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ABSTRACT

June 1990

This report ls concerned with design methods for rock armour or rip-rap
protection on coastal or shorelj.ne structures subject to wind waves. It
describes a short series of hydraulic model tests on a 1: 2 sLope wlth an
impermeable core. The tests were intended to identify whether the use of
rock armour of grading wider than D3 t/Dr, = 2,25 wil l  lead to armour
performance substantially different frorn that predicted by van der Meerrs
equations, A secondary purpose was to identify the potential influence of a
steep bed slope immediately seaward of the structure.

The test results suggest that very wide gradings such as Ds r/Dta = 4.0, I taI
suffer more darnage than would be predicted by methods derived for narrower
gradings. The report suggests how this reduced stabil i ty might be estimated
using revised coeff icients for van der Meerrs equations. The report also
notes the restr icted range of condit ions for which these conclusions are
val id .

This study congtitutes part of a colraborative projeet to produce an
engineering manual through the Centre for Civil Engineering Research, Codes
and Specifications in the Netherlands (CUR), and the Construction Industry
Research and Information Association in the uK (CIRIA). The work reported
here was conducted by the Maritime Engi.neering Departnrent of Hydraulics
Research for CIRIA through their research contractor, Robert West and
Partners, and for the Department of Public Works in the Netherlands (RWS) .
For further information on this study the reader should contact
Mr N W H A1lsop, Manager of the Coastal Structures Seetion at HR.



Corrigendum

In the first version of this report, the axes in Figures 6-11 were
incorrectly scaled. this has been corrected in this version. No other
changes have been made.
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INTRODUCTION

1.1  H is to r ica l  con tex t

In 1975 Hydraul ics Research (HR), at  that t ime HRS,

completed a series of hydraulic model tests on rip-rap

protection against wave attack. The results of this

work were then published by the Construction Industry

Research and Information Association (CIRIA) as CIRIA

Report 61 (Ref 1).  In 1983 further studies were

proposed by HR to address the influence of the width

of the armour grading on the armour response (danage);

and to quantify the inherent variability of test

results.  The need for these tests was general ly

supported and it was widely agreed that the design

nethods available addressed too narrow a range of

possible gradings. That proposal did not however

at,t,ract funding.

Between 1983 and 19BB a ser ies of studies were

conduct,ed in the Netherlands by Delft Hydraulics to

quantify roek armour response to a wide range of both

hydraulic loading and structure geometry paf,ameters.

The test method adopted was based closely on that used

by Thompson & Shuttler for the CIRIA work. In

analysing the results of the Delf t  Hydraul ics tests,

van der Meer included the armour movement results from

the CIRIA study. The empirical design method

developed by van der Meer therefore used data from

both studi-es (Ref 2) .

In the UK further model tests were conducted at HR in

a joint study with Queen Mary College, University of

London (QMC), nolr  Queen Mary and Westf ield Col lege.

These t,ests were int.ended to explore the effect of

part ic le shape on the armour response (Refs 3, 4) ,

Relat ively few tests were possible, so the general

empir ical  descr ipt i -on derj-ved by van der Meer (Ref 2)

was assumed in analysis.



In 19BB a revised and extended research proposal

including some model testing, was prepared by CIRIA,

and this attracted support in the IJK from the

Department of Environment (DOE) and the Ministry of

Agricul ture, Fisheries and Food (MAFF). This project

(CIRIA RP 402) was aimed principally at the

cornpilation of a manual on the use of rock in coastal

and shoreline engineering jointly by GIRIA in the UK,

and the Centre for Civil Engineering Research, Codes

and Specifications in The Netherlands (CUR) ' Within

this project i t  was agreed that a short  ser ies of

hydraulic model tests would be conducted by HR to

identify the influence of wide grading on the armour

response. A relat ively resLric led test ser ies was

devised as funding for testing was linited' These

studies were authorised in a sub-contract from the

lead research conLractor appointed by CIRIA, Robert

West and partners (RWp).

At an early stage in the overall project the purpose

and need for these studies had been discussed by the

uK and Netherlands research teams. It was noted that

the nodel studies could be extended to explore the

effects of other var iables at relat ively lor+ cost,  and

the influence of steep approach bed slopes was of

part icular interest.  After discussions between the

research teams a set of  addit ional tests lTere

contracted by the Rijkwaterstaat, the Ministry of

Transport and Public Works in The Netherlands (RWS) '

These tests were intended to extend the range of

val idi ty of the tests for CIRIA, so i t  was agreed that

the studies for CIRIA and RWS would be reported

together.

L.2 Technical  context

Rock armouring may be used to protect a rubble mound,

recLamation f i l l ,  or natural  shorel ine against erosion

by wave act ion. Rock protect ion to such structures is



generally laid to form an armour layer of around 2

stones thickness, placed typical ly at porosi t ies in

the range 35-40"A, and at s lope angles from 1:1.5 to

1:6. The roughness and permeability of such armour

leads to significantly greater energy dissipation than

the equivalent smooth impermeable slope, thereby

reducing wave reflections and the levels of wave

run-up on the structure.

In the design of rock armouring the main geometric

variables are the size or mass of the typical armour

unit, and the slope angle at which the protection will

be placed. These variables are in part

interdependent. The principal tools used t,o determine

minimum stable armour size are ernpirical design

methods developed from hydraulic model tests. The

main methods available may be summarised:

4 )

b )

d )

Hudson formula (Ref 5);

CIRIA 61  des ign  graphs  (Ref  1 ) ;

van  der  Meer 's  equat ions  (Ref  2 ) ;

HR/QMC modif icat ions to c) (Ref 3 & 4).

The derivat ion and use of these methods are discussed

in more detai l  the Manual.  The range of val idi ty of

these design methods is general ly restr icted Lo rock

armour layers of relat ively narrow size gradings. A

convenient descr ipt ion of the size grading is given by

the rat io of the 85% and 15% non-exceedance sizes,

Das lDrs .  Th is  ra t io  may a lso  be  taken to  be  g iven by

the cube root of the equivalent uni t  masses, or

weights, on the grading curve:

D s  s  M .  s
-  (  l r , s

n  \  r ,  t
u 1 S  I ' I t s

(  1 )



1.3  Out l ine  o f

The methods described previously cover armour gradings

wi th in  the  range I '25  <  Dgs lDr5  <  2 '25 '  w i th in  th is

range it is argued by van der Meer that changes of

grading do not significantly ehange the armour

response (Ref 2). It has however often been argued

that production costs could be reduced if wider

gradings \irere accepted. Such gradings could then give

the supplier the opportunity to incorporate a larger

proportion of the quarry Yield.

The principal purpose of this study was to identify

whether the use of armour of a grading wider than

D g 5 / D 1 g = 2 . 2 5 w o u l d s i g n i f i c a n t l y c h a n g e t h e a r m o u r

response from that predi-cted by the empirical design

methods available. As in the previous study (Refs 3

and 4) the test results were compared with the

prediction equations derived by van der Meer (Ref 2) '

The secondary purpose of these tests was to identify

the potential influence of a steep bed slope

immediately seaward of the structure on the waves at

the structure, and on the armour response'

report

The main content of this report is covered by

Chapters 2 and 3, supplemented where appropriate by

Appendices 1-3. Chapter 2 addresses the scope of the

study; the test faei l i t ies and procedures; and the

design of the armour gradings to be tested. AII the

test results generated in the study are presented in

Tables. The results of the test measurements, and the

analysis conducted on them, are discussed in Chapter

3. The conclusions that can be drawn from the study

are sunrnarised in ChaPter 4.



2. r

DESIGN OF MODEL

TESTS

Intended use of

test results

Selec t ion  o f  tesc

parameters

2 .2

The principal intention of the tests was to

investigate the effect of armour gradings outside of

the range previously eonsidered on the armour response

to waves. Limited resources were available for the

study, so the range of tests was restr icted. In

discussions with members of the CIRIA and CUR research

teams it was agreed that the results of the tests

would be compared with the prediction methods derived

by van der Meer (Ref 2).  I t  was intended that revised

empir ical  coeff ic ients for those equat ions (see

Appendix 1, equations 4 or 5) might be suggested, but

it was noted that the restricted nature of these tests

would not allow the derivation of new equations.

The parameters considered in the hydraulic design of

rock armoured slopes may be considered under four

headings:

a )

b )

c )

d)

structure geometry;

hydraul ic loadings;

structural  responses;

hydraul ic responses.

In the design of rock protection against wave attack a

wide range of parameters must be considered under each

of these headings. The test programme for these

studies only al lowed a short  ser ies of tests so the

range of parameters var ied were restr icted to a

minimum.



The first restriction \ras in the responses to be

quantified. The tests were concerned with armour

response onIy, no hydraulic responses were measured.

As for previous work in the UK and Netherlands, ttre

armour response was quantified by measuring profile

Iines down the test section. Profiles taken before

and after each test were compared to generate a damage

va1ue.

In testing a particular grading it was clear that a

range of wave conditions would be required. As

relatively short steep waves tend to characterise

design conditions for coastal structures in the North

Sea and around the lIK, a single wave steepness was

used in setting the test wave conditions for series

1-3. For series 4 similar deep water wave conditions

were used. The steep approaeh slope and reduced water

depth at the test section caused the wave conditions

in ser ies 4 to be rather di f ferent.  This is discussed

further later. Other than the changes between series

1-3 and series 4, the test water depth was kept

constant.

The cross-sect ion geometry was also kept essent ial ly

constant,. Three armour gradings were used, hence

changing the armour layer thickness and the filter

layer.  Otherwise a constant slope of 1:2 was used,

with an impermeable core.

Previous studies have explored the influence of test

duration. For these tests a constant test duration of

1000 waves was used, unless fai lure of the test

section required the test to be stopped beforehand.

The values of the princi-paI test parameters may be

sunmarl-sec: -



Armour slope (cot a)

Mound permeability

Water depth at structure

Bed slope

Nominal wave steepness (s

2 .0

fnpermeable,  P = 0.1

0.5m ser ies 1-3

0.2m ser ies 4

1:50 ser ies l . -3

1 :10  se r ies  4

0 .04

JONSWAP

1000 Tm
27L0kg/nt

L ,7  T

see sect ion 2.5

see sect ion 2.5

(hs )

Spectral shape

Test durat ion (N)

Armour rock density (p")

Buoyant mass density (A)

Median rock armour mass (M5o)

Fi l ter rock size D.

2.3 Test  fac i l i ty

2.4 Test  sect ion

design and

construction

The model tests were conducted in the deep random wave

flume at HR. The flume is 52 metres long and 3 metres

wide at the wave paddle. Over much of its length it

is div ided into a central  test channel 1.2 metre wide,

and Lwo side absorption channels intended to reduce

the effects of ref lect ions from the test sect ion.

Waves are generated by a buoyant wedge paddle driven

by a hydraulic actuator. The randorn wave control

signal is generated by a BBC micro comput,er using HR

software. The wave flume is described more fully in

Appendix l.

Before test ing on ser ies 1-3 could eommence, an

approach section had to be rnoulded in the central test

sect ion of the f1ume, reducing the water depth to 0.5

metre at the test sect ion. This was instal led to give

a slope of 1:50 approaching the test secLion. This

slope extended offshore for 19m in the flume. Seaward



of that a steeper slope around 1:12 was used to ensure

that the moulding did not project into the perforated

sect ions of the side wal ls.  The two slopes were

joined by a smooth curve. The moulded bed profile is

given in Table l, and shown in Figure 3.

After complet ion of test ser ies 1-3, the sea bed

bathymetry was re-moulded for series 4. A much

steeper approach ramp at 1:10 was instal led, and the

test section water depth was reduced from 0.5 metre to

0.2 metre. The bed prof i le moulded for ser ies 4 is

also given in Table 1, and Figure 3.

Before construct ion of the test sect ion, a ser ies of

calibration tests were run. An initial set were

condueted to define the incident wave eonditions for

series 1-3. A further set were later conducted on the

revised bathymetry for series 4. These calibrations

are described in sect ion 2.6, and the results are

presented  in  sec t ion  3 .1 .

The test section itself was constructed on the

horizontal section of the noulded floor, within the

glazed length of the flume. The test section core was

formed in plywood with a seaward face at 1'.2.O,

attached to the concrete floor. Expanded metal sheet

was attached to the slope to simulate the roughness of

a granular core. The f i l ter layer was laid direct ly

onto this sheet. The size and thickness of the filter

i s  d iscussed in  sec t ion  2 .5 .  The tes t  sec t ion  is

sho'wn in Figure 1.

Two modifications were made from the test section

layout used in the HR/QMC tests (Ref 3). The width of

the test section fil led with the prepared armour

grading lras reduced from 1.2 metres to 0.7 metres.

Perforat,ed divide wa11s were attached to the sloping



2 .5 Design of armour

gradings

plywood face to separate the prepared armour grading

within the central measurement section fron the rock

used in the outer sections. For series 4 it was noted

that the incident waves were much reduced. The

overal l  test sect ion height was reduced by 0.203n,

commensurate with the reduced likely run-up length.

Otherwise the test section was eonstructed as for

ser ies  1 .

2.5.I  Gradings in previous work

In considering the armour gradings to be tested,

reference was made to the previous work noted in

Chapter 1. In the tests by Thompson & Shuttler (Refs

I & 6) the grading tested was given by:

D . u  D r u  D u u

D *  
=  1 ' 5 ,  

D *  
=  0 ' 6 7 ,  O ] =  

2 ' Z S

The rock was prepared to a straight line on a

Iog-linear size grading eurve. In relating armour

unit mass to size, the unit mass was given by:

M = 0 . 5 5 o  D 3' a  z

This may be re-written in terms of the sieve size

diameter D_, and the nominal unit diameter,
z '

D  -  ( l [ / o  ) r ' 3 :n a

Dr ,  =  0 .82  Dz

The armour, referred to as r ip-rap, was laid to

placement,  porosi ty,  nv, around 45%, and a layer

th ickness ,  t ,  =  2 .44  Dn50.

( 2 )

(3 )



Van der Meer (Ref 2) tested two di f ferent gradings,

each again given by straight line log-linear size

curves. The two gradings \rere given by D. r /Drr= L.25

and 2.25. In each instance the armour was placed to a

Iayer thickness, t^ = 2.22 DnsO.

Bradbury et, a1 (Ref 3) tested rock in 5 different

shape categories. For the fresh rock, the category

most closely matching that used in previous work, the

grading was given by:

D e s  D r s  D e s

D*  
=  1 '  10 ,  

E ;  
=  O , ' 87  ,  O [  

=  1 '  ZO

The main other difference with previous studies was

that the armour, Iaid in two layers' gave a total

layer thickness for f resh rock of t"  = 1.61 Dn50, and

equant  rock  L ,  =  1 .69  Dn50.

2 .5 .2  Spec i f i ca t ion  o f  g rad ings

At an early stage in the study design it was

considered that gradings tested might faI1 in the

range I .25  <  D85/D1,  3  5 .0 .  I t  was  hoped tha t  each

grading could be prepared to the same median size,

Dn50, and laid to a uniform layer thickness of say

t^ = 2.0 Dn50. During more detai led planning i t  was

real ised that only some of these object ives could be

attained. Resources for the study dictated that only

3 gradings could be prepared.

In discussion within the CIRIA/CUR research team it

was agreed that a narrow grading should be tested to

maintain some continuity with the earlier studies, and

to give a wel l  def ined eontrol  case. I t  was hoped

that the test results for this grading, ser ies 1,

r*ould agree well with previous test data, allowing the

user greater conf idence in the overal l  rel iabi l i ty of

the test data. To maintain the closest possible

10



continuity with earlier work, the grading for series

was specif ied as a straight l ine log- l inear size

grade, with D85/D1 s = L.25. This armour l ras laid to

layer thickness of t" = 2.2 Dn50. This grading was

used for both ser ies I  and 4.

The design of the widest grading presented a less well

def ined problem. Ini t ia l ly gradings of Ds5/D1s of

3 .0 ,  4 .0 ,  and 5 .0  were  cons idered.  I t  was  no ted  tha t

for the wider gradings the size of the largest stone

would exceed the suggested layer thickness. It also

became apparent that the very wide gradings,

Ds5/Dru )  4,  would be very di f f icul t  to handle and

place. An upper l imit  of  D6 r/Dt,  = 4 was therefore

proposed.

The merit of testing an intermediate grading, say

around 2.5 or 3, was considered. I t  was noted that

analysis of van der Meer's and Thompson & Shuttlerrs

data suggested that the performance of gradings

between 1.25 and 2.25 was very sini lar.  f t  therefore

seemed more useful to concentrate the investigaLion on

the  w ide  grad ing ,  Ds1/Dra  =  4 .0 ,  fo r  bo th  ser ies  2

and 3 .

The gradings used in previous studies had generally

eonformed to a straight line log-linear grading. It

was noted however that quarry production curves seldom

approach a straight 1ine. A more typical form for

armour rock is given by the Schuman equation giving

the unit mass, Mrr, not exceeded by the fraction y:

M
v = t "y- l%

"100%

where the index m" gives the steepness

The Schuman grading can be plotted as

on log-1og axes.

( 4 )

of the curve.

a straight l ine

I I



In considering the shape of the grading curves it was

decided to select one grading Prepared to the

idealised log-Iinear straight line, and the other to

the Schuman equation. For series 2 the Schuman

grading, given by equation 4, was suggested, where for

D s s / D r s  =  4 . 0 ,  r s  =  0 . 4 7 L 2 .  T h i s  g r a d i n g  w a s  s t i l l

compatible with the suggested layer thickness

t^ = 2.2 Dr,sO. The straight l ine grading at

Ds5/Dr, = 4.0 for ser ies 3 would however include some

stones markedly bigger than 2.2 Dn50. The grading for

series 3 could not therefore be laid at a layer

thickness less than about 2.7 Dn50.

The original proposal had been that each grading would

be prepared to give the same median nominal diameter

Dn50. Considerat ion of the larger stone sizes in

series 2 and 3 quickly demonstrated that this would

not be practical. Maximum stone sizes of many

kilograms would result, and this was not compatible

with the resources available to prepare the gradings,

or to re-build the armour slope after each test. It

was therefore decided that the common size for each

of the gradings would b" Drrg5. The resulLing grading

curves are shown i-n Figure 2, and are listed in

Tabte 2. The nain parameters for each grading may be

summarised:

Dn50 (mm)

Dn85 (mm)

Dn15 (mm)

M u o  ( g r a m s )

t h

50 .0
55  . 9
44 .7
340 .0

Ser ies
2

3 6 .  6
5 5  . 9
1 4 .  0
1 3 3  . 0

3

27  . 9
55  . 9
14 .0
59 .3

The placenent thickness, and the underlayer

specif icat ion, were then related to these parameters

for each test ser ies. As noted previously the target

layer thickness was t .  = 2.2 Dn50. These could be

achieved for ser ies 1, 4 and 2 with t^ = 110.0mm and

I 2



80.5mm respect ively.  However for ser ies 3 the larger

rocks would exceed this thickness, giving a minimum

Iayer thickness around t^,  2.7 DrrSO. Aft ,er some

consideration, it was decided that the armour in each

of series 2 and 3 should be placed to the same layer

thickness of B0.5mm, being equivalent to t"  = 2.89

D  - ^  f o r  s e r i e s  3 .n )u

Each armour layer was placed on a granular underlayer

or filter related in size and thickness to the armour

layer. Previous work had used a relationship between

the median diameter for the arrnour and filter layers

given by

Dn50 (armour)

ffi-Gnte-il 
= 4'5' ( 5 )

This gave a median nominal diameter of the filt,er for

ser ies 1 of 11.1mm. This was prepared to a grading

Dss/D15 o f  2 .25 ,  anB la id  to  a  th ickness  o f  25run .  For

series 2 and 3 a simi lar f i l ter was prepared to Drrr '

of  B. lmm and laid to a thickness of 18mm.

For ser ies 1, and later for ser ies 4, each armour unit

was laid individually. In the first instance the toe

berm was formed aeross the ful1 width of the test

sect,ion, see Figure 1. The armour layer was then

formed in tvo layers from the toe berm, and working

diagonal ly upwards and across the sect ion face. Each

stone was placed by hand against i ts predecessor.  No

preference was given to orientation, and the operator

was careful  not to f i t  stones closely together,  rather

leaving each in its initial position and attitude on

placement.  One test sect ion di f fered sl ight ly from

this.  During armour placement for test IC i t  was

noted that the placement technique used for test lB

had been sl ight ly more fast idious than had been

inLended. It was therefore possible that armour

interlock had been higher in test 1B than in other

1 J



tests in the ser ies. The layer porosi ty for tests 18

and lC were slightly lower than for the rest of series

1, but only by relat ively smal l  margin.

Placement of the wide graded armour (series 2 and 3)

differed significantly from the method described

above. Before placement the armour was earefully

nixed to reduce any size segregation. The armour was

then laid in bulk by pouring it in rough rows across

the section. The surface was then levelled

approximately to the layer thickness indicated by the

perforated divide wal ls,  see sect ion 2.4. Large

stones lying loosely on the surface of the armour were

pushed upslope untit they were within the depth of the

armour layer. More armour was then added along the

construction edge as before, and the process was

repeated until the test section was complete. During

placement the operator intentionally refrained from

fi t t ing or select ing stones.

2,6 Wave measurements

The waves ineident upon the test sections in these

experiments were measured using HR twin wire wave

probes. The output from each wave probe control

module was scaled, then logged, using a Compaq micro

computer with a proprietary A/D converter board.

Representative parameters were derived by spectral

and/or stat ist ical  analysis using, where possible,

standard HR software. A11 wave measurements were made

in the absence of the test sect ions, using an

absorbing beach at the end of the moulded bathymetry

to ensure minimal corruption by reflected waves. Wave

measurements were conducted in three phases.

Phase I  was conducted before test ser ies 1-3, using

the 1:50 approach bathymetry,  see Table 1, and a

paddle water depth of 1.5m, giving a depth at the test

sect ion of 0.5m. The waves used for ser ies 4 were

measured in phase I I ,  af ter the construct ion of the

T4



Probe number

I
2

4
5
6
7

9

rev ised 1 : l0 .ba thymet ry .  A  padd le  water  depth  o f  1 .5m

gave a depth at the test sect ion of 0.2m. These

bathymetries are shown in Figure 3.

Both stat ist ical  and spectral  analysis were used to

derive representative parameters. In each instance

waves were measured at the setting out line for the

toe of the test sect ion, and in deep water.  In these

tests the toe of the section was placed 5m from the

end of the wave flune, Figure 3. In phase I the

generator settings were adjusted to achieve the

desired wave conditions at the inshore wave probe,

when the measurements were analysed by spectral

analysis. Further measurements were Lhen made over

1000 waves to give the main stat ist ical  propert ies.

Precisely the same wave generator settings were used

for phase I I  as for phase I .

Phase III wave ealibrations h/ere conducted for the

Rijkwaterstaat to provide comparison data for a

numerical model ENDEC. These measurements were made

with the bathymetry moulded for series 4, but with the

wat,er depth reduced by 0.1m. This gave a depth at the

paddle of 1.4m, and over the horizontal  sect ion of the

moulding at the inshore end 0.1m. Nine wave probes

were used. One was placed offshore as before. Six

probes were plaeed at intervals along the slope, and

two more on the inshore horizontal bed. These

positions may be summarised:

Distance seaward from
top of  1 :  L0 s lope (m)

0ffshore
6 .5
4 .0
3 .0
2 ' .O
1 .0
0

-1 .0
-2 .0

Chainage from
end of flume (m)

-30
72.5
10
9
6

7
6
5
4

Water depth
(m)

1 .4
0 .75
0 .50
0 .40
0 .30
0 .20
0 .  l 0
0 .  10
0 .  10
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2 .7 Armour profile

measurements

The results of these tests are suJrunarised in Table 4,

but are not discussed further in this report. The

analysis and comparison of this data is described by

Van der Meer in Reference 7.

The principal measurement of the armour response made

in this study was of the surface profile of the armour

1ayer. Profile measurements were made with an

automated profiler which touched the armour surface at

set intervals. Damage to the test section was then

calculated by comparing the profiles measured before

and after the test. Example profiles are shown in

Figure 4.

A computer-controlled bed profiler running on a

moveable beam above the test section was used to

measure the armour profile along 9 sample lines. The

profiler was adapted from the HR automatic bed

profiler to incorporate a touch-sensitive foot, and is

described in more detail in Appendix 2. For this

study the touch-sensitive foot was fitted with a

hemisphere of diameter 0.025m. The prof i ler ran along

a beam in increments of 0.030m. The beam itself couLd

be located at each of 9 positions across the wave

f lume at 0.050m centres.

During profiling the voltages corresponding to the x,

y, and z co-ordinates of each sampling position were

scaled to model dimensions, and logged for later

processing. Where interpolation was required a cubic

spline was fitted through the adjacent points. A11

levels were recorded relative to a fixed datum, and

the starting position reading was checked before each

run. A ser ies of instrument check Lests were

conducted to quantify the accuracy of repeat profile

measurements. In each instance the discrepancies

I 6



between repeat surveys remained within an error band

o f  t  0 . 3 % .

The profile results were used to calculate the armour

Iayer thickness, ta, and to determine damage values, S

and S*U. The armour layer thickness was calculated by

differencing the mean profile of the surface of the

underlayer from the armour profile.

The calculation of armour damage followed elosely the

method used in the previous study at HR (Ref 3). The

dimensionless damage, S, is related to the area of

erosion, A., and the nominal armour diameter, DnsO :

S = A"/DrrrO2 ( 6 )

In determining the erosion area, Ae, a mean prof i le is

calculated from the 9 profiles measured. The mean

prof i le after the test is subtracted from the mean

prof i le before the test.  The erosion area is then

calculated by summing all areas of the final profile

below the or iginal  (before test)  prof i le.  Values of S

calculated for each test in this study are given in

Table 5. An alternative approach was also used in the

previous study at HR (Ref 3).  Here the order of

calculat ion was changed. First ly each of the before

and after prof i les were di f ferenced, giving values of

A",  and hence S, for each of the 9 prof i le l ines. The

nine values of S were then averaged givirg S*d.

Values of S_, calculated in this study are also given
mcl

in Table 5. A more detai led discussion on the

derivation of damage values has been given previously

in Reference 3.

For each test a eonsistent procedure was adopted:

(a) Construct test sect ion, re- laying armour to given

layer thickness;

2 .8  Tes t  p rocedures
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( b )

( c )

Profile the armour surface along 9 survey lines;

Set test,wave eonditions on generator, flood wave

flume to fixed water level;

(d) Run waves for duration of 1000 Tm;

(e) Drain working section of the fLume' re-survey

tes t  sec t ion ;

(f) Calculate damage values S and Sra, inPut to

resu l ts  f i le .

For each of the Lest series, five wave conditions were

seleeted for testing. In some instanees alternative

wave conditions were substituted in the light of the

damage measured in the early tests in the serj.es. In

a few instances a wave condition was repeated. Atl

tests \rere run for a duration of 1000 Tm, except test

3E which was stopped early due to the very high level

of damage.

The derivation of input wave conditions has been

discussed earlier in Chaptet 2, as have the methods of

hrave measurement and analysis. The wave conditions

measured with the bathymetry for test series 1-3 are

listed under phase I in Table 3. The revised

bathymetry used for test series 4 caused significant

changes to the inshore wave conditions, even though

the same offshore conditions were produced. The wave

conditions vith the series 4 bathymetry are listed

under phase I I  in Table 3.

Comparing the offshore conditions measured in

phases I and II good repeatability is seen. At the

inshore position, conditions with the revised

bathymetry are much changed, particularly at the

longer wave periods.

? 1

TEST RESULTS

Waves

1B



3.2 Armour damage

3.2.I  Observat ions during test ing

The m'ain results of these tests were the measurements

of erosion area, and hence of damage, made at the end

of each test. Values of the damage parameters S and

S,--, calculated from these measurements are sunmarisedmo
in Table 5, and are discussed in more detai l  later.

These results however only record the state of the

armour at the end of the test. Observations of the

behaviour of the armour were therefore recorded during

testing to supplement the measurements, and these are

discussed br ief ly below.

The narrow-graded material, series I and 4, performed

much as night be expected from previous work by van

der Meer (Ref 2) and Bradbury et al  (Ref 3).  Those

armour units that moved, usually did so as individual

units after being loosened by a wave up-rush.

Generally armour was carried down slope. There rras no

apparent correlation between units moved and their

size. It appeared that units were more like1y to be

di-splaced because they were loosely placed. Most

damage occurred close to the static water level, but

was not otherwise particularly concentrated.

Relatively few waves caused armour movement.

The performance of the wide-graded material, series 2

and 3, differed in a number of important aspects from

that of the narrow-graded armour. During test series

2 and 3 it became clear that the smaller fractions in

the armour were moved quite frequently, by waves

smaller than could move the medi-an size stones. The

rate and form of damage was strongly influenced by the

posit ion and local proport ion of the larger stones,

from around which,the snal ler maler i_al  was eroded.

This process was highly var iable, and led to some

apparent ly anomalous results.  This is best

1 9



i l lustrated by the results of tests 3A and 38, both

run with the same wave conditions, see Tab1e 5. fn

test 3A fine material was eroded from around a number

of larger stones close to the stat ic water level

(swl).  These large stones remained relat ively stable

during the test, and were seen to trap small material

that would otherwis6 have been washed further down

slope. In test 38 however the larger stones were less

stable, and were undermined by the preferential

erosion of the small material. The movement of these

larger stones then allowed further small naterial to

be eroded, and the erosion area tended to spread up

slope. In other tests,  and part icular ly in 3E,

erosion around the water level then promoted sliding

failures within the armour layer, essentially a

geotechnical phenomenon.

3.2.2 Measurements of damage

llro parameters have been advanced for the description

of damage, S and S*U, and their derivation has been

covered in sect ion 2,7, and previously in Reference 3-

Previous work by van der Meer has used only S to

describe damage, so this parameter has been

calculated, and wi l l  be used in most of the fol lowing

discussion. The parameter SrU is however probably a

better measure of damage, partieularly at lower levels

of damage, so some comparisons will also be made with

that parameter.

Three stages of analysis have been atlempted within

this study. The test results have been presented

graphical ly,  see Figures 5 to 11. These are descr ibed

in more detail belov. Then values of the damage

parameter S were compared with the appropriate formula

derived by van der Meer to explore whether new

coeff ic ients could be just i f ied. Final ly sorne

comparisons were made using the 15th and B5th

20



percentile values of the armour size distributions

rather than the median values.

Genera1Iy the most useful  descr ipt ion of test data of

this form is given by appropriate dimensionless

parameters. Previous work has related the damage

given by the dj-mensionless parameter S to the

dimensionless wave height H"/ADrrs.. The wave height

used in this calculation was that measured at the

position of the structure toe during the calibration

phase and analysed statistically. Where the number of

waves var ied, S was scaled by 50.s. In considering

the results of the study however, there was some

uncertainty as to the most appropriate parameters to

use. The first nethod used simply plots the erosion

area, A", against the significant wave height at the

toe of the test sect ion for al l  of  the test results,

Figure 5. As expected the lack of data on the

relative size of the armour unit, to the wave height

renders this presentat ion most unclear.

A more useful approach is given by plotting the

erosion area against the dimensionless wave height

H"/ADrrsO. This is done in Figures 6 and 7, using the

alternative ways of calculating the erosion areas A"

utd A"*d, see sect ion 2.7. The study results now span

a much*reduced range. It may be noted that the

erosion areas defined using the rrmean of differences"

approach, Aemd, are greater than those calculated by
rrdi f ferences between meansrt ,  A".

The major limitation in presenting the damage results

in the form of Figures 6 and 7 lies in the dimensional

nature of A",  or A.*d. This prevents results

presented in this form being appl ied easi ly to

prototype situations. This problem has been overcome

previously by caleulating the damage parameter S, or

S*U, using the nominal median diameter of the armour,
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Dn50, as in equat ion 6. Damage def ined by S, or Smd,

is plotted against H"/ADrr5' in Figures B and 9

respect ively.

3 .2 .3  Fur ther  ana lvs is

The test results have been analysed further to explore

the possibility of generating new design coefficients

and/or to test whether Drrrs of, Drras better represents

the performance of a wide graded material than Drrro.

The analysis was conducted in two stages. The data

was compared with an equation of the general form:

ft;=APo'18(ft1 
Br' -o's

( 7 )

where van der Meer's data yields values for the

empi r i ca l  coe f f i c ien ts  A  =  6 .2  and B =  0 ,2 .  8y

transtorming equation 7 it was possible to perform a

regression analysis to yield values of A and B for the

data in this study. A second stage of analysis was

also explored. For series 1 to 3 the value of either

D - -  o r  D - -  was  subs t i tu ted  fo r  D .^ .  and the  resu l ts- n r 5  
n 6 5  n e r '

re-plotted to see whether the change in typical size

selecLed was suff ic ient to explain any di f ferences in

armour response. In considering all further analysis

frorn these tests it must be noted that each data set

contained no more than 5 values. This size data set

is who11y insufficient to support either new formulae

or new coefficients with acceptable certainty for

design purposes. It was felt however that this

analysis would indicate whether such an approach might

be worthwhile with more data.

The results of test ser ies 1, 4,  2 and 3 are

considered further below. In each instance the test

result ,s are presented as S/fN against H=/ADrrrO,

preserving consistency with previous studies. Test

22



series I was conducted to check the performance of a

narrow grading as tested previously by van der Meer

(Ref  2 ) .  Over  the  range o f  H" /ADrrso  up  to  2 .0 ,  there

is good qualitatlve agreement between the damage

measured and that predicted by van der Meerrs equation

for plunging waves, see Figure 10. An attempt to

perform a regression analysis was not however

suecessful .  The regression coeff ic ient calculated

suggested that the data were not wel l  correlated.

Test series 4 was conducted to explore the effect on

armour performance of the revised bathymetry. The

results are shown in Figure 10. Again the data are

scattered, but in good qualitative agreement with van

der Meer's predict ion. The regression ana}ysis for

equation 7 gave very similar values for A and B as

were derived for ser ies 1, al though the regression

coeff ic ient calculated was less than 0.5, again

indicating that the data were not well correlated.

These results suggest that van der Meerrs equat ion can

be used for the alternative bathymetry considered,

provided that the significant wave height can be

predicted at the posit ion of the toe of the

st,ruct,ure.

Test series 2 and 3 were conducted to explore the

inf luence of wider gradings. In both of these test

series the damage measured was generally greater than

would be predicted. The results of the regression

analysis may be sununarised:

van der Meer

ser ies 2

ser ies 3

A

6 .2

4 .8

5 ,2

B

0.2

0 .  15

0 .  13

It should be noted however that the regression

coeff ic ients calculated st i l l  suggest a very poor

f i r .
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CONCLUSIONS A}ID

RECOMMENDATIONS

A final eomparison was made to test the influence of

Drrro it the dinensionless wave height parameter

Hs/ADn. Noting that the rock in series 2 and 3 had

been produced to simi lar Drrrs or Dnas, but di f ferent

Dnso, the data in Figure 11 was re-plotted using Drrrs

or Drreu in place of Dr.so. The use of Drro, shi f ts the

results to sl ight ly smal ler values of H"/ADrr.  The use

of Dr.r ,  shi f ts the results to rather larger values of

H_/AD_. fn neither instance is agreement improved
s n

over that given by the use of Dnro.

A short series of hydraulic nodel tests has compared

the stability under wave action of wide-graded rock

armour, Ds5,/D1s = 4, with that of  narrow-graded

armour ,  D65. /D1s =  I .25 .  The tes ts  were  res t r i c ted  to

a Lz2 structure slope with an impermeable base, to a

duration of 1000 waves, and to a limited set of

plunging wave conditions. Damage \,tas measured by

profiling, and the results were compared with

predictions by van der Meer's formula for plunging

waves.  For  tes t  ser ies  l -3 ,  4  1 :50  bed s lope was

used. For ser ies 4 the test sect ion was placed on a

Ievel bed fronted by a 1:10 slope.

During tests on the wide-graded material, Series 2 and

3, it was noled that armour movement was variable in

location and rate. Generally the smaller fraction was

moved preferentially, often leaving larger rocks

un-supported. This was highly variable, and led to

widely differing values, even for repeated wave

conditions ! The very wide gradings used for Series 2

and 3 ,  Das lDrs  =  4 .0 ,  mi t iga ted  aga ins t  the  success fu l

construction of a truly homogeneous armour layer. On

site i t  is l ikely that this wi l l  lead to very var iable

4. I  Conclusions
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4.2 Recommendations

ACKNOWLEDGEMENTS

armour construction with wide differences in the

armour size parameter along any sample length.

Analysis of the damage measured in these tests suggest

that the damage t,o Series I and 4 using the

narrow-graded armour, D. r /Dr,  = L.25, \ ras general ly

less than or equal to that predicted by van der Meerrs

formula. The effect of shallow water and a steep

approach slope did not alter this, provided that the

wave height used in the prediction was that incident

at the toe of the structure.

Damage experienced by the wide-graded material in

Series 2 and 3 was generally greater than or equal to

that predicted by van der Meer's formula using Dnro.

Better agreement was not given by using either Drr., or

Dnru i t  the comparison.

Wide-graded armour may suffer greaLer damage than

would be predicted by present design methods valid for

grad ings  I .25  <  Dss , /D1s  <  2 .25 .  The cornpos i t ion  o f  an

armour layer formed from a wide-graded material is

extremely difficult to control, and it is probable

that the size properties of such material will vary

significantly during the construction process, and

hence along the structure. Damage experienced by such

gradings under wave action will be more variable, and

at a mean level greater than for a narro'rr-graded

armour. The use of gradings wider than Ds u/Dts = 2.25

is not supported by the results of these tests.
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TABLE 1 Bed profi les for series l-3 and series 4

Chainage from end

of test f lume (m)

1 .95

5  . 00

7 .00

9 .00

11  . 00

13  .00

15  . 00

17 .00

19 .00

2 r .00

23  . 00

25 .00

27 .00

29 .00

30 .00

Series 1*3

Ser ies 4

Floor height above mean

flune floor level (m)

1  . 00

1 .00

0 .96

0 .92

0 .  88

0 .  84

0 .  B0

0 .76

0 .72

0 .62

0 ,52

o  . 42

0 .25

0 .  084

0 .00

0 .30

3  . 00

6 .00

8 .00

10 .00

12 .00

14 .  00

i6 .00

18 .00

19 .00

1  . 30

1 .30

1 .30

1 .  10

0 .90

0 .  70
n ( n

0 .30

0 .  10

0 .  00



TABLE 2 Armour size grading curves

Unit mass
(grans)

1  1 5 6 . 0
8 1 7 . 0
70r .0
578 .0
548 .0
510 .0
475 .0
410 .0
350 .0
340 .0
310 .0
270 .0
240.0
211 .0
175  . 0
133  . 0
r24 .0
88 .0
62.0
59 .3
44 .0
3 r . 0
22 .0
16 .0
11 .0
7 .4
6 .6
5 .5
4 .5
4 .0
3 . 5

3 .0
2 .7
2 .2
I  r . : /
1 . 4
1 . 0
0 . 8
0 . 7
0 . 5

Nominal
diameter
Dn(mm)

75 ,2
67 .0
63 .6
59 .7
58 .6
57 ,2
55  . 9
53 .2
50 .  5
50 .0
48 .5
46 .3
44 ,5
42 .6
40 .  1
36 .6
35 ,7
31 .9
28.3
27 .9
25 .3
22 .5
20 .L
18 .  I
15  . 9
14 .  0
L3 .4
12 .6
11 .8
11 .4
10 .7
10 .  4
10 .  0
9 .4
8 .9
8 .0
7 .L
6 .7
6 ?

5 .6

100 .0
92 .5
85 .  1
69 .6
s3 .0
50 .0
40 .3
25 .8
13 .5
0 .0

100 .0
92 .3
90 ,2
87  . 6
85  . 0
80 .0
7  4 .9
7  4 .0
71 ,2
67  . 2
64 .0
60 .  6
56 .  1
50 .0
48 .6
42 .1
36 .4
35 .7
31 .  5
27 .2
23.6
20.7
t7 ,6
1 (  n

14 .2
L3 .2
12 .2
11 .6
10 .  B
10 .  3

Y . Y

9 .1
8 .6
7 .4
6 .4
5 .9
5 .5
4 .8

100 .0
94 ,2
9r .6
88 .3
87  . 4
86.2
85  . 0
82.5
79 .9
79 .4
77  . 8
75 .5
73 ,5
71 ,4
68.2
63.6
62 .4
s6 .6
50 .7
50 .0
45 .0
39 .  I
33  . 3
28 .  0
2L .6
15  . 0
L2 .9
9 .9
6 .5
4 .6
1 .6
0 .0

Percentage Passing
Series I  Series 2 Series 3
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TABTE 4 Wave measurements, phase III

GAUGE DEPTH SPECTML STATISTICAL

(m) h,

0  ,126
0 .  133
0 .  t 41
0 .141
0 .  147
0 .  137
0 .  116
0 .067
0 .08

0 .  156
0 .  158
0 .  16
0 .L62
0 .  158
0 .  146
0 .1
0 .067
0 .  066

4 .2
0 .  205
0 .  197
0 .  194
0 .  183
0 .  159
0 .  107
0 .  071
0 .074

0 .  148
0 .  152
0 .  147

lE,

2 .653
2 .707
2 .714
2 .738
2 .734
2 .7  55
2 ,942
3 .254
3  . 56

1 .  BB6
r .927
1 .936
1 .948
1  . 951
I  . 995
2 .TL3
2 ,396
2 .597

1 .58
1 .62 I
1 .604
1 .616
I  . 63
1 .666
1 .795
2 .1
2 .329

L.557
r .577
r  A n 1

tgl'*

0 .209
0 .222
a .286
o .276
o .3L2
0 .242
0 .  196
0 .  112
0 .  113

0 .252
0 .299
0 .323
0 .326
0 .29
0 ,243
0 .  171
0 .098
0 .118

0 .339
0 .347
0 .  336
0 .324
0.  289
0 .224
o ,L7  4
0 .099
0 .097

0 .25 t
0 .278
0 .299

?*t'o tn, ?n,
T^  =  3 . l s

v

I  1 . 4
2  4 .75
3  0 .5
4  0 .4
5  0 .3
6  0 ,2
7  0 .1
B  0 .1
9  0 .1

T^  =  2 .2s
v

1  1 .4
2  0 .75
3  0 .5
4  0 .4
5  0 .3
6  0 .2
7  0 .1
I  0 .1
9  0 .1

T^  =  I .Bs
v

I  1 . 4
2  0 .75
3  0 .5
4  0 .4
5  0 .3
6  0 .2
7  0 .1
B  0 .1
9  0 .1

,n-p

0 .L52
0 .  161
0 .  i 82
0 .L92
o .223
0 .205
0 .  148
0 .078
0 .086

0 .  191
0 .2
0 .215
0 .225
0 .234
0 .203
0 .  134
0 .072
0 .077

0 .251
0 .259
0 .265
0 .26 I
0 ,239
o .197
0 .  134
0 .073
0 .076

0 .  182
0 .  19
U .  I 6 Y

0 .123  2 .465
0 .13  2 .436

0 .145  2 .465
0 . l s l  2 . 45L
0 .L72  2 .465
0 .  178  2 .446
0 .L23  2 .L47
0 .066  2 .L28
0 .073  2 .342

0 .  153  1 .863
0 .  156  1 .9
0 .  166  r .925
0 .  173  1 .938
0 .  r 87  t . 962
0 .  183  1  .933
0 .116  1 .62
0  . 062  L .87  4
0 .063  1 .804

0 .  199  1 .  55  I
0 .206  1 .606
0 .209  1 .617
0 .2L2  1 .618
0 .2a9  1 .654
0 .  178  1 .63
0 .115  1 .513
0 .061  1 .773
0 .065  L .7  4 r

0 .  146
0 .  15
0 .  149

1 .548
l . 5B
1 .585

I
2
3

l .  Bs

1 .4
0 .75
0 .5



SPECTRAL STATISTICAL
GAUGE

T =-p

DEPTH
(m) ?E?n, TE, tgr'* ?*t'o ?*,

0 .152  1 .585
0 .163  1 .605
0 .165  1 .611
0 .108  1 .435
0 .054  1 .604
0 .057  1 .583

0 .103  1 .54
0 .104  1 .548
0 .104  1 .589
0 .  105  1 .556
0 .  I  12  l .  59s
0 .125  L .624
0 .  103  1 .5  15
0 .049  1 .483
0 .051  1 .458

0 .  155  1 .36
0 .154  L .4 r4
0 .15  1 .404
0 .151  t . 423
0 .159  1 .431
0 .153  L .437
0 .099  1 .345
0  . 047  L .473
0 .053  1 .511

0 .  103  1 .  139
0 .097  l .  15
0 .093  I . L22
0 .093  r . L32
0 .095  1 .  165
0 .098  t .  191
0 .085  1 .  187
0 .04  1 .12
0 .045  1 .05  t

1 .8s

4
5
6
7
B
9

1_
' 1

2
3
4
5
6
7
B
9

1

2
5

4
5
6
7
B
9

0 .4
0 .3
0 .2
0 .1
0 .1
0 .1

0 .  148
0 .  145
0 .  134
0 .094
0 .059
0 .061

0 .  106
0 .  107
0 .  i 05
0 .  106
0 .  106
0 .  105
0 .  085
0 .049
0 .048

0 .  156
0 . I 52
0 .  146
0 .  144
0 .  143
0  . 132
0 .09
0 .054
0 .058

0 .  103
0 .097
0 .  094
0 .092
0 .092
0 .089
0 .073
0 .041
0 .041

1 .6
1 .589
1 .588
1 .695
I  . 986
2 .143

0 .24 r
0 .246
0 .209
0 .  167
0 .085
0 .097

0 .  163
0 .224
0 .207
0 .L92
0 .243
0 .2
0 .  14
0 .073
0 .08

0 .278
0 .265
0 .249
0 .249
0 .229
4 .202
0 .  148
0 .087
0 .091

0 .  186
0 .L77
0 .  182
0 .  196
0 .173
0 .  159
0 .105
0 .055
0 .067

0 .  19
0 .  199
0 .  185
o .L23
0 .064
0 .068

0 .2
0 .  196
0 .  189
0 .  188
0 .  196
0 .L74
0 .  116
0 .055
0 .063

0 .  131
0 .L25
0 .L24
0 .L24
0 .L26
0 .L26
0 .  095
0 .044
0 .051

=  l .Bs
1 .4

0 .75
0 .5
0 .4
0 .3
0 .2
0 .1
0 .1
0 .1

I . 27  s

1 .4
0 .  75
0 .5
0 .4
0 .3
0 .2
0 .1
0 .1
0 .1

1 .55
L .577
1 .587
1 .597
1 .6
1 .592
1 .639
l . 806
1 .904

o. r29
0 .  13
0 .129
0 .132
4 .L42
0 .  155
0 .  117
0 .  056
0 .  059

L  =  1 . 5 5 s
P

I  1 . 4
2  0 .75
3  0 .5
4  0 .4
5  0 .3
6  0 .2
7  0 .1
8  0 .1
9  0 .1

T =-p

L .37  4
L .407
1 .408
1 .415
i . 398
1 .  403
L .496
1 .  718
1 .875

t .  136
1 .152
1 .151
1 .  157
l .  166
r .  156
1 .  149
1 .  168
1 .  139
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APPENDIX 1

WAVE FLUME FACILITY

The deep random wave flume is a dual-function facility
serving both the offshore and coastal divisions of
Hydraulics Research. It has mainly been used for
coastal  engineering research (almost exclusively
rubble-mound breakwaters and sea-walIs) and has been
adapted aecordi .ngly.  A false f loor is instal led in
the centre channel and perforated dividing walls have
been fitted for most of the length of the flume.
These wal ls al low wave ref lect ions from the model led
section to dissipate gradually, thus reducing
re-reflection and inhibiting the formation of
cross-\raves. Breakwater and sea-waI1 models are
tested in the 1.2m wide glazed section of the lOm long
finger flume. This'part of the flume may be separated
from the main body by a removable gate. The finger
flume may then be pumped dry to allow model
construction and armour stability measurements to be
conducted in the dry when appropriaLe.

The wave paddle is a sliding wedge intended to operate
around a single mean depth of immersion. However,
different water levels are needed to accommodate
changes in model scale, prototype sea bed level or
water Ievel, as well as the non-optimal setting of the
false f loor.  Tests have therefore been carr ied out to
determine the performance characteristics of the wave
generator at a number of water depths, thereby
produeing a set of  t ransfer coeff ic ients for each of
those depths.

The signal for the wave paddle is produced by a
Hydraulics Research BBC wave spectrum synthesiser
which acts as a digi tal  white noise generator with
variable digi tal  f i l ter.  The noise is generated by
logical  feedback in a shi f t  register and is,
consequently, psuedo-random. The shape of the noise
spectrum is control led by the digi tal  f i l ter which is
set up by fourier transforming the required spectrum.
The computer calculates and stores the weighting
factors required for the production of random waves
from the required spectral  shape, using the set of
transfer coeff ic ients for the relevant depth range.
White noise is then generated and the weighting
factors are applied to produce the appropriate
position derived signal for the paddle. The length of
the repeating signal produced may be varied by the
operator.  In these tests the repeat length was rnuch
longer than the tests.



Due to the need to reproduce the required wave
conditions at the site of the test section (rather

than offshore in deep water) the settings required
cannot always be predicted. In particular the gain or
amplitude setting cannot be predicted for a given wave
height at the test section. For this reason a
calibration exereise must be performed to determine
the correct amplitude setting to be used for each of
the sea states required in the subsequent model
testing. This calibration procedure has been
described in the report .



APPENDIX 2

PROFILE MEASUREMENT

The HR bed profiler is reguired to make accurate
measurements of the height of solid or granular
surfaces. I t  consists of a sounding probe control led
by a servo motor,  dr iv ing a gear wheel,  and a
potentiometer to measure the rotation of the gear
wheel. The probe consists of a hollow metal tube,
typically one melre in length, with a serrated outer
surface into which the teeth of the gear wheel marry.
By commanding the servo motor to rotate in one
direction or the other the probe will nove vertically
up or down. The position of the probe tip relative to
its starting position can be measured using the
potentiometer fitted to the gear wheel.

To measure the height of a particular surface the
probe must be driven downwards until it is a given
distance frorn the surface, Lhe potentiometer read, and
the probe driven back upr,rards. To stop the probe at a
given height above the surface an infra red beam is
emitted from the probe tip, any reflected energy is
sensed by infra red receivers mounted next to the
emitters.  The strength of the ref lected signal
controls the servo motor.  A threshold slgnal is
present in the profiler such that when the reflected
signal matches the threshold signal the probe stops
moving. When the ti.p is far away from the reflecting
surface l i t t le or no signal is ref lected. When the
t ip is too close to the ref lect ing surface a strong
signal is ref lecLed. Too weak a signal and the probe
is driven down towards the reflecting surface- too
strong and the probe moves away. The probe therefore
always finds a eonstant height above the surface. In
this mode of operation the probe never comes into
contact with the surface, and there can be no
disturbance of the surface.

Unfortunately many of the surfaces to be prof i led are
made up of mater ials which are poor ref lectors for the
purposes of the probe. They ei ther have a poor
ref lect ion coeff ic ient or they are mult i - faceted and
so do not ref lect l ight direct ly back. This is
part icular ly true of rubble mound structures. To
overcome this problem a foot may be placed on the end
of the probe t ip.  This consists of a sleeve which
fits tighLly over the probe tip and which holds a
smal l  piston. The top of the piston is covered in
refleetive material to reflect the maximum amount of
infra red l ight.  In use the probe descends unt i l  the
end of the piston (a hemisphere of diametet Dso/2)
comes int,o contact with the surface, which moves the



ref lect ing surface of the piston closer to the probe.
Since the piston is made as light as possible and can
move freely there is no disturbance of the naterial
being prof i led. The foot of  the piston can be of any
size according to the size of mater ial  being
pro f i led .

Horizontal movement of the profiler is achieved by
attaching the prof i le to a movable carr iage. fhis
runs on a horizontal bearn across the section to be
measured. The carriage is moved by a drive wheel
attached to a servo motor. The position of the servo
motor is measured by a Potentiometer.

The horizontal  posi t ion is control led by a Compaq PC,
which moves the carriage according to the sanpling
internal chosen by the greater. The horizontal
position of the carriage is recorded by the computer
as is the vertical height measured by the probe.
These results are stored in f i les to Wal l ingford
Format 2,2 fot  later analysis.



APPENDIX 3

WAVE/STRUCTURE
INTERACTIONS, DRAFT
STANDARD NOTATION

Ac
A".
I r D

B
Bw1
c rc l  r c2  r c i
ci
cpi ,  csi
c;
c t , c to ' c t t

c r ( f )
c l

cv
D
D"
Dn
Dn50
DD
DL
D s  o

D . s
D r s
D g  5 / D 1 5
d
Ei
ts-- t

" t
Ed

g  r € o

The notation used in this report is drawn frorn a
standard list presently proposed for the lK/Dutch
manual on the design of coastal and shoreline
structures. The notation is based upon the
reconmendations of a joint IAHR/PIANC working group.
Where possible notation has been incorporated without
change from the Shore Protection Manual published in
the USA, and from relevant Dutch and British
standards.

Armour erest f reeboard, relat ive to st i l l  water level;
Erosion area on prof i le;
Empir ieal  coeff ic ients ;
Structure width, in horizontal  direct ion normal to face;
SLructure width at st i l l  water 1eveI;
Empirical or shape coefficients
Compression index
Primary, or secondary, compression index
Coeff ic ient of  wave ref lect ion
Coeff ic ient of  total  t ransmission, by overtopping, or
transmission through
Reflect ion coeff ic ient funct ion
Soi l  cohesion
Consol idat ion coeff ic ient (has units of m2ls)
Part ic le size, or typical  dimension
Effect ive part ic le diameter
Nominal block diameter = (14/ p  ̂ )  L,  3
N o m i n a l  d i a m e t e r ,  ( M u  o / p r ) t . s *
Diameter of prof i ler or lurvey head
Sieve diameter
Sieve diarneter, diameter of stone whi-ch exceeds the 50% value
of sieve curve
85% value of sieve curve
15% value of sieve curve
Armour grading
Thickness, min. distance between 2 paral lel  l ines
Incident wave energy
Reflected wave energy
Transmitted wave energy
Energy absorbed of dissipated

n.,
Void rat io = 

; f r  ,  in i t ia l  void rat io

Factor of safety, defined. ffiDifference of level betweei-d;6ffi wall-;na";imour crest =
R" -A"
Fetch length

F
H' c

FI



Fs

F*

G"
g
H
H' ^o
t t

"mo
Hs

4n.*
lzz
1 1  1 z 1 o

h" 'h l

h
h.

t
hs
Ir
I r
K
KD
KRR
Kl "
k
kr
L
Lo
It' Lp

L ^
T T
"ms , "Ds
M
M u  o ,  M i
m
ffo

mn

N

Na
Nd
Nod,Not

Nr

N"

Shape factor = Yl/p^Dl

Dimensionless freeboard parameter = ,fu t (H%

Width of armour berm at crest
Gravitational acceleration
Wave height, from trough to crest
Offshore wave height, unaffected by shallow water processe;
Significant wave height calculated from the spectrum = 4moz
Significant wave height, average of highest one-third of wave
heights
Maximum wave height in a record
Wave height exceeded by 2% of waves
Mean height of highest l /10 of waves
Armour crest level relat ive to sea bed, after and before
exposure to waves
Water depth
Height of crown waII over which wave pressures act
Water depth over % waveleng$h seaward of structure toe
Iribarren number = tan q/s^n 1,
Modified rribarren ;"*b;;-g tan s./s^%
Hydraulic conductivity 

Y

Stability coefficient in Hudson formula
Stabi l i ty coeff ic ient for r ip rap
Fracture toughness
Wave numbet, 2tt/L,
Layer thickness coefficient
Wave length, in the direction of propagation
Deep water or of fshore wave length, gTz/2n
Offshore wave length of mean, T*, and peak, Tn, Periods
respect ively
Wave length in (shallow) water at sLructure toe
Wave length of mean or peak period at structure toe
Mass of an armour unit
Mass of uni t  given by 50%, i%, on mass distr ibut ion curve
Sea bed slope
Zeroth moment of wave spectrum
nlh moment of spectrum 

T
Number of waves in a storm, record, or test,  = 

# m
Total number of armour units in area considered
Number of armour units displaced in area considered
Number of displaced, or rocking, uni ts per width D' across
armour face
Number of armour units rocking in area considered

H
Stabil i ty number, = r#-  "n50

- ' s

n
d̂

n.,

Spectral  stabi l i ty number

Area porosi ty,  void area as proporl ion
area
Volumetr ic porosi ty,  volume of voids as
volume

of total  projected

proport ion of total



O , O i
P
P f
P- o
Pn

Ps

PR

P
a
Q*
qo

qs

Run-down
t
q

rW-uP
H o ) o

i ro f i le

crests

\
R"

\"

fur*
R.

a

Opening size in geotext i le,  i% opening size
Notional permeabi l i ty factor,  def ined by Van der Meer
F ic t i t ious  poros i ty  =  l - (p , /p r . )
Proportion (or %) of incid6nt-waves given by N overtopping
Fourier noncircularity, based on the harmonic amplitudes from
l t o o
Fourier shape factor based on the lst to lOth harnonic
amplitudes \
Fourier asperity roughness based on the llth to 20th harmonic
amplitudes
Pore water pressure, or wave pressure
Overtopping discharge, per unit length of sea wall
Dimensionless overtopping discharge = Q/T- g H.
Volume of overtopping, per wave, per unit"'Iengfh of
structure
Superf ic ial  veloci ty,  or specif ic discharge, discharge per
unit area, usually through a porous matrix
Run-up Ievel,  relat ive to st i l1 water level
Crest f reeboard, Ievel of  cresL relat ive to st i l l  water
leve l
Run-up level of significant wave
Run-up level exceeded by only 2% of
Dimensionless freeboard = R"/T* (g
Average roughness of a surfice--'from

Ievel,  below which only 2% pass

sc
s
sm
SD

r
Tm
T* D

'Durat ion

t
+ + +t a r  t f  ,  t x

u"
U r o
u r v r w
l,I
X , Y , Z

(a1pha)
(be ta)
(gamma)
(de1ta)

(eps i lon)
(e ta )
( the ta)

CT
p
T
A

e
n
o

data R62g

Roughness va1ue, usual ly relat ive to smooth slopes
Dimensionless damage, Ao/Df;q6, ma! be calculated from mean
prof i les or separately For?'6ich prof i le l ine, then averaged
Sett,lement or compression distance
Wave steepness, H/Lo
Wave steepness for mean period, 2nHo/g T^2
Wave steepness for peak period, zfiH;/g t';,
Wave period
Mean wave period
Spectral peak period, inverse of peak frequency TX

of wave record, test or sea state
Time, var iable
Thickness of armour, f i l ter,  or other layer in direct ion
normal to face
Coef f i c ien t  o f  un i fo rmi ty ,  De o /Dto
Wind speed 10 metres above sea surface
Loca l  ve loc i t ies ,  usua l ly  de f ined in  x ,y ,z  d i rec t ions
Armour unit weight, = Mg
Distances along orthogonal axes

Structure front face angle
Angle of wave attack
Weight density = pg
Rerative buoyant density of material considered, eg for rock
=  ( O r l p * ) - l
Strain, relat ive displacement
Instantaneous surface elevat ion
Mean d i rec t ion 'o f  waves ,  usua l ly  to  g r id  nor th



I (Iambda) Geometric scale ratio in physical models; or penetration
length in set-up calculations

p (mu) Coeff ic ient of  f r ict ion
U(x) Mean of x
u (nu) Coeff ic ient of  k inematic viscosity v
t (xi) Surf similarity parameter, or Iribgrren number , = Eattd,/s^n
t. Modified surf palameter , = tano,/s h

p'(rho) Mass density,  usual ly of f resh *uB"t
pw Mass densitY of sea water
PpPg,Ps Mass density of roek, concrete'  armour

d BuIk density of material as laid
o-  (s igma)  S t ress
o'  Effect ive stress in soi l  or rubble = o-P
o(x) Standard deviation of x
t  ( tau) Shear strength of rubble or soi l
T (upsilon) Dimensionless damage = N;/N^, may be expressed as %

6 (phi)  Angle of internal f r ict i6n 6f rubble or soi l




