~Dnso = (Ko cota)l/3 (2.15) 

Summarizing, H/öDnsO is an important variabie in a stability formula. Diffe

rent types of structures can be compared using this variable. 

The nomina! diameter, D0 so (Equation 2.3), and the relative mass density, A 

(Equation 2.10), have clearly been defined. The remaining part in the H/öDnso 

variabie is the wave height, H. The first statement to be tll.:3.de is that the 

wave height to be used in stability formulae is always the wave height in 

front of the structure. 



-25-

Wave belghts in a random sea state in deep water can be described by the 

Rayleigh probability distribution. This means that with one significant value 

of a wave height the probability of exceedance of other values can be calcula

ted. A well known value is the significant wave height, H8 , defined by the 

average of the highest one third of the waves in a time series, or defined by 

4 rm;;, where m0 is the zeroth moment of the wave energy density spectrum. 

Dther significant values are the root meao square value, Hrms • 2 fï ~ • 
1/12 H5 , and the H10 (Coastal Engineering Research Center - SPM (1984)), where 

H10 is the average of the highest 10 percent of the waves in a time series. 

Assuming a Rayleigh distribution for the wave heights, H10 cao be described by 

H10 = 1.27 Hs = 1.79 Hrms· 

Most structures are not situated in deep water which means that the assump

tion of a Rayleigh distributton of the wave height in front of the structure 

can not aften be made. Highest waves will break on the foreshore and this will 

reduce the wave farces on the structure. Instability of armour units is caused 

by the highest wave farces and therefore by the highest waves. Befarehand it 

is nat possible to say which characteristic value of the wave height will des

cribe stability in the most proper way. 

For this thesis the significant wave height in front of the structure, Hs, 

will be used. This means that the dimensionless wave height is described by 

H 8 /~Dn50• The value to be taken when the wave heights are nat Rayleigh distri-

buted will be discussed during the 

3.3). 

2.3.2 Wave period 

analysis of the test results (Section 

Random waves will be described by the significant wave height, H8 , as des

cribed in the previous Section. Random waves, however, have also to be charac

terized by one or more wave periods. Three characteristic wave periods are the 

peak period of the spectrum, Tp, the significant period, T8 , and the average 

period of the zero crossings, Tm' The average period, Tm, can also be calcula

ted from the spectrum by Tm = /m0/m2• Dependlog on the speetral shape the 

ratio of Tp/T8 , Tp/Tm and T8 /Tm can vary roughly from 1.0 to l.S. 

Random waves are described by the (significant) wave height, the (peak, sig

nificant, or average) wave period and a speetral shape parameter. It might be 

possible that by cho_osing the right wave period, the influence of the speetral 

shape will reduee ar will even beeome negligible. This means that the choice 

of the wave period has an impact on the influence of the speetral shape on the 

phenomenon described (stability, profile, run-up, reflection). Therefore, the 

eomparison of results for different spectra must give the answer whether a 

eertaio wave period ean deseribe the influence of different speetral shapes. 
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As long as one speetral shape is used for testing it is nat necessary to use 

Tp, t 5 and Tm simultaneously. Relationships established by using Tm can easily 

be rewritten to relationships with Tp or T8 , using the ratio Tp/Tm or T5 /Tm 

which is fairly constant for a given spectrum. The average zero up-crossing 

wave period, Tm, will be used in this thesis without any basic background for 

choosing this period. 

In the previous Section the wave height, H5 , was related to the relative 

mass density, A, and the nomina! diameter, D050 , resulting in the wave height 

parameter H /I:J.D • The wave period is aften written as a wave length and re-
s n50 

lated to the wave height, resulting in the wave steepness. The wave steepness, 

s, cao he defined by using the deep water wave 1ength, L ~ gT2Jz~: 

s = 2nH/gT2 (2.16) 

If the wave height in front of the structure is used in Equation 2.16, a 

fictitious wave steepness is obtained. This steepness is fictitious because H 

is the wave height in front of the structure and L is the wave length on deep 

water. The wave steepness be1ongs to the group of environmenta1 parameters, 

given by part A in Figure 2.1. 

Iribarren (1950) defined the similarity parameter, 1;, in which the wave 

steepness, s, is related to the s1ope angle of the structure, tana: 

1; = tana/IS (2.17) 

In fa ct, the similarity parameter belongs to part C of Figure 2.1, as the 

environmental parameter, s, is related to the structural parameter, cota. 

Battjes (1974a) described possible breaker types as a function of this para

meter and called it the surf similarity parameter. The parameter gives answer 

to the question whether the waves will break and how the waves will break. 

Figure 2.5 was taken from Battjes (1974a) and shows the rnai-n types of breaklog 

waves which are surging, co1lapsing, plunging and spilling. Battjes related 

the surf similarity parameter, Ç, to a number of characteristic surf parame

ters: the breaker criterion, the breaker type, the breaker height-to-depth 

ratio, the number of waves in the surf zone, the reflection coefficient, and 

the relative importance of set-up and run-up. 

In fact the surf similarity parameter has been used since then by many 

authors. Run-up and run-down were described by a function of ç by Günbak 

(1979) and Losada and Giménez-Curto (1981). Stability of rubble mound break-
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waters or revetments we re descri bed by a funct ion of I; by Ah rens ( 197 5), 

Losada and Giménez-Curto (1979a and b) and Pilarczyk and den Boer (1983). 

:/·,;;· 
:··:·- surgrng 
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""-~',)' .,_, .. :):.!W. - ,_.,.- •/X• . f - os 
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Figure 2.5 Breaker types as a function of!;:, Battjes (1974a) 

Summarizing, the wave period, T, cao be described by the dimensionless vari

ables s and I;. 

The use of H5 and Tm leads to the following dimensionless variables for the 

wave period: 

(2 .18) 

l;m • tana/15; (2 .19) 

These variables will be used to describe the influence of the wave period on 

static stability (damage) and dynamic stability (profile). 

2.3.3 Speetral shape 

In Sections 2.3.1 and 2.3.2 a choice was made to use the significant wave 

height, H8 , and the average wave period, 

spectrum (frequency domain) or from the 

T • Bath can be calculated 
m 

wave signal (time domain). 

from the 

The wave 

height and period, however, do not describe the shape of the energy density 

spectrum and the groupiness of the waves. 
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Various parameters were developed to describe the width of the spectrum. 

Well known parameters are E (Cartwright and Longuet Higgens (1956)) and Qp 

(Coda (1970)). Other parameters we re based on the wave signal and described 

the groupiness of the waves in the time domain. The mean length, }1 (H), and 

the mean total length J2 (H) of the wave groups (Goda (1970)) and the groupi

ness factor, GF (Funke and Mansard (1980)), are some of these parameters. None 

of these parameters, however, can be computed in bath the time and frequency 

domain. 

Based on the bivariate Rayleigh probability density function derived by 

Uhlenbeck (1943) and Rice (1945) the parameter, K, was developed. Battjes 

(1974a - Appendix 1) gives some details of this function. The parameter, K, is 

defined by: 

2 2 
Kf mO " [ r S(f)cos(2nh)df)

2 + [ r S(f)sin(2nh)df) 2 

0 0 

where: 

Kf ~ parameter of bivariate Rayleigh probability density function 

m0 n-th speetral moment of S(f) about f=O 

S(f) speetral density as a function of f 

f = wave frequency 

T time lag; in this case T 

(2.20) 

The bivariate Rayleigh probability density function is based on the statis

tical properties of the amplitude envelope of a narrow band Gaussfan process. 

The subscript f in Kf is used, as the parameter is defined in the frequency 

domain. 

The amplitude envelope theory rnentioned above cao be used to describe the 

correlation coefficient between wave heights. Arhan and Ezraty (1978) assume, 

therefore, that the amplitude envelope on an arbitrary time, R(t), can be 

transformed to R(t) = ~ H(t), that is the wave height envelope. This means 

that the envelope theory (the bivariate Rayleigh distribution) can be applied 

to wave heights. 

Bat t jes ( 197 4a) showed tha t K2 eq uals the coef Heient of linear corre lat ion 

of x2 and y2, the stochastic variables, X and Y both having a marginal Ray

leigh distribution. The parameter K, based on successive wave heights, cao 

then be defined by (Arhan and Ezraty (1978)): 

1 
N-1 

N-1 
1 

n=l 

1 N 

N I 
n=l 

(H2 
n 

- HZ) 

(2.21) 
2 
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where: 

KHH.t = parameter in bivariate Rayleigh distribution, based on successive 

wave belghts in the time domaio 

N = number of zero-upcrossings in a given time interval 

H = wave height - height of highest maximum of the time signal above 

lowest minimum between successive zero-upcrossings 

H2 average of the squared wave belghts 

Equation 2.20 gives K in the frequency domaio (Kf) and Equation 2.21 gives 

this parameter in the time domaio (KHH.t), the latter basedon successive wave 

heights. In fact Kf and KHH.t should give similar values. Battjes and Van 

Vledder (1984) concluded that (based on prototype measurements) the correla

tion coefficient of successive wave heights, and therefore KHH.t. is consis

tently larger than Kf• 

A forther comparison of Kf and KHH.t was performed by Stam (1988) who used 

data from small scale wave flornes and data from computer simulations. Hls re

sults will be considered in more detail, as a part of the data was based on 

the investigation described in this thesis. 

Figures 2.6 - 2.8 show the spectra osed by Stam (1988). Figure 2.6 gives 

three spectra with almast the same significant wave height and average period. 

Shown are a very narrow spectrum, a Piersen Moskowitz spectrum and a rather 

wide spectrum. These three spectra were used in the present investigation. 

Figure 2.7 shows besides a Jonswap and a Piersen Maskewitz spectrum also two 

double peaked spectra. Again the wave heights and average periods are more or 

less the same for all four spectra. The spectra were applied in the model 

investigation DELFT HYDRAUL1CS-H24 (1987). 

Figure 2.8 shows various stages of the Jonswap spectrum for which time his

tories were simulated by computer. 

Time signals were measured or simulated for all spectra shown in Figure 2.6 

2.8. The parameters Kf and KHH.t were computed for all data and are shown in 

Figure 2.9. The same tendency as found by Battjes and Van Vledder (1984) is 

present in this Figure. The KHH.t is consistently larger than Kf• 

Stam (1988) analyzed the assumptions for both theories of Kf and KHH.t and 

found that one of the assomptions made by Arhan and Ezraty (1978) caused the 

difference. The amplitude envelope, R(t), was transformed to the wave height 

envelope, assuming R(t) • \ H(t). This assumption implies that the correlation 
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between successive amplitudes is the same as the correlation between succes

sive wave heights. Probably this assumption yields only for very narrow spec

tra, as can he seen in Figure 2.9. 

In order to verify the assumption mentioned above, Stam (1988) calculated 

the parameter Kaa. t based on succes si ve amplitudes. K aa. t is then def ined, 
according to Equation 2.21: 

0.012 
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K aa.t 

where: 

N-1 
-

1
- L (a2 - 7)(a2 - 7) 

N-1 n=l n n n+l 

1 N - 1 (a2 - 7)2 
N 

1 
n 

n• 

1.0 

(2.22) 

Kaa.t =parameter in bivariate Rayleigh distribution, based on successive 

amplitudes in the time domaio 

a • the amplitude - height of highest maximum of the time signal above the 

still water level between two successive zero-upcrossings 

The results for Kaa.t (based on wave crests) are shown in Figure 2.10. Simi

lar results were found for Kaa.t based on wave troughs. The agreement in 

Figure 2.10 between Kf and Kaa. t is very good, except for a very wide and a 
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double peaked spectrum. Based on this Figure it can be concluded that the cor

relation between successive amplitudes is less than between successive wave 

heights. 

1.0,-------------------..." 
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Figure 2.10 Comparison of Kf and Kaa.t (Stam (1988)) 

The parameters Kf and "aa.t calculated in the frequency domaio (Equation 

2.20) and in the time domaio (Equation 2.22) respectively, and based on the 

amplitude envelope, give similar values. The parameter Kf, however, underesti

mates the groupiness of wave heights, calculated by KHH.t (Equation 2.21), 

unless an empirica! relationship is derived between Kf and KHH.t~ based on 

Figure 2.9. No attempt is made to explain theoretically the differences in 

correlation between amplitudes and wave heights. Both Kf and KHH.t will be 

used~ whenever necessary. 
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The main conclusion from the analysis given above, is that the parameter of 

the bivariate Rayleigh probability density function, K, can be calculated from 

the speetral shape and is in agreement with calculation of K (based on ampli

tudes) in the time domain. In fact, the speetral shape determines the groupi

ness in the time domain. 

The accuracy of KHH.t or Kaa.t depends largely on the duration of the time 

signa!. Short durations (for instanee 20 minutes in prototype recordings) will 

give a large varlation of KHH.t and Kaa.t• The accuracy of these parameters, 

based on about 1000 waves, can be seen in Figures 2.9 and 2.10. Various time 

signals were simulated for two speetral shapes, giving the data points in ho

rizontal order in the Figures. It can be concluded that K, computed in the 

time domain, is influenced by the length of the records. 

2.3.4 The stor. duration 

Monochromatic waves generate the same wave farces on a structure during each 

single wave. This caused a rather fast response to these repeated farces, and 

in most cases an equilibrium was reached in a short time. Tests on static sta

hili ty wi th monochroma tic waves (Hudson ( 1959), and Ah rens ( 197 5)) had dura

tions not exceeding 1000 waves. Therefore, the storm duration was never men

tioned as a governing variabie in static or dynamic stability. 

Random waves cause a wide spectrum of wave farces on the structure. It can 

be expected therefore, that it will take much langer befare an equilibrium is 

reached which represents also the response to less frequently occurring high 

wave groups. 

Van Hijurn and Pilarczyk (1982) used monochromatic waves as well as random 

waves. Random wave tests were stopped after reaching an "equilibrium profile". 

The average duration of a random wave test varled between 3000 and 6000 waves. 

Thompson and Shuttler (1975) performed more than 100 tests on static stability 

of riprap slopes onder random wave attack. Damage was measured after every 

1000 waves, up to 5000 waves. Some long duration tests were performed up to 

15,000 waves. Also some measurements were made after 500 waves. 

Thé results of .Thompson and Shuttler were reanalyzed by the author in order 

to show the importance of the storm duration on static stability. All tests 

~ere selected where the damage was measured up to 5000 waves. Tests, where the 

filter layer became visible within 5000 waves, were omitted. Tests where the 

damage was very smal! after 5000 waves (S < 2 - 3) were omitted too. This pro

cedure resulted in a total of about 50 available tests. 
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All damages were related to the final damage after 5000 waves. This ratio, 

S(N)/S(SOOO), is shown as a function of the number of waves, N, in Figure 

2.11. Data points between N - 1000 - 5000 are generally based on 50 tests and 

are independent of slope angle, wave period and damage level. The standard 

deviation for the ratio, S(N)/S(5000), in this region is about 0.1 and is 

independent of the number of waves. 

Thompson and Shuttler performed five long duration tests, with N up to 

15,000. These data are also given in Figure 2.11 tagether with the data of 14 

tests with N • 500. 
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Figure 2.11 Influence of number of waves on damage. 
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A function which describes the influence of the storm duration on static 

stability completely, should meet the following theoretica! requirements: 

• From N - 0 to N • 500 or 1000 the function should be almast linear as only 

high wave groups will cause the first damage. It may be expected that after 

about 500-1000 waves a langer duration will reduce the increase of damage, 

partly due to changes of the initia! slope. 

• For large N numbers a limit to the damage should be reached (equilibrium). 

A function which meets this requirements is: 

f(S) - a [1 - exp (-bN)], (2.23) 
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where a and bare curve-fitting coefficients and f(S) • S(N)/5(5000). Basedon 

the data of Figure 2.11 the coefficients. a and b, are found to be 1.3 and 

3.10-4 respectively. The influence of the storm duration on stability for the 

whole range of N can therefore be described by: 

f(S) S(N)/5(5000) • 1.3 [1 - exp (-3.10-4 N)J (2.24) 

Equation 2.24 is also shown in Figure 2.ll. The damage is limited to 1.3 

times the damage found after N - 5000. 

Another relationship between damage, S, and number of waves, N, cao be esta

blished if only the most important region is considered, i.e. N < 7000-10,000. 

A square root function can be established, see Figure 2.11: 

s • o.o14 IN (2.25) 

Equation 2.25 was also plotted in Figure 2.11. For the range given above, 

the influence of number of waves on stability can be described simply by the 

parameter group S/IN. The limitlog factor of 1.3 in Equation 2.24 is also 

found using N = 8500 in the S/IN relation, Equation 2.25. The parameter group 

sj/N covers a large part of the area of interest and will, for sake of simpli

city be included as governing variable. For N ) 8500 the maximum damage can be 

set at S = 1.3 5(5000). 

2.4 Final list of governing variables 

2.4.1 Overall list 

Stability of rubble mound breakwaters, revetments, rock slopes and gravel 

beaches can be described by static stability or dynamic stability. The 

described in 

gover

Section ning variabie for static stability is the damage, S, as 

2.2.1. The variabie for dynamic stability is the profile which can be descri-

bed by profile parameters as lengths and angles, Section 2.2.2. 

Following Sections resulted in the dimensionless wave height parameter, 

Hs/~Dn50 (Section 2.3.1), the dimensionless wave period parameters, wave 

steepness sm and surf similarity parameter, ( (Section 2.3.2), the speetral 
m 

parameter, K (Section 2.3.3) and for static stability the damage as function 

of the number of waves, S/IN (Section 2.3.4). 

Generally, governing variables can he divided into variables related to 

environmental conditloos and variables related to the structure, see Figure 
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2.1, the parts A and B. Various authors gave a list of these governing varia

bles, (amongst others Hudson (1959), Raic.hlen (1974), Thompson and Shuttler 

(1975)). This Section gives an overview of most governing variables and these 

variables will be made dimensionless in a following Sectien by means of a 

dimensional analysis procedure. The advantages and disadvantages of using 

dimensional analysis and dimensionless variables were described in Section 

2.1.2. Using dimensionless variables, the range of possible application should 

be taken into account. 

Generally, environmental conditloos are boundary conditloos which firstly 

can nat be influenced by the designer. The wave height, H
8

, and the wave pe

riod, Tm• are obviously environmental variables. Random waves can be described 

by the (directional) speetral shape and the groupiness of the waves. The storm 

duration is important for random waves as shown by Thompson and Shuttler 

(1975). The storm duration can be described by the number of waves, N, which 

attack the structure during a storm. The angle of wave attack is described by 

•· 
Other variables are the water depth, h, tide and the shape of the foreshore. 

In fact, these three variables can be described by the water depth, h(x,t), if 

h is a function of time (tide) and place (foreshore). Finally, the mass den

sity of water, p, the dynamic fluid viscosity, v, and the acceleration of gra

vity, g, belang to the group of environmental variables (as they can not be 

influenced by the designer). 

Summarizing, the environmental variables are given by: 

The wave height, Hs 

The wave period, Tm 

The (directional) speetral shape and groupiness of waves 

The number of waves, N 

The angle of wave attack, • 
The water depth, h(x,t) 

The ma ss den si ty of water, p 

The dynamic fluid viscosity, V 

The acceleration of gravity, g 

Structural variables (see Figure 2.1 part B), related to the armour stone, 

are the mass of the stone, Wso, the grading of the stone, Dss/DlS• the mass 

density of the stone, p 3 , the natura! angle of repose, 4', including friction 

and interlocking, and the shape of the stone and the mechanica! strength of 

the stone. 
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The mass of the stone, Wso. can also be described by the nomina! diameter, 

DnSOo {Equation 2.3) which is a characteristic dimeosion of an armour unit. 

The grading, Das/015• is characterized by the 85 and 15 percent values of the 

sieve curves. Uniform stone is given by smal! values of Dgs/D15 (smaller than 

l. 2 - l. 3) and riprap by large va lues ( roughly between l. 5 and 2. 5). He dar 

(1960) established the natura! angle of repose, ~ by tilting a box filled with 

armour stanes until the angle at which the first stanes cammeneed rolling down 

the slope. 

The shape of the stone can be described by the roundness (Allsop et al 

(1985)) or by other descriptors (Latham and Poele (1987)). The mechanica! 

strength of the stone can be described by various engineering tests or by spe

cially developed laboratory roller mill tests (Allsop et al (1985)). 

Other variables which are re1ated to the structure, are the ratio of armoor 

stone size and filter stone size, Dso (armour)/Dso (filter), the grading of 

the filter layer, Dss/D 1 s (filter), the slope angle of the structure, cota, 

the armoor layer thickness, ta, the crest height or relative freeboard related 

to the water level, Re, the crest width, wc, the construction methad and the 

permeability of the structure, P. 

Summarizing, the structural variables are given by: 

The nomina! diameter, Eq. 2.3, D0 so 
The grading of the stone, Dss/D15 

The mass density of the stone, Pa 

The natura! angle of repose, ~ 

The shape of the stone 

The mechanica! strength of the stone 

The ratio Dso (armour)/Dso (filter) 

The grading of the filter, Ds 5 /o 15 (filter) 

The slope angle, cota 

The thickness of the armoor layer, ta 
The height of the crest, Re 

The width of the er est, Wc 

The permeabili ty of the structure, p 

The construction methad 

2.4.2 Diaensionless variables 

A long list of governing variables was produced in the previous Section. 

Descriptors of static and dynamic stability were given in Section 2.2, resul-
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ting in the damage, S, and the profile schematized by height and length para

meters and angles, respectively. 

The main environmental variables were discussed in Section 2.3 which resul

ted in the dimensionless wave height parameter, H
8

/tJ.D
050

, the dimensionless 

wave period parameters, sm, and ~m' and the speetral shape and groupiness pa

rameter, K. 

Waves in nature can be described by a directional spectrum. Tests described 

in the present research were performed, however, in a wave flurne ar in a wave 

basin with long crested waves. Directional spectra, were not considered, 

therefore, and are not treated in more detail bere. It is assumed that the 

speetral shape and groupiness of waves can solely be described by the parame-

ter~ K. 

lt may be assumed that shape and strength of the stone and construction 

methad cao be described by one or more dimensionless variables. Possible di

mensionless variables are a roundness measure for the shape of the stone 

(Allsop et al (1985))~ percentage of weight loss in a roller mill for strength 

of stanes (Allsop et al (1985)), and packlog densities for the construction 

method. The group of dimensionless variables becomes now: 

Hs/àD0so. Sm, ~m~ "'~ N, ~~ Dgs/Dts. ~. shape of stone, strengthof the stone, 

Dso (armour)/Dso (filter)~ Dgs/D15 (filter)~ cotn~ Pand construction method. 

The remaining group consists of variables with a eertaio dimension. This 

group is listed by: 

h(x,t), v, ta, Re and Wc• 

The variables p and g were used in Section 2.3 to define the dimensionless 

parameters H5 /6D 0 so, sm and ~m· The relative mass density~ à, was defined by 

Equation 2.10. The wave height, H5 , was related to the nomina! diameter, D
0

so· 

The wave period was related to Hs. As described in Section 2.1, the length 

parameter to be used in dimensionless analysis depends on the phenomenon con

sidered. The wave height~ H5 , is a good length parameter for the environmental 
parameters (part A in Figure 2.1). 

Water depth, h(x,t) and relative crest height, Re, can be related to the 

wave height, H5 • This results in the variables h(x,t)/H
5 

and Rc/H
5

• The crest 

width may be related to H5 or D0 so which results in wc/H
5 

or wc/DnsO• A final 

choice is difficult to make. The armour layer thickness cao be related to the 
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nomina! diameter, resulting in ta/DnSO• The remaining variable, v, can be 

related to both H5 and D0so· This results in the Reynolds number, Re = 

lg H5 DnsoN· 

Finally a list can he constructed which consists of only dimensionless vari

ables related to stability of rock slopes and gravel beaches. This list is 

given by: 

The wave height parameter, 

The wave period parameter, 

The water depth, 

The armoor layer thickness, 

The erest height, 

The crest width, 

The Reynolds Number, 

The number of waves, 

The slope angle, 

The natura! angle of re pose, 

The angle of wave at taek, 

The grading of the stone, 

The ratio, 

The grading of the filter, 

The permeability of the strueture, 

The speetral shape and groupiness of 

The shape of the stone (roundness) 

waves, 

Hs/llDnso 

Sm and ~m 

h(x,t)/H 
' ta/DnSO 

Re/Hs 

wc/Dnso or wc/H5 

Re 

N 

cota 

~ 

• 
nss/n,s 
Dso (armour)/n50 (filter) 

Dss/D1s (filter) 

p 

K 

The strength of the stone (weight loss in roller mill} 

The construction metbod (packing density) 

This general list is related to bath static and dynamie stability. Following 

Seetions deal in more detail with the variables and a final list of variables 

will be considered for static and dynamic stability separately. The lists will 

be redueed on the basis of existing knowledge of the variables. The range of 

application of each variabie will be discussed for these final lists. 

2.4.3 Final list for static stability 

The water depth, h(x, t)/H is a tunetion of the location on the foreshore 

' and of the changing water level due to tide. Damage will occur around the 

still water level for statically stable slopes. A varlation of the water level 

on a uniform slope will cause a varlation in the location of the damage, but 

not in the amount of damage. Therefore it is stated that the stability of sta

tically stable uniform slopes is not a function of the water level. Moreover, 
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the wave height to be used was defined to he the wave height just in front of 

the structure (Section 2.3.1). This means that the varlation of the wave 

height due to the foreshore should have been established befare any stability 

ca1culation is made. The program ENDEC (DELFT HYDRAULICS-ENDEC (1986)) gives 

for example the opportunity to compute this wave height in front of the struc

ture in a sophisticated way. 

A foreshore might give a reduction of the wave heights in front of the 

structure, as waves will break. Then the Rayleigh distribution of the wave 

heights can no langer be applied. This implies a check whether the significant 

wave height, Hs, is the governing wave height which counts for this effect or 

that another value (for example the 1% on 2% value) bas to be taken. The para

meter h(x,t)/H can be deleted if this is kept in mind. 
' 

The height of the crest, Rc/Hs becomes important when the crest is so low 

that wave energy can pass over the ere st (overtopping). The front slopes of 

low crested structures and revetments are more stable than non-overtopped 

structures. The stability of the crest and the rear becomes important in this 

case. The influence of the crest height can not be ignored. 

The crest width, wc is only important when overtopping structures are consi

dered. As only the stability of the seaward slope will he the subject for this 

thesis, the stability of the rear and the stability of the crest itself, 

therefore, will be ignored. This means that the crest width parameter, wc/DnSO 

or wc/H 5 can be deleted. 

Thompson and Shuttler (1975) performed tests on (viscous) scale effects, to 

check the influence of the Reynolds number, Re, on stability. Tests were per

formed on stanes with diameters of 20, 30 and 40 mm respectively. They conclu

ded that within -the scatter of the results, the tests showed no clear depen

dency of the erosion damage on the Reynolds number. 

The effect of the Reynolds number on stability was investigated or mentioned 

by various ether researchers, Dai and Kamel (1969), Thomsen et al (1972), 

Brederiek and Ahrens (1982), Jensen and Klinting (1983), Sl::irensen and Jensen 

(1985) and Burcharth and Frigaard (1987). Although results are not tbraughout 

consistent, lewest values for which no scale effects will be present can be 

set at Re • lgHs Dnso/v- 1.10~ - 4.10~. The range of Reyno1ds numbers used in 

the present investigation on static stability was about 4.10~ - 8.10~. There

fore, the Reynolds number will be ignored as being oot a governing variable in 

this case. 
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The difference between 20 - 40 mm diameter stanes and prototype dimensions 

is still large, however. Large scale tests on (almost) prototype scale, there

fore, would support the smal! scale investigations, if the same results are 

obtained. The large Delta flume gives the opportunity to facilitate this pro

blem. Therefore some tests were repeated in this Delta flume on a larger 

scale. These tests will be described in more detail in Section 3.6. 

The natura! angle of repose, ~. appears in a lot of stability formulae. This 

angle varies, dependlog on the shape of the (artificial) armour unit used and 

the friction coefficient between the units (Klein Ereteler and Van der Meer 

(1984)). The na tural angle of re pose was measured as descri bed by He dar 

(1960). Hedar measured for rock a natura! angle of repose of ~ = 48" ± 0.9". 

Klein Ereteler and Van der Meer (1984) measured ~ for uniform stones, riprap 

and large shingle. The natura! angles of repose were ~ "" 50', 53", and 47" 

respectively. It can be concluded that the natura! angle of repose for rock is 

more or less independent of grading and shape. Therefore ~ is not considered 

to be a governing variable. 

Perpendicular wave attack is aften regarcled as the most severe condition for 

the stability of a tronk section of a breakwater or revetment. Same inter

locking units as Dolosse, however, seem to be less stable for an angle of wave 

attack of about ~ - 30" (Price (1978)). For rock slopes it is assumed that an 

angle of wave atta-ck which is different from perpendicular attack, will show 

the same or a better stability than for perpendicular wave attack. The angle 

of wave attack, ~. will therefor not be treated further. 

The difference between armour stone size and filter stone size is given by 

the ratio Dso (armour)/D50 (filter). Thompson and Shuttler (1975) used diffe

rent ratlos and concluded that this ratio had no influence on stability, using 

ratlos between 4.5 and 12 and using an impermeable care. Large ratlos of 050 

(armour)/D50 (filter), however, had the finer material drawn through the rip

rap. A filter with a n
50 

(armour)/D
50 

(filter) ratio of 4.5 was not removed by 

erosion through the riprap. As the stability of the armoor layer was nat in

fluenced by the size of the filter layer, the parameter D50 (armour)/Dso (fil

ter) will no langer be taken into account. 

Thompson and Shuttler found the same conclusion for the grading of the fil

ter, Das/DiS (filter). A wide grading of fine filter stanes showed no influ

ence on stability of the armour layer (Das/D15 (filter) A 3 and Dso (armour)/ 

Dso (filter) • 12). The fine filter material came out through the riprap layer 

with ease. It can be concluded that if the size of the filter material is nat 

too small in relation with the size of the armoor stones, that is to say if 
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fine material can not erode through the armour layer, the stability of the ar

mour layer is nat influenced by the grading and size of the filter layer (Dso 
(armour)/Dso (filter) < 5- 8). 

Bath conclusions on filter size and filter grading were found for an imper

meable care. lf the filter stone size is only a little smaller than the armour 

stone size, which is aften the case for breakwaters, and if the structure is 

more permeable, above stated conclusions are maybe nat applicable. A relati

vely large filter layer will influence the permeability of the structure and, 

therefore, stability. 

The permeability of the structure, 

shown by Hedar (1960) and (1984) and 
P, has large influence on stability as 

Thompson and Shuttler {1975). The per-

meability is influenced by the thickness of the armour layer, the sizes of the 

filter layers and the size of the core materiaL The influence of the thick

ness of the armour layer, ta/Dn50, on stability cao be included in the permea

bility parameter, P. This permeability parameter, P, will be described in more 

detail in Chapter 3. 

Lower and upper boundaries for permeability cao be assumed to be a coastal 

proteetion with an impermeable care and a homogeneaus structure, respectively. 

The shape of the stone cao be characterized by the ratio of maximum/minimum 

dimensions. It is assumed that for most designs of breakwaters and coastal 

structures more or less angular stanes are required and that the use of very 

flat and long or rounded rock is prohibited, unless special placing procedures 

are applied. Therefore the shape of the stone will not be regarded to be a 

governing variabie on static stability. 

The quality (or mechanica! strength) of the stone roight be a problem in pro

totype design using poor qualities. Since the mechanica! strength was not part 

of the model investigation on static stability, the effect is ignored bere. 

Finally the construction methad has to be considered. Randomly placed stanes 

will be less stable than stanes placed with special care, especially when flat 

and long stanes are placed with the longitudinal axis perpendicular to the 

slope (Bruun and Johanneson {1974)). Even the methad of placing stcnes ran

domly in the model cao effect stability and repeatability, as was shown by 

Thompson and Shuttler (1975) durlog their preliminary tests. Durlog their main 

test program the methad adopted gave repeatable results within a scatter which 

is to he expected with random waves attacking randomly placed stone. The same 

methad was used for the tests which are described in Chapter 3. Other con

struction methods will oot be taken into account in this thesis. 
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Above given review has reduced the list of governing variables for static 

stability. The final list of governing variables will be treated in more 

detail now. In Sectien 2.1.2 the philosophy of approach of the investigation 

was discussed. The advantages, but also the disadvantages of using dimension

less variables were mentioned. One of the requirements for using dimensionless 

variables was the consideration of the possible ranges of application of these 

variables. If the complete range is covered by investigation, the results can 

be applied widely. If only a small range is investigated, extrapolation may 

cause unacceptable errors. Therefore the range of possible application of the 

remaining governing variables will be dealt with. 

The wave height parameter Hs/6DnsO must be related to the damage, s. The 

wave height-damage curves are the basic results of stability investigations. 

Hs/6Dn50 values should be applied from no damage (S "" 1 - 3) upto taUure of 

the slope (depending on the slope angle, S "' 10 - 20). The range S • 1 - 20 

can be considered as the range of possible application. Dependlog on the slope 

angle (gentle slopes are more stable, resulting in higher H8 /6DnSO values), 

the possible range of application for H5 /6D 0 so is about 1 - 4. 

The wave period is strongly related to the wave steepness, Sm· The maximum 

wave steepoe ss is about Sm - 0.06 - 0.07. Steeper waves will break due to 

instability. Long waves are considered for sm "" O.OOS - 0.02. The possible 

range of application for the wave steepness is about sm "' 0.01 - 0.06. 

The surf similarity parameter, E:m• depends on bath the slope angle and the 

wave steepness. Rubble mound (rock) slopes will practically not be steeper 

than cota = l.S. Very flat slopes are assumed for cota = S - 6. Based on a 

range of cota • l.S - 6 and a wave steepness of Sm - 0.01 - 0.06, the range 

for E;m becomes E:m = 0.7 - ]. 

Uniform stanes are characterized by Dss/D15 < 1.2S. Riprap bas gradings 

between Dss/DIS = 1.7S- 2.50. A grading with Dss/D15 • 2.S can be considered 

to be extremely wide for armour stone. The ratio of Wss/WlS• in which W is the 

weight of the stone, becomes more than 15 in this latter case. A stone class 

of 0.5 - lS tons has approximately a grading of oss/DIS • 2.2 - 2.5. The range 

of possible application can be set at about Dss/D15 "' 1 2.S. 
, 

The damage, S, was related to the number of waves by the parameter s/IN 
(Sec ti on 2. 3. 4). The damage should lay between S "" 1 - 20. The influence of 

the number of waves was evaluated on the results of Thompson and Shuttler 

(197S). The number of waves ranged from 500 upto 20,000 which can be regarcled 

as the complete range of possible application. Based on the relationship s/IN 
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it is acceptable to deeresse the number of waves to be performed in forther 

testing. The range of N • 1000 - 3000 can be considered to be satisfactory in 

this case. Taking N - 500 as a minimum and S • 20 as a maximum, gives S/IN < 
0.9. 

The permeability of the structure, P, can be enclosed between two bounda

ries. The upper boundary can be assumed to be a homogeneaus structure consis

tlog of only armoor stones. A practical lower boundary is found for a two 

diameters thick armoor layer on a thin filter layer and w!th an impermeable 

care (clay or sand in prototype and concrete in model). At least bath beunda

rles (homogeneous and impermeable) should be considered with a structure with 

a permeable care in between. 

Theoretica! boundaries for the speetral shape parameter, K, are 0 (whi te 

noise) and 1 (a spectrum with only one frequency). Practical boondarles (see 

Figure 2.9) are K • 0.3 - 0.9. 

A non-overtopped structure is assumed when Rc/Hs is in the order of Rc/Hs ) 

1 2. The crest is well below the water level when Rc/Hs < - 1. The range to 

be investigated, therefore, must cover roughly - 1 < Rc/Hs < 2. 

The final list of governing variables with the range to be considered can 

now be summarized: 

variabie expression range 

The wave height parameter Hs/!J.Dnso 1 - 4 

The wave period parameters, wave steepness, and •m 0.01 - 0.06 

surf similarity parameter <m o. 7 - 7 

The damage as a tunetion of the number of waves S/IN < o. 9 

The slope angle cota. 1. 5 - 6 

The grading of the armoor stanes ns5in15 1 - 2.5 

The permeability of the structure p imperm.- hom. 

The speetral shape parameter K 0.3 - 0.9 

The crest height Rc/Hs -1 - 2 

2.4.4 Final list for dynaaic stability 

The surf similarity parameter, ~m• is a tunetion of the slope angle. Dynami

cally stabie profiles have varying and curved slopes and can not he characte

rized by one slope angle. This means that the dimensionless wave period para

meter is given by the fictitious wave steepness sm• 
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The water depth in front of the structure deterroines whether the lowest 

point of movement is influenced by this depth, or that the water depth is 

large enough to farm a profile which is independent on the water depth. A 

varlation in water level (tide) will also have an influence on the position of 

the profile for given wave boundary conditions. The wave height is again defi

ned as the wave height just in front of the structure, which means that the 

shape of the foreshore must be taken into account in order to determine this 

wave height, befare profile calculations can be made. It is important to in-

vestigate the influence 

the formation of the 

h(x"'toe,t)/H 8 • 

of the water depth just in front of the structure on 

profile. The governing variabie can he given by 

The wave height can be limited by the water depth. Water deptbs should be 

applied from this depth limited conditions (roughly h/H5 = 1.2 - 2) up to 

deptbs where the profile is no langer influenced by changes in depths. Water 

deptbs in this case should be larger than the lowest point of the developed 

profile. 

The crest height, Rc/Hs• has influence on the profile if the crest is rela

tively low. Generally, the range to he investigated should lay between the 

still water level and the maximum runup which is in the order of 1 - 2 H5 • As 

the stability of the rear of a low crested structure will not be taken into 

account, the crest width, wc/DnSO or wc/Hs, will be ignored. It is assumed 

that the crest width is large enough to avoid damage to the rear. 

Scale effects become important if too small rock or gravel is used. Van 

Hijurn and Pilarczyk (1982) found no scale effects in a small scale investiga

tion for Dgo > 4 - 6 mm in the model, Dgo being the 90% value of the sieve 

curve. The transition from sand to gravel cao be laid at 4 mm. Small diameters 

of gravel, therefore, caooot be scaled down without introducing scale effects. 

Large scale tests on (almost) prototype scale cao tackle this problem. There

fore tests in the large Delta flume were performed on fine shingle. 

The natura! angle of repose, $, is nearly the same for rock and gravel and 

is less important for dynamically stable profiles where a lot of material is 

continuously moving. 

The angle of wave attack, ~. bas an influence on the profile as wave run-up, 

run-down and breaklog vary with varying angles of wave attack. Van Hijurn and 

Pilarczyk (1982) have investigated gravel beaches for IJ! .. 30•. Their results 

will be reanalyzed in this thesis. Generally, the range should roughly be be

tween IJ!~ o·- so·. 
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A rock slope or gravel beach is a more or less homogeneaus structure without 

filter layers and care. The parameters Dso (armour)/Dso (filter) and Dgs/D15 
(filter) are nat relevant therefor for dynamic stability. The thickness of the 

armour layer t 3 /D0 so, can also be deleted. As the structure is homogeneous, 

the permeability coefficient, P, is the same for all structures. For berm 

breakwaters with only 3 - 10 layers of armoor stanes the permeability of the 

armour layer (and care) might vary, and therefore, might have some influence 

on the profile. 

Rock is more or less angular, where gravel (shingle) is rounded. The shape 

of the material can not be ignored befarehand for dynamically stabie slopes. 

More or less angular stones, flat and long stanes and rounded stanes (shingle) 

give the range to be investigated. The description of the stone shapes will be 

given in Chapter 3. 

The methad of construction of the structure is oot considered to be a gover

ning variable, as small material for testing dynamically stable profiles is 

dumped in the model facility without any special care on the methad of pla

cing. 

The mechanical strength (ar quality) of stanes has to be considered in pro

totype designs, especially for dynamically stable structures with large sta

nes, as berm breakwaters. The quality of the stanes is less important for 

small scale investigation and will not be considered. 

Most statically stable structures are designed as a uniform slope, characte

rized by the slope angle, cotn. Dynamically stable profiles can not be descri

bed by the slope angle. Only for model tests a uniform initia! slope can be 

considered and characterized by cota. In most cases the initia! slope will 

have an arbitrary shape. 

Finally, the profile ltself can be described by a number of height and 

length parameters which can be related to the nomina! diameter, Dnso, or to 

the wave height, H9 • 

The remalnlog governing variables for dynamic stability will be treated in 

more detail, as was done for statically stable slopes, in order to establish 

possible ranges of application. 

The wave height parameter H5 /t.D 0 so 

types of structures 

was described already in Section 1.1 to 

(simply reduced to H/t.D). The lower va-classify various 

lues of Hs/t.DnSO should be the same as the higher values for static stability 
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(H5 /6D 0 so = 3 - 4). The maximum value for dynamic stability is determined by 

the smallest possible diameter (D 0so ~ 4 mm) and the largest (prototype) wave 

heights. Assuming H5 = 3 - 4 m and 6 = 1. 7 the maximum value will be in the 

order of H5 /6D 0 so = 450 - 600. The maximum value which can be investigated in 

the Delta flume becomes with H5 .. l. 7 m, H5 /l!.D0so "" 250. Values higher than 

250 cao only be investigated under prototype conditions. The range of wave 

steepness will he again sm = 0.01 - 0.06. 

The influence of the number of waves on profile development will probably 

differ from statically stable slopes (the parameter S//N). It can be expected 

that profile development will occur faster than the development of damage, as 

the reststance to wave action is much smaller for the smaller grains used in 

dynamically stable structures. Although most reshaping of the profile wil! 

have been occurred after 1000 - 3000 waves, some long duration tests upto 

10,000 waves are va1uab1e. Also measurements after short durations (N = 250 -

1000) should be considered. The possib1e range of application can roughly he 

defined between N = 250 - 10,000. 

Initia! slopes cao be uniform ar can have an arbitrary shape. A developed 

profile can even be the initia! profile for another storm condition. As des

cribed for statically stable structures the grading can be defined between 

Das/D15 = 1 - 2.5. The speetral shape parameter, K, is again defined by K"'" 

0.3 - 0.9. 

The final list of governing variables for dynamically stable rock slopes 

and gravel beaches with the possible range of application is given by: 

variable expression range 

The wave height parameter Hs/ll.Dn50 3 - 500 
The wave period parameter 

(wave steepness) sm 0.01 - 0.06 
The profile parameters - -
The number of waves N 250 - 10,000 

The initia! slope cota or arbitrary shape -
The grading of the material os5iD15 1 - 2.5 
The shape of the stone - angular, rounded, flat 

The speetral shape parameter K 0.3 - 0.9 
The er est height Rc/Hs S\11 - runup 

The water depth in front of 

the structure h(x=toe,t)/Hs -
The angle of wave attack " o· - 50" 
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3. Static stability 

3.1 Earlier vork 

Static stability of rubble mound structures is described by so-called stabi

lity formulae. Same formulae were described in Section 2.3.1 and an overview 

of existing stability formulae was given by the International Commission for 

the study of Waves (PIANC (1976)). A well known and widely used formula is the 

formula of Hudson (Equation 2.15), which became so popular due to lts simple 

farm. 

The Hudson formula, however, as has been found by many users, has a lot of 

shortcomings. It does not include, for example, the influence of the wave pe

riod and was not developed with random waves. The study of Ahrens (1975) in a 

large wave tank showed the importance of the wave period on the stability of 

riprap. The tests. however, were also performed with regular waves. Figure 3.1 

shows the results of Ahrens (1975), where the H/ADnSO value is plotted against 

the surf similarity parameter, ~;. This parameter, ~. gives almast the same 

curves 

2. 5 -

for different slope angles if the waves are of the plunging 

3.0). Minimum of stability is found for collapsing waves, 

type 

(see 

(< < 
also 

Figure 2.5 for types of breakers). The surf similarity parameter gives diffe

rent curves for different slopes if the waves are of the surging type (~ ) 2.5 

3. 0). 
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Figure 3.1 Stability of riprap for regular waves, Ahrens (1975). 

Evaluation of Ahrens' data by Pilarczyk and Den Boer (1983) produced stabi

lity formulae which included the wave period. A replot of above mentioned data 

with the developed formulae is shown in Figure 3.2. The formulae derived were: 
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for plunging waves - the left curves in Figure 3.2: 

I -'· 5 H hDnSO • 2.25 ~ SR 

for surging waves - the right curves in Figure 3.2: 

where: 

SR: ucosa + sina (see also Equation 2.11). 
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Pigure 3.2 Replot of Ahrens' data by Pilarczyk and Den Boer (1983). 

( 3. 1) 

( 3. 2) 

Losada and Giménez-Curto (1979a) gave formulae for the stability of rubble 

mound slopes under regular wave attack which also ioclucled the wave period. 

Figure 3.3 was taken from Losada and Giménez-Curto (1979a) and shows the para

meter Q as a function of~. where Q is the inverse of the cubic value of 

H/hDnSO (Q • (H/hDnS0)-3). The curves show also minimum stability for ç = 2 -

4. The same kind of plots were given for parallelopipedic blocks and tetra

pods. 

Hedar (1960, 1986) showed the importance of the permeability of the struc

ture, but again for regular waves. Figure 3.4 was taken from Hedar (1986) and 

shows k/Hb plotted versus cota for the no damage criterion (k/Hb equals about 
1/(H/Wnsol· 
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Figure 3.3 Influence of the wave period on stability for regular waves, 

Losada and Gim€nez-Curto {1979a). 
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Figure 3.4 Influence of permeability on stability, Hedar (1986). 

Hedar considered two types of structures, an impermeable and a permeable 

one. Figure 3.4 shows that a permeable structure has the highest stability. 

An extensive investigation was performed by Thompson and Shuttler (1975) on 

the stability of rubble mound (riprap) slopes under random waves, as described 

already in Chapter 2. Their main results are showu in Figures 3.5 - 3.8. Dama

ge, Nl'l (Equation 2.1), is plotted against the parameter H
5

/D50• Results are 

showu for N • 1000 and 3000 and for four slope angles (cota - 2, 3, 4 and 6). 



~ z 

I 

0sn 
Tm l 73 1-13 09Z 

mm 
6 0 0 

wo 

90 

20 0 0076 0010 00151 --- - -
80 • G • 

30 oom. 0 0151 00227 -
• ~ • 70 

LO 0 0151 0 0201 00303 

' Values of 27TD5(cf)Tmore 

f--
sflown wilh sv;, o/s --
F ... Foi/ure Q la---

0---1------- L .. -

60 

50 

' N = 1000 WAVES .a. • 
oe---- - 6lG 
of----

n 8 1/G 0 

• 

1 

2 

0 

.,...}.."{i. 
0 2 0 

H~/0~ 0 

-52-

1 
F --

- --- -

' I 

! 
f-- --- F 

öj' ~F 

~_L " ___ " ____ ---
N= 3000 WAVES 

0 0 

g -~ --

·Qi. ----------
,:.~ 

ll' ~ ""' . 
3 0 

Figure 3.5 Damage curves for random waves, Thompson and Shuttler (1975); 

cotn = Z 

o,. Tm 
(mm} 13 111 092 

6 0 0 ---7-- -------

~ 

z 

'" 0 

9 0 

' 0 

7 0 

6 0 

5 0 

' 0 

3 0 

2 0 

0 

0 

20 0-0076 0-010 0-0151 

• • • 
10 0 0114 0 0151 lo-0227 

• ~ • -
0-0201 looJoJ " 0-0151 

\ot:rlues of 2Trl{rf9 rJ, 
shown with symbols 

F• Foilure 

~N~tOOO !WAVES 

e---
-

1--

0 2 

A 

,[ 

--- --

"' • 

lf ,d 

A 
r---- N., 3000 WAVES __ 

j 
A ;. 

-; /G 
A/.8 00~ !(." 
••• ~/'"' 

3 0 2 3 

Pigure 3.6 Damage curves for random waves, Thompson and Shuttler (1975); 

COt(l"') 

u 

----



• z 

I 

• z 

-53-

100 

90 
·~ 

Tm ·-=1 mm 13 1-13 0-92 . 

" 0 0 
20 o.0076 0-010 0·0151 

•o -----
• 0 • 

70 "" 0-01" 0-015 0-0U .. 
50 

" / 40 0-0151 

va/ues of 2"0~/g"hfn ~ 
shown with sym ols 

F .. Foilure "I 

0 

40 

30 

zo 

10 

~-

i N= 1000 WAVES r--
~ 

0 

o.&flio 

.t · ..,ë"" ~ H,/050 
00 .. 

2 3 4 

0 

" 
I 

I 
r---N~ 3000 WAVES L 

I - .;· 
o_Á 0 

/. -

.._,t .... v•" ------+ HsiD~ 

' s 2 3 0 

Figure 3.7 Damage curves for random waves, Thompson and Shuttler (1975); 

cota "' 4 

One of their ·main conclusions was that, within the scatter of the results, 

the erosion damage showed no clear dependenee on the wave period. By re-arren

ging their data, however, it can be found, that in fact there is a clear de

pendence on the wave period. This re-analysis was done in the following way: 

Damage curves were plotted for each wave period used, and the damage parameter 

NA was transformed into the damage S. From all these damage curves the H5 /Dso 
values were taken for different fixed damage levels. With these H

5
/Dso values, 

the wave periods, Tm, the slope angles and the given relative mass density, A, 
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it is possible to calculate the H5 /l1D 0 so and i;m values for different damage 

levels. Figure 3.9 shows the results of this re-analysis. The H
8

/l1D0so and ~m 

values are given for the damage levels S a 3 (start of damage) and S ~ 8 (mo

derate damage). 
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Figure 3.8 Damage curves for random waves, Thompson and Shuttler (1975); 

cota - 6 

The same trend is found as for regular waves, see Figure 3.1. A langer wave 

period gives lower stability, in the area which was investigated. In fact only 

plunging waves (high wave steepnesses) were used by Thompson and Shuttler. The 
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minimum of stability for collapsing waves was never reached. The work of 

Thompson and Shuttler can be used, therefore, as a starting point for an ex

tensive model research program. 
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Figure 3.9 Re-analysis of the data of Thompson and Shuttler (1975), 

showing the influence of the wave period on damage. 

3.2 Test equip-ent, aaterials, procedure and test prograa 

Al most all tests we re conduc ted in a 1. 0 m wide, l. 2 m deep and 50,0 m long 

wave flume with the test section installed about 44 m from the random wave 

generator. A system developed by DELFT HYDRAULICS was used to measure and com

pensate for reflected waves at the wave board. With this system standing waves 

and basin resonance were avoided. The incident significant wave height was 

measured with the structure in the flume, by means of two wave gauges placed 

about a quarter of a wave length apart. In this way the incident and reflected 

spectra were determined. 

For the investigation a surface profiler was developed with nine gauges pla

ced 0.10 m apart on a computer controlled-carriage. The surface along the 

slope was measured every 0.040 m. Depending on the slope angle every survey 

consisted between 500 and 1600 data points. Successive soundings were taken at 

exactly the same points using the relocatability of the profiler. An average 

profile was calculated and plotted by computer and used for determining the 

erosion damage, S, see Figure 2.2. 
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Crushed stone was used for the armour 

layer, the main characteristics of which 

were: Wso - 0.123 kg; Pa • 2620 kg/m3; 

DnSO .. 0.036 m; layer thickness 0.080 m. 

The sieve analysis curves were straight 

linea on a log-linear plot, see Figure 

3.10. Two gradings were used: Das/Dis "' 
2.25 (riprap) and 1.25 (uniform stones) 

respectively. The filter layer was defined 

by: Dso (armour)/n50 (filter) • 4.5 and 

Das/D15 "' 2.25, according to the tests of 

Thompson and Shuttler (1975). The thick

ness of the filter layer was 0.02 m. 

Figure 3.10 Sieve curves. 

When an impermeable care was tested the filter layer was placed directly on 

a slope constructed of mortar. When a permeable core was tested the armoor 

layer was placed directly on the care, without a special filter layer. Durlog 

the tests with a permeable core the grading of the core was: Dss/DlS • 1.50 

with D0 so = 0.011 m. This means that for the tests with a permeable core, D50 

(armour)/D5o (care) = 3.2, or w50 (armour)/w50 (care) = 33. 

Figures 3.11 - 3.14 show the various structures investigated in the smal! 

scale flume. Figure 3.11 shows the model with an impermeable core, Figure 3.12 

the permeable care, Figure 3.13 a homogeneaus structure and Figure 3.14 shows 

the structure with a sloping foreshore of 1 : 30. 

Thompson and Shuttler performed tests with the duration, the number of wa

ves, N, up to 5000. They measured damage every 1000 waves. The influence of 

the number of waves on damage was analyzed in Section 2.3.4, using the results 

of Thompson and Shuttler. Based on these results the procedure was changed for 

the present tests. 

Each complete test consisted of a pre-test sounding, a test of 1000 waves, 

an inter-mediate sounding, a test of 2000 more waves, a final sounding. After 

each complete test the armour layer was removed and rebuilt. A test series 

consisted generally of five tests with the same wave period, but different 

significant wave heights. Wave belghts ranged from 0.05 m to 0.26 m and wave 

periods from 1.3 to 3.2 seconds. A water depth of 0.80 m was applied for all 

tests. 
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Figure 3.11 Tested structure with an impermeable core. 
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Figure 3.12 Tested structure with a permeable core. 
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Figure 3.14 Tested structure with a 1 : 30 foreshore. 
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A damage curve was drawn for N = 1000 and N = 3000, for each test series, as 

shown in Figure 3.15. An average curve was drawn through the roeasored points. 

The H5 /óD 0 so values were taken from these curves for different fixed damage 

levels. Damage levels we re chosen at S = 2, 3, S, 8, 12 and 17. The damage 

levels S = 3 (start of damage) and S = 8 (moderate damage) will be elaborated 

here as an example, using Figure 3.15. The H5 /l!Dn50 values obtained from 

Figure 3.15, are: 

s N HshDnso 

3 1000 1.64 
3 3000 1.42 
8 1000 2.04 
8 3000 1.77 
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Figure 3.15 Typical damage curves 
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With à .. 1.615, D0 so .. 0.036 m, Tm .. 2.20 s and cotn - 3, the surf simila

rity parameter, ~m {Equation 2.19}, cao be calculated for each H5 /AD
0
so value 

shown above. These values are: 

Hs/t-.nnso <m 

1.64 2.97 
l. 42 3.19 
2.04 2.66 
1.77 2.86 

All derived combinatloos of H5 /AD0 so and ~m of all the tests were plotted in 

H5 /6D0so - l;m plots and were used for analysis of the test results. Same se

lected plots will be used in the next sections in order to describe the influ

ence of governing variables on stability. 

The test program was based on the governing dimensionless variables and 

their possible range of application established in Section 2.4.3. First the 

research of Thompson and Shuttler (1975) was extended with langer wave peri

ods. Four slope angles were investigated (cota • 2, 3, 4 and 6) with riprap as 

armour stone (Ds5/D15 • 2.25) and an impermeable care. Uniform stanes with 

Dg5/D15 .. 1.25 were then used on s1opes with cota • 3 and 4. These gradings 

are bath near the upper and lower boundaries of Das/D15 ~ 1 - 2.5, established 

in Section 2.4.3. A wide and a very narrow spectrum were used on a s1ope with 

cota ~ 3. These spectra are shown in Figure 2.6 and cover the range of K • 0.4 
- 0.9. 

Structures with a permeable care had s1opes with cota ,. 1.5, 2 and 3. A 

homogeneaus structure was tested on1y for cota ~ 2. Armour stanes with bath a 

very low re1ative mass density (fl = 

density (fl = 2.05) were used on a 
0.95) and also with a high re1ative mass 

structure with cota 2 and a permeable 

care. Finally a 1:30 foreshore was constructed, with waves breaking on the 

foreshore due to depth limitations. A permeab1e structure with cota • 2 and 

also low crested structures were tested with this 1:30 foreshore. 

The test program is summarized in Tab1e 3.1. Groups of tests are given, cha

racterized by the slope angle, the grading, the speetral shape, the permeabi

lity of the underlaying structure, and the relative mass density. Each group 

of tests generally consists of about 20 tests which covers the total range of 

possib1e application of H5/llDnSO and Sm as established in Section 2.4.3. The 

ranges investigated are shown toa in Table 3.1. The first two groups in Table 

3.1 (cota .. 2 and 3, impermeab1e care) show on1y a range of sm- 0.005 -

0.024, i.e. only long waves. The higher wave steepnesses were investigated by 

Thompson and Shuttler (1975). 
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Comparison of Table 3.1 with the final list of governing variables given in 

Section 2.4.3 shows that almast the complete possible range of application is 

covered by the test program. 

slope grading spectra co re relative 

angle shape permea- ma ss 

cota os5/D15 bility density 

2 2.25 PM none 1.63 
3 2.25 PM none 1.63 
4 2.25 PM none 1.63 
6 2.25 PM none 1.63 
3* 1.25 PM none 1.62 
4 1.25 PM none 1.62 
3 2.25 narrow none 1.63 
3 2.25 wide none 1.63 
3* 1.25 PM permeable 1.62 
2 1.25 PM permeable 1.62 
1.5 1.25 PM permeable 1.62 
2 1.25 PM homogeneaus 1.62 
2 1.25 PM permeable 0.95 
2 1.25 PM permeable 2.05 
2** 1.25 PM permeable 1.62 
2*** 1.25 PM permeable 1.62 

PM = Pierson Moskowitz spectrum 

* = some tests repeated in Delta flume 

** 3 foreshore 1 : 30 

number 

of 

tests 

19 
20 
21 
26 
21 
20 
19 
20 
19 
20 
21 
16 
10 
10 
16 
31 

*** = low crested structure with foreshore 1:30 

Table 3.1 Test program. 

range range 

"s/ADn50 •m 
0.8-1.6 0.005-0.016 
1.2-2.3 0.006-0.024 
1.2-3.3 o.oo5-0.059 
1.2-4.4 0.004-0.063 
1.4-2.9 0.006-0.038 
1.2-3.4 o.oo5-0.059 
1.0-2.8 0.004-0.054 
1.0-2.4 0.004-0.043 
1.6-3.2 0.008-0.060 
1.5-2.8 0.007-0.056 
1.5-2.6 0.008-0.050 
1.8-3.2 0.008-0.059 
1.7-2.7 0.016-0.037 
1.6-2.5 0.014-0.032 
l. 6-2.5 0.014-0.031 
1.4-5.9 0.010-0.046 

Some tests were repeated in the large Delta flume after completion of the 

small scale tests described above, in order to evaluate scale effects on sta

bility of the armour layer. All diroenslons of the small scale model were sca

led up to the Delta flume according to Froude's law by a linear factor 6.25. 

This means that the dimensions of filter and core material were also scaled 

with this factor and that different flow regimes were present in the structure 

for the small and large scale tests. 

The diroenslons of the Delta flume are: length 230 m, width 5 m and depth 7 

m. The same system to measure and compensate for reflected waves at the wave 

board was present in the Delta flume. Also a simtlar surface profiler was 

developed with nine gauges on a carriage. 

All relevant parameters roeasored for each test are given in Appendix I. 

Established values of H8 /l!.Dn50 and l';m for fixed damage levels are given in 
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Appendix Il, including results obtained from the tests of Thompson and 

Shuttler (1975). These data will be elaborated in more detail in the following 

Sec ti ons. 

3.3 Qualitative analysis of results 

3.3.1 Results on da.age levels and star. duration 

Almast all tests were performed on a two diameter thick armoor layer (except 

for the homogeneaus structure). The extent of damage depends on the slope 

angle. More stanes have to be displaced or moved for gentler slopes befare the 

"no damage" criterion or the failure criterion (filter layer visible) is rea

ched. This is due to the larger amount of stanes around the water level for a 

gentler slope. The lower and opper damage levels, that is the onset of damage 

and failure, were determined from the investigation and are shown in Table 

3.2. The damage limits in Table 3.2 should be considered when a statically 

stable structure of rock is designed with a two diameter thick armour layer. 

DAMAGE LEVEL s "' A/oitso 

cota start of damage filter layer visible 

(2D5o thick layer) 

1.5 2 8 
2.0 2 8 
3 .o 2 12 
4.0 3 17 
5.0 3 17 

Table 3.2 Lower and upper damage levels for rock slopes 

The inf1uence of the storm duration on stability was investigated by Thomp

son and Shuttler (1975). Ana1ysis of their results (Section 2.3.4) showed that 

the influence of the storm duration on damage cou1d be described by S/IN. 

Using this re1ationship the ratio of damage after 3000 and after 1000 waves 

should be S(3000)/S(1000) • 13 • 1.73. The ratio of the 50 tests of Thompson 

and Shutt1er, analyzed in Section 2.3.4, amounted to 5(3000)/S{1000) .. 1.81. 

The ratio of the present test series (about 200 tests) amounted to 5(3000)/ 

5(1000) = 1.64 with a standard deviation of 0.30. This is close to the value 

of 1. 73. The ratio was calculated under the restrietion 2 < S < 17. 

It can be conc1uded that the variable, S/IN, was confirmed by the present 

tests and can be considered to be a variabie which describes the influence of 

the storm duration on damage in a proper way. 
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3.3.2 Influence of vave beight• wave period and slope angle 

The influence of various variables will be shown by H 8 /~Dn50 - Çm plots. The 

influence of the wave height is shown by the H8/ADnSO parameter. The wave pe

riod and the slope angle are combined in the surf similarity parameter, ~m· 

The influence of wave height, wave period and slope angle on stability will be 

shown for structures with an impermeable care, with a permeable care and for a 

homogeneaus structure. Plots are given for the damage levels S = 3 (start of 

damage) and S = 8 (moderate damage). 

Figure 3.16 shows the results for an impermeable care with cota = 2, 3, 4 

and 6. Figure 3.17 shows the data for a permeable care wi th slope angles of 

cota 1.5, 2 and 1. The results for a homogeneaus structure (cota = 2) are 
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Figure 3.16 Results for an impermeable core, S • 3 and 8. 

(N • 3000, Pa 0.1). 
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shown in Figure 3.18. All data points are given in Appendix II. The curves are 

the stability formulae 3.23 and 3.24 which are derived later on in this Chap-

ter. 

•.----------------------,------, 
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3 Eq. 3.23 

Eq. 3-24 

oota.=1.6 

• 
• 
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0 I 

• oota ::; 3.0 
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s 8 

Eq. 3.23 

Eq. 3-24 

I 
0 I 2 3 • 5 6 7 

ç_ 

Figure 3.17 Results for a permeable care, s = 3 and 8. (N 3000, p = 0.5). 

Figures 3.16 - 3.18 show the same trend as that found by Ahrens (1975) for 

regular waves, see Figures 3.1 and 3.2. Plunging waves are present on the left 

side of the figures for ~m < 2.5 - 4. Surging waves are shown when ~m > 2.5 -

4. Minimum stability is found for the transition from plunging to surging 

waves, referred to as collapsing waves. 

The trends shown in Figures 3.16 - 3.18 and also in Figure 3.1 and 3.2 can 

be explained physically as follows. In the plunging region the fast wave run

up after breaklog of the wave is decisive for stability and in the surging 
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region wave run-down. In the collapsing region bath run-up and run-down farces 

are high which causes the minimum of stability. 

For plunging (breaking) waves the surf similarity parameter, 'm• or breaker 

parameter gives a good description of the influence of slope angle and wave 

steepness on stability, as results for different slopes farm one curve. For 

surging waves on the right side of Figures 3.16 and 3.17, different curves are 

shown for different slope angles. The transition from plunging to surging 

waves shifts to the right (larger 'm value) for steeper slopes. The surf simi

larity parameter, therefore, does nat show the influence of the slope angle 

and wave steepness in a proper way for surging waves • 

• 

3 Eq. 3.23 

c • • Eq. 3.24 
~ 

c 
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•2 
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Figure 3.18 Results for a homogeneaus structure, S 

(N = 3000, P = 0.6, coto. =2). 

3. 3. 3 Influence of araoor grading 

e s = 3 

• s = 8 

oot.« = 2 

7 

3 and 8. 

Tests were carried out at slopes with cota = 3.0 and cota = 4.0 with widely 

graded riprap, Dss/Dt5 = 2.25, and uniform stones, Das/Dts • 1.25. Tests re

sults areshownon Figure 3.19 for bath slopes and for three different damage 

levels. The damage to bath gradings was found to be the same for bath slope 

angles. It cao be concluded that the grading of the armoor within the range 

tested has no or only minor influence on the stability and that, within this 

range, the armoor layer can be described simply by the nomina! diameter, DnSO· 

3.3.4 lnfluence of speetral shape and groupiness of waves 

The main part of the present series of tests was conducted with a Piersou 

Moskowitz (PM) spectrum. The test series with a slope angle of cota = 3.0 was 
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Figure 3.19 lnfluence of grading for cota = 3 and 4. 

performed with a very narrow spectrum and also with a wide spectrum. The spec

tra have already been described inSection 2.3.3 (Figure 2.6). The parameter K 

which describes the speetral shape and groupiness is respectively Kf • 0. 90 

and KHH.t = 0.92 for the narrow spectrum, Kf - 0.47 and KHH.t "' 0.62 for the 

PM spectrum and Kf = 0.25 and KHH.t ~ 0.48 for the wide spectrum. The ratio of 

peak period to average period amounted to Tp/Tm .. 1.01 for the very narrow 

spectrum, Tp/Tm = 1.15 for the PM spectrum and Tp/Tm "' 1.42 for the wide 

spectrum. 

The wave period which should be used to describe different speetral shapes, 

can not be stated befarehand if this period is used to minimize the influence 

of the speetral shape, as described in Section 2.3.2. The choice of the wave 

period has influence on the results between different speetral shapes. It 
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might be possible to minimize the influence of the speetral shape on stabi

lity, just by choosing the characteristic wave period for the spectra which 

show this minimum influence. lf the wave period is selected beforehand, influ

ences found between various speetral shapes have to he described by the para-

meter K. 

A choice for the average period, Tm, was made arbitrarily when discussing 

results for one speetral shape. Here results will be given both for the peak 

period and average period. Figure 3.20 shows the results for the narrow and 

wide spectrum for two damage levels (S = 2 and 12) which can be considered as 

the lower and up per boundaries, i.e. "na damage" and "filter layer visible". 
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The average period, Tm, was used in calculating ~m - tana//2nH 5 /gTfu for the 

upper figure. The results of the lower figure were plotted by using the peak 

period, Tp, in calculating ~p c tana//2nH 5 /gT~. 

The opper plot of Figure 3.20, using Tm in ~m• shows good agreement between 

the two spectra for bath damage levels. The lower plot, using Tp in f;p• shows 

a more complex situation. For S = 2 the agreement is the same, or even better, 

than using Tm (the upper plot), except for ~p = 4. For the damage level S = 12 

differences between the spectra are much larger in the lower than the upper 

plot of Figure 3.20. For example, the damage level S = 12 for (p = 3 is rea

ched for H5 /liD 0so = 2.10 for the narrow spectrum and for H5 /llD0so = 2.45 for 

the wide spectrum. This is a difference of about 17%. 

Based on Figure 3.20 the fo11owing conclusion can be drawn. For start of 

damage (S = 2) the influence of the speetral shape is negligible for bath a 

characteristic wave period Tm and Tp• For higher damage levels (S = 12) the 

influence of the speetral shape is much smaller for the characteristic period 

Tm• Therefore preferenee should be given for using Tm in descrihing static 

stability of rock slopes. In that case the influence of the speetral shape on 

stability is very small and might be ignored. 

Another conclusion, and a very surprising one, cao be drawn farm Figure 

3.20. Camparisou of this Figure with the upper plot of Figure 3.19 (results 

for Piersou Moskowitz spectrum) shows that the curves in Figure 3.20 are 

lower, especially for E:m) 4. As a wide and a narrow spectrum give more or 

less the same results, it is oot expected that a Piersou Moskowitz spectrum, 

with K values between the values for the wide and narrow spectrum, will give 

much better results on stability. Same aspects were verified in order to ex

plain the differences between Figures 3.19 and 3.20. 

a. If the difference is nat caused by the difference in speetral shape, as was 

concluded from Figure 3.20, a repetition of a test with a Piersou Moskowitz 

spectrum should give much more damage for this repetition test. Test 189 is 

a repetition of test 32. The wave boundary conditloos are almast equal for 

bath tests, see Appendix I. The damage found for test 32 .:>mounted to S = 

4.43 (N • 1000) and S - 8.70 (N - 3000). For test 189 the damage was S = 

11.43 and S - 20.65 respectively. This means that the damage in test 189 is 

2.5 times higher than in test 32 and is consistent with the results with 

the narrow and wide spectrum. 

It cao be concluded therefore, that the difference in stability is oot caused 

by the speetral shape. The conclusion on the influence of the speetral shape 

on stability is oot affected. 
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b. Lower stability in Figure 3.20 cao he caused by a stone class around the 

still water level which is (accidently) smaller than in previous tests. 

This grading was checked, but showed no difference with the previous tests 

(DnSO • 0.036 m, Dg 5/o 15 • 2.25). 

c. The stanes of the armoor layer were frequently handled. After each test the 

stanes were placed in buckets and the armoor layer was rebuilt. Stanes rol

led during this handling. Stanes rolled also durlog tests where damage oc

curred. For a few tests this procedure may oot cause a problem. The stanes 

of the riprap were used in more than 150 tests, however. Moreover, the rip

rap was painted again after test 151 which is befare the tests with a nar

row and wide spectrum. Painting was performed by rolling the stanes in a 

concrete mill with the paint. 

The frequent handling of the stanes and probably especially the painting by 

using a concrete mill caused rounding of the stones. The stanes were more 

rounded in the tests with the narrow and wide spectrum. The rounding, however, 

did oot influence the grading of the stone (no loss of weight), see above des

cribed point b. lt might be possible that stability of rock slopes is influen

ced by the roundness of the stones. And, according to Figure 3.20, the possi

bie influence of the roundness is more pronounced for the surging wave region 

(Cm > 3 - 4) where rundown is decisive for stability. 

It should be remembered that the overall shape of the stones, i.e. the ratio 

of maximum/minimum dimensions was oot changed. The roundness describes the 

roughness of the surface and this parameter might have caused the difference 

in stability between Figures 3.19 and 3.20. 

Bergh (1984) found that nicely rounded stanes showed much lower stability. 

The H5 /ll.Dn50 value for start of damage was even 50% lower than for cubical 

stones. This means a difference of a factor 8 in stone mass. For the failure 

criterion the Hs/ll.Dn50 was 77% of that for cubical stanes (factor 2.2 in stone 

mass). Other researchers {Hudson {1959) and Thomsen et al (1972)) found no 

influence, however. More investigation is required to solve the influence of 

roundness of stanes on stability. 

Allsop et al (1985) defined a parameter which describes the roundness. Fur

ther research on shape descriptors is still in progress (Latham and Poele 

(1987)). It is recommended to include the results of these investigations for 

further research on the influence of roundness of stanes on stability. 

Further testlog (after test 197) was performed with a new made stone class, 

which was nat painted. 
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3.3.5 Influence of per.eabllity 

Three structures have been tested: A revetment with an impermeable care, 

clay or sand in nature and concrete in model, tested first, see Figure 3.11. A 

s truc ture wi th a permeable co re (breakwa ter) tes ted second, see Figure 3. 12. 

This structure was much more stabie than the impermeable care. A homogeneaus 

structure consistlog only of armoor stanes which is an upper boundary, as far 

as permeability is concerned, tested third, see Figure 3.13. The impermeable 

care can be regarcled as a lower boundary of permeability. The coefficient P 

described later in this Chapter, was introduced to take account of permeabi

li ty. 

Results for the three structures mentioned above and for all slope angles 

investlgated have already been discussed in thls Chapter, Figures 3.16 - 3.18. 

A comparlson of the three structures is shown in Figure 3.21. 
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Results are shown for a slope wi th cota "" 2, damage levels of S .. 3 and 8 

and after 3000 waves. The influence of the wave period for plunging waves 

(left side of figures) shows the same trend for all three structures, although 

a more permeable structure is more stable. A more permeable structure is also 

more stabie for surging waves (l::m) 3.5), but the stability increases with 

larger wave periods. The curves are steeper for larger permeability. 

This phenomenon can be explained in physical terros by the difference in 

water motion on the slope. For a slope with an impermeable care the flow is 

concentrated in the armoor layer causing large farces on the stanes during 

run-down. For a slope with a permeable care the water dissipates into the care 

and the flow becomes less violent. With langer wave periods (larger l;m) more 

water can percolate and flow down through the care. This reduces the farces 

and stahilizes the slope. 

The stability increases by more than 35 percent for plunging waves in rela

tion to the wave height as the permeability shifts from an impermeable care to 

a homogeneaus structure. This means a difference of a factor 2.5 in mass of 

stone for the same design wave height. And this is only caused by a difference 

in permeability. The trend for the influence of permeability on stability is 

the same as that found by Herlar (1960 and 1986) for regular waves, see Figure 

3.4. 

3.3.6 Influence of relative mass density 

Tests were performed with stanes having different mass densities. The light 

stanes (crushed bricks) had a mass density of 1950 kg/m3 and the heavy stanes 

(basalt) of 3050 kg/m3, Normal stanes had a mass density of 2620 kg/m3. 

Results for light, normal and heavy stanes are shown in Figure 3.22 for S : 3 

and 8. Bath the light and heavy stanes are relatively (in dimensionless terms) 

a little more stabie than the normal stones. 

The difference can not be explained in terros of scatter. The trend is nat 

consistent, however, as bath the light and the heavy stanes are more stable 

than the normal stanes (which is in between the range of A). 

The difference is probably again caused by diEferences in roundness of the 

stones, see also Section 3.3.4 on influence of speetral shape. Bath the braken 

bricks and the basalt had more sharp edges than the normal stones. Moreover, 

the surface texture of the light stanes was more rough than for the basalt and 

normal stones. It might he possible that, besides the roundness, the surface 

texture bas influence on stability too. 
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If 1t is accepted that the dUferences in Figure 3.22 are caused by dUfe

rences in roundness and surface texture, it can be concluded that the influ

ence of the mass density on stability can be described correctly by the IJ. in 

the parameter H5 /!J.Dn50• 
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Figure 3.22 Influence of relative mass density for S = 3 and 8. 

3.3.7 Influence of water depth 

Tests were performed in the smal! scale flume with a sloping 1:30 foreshore 

in front of the structure, see Figure 3.14. The length of the foreshore was 15 

m and the toe of the structure was situated 0.5 m above the bottorn of the 

flume. The water depth during the previous tests was 0.80 m. 
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Two different water levels were used with this foreshore in the flume. The 

water deptbs in front of the foreshore were 0.90 mand 0.70 m, respectively, 

resulting in water deptbs at the structure of 0.40 m and 0.20 m. The signifi

cant wave heigh ts at the st ruc ture ranged roughly from 0.10 - 0. 15 m, which 

means that only hi.gh waves were breaklog with a water depth of 0.40 m in front 

of the structure. A large part of the waves were breaklog on the foreshore 

with a water depth of 0.20 m in front of the structure. In both cases the wave 

belghts were oot Rayleigh distributed. The wave heights were measured at the 

toe of the structure when the structure ltself was not present in the flume. 

Figure 3.23 shows the usual plots, for S = 3 and S "' B, using the signifi

cant wave height at the toe of the structure, H5 , in the H5 /àD0 so parameter. 
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Pigure 3.23 Influence of water depth on stability for S • 3 and 8, using 

the significant wave height, H5 , at the toe of the structure. 
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The results with a water depth of 0.40 m are more or less similar to the re

sul ts wi th a water dep th of 0. 80 m. The s tability of the s truc ture wi th a 

water depth of 0.20 m in front of it, is higher than with a water depth of 

0.80 m. Highest waves broke on the foreshore and this resulted in lower wave 

farces on the structure. It cao be concluded on the basis of Figure 3.23 that 

the significant wave height does oot take into account the effect of heavy 

wave breaklog on the foreshore. 

Figure 3.24 shows again the stability plots of the structures with different 

water depths, but now using the two percent wave height, Hz:t. of the wave 

height exceedance curve instead of the significant wave height. The Hz% is 

ebasen in relation with the aften used 2% value for run-up. The parameter on 
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Figure 3.24 Influence of water depth on stability for S • 3 and 8, using 

the two percent wave height, Hz%, at the toe of the structure. 
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the vertical axis is now Hz%/t.D 0 so· As the ratio H2%/H 5 is smallest for the 

smallest water depth of 0.20 m, the stability results come closer to the re

sults for larger water depth. 

From Figure 3.24 it can be concluded that the two percent wave height takes 

into account the effect of wave breaking. It can be concluded that the two 

percent wave height is a good parameter, although also the one ar five percent 

wave height will give similar results. 

As the significant wave height is aften used in stability design, this wave 

height will be used in derfvation of stability formulae. The effect of a non

Rayleigh distribution of the wave heights can be taken into account by using 

the ratio Hz%/H 8 or a similar one with Hl% or Hsï.· 

3.4 Derfvation of stability formulae 

3.4.1 Governing variables 

A list was provided of governing variables for static stability in Section 

2.4.3 This list with the possible range of application was given by: 

variabie expression range 

The wave height parameter Hs/t.Dnso 1 - 4 

The wave period parameters 1 wave steepness, Sm 0.01 - 0.06 
and surf similarity parameter, (m o. 7 - 7 

The damage as a function of the nurnber of waves s/IN < 0.9 
The slope angle cota !.5 - 6 
The grading of the armour stanes oss/o1s 1 - 2.5 
The permeabili ty of the structure p imperm.- hom. 

The speetral shape parameter K 0.3 - 0. 9 
The crest height RcJHs -1 - 2 

In Section 3.2 it was concluded that above mentioned range of possible ap

plication is almast completely covered by the test program. The list of varia

bles cao be shortened using the qualitative results described in the previous 

Section. 

The influence of the nurnber of waves cao be given by S/IN. The influence of 

the relative mass density is given correctly by Hs/6D 0 so· The wave period 

parameter which was used throughout this study and which has shown its vali

dity is the surf similarity parameter, ~m· The surf similarity parameter des

cribes the influence of the slope angle and the wave steepness. Stability of 
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rock slopes under breaklog {plunging) waves (l;m < 3 - 4) is indeed described 

correctly by this parameter, l;m· Different results are found for different 

slope augles under non-breaking (surging) waves (shifted curves). On the basis 

of the results of Section 3.3 the surf similarity parameter, l;m, will be used 

and, if necessary, a combination with cota. 

It is preterred to use the average period Tm• In that case the influence of 

the speetral shape (parameter K) on stability is smal! and can be ignored. 

Armoor grading, has practically no influence on the stability, and the stone 

class can be described by the nomina! diameter 0
050 

only. The influence of the 

water depth will be taken into account by using the ratio Hzt/H5 • 

The results on low crested structures will be described later on. Although 

not considered to be a governing variable, the roundness and surface texture 

of the stanes might have influence on stability. This influence was not inves

tigated in more detail and should be a topic for further research. This means 

that in this Section stability formulae will be derived for non-overtopped 

structures with a uniform slope and consisting of angular rock. 

The stability of rubble mound revetments and breakwaters can then be descri

bed by the following dimensionless variables: 

Hs/AD 0 so; Çm; cota; S/IN; permeability P 

All results- show a clear difference between plunging and surging waves, see 

Figures 3.16 - 3.24. A minimum is found for the transition from surging to 

plunging waves, referred to as collapsing waves. In Section 3.3 these trends 

were explained in a physical way. 

In the plunging region the fast wave run-up after breaking of the wave is 

decisive for stability. The farces during run-down are relatively small. In 

the surging region the wave does not break and farces during run-up are small. 

Instability in this region is caused by run-down. In the collapsing region 

both run-up and run-down farces are high which causes the minimum of stabi

lity. Based on these trends two stability formulae have been considered, one 

for plunging waves and one for surging waves. 

3.4.2 Example of curve fitting procedure 

The results shown in Figures 3.16 - 3.24 and described in Section 3.3 should 

be described by functional relationships, in order to make the research appli

cable in practice. The philosophy of approach of the investigation was descri-
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bed in Section 2.1.2, mentioning the use of curve fitting procedures in order 

to find the functional relationships. Many types of functions can be applied 

for curve fitting. 

As the range of possible appl!cation of the governing variables is almast 

completely covered by the test program, the relationships will cover a wide 

range of application toa. In this case where results for the complete range 

are available, the application of a power function has an advantage. The power 

coefficient describes the trend of the results (curved, increasing or decrea

sing) and the other coefficient describes the location of the curve. As shown 

in Figures 3.16 - 3.24 some trends are consistent using various parameters. It 

can he expected, therefore, that this trend can be described by only one 

(rounded) power coefficient. The other coefficient will still he a tunetion of 

all other variables. Duce the power coefficient has been established, the 

other coefficient can be analysed in more detail. 

Above described procedure will be used in an example. Results on stability 

were shown in Hs/6Dn50- l;m plots (Figures 3.16 - 3.24) and clear trends are 

found in these Figures. Consider for instanee the plunging wave region (l;m < 3 

- 4). A curved trend is found, as H5 /6D 0 so is decreasing with increasing l;m 

values, regardless of the other variables, such as damage level, storm dura

tion and permeability. The following power function can be defined: 

H / 'D = at ,hmt s " n50 ., with at = f(S/ÏN, P) (3.3) 

As H5 /6Dn50 is decreasing with increasing çm• a negative value of b 1 will be 

found. The coefficient b1 can be established for various groups with the same 

S, N and P. For fixed damage levels, S, the corresponding values for Hs/6Dn50 

and l;m have been tabulated in Appendix II. For simplicity only the permeable 

care tests will be considered which means that P is fixed. The coefficient b1 

was established for various combinations of S and N and is shown in Table 3.3. 

The data used for regression analysis can be found in Appendix II - numbers 

236 - 288. Most b1 coefficients in Table 3.3 are based on 5 - 6 data points. 

damage level s ht for N = 1000 ht for N = 3000 

2 -0.50 -0.42 
3 -0.54 -0.52 
5 -0.57 -0.57 
8 -0.50 -0.52 

t2 -0.42 -0.53 

Table 3.3 b1 values for permeable care tests. 
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The bt values in Table 3·,3 are very consistent and the average is b 1 .. 0.51 

with a standard deviation of f1 "' 0.05. The same procedure can be applied for 

the impermeable co re tests and the tests wi th the homogeneaus s truc ture. Data 

points are given in Appendix II - numbers 1 - 235 and numbers 289 - 308 res

pectively. The average values of b1 were -0.54 for the impermeable care and 

-0.51 for the homogeneaus structure. This means that b1 is independent of the 

permeability of the structure, the damage level and the storm duration. 

For practical use the value of b1 should be a round figure. Within the scat

ter a value of bt = -0.50 is acceptable. Equation 3.3 can now be written as: 

with a1 = f(S//N, P) (3.4) 

Now the whole procedure can be repeated with H5/ADn50 * ~ as one parameter 

and S, N or P as the others. Forther elsboration will be performed separately 

for the plunging and the surging wave region. The intersection between the two 

functional relationships will give the transition from plunging to surging 

waves. 

3.4.3 Plunging vaves 

The first analysis on the plunging wave region led to a functional relation

ship between Hs/6Dn50 and l;m (Equation 3.4). The coefficient a1 is still a 

function of S, N and P. The damage level and number of waves can be described 

by S/IN, as was shown in Sections 2.3.4 and 3.3. This influence of the damage 

level and the number of waves can then be described by the power function: 

with az - f(P) (3. 5) 

where a2 and b2 are again regression coefficients. In this case the value of 

the coefficient, b2, was 0.22, 0.17 and 0.19 for the impermeable care, perroea

bie core and homogeneaus structure, respectively. An average value of 

b2 ~ 0.2 can be chosen. This changes Equation 3.5 into: 

with a3 • f(P) (3. 6) 

The coefficient, a3, is only dependent on the permeability of the structure. 

The following formulae were derived for the three structures tested: 

impermeable core: (3.7) 

permeable core: (3.8) 
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homogeneaus structure: H5 /àD 050 * /f; a 5.7 (S/IN)0.2 (3o9) 

Formulae 3.7 - 3.9 can be combined into one formula when the permeability 

coefficient, P, is introduced. 

3.4.4 Surging waves 

A similar procedure can be foliowed for surging waves, although the breaker 

parameter does nat cover the influence of the slope angle. The influence of 

the wave steepness can again be described by: 

with al = f(S//N, P, cota) (3 0 3) 

For the three structures tested, impermeable care, permeable care and homo

geneaus structure, the value of the coefficient b}, was 0.1, 0.5 and 0.6, res

pectively. The increasing value of b1 shows the increasing influence of wave 

steepness with increasing permeability. This reflected in the steeper curves 

found on the Hs/l1Dn50 - ~m plot, see Figure 3.21. Equation 3.3 becomes: 

Hs/6.Dn50 24 
0 01 

(m (3o10) 

Hs/l1Dn50 - as 
0. 5 

(m (3oll) 

Hs/l1Dn50 
0 0. 

- 26 (m (3o12) 

with a
4 

to a
6 

= f(S/fN, P, cota) 

The influence of the slope angle can be described for the impermeable and 

permeable core only, as for the homogeneaus structure only one slope angle was 

tested. The influence can be described by: 

impermeable care: cota b7 (3o13) 

permeable care: 
o.s b 

as €"m cota s (3o14) 

where a7, as and b7 and bs are regression coefficients. The coefficients bJ 

and bs in Equations 3.13 and 3.14 were found to be 0.46 and 0.54, respecti

vely. A round figure of 0.5 was selected for the present study which resulted 

in the parameter lcota. The influence of damage level and number of waves is 

the last variabie to be taken into account: 

impermeable care: (3o15) 
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(3.16) 

(3.17) 

with a
9 

to a
11 

~ f(P) 

The coefficients, bg- hu in Equations 3.15- 3.17 were found to be 0.17, 

0.19 and 0.25, respectively. A value of 0.2 was selected for the present study 

which brings all coefficients bg - bn together. The coefficients ag - au in 

Equations 3.15 - 3.17 are only dependent on the permeability of the structure. 

The following formulae were derived for the three structures tested, by curve

fitting of the coefficients ag - a11 in Equations 3.15 - 3.17 and using bg = 
hto = htt = 0.2: 

impermeable co re: HshDnso • 1.35 (S/fN)0.2 lcota ~;g· 1 (3.18) 

permeable care: HshDnso 1.07 (S/fN)0.2 lcota ~;g.s (3.19) 

homogeneaus structure: HshDnso "' 1.10 (S/IN) 0 •2 /cota ~;:g-6 ( 3. 20) 

3.4.5 Introduetion of the peraeability coefficient, P 

A permeability coefficient, P, was introduced into the stability formulae to 

take into account the permeability of the structure. This permeability coeffi

cient has no physica1 meaning, but was introduced to eosure that permeability 

is taken into account. In Equations 3.18- 3.20 the power coefficient of ~m 

has a value, dependent on the permeability of the structure, of 0.1, 0.5 and 

0.6 respectively. Therefore, P is defined by p m 0.1 for the impermeable core, 

0.5 for the permeable care, and 0.6 for the homogeneaus structure. Now the 

coefficients 0.1, 0.5 and 0.6 in Equations 3.18- 3.20 can be replaced by this 
P. 

Four structures are shown in Figure 3.25 for which three P values, 0.1, 0.5 

and 0.6. The other structure bas an assumed value of 0.4. In the absence of 

other information the selection of the P-value is left to the engineers judge

ment. Forther research is in progress and cao probably provide a more physical 

definition of P, as P can then be calculated for each particular structure. 

First resu1ts of this forther research will be described in Section 3.5.3. 
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Figure 3.25 Permeability coefficient assumptions for varleus structures. 

3.4.6 Pinal formulae 

The coefficients a3, 4.1, 5.3 and 5.7 in Formulae 3.7 - 3.9 and ag -au, 
1.35, 1.07 and 1.10 in Formulae 3.18 3.20 cao now be described as a function 

of the permeability coefficient, P. It must be remembered that the impermeable 

structure and the homogeneaus structure are in fact lower and upper beundarles 

of permeability. The permeable care is a structure laying between the bounda

ries. The permeability coefficient cao be included in the formulae as follows: 

H / 'D * lfm = "12 phl2 (S/fN)0.2 s '-' n50 ., for plunging waves, and: (3.21) 

H / 'D a 13 pbl3 (S/fN)0.2 lcoto. t--mP s '-' n50 = ., for surging waves (3.22) 

Curve fitting of a12 pbl2 and au pbl3 in Equations 3.21 and 3.22 to the 

established P-values and the coefficients in Equations 3.7 3.9 and 3.18 -

3.20 gives the final formulae. In total 600 points were used for this curve 

fitting. 
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The final formu1ae are: 

for plunging waves, 

Hs/llDnso * f(m ~ 6.2 p0.18 (S/fN)0.2 (3.23) 

for surging waves, 

Hs/t:.Dnso = 1.0 p-0.13 (S/IN)0.2 lcota (~ (3.24) 

The coefftcient -0.13 in Formula 3.24 suggests that stability wil1 decrease 

w-ith increasing permeability. This is in contrast to the results found in 

model tests. The influence of the permeabi1ity, in the surging waves region 

is, how-ever, described by the factor p-0.13 ~!. a factor which increases in 

this region w-ith increasing P. 

Formu1ae 3.23 and 3.24 are show-n in most figures of this Chapter. The for

mula for plunging waves is shown on the left side of the H5 /t.Dn50 - E:m plots 

and the formula for surging waves on the right side. Collapslog waves are pre

sent at the loterseetion of bath curves. This loterseetion can be derived from 

Equations 3.23 and 3.24 and is given by: 

(3.25) 

Depending on slope angle and permeability the transition lays between ~m = 

2.5 to 4. 

The influence of a ooo-Rayleigh distributton of the wave heights, cao be 

taken into account by using the ratio H2%/H5 • For a Rayleigh distribution this 

ratio becomes H2%/Hs = 1.40. The actual value of H2% with a foreshore in front 

of the structure cao be derived from the Share Proteetion Manual {1984) or in 

a more sophisticated way from ENDEC calculations (DELFT HYDRAULICS - ENDEC 

(1986)), or cao be measured in a physical model, or in prototype. The ratio 

1.40 for a Rayleigh distribution cao be multiplied with the coefficients 6.2 

and 1.0 in Equations 3.23 and 3.24. Equations 3.23 and 3.24 become with H2% 

instead of H5 in the H5 /t:.Dn50 parameter: 

for p1unging waves, 

(3.26) 

for surgiog waves, 

(3.27) 
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The Share Proteetion Manual {1984) introduced the H10, being the characte

ristic wave height. H10 is defined as the average of the highest ten percent 

of the waves. For a Rayleigh distri bution H1o is equal to H4%• H4% being the 

4% value of the wave height exceedance curve. In Sectien 3.3 the H2% was used 

to describe the influence of a truncated wave height exceedance curve due to 

depth limitations. It was concluded there that a Hs% ar Ht% would give similar 

results. It can be concluded therefore, that H10 can characterize this influ

ence toa in a proper way. 

In a similar way as described above for the H2%• the H10 can be included in 

the stability formulae. For a Rayleigh distributton the ratio Hto/H
8 

becomes 

Hto/H 5 • 1.27. Using this ratio in Equations 3.23 and 3.24 gives: 

for plunging waves: 

Hlo/ADn50 * lfz~ 7.9 pD.l8 (S/fN)0.2 (3.28) 

for surging waves: 

(3.29) 

3.5 Coaparison and validity of foraulae and results 

3.5.1 The Hudson formula 

The Hudson formula, Equation 2.15, only considers the "no-damage" criterion. 

The Share Proteetion Manual (1984 - Table 7-9), however, gives the influence 

of the damage level on the Kn factor. Using the data for rough quarry stone 

the Hudson formula can be transformed into an expression which takes into ac

count the damage level. The data from SPM - Table 7-9 and for rough quarry 

stone are: 

Damage in percent H/Hn=O corresponding s level 

0 - 5 1.00 2 
5 - 10 1.08 6 

10 - 15 1.19 10 
15 - 20 1. 27 14 
20 - 30 1.37 20 
30 - 40 1.47 28 
40 - 50 1.56 36 

where Hn=O is the no damage wave height. The no damage criterion S = 2 can be 

assumed to be equivalent to 2.5% damage (and therefore S = 4 to 5% damage 
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etc.) and these damage levels are given above. Using H10 

formula: 

can be rewritten to: 

Hs/AD0 5Q = 0.79 (Kn cotn)l/3 (na damage) 

1.27 Hs the Hudson 

(3.30) 

(3.31) 

Using the results of the SPM - Table 7-9 the damage level can be included: 

(3.32) 

Regression analysis gives: 

Hs/ADn50 = 0.70 (Kn cotn)1/3 s0-15 (3. 33) 

Formula 3.33 can directly be compared with the model test results obtained 

in the present investigation. Figure 3.26 shows this camparisou with Kn = 2 

and Kn 4. The area of interest for the designer is roughly given by onset of 

damage S = 2 and failure by S = 15. It is clear that although the Hudson for

mula with Ko = 4 is~ in fact~ a reasanabie average of the test results, it can 

only be used to give a rough estimate for a particular case. 

Only in a few cases the damage will be under estimated using Ko = 2. In a 

lot of cases the damage will be over estimated, resulting in a too large mass 

of the stone. 

The accuracy of the Hudson formula can be described in more detail. Consider 

the data points in Figure 3.26 between S 2 and S = 15. The total number of 

points in this area amounts to 375. Left from the Kn = 2 curve 54 points are 

present and left from the Ko = 4 curve 166 points. The latter is almast the 

half of the total number of points which means that the curve for Ko = 4 is 

about an average of all the points. 

1/3 
The coefficient Ko in Equation 3.33 determines the curve in Figure 3.26. 

This coefficient can be considered as a stochastic variabie in order to des

cribe the accuracy of the Hudson formula with respect to the test results. An 

average value and a standard deviation can be established, if a normal distri-
1/3 bution is obtained for the coefficient Ko • From analysis of the test results 

1/3 
it foliowed that Ko a 1.65 (this means Ko • 4.5) is the average and cr • 0.30 

is the standard deviation. This results in a varfation coefficient of 18%. 
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Figure 3.26 Gomparisou of the Hudson Formula with the test results. 

3.5.2 Validity of new foraulae 

Formula 3.23 and 3.24 are shown on Figures 3.27 and 3.28 tagether with all 

the actual test results. On both figures the vertical axis is the parameter 

S/IN. A distinction is made between the data for an impermeable core, a per

meable core, a homogeneaus structure, and for the data of Thompson and 

Shuttler (1975). In total more than 650 data points have been plotted in the 

two figures. 

The stability formulae 3.23 and 3.24 agree well with the test results and 

are a substantial impravement in camparisou with the Hudson formula (compare 

Figure 3.26 with Figures 3.27 and 3.28). Still scatter is present in Figures 

3.27 and 3.28. The scatter of the stabf.lity results can be due to: 
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Pigure 3.27 Stability Formula 3.23 for plunging waves with actual test 

results. 

- differences due to random behaviour of rock slopes 

- accuracy of measuring damage 

- curve fitting 

One test was repeated 4 times. These repeated tests are 98 and lOS to 107, 

see Appendix I. The damage S after 1000 and 3000 waves varled between 6.64 -

8.01 and 10.47 - 11.64 respectively, which gives a varlation coefficient of 

about 5 - 10 %. Damage curves as shown in Figure 3.15 also give an impression 

of the scatter. Within 500 data points, for 15 cases it was found that a wave 

height gave more damage than a 10 - 20 % higher wave height, the other parame

ters being the same. In fact, Figure 3.15 shows one of these cases. Two tests 

in 250 gave a damage that was 70% higher than expected (tests 128 and 237, 

Appendix I). These tests we re repea ted and then gave the expec ted damage 

(tests 134 and 241). 
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FermuLo 3-24 for surgins waves 
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Figure 3.28 Stability Forrnula 3.24 for surging waves with actual test 

results. 

Most of this scatter is due to the random behaviour of rock slopes which can 

also be found in nature. In fact, due to better controlled construction condi

tions in a laboratory flume than in nature, it might be expected that scatter 

in nature will be even larger. 

Figures 3.27 and 3.28 give a picture of the scatter for the given stability 

formulae which include bath the scatter to be expected in nature and the scat

ter due to curve fitting. This scatter can be taken into account in the stabi

lity formulae by consirlering the coefficients 6.2 in Equation 3.23 and 1.0 in 

Equation 3.24 as stochastic variables with the values as an average value. 

Assuming a normal distribution, the standard deviations cao be established. 

From Figure 3.27 a standard deviation of o = 0.4 can be established (6.5%). 

The standard deviation for the coefficient 1.0 in Formula 3.24 amounted to o • 

0.08 (8%). In bath Figures 3.27 and 3.28 the two 90% confidence level are 

drawn. The varlation coefficients of 6.5% and 8% can be related to that found 



-87-

for the Hudson formula with ·Kf>/3 • 1.65. The varlation coefficient for K~/J 
amounted to 18% which is about 2.5 times higher than found for Equation 3.23 

and 3.24. 

The derived standard deviations for the coefficients can be used to esta

blish conservative assumptions for the mass required for stability. An other 

application is the use of it in so-called probabilistic designs (Nielsen and 

Burcharth (1983) and Van der Meer (1988)). The coefficients 6.2 and 1.0 in 

Equations 3.23 and 3.24 can be considered as stochastic variables with a nor

mal distribution. This means that with probabilistic design the scatter due to 

random behaviour of rock slopes and the scatter due to curve fitting is taken 

into account. 

3.5.3 Coqputation of per.eability coefficient, P 

The influence of the permeability of the structure on stability was discus

sed in Section 3.3.5 and values for the permeability coefficient P were intro

doeed in Section 3.4.5, Figure 3.25. A first attempt will be made to give this 

permeability coefficient P a more physical description. 

Barends (1985) described the computer model HADEER which was able to compute 

the flow pattern in a breakwater under wave attack. The model was improved by 

Hölscher and Barends (1986) and was calibrated on measurements performed in 

the large Delta flume. The boundary conditlans for the tests with random waves 

in the Delta flume and the results will be described in the next Section. 

During that investigation a few tests were performed with monochromatic 

waves in order to calibrate the HADEER model. Three tests were performed, all 

with a wave height of 1.0 m. The wave periods were 3.5, 4.5 and 7.0 s, respec

tively. The run-up and run-down were measured with a capacitance wire stret

ched along the slope and pare pressures were measured underneath the armour 

layer and in the co re. The armour s tones had a diaroe ter of D50 '"' 0. 25 m and 

the core stanes had a diameter of D50 "" 0.08 m. The slope was 1 : 3. 

After calibration, the HADEER model was used to investigate the influence of 

permeability on the water motion in the care. The measured run-up and run-down 

was used as input for each computation. Computations were performed for the 

three monochromatic wave conditloos and for variaus diameters of the care. 

A care with D50 (care) - 0.25 m gives a homogeneaus structure with P • 0.6 

as the armour stanes have the same diameter D
50 

.. 0.25 m. This structure can 

be assumed as an upper baundary. An almast impermeable care is assumed with 
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care diameters of Dso (care) ~ 0.0125 m. All three wave conditlans were compu

ted with care diameters of Dso (care) .. 0.25, 0.05 and 0.0125 m. Same wave 

conditlans were computed with Dso (care) = 0.10 and 0.025 m. The computations 

resulted in flow veloeities for each time step and each finite element. 

These results were used to compote the volume of water, Q, that dissipates 

into the care during each wave and per meter width. Figure 3.29 gives the com

puted dissipation (volume of water that penetrates into the care) as a tune

tion of the wave period T (or surf similarity parameter~). 

2-0 

" Oso ~ 0-0125 111 

L .., • Oso ~ 0-05 111 

"' 
"U 1 •• 
3 " Oso ~ 0.25 • c 

0 E 

b "U 1 . 0 c 
0. 0 
~ • ~ , 

0 
0 0 •• 3 

' ~ 
E 

o.o 
0 2 3 4 5 6 7 • 

Wave peri ad T ( s) 

Figure 3.29 Dissipation of water into the care, Q, as a tunetion of wave 

period and core stone diameter. 

Fr om this Figure i t follows indeed that a long er wave period and a higher 

permeability of the structure (larger core stones) give much higher dissipa

tien of water into the core. 

Figure 3.30 shows the dissipating volume of water as a function of the dia

meter of the core stones. The same conclusions can be drawn as for Figure 

3.29, but now the values of the permeability coefficient P can be added to the 

Figure for the three structures, investigated on stability. An impermeable 

structure (P = 0.1) is found when the diameter of the care is zero or almast 

zero. A homogeneaus structure (P ~ 0.6) is found for a core stone diameter of 

0.25 m. The permeable core {P = 0.5) in the smal! scale tests was defined by 

Dso (armour)/Dso (care) "" 3.2. For Figure 3.30 this results in a diameter of 

the core of 0.08 m (diameter armoor is 0.25 m). 
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Figure 3.30 Dissipation of water into the care. Q1 as a function of care 

stone diameter and wave period. 

The maximum dissipation occurs for the homogeneaus structure (P • 0.6). If 

the dissipation for ether permeabilities is related to this maximum dissipa

tion, a relative dissipation is defined. The relative dissipation for Dso 
(care) = 0.05 m and 0.0125 m can directly be computed from the results shown 

in Figure 3.30. The relative diss~pation for Dso (care) .. 0.08 m (and there

fore for P • 0.5) is found by interpolation. The relative dissipation obtained 

from Figure 3.30 is given as a function of the permeability coefficient P in 

Figure 3.31. 

A relative dissipation of 45% to 63% is obtained from Figure 3.30 for p .. 

0.5, depending on the wave period. Assuming a curve through the points for p ~ 

0"1, 0.5 and 0.6 as shown in Figure 3.31, the permeability coefficient for a 

core with a diameter of 0.05 m (D50 (armour)/Dso (core) • 5) can he found. The 

computed relative dlssipation was 29, 37 and 49%, dependlog on the wave pe

riod. This results in a permeability coefficient of about P • 0.43 - 0.44. 

It can be concluded that the computer model HADEER can be used to make an 

assumption of the permeability coefficient P of a structure. In a particular 

case the volume of water that dissipates into the care should be computed for 

a homogeneaus structure, for a structure with Dso (armour)/Dso (core) • 3.2 
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(i.e. p - 0.5) and for the particular structure. Computations should be clone 

for various wave conditions. The results of the computations can be plotted in 

a similar way as in Figure 3.31 and the permeability coefficient for the par

ticular structure can then be established. 
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N 0 T = 3.5 s 

c 80 • T ::: 4.5 s 
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l!IT=7.0s '0 ! _______ _ 

" so r 

-----------------

PermeabiLitY coefficient 
o.s 
p 

o.s 

Figure 3.31 Relative dissipation into the care as a tunetion of the 

permeability coefficient P. 

3.6 Large scale tests 

The influence of the Reynolds number on stability was discussed briefly in 

Section 2.4.3. It was stated that, according to various authors, no scale 

effects on armour stability wil! be present in smal! scale marlels if Re > 104 

- 4.104 • The range of Reynolds numbers of the smal! scale tests in the present 

inves ti ga ti on was a bout 4. 104 - 8.104 • 

Some authors obtained higher boundaries for Re. Thomsen et al (1972) found 

no influence on stability for Re> 2.105. Shimada et al (1986) suggest a value 

of Re > 4.to5. The results of Thomsen et al and Shimada et al were both obtai

ned in large wave flumes with monochromatic wave attack. 

In order to verify the validity of the small scale tests and the results 

obtained (stability formulae 3.23 and 3.24), large scale tests on stability 

were performed in the Delta flume. One test series with a permeable care 

(tests 211 - 216, Appendix I) and one with an impermeable core (tests 41 - 45) 

were repeated and scaled up according to Froude's law by a linear factor 6.25. 

The stanes used had an average mass of W50 ~ 26.5 kg, a nomina! diameter of 

D0 so .. 0.214 m, a mass density of 2700 kgfm3 and a grading of Das/D 15 "' 1.38. 
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Bath a permeable and impermeable structure were tested on a slope angle with 

cota ~ 3. The wave period was Tm • 4.4 s in all tests. In total six tests were 

performed on a permeable structure and five tests on an impermeable one. 

All relevant parameters measured for each test are given in Appendix I. The 

large scale tests with a permeable care were numbered 930 - 935 and with an 

impermeable care 936- 940. The Reynolds numbers varled from 5.105 - 7.105. 

Results of small and large scale tests can directly he compared in a dimen

sionless damage curve, where H5 /l!.D 0 so is plotted versus the damage S. Figure 

3.32 gives the results of the tests with the permeable care and Figure 3. 33 

the results with the impermeable care. Besides the different data points of 

the small and large scale tests. stability formula 3.23 was plotted in the 

figures (the curved line). 
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Figure 3.32 Comparison of small and large scale tests and stability formula 

for a permeable core. 

From both Figures it can be concluded that the results of small .md large 

scale tests are in close agreement. This confirms the validity of the stabi

lity formulae derived. The stability curve fits very well to the data, 

although some difference is found in Figure 3.32 for extreme damage levels. S 

> 12 (filter exposed). The final conclusion of the large scale tests can be 

stated as follows: 
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Pigure 3.33 Comparison of smal! and large scale tests and stability formula 

for an impermeable care. 

Large scale model tests confirmed the validity of the small scale tests. The 

stability of an armour layer of rock was not influenced by the Reynolds number 

when Re was between 4.10'+ and 7 .lOs. As these figures gave the whole range of 

testing, the value of Re = 4.10'+ can only be regardedas an upper boundary for 

which sca1e effects on rock armour stability might start. 

3.7 Low crested structure 

Finally the influence of the crest height of the structure on stability wil! 

be described. Three crest belghts were tested: R • 0.125 m above, at, and 
c 

0.10 m be1ow SWL. The s1ope angle was given by cota .. 2 and the structures 

were tested with a permeable care (P .. 0.5). The damage curve was established 

for each structure and for two wave periods: Tm~ 1.7 s and 2.2 s. 

In total 31 tests were performed which were numbered 941 -971, Appendix I. 

The tests cao directly be compared with the tests for a non-overtopped stroc

ture (tests 217 - 226, Appendix I). Non-dimensional damage curves (H8 /AD0so 
versus S) are shown in Figure 3.34 for the wave period of 1.7 s. 

Figure 3.34 shows that for R • 
c 

0.125 m the influence of the crest height on 

stability is smal1. The influenee beenmes substantial for Re • 0 and 

for Re=- 0.10 m. In fact, for Re ""- 0.10 m the Hs/AD0so va1ue is 

is large 

about a 
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factor 2 larger than for the non-overtopping structure, for the same damage 

level. This is a factor 8 in required mass for stability. It cao be concluded 

therefore that the influence of the crest height of the structure on stability 

is large. 

• no overtopping " R o = o.o 111 

• . , ~ 0-125 • • Re= -o.to .. 

zz 

zo I 
18 

cota :: 2 
16 

" N ~ 3000 

"' • • • • 12 

"' 0n50 " E 10 

~ o.o3.u • 

" D 
8 r. ~ 1 .7 • 

• • 
6 

• 
2 ,. • 
0 
1 .o 1 .6 2.0 2.6 3.0 3.6 •. o 

H:. I .6.Dn50 

Figure 3.34 Influence of ere st height on damage curves 

The increase in stability cao be related to the damage for a non-overtopped 

structure which cao be calculated by Equations 3.23 and 3.24. If these Equa

tions are used as a reference, the increase in H8 /l!.Dn50 value for a lower 

crest height cao be calculated, using the results of Figure 3.34. For this 

procedure fixed damage levels of S - 2, 3, 5, 8 and 12 were taken and the eer

responding Hs/t.Dn50 values were established from the damage curves. With the 

given wave periods the corresponding ~m values were calculated. This procedure 

is according to that one described in more detail in Section 3.2. The Hs/t.Dn50 

and ~m values fdr fixed damage levels are given in Appendix II, numbers 350 -

379. 

The Hs/t.D 0 50 values for the fixed damage levels were related to Equations 

3.23 and 3.24. This ratio (called the increase in H8 /ADn50) is shown in Figure 

3.35 for bath wave periods and for N • 1000 and 3000, as a function of the 

crest height Rc/Hs• 
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Figure 3.35 Increase in H5 /àD0 so as a function of crest height. Rc/H
5 

An increase of a factor 1.0 means that the stability is the same as for a 

non-overtopped s truc ture. Fr om Figure 3. 35 follows tha t a low er est heigh t 

increases stability if Rc/H5 ( 1.0 - 1.2. lf Rc/H
5 

= 1.0 is taken as the 

transition where for lower values of Rc/H
5 

an increase in stability is gained, 

this increase can simply be described by a linear function, see Figure 3.35. 

This increase for Rc/H5 can be given by: 

(3.34) 

Equation 3.34 was established for one slope angle (cotCl = 2) and for only 

two wave periods. Therefore Equation 3.34 can only be used as a first estimate 

of the influence of a luw crest on stability for extrapolation to other slope 

augles and wave periods or wave steepnesses. It should be remembered that only 

damage on the front slope is considered and nat the damage on the crest and 

rear of the structure. The tests on this particular structure, however, showed 

no substancial damage on the rear. 
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4. Dynaldc stability 

4.1 Test set-up and program 

Dynamic stability is characterized by the formation of a profile which can 

deviate substantially from the initia! profile. All the changes of the slope 

have to be taken into account. Dynamic stability will occur if H5 /àDn50 > 6. A 

transition area exists between static stability and dynamic stability which is 

given by H5 /ADnSO between 3 and 6. 

Earlier work, by Van Hijurn and Pilarczyk (1982), was briefly described in 

Section 2.2.2 (and Figure 2.3). Their model described the "equilibrium'' pro

file which is formed after a fairly long storm duration. Consequently the ef

fect of short storm durations which do not give the equilibrium profile were 

not taken into account. 

The range for dynamic stability of rock slopes and gravel beaches can rough

ly be chosen between Hs/ll.Dn50 • 6 and 500, see Sec ti on 1 .1. The tests of Van 

Hijurn and Pilarczyk ranged between H5 /ö.D 0 50 • 13 and 32. This means that their 

results do not cover the complete range for dynamic stability. Bath the lower 

and the upper area were not investigated. Their work, however, is very useful 

and can be defined as the basis for the present research program on dynamic 

stability. 

Tests were conducted in a smal! scale flume and in the large Delta flume. 

Both facilities have been described in Section 3.2. Also the surface profiler 

described in that section was used to measure the profile developed. The same 

test procedure was foliowed as for the tests on static stability. This means 

that each complete test consisted of a pre-test sounding, a test of 1000 wa

ves, an inter-mediate sounding, a test of 2000 more waves, and a final soun

ding. 

Crushed stone ar shingle was used for the tests. The range of H
5

/ö.Dn 50 • 

3 - 13 was investigated with nomina! diameters D0 50 "' 0.011 m and 0.026 m. 

Normally, a grading was used with Ds5/D15 • 1.50. Same tests were performed 

with gradings with Ds5/D15 • 1.25 and with 2.25. The wave heights during these 

tests ranged from H5 • 0.13 to 0.26 m and the wave periods from Tm • 1.3 to 

3. 0 s. 

The H5 /.6Dn50 values between 25 - 250 were investigated in the Delta flume. 

Gravel (shingle) was used with D0 50 • 0.019 m and 0.004 m respectively. The 

gradings were described by Ds5/D15 .. 1.64 (0050 • 0.019 m) and 1.85 (nn50 -
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0.004 m). The wave heights ranged from H5 = 0.7 to 1.7 mand the wave periods 

from Tm = 2.6 to 5.9 s. 

Test program 

The present research on dynamic stability can be divided into four parts: 

• H8/6D0so = 3 - 13. This range was investigated in the small scale flume. 

Most governing variables mentioned in Section 2.4.4 were investigated in 

thi!ö range. 

• H8 /6D0 so = 13 - 32. This range was investigated by Van Hijurn and Pilarczyk 

(1982). Tests were performed in the same small scale flume as for the pre

sent tests. The influence of oblique wave attack, however, was investigated 

in a wave basin. 

• H8/ll00 so ~ 7 - 21. In this range tests were performed with varying water 

levels and with storm surges. 

250. Large scale tests in the Delta flume were performed on 

fine shingle. This range can only be investigated on a large scale since 

smal! scale investigations would give unacceptable diameters in the order 

of l mm and smaller, for which the fall velocity of the material is not 

scaled according to Froude's law. 

All relevant boundary conditions for each test are given in Appendix 111. 

All tests of Van Hijurn and Pilarczyk were performed with shingle. The lower 

area with H5 /6DnSO 7 - 13, nat covered by van Hijurn and Pilarczyk, was in

vestigated first for the present research with shingle. Six tests were perfor

med (tests 301 -306, Appendix III). 

The influence of wave height, wave period, diameter and initia! slope for 

Hs/6DnSO = 3 - 13 was studled in the basic tests 307 - 341. Tests were perfor

med with crushed stone (rock) and nat with the more rounded shingle. Two dia

meters of stone were used: Dn50 = 0.026 m for Hs/6DnSO < 6 and D0 so • 0.011 m 

for Hs/6Dn50 > 6. Two uniform initia! slopes were investigated, 1 : 5 (accor

ding to Van Hijurn and Pilarczyk) and l : 3. 

Generally nine tests were performed for each diameter and each slope angle 

mentioned above. These nine test conditloos can be described by a matrix of 

wave heights and periods. Three wave belghts were performed, each with three 

different wave periods. Wave belghts and periods were ebasen in such a way 

that series of three tests were formed with only one variable. 
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Summarizing these basic tests, each initia! slope (1 5 and 1 3) and each 

diameter (DnSO "" O.Oll m and 0.026 m) was tested with: 

Hs 0.13 m and Tm • 1.3 s, Tm 1.8 s. Tm - 2.5 s 

Hs - 0.18 m and Tm - 1. 8 s. Tm 2.5 s, Tm - 3.0 s 

Hs • 0.24 m and T = 1. 8 s. Tm - 2.5 s, Tm - 3.0 s m 

In total 35 tests were performed on this aspect. 

Forther tests were performed to investigate the influence of other variables 

mentioned in Section 2.4.4. First tests were performed with a very narrow 

spectrum (tests 342 - 347). The spectrum was described in Section 2.3.3 and 

Figure 2.6. 

The influence of the shape of the stone was investigated in tests 348 - 356. 

Tests were performed with nicely rounded gravel (shingle) and with flat and 

long rock. The ratio of maximum/minimum dimensions was measured of 200 stanes 

and an exceedance curve was established for gravel (shingle), angular rock and 

flat/long rock. These curves are shown in Figure 4.1. 

100 

B 3hlnglo 

90 • angul11r rook 

80 
m flat/long rook 

• 
"' 0 70 
+' c • 0 60 
c 
• <> 

60 
• 0 
c 
0 40 

" • • 0 30 
x • 

20 

10 

maximum I minimum dimension 

Figure 4.1 Shape of stone of shingle, angular rock and flat long rock 
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The concept of berm breakwaters was developed and applied by Baird and Hall 

(1984). The berm breakwater consists of a gentie slope above the still water 

level, a horizontal berm at and a rather steep slope below the water level 

(natura! angle of repose). In total 16 tests were performed on berm breakwa

ters with the upper slopes of 1 : 3 and lower slopes of 1 1.5 (tests 380 -

395). The level of the horizontal berm was varled between 0.10 m above, on, 

and 0.10 m below the still water level. 

In test 396 the technician who built all the models, was asked to build an 

arbitrary initia! slope in the way he preferred. This slope was tested to 

verify the model, for dynamic stability. 

The grading of the stone was varled in tests 397 - 408. A narrow grading 

with Da5/D15 = 1.25 and a wtde grading with Da5/D15 = 2.25 were used. 

The influence of a low crest was investigated in tests 409 - 415. The crest 

level was 0.05 m above the still water level. The crest width was 0.10 m 

(about 4 diameters) in the first part and 1.2 m in the seeond part of the 

series. 

Finally a foreshore was constructed with a slope of 1 : 30. This foreshore 

was descri bed in Sec ti on 3. 3. 7. The water depth at the toe of the s tructure 

ranged from 0.20 m to 0.40 m. Waves were breaking on this foreshore with the 

smallest water deptbs applied. The tests are described with numbers 416 - 421. 

Van Hijurn and Pilarczyk (1982) performed two-dimensional tests with random 

waves on gravel beaches. Four tests were performed with a 1 : 10 uniform slope 

and twenty eight tests with a 1 5 uniform slope. Generally a profile was 

measured after "equilibrium" was reached (about 2 hours of testing) and one or 

two intermediate soundings were taken after about 9 and 15 minutes from start 

of testing. Although these intermediate soundings were not reported in their 

work (only equilibrium profiles) the soundings were still available on magoe

tic tape. 

Another part of the work of Van Hijurn and Pilarczyk consisted of three-di

mensional tests with oblique wave attack. Ten tests were performed on a 1 : 5 

uniform slope. 

All profiles of Van Hijurn and Pilarczyk were re-analysed during the present 

research. Bath the intermediate soundings and the final sounding (equilibrium) 

were used. The two-dimensional tests were numbered by test numbers 501 - 533 

(Appendix lil) and the three-dimensional tests by test numbers 551 - 560. 
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The influence of varlation in water level and of storm surges on the profile 

was investigated durlog tests 360- 377. The test procedure was different from 

the normal procedure (normal procedure was 1000 waves, intermediate sounding, 

2000 more waves, final sounding). The tests can be divided into two types 

which are shown in Figure 4.2. The tests on varying water level are explained 

in the upper figure. The water level changed during five hours of testing, but 

the wave boundary conditlans remained constant during the whole test. Profiles 

were taken after 1, 3 and 5 hours, indicated in the figure. 

- t1mq {hours) 

0 prof•lof altcrr 1 hour 

e prof•lv oftozr 3 hours 

.6. prof11!1 oftcrr 5 hours 

Test on varying water level 
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~ 
• Ho1• Tm1 
' 
t 

0 : ' • ' ~ • • 3 
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Ü f;lf'OIIICl aftar 2 hour!O 
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[; prOfile aftcrr 

e profile altcrr 4 hours .. profile attcrr 

Test on stora surge 

• 

H 0,,Tm1 

' ' 7 • 
15 hours 

e hourro 

Pigure 4~2 Boundary conditloos for tests with varying water levels and 

storm surges 

Tests were also performed with a storm surge as shown in the lower figure of 

Figure 4.2. Four tides with a (model) duration of 2 hours each were simulated. 

In fact, this implies that these tests were performed on a linear scale of 38, 

as a tide in prototype takes 12 hours and 20 minutes. The first and the fourth 
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tide were the same, with the same wave boundary conditions. The secoud and 

third tide simulated the peak of a storm with higher water levels and higher 

waves. Profiles were taken at the end of each tide (each two hours) as indica

ted in the figure. 

The boundary conditlans for each test and each tide are given in Appendix 

lil • where the test numbers 360 - 3 77 are extended wi th one figure (l to 4), 

indicating the part of the test where the waves were measured. 

The present research was completed with tests in the large Delta flume. 

First two tests were performed in the same area as the tests of Van Hijurn and 

Pilarczyk (Hs/llDn50 = 25 and 33), but on a larger scale (factor 4.6). These 

tests were performed on shingle with a nomina! diameter of Dn50 = 0.019 m. One 

test was added to this series with a higher wave height (Hs/l!.Dn50 =- 50). 

Finally 6 tests were performed on 4 mm shingle covering the area Hs/l!.DnSO - 90 

- 250. All boundary conditlans for the tests are given in Appendix UI with 

test numbers 801 - 809. 

Summarizing the test program, about 120 tests were performed on dynamic sta

bility in the small scale flume (tests 301 - 421). The research of Van Hijurn 

and Pilarczyk resulted in 42 tests (tests 501 - 560). Nine tests were perfor

med in the Delta flume (tests 801 - 809). 

4.2 Analysis of profiles 

4.2.1 Gaveming variables 

A final list of governing variables for dynamically stable rock slopes and 

gravel beaches was established in Section 2.4.4 tagether with the possible 

range of application. This list is given by: 

variabie expression range 

The wave height parameter HslliDuso 3 - 500 
The wave pertod parameter 
(wave steepness) •m 0.01 - 0.06 
The profile parameters - -
The number of waves N 250 - 10,000 
The initia! slope cotn or arbitrary shape -
The grading of the material Ds5/015 1 - 2.5 
The shape of the stone - angular, rounded, flat 
The speetral shape parameter K 0.3 - 0.9 
The crest height Rc/Hs SWL - runup 
The water depth in front of 
the structure h(x=toe,t)/Hs -
The angle of wave attack ~ o· - 50' 
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When this list is compared with the test program described in the previous 

section, it follows that all variables mentioned were investigated and mostly 

in the complete range indicated. 

A first analysis was made by camparing profiles from those tests in which 

the same variabie was changed. From this qualitative analysis conclusions can 

be derived on the influence of these variables on the profile. These conclu

sions can be used to develop a model for dynamic stability. 

In fact, for each variabie various sets of profiles are available for compa

rison. Analysis of these sets shows the trend for the variabie to be descri

bed. In this thesis only one set is shown for each variabie which characte

rizes the general trend found for all sets of camparabie profiles. Most figu

res are compared by platting the profiles at the same intersectien with the 

still water level. This point is indicated by a dot in the figures. Only 

Figures 4.6, 4.15 and 4.16 were drawn at the original location. Same sets of 

profiles are shown in Figures 4.3 to 4.18. 

4.2.2 Influence of wave height and period 

Wave height 

Figure 4.3 shows the profiles measured for three tests (tests 316, 318 and 

321). The initia! slope was a 1 5 uniform slope, the wave period was Tm= 

1.75 s and the diameter was Dn50 0.011 m for all tests. The significant wave 

heights were Hs = 0,129, 0.188 and 0.237 m respectively; the lowest wave 

height in fact produced the smallest changes in slope. From Figure 4.3 it can 

be concluded that the wave height has a large influence on the profile. 

Wave period 

Figure 4.4 shows the influence of the wave period (tests 315, 316 and 317). 

The initia! slope was again a 1 5 uniform slope and the nomina! diameter was 

DnSO = 0.011 m. The significant wave height for all three tests was Hs = 0.13 

m. The wave periods were Tm= 1.32, 1.77 and 2.52 s; the shortest period in 

fact produced the smallest changes in slope. A simtlar conclusion can be drawn 

as for the wave height, namely that the wave period has a large influence on 

the profile. From Figures 4.3 and 4.4 it can be seen that the wave height and 

wave period have the same order of influence on the profile. 
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4.2.3 Influence of speetral shape and stora duration 

Speetral shape 

The tests 342 - 347 were performed with a very narrow spectrum (see Figure 

2.6). The profiles of tests 331 (Pierson Moskowitz spectrum) and 347 are com

pared in Figure 4.5. From this figure it can be concluded that the influence 

of the speetral shape on the profile is very smal!. 

A camparisou was made by using the same average wave period, Tm• From Figure 

4.4 it was concluded that a langer wave period results in a langer profile. If 

the same peak period was used for comparison, the PM spectrum would show a 

larger difference with the narrow spectrum. The narrow spectrum would remaio 

the same as shown in Figure 4.5 as Tp '"' Tm for this spectrum. The ratio Tp/Tm 

::: 1.15 for the PM spectrum w-111 result in a less high and less long profile 

than shown in Figure 4.5. 
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It can be concluded, therefore, that the speetral shape has no or only minor 

influence on the profile, provided that the average period is used to campare 

profiles. In that case random w-aves can be described by the significant wave 

height and average period only and the speetral shape parameter, K, cao be 

ignored. 
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Storm duration 

Generally, profiles were measured after 1000 and 3000 waves. A small number 

of tests were performed with a langer storm duration and more intermediate 

soundings. The profiles of tests 407 and 504 are shown in Figure 4.6. Profiles 

for test 407 are given for 250, 500, 2000 and 5000 waves. In this case pro

files were not plotted with the same intersection at the still water level, 

but at their original location. This was done as all profiles belang to the 

same test. Profiles for test 504 were established by Van Hijurn and Pilarczyk 

(1982). Profiles are shown for 900, 8000, 17,000 and 26,000 waves. 

From Figure 4.6 it can be concluded that a large part of the profile deve

lops within the first few hundred waves. With a langer duration the crest 

moves up the slope and the profile becomes langer. Even after fairly long wave 

attack the crest still increases in height. The crest height is largely influ

enced by the storm duration. 

4.2.4 Influence of diameter. stone shape and grading 

Diameter 

Figure 4. 7 shows the influence of the diameter (tests 309, 318, 37 5 and 

508). The initial slope was a 1 : 5 uniform slope, the wave height was Hs • 

0.18 m and the wave period Tm"" 1.7 s. The nomina! diameters were Dn50 • 

0.0257, 0.011, 0.0062 and 0.0041 m, respectively. The largest diameters pro

doeed the smallest changes in the profile. 

From Figure 4.7 it can be concluded that the nomina! diameter has an influ

ence on the profile. For small diameters (DnSO"" 0.0062 and 0.0041 m), how

ever, it can be concluded that some parts of the profile, for example the 

crest height, are not much affected by the diameter. The wave runup determines 

the crest height, more or less independent of the diameter of the material. 

Stone sbape 

Nicely rounded gravel (shingle), angular rock and flat/long stanes were used 

in different tests to investigate the influence of the shape of stone on the 

profile. Figure 4.8 shows the comparison of three profiles with different 

material shapes. 
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No difference is found between rock and flat/long stones. The rounded gravel 

has a tendency to farm a lower crest height and a langer berm. The differences 

are small, however, and it can be concluded that the shape of stone has no or 

only minor influence on the profile. 

Grading 

Generally, a grading was used with Ds5/D15 m 1.50. A narrow grading with 

n85 Jn 15 "' 1.25 was used in tests 397 - 402 and a wide grading with n85 Jn 15 .. 

2.25 in tests 403 - 408. The profiles found for three different gradings are 

shown in Figure 4.9. 
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Fr om this figure 1t follows that the grading with Das/D15 m 1. 25 and 1. 50 

show almast no difference. The wide grading shows the same profile above the 

still water level, but has a little langer profile below this level. The in

fluence of a wide grading on the profile below the still water level can not 

directly be ignored, therefore. 

4.2.5 Influence of initia! slope 

In most tests the initia! slope was a uniform slope of 1 : 3 or 1 : 5. In 

other tests a berm breakwater was tested with a 1 : 3 upper slope, a horizon-
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tal berm above, at, or below the still water level, and a 1 : 1. 5 slope for 

the 1ower part. Low crested structures were also tested. Figure 4.10 shows a 

coroparison of two tests with the same boundary conditions, but with different 

initia1 slopes. These initia! slopes were a 1 : 3 and a 1 : 5 uniform slope. 

Figure 4.11 shows the comparison of a 1 : 3 uniform slope and a berm profile. 

From these figures it can be concluded that in spite of the different initia! 

slopes, the same profile is reached between the crest and the transition 

towards a steep slope (the step) at the deep water end of the profile. 

Figure 4.12 shows the resultant profiles for a 1 : 5, a 1 : 3 and a 1 : 1.5 

uniform initia! slope. Only the upper and lower parts of the profile are in 

fact dependent on the initia! slope (the dotted lines). The largest part of 

the profile (the solid line) is the same for all three initia! slopes in this 

indicative figure. The direction of transport of material and the position of 

the profiles with regard to the inf.tial slope is, of course, largely influen

ced by the initia! slope. The 1 : 1.5 initia! slope shows only erosion around 

the still water level, with material being transported downwards~ For the 

l : 3 slope, however material is transported upwards and downwards. The 1 : 5 

initia! slope shows only erosion below the still water level and all the mate

rial is transported upwards. 
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4.2.6 Influence of crest height and water depth 

Crest height 

A low crest was investigated in tests 409 - 415. Tests 409 - 412 had a small 

crest width and the rear of the struc:ture was attacked by overtopping waves. 

The crest disappeared below the still water level and the results can be com

pared with those of Ahrens (1984) and (1987). 

Tests 413 - 415 were performed with a wider crest. Figure 4.13 shows the 

comparison of a test with a berm profile and a test with a low crest. A large 

part of the profile is the same, although the berm profile shows a higher 

crest and a langer berm. The wave height was also a little higher for the berm 

profile (0.18 against 0.19 m), however. 
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················ profILe on ber111 !JLope 0 nso ~ o.ott • 
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Figure 4.13 Influenc:e of crest height 

Still the same conclusion can be drawn as for the continuous initia! slopes. 

The initia! slope and the crest height have na or minor influence on the for

mation of a large part of the profile, provided that the crest is wide enough 

to avoid wave attack at the rear. 
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Water depth 

A 1 : 30 uniform foreshore was applied in tests 416 - 421. The water depth 

in front of the structure ranged from 0.20 to 0.40 m, causing breaking waves 

on the foreshore for the smallest water depth due to depth limitations. 

Figure 4.14 shows the comparison of a long 1 : 3 uniform slope with a short 

1 3 uniform slope on a foreshore. A large part of the profile is the same. 

The length of the profile below the still water level decreases, however, when 

the length of the slope (or the water depth) is decreased. The effect of depth 

limited waves on the profile below the still water level can not be ignored. 
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Figure 4.14 Influence of water depth 

4.2.7 Influence of varying water level 

The test procedure of the tests with varying water level and with a storm 

surge were described in Section 4.1 and Figure 4.2. The wave boundary condi

tions (wave height and period) remained constant during the test on varying 

water level, see the upper plot of Figure 4.2. 

Figure 4.15 shows the profiles of one of these tests. Three profiles were 

measured during the test, two at high water and one at low water. The wave 
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height was Hs = 0.13 mand the period Tm~ 1.73 s. The final profile in Figure 

4.15, the second high water, is almast the same as the first, the first high 

water prof i1e. In f act, the profile changed immedia tely wi th changing water 

level. 

---- lnit.io.l. !5lope r. = 1 .73 • 
................ af ter I hour "• = 0 -13 • 
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Figure 4.15 lnf1uence of varying water level 

The tests with a storm surge (lower plot of Figure 4.2) were conducted with 

four tides, a low one at the beginning and end of the test and two high tides 

in between. The wave boundary conditloos were higher for the high tides than 

for the low tides. Profiles were measured after each tide (profiles after 2, 

4, 6 and 8 hours). 

Figures 4.16 and 4.17 show the results of one of the tests with storm surge. 

Figure 4.16 shows the profiles after the first three tides. It can be conclu

ded from this Figure that the profile after the first tide disappeared comple

te1y duriug the secoud tide. The profile after the third tide is almast the 

same as after the secoud tide although the crest becomes a little higher. 

Figure 4.17 shows the profiles after the first (low) tide and after the 

fourth (also low) tide. The profiles were drawn with the same loterseetion at 

the still water level. The same profile was formed for the same wave boundary 

conditions. It eau be couc1uded that the profile is independent of the initia! 

slope (a uniform slope or a formed profile) and that the profile goes up and 

down with the water level. 
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4.2.8 Influence of angle of wave attack 

The tests of Van Hijurn and Pilarczyk (1982) inc1uded bath perpendicular wave 

attack (tests 501 - 533, Appendix lil) and oblique wave attack (tests 551 -

560, $ = 30•). Two tests are compared in Figure 4.18. From this figure it can 

nat be concluded that the profile becomes shorter with oblique wave attack. 

Van Hijurn and Pilarczyk concluded that profile parameters should be reduced by 

/cos$. The influence of angle of wave attack must be analyzed in more detail, 

bowever, when derfving functional relationships. 
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Figure 4.18 Influence of angle of wave attack 

4.3 Development of aodel 

Static stability is largely dependent on the initia! slope, as is clearly 

expressed by the well known Hudson formula. Of course, for dynamically stable 

structures which are almast statically stable, the initia! slope has influence 

on the profile too. It can be stated that, for Hs/AD0 so ~ 10 - 15, tbe initia! 

slope bas some influence on the profile and that for H
5

/ADn50 < 10, the ini

tia! slope bas a large influence on tbe profile. For Hs/ADnSO > 15 tbe initia! 

slope bas na influence on a large part of the profile. 

From the analysis in Section 4.2 it was concluded that the influence of the 

speetral shape on tbe profile, can be described by the significant wave 
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height, H
5

, and average period, Tm• only. The same conclusion was found in 

Section 3.3 for the influence on stability. No substantial difference was 

found for various shapes of stanes and it cao be concluded that the shape of 

the stone bas no influence on the profile. The grading of the material also 

bas no or only minor influence on the profile, using the nomina! diameter, 

DnSOo as reference. Only for very wide gradings a langer profile was found 

below the still water level. 

A s truc ture wi th a low er est cao be considered as a s truc ture wi th a non

uniform slope. As already concluded, the initia! slope has no influence on a 

large part of the profile and, therefore, the influence of a low crest is 

negligible. 

The number of governing variables given in Sectien 4.1 can be reduced, 

therefore. By virtue of above mentioned conclusions, the following dimension

less variables can be ignored: 

The initia! slope (for H 5 /~Dnso > 10 - 15) 

The grading of the material, Dss/D15 

The shape of the stone 

The speetral shape parameter, K 

The crest height, Rc/H5 

From the qualitative comparison of profiles in Section 4.2 it was concluded 

that the wave height, H5 , wave period, Tm, the number of waves, N, and the 

nomina! diameter, DnSO• all have influence on the dynamic profile. The water 

depth in front of the structure bas only influence on the part below the still 

water level. Finally the angle of wave attack, 4', probably has influence on 

the profile too. The final list of governing dimensionless variables can then 

be given by: 

The wave height parameter, H5 /6D0 so 

The wave period parameter (steepness), 

The number of waves, N 

s 
m 

The water depth in front of the structure, h(x=toe)/H5 

The angle of wave attack, 4' 

The profile parameters 

On the basis of the conclusions described above, a schematized model can be 

developed to describe the dynamic profile. Two points on the profile are very 

important. These are shown in Figure 4.19, where profiles for a 1 : 3 and 1 : 

2 uniform slope are shown schematically. The local origin is chosen at the 
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intersection of the profile and the still water level. The first point, situa

ted above the still water level, is the upper point of the beach crest. The 

second point, situated below the still water level, is the transition from the 

gentie sloping part to the steep part. 

',1- DXI~ y- CXIS 

' 
' 

slopa -v 1 3 
slopa "-' 1:2 

Pigure 4.19 Schematized profiles on 1 3 and 1 

><- DXI~ 

' ' ', ', 
' ' ' ' ' ' ' 

2 initia! slopes 

Figure 4.20 shows the schematized model for a dynamic profile. A 1 : 5 uni

form initia! slope is shown with a high beach crest and a step. The profile is 

schematized by using a nurnber of parameters all of which are related to the 

local origin or to the water leveL The beach crest is described by the 

height, he, and the length, lc• The transition to the step is described by the 

height, h5 , and the length, 15 • Curves, described by power functions, start at 

the local origin and go through these two points. The run-up length is descri

bed by the length, lr· The step is described by two angles, 6 and y. Finally, 

the transition from S toy is described by the transition height, ht• 

Summarizing, the dynamic profile is defined by: 

The run up length, lr 
The er est height, he 
The ere st length, le 
The step height, hs 
The step length, ls 
The transition height, ht 
The angles, B and y 

Power functions between he and hs 

The profile described above is more or less independent of its location with 

respe~t to the initia! slope. The location of the local origin determines the 
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shape of the profile completely. The location of the profile is obtained by 

means of an iteration process where the profile (the local origin) is moved 

along the still water level until the mass balance is fulfilled. 

\ y-axJS 
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,, 
h, 

Figure 4.20 Schematized profile on 1 5 initia! slope 

4.4 Derfvation of relationships 

4.4.1 Basic functional relationships 

The qualitative analysis in Sec'tion 4.2 using sets of profiles, resulted in 

the development of a schematic profile (Section 4.3). The profile parameters 

are only influenced by a relatively small number of governing variables. These 

governing variables are: 

The final quantitative analysis should result in relationships which descri

he the profile parameters as a function of governing variables. The height and 

length parameters lr, het lc, hs, ls and ht can be related to the nomina! 

diameter, DnSO• or to the wave height, Hs• in order to get dimensionless vari

a bles. 

This Section, therefore, will mainly deal with curve fitting based on the 

governing variables established in the previous sections and summarized above. 
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The methods of curve fitting, the use of dimensionless variables and the pos

sibie errors in application by extrapolation of relationships have been des

cribed inSection 2.1.2 (the philosophy of approach of the research) and wil1 

not be repeated here. 

The procedure starts with the 1nf1uence of the storm duration, N. This storm 

duration is more or less independent of the other governing variables and is 

therefore taken first. Then the influence of the wave height, wave period and 

nomina! diameter will be established. Finally the effect of the water depth 

and angle of wave attack on the relationships established will be analyzed. 

First the influence of the storm duration will be analyzed. Long duration 

tests (in total eight tests) and the ratio of the parameters after 1000 and 

3000 waves were used. For static stability two relationships were derived in 

order to describe the influence of the storm duration. One relationship (Equa

tion 2.24) was based on theoretica! considerations, taking into account an 

equilibrium after long wave attack. The other relationship (Equation 2.25) was 

applicable in a wide, but nat the total, range and showed that the damage was 

simply related to the square root of the number waves. 

The long duration tests performed by Van Hijurn and Pilarczyk (1982), tests 

503, 504 and 511 (Appendix III), had a total duration of more than 25,000 

waves. The dUferences in profiles, especially the crest heights, were still 

substantial if N was increased from 10,000 to 25,000, see also Figure 4.6. 

Therefore, an equilibrium profile for random waves is only reached after very 

long wave attack. This means that it might be acceptable to use a power tune

tion between the profile parameters and the storm duration, which -will be 

applicable in almast the entire range of possible storm durations. The influ

ence of the storm duration can then be described by: 

( 4 .1) 

where: 

par= lr, he, lc, hs, 18 or ht 

a1 and hl are curve-fitting coefficients. 

A dimensionless parameter for the profile belghts and lengths, including the 

storm duration, can be expressed by: 

or 

The coefficient b1 was established for each parameter. 
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For the height and 1ength parameters this resulted in the following list of 

governing profile parameters: 

length 1 I o.os 1 /H No.os runup 
r 0 nSON or 

r s 
crest height hc/DnsoNO.lS or h /H NO.lS c s 
crest length lc/DnsoN0.12 or 1 /H N0.12 c s 
step height hs/DnsoN°• 07 or h /H N0.07 s s 
step length ls/DnsoN0.07 or ls/HsN0.07 

transition height ht/Dn5oN0.04 or h /H N0.04 t s 

The va1ue of the coefficient bl was taken as the average of all tests. The 

coefficient showed no dependency on wave height, wave period, diameter or 

slope angle. The varlation coefficient ranged between 0.3 and 1 (1 for the low 

values of bi)· A high value of b1 means a large influence of storm duration. 

The parameter which is most influenced by the storm duration is the crest 

height he, where the power coefficient amounts to the highest value of 0.15. 

This conclusion was already reached by the ana1ysis of the profiles (Section 

4. 2). 

The wave height, period and diameter have a large influence on the profile 

parameters. The wave height parameter is given by Hs/6Dn50 and the wave period 

parameter by the fictitious steepness, Sm· In Section 4.2.4 (Figure 4.7) it 

was concluded that for high Hs/ADn50 values some parts of the profile (for 

instanee the crest height) were no langer influenced by the diameter but sole

ly by the wave height and period. 

In that case the profile parameters are only a function of the wave height 

and period. This means that govet'ning variables should be used without the 

nomina! diameter in the dimensionless farm. For the profile parameter ltself 

and the wave height this results in the parameter par/HsNbl. The influence of 

the wave period is described hy the fictitious wave steepness Sm• In the case 

that the diameter has no influence on the profile (which might he the case for 

high Hs/ADn50 values) the following basic relationship can he determined: 

On the other hand, if the stone diameter influences the height or length 

parameter, it is reasanabie to relate this height and length parameters to the 

nomina! diameter, which results in par/Dn50Nbl, Dynamic stability of rock 

slopes and gravel heaches is ohtained for a large range of H
5

/ADn50 values 

(roughly between Hs/ADn50 "" 3 - 500). The governing variabie in this case is 

the nomina! diameter, Dn50• The nomina! diameter in prototype can cange from 

1 m (berm breakwaters) to 0.004 m (fine shingle}. 
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The profile parameters are related to the nominal diameter by par/DnsoNbl. 

The wave height is related to the nominal diameter by H5 /ADn50• It is consis

tent if the wave period is also related to the nomina! diameter. This is 

achieved by the parameter lg/DnSO Tm· If the diameter influences the profile 

then all governing variables are related to D0 so· This means that a relation-

ship 

wave 

has to be established between the wave height parameter H5 /ADn50• the 

period parameter, /g/DnSO Tm and the profile parameter par/o0soNbl. This 

leads to a second basic functional relationship which must held for the whole 

range of H5 /AD0 so: 

( 4. 3) 

Horeover, from the analysis of the profiles (Section 4.2.2) it was concluded 

that wave height and period had similar effect on the profile. This conclusion 

can be used to define a combined parameter, H0 T0 , for the wave height and wave 

period: 

(4.4) 

where: 

= dimensionless wave height parameter 

dimensionless wave period parameter related to 0
050 

Using this parameter, HaT0 , Equation 4.3 changes into: 

(4.5) 

The complete range for dynamic stability (H 5 /AD0 so .. 3 - 500) can also be 

covered by the combined wave height-wave period parameter H0 t 0 • The relation

ship between different types of structures and the parameters H5 /ADn50 and 

H
0
T0 are listed below (see also Section 1.1). 

structure 8 s/ADnso HoTo 

Statically stable breakwaters 1 - 4 < 100 

Rock slopes and beaches 6 - 20 200 - 1500 

Gravel beaches 15 - 500 1000 - 200,000 

Sand beaches > 500 > 200,000 



-121-

4.4.2 Tbe height and length para-etera 

Relationships with H0 T0 

Based on the qualitative conc1usions derived in Sections 4.2 and 4.3, only 

two functional relationships are defined in the previous Section. The first 

one (Equation 4.2) holds for high Hs/ADnsO values and does not consider any 

influence of the diameter. A plot of par/HsNbl versus the wave steepness, sm• 

for each length and height parameter will show the following possibilities: 

- Data points for different diameters show the same curve. In this case the 

diameter indeed bas no influence on the length or height parameter consi

dered and a functional relationship as in Equation 4.2 can be established. 

- Data points for different diameters show a shift and each diameter shows a 

different curve. In this case the influence of the diameter can not be igno

red and Equation 4.2 can nat be established. Then Equation 4.5 must be con

sidered. 

The second functional relationship (Equation 4.5) covers the whole area of 

dynamic stability, given by Hs/ADnsO = 3 - 500 or by the combined wave height

period parameter H 0 T0 = 100 - 200,000. The values of H 0 T0 during the complete 

test program ranged from H
0

T0 = 100 to 70,000, see Appendix liL Figures can 

be drawn with the profile parameter par/DnsoNbl against H0 T0 • This is achieved 

by using a logarithmic scale. 

The following conclusions can be derived from such a plot: 

- If all data points lay on one smooth curve, the combined H0 T0 parameter 

gives a good representation of the influence of wave height and wave period. 

lf shifted curves are found for each diameter, the wave height and period 

should be treated independently and not in the combined parameter H0 T0 • 

- It is expected that for relatively large diameters (Hs/AD0 so < 10 - 15 or 

2000) the initia! profile will have influence on the profile 

parameters. A plot with both the data for a 1 : 3 and 1 : 5 uniform initia! 

slope will show the range where the initia! slope bas influence on the pro

file. 

Therefore all tests with initia! slopes of 1 : 3 and 1 : 5 were plotted in 

one figure and this was done for each profile parameter. Figures 4.21 to 4.26 

show these plots. The highest point in the figures was found using 4 mm 
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shingle with a wave height of 1. 7 m (test 806). The lowest point was found 

using 0.026 m rock on a slope of 1 : 3 with a wave height of 0.15 m. 

From Figures 4.21 - 4.26 it follows that the data points show smooth curves 

without shifts, which implies that the combined wave height-period parameter, 

H0 T 0 , gives the influence of wave height, period and diameter in a proper way. 

The initia! slope becomes important when the H0 T0 value is smaller than 500 -

2000, depending on the profile parameter considered. This is according to the 

expectation. The influence is most pronounced for the parameters hs and ls, 

see Figures 4.24 and 4.25. 
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For higher values of H0T0 a relationship such as Equation 4.5 can be 

established. The relationships which were found with regression analysis were 

based on the power curve: 

( 4. 6) 

where a
2 

and c
2 

are curve fitting coefficients. The established relationships 

are listed below for each profile parameter. 

runup length RaTo - 2.9(lr/DnsoN0.05)1.3 Fig. 4.21 (4.7) 

crest height HoTo - 25(hc/DnsoN0.15)1.5 Fig. 4.22 (4.8) 

crest length RaTo • 22(1c/DnsoN0.12)1.2 Fig. 4.23 (4.9) 

step height RaTo .. 16.5(hs/DnsoN0.07)1.5 Fig. 4.24 (4.10) 

step length RaTo - 3.8(ls/DnsoN0.07)1.3 Fig. 4.25 (4.11) 

trdnsition height: H0 T0 • 5(ht/Dn5oN0.04)1.5 Fig. 4.26 (4.12) 



-126-

Equations 4.7 - 4.12 were plotted in the Figures 4.21 - 4.26 (solid lines). 

For lower values (H0 T0 ( 500 - 2000) equivalent slope angles were introduced 

into the equations. The equivalent slope angles for the parameters lr, he and 

lc were based on the opper part of the initia! profile. The equivalent slope 

angle for hs and ls was based on the profile around the still water leveL 

Finally a third equivalent slope was based on the profile below the still 

water leveland was used for determining ht, tanB and tany. 

Equations 4.7 - 4.12 are independent on the initia! slope and are all based 

on the same basic equation (Equation 4.6). They are valid for high H0T 0 va

lues. For lower values (H0 T0 ( 500 - 2000) the above mentioned equivalent 

slope angle has to be used for each length and height parameter. From Figures 

4.21 - 4.26 it fellows forthermore that in the low H0 T0 region the relation

ships for some parameters can no langer be described by a power function (a 

uniform line in double logarithmic plots). See for example Figure 4.22. This 

means that various types of functional relationships have to be established in 

the low H 0 T0 region. 

This curve fitting procedure is given in DELFT HYDRAULICS-M1983 (1988b) and 

will nat be repeated here as it gives no forther insight in the processes 

involved in dynamic stability. A summary, however, of the equations tagether 

with the methad of establishing an equivalent slope angle is given in Appendix 

IV. The curves representing the equations are shown in Figures 4.21 - 4.26 

with dotted lines. 

Relationships with sm 

Equation 4.2 was analysed by platting the profile parameter par/R
5

Nbl versus 

the fictitious wave steepness sm, for high R0T
0 

va lues (R
0

T
0 

) 1000). These 

plots are shown in Figures 4.27 - 4.32, where a distinction was made between 

various ranges of H0 T0 • 

Figure 4.28 shows Equation 4.2 for the crest height, he, for several R
0

T
0 

values ) 1000. Since all the R0 T0 values lay on the one curve, irrespective of 

their individual values, this implies that different diameters fit the same 

relationship which in turn means that iudeed the crest height is not influen

ced by the diameter for these particular H0T 0 values. 

A similar conclusion is reached for the other height parameters, hs and ht 

(Figures 4.30 and 4.32), although more varlation in results is present in this 

case. Another conclusion can be drawn from the figures for the length parame

ters, lr, lc and ls (Figures 4.27, 4.29 and 4.31). Here different diameters 
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Figure 4.27 Relationship between runup length, lr, and wave steepness, sm 
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show a different relationship. It is clear that, for these length parameters, 

the influence of the diameter cannot be ignored, even nat for very small grain 

sizes. 

For all height parameters (he• h 8 and ht) a relationship such as Equation 

4.2 was established for high H0 T0 values: 

crest height hc/H5 NO.l5 • 0.089 s~O.S Fig. 4.28 (4.13) 

step height h5 /H8 N0.07 = 0.22 siD0.3 Fig. 4.30 (4.14) 

transition height: ht/H8N0.04 3 0.73 sffi0.2 Fig. 4.32 (4.15) 

Correlation between H0T0 and sm 

Two types 

and ht. The 

ted to the 

of relationships were established for the height parameters he, h
8 

first type uses the parameter H0 T0 and the profile parameter rela

nominal diameter, par/D0 soNbl, see Equations 4.8, 4.10 and 4.12. 

The second type describes the profile parameter related to the wave height, 

par/HsNb1, as a tunetion of the fictitious wave steepness, Sm• see Equations 

4.13- 4.15. In these latter equations the nomina! diameter is nat present. 

The general form of Equations 4.7 - 4.12 can be written as: 

(4.6) 

The general farm of Equations 4.13- 4.15 is: 

(4.16) 

Although Equations 4.6 and 4.16 look rather different it is possible to re

write Equation 4.6 in the same form as Equation 4.16. This means that it is 

possible to prove that, under eertaio conditions, Equations 4.6 and 4.16 are 

strongly correlated. This procedure wil! be treated now. The power coefficient 

cz in Equation 4.6 is very important in the transformation. If this coeffi

cient has a value of cz = 1.5, Equation 4.6 can be written as: 

(4.17) 

which gives: 

(4.18) 
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With some rearrangement Equation 4.18 beeomes: 

(4.!9) 

with: a3 = (~/~az) 

Equation 4.19 has the same form as Equation 4.16. This transformation is 

possible only for c2 = 1.5 in Equation 4.6. For other values of c 2 the nomina! 

diameter will always remaio in the equation. 

Putting it in another way: if for a eertaio profile parameter c2 = 1.5 is 

found in Equation 4.6, it should be possible to find a relationship as descri

bed in Equation 4.16. On the other hand, if no relationship as Equation 4.16 

ean be found, the eoefficient c2 in Equation 4.6 will differ from 1.5. 

It follows from Equations 4.7 - 4.13 that for the height parameters he, hs 

and he a eoefficient of e2 - 1.5 was found, where for the 1ength parameters 

lr• le and ls values were found of c2 :a 1.3, 1.2 and 1.3, respeetively. And a 

relationship as Equation 4.16 was on1y found for the three height parameters, 

which is aeeording to the above mentioned remarks. 

Equation 4.19 will be elaborated for the crest height, he, Figure 4.28. With 

~ = 1.62, Equation 4.19 becomes: 

(4.20) 

Curve fitting gives a2 ~ 25.2 which results in: 

(4.21) 

The difference between Equations 4.13 and 4.21 is the fixed value of the 

power coefficient -1/3 in Equation 4.21, where the power coefficient of -0.5 

in Equation 4.13 was found by curve fitting. In fact, if the diameter has no 

influence on a profile parameter the equation of the type 4.16 gives a better 

result than the type 4.6. This ean also be concluded from Figure 4.28 where 

both Equations 4.13 and 4.21 were plotted. 

4.4.3 Profile around still water level 

Curves described by power functions start at the 1ocal origin, and go 

through the points described by he and lc and by hs and ls, respectively, see 

Figure 4.20. These curves can be described by: 



-132-

y (4.22) 

y as (-x)bs above SWL, (4.23) 

where the coefficients b4 and bs are determined from regression analyses and 

where the coefficients a4 and as are determined by the values of he, lc and h
5 

and 15 • 

Equation 4.22 was also developed for the description of sand beaches. Dean 

(1~77) derived a value of b4 = 2/3 from theoretica! considerations. Veilinga 

(1986) found a value of b4 = 0.78 on the basis of extensive model research and 

evaluation of scale relationships. 

The curves described by Equations 4.22 and 4.23 were fitted to all profiles 

measured, and the coefficients b4 and bs were established for each profile. 

The analyses showed that the coefficients were independent of the storm dura

tion, the wave height, the wave period, the diameter and the initia! slope. 

From about 2SO profiles the following values were established for the coeffi

cients b4 and bs: 

0.83 

l. lS 

(a 0.06) 

(a=O.lO) 

This results in the following power curves: 

y below SWL, and 

y as (-x)l.lS above SWL 

(4.24) 

( 4. 25) 

The coefficient 0.83 in Equation 4.24 seems close to the value of 0.78 found 

by Vellinga (1986) for sand beaches. The difference, however, is equal to 

about the standard deviation found for the present 2SO profiles. On the other 

hand the coefficient of 0.78 was based on scale relationships and on the ero

sion of dunes during storm surge and nat really on the developed profiles. 

Furthermore, the ri.umber of tests was limited. Therefore, the standard devia

tion for the factor 0. 78 is probably much larger than found for the present 

tests. The relationships found by Vellinga (1986) for the profiles during dune 

erosion wilt by compared with the present research in more detail in Section 

4. s. 
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4.4.4 Angles B and y 

The transition from the gentle part of the profile below SWL to a steeper 

slope is modeled by a line with an angle B, see Figure 4.20. The transition to 

again a more gentle slope (if present) is modeled by a line with an angle Y· 

From first analysis it foliowed that the angle B (or tanB) was independent 

of the wave height, wave period and nomina! diameter. The storm duration, how

ever, and the initia! slope had influence on tanB which cao be concluded from 

Table 4.1 where results of series of tests were combined. 

tests cota tanB cr tanB cr 

N • 1000 N - 3000 

383 - 395 1.5 0.837 0.035 0.854 0.030 
323 - 356 

and 3.0 0.508 0.060 0.530 0.067 
397 - 408 
301 - 323 5.0 0.319 0.061 0.405 0.036 
801 - 809 5.0 0.351 0.071 o. 375 0.064 

Table 4.1 TanB for various serles of tests 

In Table 4.1 the tests with a berm profile (tests 383 - 395) were considered 

to have a seaward slope of 1 l.S. From thls table it fo1lows that a steeper 

initia! slope results in a higher value of tanB and that the influence of the 

storm duration is more pronounced for gentler initia! slopes. The influence of 

N on tanB in the large scale tests 801 - 809 is less pronounced, however, but 

within the range of the small scale tests 301 - 323 for the same initia! slope 

of cota = S. 

This influence of N and cota on tanB can be explained in physical terms. A 

steep initia! slope results in material falling down, forming more or less a 

slope with a natura! angle of repose, see Figure 4.12 - slope 1 : l.S. This is 

independent of the storm duration. 

The natura! angle of repose of the material (without any wave farces) is 

about ~a 4s•- sa·. This results in tan~ • 1.0- 1.2 which is larger than the 

maximum tanB of 0.85 for a 1 : 1.5 initia! slope. The difference is due to the 

wave farces actlog on this part of the profile. Waves breaklog on a gentle 

slope below the still water level farm a step and the material is transported 

upwards, see Figure 4.12 - slope 1 : s. The slope angle is smallas the wave 

motion has still large influence on the stability of the material in that 

area. lt takes also time to form this "hole" which means that the storm dura

tion has more influence than on a steep initia! slope. 
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It cao be stated that tanB is larger than tana. On the other hand, at the 

start of a test (or storm) tanB is equal to tana (theoretica! lower boundary). 

Figure 4.33 shows a plot of tana versus tanB with this lower boundary and the 

data of Table 4.1. 

"' tests 301-408 N:::lOOO N ~ 0 

~ tests 301-408 N:3000 ----- N ~ 1000 
(') tests OeLta fl.u111e N:lOOO ·-·- N ~ 3000 

... tests DeLta fLu11e N:3000 ----· N ~= 

1 ·2 

ton a. 

Figure 4.33 TanB as a tunetion of tana 

The parameter tanB must be related to the number of waves, N, and the ini

tia! slope, tanll, (or an equivalent slope if the initia! slope is nat uni

form). For low va lues of N the lower boundary should be reached and for very 

high values an equilibrium can be considered. The influence of N should be 

more pronounced for gentler slopes. 

The following relationship meets this requirements and was chosen to des

cribe tan6: 

tanB - a6 tano.A 4.26) 
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with: A = l - h6 exp{-c6/N) 

It does not mean that this is the only relationship which can be chosen. 

This relationship can be compared with the influence of the storm duration on 

damage of statically stable structures, see Section 2.3.4. From regression 

analyses it foliowed that a6- 1.1, b6 = 0.45 and c6 = 500 which results in: 

tanS = 1.1 tanaA (4.27) 

with: A l - 0.45 exp (-500/N) 

Equation 4.27 is plotted in Figure 4.33 for N a, 1000, 3000 and "'· 

A slope with an angle y is only found for initia! slopes of 1 : 3 and gent

ler. All values of tany, established from the profiles, are shown in Figure 

4.34. In this Figure tany is plotted versus R0 T0 • The values of tany are smal! 

(generally between -0.1 and 0.2) in camparisou with tanS {between 0.3 and 

0.8). The va1ues of tany show large varlation in this range measured. Diffe

rence was made between various initia! slopes. The whole range of possible 

R0 T0 values was measured only for cota = 5. The range for cota = 3 and 10 is 

much smaller. 

From Figure 4.34 no clear dependency can be established for tany and an ini

tia! slope of cota 5, on the parameter R0 T0 • The average value of tany is 

more or less equal to the half of the initia! slope angle, tana. Therefore a 

simple relationship can be established for tany: 

tany 0.5 tana (4.28) 

This relationship is plotted in Figure 4.34 for the three initia! slopes 

with cota • 3, 5 and 10 respectively. 

4.4.5 Influence of water depth 

On a shallow foreshore high waves will break and the wave belghts will not 

be Rayleigh distributed. For static stability this effect was taken into ac

count by using the 2 percent value of the wave height exceedanc.e curve in the 

stability formulae, instead of the significant wave height (Section 3.3). 

This means that the movement of stanes around the still water level for sta

tic stability is initiated by the highest waves in a storm. This is different 

for dynamic stability where stanes move during almast each wave. 
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Figure 4.34 Tany as a function of H0 T0 

ln Section 4.2 it was concluded by camparing different profiles, that a re

latively small water depth results in a steeper profile below the still water 

level. This is probably due to higher water veloeities below the still water 

level which is caused by the influence of the bottom. This assumption can 

simply be demonstrated by applying the Airy theory for linear, sinusoidal 

waves. The water depth in front of the structure varled between 0.2 and 0.4 m 

during these tests and was 0.8 m for all other tests. Assuming a wave period 

of 1.8 s and a wave height, H, the maximum horizontal water velocity at a 

depth of 0.20 can be calculated. This results in the following veloeities for 

various water depths: 

water depth (m) veloei ty at 0.2 m depth (m/s) 

0.20 6.95 H 
0.30 4.61 H 
0.40 3.49 H 
0.80 1.92 H 
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The higher veloeities near the bottam for a smal! water depth result in a 

shorter and steeper profile below the still water level. It is acceptable, 

therefore, to use the water depth related to the significant wave height as an 

additional parameter, and not the 2% wave height. The smal! water depths have 

influence on the profile parameters hs and 1 8 • As discussed, the significant 

wave height in front of the structure, Hs, can be used for comparison. 

The analysis of all profile parameters will nat be given here. For sake of 

simpilcity the results for the crest height, he, and the step height, hs, will 

be given only. The results are shown in Figures 4.35 and 4.36 and are compared 

with the results with a water depth of 0.80 m. 

1!1 no foreshore h = CJ.S ., t!) h = 0-3 /lil 

•h=IL2~~r~ •h=0.-4 .. 
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0 

Pigure 4.35 

3 6 9 12 16 
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c nSO 

Influence of water depth on crest height, h 
c 

From Figure 4.35 it follows that, as already concluded before, the crest 

height is not influenced by a relatively smal! water depth in front of the 

structure. The same conclusion was found for the profile parameters lr and lc· 

In Figure 4.36 all results for the small water depth are located left of the 

results for a large water depth. This implies that the height, hs, will be 
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shorter when the water depth is relatively small. The same effect was found 

for the length of the step, ls• 

~ no foreshore h = O.B m l!lh:0.3m 

•h=0.2111 •h:0.4m 
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Figure 4.36 Influence of water depth on step height, h 
' 

The water depth was varied between 0.20 and 0.40 m during tests 416 - 421. 

From Figure 4.36 it can be concluded that the smallest water depth gave the 

largest relative difference in results for hs (and ls) in camparisou with the 

water depth of 0.80 m. A reduction factor, r, for the profile parameters h
8 

and ls can be developed by using the ratio of the water depth and wave height, 

h/H 8 • The reduction factor, r, for each test can be calculated by using the 

average curve in Figure 4.36 as a reference (called hs-reference). The actual 

value of hs is than divided by hs-reference. 

A plot of h/Hs versus the reduction factor, r, is shown in Figure 4.37. This 

figure shows clearly the influence of the relatively water depth, h/Hs, on the 

parameter h 8 • The following equation for the reduction factor was found to fit 

with the results: 
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Equat I on 4.29 
wate~ depth D.8 • 
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reLative water depth h/H
3 

Figure 4.37 Reduction factor, r, as a tunetion of relative water depth, h/Hs 

r = 1- 0.75 (2.2- h/Hs)2 for h/Hs < 2.2, and (4.29) 

r • 1 for h/Hs > 2.2 

The same relationship was found for the length parameter, ls• This means 

that the influence of the water depth in front of the structure on the profile 

is given by Equation 4.29. The profile is nat influenced by the water depth 

when h/H5 ) 2.2. 

4.4.6 Influence of angle of wave attack 

Van Hijurn and Pilarczyk (1982) concluded from their tests that the angle of 

wave attack was taken into account by using a reduction factor leas~ for all 

length and height parameters. The influence of the angle of wave attack on the 

wave run-up on slopes is described in various ways (TAW (1974), Tautenhalo et 

al (1982)). 

In order to investigate the influence of the angle of wave attack on the 

profile parameters, lr, he, lc, h 5 , ls, and ht a comparison was made with the 

results for perpendicular wave attack. The actual value of the profile para

meter for oblique wave attack (!jJ - 30•) was divided by the expected value for 

perpendicular wave attack (Equations 4. 7 - 4.15). The average value of this 

ratio for each profile parameter is shown in Table 4.2, tagether with the 

standard deviation (based on about 20 figures - tests 551 - 560). 



-140-

profile ratio of profile parameters a 

para me ter for ~ = 30" N = o· 

1r 0.90 0.10 

h, 0.86 0.11 

1, 1. 06 0.13 

hs 0.82 0. 12 

1, 0.87 0. 14 

ht 0.92 0.12 

Table 4.2 Influence of angle of wave attack 

This table shows that the crest length, lc• is nat influenced by oblique 

wave attack. The ratio of 1.06 is even a little greater than 1.0 (1.0 means no 

influence). Tautenhain et al (1982) found that oblique wave attack with ~ 

10• - 30" gave higher run-up than perpendicular wave attack. The results for 

1c are in agreement with these results on run-up. If this length lc is omit

ted, the other profile parameters have an overall ratio of 0.87. This value is 

equal to the value of cos30" which is also 0.87. This means that the influence 

of the angle of wave attack on all profile parameters, except the crest length 

lc, is given by a reduction factor cos!J!. 

The factor /cos~ which was found by Van Hijurn and Pilarczyk results in 0.93 

for W 30" and this is higher than all of the values found in Table 4.2 

(except for lc)· This means that a factor /cos!J! gives less reduction of the 

parameters than found in Table 4.2. 

4.4.7 Summary of functional relatiooships 

Tbe shape of the dynamically stable l'rofile (for relatively high H0T0 values 

of H0 T0 > 500 - 2000) may be obtained from a set of equations which relate the 

profile parameters, shown in Figure 4.20, to the houndary conditions. In a 

second phase tbe location of the profile is found by means of an iteration 

process where the actual profile is moved along the still water level until 

the mass balance is fulfilled. The following set of equations were established 

in this Section. 

The parameters Sm and H0 T0 

The profile parameters were related to the fictitious wave steepness sm or 

to the combined wave height-wave period parameter H0 T0 : 

(4.30) 
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where: 

Hs/liDnso 

lg/Dnso Tm 

dimensionless wave height parameter 

dimensionless wave period parameter related to D0 so 

The runup length, lr 

The crest height, he 

The crest length, lc 

The step height, h5 

The step length, 15 

The transition height, he 

The profile around the still water level 

y below SWL, and 

y ""as (-x)1.15 above SWL, 

(4.4) 

(4.7) 

(4.13) 

( 4. 9) 

(4.14) 

(4.11) 

(4.15) 

(4.24) 

(4.25) 

where the eoefficients, a4 and as, are determined by the values of he• lc and 

h 5 and 18 • 

The slope tanB 

tanB "" 1.1 tanaA (4.27) 
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with: A • 1 - 0.45 exp(-500/N) 

The slope tauy 

tany "' 0. 5 tana (4.28) 

A relatively shallov foreshore 

The influence of limited water depth is described by a reduction factor, r, 

which in fluences the profile parameters hs and 15 only. This factor is given 

by' 

for h/H5 < 2.2, and 

r = 1 for h/H5 ) 2.2 

Oblique wave attack 

The influence of oblique wave attack is taken into account when all length 

and height parameters (except lc) are reduced by a factor cosw. 

4.5 Coaparison vith dune erosion durlog stora surges 

The model developed in the previous sections described the dynamic stability 

of loose materfals (rock and gravel) under wave attack. The transition from 

gravel to sand beaches roughly corresponds to materfals with diameters in the 

order of 4 mm. Scale effects in small scale tests on gravel beaches can not 

langer be ignored if diameters in the model become smaller than 4 - 6 mm (Van 

Hijurn and Pilarczyk {1982)). Rock and gravel is described by the (nominal) 

diameter of the material and the transport of material is determined by bed 

laad only. Sand is, besides the diameter, also characterized by the fall velo

city in water, and the transport of material is determined by bed laad and 

suspension. Scale relationships for dune erosion tests were obtained by using 

the fall velocity, w, of the material in water (Vellinga {1986)). 

Veilinga (1986) developed a model for dune erosion during storm surges. The 

part of the profile below the still water level is given by the same equation 

as Equation 4.22: 

(4.22) 

It is interesting, therefore, to campare the results of the tests on dune 

erosion with the present tests on gravel and rock. On the basis of scale rela-



-143-

ti ons and model tests Veilinga found b4 .. 0. 78 in Equation 4.22, where the 

present tests showed a value of b4 = 0.83 (based on 250 profiles, Equation 

4.24). According to Veilinga the coefficient a4 in Equation 4.22 included the 

fall velocity of sand in water: 

y = Q,)9 W0.44 XQ.78 (4.31) 

This equation can directly be related to the present tests on gravel and 

rock. For grains larger than 4 mm the fall velocity can be described by, 

(Vellinga (1986)): 

w 1.1 (ogo)D.s (4.32) 

With ó = 1.6, g ~ 9.81 and Equation 4.32 substituted in Equation 4.31, yields: 

y m 0.75 n0-22 x0.78 (4.33) 

The profiles of tests 301 - 341 (H 8 /AD 0 so = 3 - 13), 506 - 532 (H8/AD
050 

= 
12 - 32) and 801 - 809 (Delta flume: H8 /AD0 so = 25 - 260) were used to analyze 

Equation 4.33 for gravel beaches. The coefficient, p, of all the profiles were 

established where p is given by: 

y • P o0.22 x0-78 (4.34) 

For p = 0.75 Equation 4.33 is found. The values of p were plotted versus the 

fictitious wave steepness Sm in Figure 4.38. Difference was made between 

various ranges of Hs/6DnSO· 

Figure 4.38 shows that for Hs/AD 0 so < 80 - 90 no difference is found between 

the various ranges of H8 /6DnSO· The values of p roughly range between 0.5 and 

0.65 which is a bout 15 - 30 i. less than the value of p = 0. 75, found by 

Vellinga. 

The tests on 4 mm gravel in the Delta flume are closest to the tests on dune 

erosion, although still a factor of about 20 exists between the diameters 

(gravel: Dn50 = 0.0041 m, sand: D0so = 0.000225 m). The values of p for these 

tests (H8 /6D 0 50 = 95 - 260) differ from the values found for lower H
8

/Ao
050 

ranges. In fact the average of the tests on 4 mm gravel is close to the value 

of 0.75. A clear influence of the wave steepness is found, however. 
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t.e~ts Dnso Hs/Dnso cota 

• 801-803 0.0041 95-260 6 

x 604-809 0.0187 25-50 6 

• 501-533 0-0041 12-32 6 

" 315-323 0-0110 7-13 6 

+ 333-341 0-0110 7-13 3 

• 307-314 0-0257 3-7 6 

• 324-332 0.0257 3-7 3 
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Figure 4.38 Gomparisou with dune erosion tests 

It can be concluded that, if the lnfluence of the wave steepness is ignored, 

Equation 4.33 which was found for dune erosion under storm surges, can be ex

trapolated into the area of gravel beaches upto a value of about H5 /ADnSO ~ 80 

- 90. For smaller values of H
5

/AD
0
so a coefficient p in Equation 4.34 is over

estimated by Equation 4.33. 

4.6 Verification and application of the model 

All the relationships for the height and length parameters, the power cur

ves, the two angles B and y (and the methad used to establish the equivalent 

slope angles for lower H0 T 0 values) were used to develop a computer program. 
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This program cao be used to calculate the profile, startlog from an arbitrary 

slope and with varying water levels (tide) and wave conditions. 

The input required for the computation can be derived from the relationships 

developed: 

The nomina! diameter 

The grading of the stone 

The relative mass density 

The significant wave height in front of the structure 

The average wave pertod 

The number of waves 

The water depth in front of the structure 

The angle of wave attack 

Dnso 
n85/D15 

6 

Hs 

Tm 

N 

h 

~ 

The (arbitrary) initia! slope cao be given by characteristic points in an 

x-y plot, connected by uniform lines. It is also possible to use a profile 

derived by a previous computation as the initia! profile for the next computa

tion. In that case a sequence of storms (including water level variations) can 

be simulated. 

The verif i ca ti on of the model wi th the test re sul ts is very easy. Measured 

and computed profiles can directly be compared in a plot. A small number of 

tests is selected bere for verification. The test numbers with some additional 

information is given in Table 4.3. Most of these tests were used to derive the 

functional relationships which means that verification on these tests is not 

independent. Tests 396 and 366, however, were nat used and give an independent 

verification. 

test slope remark 

318 1 : 5 basic small scale test 
336 1 : 3 basic smal! se ale test 
388 berm non-uniform slope 
396 ar bi trary test performed for verification model 
508 1 : 5 test of Van Hijum and Pilarczyk 
805 l : 5 Delta flume test 
366 1 : 3 storm surge 

Table 4.3 Tests selected for verification of the model 

The plots with bath the measured and computed profiles are shown in Figures 

4.39 - 4.45. Some of the boundary conditlans are given in the figures. 
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The agreement between measured and computed profiles of test 318 (Figure 

4.39) is very good. Almast no differences can be seen. The differences in 

Figure 4.40 are more pronounced, but the agreement is still good. The same 

conclusion cao be drawn for the berm profile in Figure 4.41. 

• 
• • 5 
~ 
~ 

1 -2 

1 .o 

o.s 

0 •• 

Test. 316 

c0111put.ed prof ll.e 

111easured prof! Le 

•easured In lt.lal sloplil 

"· , 0.19 • 
Tm , 1 0 75 • 
0n50 

, 0.011 • 
cot. Cl , 6 

0.2~------~-------4--------+-------~ 
2 3 • 6 6 

dtst.ance c .. l 

Figure 4.39 Verification of test 318 

In test 396 the technician who built all the roodels was asked to build an 

arbitrary slope in the way he preferred. Figure 4.42 shows the slope he con

structed and the measured and computed profile. The initia! slope had an upper 

slope of 1 in 3 and a lower slope, with some irregularities, varying between 1 

in 1.5 and 1 in 2. The agreement between measurement and computation is good. 

Figure 4.43 shows the comparison of a test performed by Van Hijurn and 

Pilarczyk (1982). The agreement is good for the lower part of the profile and 

reasonable for the upper part. Figure 4.44 shows a test in the Delta flume on 

4 mm gravel. The differences are more pronounced, but are still acceptable • 

• 
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Test 336 "• = 0.19 • 
--- oo•puted profILe Tm = I • 75 • 
--- •easured profILe 0 n50 = 0.011 
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Figure 4.40 Verification of test 336 

Test 388 

--- oo•puted prof I Lc 

--- •casured profILe 

1.2 ........... •casured lnltlaL sLope 
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Figure 4.41 Verification of test 388 
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d: stance I •l 

Figure 4.42 Verification of test 396 
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Figure 4.43 Verification of test 508 
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Above mentioned tests were all performed with constant water level and con

stant wave boundary conditloos during the test. The profile was directly com

puted from the initia! profile. Tests 360 - 378 were performed with varying 

water levels and wave boundary conditions, as described in Sectien 4.1 and 

Figure 4.2. Test 366 was selected for verification. 

Four ti des of 2 hours we re perfQrmed in the model wi th the sa me wave boun

dary conditloos for the first and fourth tide and also for the second and 

third tide, see Figure 4.2. The wave height was H8 • 0.13 m for the low tides 

and H8 - 0.19 m for the high tides. The wave period was Tm • 1.75 s durlog the 
whole test. 

For the computation each tide was divided into six parts of 20 minutes (N -

20 x 60 I 1.75 - 686). Durlog these parts the water level was kept constant at 

the average of the tidal curve for that particular part. The first computation 

was based on the 1 3 uniform initia! slope. Later computations were based on 

the profile computed in the previous part of the tidal curve. This resulted in 

4 ticles x 6 parts • 24 computations, to establish the final profile after 8 

hours. 

This final profile after 8 hours is shown in Figure 4.45, tagether with the 

measured profile. Some differences exist between the two profiles, especially 

at the lowest part of the profile. The agreement, however, is reasonable. 
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Figure 4.45 Verification of test 366 

Tests 318, 336, 388, 508 and 805 were used to establish the relationships 

for the profile parameters, see Section 4.4. This means that the measured pro

files of these tests are not independent of the computed ones. The development 

of the model was based on these tests. Verification of the model on these 

tests shows, in fact, the varlation of the model with the test results, but 

only for the range tested. 

Test 396, however, was nat used in the derfvation of relationships. This 

test with an arbitrary initia! slope was solely performed for verification of 

the computational modeL The measured and computed profiles are independent, 

therefore. Also none of the tests wlth varying water levels and storm surges 

(tests 360 - 378) were used in the derfvation of relationships. This means 

that all these tests cao be used for an independent verification of the compu

tational model. Figure 4.45 shows the verification of one of these tests and 

was discussed already. 

It can be concluded that the computational model was partly verified on 

tests w-hich were used to derive the relationships for this model. The agree

ment between measurement and computation is good in this case. The computa

tional model, however, was also verified on independent tests with arbitrary 

initia! slopes or varying water levels and storm surges. Again verification 

gave good agreement between measurement and computation. 
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Prototype data are always scarce and especia11y on structures which are 

designed according to new deve1oped concepts. On1y a few berm breakwaters were 

built upto now. The papers presented at the Seminar on Unconventional Rubble 

Mound Breakwaters, Ottawa, 1987, contained a lot of data on berm breakwaters 

and gives a good impression of the state of the art of design, construction 

and behaviour. 

The paper of Ryan et al (1987), presented at this Seminar described the 

behaviour of a prototype berm breakwater under design storm conditloos which 

occurred within half a year after completion of the breakwater. Doe profile 

measured after the storm is shown in Figure 4.46 and is compared with a compu

ted profile using the computational model. Differeoces are probably due to the 

uncertainty in the hindcasted wave height and the estimation of some parame

ters which were oot given precisely in the paper. The development of storm 

surge with the corresponding wave belghts were oot given and also the nomina! 

diameter was not given in the paper (ooly the grading). Only one wave height 

(no surge) with a fixed water level aod a eertaio duration was used for the 

computation. Witblo these given uncertainties the comparison is fairly good. 

It cao be concluded, therefore, that the model has proved to be able to pre

dict the behaviour of berm breakwaters. 

br~okwot~r 

computlld prolila 

Figure 4.46 Verification on prototype berm breakwater measurements 

Application 

The model was developed for a large range of possible applications. Quanti

tatively speaking, the model cao compote the profile in the range of Hs/ADnSO 

- 3 - 500 or H0 T0 • 80 - 100,000. For large values (Hs/ADnSO > 10 - 15 or 

H0 T 0 > 300 - 1000) this results in predietien of the behaviour of rock slopes 

and gravel beaches durlog storm surges. 
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Applications in breakwater design will be limited to the lower regions of 

Hs/6D 0 so and H0T0 • Possible applications in this lower range are: 

- The design of berm or mass armoured breakwaters. 

The design of S-shaped breakwaters 

- The predietien of the behaviour of filter layers and care under yearly storm 

conditions for a breakwater under construction. 

- The performance of a sensitivity analysis on a designed profile. 

A first attempt to design a berm breakwater with the aid of the computatio

nal model was performed by the author (Van der Meer (1987-b)). An optimum 

shape of the initia! profile was established under eertaio restrictions. After 

choosing the optimum initia! profile a sensitivity analysis was performed on 

this profile. Other possible applications, as mentioned above, will oot be 

treated in this thesis, but will be given in future publications. 
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a coefficient in regression analysis 

b coefficient in regression analysis 
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h 

h 

water depth 
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crest length 
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u velocity of water 
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x-axis 

y = y-axis 
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parameters in columns 

coluan description 

1 test number 

2 remark: Rock imperm • impermeable rock slope with PM spectrum 

3 

Rock perm • permeable rock slope w!th PM spectrum 

Rock hom = homogeneaus structure with PM spectrum 

Spectrum • spectrum different from PM spectrum 

Depth 0.4 m structure with 1:30 foreshore and water depth 

of 0.40 m at the toe of the structure 

Depth 0.2 m ~ structure with 1:30 foreshore and water depth 

of 0.20 mat the toe of the structure 

Density • rock with high or low mass density 

Large scale • tests in Delta flume 

Low crest 1 • crest at SWL 

Low crest 2 • crest 0.125 m above SWL 

Low crest 3 • crest 0.10 m below SWL 

permeability: impermeable care 

+ permeable care 

H • homogeneaus structure 

4 nominal diameter, Dn50 (m) 

5 relative mass density, ~ 

6 slope angle, cota 

7 grading, Dss/D!S 

8 speetral shape: PM Piersen Moskowitz spectrum 

NA • narrow spectrum 

WI • wide spectrum 

9 significant wave height in front of the structure, Hs (m) 

10 average wave period, Tm (s) 

11 peak period, Tp (s) 

12 wave height parameter: Hs/àD0so 
13 

14 

15 

16 

surf similarity 

surf similarity 

damage, s, af ter 

damage, s, af ter 

parameter: <m -
parameter: (p 

1000 waves 

3000 waves 

tana /12uHslsT~ 

tana /12uH8/ gT~ 



2 Rock tmperm 
3 Rock i111per111 
4 Rock tmperm 
S Rock 1111perm 
G Rock tmp!rlll 
7 Rock i111penn 
S Rock llltp!!n 

9 Rock i.-pera 
16 Rock tmpenn 
11 Rock tmp!n 
12 Rock unperm 
13 Rock tmp!rtl 
l4 Rock 11Rp!rm 
1S Rock impen 
16 Rock tmperm 
17 Rock tmp!n 
ta Rock impen 
19 Rock 111per111 
21 Rock tmp!n 
22 Rock 111per~ro 

23 Rock tl'lperlll 
24 Rock il•penn 
2S Rock 1mpen 
26 Rock imp!n 
27 Rock 111pern 

28 Rock iaperm 
29 Rock t•pen 
30 Rock iaper111 
31 Rock 111pent 

32 Rock 1111perm 
33 Rock tmpmn 
34 Rock 1111per111 
3S Rock tmperm 
36 Rock ÜRperm 
37 Rock imperm 
38 Rock i11pen 
39 Rock tlllperm 
40 Rock illp!r• 
41 Rock unpefiR 
42 Rock impen 
43 Rock tmpefll 
44 Rock impen 
4S Rock impen 
46 Rock imp!rm 
47 Rock imp!n 
48 Rock i11pere 
49 Rock 1mper111 
50 Rock 1111per111 

51 Rock 1mperm 
52 Rock i111per111 
53 Rock i111pw11 
54 Rock 111perwo 
SS Rock 111per• 
56 Rock: i•per• 
57 Rock 111per11 

SB Rock iaper• 
S9 Rock 1111pen 
60 Rock: i111pen 
61 Rock tl!lperm 
62 Rock i11pmn 

0360 1 630 
. 0360 1. 630 
. 036ü 1.630 
.0360 1.630 
0360 1.630 

.0360 1.630 
0360 1.630 

.0360 1.630 

.0360 1 630 

. !1360 1.63!1 

.0360 1.630 

.0360 1.63!1 

.0360 1 630 

. 0360 l 63!1 

.0360 1.!=.30 

.0360 1.630 

.0360 1 630 

.0360 1.630 

. 0360 l 630 

.0360 1.63!1 

.0360 1 63!1 

.0360 1.630 

.11360 1.6311 

.0360 1.630 

. 0360 1.630 

. 0360 1.630 

.(1360 1.631) 

.0360 1.630 

.0360 1.630 

.0360 1.630 
0360 1.6311 

. 11360 1.630 

.0360 l 61S 

. 0360 l.61S 

. 0360 1 61S 

. 0360 l.61S 

.0360 1.61S 

.0360 1.61S 

.0360 1.61S 

.0360 l.61S 

.0360 1.61S 

. 0360 l 61S 

.0360 1 615 

. 0360 l.61S 

.0360 1 61S 

. 0360 l.61S 

.fJ360 1.61S 

.0360 1.615 

.0360 1.615 

.0360 l.61S 

.11360 1 615 

.0360 l.61S 

.0360 1.615 

. 0360 1.630 

.0360 1.630 

. 0360 1.630 

.0360 1.630 

.0360 1.630 
0360 l 630 

.0360 1.630 

202?'1PH 
202.25PH 
2.!1 2 25 Pt1 
2.11225PH 
2.0 2.25 PH 
2.0 2 25 Pt\ 
1.0 2.25 PH 
2.0 2.25 Pt1 
2 0 2.25 PH 
2.0 2.25 Pt\ 
2.0 2.25 P"1 
2.0 2.25 PH 
2 0 2.2S PH 
2.0 2.25 PH 
2.0225PH 
2.0 2.25 PH 
202.25PH 
2.0 2.25 PH 
302.Z5PH 
3.0 2.25 PH 
3.0 2.25 PH 
3.0 2.2S Pt1 
3.0 2.25 PH 
3.0 2.25 PH 
3.0 2.25 PH 
3.0 2.2S Pt1 
3.0 2.?5 PH 
3.0 2.25 Pt\ 
3.0 2.?5 PH 
3.8 2.25 PH 
3 0 2.25 Pt1 
3.0 2 2S Pt1 
301.25PH 
3.0 1.25 PH 
30125PH 
3.0 1.2S PH 
3 0 1.2S Pt1 
3.0 1.25 PH 
3 0 1.25 
3 0 1.2S 
3.0 1 2S 
3 0 1.2S 
3 0 1.25 
3 0 1.2S 
3.0 1. 25 

l. 2S 3.0 

PH 
PH 
PH 
PH 
PH 
PH 
PH 
Pt1 

3 0 1. 25 PH 
3 0 1.2S Pt1 
3.0 1.25 Pt1 
3.0 1.2S Pt1 
3.0 1.25 Pt1 
3.0 1.25 PH 
3.0 1.2S Pt1 
302.2SPH 
3.0 2.25 PH 
3022SPH 
3.0 2.25 PH 
3.0 2.25 PH 
30215Pt'l 
402.25PH 

08'i8 
. 0464 
.11772 
.0701 
0733 
0827 
0657 

. 0557 
0795 

. 0751 
0658 

. 0553 
0841 

. 0931 
0871 

. 0756 
11942 

.0818 
1177 

. 0995 
0858 

.1085 
0705 

.1173 
0996 

. 0844 

. 0920 

.1059 
1160 
10Sl 

. 095(1 

. 0830 
1098 

.1002 
'0860 
. 0742 
.1188 
.1285 
1221 

.10114 

. 0799 

.1369 
1123 

. 0981 
'1346 
.1548 
.1682 
1187 

.1145 

.1049 

. 0975 

.0799 
1120 

.1256 

.1004 

. 0691 
0868 
11S9 
1326 

.1881 

1 BS 
l.SS 
1 BS 
1.85 
2 1 q 

2 1B 
2 111 
2 .19 
2.19 
2. 69 
2 69 
2. 69 
2 68 

2 " 
3.11 
3 .13 
3.08 
3 .13 
2.18 
2 21 
2.19 
2 .19 
2.17 
2 6S 
2 66 
2.67 
2 .6S 
2 67 
3. OB 
3 .12 
3.18 
3.14 
2 20 
2. 21 
2.20 
2 .19 
2. 20 
2.20 
l. 77 
1.76 
1.77 
1. 77 
1.77 
1 Jl 
132 
13S 
1. 36 
1.31 
2 97 
2 .99 
3 00 
3. 02 
2.98 
l 86 
1.86 
1.85 
1.84 
1.84 
1.87 
2 .ta 

2 oa 
2 .13 
') 13 
2.13 
2 56 
2.S3 
2.60 
2.56 
2 S6 
3.13 
3 13 
3 lJ 
3 17 
3.17 
3.85 
3.64 
3 70 
3. 70 
2 SJ 
2.56 
2.53 
2 S3 
2.53 
3.17 
J. oa 
3.08 
3 .13 
3. 08 
3 .5? 
3 Sl 
3 S7 
3.57 
2 S3 
2 .so 
2' 50 
2 .so 
2.47 
2. 50 
2. 04 
2. 04 
2. 02 
2. 02 
2 01 
1. 37 
1. 38 
1.43 
146 
1 41 
3. 57 
3 .45 
3.51 
3 .45 
3.45 
2 11 
2.11 
2. 08 
2 13 
2.17 
2.11 
2.44 

1 .46 
. 79 

1 32 
1 l q 

l 25 
1 41 
1.12 

.95 
l 35 
1.28 
112 

. 94 
l 43 
1 S9 
l "!8 
1. 29 
1 61 
1. 39 
2 ûl 
1 70 
1.46 
1 as 
1.20 
2 00 
l. 70 
1.44 
l S7 
1 ao 
l 9A 
1.79 
1 62 
1.41 
1.81:1 
172 
l 48 
l2B 
2 04 
2 . 21 
2 10 
l. 73 
l 37 
2 JS 
1.93 
l 69 
2 32 
2E6 
2 89 
2. 04 
1.97 
1.80 
1. 68 
1.37 
l. 93 
2 .14 
l 71 
l 18 
1.48 
1. 98 
2.26 
3.21 

3 95 
5. 37 
4. 16 
4 37 
5. 05 
1!.74 
5 34 
5 BO 
4 as 
6 .13 
6 55 
7.15 
s 77 
5.49 
6 SB 
7.11 
627 
6.84 
2 GS 
2 .92 
3.11 
2. 77 
l 40 
3.22 
3 S1 
3 SJ 
3 64 
3.42 
3.77 
4. 01 
4. 30 
4.54 
2 77 
2 91 
3 12 
3 .35 
2 66 
2 S6 
2 ll 
2 31 
2 61 
l 99 
'i. 20 
174 
1 5 0 
1.43 
1. 38 
1. 58 
3 .66 
J as 
4 00 
4 .4S 
3 71 
2 19 
2.44 
2 93 
2.60 
2 25 
2.14 
1. 57 

4 44 3 45 6.39 
6 lB . 35 65 
479 3.26 654 
5 03 81 1.57 
5 91 2 04 2.45 
5 50 4.78 9.20 
6 34 1 1? 1.49 
678 .56 71 
5 67 2.H 3.42 
7.14 1.24 1 39 
7 62 ')6 fi2 
8 32 .76 1 09 
683 359 585 
6.49 32.63 -1.00 
8.15 5.3:2 ? 12 
8.27 .32 ,76 
7. 51 
8. OB 
3. 07 
3 JB 
3.611 
3.20 
3.97 
3.86 
4. Ob 
4.42 

22 41 
2 78 

10.09 
3.02 
147 
4 89 

.80 
14.40 
4.82 

.7B 

-I 00 
3<3 

23 80 
6. 71 
3 1}9 
9.16 
1 88 

29 07 
7.46 
1.47 

4 30 1 94 2 3~ 
3.94 4.75 11.39 
4 ""::7 10 26 !7 35 
1!.51 443 870 
482 275 2.b6 
5.16 L36 1.76 
3 18 5 22 8. 16 
3.29 4 93 9.ll 
3 55 1 71 3 66 
3 82 .~9 1 48 
2 98 B 09 IS 15 
2.90 13.98 -1 00 
2 43 7 40 13 12 
2 6B 3.87 5.47 
2.98 123 211 

2.27 10 95 19 47 
2 50 6 44 9 62 
1.82 1.83 2 15 
1 57 4 87 7.45 
1 51 B 29 13 11 
l 48 10.52 17 81 
1.70 3BB 644 
4 39 9.90 JB 11 
4.44 3.76 6 40 
4.68 3.49 5.26 
5.08 .83 1.50 
4 29 7 D2 9 14 
2 48 7.31 12.34 
2 77 5 03 6 63 
3 30 .60 .77 
3 fJ1 .86 2 93 
2.65 8 13 12.64 
2.41 lü.BB 18 ~5 
1.76 28.84 -1.00 



2 J 4 5 6 7 a 9 10 11 12 1J 14 15 " -~·································~·································=········································· 

63 Rock 1111penn '0360 1.631! 4.0 2.25 "' 1661 2.17 2. 50 2 aJ 1.66 1. 92 20.45 32 97 
64 Rock 111pen .0360 16JO 4.0 2 2S "' .1365 2' 18 256 2 JJ 1 a4 2.16 a.6B 18.32 
65 Rock 1111per111 '0360 1 .630 4 0 2 '25 "' .1162 2.20 2. 50 1. 98 2.02 2 .{9 5. 35 8. 78 
66 Rock i•per• .0360 1 630 4 0 2 .25 "' . 0893 2 '20 2 ,4-:j 1.52 2 JO 2. ss !.SS 3. 24 
67 Rock t11per111 '0360 1 630 4.0 2. 25 "' 1343 2.67 3.13 2. 29 2 2a 2.67 1a .ao 29.88 
6a Rock i•pen .0360 1 630 4. 0 2 .2S "' .1189 2.68 3 .ln 2 OJ 2 .4J 2.81 11.24 19.17 
69 Rock 1111pen '0360 1.630 4. 0 2 '25 "' 0874 2.69 3.13 1.49 2.84 3 J1 J .62 5 11 
70 Rock i•pen . 0360 1.630 4. 0 2.25 "' '0721 2.69 3' 17 1.23 J 1J 3.69 1 1S 1. 25 
71 rock t•perm 0360 1.630 4. 0 225 Ft< '1022 2.70 3.17 1. 74 2.64 3 10 5 .2'3 9 9a 
72 Rock 1•per111 .11360 1.63{1 4. 0 2. 25 Ft< .1132 3.19 3.64 1.93 2.96 3.38 9.26 16.17 
73 Rock 111per111 ü360 1.630 4 0 2 25 PH '11867 3 25 364 1.48 3' 45 J a6 2 45 3.52 
74 Rock i•pen 0360 1630 4.0 225 Ft< '0762 3. 26 3.64 1. 30 3.69 4.12 1.33 1.71 
75 Rock 1111perm 11360 1 630 4 0 2.25 "' .11998 323 3 .64 1. 711 3 .19 3.60 4 71 7. ~9 
76 Rock t•pen .0360 1.630 4 0 2 25 "' '12JJ 3.18 3.64 2.10 2.83 3. 24 14.72 2579 
77 Rock 1•rm .0360 1.630 4. 0 2.25 "' .1850 1.61 1.83 3.15 1.17 l.JJ 10.34 17.31 
76 Rock i111pen '0360 1.630 4 0 2.25 "' '19S1 1.62 1.82 3 32 l.lS 1. 29 11.14 19.57 
79 Rock 1111per111 . (1360 1 630 4. 0 2 25 "' .1548 1.37 1.49 2.64 1. 09 1.18 3.81 SS7 
ao Rock i•pen . 0360 1.630 4. 0 225 Ft< .1633 1.40 1. 50 276 1.118 1.16 4. 91 7.89 
a1 Rock tmperm . 0360 1.630 4 0 2. 25 Ft< .1748 1.41 1.48 2.98 1. 05 1.11 5. 51 8. 73 
a2 Rock i111pen . 0360 1.630 4. 0 2. 25 Ft< .1907 1.44 1.52 3 .25 1 DJ 1. 09 8 .40 1J 26 
a3 Rock impenn . 0360 1 615 4 0 125 "' .1163 2.19 2.44 2. 00 2.01 2. 24 4. 04 7.77 
a4 Rock 111pera '0360 161S 4 0 1.2S PH 'ma 2.18 2. 53 2.30 1. 86 2' 16 a23 11.98 
as Rock tmperm .0360 1.615 4 0 1.2S Ft< 0991 2. 20 2.50 1. 70 2.18 2.48 3.16 5.56 
a6 Rock i11per• . 0360 1.61S 4 0 1.2S Ft< . 0695 2.20 2 .SJ 1. 20 2.61 3.00 l.50 1. 91 
a7 Rock 1mper11 . 0360 1.615 4.0 1. 25 PH .1573 2.19 2.53 2. 71 1.72 l. 99 16.17 25 96 
a a Rock 111per• . 0360 1.61S 4.0 1. 25 Ft< .1190 2 .98 3. 51 2. os 2 70 3.18 7.42 13.36 
B9 Rock tmpert~ . 0360 1.615 4 0 1.2S Ft< .11930 J 00 J 51 1 4J 3. 25 3 .lll 1. 53 1. 74 
90 Rock 111per11 .0360 1.615 4. 0 1.25 Ft< .1084 3. 02 3.51 1.86 2.87 3 .33 6.01 9.41 
91 RDck 1111pert~ 0360 1.615 4. 0 1.25 PH 0965 3. 02 3.51 1.66 J 04 3. 53 3.55 5.56 
92 Rock i11perm .0360 1.615 4.0 1 25 Ft< .1396 2.9S J .S1 2.40 2.47 2.93 15.34 28.75 
9J RDck 1111penn 0360 1.615 4 0 1. 25 Ft< 1214 1.13 1.42 2. (19 1.19 1.27 169 3. 20 
94 Rock iaper111 .0360 1.615 4.0 1.25 Ft< .1721 1.35 1.49 2 96 1. 02 1.12 5. 06 777 
9S Rock tmpen 0360 1.615 4. 0 l. 25 "' . 1975 1.41 1 49 3.40 .99 1 os 726 10. BB 
96 Rock 1aperm .0360 1.615 4 0 1 2S Ft< '!4a1 l.JS l. 42 2 .55 1 . 10 1.15 4.45 6.46 
97 Rock 1111pen '0360 1. 615 4. 0 1. 25 PH .1333 1.32 1. 42 2. 29 1.13 1. 21 2. 47 3.90 
9a Rock impen 0360 1 615 4. 0 1.2S Ft< .1521 1.77 196 2 .62 1 42 1. 57 8 .lil 10.76 
99 Rock 1•per111 0360 1.615 4. 0 1.25 PH .1168 179 192 2 01 1.60 1. 76 3.42 4.67 

100 RDck i•pen . 0360 1.61S 4.0 1.25 PH . 0884 1.75 1.96 1.52 1.84 2. 06 1.09 2.15 
101 I!Dck u~perm . 0360 1 615 40 1.25 Ft< .1356 1 76 1. 94 2 3J 1.49 1.65 5. 06 8. 53 
102 RDck 1apen . 03611 1.615 4.0 1. 25 Ft< 1a04 l. 76 1.96 3.10 1. 29 1.44 13.84 20 oa 
103 RDck tmperm . 0360 1.615 4 0 1.25 Ft< 1533 1.77 l. 96 2.64 1.41 1.56 3.73 3. 93 
104 Rock 111per11 'OJ60 1.615 4. 0 1.25 Ft< .1906 177 2.00 3 .11 1. 30 1.47 3.60 6. 02 
10S Rock impera . 0360 1.615 4. 0 1. 25 "' .1543 1. 78 2.00 2.65 1.42 l. 59 6.64 11.64 
106 Rock i111per11 . 0360 1.615 4.0 US "' .1529 1.76 1. 96 2. 6J 1. 42 1. 57 7. 50 11.1J 
107 Rock 1mper~ . 0160 1 615 4.0 1. 25 Ft< '1S32 1. 77 1 96 2.64 1.41 1. 56 6 64 10.47 
10a Rock i•per• . 0360 1.6JO 6.0 2. 25 Ft< '1709 2.17 2.53 2 .91 1.119 1.27 3.29 6.64 
109 Rock 1111pera . 0361! 1.630 6.0 2 '25 "' .2273 2.15 2. so 3.87 .94 1. 09 10.86 21.47 
110 Rock i111pera .0360 1.630 6.0 2 .25 "' .1138 2.15 2 .SJ 1.94 1 JJ 1 56 1 03 2.81 
111 Rock t•perm .0360 1.6311 6 0 2. 25 Ft< .2010 2 .1S 2 53 J43 1. 00 1.18 7.49 13.29 
112 RDck i11pen .0360 1.630 6.0 2 .25 Ft< .2573 2.17 2. 56 4. 38 .89 1. 05 15.06 -100 
113 RDck tMpen .0360 1.6311 6.0 2.25 Ft< 1763 2.62 3. oa 3.00 1. 3fl 1. 53 12.41 15.53 
114 RDck u~perm .0360 1.630 6.0 2 .25 Ft< .1167 2 .64 3. OB 1.99 1.61 l.BB 3.57 5.07 
115 Rock i•perw• . 0360 1630 6 0 2 '25 Ft< .1499 2.64 3 oa 2. 55 1. 42 166 6. 33 a 60 
116 RDck tapen .0360 1.630 6.0 2.25 PH 'oaJa 2.66 3. 08 1.43 1.91 2.22 .ao 1.25 
117 I!Dck i11pen . 0360 1.630 6.0 2. 25 PH .2017 2 59 3.17 3. 44 1.20 1. 47 14.S2 23.83 
11a Rock 111pen '0360 1.630 6. 0 2.25 "' .1523 3.14 3.92 2.60 1.68 2 09 15.13 19 .92 
119 RDck 1111per• 0360 1.6JO 6.0 2 '25 Ft< . 0907 3 oa 3 BS 1. 55 2.13 2.66 4. 04 4 41 
120 RDck i111per11 . 0360 1.6311 6.0 2 .25 Ft< '06as 3 .23 3.85 1.17 2.57 3 06 1. 59 2.53 
121 Rock tttpera . 0360 1.630 6.0 2 .25 Ft< 1135 3. 23 3.85 1. 93 2. 011 2 Ja 4.00 6.19 
122 Rock i11pen . 0360 1630 6.0 2.25 Ft< '132S 3. 06 3.77 2. 26 1.75 2 16 7.96 10.48 

~~--~···············~····~···························••:••·········~································~·········· 



l.-'3 Roe~ 1mp~r1!1 

124 Rock 1mperm 
120, ~od 1111~~r,., 

126 Rock 1mpenn 
127 Rock Jm~rm 
12B Rock 11np~rm 

129 Rock 1mperm 
130 Rock 1mperm 
':31 Rock !~·perm 

132 Rock 1mperm 
13) Rork 1mperm 
134 Rock 1mperm 
158 sp~r,trum 

159 Spedrum 
16[1 Spectrum 
161 Spectrum 
162 SrectrrJm 
163 Spectrum 
lf4 SpPdT\"ll 
165 Spectrum 
]bil Sperhu~~> 

167 Spedrum 
168 Spert_rum 
169 Spedrulfl 
J7n Spectr•Jm 
171 Spedrum 
171 Spr>rtrum 
173 Spectrum 
1'4 Sp~drum 

175 Spectrum 
1/b sp ... ctrum 
177 Spectrum 
17ft Spectrum 
179 Speelrum 
]i=IÜ SD .. dfiJIII 

181 Spectrum 
187 Spedrum 
183 Spectrum 
184 Speet r•Jm 
185 Spectrum 
Hlf; Soecüun· 
1B7 Sp~ct rum 
l~e Speerurn 
189 Spectrum 
]41J Sp~ctr•Jm 

191 Spedrum 
192 Sp~ctrum 

193 Spectrum 
]44 Sp1>drum 
195 Spectrum 
196 Sppctr•Jm 
197 Spectrum 
1~~- Ror~ !"rrm 
199 Rock perm 
2[1'1 Rock pt>rm 
201 Roei< perm 
20~ Rock per111 
203 RC'clr perm 
2~4 Rnrk prrm 
205 Rock perm 

• 

• 

• 

• 

1'3~1) 1 630 
.0360 1.630 
.(13f0 1 630 
01611 1.630 
0160 1 63n 

.0360 1.630 
'0360 1 630 
.0360 1.630 
, [136U 1 630 
. 0360 1 630 
.0)60 1 630 
'fl360 1 630 
036~ 1 630 
0360 1.630 
[1360 1 630 
0360 1 610 
D36Ll 1 630 
0360 1 6l0 
016U 1 630 

.0360 1 630 
l!l~~ 1 6l0 

.0360 1.630 
03Hl 1 6][1 

.0360 1.630 

.0361] 1.630 
0360 1.630 

.0_,60 1.630 
0360 1 630 
rn,;o 1 630 

. Q360 l 630 

.IB60 I 630 

. 0360 1 630 
IF\60 1 630 
0360 1 630 
û36ll 1 631' 

.0360 I 630 
(11~ü 1 630 
0360 I 630 
~35n I 630 

'0360 1 630 
1_1360 1 6J0 
0160 I 630 
D361J I 630 
036~ 1.630 
(1~6~ 1 6:i0 

0360 I 630 
.û36iJ 1.630 
C360 1 630 

.036tl 1.630 
0360 1 630 

,D360 1 630 
0360 1 630 
0160 1 615 

.0360 1.615 
036!1 1 615 
0360 1 615 
0360 1 615 
0360 1.615 

.0360 1 615 
0360 1 615 

602?~PH 

6.0225PH 
6.0?25PI1 
60225PH 
6.fJ225PH 
602.25PH 
6 ll 'J 2'i PH 
6.0 2.25 PH 
602.25PH 
61l2.25PH 
60225PH 
6!l2.25PH 
30225NA 
30225NA 

U 2.25 NCI 
3022SNA 
302.25NA 
30225NA 
3 l; 2.25 NR 
3.0 2.25 NA 
30??5NA 
3.0 2 25 NP 
3 0 2.25 WI 
3.0 2 25 lil! 
3 0 2 25 WI 
3112.25!.11 
3 0 2 25 WI 
3.0 2 25 WI 
3 '! 2 25 lH 
3.0 2 25 MI 
3 0 2.25 WI 
3.0 2.25 WI 
3.0 2 25 WI 
302.25W1 
3 I) 2 25 WI 
302.25WI 
3 0 2 25 WI 
3 0 2.25 NA 
30~'25NA 

3.0 2.25 NA 
3 0 2 ~-5 NA 
3 0 2 25 !&ll 
3 o 2 25 wr 
3.0 2.25 PH 
3 0 2 25 1.11 
3.0 2 25 lH 
3.t1 2 25 wr 
3.0225NA 
302.25NA 
302.2SNA 
302.25NA 
30225NA 
3 0 1 25 PH 
3.0 1.25 PH 
3 0 1.25 Pt1 
3.0 1.25 PH 
30125PH 
30125Pti 
3 •J 1.25 PH 
3U1.25PH 

'2347 
1792 

.1207 
1499 

.2526 

.191S 
2120 

.2441 
151~ 

. 1784 

.2U84 

.1930 
093B 

'0621 
0793 

.1108 

. 0689 
0837 
1193 

.H06 

.11)94 
'1354 
1332 

. 090B 

.1065 

.1221 
0736 

. 6847 
0632 

.1QS6 

.0745 

. 0955 
0886 

.0589 
0746 

.1015 
1117 

. 0799 
0593 

. 0696 

.0970 

.1070 
1253 

.1069 

.0671 
0867 

.1404 

.1090 

.0793 

.1240 
1391 

.1666 

.11946 
'1044 
.1213 
'1436 
'1792 
1287 

.1631 
'1465 

1.85 
1.82 
1.81 
1.83 
1.89 
1.60 
1.63 
1.68 
1. 37 
1 .41 
1.46 
1.60 
2.23 
2.22 
2.22 
2.22 
2 22 
179 
1. 79 
1.78 
1 7fl 
1. 78 
1.78 
1.82 
1 82 
1 81 
1 a 1 
2.89 
292 
2.85 
2.91 
2 86 
2.16 
2 16 
2 17 

2 16 
2.16 
J 06 
3 1[1 

J. 09 
J 07 
l. 39 
1 41 
3. 09 
1 39 
1. 37 
1.45 
1 41 
1 40 
1 40 
1.41 
l .41 
2 19 
2.21 
2.17 
2.17 
2 17 
2.98 
2 90 
2.93 

2. IS 
2.15 
2.17 
2 '15 
2 17 
1. 79 
1 8S 
1.92 
1. 48 
1. 54 
1 S6 
1.83 
2 25 
2 2S 
2.24 
2 '24 
2 25 
1. 79 
1. 79 
1. 79 
l. 79 
1.80 
2'2 
260 
2.47 
2 .67 
2.47 
4.25 
4 2S 
42S 
42S 
425 
J.OO 
J 28 
3.21 
3 23 
3' 17 
J .23 
3 '23 
3.23 
3 20 
1. 54 
1.83 
3.64 
l.B9 
1 89 
189 
1 40 
1.40 
1.40 
1.40 
1.40 
2 SJ 
2.SJ 
2.53 
2.53 
2. SJ 
3. 51 
J .S1 
3. 51 

4.110 
3.05 
2. 06 
2 .5~ 
4. 30 
J 26 
3.61 
4 16 
2 59 
3. 04 
J 55 
J.29 
1.60 
1. 06 
1 35 
1 89 
1.17 
1. 43 
2.05 
1.71 
1.86 
2.31 
2 27 
1SS 
1 81 
2 OB 
US 
144 
1. 02 
1.80 
1. 27 
1.6J 
1. 51 
1. 00 
1. 27 
1.73 
1 98 
1 36 
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2 27 
196 
2 6S 
2. 54 
2 42 
3.011 
2 Jl 
J 78 
J 46 
J 25 

2 " 
4 2S 

11 

3 00 
5.96 
I IJ 

10 64 
2 07 
6 07 

10.80 
I 09 
B. 51 

B6 
2 '85 

10.15 

6 "' 
1.16 
a '8 
478 
4 so 
3 OI 
5' 13 
6.52 
2 27 
497 
~ 65 
8 '65 
1 98 
6 77 
4 41 

I 82 
61 

2 17 
6. 08 
I S6 
4 0~ 
684 
J 26 
4 84 

.'0 
12 B2 
J 18 
I 29 
7.56 
J IJ 
I IJ 
S H 
4 03 
5.91 
I 82 
8.03 
3 97 

11 .59 

J " 
4 ss 
877 
197 

11 83 
148 
4 20 
297 

13. Sj 
I 28 

16 

4 ?9 
12.04 
1 '30 

18 .76 
3?7 

10.30 
14.00 
1 29 

12.69 
I S6 
4. US 

18 .15 
9 85 
2 .15 

20 04 

7' 19 
6.29 
3 00 

6 '43 
12 .45 
3 b3 
7 97 

11 Oj 
11 38 
J 17 
9.20 
6 03 
2 33 

44 
468 

10 27 
I BI 
7 07 

13 06 
3.90 
8 21 
1. ';'3 

19 92 
6 96 
2 BB 

11. 0 0 
J JO 
147 
7 29 
6 SI 

11 24 
3 22 

-1.00 
s 82 

21. OB 
6.31 
7 70 

l3 8& 
2 78 

16 35 
2' 47 
4 <0 
9 63 

20.54 
172 



2 3 4 5 6 7 B 9 10 11 12 13 " '5 16 
•••••••••••••••••••••~••••••••••••••=••••••=•••••~••••=••~••=•••z••=~••••••=•==•=••=••=••••••••=•=•=•••••••••=• 

946 Low cre~;t 1 \1344 1. 604 2 0 l. 25 PH 1340 2.21 2 16 2 <J 3 '77 4. 37 3 85 4' li6 
9<7 Low cre~t 1 • . 0344 l 604 2 0 1 25 PH .1590 

2 " 
2.5& 2.BB 3 48 4 01 3.52 5 52 

9<8 Low crest 1 . 0344 1.604 2. 0 1.25 PH .1960 2 19 2 56 3 55 3. 09 3 61 16 91 46 38 
9<9 Low crest 1 .0344 1.604 2.0 1. 25 PH '1110 2.22 2.56 2. Dl 4' 16 4 80 2. 01 2 92 
950 Low crest 1 • .0344 1.604 2. 0 1.25 PH .0770 2 21 2 \] 1.40 4 98 5 70 86 1 U2 
951 Low crest 1 • .0344 1 604 2.0 1. 25 PH 1760 2.21 2.56 3 .19 3.29 3 81 9 62 l7 87 
952 Low crest 2 • . 0344 1 604 2. 0 125 PH '1370 2 21 2 60 2 48 3. 73 4 39 327 5 64 
953 Low crest 2 • '0344 1.604 2 0 1 25 PH '1620 2 20 2.60 2.94 3.42 4 0< 13 04 21 98 
954 Low crest 2 • . 0344 1.604 2. 0 1.15 PH .1120 2 19 2 '56 2 03 4 09 4 78 3. 05 3 :9 
955 Low crest 2 • .0344 1604 2.0 1. 25 PH .0780 2 '21 2 '50 1 " 4 91 I 59 68 75 
916 Low crest 2 • .0344 1 604 2.0 125 PH 1490 

2 " 
2.56 2 70 3 19 4 11 

8 " 
!4 54 

957 Low crest 2 0344 1.6114 2.0 125 PH .1280 1.70 1.94 2.32 2 97 3 39 6 69 12 27 
958 Low crest 2 • .0344 1 604 2.0 1.25 Pl1 .1050 I. 68 196 1 90 3 24 3. 78 2 45 3 ~·4 
959 Low crest 2 • . 0344 1.604 2 0 1.25 PH .0830 1.68 1.94 1 10 3.64 421 11& 1 84 
960 Low cre~t 2 • . 0344 1.6!14 2.0 1.25 PH .1480 1 70 1 96 2 68 2 '76 J 18 14 07 .;5 ~6 

961 Low crest 3 • . 0344 1.604 2 0 1.25 PH '1470 1 72 1.96 2.66 2 80 3 20 l. 59 2 53 
962 Low crest 3 .0344 1.604 2 0 1.25 Pl1 1750 172 194 

3 " 
2. 57 2 90 ' " 7 0? 

963 Low crest 3 • . 0344 1.604 2.0 1.21 PH 1960 1.72 1.96 3 55 2 43 2 77 4 63 !i 77 
964 Low crest 3 .0344 1.604 2 0 1.25 Pl1 2160 1.74 1 96 3 91 2 34 2 64 lO.HI 13 ~q 

965 Low crest 3 • . 0344 1604 2.0 1. 25 PH 1160 1 70 1. 94 2 10 3 12 3 56 1 4~ 1 71 
966 Low crest 3 • . 0344 1 .60'l 2 0 1.25 PH .1610 172 1.98 2 92 2 66 3 08 1 81 2 )\ 
967 Low crest 3 • . 0344 1.604 2. 0 1.25 PH '1930 2 18 2 53 3 50 3 10 ] 60 7 66 11 66 
968 Low cre~t 3 '0344 1.604 2 0 1.25 PH 1610 2.18 2.56 2.92 3 40 3. S9 4 23 7 43 
969 Low crest 3 • . 0344 1604 2.0 1. 25 PH 1370 2 18 2.56 2 48 3.6B 4 32 2 00 3 ll 
970 Low crest 3 • . 0344 1.604 2. 0 1.25 PM . 11 DO 2.18 2.56 1.99 4 11 4 82 97 1 :.:0 
971 Low crest 3 • . 0344 1.604 2.0 1. 25 PH .2190 2 16 2 60 3. 97 2 88 3.47 13 47 16 % 

•z•~•~•••~•••=•=••=•=~zzz:zzzzzzzzzzz:zzc:zzzz==•======~==~~-~====•==z•==••=====::zz::z:===========•=========== 



APPENDIX 11 

Results establisbed from fixed damage levels in damage curves 



The procedure was described in Section 3.2 and Figure 3.15 

Tests on static stability 

parameters in columns 

column description 

1 number (not test number) 

2 slope angle, cota 

3 grading, Dss/DlS 

4 permeability or type of structure 

= impermeable core 

+ permeable core 

H homogeneaus structure 

5 

6 

7 

8 

9 

10 

11 

12 

relative mass 

V foreshore; water depth at structure 0.40 m 

B foreshore; water depth at structure 0.20 m 

C crest height at 0.125 m above SWL 

D • crest height at SWL 

E crest height at 0.10 m below SWL 

density, ' 
average wave period, Tm (s) 

nominal diameter, Dnso (m) 

damage leve 1, s 
E:m value for N 1000 

Hs/ll.Dnso value for N .. 1000 

~m value for N "' 3000 

Hs/ll.Dnso value for N = 3000 



I 
2 
) 

4 
5 
6 , 
' 9 

18 
11 
12 
IJ 

" 15 
16 
!) 

18 
!9 
20 
21 
22 
23 
24 
25 
26 
17 
2B 
29 
)8 
J1 
J2 
JJ 
34 
)5 
36 
J) 

lB 
)9 

40 

" " 4) 

44 
45 
46 

" '' " " 51 
52 
IJ 
54 
55 
56 
\) 

SB 
59 
68 

2 

2.0 
2.8 
2.0 
2.8 
2.0 
2.8 
2.0 
2.8 
2.0 
2.8 
2.0 
2.8 
2.0 
2.0 
2.8 
2.8 
2.0 
2.8 
2.8 
2.8 
2.0 
2.8 
2.8 
2.8 
2.0 
2.8 
2.0 
2.8 
2.8 
2.0 
2.8 
2.8 
2.8 
2.8 
2. 0 
2.8 
2.0 
2.0 
2. 0 
2.8 
2.0 
2.8 
2.0 
2 a 
2.0 
2.8 
2.6 
2.0 
u 
).8 
).8 
).8 
).8 
).8 
).0 
).8 
).8 
3.8 
J.O 
).8 

) 4 

2.25 
2. 25 
2.25 
2.25 
2.?5 
2.25 
2.25 
2.2S 
2.25 
2.25 
2.21J 
2.25 
2.25 
2.25 
2.25 
2.25 
2.2? 
2.25 
2. 25 
2.25 
2. 25 
2. 25 
2. 25 
2. 25 
2.25 
2. 25 
2.25 
2.25 
2.25 
2.21) 
2.25 
2.25 
2.25 
2.25 
2.25 
2. 25 
2.25 
2.2'i 
2.25 
2.25 
2.25 
2.2'5 
2.25 
2.25 
2.25 
2.21) 
2. 25 
2.25 
2. 25 
2.25 
2.25 
2.25 
2.25 
2.25 
2.25 
2.25 
2. 25 
2.25 
2.25 
2.25 

5 

1. 700 
I. 700 
1. 700 
l. 700 
1. 700 
1.700 
I. 700 
1.700 
1.700 
1.700 
1. 700 
1. 700 
1. 70[1 
1. 700 
1. 700 
1.708 
l. 700 
1. 700 
l. 700 
l. 7Dü 
1. 700 
l. 700 
1. 700 
1. 700 
1.100 
1.700 
1. 700 
1.700 
1. 7C 0 
1. 700 
1. 700 
1.788 
1. 630 
1.630 
1. 630 
1. 630 
1.630 
1.630 
1.630 
1.630 
1.63D 
1.650 
1. 630 
1.630 
1. 630 
1.63!1 
1.630 
1.630 
1.700 
1. ?!JO 
1. 700 
1.700 
L700 
1. 700 
1. 700 
1.788 
1.700 
1.700 
1. ?!Hl 
1. 700 

6 

1. 00 
1. 00 
1. 00 
l. 00 
l. 00 
l. DO 
1. 00 
1. 00 
1. DO 
1. 00 
1.16 
1.16 
1.16 
1.16 
1.16 
1.16 
1.16 
1.16 
1. 16 

1.16 
1.31 
UI 
1.31 
LH 
1. 31 
1. 31 
1. 31 
l.Jl 
1. 31 
l.ll 
1.31 
1. 31 
1.115 
1. BIJ 
1. 85 
l.BIJ 
2.19 
2.19 
2.19 
2 19 
2. 69 
2.69 

'. 69 
2.69 
3.11 
3. 11 
3.11 
3.11 

. 99 
,99 
. 99 
.99 
,99 
.99 
.99 
.99 
.99 

I. liJ 
l.liJ 
1.11) 

' a 

. 0164 2 
'0164 3 
. 0164 Ij 

. 0164 B 

. 0246 '1 

. 0246 3 
.024~ s 
. 0246 8 
.03'18 2 
.0328 3 
. 0164 2 
.0164 3 

. 0164 ' 

. 0164 8 
. 0246 2 
. 0246 3 
. 0246 Ij 

• 0'146 8 
.0328 2 
. 0328 3 
. Olr.4 2 
.0164 3 
. 0164 Ij 

.0164 8 

. 0246 2 

. 0246 } 

. 0246 ~ 

. 0246 8 

.03L8 2 

. 0328 ) 

.0328 5 

. 0328 8 

. 0360 2 

.0360 3 
. 0}60 Ij 

.0360 8 

. 0360 2 

.0360 3 

. 0360 Ij 

. 0360 8 

.0360 2 

.0)60 3 
.0~60 ' 
. 0360 8 
. 0360 2 
. 0.~60 3 
,(1360 Ij 

. 0360 8 

. 0164 2 

.0164 ' 

. 0164 Ij 

. 0164 8 

.0164 12 

. 0246 2 

. 0246 3 

. 0246 Ij 

. 0246 B 

.0164 2 

. 0164 3 
'0164 Ij 

9 10 

3.11) 1.41 
3.01 1.1)1) 

2.87 1.70 
2.77 1.83 
'1.49 1.~1 

2.40 1.62 
2.28 1.79 
2.22 1.89 
2. G8 1.c2 
2.01 1.73 
3.fl'.i 1.27 
3.63 1.43 
3.37 1.66 
3.2'.i 1.78 
3.00 1.40 
2.85 l.IJS 
2.66 1.77 
0.00 U.OO 
2.46 1.56 
2.38 1.67 
4.27 1.32 
4.09 1.44 
3.95 1.54 
0.00 0.00 
3.47 l..H 
3.34 1.44 
3.21 1.1;6 
0.00 O.OIJ 
2.87 1.46 
2.74 1.60 
0.00 0.00 
0.00 0.00 
4.2u l.29 
4.05 1.39 
U'4 1. 47 
0.00 0.00 
5.01 1.2? 
4.90 1.3~ 

4. 76 l.<d. 
0.00 0.00 

~-'~ 1.3ó 
5.82 Ui2 
5. '4 1.46 
5.74 1.46 
Ul!.l 1.36 
6.78 1.40 
6.62 1.47 
6.49 1. 53 
1.88 1.73 
1.78 1.~2 

1.70 2.11 
1.65 2.24 
O.GO 0.00 
1.47 1.88 
1.42 2.02 
0.00 0.00 
0.00 O.Dü 
2.38 1.46 
2.16 1.77 
1.97 2.12 

11 

3. 49 
3.32 
3. ~8 
2.86 
2.65 
2.54 
2. 42 
2. 32 
2. 21 
2.17 
4. 05 
3.92 
}. 7û 
3.51l 
3. 58 
3.31 
2.'13 
2.69 
2. 'J!l 
2. 49 
4.37 
4.21 
4. [19 

4.00 
3.65 
3. 47 
3. 34 
3. 25 
3. 07 
2.88 
2. 7} 

2.68 
4.41 
4. 25 
4. !JB 
0.00 
5. 25 
5.0~ 

4. [<? 

4. 76 
6. 06 

':>.91 
5.82 
5.80 
6. '<6 
6.88 
6.69 
6.55 
2.37 
2.03 
l. 79 
1.68 
Uit 
1. 57 
1. 52 
1. 46 
1. 34 
2. 48 
2.29 
2.13 

12 

1. liJ 
1.27 
l. 48 
1. 71 
1. 3 3 
1. 45 
l. 6û 
1. 74 
1.43 
1.49 
1. 15 
1. 23 
I. 38 
l. ~4 

·" 1.1~ 

1. 46 
1. 74 
1.4'1 

l. 52 
1. 26 
l. 35 
I. 44 
1. 50 
l. 20 
1.33 
1. 4-'< 

1. 5L 

1. 3 ~· 
1.45 
1. ól 
1.67 
l. ~7 
1. 26 
l. 37 
0. 00 
1. 16 
1. 26 
1. )t, 
l. 41 
1.31 
1. 38 
1. 42 
l. 43 
L33 
l. 36 
1. 44 
1. 50 
1. 09 
1.48 
1. 90 
2.15 
2. 35 
1.66 
1.?7 
1. 91 
2.10 
1. 34 
1.9 
1. 8'1 



2 3 4 5 6 1 8 9 '" 11 12 
··~·······························=~··=··~··················=············· 

61 3 0 22S 1. 700 1 15 . 0161! 8 188 234 2. f/3 2 00 
62 3.0 2 2S 1 '7110 l, 15 . 0246 2 1.70 189 1. 95 1.45 
63 3 0 2.25 l. 700 1.15 . 0246 3 1.66 2 00 '" 1 66 

" 3.0 2.25 1.7011 1.15 . 0246 s 1.59 
2 " '" 1. 95 

65 3.0 2.25 I 700 1.15 0246 8 1 55 
2 " 

163 2.07 
66 3. 0 2.25 1.700 1.15 . 0246 12 0' 00 0.00 1.60 2.15 
G7 3 0 2.2S 1. 700 130 . 0164 2 2.68 1.46 3.00 1.17 
6S 3. 0 2.25 1.700 1.30 . 0164 3 2.56 1.60 2.82 1. 32 

" 3 0 2.25 1. 700 1. 30 '0164 5 2.39 1.84 2.59 1 51 
10 3 0 2 25 1.700 1.30 . 0164 8 2 25 2 01 2.<10 1.82 
11 3.0 2.25 1 700 1. 30 '0164 12 2.17 2.24 2 24 2 .11) 
12 3.0 2.25 1.700 1.30 . 0246 2 2' 15 1.52 2.34 1. 29 
13 3.0 2.25 1. 700 1. 30 . 0246 3 2. 02 1.72 2 12 1. 56 
14 3.0 225 1 100 1.30 '0246 s 1. 93 1.89 1. 99 1.71 
1'5 3. 0 2.25 1. 700 1 JO 0246 8 1 S2 2.12 196 1 83 
16 3.0 2 2S 1.700 1.30 . 0246 12 1.?7 2 25 1.83 2 '09 
11 3.0 2. 25 1. 7[10 130 . 0328 2 1 1'3 1&5 1 BI 1 54 
7B 3.0 2.25 1. 700 1.30 0328 3 ILO!! 0 00 l. 75 1.71 
19 3.0 2. 25 1.630 184 . 0360 2 2.56 1 53 1.68 1. 39 

" 3.0 2.25 1.630 1.84 . 0360 3 2 46 1.65 2.59 1 49 
81 3.0 2 25 1.630 1 84 '0360 s 2.31 1 81 2 .'16 166 

" 3.0 2. 2S 1.630 1.84 0360 8 2 19 
2 " 

2.33 1.84 
83 3 0 2.25 1 630 1.84 0360 12 2 10 2.21:l 2.23 2 02 
84 3.0 2 25 1.630 2.19 . 0360 2 3. 03 1. 55 3.38 124 
ss 3.0 2. 25 1.630 2 19 . 0360 3 2 91 168 3.18 1 40 

" 3.0 2.2S 1.630 2.19 . 0360 5 2 .18 1.84 3.00 1.58 
87 3 0 2 25 1.630 2.19 . 0360 8 2.68 1.97 2 86 1. 73 

" 3.0 22S 1630 2.19 . 0360 12 2 .65 2. 02 2.79 1. 82 
89 3.0 2 25 1.630 2.66 . 0360 2 3.66 1.56 3.72 1. 51 
90 3.0 2.25 1.630 2.66 . 0360 3 3. 56 1.65 3.69 1. 54 

" 3.0 2.2S 1 630 2.66 . 0360 5 3.45 1.76 3 59 1 6:t 
92 3. 0 2.25 1.630 2.66 . 0360 8 3 35 1.87 3 49 1 72 
93 3.0 2 25 1 630 2. 66 . 0360 12 3. 27 196 3 40 1.81 
94 3 0 2.25 1.630 3.13 0360 2 4. 37 1.52 4 49 1.44 
95 3 0 2 25 1 630 3 .13 0360 J 423 162 4 38 1 Sl 
96 3.0 2.25 1.630 3.13 .0360 5 404 1.7B 422 1.63 
97 3.0 2 2S 1.630 3.13 0360 e 3 .86 1 95 404 170 
98 3.0 2.25 1.630 3.13 . 0360 12 3 .eo 2.01 3.93 1 .BB 
99 4. 0 2.25 1. 700 .99 . 0164 2 1 21 2.12 1. 31 2.()[1 

100 4. 0 2.25 1.700 . 99 .0164 3 1.22 2 32 1.26 2 .16 
101 4. 0 2.25 1. 700 .99 . 0164 5 1 16 2 57 1.20 2 38 
102 4. 0 2.25 1. 700 .99 .0164 8 uo 0.00 1.16 2 .56 
103 4 0 2.25 l 700 1.15 .0164 2 0.00 0.00 0. 00 0 00 
104 4. 0 2.25 1.700 1.15 . 0164 3 1.45 2.21 1 62 1. 76 
lOS 4 0 2 25 1.700 1 15 . 0164 5 l . 31 2 72 1.44 223 
106 4. 0 2 25 1. 700 1.15 . 0164 8 1.24 2.99 1.33 2 60 
107 4. 0 2. 25 1 700 1 15 . 0164 12 0 00 0.00 1. 27 2 88 
108 4. 0 2 2S 1.7110 1.15 .11164 17 !UO 0.00 1.23 3 os 
109 4. 0 2 25 1.700 1.15 .0246 2 1.18 2 20 139 1.60 
110 4. 0 2. 2S 1. 700 1.15 0246 3 0.00 0.00 128 1.88 
111 4.0 2. 2S 1. 700 1. 31 .0164 2 1 80 1.85 0.00 0.00 
112 4.0 2. 25 1. 700 1. 31 .0164 3 1.73 2.01 17B 1. 90 
113 4. 0 2 25 1.700 1 31 . 0164 5 1.60 2.34 1.71 2 .IJ4 
114 4.0 2. 25 1.700 1.31 . 0164 8 1.48 2. 73 1.64 2. 24 
11S 4. 0 2 .25 1. 700 1.31 .0164 12 0. 00 0 00 1 55 2. 50 
116 4.0 2. 2S 1.700 1.31 . 0164 17 0. 00 0 00 1.45 2 .84 
111 4 0 2 25 1. 700 131 . 0246 2 1 41 2. 02 1. 50 1.1'3 
118 4. 0 2.25 1.700 1. 31 . 0246 3 136 2 18 142 1.98 
119 4 0 2.25 1. 700 1.31 . 0246 5 1.29 2.39 1.33 2 :!8 
120 4. 0 2 25 1. 700 1. 31 . 0246 8 0. 00 0 00 1. 26 2.54 
~--~~-~~~~-~--~····=··········=···························~·······=··=···· 



2 3 4 5 6 7 8 9 10 11 12 

·························=················································ 
121 4 0 2.25 1. 700 1.31 .0246 12 0.00 0.00 0. 00 0.00 
122 4 0 2.25 1. 700 1.31 .0328 2 1.22 2 01 1.31 1.74 
123 40 2.25 1.700 1. 31 0328 3 1.18 2.15 1 25 1. 93 
124 40 2.25 1. 700 1.31 .11328 5 0.00 0.00 1.17 2.18 
125 4 0 2 25 1.700 1 31 . 0328 8 0.00 0. DO 1.11 2.44 

126 4. 0 2.25 1.700 1.31 .6328 12 0.00 0. 00 0.00 0.00 
127 4 0 2.25 1. 630 1.40 . 0360 5 1. DB 2.82 1.14 2 '53 
128 4. 0 2 .25 1.630 1.40 .0360 8 1. DO 3. 23 1. 07 2.84 
129 4 0 2 25 1. 630 1.40 . 0360 12 0 00 0.00 1 02 3.16 
130 4.0 2.25 1.630 1.63 . 0360 5 0.00 0. 00 0. DO 0.00 
131 4. 0 2 25 1 630 1.63 . 0360 8 1.19 3' 11 0. 00 0. DO 
132 40 2 '25 1.630 1.63 . 0360 12 1.17 3. 24 1.24 2.87 
13~ 4. 0 2 .25 1.630 1.63 . 0360 17 1.14 3.40 1.18 3.16 
134 40 2. 25 1.630 2.19 . 0360 2 2.24 1.59 2 .43 1.35 
135 4 0 2. 25 1 630 2.19 . 0360 J 2 .ll 1.79 2. 34 1.46 
136 4. 0 2. 25 1.630 2 '19 . 0360 5 2.00 1.99 2 .11 1.79 
137 40 2. 25 1.630 2.19 . 0360 8 1.88 2.27 2.113 1.94 
138 4. 0 2. 25 1 630 2 19 0360 12 1.80 2.47 1.94 2 .12 
139 4 " 2. 25 1.630 2 19 . 0360 17 1.73 2.68 1.88 2.27 
140 4 0 2 25 1.631! 2.69 . 0360 2 2.95 1.38 3. 06 1.29 
141 4. 0 2. 25 1 630 2.69 . 0360 3 2.83 1.50 2.96 1. 37 
142 40 2 25 1.630 2.69 . 0360 5 2.67 1.69 2.83 1.50 
143 4. 0 2 25 1.630 2 .69 .1!360 8 2.52 1.89 2.69 1.66 
144 4. 0 2 25 1.630 2.69 . 0360 12 2.41 2 .08 2.57 1.82 
145 40 2.25 1 630 269 . 0360 17 2.32 2.24 2.47 1.97 
146 40 2.25 1.630 3 22 .0360 2 3.52 1.39 3.62 1.32 
147 4 D 2.25 1 630 3.22 . 0360 3 3.33 l. 56 3.47 1.43 
14B 4 0 2.25 1.630 3.22 .0360 5 3.19 1.70 3.35 1.54 

'" 4 0 2.25 1.630 3 22 .!136!1 ' 3. 03 1 88 3.19 1 70 
150 4.0 2 .25 1.630 3.22 0360 12 2. 92 2.03 3. 07 1.83 
151 

4 " 
2.25 1 630 3. 22 0360 17 2.83 2.15 2.98 1.94 

152 6.0 2 25 1.700 1.15 .0164 2 .96 2.22 1. 00 2. 07 
153 " 0 2 25 1 ?!Hl 1.15 0164 3 .89 2.59 .95 2. 28 
154 6.0 2. 25 1.700 1.15 .0164 5 .82 3. 09 86 2.80 
155 6 0 2. 25 l. 7!l!l 1.31 .0164 2 .95 2' 98 1.33 1. 52 
!56 6 0 2. 25 1.700 1.31 .0164 3 .88 3.44 1.08 2 .28 
157 6 0 2.25 1 700 1.31 0164 5 .84 3.83 93 3.11 
!SB 6 0 2 '25 1.700 1.31 . 0164 8 .81 411 .87 3.52 
159 6.0 2 '25 1700 1. 31 . 0164 12 0.00 0. 00 82 4. DO 
160 6.0 2. 25 1 630 1.40 . 0360 2 .71 286 0.00 0.00 
161 6 0 2. 25 l 630 140 '0360 3 .68 3.13 .73 272 
162 6 0 2.25 1.630 1.40 . 0360 5 .63 3.70 .66 3. 28 
163 6 0 2 25 l 630 1.63 . 0360 2 0. 00 0 00 0. 00 0. DO 
164 6.0 2. 25 1.630 1.63 . 0360 3 .82 2.90 90 2.44 
165 6 0 2. 25 l '630 1.63 . 0360 5 .77 3. 34 .85 2.70 
166 60 2 25 1.630 1.63 . 0360 8 .71 3.94 .77 3 35 
167 6 0 2 '?5 1.630 1.63 . 0360 12 0.00 0. 00 .73 3.64 
168 6.0 2 25 1 630 1.63 . 0360 17 0.00 0.00 .69 4.14 
169 6 0 2 25 1.630 1.85 .0360 2 0.00 0.00 0.00 0.00 
170 6.0 2.25 1.630 1. 85 0360 3 1.09 2.13 1.11 2. 07 
171 6.0 2 25 1 630 1.85 .0360 5 .97 2.68 1. 03 2.40 
172 6.0 2.25 1.630 1.85 .0360 8 .87 3. 38 .96 2.72 
173 6 0 2.25 1.630 1 85 0360 12 .76 4.43 .88 3.28 
174 6.0 2 25 1.630 1.85 . 0360 17 0.00 0.00 .81 3.88 
175 ' 0 2. 25 1 630 2.16 . 0360 2 1.23 2 28 0.00 0.00 
176 6.0 2 25 1.630 2.16 . 0360 3 1.13 2.69 1.31 2. 00 
177 60 2.25 1630 2.16 .0360 5 1.06 3 08 1.17 2. 54 
170 6.0 2 25 1.630 2.16 .0360 8 .98 3.59 1.07 3.00 
179 6 0 2.25 1.630 2 '16 .0360 12 .92 4. 08 1 01 3.40 
180 6.0 2. 25 1.630 2.16 .0360 17 .89 4.36 .97 3.70 
~-~~~~-~-~~~~~~~~~~·······~·~············································· 



1 ' ' I 6 7 8 9 10 11 12 
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1Hl 6 6 2 ?'.i 1 610 2.63 0360 1 1.72 1.72 1 81 1. 57 
1B1 6.6 1 11 1.630 2.63 . 0360 3 1.63 1.92 1.70 1.76 
183 6 0 2 .25 1 630 1 6J 6360 I 1.<9 1.36 1.57 2. 08 
18< '" 1 11 1.630 2.63 '0360 8 1. 38 2 .6~ 1.45 2.44 
185 6 0 'l /5 1 630 1 6J . 0313.0 12 1.28 3.14 1 31 1.86 
186 6 6 2.25 1 630 1 63 6366 17 1.11 3.11 1.29 3. 68 
187 6 0 2.25 1 630 3.15 . 0360 1 2.36 1.12 2.64 1. os 
188 6 6 1.21 1.630 3 11 .6366 3 2.14 166 2.39 1. 28 
189 6 6 2 :!'i 1.630 3.15 . 0360 5 1.99 1.86 2 11 1.65 
196 66 1 21 1.630 3 .15 .0360 8 1. 79 1. 36 1.90 1. 64 
191 6 0 2.25 l 630 3.11 . 0360 12 1.71 2.48 1.78 2. 31 
191 6.6 1 15 1.630 3.15 . 0360 17 1.67 1 64 1. 74 2.43 
193 3 6 121 1 615 1.33 . 0360 2 1.73 1.76 1.77 1.68 
194 3.6 1.21 1.615 1.33 . 0360 3 1.63 266 1.70 1.83 
191 3.(1 1 15 1 HS 1.33 0366 I 1.52 2. 30 1.61 2. 05 
196 3 6 1.25 1.615 1 33 . 6366 8 Hl 2.65 1.52 2 .36 
197 3 0 1.2~ l .615 1.33 0360 12 1. 33 2 98 1.43 2. 57 
198 3.6 1.25 1.615 1.77 . 0360 1 2 '51 1.49 2.66 1.38 
199 3 0 I. 25 1.615 177 . 03&0 3 2.41 1.61 2.53 1.46 
m 3 6 1. 25 1.615 1. 77 .6366 5 2.25 1.84 2.40 1.63 
201 3 fJ 1. 25 1 615 1.77 0360 8 210 2.13 2.25 1.85 
262 3 6 125 1.615 1.77 . 0360 12 1.97 2.42 2.13 2. 66 
2113 J 0 1 25 1 615 2 21) '0360 2 3.10 1. 50 3. 28 1.34 
264 3.0 1 25 1.615 2.26 . 6366 3 2.97 1.64 3.19 1.41 
2!.1'5 3 0 1.2'5 1 615 2. 20 . 0360 5 2 81 1 83 3. 00 1.61 
266 3 6 1.25 1 615 2.26 .6366 8 2.66 2.64 2.86 1.77 
m 3 0 1.25 1 615 1 26 .0360 12 2.58 2.17 2. 73 1.94 
268 3 6 1.25 1615 2.99 . 6366 2 4.14 1.56 4.31 1.44 
269 3 0 1.2'5 1.615 2 99 . 0360 3 4.62 LbS 4.16 1.54 
116 3 6 1. 25 1615 2. 99 .0360 I 3.83 1.82 3 95 1.71 
211 3.0 1. 25 1 615 2.99 .0360 8 3.69 1.96 3. 78 1.87 
212 3. 6 1.25 1611 2.99 .0360 12 3.62 2 64 3.69 196 
213 

4 " 1 25 1 615 t.35 .0360 2 1.19 2.17 0. 00 0.00 
21< 4 6 1.25 1.615 1.35 . 6366 3 1.14 2. 35 1.23 2. 62 
211 ' 6 1.25 l 615 1. 35 . 0360 5 1. 02 2.93 1.11 2.16 
216 4.6 1.25 1.615 1.35 . 0360 8 .93 3 .SJ 1.62 2. 95 
117 4.6 1.25 1.615 135 .0366 12 6.66 0.00 0.00 0.00 
218 4.6 1.25 1.615 !.76 . 0360 2 1.72 1.75 1.88 1.47 
119 4 6 1 25 1 615 1.76 . (1]1;0 3 1.63 1 97 1.75 1. 70 
226 4.6 1.21 1.615 1.76 0360 5 1.51 2.27 1.60 2.03 
221 ' 0 1 25 1 615 1.76 . 0360 8 1.41 2.b2 1 49 2.35 
222 4.6 1. 25 1615 1.76 .0360 12 1.33 1 96 1 39 2.68 
223 4 0 1 25 l 615 1. 76 . 0360 17 1.26 3.28 1.33 2.96 
214 46 1. 25 1 615 2.19 . 0366 2 2.31 1. 51 2.55 1.24 
??5 46 l. 25 1.615 2.19 . 0360 3 2.17 1.71 2.38 1.42 
126 46 1.21 1.615 2 19 . 6366 5 1.99 1 63 2.15 1.75 
127 4 6 121 1 615 2.19 . 0366 8 1.88 2.28 2 .00 2.01 
128 4 6 1 25 1.615 2.19 . 6366 12 1.78 2.51 1.88 2.28 
229 

4 " 1. 25 1 615 2.19 . 6366 17 1.72 2.72 1.81 2.47 
2l6 4 6 1.25 1.615 2.99 .0360 2 3.16 1.50 3.28 1.46 
231 4 0 1.21 1.615 2. 99 . 6366 3 3.06 1.60 3.16 1. 50 
232 • 0 1. 25 1.615 2.99 .0360 5 2.89 1.80 3.01 1.61 
233 4 0 1.25 1.615 2.99 . 6360 8 2.71 2 64 2. 90 1,78 
234 4 6 1.25 1.615 2.99 .0360 12 2.13 2.34 2.75 1.98 
231 4. 0 1 21 1.615 2.99 . 0360 17 2.48 2.44 2.65 2.14 
236 15 1.21 1.615 1.31 .6366 2 3. 56 162 3.62 1.56 
237 1 I 1 15 1.615 1. 31 . 6366 3 3.41 1.75 3 .ss 1.63 
138 15 1. 25 • 1.615 1.31 .6360 5 3.24 1.95 3 .42 1.75 
239 1 5 1.21 • 1 615 1.31 . 6366 8 3.07 2.17 3.28 1. 90 
2<0 1 5 I. 25 • 1.615 1.71 .6360 2 4.61 1.64 -4.87 1.47 
•••:••~z=z•z•z•azz••••••••••z•••••••••••••••••a•z••••••••••••••••••••••••• 



241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
2'i3 
254 
255 
256 
257 
258 
219 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 
27:2 
273 
274 
275 
276 
277 
278 

'" 280 
281 
282 
283 
284 
285 
286 
287 
288 
289 
290 
291 
292 
293 
294 
295 
296 
297 
298 
299 
300 

1 5 
1.5 
1 5 
15 
15 
15 
1.5 
15 
1.5 
15 
1 I 
2.0 
2 0 
2.0 
2.0 
2 0 
2 0 
2.0 
2 0 
2.0 
2 0 
2 0 
2.0 
2.0 
2 0 
2 0 
2 0 
2. 0 
2 0 
2. 0 
2 0 
3.0 
3 0 
3.0 
3 0 
3.0 
3 0 
3 0 
3.0 
3 0 
3 0 
3. 0 
3. 0 
3. 0 
3 0 
3.0 
3. 0 
3.0 
2. 0 
2. 0 
2 0 
2.0 
2 0 
2.0 
2. 0 
2 0 
2 0 
2. 0 
2.0 
2.0 

1.25 
1.25 
1 25 
1 25 
1.25 
1. 25 
1.25 
1.25 
1.25 
1.25 
1 25 + 

1 '25 + 
1 25 
1.25 + 

1. 25 + 

1. 25 + 

1 25 
1. 25 + 

1. 25 + 

1.25 + 

1. 25 + 

1. 25 + 

1. 25 + 

1. 25 + 
1. 25 + 

1. 25 + 

1 25 + 

1.25 + 

1.25 + 

1.25 
1.25 
1.25 + 

1.25 + 

1.25 + 

1.25 
1. 25 + 

1.25 
1 25 + 

1.25 + 

1.25 + 

1.25 + 

1.25 + 

1.25 + 

1.25 + 

1.25 + 

1.25 
1.25 + 

1.25 + 

1.25 H 
1.25 H 
1.25 H 
1.25 H 
1.25 H 
1.25 H 
1 25 H 
1. 25 H 
1.25 H 
1.25 H 
1.25 H 
1.25 H 

1.615 1 71 
1.615 1.71 
1 615 1 71 
1.615 2.16 
1 615 2 l+i 
1.615 2.16 
1615 ?.16 
1.615 2.89 
1 615 2.89 
1.615 2.89 
1 615 2 89 
1 615 1.32 
1 615 1.32 
1.615 1 32 
1.615 1.32 
1 615 1 32 
Ui!S 1.70 
Ui!S 1 70 
1 615 1.70 
Ull5 1.70 
1.615 1..,0 
1.615 2 16 
1.615 2 16 
1615 2 16 
1.615 2 16 
1.615 2.16 
1.615 2.89 
1.615 2.89 
1 615 2 89 
1.615 2.89 
l 615 2 89 
1.615 1.34 
1 615 1 34 
1 615 1. 7ll 
1.615 1. 78 
1.615 1.78 
1 615 1.78 
1.615 1.78 
1.615 2.18 
1.615 2.18 
1.615 2.18 
1.615 2.18 
1 615 2.18 
1.615 2.94 
1.615 2.94 
1.615 2.94 
1.615 2 94 
1.615 2.94 
1 615 1.35 
1.615 1.35 
1 615 l.3S 
1.615 1.35 
1.615 1 35 
1.615 1.74 
1 615 1.74 
1. 615 1. 74 
1.615 1.74 
1.615 1.74 
1.615 2.18 
1.615 2.18 

.036(1 3 

. 0360 5 

.03t0 8 
0360 2 
03110 3 

. 0360 5 

. 036n a 
0360 2 
0360 3 

. 0360 5 

. 0360 8 

. 0160 2 

.0360 3 

. 0360 5 
0360 8 

.0360 12 
0360 2 

. 0360 3 

. 0360 5 

. 0360 8 

. 03&0 !2 
0360 2 

. 0360 3 

. 0360 5 

. 0360 8 

. 0360 12 
0360 2 

'0360 3 
. 0360 5 
. 0360 8 
.0360 12 
.0360 2 
.0360 3 
'0360 2 
. 0360 J 
. 0360 5 
. 0360 8 
. 0360 12 
.l\360 2 
. 0360 3 
. 0360 5 
'0360 8 
. 0360 12 
'0360 2 
. 0360 :' 
0360 5 

. 0360 8 

. 0360 12 
0360 2 

. 0360 3 
0360 5 

.0360 B 
0360 12 
0360 2 
0360 
0360 

'0360 

3 
5 
a 

. 0360 12 

. 0360 2 

. 0360 3 

4.53 1.7û 4 78 
4.37 1.83 4.60 
4.2:: 1.96 4 43 
5 69 1 72 5 90 
5 52 I 83 5 76 
5.29 1.99 5.56 
5 09 2 15 'j 3~ 

7.01 2 03 7.28 
6 84 2 13 7 12 
6 54 2 33 6 81 
6.311 2 47 6 60 
243198 258 
2.32 2 17 2 'I) 

2.19 2 43 2 32 
2 08 2 70 2 2(· 
0.00 0 00 2 11 
3.45 1 63 3 )9 
3 33 1 75 3 45 
3.11 2 ;_;} 3 24 
2 92 2 27 3.06 
0.00 0 00 2 ~3 
4 27 l 72 4 44 
4.12 185 428 
3.93 2.03 4 09 
3 77 2 21 3' 92 
3.67 2 33 3.83 
5 12 2.14 5 43 
5 Dl 2.24 5.26 
4.78 2 46 4 99 
4.60 2 65 4.79 
4 48 2 7q 4 64 
1 46 2.53 1.56 
1.37 2.86 1 47 
2.12 2.10 2 26 
2.00 2.36 2 10 
1.89 2.66 1.97 
1.79 2.~4 1 85 
1.73 3.17 1.78 
2.70 1.94 2.84 
2.61 2.09 2.72 
2.46 2 35 2.58 
2 30 2 68 2 44 
2.17 3 01 2 30 
3 60 1.99 3.76 
3 48 2 13 3.5~ 

3 2B 2.40 3.45 
3.11 2 67 3 36 
2 99 2 BB 3.22 
2.38 2 16 2 54 
2.24 2.44 2.40 
2.10 2 79 2.24 
1.99 3 09 2.11 
1 93 3 30 2.02 
3.41 l 75 3.49 
3.23 1 95 3.34 
2.99 2.27 3.14 
2.8U 2.59 2.96 
2.66 2.87 2.B2 
4.09 1.91 4.21 
3.94 2.06 4.09 

1 53 
1 65 
1 78 
1.60 
1 ~.8 

1 80 
1 '<4 

l 88 
1 9' 
2.15 
2 '}" 
1 ,, 

1 ~5 
2 17 
2 42 
2 6:' 
1 ~ l 
1 ó 3 
i B5 
2. 0' 
2 ~6 
l\3 
! 71 
1 8/ 
2.04 
2 14 
1 90 
2.03 
2. 25 
2 '45 
2 61 
2.20 
2 '47 
1.86 
2 .1'1 
2 .44 
2 75 

2.98 
i 7b 

1. 9:' 
2 .14 
2. 39 
2.68 
1.83 
2 no 
2.17 
2 .?8 
2.49 
1.90 
2' 12 
2.45 
2 '76 
3 01 
1.67 
1 82 
2. 06 
2 32 
2. 56 
1 RO 
1. 91 



2 3 4 5 6 7 ' 9 10 11 12 
················2········=·······=·==·····=············=···=·············· 
301 2 0 1.25 H 1 615 2.18 0360 5 370 2.33 

3 " 
2 12 

302 2.0 1.25 H 1.615 2 ta .0360 ' 3.53 2.56 3.73 2.30 
303 2.0 1. 25 H l '615 2 .lB . 0360 12 338 2. 79 3 55 2 54 
304 2.0 1. 25 H 1.615 2 .86 0360 2 4.85 2.34 5.17 2. 06 
305 2.0 125 H 1. 615 2. 86 .0360 3 4 77 2 42 4' 85 2.34 
306 2 0 1. 25 H 1.615 2.86 .0360 5 4.54 2.67 4.74 2.45 
307 2.0 1.25 H 1.615 2. 86 .0360 ' 4' 35 2 91 4.48 2 74 
JOH 2.0 1.25 H 1.615 2.86 0360 12 4.22 3. OB 4.32 2.95 
309 2 0 1. 25 u 1.615 1 6H . 0360 2 3.30 174 3 '42 1. 62 
310 2.0 1. 25 u 1.615 1.68 '0360 3 3 19 1.86 3 32 1.72 
311 2.0 1. 25 u 1.615 1. 68 0360 5 3.113 2. 06 3 tB 1. 87 
312 2.0 1.25 u 1.615 1.68 .0360 ' 2 94 2. 20 3. 05 2. 04 
313 2 0 1.25 u 1.615 1.68 .0360 12 2 '85 2.34 2.95 2 18 
314 2.0 1.25 u 1.615 2.19 . !1360 2 4 12 1.90 4.24 1.79 
315 1.0 1.25 u 1.615 2.19 . 0360 3 4.02 1.99 4' 16 1. 86 
316 2.0 1. 25 0 1.615 2.19 . 0360 5 3.85 2.17 402 1. 99 
317 2ü 1.25 0 1.615 2.19 0360 ' 3.67 2.39 3' 87 2.15 
31H 2.0 1.25 0 1.615 2.19 '11360 12 3.49 2.65 3. 71 2.34 
319 2.0 1. 25 B 1.615 1. 74 . !1360 2 3. 07 2.16 3.11 2.11 
320 2.0 1.25 B 1 615 1.74 . 0360 3 3. 03 2 22 J.OB 2.15 
321 20 1. 25 B 1.615 1. 74 0360 5 2 99 2.27 3. 03 2. 21 
322 2.0 1.25 B 1.615 1. 74 . 0360 B 2.95 2.34 2.99 2. 27 
323 2 0 1.25 B 1 615 1.74 . 0360 12 0.00 0 00 2.96 2. 32 
124 2. 0 1.25 B 1.615 2 .17 . 0360 2 0.00 0. DO 0 00 0.00 
325 2.0 1 25 B 1 615 2.17 .0360 3 3. 79 2. 22 3 .BI 2 tB 
326 2.0 1.25 e 1.615 2.17 . 0360 5 3.64 2.39 1n 2 .29 
327 2.0 1. 25 B l. 615 2 .17 . 0360 B 3.52 2 55 3 62 2.41 
32B 2.0 1.25 B 1.615 2.17 . 0360 12 0.00 0.00 3.54 2 .53 
349 2 0 1. 25 c 1.604 1. 70 . 0344 2 3 4B 1.69 361 1 56 
350 2.0 125 c 1.604 1. 70 0344 3 3.31 1.87 3.47 1 70 
351 2.0 1. 25 c 1.604 1. 70 . 11344 5 3.09 2.14 3.27 1 91 
352 2 0 1.25 c 1.604 1.70 .0344 B 2.91 2.41 3 OB 2.15 
353 2 0 1.25 c 1.604 1. 70 '0344 12 279 2 63 2.95 2. 35 
354 2.0 1.25 c 1.604 2. 20 . 0344 2 4.26 1. 89 444 1. 74 
355 2. 0 1.25 c 1604 2 20 '0344 3 4. 05 2 09 4.24 1 91 
356 2. 0 1.25 c 1.604 2.20 . 0344 5 3. 78 2 .40 3. 96 2 19 
357 2.0 1.25 c 1 604 2.20 . 0344 B 3.58 

2 " 
3 75 2. 44 

358 2.0 1.25 c 1.604 1.20 . 0344 12 3 44 2.90 3 .58 267 
359 2.0 1.25 0 1 604 1. 70 . 0344 2 3.25 1.94 3' 45 1.72 
360 2.0 1.25 0 1.604 1.70 .0344 3 3.115 2 '20 3.25 1.94 
329 2 0 1.25 924 1 25 0345 2 3 '12 1.97 3.28 1 79 
330 2.0 1.25 ' . 924 1.25 . 0345 3 2.97 2 tB 3.11 1.99 
331 2.0 1.25 ' .924 1.25 .0345 5 2 78 2.48 2.91 227 
332 2.0 1.25 ' .924 1.25 . 0345 B 2.63 2. 79 2. 73 2.58 
333 2 0 1.:?5 .924 125 . 0345 12 80 0.00 0.00 0 Oü 
334 2 0 1.25 ' . 924 1.57 . 0345 2 3.90 1. 99 4.14 1.77 
335 2.0 125 .924 1.57 .0345 3 3.74 2 17 3.95 194 
336 2.0 1.25 ' . 924 1.57 . 0345 5 3 52 2.44 3.73 2 .18 
337 2.0 1. 25 .924 1.57 .0345 B 336 2.67 3.56 2 .40 
338 2.0 1.25 ' . 924 1.57 . 0345 12 3.35 2 70 3.40 2.61 
339 2.0 125 ' 2.050 1.97 . 0358 2 3.28 1.81 3' 43 1.65 
340 2. 0 1.25 ' 2.050 1.97 . 0358 3 3.14 1.97 3 28 1.81 
341 2.0 1.25 ' 2. 050 1. 97 . 0358 5 2.98 2 tB 3. 09 2.04 
342 2.0 1.25 ' 2.050 1.97 .OJSH B 2 B6 2.38 2 .94 2 .25 
343 2.0 1.25 :?.050 1. 97 0358 12 2. 78 2 52 284 2 .40 
344 2 0 1.25 ' 2.050 2.36 . OJSB 2 3.9B 1.87 4.12 1. 75 
345 2. 0 1.25 2.050 2. 36 . 0358 3 3.87 1. 98 3 96 1.89 
346 2. 0 1.25 ' 2 050 2.36 . 0358 5 3.71 2 15 3 70 1. DB 
347 2. 0 1.25 ' 2 050 2.36 . 0358 8 3.61 2.28 3.65 2 i2 
348 2 0 1.25 ' 2.050 236 . 0358 12 0.00 0.00 3 62 2 '26 
KKK·~~······••s~··~~--~KKcaazaa~za=zazaza~azaaaaa:zzzzzazzzz:a:zzaaaaaazzz 



2 3 4 I 6 7 8 9 10 11 12 
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3fl 2 0 121 D 1 604 1.70 . 0344 I 2.84 2. S4 3. Dl 2. ?6 
362 2 0 I 25 0 1.604 170 0344 8 2 .67 2 87 2.81 2.60 
%3 2 0 I. 25 0 1 604 170 .0344 12 2. 56 3.11 2' 67 2.87 
36S 2.0 1. 25 0 1.604 2.20 '0344 2 4 os 2. 09 4. 21 1.93 
Jh6 2 0 1 21 D 1 6(14 2.20 . 0344 3 3.83 2 34 3. 96 2.19 
367 2 '1 1. 25 0 1 6114 2. 211 . 0344 5 3 S5 2 .72 3 68 2' 53 
3t>!.l 2 " 1.75 D 1 604 2' 20 03<14 8 3 .35 J 06 3.'16 2 87 
369 2.0 125 0 1.6H 2.20 . 0344 12 3' 20 3 .3S 3 31 3 12 
m 2 0 1. 25 ' 1 604 1.70 . 03114 2 2.69 2 83 2.80 2.61 
371 2.0 1.25 ' 1.604 1.70 .0344 3 2. 56 3 .u 2.69 2.82 
371 2.0 125 ' l 604 1 70 . (!344 5 2.43 3 46 2 .54 3.16 
373 2.0 1. 25 ' 1.604 1.70 0344 8 2.33 3.78 2 Al 3.50 
374 2 0 1.25 ' 1 6(14 I 70 . 0344 12 2. 27 3 97 2 32 3 80 
375 2 0 125 E 1.604 2. 20 . 0344 2 3' 76 2.42 3.96 2.18 
376 2 0 I 15 E 1.604 2.20 0344 3 3 S7 2.69 3.80 2. 37 
377 2.0 1.25 ' 1 604 2. 20 . 0344 5 3.34 3.07 3 .55 2 .72 

"' ? 0 1. 25 ' 1 604 2 20 . 0344 8 3.15 J 46 3.31 3.13 
37~ :'.0 I 25 ' 1.604 2.20 0344 12 2 99 3. 83 3.11 3.54 
iBO 1 0 1 38 • 1 700 4,110 :n oo 2 2.05 2.5~ 2.22 1.91 
381 3.0 1. 38 • 1. 700 440 .2100 3 1. 94 2 .11 2.111 2.13 
38'.' 3 0 1.38 • 1 7fl0 4.40 '1100 5 184 2.79 1.96 2.44 
383 3.0 1.3B • 1. ?00 4 40 .2100 8 1.75 3. 06 1.86 2.73 
l84 3 0 L3e 1 700 4.40 .2100 12 1.68 3.32 1.78 2 97 
386 3 0 138 1.700 4 40 2100 2 2 50 1.50 2.76 1.24 
187 3 Ij L3ii LïOfJ 4.40 .210J 3 2.35 1. 70 2. SJ 1. 47 
388 3.0 1.38 1 700 4.40 .2100 5 2.21 1.93 2 .33 1.73 
389 3 0 1 38 1. 700 4.40 .2100 8 2. 09 2 1~ 2. 2!1 1. 95 
385 3.0 1 38 1.700 440 .2100 12 2. 06 2.21 2 16 2.01 
~~~~=~~::::::~:::::~==~:::::::::::zc~====~=z=•=•=Ezz•===•••••••==•=•••=•z• 



APPENDIX lil 

Boundary conditloos for tests on dynamic stability 



parameters in columns 

column description 

1 test number 

2 description: 

gravel slope with gravel (shingle) 

rock basic • basic tests with rock slope 

spectrum ~ tests with narrow spectrum 

rounded u slope with rounded gravel (shingle) 

flat rock ~ slope with flat rock 

berm type • initial slope with berm 

arbitrary structure with arbitrary initia! slope 

grading slope with narrow or wide grading 

low crest • structure with low crest 

depth 0.4m • structure with 1:30 foreshore and water depth 

of 0.40m at the toe of structure 

depth 0.3m ~ structure with 1:30 foreshore and water depth 

of 0.30m at the toe of structure 

depth 0.2m • structure with 1:30 foreshore and water depth 

of 0.20m at the toe of structure 

gravel-1982 • two-dimensional tests of Van Hijurn and 

Pilarczyk (1982) 

3dim-1982 • three-dimensional tests of Van Hijurn and 

Pilarczyk (1982) 

delta flume ~ large scale tests in the Delta flume 

3 nomina! diameter, Dn50 (m) 

4 relative mass density, A 

5 slope angle, cota 

6 grading, D55/D15 

7 speetral shape: 

PM • Piersou Moskowitz spectrum 

NA ~ narrow spectrum 

SL narrow spectrum, different from NA spectrum 

TR • Triton spectrum 

JO = Jonswap spectrum 

8 significant wave height in front of the structure, Hs (m) 

9 average wave period, Tm (s) 

10 peak period, Tp (s) 

11 wave height parameter: Hs/ADn50 

12 fictitious wave steepness: sm • 2wHs/gTfu 

13 fictitious wave steepness: 2wH 8 /gT~ 

14 combined wave heigt-wave period parameter: H0 T0 • H8 /ADn50 * /g/DnSO Tm 

15 combined wave heigt-wave period parameter: H0T0 • H8 /ADn50 * /g/Dn50 Tp 



-·· 

2 

301 grave I 
302 grav~ I 
303 gr&ve I 
304 greve I 
JO~ grave I 
306 graV!l 
307 rock bitSIC 
308 rock bas1c 
309 rock biJsic 
310 rock b&5JC 
311 rock bas1c 
312 rock b~51C 
313 rock bllsic 
314 rock b!!sJc 

Jl~ rad. basic 
}16 folCk bilSIC 

317 rock bas Je 
318 rock bilSIC 
319 rock bas Je 
320 rock besJe 
321 rock basJc 
Jn rock bas1c 
323 rock basic 
324 rock bilSIC 
327 rock baSIC 
n6 rock bi!l5l c 
J'l7 rock bas Je 
328 rock b11sic 
329 rock bas1c 
}}ij rock basJc 

331 rock bas ie 
332 rock b!ISIC 
JH rock bilSIC 
334 rock bas1c 
337 rock basic 
336 rock baste 
337 rock bas1c 
338 rock bas1c 
339 rock basic 
340 rock bas1c 

341 rock bas IC 

342 spetirurn 
343 spectrum 
344 spectrum 

345 spectrum 
346 spectrum 
347 spectru111 
34B rDunded 
349 rounded 
350 rounded 
JH rounded 
352 rounded 
Jij} rounded 
JS<l flat rock 
}~~ flat rock 
}~6 flat rock 

J 4 I 6 7 a 9 10 

.011~ 1.~73 ~.0 

.0115 1.573 5.0 
.011~ 1.~7} 5.0 
.0115 1.573 ~.0 

.0115 1.~73 5.0 

.Dl\5 1.573 5.0 
.02~7 1.615 5.0 
.0257 1.615 5.0 
.0257 1.61~ ~.0 

.0257 1.61~ 5.0 

.0257 1.615 5.0 

. U257 1.615 5. 0 

.0257 1.61~ ~.0 

.0257 1.615 ~.0 

.0110 1.586 ~.0 

. (1110 1.?86 s.o 

. 0110 1.?86 s.o 

.0110 l.S86 S.O 

. 0110 1.586 ~.0 

.0110 l.S86 5.0 

. 0110 1.5B6 s.o 

.0110 1.~86 5.0 

.0110 1.~86 ~.0 

.029 1.615 3.0 

. 0257 1.61~ 3.0 

. 0257 1.615 3.0 

.0257 1.615 }.0 

.0257 1.61S 3,0 
.02~7 1.615 3.0 
. 02'57 1.615 3.0 
.0257 1.61~ 3.0 
.0257 1.615 3.0 
.0110 l.~B6 }.0 
.0110 1.~86 3.0 
.0110 1.~86 3.0 
.0110 1.586 3.0 
.0110 1.586 }.0 
.0110 l.58ö 3.0 
.0110 1.5B6 }.0 
.0110 1.~86 3.0 
.OllU 1.586 3.0 
. 0257 1.615 3.0 
.029 1.61S J.O 
.029 1.615 3.0 
.0257 1.615 3.0 
.0257 1.61~ 3.0 
.02S7· 1.6\S 3.0 
.0277 1.588 3.0 
. 0272 l.SB8 3.0 
.0272 !.SBB 3.0 
.0272 1.?88 J.O 
.0272 l.S88 }.0 
.0272 l.~B8 }.0 
.0242 1.608 3.0 
.0242 1.608 }.0 
. 0242 1.60B 3.0 

t.SO PM .1319 1.33 1.37 
1.50 PM .1298 1.77 2.04 
1.50 PM .1900 1.76 2.04 
1.50 PM . 1879 2.41 2.99 
1.50 PM .2326 1.78 2.04 
1.50 PM .2374 2.J5 3.17 
\.SO PM .1281 1.77 2.04 
LSO PM ,1}0} 2.63 3.23 
1.50 PM .1882 1.77 2.04 
1.50 PM .1904 2.58 3.28 
1.SO PM .1945 3.20 4.2S 
1.50 PM .2394 1.78 2.04 
1.50 PM .2380 2.Sl 3.33 
1.50 PM .2289 2.74 3.51 
1. 50 PM 
1.50 PM 
1.50 PM 

.1336 

.12B8 

.1236 

1.32 
I. 77 
2.52 

1. 38 
2. 04 
J. 2J 

PM 1. ~0 
LIJD PM 

. 1884 1.75 2.02 

.1870 2.46 3.13 
PM . 1938 3.10 4.~5 

Pt1 .2369 1.77 2.08 
Pl1 .2338 2.45 3.23 

1. 50 
1.50 
1.10 
1.10 
1. 5(1 

P11 . 2192 
PM .1556 

LSO Pl1 .1574 
}. ~(I 

1. 50 
PI'\ .128~ 

PM .1912 
l.liO PM 
}. 50 PM 
1. 50 PM 
1. 50 PM 

.19(10 

.1937 
.244Q 
. 2327 

l. 50 
1.1)0 
1. 50 
1. 50 

PM . 2283 
PM .1265 
PM . 1328 
PM .1319 

1. ~0 "'M 
1.50 PM 
1. 50 PM 
LSO PM 
1. 50 PM 
1. 50 PM 

.1861 

.1937 

. 1873 

. 2392 

.2307 

.2236 

2.86 
1. 34 
1. 76 
2.65 
1. 77 
2. ~6 
2.82 
1.79 
2 .4S 
2.73 
l.JJ 
1. 7S 
2 .<19 
1. 75 
2.44 
2. 78 
1. 79 
2. 42 
2. 71 

4. 20 
1.45 
2.00 
J. ü8 
2. 04 
J.l' 
3.S7 
2 .1~ 
3. DB 
3.57 
1.42 
2. 02 
J .IJ 
2. 04 
3. OB 
3.57 
2.04 
3. 08 
J.\7 

1.50 NA .1573 1.79 1.79 
1.50 NA .1296 2.48 2.S3 
1.50 NA .196ü 1.79 1.80 
1.50 NA .1884 2.45 2.50 
1.50 NA .2373 1.77 1.80 
1.50 HA .2322 2.42 2.50 
1.50 Pt1 .1300 1.77 2.04 
1.50 PM .1954 1.77 2.06 
1.50 PM .2434 1.79 2.06 
1.50 PM .0898 3.01 3.45 
1.50 PM .1325 2.95 3.51 
1.~0 PN .1942 2.85 J.57 
}.50 PM .1304 1.77 2.06 
l.SO PM .1922 1.77 2.06 
1.50 PM .2423 1.79 2.06 

11 12 IJ 

7.29 .0478 .0450 
7.18 .0265 .0200 

10.50 .0393 .0292 
10.39 .!!207 .nus 
12.86 .0470 .03S8 
13.12 .0275 .01~1 

3.09 .0262 .0197 
3.14 .0121 .0080 
4.S3 .0385 .0290 
4.59 .0183 .0113 
4.69 .0122 .0069 
S.77 .0<~84 .0368 
5.73 .0242 ,{1137 
S.Sl .0191i .0119 
7.66 .0491 .0449 
7.~8 .0~63 .01"8 
7.08 .0125 .0076 

10.80 .03Q4 .0296 
10.72 .0198 .0122 
11.11 . (1129 . 0069 
13.58 .0484 .0351 
D.40 .0249 .014<~ 

12.56 .0172 .0080 
3.7S .ûli55 .0474 
3.79 .0325 .0252 
3.10 .0117 .0087 
4.61 .0391 .0294 
4.% .OiOl .0124 
4.67 .û156 .0097 
5.90 .049(1 .0339 
S.61 .!!248 .0157 

5.50 .01"6 .Oli5 
7.25 .ü458 .0402 
7.61 ,(12:'8 .ü208 
7.56 .0136 .ll086 

10.67 .C389 .û286 
11.10 .0208 .0131 
10.74 .0155 .0094 
13.71 .0478 .036B 
13.22 .0252 .0156 
12.82 .0195 .0112 
3.79 .0314 .03î4 

3.12 .013~ .0130 
4.72 .0302 .0387 
~.54 .0201 .0193 
5.72 .0485 .0469 
5.59 .02S4 .0238 
3.ü1 .0266 .02(1(1 
4.52 .0399 .0295 
5.64 .0487 .0367 
2.08 .0063 .004B 
3.07 .0098 .0069 
4.50 .0153 .0098 
}.35 .0267 .0197 
4.94 .039} .0290 
6.2~ .0484 .036f. 

14 11 

283. 292. 
371. 428. 
540. 626. 
731. 907. 
668. 766. 
901. 1215. 
107. 123. 
161. 198. 
157. 181. 
231. 29.:.. 
293. 389. 
201. 23(1 . 

281. 373. 
295. 3/8. 
302. 316. 
390. 4?0 . 
533. 683 . 
564. 6~1 . 
787. 1002 . 

tnr:. 14: u. 
718. e ... 3 . 
980. 1293. 

1073. 1576. 
98. Ho. 

130. 148 . 
160. 186 . 
15'~. 184. 
nu. 2ao. 
2'.i7. }26, 

2C•6. 248 . 
268. 337 . 
293. 184. 
288. 307. 
398. 4'J9. 
S62. 707. 
~57. 651). 

809. 1021. 
891. ll4'i . 
733. 835 . 
9?6. 1216. 

1(]37. 1366. 
133. ~33 . 
151. 154. 
165. 166. 
217. 222. 
198. :·~1. 

265. 273. 
101. 117. 
1S2. 177 . 
192. LLIJ. 
119. 136. 
172. 2(14. 

243. 305. 
119. 139. 
176. 205 . 
224. 2~8. 



380 ber'll type 
3PJ tu~rR' tyr-~ 

382 be nn I ~Jpe 
383 berm l~l['l' 

384 berm type 
185 berm t vpe 

386 berm type 
387 t-~rm type 
)88 berm type 
JFI b~rm ty[te 

390 berm type 
-ql ben-, type 

392 berm type 
393 ~l'flll typE' 
394 berm t~Jpe 

)9>; bl!'rm typl' 
}96 arb1trary 
W7 !J"ildJng 
398 grad1ng 
)99 arad:c,g 

400 grad1ng 
401 qrad1ng 
402 grad1ng 
<i03 ~rerhng 

404 gradtng 
4[11) gradlrog 
406 gr~d1ng 

40--, grad1ng 
408 grad1ng 
41W low cre5t 

410 ](Iw crest 
-":1 ](lW trest 
412 low cre~t 
41~ lot.~ cre~t 

414 low crest 
41~ ]o•.o~ etHI 
416 depth 0.4m 
417 o::lep'h 0.3m 
418 dl'pth 0.2m 
419 dEplh û.3m 
420 deptt. O.}m 
-471 deptt, 0.2rn 
501 gravel-1982 
502 gravel-1982 
503 gravel-1982 
104 gravel-1982 
506 gravel-1982 
507 gravel-1982 
508 gravel-1982 
509 gravel-1982 
510 gravel-1982 
511 gravel-1982 
512 gravel-1982 
513 gravel-1982 
514 gravel-1982 
515 gravel-1982 

.0257 1.615 1.5 1.50 PM .0~·76 .98 2.09 1.}9 .0384 .01)84 

. 02~7 

.!!257 

. (12~7 

. ü257 

. 0257 

. 0257 

. 11257 

. 0257 

1.6!~- 1.~ l.c.1_1 PM .(18:·9 
1.615 1.5 1.50 PM .1016 
1.6J5 
1.615 
1. 61 ',i 

1.5 1.5(1 PM 
1.1 t. ~o Pr. .l'i9't 

PM .1?86 
.1903 -1. 1.50 PM 1.615 

1.615 -1. 
1.615 -1. 

Pr') .1863 
PM .2462 

t.:·c :.'-1 
1.26 1.41 
1.81 ?.0, 
1.34 1.39 
1.81 7.06 
1.80 2.12 
2."'1 2.98 
1.79 ~.01 

2 .. _.,) 
2.45 
:O.o.~B 

3.65 

4. 58 
-'1 • .:.9 
5.93 

.D397 .03~'7 

. [1201 

.0570 

.031(1 

. !l376 

. ûiQ(,. 

. 0<~'-12 

,1)1~7 

.053(1 

.ü239 

.1)271 
.u~34 

. G390 

27. 

61. 
88. 

101. 
1}:;_ 

161. 

207 . 

<;i,', 

~~-

67. ,, 
1 os. 
JS.:.. 
190' 
.-. , 
ct 1. 

L33. 
.nq :.615 1. 1.'0 "" .25('ü ?.~1 2-'"6 fdt .ü2'·4 .n,:J 2Q~. 3,.r-:. 
.0257 1.615 -1. 1.50 PM .1S'f4 l.Bl 2.05 3.84 .0312 .0243 1}6. 1'14. 

. 0257 

1.61~ -1. 
1.615 -1. 

-1. 

1. >.iJ 

1. 50 
1. 5(1 
l.SO 

PM .18·:~ 

PM . 2450 
PM .W)'i 

PM .1907 
1.61~ 

1.615 -1. 
-1. . 0257 1.615 

.0257 1.615 

L ~o ;;·M 

-1. 1.50 Pt1 
J.O . [illü 1.605 Pfl .Dlü 

.0110 1.605 3.0 PM .13DQ 

1 .-"[1 2' (18 
1.8:" 2.04 
U!O 2.Q~, 

t.B;J 'i.07 
U;2 2.:13 
1.79 2.06 
J.:9 1.42 
1.78 2.11 

4 ·--.~ 
~.90 

~x 

4.1Jii 
~ •. ::-7 

4.62 

7, 36 
.~1~0 1.60~ 3.0 1 }~ PM .291~ 1.SU 2.1~ lil.-~ 

.0110 1.605 3.0 1.21J PM .201" 2.46 2.94 11.41 

. Ollû 1.605 3.rJ 1.~5 PM .2401 1.81 2.1' D.bü 

. 0110 1.60'i 3.0 1.25 PM .2437 :C.47 3.00 13.8,] 

. [:_'?S ~-~·81 

.. ]469 . U377 

.IJ3L· .ü2-~ 

.1)377 . 0"285 

. 0383 . il2öQ 

. 0~ (.4 . ;).., ~ ':· 

. 0263 . t1187 
r' -.-. "" .;. 

.U'213 
.Ûi<~9 

.0~56 

. (.?-·(1 

. Gl4Y 

. u3: -

.H73 

.61. 
211. 
1 '6. 
lo'2. 
: (~ Î' ' 

162. 
286. 
3~1. 

;: è -. 
Je L • 

lf~l:l. 

1Gl8. 

)::-(). 

231). .... 
'. 
Hl6. 

!~6. 

:-iS . 
4t4. 
t-L: .. 

luJ1. 
8~ •. 

i?F . 
.0110 u-.05 3.ü 2.21) Pi< .l3"i7 1.1·~ 1..:..:- 7.<.' .t,~ü'i .0<-17 .c:t. :.;• 
.0110 1.6fl5 3.0 2.2~ PM .12'11 1.77 2.08 i'.31 .C"/64 .0191 ~1:1~. .:.S4. 
.DllO 1.60~ 3.8 2.25 C·M .1894 1.81 2.11 :G./_~ ,u??O ... L~- S8~. )-t .. 

,0110 1.60'1 3.0 2.25 PM .1'!94 "2.45 3.03 11.'.19 .0~13 .1;1)";1 8"~6. lDLl. 

1.81 2. î 7 o .... ;.· . 01H 
.0110 
. n~.? 
. 0257 
. Di""' 

1.6ü" 
1.60') 

3.0 
J.O 
1.' 

2. 25 .2403 2.47 3.00 13.61 .0252 . ü171 
. i' '~4 l.i>l'.i 

1.615 ).Ij 

1.6:5 1 Ij 

.0~'57 1.615 1.1 

1.50 PM 
1.% PM .1770 

~M . Hd i. 5f; 

1.50 PM .2391 
PM .!3L"' 

. 0257 
1.61S l." 

1.615 1.5 1.50 PM .178S 
.l12~7 

1.78 2.013 
L. t" 

l.BC 
l ~·:; 

1. 7'1 
1. f.} 

~. ~4 

2.12 
}..:.' 

2. il4 

2.13 1.61'> 1.'1 
1. 591 J.O 1.50 PM .2250 2.5S J. 03 

1. SI} 1.59\ l.Q 
1. 591 

PM . HWû 
.1437 3.0 1.50 PM 

2. '2 
3. û3 

3.12 
4.26 
-<,4!--

5. ?"i 
3 .. ;· 

4. 3U 

. IJ_iiJB .02~1 

. 0 .. 73 
• [i.:.-:'6 

• ,_1}1)7 

. 04t-: 

.Ü}41 
"14 

. ü27? 

. [!• .. :: 

5.5n .o222 .ül'.it 
<o.t~2 

3.51 
.. ;;7[: 

.ûl46 
. [!~·47 

. .)100 

:- l. 

141;1. 

~ '· i. 

:~.' . 

1 ~ û. 

2}.:., 

163. 
1?2. 

1219. 
_;,8. 

il3 . 
. o. 

ï.39. 

]".'1 . 

iUb. 

. 0257 

. 0257 

. 0257 

. (111 D 

. OllO 

. 011[_1 
. 0041 
. 00'11 
.0041 
. 0041 
.0041 
00'11 

. 0041 

.0041 

.0041 

.0041 

.0041 

. !!!!41 
,0041 
.0041 

1.~81 LO !.5fl PM .20-4 

un 
2 11 
2. 49 
1.n 
2. '---.9 
1.27 
1. 2':l 
1 59 
1.63 
1.30 
1. 27 
1.62 
l.61 
1.58 
2 03 
1.97 
2. 03 
1.27 
1. 29 

3.ii.S L.43 ,1)"14 
:/.11 10.8« _[13}13 
3.0' &.SI .01~3 

1.46 16.78 .0429 
1.48 25. 32 . 0627 
1 BJ 2J 92 OJ90 
l.E8 29.52 .0458 
1.50 23.61 .0576 
1 46 16.78 !!429 
1.86 29.21 .0459 
1.85 22.84 .0363 
1.82 14.76 .!!244 
2.33 31.85 !!319 
2.27 22.53 .0239 
2.33 16.00 0160 
1.46 13.67 .0349 
1 .48 18.49 0458 

.Jl.:.ü 287. ~[(; 

1.581 3.0 1.50 FM .18~~6 

1.~81 3.0 
1.570 10 . 
1.570 10 . 

10. 
10, 
5,0 
5 0 
s. 0 
5. 0 
5 0 
5 0 
s. 0 
s. 0 
5,0 

PM .l48ü 
SL .108!! 
SL .1630 
SL 1540 

1. 30 
1.30 
1.30 
1.30 SL .1900 

1520 
SL .1080 
SL .1880 
SL 1470 
SL . 0950 
SL . 2050 
SL 

1. 30 
1.30 
1.30 
1.3!! 
1.30 
1 .30 
1.30 
1.30 
1.30 

SL 

1. 570 
1.570 
1. 570 
1.570 
1.570 
1 570 
1.570 
1 570 
1.170 
1.57!! 
1.570 
1.170 5.0 1.30 

.1450 
SL .1030 
SL .0880 
SL 1190 

. 021:2 ~so. 

. :_.](13 6}:. 
0325 1 0'12. 

. 04.77 1598. 

'0195 1861. 
. 03'1'1 2353 . 
. 0'133 1502. 
. [1325 l 0'12. 
.03-4.8 2314. 
.0275 1799. 
. 0184 1141. 
0242 3162. 

. 0180 2171. 

. 0122 1589 . 
0264 E49. 
1)348 116? 

683. 

1198 
1833 
2142. 
2714 
1733. 
1198. 
2657 . 
2067. 
1314 . 
3630. 
2501 
1824 . 
976. 

1338. 



2 3 4 s 6 7 a 9 10 11 12 13 14 lS 
•~=~•~••c•••~~•••••••••~•~•••••~•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

S16 gravel-1982 .11041 1.570 s. 0 1.30 SL .uso l.li3 1.88 17.87 .0277 . 0208 1424 . 1643. 
SP gravel-1982 .0041 1.570 s 0 1.30 SL .lSOO 1.77 2. 04 23.30 .0307 . 0231 20ta . 2325. 
S18 grevel-1982 0069 1.570 s. 0 1.30 SL .1640 1.56 1.79 lS .14 . 0432 .0328 891. 1022. 
51ll grllvel-1982 . 0069 1 570 s.o 1.30 SL .1930 l. 62 1.86 17.82 '0471 '0357 1088. 12SO. 
S20 gravel-1982 . 0069 1.570 s.o 1.30 SL .1580 1.98 2.28 14.58 . 02SB . 0195 !Oa9 . 12S4. 
S21 ':J'fa~l-11!82 '0069 1 '570 s.o 1.30 TR '1960 1. 98 2. 2a 18.09 .0320 . 0241 13Sl. 1SS6. 
522 gravel-1982 .0041 1;570 s 0 1.30 TR .0950 1.97 2.56 14.76 . 0157 . 0093 1422 . 1848. 
S23 gravel-1982 . 11041 1.570 s.o 1.30 TR .1500 1. 97 2. S6 23.30 . 0248 . 0147 2246 . 2918. 
S24 gravel-1982 '0041 1 570 s.o 1.30 TR .1520 2 '38 3 10 23.61 .Otn . 0101 2749 . 3S81. 
S2S gravel-1982 . 0041 1. 570 s.o 1.30 TR .20SO 2 .3B 3.10 31.BS . 0232 .0137 370a 4829. 
S26 gravel-1982 .0041 1. 570 s.o 1.30 JO .0790 1.69 1.86 12.27 .0177 . 0146 101S . 1117. 
S27 gnvel-1982 .11041 1.570 s.o t. 3(1 JO .1040 1.69 1.86 16.16 .0233 . 0193 1336 . 1470. 
S2B gravel-1982 .0041 1.570 s.o 1.30 JO '10011 2.0/ 2.28 15 .S3 . 0149 . 0123 15/3 . 1733. 
S29 gniV! l-1982 .0041 1. 5?0 s.o 1.30 JO .1300 2.11 2.32 20.20 .0187 . 0155 2084 . 2292. 
S30 grave 1-1982 . 0041 1. 5/0 s.o 1.30 TR .1690 2.03 2.64 26.25 . 0263 . OlSS 2607 . 3390. 
S31 gravel-1982 . 0041 1. 5/0 s.o 1.30 'IR .1150 1.58 2. 05 17.87 . 0295 . 0175 t3at. 1792. 
532 gravel-1982 .0041 1. 5?0 s.o 1.30 TR .1S20 1.67 2 .1? 23.61 . 0349 . 020? 1929 . 2S07. 
~1' gravel-1982 . 0041 1.5?0 s.o 1. 30 SL .1400 1.73 1.99 21.75 .0300 . 0226 1841 . 211?. 
SS! 3dill-1982 .0040 1.590 s.o 1.30 PH .0?40 .89 1.02 11.64 .OS9a . 0456 513 . sas . 
SS2 3dlm-1982 . [1040 1. 591l s.o 1. 30 JO . oa60 . as .93 13.52 .0762 . 063? S69 . 623. 
SS3 Jdun-1982 .0040 1 590 s.o 1.30 JO .0?80 1.2S 1.37 12.26 . 0320 . 0266 759 . 832. 
5S4 3dum-1982 0040 1.590 s.o 1.30 JO .1260 1. 2S 1.3? 19.81 .0516 . om 1226 . 1344. 
sss 3dHII-1982 .0040 1 590 s.o 1.30 PH . 0880 1.11 1.28 13.84 .045/ .0344 761. 877. 
IS6 3dl"'-1982 .0040 1 590 s.o 1.30 PH .1220 1.11 1. 2a 19.18 0634 . 0477 !OSS . 1216. 
SS7 3di~1982 .0040 1.590 s.o 1.30 PH .0830 1.37 1.58 13.0S .0283 .0213 885. 1021. 
sss 3dl•-1982 .0040 1.590 s.o 1.30 PH .1228 1.3/ !.SB 19.18 .0416 .11313 1301. !SOl. 
Sl9 3dn-1982 .0040 1.590 s.o 1.30 PH .1?00 1.78 2. os 26.73 .0344 . 02S9 23S6 . 2714. 
S60 3dllll-1982 .0040 1.590 5.0 1.30 PH .1620 1.78 2.05 25.4/ . 032/ . 024? 2245 . 2Sa6. 
BOl delta flume . 0187 1.600 s 0 1.64 SL .7?00 4.30 s. 00 2S.74 .0267 . 0197 ms. 2947. 
B02 delta flume . 0187 1.600 s .0 1.64 SL 1. 000 4.30 5.00 33.42 .0347 . 02S6 3292 . 3828. 
SOl delta flume . 0187 1.600 1.0 1.64 PM 1.100 4.60 5. so SO.IJ . 04S4 . OJ18 5282 . 631S. 
sn.:. ~~lt~ J I•Jme . (]041 1.6011 5.0 l.~'l PM .62ü0 2 .tiO 2. 9!1 94.51 . 0588 .11473 12020 13407 
BOl delta flume .ÜÜ4l 1.600 1.0 !.BI PM 1.240 3. 90 4. 50 189.0 . 0523 . 0393 36060 41608 
f n6 tjplta f!u"'e .OO<ol 1. 6:10 l;i,l} 1.85 PM 1.6€0 IJ. DO ?.70 256. l . 0431 . (1331 62635 71404 
807 delt~ flume . 0041 1.600 IJ.O 1.81i PM 1. 280 3. 90 4. so 195.1 . O':i40 . 040S 37223 42950 
P:iR d~lla fi•Jme . [1341 1. 6110 s. 0 l.B'i PM 1. O?fJ 4. 30 '},! 0 16/i. 6 .0374 . 0266 34628 41070 
809 r!elta flume .0041 1.600 1.0 1.8? PM Ll4U s. 90 7.60 17,,8 .0210 .0127 lOl SJ 64604 
=~~=~=~=~==============·===~===~=~·===~========~==~====•====~========·=·=====···==·=·=··=·~=·==·===• 



Boundary eonditions for tests vith varying water level 

parameters in columns 

column deseription 

1 test number: last figure gives the part of the test 

2 description: varlation swl • varying water level with constant wave 

storm tide 

3 nominal diameter, DnSO (m) 

4 relative mass density, à 

S slope angle, cota 

6 grading, oas/DIS 

boundary conditions, see Figure 4.2 

= tests simulating storm surges, see 

Figure 4.2 

7 speetral shape: PM • Piersen Moskowitz spectrum 

8 water level at beginning and end of part of test 

9 significant wave height in front of the structure, Hs (m) 

10 average wave period, Tm (s) 

11 peak period, Tp (s) 

12 wave height parameter: H8 /6D0so 
13 fictitious wave steepness: Sm ~ 2wH8 /gTfu 

14 combined wave heigt-wave pertod parameter: H0T0 • H8 /6DnSO * /g/DnSO Tm 



3601 v~~J~IJon ~wl 

3602 varJation ~wl 
3603 varJ&I1on ~wl 

3611 v~ri8!1on ~wl 

~612 var1~!Jon ~wl 

3613 varJ&Ilon ~w\ 
3621 var1~!Jon ~wl 

3622 v&rl&l!on ~wl 
36?3 varlatJon ~wl 
3631 varJation ~wl 
3632 varlatJon swl 
3633 var!~l1on ~wl 

3641 varJation ~wl 
3642 varia! Jon ~wl 

3643 v~rl&llon swl 
36~1 vari~tion swl 
3652 varJation ~wl 
36~3 var1~tion swl 
3661 storn> t 1d~ 

3662 ~torm tide 
3663 ~torm ti de 
3664 storm tide 
3671 5torm ltde 
3672 storm t1de 
3673 storm t1de 
3674 ~torm tide 
3681 storm t1de 
3682 ~torm l1de 
3683 5lorm tule 
3684 storm !Ide 
3691 va~tation ~wl 

3692 varietJon swl 
3693 v~rt~l !On 5W] 
3701 vari&IIon sw\ 
3702 varJaiJon ~wl 
3703 v~r!&IIon ~wl 

3711 van~tion ~wl 

3712 varietJon swl 
371} var1~tion swl 
3721 varielJon 5Wl 
3722 var 1at 1on ~wl 

3723 variat1on ~wl 
3731 storm t 1de 
3732 storm t1de 
37}3 stor~ l1de 
3734 stor- tJde 
3741 storm I tdf' 
3742 5lorm t1de 
3743 storm l1de 
3744 storm t1de 
37S1 varJ~I!on swl 
3752 V&fl&IIOO swJ 
3753 Vlirlal 10n swl 
3761 varietion swl 
3762 varlalion swl 
3763 vari~t1on ~wl 

3771 storm t 1de 
3772 ~torm t1de 
3773 ~tor11 I !de 
3774 storm tide 

. 0110 
'0110 
. 0110 
. 0110 
'0110 
• 0110 
. 011 D 
'0110 
. 011!1 
. 0110 
.Olie 
'0110 
• 0110 
. 0110 
. 0110 
. 0110 
. 011!! 
. 0110 
. OllC 
. 0110 
. 0110 
.0110 
. 0110 
'0110 
'0110 
. 0110 
'0110 
. 0110 
. QllO 
. 0110 
• [1110 

. 0110 

.01HJ 

. 0110 
. 0110 
. 0110 
. 0110 
.0110 
. 0110 
. 0110 
. Ollü 
. 0110 
. 0110 
. 0110 
. 0110 
. 0110 
. 0110 
. 0110 
. 0110 
. 0110 
. 0062 
. 0062 
.0062 
. 0062 
. 0062 
.!!062 
. 0062 
.0062 
• 0062 
. 0062 

1. ?86 
1. 586 
I. 586 
1. 586 
1.SB6 
1. ~86 
1. 586 
1.586 
1.'386 
1. 586 
1.?86 
1.186 
1. ~86 
1. 586 
l.li86 
1.186 
1.?86 
1. ?86 
1. 586 
1.586 
1. 586 
l. 586 
1. S86 
1. ~86 
1. 586 
l.S86 
1. S86 
1. 'i86 
1. 586 
1. ?Sb 
1. 586 
1.'386 
1. ~86 
1.?86 
1. S86 
1 'S86 
1. 586 
1. ~86 
1. 586 
1.?86 
1.~86 

1.?86 
1. 586 
1.586 
1.586 
1.586 
1. 'i86 
l. 586 
1. S8b 
1.S86 
1.483 
1.483 
1.483 
1.483 
1.483 
1.483 
1. 483 
1.483 
1.483 
1. 483 

3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
J.O 
J.O 
3.0 
3.0 
J.O 
3.0 
3.0 
J.O 
J.O 
3.0 
3.0 
3.0 
l.O 
J.O 
l.O 
3.0 
J.ü 
J.O 
3.0 
l.O 
3.iÎ 
3.0 
J.ü 
3.0 
Ij. (I 

1.0 
I. 0 
I. 0 
u 
1.0 
\.0 
1.0 
\. 0 
1.0 
1.0 
1.0 
1.0 
5.0 
I. 0 
5.0 
u 
I. 0 
5.0 
1.0 
~.u 

1.0 
5.0 
5.0 
1.0 
1.0 
\.0 
1.0 
5.0 
I. 0 

1.~0 PM , 72-.721'1 
1.~0 PM .72-.64M 
1.SO P~ .64-.?iM 
1.~0 PM .72-.72M 
1.SO PM .72-.641'1 
1.~0 PM .64-,72M 
LSO PM .72-.72M 
l.SO PM .72-.64M 
l.'.iO PM ,6,j-.72M 
1.~0 PM .72-.72M 
}.l;fJ P!1 .72-.64M 
1.~0 PM .64-.72M 
l.Sû PM .72-.7211 
1.~0 PM .72-.64M 
1.~;0 PM .64-.72M 
1.~0 PM .72-.72M 
1.?0 PM .72-.64M 
1.SO PM .64-.72M 
1.SO PM .64-.72M 
1.50 PM .68-.80M 
1.50 PM .68-.80M 
1.50 PM .64-.721'1 
1.50 PM .64-.?2M 
LSO PM .68-.801'1 
l.~ü PM .~8-.8ûM 

l.SO PM .64-.72M 
1.50 PM .64-.?iM 
l.SO PM .68-.80M 
LSD PM .68-.BOM 
1.~0 PM .b4-.72M 
1.50 PM .72-.7iM 
1.50 PM .72-.64M 
l.'iQ PM 
1. 50 PM 
1. 50 PM 
LSO PM 

64-. 72M 
.72-.72M 
.72-.64M 
.64-.72M 

1.50 PM . 72-.721'1 
1.~0 PM .72-.64M 
l.SO PM .64-.?2M 
1.5() PM .72-.72M 
1.SO PM .72-.64M 
l.~IJ PM .64-.72M 
l.Sü P!1 .M-.72M 
1.~0 PM .68-.SOM 
1.~0 F-·M .68-.80!1 
1.50 PM .64-.72M 
1.50 PM .64-.?2t1 
LSO PM .61l-.80M 
1.50 PM .68-.llOM 
l.SO PM .6li-.72M 
1.~0 PM .72-.72M 
1.?0 PM .72-.64M 
1.50 PM .64-.72M 
t.SO PM .72-.7:.m 
LSO PM .72-.64M 
l.SO PM .64-.72M 
1.50 PM .64-.72M 
1.1)0 PM .68-.llOM 
l.'iO PM .68-.SOM 
1.50 PM .64-.72M 

.1271 

.126S 

.1266 

.1281 

.1284 

.1283 

.1E!SB 

.1863 

.1899 

.1819 

.1826 

.1847 

.2406 

.2276 
. 241)8 
.2330 
. i2S9 
. 2335 
.1305 
.1920 
. 1'12~ 
.1317 
.1142 
.2053 
.2032 
.1288 
.lSB~ 

.2437 

. 2446 

.1S90 

. 1901 

.1924 

.1903 

.1871 
. 1896 
'11l52 
. 2401 
.2294 
.24[11 
. 2344 
-~263 

. 2336 

.1335 

.1908 

. 19lll 

.1W.i 

.1614 

.2412 

. 24~'1 

.1634 

. 1916 

.1878 

.19}7 

.1936 

.}91)8 

.1940 

.13U1 

.1921 

.1934 
.1346 

1.31 }..!,!) 

1.33 1.~6 

1.30 1.40 
1.73 2.03 
1.72 2.07 
1.73 2.0~' 

1.74 2.02 
1.76 1.90 
1. 76 1. 'i8 
2.47 3.05 
2. 45 3. GO 
2.46 2.99 
l.BiJ 2.66 
LBO 2.08 
1.e2 2,J9 
2.44 3.10 
2.43 3.10 
2.43 3.03 
1.;'3 1.99 
1.7S 2.03 
L74 2.ûU 
1.73 1.97 
2.-:.Q 3.J3 
2.44 3.03 
2.;9 U\ 
2.50 3.03 
1. 73 VJO 
1.79 2.011 
1.78 1.99 
1.73 1.98 
1.7'· 2.01 
1.74 2.01 
1.75 '2.01 
2.50 3.13 
2.46 3.05 
2.SO 3.01 
t.7e 2.12 
1.81 2.23 
1.7Q 2.16 
2.44 3.1} 
2.3S 3.17 
2.41 3.11) 
1.74 2.(11 
1.74 2.08 
1.74 1.99 
1.74 1.97 
1.74 2.(10 
1.?7 2.11) 
1.77 2.L10 
1.73 1.98 
1.7.:. 2.[13 
1.7S 1.99 
L'5 1.99 
2.49 3.03 
2.49 3.03 
2.48 3.01 
1.74 2.Ul 
1.74 2.04 
1.74 2.ûl 
1.73 2.00 

7.'19 
7, 25 
7:;:6 
7. 34 
7 . .16 
7. 35 

ton 
10.68 
l O.t:9 
10.4} 
10.-i7 
10.59 
14. 1 0 
13.04 
l 3. t: [I 
13. 36 
12.95 
13.38 
7.48 

11. 00 
; 1. US 

7. 55 
o.S5 

11.77 
11.65 
7.18 
~ .1 0 

13.97 
l4.lil: 

9. 11 
] 0. ?0 
11. 0} 
'0. 91 
10.72 
10.87 
10.62 
D.~·6 

13.1~ 

13.76 
13.44 
î'2.97 
13.39 
7. 6S 

10.94 
11.00 
7.71 
9.25 

13.83 
. 3. 88 
9. 37 

2U.84 
20.43 
;'O. BS 
21. 0~ 
20. 71) 

21.10 
i4.11) 
20.89 
21.03 
14.64 

. 0475 

. 0458 

.OMiü 

. 02?4 

. 0218 

. 0~7~ 

.0400 

. 0385 

. 0393 

. 01 '11 

. ill95 

. 0196 

. 0476 

. 0450 

. Ü46b 

. 02~1 

. O~'<i5 

. 02~4 

. 0280 

.0402 

. 0408 

. ü282 

. ûl:L7 

. 0221 

.ü21G 

. 0132 

. rJ34Q 

. 041lll 
• Ü4'77 
.0341 
.G407 
.0407 
.U398 
. 0192 
. ~2 (ij 

. 0190 

.0486 

. 0 .. 49 

. (J48ll 

. 02S2 

. 02'.i6 

. 0258 
• D28B 
.04ll4 
.li4Û~ 

. 0284 

. ~342 

.0494 

. 04Y~ 

. 0 350 

. U4U6 

.0393 

.04lil 
.02\JO 
. nJ97 
. 0202 
. 02:'6 
. 0407 
. U410 
. 0288 

iBS. U 
288.0 
282.0 
379.0 
).lB. 0 

380.0 
S62. 0 
561.0 
1)72 .IJ 

769.0 
7b6. ~ 
778.0 
?'iB. 0 
71)1. 0 
7~ü.ü 

973. 0 
9-:.n. ~ 
971. 0 
:l:i6. (j 

S7S. 0 
5.,4. 0 
390.0 
.. o9. o 
B?B.Il 
t-66. 0 
ss 1. 0 
470.U 
747.0 
74~. 0 
471.0 
1)63. [I 

S73. 0 
'i70.0 
800.0 
799. u 
793.0 
731. u 
7ll.!l 
73b.Ü 
979.0 
922. (I 

964.0 
3~8.0 

568.0 
1)72. 0 
401.0 
<..81. 0 
731.0 
7)<\. 0 
484.0 

) .. 42 :0 

14:22.0 
) .. !) 1. u 
2096.0 
20~8.0 

2081.0 
979. ü 

1446.0 
lli56.0 
1007.0 



APPENDIX IV 

Equivalent slope angle and the lov H0T 0 region 



Equivalent slope angle 

The methad to establish equivalent slope angles for an arbitrary initia! slope 

is described below and is shown in Figure Al. 

1. Draw a uniform line through the points +Hs and -1.5 Hs. 

2. Establish the center of gravity of the figure between +H5 and -1.5 H5 

formed by the uniform line and the initial slope (shaded figure). 

3. A line through +H5 and the center of gravity gives cotn1 • This equivalent 

slope angle should he used for lr, he and lc· 

4. A line through -1.5 H5 and the centre of gravity gives cotnz which should 

be used for hs and 1
5

• 

5. A line through -H 5 and -3 H5 gives cotn3• This equivalent slope angle 

should be used for tanB, ht, and tany. 

1.2 

1.0 

initial protila 
Ê S.W.l. 
• OB 
u cantar of grov1ty c 
a 
~ 

lina through • H5 • 0.6 u and -1.5 H5 

l 0.4 

02 cota1 :; 3.69 
cota2 ~ 2.16 

cot~ :; 1.83 
0 0 2 3 

diston ca (ml 

Equivalent slope angle 

Equations for the lov H0 T0 region 

The equations for H0 T0 > 500 - 2000 are independent of the slope angle and are 

given in Section 4.4. The equations for the low H0T0 region and the transti

tion to the equations mentioned above, will be described bere. 

The run-up length. lr 

(A.l) 



The intersectien with Equation 4.7 gives the transition. 

Tbe crest height, he 

(A.2) 

Equation A.2 yields for H0 T0 < 900 and 4.13 for R0T0 > 900. 

Tbe crest length, lc 

(A.J) 

The intersection with Equation 4.9 gives the transition. 

The step beight, h8 

(A.4) 

Equation A.4 yields for R0T0 < 300 cotaz and 4.14 for MoTo > 300 cotaz. 

Tbe step length, 18 

(A.S) 

The intersectien with Equation 4.11 gives the transition. 

The transition beight, ht 

(A.6) 

Equation A.6 yields for R0T0 < 400 cota3 and 4.15 for RaTo ) 400 cota3 • 
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