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Abstract 

Rubble mound breakwaters and seawalls use large quantities of quarried rock. 
Whilst the largest such structures may use concrete units as primary armour, 
large rock sizes are used as primary and/or secondary armour on most rubble 
structures. However, designs of such structures seldom allow for 
degradation of the rock under maritime conditions. This report addresses 
the problems of assessment of degradation, and suggests tests and acceptance 

values for suitable rock durability. 

In some locations, rock armouring on rubble mound structures has suffered 
degradation both changing the rock shape and reducing its size. Both of 
these processes may reduce the armour stability and hence the life of the 

whole structure. The report outlines a three year research study into rock 

durability in the marine environment. The study was conducted by members of 
the Industrial Petrology Unit of Queen Mary College for Hydraulics Research. 
The main steps in the research were: 

(a) The determination of the mechanisms causing deterioration of 
armour rock. 

(b) The identification of the most appropriate tests for assessing 
rock quality and the limiting values for satisfactory material. 

(c) The measurement of changes of armour unit shape occurring on 
breakwaters and modelling these changes in the laboratory. 

(d) Correlating observed damage patterns with other factors such as 
block shape and interlock. 

These studies indicate that abrasive and fracture mechanisms are most 
important in modifying block weight and shape, particularly in the inter
tidal zone. A series of tests have been identified which can be related to 
these types of deterioration. In particular, fracture toughness may be used 
as an important quality parameter. Prediction of changes in block shape 
with time appear to be reasonably modelled by tumbling the rock in a 
laboratory roller mill. In order to fully assess rock durability, however, 
a suite of tests need to be carried out and the results carefully 
interpreted. Some acceptable limits to the values derived from these tests 
are suggested on the basis of the limited data obtained so far. 

As a result of this study, it is possible to suggest a series of tests to 
assess and describe the quality (and hence probable long term durability) of 
rock proposed for a maritime structure. It is, however, clear that the 
suggested acceptance values are based upon a limited series of tests. These 
tentative limits should only be used for the rock types tested. 
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1 INTRODUCTION 

1 . 1  Ob jecti ves 

1.2 The Research 
Approach 

This report is based upon the results of a res earch 
s tudy carried out by A B Poole, T E Dibb and 
D W Hughes at Queen Ma ry College, London . The work 
was ini t iated by Hydraulics Research, funds being 
provi ded f r om Hydraulics Research's s t rategic research 
programme on rubble mound breakwaters .  The res earch 
was concerned with the durabi l i ty of rock armour on 
rubble mound sea defence structures . The original 
f ive p r incipal res earch objectives were : 

( a )  I denti f ication of types of decay mechanism 
related to rock type, prope rt ies, state of 
alteration and weathe ring . 

( b )  Ident i fication of the pr incipal controlling 
factors ( e . g .  temperature, salini ty ) and 
quant i ficat ion of their ef fects . 

( c )  Preparat i on of a lis t / t able of mineral and 
rock materials in order of durabi l i ty 
related to phys ical proper t ies, such as 
poros ity and degree of alteration to 
secondary minerals . 

( d )  Est imation of rates of det eriorat ion for  
pa r ticular rock types under given 
condit ions . 

( e )  Preparation of s pecifica t i on and guidelines 
for natural rock materials used in marine 
s t ructures . 

The asses sment of the s tabil i ty of a breakwa ter 
s t ructure may be cons idered from two d i f fe rent but 
overlapp ing s tandpoint s . The f i rs t conce rns the 
geo logical material f rom which the breakwater is  
cons t ructed, its s t reng th, durabil i ty and quali ty . 
The second is concerned wi th the enginee ring design 
parame ters of the s t ructure, and the Inod i f icat i ons to 
those parameters resul t ing from the gradual 
degrada tion of the rock ma terials with t ime . Thi s  
research s tudy has at temp t ed t o  take account of both 
aspects by concentra t ing the resea rch studies  into the 
f ollowing areas : 

( a )  F i e ld measurement of block round ing, block 
inter lock, macro poros i ty, block shape and 
weight . This  part of the research involved 
the development of new measurement or 
asses sment techniques, the collection, and 
the process ing of large amounts of data . 
The s tudies were only concerned wi th 
access ible par t s  of the pr imary armour on a 
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1 . 3  Out line of  
report 

rubble mound struct ure , The resul t s ,  
howeve r ,  form the vital data base f or 
t e s t ing hypotheses , evaluat ing laborat ory 
tes ts and for the assessment of rates of  
degradat ion , and the int errelation between 
c ontrolling factors affec t ing the 
degradation.  

(b ) Laboratory s tudies were directed t oward the 
evaluat ion of a wid e  variety of phy s i cal , 
chemical and petrographic tests  for 
assess ing s t rength and durabil i ty of rock . 
These s tudies included evaluat i on of a range 
of British Standa rd and American Standard 
t e s t  procedures , evaluat ion of other me thods 
of quality asses sment and the development of 
a se ries of s pec ial tes t s . These were 
considered to provide relevant information 
relat ing to rock durability in a marine 
envi ronment . As a result of these s tudi es , 
i t  is possible to sugges t  sui table 
enginee ring tes t s  for ini t ial assessment and 
quality cont rol of breakwater mate rials . In 
so far as as s e ssment of the limi t ed current 
data wi l l  allow, the results of  these 
s tudies appear to quant ify the "qual ity" of 
rock armouring material and i t s  resis tance 
to degradat i on process e s . They may also be 
used to quant ify the changes in s t ructural 
s tabi l i t y ,  result ing from round ing of armour 
b locks , and to give an assessment of the 
damage mechani sms in relation to the des i gn 
parame t e rs of  t he breakwater (including the 
armour block shape ) .  

An ini t i al paper related to this resear�y) p roject , by 
Fookes and Poole , was published in 1981 \ • Two 
add i t ional papers using data from this res earch we re 
presented at the 1 981 Bangor Conference of the 
E ng i net2i�1 Group of the Geologi cal Society of 
London • • A tentat ive outline summary of this 
s tudy was given in a paper presented to the I CE 
Conference on B reakwaters-Des ign and Cons truction<4 ) . 

The conclus i ons and recommendat ions of this s tudy are 
d etai led in C hapt e r  2 of this report . General des ign 
considerat ions for rubble s tructure s ,  and the 
degradat ion proces ses affecting rock durabi l i ty , are 
cons idered in Chapters 3 and 4 . The f ield measurement 
t e chniques used to assess and des cribe the s tate of a 
rock armour layer(s ) are present ed in Chapt e r  5. The 
use of a number of s tandard , and adapted,  laborat ory 
t e s t s  is dis cussed in Chapter 6, whilst  the followi n& 
chap ter describes in detail laborat ory rounding tes ts .  
Chapter 8 summarises the conclusions of the s tudy , and 
recommends the test ing of further rock types . 

2 



2 CONS IDERATIONS 
FOR DES IGN AND 
CONSTRUCTION 

2. 1 Design of rubble 
s t ructures 

2 . 2  Avai labi lity  of 
rock 

The des ign process for a rubble st ructure may be 
divided into the fol lowing phas e s ;  in i t ial design ,  
s electi on o f  materials , construct i on and ma int enance. 
E ach of these phases have been cons ide red in this 
report and a series of recommend ations made for each. 

Prior to the detai led d es ign of a rubble s t ructure , 
cons ide ration should be given to the following 
factors : 

( a )  The incident wave climate .  

( b )  The environmental condi t i ons ( clima t e , 
salini t ies , tidal ranges , etc ). 

( c )  The materials avai lable for cons t ructi on. 

( d )  The requi red desi gn life of the s t ructure . 

E ach of these factors will p lace cons t raints on the 
overall des ign of  the structu re . Theref ore , care ful 
analys is  of their interaction is  neces sary . Af ter 
es tabli shing the expected wave climate and the s torm 
intens i ty that the s tructure is expected to survive , 
the size of armours tone requi red may be de t ermined ( i f  
rock i s  to be used a s  primary armour ) .  The rock s ize 
will be determined from experimentally de rived 
equations o r ,  more re liabl y ,  by carefully desi gned 
model tes t s  carr ied out under random wave cond i tions . 

To obtain sui table rock for cons truct ion , it  is f i r s t  
necessary to locate a sou rce o f  rock that w i l l  satisfy 
the quality , shape , size , and quantity requi rement s .  
An ini t ial desk s tudy should include an appraisal of 
maps , aerial pho tographs , repor t s  and local knowledge. 
It should enable the engineer or geologist to identify 
the mos t  like ly areas of source rock for detai led 
on-s i te inves t i gation.  

The s i te visit should concent rate on those areas mos t 
l ikely to yield sui t able supp l ies of rock , as out lined 
in the desk s tudy . A geological survey should be 
made , which wi ll concentrate on those areas mos t  
suit able for quarrying, typ ical ly areas of high 
reli e f ,  escarpment s or rock outcrops . Geological 
mapping should include the f o l lowing detai l s: 

( a )  L i tho logy of rock type: details of 
s t rength , rela tive dens i ty ,  mine ralogy , 
grain s i z e  cementation and both vert ical and 
horizontal li tho logical variat ions . 
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2.3 Quarry 
inves tigat ions 

(b ) Joint frequency , orientat ion,  intersections 
and bed thickness . The j oint orientations 
and frequency will largely det ermine the 
l ikelihood of armour s ize blocks being 
produced and will also inf luence the 
orient ation of eventual quarry faces . 

( c )  Weathering profiles and the thi ckness and 
nature of overburden . The depth of 
overburden will affect the cost of quarrying 
and depth of wea thering af fects the yield 
and qual ity of large b locks. 

(d ) Depth of water table,  permeab ilit ies of 
rock , natural drainage courses . These will 
all affect the deve lopment and useful life 
of a quarry , since pumping or divers ion to 
prevent f looding can be costly . 

( e )  A sui table haul route from quarry to  
breakwater site mus t  be located , s ince 
t ransport cos ts will be an important 
considera t ion . 

( f )  Well documented samples should be taken 
during the detailed mapping for preliminary 
laborat ory or field tes ting . 

By the end of the geolog ical survey , it  should be 
poss ible to determine whether it  is feas ible to obtain 
rock of the requi red shape , size and quant i ty ,  and to 
e s t imate l ikely costs . Fur ther s i te investigation may 
be requi red as a follow-up to the mapping , ei ther to 
provide add it ional informat ion about rocks whi ch are 
exposed ,  or to locate a sui t able rese rve which may not 
be vis ible at  the surf ace . It  should be noted that 
the following inves tigat ions may be cos t ly ,  but 
provide valuable informat i on about the quanti ties o f  
material available . The fo llow-up inves tigations 
should include one or more of the fol lowing 
techniques : 

( a )  A drilling programme . This should be based 
on the geological mapping and wi ll extend 
inf ormation available showing changes in 
quality and reserves with depth . 

( b )  A geophys ical survey . A s eismic ref raction 
survey may be of use in de termining the 
pres ence and extent of high velocity (dense ) 
rock benea th a wea thered overburden .  

( c )  Blas ting t rials : Even wi th details of 
joint ing obtained from the geological 
survey , the propens i ty of the blocks to  
break along joints is to a ce rtain extent 
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2 . 4  Rock fabric 

2 . 5  De gradat ion 

dependent upon the blas t ing arrangements . 
Wi thout trial blas ting,  i t  is o ften 
d i f f icu l t  to pred ict accurate ly the size of 
b locks that will be available and the 
propo r t ion of primary armour( to secondary 
armour that  will be produced Zb). 

Once the rock types that s a t i s fy conditions of s i z e  
and shape have been iden t i f ied , they should be tes ted 
to determine their suscept ibility to degrada t i on in 
the marine environment. Ini tial evaluat ion of rock 
quality may be carried out concurrently wi th the 
geological survey . A numbe r  of simple obse rva tions , 
and a brief petrographic examina t i on of the rock , will 
provide useful informat ion abou t the rock's quality 
with respect to the natural degradat ion proces s e s ,  t o  
which i t  has already been subjec ted. During this 
ini t ial examination,  the following features of the 
rock fabric should be recorded , since they relate 
directly to rock durabi l i ty charac t e ri s t ic s : 

(a ) Mineral ' s  absolute and relat ive hardne s s . 
(b ) Grain size , shape and degree of inte rlock of 

the fabric. 
(c ) Degree of al teration/weathering state . 
(d ) Type and propor t i ons of secondary mine rals.  
(e ) Nature of in tergranular cement whe re 

p resen t .  
(f ) Length of joints and f laws within the rock. 
(g ) Rock permeabi l i ty and poros i ty. 

A combinat i on of these factors , t ogether with b lock 
we ight , s i ze , interlock , roundne s s , roughnes s , slope 
angle and armour poro s i t y ,  l imi t the in-se rvice 
e f f iciency and life of the s tructure. Whi ls t an 
init ial pe trographic examinat i on may provide useful 
inf ormation with regard to the weathe ring s tate of the 
rock, and probable durability charac t e ri s t i c s ,  further 
t e s t ing will be neces sary to prov ide for a detailed 
assessment of  quality and durabi l i ty in the marine 
environment. 

The three main modes of  damage t o  rock in the marine 
environment are abrasi on ,  spal l ing and f racture . The 
sui tabi l i ty of a mate rial t o  res i s t  these proces s e s , 
may be es t imated by carrying out a numbe r of 
laboratory tes ts. 

By examining the mechanisms act ing in the marine 
environment , thi s  s tudy has shown that it is possible 
t o  identify the mos t  important physical at tack 
proce s s es operat ing on rock armour. Thes e  processes 
may be modelled to varying degrees by a series of  
enginee ring tes t s ,  whi ch have formed the subjec t  of 
par t  o£ this s tudy. A series of sugges ted acceptable 
values have been given (Table 1 7 ) ,  f or each of the 
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tes ts . These values sugges t s�mj s ligh t improvements 
t o  the values given previous ly 2 ) . No s ingle 
engineer ing t es t  can predi c t  the perf ormance of rock 
in s ervi ce . However ,  since the most impor tant 
mechanisms have been recogni sed , several tes t s  may be 
sugges ted . The results of these tests  when combined , 
should enable a reasonable e s t ima te of rock durability 
to be made . Whilst  i t  is not always pract ical to 
carry out all the sugges ted tes t s ,  it is importan t  
that the mos t  appropriate t e s t s  for the part icular 
environment are carried out .  

A s tudy o f  Grif f ith ' s  theory of crack propaga t io n ,  
which has been compared with the fracture processes 
operating in the marine environment , has led to the 
sugge s t i on that a tes t f or f racture toughness (in the 
tens ile mode ) be used as a s tandard t e s t  of rock 
s t rength . These t e s t  results correla t e  we ll wi th the 
results of the other s tandard engineering tes ts .  
Howeve r ,  although fracture toughnes s  is an excellent 
measure of rock s t rength,  it canno t be used alone t o  
d e termine rock durability . An envelope o f  values 
sugges ts that the minimum f racture t ou ghness value 
should be in the range 0 . 5 5-0 . 9MN/m312 with an average 
value of 0 . 7MN/m312, for the material to be of 
acce p table qual ity . Normally , if  this value is 
sat i s f ie d ,  the rock will be of adequate durabi lity . 
The tes t resul t should however ,  be viewed with s ome 
cau t ion in view of the l imi ted data cur rent ly 
available , and cannot be taken alone as an ind icator 
of  rock durability . 

S palling , result ing f rom cyclic salt c rys ta llisation 
and solut i on i s  a very important , degradat ion 
mechanism, part icularly in the hot climatic regions 
where sa lt at tack is more severe . A sulphate 
s oundness tes t ,  toge ther with a water absorpti on t es t ,  
f orm a useful indication of rock ' s  res i s tance t o  this 
type of degradat ion . Careful interpretat ion of the 
t e s t  re sults is essent ial . The ult imate s t re ngth of 
the armour is also a very important cons i derat i on ,  
the refore a s t rength t e s t  is neces sary . The Franklin 
poin t-load t e s t  is an inexpens ive and sui table t e s t  
for  this , since fai lure i s  induced in a par t ially 
tens i le , rather than a wholly comp ress ive mode .  

The third major degradat i on mechanism i s  abras ion, the 
act ion of  which has been likened to the aggregate 
impact t es t .  Thi s  is also a fairly s imp le t e s t  and i s  
a l s o  appropriate f o r  durabili ty assessment . 

On the basi s  of  the limited t e s t ing carried out in 
this research , relat ive dens i ty and Young ' s  modulus 
are not considered to be as useful in providing 
inf ormat ion relating t o  durabi l i t y .  Relat ive dens ity 
i s ,  of course ,  important for the calculat i on of block 
s izes for a par t i cular weight of armour s t one . 
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2. 6 Laboratory 
te_sts 

The inherant inhomogene ity of rock is illust rated by 
the scatter of  results obtai ned in the engineer ing 
tests . Scale is another important factor that should 
be cons idered . All of the laboratory tests are 
l imited in that large samp les i . e .  armour units 1�y, 
and often do, have large f laws o r  discontinuities, 
often in exces s  of  one metre long . The importance of 
joint and f racture p lane measurements in the quarry 
cannot theref ore, be over emphas ised . The usefulnes s  
o f  laboratory tests i s  i n  identifying the strength and 
durability of a fabric, as suming or real ising that 
values tend towards a maximum. An exception to th i s  
is  the point-load te st which uses relative ly large 
samp les rather than agg regate and therefore the 
problem of scale is perhaps less important in this 
te st . 

Local environmental var iations should be taken into 
account when determining a te st programme and 
specif ied test va lues. F or example, salt attack 
should be g iven greater cons ideration in the Middle 
East than in the UK . In such an envir onment where 
s alt attack is more severe, it may be advisable to 
lower the accepted s oundnes s  loss value . S imilarl y, 
breakwaters f acing a high energy wave envir onment wi ll 
require material more resistant to impact and hence 
r ecommended compress ion and tens i le strength values 
may need modif ication . 

Whi lst certain standard tests such as the aggregate 
impact and the Los Angeles abrasion tests measure 
abrasion resi stance of rocks, they do not adequate ly 
model the abrasive mechanisms operating in the marine 
environment . The laboratory roller mi ll experiments 
( Chapter 7 )  ca rried out in this study, are cons ide red 
to provide a more real istic s imulation of this  type of 
abras ion . The results of these tests, when 
ca librated, may be used to estimate abras ion rate s and 
hence durability of rock . 

A re lationship between time and pe rcentage rounding 
exists for both the experime ntal round ing re sults and 
f o r  the f ield round ing observations . The f i eld and 
laboratory measurements of block rounding appea r to 
show good cor relation, at least for ca rbonate rocks . 
This correlation suggests that tumbling 200-300g 
samp le blocks in a polypropy lene roller mil l ,  
measuring weight los s with time, may wel l  be a 
suitable method of  assess ing abrasion in the marine 
environment . The results of thes e  rounding tests 
al low an estimate of block r oundnes s  and associated 
we ight los s of armour, of a particula r type, in the 
intertidal zone, to be made f or va rious times in the 
l i fe of the structure . 
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2 . 7  Rock produc tion 
and handling 

At present however , the limi ted extent of calibrat ion 
data obtained from the studies restricts the use of 
these tes ts as a measure of rock durabi lity . To dat e ,  
only three carbonate rocks have been s tudied 
extens ively in the laboratory . The results of these 
s tudies (Fig 1 7 )  have been carefully correlated with 
field rounding measurements on rocks of similar types 
(Fig 8). A tentat ive d iagram may be drawn as a result 
of this correlat ion (F i g  26 ) .  This diagram sugges ts 
fi elds of accepable and unaccep table armour s tone in 
terms of rounding in the roller mill . Hare extensive 
cali bration s tudies are requi red to al low rounding 
rates of other rock types to be predicted . 
Additional ly , envi ronmental factors must also be 
cons idered , as cer tain environments may induce 
significantly more abras ion than others . 

Comparisons have also been made be tween the s tandard 
engi neering tests and the rounding tes ts . There is a 
good corre lation between mos t  of the s tandard tests 
and the laboratory rounding tes t .  This sugge s ts that 
it may be acceptable to use the s tandard engineering 
tes ts as est imates of abras ion res is tance if the tes ts 
are calibrated correc tly . 

The produc tion me thods and subsequent handling of the 
rock may have a significant bearing on the durabi lity 
of the breakwa ter . Quality con trol during the 
cons truc tion process is a mos t  important factor to be 
cons i dered . In many case s ,  damage to rubb le 
struc tures may have been a result of bad cons t ruction 
pract ice . 

Care should be taken to ensure that quarried ma terials 
are produced to the correct size , quality , weight and 
shape specifications . These factors are controlled 
largely by joint spacings and blasting techniques . 
Rock quality should be carefully moni tored throughou t 
the quarry ing process , as variations in weathering may 
occur at d ifferent levels in the quarry. 

Materials extracted from the quarry are not alway s 
produced to the size requi rements needed immediately . 
Hence , there is often a need for s tock piling,  which 
is  a potential cause of damage to the armour stone . 
S imi larly , care should be taken during trans port of 
ma terial to the breakwater site . 

During the cons truction process , armour block 
placement mus t  be carefully controlled . Damage may 
occur if blocks are p laced carelessly , causing 
abras ion or frac ture during placement . Al terna tively 
damage may be induced by poor block interlock , caused 
by laying the blocks too loosely . The block interlock 
may be moni tored during cons truct ion by samp ling the 
area and using the proposed tes t for co-ordination 
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2.8 Assessment of  
damage 

3 ROCK STRUCTURES 
IN THE MARINE 
ENVIRONMENT 

3 . 1 Gene ral des ign 
conside rations 

numbe r  given in thi s  report . A tight packing of the 
armour blocks reduces the chances of abrasion and 
fracture by rocking . 

It is important that breakwaters should be monitored 
after constructi on, both f or maintenance purposes and 
for  the provis ion of data which may be used in the 
d e si gn of new structures. As a re sult of the f ield 
s tudies , a series of techniques for monitor ing damage 
to rubble structures have been devi sed . These tests 
(Appendix 3) have been used to determine the extent of 
d amage to the breakwate r, both in terms of  armour 
d i s placement and rock degradation . 

These asses sment methods yield damage f igure s 
s igni ficantly highe r than those no rmally contemplated 
by the breakwater des igner using other techniques .  
They do , however ,  allow us eful comparative assessments 
of the extent by which a given structure has 
deteriorated from its idea l cond ition . The higher 
damage f igures result f rom the inc lus i on of 
degradation to armour blocks , as wel l  as the comp lete 
removal of armour units f rom the s tructure , in the 
f inal damage value calculated . 

Conclusi ons d rawn f rom the study suggest that damage 
to breakwaters in low ene rgy wave climates (such as 
those in the Arabian Gul f )  is characte ri sed by 
unstable blocks as the predominant damage type . 
Simi larly , h igh energy wave climates ( such as those 
off Easte rn Australia)  produce more armour 
d isplacement damage , as might be expected. 

Although the damage values quoted for the various 
structures are a simp l i f ication of a comp lex 
s i tuation , the subjective vi sual d i f f e rences in total 
damage are eas ily seen. Plates 12-15 show sections of 
breakwaters with damage asses sments f rom 0 to over 
30% . 

Breakwaters are constructed to protect enclosed areas 
of water f rom wave attack , usua l ly as a vital part of 
new or extended harbour works. They may either 
provide add iti onal p rotection to a partially enclosed 
estuary (as do the who l ly detached breakwate rs at 
Plymouth and Cherbourg ) or they may be used to create 
p r otecti on for a new harbour on an otherwis e  exposed 
coas tline ( e. g . those at B ri ghton marina ) .  Detached 
breakwaters , not connected to the coa stl ine at eithe r  
end, may a l s o  be employed to reduce the severity of 
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wave attack upon a part icularly vulnerable section of 
the coas tline where onshore cons t ruction is not 
practical (e . g .  those on the Wi rral coastline and at 
Rhos-on-Sea ) .  

S eawalls are essentially on-shore s t ructures des igned 
to  protect the land behind them. On an eroding 
coas tline a seawall may be cons t ructed in order to t ry 
to  hal t further recession . Somet imes such a structure 
may be cons t ructed seaward of the coas tline as a 
de tached breakwat e r ,  subsequent reclamat ion work then 
taking p lace behind it . A seawall may also be 
cons t ructed behind a beach , such that it is only 
reached at high water levels and wave heigh t s .  

The ult imate purpose of a l l  such s t ructures i s  t o  
dissipate ,  i n  a s  harmless a fashion a s  poss i ble , the 
energy remaining in the waves over a very short 
dis tance . The wave energy may already have been 
partially diss ipated by bed fri ction, ref lect ion from 
coas tal shoals , refract ion and diffract ion , and by 
wave breaking (depending upon such factors as water 
depth , bed slope , wave height and period ) . The energy 
arriving at the structure may ei ther be reflected away 
from i t  or be abs orbed at , or wi thin , the structure . 
In the main,  impervious ve rtical or s teeply s loping 
walls will reflect nearly all the incident wave energy 
( even at 1 : 2  s lopes around 7 5 %  of incident wave energy 
is reflected , and at steeper slopes the proportion 
reflected is even greater ) .  This may cause very 
seve re wave conditions in harbour entrances , standing 
waves in partially enclosed basins,  and may promote 
accelerated scour at the toe of the structure . The 
alternative solution is  provided by a permeable 
s loping wall face designed to dissipate the wave 
energy by turbulence between or within the armouring , 
and by run-up over a rough surface .  

E a rly breakwaters were usually cons t ructed as mass 
s truc tures , being built  ei ther comple tely of masonry 
blocks keyed or dowe lled togethe r ,  or of blockwork 
walls surrounding rubble heart ing . (Recently some 
s t ructures believed to be of solid blockwork have been 
dis covered to be of this lat ter construct ion . )  These 
gravi ty s t ructures would be supported on a rubble 
mound , timber cribwork and piles , or the base rock . 
Wave at tack was res isted simply by the weight of the 
structure . Mos t  wave energy was reflected back by 
these structures . 

Fai lure was mos t commonly by undermining but was also 
by loss of fine material (heart ing ) through fractured 
or eroded j oints . Wi thout methods to pred i ct wave 
heights or to calculate the wave forces involved , nor 
to determine the f i tness of a des ign before 
cons t ruc tion,  much damage was caused by large st orms . 
After a collaps e ,  the s t ructure was often rebuilt in 
similar form . Heavier material or a larger section 
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may be used . Of ten such a recons t ructed s t ructure 
would be f ounded d irectly upon the mound formed in the 
co llapse of the previous s t ructure . 

I t  was later realised that wave energy was be t t e r  
d i s s ipated by turbulence be tween large bould ers or 
blocks) than by reflect ion from the near-ve r t ical 
walls . I t  therefore became more common t o  cons t ruct 
breakwaters w i th slop ing faces armoured w i th layers o f  
qua rry-s tones) careful ly selected for size and shap e .  
This t ype of const ruct ion was f ound t o  be much less 
sens i t ive to damage (displacement of the armour 
uni ts )) as s ome units could be d isplaced wi thout 
endange ring the s t ructure, it was ve ry much easier to 
repair) and fur thermo re the s t ability of the 
breakwater af ter repair was usually increased . 
Typ ical rubble mound breakwaters are shown in F igure 
1 .  

P rogres s i vely ships and ports g rew larger and the i r  
protect ing breakwaters we re placed in deepe r  water 
res i s t ing larger waves . Problems were soon 
encountered f ind ing suit able size stones (the limit 
f or na tura l  rock being about 15-20 tonnes, in some 
a reas very much les s ) ,  so cas t cubes or rectangu lar 
blocks we re then used . However, wh i ls t  easy to 
manufacture, such mass ive blocks were not part icularly 
effect ive in diss ipat ing wave energ y .  In 1950 the 
f ir s t  special shape concrete armour block made its 
appearance) the t e t rapod . I nvent ed, and patented, by 
the Neyrpic Hydraulic Laboratory, this uni t has been 
used in breakwat e rs and s eawalls all over the worl d .  
S i nce the development of the tet rapod, a number of 
d i f f erent unit s  have been developed, some apparently 
speci f ical ly to avo id the tet rapod patent . All 
d i s s i pate wave energy by turbulence and are secured in 
pos i t ion by inter lock and /or by interblock frict ion as 
well as by their weight . These o ther b locks include :  
the tribar, dolo s, stabit  and the cob; o f  which the 
tribar, s tabit and the cob are usually placed in a 
s ingle layer, the tet rapod and dolos being placed in 
two layer cons t ruct ion . Some of  these armour uni t s  
are shown i n  Figure 2 .  

S eawall s lopes are of ten const ructed with relatively 
impe rmeable facings al lowing some wave ene rgy to be 
conve rted to tur bulence in wave-breaking and run-up . 
S uch slopes are usually between 1 : 1.75 and 1 : 5 ,  the 
commones t  being about 1 : 2 . 5 .  Run-up may be reduced 
sl igh t ly by a rough surface or by diss ipator blocks, 
but these may cause add it ional s p ray. Cons truct ion 
me thods include : 

( a )  S tone pi tching - cement mor tar or bi tumen 
grouted 

( b )  Grouted rock or concret e  bl ocks 
( c )  Interlocking concret e  blocks 
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3 . 2  Typi ca l  rock 
armoured 
s t ructures 

( d ) Large precast conc rete  panels 
( e )  Large i n-s i tu con cre te pane ls 
{f ) Mass concrete 

Rubble mound cons truct i on may however , a lso be used 
for s eawalls , allowing wave energy to be dissipated 
wi thin the voids. Wave run-up and wave reflections 
will be much reduced , allowing lower seawall cres t 
heights. Such a s lope is o ften backed by a small wave 
wall. The basic  des ign owes much to rubble mound 
breakwa ters , the outer layers being of rock or 
concrete armour uni t s .  A numbe r o f  underlayers / 
f i lters will be needed to obvia te leaching out of f il l  
ma terial , whi ch ma y  compl icate cons t ruction . In 
cond i t i ons of  low wave heights and non-abrasive 
f oreshore s ,  gabions or reno mat tres ses may be used . 

S eawall fai lure may be by excessive overtopping 
( f unctional failure ) o r  by col lapse ( s t ruc tural 
failure ) .  A numbe r ,  or  combina t i on ,  of factors may 
lead to s t ruc tura l  fai lure : 

(a ) Erosion of the back face due to ove rtoppi ng , 
leading to washing out of the core or f i ll . 

( b )  Collapse of the f ront face , leading to erosion 
f il l  f rom the f ront . 

( c )  F ront face undermined by scour a t  toe . 

( d )  Piping o f  f ines f rom embankment through 
i nadequate filters . 

o f  

Seawall design is of ten ess�nti�lly empirica l ,  
although new design me thods \ 5 , 6) a re becoming 
ava i lable. Profile shape and c re s t  leve l  are often 
dicta ted by funds , local p ra c t i ce and availability o f  
materials and /or plant . Experience of exi s ting loca l  
s t ructures i s  very valuable , but it  must be remembered 
tha t  wave cond i t i ons may vary ma rkedly over quite  
short d i s tances , and par t icularly w i th changing beach 
leve ls . 

A rubble mound breakwater or seawal l  cons i s t s  at i t s  
s imples t o f  two elements ,  a n  inner mound of  rock { the 
co re ) and an outer skin of large r  rock ( the a rmou r ) . 
The armour s t one will be rela t ively uni form in size  
and shape , and the armour layer will  be  carefully 
des igned to  res ist  wave act i on ,  diss ipating the 
incident wave energy as ef f iciently as pos s ible.  The 
core mat e rial will typ i cally cons ist  of a wide range 
o f  rock sizes , es s entially as p roduced by the quarry . 
The core will usually be p la ced by dumping f rom barges 
or f rom t rucks . As the dispari ty be tween the size  of 
the a rmour rocks and much of the core is of ten great , 
a numbe r  of underlayers or filters may be lai d  be tween 
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armour and core. ( S imila rly , a filter blanket may be 
required between the s ea bed and the core materia l . ) 
Finally , a roadway and wave wal l  may be incorporated 
into the crest of the s t ructure . Typica l  
cross-s ections of such breakwaters , both with and 
wi thout such crest details , are shown in F igure 1 .  

I t  is now acknowledged that the design of the 
armouring to any major breakwater wil l  usually be 
based on the results of  carefully controlled hydraulic 
model s tudies , with random waves . However , for minor 
s t ructures , or for prelimina ry d e s ign purposes , the 
design armour s{S} is often arrived a t  by use of the 
Huds on equation : 

= 

= 

= 

= 

= 

= 

a = 

= 

Ya H 3 

weight of an armour unit (Kg or t )  
design wave height (m) 
dens ity of  an a rmour unit (Kg/m 3) 
YR 
Yw 
dens ity of sea water a t  s ite of intere s t  
(Kg/m 3 ) 
angle the s lope of the s t ructure makes with the 
horiz onta l ,  
s tability coef f icient; a funct ion of: 

The type of armour uni t . 
The numbe r  of  layers of uni t s .  
The manner o f  p la cing o f  the uni t s ,  i . e .  
whe ther random or uni form. 
The type of wave , i . e . whe ther breaking or 
non-breaking . 
The par t  of the s t ructur e ,  i . e .  the trunk or 
head of a breakwa t e r .  
The type of underlayer . 
The degree of overtopp ing . 
The degree of damage that is accep table under 
design condi ti ons . 

Us ing the above equation,  a s table a rmour weight (W)  
may be computed . I f  rock is to be  use d , the des igne r 
will usua lly s pecify tha t  the a rmour layer mus t  be o f  
a t  least two stones ' thickness , and consi s t  o f  a 
weight range of 0 . 7 5W to 1 . 2 5W wi th approxima tely 7 5 %  
of  the individual blocks weighing more than W .  Shape 
of  armour blocks cannot usually be specif ied 
precisely , bu t is controlled by the general rule tha t 
the maximum linear d imensi on of a block should not be 
greater than approximately two or three times the 
minimum dimension.  

The s tability coe f f icient KD i s  a compos i t e  factor  
which inc ludes block shape and void  ratio for the 
primary armour . The s imple Huds on equat i on does not 

1 3  



fully take account of the total wave cl imate at the 
s t ructure nor d oes it make allowance for changes in 
weigh t ,  shape or packing of armour uni ts  as these 
uni ts  degrade with t ime . The a rmour s tabili ty could 
however , be reca lculated at various s tage s  in the 
degradat i on process of the blocks on a s t ructure , o r  
on a series of flume models which mirror the predicted 
changes in the s tructure. 

This f ormula in its simple form however , takes no 
account of interlock , interblock friction , layi ng 
metho d ,  armour layer p oros i t y ,  or wave period . Whilst  
l ikely to  be correct for rock armouring when used with 
carefully chosen values of Kn, it is clear that the 
Huds on f ormula should only be used for very 
approxima t e  f i rs t  des ign stud ies , when a variety of 
a rmour uni ts are under consideration.  

As has been explained earlier,  rock a rmour relies upo n  
its  weigh t ,  interlock and interblock frict ion to  
res i s t  the momentum and d rag f orces of the waves. The 
incident wave energy is d i s s i pa t ed in flow ove r  a nd 
through the a rmour , and ( in par t )  in f low through the 
underlayers and core material . Clearly , the poros i ty 
should decrease gradually f rom the outer layer 
inwards. The ideal breakwater armour layer may be 
described as a network of holes or v oids held rigidly 
together , wave energy being d i s sipated in turbulence 
in the voids wi thin the armour layer .  In p rac tice , 
only a few concrete armour uni t s  can produce a s table 
a rmour layer having a porosi ty greater than 50% . Rock 
a rmour might be expec ted to  give a porosity in the 
range 3 5-4 5 % . 

A number of  underlayers , or f i lters , may be neces sary 
between the armour and the core . Each layer in turn 
mus t  be able to support the layer above whi lst not 
allowing the layer beneath to be drawn through . The 
foll owing rela t i ons��P� �g) part ic le and void s izes 
have been sugges ted ' • : 

D 15 ( underlayer ) < 
o85 ( core) 

5 

4 
< D 15 ( under layer ) 

D 15 (core) 

D 50 ( underlayer ) 

D 50 (core) 
< 

2 5  

< 2 0  

The top underlayer i s  usually composed of rocks 
weighing between � and l_ the armour rock weigh t .  
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3.3 Damage to rock 
s t ructures 

In gene ral , two types of damage may occur to a rock 
armoured rubble-mound s tructure. F i rstly,  the rock 
armour may move , uni t s  be ing plucked or rolled from 
their original pos i t i ons by wave act ion. This 
is  usually the type of damage which is  of concern to 
the hyd raulic specialist  or the des igner. S econd ly , 
the rock armour may suf fer abrasion,  spalling 
f ractur e ,  or s imilar degrad ing p roces s es. This is the 
damage usually of conce rn to the geologist.  Clearly 
both dif ferent types of damage may occur together. 
F ractured or abraded pieces of rock may be more eas ily 
moved around. S imilarly , mobile rocks are more likely 
to abrade or to break. However ,  in order to 
dist inguish be tween these two types of damage in this 
repor t ,  where appropriate the f i r s t  type of damage 
will be te rmed armour displacement or movement , and 
the second type rock degrada tion. 

Huch of the damage and degradation to rock armour may 
be re lated to construct ion pract ice. Typ ically 
armourstone is  quarried close to the cons t ruct i on s i te 
and is transported (somet imes via a numbe r  of stock 
p i le s )  to the breakwater for placing. The blocks can 
be degraded at any of thes e  s tages as out lined below. 

P roduction of armourstone bl ocks is much s impl i f ied i f  
the quar ry rock has large joint spacings and 
favourable wea thering characteris t ics , as descr ibed by 
the weather ing grades I and I I ( 9 ). However ,  in  
ce rtain cases , subs t andard or non-ideal material tMy 
be produced in a rmour s ize blocks at the quarry face 
and appropriate programmes of quali ty cont rol mus t  be 
employed if such material is no t to be incorpora ted in 
armour laye rs. Such measures are some times 
economical ly prohi bitive and are of ten unsatisfactory 
i n  that a complete screening out of unsui table 
ma te rial is  not ach ieved in practice<2 6) . Totally 
unaccep t able material rarely produces blocks of 
armourst one s iz e ,  due to i ts inherent weaknesses , but 
individual blocks of marg inally sui table ma t erial may 
be obse rved on many breakwaters. 

Pr imary armourst one is not usually requi red at the 
earlies t st ages in the cons t ruction process. The 
breakwater core mat e rial and succe s sive grad ings o f  
unde rlayers mus t  be placed be fore the primary 
armourst one can be laid. Economic cons iderati ons are 
therefore important in decid ing whe ther armour sized 
ma terial s hould be sought dur ing the initial 
development of a quarry. If  large quant i t ie s  of 
armour are produced initially,  they mus t  be stockpi led 
ei the r within the quar ry or adjacent to the 
co ns t ruction s ite. S tockp iling can lead to congestion 
and may also g ive rise to degradat ion of the blocks as 
a result of addi t i onal handli ng. Whe re low 
armours tone yields are predicted , stockp i l ing is 
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unavoidable f rom the outset  of quarrying . This is  
normally the case when rock is  to be used as pr imary 
armour . Howeve r , where it is  poss ible , armours tone 
should be produced as required dur ing the deve lopment 
of the cons t ruction .  

A number of blas t ing methods can be used to increase 
output of armourstone grade blocks . These are : 

( a) An increase in blas t hole space whi le 
re taining a cons tant burde n .  

(b) Quarrying w i t h  single rows o f  blast holes to 
avoid the use of delay blas t ing . 

(c) Use of non-gelatinous exp losive s :  generally 
seen to be benef icial , since the 
nitrate/fuel oil mixtures apply s imilar 
energies at lower veloci ties thus decreasing 
f ract iona t ion. 

(d) I ncl ined boreholes to concent rate the bla s t  
energy a t  the bas e  of the bench and also to 
minimize ground v ibrat ions . 

In the evaluation of blas ting procedures ,  
cons iderat ion should be given to the inherent rock 
cha racte r s ,  such as joint s pacing , joint per sis tence 
and inte rsection of joint sets . The rock weathering 
and its comp res s i ve s t rength mus t also be t aken into 
account i f  the yield of armour s i ze blocks is to be 
maximis ed. 

Blocks can be degraded during transport from the 
quarry to the const ruction s i t e .  Rough hand ling can 
account for s ignif icant damage to ind ividual blocks as 
a resul t of fracture and abrasion .  I n  many examples 
damage attributed to degradat ion in the marine 
environment may in fact be the result of hand l ing 
during t ransport or p lacement. 

Inadequate inter lock be tween armour blocks , of ten the 
result of poor placing , or the use of rounded blocks , 
will reduce the s tabi l i ty of the s tructure . The 
placing of armour blocks on the breakwater face has an 
important effect on the eff iciency of the s t ructure . 
Poor placing of the armour may tend to give a high 
armour layer poros i ty. This high macro poros i ty will 
have good energy diss i pat ion characteristics , but 
reduced s tabi lity wi th a greater potential for armour 
movement . Reduced poros ity of the armour layer 
may in turn y ield high s t abil i t y ,  but at the cos t of 
exces sive wave run-up or over topping and high leve ls 
of wave ref lections . 

Rubble mound s t ructures may fail in a number of ways . 
The spectacular collapses of rece nt years have all 
involved large concrete armour units . Un-reinforced 
concrete is inherent ly weak in tens ion .  Large 
concre te ar1nour uni ts may f racture if sub jected t o  
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4 FIELD STUDIES 
AND ROCK 
DEGRADATION 
PROCESSE S  

4.1 Mechanisms 
operating 

impact loadings. If such units start to move under 
wave action they may collide and consequently 
fracture. Failure may also result from fatigue due to 
the cyclic nature of the applied stresses. The armour 
pack as a whole may then lose coherence and a rapid 
collapse will then ensue. Sound rock, however, is 
relatively more resistant to impact forces and failure 
of rock armour layers is usually more gradual. If 
however the rock , as placed , is too small to resist 
the incident wave climate, armour movement will occur 
and the structure may deteriorate and eventually 
fail. 

More rapid collapses may arise under hurricane , 
cyclone or other severe storm conditions. In such 
storms, extremely long waves (having periods greater 
than about 25 seconds) may generate sufficient 
hydrostatic pressure to fluidise the core material or 
the underlying foundation material. In such instances 
collapse may be very rapid. Overtopping may also 
precipitate the rapid collapse of a seawall or 
revetment. Figure 3 illustrates such a collapse on 
the Gold Coast , Queensland , Australia. In this 
instance , the material behind the secondary armour was 
washed away by the overtopping waves. At the same 
time , wave draw-down and reflection aggravated the toe 
scour , leading to undermining and collapse of the 
armour. The observer estimated the whole sequence as 
taking only 20 minutes! A report of the performance 
of this and similar revetments has been presented 
recently by Smith and Chapman(30). 

In this study , breakwaters were monitored in the cool 
temperate environment of the UK, the hot desert 
conditions of the UAE, the Southern hemisphere 
"mediterranean type" climates of New South Wales and 
Southern Queensland , and in the subtropical regimes of 
Northern Queensland. In all climates three main 
degradation processes appear to operate: surface 
spalling, catastrophic fracture and abrasion. 

(a) Spalling of surface layers of rock (Plate 1) 
can be achieved by a number of processes, 
but is most commonly associated with salt 
attack. In addition, freeze/thaw thermal 
movements , alteration of minerals or 
expansion of clay minerals can all lead to 
surface spalling. The freeze/thaw cycle may 
operate in sub-arctic and arctic 
environments where conditions for the 
freezing of sea water (- 18"C) are attained. 
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Thi s  s tudy does not extend to  those regions , 
a l though decay mechani sms iden t i fied here 
may be relevent .  

( b )  Cata s t rophic f ra cturing (Plate 2) in thi s 
context refers to the split t ing of armour 
b locks into two or more large pieces . 
Typically these frac tures occur along 
incipient planes of weaknes s  in the rock . 
They may arise as a result of  incor rect 
handling ,  in the quarry , in t ransport or in 
pla cement . Alterna t ively f ra ctures may 
arise as a d i rect result of  block movement 
on the breakwater dur ing s torm cond i t i ons . 

( c )  Abrasion ( P late 3 )  i s  of  two main types . 
F i r s t  there i s  rubbing between uns table 
a rmour uni t s ,  the extent of  whi ch is related 
to the feroc ity of wave action,  and/or how 
well the breakwater was cons t ructed . The 
s econd mechanism involves removal of surface 
material by the impact of  sand or rock 
particles in suspensi on .  This can be a mos t  
effective abras ive me chanism over 
eng inee ring timescales . In addit ion the 
effect of the hydraulic forces of the s ea 
alone can be suf f i cient to  wash out weak 
material from cavities or joint s . 

These decay mechanisms are essentia lly p hy s i cal i n  
character . Chemical degradat ion on an engineering 
t ime-scale appears to  be of rela t ively minor 
importance for mos t  rock materials . The mos t  common 
chemical degrada t i on process es result from 
crys talliza t ion and solut ion of  sal t  on surface s ,  the 
soluti on of  carbonate rocks and the oxidat ion/ 
hydra t ion of  iron compounds . The presence of  iron 
sulphides and oxides in the rocks may result i n  
s palling through volumetric expans ion upon alteration.  
The rela t ive impor tance and effect iveness of the above 
mechanisms is controlled ( for a given zone on the 
breakwater ) by the following factors: 

(a ) Geographical climate . 
( b )  Local phys ical env i ronment . 
( c ) Rock typ e ,  the details of its  mine ralogy , whether 

it  has suffered secondary altera t i on and its  
weathering grade . 

Salt a t tack is mos t  s evere in hot desert env ironment s  
where evapora t i on leading to  salt crys tallizat ion is 
at its mos t  effective . If this process is to occur , 
it  i s  important tha t  a surface sal t  accumulat ion is 
poss ible ( i . e .  areas of  low rainfall s o  that salts are 
not f lushed back into the sea ) . An e f fect ive system 
for degra da tion is produced where salt i s  allowed to  
accumulat e  in the f ine-grained dus t  that occurs in 
s up rat idal z ones between p rimary armour units . Thi s  
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dust acts as a salt-pan, occasionally wetted by 
sea-spray and condensation. Degradation of armour in 
such an environment can be rapid and serious. Salt 
attack in areas of low evaporation and/or high 
rainfall is less important, although disruption of 
rock surfaces due to crystallization in cracks can 
occur in most climates. 

Temperature will modify the solubilities of calcium 
and carbonate ions in sea water and hence alter the 
importance of solution weathering of carbonate rocks. 
Temperature, together with relative humidity, 
influence salt crystallization rates. Both are 
especially important in the supra-tidal zones, where 
the daily variations of trB�erature and relative 
humidity are most severe • Salt crystallization 
and hydration pressures are thought to be a major 
factor in the spalling and deterioration of porous 
rock types. 

Rainfall is another factor which may affect rock 
performance. The chemical action of freshwater on 
immature limestones is well documented by Bathurst<1 1) 
and Illing< 12), who show that aragonite grains may 
dissolve and subsequentially recrystallize as low 
magnesian calcite, either in situ as an aragonite 
relic or, after migrating over small distances, as 
secondary sparry cement. This process is thought to 
be responsible for "case hardening" effects which have 
been reported as affecting some immature limestones in 
arid environments. 

In the present study field data, including climatic 
data, was collected for coastal structures around 
Britain, the United Arab Emirates and Australia. The 
relevant climatic and other data collected for these 
studies is given in Table 1. Detailed field data for 
all sites visited is given as Appendix 1 of this 
report. The location of the study sites is shown in 
Figure 27. 

The local physical environment may be analysed in 
terms of the sea state at the structure and also in 
terms of the properties of the structural elements in 
use. The degree of exposure to wave attack has a 
profound effect on the durability of any rubble mound 
structure. Data obtained on the hydraulic environment 
local to the structures studied is reproduced in Table 
2. The wave climate in the United Arab Emirates is 
generally gentle with occasional storms, since the 
fetch in the Arabian Gulf is not great enough to 
generate very high, long-period waves. Queensland 
however, borders the Pacific Ocean and here the wave 
climate is very energetic. Indeed many of the 
breakwaters that were studied in Australia had been 
rebuilt as the consequence of cyclonic storm damage. 
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Examples of the change in relative importance of decay 
mechanisms can be cited from along the east coast of 
Australia. Breakwaters in New South Wales and 
Southern Queensland are most vulnerable to the very 
high wave energy environment of the Pacific Ocean. 
Catastrophic fracture of armour blocks is often the 
major problem encountered along this part of the 
coast. Further north, the Great Barrier Reef takes 
much of the energy out of the wave climate, and the 
problem of catastrophic fracture is reduced in 
importance. 

In all breakwater structures studied it is evident 
that geographical and local physical climates have a 
modifying effect upon the relative importance of decay 
mechanisms. However, the principle factor affecting 
decay rates is rock type. A fresh granite will be 
affected by salt attack in the Persian Gulf, 
catastrophic fracture on the exposed Pacific Coast of 
Australia and possibly a combination of the two 
(though with reduced effect) in sub-tropical 
Queensland. However, it will suffer markedly less 
damage than a soft limestone in each of these 
environments. 

The position of a rock on the face of the breakwater 
is also very important in relation to the extent and 
type of damage and deterioration that may occur. All 
the present studies confirm that the forces of 
deterioration are most severe in the intertidal zone 
of the breakwater. Rocks in this zone are more 
susceptible to abrasion than elsewhere on the 
structure. Abrasion is obviously little affected by 
general climate, but depends more upon prevailing sea 
states and the local physical environment of the 
breakwater. 

In the present study it has been found appropriate to 
consider the breakwater to be divided into three 
horizontal zones (Figure 4 ) ,  {f5her than the four 
suggested by Fookes and Poole • This new division 
of zones incorporates zones I and II of the previous 
work together into one supratidal zone. This zone is 
above the high water mark brought about by normal 
tidal activity. Degradation in this zone occurs 
partially as a result of abrasion, caused either by 
high wave upwash carrying abrasive materials, or by 
wind blown material. In the area of this zone just 
above the high water mark, intermittent wetting and 
evaporation, coating the surface with salts, causes 
surface degradation by chemical processes. These 
processes are particularly important in hot climates. 
Higher up, sub-aerial weathering processes are 
dominant and climatic influences are greater. Whilst 
chemical weathering occurs more commonly in hot 
climates, physical disintegration, as a result of 
freeze/thaw is more important in cold climates. 
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4 . 2  Rock strength 

The intertidal zone is the second of the new zones, 
and is that in which degradation is most severe, with 
the combined effects of abrasion, chemical action due 
to cyclic wetting and drying, and sub-aerial 
weathering, all working on the fabric of the armour 
stone . 

The previous zone IV of Fookes and Poole is now 
classified as the submerged zone. This zone includes 
the area beneath the low water mark, and is a zone of 
permanent immersion . Some wave action may occur 
within this zone, but is generally less severe towards 
the base of the structure . No subaerial weathering 
can occur in this zone, although climatic features 
such as sea water temperature and fluctuating currents 
are of significance . This is generally the least 
aggressive of the zones under normal conditions . 

Most of the data collected for this study was derived 
from the supratidal and intertidal zones which are 
accessible to direct study. 

The strength of a rock is governed by two principal 
considerations : 

(a ) Rock fabric.  
(b ) Maximum length of flaws within the rock . 

The nature of a rock fabric is complex and controlled 
by many factors . The strength of bonding across 
crystal-crystal or fossil-matrix junctions is 
important. This strength is dependent upon the 
mineral species present, the nature of intergrain 
boundaries, and their surface energies . The presence 
of slip surfaces such as cleavage, twin and fracture 
planes (again largely dependent upon mineral species ) 
are other parameters which may influence strength of 
the rock fabric .  Other factors exerting a control on 
fabric strength include the length of junctions 
(related to grain or crystal size) and the tortuosity 
of those junctions. 

To attempt to consider all of the above parameters 
individually would be impractical. However, in a 
fresh rock, devoid of secondary flaws, the strength of 
that rock fabric can be estimated by its fracture 
toughness (i . e. its resistance to stress before 
fracturing ) .  Thus, Dartmoor granite has a higher 
fracture toughness than the Carboniferous limestone 
which, in turn . has a higher fracture toughness than 
chalk . 

The fracture toughness of a rock is reduced by the 
presence of secondary flaws such as cracks, joints, 
old fractures, etc. The decrease in strength as flaw 
length increases has been described by Griffith(l3 ) 
and has been discussed in the context of armour 
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4 . 3  Weathering 
characteristics 

units(3 ) .  In fresh rock , these flaws will be 
represented by the maximum length of crystal 
junctions , etc . In more weathered specimens , 
secondary cracks and joints become the principal 
flaws . It is therefore considered that these two 
parameters, fracture toughness and maximum flaw 
length , are particularly important in determining the 
resistance of a particular rock unit to the decay 
mechanisms described previously. The field study 
investigations covered some 1 6  different rock types 
ranging in quality from fresh granite, to limestone 
little harder than chalk. A listing of the rock types 
studied is given in Table 3 ,  together with the age of 
the structure on which they occur . A brief 
petrographic description of each rock type is given in 
Appendix 2 of this report. 

Tables 4-6 have been compiled to show common 
sedimentary, i gneous and metamorphic rocks which 
together make up the majority of rock types on the 
earth ' s  surface. A simple range of typical geological 
characteristics has also been indicated. The tables 
are very generalised and subject to exceptions, but 
they have been included as a guide . The column headed 
"Relative Weathered State" gives a crude indication of 
the potential comparative subaerial weatherability 
(i. e .  speed of weathering under a given circumstance) 
of the particular rock type. For example , in Table 4 
in identical weathering situations, quartzite would be 
expected to remain fresh for a long period of 
geological time ,  whilst sandstones and siltstones 
would show some signs of weathering , and shales would 
show considerable amounts of weathering in the same 
period . Limestone.s would remain relatively fresh, 
although there may be significant solution loss with 
development of open joints. In general the 
sedimentary rocks range from low to high strength. 
Where they have good interlocking fabric the strengths 
are on the high side .  Where they are porous , or have 
a weak cement binding the grains , the strengths are 
lower . 

An example indicating the importance of cementing 
minerals in sedimentary rocks is provided by a 
sandstone suite from Australia. After extensive and 
careful investigations , this was shown generally to be 
fairly well bonded with an argillaceous cement, but 
had some local patchy cementation by various iron 
oxides . The in-service performance of this material 
frequently showed it to have poor durability with 
rounding , fretting and spalling of the stone . On 
detailed examination it was found that there was a 
correlation between the ratio of wet to dry unconfined 
compressive strength and to the ASTM soundness 
loss( l7 ) .  Stones with high loss in the soundness 
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tests , particularly those with over 30% loss, 
performed badly in service. On further examination it 
was shown that there was a correlation between the wet 
to dry str�ygth ratio and the methylene blue 
absorption � J (which is a rapid test to indicate 
approximate percentages of clay minerals present). 
When the soundness loss by sodium sulphate was 
compared directly with the methylene blue absorption 
(i . e. sodium sulphate soundness loss versus clay 
mineral content), a clear relationship was established 
again. Hence , it was apparent that the poor 
performance of certain of the sandstones in existing 
structures was due to the presence of clay minerals , 
which acted as a weak inter-granular bonding. The 
better performance of others could be correlated with 
material which was cemented with iron oxide. These 
tests enabled future quarry developments and 
breakwater designs to be carried out more rationally , 
taking account of the potential performance of the 
sandstone. 

Igneous rocks are generally of medium to high strength 
with some very high strengths. Factors causing 
reduction in strength include the development of 
vesicular textures , variations in grain size, 
development of foliation due to flow structures and 
variations in the proportions of soft or flaky 
minerals which sometimes result from secondary 
hydrothermal alteration of the rock. In general 
igneous rocks are liable to deep sub-aerial weathering 
(on a geological time scale) , especially in warm wet 
climates. Therefore potential igneous rock quarry 
sites should normally be investigated carefully in 
order to find fresh unweathered rock whenever 
possible. 

Similar comments apply to metamorphic rocks , many of 
which are also prone to subaerial weathering. 
Generally speaking, they have a large range of 
strengths from low to very high , the range being due 
to ranges in grain size,  porosity , proportions of soft 
minerals and , in particular , to the intense 
schistosity and foliation that some metamorphic rocks 
show. Anisotropy related to the fabric of the rock 
results in variation of the modulus ratio, according 
to whether the loaded axis is perpendicular to the 
plane of laminations or across them. 

Resistance to abrasion is complex and again closely 
related to the general hardness (that is the 
proportion of hard minerals which may be related to 
Mohs scale of hardness) and the petrographic 
characteristics of the rock. These characteristics 
include : the grain size; the nature of the 
intergranular bond ; the proportion , distribution and 
orientation of cleaved minerals ; the presence of 
strong mineral fabric and , especially , the degree of 
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5 FIELD 

alteration by retrogressive metamorphism or by 
weathering of the minerals themselves . 

Amongst the sedimentary rocks , the softness and 
cleavage characteristics of the minerals , particularly 
those in limestone and dolomites , make them liable to 
wear rapidly.  However, the resistance to abrasion of 
silica rocks , which is typically very high , is largely 
dependent on the nature of the intergranular bond. 
For example, flint is very highly resistant, whereas 
the poorly cemented sandstone (whose grains are made 
with flint) can quickly be abraded by the plucking of 
the grains. Mixed mineral composition sedimentary 
rocks like the arkoses and greywackes, have variable 
resistance to abrasion, directly dependent on the 
types of grain and the intergranular bonding. 

Acid igneous rocks , such as fresh granites and 
rhyolites , tend to resist abrasion better than the 
basic rocks , which have a high ferromagnesian content . 
These basic rocks are more prone to geological 
weathering alteration than granites . In addition, the 
ferromagnesian minerals are generally less hard than 
quartz and feldspars , and are often traversed by small 
cracks , cleavages and zones of alteration . They were 
formed at high temperature and are metastable at 
normal temperatures and therefore may be subject to 
rapid chemical weathering, leading to significant loss 
of abrasion resistance , particularly if the 
intergranular bonding is destroyed. Vesicular texture 
also greatly reduces the resistance to abrasion . 
Similar comments apply to the metamorphic rocks: in 
particular, the gneisses behave in a very similar 
manner to the acid and intermediate rocks , and the 
hornfelses typical ly have similar characteristics to 
quartzite, both having high abrasion resistance due to 
their dense interlocking texture. Rocks with strong 
foliation and schistosity, such as the schists, 
generally have only moderate resistance to abrasion , 
particularly those rocks composed of soft flaky 
mineral grains like the phyllites . 

MEASUREMENTS AND 
DAMAGE ASSESSMENT 

5 . 1  Basic data 
collection 

Before commencement of detailed field studies on an 
existing marine structure, a basic knowledge of the 
structure must be obtained . A desk study is often 
helpful to determine the age and design of the 
structure ,  as well as the local wave climate ,  
meteorology and rock type. The principal sources of 
this data are local libraries , harbour board offices, 
town planning offices , local contractors, and 
consulting engineers . Information concerning basic 
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5 . 2  Armour shape 

5 . 3  Rock shape and 
s ize 

des ign and his tory of repairs is of ten very diff icult 
to obtain for the older s truc tures . 

A valuable contribution to the inf ormat ion available 
can of ten be obtained from the res pons i ble engineer if 
an inf ormal survey of the s t ruc ture with him can be 
arranged. Much of the data summari sed in Table 8 and 
Appendix 1 was obta ined f rom pers onal communi cations 
with engineers on site . In Table 8 the armour we ight 
has been estima ted and the s lope angle is  measured 
from the ver tical to the primary armour cover layer 
above the low tide pos i t ion .  

Block shape i s  obviously an important parameter t o  
cons ider . The ·Ko fac tor i n  the Hud s on equat ion is 
e s sent ially an emp irical fac tor accounting for,  among 
other variable s ,  the shape of the block, whe ther it is 
a na tural armou r stone or any of the concre te armour 
des igns . Generally the only specif ication of rock 
armour block shape for primary cover use is tha t the 
maximum linear dimension should not exceed twice tha t 
of the minimum perpend icular linea r dimens ion . Th is 
encourages the use of equant blocks such as those 
supplied by the quarrying of jointed grani tes . 
Mod ification of this ini tial armour shape by abrasive 
round ing may have serious consequences however ,  not 
only because of the weight loss involved, but becaus e 
of the change in armour interlock . Tests on rock of 
different block shape have been conduc ted by 
Bergh < 2 5 )  A compari son be tween rocks of the same 
dens i t y ,  but dif ferent shapes , gave zero damage wave 
he igh ts 20% less for f la t  stones than for those of 
cubic shape. This implies tha t ,  f or the same wave 
cond i t ions , the we ight of flat s tones would need to be 
around twice that f or cubic rock , for the same degree 
of stability . Bergh also tes ted rounded rocks , and 
f ound a fur ther reduct ion in s tability . The Shore 
Protect ion I�nual ( S )  also dist inguishes be tween smooth 
rounded and rough angular rocks , sugge sting values of Kn of 1 . 2  and 2 . 0  respective ly , for identical 
cond i t ions of wave atta ck .  It is clear , theref ore , 
that rock shape i t self will have a s ignificant effect  
on the stability of  rubble armour . I t  was ,  therefore , 
cons i dered important to make a de tailed f ield study of 
a rmour stone roundness , taking mea surements us ing 
photog raphic techniques on the seaward facing s lopes 
of all the breakwa ters noted in Table 9. Va riations 
in rounding with time in service are shown in Plates 
9- 1 1 . 

The ma jority of rocks found naturally , wea ther to 
fairly d i s t inctive shapes , and of ten to d i s t inctive 
sizes . Thes e  are , by and large , directly related to 
the s pacing of their bedd ing planes , and the spacing 
and atti tude of their joints and other 
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discontinui ties . Figure 5 s imply illus t rates common 
rock shapes in the quarry together w i th fai rly well 
accepted geological terms to describe these shapes . 
Tables 4-6 use the same terminology . From these 
tables , the typical joint spacings given will allow 
s ome judgement to be made on the s i z es that are 
associated wi th the typical f ragment §bapes . The 
Working Party Report on Rock Mas s es \ 1 >gives tables o f  
terms def ining bedding plane and joint spacings . 
These terms are well a ccepted and , in par t icular , the 
term "ma s s iv e "  in context is genera lly used to mean 
f ree f rom c losely-spaced j oints and bedding plane s .  A 
"mass ive " rock i s , there fore , capable of providing the 
larges t  f ragment s i z es when that par t icular rock is 
being worked in a quarry . Genera l ly ,  the size of 
s tone p roduced in the quarry will be dominated by the 
bedding and joint spacing .  For examp le , thinly-spaced 
bedd ing p lanes and j o ints will ind icate that the 
par t icular rock type will nev e r  be capable of 
producing the larger s izes of stone required for 
p rima ry armour . The way in whi ch the quarry is worked 
wi l l ,  to a certain extent , control the s i ze of s t one . 
Nevertheless , the quarry mus t  be worked carefully in 
conjunc tion w i th the exist ing joint and bedding 
pat tern to opt imiz e  the stone sizes required . Care 
mus t be taken to note where the j oints and bedding 
planes are healed ( i . e .  not forming a plane of 
d i s cont inui ty ) or where they are not healed or only 
par t ially healed , so that the rock will come apart on 
the oppos i te s ides of the p lanes when worked by 
quarrying . Therefore , in inves t igat ions f or poten t ial 
quarries , care mus t  be taken to  assess  the 
discont inui ty spacings and at t i tude .  This may be done 
by inspection of exi s t i ng quarries in the a rea , 
inspect i on of natural rock exposures and careful 
evalua t i on of drill core s. 

In this s tudy , the roundnes s  of a rmour rock was 
measured using enlarged phot og raphic

(
�b�nts in the 

s tandard method propos ed by Krumbein • More . 
e legant me thods have been proposed s i nce by Lees , <2 1 )  

but Krumbei n ' s  method , illustrated in Figure 6 ,  was 
f ound t o  be sa t i s factory in tha t  i t  was s imp le to use 
and p roduced reliable results . As thi s  aspect of the 
s tudy neces s i ta ted only photographic materia l ,  general 
ins t ruct ions were prepared for f ield workers . These 
ins t ruct i ons are reproduced in Appendix 3 to this 
report. 

The data obtained f rom f ield s tudies is summarised i n  
Table 8 .  T h i s  table includes bot h  intert idal and 
supra t idal data . Work was however,  concentra ted i n  
the intert idal zone , as the round ing proce s s  is mos t  
ext reme in this part o f  the breakwater env i ronment . 
Analy s i s  of the field data , shows that there i s  a 
re la t i onship between the roundness of t he a rmours tone 
and the length of time it has been placed in the 
breakwater environment . This is best described by 
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5 . 4  Armour layer 
poros ity 

Figures 7 and 8 ,  whi ch show data f rom s tructures in 
Queens land and the United Arab Emirates respect ively . 
(The rock types involved are coded 8 and 1 6  in 
App end ix 2 . )  I t  may be t entat ive ly sugges ted tha t , i f  
the procedures discus sed in Chap ter 7 are followed , i t  
should b e  possi ble to p redict s ta t i s t ically the loss 
in weight of armours tone in a given environment in a 
given t ime . 

I t  has been shown earlier that the poros i ty of an 
armour layer i s  part icularly impor tant , as i t  controls 
the effect i venes s  of the cover as an energy 
diss ipat or . In general the more p orous the armour 
layer , the more effective it is in energy dissipation.  
Concrete armour 1 units may p rovide layers of  up t o  55% 
porosi t y  and produce Ko values in exces s  of 20 , whil s t  
rock armour layers usually have 3?2�9% poros ity and 
have Kn values of around 2 to 3 . 5  • 

Three p i lo t  s chemes were examined in attemp ts t o  
e s t imat e  armour layer poros i ty on the s tructures 
considered . The s chemes t ried included s imple f ixed 
int erval line counts ,  line count and void shape 
measurement and photographic t echniques . 

Simple line counts cons i s t ed of consecutive t raverses 
of  a s tudy area of  approximately 400m 2 in s iz e .  The 
proportion of  rock to void was noted as the ground was 
cove red by obs e rva tion at  s t andard inte rvals of , 
perhaps , 0 . 25 me t res . The l ine count and void shape 
measurement method was both inaccurat e  and 
t ime-consuming . I t  appeared to give e r roneous resul t s  
p robably because of the need to e s timate the volume o f  
the void , in t erms of  t h e  upper surface of  the 
breakwate r .  The phot ographic technique was bas i cally 
very s imi lar t o  the s imple line count , but ut i lised 
enlarged phot ographs of the s tudy area . I t  was f ound 
to be less satis factory , in that many data points were 
needed to give suf f icient precis ion . 

The relative mer i ts of these techniques are compared 
in Table 9. Table 10  presents field data obtained 
f rom various breakwaters us ing the l ine count 
technique , whi ch appears to be the mos t  reproducible . 
The better  interlocked breakwaters are seen,  in 
gene ral , to have lower void rat io s . This i s  though t 
in part t o  be due to more careful ini tial placing . 
Although s tudi e s  on one s truc ture in the Middle Eas t 
revealed a relationship between percentage damage and 
the void ratios ( s uch that increased damage in the 
inte r t idal z one correla ted with a decrease in the void 
rat i o  of that area ) ,  this is thought to be the result 
of increased block s e t t l ement in this port ion of  the 
breakwater . 
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5. 5 Armour interlock 
Many problems were encountered with the f ield 
assessment of armours t one interlock . I t  is obviously 
an important characteris t i c  of any armours t one layer , 
but the evaluat ion and quant i f icat ion of armour 
interlock proved dif f icult unt il late in the pro ject 
when three pilot scheme s were ini tiated on the field 
visit to Aus t ralia . These were : 

(a ) Co-ordination number of armour s t one s :  this was 
taken to be the average number of armour blocks 
that each block was in contact w i t h .  Good 
reproduceable resul t s  were obtained by this 
metho d .  

( b )  Percentage contact area wi th surface area o f  
block : this is es t imated by a phot ographic 
technique whereby the circumfe rence of the armour 
block was s tudied . The cont act area was measured 
and expressed as a percentage of the whole . This 
informat i on is useful in de termining stat ic 
load / s t ress but when this method was implemented 
i n  the f ield no relat ionship could be obtained 
w i th o ther rela ted f a ctors , such as percentage 
damage , void rat i o ,  et c .  

( c ) Percentage volume of a block cons idered p inned by 
i t s  neighbours : this was found very diff icul t to 
implement and produced unreliable resul t s .  

Table 1 1  reproduces the data collected using me thods 
(a ) and ( b )  and compares these results with age of the 
s t ructure , condi t ion , and damage ( se e  Section 5 . 6 ) .  
There appears to be a general rela t ionship between 
co-ordinat ion number and damage ,  and this i s  
illus t ra t ed i n  F igure 9 .  

A detailed explanat ion of f ield techniques and 
measurement me thods is given in Appendix 3 .  

5. 6 Damage as s e s sment 
There are obvious advantages for the engineer to be 
able to as sess  the stability of primary armour layers 
during cons t ruct ion and also at any subs equent s tage 
in the service life  of the s t ructure . Ideally , such a 
system of assessment needs to be comprehensi ve , 
f l exible and s imple enough to be applied wi thout 
recourse to specialised equipment in the f ie l d .  The 
follow ing list  of damage phenomena is  considered to be 
suf f i cient ly comprehensive to provide a good 
evaluat i on of armour s tability and hence breakwa ter 
cond i t ion . This class ification has been used in the 
United Kingdom, the Middle Eas t ,  and in Aus t ralia . 
Sat i sfactory and reproduceable results have been 
provided in all cases . The major damage phenomena 
are : sub-s tandard armour ( sub-specif ied weight or 
poor mat erial ) ;  f ractured armour; uns table armour ;  
and armourless sect ions ( cavi ties ) .  The phenomena are 
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bri e f ly described below and examples shown in Plat e s  
4-8 .  

( a )  Sub-s ize armour ( P late 4 )  d oes n o t  comply 
with the specifi ca t i ons set on volume /weight 
by the design engine e r . Inclusi on of small 
a rmour stone material is usually the result 
o f  poor q uality control,  overhandling of  
mat erial between the quarry and the 
cons t ruct i on s i te , or abrasion of poor rock 
types by wave act ion . Sub- s i z e  material 
encourages mobi l i ty of armour on rubble 
s lopes , thereby increas ing the pot ential for 
all the interre lated damage phenomena t o  
occur . Sub-s i z e  armour may i t s e l f  be a 
product of the use of sub-standard rock . 
Sub-s t andard mat erial may ari s e  through 
unsuitable choice of rock type ( e . g. chalk ) ,  
extens ive micro-c racki ng or f i ssuring of  the 
blocks , or a high degree of  geological 
weathering . Generally rock clas s i f ied as 
grade I or II by the s tand��d enginee ring 
geological clas s if i cation ( > (Appendix 2) 
i s  cons idered as sati sfactory . Grade Ill 
mat erial i s  thought to be of borderline 
quali ty . Few of the s truc tures inspected in 
this s tudy have been f ound to contain more 
than 2-3% of this low grade mat erial . 

( b )  F ractured armour ( Plate 5 )  may r e sult f rom 
impact duri ng placement ,  damage caused by 
wave action,  such as abra s i on impact by 
p ar ticles held in suspension,  sub-critical 
crack grow th and , p e rhaps occass i onally,  due 
to high impact forces due t o  heavy wave 
act i on .  

( c )  Unstable armour (Plate 6 )  may b e  def i ned a s  
that vis i bly mobi le under stress , whet her 
applied manually by the engineer or 
geologist in the field , or by wave action.  
In t ime , ins tabi lities  may be seen t o  grow 
unt i l  the init ially uns table block fractures 
o r  is d i splace d .  Armour may be c onside r ed 
uns t able if  i t  has a co-ordination number 
of less than f our . 

( d ) Armourless sections or cavit ies ( Plate 7 )  
are perhaps the mos t  s igni f icant type of  
damage . As  far as the damage asses sment is  
concerned , the numbe r  of p rimary armour 
s tones whi ch are missing can be e s timat ed . 
This es t imat e  is add ed to both the numbe r  of 
sub-grade and uns table blocks and i s  re lat ed 
to the t otal number of blocks in the s tudy 
a rea for calculat ion purpos es . 
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The s tudy area should be "armour-s i z e  dependent " :  the 
larger the uni t s ize  the larger the area . At least 
100 blocks should be examined in order t o  provide some 
representative s t at i s ti cal resul t s . I d eally a l l  the 
z ones on the breakwa ter should be included in the 
s tudy area . Howeve r ,  in prac t i ce the z one of 
pe rmanent. submer s i on and perhaps the low int ert idal 
z one are rarely available for s tudy. 

A t o tal damage f igure may be evaluated us ing the very 
much s implif ied re lat ionship :  

Ndb + N e Damage = ---------------

Nd b  + N e + Nub 

Whe r e :  

X 100% 

Nd b  = Number of damaged blocks 
Ne = Numbe r  of cav i t ie s  (f rom which blocks have been 

removed ) 
Nub = Numbe r of undamaged blocks 

Data obta ined from f ield s tudies in both the Un i ted 
Kingdom and abroad is reproduced in Table 1 2 . Wh ile 
Table 1 2  compares damage types from d i f f e rent 
geographical and hyd raulic climates  in re lat ion to a 
part i cular breakwater z one , all the data in Table 1 3  
i s  from breakwaters compos ed o f  carbonat e  rock types , 
and the sub-s tandard material damage was omi t t ed from 
the s tudy in this cas e .  

The average damage value for a l l  z o nes for all 
s t ructures in this s t udy appeared to be about 20% . 
( This f igure may be regarded as generally typ ical f o r  
this  me thod o f  damage as sessment . )  T h i s  is a much 
higher level of damage than that usually considered i n  
d e s i g n .  The d i f f erences are d u e  to the d i f ferent 
d e f i n i t i ons of damage , as well as to the usual 
causat ive factors . Examples  of s t ructures at var ious 
states of damage are shown i n  Plates 1 2- 1 5 .  

We can also see from Table 1 3  that damage produced i n  
the two mos t  ene rg e t i c  wave cl ima t e s  s tudi ed (UK 
t empe rate and Aus tralian sub-tropical ) ,  have important 
s imi lar i t i e s . A s igni f icant cor relat i on between the 
occurrence of cavi t ies  and the higher ene rgy wave 
c limates  is also evident . The importance of this type 
of damage increase s  with the inc reas ing intens i ty of 
the wave climate . Clearly a high ene rgy wave clima t e  
i s  lea s t  like ly to leave traces of damage phenomena 
other than cav i t i e s . 
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6 LABORATORY 
STUDIES 

6 . 1  Standard Test 
Methods 

Various engineering tests have long been used to 
assess the intrinsic properties of rock materials and 
the results have been used to provide an estimate of 
durability. However , these tests produce a 
considerable scatter of results, which in turn, lead 
to imperfect correlations between them. This is 
hardly surprising in view of the anisotropic nature of 
rock,  especially when weathered. The assessment of 
rock for armour is beset with the added problems of 
scale. Most engineering tests use a sample size of a 
few kilograms , adequate enough perhaps when examining 
road or concrete aggregate, but less applicable where 
single units are measured in tonnes. Armour units are 
dependent upon their size to fulfil! their role. 
Hacro flaws such as cracks can reduce the effective 
strength of such units considerably . Most engineering 
tests may indicate an ultimate strength but are not 
capable of identifying the reduction in strength 
arising from maero-flaws and in some cases fail to 
identify rocks which have poor durability in the 
marine environment. 

In addition to the standard engineering tests , which 
may give some indication of the rock ' s  potential 
performance when analysed with care , it is important 
that other types of examination are also carried out. 
Petrographic examination of rock sections under a 
microscope is a particularly valuable source of 
information . This method can show the geologi cal 
weathering state of the rock, including alteration of 
minerals and formation of planes of weakness due to 
deformation , bedding or jointing . Comparisons between 
in-service performance of armour rock of a certain 
type , in a given environment , and similar rock types 
to be used in future construction , provide a most 
useful indicator of the assessment of rock durability . 
However, this method should be viewed with some 
caution. Care should be taken to ensure that 
comparisons between rocks in service, and rocks to be 
used on new structures, are of the exact same type and 
original weathering grade. Slight chemical or 
structural differences may cause the rock types to 
behave quite differently under the same conditions. 

The use of a weathered gabbro and dolerite in a marine 
construction in the Indian Ocean provides an example 
illustrating this point. The gabbro and dolerite , 
part of an ophiolite complex, appeared strong on 
inspection and therefore an extensive test programme 
was not carried out .  In fact , apart from locations 
where it was clearly highly altered , the majority of 
the rock was faintly to moderately weathered for about 
the top third to half of the quarry face. Hence a 
significant proportion of the stone in the breakwater 
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6 . 2  F racture 
Toughnes s  

and related s tructures had a high secondary clay 
mineral content because of the weathe red s tate of the 
rock . Af ter 3 years in se rvice , a signif i cant amount 
of rounding of the corne rs of the ma jori ty of the 
s t one had occu r red ( i t  was usually angular when 
blas t ed f rom the quarry ) and s igni f i cant amounts of  
spalling of individual rocks had taken place due to  
swell ing pressures s et up by the s econdary clay 
minerals absorbing sea wat e r . 

A number of s t andard engineering tests were carried 
out and compared for this res earch s tudy . These tes t s  
a re l i s ted below and methods outlined i n  Appendix 4 :  

( a )  F ranklin point l oad 
( b )  Aggregate Impact Value 
( c )  Sulphate soundness 
( d )  Wat e r  abs orption 
( e )  Relative apparent dens ity 
( f )  Youngs modulus 

Each of the above tests  provides a contribution 
t owards the evaluat ion of the s t rength of a material . 
Each test howeve r ,  samples only a di s crete aspect o f  
fabri c s t rength o r  durability . Consequently results 
obtai ned will be i nadequate as a s o le measure of the 
durabi l i ty and quality of  the rock fabric .  In 
add i t ion,  the sample s iz e  is too small to d e termine 
o ther inherent weaknes s e s  whi ch may occur in large 
r ocks of a rmours tone s ize , 

F racture toughness is a strength paramet e r  of 
homogenous mat erials . It appears to be o f  
considerable relevance to the asses sment o f  rock 
deteriorat i on involving the physi cal mechanisms acting 
in the marine envi ronme nt . Fracture toughnes s  was 
chosen as the main parame ter for comparison w i th othe r 
t e s t s  in this research s tudy because i t  s imultaneously 
takes into account many of the considerati ons of  the 
f abric s t rength characteris tics whi ch the o ther 
engineering tests do not . However ,  on a large s cale , 
t he s tength of a rock i s  decreased by the pres ence of 
d is c ontinu i t i es . This is a f actor of ma jor importance 
that is not cons idered whe n  using fracture toughnes s  
as a meas ure of rock durabi lity . 

The s ingle edge notched beam ( SENB )  test for f racture 
toughnes s  was selected for this ini t ial s tudy becaus e 
i t  utilises a sample of suf f i ciently small s i ze to be 
devoid of natural flaws . The notch i s  the introduced 
f law whi ch is larger than any other flaw in the rock . 
The fracture toughnes s  value can thus be determined 
wi thout pos s ibility of mod i f icat ion to the value by 
natural f laws . 
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The test for fracture toughness was tr3jloped from 
Griffith 's  theory of brittle failure which takes 
into account the reduction in strength due to flaws. 
This theory utilises the value of the stress intensity 
factor , K. This value indicates the level of stress 
present in a body at any given time. Under unstressed 
conditions at the surface of the earth this value 
approximates to zero. Progressive stress application 
leads to increases in the value of K until a critical 
value (Kc ) is reached, where failure of the rock 
occurs. Ideally this value will be unique for a given 
rock and will take account of natural primary flaws, 
such as small scale bedding, crystal alignment and 
pores. The value Kc is referred to as the fracture 
toughness of a material. 

In the laboratory, failure can be induced in the 
tensile mode or one of two shear modes. The subscript 
lC is used to indicate the value of K at failure under 
tensile stress while 2C and 3C refer to shear stress 
modes. This study utilises the value K1c as the main 
parameter for durability of rock in the marine 
environment. 

In this study, fracture toughness was measured in the 
tensile stress mode. This method of testing was 
chosen as opposed to a shear mode on the basis of 
comparison of the test with decay and frac ture 
mechanisms acting in the marine enviroment\ J , l J , 28 ). 

Whilst fracture toughness provides a good indication 
of overall rock fabric strength , in terms of examining 
the combined cohesive strength it is not a direct 
measure of the forces resisting sub-critical (i.e. 
not catastrophic ) crack growth . Clearly this type of 
slow crack propagation is an important process to 
consider when assessing rock strength. The effects of 
weathering of rocks along large planes of weakness can 
be seen to be highly detrimental in such a context. 
Cracks and discontinuities can be expected to increase 
in �ength and reduce the cobr!i�g pgtween grains, 
ult1mately causing fracture { • ' J .  

When assessing the strength of a rock for use as 
armour stone in the marine environment , a number of 
parameters should be considered. These parameters are 
based on the variations in flaw size in natural rock 
and may be classified under the following headings: 

(a ) natural fissures - joints , bedding planes 
etc 

(b ) enhanced fissures due to weathering -
removal of material in solution 

(c ) grain boundaries 
(d ) glide , twin and cleavage planes - (very 

small) 

33 



6 . 3  Rock materials 
t e sted 

( e ) the large s t  pore - not poros i ty 
( f )  o ther d i scontinui t i e s  - f ossil /matrix , 

oolith /matrix 

Most of the above f law types are considered adequately 
us ing the s t andard tes t s  or K1c ; ( a )  and ( b )  
however ,  will o f ten not be cons idered i n  these tes t s .  
I n  order that an accurate evaluat ion o f  the rock 
s t rength may be made ,  it is necessary to c ons ider the 
mod i f icat ion to the st rength of the mat erial that 
results f rom these f laws . There remains the 
possibi l i ty of sub-crit ical crack growth unde r  cycli c  
load ing and the fat igue characteri s t ics o f  the rock . 
These effects  are designated f or s tudy in future 
researches . 

Ten rocks were chosen for de tailed s tudy in the s e  
preliminary experime nt s :  3 igneous and 7 sedimentary . 
Chalk was chosen since i t  is one of the sof t e s t  
commonly occurr ing rocks and theref ore provides a 
"minimum" set of values . Two types of Carbonif erous 
lime s t one were used t o  show the variability caused by 
d i f f ering f abrics of the same mineralogy . The f ine 
grained lime s t one ( f rom South Wales )  was homogeneous 
and unfo s s i l i f erous . The Crinoidal lime s t one ( f rom 
Derbysh i re ) had a larger g rain s ize  and 
d i scont inui t ie s  repre sented by the f os s i ls present . A 
Jurassic lime s t one f rom South Wales was selected 
because of its  f ine grained and extremely homogenous 
f abri c .  I ts bri t t lene s s  also resembles some rock 
types used for cons truct i on in the UAE . S t ipers t ones 
quartz ite ( Shropshire)  was chosen because i t  
represents one o f  the hardes t sedimentary rocks . An 
arkose ( Alge ria) was tes ted to show the e ffect  of 
change in mineralogy from pure quartz to 75% quar t z , 
25%  f el d s par . Fresh granit e  (Dartmoor ) was i ncluded 
s ince it is a commonly occuri ng , s trong rock , ve ry 
f requenly used f or breakwaters where avai lable . A 
doleri t e  and amygdaloidal basal t ( both from 
Derbyshire)  were chosen t o  i llus trate the detrimental 
e f f ec t  o f  weathe ring on originally sound igneous 
mat erial . The dolerite is of weathering grade I I  but 
with  zone� 9 Qf grade III , while the basalt is of grades 
Ill to IV � J .  

6 . 4 Compari s ons with 
s tandard 
engineering tes t s  

I t  mu s t  b e  noted that the limited number o f  tes t  
specimens u s ed in this research s tudy are insuf f i cient 
t o  warrant detailed stat i s t i cal analys i s , however ,  a 
number of preliminary conclusi ons may be d rawn .  

The rock mat erials summarised i n  Sect i on 6 . 3  were used 
in a series of laboratory tes ts , carried out to 
s imulate the mechanisms of decay and also to provide 
informat ion about rock s treng t h .  The combination of 
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al l thes e  tes t s  will provide the bes t  ass e s sment of 
rock performance in the breakwat er enviroment .  The 
resul t s  of thes e  test s  carried out on ten rock types 
are presented in Table 1 5 .  The graphs shown in 
F igures 10- 1 5  show the relat ionship of K1c with each 
of the s tandard engineering t es t s .  In each case there 
i s  a clear rela t i onship , illus t rating that K1c is a 
good measure of the rock qual i ties as ident i fied by 
this sui t e  of tes t s .  

K1c vs . Franklin Point-Load (Fig 10 ) 

The relat i onship between f racture t oughness and point 
load is not as const an t  as might be expected , given 
that both are d e termined in the t ens i le mode of 
failure . Thi s  may be due to several fact ors , not 
least one of  scale . K1c was determined on small ,  
mach i ne-cut beam specimens which were chosen t o  have 
as f�w 9 f laws as possibl e . The point-load 
t e s t l L ) was performed on irregular shaped lumps which 
i nvolve d  no preparation . The s pe cimens were 
considerably larg e r  and the chances of  secondary flaws 
occu rring were t hus g reatly enhanced .  

Krc vs . Aggregate Impact Value (Fig 1 1 )  

The aggregate impact value (AIV ) i s  also a direct  
measure of  the  s trength of  the  rock s ince i t s  value is 
a measure of the amount of d i s rupt i on of the fabric .  
The log-log plot of these two parame te rs exhibi t s  a 
l inear relationship ( indicated by the broken line ) 
with relatively small amount s of scatter  which 
sugge s t s  that the aggregate impact value i ts e lf may b e  
a very useful parame t e r  of s trength . T h e  aggregat e  
impact value d oes  not , however ,  g ive any ind i cation o f  
flaw length mod if i ca t ion o f  K1c , since only smal l 
aggregate material is used in the t es t .  

K1c vs . Sulphate Soundness (Fig 12 ) 

Magnesium sulphate soundnes s  is a direct but extreme 
s imula t i on tes t of sal t  crys tallizat ion and 
f reez e-thaw a c ti on ,  and there is a definite inverse 
re lat i onshi p be tween the two parame ters . Chalk 
t otally d i s integrates in saturated magnes ium sulpha t e  
solu t i on in les s  time than t h e  5 days required f o r  
comp l e t i on of  t he t es t ,  hence i t s  pos i t i on out s ide the 
envelope of values .  

This t e s t  also empha s i z es the extreme ly d e trimental 
e f fe c t s  of  weathering upon rocks . The dole r i t e  used 
in the t e s t s  were of a grade II weathering s tandard . 
However ,  zones ( down t o  agg re ga t e  scale ) of grade Ill  
occu r .  Whi le these weathered z ones are apparently not  
widespread enough t o  lower the frac t ure t oughnes s ,  
they have a d ra s t i c  e f fect on the sulphate s oundness . 
The arkose specimen i llus t ra t es the oppo s i t e  sense , in 
that it has a much higher soundne s s  than would be 
expected f rom its f racture t oughnes s . 
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Krc vs . Va ter Absorption (Fig 13) 

Water absorption is a similar test to sulphate 
soundness, since its value is dependent upon rock 
porosity. Hence the relative positions of the rocks 
in the two sets are similar. Again, the effect of 
weathering is noticeable on this graph with the 
dolerite sample providing an extreme water absorption 
value. 

Krc vs . Apparent Relative Densi ty (Fig 14) 

This plot shows a clear relationship between the two 
parameters. However, sampling and measurement 
difficulties limit the accuracy of measurement of 
relative density, which together with the spread of 
values reduces the value of this particular 
correlation. 

Krc vs . Young ' s  Modulus (Fig 1 5 )  

Young ' s  modulus here has been determined statistically 
from beam theory in the three-point bend tests, at the 
same time as fracture toughness was measured. There 
appears to be an indication of a general relationship 
between these parameters, although there is a wide 
scatter of points. This, together with the complex 
machinery necessary to measure Young ' s  modulus, make 
it less attractive as a test than some of the others 
noted here. 

Typical values, suggested as being ac�2�table for 
primary armour were given by Wakeling \ J ,  for the 
standard engineering tests. Modifications to these 
values have been suggested and are shown in Table 1 6 . 
Wakeling included the 10% fines value in his list of 
appropriate tests. However, because of the nature of 
deterioration mechanisms in this test, compared with 
those in the marine environment, and the difficulty of 
avoiding some element of shear failure during the 
test, compressive strength is not considered a 
satisfactory test in this context. The soundness test 
used in this study was the modi���d version as 
described by Hosking and Tubey ( J (Appendix 4 ) . It 
should be noted, however, that sulphate soundness test 
results cannot be directly correlated with salt attack 
in a marine environment because the temperature cycles 
used for the tests are more extreme than would be 
encountered on the breakwater. Also the mechanisms 
producing the deterioration of the rock with magnesium 
sulphate used in this test, are different from the 
mechanism appropriate to sodium chloride from sea 
water. Although the test is a useful one, 
interpretation of results requires care and the test 
cannot be simply regarded as an accelerated version of 
naturally occurring salt attack. 
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7 LABORATORY 
ROUNDING 
EXPERIMENTS 

7 . 1  Measurement of 
rounding rates 

Al though the engineering tes ts are of  value in 
determining the durabi l i ty of rock , they should be 
used wi th caution .  An examp le bea ring this ou t i s  
shown i n  the test comparisons . Rock type 8 (Doleri te ) 
has a frac ture toughness value of 1 . 4MN /m 3 / 2 and an 
aggrega te impact value of 9 . 9 , both sugges t ing that 
the rock is  of sui table qual ity . However , a sulphate 
soundness loss of 3 6 . 5% sugges t s  the rock is obvious ly 
not accep table . Thus , it is very important that other 
engineering tests are considered when us ing f rac ture 
t oughne ss as a strength parame ter .  

Whi ls t  the s tandard engineering tests  provide a good 
indication of ul timate rock s trength , they do no t 
adequa tely consider the abrasive mechanisms opera ting 
in the marine envi ronment . Al though the aggrega te 
impact test opera tes by the same proces s  of 
d isaggregat i on , it is by impact ra ther than grinding . 
The inclus i on of a more direct abras ion tes t , such as 
the Los Angeles Abras ion Te s t  (Append ix 4 ) , or some 
f orm of sand blas ting,  should be cons idered in 
relat i on t o  the deteriorat ion caused by abras ion . In 
this s tudy , a comparison with the types of round ing 
processes operat ing in the marine environment was 
obta ined usi ng a specially designed roller mi l l  with a 
polypropylene drum . This me thod of tes t ing abras ion 
resis tance is explained more thoroughly in Chapter 7 .  
The present leve l of result s  and deve lopment of the 
roller mill test do not allow any def inite  conclusi ons 
to be drawn , but there does appear to be a 
relationship with K 1c (Figure 1 6 ) .  As a tes t ,  
howeve r ,  the roller mi ll me thod shows great potent ial 
and , with careful quant i f i cation, could provide the 
mos t  direc tly applicable tes t for abras ion . 

Krumbein ( ZO ) devi s ed a formula describing the 
progress ion of rounding of s t ones on a river bed , 
us ing observa tions made on pebble s ' angular ity in 
relation to the distance they had migra ted downs t ream 
from their original s i te . This round ing wa s described 
in terms of the f o llowing s imple equation:  

where P = roundness at a dis tance x f rom source 
PL = limi ting roundnes s  
K = coe f f i cient of rounding which wi l l  b e  a 

constant for a par ticular rock type 
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This equa tion was la ter challenged , alt hough Krumbein 
p roduced much data to reinforce his hypothes i s .  In 
this s tudy , it has been deemed ne ces sary to modi fy 
this equa ti on ,  by subst i tut ing t ime in p lace of 
dis tance trave lled , to sui t  the s tat ic breakwater 
s i tuation . Negat ive ind ices of e have also been 
introduced , to give a po s i t ive value for the 
coeff i cient of round ing , and the modif ied equation may 
then be wri t ten : 

P = P1 ( 1  - e-KT ) , whe re T = t ime . 

This equa ti on is  not entirely satisfactory , since we 
requi re a quantitative measuremen t  of the progression 
from a partially rounded shape to a more rounded one . 
In order to accomp lish this , i t  is  necess ary to 
int roduce a factor (Po ) ·  This represents the initial  
roundnes s  of  any par t i cular block a t  the  t ime of  
placing on the breakwater and subsequent t o  any 
rounding due to t rans port and handl ing . The rounding 
p rocess may then be described by the following 
equa t i on :  

where PT = roundnes s  a t  t ime T 
Po ini tial roundnes s  
P1 l imi t ing roundnes s  
K rounding coeffi cient 

Re-arranging, this equat ion may be wri t ten : 

K = 

Us ing this equa ti on toge ther with rounding data 
obt ained from the laboratory experimen t s , it is  
possible to determine the rounding coef f ic ient K for  a 
given rock type . If an asses sment of the severity of 
the round ing on a given breakwat e r , result ing f rom a 
known wave climat e  can be correlated wi th the rounding 
resul t s ,  then the rounding coef f icient K and 
subsequent weight loss over the des ign life of the 
s t ructure may be e s t imated . 

Krumbein also sugges ted a method to quantify the 
percentage roundnes s  of mineral par t i c le s . This 
me thod was util ised in the roundness t e s t ing programme 
for  bo th f ield and laboratory dat a .  The me thod s imp ly 
compares the average rad ius of curvature of the 
corne rs of the particle in si lhouet t e  (Plate 1 6 )  to 
the maximum ins cribed circle of the who le face , with 
the resul t expressed as a rat i o  (Fig  1 6 ) .  Thus , a 
numeri cal index is  produced , def ining a perfect sphere 
as having a roundnes s  index of 1 while an angular 
f lake will have a roundnes s  index c lose to zero . 
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In orde r that an as ses sment of the ra te of abras ive 
rounding could be made , a number of laboratory tests 
were cons ide red . Ideally , these tests should allow 
p redict i on of abras ion rates in the breakwater 
environment .  The tes t found mos t  appropriate t o  the 
rounding mechanism operat ing in the marine environment 
used small scale samp les of  rock in the weight range 
200 - 300g . These blocks were carefully selected f o r  
shape and roundness prior to t e s ting . The blocks were 
tumbled together for known periods of time in a 
specially des igned roller mi l l . The roller mi l l  was 
carefully cal ibrated to f ind the mos t realistic  and 
mos t eas i ly compared cond i t i ons . Inve s t i ga t ions were 
made as t o  how variati ons in drum d iameter and speed 
of ro tation affect ed results . As expec ted , variations 
of speed of drum rotation caused a proportional change 
in the rate of round ing . A sma l l  variat ion in 
rounding was f ound when the d rum diame ter was 
increas ed ,  but a similar amount of material was 
abraded . This was thought to be caused by an 
increased "drop dis tance " . If , howeve r ,  enough 
mate rial was us ed so that the individual blocks rolled 
ins t ead of dropping , then s imilar results we re 
obta ined independent of drum s i z e . It was important 
therefore that suf f ic ient IMterial was placed in the 
drum to cause the blocks to rol l ,  rathe r than s lide , 
as the drum ro tated . A cons t ant volume of wat e r  (101. 
of the volume of the drum) was used t ogether with t he 
blocks . Af ter preliminary tes t s , a 250mm diameter  
drum whi ch was r o tated about its  horiz ontal ly
orientated axi s  at 20 r . p . m  was found mos t  sui table 
for the abras ion of  200 - 300g blocks , wi thin 
convenient laborat ory t ime scales . 

F ine grained rocks of uni form texture were chosen for  
these s tudies . Three British  carbona t e  rocks were 
s tudied in this way ; chalk as an example of the leas t 
durable material likely to be encountered , a Jurassic  
l imes tone and a Carbonife rous l imes tone . In this 
s e ries  of t es ts , blocks were tumbled together for 
s pec i f ic periods of time , we re then removed from the 
mill and phot ographed in high cont ras t so that their  
average roundness could be de termined . This  was 
measured using Krumbein ' s  me thod . It was f ound that 
s i lhouet tes of two faces of each block gave 
suf f i cient ly precise and rep rodu ceable results . Plate 
1 6  is a reduced example of the type of photograph used 
in these measurements . 

A summary diagram f or the rounding rates during three 
expe riments for three different carbonate rocks is 
shown in F i gure 1 7 . The curves have been f i tt ed by 
eye t o  7 data points per rock type , each data point 
representing a roundness value determi ned f rom an 
average 1 7  blocks per exp eriment . Round i ng with t ime 
was measured at various t ime intervals in the roller 
mil l  f rom 0-50 hours . 
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7 . 2  F ield Round ing 
Data 

In addi tion t o  rounding , abras i on causes reduct i on in 

wei ght of  armourstone . The design engineer may wish 
t o  predict the average reduct i on in weight of the 
armour due to abras i ve processes , over the design life 
of the st ruc ture in ques t ion.  I t  should be possible 
to make predicti ons concerning wei ght loss with time 
on the basis  of appropriate experimental or standard 
test data . 

By expe rimentally measuring the wei gh t  losses 
associated wi th the diff erent degrees of rounding in 
the laborat ory , an attempt may be made to predict the 
degradat i on to be expected over the des ign life of the 
s t ructure . Wei ght loss with time in the roller mill 
was measured at vari ous time inte rvals f rom 0 to 50 
hours . The individual block weights were measured to 
an accuracy of O . l g .  The pattern of weight loss with 
t i me is  i llust rated in F i gure 18 and also in Table 1 5 .  
I n  both the rounding and wei ght loss tests , the rock 
type affec ted the precision of the experiment s . For 
examp le ,  certain chalky limes t ones were found to 
crumble rapidly when tested,  giving a s cat ter of 
resul t s . 

These results allow an approximate determination of a 
t ime scale factor relat ing the rounding rat es in the 

roller mil l ,  with those on an actual breakwater f ace . 
Such s tud ies mus t  assume a s tandard weathering pat t ern 
over the periods considere d . Ext reme or f reak 
cond i t i ons wi ll cause deviation from the predicted 
rates of deteriorat ion as determined on the basis  of 
this s implif ied model . 

For the laboratory rounding tests  to be of  use when 
p redict ing the durabi lity of a rock on a breakwater , 
they mus t  be compared with simi lar s tudies on exi s ting 
s t ructures as a cali bration mechanism. It is 
import ant that comparisons should be made between like 
rock types for the pred icti ons to be valid . In this 
s tudy measurements of large scale block roundness were 
made us ing simi lar techniques in the f i eld to those 
used in the laborat ory . Phot ographs were taken 
of areas of  the breakwater and were analysed using 
Krumbein ' s  roundnes s  measuring method on enlarged 

print s . Care was taken to exclude obli que views o f  
the s t ructure as they would int roduce bias into the 

roundness det erminat ions . Photographs of sections o f  
breakwater face typi cally cove red areas of between 
5 0-300m 2 d ep ending on block size . This e nabled a t  
leas t l O O  blocks to b e  measured o n  each breakwat e r .  

E xamples of  rounding of rock armour o f  vari ous sizes 
and rock types have been measured on more than twenty 
breakwaters in the United Kingdom, the Middle East and 
Eas t ern Aus t ralia.  Rock type , block shape , we ight and 
age of these s t ruct ures varied considerably . If two 
given rock types , on s imi lar s t ruc ture s , in simi lar 

40 



7 . 3  Comparison 
between 
laboratory and 
f ield rounding 
measurements 

envi ronments but of dif f e rent age s are examined , the 
d i f fe rences in roundness can be eas ily observed in a 
qual i tative manner ,  al though the diffe rences in 
roundnes s  values are quite small .  Loss in weight due 
to rounding ( rather than change in roundnes s )  is not 
easily assessed by f ield or photographic measurement , 
unless  the blocks used are very regular in shap e .  
However ,  comparison of block roundness measured on t h e  
breakwater ,  with samples o f  the same rock type rounded 
in the laboratory, does allow s ome est imation of 
weight loss to be made . 

A number of breakwaters on which block roundne s s  
percentages were calculated are tabulated in Tab l e  8, 
with rock type , armour weigh t ,  block shape and age o f  
the armour lay e r .  The influence of rock type and age 
of the s tructure are c learly r e f le c ted in the 
roundnes s  values . It is als o  clear from the data that 
rounding is much less seve re in the supratidal z one , 
when compared wi th the int ert idal zone , as indicated 
in F i gure 1 9 .  Gathering suf ficient data f rom a 
s igni f icant number of breakwaters to co rrelate rat e of 
armour deteriorat ion with rock type , environment and 
wave cl imate is a dif f i cult task.  Howeve r ,  a 
suf f iciently large number of breakwaters with 
lime s t one and granite armour , covering a range of ages 
have been examined and allow the production of curves 
( F i g s  7 and 8 ) . Thes e  show how rounding of prototype 
a rmour blocks p rogres ses wi th t ime . The breakwaters 
selected to p rovide the data for these s tudies were 
suf f iciently s imilar to allow compa risons to be d rawn ; 

though the environmental conditions for the granite 
armouring were more seve re than for the breakwaters 
with limes tone armouring . The form of the curves 
obtained was interesting in that rounding p roceeds 
rapidly at first  and gradual ly reaches a limit ing 
roundnes s ,  after which weight l oss through removal of  
material will cont inue , although the block roundnes s  
value remains cons tan t .  

The compari s on o f  the roundnes s  values obtained f rom 
f ield measurements illus trated in F igures 7 and 8 and 
the laboratory rounding curves for limes tone (Fig 17 ) ,  
suggest that the laborat ory test method is  a 
sat is factory model of the rounding which takes place 
in the breakwater envi ronment . However these 
p roce s s e s  are complex , involving a variety of  impact 
and abrasion proce sses and the d i f f e rence in s cale may 
also be an important factor . 

Although the data avai lable is very limi ted , tentat ive 
correlat ions be tween f ield and laboratory te sts  may be 
drawn f or carbona te rocks . F ield data for Middle East 
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7 . 4 Comparison 
between 
round ing tests 
and s tandard 
engineering 
tes ts 

breakwa ters with a soft l imes tone armour indicates 50%  
round ing i s  reached after app roximately 5 years 
s ervice in the intert idal zone , from an ini t ial 
roundne ss of s ome 28% (Fig 8 ) .  An equivalent rounding 
for a similar rock type may be es t ima ted as being 
obtained in the labo rat ory roller mill af ter be tween 1 
and 2 hours (Fig 17 ) .  S imilarl y ,  the Carbonife rous 
lime s tone armourstone on a breakwater in the UK had 
reached 30% round ne s s  after 20 yea rs service in the 
intert idal z one . Laboratory round ing tests show tha t 
s imilar Carbonif erous limestone blocks reach 30% 
r oundness after app roximately 10 hours in the roller 
mi l l .  For a UK breakwa ter wi th Ca rbonife rous 
lime s t one armourstone , est ima ted at 80 to 100 years 
old , a roundness value of 70% was obtained for 
l imes t one blocks in the intertidal zone . 
Unfor tunately , the ini t ial roundne s s  value of the se is  
not  known, thus correla tion with the rounding achieved 
in the labora t ory roller mil l  cannot be est imated at 
this s tage in the research . Howeve r ,  it  may be 
sugges t ed that for  chalky limestones , one hour of 
milling is equivalent to roughly 5 years of intert idal 
zone round ing on a breakwater in the Middle Eas t  
environment ,  whi ls t  with the s t ronger Ca rbonif erous 
lime s t one , one hour in the roller  mill might be 
equivalent to only 1 o r  2 years of no rmal se rvice on 
the int ert idal zone of breakwaters in typical UK 
locat ions . 

I t  s eems clear that after further res earches the 
laboratory roller mi ll tes ts could provide an 
app ropriate me thod of est imating the ef fect of the 
round ing process es operat i ng on the armour blocks , and 
it should then be poss ible to pred ict the behaviour of 
rock armour on the bre akwater during its  inse rvice 
life . Thus , modi f ications to shape and weight that 
would occur during the planned life of the s t ructure 
could be taken into ac count at the des ign s tage .  I t  
i s  already pos s ible , a s  a result of the s tudy s o  far , 
to d raw up a series of curves showing the rate of 
round ing of ca rbona te rocks in the roller mill .  As a 
relationship  appears to exist  be tween round ing in the 
ma rine env i ronment and rounding in the roller mill , 
l imits  of acceptable and unaccep table mat erial can be 
described . Tentat ively sugges ted l imits  are shown in 
F i gure 26 . These limits might be used to e s t imate the 
resi s tance to abras ion of a part icular rock in the 
marine environment by compar ing curves of this type 
with resul t s  from round ing tes t s  on samples . 

If , as has already been sugge s ted , the rol ler mi ll 
exper iments can be deve loped to rep resent the 
p rocesses tha t take place on the breakwater , then the 
s t andard engineering tes t s  should also correlate with 
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8 SUMMARY OF 
CONCLUSIONS 

round ing results obt ained . Although the data 
currently available is limited t o  three carbonate rock 
types , plo t t ing of roundne ss , af ter a par t icular t ime 
inte rval in the roller mi ll against the results of the 
various engineering tes ts , gives a good correlation , 
what ever t ime in the roller mill is chosen , provided 
the ini t ial roundness values of the va rious rocks are 
equa l .  To illus t rate thi s ,  the curves obtained for 
each tes t value after  2 . 5  hours rounding in the rol ler 
mill are p l o t ted again s t  the resu l ts of  the currently 
avai lable data for various engineer ing tes ts in 
F igures 20-25 . The potential usefulness of the roller 
mill test is apparent from these curve s . 

Quarried rock forms the ma jor part of any rubble mound 
s t ruc ture . Whils t the finer fract i ons used in the 
s t ructure ( core)  may be relat ively easy and 
i nexpens ive to obtai n ,  the large r rock sizes for 
unde r layer and armour are often considerably more 
diff icul t  and expens ive to ext ract .  Thi s  report has 
detai led a logical programme of geological surveying 
and tes t ing des igned to opt imise the sizes and quality  
of  the  qua rried rock . Ce rtain tests  and trials are 
sugge s ted and the engineer is reminded of fact ors to 
be cons idered in assessing the rock fabric . 

The mechanisms of rock degradation have been 
ident if ied and , based on this work , laboratory tes t s  
have been designed t o  allow the asses sment of the 
s u i tability of the rock for its proposed use . In 
part icular , the f racture toughne ss tes t  yielding 
values for the parameter  K1c , has been used to 
determine the quality of the rock fab ric . This 
meas ure of fabric s t rength has been correlated with 
resul ts of other tests des igned t o  as sess rock quality  
and durabil ity . Al though it is of  use  in  asses s ing 
the mechanical s trength of the rock fabric , the 
f rac ture toughne s s  tes t does no t indicate the poss ible 
chemical degradation effec t s . Further tests  mus t be 
used to as sess the pres ence of clay mat erials and to 
identify areas of poss ible chemical degradation.  

A general summary of suggested acceptance va lues for 
the eng ineering tests  is given be low . 

Magnes ium sulphate s oundnes s  loss 12% maximum 
F ranklin point load 4MN/m 3 minimum 
Aggregat e  impact value 25% maximum 
Water absorpt i on 2 . 5% maximum 
F rac ture t oughnes s  0 . 7MN/m 3 1 2 minimum 

These values are sugges ted as a result of this limited 
research s tudy . They cannot be taken as absolute 
limi t s  and generally require care ful interpretation .  
I t  mus t  be emphas ised that they should be used in 
c o-ordinat ion with a full geological survey as 
summarised ea rlier . 
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As abrasion is one of the major causes of rock (and 
concre t e )  degradat ion in the marine envi ronment , a 
t e s t using a laboratory rol ler mi l l  has been devi sed 
t o  allow the asses sme nt of a rock ' s  abras i on 
res is tance . The performance of three carbonate rocks 
has been calibra t ed against field measurements of 
round i ng .  This has been used to provide a tentative 
d iagram showing areas which relate performance in the 
laborat ory tes t to abrasion res is tance in the field , 
and hence des ign l i f e . 

During this s tudy , a number of monit oring t e chniques 
have been developed to allow the quan t i f icat ion of 
degradat ion on a rubble b reakwater or sea wal l .  These 
assessment me thods have been used t o  d e t e rmine the 
comparative dete rioration of vari ous such s t ructures 
in the Uni t ed Kingdom , the Arabian Gul f  and Eas t e rn 
Aus t ra lia . I t  is sugges ted that  these asses sment 
t echniques provide a useful , and cons i s t ent , me thod of 
measuring in-s i tu performance of a rubble s t ructure . 

Be fore the t e s t  me thod s ,  and acceptance values , 
sugges ted in this report can be incorpora t ed into any 
design procedure , i t  is essent ial that a wider range 
of data values be measured . Furthe r rock types mus t  
b e  subjected t o  a similar programme of labo ratory 
t e st s ,  and field measurement s ,  to provide typical 
value s , cali brated against s i te experienc e .  The 
resu l t s  of these further tes ts mus t  then be ana lysed 
t o  compare wi t h ,  and modify if  appropri a te , the design 
approach sugge s ted in this report . 
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APPENDIX 1 

Locations and Data Collected f rom Field S tudies  

wi thin the Uni ted Kingdom and Abroad 

F ield data is presented in the fol lowing f orm: 

1 .  Rock type 

2. Age of s truc ture in years 

3 .  Degree of exposure , type of hydrauli c  environmen t 

4 .  Armour weight (*  denotes concrete uni t s )  in tonne s 

5 .  Seaward s lope angle 

6 .  Roundness of armours t one ( % )  

7 .  Typi cal armours t one shape and X y Z dimens ions 

8. Void ratio of primary armour layer in %, ( length of  line s tudied 

i n  m)  

9 .  Damage in % ( test area in m 2 ) 

1 0 . Average armour co-ord ination number 

1 1 .  Des ign feature s 

1 2 .  Comments ( repair work , e t c ) .  



U K Site  Dat a  

S i t e  a 

1 .  Limes t one , S ands tone , Granite 
2 .  80 
3 .  Ext remely exposed 
4 .  1-3 
5 .  40-4 5 
6 .  20-70 
7 .  E quant , Prola t e ,  Tablate 
8 .  3 6  ( 1 02 ) 
9 .  

10 . 
1 1 .  Sho rel ine protect ion 
1 2 .  Regular repa i r  work 

Site b 

1 .  Gran ite 
2 .  222  
3 .  Mode rate 
4 .  100* 
5 .  
6 .  
7 .  
8 .  
9 .  

1 0 . 
1 1 .  Mas onry cap on submerged s t ruc ture 
1 2 .  Repairs cons i s t  of placing 

increas ingly large concre te armour 
units  

Site c 

1 .  L imes t one 
2 .  102 
3 .  Moderate 
4 .  5-1 2  
5 .  50 
6 .  
7 .  
8 .  
9 .  

1 0 . 
1 1 .  Very s t eep s l opes 
1 2 .  Poor armour interlock 

Site d 

1 .  Melange material 
2 .  82 
3 .  High 
4 .  5 40* 
5 .  25 
6 .  1 9  
7 .  1 . 5 1 0 . 8  E quant 
8 .  
9 .  

10 . 
1 1 .  Repaired us ing concre t e  

armour 
1 2 .  Good armour interlock 

Site e 

1 .  Gabbro 
2 .  2 
3 .  Low 
4 .  5-20 
5 .  30 
6 .  
7 .  E quan t  
8 .  29 . 5  ( 8 5 )  
9 .  

10 . 
1 1 .  Large primary armour 
1 2 .  Good armour int erlo ck 

Site f 

1 .  Limes tone , Sandstone 
2 .  1 7  
3 .  Moderat e 
4 .  1 2  10* 
5 .  2 5-30 
6 .  20-25  
7 .  1 . 3  1 0 . 9  E quant 
8 .  34 
9 .  1 3  ( 2 5 7 ) 

10 . 
1 1 .  
1 2 .  Repai red using concrete uni t s  

( tr ipods ) 



UAE S i te Data 

Site j Site • 

1 .  Limestone 1 .  L imes t one 
2 .  3 2 .  8 
3 .  Gentle 3 .  Gent le 
4 .  1 2  4 .  8 1 5* 
5 .  1 5-20 5 .  40-5 5 
6 .  6 .  5 7  
7 .  I r regular 7 . I r regular 
8 .  32  ( 60 )  8 .  34 ( l OO ) 
9 .  9 .  2 3  ( 86 ) 

1 0 .  1 0 .  
1 1 .  Low s lope , low cres t 1 1 .  S tabit primary armour 
1 2 .  Over-des igned 1 2 .  

Site k Site n 

1 .  L ime s t one 1 .  L ime s tone 
2 .  4 2 .  14  
3 .  Gentle 3 .  Gentle 
4 .  1-6 1 5* 4 .  8 15*  
5 .  5 0  ° 5 .  30-40 
6 .  4 8  6 .  63  
7 .  I rregular 7 .  I rregular 
8 .  28  ( l OO ) 8 .  2 9  ( 1 20 )  
9 .  20 ( 2 88 ) 9 .  1 2  ( 1 3 6 )  

10 . 1 0 .  
1 1 .  S tabit primary armour 1 1 .  S tabit primary armour 
1 2 .  1 2 .  

Site 1 Site o 

1 .  Limestone 1 .  L ime s tone 
2 .  1 2  2 .  7 
3 .  Gentle 3 .  Gentle 
4 .  8 4 .  10 1 5 *  
5 .  25-35 5 .  35 
6 .  6 1  6 .  
7 .  1 . 7 1 0 . 5  E quant I rregular 7 .  E quan t ,  I r regular 
8 .  32-4 1 ( 9 6 ) 8 .  36  ( l OO ) 
9 .  26 ( 1 2 2 )  9 .  

10 . 10 . 
1 1 .  L it t le secondary armour 1 1 .  S tabit primary armour 
1 2 .  Much uns table armour 1 2 .  



Aus t ralia Site  Dat a  

S i t e  w 

1 .  Gabbro 
2 .  
3 .  t-1oderate 
4 .  1-4 
5 .  40-4 5 ° 

6 .  Well rounde d  
7 .  Equant 

8 .  
9 .  = 0 ( 1 50 ) 

1 0 .  
1 1 .  Poor interlock in places 
1 2 .  Very rounded armour 

S ite p 

1 .  Basalt and Sand s tone 

2 .  25* 
3.  Energetic 
4 .  20 30* 
5 .  50  

6 .  
7 .  
8 .  3 1  (80 ) 
9 .  

1 0 .  4 . 6  
1 1 .  Repai red with concre t e  cubes 
1 2 . Poor armour interlock 

S i te q 

1 .  Basalt 
2 .  1 7  
3 .  Energetic 
4 .  10-15 
5.  35 
6 .  37 
7 .  Equant 
8 .  27  ( 80 )  
9 .  1 4  ( 1 3 1 ) 

1 0 . 5 .  8 

1 1 .  No secondary armour 
1 2 .  Good cond i tion 

Site r 

1 .  Tonalite 
2 .  1 5  
3 .  Energet i c  
4 .  10 

5 .  40 

6 .  28  

7 .  Tablate , Equant 
8 .  32 ( 80 )  
9 .  1 1  ( 434 ) 

10 . 4 . 7  
1 1 .  Low crest level 
1 2 . Occasional washout s  

S ite s 

1 .  Limest one 
2 .  8 
3 .  Shel tered by barrier reef 
4 .  6 6* 
5 .  20 
6. 34 
7 .  E quant 
8 .  2 8  ( 160 ) 
9 .  22 ( 2 7 6 )  

1 0 .  4 . 6 
1 1 .  Built with rock and modif ied 

cubes 
1 2 . Rebuilt  from core af ter 

hurricane damage 

S i te t 

1 .  Diorite 
2 .  28 
3. Sheltered by barrier 
4 .  10 
5 .  4 5  - Supratidal 

20 - Int er t idal 
6 .  2 2  
7 .  Irregular 
8 .  3 8  ( 80 )  
9 .  4 1  ( 1 1 3 )  

1 0 .  3-2 5 
1 1 .  Extended af ter 
1 2 .  Bad condit ion 

Site v 

1 .  Basalt 

2 .  
3 .  Energetic  
4 .  5T 
5 .  45-60 
6 .  

damage 

7 .  E quan t ,  I rregular 
8 .  
9 .  1 1  ( 5 4 2 ) 

1 0 . 
1 1 .  No secondary armour 
12 . Small training wall 

reef 



Rock 1 :  

Rock 2 :  

Rock 3 :  

Rock 4 :  

Rock 5 :  

Rock 6 :  

Rock 7 :  

Rock 8 :  

Rock 9 :  

Rock 1 0 :  

Rock 1 1 :  

Rock 1 2 :  

Rock 1 3 :  

Rock 1 4 :  

Rock 1 5 :  

Rock 1 6 :  

APPENDIX 2 

Descript i ons of Coded Rock Types 

F resh,  thickly bedded ,  dark grey,  f ine g rained, s trong . 
Carboniferous limes tone . 

Slightly weathered , medium bedded , dark brown, coarse,  strong . 
Coal measure sandstone . 

S lightly weathered ( grade 2 ) ,  j ointed , red to  grey , coarse , 
porphyrit i c ,  very strong . Dartmoor granite . 

Moderate ly weathered ,  well jointed,  grey , fine grained , 
moderately strong . Jura s s i c  limestone . 

Sligh t ly weathe re d ,  mas s ive , brown , very coars e ,  very strong . 
Pre-cambrian conglomerate . 

S l ightly weathered,  dark brown, coarse,  porphyr i t i c ,  s trong . 
Gabbro .  

Faintly weathered , dark , medium g rained ,  s t rong . D olerite . 

Moderate ly to  h ighly weathered,  f i s sured,  buf f ,  c onglomerat i c , 
mode ra t e ly strong . Lime s t one . 

Highly weathered, f i s sured, light brown, poorly ceme nted , 
conglomera t ic , moderat ely weak . Lime s tone . 

Slightly to  moderately weathered , extens ively f is sured, brown , 
porphyri t i c , s trong . Basal t . 

S li ghtly weathered , bedded , red , medium to  coars e ,  mode rately 
s t rong . Sands tone . 

S light ly weathered ,  f i ssures lined wi th iron oxide , black , 
fine g ra ined , porphyr i t i c ,  moderately s trong . Basal t . 

S ligh tly weathered,  mas s ive , light brown, medium grained,  very 
s trong . Tonali te . 

Faintly weathered , mas sive but wi th calcite veining, g rey , 
fine grained , strong . Limestone . 

Faintly weathe red , mass ive , grey , medium graine d ,  very s tr ong . 
Diorite . 

F aint ly weathe red , jointed,  red , coarse grained,  s tr ong . 
Grani te . 



APPEND IX 3 

F ield Measurement Techn iques f or the Assessment of 
Damage t o  Rock Armoured S t ructures 

1 INTRODUCTION 

The assessment of the s ta te of rock armour on a rubble s t ruc ture 
may be made us ing the fol lowing me thods : 

Select sample area for assessment ( approxima tely 1000m 2) . Mark 
out extremi t i es of area . Since the degree of rounding and 
damage varies with posit ion on the breakwate r ,  the area selec ted 
is  normally entirely wi thin one of either zone I ( Supratidal ) or zone 
II ( Intertidal ) .  

Count the number of blocks vis ible on the surface of the area . 

Count and note the number of defect ive armour uni ts within the area 
in to the fol lowing categories : 

( a )  Cavitie s :  An a rea in wh ich one or more primary 
armour-s tones of design size could be loca ted wi thout 
caus ing an irregulari ty in the normal p rof i le of the 
section.  

( b )  F ractured armour: Armour whi ch has fractured into two or  
more pieces rendering i t  below spec i f i ca t i on siz e .  I n  some 
cases f ractures may be p resent but the armour may s ti l l  be 
of adequat e  size and abl e to fulfil!  i t s  role properl y .  In 
such a case the unit would not be counted as a f rac tured 
uni t .  

( c )  S ubs ize  armour : Armour whi ch does not comply wi th the 
volume-weight specifi cat ions . This is usually the result 
of poor quality control allowing substandard ma terial to be 
pla ced on the s t ructure . Alt e rna t ively , it may be the 
result of s t orm damage caus ing f rac ture and then subsequent 
migrat ion of  material , leaving only small pieces of armour 
in pos i t ion . Some degree of overlap may occur when 
def ining subsi z ed and fractured armour . Normally , if two 
p i e ces of an armours tone are located c losely together with 
a cle arly defined fracture line , they wi ll be clas s i f ied as 
fractured armou r .  I f , howeve r ,  the ma terial has f rac tured 
and been moved by a signif i can t dis t ance it will be 
clas s i fied as subs ize armour . Care should be taken not t o  
double count armour blocks into both categories . 

( d )  Uns table armou r :  Armour which is visibly mobile under 
s t r es s ,  of ten characteri sed by score marks or rounding on 
the surfac e .  This type of damage may be ass essed e ither by 
ac tually pushing the armour to see i f  i t  rocks , or more 
normally by quali tat ively judging whether the rock would be 
s t able under wave ac tion . 

1 . 2 Having obtained the necessary inf orma t i on f or assess ing damage , a 
s imple cal cul a t ion can be made to obta in a damage figure . 



Damage X 100% 

Number of damaged blocks 
Number of cav i ties 
Number o f  undamaged blocks 

When samp ling a breakwater,  care should be taken to ensure that both 
inte r t idal and suprat idal zone s are sampled separat ely within the 
same de linea ted s t rip . Add i t ionally,  it is use ful to sample a number 
o f  ver tical s t rips along the breakwater . This allows a compar ison of 
damage be tween samp le s trips to be made , in add i t ion to comparisons 
be tween intertidal and suprat idal damage .  

I t  is impor tant that a good e s t imate of des ign armour s i z e  can be 
made by the f ield enginee r .  Care should be taken no t to double count 
damage into two categori es . 

2 Evaluation of the degree of interlock between armours tones . 

A number of techniques are available to e s t ima te the deg ree o f  
interlock i n  an armour layer . The f i r s t  requires the est imat ion of 
the " co-ordination numbe r " .  This me thod requi res a sample of abou t 
30 armours tones , taken f r om wi thin the same delineated area as the 
damage assessment . The co-ordinat ion number is obtained by count ing 
the numbe r  of blocks in contact wi th each armour block in the sample . 
When samp l ing , care should be taken to sample sys tematically along a 
line (or within a small area ) .  Care should be taken both to avoid 
select ive samp ling, which may give an artificially contrived resul t , 
and also no t to double count seve ral point contac ts on the same 
block. The average co-ordination number can be determined thus : 

Average co-o rdina t ion number 

The sum of the co-ordinat ion values f or all 
of the blocks in the sample area 

Total number of blocks in the samp le 

Add i t ionally, the data derived during the damage asses sment may b e  
u s e d  to calculate the upper layer packing dens i ty of armour uni t s : 

P k . dens ; ty __ Total number of units  in area ac �ng ... 
Area (m 2) 

These me thods provide a reas onably s t raigh t f orward me thod o f  
ass e s s i ng damage to a breakwater , and have been found t o  give 
remarkably cons i s tent results when observat ions of the same area are 
made by independant operators . 

Apart f rom problems of access to the s t ruc ture in the s lippery 
int e r t idal zone , a numbe r of other fac tors should be take n into 
consideration when us ing these techniques . A clear unders tanding of 
damage types is essential . A good eye for e s t ima t ing rock 
weight / s ize  is important , as is the ability to samp le systemat ically . 
Problems are mos t  likely to evolve from samp ling techniques . On 
large breakwaters a number of samples should be taken along the 



s t ructure . S imi larly,  care should be taken to sample the whole area 
between the crest and water level ,  ideally at low spring t ide . 

In add ition t o  the damage as sessment methods outl ined above, the 
engine e r  may wish to make an assessment of the durability of the rock 
in use with r egard to abras i on and degree of roundi ng (affect ing 
block interlock ) .  

3 Photographic techniques 

Visual comparisons may be made be tween the differ ing degrees o f  
roundi ng i n  the int ertidal and suprat idal zones , giving some idea of 
durabil i ty of the armours tone . A more detailed assessment of 
rounding may be made by comparison of phot og raphs of the s tructure 
wi th photographs of a r t i f ic ially rounded mate rial . Photographs al low 
s tatis t i cal dat a  to be obtained re lat ing shape , size round ing and 
damage of p rimary rock a rmour . This may in turn allow an est imate of 
the ra t e  of roundi ng and change in breakwater stabi li ty for given 
rock t y pes . 

Photographs should be t aken perpendicular t o  the face of the 
breakwa ter . Oblique sho t s  are of no us e .  To be of use the 
photographs need to be sharp , def ining the edges of a rmours t one s . 
S ample areas should be of adequate size and should typica l ly include 
a s t a t i s t ically val id number of about 100 a rmour blocks . These areas 
may be shown on one phot og raph or on a series of pho tographs , 
provid ing that they are taken per pendicular to the face . The samp le 
area wi l l  vary in size acco rding to the we ight of the armours tone . 
Gui del ines sugge s t ing areas for 1 00 armours tones , for certain a rmour 
weight s  are given below : 

1-2 tonne 
2-5 t onne 
5-8 tonne 

Area Sm x Sm approx 
Area = lOm x lOm approx 
Area lSm x l Sm approx 

It is useful to sample a series of loca t ions along the breakwat e r  
rather than one detailed area . 

The photographs , wh ich may be e i ther bl ack and wh i te or co lour should 
be grea tly enla rged to A4 , or larger if pos sible . Using Krumbe i n ' s 
method of assess ing part icle roundnes s ,  i t  is possible to ca lculate 
the average roundne s s  of the armour uni t s  (see Chap ter 7 of  this 
repor t ) .  

The results of this assessment may be compared wi th laboratory 
derived data to help to es tablish the ra t e  of round ing of tha t 
part icular rock type and hence its  durabili ty . This may be of later 
use in es tabli shing how wel l  the samp led rock type performs in the 
marine envi ronment .  I t  may also be used , in co-ordination wi th 
labo rat ory round ing exper iments on the same rock type,  to show 
associ ated weight loss and s tability change wi th rounding . 



APPENDIX 4 

S tandard Engineering Test Procedures 

1 Introduction 

A number of engineering tests were carried out in this s tudy in order 
to  assess the sui tabi l i ty of rock for use in the marine environment . 
These tests are bri ef ly summari sed below and full references for the 
detailed procedures given . 

2 Apparent relat ive dens ity (BS 8 1 2  Part 2 1 9 7 5 ) 

The test f or apparent relative dens ity relates the dens ity of the 
rock type to the dens i ty of water . It may be carried out in a numbe r 
of ways , but is a relatively s imple tes t .  It  can be done with a 
small quantity of simple equipment in an elapsed time of seve ral days 
(most t ime is taken in ei ther oven drying or soaking the sample s ) .  
E s sent ially the tes t  requires that a saturated sample of rock be 
weighed suspended in water .  The same sample is then oven d ried and 
weighed in ai r .  The apparent relat ive density may be calculated 
us ing : 

Apparent relative density = 
weight in air 

weight in air - weight in wate r 

3 Water absorption (BS 8 12 Part 2 1 97 5 ) 

A s imi lar rout ine i s  followed f or this test  as for apparent relative 
dens i t y ,  wi th the exception that the saturated surf ace dry weight is 
measured and related to the oven dried weigh t : 

Water absorption ( % of dry mas s )  1 00 (A-B ) % 
B 

A mass of saturated surface dried rock in air ( g )  
B mas s  of oven dried rock in air . 

4 Aggregate impact value (BS 8 1 2  Part 3 1 9 7 5 )  

The aggregate impact value gives a relat ive measure of the re s i s tance 
of an aggregate to sudden impact ,  which in some aggregates dif fers 
f rom its res i s t ance to a s lowly applied compres s ive loa d .  The 
material size is res tricted in the range 10-14mm diameter . This tes t  
may be re lated to the type o f  f orces which occur when armour uni ts  
rock under wave act ion . 

An impact machine comp lying 'N'i th the BS requirements is required for  
this  tes t .  The sample is prepared by seiving material into the 
correct s ize range f or the tes t . This material is placed in a steel 
cup at the base of the tes t ing apparatus and is compac ted in the cup 
using a specified sequence of blows with a tamping rod . Further 
aggregate is added during this proce s s . The ne t mass of the tamped 
aggregate is then weighed (mass A) . 

The compacted material is the.n subjected to  tes t ing blows o f  
specified force and time interval . The crushed aggregate is then 
removed careful ly . This mate.rial is seived on a 2 . 36 mm BS seive and 



the mat erial pass ing (B ) and material re tained (A) on the seive , 
we ighed . The test  is then repeated using an ident ical initial mas s  
o f  aggregat e .  T h e  pre- tes t ing and pos t-tes ting masses are then used 
for calculat ion of the aggregate impact value . 

P ercentage f i nes : � x lOO % 

where A is the init ial mass of the s i tuated surface dry sample and B 
is  the mas s of the fra c tion passing the sieve for separating the 
fines . 

5 F racture toughness (ASTM E 399-78a ) 
The test is commonly called the S ingle Edge Notch B eam Method ( SENB ) 
and is a modif icat ion of a s tandard me thod for the measurement of 
p lane s train fracture toughness of metallic materials . The test  is a 
measure of the notch sens i t ivity to tensi le stress . This not ch is 
the i nt roduced f law whi ch is  larger than any o ther natural f law in 
the tes t specimen . The test is carried out on small machi ne cut 
specimens which are then subj ec ted to loading on a specially des igned 
p iece of apparatus . 

Klc - the crit ical s tress intens ity factor,  def ined in S ec t ion 6 . 2  of 
this repor t ,  is likely to be affected by the na ture of the rock 
f abri c . The notch may be lengthened in pract ice when grain 
boundaries are al igned wi th , and in continuum with , the no tch . As 
such, the reliability of the K1c test is not as g reat when deal ing 
with coarse grained rock types . At fai lure , K1 c  is calculated from :  

PL (-aw ) K 1 c =
b w 3 ; 2 · f 

where 

f (� ) = 

3 � �  • 1 . 99 - r& ( 1 - �) • 2 . 1 5-3 . 93 � + 2 . 1  SJ 
3 / 2 2 [ ( 1+2!) ( 1- !) J 

where P applied load 
L = dis tance between (syme t rically placed ) supports 
b = test  specimen bread th 
w = tes t specimen dep th 
a = depth of notch 

6 S ta t ic Young ' s  Modulus 

This may be measured during the SENB tes t .  S tatic Young ' s  modulus i s  
s imp ly a s tress strain re lationship exhibi ted by the rock , duri ng 
tes ting, p rior to f rac ture . In this s tudy ,  it  was calculated through 
s t andard beam theory . The experimental resul ts are no t wholly 
accurate when compared wi th the resul ts of the s tandard test method . 
This test is not re commended as a tes t  for rock durability because of 
the inaccuracies in measurement and the complex machine ry necessary 
to measure this pa rameter . 



7 Los Angeles Abrasion Tes t  (ASTM C 1 3 1-7 6 ,  C5 35-7 5 )  

This test is a s tandard test me thod f or the measurement of res i stance 
to abras ion of small or large size coarse aggregate by the use of 
the Los Ange les machine . 

The Los Angeles Abras ion test ing machine con s i s ts of a hollow steel 
cyl inder (of diameter 7 1 1 . 2  ± 5 . 1mm and an ins ide leng th of 
508 ± 5 . 1mm )  closed at both ends . The cylinder is mounted on s tud 
shaf ts  in such a manner tha t it  may be ro tated wi th the axis in a 
horizontal pos i t ion (with a tolerance in s lope of 1 in 1 00 ) .  The 
interior of the cylinder has a steel shel f  extending the full leng th 
of the cylinder,  pro jecting inwards 8 8 . 9  ± 2 . 5mm. An abras ive cha rge 
of steel spheres (of 4 6 . 8mm diame ter , mean we igh t of 4 20g and in the 
weight range 390-44 5g ) are put in the drum. The number and grading 
of spheres is dependent upon the grading of the tes t samp l e .  A tes t  
s ample o f  aggregate i s  washed and oven dried and i s  then separa ted 
into size  f ract ions , the proport ions of which are recorded . The 
sample is then recombined into i ts original mixed grad ing . With the 
s teel spheres and the aggrega te sample in place , the machine is 
rotated at 30-30rpm f or 500 revolut ions . The test mate rial is then 
s i eved and weighed . A s imple calculat ion relat ing the mas s  prior to  
tes ting with the mas s after tes t ing can be made :  

wear original mas s  - f inal mas s  
original mas s  

8 The F ranklin Point l oad s t reng th test  

This test i s  a measure of rock s t rength,  and is carried out  in  a 
tensile mode . I t s  main advantage over other s t reng th tes t s  is that 
it requires no spe cimen p reparation .  The testing apparatus i s  a 
small hydraul ic pump and ram wi th a rigid but eas i ly ad jus table 
load ing f rame , which allows r ocks of d i fferent shapes and s izes to  be 
tes ted . 

The specimen is loaded between coni cal p laten contact points of 
s tandard dimens ions . Load ing is measured until  failure is induced by 
splitting between the contact points . The d i s tance D be tween the 
contac t  points is measured prior to load ing , as is the force P 
required to break the s pecimen.  The point load s t reng th index i s  
obtained f rom these two measurements and i s  calculated using the 
equation : 

F ur ther informat ion on this test may be found in "The Point Load 
S t rength Tes t "  by Brock and F ranklin (29 ) . 

9 Magnes ium sulphate s oundnes s 

The test used in this s tudy ls the modif ied version of t;he ASTI·l tes t 
f or sulphate s oundness as p roposed by Hosking and Tubey l 24 ) · A 
samp le of aggregate is subjeeted to 24 hour cycles of immers i on in a 
saturated solut ion of magnesium sulpha t e ,  draining, oven dry ing and 
cooling . The growth of crys tals in voi ds in the aggrega tes exerts  
high p res sures which may lead! to dis integrat ion . A total of 5 cycles 
of immers ion , drying and cooling are carried out on a graded sample 
of 60 chippings in the s ize range 1 2 . 5-1 9mm .  The aggregate is then 
dried and seived on a 9 . 5  mm tes t seive . The sulphate soundnes s  
value is expressed as the percentage of material b y  weight whi ch 
pas s ed the 9 . 5  mm tes t seive . 



Thi s  tes t however takes a long elapsed time . A reduced number of 
cycles may provide adequate results . Magnesium sulphate was chosen 
ins tead of sod ium sulphate , because i t  was found t o  give mo re 
repeatable result s . This is  largely the result of the wide variety 
of forms into whi ch sodium sulphate may crys talli z e ,  as  opposed to  
the s ingle f orm into whi ch magnes ium sulphate crys tallizes . 

O O B  Od 650449 3/85 



TABLE S :  

1 .  Clima tic and sal inity data for field s tudy areas 

2 .  Loca l marine condi t ions 

3 .  P rimary armourst one data 

4 .  S imple geo logical charac t eristics  of common sed iment ary rocks 

s .  S imple geological characte rist i cs of  common i gneous rocks 

6 .  S imple geo log i cal character is t i cs of common 

7 .  Gene ral breakwater design data 

8 .  S hape cons iderat ion 

9 .  Comparison of void measurement techniques 

10 . Armour layer porosity  

1 1 .  Armours tone inter lo ck data 

12 . Damage assessments 

metamorphic rocks 

1 3 .  Types of damage to primary armour on three lime s t one breakwaters 

in different environments expres sed as a percentage of the t o tal 

damage . 

1 4 .  S t andard eng i nee ring tests for rock streng th 

1 5 .  Ar t i f i cial round ing of lime s tone blocks 

1 6 .  Sugge s ted test values for armours t one acceptance 

1 7 . Rock de teriorat ion expec tancy in different meteorological 

c l imates 

1 8 .  S imp le engineer ing charac teris t ics of common sed imentary , igneous 

and me t amo rphic rocks , toge ther with notes on their performance as 

breakwa t er stone . 





TABLE 1 CLIMATIC AND SALINITY DATA FOR FIELD STUDY AREAS 

S easonal Rainfall Hean Daily Daytime 
Temperature ( Oc ) Av . Marine 

Region Jan Apr Jul Oct (Maximum + Minimum) Humidity Salini ty 
mm Jan Apr Jul Oct  ( %) : g/ li tre 

u K Wes t 150 95 7 0  1 2 5  7 9 1 2  8 70 34  

u K Eas t 53 45 62 67  4 5 1 7  1 2  7 0  3 4  

Uni ted 85 105 95 80 
Arab 1 5  4 0 0 80 38 
Emirates 70 80 85 70 

Queens land 87 8 1  7 9  86  
6 3  35 

(Nor th) 450 120 45 85 7 3  6 6  6 3  7 1  

Queens land 1 6  25 2 9  1 8  
3 5  

(South) 1 6 5  150 120 135  5 1 5  2 3  1 3  

TABLE 2 - LOCAL MARINE CONDITIONS 

Degree of Wave Clima te T idal Maximum 
S i t e  Exp osure Hs : m H : m  Tz : s  range water 

m depth m 

a l'1ode rat e 5 . 0  1 . 1  8 5 Shore defence 
b Extreme 6 . 5* 5 . 5  50* 
c Moderate 4 . 0* 1 2 . 6  10 
d High 4 . 5* 7 . 4 1 5  
e Low 3 . 0 *  7 . 2  Shore def ence 
f Moderate 5 . 1  1 . 5 1 1  1 0 . 1  1 5  
g High 4 . 1 * 1 . 6  13 7 . 9  10 
h High 3 . 5  2 . 1  10 5 . 3 1 5 *  

j Modera te 7 . 5 1 . 5 9 2 . 3  8 
k Moderate 7 . 5  1 . 5  8 2 . 4  1 2  
1 Mode rate 7 . 5 2 . 0 1 1  2 . 2  6 
m Moderate 7 . 5  2 . 0  1 2  1 . 8  1 2  
n Moderate 7 . 5 0 . 5 7 2 . 1  1 2  
0 Moderate 7 . 5  0 . 8  8 2 . 3  1 8  

p Ext reme 5 . 6  3 . 5  13 1 . 4  20 
q High 5 . 6 1 . 5 1 2  1 . 6 1 0  
r Mode rate 5 . 8  2 . 5  9 2 . 4  8 
s Moderate 5 . 9  2 . 5  10 4 . 0 8 
t Cyclonic 6 . 1 6 . 1  1 5  
u Cyclonic 5 . 8 3 . 2 1 2  

* = E s t imate Hs S i gnif icant wave height H = Obs erved wave height 
T = Obs erved wave period 



TABLE 3 PRU1ARY ARMOURSTONE DATA 

S i te Rock Type Rock Description Year of Comments 
Code (Appendix :2 ) C ons t ruction 

a Limes tone 1 ,  2 ,  3 Some of the grani te 
Sand s tone bui lders are 100 
Grani te years old 

b Grani te 3 1 7 6 0  

c Limestone 4 1 880 

d Me lange 5 1 90 0  
Ma terial 

e Gabbro 6 1 980 Glacial erratics  
u sed as  primary 
armour 

f Lime s tone 1 ,  2 1 9 6 5  
Sands tone 

g Lime s tone 1 1 84 7  

h Dole ri te 7 

j Lime s tone 8 1 9 7 9  Very variable 
Tertiary lime s tone 

k Limes tone 8 1 9 7 8  

1 Lime s t one 8 1 970 

m Lime s t one 8 1 9 74 

n Lime s t one 8 1 968  

0 Lime s tone 9 1 9 7 5  Poorly cemented 
porous lime s t one 

p Basalt 1 0 ,  1 1  1 9 56 
Red Sands tone 

q Basalt 1 2  1 96 5  Well rounded 
g lacial erratics  -
many cracks 

r Tonalite 13  1967  Conchoidal 
f ractures common in 
armour 

s Limes tone 14 1 9 74 Rebui l t  using 
modif i ed cubes 
af ter cyclone 

t Diori te 1 5  1 954 Rebuilt after 
cyc lone 

u Grani te 1 6  1 940-8 1 



Rock Type 
Name 

Quar t z i t e  

Sand s t o ne 

S i l t s t one 

Shale 

Lime s tone 

Chalks 

TABLE 4 

· �·�-- . 

Typical Grain 
s ize range 

(mm) 

2-0 . 2  

2-0 . 06 

0 . 0 6-0 . 002 

< 0 . 00 2  

2-0 . 0 1  

< 

Rock Type 
Name 

0 . 01 

V i s i b l e  
voids 

Very rare 

Uncommon 
b u t  
u s u a l ly 

Very rare 

V e ry rare 

Common 
large and 
small 

Rare 

TABLE 5 

Typical G r a i n  
size range 

(mm) 

SIMPLE GEOLOGICAL CHARACTERISTICS OF COMMON SEDIMENTARY ROCKS 

Re l a t ive I n t e r be d d e d  T y p i c a l  
weat h ered o r  assoc iated joi n t  

Texture s t a te rocks s p a c i ng (m ) 

Narrow s ize range F resh Sa nd s tones 0 . 1-5 
S i l t s t o n e s  
Shales 

N a rrow and wide F re s h  t o  S i l t s  tones 0 . 1 - 1 0  
size ranges mod e r a t e  S h a l e s  

Narrow s i z e  range F resh t o  Sand s t ones 0 . 05-1 
mod e r a t e  Sha les 

L imestones 

N a rrow s i ze range F r e s h  t o  Sand s tones 0 . 005-0 . 0 1  
highly S i l t s  tone s 

L i me s t o nes 

N a r row s ize ranges F resh �!a r l s  o . s-1 
o r  f r agme n t e d  Shales 

N a rrow s i z e  range F r e s h  t o  Lime s to nes 0 . 1-2 
mod e r a t e  H a r l s  

SIMPLE GEOLOGICAL CHARACTERISTICS O F  COMMON IGNEOUS ROCKS 

Igneous Rocks - S t r ong :rocks ""ith inte rlocki ng c rys t a l s  

V is i b l e  
voids 

Re l a t i v e  
wea thered 

s t a t e  

Typical 
J o i n t  

Spacing ( m )  

Typical 
f ragment 

shapes 

Typical 
f r agme n t  

shapes 

Equant 
Ta b u l a r  

Equant 
Ta b u l a r  

Tabular 

V e ry 
Tabu l a r  

Equant 
Ta bular 

Tabular 
Equant 

Typical 
d i s t r i b u t i o n  

Typical 
d i s t r i bu t ion 

Localised 
areas 

E x t ensive 
areas 

E x t en s i v e  
areas 

E x t en s i v e  
a reas 

E x t e nsive 
areas 

E x t e n s i ve 
areas 

�- - ---�--···-�·-- -------

Grani t e  20-2 

Dio r i t e  3-1 

G a b b ro 5-2 

Rhyo l i te G rains not 
vi s i b l e  t o  
unaided eye 

And e s i te Grains not 
v i s i b l e  t o  

unaided eye 

Bas a l t  G r a i ns not 
v i s i b l e  t o  
unaided eye 

S erpent i n i t e  G rains not 
vi s i ble to 
unaided eye 

TABLE 6 

Me tamorphic 

G r a in 
Rock Type range 

Name (mm) 
---·---�----· 

S l a t e  0 . 0 1  

Phyl l i t e  0 . 5-0 . l  

S c h i s t  5-0 . 5  

Gneiss 5-0 . 5  

:!a r b l e  3-0 . 1  

Common Fres h t o  0 . 5- 1 0  Equant Mou n t a i n  and s h i e l d  
small or mod e ra t e  a r ea s ,  extensive 
microscopic 

Rare s l ight t•) o .  2-10 Equant Loca l ized a reas 
modera t e  Tabu l a r  

V e ry rare F r esh to 0 . 5- 1 0  E q ua n t  :1ountain a r e a s  
highly loca l i zed 

Rare F re s h  t o  0 . 1 - 2  Equant Local ized a reas 
s l ig h t  P r o l a t e  

Tabular 

Rare s ma l l  S light to 0 . 2 - 2  Tabular E x t e n s i ve sh e e t s  
and large mod e ra t e  Pro l at e  

Common F resh to 0 . 2-5 Tabular E x t e ns i v e  s he e t s  
large and highly P ro l a t e  
small Equant 

None S light to 0 . 05-l Equant Mou n t a i n  a r eas 
highly loca l i z e d  

S IMPLE GEOLOGICAL CHARACTERISTICS OF COMMON METAMORPHIC ROCKS 

Rocks Crys tals usua l l y  i nt e rl ocking b u t  grain o r i en t a t io n  common 

T e x t u r e  

Narrow s i z.e range 
o r i e n t a ted g r a i ns 

N a r row s i ze range 
orienta t e d  grains 

Wide size range 
orienta ted grains 

\<.1 ide s i ze range 

Narrow s i ze range 

Re l a t ive Typi c a l  Typical 
wea the red j o i n t  f r agment Typical 

s ta t e  spacing (m) shapes d i s t r i bu t o r  
··---�··---�···----··· 

F r e s h  0 . 002-0 . 1 Tabular Loc a l i z e d  areas 

F r e s h  t o  0 . 0 1 -0 . 2  Tabu l a r  E x t en s i ve areas 
mode ra t e  b l a d e d  

F resh t o  0 . 0 1 - 1  T a b u l a r  Ex tens ive areas 
mod e r a t e  b l ad e d  

F resh t o  0 . 5- 1 0  Equant Extensi ve areas 
mod e ra t e  

F re s h  1-10 Equant E x t ensive a reas 
·----··----�··--�-··-----� 



TABLE 7 GENERAL BREAKWATER DESIGN DATA 

S i te Age Armour W t .  Obse rved S eaward 
Slope Angle • 

Observed S t ructural 
Cond i t i on : years Tonnes 

a up to 100 1-3 40-45 Good 

b 

c 

d 

e 

f 

g 

h 

k 

1 

m 

n 

0 

p 

q 

r 

s 

u 

Excellent 
Good 

Satisfactory -

Fair 
Poor 

222 100* 

102 5 - 1 2  5 0  

8 2  5 , 40* 25 

2 5-20 30 

17 1 2 , 10* 2 5-30 

1 3 5  1 0  10 

2-5 30 

3 1 2  1 5-20 

4 1 -6 , 15 *  5 0  

1 2  8 25-35 

8 8 , 1 5 *  40-55 

14 8 , 1 5 *  30 ° (40*) 

7 1 0 , 1 5 *  35 

25 2 0 , 30* 5 0  

1 7  10-15 ( 4 0  max) 35 

15 1 0  4 0  

8 6 , 6* 20 

28 10 45 - Supratidal 
20 - Int ertidal 

90 5-12 30-45 

No vi s i ble damage , good armour interlock 

Good 

S a t i s f a c t o ry 

S a t i s f a c tory 

Excellent 

S a t isfactory 

Sat i s f a c tory 

Poor 

Excellent 

Good 

S a t is f a c t o ry 

Satisfac tory 

S a t i s factory 

Sat isfactory 

Poor 

Good 

Fair 

Good 

Bad 

S a t is fac t ory 
to collapse 

Good armour interlock, 35% void ra tio, no exposure of secondary armour 
Fai r armours t one , interlock, damage < 25%, no exp osure o f  secondary armour 

Poor i n t e rlock, some secondary armour exposed 
Poor armour s t one interlock, many cavi t i es in pr imary armour 

Design Features 

Shoreline protection o f  
railway line. Many repairs 

Masonry cap on subme rged 
s t ructure 

Particularly s t e e p  
structure 

Concrete blocks used to 
repair damaged sec tions 

Interlock of p rimary armour 
was good 

Tripods used to repair 
damage 

Breakwater in an unstable 
cond i t ion 

Over designed 

Stabit p r imary armour 

No secondary armour 

Stabits on exposed s e c t i ons 

S tabits on exposed s e c t ions 

Poor armour interlock 

No secondary armour 

Low crest level 

Rebu i l t  recently using 
armours tone and mod i f ied 

cubes 

Very unstable washouts 
common 

Sacrific ial arm designated 

Bad 
* 

Over 20% of the p r imary armour removed and exposure of sec ondary armour is common, damage > 40% 
Deno t es concre t e  armour unit 



TABLE 8 SHAPE CON S IDERATION 

S i te Age : Rock type Armour Armour Typical Typical 

Years We ight s tone % Shape Dimens ions 

: t onnes roundness X : Y  : z 

In tert idal Da ta 

a 1 - 1 00 Granite 3 2 0 -40 E quant 1 . 5  1 :  0 . 7  

a 1 - 100 Limes tone 3 up to 7 0  Prolate 1 . 6  1 :  0 . 7  

a 1 - 1 00 Sandst one 5 2 5-30 Tabular 1 . 2 1 :  0 . 6  

d 8 2  Pre Cambrian 5 1 9  Equant 1 . 5  1 :  0 . 8  

Melange 

f 1 7  Limes t one 1 2  20- 2 5  E quant 1 . 3  1 : 0 . 9 

f 1 7  S andstone 1 2  2 0  Tabular 1 . 3 1 : 0 . 4  

i Slate 3 1 7  Tabular 3 . 8  1 : 0 . 4  

i Grit  2 . 5 2 2  I r regular 1 . 3 1 : 0 . 6  

k 4 Limes tone 6 48 I rregular 

1 1 2  Lime s tone 8 6 1  E quant 1 . 7 1 : 0 . 5  

m 8 Lime s t one 8 5 7  Irregular 

n 1 4  Limes tone 8 63 I rregular 

q 1 7  Basalt 1 0- 1 5  3 7  E quant 

r 1 5  Tona l i te <10 2 8  Tabular ,  

Equant 

s 8 Lime s t one 6 - 1 5 3 4  E quant 

t 2 8  Diorite 1 5  2 2  Irregular 

u 1 Grani te 5 - 1 2  1 7  E quant 

u 1 3  Grani te 5-8 2 6  Equant 

S up ratidal Data 

a 1 - 1 0 0  Grani te 3 1 5- 2 5  E quant 1 . 5 1 : 0 . 7  

a 1 - 1 0 0  Limes tone 3 <4 5 Prolate  1 . 6  1 : 0 . 7  

a 1 - 1 00 S and s tone 5 1 5-30 Tabular 1 . 2  1 : 0 . 6  

q 1 7  Tonalite  10- 1 5  3 2  Equant 

s 8 Limes tone 6-15 29 Equant 



TABLE 9 - COMPARISON OF VOID MEASUREMENT TECHNIQUES 

LINE COUNT & VOID 

METHOD S IMPLE LINE COUNT MEASUREMENT 

No of Error* No of E rror* 

Location void % l ines % void % l ines % 

a 36 22 2 20 10 10 

d 27 1 2  2 1 5  8 

e 30 1 2  3 

f 3 4  20 2 1 8  1 6 

* E rror = I nd i cat ion of relat ive error based on duplicate 
measurement s with two observers 

TABLE 10 - ARMOUR LAYER POROSITY 

Armour Length Age of 
S i t e  weight of line s t ructure 

: Tonnes : m : yea rs 

a 1-3 102 up to 100 

e 5-20 85 2 

j 2 - 1 2  60 3 

k 2-5 lOO 4 

1 2-8 96 1 2  

m 2-8 l OO 8 

n 2-8 120 1 4  

0 2-10 100 7 

p up t o  20 80 25 approx 

q 1 0- 1 5  80 1 7  

r up to 10 80 1 5  

s 6 1 6 0  8 

t up t o  1 2  80 2 8  

u 5 - 1 2  1 0 0  9 0  

PHOTOGRAPHIC 

void % 

30-40 

Void 
Rat io 

: % 

3 6  

2 9 . 5  

3 2  

2 8  

3 2-4 1 

3 4  

2 9  

3 6  

3 1  

2 7  

3 2  

2 8  

3 8  

3 3  



S i t e 

p 

q 

r 

s ( suprat idal ) 

s ( intertida l )  

t 

u 

u ( major 

revetment ) 

u (minor 

revetment ) 

TABLE 1 1  - ARMOURSTONE INTERLOCK DATA 

Age 

years 

17 

1 5  

8 

8 

2 8  

1 

1 

1 2  

Average 

Co-ordinat ion 

Number 

4 . 6  

5 . 8 

4 . 7 

4 . 7  

4 . 6  

3 . 3 

3 . 9  

4 . 5 

4 . 2  

Damage Cond i t i on 

: % 

Poor 

1 4  Good 

1 2  Fair 

20 Good 

24 Good 

4 1  Bad 

2 2  Sat i s f act ory 

2 5 Sat is factory 

23 Satisfac t ory 

Contact 

Area : % 

3 2  

4 1  

2 7  

2 4  

3 1  

3 9  

3 0  

38 

2 9  



TABLr; 1 2  - DA11AGE AS SESSHENTS 

----------·------------------------- ------- ----- · - - - - ·--------------------· 

Age Armour No blocks Fractured Subs tandard Uns table Damage 
S i t e  Years we ight s tud ied Cavi t i e s  Armour Armour Armour : % 

: tonnes 
----

f ( i n t e r t ida l )  1 7  1 2 , 10* 9 5 3  1 5 5  1 5  36 9 2 3  

f ( s u p ra tidal ) 1 7  1 2 , 10* 1 7 59 9 9  1 7  6 1 1  8 

j 4 1 -6 , 1 5* 285 10 6 0 40 2 0  

k ( su p r a t ida l )  1 2  8 60 8 l 0 9 30 

k ( i n t e r t idal ) 1 2  8 6 2  1 0  0 0 4 2 2  

1 8 8 , 1 5* 86 5 4 2 9 2 3  

m ( s t a b i t s )  1 4  1 5* 300 0 7 1 2 0 . 3  

m 14  8 1 36 0 3 0 lJ  1 2  

p 1 7  10-15 1 3 1  1 1  6 0 1 1 4  

q ( a l l  zone s ) 1 5  10 4 34 23 7 8 1 6  1 2  

q ( supra t i dal ) 1 5  10 72  6 2 6 0 2 0  

q ( i nte r t i dal ) 1 5  10 7 1  1 4  3 l 2 2 9  

r ( i n t e r t idal ) 8 6 ,  6* 1 30 1 3  2 14  l 2 4  

r ( suprat idal) 8 6 ,  6* 1 4 6  1 1  7 9 1 20 

s 2 8  1 0  1 1 3  6 7  3 0 1 1  4 1  

t ( i n t e r t idal ) 1 5-12  7 3  1 3  0 2 3 2 4  

t ( su p r a t i da l )  1 5 - 1 2  7 2  5 1 6 3 2 1  

t ( cre s t )  1 5 - 1 2  96 6 4 7 3 2 1  

t ( maj revetment )  1 5- 1 2  2 0 1  24 5 15 6 2 5  

t (max revetme n t )  1 2  8 2 6 1  2 2  6 1 9  1 5  2 3  

V - 5 5 4 2  28  1 2 6  8 1 1  

w - - 1 50 0 0 0 0 0 



TABLE 1 3  - TYPES OF DAMAGE TO PRU1ARY AR.HOUR ON THREE 
LIMESTONE BREAKWATERS IN DIFFERENT ENVIRONMENTS 

EXPRE S SED AS A PERCENTAGE OF THE TOTAL DAMAGE 

1 .  Middle 2. UK 3 .  Aus tralia 

Sup ra-Tidal 
zone 

Inter-Tidal 
z one 

1 .  Middle East  

2 .  U . K.  

3 .  Au s tralia 

Cav i t ies 
Fractured Blocks 
Sub-s ize B locks 
Uns table Blocks 

Cav i t ies 
Frac tured Blocks 
Sub-s ize B locks 
Uns table Blocks 

East 

25 

20 

1 0  

45 

1 8  

3 2  

1 4  

3 6  

2 7  

24 

2 1  

2 8  

3 2  

3 6  

5 

2 7  

H o t  arid c l imate w i th low energy wave c l imat e  

Temperate we t climate w i th mode rate wave c l ima te 

5 0  

1 7  

3 3  

0 

6 9  

16 

5 

1 0  

Sub-t ropical cl :imate w i th high energy wave c limate 



TABLE 14 - STANDARD ENGINEERING TE STS FOR ROCK STRENGTH 

���-----

Rock type K
1 C  

Sul pha te (MgS0 4 ) F ranklin Aggrega t e  Wa ter Apparent S t a t i c  

: MN / m 3 1 2 Sound n e s s  P o i n t  Load Impac t Abs orp t i on Rel a t ive Young ' s  
loss % : MN /m 2 V alue : % Dens i ty Modulus : GN / m  2 

F i ne-grai ned 1 . 243 6 . 20 
Carbon i f e rous :!.0 . 1 7 4  5 . 2  ±1 . 1 4 10 . 5  0 . 1 8 2 .  7 1  N . D  
Lime s t o ne 

��--

Cr inoidal 0 . 825 7 .0 9  1 9 . 36 
Carbonif erous :!.0 . 05 8  1 1 . 5  ±1 . 30 1 2 . 9 1 . 80 2 . 68 ±6 . 2 7 
Lime s t one 

Jurassic 1 . 043 6 . 7 4 1 1 . 30 
Lime s t on e  :!.0 . 0 2 1  1 1 . 1  ±1 . 2 1  1 1 . 5  1 .  2 9  2 . 7 4  ±2 . 9 4  

Chalk 0 . 1 70 0 . 09 2 . 00 
:!.0 . 04 5  1 0 0 . 0  :!0 .  02 4 2 . 7 2 1 . 65 2 . 0 1  :!.0 . 3 6 

D o l omi t e  1 . 008 9 . 33 
:!.0 . 0 1 6  5 . 0  ±2 .  70 1 5 . 3  1 . 04 2. 7 2 N . D  

Arkos e  0 . 6 2 3  9 . 0 9  
( 7 5% qua r tz , :!.() .  055 1 0 . 00 ±1 . 69 20 . 0  2 . 40 2 . 5 9  N . D  
2 5 %  fe ldspar) 

Quart z i te 1 . 2 2 9  1 2 . 1 7  28 . 5 3 
:!.0 . 0 7 8  7 . 6  ±2 . 2 3 1 5 . 4  0 . 62 2 . 65 ±1 1 . 6 8  

D o l e  ri t e  1 . 44 4  7 . 5 5  40 . 4 7 
(g rade II -+ :!.0 . 308 3 6 . 5  ±2 . 1 5 9 . 9  2 . 63 2 . 89 ±1 4 . 3 3 
I I I )  

Gran i t e  1 . 3 1 2  1 1 . 85 1 1 . 38 
(Fre s h )  :!.0 . 1 1 4 3 . 2  ±3 .  7 2  1 3 . 8  0 . 1 9  2 . 6 5 ±0 .  9 3  

Amygd a l oidal 0 . 5 68 4 . 82 7 . 4 9 
bas a l t  :!.0 . 09 5  82 . 8  ±1 . 60 1 9 . 5  2 . 7 5 2 . 94 ±2 . 5 3 

(wea t he red ) 
--

± values = s t andard d e v i a t ion of s ample 



TABLE 15 - ARTIFICIAL ROUNDING OF LIMESTONE BLOCKS 

Time in roller 
mi ll hour s 

Ave rage Weight 
% 

Loss Ave rage Roundnes s  
: % 

0 0 18. 33  

0. 5 1. 7 

1. 5 2. a 

7.75  6. 1 32. 7 

1 5. 5  8.6 36. 7 

20. 5 9. 8 40. 6 

25.5 1 1. 5  

30. 5 12.0 44. 6 

3 5. 5  1 1. 9  

40.5 12. 6 45. 3 

TABLE 16 - SUGGESTED TEST VALUE S FOR ARMOURSTONE ACCEPTANCE 

Tes t  Recommended Re commended Re comme nded 
Value 1977 (23) K1c** Value 1981 ( 1) K1c** Value* Klc  

Aggregate 
Impact 
Value 30 max 0. 30 25 max 0. 55 

Magne s ium 
Sulphate 
Soundness 18% max 0. 70 ) 8% 1. 0 12 max 0. 9 

Water 
Absorption 3%  max 0. 60 l> 2. 5%  0.65  2. 5% max 0.65  

Apparent 
Re lat ive 
Densi t y  2. 6 mi n 0. 75  < 2. 6 0.7 5  2. 6 min 0. 7 5  

* These recommended values are based on the 9 r ock types tes ted 
in thi s s tudy only 

** Krc values are estimated from the present s tudy data . 



TABLE 17 - ROCK DETERIORAT ION EXPECTANCY IN DIFFERENT 
METEOROLOGI CAL CLIMATES 

Rock type and deter iorat ion type 

Abrasi on rounding S pall ing Catas t rophic 

A B 

Cl imate 

Freezing winters 2 2 

Temperate 
( e . g .  UK) 3 3 

Hot Dry 
( UAE ) 3 4 

Sub tropical 
( e . g .  
E .  Aust ral i a )  4 5 

A = Ac idic r ocks e . g . 

B = Basi c  rocks e . g .  

c Carbonate rocks e . g . 

c A 
w s 

5 2 2 

4 3 1 

5 4 2 

4 3 3 

Granite f amily 
Andes i t e  family 
Sand st ones 
Gneiss  

Basalt family 
Ande s i t e  fami ly 
S chi s ts 
Greywackes 

Limest ones 
Marbles 
Dolomi tes 

B 
w 

3 3 

2 2 

3 3 

4 2 

s S trong e . g .  Carbonife rous lime s tone 

w Weak e . g .  Chalk 

1 .  Very high res i s t ance t o  deteriorat ion 
2 .  High re sis tance to deteriorat ion 
3 .  Moderate resis tance to dete riorat i on 
4 .  Poor res istance to deteri orat ion 
5 .  Very poor res istance t o  deterio rat ion 

failure 

c A B c 
s w 

2 2 2 3 

1 1 1 3 

2 2 2 4 

1 1 1 3 

s 

2 

2 

3 

2 



TABLE 18 - SIMPLE ENGINEERING CHARACTERISTICS OF COMMON SEDIMENTARY , IGNEOUS AND METAMORPHIC ROCKS , 

TOGETHER WITH NOTES ON THE IR PERFORMANCE AS BREAKWATER STONE 

Rock 1 

Sedimentary 

Qua r t z i t e  

Sandstone 

S i l t s tone 

S h a l e  

L i me s tone 

Chal ts 

Igneous 

G ranite 

D i o r i t e  

Gabbro 

Rhyoli t e  

And e s i te 

Ba s a lt 

S e rpen t i nite 

Metamorphic 

Slate 

Phy l l i te 

S c h i s t  

Gne i s s  

Marble 

Foo tnot e s :  

S e i smic 
veloc i t y  
: km/sec 

6 . 0-6 . 2  3 

1 . 4-5 .o 

- " 

2 . 3 -4 . 7  

2 . 8-6 . 4  

1 . 7-4 . 2  

5 . o-6 . o  

5 . 8- 6 . 4  

6 . 4-6 . 6  

2 . 6-5 . 2  

5 . 4-6 . 4  

6 .0-6 . 9  

2 . 3-4 . 7  

4 . 2-5 . 0  

3 . 3- 7 . 5  

3 . 7-6 . 9  

Spec i f i c  
grav i ty 2 
( oven 
d r i e d )  

2 . 4- 2 . 8  

2 . 1 -2 . 7  

2 . 1-2 . 3  

2 . 0- 2 . 5  

2 . 2- 2 . 6  

1 . 8- 2 . 3  

2 . 5- 2 . 8  

2 . 7-3 . 05 

2 . 8-3 . 1  

2 . 4-2 . 6  

2 . 2- 2 . 5  

2 . 7- 3 . 0  

2 . 7- 3 . 1  

2 . 6- 2 . 8  

2 . 8-3 . 0  

2 . 6- 2 . 7  

Water 
absorption 
(BS 8 1 2 )  

0 . 1- 2 . 0  

1 . 0- 1 5 . 0  

1 . 0- 1 0 . 0  

0 . 2- 5 . 0  

2 . 0-30 . 0  

0 . 2- 2 . 0  

1 .0-5 . 0  

1 . 0-8 . 0  

0 . 2-1 0 . 0  

0 . 1- 2 . 0  

0 . 5-6 . 0  

0 . 4-5 .0 

0 . 5- 5 . 0  

0 . 5- 2 . 0  

Only f r esh and s l i gh t l y  mode r a t e l y  weathe red 
rock should be consi d e r e d .  

Gene r a l ly t h i s  w i l l  be s l i gh t ly lowe r t h a n  s a t u r a t ed 
surface dried SG (BS 8 1 2 )  

ACV 5 
(BS 8 12 ) 

8 . 0- 2 5 . 0  

1 5 . 0- 3 5 . 0  

1 5 . 0-35 .0 

1 2 . 0-40 .0 

30 . 0-50 . 0  

1 0 . 0-25 . 0  

1 2 . 0-30 . 0  

8 . 0-25 . 0  

1 6 . 0-35 . 0  

1 8 . 0-40 .0 

1 2 . 0-25 . 0  

1 4 . 0- 3 5 . 0  

1 6 . 0-35 . 0  

2 2 . 0-40 . 0  

20 . 0-35 . 0  

1 4 . 0-30.0  

20 . 0-35 .0 

Dry 
Uniaxial 
Comp r e s sive 

1 50 . 0-300.0 

1 0 . 0 - 1 7 0 . 0  

5 . 0-100 .0 

5 . 0-100 . 0  

30 . 0-250 . 0  

5 . 0-7 5 .0 

100 . 0-250 . 0  

1 50 . 0-300.0 

150 .0-300 .0 

7 5 . 0-200 . 0  

50 . 0-200 .0 

1 5 0 . 0-300 . 0  

100 .0-200 . 0  

40 . 0-1 50 .0 

so.o-1so . o  

5 0 . 0-200 . 0  

1 00 . 0-2 7 5 . 0  

Notes 

- ---- ------ - - - -------- ---

U s u a l l y  good armour and core 

O f ten good armour and core 

l1ay be good core 

Occas iona l ly may be s u i t a b l e  for c o r e  

Usual l y  good a rmour and core but sof t types suspect 

May be s u i t a b l e  c o r e  

U s u a l l y  good a rmour a n d  c o r e ,  beware wea the red rock 

-do-

-do-

May be suita b l e  core 

May be suitable a rmour and core 

O f ten good a rmour and core , beware weathe red rock 

O f ten good a rmour and co re 

May be suitable c o re 

-do-

Hay be s u i t a b l e  a rmour and eorc 

O f t en good a rmour and co r e ,  beware wea the red rock 

O f t en good armour and core 

All data gi ven as ranges of typica l rock not extr emes 

Gaps i n  table due to insuf f i cient data 

This t e s t  pe r f o rmed on aggreg a t e s  





FIGURE S :  

1 .  Typi cal cros s-sect ions of :rubble mound breakwaters . 

2 .  P recast concrete breakwater blocks . 

3 .  A 20 minute collapse s equence of a revetment wall under s t orm 
condit ions , Queens land (after ref erence 3 0 ) . 

4 .  The vertical z onat ion of rubble mound s t ructures . 

5 .  I deali sed sketches of commonly produced shapes on eros i on of rock 
outcrops . 

6 .  Krumbein ' s  me thod of determining part icle roundness . 

7 .  P rogre s s ive round ing of armour s tone with time ( grani te rock type 
1 6 , N Queens land ) .  

8 .  Progress ive round ing of armour s tone wi th time ( limes tone rock 
type 8, UAE ) .  

9 .  The relat ionship between the average co-ordination number for rock 
armour and percentage damage . 

1 0 .  The correlation between K1c and Franklin point load s trength . 

1 1 .  The correlat ion between K1c and aggregate impact value . 

1 2 .  The corre lat ion between K1c and magnes ium sulphate s oundness . 

1 3 .  The corre lat i on between K 1c and water absor p t i on .  

1 4 .  The corre lati on between K 1c and apparent relative density . 

1 5 .  The correlation between K1c and Young ' s  modulus . 

1 6 .  Labora tory roundi ng correlated wi th K 1c values . 

1 7 .  Rounding with t ime for three rocks in the laboratory roller mill 
experiment s .  

1 8 .  Loss in we ight w i th time in the laboratory roller mi ll experiment s 
on Jurassic  lime s t one . 

1 9 .  Round ing of carbonate rocks with time in d i f f erent z ones of the 
breakwater . 

2 0 .  Laboratory round ing correlated with sulphate s oundne s s . 

2 1 .  Laborat ory round ing corre lated with Franklin point load . 

2 2 .  Laborat ory rounding corre lated wi th aggregate impact value . 

2 3 .  Laboratory round i ng corre lated with percentage water absorption . 



F IGURE S  (CONT ) 

2 4 .  Laborat ory rounding corre lated with apparent relat ive dens i ty . 

25 . Laborat ory rounding corre lated with s t atic Young ' s  modulus . 

2 6 . Qual i ty a s s e ssment of armour s t one using laborat ory roller mi l l  
expe riments . 

27 . Location of s tudy s i tes . 
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Rock m asses 
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PLATES 

1 .  Degradat ion proces se s : ( a ) S palling 

2 .  Degradat i on proces ses : ( b ) F racture 

3 .  Degradat i on proces se s : ( c ) Abras i on 

4 .  Damage type s :  (a ) Subsize armour 

5 .  Damage types :  (b ) F ractured armour 

6 .  Damage type s :  ( c ) Uns table armour 

7 .  Damage type s :  ( d ) Cavi ty exposing under layer 

8 .  Damage type s :  ( e ) Migrated armour 

9 .  Progres s ive roundi ng of armours tone blocks after 3 years 

1 0 .  P rogress ive rounding of armours tone blocks after 8 years 

1 1 .  Progressive rounding of armourst one blocks after 12 years 

1 2 .  Examp le of breakwater w i th 0-10% damage 

1 3 .  Example of breakwater wi th 10-20% damage 

1 4 .  Example of breakwater w i th 20-30% damage 

1 5 .  Example of breakwater with 30% + damage 

1 6 .  Typical photograph from whi ch roundness mea surements are mad e  
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1 .  Degradation proces s e s :  ( a )  Spalling 

2. Degradation processes: ( b )  F racture 



3 .  Degradation processes: ( c )  Abrasion 

4 .  Damage types: ( a )  Subsize armour 



S .  Damage types: (b)  Fractured armour 

6 .  Damage types: ( c )  Uns table armour 



7 .  Damage types: ( d )  Cavity exposing underlayer 

8. Damage types: ( e )  Migrated armour 



9 .  Progressive rounding of armourstone blocks after 3 years 

1 0 .  Progressive rounding of armourstone blocks after 8 years 



1 1 .  Progress ive rounding of armourstone blocks after 12 years 

1 2 .  Example o f  breakwater with 0-10% damage 



1 3 .  Example of breakwater with 10-20% damage 

1 4 .  Example of breakwater with 20-30% damage 



1 5 .  Example o f  breakwater with 30% + damage 

1 6 .  Typical photograph from which roundness measurements are made 
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