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Abetract

ilany deep water breakrvatera constructed in,the laet 2O-50 years are of
rubble sound construction, proteeted againat the effects of rave aetion by
concrete armour nnite. Ttrese units are oftea of complex ehape; Ttrey are
generally produced in unreinforced concrete ia eizee between around 2-50
tonnea depending apon the local water depth, the eeverity of the locel save
eonditione, and on the efficiencl and: stsbiiity of the unit type selected.
On any Particular project, unitc may codnonly be required in more than one
eize. ltaay different chapee have been ouggcsted, Uut data euitable for use
in design ie avai labte for relet ively few.,-  :

Over the last ten Jrears a significant, number of,relative,ly: new breakwaters
armoured rith concrete units bave been severely damaged. Ttre costs of the
repair or recoaatruction of these.etracturee ie often close to the original
construction coat, in the range C5U-850U per kilometre length. So,ae of
theee atructurea are in exceas of,. 2-3 hn1 and nlaay are.loaler.than 0.5 kmr
giving structure costs arouad'll0ll-f,1001[. ttre failure.rat; ,for breakwaters
is so high that the ineurance'industry regard them",ae eoneituting:a risk
around 100-1000 tiuee worae than a building.

One -of the na jor cootributi.ong,, to reeeat'',failuree has. been the displaceuent
and/or breakage..of the .concrete arnour unitei ,In perticular exceaaive
armour movement" eombined with the relative.fregil,ity of nany unreinforced
armour rrnits, .bave been identifted,as na,jor a^reea of seakness.

Thia reporlt sumarisee the, resnltc of a research s,tudy on the design and
performance of concrete arnour rrnite.. It includeg detaile.of hydraulic
model tests to identify armour unit movenent or dispLaceuent, ev€
reflections and Fun-up levele; calculation, of armour units loadsi new
mathematical and physical nodelling techniquea; aad analysis of data.'from
PrototyPe e:perieace. Ttre report includee regulte from a number of phyeical
uodel studieer a comprehensive list of refereneesn and a bibliography.

The report recomeads that design procedures for concrete ermour. units muat
include the identification of the loade applied ton and the strength of, the
armour units, and the report su'n'narises a number of appropriate nethode. It
ie further suggested that sl,ender units can only offei ti ltr tevels of
s tab i l i t y  i f  re in fo rced.
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NOTATION

A,  B  Enp i r i ca l  coe f f i c ien ts

a ,  b  r l

A Erosion area from cross-sect ione
B Structure width, in direct ion normal to face

CI ,  Cz ,  C.  Empi r i ca l  o r  shape coef f i c ien ts

C Coef f i c ien t  o f  re f lec t iont

Cr( f )  Ref lec t ion  coef f i c ien t  funcr ion

D par t i c le  s ize  or  typ ica l  d imens ion

D'  Non ina l  par t i c le  d iameter ,  de f ined as  (M/pc) t /3

D" Effect ive unit  diurension, usual ly pr incipar axis length

E E las t ic  modu lus

Ei Incident lrave energy

8 Grav i ta t iona l  acce le ra t ion

H Wave height,  f rom trough to crest

Ho Offshore wave height,  unaffected by shal low water processes
H" Signif icant wave heieht,  averaqe of highest one-third of wave

he igh ts

HrO l tean of the greatest 102 of the wave heights in a record
Hrr* Maximum wave height in a record

h Water depth

Ir Iribarren or surf sirnilarity number

Irr  Modif ied l r ibarren number

KO Damage coefficient in Hudson formula
k wave number, ?; l r l l . , ;  a lso armour layer packing coeff ic ient
L l iave length, in the direct ion of propagat ion

Lo Deep water or of fshore wave length, gT2l2n

M Armour unit mass

N, Number of armour units,  on the slope, or in an area of the
( t e s t )  s e c t i o n

Na Number of armour units displaced

No Number of uni ts displaced per D. width of structure
N" Stabi l i ty number, def ined as H"/A Oo

N, Number of armour units rocking

N, Number of sraves in a storm, record or test
n  poros i ty ,  usua l l y  taken as  nv

o.,  Volumetr ic porosi ty,  volume of voids expressed as proport ion

of total  volume



n Area porosi tya
a Overtopping discharge, per unit  length of sea wal l
q* Dimensionless overtopping discharge

go Volume of overtoppingr per wave, per unit length of

structure

qs superf ic ial  veloci ty,  or specif ic discharge, discharge per

unit area, ueually through a porous matrix
R Run-up level, relative to static water 1evel
R llean run-up level

R" Run-up 1evel of significant tave

RZ Run-up level exceeded by only 2fl of run-up crests
R* DimensionLess freeboard

Ragg Run-down Level, below which onLy 2% pass

r Roughness value, usuelly relative to smooth slopes

"ro 
I'Iaist to height ratio for the Dolos, usually around 0.33

S Dimensionless daoage level, defined as A./orrz

Si Incident epectral  energy density

S. Ref lected spectral  energy density

s Wave steepness, H/Lo

"* 
Steepness of mean period 2n H"lg T^2

"n 
Steepness of peak period, 2* H"/e Tr2

T Wave period

T, Mean wave period

tn Spectral peak period, inverse of peak frequency

Tn Duration of storm, sea state or test

ur v Flow veloci t ies, of ten orthogonal components of veloci ty
W Armour unit weight

WSO Median armour unit weight

cr Structure front slope angle

B Angle of wave attack

p Uass density,  usual ly of f resh water

p\tr Mass density of sea !f,ater

0. Uass density of rock

p. Mass density of concrete

A Re la t i ve  dens i ty ,  <& - r l
pw

T Relat ive damage, usual ly def ined as NU/N", but may be
(Nu +  Nr ) /Na

o Flexural  strength, of  concrete
f

o Compressive strength
c



1 . 1

INTRODTTCTION

Background
Harbour development on open or part ial ly protected
coast l ines general ly requires the construct ion of a
breakwater,  or breakwaters, to provide adequate
shelter f rom wave act ion to perni t  ef f ic ient operat ion
of the harbour. Ttre main types of breakwater
ident i f ied by Owen (Ref L) are dist inguished by rheir
uain construct ional mater ial  or method:

a) blockwork
b)  ca isson
c) rubble mound
d)  compos i te .

These four types are i l lustrated echematical ly in
Figure 1.1. Hydraul ical ly each type performs in a
dif ferent fashion. The di f ferent neehanisms for
dealing with incident wave energy are sunmerised in
Figure 1..2.  General ly sini lar forms of construct ion
are often used for structures in Less deep water,  such
as sea wal ls and coastal  revetments, and even for
reservoir embankment protection. The choice of
construct ional type wi l l  depend upon local pract icel
foundat ion condit ions; water depth; s i te layout;
construct ion plant,  mater ials and expert ise avai l .able;
speed of construct ion needed; and other local factors;
as  we l l  as  hydrau l i c  e f fec ts .

Whi lst  previously popular,  blockwork construct ion is
seldom now used for breaklrater construction. Caisson
construction is more conmonly used in Japan and in
other areas where durable rock is not easi ty
ava i lab le ,  o r  i s  economica l l y  unat t rac t i ve .
Descript ions of the design and construct ion of
blockwork or caisson breakwaters and sea wal ls are
presented by Owen, Goda, and Ronit i  et  al  (nefs 1-3).
These structure types are not dealt  with further in
this report .

Rubble mound breakwaters, sea walls and armoured
revetments are commonl.y used around the IIK and abroad.
They are part icular ly sui table where high levels of
wave reflection are undesirable. They may be armoured
with rock or special ised concrete armour units.  The
design, construct ion, and performance of rock armoured
s t ruc tures  has  been d iscussed prev ious ly  by  A11sop,
Powell & Bradbury, Allsop & I,Iood and, in a companion
volume to this report ,  by Bradbury et al  (nefs 4-G).
In many locat ions the natural  s ize of rock avai lable
wi l l  be l iur i ted to no more than 5-10 tonne at largest.
On many structures, part icular ly those in deeper



1 . 2 Outl ine
study

rilater, armour units of targer eize, and/or greater
hydraul ic eff ic iency, wit l  be necessary.

A wide variety of specialised concrete armour units
have been developed. ltoet are produced in
unreinforced concrete. Ihe concrete units most
conmonly used are cubes, nodified cubes, Tetrapod,
Stabit ,  and Dolos (plural  Dolosse).  Theee units are
i l lus t ra ted  on  F igure  1 .3 .

As harbour and other developments have increased in
extent, and have beea required in areas with little or
no natural protection from ocean wavea, it has become
necessary to built breakwaters in increasingly severe
hydraulic conditions. Even in relatively shallow
conditiona sea walls, embankmente and f,evetments may
be subject to oneroua lrave conditions. Over the last
10 years, Bome notable failures have occurred to
rubble mound structurea ermoured with concrete units.
Many of these are identified in the report on
breakwaters in deep water published by PIANC (nef 8),
although a number of recent examples have been omitted
frsn that report. The reaeons for damage on these
struetures vary widely. One aspect that has given
rise to considerable concern is the relative fragiLity
of slender unreinforced concrete units, particularLy
the DoLos and the Tetrapod.

this

Under a prograume of research at Hydraulics Research
on the design and performance of rubble mound
breakwaters a study nas therefore conducted to
identify the main linitetions to the performance of
concrete ermour units. It wae noted that research on
siuilar aopects was being conducted by other
laboratories and reeearch units, and it was therefore
decided to concentrate the limited resources available
on identifying:

a) cr i t ical  l i rni ts to performance;
b) appropriate design methods, and/or new modelling

techniques for use in design.

Whenever possible test results or other data from
other laboratories have been used to expand the
information available. It is noted however that
information on the performance of concrete armour
units is widely scattered, and often inconsistent and
difficult to check or verify. Information in this
report  is not Eherefore regarded as suff ic ient for
design purposes on i ts own.



The work descr ibed in this report  was subiect to a
number of s igni f icant modif icat ions during the course
of the project.  The or iginal  intent ion had been to
conduct a short literature review on the hydraulic
performance of concrete armour units; then to develop
techniques to measure armour movement during testing,
and to develop strength scaled mater iaLs; f inal ly to
conduct a ser ies of hydraul ic rnodel tests to descr ibe
the hydrautic performance of a lirnited set of armour
units. It was not original-ly anticipated that any
signif icant proport ion of the resources avai lable
would be devoted to rock armour.

Ear!.y work in the development of a video imaging
method for the measurement of armour movement appeared
to be successful. A number of nethods to produce a
strength-scaled material for model concrete lrere
explored and a plaster based mixture ident i f ied.
However early trial mixes lrere particularly
unsuccessful ,  with tr ia l  test specimens fal l ing apart
before they coul-d be loaded! During this period it
also became clear that the identification of armour
movement alone was unlikely to prove sufficient for
the design of any part icutar concrete armour unit ,  but
that aspects of the concrete strength and loading
frequency andlor intensity rnight predominate. Major
research programmes on the strength of concrete armour
units were underway in Denmark, Ho11and, and Canada,
each requiring considerable expertise and experience
in the design and performance of reinforced and
unreinforced concrete. The prograrnme of research was
therefore modified to include a wider review of the
results of these and other research progranmes. A
eeparate research progranne on the performance of
single layer ermour systems wittr trigtr porosity, such
as the Cob, Shedn and Diode units was initiated with
spec ia l i s t  co l tabora tors .

Finally it nay be useful to the reader concerned with
the design and performance of rubble mound structures
to note that the project, of which this study nas a
par t ,  has  a lso  addressed: -

a) the design, performance and durability of rock
armouring (Refs 4, 6,  g,  10 and l l ) ;

b) the hydraulic effects of breakwater croun wa1ls
(nee rz ) ;

c) the hydro-geotechnical perforrnance of large
mounds (nef  S) .



1.3  Out l ine  o f  th is
report

2 .1

The principal types of concrete armour unit, and
examplee of their use and performance in service are
described in Chapter 2. Chapter 3 reviews examptes of
the main data on hydrautic performance as given by
ttave run-up leveLs and wave reflections. A number of
sinple empirical methode are described alLowing the
calculat ion of run-up leve1s and ref lect ion
coefficients under random rraves.

The definition and measurement of armour movement, or
damage, is considered in Chapter 4. Examples of
empirical" methods to predict armour movement are
presented together with data on model test resuLts.
Chapter 5 examines the catcuLation of loads on arrnour
units and of the etrength of typical types. Some of
the l i rni ts to use of concrete units are discussed.

Chapters 6 and 7 draw together the main design methods
available, and the conclusions of the study.
Publ icat ions ci ted in the report  are Listed under
References, whilet others used during the study, and
relevant to the subject matter of  this report ,  ere
Listed in the Bibl iography.

TTPES AI{D T'SE OF
COI{CPGTE
ARIIIOURING

Class i f i ca t ion  o f
armour unit types

A wide variety of concrete armour units have been
suggested or developed for the protection of rubble
uounds. Approximately 50 different types are covered
by the wa1l-chart produced by Hydraulics Research
(nef tg) and rhe rable given by Feuiller er al
(nef Z).  WhiLsr thie table gives 45 arr i f ic ial
bLocks, only around 2L of them would nornally be
termed rubbl"e mound armour units. This proliferation
of armour unit types would appear to orf,e more to the
inaginative abilities of sone coastal engineere than
to Logical  procesees of design supported by
calculat ions. Of the rnany types suggested, relat iveLy
few are at all well supported by laboratory and site
data on hydraulic performance. Fewer sti1l have been
widely used. Even these vary wictely in shape,
placement, and performance.

The types of concrete armour units avaiLabLe are
therefore not easi ly classi f ied. I t  may however be
useful  to descr ibe 5 broad categories, with exampLes
of those units in more common use, or of fer ing



part icular advantages. The categories are drawn by
unit  shape, laying pattern, and performance:-

Category

Massive

Bulky

S lender

Single layer
bulky

Single layer
porous

Bl.ock Shape

Sinple, cubic or
rectangular

Complex, but
!f,ithout slender
linbs

In te rLock ing ,
legged

A11 returns
Excl Japan

Placing pattern

Random orientat ion,
two layer

Examples

Anti fer cube
simple cube

Regular posi t ion but Accropode
or ien ta t ion  genera l l y  S tab i t
random, one or two layer

Random or control led Dolos
orientat ion, two layer Tetrapod

Close- f i t t ing ,  Cont ro l led  or ien ta t ion ,  Tr ibar
general ly cubic one layer Haro
or hexagonal Seabee

Hol low cube Regular close placement,  Cob
one layer Shed

Diode

I'he relative frequency of use of each type may be
gauged from the listing of breakwaters given by PIANC
(Ref 8).  Ttre l ist  was based on a set of  quest ionaires
distr ibuted to coastal  engineers worldvidee but
suffered from very low response in many areas. Ttris
report  l ists around L63 breakwaters, embankments,
je t t ies ,  o r  re la ted  s t ruc tu res .  Of  these 1 .02  were
longer than l-00n and/or used uore than 1000 units.
Of the 102 larger structures, 30 were in Japan and
these were al l  aruoured with Tetrapods. This ref lects
both the popularity of the products of Nippon Tetrapod
Co Ltdr and the particularly good Japanese response to
the PIANC survey. It should be noted that it is not
possible to weight the frequency by number of units
used, as this infornat ion l ras often omit ted from the
returns. A simple indicat ion of the frequency of use
of Cubes, Tetrapod, Stabit  or Accropode, Dolos, and
rock can be gauged frour the number of structures
l i s ted  under  each un i t :

Rock Cube Tetrapod Stabit /Accropode Dolos

t07" Lsz 4tz
147" 2LZ L77"

L2Z
177"

2 2 %
327"



2 . 2 Examples of
armour units

2.2.L t lassive armour units

Uassive arnour units, such as plain or grooved cubes,
resist  wave forcee pr imari ly by their  uni t  weight.
Unless laid as a pavement, euch blocks generate
relat ively l i t t le inter lock. Conversety, on steep
slopes it ruay be difficult to prevent cubes or similar
blocks from sliding downslope to form a closely packed
layer. Such an armour Layer will give rise to greater
run-up, overtopping and reflections than would a more
open placement. In some instances considerabte effort
has been expended to provide a rough underlayer,
specificalLy to promote random orientation and open
packing of the armour layer. An example is discussed
by Groeneveld et al (Ref 98) who describe the
deveLopment of the Robloc unit to form such an
underlayer.

Massive blocks are general ly hydraul ical- ly ineff ic ient
and require Large unit sizes for given levels of wave
attack and armour movement. It has been suggested
that their bulky shape ellows relatively high levels
of movement to be tolerated, balancing to some extent
their relative inefficiency. It is aLso claimed that
their simple shape reduces fornwork costs (surely very
margiaal on a project of  any size),  and speeds up
casting. Ilovever l-arge conerete blocks, 40-90 tonnes,
have been found to euffer from cracking arising during
casting and setting, and are reLatively prone to
failure under impact and/or fatigue (tefs 14-16, 25).

2.2.2 Bulky armour units

Bulky interLocking units such as the Accropode or
Stabit  are general- ly la id in a singte tayer,  with
close packing and random orientation. A relatively
tightly packed annour tayer is produced. Both units
have approximatel-y similar hydraulic performance and
stabi l i ty.  The unit  weight of ei ther night be
expected to be around 6O7. of a cubic unit for the same
wave conditions. Taken with some further saving of
concrete in the single layer placement, both units
have been claimed to offer significant savings over
other types. Both of these units have been patented;
the Accropode by Sogreah in Grenoble, and the Stabit
by Sir Willian Halcrow & Partners in London.

The Stabit  rras developed around 1960 with the f i rst
use at Benghazi,  Libya in 1961 (nefs 77, 18).  I t  may
be estimated from the PIANC report (Ref 8) Lhat around
210000 stabits have been placed on about 11
breakwaters. Recent ly around 4000 23 tonne Stabits



were used to arrour the new breakwater at Douglas,
Is le of I ' {an.

The Accropode was developed by Sogreah around L979.
By 1986 about 36000 units had been placed on around 15
structures (nef tg).  The strength of the Accropode
has been examined by some simple finite element stress
model l ing at the Universi ty of Grenoble. This is
discussed further in Chapter 5.

Other units that uay be included in this category are
the Gassho block, patented by Toyo Construction Co in
Japan, and used in sizes between 2 atd 8 tonnes on
approximately 30 structures (up to 1981);  and the
Akmon, patented by the Rijkswaterstaat in ltoLland.
The Akmon was first described and compared with other
units by Paape & walther (nef zo).  webby (net zt)
describes modeL tests of repairs to an embankment at
Wellington, New Zealand, armoured with 10 tonne
Akmons, and damaged in a storm in 1972.

2.2.3 Slender armour units

SLender interlocking units, such as the Tetrapod and
Dolos, appear to offer a significant advantage over
other types of units by virtue of their high level of
stabi l i ty under wave act ion. They offer high porosi ty
when laid in double layers, giving good run-up and
ref lect ion performance. A high level of  inter lock is
generated between units,  hence al lowing relat ively
l ight uni ts to resist  large rraves. Laboratory tests
during the development and earLy use of both units
indicated signi f icant ly better resistance to a given
leveL of wave attack than for other units available at
rhe t ime (Refs 22, 23).

The Tetrapod was developed and patented by Neyrpic in
France in 1950 (Ref 24).  The Tetrapod has been used
in sizes from around 0.25 tonne to 50 tonnes'  on
coastal- protection structures and breakwaters
worldwide. The Tetrapod has been particularLy popular
in Japan where Nippon Tetrapod Co are the sole agents
for the use of the patent, and natural rock of
appropriate quality is very scarce. Recentty a number
of Tetrapod armoured breakwaters have been damaged.
The most notabl-e examples are Arzew El Djedid,
armoured with 48 tonne units, and Tripoli, using 14
and 19 tonne units (nefs 25-29).

The Dolos unit was deveLoped by Eric I'terrifield, the
engineer to the East London harbour in South Africa.
The earty development and testing is described by
Merr i f ie ld & Zwamborn (Refs 30, 31).  The Dolos was
specif ical ly not patented in an attempt to al tow i ts



wider use. Whi lst  successful  in this,  the lack of a
patentee has resulted in develop'rnent occurring in a
piecemeal and uncoordinated fashion. Rubble slopes
armoured with Dolosse have been tested in many
laborator ies, but part icular ly at the US Waterways
Experiment Stat ion. Test ing using regular waves led
to suggest ions that stabit  i ty coeff ic ients up to
KO = 31 could be contempLated in design (nefs 22,23).

The Dolos has been used in the UK and elsewhere. In
the UK i ts use is conf ined to two si tes: the A55 coast
road in north tJales, and the sea wa11 and breakwater
at Torness in southern Scotland. The 1.6km embankment
to the A55, descr ibed by Lunniss (Ref 32),  is armoured
with 5 tonne Dolosse in two layers at a 1:2 slope.
The design inshore significant wave height is around
5n. At Torness both the 1.5km sea wa1l and the 170n
long breakwater are armoured with Dol-osse, at 5.4
tonne and 13 tonne respectively (Ref 33). ttinisral-
levels of unit breakage have been observed on either
o f  these s i tes .

Elsewhere a number of breakwaters have suffered damage
and breakage of Dolosse. ltre ?IANC report identifies
around 11, with unit  s izes ranging from 2.0t to 50t
(nef g).  of  the l isted instances of fai lure, 272
involved units smal ler then 5t,  452 units less then
10t, and. 647. involved Dolosse less than 15t. Magoon &
Baird (nef :+) identified armour movement as
contributing to breakage and armour Layer failure in
L977. They discussed the extensive breakage of 5 and
8 tonne Dolosse at Baie Comeau, Canada, in a storm in
October 1976. Breakage of 2 tonne Dolosse at
CleveLand, Ohio has aLso been discussed by Pope &
CLark and Markle & Dubose (Refs 35, 36). The damage
to 42t uni ts at Sines, and the 50t dolosse at San
Cipr ian, has been discussed very ful ty elsewhere
(ne fs  37-39) .

2.2.4 Armour placement

The three categories of uni ts discussed above are al l
generally laid to a fixed pattern but with random
orientation. An exception to this is the practice in
Japan of placing Tetrapods, and other units such as
Gassho bLocks, to a very t ight ly control led pattern
and or ientat ions. The last two categories (see
Sect ions 2.2.2-3) include those units general ly la id
in a single regular ly-placed layer.  These units rely
heavily on close placement, and hence good interlock
or inter-block fr ict ion, to generate restraining
forces. r jn i ts laid in regular pl-acement in a single
layer may be considered under thro categories, as
before, bulky or slender.



2.2.5 Single layer armour

Ttre two most typical bulky siagle layer units are the
Tribar and the Seabee. Ttre Tribar was developed and
patented by Robert Palmer, originally for use in
Hawai i  (ner ao).  The Tribar has been used on
breakwaters and revetments in the U$A and Auetralia.
Thompson & Abernethy have reviewed oone regular wave
studies with Tribars, and report results of random
weve tests (ner 4t) .  Fudson and Baird & Hat l
(nefs 42, 43) give some details of experience with
Tribarsn citing instences of danage to both
un-reinforced and reinforced units. The Seabee,
essent ial ly a hexagonal pipe with a cyl indr ical
centraL void, has been developed by Chris Brown
(nefs 44, 45). Seabees have been used on a number of
breakwaters and sea wall revetments. They have proved
very stabLe when close placed.

Nagai (nefs 51) descr ibes two types of regularty
placed blocks, the hollow square and the N-shaped
blocks. Each can be laid in single, or double layer.
Both of these units were reinforced. Examples of use
ltere not reported but it ia believed that these, or
similar, have been used on a number of coaetal
revetments, Nagai suggests that KO = 13.5 may be used
in design.

The Haro is approximately reetangular in plan with
tapered corners. I t  is pierced by a vert icat central
opening. The block height is 802 of the narrow side
length. The Haro has been used on the inner
breakwatera at Zeebrugge laid in two layere. It is
clained that the llaro is significantly more robuet
then slender units, dolos or tetrapod, and more
economicaL than cubic blocks. De Rouck et al report
the deveLopment of the llaro and some model tests, but
had not then completed laboratory testing (nefs 52,
s3) .

The final category of rubble mound armour units
considered includes al l  those of high-poroeity laid in
regular placement in a single layer. In the IIK the
examples of this type are the Cob, Shed, and Diode
(nefs 46-50).  These units offer coneiderably greater
relat ive stabi l i ty than most other types, together
with good run-up and reflection performance. These
units are the subject of a further research study, and
are not eovered in this report.



3 HYDRAT'LIC
PERFORUANCE

3.1  Genera l
A sea wall or breakwater armoured with concrete ar:rnour
units wi l l  exhibi t  hydraul ic perforrtrance that is
general ly sini lar to that of  t t re equivalent rock
armoured structure. Some types of concrete armour
unit are more open and permeable to wave action than
rock armouring, and reduced run-up and/or reflections
may therefore be expected. Conversely bulky armour
units such as cubes have sometimes been placed very
closely with low armour layer porosi ty,  and hence
higher run-up levels and wave ref lect ions l r i l l  result
than rnight be predicted.

The influencea of the underlayer and core permeability
must also not be ignored. I' lhere the lower layers in
the structure are less permeable to rrave action,
ref lect ione of longer weves wi l l  be greeter.  this rnay
arise when a very efficient ermour unit is used on
snal l  s ized underleyers or core mater ial .  Sone
mathematical modele of wave-induced flows in porous
mounds nay allorr qualitative eomparieons of this
effect.  I t  is noted however by Al lsop & Wood (Ref 5)
that no Eteesuremente of in-situ permeability, or even
porosi ty,  ere avai lable, nor have the standard
formulae relating perneability to the ruain flow and
mater iel  parametere been cal ibreted against the
resulte of ei ther f ie ld or large-scale laboratory
inveet igat ione. t i t t le quant i tet ive guidance is
avai lable on the effects of underlayer siae, grading
or thickneas on any of the main hydraulic
charec ter is t i cs .

3.2 !{ave ref lect ions
I, Iaves ref lected from a coastal  gtructure may interact
with incident waves to give a confused sea in front of
the structure, v i thin r f i ich occasional steep and
unstable rraves may cauEe s€vere hazard to small boats.
Reflected naves may also propagste into areas of a
harbour previously sheltered from wave action. Ln
most instences the reflection of wave energy from a
structure wi l l  lead to increased peak orbi tal
veloci t ies at the sea bed in front of  the structure,
increasing the l ikel ihood of general  bed erosion
and/or  loca l  scour .

Wave ref lect ions are often described in terms of the
ref lected wave height.  The rat io of the ref lected
wave height to incidenr height wi l l  g ive a coeff ic ient
of ref lect ion. In regular wave terms this may be
wr i  t ten :

C r = H r / H i
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In random traves it will be more precise to define the
ref lect ion coeff ic ient funct ion, Cr(f) ,  over the ful1
range of wave frequenciee considerEd. General ly the
total- reflected and incident energiee, E" and 81, are
compared:

I

c'  = (E, /n)z

The reflection performance of any particular structure
will depend on the structure geometry and upon the
incident wave conditions. Many different methods to
estimate reflection performance have been discussed by
A11sop & Hett iarachchi (Ref 54).  For simple rock
armoured atructures, the reflection performance may be
character ised by the coeff ic ient of  ref lect ionl  C"r
calculated fron:

Armour
unit

Dolos
Cobs
Tetrapods
or  S tab i ts
Sheds or
Diodes

Wave
act ion
tes ted

Regular
Regular
Random

Randoo

r  . 5 -3 .0
t . 33 -2 .5
I  . 33 -2 .0

1 .  33 -2 .0

1 .5  < I r<5  .5
1 .5< I r<4 .5
2 .5< I r r  <6 .0

(3 .1 )

0 .55  10 .0
0 .50  6 .54
0 .48  9 .62

^  -  a T t Z

" 
- 

fl[J
where a and b are enpir ical  coeff ic ients;  C.,^ is the
coeff ic ient of  wave ref lect ion, def ined in ierms of
wave heights; and Ir is the Iribarren number,
tanc,/arz' The reflection performance of Dolos
armoured slopes under reguLar wave action has been
determined by Whillock & Thompson (Ref 55). The
resulte of those tests have been re-presented by nany
other researches, ineluding Gunbak (nef S0),  and
Losada & G-Curto (Ref 57).  Whi l lock & Ttrompson's
results have been analysed again, together with
Sticklandt s meesurements of refleetions from Cob
armoured slopes (nef Sg),  and are presented in Figures
3.1 and 3.2. Random lrave test results for Tetrapods
and Stabits, and for Sheds and Diodes, fron Allsop et
al (nef 0O) and Al"Lsop (Ref 50) are presented in
Figures 3.3 and 3.4. Enpir ical  equat ions of the forn
given above have been fitted to the data end the
results are surmarised below:-

Range of Range of Coefficients in
slope angles Ir  or I rr  equat ion 3.1

a b

3 ,0< I r r  <6 .0  0 .49  7 .94

1 1



3.3 tlave run-up
the prediction of wave run-up levels on armoured
rubble -slopes has been discussed previously by Al leop
et a1 (nefs 59-50).  Sinple empir ical  predict ion
equatione for 2Z and significant run-up levels, R, and
R" respect ively,  nere suggeeted for permeable slopes
armoured with cubes or Tetrapods. these were
presented in ferrns of the rnodified lribarren number,
Irr  = tanc,/soz:

for Tetrapods,

R"1H"  =  1 .32
R2 /Hs  =  1 .83

and for cubes,

R" {H"  =  1 .07  [ r -exp  ( -0 .+S  r r ' ) ]
R2 /Hs  =  1 .52  [ l - exp  ( - 0 .34  I r ' ) ]

Where i t  was possible to check, A11sop et al  (nef e)
found reasonable agreement between their measurements
of R"/H" and reguler wave test measurements of R/H.
They also found that the 2Z run-up 1evel R* was
reasonably wel l  descr ibed by:

I l -exp  ( -0 .31  r r ' ) l
I r -exp  ( -0 .30  r r ' ) ]

( 3 .2 )
(3 .3 )

(3 .4 )
(3 .5 )

R Z  =  1 . 4  R " . ( 3 .6 )

4 ARUOUR T'NIT
I.{OVEI{8NT / STAB ILITY

4.L  Def in i t ions  o f
displacement and
movement

One of the principal concerne of the designer of a
rubble breakwater ie to ensure adeguate stabitity of
the armour units on the front face of the structure.
This is generally deemed to be achieved when the tevel
of armour unit displacement remains below an accepted
threshold. Recently, breakage of concrete armour
units has been accepted as a major contribution to
armour layer faiLure. Ttris chapter coneiders the
movement and displacement of concrete armour. The
breakage of concrete units is treated separately in
Chapter 5.

To date the main method of predicting movement and/or
displacement of armour units has been the hydraulic
scale model.  Def ini t ions of uni t  displacement or
movement, often termed damage, have been drawn from or
strongly infl-uenced by physical model test procedures.
I t  must be noted that def ini t ions of daoage di f fer
between researchers, laborator ies, and even for
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dif ferent armour units.  The values cal-culated may
depend upon the stope angle, af,mour layer thickness,
design wave height, length of armoured stope, and even
the width of the test facility. Comparisons between
values presented are extremely difficult and rmrst
often be limited to an identification of a "no damage"
condit ion.

The sinplest definition of armour damage ie given as
the number of armour units fully displaced from their
or iginal  posi t ion, Nr,  expressed as a Percentage of
the total number of inits in the armour, Nr. This
definition of damage was adopted by Hudson for
concrete armour units,  and is impl ic i t  in the uie of
the lludson damage coefficient, Kr.,. In some instances,
the totaL number of armour units-used are those laid
in a specified zone above and bel-ow the statie atater'
level. The extent of this zone is usually related to
the design ltave height. ALternatively the number of
units displaced, N, l ,  can be expressed as the number
displaced over eacfr  width D. of the slope. This
definition of damaB€r Nor i's' l-ess dependent on model
var iab les .

The definition of damage by reference to the
proportion or percentege of units displaced may be
extended to quantifying those displacedr or even
moving, within certain ranges of dimension or ang1e.
Owen & Allsop (Ref 61) have suggested five movement
categories to be used in hydraul ic model tests:

O - no discernible movement
R - unit observed rocking, but not permanently

displaced
- unit  displaced by up to 0.5D
- unit  displaced by betreen 0.5 and 1.0D
- unit  displaced by more than 1.0D.

In these definitions an actual dimension typical of
the unit  s ize was used, D = Do. Partenseky (nef 52
and 63) has extended this appioach by suggesting size
categories and attaching a weighting factot to each
category. Those for doLos units may be wri t ten:-

1
2
3

Category Rotat ion Displacement !ileighting
factorr tr'I3

Very small- I
ol5 4
D l6 -D l3  9
D l3 -D lz  16
Dl2-D 25
>D 36

1
2
3
4
5
6

<5"
5 -15"
1 3-30 '
30-45 "
45-90"
>90 "
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The numbers of units in each category are aasessed as
a percentage of those in the zone 1.5 Ho above and
below the stat ic nater level.  The overi l l  damage
index, J, is determined by summing the weighted damage
in each category.

An al ternat ive approach that nay be more appropriate
to rip rap and rock armour is given by defining danage
in terms of the cross-aect ional area of urater ial .  -
removed from a zone on the slope around the rrater
leve l .  Th is  vas  or ig ina l l y  used by  Hudson (Ref  64) ,
and subsequently adopted and refined by Ahrens
(Ref 65),  Thompeon & Shurt ler (Refs 66 & 67) and Van
der Meer (Ref 58).  The eroded area, A.1 on 8
crosa-e€c t ion  is  meaeured by  pro f i l i ng- the  s lope
before  and a f te r  a  tes t  (see  F ig  4 .1 ) .  Areas  o f
eroaion can then be ident i f ied for each prof i le l ine.
A dinensionless damage level1 S, may be def ined using
the nominal armour unit diameter:

s = A./Drr2 (4 .1 )

where  oo  =  ( ! ) r rs

This rnethod has been used in a number of model
invest igat ions, al though general ly for rock armouring.
I t  is relat ively sinple to execute, and can easi ly be
autouated in the laboratory. The ident i f icat ion of
sna l l  un i t  d isp lacements  i s  d i f f i cu l t ,  par t i cu la r ly
with inter locked and randomly or ientated units.  I t  is
l ikely that this method of neasuring and def ining
damage will remain appropriate only to units tolerant
of s igni f icant movement.

4 .2  Ouant i f i ca t ion  o f
armour movements

It i€ expected Chat ermour layers on all rubble mound
atructures wi l l .  suffer some deforuat ion, sett lement or
adjuetment.  I t  wi l l  be shown later that the magnitude
of eueh Bovements nust be linited for some concrete
ar:rmour unite to avoid structural failure of the units,
and consequently of the armoured slope. The extent
and magnitude of these movements may be predicted by
hydraul ic model tests,  ei ther specif ic to the design
concerned, or of  a more general  nature. The qual i ty
and appLicabi l i ty of  the measurements wi l l  depend
priurar i ly upon:

a)  the  s ize  and soph is t i ca t ion  o f  the  tes t
f a c i  I  i t y ;

b) the equipment and methods used for measuring
movemenf;
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c )
d )

the  mode l  eca le  se lec ted ;
the absolute resolut ion required in the design.

The feci l i t ies commonly used for design studies for
rubble structures may convenient ly be divided into
th ree  ca tegor ies : -

a) very large f lumes generat ing l raves in excess of
Ho =  1 .0 rn ;

b) cSnvent ional laboratory vave f lumes generat ing
naves up to about I Io = 0.3m1

c) laboratory l rave basins, generat ing long-crested
vaves up to about H" = 0.3m.

In the very large f lurnes, model scales of around
1:10-15 rnay suff ice for many breakwaters, wtr i let  sea
wal ls  may be  tes ted  a t  sca les  around 1 :1-5 .  These
faci l i t ies are extremely cost ly to run, requir ing very
large quant i t ies of mater iel  and other resources. A
number of special ised studies have been, and cont inue
to be conducted in such faci l i t ies, but they are
relat ively seldom used for design studies. Examples
of such f lumes have been buiLt in Hol land, Germany,
the USA, and Japan. In conventional wave flumes and
bas ins ,  b )  and c ) ,  mode l  sca les  o f  a round 1 :30-50 are
general ly appropriate for breaknaters, rr i th sea wal ls
and s imi la r  s t ruc tu res  o f ten  tes ted  a t  1 :10-L5 .

The measurement devices and procedures used to
quant i fy the movemente and displacements discussed
above have been previously descr ibed by Owen & A1lsop,
Owen & Briggs, Partenscky et al ,  and others
(nefs 61-53, 69).  Those most commonly used nay be
summarised: -

a) direct v isual observat ions, recorded in wri t ing
and/or on a tape recorderl

b) v ideo recording, run cont inuously or
interni t tent 1y;

c) c ine f i ln,  again oade cont inuously or as single
frames tr iggered by a sui table receding \rave;

d) st i l l  photographs, usual ly 35mn, taken before and
after each part  of  the test,  and pr inted as
transparent overlays.

Other devices may be used to quant i fy the effects or
consequences of movement,  such as accelerometers, load
transducers, and/or strain gauges. Accelerometers are
expensive to obtain and deploy, and are relat ively
large in relat ion to most model armour units.  Their
use has therefore been conf ined to a few studies in
the very large f lumes. A major disadvantage is that
data is only provided from those units instrumented.
Many units must be so equipped to ensure stat ist ical
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val idi ty for the results.  This aLso appl ies to the
load measuring devices. These are, however,  of ten
rather lese expensive than an accelerometer, allowing
more instrumented units to be deployed. The use of
load measuring devices is discussed in Chapter 5.

The measurement or assesgment of armour movement may
be made continuously during a test, and try before and
after comparisons. Owen & AlLsop (Ref 61) advocated
the use of 35m uonochrome photographs taken before
and after each test part from a point perpendicular to
the drained slope. These photographs are then printed
as transparent overlays and analysed manually in
pairs. In laboratories in Canada and South Africa,
movementa have comnonly been identified from single
shot Snrn cine fiLm. Each frame is triggered by a
puLse from a wave mea€uring device eet to detect a
wave dropping below a pre-set 1eve1 on the slope. In
most instancea these measurements have been
supptemented by visual observations made through the
glass sides of the f lume, and frm above (nef 113).

Recently these various methods have been compared in
tests at the Franzius lnst i tute, Universi ty of
Hannover. Partenscky and co-workere (nefs 62163)
report tests in a conventional wave fLume using
concrete Doloese, cubes, and Tetrapods, and eome
aluminium Dolosse. During the tests both continuous
video recordings and single frame cirre film were
taken, supplimented by vieual observations. the test
sections were also photographed before and after each
test on 35mm monochrome fi1n. In these experiments
the photographs were then printed as positive and
negative overlays. They were then analysed uanually
to determine displacementa in categories 1-6, defined
in Section 4.1 above. In considering the various
methods used, Partenscky et a1 concluded that the
overlay method was considerably better at evaluating
movements. It was noted that even small movementa
were easily recognised on the overlays, and at no time
were rocking motions observed or recorded during the
te6t that did not also result in some noticeable
displacement in the overlay photographs. It may also
be noted that the resolution of good quality 35m
black and white filn far surpasses that of 8"- cine
filn or professional quality video recordings.

A possible disadvantege of the overlay photograph
method ie the requirement for a high level of skil1
and consistency in the analysis,  i teel f  a ssmewhat
repet i t ious task. During studies covered by this
report an attempt was uade to overcome some of these
disadvantages by the use of a relatively inexpensive
computer-driven video image proceasor. This attempt
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4 . 3  T e s t  r e s u l t s

was not ent i rely successful ,  and a number of
signi f icant l i rni tat ions r"r"  id"rr t i f ied. The
experiment did however demonetrate that automated
processing of single frame video images would be both
possible and useful ,  when suitable eguipment became
avei lable at a reasonable cost.  A descript ion of
these experiments is given in Appendix l.

As indicated previously there are often wide
variations in damage definition and meaaurement, and
in test procedures. These variat ions make i t
di f f icul t  to compare resutts fron di f ferent si te
specif ic studies, and between di f ferent laborator ies.
In generaL model test data wi l l  exhibi t  considerabLe
scatter.  This is due in part  to the stochast ie nature
of random wavee, the effects of di f ferent foreshore
bathynetry, and to spatia!. variations in armour layer
construct ion. This lat ter is part iculsr:Ly i rnportant
for those units that use interlocking to resist
movement,  as relat ively enalL var iat ions in att i tude
and posit ion vi l1 lead to signi f icant changes in
apparent stabi l i ty.  As a result  i t  is seldom possible
to compare directly measurernents of damage from
dif ferent studies. A number of s imple empir ical_
expressions have been advanced to describe the
conditions at the onset of damage, and in a few
instances, the change in armour movement with changes
in wave condition, chiefly wave height. Many of these
formulae have been discussed elsewhere. l{ost of the
empirical formulae were originally derived for rock
armouring, see Bradbury et al (nef O). Very few have
been developed specif ical ly for concrete armour units.
The most colrmonly used general expression is that
developed by }ludson (nefs 22,42,64) which may be
written to give the Eypical armour unit size:

p ^  H 3
M = -

KO cotc A3
G.2)

Where M
pc
H

s mass of armour unit
= density of concrete
= a rrave height, often taken as the

signif icant nave heightr Hor or mean of the
h ighes t  one ten th ,  Hrn ;

=  a  r rs tab i l i t y r t  coe f f i i i en t
= the structure slope
= re la t i ve  dens i ty ,  (p^ / * )  -  t
=  dens i ty  o f  (sa l t  o r  FreEt r )  l ra te r .

KD
ct

A
Pril

The expression may a lso be re-wr i t ten in  terms of  a
dimensionLess wave height :
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uq
where Dr, = the nominal unit

(4 .3 )

.  r /3
dianeter ( t l lp.)  -

lhe lirnitations of the Hudson formuLa heve been
identified at length in the Shore Protection Uanual
(nef ZZ) and eleelrhere. It is well accepted that the
widespread uee of the Hudson formula and stability
coeff ic ient,  Kgr owes lese to the adequacy of the
formula than to the availability of test data
presented as val-ues of Kr.r. It has become comnon
practice to determine a nzeto damagett value of KO for
0-52 extract ions. In the use of such values of KOr i t
has been inplicit that displacement of more than 0-52
wiLl  const i tute the most important,  and l ikely,
failure condition for the armour l-ayer. As will be
shom l"ater, this is often not the most important
p r o c e 6 s .

Many researchers have suumarised the results of
hydraut ic model testse and occasional ly prototype
experience, by using the Hudson formula and
calcul-ating appropriate values of Kr.r. In some
instances the results of di f ferent I tudies, together
with site experience, have been assembled to give
valuee of KO suggested for use in design. These
values mav often reflect more caution than those
derived direct ly fron test results.  Ini t iaLly al l
test reeulte were based on regular rraves. Values of
Kg for concrete armour units under either breaking or
non-breaking waves for 0-52 extractions are given by
Hudson (Ref 42), summarising regular wave test
r e s u l t s :  -

= (tro .oto) 
l /3

Unit

Tetrapod/ quadripod
Tribar
Modified cube
Doloe

KD
non-breaking

8 . 3
1 0 . 4

7 . 8
2 5 . 0

breaking
7 . 2
9 . 0

2 2 . 0

The rates of damage with increasing wave height for
Dol.oe, Tetrapod, and Tribar are given by Carver &
Davidson, Hudson, and the Shore Protectioa l.fanuaL,
(nefs 22,23 & 42).  czerniak er a1 (R.ef 70) also
report the resulEs of regular wave teats by Tetra
Tech, on Dolos armoured slopes. For 2.52 extract ions,
they recornurended K, = 20 with a packing coefficient,
k = 1.2. They argue that the rate of increase of
damage with increasing wave height is relatively low.
They include the units displaced, Nd, together with
those rocking, Nr,  as a proport ion of the total  number

1 8



o f  un i t s ,  No ,  and  sugges t  t ha t  damage l  T1
for  any wav6 height ,  H,  by:

N ; + N -
r  -  "dN;  " r  =  0 .053 ( r .+ tz  

h  
-  t l

Units

Tetrapod /quadripod
Tribar (random placed)
Modif ied cube
Dolos

Rock
Grooved cubic blocks
(Ant i fer cube)
Modif ied cube
Tetrapod
Accropode
Dolos

non-breakr.r, 
*o 

breaking

may be given

( 4 .4 )

7 .O
9 .0
6 .5

15 .8

9 . 5
24

where I lpr the design \rave height,  is given by using
the Hudson formula with XO = 20.

Regular vave test ing was also conducted for the Stabit
ermour unit, froro which a value of K- = 25 was derived
(Ref 18).  I t  may be noted rhat rhe f iesigners rhen
suggested that a factor of l_.5 be appl ied in design,
reduc ing  the  suggested  va lue  o f  KO to  16 .8 .

The values of Kr. ,  given in the latest edi t ion of the
Shore Protectiofr ttanual (Ref 22) may be summarised for
the more commonly used concrete units on a structure
trunk under either breaking or non-breaking ldaves.

8 .0
10 .0
7 .5

31 .8

The SPM appl ies a number of caveats to the values.
Two are of part icular interest here. In relat ion to
the Dolos unit  i t  is suggested that the value of Kr. , ,
should be halved for no rocking (wr/W, < 2Z),  c i t i f ig
the work of Zwamborn & Van Niekerk-(R6f 71).  I t  is
also suggested that the appropriate ! i lave height to use
in the Hudson formula should be the mean of the
h i g h e s t  L / 1 0  w a v e s ,  H t ' .

A  s in i la r  se t  o f  resu l ts  a re  g iven by  Feu i l le t  e t  a l
(Ref  7 ) ,  who or ig ina l l y  suggested  the  use  o f  Hro :

Unit KD
Damage leve l  (Z)
0 - 1  1 - 5  5 - 1 0  1 0 - 2 0

3 .2
I

6 .8
8 .3
10

2244

5 .1
13

7 . 2
1 8
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Schol"tz et al  (nef ZZ) discuss changes to the rat io of
Dolos waist  thickness to the unit  length, the waist
ratio. They note that some advantage in strength may
be gained by increasing the waiet ratio for Dolosse
from the customary value of around 0.32-0.33r but that
this rnay reduce the hydraulic stability. They suggest
that for units less than 40 tonne the waist ratio
should be given by:

r ,  =  0 .34 6o) t " ( 4 .5 )

Hydraulic model test results however suggest that for
r . . ,  > 0.33 the stabi l i ty reduces dramatical ly.  For
r]  = 0.38 Scholtz et al  suggest that Kn should be 2O7",
r f ,a for r  = 0.48, 602 lower than for r"= 0.33.

Somewhat different conclusions are drawn by Burcharth
& Brejnegaard-Nielsen (Ref 73) who tested Dolosse of
w a i s t  r a t i o s  0 . 3 2 ,  0 . 3 6 ,  0 . 4 0  a n d  0 . 4 4  o n  a  1 : 1 . 5
stope with random waves. They argue that the f,udson
formuta is inappropriate to the Dolos unit, and
present their  damage results for both displaced and
rocking units against H* and No3, wher.  N" = I Is/ADn.
They conclude that hydraul ic sEabit i ty decreases with
increasing waist  rat io,  but only for unreal ist ical ly
high degrees of damage. At level-s of movement likel"y
to be acceptable from reaaons of armour unit strength,
they concLude that no reduction of tc' with increasing
values of r is needed. They note, however, that a
displacement of 5Z corresponds to around 10% rocking
at Ko around 6.5-7.5, where Ko is caLculated using
H 8 .

Partenscky and co-workers (Refs 62163) report the
results of random ltave teste on cubes, Tetrapods and
DoLos, using the more comprehensive damage classes
d iscussed in  Sec t ion  4 . t .  The i r  resu l ts  show
considerable var iat ion in val-uee of Kr. ,  due, i t  is
bel ieved, to wave period effects and Ehe inf luence of
foreshore bathymetry.  ?artenscky et al  suggest values
of K,., for design, together with the raflge and median
of t f rose calculated direct ly from the hydraul ic model-
r e s u l t s :

Unit Kl)
Range & median Value

measured recoruuended

Cube
Tetrapod
Dolos

9  . 5 - 2 2 . O
5 . 9 - 1 0 .  6
7  . 6 - 2 3 . 1

12 .5
7 .5

11  . 8

7 . O
7 . 2

1 0 . 0
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In the analysis of test results i t  was [ot iced that
the relationships betveen occurence of sma11 and
large movements was consistent between armour units.
A mean frequency distribution was fitted to the damage
classes, and is reproduced as Figure 4.2.

A ser ies of random wave tests on a 1:1..5 Dolos
armoured slope, mentioned previously by Shuttter
(nefs 74175),  have been re-analyeed for thie project.
The tests were intended to explore the relative
effects of short and long crested wave att,ack, and the
variat ion between repeat tests.  Ttre test procedures
and results are deecribed in Appendix 2. For this
project the results have been described in terme of
two dimensionless parameters. As before, the wave
height, Ho, has been scaled by the nominal armour
diameterr-D,rr  and the relat ive deneity,  A. The
damage, T =-Nd/Na, has been scaled by N_8. This
scal ing does seem to give a reaaonable i lescr ipt ion of
the results.  The values of scaled damage are plotted
against the dinensionl-ess wave height for the long and
short-crested seas in Appendix 2. Considering a
design exampte of 2.52 extract ions in a storm of 3000
waves, these results suggest a dimeneionless lrave
he igh t ,  H . /AD-  =  2 .5 ,  in  tu rn  equ iva len t  to  Kr , ,  =  l l .7
fo r  the  l i l .5 "s tope tes ted .  These tes t  resu lEs  can
al-so be presented in terms of the N^ damage paraueter
used by van der ueer (Ref 76),  and def ined earl ier in
sect ion 4.1. Not ing that the Dolosse ueed in these
tests have a nominal diameter D- - 0.0304rn and the
total  width of the test sect ion"was 0.85rn, i t  can be
shown that for these tests No = 27.9 Nd/Na.

Random nave teste on the stability of rubble slopes
armoured sith cubes, Tetrapods, or Accropodes, have
been reported by van der Meer (Ref 76). Armour
movement for cubee and Tetrapods is presented in terms
of the damage Level, No, number of waves, N*, and the
mean sea steepness, Ir i

fo r  Te t rapods a t  co tc ,  =  1 .5 ,

H"

A D,,
=(3.rrF+0.85)# G.6 )

Q . 7 )

fo r  cubes  a t  co tc  =  1 .5 ,

H"

A D,,
=(6.r#+r.o)#

2T



During the tests it was noted that the start of damage
corresponded to N^ = 0. Severe danage to the tetrapod
slope occurred at-N^ = 1.5, but for the cube armoured
slope at N.,  = 2. F5r a typical  sea steepness,
sm = 0.04r-and storm durat ion of 3000 waves, these
results may be sumnarised:-

Uni t Damage

Tetrapod St,art
Severe

Cube Stert
Severe

No Hs/A Dn KD

a  L .62
1 .5  2 .80
0  1 .38

2 .O  2 .48

2 .8
14 .6

1 .8
10 .  2

For Accropodes the effects of storm duration and sea
steepness were found to be relat ively ineignif icant.
The stability performance was described solely in
terms of the dimensionlees wave height:

at  the start  of  damage, No = 0i

H^
- 9 - = ? 7
A D o

and for severe daoage, No ) 1

H.
=  4 .1- " n

( 4 .8 )

(4 .e)

It will be noted that the difference between no damage
and severe damage for Accropodes is very small. Van
der Meer notes that the designers of the Accropode,
Sogreah, suggest that Kr.. = 12, equivalent to
I ts/A Dn = 2.5, be used In design. Fron the test
results presented by Van der !1eer, this would appear
to aLlow a considerable nargin of safety.  I t  must be
noted, however, that the dauage meaaurements used
included only those units fu11y displaced fro'n their
original location. Smaller movementc lrere not
recorded or anaLysed.

During the compilation of this report it was noted
that the results of s i te specif ic studies rnight be
useful in a more general context. A number of
suitabl.e studies were identified, and the resutts of
armour movement tests sumnarised. Theee resutts are
shown in Appendix 3.

Finally, it rnust again be emphasised that the
measurements of arttrour movement given are all specific
to the part icular test procedure; def ini t ion of
damage; measurement method; etc. It is clear from the
data avail-abLe thaE armour movement depends upon a
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5 .1

AR}IOUR T'NIT
LOADING/STRENGTtr

Types of Loads

wide range of parameters, onLy a few of rshich are
covered by the formulae given.

During service on a coastal structure, concrete armour
units wi l l  be subjected to a var iety of loads in
product ion, handLing, placing, and f inal ly in service.
If any of these loads exceed the strength of the
concrete, or i f  the eumulat ive effects of the Loads
exceed the fatigue resistance, degradation and failure
of the armour layer mey occur. The main categories of
loads may be su'nmarised:-

a) dynamic - due to the effecEs of wave drag and
momentum, may also include some handling loads;

b) impact - due to collisions between adjaeent
armour units, with broken units, underlayer rock
or other soLid mater ial ;

c) stat ic or quasi-stat ic -  due to sett lement and/or
compaction of the structure core, underlayers or
armour layers, wedge or arching effects;

d) abrasion (more correct ly termed attr i t ion) -  due
to the impact of particles much smaller than the
arrnour units, often sand or shingle in
suspension;

e) thermal - due to temperature changes, mainly
during cast ing, but also in freeze/thaw
cond i t ions ;

f) chemical - due to reactions at the surface and
within the concrete, including sal t
c rys ta l iea t ion ,  su lphate  a t tack ,  a lka l i / s i l i ca
react ion, and reinforcement corrosion.

It may be noted in passing that a brief but useful
sumnary of the origine and effects of !!any co$mon
loads affecting marine etructures is given by
Gaythwaite (nef ZZ).  Some of the cosmon effecte of
abrasive and chemical loads are discussed by Fookes &
Poole (nef Zg).  Thermal l -oads result  pr incipal ly from
stresses induced by temperature differences in the
setting and hardening phases of nanufacture, and are
discussed by Burcharth and Ligter ingen et al  (nefs 79,
8 0 ) .

Dynamic, impact, and static forces are l-ikely to be
cri t ical  for s lender and inter locking units,  thermal
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5 . 2  C a l c u l a t i o n  o f
p r inc ipa l  loads

and impact loads will be more important for bulky or
b locky  shapes.  These loads  w i l l  a r i se  in  a l l  th ree
phasee of the l i fe of the unit :  manufactur€;
handl ing, t ransport  and placing; and in service. The
load condit ions for the f i rst  two phases are
essent ia l l y  con t ro l lab le ,  uay  be  reasonab ly
wel l-def ined, and are rnainly inf luenced by the
self-weight of the unit .  Under normal circunstances,
careful  handl ing wi l l  ensure that these phases do not
lead to  c r i t i ca l  load ing  cond i t ions .  The ab i l i t y  o f
an aroour unit  to resist  handl ing loads may be checked
by sinple drop tests or by a numericaL stress
analysis.  An example of this is given by patur l .e et
al  (Ref 19) who deecribe the use of a f in i te elemenr
otress analysis package to calculate stressee ! i l i th in
an Accropode under a number of idealised loading
cond i t ions .

'lhe remainder of this chapter deals with loads under
a) -  c).  In general  the most important are expected
to be those dynamic, impact,  and/or quasi-stat ic
loads, ar is ing during najor storos. I { t r i lst  sueh loads
wil l  be addit ive, techniques present ly al low only a
very simple analysie of s ingle load types.

Under wave action the principal types of loads vill be
inpact,  contact,  or quasi-stat ic loads. Those appl ied
to a unit by wave slam or drag are unlikely to cause
prob lems d i rec t l y ,  as  they  are  e i rher  re la t i ve ly  low,
or last for too short a time, Such loeds will however
be much concentrated at contact points between units.

Galvin & Alexander (Ref 81) developed simple enpir ical
expressions to caleulate crushing loads at contact
points between armour units under breaking rraveso
Considering the Dolos ae an exanple, they postulate
some simple loading condit ions, and calculate bending
stresses. The analysis suggests that the cr i t ical
conditionri are independent of the size and weight of
the Dolosse, but do depend on the strength of the
concrete. Galvin & Al.exanderre calculat ione suggest
that Dolosse of 3000psi compressive strength
(o. = 20.7N/m2) vould break under l raves of 14ft
( t t -=  4 .3ur ) ,  wh i ls t  Do losse o f  6000ps i  (o^  *  41 . .4W/mn2)
would break under waves of 20ft  ( t t  = 5.1;) .  They
suggest that the equivalent armour unit sizes for such
condit ions would be 3 to 8 tone respect iveLy. The
analysis methods involve considerable siupl i f icar ions,
in part icular impact loads are not expl ic i t ly
considered, nor are sett lement or other quasi-stat ic
loads included. Some qual i tat ive conf irrnat ion is
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offered by Magoon & Bairdt s report  (net 14) of
breakage to 5 and 8 ton dolosee at Baie Comeau,
Canada, shere Dolosse of concrete strength between
6700-8700psi (6^ = 46.2 -  6O.0N/um2) broke undet wave
cond i t ions  es t i ;a red  a t  13-15 f t  ( " "  -  4 .0  -  4 .6n) .

It will- be noted however that Galvin & Alexanderrs
nethod does not take account of sett lement toads, nor
of i rnpacts between units.  Ligter ingen & Heydra
(nef ZS) have considered laboratory tests at large and
small  scale. They conclude that s lender units larger
than around 40-45 tonne can break under sEatic loading
conditions. Breakage under rocking can affect units
larger than around 10-15 tonnes. Ttrey further
concl.ude that methods then evail-able (1985) were
insuff ic ient for the design of any concrete units
greater than around 10-15 tonne.

These uncertainties may be overcome using either, or
both, of two different methods. Ttre first involves
the use of instrumented model atrmour units in physical
model testing, and has been developed in Canada at
Queents Universi ty,  King6ton, in associat ion with
W F Baird & Associates, Orrawa (nefs 82-84).  The
second method involves the calculat ion of ideal ised
loads using a combination of mathenatical models, and
has been developed at Auburn and Oregon State
Universir iee in rhe USA (nefs 85-87).

The Canadian method requires the model arrnour units
be instrumented to measure the appropriate loads
during hydraulic model testing. Lindo & Stive
(nef Z6) have described very briefly node!. Tetrapods
equipped to measure bending moments in a leg and to
measure accelerat ions. Scott  et  al  (nefs 82, 83) have
developed a simple cyLindrical  load cel l  capable of
measuring bending moments and torsion at the
mid-sect ion of a Dolos unit .  These methode then
require the use of finite element methods of stress
analysis to determine peak stresses throughout the
unit .  Scott  et  al  i l lustrate the use of their  load
ce1l with examptes of measurements from hydraulic
model tests.  They indicate examptes where Dolosse
subjected to l rave condit ions wel l  within their
apparent hydraul ic capabi l i ty may fai l  structural ly.
Their papers do not however describe the finite
element stress analysis method used; the problems of
the non-l inear behaviour of concrete, part icularty
when reinforcedl or the def ini t ion of Loading/react ion
points for each unit considered. An apparent
disadvantage of this method is the need for many
instrumented units to be deployed on each model test
sec t ion  to  y ieLd a  s ta t i s t i caL ly  vaL id  descr ip t ion  o f
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both spatial and temporal variations in armour units
1oade.

In an early example of the alternative approach,
Tedesco & t'fcDougal (Ref 85) derive a simple method to
estimate wave loading as wave slam forces on a
cyLinder,  using an approach sini lar to that descr ibed
by Apelr  & Piorewicz (nef 88):

t r = tC "gD lu2 (5 .1 )

where the slarming coeff ic ient,  Co, var ies with t ime,
and a depth-averaged veloci ty,  ur- is calculated for
the wave front using the wave celerity. Values of Co
are estimated for both partial and full iurnersion wi[h
a peak value of Co = 3.2. Using ideal ised loading and
react ion patterns; a non-l inear f in i te element method
of etress analysis is used to determine l- imit ing
stress values. Tedesco & t lcDougal def ine a design
load case for Kn = 22, coto = 2.5, and wave period
given by a sea sLeepness from Lr -  2.5. A regular
wave condition is used in the calcutations. Three
s izes  o f  Do los  are  cons idered,  hav ing  s izes  o f  15 .2 ,
30.3 and 40.4 tonnes. In calculat ions of the design
load the authore meke a numbet of fundamenlal- errors
which influence the results of subsequent
computat ions. In caleulat ing valueg of a degign wave
height, Hgr for each armour unit size, a val"ue of
Kr,, = 8.8 iias used rather than 22 as stated in the
piper, coincidently rather closer to that recommended
for use by Partenscky et a1. Also in calculat ing a
design wave period, Ts, a value of I r  = 2.0 was
actually used, rather-than the value given in the
paper. Values of II* and T. used for each of the
armour unit sizes c^dnsiderBd rnay be sumarieed:

M( r )
v(n3)
o- (m)
nii('l
t ! (s )

SmalL

t 5 .2
6 .07

L .824
7 .35

10 .85

Medium

30 .3
L2 .L4
2 .298
9 .L7

12 .  11

Large

40.4
15 .  18
2 .529
10 .18
L2 .77

Using these values, Limit ing stresses are calculated
for a renge of wave condit ions. I t  is interest ing to
note that, even using a most conservative value of
K.,  = 8.8, these calculat ions suggest that 40 tonne
u"nits og 6o = 27.6N/mn2 will fail at wave eonditions
below the design load case, and that 30 tonne units of
the same concrete will be near failure. It will be
noted that these calculat ions are generalLy simi lar to
those proposed by Galvin & Alexander (Ref 8L) and do
not include ei ther sett lemenE or impact loads.
Tedesco & McDougaL ident i fy some of the l imitat ions of
their methods, and atLempts are made in later work to
overcome the more important of these.
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In the more recent work Tedesco et al and McDougal et
al  (nefs 86, 87) revise their  wave force model,
although they do perpetuate some of the calculation
errors in their earlier work. Their revised wave
force model includes calcuLations of force on each
l inb of the Dolos, using drag, inert ia,  k inet ic and
buoyant force components. They note that the peak
slanrning forces are of short duration, and do not
occur simultaneously for each 1imb. As a reeult  the
maximum total force at any tirne ie lese than the sums
of the peak forces. ResuLts from the revised wave
force model are again used with idealised loading
configurations to provide the input toading conditions
for stress caleutaEions. A sophist icated f in i te
element method devel.oped by ADINA in Watertown,
Massachusetts is used to determine def lect ions and
stresses. A number of reinforcement conf igurat ions
are considered for 40 tonne Dolos units. Again the
calcutat ions appear to indicate possible fai lure of
concrete of oc = 37N/nm2 at Less than the design load
case, st i l l  afparenCly determined using Ko = 8.8
rather than 22 as given. In these papers a nunber of
signi f icant l - i rni tat ions are ident i f ied, part icular ly
in the def ini t ion of loading and of support
eonf igurat ions. McDougal et  al  (Ref 87) do, however,
indicate some early results of calculat ions of r ig id
body motions, veloci t ies and accelerat ions, which
might later be used to determine impact 1oads. Ttrese
have mainly been studied in relation to armour unit
strength and are considered in sect ion 5.3.

Final ly three other approachea are of interest.
Howell- (nef gg) reports the evol-ution of a measurement
system to ident i fy concrete strains, uni t  movements,
and accelerat ions, in 42 tonne Dolosse st Crescent
City,  CaLifornia. I t  is understood that 20
instrumented units have been deployed on the
breakwater,  but no result  has yet been publ ished.

Sini lar ly unpubl ished are the resutts of a regearch
study at the Universi ty of Leeds in which strain
gauged epoxy model DoLosse were subjected to lrave
action. The strains measured were then anaLysed using
the PAFEC f ini te element stress analysis method.
Early discussions suggested that for a concrete of
tensi le strength, o,-  = 3N/mm2, the safe size of
unreinforced Dolossi rnight be as 1ow as 2 tonnesn that
is the size of those broken at CleveLand, Ohio.

Nishigori  et  al  (net gZ) report  the resul_ts of
measurements of surface strain on model Tetrapods of
50kg subjected to rrave action in the very Large fLtrme
of the Central  Research Inst i tute of the ELectr ic
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5 . 3  I d e n t i f i c a r i o n
unit  strength

Power Industry in Japan. They present example
meesurements of atrains for certain srovements of
Tetrapods under regular wave6 of H/ AD^ between 2.6 and
4.2. They conclude however that more"information is
needed on the leve1 of etrain at fai lure.

o f

Three major approaches have been taken to identify the
strength of concrete armour units.  In the f i rst  two,
fu1L scale units have been subjected ro a number of
simpl i f ied loading condit ions, usual ly increased unt iL
fai lure is reached. A third,  and sometimes
complementary, approach involves the use of various
methods of stress analysis to calculate stresses
within units subjected to ideal ised loading
cond i t ions .

Conerete armour units have routinely been subjected to
simple drop tests,  ueual ly intended to demonstrate
robustness. Burcharth (nefe 90r91) descr ibes the
deveLopment and use of a set of impact and drop tests
intended to quantify the reeistance of Dot"osse to
impacts. Sini lar tests with Dolosse are reported by
Terao et al, and tin et al (Refs 94-96). Some tests
with Tetrapods are discussed very briefly in the CIAD
report  (Ref 97),  and some results for cubes, Tetrapods
and DoLosse ere discussed by Si lva, Groeneveld et aL,
and l,[o1 et al (nefs L4, 98n 99). The general trend of
the resut ts for the drop test for Dolosse and
Tetrapods may be i l lustrated by est iuat ing the
liniting drop height, and hence drop angle for given
unit  s izes. The results of s iraple cal_culat ions based
on data in References 15, 90, 91, 97 and 98 are
presented in Figures 5.1 and 5,2. Such l i rai t ing value
curves might be used to identify perrnitted LeveLs of
annour movement. Sinilar curves ere presented by
Timco, and discussed by Burcharth (qef tO+). The
reader is advised to consul. t  these References,
part icular ly the 1ast,  before using Figure 5.1, even
in prel iminary design.

A somewhat different approach has been taken by
Uzumeri  et  a1 (nefs 100, 101),  who have reviewed
previous l i terature on the design of Dolos units from
a structuraL engineerrs viewpoint,  and then conducted
a series of loading tests on plain and reinforced
units. Uzumeri et a1 consider previous work on the
strength of Dolosse by Li l levang & Nickola (nef lOZ),
Desai (Ref 93) and Burcharth (Refs 91, f03).  They
f ind a number of misconcept ions or errors of
interpretation in the work of Desai and Lillevang &
Nickola. They conclude that a1!-  Dolosse, and by
extension al l  other units that generate high inter l_ock
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forces, should be reinforced. Uzumeri  et  al  argue
that,  only by ensuring that the units are strong
enough to resist the degree of movement to which model
units are subject,  wi l l  the high level_ of armour
stabi l i ty seen in the hydraul ics laboratory be
achieved in service. They note that the primary
advantage of the Dolos is i ts inter lock, and suggest
that it is highly 1ikeLy that a number of units in any
structure wi l l  be subject to a total  load
significantLy greater than the dynamic forces on an
isolated unit .  Should these highly stressed units
fracture, unless reinforced, they wi l l  fa i l .  The
overload wi l l  then ei ther be passed to adjoining units
leading to their  fai lure, or i f  they are
insuff ic ient ly supported, to their  i isplacement.  When
an unreinforced Dolos fai ls,  the result ing pieces
become projectiles carried by the waves, and lead to
further impact damage. The authors ergue strongly for
reinforcement to maintain integri ty in units after
cracking. They describe a ser ies of loading tests on
10 ton Dolosse, both pLain and reinforced. They also
describe the use of the ADINA f ini te element stress
analysis programs in nodelling the behaviour of the
units under test. They divided the unreinforced
Dolosse into 440 sol id elements, 681 nodes. The
reinforced Dolosse required further el"ements. Uzumeri
et al concl-ude that this mathematieal model , even when
nodif ied to aLlow reinforcement bar sLip, wi l l  g ive
successful  results up to the cracking l_oad, but is not
rel iable beyond this point.  The authors also address
aspects of cost,  which they do not beLieve should
increase signi f icant!-y,  and of reinforcement
corrosion. In their conclusions the authors make some
points that are best conveyed verbat im:

"There is a profound difference between the behaviour
of reinforced and un-reinforced Dolos units.  For
Dolos unit  s izes fal l ing within the range of
reasonable and economical engineering design,
unreinforced Dolosse should not be used. The exact
determination of the economical range for reinforcing
DoLosse can only obtained by examination of the wave
regime and safety factors ut i l ized for a part icular
design, and by considering further information
regarding condit ions exist ing at the si te. ' ,

A number of other researchers have tr ied to use
methods of stress analysis to descr ibe the strength of
unreinforced concrete armour units.  At i ts s irnplest
the strength of a concrete armour unit is given by
both i ts shape and the mater ial  propert ies of the
concrete, such as the compressive and tensi le
strengths. The uLt imate strength of a Dolos unit  was
est imated by Desai (Ret g:)  who considered units free
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to rotate. A compressive strength o^ of 35 N/rm2, and
moduLus of rupture of 4.5 N/mz were-used in
calculat ions of energy needed to cause fai lure of a
unit .  Frm the results of the analysis i t  was
concluded that units of 40t or greater would need to
be reinforced against impact loadings. The anal-ysis
method used does not expLici t ly consider the effects
of irnpact loading. Errors in this approach have been
discussed by Uzumeri  (a.et 100).  A simple analysis of
bending stresses induced in a Tetrapod subjected to
rocking movements is given in the CIAD report
(ner  gz) .

Patur le et a1 (Ref 19) used a f in i te element method to
test a simpl i f ied Accropode. This was treated in four
symnetr ic quarters. Each quarter uni t  was described
by 353 elements with 608 nodes, rhus giving 1824
equations to be eolved. The concrete lras taken as
having a density of 2400kg/m3, and a Poissons rat io of
O.2. I t  was noted that the dynamic elast ic modulus
would be greater than the quasi-stat ic modulus. A
value of E = 20000t'IPa was taken. The anatysis method
used again did not deal with irnpact loads, which for
many randomty-orientated armour units may be expected
to doninate.

I Ia1 l  e t  a1  (Ref  123)  d iscuss  br ie f l y  the  use  o f
simi lar f in i te element methods for stress analysis to
transfer strain measurements made on model units to
s t resses  in  fu1 l -sca le  Do losse.  Th is  was la te r
covered by Scott  et  al  and Baird et al  (nefs 82-84),
al though 1i t t1e detai l  is given of the f in i te element
method used.

5. 4. I General.

One of  the major  l iur i ta t ions of  convent ional  hydraul ic
urodel- tests is that the model_ armour units have a
strength that  is  not  scaled,  whi l_st  the loads are.  As
a resul-t the units do not break during testing, for
which the hydrauLic model1er  is  of ten gratefut !  This
has in the past however 1ed the users of such tool"s to
ignore the probl-ems of the structuraL design of armour
uni ts .  Two methods may be used to assis t  in
ident i fy ing the possib i l - i ty  of  fa i lure of  uni rs  in  the
armour l-ayer of a breakwater. The model units may be
instrument,ed to determine 1oads, movements or
accelerat ions.  Examples of  th is  procedure have been
descr ibed in Sect ion 5.2 above,  and in References 25,
26 ,  82 ,  83 ,  84 .  The  ca l cu la t i on  o f  l im i t i ng  s t resses
can then be conducted using one of the finite element
methods deser ibed previously .

5 .4  Mode l l i ng
methods
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An al ternat ive, aLbeit  one of relat ively l i rni ted
appl icat ion, is to use model armour units of a
mater ial  of  sui tably scaled strength. This was f i rst
tried when the National Research Council,, Canada
tested the ( fai led) Sines breakwater.  l "Jansard & pLoeg
(Ref 105) report  tests with model Dolosse
incorporating a weak section to altow armour unit
breakage. Using these weakened units they obtained
fai lure resul- ts qual- i tat ively sini l -ar to those
observed during and after the storm of February 1978.
These units lrere not of scaled strength throughout.,
and the possible fai lure mode of modeL units was
unreal ist ical ly l in i ted. I t  was therefore necessary
to try to deveLop a material that could reproduce the
important propert ies of concrete at scale around
I  :  20-40 .

The use of scale models to simulate performance ie not
conf ined to the f ie ld of hydraul ies. At var ious
points in time structural analysis of complex forms
has been performed using structuraL models. In
general  i t  is extremely di f f icul t  to scale al l  the
important properties of concrete, and it has been
noted that concrete is particularly unusual in the
wide difference between its compressive and tensile
s t rengths .

5.4.2 Develop'ment of strength -  scaled mater ial"s

Dodds (nee tO0) considers the production of armour
units scaled at around L125, having a mo<lel tensile
strength og or = 0.12N/mn2 and an elast ic modulus of
E = 1600N/m2l Loaded thermo-sett ing polymers were
considered, and it was concluded that a compound night
be derived using a phenolic resin Loaded with calcium
carbonate. It was clear, however, from the very brief
study reported, that considerable care would be needed
in handling such units in the moulding, storage and
placing operat ions.

The use of micro-concrete and gypsum pLaster mater ials
for structural  model l ing has been discussed by Preece
& Davies (nef tOZ), white (net tOa) and by sabnis er
al  (Ref 109).  Plaster based mater ials reduce strength
on ismersion in lrater. For modeL armour units this
can be turned to an advanEage. The model units may be
made at a greater strength than needed for test ing.
This strength than allows the units to be handled and
placed. Soaking in water for a controt led period may
then reduce the unit strength to the required value.
The deveLopment of plaster based mixes to simulate the
f lexural  strength of concrete at scales around 1:20-40
is descr ibed by Timco (nef t tO) and Timco & l fansard
(net t t t ) .  The use of modeL units made in strengrh
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scaled materiaLs is reported by Tinco & l-Jansard
(ne fs  111,  112)  and Mansard  & T imco (ne f  t t l ) .  rn
describing the evolut ion of the mixes, Timco (Aef f fO)
notes that the ratio of compressive to flexural
sLrength is anomalously high, hence the failure to
find materials to scale both compressive and flexural
strengths. A f lexural  strength of of  = 4.4N/mn2 was
used for the prototype, giv ing target strengths for
var ious  sca le  ra t ios :

Timco then describes the effects of varying the
components of the mix: a cotrmercial plaster of paris,
sand; iron ore; and water. It is noted that the
constituents may vary, and is suggested that einilar
eeries of tests wil-l be needed to derive curves of
flexural strength against mix proporti.ons. In the
tests at NRC the proportions of materials were given
by :

T o t a l  =  a + B + y + 6

where c = rrt of plaster
B = l r t  of  i ron ore (density 5000 kg/m3)
y = lrt of sand
6 = wt of f resh lrater.

( 5 .2 )

f o r  a l L  t e s t s  y  =  3 . 0  a n d  d  =  1 . 0 .

To achieve the correct density B = 1.0 was found to
yieLd the target density of about 2250 kglm3. The
proportion of ptaster, c, lras altered to change the
s t rength :

Sca le

1 : 1
1 :  1 5
l : 2 5
1 : 4 0
l :  5 0

Sca le

1 :  1 5
l : 2 5
1 : 4 0
1 :  5 0

Tests were conducted at I{R
Canadian test results with
UK. As iron ore is not an
s tandard  mater ia l ,  in i t ia l
aluminirmr oxide, produced
heavy aggre€iate. This had

og (N/nmrz)

4 .4
o .293
0 .  176
0 .  110
0 .088

c

0 . 6 8
0 . 5 7
0 . 4 7
0 . 4 2

to try to reproduce the
mater ials avai lable in the
easi ly avai labLe or
tests used a synthet ic

by Al-ag, as a subst i tute
previously proved to be
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very useful with ordinary portland cement in the
production of cement mortar model armour unite. When
used with pLaster,  however,  an expansive react ion
occurred which split the units apart over a few days.
A number of other probLems were also encountered with
the inclusion of air ,  and fLash sett ing in mixing.
It proved very difficult to obtain strengths in the
renge sought. A series of cube compression and
cyLinder spl i f t ing tests were conducted at Oxford
Polytechnic on a number of mixes by t{alker (nef ftS).
The results of these experiments were not usefuL as
many of the test specimens fai led before test ing,
having falLen apart during the soaking period.

Subsequent work by Taylor at Teesside Polytechnic in
l iason with HR (Ref 116) euggested soLut ions ro many
of the problem areas. An appropriate heavy material
that is inert  in pl-aster mix is barytes. Taylor used
barytes grade 217 prodtced by the llopton Uining Co in
Derbyshire, this had a density of around 4200tg/n3.
It was noted that the plaster used at HR was also
different to that avaiLabl-e in Canada, although it was
one of a range used previousLy for structurat nodels.
Dental plaster to 3.54722:71 produced by British Gypsum
proved more successfut. Many of the problems
encountered in mixing and placing in the moulda lrere
overcorne by using an industrial food mixer. The sand,
barytes, and plaster (previously mixed) were added to
the water whilst mixing. The materiaL was generally
mixed for less than 30 seconds before placing.

Taylor produced 10 mixes using pl-aster,  barytes, sand,
and water. The proportions of the rnixes rnay be
summarised using the terur inology of equat ion 5.2:

Mix

A 1 .0
B r l

c r l

D r l

E r l

F r l

G r l

H r l

r r l
J r l

Sand Water

Y6

4 .0  1 .1
t f l l

r t  t l

t t  t l

I t  l l

i l  1 . 3
r  1 . 6

"  1 .9
5  . 0  2 .0
6 .  0  2 .2

Plas ter
cl

Barytes

B

0 .0
0 .25
0 .75
t . 25
t . 75
2 .O

l l

t l

t l

t l

Flexural  and compressive strengths,
respect ivel-y,  were evaluated using
Timco. The results of these tests

f6 and f"
s imi lar  methods to
mav be summarised:
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Mix Dens i ty
( tg7rr ;

2030
2060
2L50
2260
2330
2300
2200
2180
2L20
I  870
2080
2060
1740
2160
2100
2010
2LO7
1997

Strength
fb

0 .713
0 .  738
0 .670
0 .819
B.  863
o .647
0 .526
o .475
0 .  811
1 .  517
o .322
0 .392
0 .842
0 .335
0 .  355
0 .500
0 .256
0 .438

(u/rmn2)
f"

1 .  7 0
L . 5 2
2 . I 3
1  . 8 6
1 .  8 4
I  . 8 3

- )
- )

A
B
c
D
E
F
G
G

(c
(e
H
H

(tt
I
I

( r
J
J

1 .1
L .2
2 .L
2 .2
1 .1
r .2
2 . 1
1 . 1
t . 2
2 . 1
I . l
2 . L

: )

- )

Tests C2L.-2, I I2.1, and I2.1 were performed on dy test
specimens that had not been soaked. Tests cl .1-2,
U1.1 ,  I1 .1  and J1 .1  were  per fo rmed a f te r  19  hours
soaking. Teets H1.2 and I1.2 used specioens that had
been soaked only 2.5 hours. This reduced soak time
increased the f lexuraL strength sl ight ly,  suggest ing
that a longer period than 2.5 hours is required.
Despite the extensive nature of the tests only one mix
(J) would have been suitable for a scale ratio smaller
t h a n  1 : 1 5 .

The use of other strength-scaled mater ials is
mentioned br ief ly by Li l levang et al  (Ref 114),  who
also used a mixture of plaster of par is,  sand and
barite. Prol-onged exposure to water redueed the
strength of this mix. This mater ial  was then
replaced by Modcrete, developed by Arctec Inc from
material  used to scale the propert ies of ice. No
details of this material have been found in the
l i te ra tu re .

ALl scaled strength materials suffer from a number of
disadvantages. They are relat ively expensive to
produce, by virtue of the staff time needed to produce
armour units.  Each set of  uni ts can only be used in a
single short  test.  A number of propert ies of conerete
cannot be scaled wel l - ,  part icular ly the compressive
strength and elast ic modulus. In using such units i t
wi l .1 be possible to ident i fy fai lure condit ions and
those of severe armour unit damage. Strength-scaled
units do not however yield the quantitative measures
of stress below faiLure obtained by instrumented
u n i t s .
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5 . 5  A n a l y s i s  o f
si te experience

Dauage to breakwaters and coastal structures has been
widely reported, and has been covered in some of the
earLy chapters of this report .  Very br ief  detai ls are
given by PIANC (nef gZ) aLthough this reporr omits
some important structures, such as those at Diablo
Canyon and San Ciprian. Very 1ittLe analysis has
however been conducted. Tvo useful approaches are
suggested by Timco (nefs 117, 118) and Behnke &
Raichlen (Ref 119).  Ttre methods described have been
considered to be usefuL for rock by Allsop & Latham
( R e f  t o ) .

Behnke & Raichlen (nef 119) suggest that armour
displacement may be linked to the cumulative energy of
all storrrns above a threshold level. Allsop & Latham
adapt that method to calcutate the energy above the
thresho ld :

Erh = cth 9* E2 Hg To T*/16n

where the threshol-d coef f ic ient ,  Crn,  may
in terms of  a threshoLd (s igni f ica i t )  wave
Hs th :

c rh  =  
[ z (u " .n /n " ) ,  *  1 ]  exp  [ -2 (Hs rh /H" )2 ]

Behnke & Raichlen use this type of approach to
consider the resuLts of model tests of the damage to
the Tribar armoured breakwater et Diablo Canyon.

Timco (Refs LL7, 118) uses a somewhat simi lar
approach, but considers very meny more structures, atL
armoured with Dolosse. From the results of previous
pendulum and drop tests it is suggested that the
response of the units to input energy/fracture area is
consistent over a range of uni t  s izes. Timco def ines
an incident energy:

Eio" = e, s2 n! r$ l t6n

then def ines a factor O as the
energy to the area of fracture
wr i t ten :

o = 0.7328 rx - :s.5rzrc - 
fIlTrS r-z;-q*J-

Timco calcul -ates values of  O for  10 st ructures that
have suffered some armour displacement and/or damage
to Dolosse.  Values of  n range f rom 36x106 J lm7 per
metre for  Sines breakwater  down to 16x105 J lm2 oer

( 5 .3 )

be def ined
he igh t :

( 5 .4 )

(s .5)

rat io of the incident
of a unit .  Tbis may be

(s .6)
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6 DESICN T{ETEODS

6. l -  Des ign
phi losophies

metre for RiviBre-au-renard, for those structures with
broken Dolosse. Structures, that have suffered only
moderate damage have values of O less than 10 x
106f/n2 per metre. From this analysis Tiurco suggests
a l in i t ing value for O of 12x105 J/m2 per metre, above
which i t  is l ikely that unreinforced D,olosse wi l l
fa i l .  I t  i s  c lear  tha t  th is  reLat ive ly  s iu rp le
ana lys is  su f fe rs  sone l im i ta t ions .  In  par t i cu la r  i t
does  no t  address  s ta t i c  load ings ,  o r  fa t igue e f fec ts .
The method and conclusions are however convincingly
argued and, subject to the l imitat ions discussed
appear  to  be  we l l -based.

A number of other authors have reported examples of
armour unit breakage, including Edge & Magoon (Ref 39)
Markle & Davidson (Ref L22) t but have not achieved as
conv inc ing  an  ana lys is  as  T imcors .

The design phi losophy adopred wi l l  i tsel f  have a
signif icant inf luence on the way in which a design is
executed, the input data required and the infornat ion
provided by the design process. Two di f ferent
phi losophies may be def ined:

a)  Determin is t i c ;
b )  Probab i l i s t i c .

Detern in is t i c  des ign  ph i losophy is  based essent ia l l y
on the ident i f icat ion of a single rnajor event of
predicted return period, the quant i f icat ion of the
loads arising from that event, and the design of the
structure to resist  the calculated load with adequate
safety margins. Determinist ic design methods are
reasonably sinple and require relat ively 1i t t le input
data. I t  is,  however,  argued by some researchers and
designers that deterrninist ic methods often lead ro
over-design, and that they do not al low the essessment
of r isk levels of danage or fai lure. Msst of the
design handbooks or manuals used in coastal
engi-neering are based on determinist ic phi losophy.

Probabi l ist ic design involves the assessment of the
loads ar is ing from many eventa, together with the
l ikel ihood of each such event being exceeded. A
probabi l i ty density funct ion may then be compi led for
the loads on the structures. A sirniLar probabi l i ty
density funct ion may then be described for the
res is tance or  s t rength  o f  the  s t ruc tu re .  Areas  o f
overlap, where loads exceed resistance, qray then be
est imated giving a probabi l i ty of  damage or fai lure.
Probabi l ist ic methods are claimed to yield nore
prec ise ly  de f ined des igns  w i th  we l l  idenr i f ied
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6.2  Pre l im inary
design

standards of protect ion or safety.  Such methods are
more cortpatible with the increasing need for risk
assessment ,  par t i cu la rLy  in  cos t /benef i t  s tud ies .
Ful l  probabi l ist ic design may, however,  be compl icated
to perform, and will require much more data than is
often avai lable. In many examples of the use of such
methods, the form of the probabi l i ty density funct ion
has simply been assumed to foLl-ow that of the normal
probabi l i ty distr ibut ion. Simple descr ipt ions of the
use of probabi l ist ic design methods for breakwaters
have been given by Ligter ingen & Heydra (nef Z5),
Dover & Bea (nef tZO) and Burcharrh (Ref 121).  A more
complete discussion of probabi l - ist ic methods is given
in rhe CIAD report  (Ref 97).

Whi lst  sophist icated probabi l ist ic design phi losophies
have been discussed by an increasing number of
researchers and designers, part icularLy with reference
to concrete armour units,  such design methods are not
yet of  i rmediate use to the designer.  This is due
mainly to the lack of understanding, and
quant i f icat ion, of  the forces act ing upon the armour
units.  A third design phi losophy has therefore
evolved, known as quasi-probabi l ist ic.  As the tern
irnpl ies, this offers a compromise approach
incorporat ing elements of probabi l ist ic design methods
in an essent ial ly determinist ic f ramework. Most
probabi l ist ic design methods suggested for use at the
moment are of this form.

At the feasibi l i ty or prel iminary design stage a range
of sirnpl-e empirical methods are available to address
the main design parameters. The pr incipat aspects to
the design, such as armour unit  s ize, s lope angl-es,
and crest leveL may be ident i f ied by addressing:

a) hydraul ic performancel
b) armour movement;
c) annour unit strength.

Data is general ly avai lable on the hydraul ic
performance, principally reLative run-up leve1s and
re f lec t ion  coef f i c ien ts ,  fo r  a  number  o f  un i ts .
Examples  are  ident i f ied  in  sec t ions  3 .2 -3 .

A littLe information on armour movement is available
for a wide range of armour units in vaLues of KO.
Much of the data reLates to regular lraves and to other
ideal ised condit ions. Detai led information is
conf ined to relat ivel-y few units.  Other ernpir ical
methods  are  a lso  d iscussed in  sec t ion  4 .3 .
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6 . 3  M o d e l l i n g
methods

The roain types of loads acting on annour units under
wave act ion are dynamic, impact,  and quasi-stat ic.  A
few siupl ist ic methods have been developed to est imate
dynamic forces. To date these have been conf ined to
the  Do los ,  and are  l i rn i ted  to  very  idea l i sed  load ing
and support  conf igurat ions. Those methods present ly
ava i lab le  a re  a t  a  research  leve l  on ly .  The e f fec ts
of impact loads have been considered in terms of
armour uovement,  rather than loads, and are discussed
below. No methods have yet been ident i f ied to
quant i f y  the  deve lopment  o f  quas i -s ta t i c  loads  w i th in
the armour layer.  Very l i t t le inforurat ion is
ava i lab le  to  a l low the  pred ic t ion  o f  mound se t t lement ,
and even less to determine the consequent loads and/or
movements within an anuour layer.

Siur i lar ly l i t t le information is avai lable on the
strength of any unit  other than the Dolos. A few
other units,  such as the Accropode, have been
subjected to siuple ad-hoc dropping tests to provide a
measure of strength, but no standard test exists,  and
very  l i t t le  da ta  has  been pub l ished.

T imco (ne fs  1171118)  has  suggested  a  s i rup le  empi r i ca l
method to calculate a threshold wave condit ion above
which armour unir breakage may occur. This method
does not,  however,  assess ei ther the loads or the
strength of the unit ,  and is val id only for the Dolos.
In general  the select ion of the size and robustness of
the unit  rel ies heavi ly upon local experience and on
each designersr part icular knowledge. Any further
infornat ion wi l l  require the use of physical  or
mathematical  model l ing nethods.

6 .3 .1  Hydrau l i c  per fo rmance

Idave run-up on, and reflections from, an armoured
slope are measured easi ly  in  an appropr iate ly  scaled
hyd rau l i c  mode1 .  The  gene ra l  des ign  p r i nc ip les  f o r
such models have been d iscussed previously  by Owen &
Al lsop and Owen & Br iggs (Refs 124,  125)  and by
o the rs .

Methods and examples of the measurement of wave run-up
leve l s  have  been  p resen ted  by  A l l sop  e t  a l  (Re fs  60 ,
126),  and ref lect ions by Al lsop & Het t iarachchi
(Ref  54) .  Mathemat ica l  models of  wave run-up,  and
re f l ec t i ons ,  unde r  regu la r  waves  have  been  d i scussed
by  Kobayash i  e t  a l  ( ne f s  127 ,  128 ) .  These  techn iques
a re  p resen t l y  on l y  ab le  t o  ca l cu la te  run -up  and
re f l ec t i ons  f o r  a  l im i t ed  range  o f  wave  s teepnesses .
They have yet  to  be val idated or  wel l  supported by
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CONCLI'SIONS AND
RECO}IMENDATIONS

laboratory or si te measurements. They offer
considerable promise and work is proceeding at
Hydraul ics Research, the Universi ty of Delaware, and
elsewhere to extend and refine them. These
mathematical modeLling techniques are however not yet
sui tabLe for rout ine or economic use in the design
p r o c e s s .

6.3.2 Armour movement

Methods for the measurement of armour movement or
displacement in physical  models have been discussed
earl ier in this report  and in the references.

Very few mathematicaL modelLing methods are available
to estimate armour movements. Kobayashi & Jacobs
(nefs 129, 130) report  a modeL used to est imate
displacement of r ip-rap. This modeL suffers some
signif icant l in i tat ions and has not been used for any
concrete armour units. McDougal et al (Ref g7) report
on rrave force calcuLations on Dolosse and indicate the
results of some sinpLe calculat ions of r ig id body
motions. Again these techniques show considerable
promise but are not yet suitable for routine uae.

6 .3 .3  Armour  loads /s t rengths

The development and use of strength scaLed model
armour units wi l l  a1low dhe ,"""""r .r t  of  condit ions
that lead to armour unit faiLure. They do not however
allow the measurement of toads. Other techniques
measure armour movement, acceleration, or induced
strains on the unit or in a load transducer. Some
estimates of loading may be made using appropriate
f ini te element methods of stress analysis.  fn.
detai l -ed descript ion of such methods is however,
beyond the scope of this report .

A number of preliminary nathematical modelling
technigues to determine armour unit loads have been
described in References 85-87. The techniques, as
described, suffer f rom signif icant l imitat ions, and
some errora. They do, however, show much promise for
further deveLopment.

The most commonly used concrete armour units on large
breakwaters have been the cube, Tetrapod, Stabit and
Dolos.  For  these uni ts ,  the conclus ions of  th is  s tudy
may be summarised:-

-  This unit  is relat ively ineff ic ient
hydraul ical ly.  I t  is not general_l_y

Cube
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suitable for steep slopes, due to a
tendency to slide down the stope, and form
a reLatively smooth pavement. Cubes are
often regarded as robust,  but large units
can suffer from thermal and shrinkage
cracks, reducing their  resistance to
impacts .

Tetrapod - This unit  has been widely used. I t  of fers
some hydrauLic advantages over cubes, but
is Less robust. Some breakwaters armoured
with Tetrapods have suffered significant
armour unit breakage.

SEabit - Wtren used in a single layer the Stabit
appears to offer hydraul ical ly ef f ic ient
performance with relatively less concrete
needed than Tetrapods. No eignif icant data
on in service performance is available. No
detail.s of the strength of the unit have
been pubt ished.

Do los - This unit has been used and studied
wortdwide. It has potentially very good
hydraulic performance and economy, but this
is often not achieved due to the apparent
fragi l i ty of  unreinforced units.  I t  has
been argued that all DoLosse should be
reinforced. A sirnple empirical method has
been developed from experience of breakage
of unreinforced Dolosse in service to
suggest a minimum unit size for a given
design rrave state.

Other units that have been developed re!.ativel_y
recently incLude the Accropode, Haro, and Seabee.
Each of these units appear to offer a number of
advantages over those considered above. Little
rel iable data is avai lable to ident i fy the hydraul ic
performance and unit strength under wave attack.

In the Light of recent failures the design of any
concrete armour unit cannot be restricted to the
identification of the hydraulic performance and unit
displacement, but must include armour unit loads and
strengths. This last is not yet poseible solely by
calculat ion, even for the most intensively studied
units.  A range of s imple ernpir ical  methods, physical
and mathematical modelling techniques are available to
identify hydraulic performance and armour movement or
displacement.  The model l ing methods avaiLable
inc lude:
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a) photographic and video methods to ident i fy
movements and displacements in physical  model
t e s t s  i

b) instrumented nodel or prototype armour units to
measure  loads ,  acce le ra t ions ,  o r  s t ra ins ;

c) scaled strength urodel uni ts to ident i fy incidence
of  un i t  fa i lu re l

d) mathematical  models to calculate wave loads on
ideal ised armour units under very simpl i f ied
load ing  cond i t ions ;

e) f in i te element methods of stress analysis to
expand data on loads or strains at point
loca t ions .

The strength of ful l  scale units may be ident i f ied by
siurple drop or pendulum tests,  a control led ser ies of
laboratory loading tr ia ls,  or by an anaLysis of
performance in service.

This report has not covered the design and performance
of high-porosi ty single layer units.  These units
offer considerable hydraul ic advantages over most
other armour types. They are often, however, viewed
as po ten t ia l l y  f rag i le .  They  are  the  sub jec t  o f  a
separa te  rml t i -d isc ip l inary  research  pro jec t  by
research club members including designers,
contractora, and special ists in the design of concrete
structures, and Hydraul ics Research.
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APPENDIX I

Use of video inage
ermour movement in

Introduct ion

Eguipment and .method

The priuary requirements
processing system may be

proceeeing ia the meeauremente of
hydraulic model studiee

for any video image
surwnarised: -

During this project an attempt was made to develop an
automated method of comparing before and after images
of the armoured slope to guantify the occurrence and
magnitude of armour movement. It was anticipated that
this method would provide a sirnple and rapid
assessment. of armour movement, as an alternative to
the photographic 'over lay method.  In both methods
images taken perpendicular to the drained sLope are
compared for the differences arising from
displ -acements of  uni ts  in  the area analysed.  I t  was
hoped that the video image processing technique coul-d
then be developed further to process images taken
during the test, rather than only those taken before
and af ter  the test .  A method of  t r igger ing the
storage of an image had been developed by the
Canadians for use with singl-e frame cine and 35mn
st iL1 cameras.  In  the f i rs t  instance ef for ts  were
concentreted on the comparison of before and after
images.

a) video camera;
b) digital image framestore operating at video

r a t e ;
c) control  computer,  with appropriate data storage/

transfer devices such as f loppy and/or hard disk
dr ives ;

d) appropriate rnonitor(s) for displaying video
images, computer control  and output signals;

e) hardcopy output device, such as a pr inter.

For sone uses it will- also be irnportant to record the
video iurages during testing on a high q.uaLity video
recorder.  The fulL system conf igurat ion is
iL lus t ra ted  in  F igure  A1.1 ,  and a  de ta i ted  l i s t ing  o f
the equipment used in these experiments is given in
the f inal  sect ion of this appendix.

The primary component of the sysEem is the video
interface peripheral, known as the VIp. The
part icular device used in these experiments was
capable of stor ing and processing black and white
images in ei ther of two resolut ion modes. In high



resolution the image was handl_ed as 5l2x5l2 pixets,
each pixel  having an approximate aspect rat io of 3:4.
In Low resolution four images, each of 256x256 pixels,
could be etored. In ei ther mode each pixel  was stored
at one of 64 levels of grey, varying frorn binary black
to binary white,  Final ly a single store holds a
binary version of the image. I t  is the data in this
store that is used to generate the measured resuLts.

In essence the method used to ident i fy and quant i fy
the differences between two images is very sirnpl-e.
Consider image 1 taken before a test and image 2 taken
after.  These may be stored within the VIp or on
suitable data storage devices controlLed by the
computer. Each image vilL consist of an array of
pixels,  each of a given leve1 of grey. Any areas of
movement or change between the two images wilL be
identified by subtracting one image from the other. A
descript ion of the use of the VIp to generate a
differenced image is given by Hawken & Allsop in
Reference 1. At this stage i t  should be noted that,
only i f  the l ight ing of the rest sect ion for both
images was identicaL at alL points to tess than I in
64 levels of greyr.wi lL the di f ferenced image exact ly
eorrespond to areas of armour unit movement alone.

For the VIP used in these experiments, the video
dif ference between pixels that are ident ical  is
displayed as the 32nd level of grey. il inor changes,
corresponding generally to il lumination differences,
wi l l  be displayed as levels of grey in the appropriate
range either side of the 32nd Level_. Where a change
occura between image I and image 2, such as the
displacement of an armour unit, the differenced image
displays a lesser or greater level of  grey.
Intereet ingly this has the effect of  doubl ing the
resolut ion of the system, as both areas of posi t ive
and negat ive di f ference are ident i f ied. At this stage
the differenced image is stiLL stored as a ttgrey,t
image. It wou1d, however, require very considerable
computer power to analyse the image at each of 64
1eveLs. The differenced image is therefore processed
to produce a simple binary image, by using a
thresholding routine developed for the VIp. lhis
converts aL1 pixels, having a grey leve1 between two
seLected l in i ts,  to binary white.  The ! . imits may be
control led manual lyr or rnight be set automaticalLy
with suitable software. In these experiments the
threshol.d f.inits vere set oanually either side of the
32nd 1evel of grey, with an appropriate range to
overcome minor areas of di f ference ascr ibable to
changes in lighting 1eve1. This l_eft the important
areas of di f ference, ei ther posi t ive or negat ive,
unchanged.



At this stage the data needed for further analysis are
left  in the grey store. The areas of l i t t le or , ,o
difference have been written to the binary store.
This is the opposite of that required for ef f ic ient
further analysis! The binary image is therefore
inverted, leaving al l  areas of ei ther posi t ive or
negat ive di f ference converted to binary white.  This
binary image can then be scanned to locate each of the
areas of di f ference. A number of analysis rout ines
were supplied with the particular hardware used for
the experiment,  and these aLlowed the locat ion, area,
and boundary of each block of binary white pixels to
be ident i f ied .

In considering the use of this method, i t  is important
to dist inguish between l in i tat ions of the part icular
hardware and software available for these experiments,
and of the method in general. The VIp used for these
experiments is made by Sight Systems Ltd and
control led by an 8 bi t  BBC micro-computer.  Data
storage and transfer is handl_ed by twin doubLe-sided
80 track f loppy disk dr ives. This system was
principally set up to handle images of 256x256 pixels,
and aLlowed one such image to be stored on a single
fl-oppy disk. The VIP was set up with four 2562 grey
stores, aLlowing four low resolut ion images to be
stored or processed. The images in any two of the
four quadrents could be differenced to produce a third
image. By swapping inages between quadrants 3 images
of 2562 coul-d be stored and processed rapidly without
using the f loppy disc dr ives, see Refs I  end 2.

This system is also capable of handl ing a eingle image
of. 5L22 pixels by using all four 2562 quadrants to
form a single image. It was not however possibte to
store a 5122 image on a f loppy disc, with the
part icular system used. That would have required
the provision of an addit ional hard disc dr ive,
together with addit ionaL control  software. Nor was i t
possible to di f ference or threshold images at this
resol-ut ion 1evel without considerable nodif icat ion to
hardware and software.

Discussion on the use of the VIP

A number of trials were conducted to identify the
usefulness of the system as a routine method of
measurement for hydraul_ic model studies; to expl_ore
the performance linits; and to identify further
development needed. In the f i rst  instance a ser ies of
simple experiments were conducted using tr ia l  s lopes
with ideal ised armour units,  usual- ly simpLe cubes; and
with 35rm monochrome photographs taken on previous
si te specif ic studies. Two maior probl-ems were



ident i f ied, together with a number of minor
performance probleros with the device, and the
experiments nere discont inued before fuLL f lume tests
were mounted.

The f i rst  problem encountered was that of  consistency
in l ight ing levels between photographs. In theory i t
was possible to set up l ight ing so that each test
sect ion could be consistent ly l_i t ,  and the l ight ing
conditions would be identical for each image. In
pract ice this proved di f f icul- t  to achieve, but not
insuperabl-e. I t  was clear that f - ight ing for each
study would have to be set up with aome care, using
the VIP system to check consistency. An aspect of
l ight ing that was di f f icul t  to overcome was that of
l ight ref lected from armour units,  part icular ly those
with f lat  s ides. Such ref leet ions aroae when the
slope vas wet, as it would be during or irumediately
after a test, and could not be overcome by changes to
the Lighting. The problem was reduced by allowing the
slope to drain for around 10-15 minutes. Care had to
be taken to keep al l  uni ts vis ible danp, but not wet,
to avoid changes in hue. It will be noted that this
t ime delay of i tsel f  wiLl  tend to reduce the
attract ion of this method of measurement.

The second main problem concerned the resol_ution of
the image, and the number of armour units that coul_d
be monitored by the system. It will be seen from the
discussions in Chapters 4 and 5 of the main report
that even very small degreee of movement can be of
significance in the design of structures armoured rsith
unreinforced concrete armour units.  I t  is also clear
that armour movement on a sl-ope varies spatially, as
well as with variations in wave conditions. Any
method of measurement mlst cover a representative
sect ion of the test sect ion. For these tr ia ls i t  was
feLt that the minimum acceptable area would be
equivalent to 20 units square, or 2ODx20D, where D is
a typical arnour unit dimension. Noting Orsen & ALl"sop
and Partenskyrs damage categories, i t  was fel t  that
the system must be able to distinguish movements down
to about 2o, or 0.04D. At a resolut ion of 20D = 5!2
pixels,  this is equivalent to 1 pixel  only.  I t  was
noted earl ier that the video di f ferencing procedure
described doubtes the area of di f ference by count ing
both positive and negative differences, a movement of
0.04D or 2o wi l - l  y ield a di f ference measurement at
beet of 2 pixels.  Clearly a resol-ut ion of onl . .y 2562
pixels would be unacceptable.



Appendix I
References 1. Hawken D M & AlLsop N W H. rrUse of the

video image peripheral in the measurement of
armour movement in breakwater and sea waLl-
model-s.rr  Report  lT 322, Hydraul- ics Research,
Wal l ingford, February 1988.

2. Sight Systerns Ltd. rrVideo interface peripheral :
instruct ion manual.r '  Sight Systems Ltd, Newbury,
undated.



q.t
.A
=
(t
=

t!
-trt

c,
:
,o
t-

(-
(u

=
n

E
o

t_,

L'

.2
(3

3-
c,

C-

a_

ffi
I

ffi
&.
F

(u
cf-
a0

o(u
:P

(_' ( t

*
c
o

E

tn

o
t\f

=

r0
a-. ( u
E
a(t
L,

j

&
J

, o

c'
(u

=

c)
(U

=

(-
(U

=

E
ct

t-,

{-
=

.c

o
(U

=

I

:,-l <
o =ff
l . r  l l  T

a c ; -
-  l r t :

) r - G
Z r . l- o -

I
-;

- - b

rl

System conf igurat ionFig A1.1



APPENDIX 2

Effect of  nul t i -direct ional
of Dolos ermour

Introduct ion

wave attack on stabi l i ty

Rubble mound breakwaters have,  unt i l  fa i r ly  recent ly ,
been  bu i l t  gene ra l l y  i n  sha l l ow  wa te r .  I t  has  been
assumed  tha t  t he  des ign  sea  s ta te  i s  l ong -c res ted  w i th
no d i rect ional  spread.  Where waves lengths are
greater  than around 5-10 t imes the water  depth,
re f rac t i on  e f f ec t s  a re  l i ke l y  t o  reduce  d i rec t i ona l
spread.  However for  a breakwater  in  deep water ,  the
di rect ional  spread of  wave energy might  be an
important  factor  in  the stabi l i ty  of  the armour.  A
br ief  invest igat ion was therefore conducted in to the
stabi l i ty  of  Dolos armour ing under shor t -crested
(d i rec t i ona l )  seas ,  and  l ong -c res ted  seas .  The  s tudy
was intended to ident i fy  and quant i fy  any comparat ive
ef fect  in  the onset  and rate of  armour d isp lacernent .

Mode l  t es t s

A series of hydraul ic model tests were conducted in
Hydrau l i cs  Researchrs  mul t i -d i rec t iona l  random sea
faci l i ty.  Ten paddles were set in an arc centred on
the test s lope. The wave generator was prograsmed to
produce ei ther long crested waves, or short  crested
waves with a cos20 direct ional spreading funct ion.
The 3.5m long test sect ion was constructed with
grou ted  s tone a t  a  1 :1 .5  s lope on  an  impermeab le  base.
Over the central  0.85m length the underlayer was
recessed to  take  the  Do losse.  Mode l  un i ts  o f  55 .5
grams, height D = 54mrn; and density 2.32 graur/cm3,
were laid in two layer at a placing density of 793
un i ts /m3,  us ing  a  to ta l  o f  728 un i ts .  The up  s lope
length of the dolos armoured sect ion vas L.08m, and
the water depth during test ing, h,  was 1.5rn. The
Dolosse were  re - la id  fo r  each tes t  to  a  care fu l l y
control led laying pattern to ensure some consistency
in  lay ing .

Each test was run at the specif ied sea state, given by
H" and Trr for 5000 waves, or unt i l  150 units (20.62)
had been extracted. Damage lras assessed as the number
o f  un i ts  d isp laced f rom the i r  o r ig ina l  pos i t ions .
Each test was also recorded on video tape which
al lowed the damage assessment to be checked later i f
needed.  The tes t  cond i t ions  used may be  summar ised: -



Long
u" (m)

0 .088
0 .  103
0 .108
0 .  113
0 .  118
0 . t29
o .147

c res ted
r ,o(s)

r .36
t f

t l

t l

t l

l l

n

Short
H" (m)

0 .088
0 .  103
0 .  108
0 .  113
0 .  118
o . t 29

cres ted
T,o( s)

1  . 3 5
l l

l l

t l

t l

t f

In  each instance a Pierson-Moskowi tz  speetrum was
u s e d .

Tes t  resu l t s

The observat ions made during the f i rst  two tesc ser ies
have been plotted in Figures A2.1-4. Some signif icant
scatter in the test results is apparent.  GeneraLly
the greater proportion of the damage occurs in the
f i rst  1000-2000 waves. For aL1 but the Largest wave
conditions where damage reaches a failure condition
before the end of the test, the rate of damage slons
during the test.  This trend is relat ively welL
indicated by scaling the damage, T * Nd/Na, Uy 4.
The factor {  has been used previousl}  bi
van der Meer (Ref 68),  and Bradbury et a1 (Ref 6),
for rock armour.

The scatter of  the test results is welL i l lustrated in
Figure A2.2, where damage for some of the higher wave
conditions are occasionally less than for lower wave
heights. Tvo ser ies of repeat tests rrere run, al l
w i th  long-c res ted  naves  a t  l l s  =  0 .118m,  T ,  =  1 .36s .
One set of tests were always started at tFe same point
in the seguence, the second used randomty sel-ected
start ing points.  The results of these repeat tests
are plotted in Figures L2.3-4.

For each test (at a singl"e wave height) in each set of
tests damage, T = N.{/No, was calcul-ated at f requent
intervals through tfie Eest up to N.-, = 5000 naves, or
T > 2OZ. Each value of T was then"scpled bV f f i .  The
mean, and scandard deviat ion, of  T/N-z were cal iulated
for each test, and are plotted for tiie long and short
crested lraves in Figures A2.5-5. A simple empir ical
reLat ionship was f i t ted to each data set using a
regress ion  ana lys is .

For long crested \raves:



h = e.3s x loo nfr lo.13oa-n

w i t h  n 2  =  0 . 9 5 .

For  shor t  c res ted  waves :

H ^  r A  A -  . 0 . 1 2 0( 5 . 6 1  x  1 0 b  y ' N w  ) v . ! 4 va"n

w i t h  n 2  =  0 . 8 3

This sicrple approach is f lawed in two ways:

(a) the analysis had been conducted using mean
v a l u e s ;

(b) addit ional data was avai lable but had not been
u s e d .

The ana lys is  was there fore  re - run  fo r ,a l1  re levant
data, using individual values of T/N.?. As one might
have expected this reduced the correlat ion
coeff ic ients markedly.  The increase in the number of
data values did not however change the empir ical
c o e f f i c i e n t s  s i g n i f i c a n t l y .  ( F i g u r e s  A 2 . 7 - B ) .

For long crested waves:

h = e.74 x 106 ,f tro.trt- "n

w i t h  n 2  =  0 . 6 1

For shor t  crested t raves:

H^ 16 #-0 .  rzoT * - = ( 6 . 4 3 x l C
A D n  "  ^ r -  v r r w /

w i t h  n 2  =  0 . 6 4
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APPENDIX 3

Example test results froo si te specif ic studies

The results of ermour movement measurements in si te
specif ic model tests have been summarised in the
fo l low ing  tab le .  In  each ins tance the  de f in i t ion  o f
damage used has been eguivalent to Owen & Al lsopts
ca tegory  31  or  Par tensckyrs  ca tegory  6 ,  fu l1
ex t rac t ion .

The armour unit  is ident i f ied by the type, i ts uni t
mass, and the prototype concrete density.  The
cross-sec t ion  s lope ang le ,  the  s lope length ,  number  o f
un i ts ,  and no t iona l  permeab i l i t y  fac to t t  p t  a f te r  van
der Meer, are l isted. Incident wave condit ions are
given by the signi f icant wave heightr Hor rnean wave
per iod ,  Tr r  and s to rm or  tes t  par t  duraE ion ,  T* .

I t  nust be noted that these tables represent a
cons iderab le  s i rnp l i f i ca t ion  o f  the  or ig ina l  tes t  da ta .
The dauage results wi l l  have been inf luenced by many
aspects not given here. The reader is advised to
consu l t  the  or ig ina l  tes t  repor t ,  i f  ava i lab le ,  and/or
to look at other test results.  The data contained
here should only be used for prel iminary design
Purposes .
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