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ABSTRACT

Wave reflections from sea walls or breakwaters often cause difflculties in
the navlgation and/or mooring of ships, and may also cause or exacerbate toe
scour or local sea bed erosion. Such erosion is a conmon cause of the
failure of many coastal structures. Rock armoured rubble structures often
provide efficient energy dissipation reducing both wave run-up levels and.
wave reflections.

This report presents the results of a short series of hydraulic nodel tests
on rock-armoured rubble sea wall sections under random waves. Wave
reflections were measured for 9 wave condit,ions on structures of sfinp1e
slopes of  1 :1.5,  1 :2.0,  and t :2-5;  and 3 berm widths wi th  upper  and lower
s l opes  o f  1 :1 .5 .

The results of these measurements are presented as varues of
coeff icient, 9r. The results nay be uled to predict, and/ot
performance of rock armoured sea walrs and breakwaters. rhe
coefficlent derived can be used to give boundary conditions
models of wave action in harbours.
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Empirical coef fi_cients

Structure *rdan, in direction normal to face

Ci Empirical or shape coefficients

Coeff ic ient of  ref lect ion, def ined in Equat ion I

Reflection coefficient function, defined in Equation 2

Particle size or tlpical dimension

Nominal particle diameter

fncident .lrave energy

Reflected wave energy

Transmitted wave energy

Energy absorbed or dissipated

crest f reeboard, level of  crest ress stat ic water revel

Wave freguency

Frequency of peak period = LlTp

Gravitational acceleration

Wave height, frorn trough to crest

Wave height at enset of breaking

offshore wave height, unaffected by shalrow water processes

significant wave height, average of highest one-third of wave

heights

Incident wave height

Maxirnum wave height in a record

Water depth

Iribarren or surf similarity

Modified Iribarren number, =

Wave numbet, 2n/L

number, defined in Equation

tanu/s %
p

L
m

Wave length, in the direction of propagation

wave length at structure toe, of peak and mean wave periods

respectively

Deep water or offshore wave length, gl2/2n

Wave length, at the structure toe

Armour unit mass

Uedian armour unit mass

Number of waves in a storm, record or test

Porosity, usually taken as nv



n-- Volumetric porosity, volume of voids orpressed as proportionv
of total volume

R Run-up level, relative to static water 1evel

n Mean run-up leve1

R" Run-up level of significant wave

Ru2% Run-up level exceeded by only 2% of run-up crests

R* Dimensionless freeboard

RaZ% Run-down level, below which only 2% pass

r Roughness value, usually relative to smooth slopes

S, Incident spectral energy density
1

S_ Reflected spectral energy densityr
s Wave steepness, H/Lo

"* 
Wave steepness for mean period, 2tr H"/E T^2

s_ Wave steepness for peak period, 2nE_/g T_2p  - -  5 - - - -  E - - - -  - '  - " - - s ' "  - P

T Wave period

T* l{ean wave period

T_ Spectral peak period, inverse of peak frequencyp
u, v Flow velocities, often orthogonal components of velocity

W Armour unit weight

Wso Median armour unit weight

c Structure front slope angle

p Angle of wave attack

T Weight density

Tw Weight density of (sea) water

Tr,T" Weight density of rock (or concrete)

p Mass density, usually of fresh water

Pw Mass density of sea water

Pr 'P" Uass density of rock (or concrete)

A Relative buoyant densiry, 
", 
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1 . 1

INTRODUCTION

Purpose and
organisati-on of
the project

1.2 Wave reflections
at coastal
structures

In 1985 the Engineering Adviser's conference of the
Overseas Development Adminstration (ODA) identified a
general problem of wave disturbance in a number of
sma1l harbours in the Caribbean. Changed patterns and
degrees of wave activity were thought to be due to
wave reflections from new structures, and/or the
effects of wave refraction from dredged areas. A
proposal was therefore submitted to ODA by Hydraulics
Research (HR) to study the design and performance of
wave absorbing structures, and to advise on the most
effective and appropriate nethods to reduce existing
problems, and avoid further such problems. A review
of literature and practice was conducted, and has been
previously reported (Ref 1). In addition a paper has
sunnarised some of the more important results of the
review (Ref 2).

Following a site visit to review harbour performance
(Ref 3), it was agreed that HR would run mathematical
models of wave disturbance of three harbours in the
Caribbean: Port  Castr ies, St Lucia; St Georgers
harbour,  Grenada: and St John's,  Ant igua (Refs 4,5).
Ttre use of these models required the derivation of
appropriate reflection coefficients for the harbour
boundaries. It had previously been noted in the
review (Ref 1), that data on the reflection
performance of rock armoured slopes was sparse and
uncertain. It was therefore agreed that a short
series of random wave flume studies would be conducted
to provide data both of general application, and to be
used in the numerical modelling of wave disturbance.
This report describes the model tests and sunrnarises
the test results.

Ttre funportance of wave reflections from coastal and
harbour structures has historically been given
relatively little weight in the design of harbours or
of coastal protection schemes, despite the problems
that nay arise from the cumulative 1oca1 increase in
wave energy. $rpically, increased wave action due to
reflecti.ons may lead to:

danger in navigating vessels through steep seas
arising from the interaction of incident and
reflected wave trains, this often occurs at
harbour entrances;

a )



b) increased berth down-time vithin the harbour
arising from unacceptable vessel motions during
loading or unloading;

c) damage to vessels,  moorings, or fenders, ar is ing
from increased mooring forces;

d) increased wave velociti.es, and hence shear
stresses, at the structure toe, Ieading to
potent ial ly greater 1ocaI scour or sea bed
erosion;

e) changes to wave-induced currents, and hence to
the sediment movement regime.

A11 coastal structures reflect back some proportion of
the wave energy incident upon them. The reflection
performance of such struetures is often described by a
reflection coefficient, C,. This is defined in terms
of the incident and refledted wave heights, H; and H'.
respectively, or the total incident and reflected waie
energiesr E1 and Er:

v
C, = H./Hi = (Er/Ei)n ( i )

When considering random waves, values of C,. may be
defined using the significant wave height as
representative of the energy in the sea state. On
occasions it is more useful to eonsider a reflection
coefficient function C.(f), defined in terms of the
incident and ref lected-spectral  densit ies, S;( f)  and
Sr(f) ,  at  each value of f requency, f :

v
c r ( f )  =  ( S r ( f ) / s i 3 ) ) n  Q )

Values of C.,  and less conrnonly C,^(f) ,  have been
measured foi a few example structires, but for many
structure t5rpes little or no data has been published.
A recent study reviewed that data available on a wide
range of coastal structures (Ref 1). It was noted
that very little data was available on reflections
from rock armoured rubble structures. Only one report
gave data on the reflection performance under random
waves (Ref 15), and that was restricted to a single
wave condition. A short series of hydraulic model
tests were therefore initiated to derive values of C,.
for typical rock armoured structures under a range of
wave conditions. Ttre results of this study are
intended to complement those reported for a much wider
range of structures in Reference 1.

1.3 Outl ine, and use,
of this report

The main part of the report covers the design and
preparations of the model tests, Chapter 2; the



2 DESIGN OF MODEL
TESTS

2. I  Genera l

descript ion of the test results,  Chapter 3; and a
discussion on the use and applicability of the data,
Chapter 4. The nain test parameter and results are
l isted in the tables.

Further general information on the test facility and
model procedures is given in Appendices 1 and 2.

The study has been concerned with the wave reflection
performance of rock armoured rubble mound structures,
and has not studied aspects of armour response. It is
noted however that the principal problem in the design
of such structures is the determination of an
appropriate armour size. This is discussed in
Appendix 3.

This report is not intended to be used as a design
guide or manual. It is anticipated that the reader
intending to use the results here will be familiar
with the design of coastal structures, and wiII
consider the data in this report within the framework
provided by Reference 1.

Hydraulic model testing can provi.de an inexpensive,
rapid, and reliable method to quantify many of the
wave,/structure response functions for sea wa1ls and
breakwaters. Such model tests ean examine the
response of a structure to a wide range of water leve1
and wave conditions, and can quantify the influence of
many of the structure geometry variables. The
principal hydraulic response functions studied in such
models are arave run-up levels; overtopping discharges;
wave reflectioos; and armour movement. The resulti of
such studies are widely used in the design of, sea
wal1s, breakwaters, and related shoreline structures.
Some examples of such recent studies on the design and
performance of coastal structures have been discussed
in References 7-12. A comprehensive review of the
literature covering the design, construction and
perforrnance of sea walls is given by Reference 13.
Previous studies identifying the reflection
performance of coasta] structures were reported
earlier in this project in Reference I.

The test facility selected for these studies was HRrs
wind wave fh:me. This is now a conventional wave
flume equipped with a hydraulically-driven random wave
paddle, and is described further in Appendix l.



2.2 Test sect ions

For this study a simplified approach bathymetry was
used, shown in Figure l. The wave paddle was operated
in a water depth of 0.610m. Use of this depth at the
test sections however would have required relatively
large sections, and a consequent reduction in the
number of tests possible with the resources available.
An elevated sea bed was therefore built, reducing the
test water depth to h" = 0.380m. A range of test
sections were used in the study and these are
described further in sect ion 2.2 below.

Before any test sections were constructed, the wave
conditions to be used were measured inunediately
seaward of the position of the test section. For
these calibration tests an absorbing beach at the end
of the flume prevented the incident wave conditions
from being corrupted by reflections. The wave
conditions used for testing are discussed in
section 2.3 below and sunrnarised in Table 2.

During testing both incident and reflected wave
spectra were measured with an array of 3 wave probes,
positioned over the horizontal approach bed section.
These allowed the derivation of the reflection
coeff ic ient funct ion, C.(f) ,  at  around 16 values of f .
Measurement and analysis procedures are discussed
further in section 2.4, and in Appendix 2.

A total df 19 cross-sections were used in these tests
to explore the effects of:

a) f ront face slope angIe, cr l
b) snooth or armoured facing;
c) armour layer thickness, toi
d) armour unit size, Ms o , DrrlO i
e) berm length, B.

The primary geometric parameter affecting the
hydraulic performance of a rubble coastal structures
is the front face slope ang1e, cr. The practical range
for o, is relatively narrow, 1i-rnited by economic and
construction considerations. Ttre steepest slope angle
will be set by the natural angle of repose of the
rubble, and the stable slope for armour, under the
inf luence of wave loading. A l jmit  of  1:1.33,
cotc! = 4/3 is conunonly aecepted, although the steepest
slope general ly adopted is probably 1:1.5, cotc = 3/2.
Shallower slope angles may often be used to reduce the
armour size required, and./or to improve the hydraulic
performance. Naturally such shallow slopes will
require more fil l material. The choice of a shallow
slope angle involves a balanee between cost and
performance. These considerations generally seem to



l in i t  the range of s lopes used between 1:1.5 to L22.5.
Three slope angles adopted for these studies were
c o t c r  =  L . 5 , 2 . 0  a n d  2 . 5 .

The simplest structure t5ape from the hydraulic
viewpoint has a plane inpermeable smooth front face.
Three smooth-faced test sect ions, A/L-3, were used to
g ive  cont ro l  sec t ions  a t  co tc t  =  I .5 ,  2 .0 ,  and 2 .5
respectively. A11 subsequent test sections used a
rubble core of 0-0.01m crushed rock , with an
underlayer of D = 0.02-0.03m, and then armour layer,
or layers.

Test sect ions B/ l-3,  C/L-3, D/I-3, and E/L-3 were used
to study the effects of variations of slope angle cr;
armour size M5or D-6o; and number of armour layers,
t- lD-c^. For test"66ct ions B,/1-3 and C/L-3 the armour
*i" TiYA in conventional 2 Layet construction.
Sect ions B/L-3 used armour of mass 0.206-0.41lkg,
Mso = 0.326kg. The nominal median diameter for this
armour size was D-<n = 0.0494m. Sect ions C/L-3 used a
la rger  a rmour  s iz i i l "u  =  0 .411-0 .685kg,  t {so  =  0 .485kg,
Dn50 =  0 .0563m.

Conventionally armour rock is laid in a 2 J-.ayet
thickness, and it is for this construction that
empiricaL design methods have been developed. In some
instances, including locations in the Caribbean and
the UK, a single layer of armour has been laid.
l{hilst this forn of armouring would not be reconrnended
from stability considerations, it was recognised that
its historic use meant that an assessment of its
reflection performance was needed. Sections D and E
used the standard and larger armour used in sections B
and C respectively, but laid to a single layer on1y.

In previous studies of sea walls and breakwaters it
has been noted that a step or berm placed at, or close
to, the design water level will often yield a
considerable improvement in hydraulic performance.
Previous work by HR on overtopping (Ref 6)
demonstrated that a greater irnprovement in overtopping
performance may often be achieved by placing material
to form a berm, rather than using the sarne volurne to
increase the section crest height. The position of
the berm is again governed by cost; practical
construction considerations; and hydraulic efficiency.
For these studies three berm lengths were tested, all
placed so that the upper surface of the annour on the
berm was at the static water level. The larger rock,
Mso = 0.485kg, was used in 2 layer construction for
all bermed test sections. For sections F,/1-3 bern
widths of B = 0.20, 0.40 and 0.80 netres respect ively
were used, and the upper and lower slope angle was



2.3 Test condit ions

2.4 Test procedures
and rneasurements

kept constant at 1:1.5. Sect ion G/L used upper and
lower slope angles of 1:2.5 and a berm length
B  =  0 . 4 0 m .

The main features of the model Lest sections are
illustrated in Fi-gures 1 and 2, and are summarised in
Tab le  1 .

This study was not intended to consider aspects of
armour stability. It may however be helpful to the
reader to sunrnarise briefly the main sources of data
available for the determination of armour unit size
reguired, and this is done in Appendix 3.

Previous work (Refs 1 and 2) }:as identified a number
of enpirical prediction methods for C,. using
dimensionless parameters such as the Iribarren
number:

v
I r  = tana/s{ (3)

where the wave steepness for the mean wave period may
be defined:

s,o = 2n Hr/g T^2

At and within a coastal harbour wave conditions will
vary significantly. At any outer breakwater the
incident "waves will be relatively large and steep,
with values for s- of ten around 0.04-0.05 or greater.
Under more cornnon-conditions wave heights will be
less, and wave periods may often be greater, leading
to markedly less steep wave conditions. Similarly, at
structures within a harbour wave heights are reduced,
whilst the mean or peak periods are less affected.
Sea steepness here may then be around 0.004 or lower.

For these studies a set of 9 sea states were used with
mean steepness, s-,  f rom 0.0043 to 0.052. Relat ive
local wave length'6,  L-. /ho, var ied fron 6.2 to 14.8.
In each instance stan'dETd"JONSWAP wave spectra were
generated at the wave paddle.

Ttre test conditions used in this study are suntrnarised
in Table 2.

The purpose of these tests was to quantify the
reflection performance of a range of structure
configurations under a variety of wave conditions. No
other measurements were made. For each test a

(4 )



3 .1

A}IALYSIS OF TEST
RESUTTS

Simple slopes

relatively short sequence of random waves was
generated, typically around 250 waves long. The
incident and reflected wave spectra were measured for
a sample length exactly matching the sequence length
generated. An array of 3 wave probes in a constant
water depth seaward of the test sections ensured that
a wide range of wave frequencies were covered. The
probe output was scaled and analysed on a PDP 11.
mini-conputer. Incident and reflected wave spectra,
and values for the reflection coefficient function,
Cr(f), were calculated over the frequency band from
0.5 f^ to 2.0 f- .  For each test condit ion a single
valuetof C- hasvbeen used in all further analysis.
The result3 of the study are suffnarised in Tables 3
and 4.

The test results for s inple, or p1ain, s lopes are
sunrnarised in Table 3. Values of C- are derived for
each test section, slope ang1e, and-tesL wave
condition. Following the previous work (Ref L), the
main dimensionless parameter used to describe wave
behaviour on a plain slope is the Iribarren number,
Ir, defined in equation 3. The results for sections
A-E are shown in Figures 3-12 as C,' against Ir.

Previous'studies have orplored the use of a number of
simple empirical equations. That used earlier in this
project may be given i-n terms '.o C. and Ir, and
empirical coefficients a and o:

c- = -3-I!L (5)'  I r 2 * b

In previous work this equation has been fitted by
regression to give values for a and b, (Refs l-2).
This exercise has been repeated in this study. The
regression curves are shown in Figures 3-7 and the
coefficients derived may be surnmarised:

Test section

Smooth, A/L-3
Armoured., B/L-3
Armoured, C/L-3
Armoured, D/L-3
Armoured, E/L-3

a

t .02
o .52
0 .52
0 .  53
0 .56

b

5 .57
5 .97
6 .82
5 .  14
5 .69

Inspection of Figures 3-7 suggests that this method
gives a tolerable description of the data for smooth



slopes (Fig 3),  but the regression curve does not f i t
the data well for armoured slopes, particularly for
I r  )  5 .

It was noted that the tesL conditions used gave
greater emphasis to results for I r  (  5,  result ing in
more test results in that range. A revised regression
was therefore attempted in which each of the data
values in the range above Ir = 5 was progressively
weighted more heavily. Ttris had the effect of placing
more emphasis on this end of the data. The revised
regression curves, st i1l  based on eguat ion 5, are
shown in Figures B-12. The coefficients derived in
this modified regression may be sununarised:

3.2 Bermed slopes

Test section

L/r-3
B/L_3
c/t-3
D/L-3
E lL_3

a

0 . 9 6
0 . 6 4
0 . 6 4
0 . 6 4
o . 6 7

b

4 .  80
B .  85
9 .64
7  . 22
7  . 87

A comparison of these curves with those derived from
the un-weighted regression, shows better agreement.
It is clear however that neither method is fully
successful. It is probable that an alternative
general ernpirical equation would give a better fit,
particularly for the armoured slope. It may be noted
however that this approach stil1 involves considerable
simplifications. For example, it may be seen from
nr:merical models of wave reflection and transmission
that the wave,/structure interaction is controlled by
many more parameters than the Iribarren number. Tfune
and resources did not however allow a further analysis
of the test results here. The use of the test results
is discussed further in Chapter 4.

In this study four series of tests were run on bermed
slopes, E/L-3 and G/1. Test sect ions E/L-3 di f fered
only in the berrn length, B, which varied from 0.2 to
0.8n. Sections E/2 and G/l had the same berm length,
B = 0.4m, but the slope angle for both upper and lower
slopes was changed from 1:1.5 for F/2 to l . :2.5 fot
G/L. In considering bermed slopes it is more
difficult to establish a sirnple and reliable
dimensionless parameter comparable with the Iribarren
number. A conposite slope angle cannot be defined
unambiguously to be used in Ir. In analysing the
reflection performance it is more useful to establish
other dimensionless parameters than to use the berm
length in model units. A number of dimensionless
paramet,ers have therefore been developed using the



berm length, B; the local waLer depth, h"; the wave
length at the structure, \0"; and the wave length
of fshore, I to.

The wave parameter used previously in the description
of the reflection performance of simple slopes was the
wavd steepness, s,', ', using the wavelength of the mean
period, T-,  in dedp water.  I t  might be argued that i t
would be tore appropriate to calculate wave steepness
using the wave length in the water depth at the
structure, Itns, rather than the offshore wavelength,

Lno. In discussing wave breaking, Southgate (Ref 14)
has noted that paradoxically the parameter using L-^
often gives a better classification of wave breakiffi
than that using L-o. It is possible that this effect
might similarly ii iFluence the reflection behaviour.
fn this analysis both values have therefore been used.
The ref lect ion coeff ic ient C, is plot ted against

I=/I tu. in 
Figure 13, and against Hu/I1o_in Figure 14.

In neither instance does a clear view of the
reflection response emerge.

The picture is clearer when C, is plotted against the
relative berm length B/L. Th6 local wave length, \ns,
is used in Figure 15, and the of fshore, Tr,,^, in
Figure 16. fn each instance three curves'-ire shown,
each for the different values of B/h.. It may be
noted that a careful examination suglests a residuary
effect of  Ho giving the spread of C. in each set.
This effect-is not strong, and it w6uld seem
appropriate to use either the mean curve, or an upper
bound, in predictions. For the range of conditions
tested in this study there is no clear reason to
prefer Itn" ot Itno. It should be noted that the main
advantage of Figures 15 and 16 is that the
introduction of the berm lengtb separates the sets of
data. The different berm lengths do not of themselves
yield greatly different reflection results, although
all offer lower reflections than the equivalent sfunple
s lopes .

The final series of tests were intended to explore the
effect of  a shal low slope angle (1:2.5) in combinat ion
with a berm, B = 0.4m, comparing the performance of
section G/L wit}r F/2. The reflection coefficient, Cj,
is plotted against B/L-" in Figure 17. The ehange oi
slope angle leads to a"'ieduction in C., and this would
appear to be greater than that resulting from
extending the berm length B. No further combinations
of berm length and slope angle were tested in this
study. It may be reasonable to assume that structures
with berms shorter than that tested would show a
greater influence of a on C' whilst larger values of
B would reduce the effect oi  c.



4 APPTICATION A}ID
USE OF RESUTTS

The results presented in this report are intended to
assist  a coastal  engineer who requires:

a) to identify the comparative effects on wave
reflectj-ons of changes to an existing, or
proposed structure, or of  al ternat ive
structures;

b) to calculate values of the ref lect ion coeff ic ient
for use in the definitions of boundary conditions
in models of harbour wave disturbance, or in the
estimati.on of toe erosion or beach scour.

For those instances where the absolute leve1 of C,. i-s
less important than the change in C.,^ for changes in
the structure, or for alternative configuration, it
will be sufficient to compare prediction curves or
equations. When conparing values of C,^ derived here
with those derived in other studies, the user is
cautioned to compare the definitions and methods, as
usage varies widely. For example, many methods are
based only on the results of tests with regular waves.
Their applicability to real sea conditions will often
not be well established.

Where a value must be determined for C,^ for use in
later calculations, the engj-neer must decide on the
leve1 of any safety factors to be applied, and/or the
sensitivi.ty testing needed. Much of the data used
here and in previous work embodies considerable
scatter. A further concern will be the application of
tests at small scale to the prototype situation.
These experj-ments were not intended to cover a
particular site, or sites, so no scale factor has been
used. Nor were the tests suffieiently comprehensive
to yield a general design method of wide application.
The analysis presented in Chapter 3 was therefore
intentionally sirnple. The results of the tests are
suruuarised fully in Tables 1-4, allowing the user to
conpare the data with other prediction methods if
required. The analysis in Chapter 3 has produced
prediction curves that can be used directly, and this
may be particularly useful in estimating boundary
conditions for numerical models of wave disturbance
(Refs 4,5).  To the results of the tests on simple
slopes have been fitted equations of the forn
developed by Seelig (see discussion in Reference 1).
Values of coefficients a and b in equation 5 have been
derived using sfunple regression. A rnodified
regression, in which larger values or Ir are weighted
more heavily, has generated an alternative set
of coefficients. It should however be noted that
neither approach is ful1y successful in describing the

10
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fu1I data set. A further weakness is the lack of any
quantitative assessment of the scatter. The simplest
way of overcoming this is to estimate an upper bound
to the results given in the figures.

For simple slopes the results are presented in terms
of dimensionless parameters C- and Ir. In use it is
expected that typical values 6f Ir will be calculated
for design and service wave conditions. Values of C-
can then be esti-mated using the relevant graph, or
equation 5 with appropriate values of coeffj-cients a
and b. If the structure considered is in relatively
shallow water these methods may overestimate C-. A
reduction factor as used by Seelig is dlscussed in
Reference 1, although its use has not been validated
here .

For bermed structures Figures 13 and 14, 15 and 16, or
17 may be used directly. In each instance it may be
useful to estimate the value of C- for the equivalent
simple slope. Then for the sane 3ea states values of
wave steepness, H"/Itn" or H"/!ro, can be used to
estimate C. from Figuies 13 or 14 respectively.
Alternativ6ly C.,^ can be estimated for given berm
lengths and wav6 lengths frbm Figures 15-17.

In the studies reported here coefficients of wave
reflections have been derived for a wide range of
structure configurations and sea states. To establish
reflection coefficients for the range of conditions
tested, it will generally be sufficient to use the
values measured, interpolate between test results, or
use the prediction equations where derived.

For structure configurations, or wave conditions,
lying outside of the ranges tested, recourse should be
made where possible to the methods and data discussed
in the earlier review (Ref 1).

Where reflection characteristics are required for
configurations not tested here, nor covered in
suffieient detail in the published literature, it is
recommended that hydraulic model tests be carried out
to establish the reflection performance.

Ihis report sununarises work conducted for the Overseas
Development Administration by the Maritime Engineering
Department of Hydraulics Research, Wallingford. The
study was conducted by the authors, who are grateful
for their colleaguers assistance in the execution,
analysis and reporting of this work.
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TABLE 1

Section

A / t
L/2
A/3

B / I
B/2
B/3

c/ t
c/2
c/3

DlT
D/2
D/3

E /L
E/2
E/3

E/L
E/2
F/3

clr

Notes a)

Test Sections

Tests

/ L-9
/L-9
/ r-9

/ L-9
/ L-e
/ r-9

/L-9
/ L-e
/ t-9

/r-s
/r-9
/L-9

/t-9
/L-e
/ L-9

/L-9
/ L-e
/ r-9

/ L-9

Armour
unit mass
Ms o (kg)

Smooth
Smooth
Smooth

0 .326
0 .326
0 .326

0 .485
0 .485
0 .  485

0 .326
0 .326
0 .326

0 .485
0 .485
0 .485

0 .  485
0 .  485
0 .485

0 .  485

Armour
layer
thickness

1
1
I

1
1
I

2
2
2

Slope
angle,
cotc[

1 .500
2 .000
2 .  s00

1 .500
2 .000
2 .500

I .  500
2 .000
2 .500

1 .500
2 .000
2 .500

1 .  500
2 .  000
2 .500

1 .500
1 .500
1 .500

2 .500

2
2
z

z
z
z

Berm
length
B(m)

0 .  200
0 .400
0 .800

0 .  400

b )

AI1 tests were conducted with a water depth at the
toe of the structure, h" = 0.380m
For sections F,/1-3 and G/t the berrn leve1 was set at
stat ic water 1evel.



TABTE 2 Summary of Test Conditions

Test

part

/T

/2

/3

/4

/s
/6

/7

/B

/9

0 .060

0 .  120

0 .160

0 .060

0 .  120

0 .160

0 .060

0.  120

0 .060

1 .400

1 .400

1 .400

1 .700

1 .700

1 .700

2 .200

2 .200

3 .000

Peak

wave

period

T  ( s )
p

1 . 6 1 0

1 . 6 1 0

1 . 6 1 0

1  . 9 5 0

t  . 9 5 0

I  . 9 5 0

2 . 5 3 0

2 . 5 3 0

3 . 4 5 0

Significant l{ean

wave height wave

period

H -  ( m )  T  ( s )
s m

Mean sea

steepness

s
I l l

0 .020

0 .039

0 .052

0 .  013

o.o27

0 .035

0 .008

0 .016

0 .004

Relative

wave length

at structure

L /hmss

6 .  190

6 .  190

6 .190

7  . 876

7  .876

7  .876

10 .589

10 .  589

14 .810



TABIE 3 futtnary of test results, sfup1e slcpes

Secuicer Test Wave Wave Sea kibarrsr Reflection lGan offshore lban local
part heigtrt period steegess nfiber coefficisrt wave lcgth r.rarc length

H"@ \(s) fu rr

NL /r 0.060
/2 0.120
/3 0.160
/4 0.060
/s 0.120
/6 0.160
/7 0.060
/8 0.u0
/9 0.060

N2 /r 0.060
/2 0.120
/3 0.160
/4 0.060
/s 0.120
/6 0.r@
n 0.060
/B 0.120
/9 0.060

/L
/2
/3
/4
/5
/6
/7
/B
/9

0.060
0.120
0.1@
0.060
0.120
0.160
0.060
0.120
0.060

0.020 4.76I
0.039 3.367
0.052 2.916
0.013 5.781
0.027 4.088
0.035 3.s40
0.008 7.t82
0.016 s.no
0.m4 L0.n2

0.020 3.57L
0.039 2.525
0.052 2.t87
0.013 4.336
0.027 3.066
0.035 2.655
0.008 5.61r
0.016 3.968
0.004 7.652

0.020
0.039
0.052
0.013
0.o27
0.035
0.008
0.016
0.004

0.020
0.039
0.052
0.013
0.o27
0.035
0.008
0.016
0.09r

0.020
0.039
0.052
0.013
0.027
0.035
0.008
0.016
0.004

2.857
2.On

' t.749
3.469
2.453
2.L24
4.t8
3. r74
6.LzL

4.76L
3.367
2.9L6
5.781
4.OBB
3.540
7,t82
5,m

LO.202

3.571
2,525
2,r87
4.336
3.066
2.6s5
5.611
3.968
7,652

/L 0.060
/2 0.u0
/3 0.160
/4 0.060
/s 0.120
/6 0.160
n 0.060
/8 0.u0
/9 0.060

/L 0.060
/2 0.120
/3 0.160
/4 0.060
/s 0.u0
/6 0. i60
/7 0.060
/B 0.120
/9 0.060

I.400
1.400
1.400
1.700
i.700
1.700
2,26
2.2ffi
3.000

i.400
1.400
i.400
1.7m
1.700
1.7m
2.26
2.26
3.000

1.400
1.400
1.400
L.7m
1.700
1.700
2,2@
2.2W
3.m0

1.400
1.400
1.400
1.700
1.7m
1.7m
2.2ffi
2.m
3.000

1.400
1.400
1.400
1.7m
1.700
1.700
2.2W
2.2W
3.000

cr

0.83
0.75
o.7L
0.84
0.82
0.77
0.83
0.79
0.88

0.72
0.55
0.51
0.80
0.69
0.62
0.81
0.75
0.86

0.60
0.39
0.34
o.72
0.53
0.47
0.78
0.65
0.82

0.33
0.34
0.35
0.45
0.45
0.45
0.57
0.s5
0.68

0.24
o.n
0.27
0.33
0.34
0.35
0.48
0.46
o.62

\-

3.059
3.059
3.059
4.511
4.511
4.511
7.554
7.554

t4.u7

3.059
3.059
3.059
4.511
4.511
4.511
7.554
7.554

L4.U7

3.059
3.059
3.059
4.511
4.511
4.511
7.554
7.554

14.047

3.059
3.059
3.059
4.511
4.511
4.511
7,554
7.554

14.047

3.059
3.059
3.059
4.511
4.511
4.511
7.554
7.554

14.Cllt7

\*

2.352
2.352
2.352
2.993
2.93
2.g93
4.024
4.024
5.628

2.352
2.352
2.352
2.993
2.g93
2.9g3
4.O24
4.424
5.628

2.352
2.352
2.352
2.93
2.g93
2.993
4.024
4.024
5.628

2.352
2.352
2.352
2.W3
2.93
2.93
4.024
4.O24
5.628

2.352
2.352
2.352
2.93
2.W3
2.993
4.024
4.024
5.628



clt

/l 0.060
/2 0.120
/3 0. i60
/4 0.060
/5 0.u0
/6 0.160
n 0.060
lB 0.120
/9 0.060

/L 0.060
/2 0.120
/3 0.160
/4 0.060
/s 0.120
/6 0.160
/7 0.060
/B 0.120
/9 0.060

/L 0.060
/2 0.u0
/3 0.160
/4 0.060
/s 0.120
/6 0.160
n 0.060
/8 0.120
/9 0.060

/l 0.060
/2 0.120
/3 0. i@
/4 0.060
/5 0.120
/6 0.160
n 0.060
/8 0.u0
/9 0.060

/I
/2
/3
/4
/s
/6
/7
/B
n

0.060
0.120
0.1@
0.060
0.120
0.160
0.060
0.u0
0.060

1.400
1.400
1.400
1.700
1.700
1.700
2.2@
2.2ffi
3.000

1.400
1.400
1.400
1.7m
1.700
1.700
2.2ffi
2.m
3.000

1.400
1.400
1.400
1.700
1.700
1.700
2.zffi
2.2W
3.000

1.400
1.400
1.400
1.700
1.700
1.700
2.?ffi
2.zffi
3.000

1.400
1.400
1.400
1.700
1.700
1.700
2.m
2.m
3.000

0.020
0.039
0.052
0.013
0.o27
0.035
0.008
0.016
0.004

0.020
0.039
0.052
0.013
0.027
0.035
0.008
0.016
0.004

0.020
0.039
o.052
0.013
o,027
0.035
0.008
0.016
0.09r

0.020
0.039
0.052
0.013
0.027
0.035
0.mB
0.016
0.OClll

0.020
0.039
0.052
0.013
0.on
0.035
0.008
0.016
0.004

2.857
2.020
1.749
3.46,9
2.453
2.124
4.4S
3 .174
6.L27

4,76L
3.367
2,916
s.781
4.OBB
3.540
7.1f,2
5.AO

I0.n2

3.57L
2.525
2,r87
4,336
3.066
2.65s
5.611
3.968
7.652

2.857
2.020
r.749
3.t16,9
2.453
z. Lz+

4.489
3 .L74
6.UL

4.76L
3.367
2.916
s.7Bl
4.088
3.540
7.$2
5.n0

10.202

3.059
3.059
3.059
4.511
4.5 i l
4 .511
7.554
7.554

14.047

3.059
3.059
3.059
4.511
4.511
4.511
7.554
7.554

14.UN

3.059
3.059
3.059
4.511
4.511
4.511
7.554
7.554

14.u7

3.059
3.059
3.059
4.511
4.511
4.511
7.554
7.554

L4.U7

3.059
3.059
3.059
4.511
4.511
4.511
7.554
7.554

L4.47

2.5)z

2.352
2.352
2,993
2.93
2.93
4.024
4.024
5.628

2.3s2
2.352
2.352
2.993
2.993
2.993
4.024
4.024
5.6n

2.352
2.352
2.352
2.993
2.93
2,93
4.024
4.024
5,68

2.352
2.352
2.352
2.993
2.g93
2.93
4.024
4.024
5.628

2.352
2.352
2.352
2.93
2.gg3
2.93
4.O24
4.024
5.62A

0.20
0.18
0.20
o.25
0.25
4.27
0.37
0.37
0.54

0.34
0.33
0.34
0.44
0.44
0.44
0.55
0.54
0.68

0.2L
0.2L
0.23
0.31
0.31
0.33
0.45
0.43
0.60

O.IB
0.17
0. tB
0.24
0.23
0.25
0.36
0.35
0.53

:

D/t



/L 0.060
/2 0.120
/3 0.160
/4 0.060
/5 0.120
/6 0.160
/7 0.060
/B 0. r20
/9 0.060

/r 0.060
/2 0.120
/3 0.160
/4 0.060
/5 0.120
/6 0.1@
n 0.060
/B 0.u0
/9 0.060

/I 0.060
/2 0.120
/3 0.160
/4 0.060
/5 0.120
/6 0.1@
/7 0.060
/B 0.120
/9 0.060

/T
/2
/3
/4
/s
/6
n
/B
/9

0.060
0.120
0.160
0.060
0.120
0.160
0.060
0.120
0.060

/L 0.060
/2 0.120
/3 0.160
/4 0.060
/5 0.120
/6 0.160
/7 0.@
/B 0.u0
/9 0.060

1.400
1.400
1.400
1.700
1.700
1.700
2.zff i
2,2n
3.000

1.400
1.400
1.400
1.700
1.700
1.700
2.m
2.2W
3.000

1.400
I.400
1.400
I.700
1.700
I.700
2,2W
2.m
3.000

1.400
1.400
1.400
1.700
1.700
1.7m
2.2@
2.2n
3.000

1.400
1.400
1 .@
1.700
1.700
1.700
2.2W
2,2@
3.000

0.020
0.039
0.052
0.013
0.027
0.035
0.008
0.016
0.004

0.020
0.039
0.052
0.013
0.o27
0.035
0.008
0.016
0.004

0.020
0.039
0.052
0.013
0.027
0.035
0.008
0.016
0.004

0.020
0.039
0.o52
0.013
0.027
0.035
0.0@
0.016
0.004

0.020
0.039
0.052
0.013
o.0n
0.035
0.008
0.016
0.004

3.57r
2.52s
2.r87
4.336
3.066
2.655
5.611
3.968
7.652

2.857
2.O20
L.749
3.t$9
2.453
2.r24
4.t+89
3.174
6.L21

4.76r
3.367
2,9L6
5.781
4.088
3.540
7.t€,2
5.n0
ro.n2

3.571
2.525
2.L87
4.336
3.066
2.655
5.611
3.968
7.652

2.857
2.0n
I.749
3.469
2.453
2.124
4.4S
3. I74
6.LzL

3.059
3.059
3.059
4.511
4.511
4.511
7,554
7.554

14.047

3.059
3.059
3.059
4.511
4.511
4.511
7.554
7,554

L4.W7

3.059
3.059
3.059
4.511
4.511
4.511
7.554
7.554

L4.U7

3.059
3.059
3.059
4.511
4.511
4.511
7.554
7.554

L4.47

3.059
3.059
3.059
4.511
4.511
4.511
7.554
7.554

L4.Uil

2.352
2.352
2.352
2.9g3
2.993
2.993
4.024
4.024
5.628

2.352
2.352
2.352
2.gg3
2.g93
2.93
4.024
4.024
5.6n

2.352
2.352
2.352
2.993
2.93
2.93
4.024
4.024
5.628

2.352
2.352
2.352
2.93
2.993
2.9g3
4.024
4.024
5.628

2.352
2.352
2.352
2.93
2.9g3
2.9g3
4,024
4.024
5.628

0.28
0.26
0.n
o.38
0.37
0.38
0.53
0.50
0.66

0.25
0.21
0.2I
O,D
o.2B
0,n
0.t+2
0.41
0.58

0.36
0.36

0.49
0.4B

0.60
0.58
0.70

o.n
o.2s
0.28
0.37
0,37
o.37
0.s2
0.50
0.65

o.25
0,2r
0.22
0.30
o.2B
0.n
0.44
0.41
0.59



TABLE 4 Sunrnry of Tbst Results, Beured slcpes

Secticn Test Warre Warre
part height period

H"@ \(s)

0.060 1.400
0.120 1.400
0.160 1.400
0.060 1.7m
0.120 1.700
0.160 1.700
0.060 2.2w
0.120 2.2@
0.060 3.0m
0.060 1.400
0.120 1.400
0.160 1.400
0.060 1.700
0.u0 1.700
0.160 1.700
0.060 2.2@
0.120 2.2ffi
0.060 3.000

0.060 1.400
0.120 1.400
0.1@ I.400
0.060 1.700
0.120 1.700
0.160 1.700
0.060 2.2n
0.u0 2.2n
0.060 3.000

0.060
0.120
0.160
0.060
0.120
0.1@
0.060
0.120
0.7n

1.400
1.400
1.400
1.7m
1.700
1.700
2.m
2,2@
3.000

Iban local B/he
r.lave lergth

t *(m)

2.352
z.J)z
2.352
2.W3
2.93
2.993
4.024
4.024
5.6n
2.352
2.352
2.352
2.g93
2.993
2.g93
4.O24
4.024
5.628

2.352
2.352
2.352
2.93
2.9g3
2.9g3
4.024
4.024
5.628

2.352
2.352
2.352
2.9g3
2.g93
2,93
4.024
4.O24
5,6n

B/Irc

0.525 0.085
0.526 0.085
0.526 0.085
0.526 0.067
0.526 0.067
0.525 0.067
0.526 0.050
0.526 0.0s0
0.526 0.036
1.0s3 0.170
1.053 0.170
1.053 0.170
1.053 0.134
1.053 0.134
1.053 0.134
1.053 0.@
1.053 0.@
1.053 0.071

2.LO5 0.340
2.105 0.340
2.105 0.340
2.105 0.267
2.105 0.267
2.105 0.2s7
2.L05 0.199
2.105 0.199
2.105 0.It+2

1.053
1.053
1.053
1.053
1.053
1.053
1.053
i.053
1.053

0.170
0.170
0.170
0.134
0.134
0.134
0.@
0.@
0.071

Mesr offstpre
wave legth

\rc(tril B/\tu

3.059 0.065
3.059 0.065
3.059 0.065
4.511 0.064
4.511 0.044
4.511 0.044
7.554 0.Cll'6
7,554 0.026

14.047 0.024
3.059 0.131
3.059 0.131
3.059 0.131
4.511 0.139
4.511 0.089
4.511 0.089
7.554 0.083
7.554 0.053

L4.M7 0.058

Reflecticn
Coefficient

Cr

0.16
0.18
o,2L
0.2L
0.2s
0.n
0.34
0.37
0.52
0.2I
0.25
0.25
o.26
0.2a
0,n
0.33
0.32
0.45

F/L / t
/2
/3
/4
/s
/6
n
/8
/e
/L
/2
/3
/4
/s
/6
/7
/B
/e

/L
/2
/3
/4
/s
/6
/7
/8
/e

/L
/2
/3
/4
/s
/6
n
/B
/9

F/2

E/3

GlL

3.059 0.262 0.L2
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APPENDIX 1

Model Test Facility

The model tests for this study were carried out in a
wave f lume or channel,  50m long by L.22m wide by 1.1m
deep and having a nominal working depth of 0.61m. The
wave generator is a wedge ty?e random wave paddle
powered by a double acting electro-hydraulic ram
controlLed by a micro-computer. This system was
developed at HR from an older wave spectrum
s5mthesizer. This synthesizer is capable of producing
any required deep water ocean wave spectrum that can
be described by 16 spectral ordinates. The micro
computer wave spectrum synthesi-zer produces a random
wave spectrum by digitally filtering a white noise
signal via a shift register. Varying lengths of wave
sequence can be produced on this shift register which
is used i-n conjunction with a clock pulse generator
(Ref 1). This allows a repeatable pseudo-random
sequence of outputs to be generated creating seguences
of waves with repeat times varying from a few minutes
to several years, dependi.ng on the test reguirements.

For this study short sequences of waves were used, and
a spectral analysis ldas used where data recording
takes place over one conplete sequence, thus
eliminating any statistical uncertainty in the
results. The water level at each twin wire wave probe
(Ref 2) is recorded by the nini-computer at every
clock pulse of the synthesizer, t5pica1ly every
0.1-0.2 seconds. A maximum of 4096 data points can be
collected from up to 16 probes at one tj.rne using this
program, although in this study only 3 probes were
used. The analogue output of the wave probe,
representing a displacement relative to a static water
level, is first converted to a digital form, and then
to an elevation in protot5rpe metres. This program
then uses a Fast Fourier Transform (Ref 3) to transfer
the tirne domain data into the frequency domain and
divide the energy between individual frequency
components.

This wave flume is divided along its length into tluo
channels by a vertical splitter wall whi-ch increases
in porosity as it approaches the generator end of the
flume. This porous divide waII helps prevent the
generation of cross rraves as well as dissipati-ng any
energy reflected back from the structure being tested.
The srnaller of these two channels (0.47m wide) is of
constant depth and ends in a shingle spending beach of
1:5 gradient. This channel is used to measure the
"deep water'r wave conditions produced by the
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generator. The wider channel (0.75m wide) contained
the model under test.

1. Wave spectrum sJmthesizers. E&ME Tech Memo
I/I972, Hydraul ics Research Stat ion, June I972.

2. Twin wire wave probe modules. Tech Ylemo 3/L974,
Hydraul ic Research Stat ion, October 1974.

3. Thompson DM & Gilbert G. I'The fast Fourier
transform with applications to spectral and cross
spectral  analysis."  Report  IT 100, Hydraul ics
Research Stat ion, Wal l ingford, Decembet L972.
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APPENDIX 2

Measurement and analysis of wave reflections under
random waves

For irregular waves measurement. and analysis of wave
ref lect ion is best interpreted in terms of s ine
waves. A certain proportion of the energy of a sine
wave incident on a structure will be reflected as a
sine wave of the same period but of a lower height.
The coeff ic ient of  ref lect ion, C-,  may be def ined as
the reflected wave height divideE by the incident
wave height.

If irregular waves are regarded as the sum of sine
waves of different frequencies, then the reflection
coefficients can be calculated for each frequency
considered in the incident wave spectrum. Ttre
ref lect ion coeff ic ient,  funct ion C_(f)  may then be
defined for any frequency band widfh in tlrms of the
reflected and incident energy densities in that band
vridth, Sr(f)  and 51(f)  respect ively:

C r ( f )  =  ( S r ( f ) / s i  G ) ) %

fn contrast to the above method it is also possible
to determine a representative single value of the
ref lect ion coeff ic ient,  C.,  for a given sea state
characterised by H" and T]. In this nethod it is
necessary to evaluate the area under the energy
density - frequency curves for both reflected lnd
incident energy densities. The computations are
performed over a selected band width. Reference to
this band width will be made later. By adopting
this method it is possible to plot C'^ againlt any
appropriate parameter such as the Iribarren number
I r .

At Hydraulics Research measurements of wave
reflections are usually made using three wave probes.
The incident and reflected wave spectra cannot be
measured directly but are calculated by a computer
programme developed by Gilbert & Thompson (Ref 1),
based on the method Kaj ina (Ref 2).

This nethod of analysis calculates values of C-(f)
over a wide range of frequencies, but the meth6d is
only valid over a restricted band related to the
probe spacing. When using two wave probes for
measurements, a single probe spacings is used for
each test, only allowing a single range of wave
frequencies to be covered. However, the use of three
wave probes separated by distance, Ax1, Axz and Ax3



Appendix 2 References

(Ax3 = Axr + Axr) pernits a much wider range of
frequencies to be covered.

The presentation of the results follows directly from
the method of analysis in which C-(f) ,  is calculated
either at each of a number of freQuency bands, or as
a single value of C,' over the entire frequency range
se lec ted .

It must be appreciated that the analysis technique
assumes that energy is not shifted from one freguency
band to any other. However, in some situations, an
incident long period wave may well give rise to a
number of smaller and much shorter waves. If these
short waves reflect, the analysis may calculate a
greater coefficient of reflection for the high
frequency short waves than is due to the incident
waves of the frequency. For example where waves
break at or on the test slope, low frequency waves
may reflect partially as high frequency waves. In
these circumstances some measurements may suggest low
values of C- at the lower frequencies and high values
at the high-frequencies. This shift of energy from
1ow frequencies will only occur when long waves are
of sufficient steepness to break, and not when long
waves of relatively low steepness are present.

tihen the coefficient of reflectioo, C' is calculated.
as a representative value for a given-sea state it is
possible to plot C. against any suitable parameter
characterising the-wave climate or the structure or
both. For sloping structures it may be useful to
compare C- against the fribarren number. ltre plots
obtained 6y adopting these dimensionless parameters
are assumed to be valid for both model and protot54pe
neglecting the influence of scale effects. Once the
data is presented in this form it is possible to
develop empiri-cal relationships between structural
and wave parameters and the reflection performance.

1. Gilbert G & Thompson D M. "Reflections in
random \raves, the frequency response function
methodrr. HRS Report IT 173, Hydraulics
Research, March 1978.

2. Kajima R. 'tEstjmation of an incident wave
spectrum under the influence of reflection".
Coastal  Eng. in Japan, Vol 12, 1969.



APPENDIX 3

Design methods to determine armour size

1. Introduction

In the design of rock armoured rubble st,ructures, the
size of the armour required to resist the design wave
condition without significant armour displacement
constitutes the most important parameter to be
deternined. Many methods for the prediction of rock
size have been proposed, and have been discussed
previously in other reports and reviews (Refs 1-4).
Those discussed in more detail here may be
summarised:

a) the Hudson formulae as used in the Shore
Protect ion Manual (Ref 5);

b) CIRIA 6l based on studies by Thompson & Shuttler
( R e f s  6 , 7 )  ;

c )  van  der  Meer rs  equat ions  (Refs ,4 ,9 ,10) .

2. Hudsonrs formula

On the basis of an extensive series of tests with
regular waves and permeable mounds, Hudson developed a
sirnple ocpression for the minimr:m armour weight
required for a given wave height. This formula inay be
expressed in terms of the median armour mass, M5qp and
rock densitf, pr:

p -  H 3
r r 5 o  -  \ r , ,

KO Ar cotcr

where a is the structure slope angle
A is the relative buoyant density defined in

terms of the rock density, p,^, and (sea) water
density,  p.vr,  A = (pr/p*)- l .  

-

and Kn is a stability coefficient taking account of
the oiher variables. For wide graded rock armour, or
rip-rap, values of a sinilar coefficient Kpp are
substituted for K,.r. Values of Kn and Kpe iiejre derived
from the results 5f hydranlic model testE with
permeable cross-sections subject to no overtopping. A
range of wave heights and periods were studied. In
each case the value of Kn derived corresponded to the
wave condition giving th"e worst stability condition.
Some re-shaping or re-arrangement of the armour was
expected, and values of Kn suggested for design
correspond to a "no damagS" condition where up to 5%
of the armour units may be displaced.



In the 1973 edition of the Shore Protection Manual the
values given for Kp for rough, angular stone in 2
layers on a breakwlter trunk were:

a) Kn = 3.5 for breaking (plunging) waves;
b) Ki = +.0 for non-breaking (surging) waves.

No tests with random waves had been conducted, but it
was suggested that " the design wave . . .  is usual ly
the significant wavert. Designers therefore generally
used equation I with H" = H.

By 1984 the advice given was more cautious. The SPM
now reconmends "the design wave height ... should
usually be the average of the highest 10 percent of
al l  wavestt ,  H1,1e = H. Furthernore the values of Kn
were revised. For the case considered above the value
of Kn for breaking waves was revised downward fron 3.5
to 270. The effect of these two changes is equivalent
to an increase in the unit stone mass required by a
fac tor  o f  about  3 .5 !

The main advantages of the Hudson equation are its
sirnplicity, and the wide range of armour units and
configurations for which values of Kg have been
derived. The Hudson equation also has many
Iimitations, most of which are described in the SPM.
Briefly they include:-

a) potential scale effects due to the small scales
at which most of the tests were conducted;

b) the use of regular waves only;
c) no account taken in the equation of wave period,

or storm duration;
d) no description of the danage level;
e) the use of non-overtopped and permeable core

structures on1y.

Some of these limitations have been addressed by later
studies, and are discussed further below. Before
turning to other nethods, however, it is convenient to
consider another way of looking at equation 1.

It is noted in the SPM, and elsewhere, that the use of
K6 coto, does not always best describe the effect of
tfie slope angle. In some circunstances i-t may not
always be easy to assign a single value to a. It rnay
therefore be convenient to define a single stabili-ty
number to substitute for Kn cotcr. Further, it may,
often be more helpful to v-ork in terms of a linear
annour unit size, such as a t14lical or nominal
diameter. The Hudson equation can be re-arranged to:



fu 
= N" = Ko(cot d)1')

where the nominal median stone diameter, Drr5g, is
def ined in terms of M5s and p.:

D n 5 0  =  ( M s o / p r ) 1 "  ( 3 )

Values of N" or H.,/AD.56 have been determined from
model tests-for a"widii ' iange of conditions, and some
are discussed further below.

3 .  CIRIA 61

(2 )

In the early l97O a series of random wave model
studies were conducted at HR by Thompson & Shuttler
(Ref 6). Wide graded armour, riprap, placed on an
impermeable foundation, was' tested for various
durations under random waves. Armour displacement was
measured by profiling over the structure face. The
results of the studies were used to derive a design
method published by CIRIA (Ref 7).

The use of CIRIA 61 to predict riprap size for a
design duration of wave action is relatively simple,
being based almost entirely upon one tabIe. This
table gives values of the parameter Hs/Dpq6 (where
Dp5gis a median rock dianeter defined as"1l22 Dn50)
for various acceptable damage criteria and slopes.

The danage criteria employed may be sumnarised
Criterion A - No erosion of riprap for a given

significant wave height.

Criterion B - Intermediate damage, an absolute
measure, equivalent to the erosion of
one Dp5g sized stone per Dg5g width of
s lope.

Criterion C - Intermediate damage, a relative measure
equivalent to the erosion of 15% of the
mean number of stones that would be
eroded at failure.

Criterion D - Failure, taken as occurring when the
filter layer is first exposed.

The test results allow the effect on armour
displacement to be established for changes in wave
height,  H"i  st ,ructure slope ang1e, cr;  storm durat ion,
Tp, or nufrber of waves N.



The limitations of the CIRIA 61 method are that it is
only applicable to structures with relatively
impermeable cores, and it does not oqplicitly take
account of wave period, nor whether the incident wave
are breaking or non-breaking.

Due to different structure core permeabilities for
which they were evolved, the methods of CIRIA 61 and
Hudson cannot strictly be compared. If they were
however, it would be Criterion C that would most
closely correspond to Hudson's zero-damage. Indeed i t
night be oqpected that most structures designed using
CIRIA 6l would be designed to one of the intermediate
damage levels (B or C). It is worth noting that the
use of criterion A as the damage standard can
typically result in rock weights of up to 8 times
greater than those demanded by the intermediate
standards.

4. Van der Meerrs equat ions

Van der Meer and co-workers (Refs 4,9 and 10) have
conducted a very wide series of model tests including
and extending Thompson & Shuttlerrs results. The new
tests included structures with a wide range of
core/underlayer permeabilities, and a wider range of
wave conditions. Two formulae are derived for
plunging and surging wave conditions respectively.
These formulae may be written for plunging waves:

H ^ n t

f f i  
= 6.2 p 0.18 ( {$ 

0.2 rr-0.s

and for surging waves:

(4 )

H - n

#== r .0  p-0 .13 ( {$0.2(cotc)0 .sr rP (s )*n50

The transition from plunging to surging waves can be
calculated using a critical value of Ir:

I t "  =  ( 6 . 2  p 0 . 3 1  ( . . r r o ) 0 . 5 )  1 / ( P + 0 . 5 )  ( 6 )

The parameters not previously defined are:

a notional permeability factor
a design damage number = Ao./D-q6
erosion area from prof i le 

s rrJv

the number of rraves
the structure slop€ u
the Iribarren number = tan a/s{
wave steepness for mean period = Ztt Hr/g T^2
mean wave period.

P
s
Ae
N
ct
I r
sm
Tm



The reconrnended values of the design damage number, S,
are given below, as a number of Drr5g sized stones
extracted from a D.56 wide str ip of the structure, for
each of the damage"6iiteria. The three criteria
employed are initial damage, intermediate damage, and
failure. Failure is assumed when the filter layer is
first exposed. It is worth noting that it is CIRIA
cri ter ion C that is equivalent to van der Meerrs
initial damage and Criterion D that corresponds to
fa i lu re .

Table I

Slope

l :  1 .5
Lz2
1 :3
1 :4
1 :6

Values of design damage number, S.

Damage Cri-terion
Initial Intermediate Failure

B
I

L2
L7
L7

5
8
B
B

z
2
z
3
3

The damage criterion chosen at the design stage will
determine the maintenance requirements for the
structure over its lifetime. fn general it nay be
erq>ected that the majority of structures will be
designed to Hudsont s zero damage/CIRIA Criterion C/
van der Meerrs initial damage. There may, however, be
some structures whose purpose and/ot ease of
rnaintenance dictates a more, or indeed less, severe
design damage criterion. In all such cases the choice
of damage criterion must ultimately lie with the
designer.

In van der I'Ieerrs tests a range of core/underlayer
configurations were used, each with an armour layer
thickness, ta = 2.2Dn50. To each of these a value of
the permeabiTity fact5i, P, was assigned. Values of p
given by van der Meer vary from 0.1 for armour on an
underlayer over an impermeable enbankment, to 0.6 for
a homogeneous mound of armour size material.
fntermediate values of 0.4 and 0.5 are also described.
It is not yet possible to determine values for P
analytically, so one vould ocpect a designer to
e:glore the sensitivity of particular calculations to
the assumptions made. It should be noted that values
lower than P = 0.1 may be appropriate for certain
configurations, this is discussed further later.



5. HR/QMC tests

Recent studies by Hydraulics Research and Queen Mary
Col lege (Refs 2,3) have sought to quant i fy the effect
of particle shape on rock armour stability. These
tests have also provided comparison data for van der
Meerrs equat ions. Of part icular interest f rom these
recent studj-es is a comparison of the effect of armour
Layer thickness, te.  Van der Meerrs tests were run
with t. = 2.2D^qn 

- 
Bradbury et al laid armour in two

layersl but to"6"measured mean layer thickness of
to = 1.4D-cn. [ I t  should be noted in passing that a
Iiyer thic'[iess calculated from profile measurements
will include mosL of the 'hollows' in the armour
surface as well as the 'peaks', hence giving a rather
low layer thickness.l In considering the test results
Lathan et al (Ref 3) suggest that an appropriate value
for P for the conf igurat ion tested might be 0.05,
markedly lower than van der l{eer's lower lfunit.

From the analysis of the influence of particle shape,
Latham et a1 tentatively suggest further modifications
to van der Meerrs equations by replacing the
coefficients 6.2 and 1.0 in equations 4 and 5 by Co1
and C=r, respectively, where:

( 7 )
(8 )

C p I  =  5 . 6  +  6 0  P R
and C"r,  = 0.8 + 20 Pp

In each instance Pp is an asperity roughness factor
derived from a Fouiier shape analysis of a sample of
the armour units (Ref 3).

PR =  0 .0117
PR =  0 .0165
Pg  =  0 .0138
PR =  o '0087
PR = 0.0046

These test results and analysis are very recent, and
have not yet been validated by further testing, or by
independent data.

6 .  D iscuss ion

The main advantages of the Hudson equation are its
extreme simplicity, and the wide availability of
values of Kn. In a time of prograrrnable calculators,
personal cofrputers, and spreadsheet programs, a very
simple formula has hovever no significant advantage.

Values for Pp have been derived from shape analysi-s at
Queen tlary C'cillege of the rock used for the nodel
tes ts :

a) equant
b) tabular
c) f resh
d) semi-round
e) very round
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Conversely the limitations of the Hudson equation are
now seen to be significant. The use of it for random
waves, storms of different durations, and structures
wi-th impermeable, or less permeable, core/underlayers
is part icular ly i l l -supported.

Van der Meer's studies have effectively included the
data from Thompson & Shuttlerrs work, and have
orpanded the data set by further tests. fhe new
equations a1low the designer to explore the influence
of important parameters such as mound permeability;
storm duration; and acceptable damage levels.
Coefficients in the equation are empirically derived,
giving a eentral fit to the data. The reliability of
these formulae is discussed by van der Meer &
Pilarczyk (Ref 10) who showed that the coefficient 6.2
in equation 4 has a standard deviation of 0.4,
equivalent to a coefficient of variation of 6.5%, The
coefficient 1.0 in equation 5 has a standard deviation
of 0.08 (B%). These values are signi f icant ly lower
than that for the Hudson formula at lB%.

In use one would expected a designer to apply
appropriate partial safety factors to the parameters
calculated to account for the essential variabili_ty of
rock armour response, and the uncertainties in the
application of the formulae to the particular design
c a s e .

It should be noted that these equations have not yet
been fully validated by independent laboratory tests,
although they have included tests in different flumes
at srnall and large scale. Complimentary tests in the
lIK suggest that permeability factors lower than van
der Meer's lower l imit  of  P = 0.1 may be just i f ied for
some structure configurations. Further modifications
have been tentatively suggested to account of
different particle shapes. The data set was very
restricted, and the results should be used with
caution.
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