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ABSTRACT

ThLe report descrLbes the hydrodynanlc and geotechnl.cal phenomena whLch
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1 INTRODUCTION

1 . 1  F l o w  i n  r u b b l e
mound  b reakwa te rs

Dur ing  the  l as t  decade  a  number  o f  l a rge  rubb le
breakwaters have exper ienced very h igh degrees of
damage .  0 f  t hese  the  mos t  no tab le  a re  p robab l y  t he
fa i l u res  o f  t he  b reakwa te r  o f  S ines  and  a t  D iab lo
Canyon  (Re fs  1  and  2 ) .  Many  such  fa i l u res  have  been
iden t i f i ed  i n  t he  rev iew  suppo r ted  by  Hyd rau l i cs
Resea rch  and  pub l i shed  by  P IANC (Re f  3 ) .  I t  appea rs
tha t  some  o f  t hese  fa i l u res  we re  due ,  a t  l eas t  i n
pa r t ,  t o  t he  weakness  o f  s l ende r  un - re in fo rced
conc re te  a rmour  un i t s  sub jec t  t o  impac t  l oads  by  t he
re la t i ve  movemen t  o f  ad jo in ing  un i t s  and  th i s  i s
d i scussed  i n  de ta i l  e l sewhere  (Re f  4 ) .  I t  i s  howeve r
a l s o  b e l i e v e d  t h a t  i n s t a b i l i t y  o f  c o r e ,  u n d e r ,  o r
bedd ing  l aye rs  may  occu r  i n  l a rge  mounds  sub jec t  t o
l ong  pe r i od  waves .  Th i s  wou ld  reduce  the  suppo r t  t o
the  a rmour  l aye r ,  i n i t i a t i ng  s l i d i ng  and  poss ib le
c o l l a p s e  ( R e f s  5 ,  6  a n d  7 ) .  S u c h  f a i l u r e  m o d e s  h a v e
no t  gene ra l l y  been  quan t i f i ed  i n  conven t i ona l  des ign
m e t h o d s ,  a n d  l i t t l e  g u i d a n c e  i s  a v a i l a b l e  t o  t h e
des igne r  o f  l a rge  mound  b reakwa te rs .

The  i nc reased  ava i l ab i l i t y  o f  a rmour  rock  i n  l a rge
quan t i t i es  has  s t imu la ted  the  des ign  and  cons t ruc t i on
o f  po rous  rock  b reakwa te rs  (Re f  8 ) .  A  b reakwa te r  w i t h
a  po rous  co re  may ,  howeve r ,  a l l ow  s ign i f i can t l y  more
t ransmiss ion  o f  l ong  waves  than  w i l l  a  conven t i ona l
rubble mound.  Such long waves are potent ia l ly  more
daoge rous  to  l a rge  moored  sh ips  as  t hey  more  c lose l y
app roach  the  resonan t  pe r i od  o f  t he  vesse l  and  i t s
moor ings .  The  use  o f  such  s t ruc tu res  t o  p ro tec t
ha rbou rs  has  i nc reased  the  need  to  ca l cu la te  t he
deg ree  o f  wave  t ransmiss ion ,  espec ia l l y  o f  t he  l onge r
wave  e lemen t .  The  ca l cu la t i on  o f  such  wave
t ransmiss ion  th rough  s imp le  o r  mu l t i - l aye red  rubb le
s t ruc tu res  has  been  hampered  by  t he  l ack  o f  we l l
j us t i f i ed  and  ca l i b ra ted  ca l cu la t i on  me thods  o r
m a t h e m a t i c a l  m o d e l s  ( R e f s  1 0 - 1 2 ) .

Recen t l y  me thods  have  been  sugges ted  fo r  t he
ca l cu la t i on  o f  wave - i nduced  f l ows  and  p ressu res  w i th in
mound breakwaters,  and the consequent  ef fects on the
s tab i l i t y  o f  t he  mound  (Re fs  6  and  7 ) .  A  number  o f
s imple computat ional  methods have a lso been advanced
fo r  t he  ca l cu la t i on  o f  wave  t ransmiss ion  th rough
rubb le  mounds .  A11  such  rne thods  i nvo l ve  cons ide rab le
s i r n p l i f i c a t i o n s  o f  c h e  t r u e  f l o w  s i t u a t i o n .  A s
g r e a t e r  e f f i c i e n c y  a n d  r e l i a b i l i t y  i s  s o u g h t  i n
b reakwa te r  des ign  and  cons t ruc t i on ,  t he re  w i l l  be  an
inc reased  need  fo r  accu racy  i n  rhe  desc r i p t i on  o f
f l ows  and  p ressu res  t h roughou t  t he  rubb le  mound .  I t



i s  l i k e l y  t h a r  t h i s  w i
m o d e l l i n g  o f  t h e  f l o w s
use  o f  measu remen ts  o f
s c a I e .

l 1  requ i re  more  comprehens ive
a n d  s t r u c t u r e ,  a s  w e l l  a s  t h e
f l o w  e f € e c t s  a t  l a r g e  o r  f u l l

L .2  Pu rpose  and  scope
o f  t he  rev iew

The  s t ruc tu ra l  s tab i l i t y  o f  t he  mound  i s  a  f unc t i on  o f
t he  p rope r t i es  o f  t he  rock  ma te r i a l  used ,  t he  manner
in  wh i ch  the  mound  i s  f o rmed ,  t he  h i s to ry  o f
s e t t l e m e n t s  a n d  d e f o r m a t i o n ,  t h e  l e v e l  a n d
d i s t r i bu t i on  o f  po re  p ressu res ,  and  the  ex te rna l
l oad ing .  The  mode l l i ng  o f  t he  s t ruc tua l  s t reng th  o f
t he  mound  w i l l  r equ i re  da ta  on  the  compos i t i on  o f  t he
mound ,  and  the  rock  s t reng th  p rope r t i es .  Some
techn iques  used  fo r  t he  ana l ys i s  o f  t he  s t reng th  o f
rock f i l l  dams and embankments may be of  some
b e n e f i t .

Previous work on the design and per formance of  rubble
mounds has demonstrated the fundamental  importance of
t he  f l ow  cond i t i ons ,  w i t h i n  bo th  unde r - l aye rs  and  the
co re ,  on  the  s tab i l i t y  and  pe r fo rmance  o f  t he  comp le te
s t r u c t u r e  ( n e f s  4  a n d  1 3 ) .  I n  p a r t i c u l a r ,  r e c e n t  w o r k
has  i den t i f i ed  some  o f  t he  e f f ec t s  o f  unde r - l aye r  and
co re  pe rmeab i l i t y  on  the  s tab i l i t y  o f  Ehe  a rmour  l aye r
( R e f s  1 4  a n d  1 5 ) .  T h i s  h a s  f a l l e n  w e l l  s h o r r  o f - f u l l
q u a n t i f i c a t i o n  o f  t h e  e f f e c t s ,  a n d  c a r e  i s  s t i l l
r e q u i r e d  i n  t h e  s e l e c t i o n  o f  a p p r o p r i a t e  c o e f f i c i e n t s .
I t  has  howeve r  demons t ra ted  the  need  fo r  a  we l l
j us t i f i ed  desc r i p t i on  o f  wave - i nduced  f l ows  and
p ressu res  t h rough  the  d i f f e ren t  l aye rs  o f  a  rubb le
b reakwa te r  o r  sea  wa11 .

Th i s  need  has  been  c lea r  f o r  some  t ime ,  and  p romp ted
the  i nc lus ion  o f  t op i cs  cove red  by  t h i s  rev iew  i n  t he
programme of  research work on the design and
performance of  rubble mound breakwaters conducted by
H y d r a u l i c s  R e s e a r c h  ( H R )

I lowever,  before commencing fundamental  work in  the
labo ra to ry r  o r  i n  t he  f i e l d ,  a  comprehens i ve  rev iew
was  i n i t i a ted  i n to  t he  techn i ca l  l i t e ra tu re  cove r i ng
f l ow  i n  po rous  med ia ,  t he  s f ruc tu re  and  s t reng th  o f
rock  mounds ,  and  the  me thods  ava i l ab le  f o r  t he
c a l c u l a t i o n s  o f  f 1 o w s ,  p r e s s u r e s ,  a n d  s t r u c t u r a l
s tab i l i t y .  I n  t he  rev iew ,  t he  ma in  a t t en t i on  has  been
focused upon the behaviour  of  rubble mound
b r e a k w a t e r s l  a l t h o u g h  o t h e r  t y p e s  o f  d e s i g n ,
exh ib i t i ng  s im i l a r  behav iou r  such  as  seawa l l s  and
r o c k - f i l l  d a m s ,  h a v e  a l s o  b e e n  n o t e d .  T h e  e s s e n t i a l
f ea tu res  o f  t he  cons t ruc t i on  o f  a  rubb le  mound
breakwa te r  and  re la ted  coas ta l  s t ruc tu res  a re  shown  i n
F ig  1 ,  and  may  be  summar i sed :



1 . 3  O u t l i n e  o f  t h i s
report

( a )  a d e q u a t e  f o u n d a t i o n  -  e x i s t i n g  s o i l  c o n d i t i o n s ,  o r
rep lacemen t  ma te r i a l l

( b )  r u b b l e  c o r e  -  r o c k ,  q u a r r y  w a s t e ;
( c )  o u t e r  g r a d e d  l a y e r s  -  f i l t e r ;
( d )  seaward  p ro tec t i on  -  a rmour  rock  o r  conc re te

u n i t s ;
( e )  c r e s t  -  c o n c r e t e  c r o w n  w a l l ,  o r  a r m o u r i n g ;
( f )  r e a r  f a c e  -  a r m o u r  o r  b a c k f i l l .

U n l i k e  m o s t  g e o m e t r i c a l l y  s i m i l a r  s t r u c t u r e s  s u c h  a s
rock f i l l  embankmen t  dams ,  b reakwa te rs  mus t  be  des igned
to funct ion under the severe random loading condi t ions
assoc ia ted  w i th  wave  ac t i on  ove r  a  w ide  range  o f
f r equenc ies ,  and  poss ib l y  ea r thquakes .  The  ex t reme
load ings  i nduced  by  such  occu r rences  a re  t yp i ca l l y
s t o c h a s t i c  i n  n a t u r e ,  o f  r e l a t i v e l y  s h o r t  d u r a t i o n ,
a n d  d i f f i c u l t  t o  p r e d i c t .  I n  c o n t r a s t ,  t h e  l o a d i n g  o n
an embankment  dam is  in  the main wel l  def ined.
N e v e r t h e l e s s ,  s i m i l a r i t i e s  i n  t h e  p o s s i b l e  m o d e s  o f
fa i lure between rubble mound breakwaters and
embankment  dams do exis t ,  and much of  the work carr ied
ou t  w iLh  respec t  t o  bo th  t he  des ign  and  pe r fo rmance
mon i to r i ng  o f  dams  may  f i nd  app l i ca t i on  t o
b reakwa te rs .

I n  t h i s  l i t e ra tu re  rev iew  de ta i l ed  cons ide ra t i on  i s
g i ven  ro  t he  ma jo r  aspec ts  o f  des ign  and  pe r fo rmance
covered above.  Recommendat ions are g iven for  fur ther
work wi th in the context  of  a comprehensive
invesE iga t i on  l ead ing  to  an  i nc rease  i n  unde rs tand ing
of  rubble breakwater  behaviour ,  and hence an improved
d e s i g n  c a p a b i l i t y .

Be fo re  embark ing  on  the  de ta i l ed  t echn i ca l  l i t e ra tu re ,
Chape r  2  i den t i f i es  some  o f  t he  ma in  f unc t i ons  and
types  o f  coas ta l  s t ruc tu re  unde r  cons ide ra t i on ,  and
sugges ts  examp les  o f  s t ruc tu res  i n  se rv i ce .

The  ma jo r  re la t i onsh ips  o f  s t ruc tu ra l  pa rame te rs ,
i nc iden t  wave  cond i t i ons  and  resu l t i ng  f l u i d  f l ows  and
s t ruc tu ra l  de fo rma t i ons  a re  cons ide red  i n  Chap te rs  3
and  4 .  I n  Chap te r  3 ,  t he  desc r i p t i on  o f  f l ow  i s
c o n s i d e r e d  i n i t i a l l y  i n  i t s  m o s t  s i m p l i f i e d  f o r m ,
s t e a d y  s t a t e  r r D a r c y "  f l o w .  N e x t  t h e  e f f e c t s  o f
i nc reas ing  tu rbu lence  a re  desc r i bed ,  and  equa t i ons  fo r
s teady  tu rbu len t  f 1ow ,  as  used  i n  some  o f  t he
ma themat i ca l  mode ls  o f  f l ow  i n  b reakwa te rs ,  a re
i d e n t i f i e d .  F i n a l l y  t h e  e f f e c t s  o f  u n s t e a d y ,
i n c l u d i n g  o s c i l l a t o r y ,  a n d  m i x e d  a i r / w a t e r  f l o w s  a r e
e x p l o r e d .



2 DESIGI{ OF RUBBTE
UOUND COASTAL
STRUCTURES

Purpose and types
of  s t ruc tu res

I n  Chap te r  4  a t t en t i on  i s  t u rned  to  t he  s t ruc tu ra l
s t a b i l i t y  o f  E h e  r o c k  f i l l  m o u n d .  I n  t h i s  c h a p t e r  t h e
mound is  a lso v iewed as would be an embankment  or  a
r o c k  f i l l  d a m .  T h e  i n f l u e n c e  o f  r o c k  f i l l  p a r a m e t e r s :
s h e a r  s t r e n g t h ,  r o c k  s t r e n g t h ,  p a r t i c l e  s h a p e ,  s i z e
and  g rad ing ,  upon  the  s tab i l i t y  o f  t he  mound  a re
desc r i bed .  The  pauc i t i es  o f  da ta  on  l oad ings  due  to
wave  ac t i on  a re  i den t i f i ed .  Howeve r ,  some  work  on
wave - i nduced  l oad ing  to  f ounda t i on  l aye rs  o f  o f f sho re
s t r u c t u r e s  d o e s  i d e n t i f y  p o t e n t i a l  c a l c u l a t i o n
m e t h o d s .

The  use  o f  bo th  phys i ca l  and  ma themat i ca l  mode l l i ng  o r
s imu la t i on  me thods  a re  cons ide red  i n  Chap te r  5 .
Phys i ca l  mode l l i ng  o f  f l ows  and  o f  s t ruc tu ra l
pe r fo rmance  a re  cons ide red  i n  t u rn .  Then  the  use  o f
ma themat i ca l  mode ls  f o r  f l ow  and  s t ruc tu re  i s
d i s c u s s e d .  T h e  p r e s e n t  s t a c e  o f  d e s i g n  e x p e r t i s e ,  a s
desc r i bed  i n  t he  l i t e ra tu re ,  i s  t hen  summar i sed  i n
Chap te r  6 .

From the work covered in Chapters 3 to 6,  i t  is  very
c lea r  t ha t  much  work  rema ins  t o  be  done  be fo re  a  we l l
j u s t i f i e d  d e s c r i p t i o n  o f  f l o w  a n d  i t s  e f f e c t s  i s
ava i l ab le .  Many  o f  t he  a reas  o f  f u r t he r  wo rk
iden t i f i ed  i n  t he  l i t e ra tu re  a re  t he re fo re  d i scussed
i n  C h a p t e r  7 .

I t  may  be  app rop r i a te  t o  desc r i be  b r i e f l y  t he  t ypes  o f
rubb le  mound  s t ruc tu res ,  and  the i r  uses ,  be fo re
cons ide r i ng  desc r i p t i ons  o f  f l ow  pe r fo rmance  and  o f
s t ruc tu ra l  s t reng th  i n  any  de ta i l .  Rubb le  mound
s t ruc tu res  t ake  a  va r i e t y  o f  f o rms ,  be ing  used  fo r
bo th  ha rbou r  p ro tec t i on  and  coas ta l  de fence .  Two  ma in
t ypes  o f  s t ruc tu re  may  be  used ,  b reakwa te rs  and
s e a w a l l s .  I n  t h i s  r e p o r t  m o s t  a t t e n t i o n  w i l l  b e  p a i d
to  l a rge  rubb le  mound  b reakwa te rs .  A t  i t s  s imp les t  a
rubb le  mound  b reakwa te r  cons i s t s  o f  qua r r y  rock
dumped ,  o r  p laced ,  i n  a  heap  on  the  sea  bed .  As  much
o f  t he  wave  ene rgy  p ropaga tes  a t  t he  sea  su r face ,  t he
c res t  l eve l  o f  such  a  mound  i s  usua l l y  above  the
h i g h e s t  \ d a c e r  l e v e l ,  o f t e n  s u f f i c i e n t l y  s o  a s  t o
p reven t  a l1  bu t  t he  mos t  ex t reme  waves  f rom pass ing
ove r  t he  b reakwa te r .  A t  i t s  mos t  soph i s t i ca ted  the
rubb le  mound  b reakwa te r  may  be  a rmoured  w i th  pa t te rn
p laced  conc re te  a rmour  un i t s l  i t  may  i nco rpo ra te  many
l a y e r s  o f  r o c k  o f  d i f f e r e n t  s i z e s  a c t i n g  a s  f o u n d a t i o n
l a y e r s ,  f i l t e r  o r  u n d e r l a y e r s ,  a n d  s e c o n d a r y  a r m o u r ;

2 . L



and i t  may be surmounted by a concrete crown wal l  o f
cornplex form. The main breakwater  at  Sines,  Por tugal
may  be  rega rded  as  an  examp le  o f  such  a  s t ruc tu re
(Re f  1 ) .  The  b reakwa te r  may  a l so  be  requ i red  to  se rve
pu rposes  o the r  t han  i t s  p r imary  f unc t i on  o f  wave
p ro tec t i on ,  such  as  p rov id ing  a  base  fo r  moor ing  and
l o a d i n g  o p e r a t i o n s .

B reakwa te rs  a re  gene ra l l y  used  to  p rov ide  she l t e r  f r om
wave  ac t i on  t o  an  a rea  o f  wa te r  w i t h i n  wh i ch  vesse l s
may  be  moored ,  o r  manoeuve red ,  i n  sa fe t y .  I f  t he
vesse l s  w i t h i n  t h i s  a rea  a re  sub jecEed  to  excess i ve
wave  ac t i on ,  t he  resu l t i ng  vesse l  mo t i ons  may  resu l t
i n  d i f f i c u l t i e s  i n  c a r g o  t r a n s f e r ,  m o o r i n g  l i n e
b reakage ,  aod , l o t  damage  to  vesse l  o r  f i xed  s t ruc tu re .
To avoid these problems,  the harbour must  be designed
so  Eha t  be r ths  a re  she l t e red  f rom inc iden t ,  and
re f l ec ted ,  wave  ac t i on  by  na tu ra l  f ea tu res  o f  t he
coas t l i ne  whe re  poss ib le ,  and  by  su i t ab l y  des igned
b reakwa te rs .  Me thods  fo r  t he  des ign  o f  ha rbou rs  have
been d iscussed in some deta i l  by Owen (Ref  113)  and by
Srna l l nan  (Re f  114 ) .  A  b reakwa te r  i n tended  to  p rov ide
she l t e r  f o r  vesse l s  shou ld  t . he re fo re  be  des igned  to
restr ic t  to  a min imum ! , rave t ransmiss ion over ,  and
th rough ,  t he  s t ruc tu re .  I n  pa r t i cu la r ,  i t  shou ld  be
no ted  tha t  moored  vesse l s  a re  gene ra l l y  sens i t i ve  t o
the longer wave components in  the inc ident  wave
spec t rum,  and  i t  i s  t hose  rdaves  tha t  mos t  eas i l y  pass
through a permeable rubble mound breakwater .  For
th i s ,  as  we l l  as  economic  reasons ,  t he  conven t i ona l
ha rbou r  b reakwaEer  w i l l  gene ra l l y  use  a  co re  ma te r i a l
t ha t  i nc ludes  a  w ide  range  o f  s i zes ,  y i e l d i ng  a  co re
tha t  i s  re la t i ve l y  impermeab le  t o  s to rm waves .

Rubble breakwaters may a lso serve to reduce wave
ac t i on  a long  sens i t i ve  l eng ths  o f  t he  coas t l i ne .  Such
b reakwa te rs  may  be  fu l l y  su r face  emergen t ,  as  a re
t .hose at  Colwyn Bay and at  the Wirra l ,  or  they oay be
submerged  a t  ex t reme  t i de  l eve l s .  The  use  and  des ign
o f  l ow-c res t ,  and  semi -submerged ,  b reakwa te rs  have
been  d i scussed  by  B ramp ton  and  Sma l lman  (Re f  115 ) ,  and
b y  P o w e l l  a n d  A l l s o p  ( R e f  1 3 ) .  W h e n  u s e d  f o r  c o a s t a l
de fence  pu rposes ,  rubb le  b reakwa te rs  do  no t  need  to
res t r i c t  wave  t ransmiss ion  to  t he  same ex ten t  as
demanded for  harbour works.  They may therefore be of
a  more  pe rmeab le  cons t ruc t i on ,  and /o r  o f  l ower  c res t
1 e v e 1 .

The  immed ia te  e f f ec t  o f  wave  ac t i on  on  a  rubb le  s l ope
w i l l  b e  t o  c a u s e  v e r y  h i g h  v e l o c i t i e s  a n d
acce le ra t i ons ,  ove r  and  w i th in  t he  ou te r  1aye r .  These
v e l o c i c i e s  g i v e  r i s e  t o  l a r g e  d r a g  f o r c e s  a c t i n g  u p o n
Ehe  ou te rmos t  a rmour  un i t s .  The  ou te r  a rmour  l aye rs
m u s t  t h e r e f o r e  c o n t a i n  u n i t s  o f  s u f f i c i e n t  s . i z e ,  a n d



p laced  i n  such  a  rday ,  t ha t  t hey  can  mob i l i se
r e s i s t a n c e  f o r c e s  o f  w e i g h t ,  i n t e r l o c k ,  a n d  i n c e r b l o c k
f r i c t i on  t oge the r  g reaEer  t han  those  o f  wave  d rag  and
impac t .  These  l a rge  un i t s  a re  usua l l y  l a i d  i n  a  cove r
layer  around two uni ts  th ick.  Where rock armour is
u s e d ,  t h i s  a r m o u r  l a y e r  w i l l  g e n e r a l l y  e x h i b i t  a
po ros i t y  o f  a round  35  -  407 . .  I n  s i t ua t i ons  whe re  the
wave  cond i t i ons  a re  seve re ,  l oca l  r ock  may  no t  be
ava i l ab le  i n  t he  s i ze  and  quan t i t y  needed .  I t  may
t h e n  b e  n e c e s s a r y  t o  s u b s t i t u t e  s p e c i a l i s e d  c o n c r e t e
a rmour  un i t s .  Conc re te  un i t s  may  be  l a i d  i n  e i t he r
s i n g l e  o r  d o u b l e  l a y e r s .  T h e s e  w i i l  g e n e r a l l y  b e  m o r e
po rous  than  a re  rock  a rmour  l aye rs ,  r each ing
po ros i t i es  o f  50  -  602 .  Much  o f  t he  ene rgy  i nc iden t
upon  a  rubb le  mound  s t ruc tu re  w i l l  be  d i ss ipa ted  i n
the  h igh l y  t u rbu len t  f l ow  ove r ,  and  w i th in ,  t hese
a rmour  l aye rs .

Sma l l  s i ze  ma te r i a l  wou ld ,  howeve r ,  eas i l y  be  washed
ou t  o f  t he  vo ids  i n  t he  a rmour  i f  sub jec ted  to  such
h i g h  v e l o c i t i e s .  I t  i s  t h e r e f o r e  , t s o " l l y  n e c e s s a r y  c o
fo rm a  l aye r ,  o r  number  o f  l aye rs ,  o f  sma l l e r  s i ze
rock  t o  ac t  as  a  f i l t e r ,  be tween  the  ou te r  a rmour  and
Ehe  b reakwa te r  co re .  These  l aye rs  w i l l  d i ss ipa te  a
fur ther  proport ion of  the inc ident  wave energy,  and
w i l l  he lp  re ta in  t he  f i ne  ma te r i a l  i n  t he  

"o i " .  
The

d e s i g n  r u l e s  f o r  s u c h  f i l t e r s  g e n e r a l l y  a s s u m e  s t e a d y
s t a t e  f l o w ,  b e i n g  b a s e d  c l o s e l y  o n  T e r z a r g h i t s  s t e a d y
s ta te  c r i t e r i a .  No  accoun t  i s  t aken  o f  t he  reve rs ing
o r  osc i l l a to ry  na tu re  o f  f l ows  i nduced  by  wave  ac t i on .
Some recen t  wo rk  us ing  osc i l l a to ry  f l ows  has  sugges ted
rev i sed ,  and  more  seve re ,  f i l t e r  c r i t e r i a .  T t re  des ign
o f  f i l t e r  l aye rs  i s  d i scussed  fu r the r  i n  Chap te r  6 .

As  we l l  as  t he  s t ruc tu ra l  e l emen ts  d i scussed  above ,
rubble mound st ructures may feature one other
p r i nc ipa l  e l emen t ,  t he  c ro rdn  wa l1 .  Th i s  w i l l  o f t en
take the form of  a concrete roadway on top of  the
breakwater ,  protected on the seaward face by a
conc re te  ups tand  o r  pa rape t  wa l l .  I n  many  i ns tances ,
the  roadway  w i l l  be  p laced  be low  the  l eve l  o f  t he
a rmour .  The  pa rape t  wa l l  may  we l l  t hen  se rve  bo th  t o
reta in the armour at  the crest ,  and to i .nh ib i t  wave
ove r topp ing .  The  des ign  and  hyd rau l i c  pe r fo rmance  o f
c rown  wa l l s  i s  d i scussed  i n  more  de ta i l  by  Jensen  (Re f
6 5 )  a n d  P o w e l l  ( t e f  1 1 6 ) .

Rubb le  mound  cons t ruc t i on  may  a l so  be  used  fo r
s e a w a l l s  a n d  r e l a t e d  s t r u c t u r e s .  R u b b l e  s e a  w a l l s  m a y
be  o f  e i t he r  o f  two  d i s t i nc t  t ypes ,  Ehe  rubb le  mound
or  t he  rubb le  reve tmen t .  The  rubb le  mound  sea  wa l t  i s
d e s i g n e d ,  a n d  o f t e n  c o n s t r u c t e d ,  o n  e s s e n t i a l l y  L h e
same bas i s  as  a  rubb le  mound  b reakwa te r .  I n  f ac t  such
a  s e a  w a l l  m a y  o f t e n  a c t  a s  a  b r e a k w a E e r  i n  t h e  e a r l y
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s tage  o f  cons t ruc t i on  o f  a  rec lama t i on .  I n  such
schemes ,  t he  sea  wa l l  i s  cons t ruc ted  f i r s t  a round  the
ou te r  bounda ry  o f  t he  p roposed  rec lama t i on ,  as  a
b reakwa te r .  The  rec lama t i on  i s  t hen  fo rmed  by  p lac ing
f i l l  b e h i n d  E h e  s e a  w a l l ,  p r o t e c t e d  f r o m  w a v e  a c t i o n .
The  i nne r  f ace  o f  such  a  sea  wa l l  mus t  be  p ro tec ted  by
a  n u m b e r  o f  c a r e f u l l y  s e l e c t e d  f i l t e r  l a y e r s  t o  r e t a i n
the ,  o f t en  f i ne ,  ma te r i a l  beh ind  i t  aga ins t  t he  ac t i on
o f  waves  and  t i des .  Sea  wa l l s  o f  t h i s  f o rm  amy  be
found  a t  A lbe r t  P ie r ,  S t  He l i e r ,  Je rsey ,  and  a t  Longue
Hougue  Bay ,  S t  Sampson ,  Guernsey .

Rubb le  reve tmen ts  a re  bu i l t  w i t hou t  a  l a rge  co re  o f
qua r r y  rock ,  bu t  w i t h  a  number  o f  l aye rs  o f  r ock  l a i d
aga ins t  a  p repa red  face  o f  f i l l  o r  i nd igenous
mate r i a l .  Rock  o r  conc re te  un i t s  may  be  used  as  t he
outer  armour layer .  A rubble revetment  should have
su f f i c i en t  dep th  o f  po rous ,  pe rv ious  cons t ruc t i on ,
u s u a l l y  i n  a  n u m b e r  o f  l a y e r s ,  t o  a l l o w  a  s i g n i f i c a n t
l eve l  o f  ene rgy  d i ss ipa t i on  w i th in  t hose  l aye rs .  Such
a  reve tmen t  w i l l  t he re fo re  be  re la t i ve l y  pe rv ious  to
w a v e  a n d  t i d a l  i n d u c e d  f l o w .  A g a i n ,  c a r e f u l l y
se lec ted  f i l t e r s  mus t  be  used  be tween  the  reve tmen t
a n d  t h e  f i l l  i f  r h e  f i l l  m a t e r i a l  i s  p o t e n t i a l l y
m o b i  I  e .

2 . 2  D e s i g n
cons ide ra t i ons

The  p r i nc ipa l  f o r ces  d i s rup t i ng  a  rubb le  mound
s t ruc tu re  a re  t hose  due  to  \ { ave  ac t i on ,  caused  by  t he
h i g h  f l o w  v e l o c i t i e s  a n d  a c c e l e r a t i o n s .  I n  a n y
assessmen t  o f  t he  s tab i l i t y  and  hyd rau l i c  pe r fo rmance ,
and  hence  the  des ign  o f  such  a  s t ruc tu re ,  i t  f o l l ows
tha t  cons ide ra t i on  mus t  be  g i ven  to  t he  i n te rac t i on  o f
each component  e lement  of  the st ructure and the
inc iden t  $ raves .  Some o f  t he  ma jo r  e f f ec t s  may  be
summar i sed :  -

(a )  de fo rma t i on  and  bea r i ng  capac i t y  o f  t he  f ounda t i on
med ium unde r  t he  s taE ic  o r  quas i - s ta t i c  l oad  f rom
the breakerater ;

(b )  as  (a )  Uu t  i n  respec t  o f  t he  dynamic  o r  cyc l i c
l oad  due  to  rdave  ac t i on  and  poss ib l y  se i sm ic
e f f e c t s  I

( c )  compac t i on ,  p lacemen t  and  g rad ing  o f  t he  co re
ma te r i a l ,  and  the i r  e f f ec t s  i n  t u rn  on  the
h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  c o r e ;

( d )  l o n g  t e r m  d e g r a d a t i o n  o f  t h e  c o r e  m a t e r i a l ,  a n d
the  subsequen t  changes  i n  t he  cha rac te r i s t i c
h y d r a u l i c  c o n d u c t i v i t y  o f  c h e  c o r e ;



2 . 3  D e s i g n
p h i l o s o p h i e s

(e )  compac t i on ,  p lacemen t  and  g rad ing  o f  t he  ou te r
f i l t e r  l aye rs ,  and  aga in  t he i r  e f f ec t  on  the
hyd rau l i c  conduc t i v i t y  o f  t he  mound l

( f )  s t a b i l i t y  o f  t h e  c o r e  w i t h  r e s p e c t  r o  i n t e r n a l
s l i d i n g  u n d e r  b o L h  s t a t i c ,  q u a s i - s t a t i c ,  c y c l i c
and  dynamic  l oads ;

(g )  pe r fo rmance  and  du rab i l i t y  o f  seaward  a rmour  un i t s
i n  o rde r  t o  p reven t  e ros ion  o f  t he  mound ,  l ead ing
i n  t u r n  t o  p a r t i a l  c o l l a p s e ;

(h )  scou r  p ro tec t i on  a t  che  toe  o f  t he  mound  to
prevent  undermining leading to foundat ion
f a i l u r e ;

( i )  ove r topp ing  o f  t he  c res t  g i v i ng  r i se  t o  e ros ion  o f
the in land s ide of  the mound or  landward
embankmen t  o r  f i l l ;

( j )  p i p i ng  th rough  the  mound l

( k )  i nduc t i on  o f  l i que fac t i on  due  to  ve ry  h igh
po re -wa te r  p ressu res ,  l ead ing  i n  t u rn  t o  poss ib le
t o e  f a i l u r e .

Be fo re  embark ing  on  de ta i l ed  cons ide ra t i on  o f  t he  ma in
techn i ca l  a reas ,  i t  may  be  use fu l  t o  cons ide r  t he
gene ra l  ph i l osophy  o f  t he  des ign  p rocess .  The  des ign
ph i l osophy  adop red  w i l l  i t se l f  have  a  s i gn i f i can r
i n f l uence  on  the  way  i n  wh i ch  a  des ign  i s  execu ted ,
the input  data requi red and the in format ion provided
by  the  des ign  p rocess .  Two  d i f f e ren t  ph i l osoph ies  may
b e  d e f i n e d :

( a )  d e t e r m i n i s t i c ;
( b )  p r o b a b i l i s c i c .

De te rm in i s t i c  des ign  ph i l osophy  i s  based  essen t i a l l y
on  the  i den t i f i ca t i on  o f  a  s i ng le  ma jo r  even t  o f
p red i c ted  re tu rn  pe r i od ,  t he  quan t i f i ca t i on  o f  t he
loads  a r i s i ng  f r om tha t  even t ,  and  the  des ign  o f  t he
s t ruc tu re  t o  res i s t  t he  ca l cu la ted  l oad  w i th  adequa te
sa fe t y  marg ins .  De te rm in i s t i c  des ign  me thods  a re
r e a s o n a b l y  s i m p l e  a n d  r e q u i r e  r e l a t i v e l y  l i t t l e  i n p u t
da ta .  I t  i s ,  howeve r ,  a rgued  by  some resea rche rs  and
des igne rs  t ha t  de te rm in i s t i c  me thods  o f t en  l ead  to
ove r -des ign ,  and  tha t  t hey  do  no t  a l l ow  the  assessmen t
o f  r i s k  l e v e l s  o f  d a m a g e  o r  f a i l u r e .  M o s t  o f  t h e
d e s i q n  h a n d b o o k s  o r  m a n u a l s  a r e  b a s e d  o n  d e t e r m i n i s r i c
p h i l o s o p h y  ( R e f  1 7 ) .
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3 .1

FLOWS AND
PRESSURES

In t roduc t i on

S ince  the  fo rces  ac t i ng  on  a  b reakwa te r  a re  o f  a
h igh l y  s tochas t i c  na tu re ,  i t  i s  t o  be  expec ted  tha t
recou rse  shou ld  be  made  to  some  fo rm o f  p robab i l i s t i c
assessmen t  o f  poss ib le  modes  o f  f a i l u re ,  i n  o rde r  t o
d e t e r m i n e  a n  o v e r a l l  f a c t o r  o f  s a f e t y .  P r o b a b i l i s t i c
des ign  i nvo l ves  t he  assessmen t  o f  t he  l oads  a r i s i ng
f rom these  many  even ts ,  t oge the r  w i t h  t he  L i ke l i hood
o f  each  such  even t  be ing  exceeded .  A  p robab i l i t y
densi ty  funct ion may then be compi led for  the loads on
the  s t ruc tu re .  A  s im i l a r  p robab i l i t y  dens i t y  f unc t i on
may  then  be  desc r i bed  fo r  t he  res i s tance  o r  s t reng th
o f  t he  s t ruc tu re .  A reas  o f  ove r l ap ,  whe re  l oads
exceed  res i s tance ,  may  then  be  es t ima ted  g i v i ng  a
p robab i l i t y  o f  daoage  o r  f a i l u re .  Examp les  o f  r i s k  o r
r e l i a b i l i t y  a n a l y s i s  a r e  d i s c u s s e d  b y  D o v e r  &  B e a ,  a n d
b y  M o l  e t  a l  ( R e f s  1 9  a n d  2 0 ) .

P robab i l i s t i c  me thods  a re  c l a imed  to  y i e l d  a  more
p r e c i s e l y  d e f i n e d  d e s i g n  w i t h  w e l l  i d e n t i f i e d
s tanda rds  o f  p ro tec t i on  o r  sa fe t y .  Such  me thods  a re
more  compa t i b l e  w i t h  t he  i nc reas ing  need  fo r  r i sk
a s s e s s m e n t ,  p a r t i c u l a r l y  i n  c o s t / b e n e f i t  s t u d i e s .
Fu11  p robab i l i s t i c  des ign  may ,  howeve r ,  be  comp l i ca ted
to per form, and wi l l  requi re much more data than is
o f t en  ava i l ab le .  I n  many  examp les  o f  t he  use  o f  such
methods l  t he  f o rm  o f  t he  p robab i l i t y  dens i t y  f unc t i on
has s inply  been assumed to fo l low that  of  the normal
o r  o the r  s tanda rd  p robab i l i t y  d i s t r i bu t i on  (Re fs
18 -20 ) ,  and  l i t t l e  o r  no  ev idence  has  been  advanced  to
suppo r t  t h i s  assumpt ion .

Soph i s t i ca ted  p robab i l i s t i c  des ign  ph i l osoph ies  have
been  d i scussed  by  an  i nc reas ing  number  o f  r esea rche rs
and  des igne rs ,  pa r t i cu la r l y  w i t h  re fe rence  to  conc re te
a t rmour  un i t s ,  bu t  a l so  t o  geo techn i ca l  s tab i l i t y .
An example of  th is  approach is  presented by the CIAD
repo r t  (Re f  132 ) .  Such  des ign  me thods  a re  no t  ye t  o f
immed ia te  use  to  t he  des igne r ,  due  na in l y  t o  t he  Lack
o f  unde rs tand ing ,  and  quan t i f i ca t i on ,  o f  t he  f o r ces .
A  th i rd  des ign  ph i l osophy  has  the re fo re  been  evo l ved ,
known  as  quas i -p robab i l i s t i c .  As  t he  te rm i rnp l i es ,
t h i s  o f f e r s  a  compromise  app roach  i nco rpo ra t i ng
e lemen ts  o f  p robab i l i s t i c  des ign  me thods  i n  an
essen t i a l l y  de te rm in i s t i c  f r amework .  Mos t
p robab i l i s t i c  des ign  me thods  sugges ted  fo r  use  a t  t he
moment are of  th is  form.

The  i n te rac t i on  o f  wave  and  s t ruc tu re  may  be  desc r i bed
in  many  d i f f e ren t  ways .  The  mos t  r i go rous  app roach
wou ld  be  to  desc r i be  t he  f l ows  and  p ressu res



3 . 2  N u m e r i c a l
d e s c r i p t i o n
f l o w

o f

expe r i enced  by  t he  f l u i d  a t  a l l  po in t s  i n  t he  reg ions
seawards  o f  t he  s t ruc tu re ,  a t  t he  i n te r face  o f  t he
r taves and st ructure and then throughout  the st ructure.
Given the enormous number of  ind iv idual  s tones in  a
rubb le  mound ,  as  we l l  as  t he  comp lex i t y  o f  t he  f l ow
equa t i ons ,  i t  wou ld  c l ea r l y  be  imprac t i ca l  t o  use  such
a method for  f low around each i tem in the porous
mat r i x .  The  po rous  med ium i s  t he re fo re  more  gene ra l l y
desc r i bed  as  a  con t i nuum,  hav ing  p rope r t i es  o f
d imens ion ,  po ros i t y ,  and  pe rmeab i l i t y .  The  f l ow  o f
r i ta ter  in to and through sucb a porous cont inuum may in
tu rn  be  desc r i bed  i n  va r i ous  ways ,  depend ing  upon  the
ve loc i t i es  i nduced ,  and  the  s i ze  and  to r tuos i t y  o f  t he
f l o w  p a s s a g e s .

The  s imp les t  f l ow  equa t i ons  assume a  s teady  s ta te ,
where the dr iv ing force is  in  equi l ibr ium wi th the
res i s tance  fo rce  gene ra ted  by  t he  i n te rna l  f r i c t i on
between the f lu id and the matr ix  through which i t
f l ows .  TL re  f o r ce  i nduc ing  f l ow  i s  g i ven  by  t he
hyd rau l i c  g rad ien t .  A t  t he  l ow  f l u i d  ve loc i t i es
general ly  found in groundwater  and common geotechnical
p rob lems ,  t he  res i s tance  fo rce  i s  f ound  to  be
p ropo r t i ona l  t o  t he  f l ow  ra te ,  q .  T t re  resu l t i ng -
equa t i on  o f  f l ow  i s  known  as  Da rcy rs  l aw .

Darcy  f l ow  i s  on l y  va l i d  i n  t he  l am ina r  reg ion .  A t
h igher  Reynolds numbers where f low becomes fu l ly
tu rbu len t ,  hyd rau l i c  g rad ien t  appea rs  t o  be  more
dependen t  upon  the  squa re  o f  t he  f l ow  ra te ,  g2 .  I n
the t ransi t ion between laminar  and fu l ly  turbulent
reg imes ,  t he  hyd rau l i c  g rad ien t  w i l l  have  componen ts
in both q and q z.  Appendix A descr ibes empir ica l
re lat ionships used by var ious workers to approximate
hyd rau l i c  g rad ien ts  ove r  a  w ide r  range  o f  f l ow
condi t ions.  Tt re Reynolds nurnber,  Re,  convenient ly
desc r i bes  the  na tu re  o f  t he  f l ow  reg ime .  Re  i s
de f i ned  as  t he  ra t i o  o f  i ne r t i a l  f o r ce  t o  v i scous
f o r c e :

R e = v d ( 1 )

w h e r e  v  i s  f l u i d  v e l o c i t y ,  d  i s  a  c h a r a c t e r i s t i c
d imens ion  and  v  i s  k i nema t i c  v i scos i t y .  I t  shou ld  be
no ted  i n  pass ing  tha t  d i f f e ren t  de f i n i t i ons  o f  v  and  d
a re  used  by  d i f f e ren t  au tho rs .  Va lues  o f  Re  may  no t
a l w a y s  b e  d i r e c t l y  c o m p a r a b l e .

A t  l ow  Reyno lds  numbers ,  whe re  v i scous  fo rces  a re
dominan t ,  t he  f l ow  i s  t e rmed  l am ina r .  S low  f l ows
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4 STRUCTURAL
STABILITY

through the breakwater  core,  induced by long per iod
inc iden t  waves ,  rn igh t  be  expec ted  to  be  l am ina r .  A t
h i g h e r  R e y n o l d s  n u m b e r s ,  w i t h  i n e r t i a l  f o r c e s
dominan t ,  t he  f l ow  becomes  fu l l y  t u rbu len t .  Wave
induced  f l ows  th rough  the  ou te r  a rmour  l aye r  wou ld
gene ra l l y  be  fu l l y  t u rbu len t .  The re  i s  howeve r  a
t rans i t i on  reg ion  where  bo th  v i scous  and  i ne r t i a l
f o r ces  a re  s i gn i f i can t .  Jensen  (Re f  120 )  sugges ts
that  for  f low in porous media,  the maximum Reynolds
number for  the laminar  f low is  about  4 and the lower
l i m i t  f o r  f u l l y  t u r b u l e n t  f l o w  i s  a b o u t  6 0 0 0 .

Fo r  t he  case  o f  uns teady  tu rbu len t  f l ow ,  t he re  i s  an
imba lance  be tween  the  app l i ed  and  res i s tance  fo rces
resu l t i ng  i n  an  i ne r t i a  f o r ce  assoc ia ted  w i th  f l u i d
acce le ra t i on .  By  cons ide r i ng  t he  equ i l i b r i um o f
app l i ed ,  r es i s tance  and  i ne r t i a  f o r ces ,  exp ress ions
may  be  de r i ved  to  desc r i be  t he  po re  f l u i d  mo t i on  and
the  reac t i on  p rov ided  by  t he  g ranu la r  pa r t i c l es  o f  t he
porous medium, which ar ight  thernselves be in  mot ion,  eg
a t  f a i l u re  o f  t he  mound .  These  exp ress ions  may  then
be  so l ved  i n  t e rms  o f  po re  f l u i d  mo t i on  and  po re
p ressu re  by  app l y i ng  mass  conse rva t i on ,  t he  po ros i t y
s t ra in  re la t i onsh ip ,  a  s t ress / s t ra in  l aw  and  the  po re
f l u i d  compress ib i l i t y ,  assuming  i t  co  be  ae ra ted .  A
more  de ta i l ed  desc r i p t i on  o f  f l ow  fo rmu la t i ons  based
pa r t l y  upon  the  work  o f  He t t i a rachch i  (Re f  129 )  i s
g iven in Appendix A.

Typical ly  a rubble mound breakwater  is  composed of  an
inne r  co re  w i t h  an  ou te r  f i l t e r  l aye r ,  wh i ch  i s  i n
turn protected by an armour layer .  A concrete cror^rn
wal l  may form the crest  of  the breakwater .  An
inherent  par t  of  the break! , rater  is  the under ly ing soi l
o r  r ock  wh i ch  fo rms  i t s  f ounda t i on .  Any  i nves t i ga t i on
into the behaviour  of  the breakwater  must  take account
o f  t he  p rope r t i es  o f  t he  f ounda t i on .  The  p rope r t i es
o f  t he  compos i t i on  ma te r i a l s  i n  t e rms  o f  boch
pe rmeab i l i t y  and  s t reng th  a re  g i ven  cons ide ra t i on
be low ,  t oge the r  w i t h  t he  na tu re  o f  t he  va r i ous  l oad
c o n d i t i o n s .

The  hyd rau l i c  conduc t i v i t y  o f  t he  rubb le  mound  w i l l  be
a  func t i on  o f  r he  po ros i t y  o f  t he  ma te r i a l  f r om wh ich
the  mound  i s  f o rmed .  Po ros i t y ,  n ,  i s  de f i ned  as  t he
ra t i o  o f  t he  vo lume  o f  vo ids  t o  t he  t o ta l  vo lume .
Ano the r  measu re  o f  t he  pe rcen tage  o f  vo ids  i s  t e rmed
t h e  v o i d  r a t i o ,  e ,  w h i c h  i s  d e f i n e d  a s  t h e  r a t i o  o f
t he  vo lume  o f  vo ids  t o  Ehe  vo lume  o f  so l i ds .  hence

4.1  Genera l
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4 . 2

n = e l ( l + e ) ( 2 )

The  h ighe r  t he  po ros i t y ,  t he  h ighe r  t he  hyd rau l i c
conduc t i v i t y .  F rom equa t i ons  13 -17  cove red  i n
Append ix  A ,  i - t  i s  c l ea r  t ha t  t he  pa r t i c l e  s i ze  and
shape  have  a  d i rec t  bea r i ng  on  the  va lue  o f  t he
' rhyd rau l i c  conduc t i v i t y "  o f  t he  ma te r i a l  and  hence  the
t ransmiss ion  th rough  the  b reakwa te r .  The  e f f ec t i ve
d i a m e t e r  o f  c h e  m a t e r i a l  m a y  c h a r a c t e r i s e d  a s  D l g r  D t S

l I _? . -oJ -  9 f  
t hes l r  i t  wou ld  appea r  t ha t  D  16  o r  D15

g i ve  the  app rop r i a te  measu re  o f  po re  s t_ze .

The  s t reng th  o f  t he  rubb le  mound ,  howeve r ,  w i l l  be  a
func t i on  o f  t he  d i s t r i bu t i on  o f  t he  ove ra l l  g rad ing .
A  we l l - g raded  ma te r i a l  cove r i ng  the  f i ne  t o  coa rse
spec r rum w i l l  g i ve  r i se  t o  more  i n te r l ock  and
the re fo re  more  f r i c t i ona l  r es i s tance  than  a  poo r l y
g raded ,  un i f o rm  s i ze  ma te r i a l .  l l edges  (Re f  39 )  has
drawn at tent ion to the i rnpor tance of  the core in  t .he
provis ion of  a foundat ion for  the armour layers and
i ts  economic importance as the largest  vo lume of
ma te r i a l  i n  t he  s t ruc tu re .  Shou ld  t he  ma te r i a l  o f  t he
co re  be  subs tan t i a l l y  wea the red  by  t he  passage  o f
wa te r  and  g ranu la r  ma te r i a l ,  w i t h  t he  consequen t
p roduc t i on  o f  more  f i nes ,  t hen  i t s  cha rac te r i s t i cs
w i th  respec t  t o  bo th  s t reng th  and  hyd rau l i c
conduct iv i ty  may become al tered wi th t i rne.  An example
o f  t h i s  du rab i l i t y  p rob lem i s  d i scussed  by  Fookes  and
Thomas  (Re f  128 ) .  O the r  cons ide ra t i ons  o f  r ock
qua l i t y ,  and  i t s  du rab i l i t y  i n  t he  mar ine  env i ronmen t
have  been  d i scussed  by  poo le  e t  a l  (Re f  40 )  and  A l l sop
e t  a l  (Re f  41 ) ,  and  B radbu ry  and  A l l sop  (Re f  lZ7 ) .

S t ruc tu re  s t reng th
In  t he  assessmen t  o f  t he  s tab i l i t y  o f  r ubb le  mound
i t s e l f ,  t h e  s h e a r  s t r e n g t h  c h a r a c t e r i s t i c s  o f  t h e
mound mater ia l .  as constructed are of  pr imary
importance.  The maximum shear ing res is tance that  may
be  rnob i l i sed  on  any  p lane  o f  s l i d i ng  may  be  g i ven  by :

r=  c  +  (%  -  p )  r an  0n ; (3 )

where  c  i s  t he  cohes ion ,  no rma lLy  ze ro  f o r  a  g ranu la r
ma te r i a l ,  d r ,  i s  t he  t o ta l  s t ress  no rma l  Eo  the  p lane ,
p  i s  t he  po re  p ressu re ,  and  0 *  i s  t he  ang le  o f
f r i c t i on .  I t  may  be  no ted  th i t  (  %  

-  p )  i s  rhe
e f f e c t i v e  s r r e s s ,  { .  B a r e n d s  e t  i l  ( R e f  6 )  a n d
Barends  (Re f  7 )  sugges t  t ha t  t he  mob i l i sed  ang le  o f
f r i c t i on  i n  a  rubb le  mound  may  be  g i ven  by :

, n=0+n ln ( | )
m
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4.3  Load ings

a f te r  Ba r ton  &  K jae rns l i  (Re f  42 ) ,  whe re  0  i s  t he  t r ue
a n g l e  o f  i n E e r n a l  f r i c t i o n ,  a  m a t e r i a l  c o n s t a n t l  S  i s
rep resen ta t i ve  o f  t he  rock  s t i f f ness ;  qn  i s  t he  mean
norma l  s t ress  l eve l ;  and  R  i s  a  pa rame te r  based  upon
po ros i t y ,  angu la r i t y  and  sou rce .  They  fu r the r  sugges t
tha t  t he  dynamic  f r i c t i on  va lue  i s  l i ke l y  t o  be
g rea te r  t han  0 * ;  bu t  a l so  cau t i on  t ha t  l a rge
movemen ts  may  be  assoc ia ted  w i th  f u l 1  mob i l i sa t i on  o f
the avai lable shear s t rength and that  therefore
conse rva t i ve  va lues  o f  0  shou ld  be  used .

An  assessmen t  o f  t he  po re  p ressu re  i s  o f  c r i t i ca l
impor tance  a l so ,  i n  t he  de te rm ina t i on  o f  t he  ava i l ab le
shea r  s t reng th .  Ba rends  e t  a1  (Re f  6 )  no te  t ha t  a
co rnp le te  t heo ry  f o r  t he  uns teady  tu rbu len t  f l ow
through a deforn ing porous medium under extreme
dynamic  l oad ing  i s  no t  ava i l ab le .  The  e f f ec t  o f
re la t i ve  ve loc i t y  beLween  f l u i d  and  pa r t i c l es  i s
men t i oned  b r i e f l y  i n  Append i x  A .

The rnajor  loadings exper ienced by a breakwater  are
general ly  those due to wave act ion,  a l though in some
ins tances  se i sm ic  ac t i v i t y  may  be  o f  s i gn i f i cance .
Ba t t j es  has  desc r i bed  some o f  t he  unce r ta in t i es
assoc ia ted  w i th  wave  c l ima te  p red i c t i ons  (ne f  43 ) .  l €
Mehaute (Ref  44)  has developed a method for  opt imis ing
the design of  breakwaters,  tak ing in to account  wave
c l ima to log i ca l  unce r ta in t i es  and  the  po ten t i a l
ma in tenance  r i sk  as  a  f unc t i on  o f  t hese  unce r ta in t i es .
Th i s  i s  based  upon  the  We ibu l l  p robab i l i t y
d i s t r i bu t i on  and  has  been  app l i ed  t o  hypo the t i ca l
b reakwa te r  mode ls  based  on  the  cos t  o f  cons t ruc t i on
and  ma in tenance .  He  conc ludes  tha t ,  cons ide r i ng  t he
large economic penal ty  due to the lack of  knowledge of
ex tens i ve  wave  c l ima to log i ca l  da ta ,  l ong  te rm
investment  in  an accurate wave measurement  programme
wou ld  be  h igh l y  cos t  e f f ec t i ve  f o r  f u tu re
gene ra t i ons .

Ha r low  (Re f  45 )  has  repo r ted  a  number  o f  f a i l u res  o f
rubble mound breakwaEers and suggesEed that  a major
fac to r  i n  t he  f a i l u res  may  have  been  the  mechan i sm by
wh ich  naves  cause  l a rge  i n te rna l  \ " r a te r  p ressu res  o f  a
dynamic character  to  be generated.  He fur ther
sugges ts  t ha t  t oo  much  a t t en t i on  has  been  focused  on
the outer  armour layers and that  much more thought
shou ld  be  g i ven  Lo  seepage ,  f l ow  and  movemen t  o f  f i nes
w i th in  t he  co re  mak ing  use  o f  ana l ys i s  t echn iques  such
as  those  desc r i bed  i n  We i  &  Sh ieh  (Re f  46 ) .

The  eva lua t i on  o f  po re  p ressu re  response  due  to
se i sm ic  ac t i on  has  been  s tud ied  by  Chuch  &  Thun  (Re f
47 ) .  Ghabouss i  &  Hendon  (Re f  48 )  have  g i ven
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cons ide ra t i on  t o  t he  deve lopmen t  o f  se i sm ic
hyd rodynamic  f o r ces  on  rock  s l opes .

I n  g e n e r a l  l i t t l e  d a t a  i s  a v a i l a b l e  f o r  t h e
desc r i p t i on  o f  wave  i nduced  l oad ing  to  rubb le  mounds .
Some techn iques  deve loped  fo r  t he  des ign  o f  f ounda t i on
laye rs  f o r  o f f sho re  s t ruc tu res  may  howeve r  be
app l i cab le  t o  t he  mound  as  we l l  as  f ounda t i on .

4 .4  Founda t i on

The foundat ion on which the rubble mound breakwater  is
supported forms an integra l  par t  of  the breakwater .
Eva lua t i on  o f  t he  f ounda t i on  so i l  i n  o rde r  t o
de te rm ine  i t s  l i ke l y  behav iou r  unde r  t he  l oad  imposed
by  the  b reakwa te r  shou ld  f o l l ow  s im i l a r  c r i t e r i a  f o r
that  of  an embankment  dam, wi fh the added loading
assoc ia ted  w i th  t he  seve re  ex t reme  wave  ac t i on .
Tho rpe  (Re f  49 )  g i ves  de ta i l ed  cons ide ra t i on  ro  rhe
p rob lems  assoc ia ted  w i th  t he  cons t ruc t i on  o f  a  rubb le
mound  on  a  so f t  c l ay  f ounda t i on .  I n  t h i s  i ns tance
la rge  se t t l emen ts  may  occu r  t oge the r  w i t h  p las t i c  f l ow
o f  che  founda t i on ,  t hus  requ i r i ng  excess i ve  vo lume  o f
co re  ma te r i a l .  Tho rpe  desc r i bes  the  use  o f  a  sand
f i l l  r ep lacemen t  f ounda t i on ,  and  re fe rs  t o  case
h i s to r i es  o f  t he  use  o f  v i b ro -compac t i on  t echn iques
and  dynamic  conso l i da t i on  i n  o rde r  t o  cause
subs tan t i a l  dens i f i ca t i on  o f  t he  f ounda t i on  ma te r i a l .
De ta i l s  o f  s im i l a r  wo rk  a re  a l so  g i ven  by  Qu in lan ,
pa r t i cu la r l y  on  the  use  o f  dynamic  conso l i da t i on
n e t h o d s  ( R e f  1 1 2 ) .

F inn et  a l  (Ref  50)  have rev iewed methods for
es t imaE ing  the  s tab i l i t y  o f  t he  ocean  f l oo r  unde r  wave
loading and in the determinat ion of  wave- induced pore
wa te r  p ressu res .  They  a l so  desc r i be  new compu te r
codes  fo r  ana l ys ing  the  e f f ec t s  o f  waves  on  the  sea
f l oo r  i n  t he  compu ta t i on  o f  t r ans ien t  and  res idua l
po re  p ressu res ,  e f f ec t i ve  s t resses  and  l i que fac t i on
p o t e n t i a l .  V e r i f i c a t i o n  o f  t h e  f o r m e r  b y  f i e l d
measu re f ten ts  i s  a l so  repo r ted .  Mar t i n  e t  a1  (Re f  51 )
have  examined  the  ra te  o f  d i ss ipa t i on  o f  po re
p ressu res  i nduced  by  cyc l i c  l oad ing .  I n  t he  con tex t
o f  o f f s h o r e  s t r u c t u r e s  T s u i  &  H e l f r i c h  ( n e f  5 2 )  h a v e
measu red  the  po re  p ressu res  i nduced  i n  a  mode l  sand
laye r ,  f o r  va r i a t i ons  i n  mode l  wave  pe r i od .  These
obse rva t i ons  sugges t  t ha t  l ong  pe r i od  ( s to rm)  waves
may  p roduce  i ns tab i l i t y  due  to  t he  t ime  l ag  i n  t he
d i ss ipa t i on  o f  t he  i nduced  po re  p ressu res .  t Ju  (Re f

5 3 )  h a s  a l s o  s t u d i e d  t h e  e f f e c t s  o f  l o n g  w a v e s .
Gr igo ru  (Re f  54 )  has  deve loped  p robab i l i s t i c
desc r i p to rs  f o r  wave  fo rces  us ing  the  l , l o r i son
equa t i ons  based  upon  the  ac tua l  d i s t r i bu t i on  o f  t hese
fo rces ,  and  on  the  hypo thes i s  t ha t  t hey  f o l1ow
G a u s s i a n  d i s t r i b u t i o n s .  t l i s  r e s u l t s  s h o w  t h a L  t h i s

L4



hypo thes i s  i s  unsa t i s fac to ry  i n  es t i a ra t i ng  peak  wave
forces dur ing design storms.  Yamamoto & Schuckman
(Ref  55)  have measured the wave damping and movement
o f  mode l  c l ay  beds  i n  a  wave  tank  fo r  va r i ous  so i l  and
wave  cond i t i ons .  Theo re t i ca l  p red i c t i ons  based  upon
the  assumpt ion  o f  l aye red  p las to -e las t i c  beds ,  and
used  to  mode l  t he  wave -so i l  i n te rac t i on ,  a re  i n
gene ra l  ag reemen t  w i t h  t he  expe r imen ta l  r esu l t s .  Wave
damp ing  and  bed  mo t i on  i nc rease  non - l i nea r i l y  w i t h
wave  he igh t .

5

5 .1

UODELLING
TECHNIQUES

Genera l
I t  may be seen that  the in teract ions of  $raves wi th the
d i f f e ren t  e lemen ts  o f  a  rubb le  b reakwa te r  a re  h igh l y
c o m p l e x  a n d ,  i n  g e n e r a l ,  m a t h e m a t i c a l l y  i 1 1 - d e s c r i b e d .
I t  i s  n o t  t h e r e f o r e  u s u a l l y  p o s s i b l e  t o  c a l c u l a t e
d i rec t l y  t he  f  l o r ^ r  and  s tab i l i t y  pe r fo rmance  o f  a
p roposed  s t ruc tu re  w i t h  any  ce r ta in t y .  Recou rse  mus t
be  made  to  a  range  o f  s imu la t i on  o r  mode l l i ng
techn iques ,  each  des igned  to  rep roduce  an  aspec t  o f
the in teract ion between ! , raves and st ructure.  Such
s i ruu la t i ons  may  use  e i t he r  phys i ca l  sca le  mode ls ,  o r
compu ta t i ona l  mode ls ,  o r  bo th  .  I n  each  i ns tance  on l y
one ,  o r  a  ve ry  f ew ,  aspec ts  o f  t he  p ro to t ype
pe r fo rmance  w i l l  be  rep roduced .  The  cho i ce  o f
technique needed wi l l  depend on a judgement of  the
re la t i ve  impor tance  o f  che  d i f f e ren t  aspec ts  t o  be
s tud ied .  Fo r  any  pa r t i cu la r  s t ruccu re  i t  may
Chere fo re  be  necessa ry  t o  use  a  number  o f  d i f f e ren t
mode l l i ng  me thods  toge the r ,  o r  i n  sequence .

5 . 2  P h y s i c a l  m o d e l l i n g
o f  f l o w

Conven t i ona l  phys i ca l  mode l l i ng  o f  r ubb le  mound
breakwa te rs  i s  i n tended  to  rep roduce ,  a t  sca le ,  t he
f l ow  ve loc i t i es  and  the  ma in  g rav i t y ,  i ne r t i a  and
momentum forces wi th in,  and around,  the outer  layers
o f  t h e  s t r u c t u r e .

Un t i l  r ecen t l y  t he  ou te r  a rmour  l aye rs  have  been  o f
p r imary  i n te res t ,  and  i t  i s  t o  t he  accu raEe  mode l l i ng
o f  t hese  tha t  mos t  a t t en t i on  has  been  pa id .  I n  1983
Owen  &  A l l sop  (Re f  56 )  desc r i bed  conven t i ona l
hyd rau l i c  mode l l i ng  t echn iques  i n  use  then .  They
d i scuss  the  sca l i ng  o f  a rmour  l aye r  pe r fo rmance  i n
some de ta i l ,  bu t  commen t  on  the  l ower  l aye rs  | t t he  co re
i s  h y d r a u l i c a l l y  t h e  l e a s t  i m p o r t a n t  p a r t ,  a n d  u s u a l l y
h a s  l o w  p e r m e a b i l i t y  a n d  p o r o s i t y  i n  t h e  f u l l  s i z e
b reakwa te r ' r .  They  desc r i be  geomet r i c  sca l i ng  o f  unde r
l a y e r s  a n d  c o r e  m a t e r i a l s  i n  m o d e l s .  O w e n  &  A l l s o p
s u g g e s t  t h a t  e a r l i e r  p r e d i c t i o n s  o f  s c a l e  e f f e c t s  o n
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armour  s tab i l i t y  may  have  ove resE ima ted  the  seve r i t y
o f  t he  p rob lem,  and  c i t e  wo rk  w i t h  r i p - rap  by  Shu tc le r
( R e f  5 7 )  a n d  A c k e r s  &  p i t r  ( R e f  5 8 ) .  S c a l e  e f f e c t s
a re  d i scussed  fu r the r  i n  a  more  recen t  pape r  by  Owen  &
B r i g g s ,  a n d  i n  t h e  s u b s e q u e n t  d i s c u s s i o n  ( R e f  5 9 ) .

The  p r i nc ipa l  ob jec t i ve  o f  hyd rau l i c  mode l l i ng  o f  a
rubb le  mound  co re  i s  t o  s imu la te  t he  gove rn ing
f l o w  c h a r a c t e r i s t i c s .  T h i s  n e c e s s i t a t e s  s e l e c t i o n  o f
a  mode l  co re  mace r i a l  wh i ch  imposes  su i t ab le  hyd rau l i c
res i s tance  to  t he  app l i ed  wave  l oad ings .  Fo r  l am ina r
f l ow  cond i t . i ons ,  hyd rau l i c  g rad ien t  i s  f ound  to  be
p ropo r t i ona l  t o  f l ow  ra te .  The re fo re ,  i n  t h i s  reg ion
the  hyd rau l i c  cha rac te r i s t i cs  o f  a  po rous  med ium can
be  app rox ima te l y  desc r i bed  by  a  cons tan t  o f
p e r m e a b i l i t y .  I n  t h e  t r a n s i t i o n a l  a n d  f u l l y  t u r b u l e n t
doma ins ,  t he  s imp le  l i nea r  re la t i onsh ip  b reaks  down
and  a  more  comp lex  desc r i p t i on  mus t  be  sough t .
Append i x  A  desc r i bes  how Enge lund  (Re f  28 ) ,  Cohen  de
Lara (Ref  LzL) ,  Le Mehaut6 (nef  L22)  and other  workers
have  a t t emp ted  to  pa rame te r i se  gene ra l  equa t i ons  fo r
h y d r a u l i c  g r a d i e n t  i n  t e r m s  o f  p o r o s i t y ,  f l o w  r a t e ,
i t s  power  t e rms  and  de r i va t i ves ,  pa r t i c l e  s i ze  and
Reyno lds  number .  Such  work  i s  based  on  resu l t s  f r om
labo ra to ry  pe rmeamete r  expe r imen ts ,  gene ra l l y  f o r
g r a v e l  s i z e  m a t e r i a l  o r  s m a l l e r .  D u d g e o n  ( R e f s  1 3 0 ,
131 )  conduc ted  resea rch  i n to  pe rmeab i l i t y
re la t i onsh ips  f o r  va r i ous  g ranu la r  ma te r i a l s  an , i l  has
a t temp ted  to  quan t i f y  i naccu rac ies  assoc ia tea  w i th
s tanda rd  pe rmeamete r  t echn iques .  I n  pa r t i cu la r ,
a t t en t i on  i s  d rawn  to  wa l l  e f f ec t s  whe reby  an  annu la r
reg ion  o f  i nc reased  po ros i t y  ad jacen t  t o  t he  pa rame te r
wa1 l  can  cause  mean  f l ow  ve loc i t i es  t o  be
ove res t ima ted  by  as  much  as  I 5Z .

The  p rob lems  assoc ia ted  w i th  hyd rau l i c  mode l l i ng  a re
to  es t ima te  t yp i ca l  p ro to t ype  f l ow  ra tes  and
pe rmeab i l i t y  r e la t i onsh ips  and  then  to  re la te  t hese  to
m o d e l  m a t e r i a l  c h a r a c c e r i s t i c s .  S i m i l i t u d e  i s
ach ieved  by  se lec t i ng  a  mode l  ma te r i . a l  o f  p ro t . o t ype
po ros i t y  wh i ch  exh ib i t s  a  comparab le  hyd rau l i c
g rad ien t  t o  t he  p ro to t ype  when  sub jec ted  to  an
e q u i v a l e n t  F r o u d e - s c a l e d  f l o w  v e l o c i t y .

Ya l i n  (Re f  123 ) ,  Jensen  &  K l i n r i ng  (Re f  120 )  and
Kogan i  (Re f  124 )  have  i ndependen t l y  add ressed  the
p rob lem numer i ca l l y .  A  sem i -emp i r i ca l  f l ow
re la t i onsh ip  has  been  se lec ted  and  assumed  to  be
equa l l y  va l i d  f o r  mode l  and  p ro to t ype  ma te r i a l s ,  g i ven
e q u i v a l e n t  p o r o s i t i e s .  I f  t h e  m o d e l  a n d  p r o t o t y p e
hyd rau l i c  g rad ien ts  a re  cons t ra ined  to  be  equa l  and
a l l  f l o w  r a t e  t e r m s  a r e  e x p r e s s e d  i n  p r o t o t y p e
acco rd ing  to  F roud ian  sca l i ng ,  t hen  the  necessa ry
p a r t i c l e  s i z e  s c a l i n g  c a n  b e  d e t e r m i n e d .  I t  i s  f o u n d
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t ha t  r egu i red  mode l  sca les  a re  no t  i n  acco rdance  w i th
geomet r i ca l  F roud ian  sca l i ng .  Fu r the rmore  the  sca l i ng
d i s t o r t i o n  f a c t o r  f r o m  F r o u d e  m o d e l l i n s  i s  o n l v  v a l i d
f o r  a  s i n g l e  p r o t o t y p e  f  l o w  v e l o c i t y .  

' C o r r s e q , r e n t l y ,

t h i s  app roach  ro  t he  hyd rau l i c  mode l l i ng  o f  t he
s t r u c t u r e  c o r e  w i l l  o n l y  b e  s t r i c t l y  v a l i d  f o r  s t e a d y
s t a t e  f l o w ,  a n d  n o t  f o r  w a v e - i n d u c e d  o s c i l l a t o r y  f l o w .
Howeve r ,  t he  sens i t i v i t y  o f  sca l i ng  e f f ec t s  ove r  t he
r a n g e  o f  v e l o c i t i e s  t o  b e  t e s t e d  s h o u l d  b e  c a r e f u l l y
i n v e s t i g a t e d  f o r  a n y  p a r t i c u l a r  a p p l i c a t i o n .

App rop r i a te  pa r t i c l e  s i ze  f o r  mode l  ma te r i a l  can
a l t e r n a t i v e l y  b e  d e t e r m i n e d  e x p e r i m e n t a l l y .  A l l s o p
(Re f  125 )  conduc ted  a  se r i es  o f  l abo ra to ry  pe rmeamete r
t e s t s ,  v a r y i n g  t h e  m o d e l  m a t e r i a l  s h a p e ,  s i z e  a n d
g rad ing  to  ach i . eve  the  requ i red  hyd rau l i c  g rad ien t  f o r
a  g i ven  mode l  f l ow  ra te .  Gup ta  (Re f  126 )  conduc ted  a
se r i es  o f  pe rmeamete r  t es t s  f o r  g raded  g ranu la r
ma te r i a l s .  The  ma te r i a l s  t es ted  were  cha rac te r i sed  i n
terms of  a shape factor ,  der ived f rom the measured
angu la r i t y  and  pa r t i c l e  s i ze .  Angu la r i t y  i s
de te rm ined  by  a  s imp le  mechan i ca l  compac t i on  t es t  and
g i ves  an  app rox ima te  measu re  o f  pa r t i c l e  su r face
i r r e g u l a r i t y .  I n  G u p t a ' s  r e s u l t s  f o r  g r a n u l a r
ma te r i a l s  whe re  a l l  t he  pa r t i c l es  be long  to  t he  same
shape  g roup ,  t he re  i s  a  c l ea r  re la t i onsh ip  be tween
shape  fac to r  and  hyd rau l i c  res i s tance .  Th i s  wo r . k
h igh l i gh t s  t he  sens i t i v i t y  o f  f l ow /hyd rau l i c  g rad ien t
re la t i onsh ips  t o  pa r t i c l e  roughness  and  g rad ing ,
nei ther  of  which are accounted for  in  the empir ica l
f o rmu la t i on  men t i oned  p rev ious l y .

B radbu ry  &  A l l sop  (Re f  127 )  desc r i be  more  re f i ned
techn iques  wh ich  a re  cu r ren t l y  be ing  deve loped  to
quan t i f y  pa r t i c l e  shape  and  i r r egu la r i t y .  Howeve r ,  a t
p resen t  such  techn iques  a re  no t  su i t ab le  f o r  p rac t i ca l
eng inee r i ng  app l  i ca t i on .

I t  i s  k n o w n  t h a t  l a r g e  s c a l e  p h y s i c a l  m o d e l s  ( 1 : 1 0 )
have  been  used  to  gene ra te  p ressu re  and  f l ow
in fo rma t i on  a t  t he  ou te r  su r face ,  f o r  i npu t  t o  t he
Dutch mathemat ica l  model  HADEER. However many of  the
de ta i l s  o f  t he  wo rk  re fe r red  to  by  Ba rends  have  no t
been  pub l i shed !

5 .3  Phys i ca l  r node l  l i ng
o f  s t ruc tu re

The  ex ten t  t o  wh i ch  phys i ca l  mode l l i ng  t echn iques  a re
u s e d  t o  r e p r o d u c e  s t r u c t u r a l  s t a b i l i t y  i s  u s u a l l y
con f i ned  to  t he  ou te r  a rmour  l aye rs ,  and  any  c rown
wa l l s .  The  des ign  and  ope ra t i on  o f  such  mode ls  has
been  cove red  by  Owen  &  A l l sop  (Re f  56 ) ,  Owen  &  B r i ggs
( R e f  5 9 ) ,  B r u u n  e t  a l  ( R e f  6 0 ) ,  J e n s e n  ( R e f  6 5 )  a n d
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Al l sop  (Re f  4 ) .  The  s t ruc tu ra l  r esponse  o f  t he  unde r
l aye rs  and  co re  a re  no t  usua l l y  cons ide red  i n  rhe
des ign  o f  b reakwa te r  mode ls .  Fo r  embankmen ts  aod
dams ,  recou rse  may  be  made  to  cen t r i f uge  techn iques ,
i n  wh i ch  the  e f f ec t i ve  we igh t  o f  t he  s t ruc tu re  i s
i nc reased  many  t imes  ove r  t o  ma tch  the  i nc rease  i n
e f f e c t i v e  s t r e n g t h  o f  t h e  m a t e r i a l  w h e n  s c a l e d ,
Scho f i e l d  and  Good ings  &  Scho f i e l d  (Re fs  66  a td  67 ) .
Conven l i ona l  sma l l  sca le  mode ls  may  be  used  to  ga in  an
unde rs tand ing  o f  t he  cha rac te r i s t i cs  and  behav iou r  o f
rubb le  ma te r i a l s ,  Causey  &  Fa r ra r ,  and  Char les  &  Wat t s
( R e f s  6 8  a n d  6 9 ) .  I t  i s  d i f f i c u l t  r o  i m a g i n e  h o w
these  techn iques  cou ld  be  comb ined  w i th  conven t i ona l
h y d r a u l i c  t e s t i n g .

The re  a re  l im i t a t i ons  on  the  ex ten t  t o  wh i ch  the
r e s u l t s  o f  s m a l 1  s c a l e  m o d e l  t e s t s  m a y  b e  e x t r a p o l a t e d
to  t he  fu l l  sca le  s i t ua t i on .  They  do  howeve r
rep resen t  a  ve ry  use fu l  means  o f  de te rm in ing
pa rame t r i c  response .  To  gene ra te  t he  da ta  needed  fo r
a  comp le te  des ign  me thod ,  i t  i s  l i ke l y  t ha t  r ecou rse
mus t  be  made  a t  some  s tage  to  phys i ca l l y  mode l l i ng  a t
l a r g e ,  i f  n o t ,  f u l 1  s c a l e .  S u c h  e x e r c i s e s  w i l l  b e
expens i ve  and  the i r  success  w i l l  r e l y  ve ry  heav i l y  on
the  p rope r  f unc t i on ing  o f  i ns t rumen ta t i on  i n  t he  mos t
ha rsh  weache r  cond i t i ons .  Neve r the less ,  i n  t he  1 im i t ,
i t  is  only  through per formance moni tor ing of
p ro to t ype  s t ruc tu res  t ha t  t he  va lue  o f  sma l l  sca le
tes t i ng  and  ana l y t i ca l  E rea tmenCs  may  be  tes ted .  Much
expert ise has been accumulated in  recent  years through
the  SERC p rog ramme on  l a rge  sca le  t es t i ng ,  eg  Wood  &
P e r r i n  ( R e f s  7 0 r  7 1 ) .

Recent  advances in wave f lume s ize in  Hol land and
Germany have a l lowed some of  the ef fects of  wave
a t E a c k  t o  b e  s t u d i e d  a t  f u l l ,  o r  l a r g e ,  s c a l e  ( R e f
1 1 1 ) .  T h e  D e l t a  F l u m e  a t  D e  v o o r s t  i n  H o l l a n d ,
ope ra ted  by  t he  De l f t  Hyd rau l i cs  Labo ra to ry ,  i s  o f
l eng th  240  me t res ,  w id th  5  me t res  and  dep th  7  me t res .
The  wave  padd le  can  be  used  to  gene ra te  e i t he r  regu la r
or  random waves.  For  random rraves in  water  depth of  5
me t res l  t he  max imum ach ievab le  s i gn i f i can t  l dave  he igh t
i s  1 .9  me t res .  The  padd le  ope ra tes  i n  t he  wave  pe r i od
range  1  t o  12  seconds .  Mode l  sec t i ons  o f  ma jo r
b reakwa te rs  have  been  cons t ruc ted  i n  t he  De l ta  F lume
a t  s c a l e s  r a n g i n g  f r o m  1 : , 7  t o  1 : 1 2 .  A  s i m i l a r
f a c i l i t y ,  t h e  G r o s s e r  W e l l e n k a n a l ,  e x i s t s  a t  t h e
Un ive rs i t y  o f  l t annove r .  Th i s  f l ume  i s  324  me t res
long ,  5  me t res  w ide  and  7  me t res  deep .  Wave
gene ra t i ng  capab i l i t i es  a re  comparab le  w i t h  t hose
q u o t e d  f o r  t h e  D e l t a  F l u m e .

T h e  u l t i m a t e  m o d e l  t e s t  i s  E h a t  a E  f u l l - s c a l e ,  a n d  i t
may  be  hoped  tha t  p ro toEype  mon i to r i ng  may  p rov ide
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5 . 4  M a t h e m a t i c a l
mode l l i ng  o f

essen t i a l  da ta .  By  the i r  ve ry  na tu re  b reakwa te rs  a re
s u b j e c t  t o  t h e  h a r s h e s t  o f  e n v i r o n m e n t a l  c o n d i t i o n s ,
and  i t  mus t  be  expec ted  the re fo re  t ha t  some
pre l im ina ry  wo rk  i n  i ns t rumen ta t i on  t es t i ng  and
deve lop rnen t  mus t  p receed  any  fu l1  sca le  mon i to r i ng .
I t  i s  pe rhaps  due  to  t he  i nhe ren t  d i f f i cu l t i es  t ha t
l i t t l e  comprehens i ve  i ns t rumen ta t i on  and  mon i to r i ng
has  been  unde r taken ,  a l t hough  Magoon  e t  a l  (Re f  90 )
and  B radbu ry  &  A l l sop  (Re f  72 )  do  d i scuss  some o f  t he
me thods  ava i l ab le ,  w i t h  an  emphas i s  on  su rvey
measu remen ts .

Aer ia l  surveys and underr i rater  inspect ions may be
expens i ve ,  bu t  may  poss ib l y  exh ib i t  a  h ighe r
r e l i a b i l i t y  t h a n  t h e  s e n s o r s  a s s o c i a t e d  w i t h  p r e s s u r e
measu remen ts .  I n  t he  l onge r  t e rm ,  t he  use  o f
conven t i ona l  ex tensomete r  and  i nc l i nome te r  i ns t rumen ts
cou ld  be  used  to  p rov ide  co r re la t i on  w i t h  t he  remo te
su rvey  resu l t s .  Aga in  p ro tec t i on  o f  i ns t rumencs
aga ins t  t he  e f f ec t s  o f  t he  ha rsh  env i ronmen t  may  we l l
b e  t h e  c r i t i c a l  f a c t o r .

f l o w
For  p rob lems  o f  s teady  Darcy  f l ow  o f  g roundwa te r ,  many
m o d e l l i n g  t e c h n i q u e s  e x i s t ,  s e e  V e r r u i j t  ( R e f  3 5 ) .
These  i nc lude  s tanda rd  ana l y t i ca l  so lu t i ons ,  va r i ous
concep tua l  t echn iques  (eg  us ing  comp lex  va r i ab les )  and
e lec t r i ca l  o r  phys i ca l  ana logue  mode ls .  Howeve r ,  as
seen  ea r l i e r ,  mos t  f l ows  i n  coas ta l  s t ruc tu res  a re
beyond the laminar  domain.  Therefore such techniques
a re  gene ra l l y  i napp rop r i a te .  Fo r  t he  comp l i ca ted  and
uns teady  f l ow  found  i n  b reakwa te rs ,  numer i ca l  me thods
a re  v i t a l  and  the  two  techn iques  mosc  common ly  used
a re  the  f i n i t e  d i f f e rence  and  the  f i n i t e  e lemen t
rne thods .  Some app l i ca t i ons  o f  t hese  a re  desc r i bed
he re .  These  techn iques  do  no t  rep resen t  cu r ren t
s t a n d a r d  d e s i g n  p r a c t i c e .  I n s t e a d ,  t h e y  a r e  t s t a t e  o f
t he  a r t r  me thods  wh ich  have  been  app l i ed  t o  a  f ew
s t r u c t u r e s ,  m o s t  n o t a b l y  f o r  p o s t - f a i l u r e  a n a l y s i s .

l { cCorquoda le  (Re f  62 )  used  a  f i n i t e  e lemen t  app roach
to  p roduce  a  so lu t i on  f o r  two -d imens iona l  wave  mo t i on
in a s i rnple rockf i l l  embankment  wi th an impermeable
back  wa l l .  He  po in ted  to  t he  need  to  coup le  t he
s imu la t i on  o f  i n te rna l  f l ow  w i th  a  mode l  o f  ex te rna l
wave act ion.  He assumed that  the granular  medium \ ras
r i g i d ,  t h a t  t h e  v i r t u a l  m a s s  e f f e c t  w a s  n e g l i g i b l e ,
t ha t  t he  po re  wa te r  $ ras  i ncompress ib le  and  tha t  t he
i n e r E i a  w a s  s m a l l  ( t h o u g h  n o t  n e g l i g i b l e )  r e l a t i v e  t o
t h e  f r i c t i o n a l  r e s i s t a n c e .  I n  h i s  d e s c r i p t i o n  o f  t h e
m o d e l  h e  p o i n t e d  o u t  t h e  s u i t a b i l i t y  o f  t h e  f i n i r e
e lemen t  me thod  fo r  so l v i ng  p rob lems  i nvo l v i ng  a  f r ee
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sur face and expla ined the method for  determin ing the
f ree  su r face  a t  each  t ime  s tep .

More  recen t l y ,  I l annou ra  &  McCorquoda le  (ne fs  36 ,  63 )
and  Hannoura  &  Ba rends  (Re f  64 )  desc r i be  a  rhyb r i d '

mode l  us ing  a  f i n i t e  d i f f e rence  me thod  be tween  t ime
s teps  and  a  f i n i t e  e lemen t  t echn ique  to  de te rm ine  the
two-d imens iona l  p rope r t i es  o f  t he  f l ow  a t  any  i ns tan t .
Resu l t s  f r om the  f i n i t e  e lemen t  s tage  a re  used  to
upda te  va r i ab les  such  as  conduc t i v i t y  wh i ch  a re  t hen
dep th  ave raged  fo r  use  i n  t he  one -d imens iona l  f i n i t e
d i f f e rence  s tage .  Th i s  hyb r i d  me thod  g i ves  a
cons ide rab le  sav ing  i n  compu te r  t ime .  The  mode l
i n c l u d e s :

(a)  an inhomogeneous,  t rapezoidal  breakwater
(b )  t he  added  mass
(c )  i n f l uence  o f  en t ra ined  a i r  on  conduc t i v i t y
( d )  a  t u r b u l e n t - f l o w  f r i c c i o n  f o r c e

The  de fo rma t i on  o f  t he  g ranu la r  bed  i s  a l so
cons ide red ,  i n  t ha t  i t  i s  r ecogn i sed  tha t  po re
p ressu re  changes  l ead  to  a  change  i n  po ros i t y  ( v i a  a
s t r e s s - s t r a i n  l a w  a n d  a  s t r a i n - p o r o s i t y  r e l a t i o n s h i p )
wh ich  i n  t u rn  a f f ec t s  t he  conduc t i v i t y ,  wh i ch  a l t e r s
the  f l ow  and  hence  the  po re  p ressu res  -  comp le t i ng  t he
cyc le .  Howeve r ,  t he  equa t i ons  a re  s imp l i f i ed  by ,
assuming  tha t  t he  pa r t i c l es  have  neg l i g i b l e  ve loc i t y
and  i t  does  no t  appea r  t ha t  pa r t i c l e  acce le ra t i ons  a re
cons ide red  i n  t he  subsequen t  geo techn i caL  ana l ys i s .

A good deal  of  exper imenta l  work in  very large wave
f l umes  was  pe r fo rmed  to  de te rm ine  the  reg ion  a f f ec ted
by  en t ra ined  a i r  and  the  l i ke l y  reduc t i on  i n
conduc t i v i t y  t he re .  I t  was  aga in  acknow ledged  tha t  no
sa t i s fac to ry  me thod  ex i s t s  f o r  coup l i ng  i n te rna l  w i t h
external  f low,  but  f lume exper iments rdere per formed
w i th  measu remen t  o f  p ressu re  a long  the  seaward  face ,
to prov ide an input  boundary condi t ion.  The numer ical
model  was ver i f ied by more f lume exper iments and found
to  g i ve  sa t i s fac to ry  resu l t s  f o r  t he  f r ee  su r face
movement.  When appl ied to the Sines breakwater
fa i l u re  i n  Po r tuga l ,  t he  mode l  p roduced  a  sa fe t y
factor  2OZ Lover than had previously  been assumed.

B a r e n d s  ( R e f s  6 , 7 )  a n d  o t h e r s  ( R e f  1 8 )  d e s c r i b e  a
s im i l a r ,  i f  no t  t he  same,  hyb r i d  mode l  -  t he  HADEER
code  -  used  a t  De l f t  So i l  Mechan i cs  Labo raLo ry .  They
con f i rm  tha t  t he  ve loc i t y  o f  t he  g ranu la r  ske le ton  has
b e e n  a s s u m e d  t o  b e  n e g l i g i b l e ,  i . e .  u  ( (  v  a n d
th i s  a l l ows  the  p rob lem to  be  exp ressed  pu re l y  i n
t e r m s  o f  f l o w  w i t h  t h e  s u b s t i t u t i o n  q  =  n  ( y  -  g ) ,
wh i ch  i n  t u rn  a l l ows  the  gove rn ing  equa t i ons  to  be
exp ressed  i n  a  much  s imp le r  f o rm .  The  HADEER code
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comb ines  f i n i t e  d i f f e rence  and  f i n i t e  e lemen t  schemes
to  es t ima te  f l ow  and  p ressu re  reg imes  i n  t he  rubb le
mound  ma t r i x .  I n i t i a l l y  a  one -d imens iona l  f i n i t e
d i f f e rence  fo rmu la t i on  o f  t he  equa t i ons  o f  mo t i on  and
con t i nu i t y  i s  so l ved  Eo  de te rm ine  the  i ns tan taneous
ph rea t i c  su r face ,  assuming  tha t  t he  co re  l aye r  i s
imperv ious .  Second l y ,  a  f i n i t e  e lemen t  me thod  i s  used
to  ana l yse  the  f l ow  doma in  t h roughou t  t he  mound  a f t e r
a g iven number of  t ime increments.  The governing
porous f low equat ions (A32 and A34 in Appendix A)
i nco rpo ra te  emp i r i ca l  pa rame te rs  f o r  added  mass
coe f f i c i en t s ,  f r i c t i on  f ac to r  and  a i r  en t ra inmen t
fac to r l  t hese  have  been  es tab l i shed  f rom the  resu l t s
o f  hyd rau l i c  mode l  t es t i ng  i n  t he  De l ta  F lume  a t
De1 f t .  The  p rob lem o f  ob ta in ing  compa t i b l e  s ta r t i ng
condi t ions is  emphasised wi th the comment that  i t
wou ld  be  i dea l  t o  s ta r t  f r om in -s i t u  measu remen ts  (a
p rob lem fo r  des ign ) ,  f a i l i ng  wh i ch  one  i s  res t r i c ted
to  pe r fo rm ing  sens i t i v i t y  ana l yses .  Hannou ra  &
Barends  (Re f  64 )  a l t e rna t i ve l y  sugges t  s ta r t i ng  f r om
res t  and  then  app l y i ng  a  s t r i ng  o f  r egu la r  naves .

Su l i sz  (Re f  12 )  exan ines  l r ave  t ransm iss ion  and
re f l ec t i on  a t  an  i nhomogeneous  b reakwa te r ,  bu t  does  so
by  l ook ing  more  c lose l y  t han  o the rs  a t  t he  f l ow  i ns ide
the  s t ruc tu re .  He  assumes  i nv i sc id ,  i ncompress ib le
f l o w ,  a l s o  a  l i n e a r l y  v a r y i n g  f r i c t i o n  f o r c e  ( O a r c y )
and a r ig id medium. I l is  technique involves Ehe
boundary-e lement  method and g ives reasonable agreement
w i th  expe r imen t  f o r  wave  t ransmiss ion ,  bu t  poo re r
r e s u l t s  f o r  r e f l e c t i o n .

I t  is  noted by l lannoura & Barends (Ref  64)  that
phys i ca l  mode l l i ng  t echn iques  may  rema in  i nd i spensab le
for  thorough design of  breakwaters,  but  that  numer ical
methods provide a cheaper means of  test ing more
al ternat ives.  This rnay not  remain t rue where computer
t ime ,  and  cha rges ,  become a  s ign i f i can t  p ropo r t i on  o f
t he  to ta l  e f f o r t  r equ i red .

5 .5  Ma thena t i ca l
m o d e l l i n g  o f
s  t r uc  t u re

In  t he  fo rmu la t i on  o f  a  ma themat i ca l  mode l  f o r  t he
rubb le  mound ,  f ounda t i on ,  ou te r  l aye rs  and  c res t ,
seve ra l  op t i ons  a re  ava i l ab le .  These  may  be
summar i sed :

(a )  a  con t i nuum w i th  app rop r i a te  pa rame te rs  de r i ved
f r o m  p h y s i c a l  t e s t s l

( b )  a  pa r t i cu la te  assemb lage  w i th  i n te r face  pa rame te rs
d e r i v e d  f r o m  p h y s i c a l  t e s t s l
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( c )  a  comb ina t i on  o f  ( a )  and  (U )  w i rh  es tab l i shed
geo techn i ca l  p rocedu res  to  asses  the  va r i ous  modes
o f  behav iou r ,  eg  r i , g i d , l p l as t i c  s l i p  su r face
a n a l y s e s l  t o g e t h e r  w i t h  e l a s t i c  s e t t l e m e n t
c a l c u l a t i o n s .

I n  a l l  o f  t hese  op t i ons  t he re  i s  an  assumpt ion  tha t
the  po re  p ressu re  reg ime  i s  f u l l y  desc r i bed  f rom
cons ide ra t i on  o f  t he  wave  and  subsequen t  f l ow
cond i t i ons .  T t re  t h i r d  op t i on  wou ld  make  ex tens i ve  use
o f  ex i s t i ng  so i l  and  rock  mechan i cs  p rac t i ce .  Ba rends
(Re f  7 )  has  adop ted  Eh i s  app roach  w i rh  respec t  ro  t he
u s e  o f  s l o p e  s t a b i l i t y  a n a l y s i s  o f  t h e  r u b b l e  m o u n d ,
and i t  is  the approach advocated in the CIAD report
( R e f  1 8 ) .

The  phys i ca l  and  geomet r i c  s i n i l a r i t y  be tween  rock f i l l
(embankment)  dams and breakwaters would suggest  that
much  o f  t he  expe r t i se  i n  t ha t  f i e l d  m igh t  be  app l i ed
use fu l l y ,  he re .  Some o f  t he  more  re levan t  and  ma jo r
areas of  work are therefore summarised below. Seed
(Ref  76)  has rev iewed the progress made in the
development  of  an improved understanding of  the
seismic behaviour  of  ear th and rockf i l l  dasrs becween
1969  and  1979 .  l l e  conc ludes  tha t ,  a l chough  much  fa i t h
may  be  impar ted  i n  t he  resu l t s  o f  a  good  ana l ys i s ,  i n
the  f i na l  assessmen t  i t  i s  t he  - i udgemen t  o f
expe r i enced  eng inee rs  t ha t  i s  o i  ove r - r i d i ng
importance.  Sarma & Barbose (Ref  73)  have more
recen t l y  i nves t i ga ted  the  use  o f  a  t r do  wedge  s l i d i ng
mode l  i n  t he  de te rm ina t i on  o f  t he  se i sm ic  s tab i l i t y  o f
rock f i l l  dams  w i th  cen t ra l  c l ay  co res .  T t rey  Eoo
conc lude  tha t  no  ma t te r  how good  the  ana l ys i s ,  t he
unce r ta in t i es  i nvo l ved  i n  t he  assessmen t  o f  t he
governing var iables may a lways prove to be the
l i m i t i n g  f a c t o r .

Jaeger (Ref  74)  in  the e leventh Rankine Lecture
cons ide red  i n  de ta i l  t he  eva lua t i on  o f  t he  f r i c t i on
cha rac te r i s t i cs  o f  r ocks  and  the  s tab i l i t y  o f  r ock
s l o p e s .  H e  h i g h l i g h t s  t h e  d i f f i c u l r i e s  i n  t h e
de te rm ina t i on  o f  t he  gove rn ing  c r i t e r i a .  T t r i s  i s  ye t
ano the r  man i fes ta t i on  o f  t he  unce r ta in t i es  i n  t he
de f i n i t i on  o f  t he  mode l  and  the  i npu t  pa rame te rs .

De Mel lo (Ref  75)  in  the seventeenth Rankine l_ecrure
has  re f l ec ted  upon  the  p rac t i ca l  s i gn i f i cance  o f
des ign  dec i s i ons  i n  t he  con tex t  o f  embankmen t  dams .
Many of  h is  cooments may be re levant  in  the context  of
rubb le  mound  b reakwa te rs .  I n  pa r t i cu la r  he  sugges ts
t h a t  e n g i n e e r s  b e g i n  t o  d e v e l o p  S a t i s f a c t i o n  I n d i c e s
w i th  respecc  to  ave rage  behav iou r  ra the r  t han  the  use
o f  i n t a n g i b l e  f a c t o r s  o f  s a f e t y  w i t h  r e s p e c t  t o
ca tas t rophe .  Th i s  i s  ve ry  s im i l a r  t o  t he  a rgumencs
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advanced  i n  Sec t i on  2 .3 .  I n  p robab i l i s t i c  des ign
methods  the  t rue  r i sk  o f  f a i l u re  i s  assessed  f rom the
comb ina t i on  o r  ove r l ap  o f  t he  p robab i l i t y  dens i t y
func t i ons  f o r  s t reng th  and  l oad ing .  Th i s  has  been
compared  w i th  t he  use  o f  a  s i ng le  ex t reme  case ,
d e t e r m i n i s t i c  d e s i g n .

T h e s e  r e f e r e n c e s  i l l u s t r a t e  t h e  d i f f i c u l t i e s
assoc ia ted  w i th  rock f i l l  dam des ign .  Howeve r ,  i n  none
o f  chese  s i t ua t i ons  i s  t he  resea rche r /des igne r  f aced
wi th the h ighly  turbulent  \ rater  f low and impact
l oad ing  assoc ia ted  w i th  b reakwa te rs .  IE  wou ld  f o l l ow
the re fo re  t ha t  t he  a l l i ed  resea rch  i n to  rock f i l l  dams
is  l i ke l y  t o  be  o f  mos t  re levance  i n  t he  de f i n i t i on  o f
some  o f  t he  i npu t  va r i ab les ,  such  as  ea r thquake
magn i tude  and  spec t ra ,  and  the  bas i c  ma te r i a l
c h a r i a c t e r i s t i c s .

Three fur ther  examples may be g iven.  Char les & Soares
( R e f  7 7 )  n o t e d  t h a t  i n  t h e  s l o p e  s t a b i l i t y  a n a l y s i s  o f
compacted rockf i l ls  i t  was important  to  take account
o f  t he  s i gn i f i can t  cu rva tu re  o f  t he  Mohr  f a i l u re
enve lope  a t  l ow  and  med ium s t ress  l eve l s .  Va l s ted  &
S t rom (Re f  78 )  d i scuss  an  i nves t i ga t i on  i n to  t he
mechan ica l  p rope r t i es  o f  r ock f i l l  f o r  t he  Swar tevann
Dam.  Gr i vas  &  Har r  (Re f  79 )  have  desc r i bed
expe r imen ts  i n  wh i ch  po ros i t y  and  pa r t i c l e  con tac t
have  been  i nves t . i ga ted .

As  s ta ted  ea r l . i e r ,  t he  ma themat i ca l  mode l l i ng  o f  t he
structure may be approached f rom two points of  v iew.
F i r s t l y ,  t he  b reakwa te r  may  be  t rea ted  as  a  con t i nuum
exh ib i t i ng  some  fo rm o f  e las to -p las t i c  behav iou r ;  o r
secondly,  the assumpt ion uay be made that  the
breakwater  is  composed of  d iscont inua whose behaviour
i s  c o n t r o l l e d  b y  t h e  p a r t i c l e  t o  p a r t i c l e  c o n t a c t .
Both of  these approaches are of  mer i t  and i t  rnay wel l
be that  the best  so lut ion would be some form of  hybr id
mode l .  T t re  re levance  o f  e i t he r  mode l  w i l l  depend  to  a
large extent  upon the re lat ive scale of  the indiv iduatr
pa r t i c l e  s i ze  t o  t ha t  o f  t he  co rnp le te  s t ruc tu re ,  and
a l so  upon  the  de te rm ina t i on  o f  t he  necessa ry  ma te r i a l
cons tan ts  t o  enab le  t he  behav iou r  t o  be  quan t i f i ed .

Much  work  ex i s t s  i n  t he  l i t e ra tu re  on  the  app l i ca t i on
o f  f i n i t e  e lemen t  t echn iques  to  t he  behav iou r  o f  so i l
con t i nua ,  Chan  (Re f  80 ) .  Mroz  e t  a l  (Re f  81 )  have
e x t e n d e d  t h e  a n a l y s i s  o f  t h e  e l a s t o - p l a s t i c
de fo rma t i on  o f  so i l s  t o  t ake  accoun t  o f  an i so t rop i c
ha rden ing ,  wh i ch  may  be  impor tan t  whe re  cyc l i c  l oad ing
due to wave act ion may induce accumulat ion of  $rater
p ressu res  and  changes  i n  so i l  p rope r t i es .
L ique fac t i on  and  rhe  e f f ec t s  o f  cyc l i c  deg rada t i oo  a re
d e a l t  w i r h  i n  a  s e p a r a t e  r e p o r t ,  M r o z  e E  a l ,  ( R e f  8 2 ) .
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Smi th  &  Hobbs  (Re f  83 )  have  used  the  i n i t i a l  s t ress
f i n i t e  e lemen t  me thod  i n  t he  ana l ys i s  o f  t he  sho r t
t e rm  s t . ab i l i t y  ( i e  when  much  o f  t he  s l ope  rema ins
und ra ined )  and  made  compar i son  w i th  resu l t s  ob ta ined
f rom cen t r i f uge  tes t s  on  sca le  mode ls .  S rn i t h  (Re f  g4 )
provides more background inforrnat ion on the use of
t h i s  t e c h n i q u e .  C h r i s t i a n  e t  a 1  ( R e f  8 5 )  i l l u s r r a t e
the  use  o f  an  i nc remen ta l  p l as t i c i t y  app roach  to  t he
ana l ys i s  o f  so i l  behav iou r  and  compare  resu l t s
ob ta ined  on  the  bas i s  o f  seve ra l  d i f f e ren t
c o n s t i t u t i v e  r e l a t i o n s h i p s .  R e c e n t l y  N a y l o r ,
Z ienk iew icz  e t  a l  and  Z ienk iew icz  &  pande  have  app l i ed
the  concep t  o f  t ens i l e  and  shea r  l im i t s  i n  t he
a n a l y s i s  o f  r o c k  m a s s e s ,  ( R e f s  8 6 - 8 8 ) .  I n  a l l  o f
t hese  re fe rences  the  emphas i s  i s  on  the  deve lopmen t  o f
t he  pa r t i cu la r  ma theoa t i ca l  mode l  and  the  assoc ia ted
compu ta t i ona l  and  numer i ca l  t echn iques ,  w i t h  l i t t l e
c r i t i ca l  compar i son  w ich  phys i ca l  o r  o the r
ma themat i ca l  mode ls .  I n  con t ras t  Ca th ie  &  Dungar  (Re f
89 )  have  emp loyed  seve ra l  d i f f e ren t  cons t i t u t i ve
re la t i onsh ips  i n  t he  ana l ys i s  o f  t he  L l yn  B ramme Dam,
a  rock f i l l  dam w i th  a  cen t ra l  c l ay  co re .  When
compar ison rdas made wi th observed deformat ions i t  was
found  tha t ,  a l t hough  none  o f  t he  ana l yses  gave
e n t i r e l y  s a t i s f a c t o r y  p r e d i c t i o n s ,  t h e  b e s t  o v e r  a l l
r e s u l t s  w e r e  o b t a i n e d  f r o m  a  s i m p l e  e l a s t i c  a n a l y s i s .
Mar t i n  (Re f  91 )  a l so  ob ta ined  use fu l  r esu l t s  f r om an
e las t i c ,  t h ree -d imens iona l  ana l ys i s  o f  t he  S to rvass
r o c k f i l l  d a n .

A more recent  development  in  numer ical  analys is
techniques is  the boundary e lement  method (or  boundary
integra l  equat ion rnethod) in  which the equat ions are
concentrated on the boundary of  the domain,  resul t ing
in a reduct ion in  the number of  unknowns.  Oaner jee I
Mus toe  (Re f  92 )  have  app l i ed  t he  techn ique  ro  some
s i n p l e  e l a s t o - p 1 a 6 t i c  p r o b l e m s .  C a t h i e  ( R e f  9 3 )  h a s
developed the approach fur ther  and has g iven
cons ide ra t i on  t o  t he  e f f i c i ency  o f  t he  me thod  i n
compar i son  w i th  f i n i t e  e lemen t  so lu t i ons  f o r  p rob lems
i n  e l a s t o - p l a s t i c i t y ;  h e  c o n c l u d e s  t h a t  t h e  t w o
techn iques  exh ib i t  b road l y  s i n i l a r  pe r fo rmances .
I {owever,  Wood (Ref  94)  has shown a considerable
inc rease  i n  compu ta t i ona l  e f f i c i ency  i n  respec t  o f  t he
th ree -d imens iona l  mode l l i ng  o f  a  l i nea r -e las t i c
founda t i on .  Th i s  i s  no t  an  unexpec ted  resu l t  whe re
some of  the boundar ies of  the problem extend to
i n f i n i t y ,  a n d  t h e  m a c e r i a l  b e h a v i o u r  i s  t a k e n  a s
e l a s t i c .  S u c h  a  m e t h o d  m a y  l e n d  i t s e l f  t o  t h e
m o d e l l i n g  o f  t h e  s u p p o r t i n g  s e a  b e d .

T h e  t h e o r e t i c a l  b e h a v i o u r  o f  s a t u r a t e d ,  p o r o - e l a s t i c
m e d i a  w a s  f i r s r  f o r m u l a t e d  b y  B i o t  ( R e f s  9 5 r  9 6 ) .
Z ienk iew icz  e t  a l  (Re f  97 )  have  examined  the  ranqe  o f
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va l i d i t y  o f  seve ra l  s imp l i f y i ng  assumpt ions  i n  o rde r
to  reduce  the  compu ta t i ona l  e f f o r t  i nvo l ved  i n  t he
s o l u t i o n .  M e i  &  F o d a  ( R e f  9 8 )  h a v e  u s e d  B i o t ' s
equa t i ons  i n  t he  s tudy  o f  wave  i nduced  s t resses  a round
a  p ipe l i ne  l a i d  on  the  sea  bed .  Cheung  &  Tham (Re f

99 )  have  p roduced  a  numer i ca l  so lu t i on  ( f i n i t e  l aye r ,
s t r i p  me thod )  f o r  t he  conso l i da t i on  o f  l aye red  so i l s
based  upon  B io t r s  so lu t i on .  A11  o f  t he  above
con t i nuum mode ls  a re  o f  d i r ec t  r e l evance  to  t he  sea
bed on which the breakwater  is  founded but  i . t  is  less
c l e a r ,  a t  t h e  m o m e n t ,  a s  t o  t h e i r  a p p l i c a b i l i t y  t o  t h e
ana l ys i s  o f  che  behav iou r  o f  t he  rubb le  mound  i t se l f .
l ' lodels based upon d iscont inua may be more appropr iate.

P roc to r  &  Ba r ton  (Re f  100 )  p rov ide  a  use fu l  l i s t  o f
t he  resu l t s  o f  measu remen t  o f  t he  ang le  o f
i n te rpa r t i c l e  f r i c t i on  cove r i ng  a  w ide  range  o f
d i s s i m i l a r  m a t e r i a l s .  Z i e n k i e w i c z  e t  a l ,  G h a b o u s s i  e t
aI ,  Chugh,  Pande & Sharma and,  Ingraf fen & I lenze have
a l l  i nves t i ga ted  the  mode l l i ng  o f  j o i n ted  rock  masses
(Re fs  101 -105 ) .  Cunda l l  &  S t rack  (Re f  106 )  have
p resen ted  a  d i s t i nc t  e l emen t  mode l  desc r i b i ng  the
mechan ica l  behav iou r  o f  assemb l i es  o f  d i scs  and
sphe res .  Compu ted  resu l t s  a re  compared  w i th  t hose
ob ta ined  f rom pho toe las t i c  ana l ys i s  and  i t  i s
conc luded  tha t  t he  me thod  i s  a  va l i d  t oo l  f o r  r esea rch
in to  t he  behav iou r  o f  g ranu la r  assemb l i es .  Tho rn ton
(Ae t  107 )  has  deve loped  a  gene ra l  so lu t i on  f o r  t he
strength of  a face centred cubic at tay of  uni form
r ig id  sphe res .  The  work  i s  an  ex tens ion  o f  t he
ea r l i e r  wo rk  o f  Renn ie  and  Row,  (Re fs  108 ,  109 )  and
the resul ts  may be representat ive of  the behaviour  of
dense  sand .  T ro l l ope  &  Bu rman  (Re f  110 )  desc r i be  t he
deve lopmen t  o f  numer i ca l  mode l  f o r  d i scon t i nua  ca1 led
the  d i sc re te  s t i f f ness  mode l .  Th i s  me thod  pe rm i t s  t he
eva lua t i on  o f  s t ra in  and  d i sp lacemen t  pa t te rns  f o r
d iscont inua and shows good agreement  wi th exper iment .

The  i nhe ren t  f l ex ib i l i t y  o f  t he  f i n i t e  e lemen t  me thod
lends  i t se l f  t o  t he  mode l l i ng  o f  t he  rubb le  mound ,  t he
unde r l y i ng  f ounda t i on  and  the  f i l t e r  l aye rs  e t c .
t lowever,  th is  presupposes that  the necessary
pa rame te rs  t o  f u l l y  de f i ne  t he  cons t i t u t i ve
re la t i onsh ips  a re  ava i l ab le .  The re  i s  some  ev idence
tha t  s i np le  l i nea r  e las t i c  mode ls  may  p rov ide  re l i ab le
p red i c t i ons  o f  i n - se rv i ce  de fo rma t i ons l  bu t  some  fo rm
o f  e l a s t o - p l a s t i c  m o d e l  w i l l  b e  e s s e n t i a l  i n  o r d e r  t o
p red i c t  f a i l u re .  Bea r i ng  i n  rn ind  the  l a rge
pa r t i cu la te  na tu re  o f  t he  rubb le  mound  i t se l f  t he
d i scon t i nua  mode ls  may  show more  p rom ise  than  the  more
conven t i ona l  con t i nua  i dea l i sa t i ons .
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6 . 1

PRESENT STATE OF
DESIGN EXPERTISE

In t roduc t ion

6 . 2  S i m p l e  d e s i g n
procedure s

The  range  i n  t he  l eve l  o f  soph i s t i ca t i on  o f  p resen t
des ign  me thods  fo r  l a rge  rubb le  mounds  i s  ex t reme ly
w ide ,  poss ib l y  much  more  so  than  i n  mos t  o the r  a reas
o f  e n g i n e e r i n g  e x p e r t i s e .  A t  i t s  s i . m p l e s t ,  t h e  d e s i g n
of  the rubble mound may be conf ined to the use of  some
q u a l i t a t i v e  d e s c r i p t i o n s  o f  a l l o w a b l e  r o c k  s i z e s ,
ma in l y  res t r i c t i ons  on  the  i nco rpo ra t i on  o f  ' r f i nes r r .

S i d e  s l o p e s  a r e  s e t  p r i n c i p a l l y  b y  t h e  s t a b l e  s l o p e  o f
t he  se lec ted  a rmour  l aye r ,  i n  t u rn  de r i ved  f rom
emp i r i ca l  f o rmu lae ,  o r  even  t r l oca l  p rac t i ce t r .  Ve ry
few  va lues  o f  t he  ma ia  s t reng th  o r  f l ow  pa rame te rs
w i l l  be  known  to  t he  des igne r ,  and  those  used  fo r
des ign  pu rposes  w i l l  p robab l y  have  been  es t ima ted  f rom
sma l l  sca le  s tud ies  on l y .  A t  i t s  mos t  comp lex ,  t he
des ign  me thod  a r i gh t  i nco rpo ra te  advanced  hyb r i d  f i n i t e
elernent /d i f ference numer ical  models such as the HADEER
code  summar i sed  i n  sec t i - on  4 .4  above .  I ^ I i t h i n  t h i s
w ide  range ,  t h ree  l eve l s  o f  soph i s t i ca t i on  may  be
i d e n t  i  f i  e d .

The  mos t  common ly  used  des ign  gu idance  fo r  rubb le
sc ruc tu res ,  i nc lud ing  b reakwa te r ,  i s  g i ven  by  t he  US
Army  Sho re  P ro tec t i on  Manua l  (Re f  17 ) .  The  SpM
con f i nes  i t se l f  t o  a  f ew  s imp le  ru les  on  the  s i z i ng  o f
co re  ma te r i a l ,  p r imar i l y  as  a  p ropo r t i on  o f  t he  a rmour
un i t  s i ze .  No  ca l cu la t i ons  o f  mound  geo techn i ca l
s t a b i l i t y  a r e  d e s c r i b e d ,  t h e  o n l y  s l o p e  s t a b i l i t y
ca l cu la t i ons  be ing  those  fo r  conven t i ona l  so i l s  beh ind
a  r e t a i n i n g  w a l 1 .

In the UK work is  proceeding on par ts  of  BS 6349,  parr

1 of  which is  undergoing rev is ion,  and Part  7 cover ing
the  des ign  o f  b reakwa te rs  i s  unde r  ac t i ve
cons ide ra t i on .  I n  none  o f  t hese  de te rm in i s t i c -based
manua ls  a re  me thods  desc r i bed  a l l ow ing  the
quan t i f i caE ion  o f  f l ow  th rough  the  po rous  ma t r i x ,  no r
the  de te rm ina t i on  o f  i t s  e f f ec t s  on  the  mound
s t a b i l i t y .

Recen t l y ,  Hedges  (Re f  39 )  has  rev iewed  and  summar i sed
the var ious demands made upon the under layers and core
o r  rubb le  s t ruc tu res ,  bo th  i n  se rv i ce ,  and  du r i ng  the
cons t ruc t i on  pe r i od .  The  needs  fo r  a  pa rc i cu la r  l aye r
to  o f f e r  suppo r t  t o  t he  l aye r  above  i t ,  and  p ro tec t i on
t o  t h a t  b e l o w  i t ,  a r e  d i s c u s s e d .  H a l e s  ( R e f  1 1 7 )
d e s c r i b e s  t h e  f i l t e r i n g  a n d  s e p a r a t i n g  f u n c t i o n s  o f
unde r l aye rs  i n  rubb le  cons t ruc t i on .  Bo th  Hedges  and
Ha les  rem ind  the  des igne r  t ha t  an  unde r l aye r  ac t i ng  as
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a  f i l t e r  mus t  be  many  t imes  more  pe rv ious  than  the
laye r  benea th  i t ,  i n  o rde r  t o  a l l ow  d ra inage  f l ow .
Fu r the r ,  t he  f i l t e r  mus t  be  o f  such  a  g rada t i on  t ha t
t h e  b a s e  m a t e r i a l .  i s  r e t a i n e d .  T h e  d e s i g n  r u l e s  f o r
g ranu la r  f i l t e r s  as  g i ven  by  l l edges  (ReF  39 )  and  l l a l es
(ne f  117 )  may  be  summar i sed : -

Drs f /Dssb  <  5

4  <D , r f lO ru t  <20

D sof  /D sob < 25

A more  seve re  c r i t e r i on  i s  sugges ted  by  de  Graauw e t
a l  (Re f  118 )  who  p resen t  resu l t s  and  conc lus ions  o f
f undamen ta l  wo rk  on  f l ow  a long  and  ac ross  co re / f i l t e r
i n t e r f a c e i : u n d e r  b o t h  s t e a d y  a n d  c y c l i c  f 1 o w .  T e s t s
w i th  coa rse  sands  unde i ' eyc l i c  f l ows  a t  pe r i ods  a round
1 0  s e c o n d s  ( c l o s e  t o  m a n y  p r o t o t y p e  s i t u a t i o n s ) ,
revea led  tha t  t he  c r i t i ca l  hyd rau l i c  g rad ien ts  f o r  t he
onse t  o f  sand  t ranspo r t  t h rough  the  f i l t e r  unde r
cyc l i c  cond i t i ons  a re  subs tan t i a l l y  l ower  t han  fo r  t he
s t e a d y  f l o w  s i t u a t i o n .  F o r  a  s a f e  d e s i g n ,  i t  i s
recommended  tha t  t he  ra t i o  D50 f /D5Ob  shou ld  no t  exceed
2  o r  3  i n  t he  case  o f  s t rong  cyc l f c  f l ow .
Van  Oorscho t  (Re f  119 )  d i scusses  the  work  o f  de  Graauw
e t  a l  a n d  a l s o  c o n c l u d e s  t h a t  a  s a f e  d e s i g n  r u l e .  i s : -

Dso f /Dsob  <  3

t h i s  i m p l i e s  a  r e l a t i v e
than around 25  to  301 a

by the armour/underlayer of

Some s imp l i f i ed  mode ls  o f  f l ow  th rough  po rous
b reakwa te rs  have  been  desc r i bed  ea r l i e r ,  p r i nc ipa l l y
i n  sec t i ons  3 .2 -3 ,  a r . d  5 .4 .  S imp le  numer i ca l  mode ls
for  the est imat ion of  the t ransmiss ion of  rdave energy
have  been  p resen ted  by  Madsen  &  Wh i te ,  See l i g ,  Masse l
&  Bu towsk i ,  Su l i sz ,  and  Madsen  and  co -au tho rs  (ne fs
9 -L2 ,  22 -27> .  Wh i l s t  such  me thods  o f t en  i nvo l ve
cons ide rab le  s imp l i f i ca t i ons  i n  t he  desc r i p t i on  o f
f l ow  th rough  a  po rous  ma t r i x ,  i t  i s  f e l t  t ha t  such
methods may permiE the est i rnat ion of  wave energy
t ransmiss ion  w i th  accep tab le  accu racy .

The  mos t  soph i s t i ca ted  me thods  ava i l ab le  a re  t hose
d e s c r i b e d  i n  o u t l i n e  b y  B a r e n d s  ( R e f  7 ) .  T h i s
numer i ca l  mode l l i ng  me thod  may  be  rega rded  as
app roach ing  the  t rans i t i on  f r om an  advanced  resea rch
m e E h o d  t o  a  s o p h i s t i c a t e d  d e s i g n  t o o l .  I E s  u s e ,
h o w e v e r ,  w i l l  b e  v e r y  m u c h  r e s t r i c t e d  b y  i t s
a v a i l a b i l i t y  a t  f e w ,  p o s s i b l y  o n l y  a  s i n g l e ,  r e s e a r c h

Vaa Oorshot  points out  that
w e i g h t  r a t i o  W q n f / D " n b  l e s s
ra t i o  o f t en  we i f  sa r " f s f i ed
many breakwaters.

2 7



CONCLT'SIONS

c e n t r e .  I t  i s  a l s o  c l e a r  t h a t  t h e  u s e  o f  s u c h  a
comp lex  numer i ca l  app roach  w i l I  r equ i re  g rea t  ca re  i n
the  spec i f y i ng  o f  t he  i npu t  va r i ab les  t o  ensu re
r e a l i s r i c  r e s u . l t s .  V e r y  l i t t l e  d e t a i l e d  i n f o r r n a t i o n
has  been  pub l i shed  on  the  de r i va t i on  o f  va lues  fo r
these  i npu t  va r i ab les .  The  l eve l  o f  sk i l l  and
expe r i ence  needed  to  run  the  rnode l  w i l l  i t se l f  l im i t
t he  use  o f  such  techn iques  fo r  rou t i ne  des ign .

I t  i s  c l ea r  f r om the  l i t e ra tu re  rev iew  tha t  Ehe re
e x i s t s  a  p a u c i t y  o f  v a l i d a t e d  d e s i g n  p r o c e d u r e s  f o r
rubb le  mound  b reakwa te rs .  Fou r  ma in  l i nes  o f  ac t i on
have  been  i den t i f i ed  as  necessa ry  i n  o rde r  t o  advance
our knowledge and conf idence in the design of  such
s t r u c t u r e s .

F i r s t ,  be r te r  de f i n i t i on  o f  t he  f undamen ta l  ma te r i a l
pa rame te rs  i s  requ i red .  A t  p resen t  much  o f  t he  des ign
p rocedu re  re l i es  on  emp i r i ca l  f acEors  based  upon
expe r i ence .  I n  o rde r  f o r  t h i s  t o  change  i t  w i l l  be
necessa ry  t o  pe r fo rm labo ra to ry  t es t s  on  rea l i s t i ca l l y
s i zed  ma te r i a l  t o  de te rm ine  rea l  va lues  o f  po ros i t y ,
p e r m e a b i l i t y ,  s t i f f n e s s ,  s h e a r  s t r e n g t h  a n d  s o  o n .

Second l y ,  w i t h i n  t he  f l ow  desc r i p t i on  a  number  o f
l im i t a t i ons  have  been  i den t i f i ed .

Th i rd l y ,  advances  i n  numer i ca l  mode l l i ng  t echn iques
s u g g e s t  t h a t  p r o v i d e d  r e a l i s t i c  a s s e s s m e n t s  o f
ma te r i a l  p rope r t i es  a re  ava i l ab le  t hen  p red i c t i on  o f
behav iou r  w i t h i n  no rma l  con f i dence  l im i t s  shou ld  be
poss ib le .  The  i n te rac t i on  o f  t he  rubb le  rnound  w i th
the  sea ,  and  Ehe  sea  bed ,  a rmour  and  any  i n - f i l l  on
the  l andward  s ide  mus t  f o rm  an  essen t i a l  f ea tu re  o f
any  des ign  and  ana l ys i s  app roach .  The  use  o f
c l ass i ca l  geo techn i ca l  p rocesses  shou ld  no t  be  i gno red
bu t  e f f o r t  shou ld  be  concen t ra ted  upon  ana l ys i s  o f  t he
co re  e i t he r  as  a  quas i - con t i nuum o r  poss ib l y  as
d i scon t i nua .  O f  t he  ava i l ab le  numer i ca l  t echn iques
the  f i n i t e  e lemen t  me thod  p robab l y  l ends  i t se l f  bes t
t o  t he  so lu t i on  o f  such  mu l t i -ma te r i a l ,  non - l i nea r
p r o b l e m s .

Fou r th ,  t he  use  o f  phys i ca l  mode ls  i n  o rde r  t o
v a l i d a t e  t h e  n u m e r i c a l / a n a l y t i c a l  m e t h o d s  i s
essen t i a l .  I n  o rde r  co  ob ta in  con f i dence  i n  t he
resu l t s  f r om the  phys i ca l  mode ls  much  a t t en t i on  mus t
be  focused  upon  the  ve r i f i ca t i on  and  deve lopmen t  o f
s u i t a b l e  i n s t r u m e n t a t i o n .  S u c h  i n s t r u m e n t a t i o n  w i l l
be  requ i red  to  measu re  wave  l oad ings ,  po re  wa te r  and
ea r th  p ressu res ,  ho r i zon ta l  and  ve r t i ca l  movemen t  o f
t he  co re  and  founda t i on  and  so  on .  The  ab i l i t y  o f  t he
ins t rumen ts  t o  f unc t i on  unde r  t he  ha rsh  cond i t i ons  i n
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t h e  f i e l d  w i l l  b e  e s s e n t i a l  i n  t h e  r e a l i s a t i o n  o f  t h e
longe r  t e rm  ob jec t i ve  o f  p ro to t ype  measu remen ts .  Fo r
t h e  f u 1 1  s c a l e  m o d e l s  p r e c i s e  s u r v e y i n g  ( i n c l u d i n g
ae r i a l  and  unde rwa te r )  w i l l  be  an  impor tan t  means  o f
ob ta in ing  l ong  te rm pe r fo rmance  reco rds  w i th  respec t
to  d i sp lacemen ts .  I ^ l h i l s t  t he  u l t ima te  a im  mus t  be  the
pe r fo rmance  mon i to r i ng  o f  an  i ns t rumen ted  l a rqe  o r
fu l1  sca le  rubb le  mound  b reakwa te r ,  t he  re levance  o f
s m a l l e r  s c a l e  f l u m e  m o d e l s  i n  o r d e r  t o  c h a r a c t e r i s e
f l o w  c o n d i t i o n s ,  a n d  p o s s i b l y  c e n t r i f u g e  m o d e l s ,  f o r
t he  i nves t i ga t i on  o f  s t ruc tu ra l  s tab i l i t y  shou ld  no t
b e  d i s c o u n t e d .

In  conc lus ion ,  i t  i s  f e l t  t ha t  a  f ou r  p ronged  a t t ack
i s  requ i red  cove r i ng  the  de te rm ina t i on  o f  ma te r i a l
c o n s t a n t s ,  t h e  b e t t e r  d e f i n i t i o n  o f  f l o w s  a n d
p ressu res  t he  deve lopmen t  o f  numer i ca l / ana l y t i ca l
des ign  too l s  and  the  improvemen t  o f  phys i ca l  mode l
i ns t rumen ta t i on .  Th i s  w i l l  cu l rn ina te  i n  seve ra l  l a rge
o r  f u l l  s c a l e  f i e l d  t r i a l s  i n  o r d e r  t o  v a l i d a t e  t h e
p roposed  p rocedu res ,  and  i t  i s  hoped  th i s  wou ld  y i e l d
immense gains in  conf idence and hence economy in
future rubble mound breakwater  desiens.

Th i s  repo r t  summar i ses  t he  f i nd ings  o f  a  l i t e ra tu re
review conducted by members of  the Coasta l  Engineer ing
Group of  the Mar i t ime Department  of  l lydraul ics
Research L imi ted.  Dr  L A Wood of  South Bank
Po ly techn i c  w ro te  t he  geo techn i ca l  sec t i on .
M A French wrote Appendix A and,  together  wi th
N  W H  A l l sop  and  S  S  L  He t t i a rachch i ,  conduc ted  the
l i t e ra tu re  rev iew  o f  hyd rodynami . c  p rocesses .
R  V  S tephens  rev i sed  and  ex tended  sec t i ons  o f  t he
r e p o r t .
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NOMENCLATURE
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c  I ,  c  2  E m p i r i c a l  f l o w  c o e f f i c i e n t s
Co  Drag  coe f f i c i en t
CM Added  mass  coe f f i c i en t
Cyy  V i r t ua l  mass  coe f f i c i enL
d  C h a r a c t e r i s t i c  p a r t i c l e  s i z e
D t o  P a r t i c l e  d i a m e t e r  s u c h  t h a t  1 0 2  ( b y  w e i g h t )  o f  t h e  s a m p l e  c o n s i s t s

o f  p a r t i c l e s  h a v i n g  a  s m a l l e r  n o m i n a l  d i a m e t e r  ( s i m i l a r l y  D l 5 ,
D  5 o r  e t c )

e  Vo id  ra t i o
f o ,  f ,  S u r f a c e  r o u g h n e s s  c o e f f i c i e n t s
F Force
g  Grav i t y
I  l l yd rau l i c  g rad ien t
K  Hyd rau l i c  conduc t i v i t y
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m 2  E f f e c t i v e  p o r o s i t y
n  V o l u m e t r i c  p o r o s i t y
n r  C r o s s  s e c t i o n a l  p o r o s i t y
o 1 r  n ,  E m p i r i c a l  c o n s t a n t s
N I ,  N 2  E m p i r i c a l  c o n s t a n t s
P  Po re  p ressu re
P s  S p e c i f i c  p r e s s u r e
q  F l o w  r a t e
R  E m p i r i c a l  c o n s t a n t  r e l a t i n g  0  t o  S  b a s e d  u p o n  a n g u l a r i t y ,

po ros i t y  and  sou rce
R  R e s i s t a n c e  f o r c e
Re Reynolds number
s  Pa rE i c l e  shape  pa rame te r
S  R o c k  s t i f f n e s s
T  Ine r t i a  f o r ce
u  Ve loc i t y  o f  g ranu la r  ma te r i a l  i n  t he  po rous  ma t r i x
v  l . l a te r  pa r t i c l e  ve loc i t y
Z  Ye r t i ca l  o rd ina te
q .  A i r  f r ac t i on

$ r  Po  Coe f f i c i en t s  desc r i b i ng  l am ina r  and  tu rbu len t  componen ts  o f  f l ow
fo r  t he  Enge lund  equa t i on

B '  Compos i t e  compress ib i l i t y
e  Vo lume t r i c  s t ra in
e  Ang le  be tween  ho r i zon ta l  and  d i rec t i on  o f  wa te r  f l ux
F t  Dynamic  v i scos i t y
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v  K i n e m a t i c  v i s c o s i t y
p  D e n s i t y
op  Mean  no rma l  s t ress
d r  To ta l  no rma l  s t ress
q l r  E f f e c t i v e  s t r e s s
r  S h e a r  s t r e s s
0  P iezomet r i c  head

0  T r u e  a n g l e  o f  i n E e r n a l  f r i c t i o n
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APPENDIX A

DETAILED DESCRIPTIONS OF FLO[{ IN POROUS MEDIA

A1.1 Sinpl i f ied f low The movement of  r { rater  through a porous medium is  best
equa t i ons  desc r i bed  i n  t e rms  o f  an  equ i l i b r i um o f  f o r ces .  I n

the  s imp le  case  o f  s teady  f l ow ,  t he  d r i v i ng  f o r ce  i s
i n  equ i l i b r i um w i th  a  res i s tance  fo rce  gene ra ted  by
internal  f r ic t ion between the pore \ . rater  and the
mate r i a l  t h rough  wh ich  i t  f l ows .

In most  granular  media the dr iv ing
by  a  f o r ce  F  resu l t i ng  f r om a  po re
V ! ,  and  the  g rav i t y  ac t i ng  pe r  un i t
T h u s :

E = -h  -  &u

o r  - p g V p  =  - h  -  p g V z  =  E

ac t i on  i s  p roduced
p r e s s u r e  g r a d i e n t ,

vo lumer  pg .

( A 1 )

(A2 )

(A3 )

where  z  i s  measured ver t i ca l l y  upwards ,  p  i s  the  f lu id
dens i ty  (wh ich  may vary )  and g  is  the  grav i ta t iona l
a c c e l e r a t i o n .

Of ten ,  t he  rp iezomet r i c  head '  0  i s  used  where

€ 0 = p +  @ z

The  res i s tance  fo rce  R  i s  gene ra ted  by  i n te rna l
f r i c t i o n .  A t  l o w  p o r e  w a t e r  v e l o c i t i e s  ( g e n e r a l l y
when  the  Reyno lds  number  Re ,  as  de f i ned  l a te r ,  i s  l ess
than about  5)  r  R is  found to be proport ional  to  the
f l ow  ra te ,  so  t ha t  us ing  vee to r  no ta t i on .

R  =  - g a q (A4)

where  the  vec tor  g  i s  the  "super f i c ia l  ve loc i ty "  o r
r rspec i f i c  d ischarge i l  de f ined as  to ta l  d ischarge per
un i t  a rea .  The va lue  o f  q  w i l l  be  less  than the  t rue
water  ve loc i ty  in  the  med ium,  s ince  f low ac tua l l y
takes  .p lace  on ly  th rough the  pores  o f  the  mater ia l .

The facEor pg is introduced in equat ion A4 for
convenience and a is a constant which depends on the
mater ia l  and pore  f lu id  p roper t ies  (poros i ty ,
v i s c o s i t y  e t c ) .

Forces B and { balance and so equat ions A3 and A4



-q

w
-r.

q

g l v e

= - 1  r d

i s  t he  "hyd rau l i c  g rad ien t r t  and  may  be
I t  can  be  seen  tha t  equa t i on  A5  i s  t he

=  - K . I (A6 )

where  K  =  L l ^  =  "hyd rau l i c  conduc t i v i t y ' ,  and  equa t i on
A6  i s  t he  we l l  known  l aw  f i r s t  obse rved  expe r imen ta l l y
b y  D a r c y  w h i c h  d e s c r i b e s  p e r f e c t l y  s a t i s f a c t o r i l y  t h e
s low  ra tes  o f  f l ow  found  i n  many  g roundwa te r  and
geo techn i ca l  p rob lems .

The  t ype  o f  f l ow  ( , 'Da rcy  f l owr r )  desc r i bed  i n  t he
p rev ious  sec t i on  i s  i n  f ac t  on l y  one  o f  a  number  o f
d i f f e ren t  poss ib le  f l ow  reg imes  wh ich  may  occu r  i n
s teady  f l ow .  These  d i f f e ren t  reg imes  app l y  as  t he
f l ow  i nc reases  and  becomes  more  and  more  tu rbu len t .
A t  a l l  s tages  o f  s teady  f l ow  the  i n te rna l  ba lance  o f
ac t i on  and  reac t i on  f o r ces  i s  sa t i s f i ed .  The  change
a t  h ighe r  f l ows  i s  t ha t  t he re  i s  no  l onge r  a  s t ra igh t
fo rwa rd  l i nea r  re la t i onsh ip  (Equa t i on  A4 )  be tween  f l ow
r a t e  a n d  r e s i s t a n c e  f o r c e .

I t  shou ld  be  no ted  i n  pass ing  tha t ,  a t  ex t reme ly  l ow
p o r e  v e l o c i t i e s ,  m o l e c u l a r  f o r c e s  a n d  o t h e r  f a c t o r s
cause  a  dev ia t i on  f r om the  Darcy  f l ow ;  t ha t  i s  an
e f fec t  wh i ch  need  no t  conce rn  us  he re ,  see  Hannoura  &
B a r e n d s  ( R e f  2 1 ) .

(A5  )

w r i t t e n  a s
same as

A1.2 Turbulent f low

At  1o ! r  ve loc i t i es ,  f l ow  th rough  the
mate r i a l  i s  l am ina r  and  i t  i s  he re
app l i es .  Howeve r ,  as  t he  Reyno lds
abou t  5 ,  f l ow  i s  no  l onge r  l am ina r .
Number ,  Re ,  i s  de f i ned  as

Re = pqd/ p

where d is  an average
to  D  l g  (o r  some t imes  D
the  dynamic  v i scos i t y

A t  h i g h  v e l o c i t i e s ,  f l o w  i s
m a t e r i a l .  I n e r t i a l  f o r c e s
res i s tance  fo rce  depends  on

t l
f t  =  - g b q l q l

pores  o f  t he
that  Darcyr  s  Law
Number exceeds

Here Reynolds

( A 7 )

o f ten  taken  as  equa l
m a t e r i a l ,  a n d  p  i s
f l u i d .

t u rbu len t  t h roughou t  t he
become dominant  and the

j 2 ,  t h u s

(A8 )

p o r o s i t y ,  v i s c o s i t y

p o r e  s i z e ,

5d  fo r  the
of  the  pore

where  b  i s  a  cons tan t  depend ing  on
e t c .



Betneen  the  l am ina r  and  Ehe  tu rbu len t  reg imes ,  t he re
i s  a  t r ans i t i on  as  t he  f l ow  shows ,  i n  t u rn ,  l am ina r ,
non l i nea r  l am ina r ,  l oca11y  tu rbu len t  and  tu rbu len t
behav iou r .  I n  t hese  t rans i t i on  reg imes ,  t he
res i s tance  fo rce  w i l l  have  a  componen t  i n  bo th  q  and
q2.  For  any departure f rom laminar  behaviour ,
t he re fo re ,  t he  reac t i on  f o r ce  R  i s  usua l l y  desc r i bed
bv

:IrI  
=  - pg (aq  +  bq

where the term
t u r b u l e n t  f 1 o w .

1 n

(Ae )

q  becomes  i ns ign i f i can t  f o r  f u l l y

and  reac t i on  f o r ces  (equa t i ons  A9  andBa lanc ing  ac t i on
A3) we obta in

-W = .: .0:l: l -  aq +  uq lq lo r  - : ( A 1 0 )

or  i n  sca la r  no ta t i on

I  =  a q  *  b q 2 (  A 1 1 )

wh ich  i s  t he  l aw  f i r s t  sugges ted  by  Fo rchhe imer  i n
1901 .  A  good  dea l  o f  a t t en t i on  has  been  pa id  t o  t h i s
1aw,  mos t l y  d i rec ted  towards  de te rm in ing  the  va l . ues  o f
t he  coe f f i c i en t s  a  and  b .

In addi t ion to the Forchheimer expressionn other
fo rmu la t i ons  o f  non -Darcy  f l ow  have  been  sugges ted ,
i nc  l ud ing .

the exponent ia l

= aefi

f o rm  where ,  i n  sca la r  no ta t i on

( A 1  2 )

graph ica l  representa t ions

s t a t i s t i c a l  m o d e l s

These are thoroughly rev iewed by l lannoura & Barends
(Re f  21 ) ,  who  c i t e  t he  wo rk  o f  many  au tho rs .  The  mos t
s i g n i f i c a n t  r e s u l t s  a r e  g i v e n  h e r e .

Equa t i on  A10  can  a l t e rna t i ve l y  be  wr i t t en

1
s=-1a-r-s.1qfrI

f r om wh ich  i t  i s  c l ea r
cons ide r  t he  hyd rau l i c
o f  f l o w  r a t e ,  i . e .

( A 1 3 )

tha t  f o r  t u rbu len t  f l ow  we  can
conduc t i v i t y  t o  be  a  f unc t i on



K = (,=+tgtl
( o r  s o m e t h i n g  s l i g h t l y
f o r m  ( e s u a t i o n  A 1 2 )  i s

C  r V= _-_-t
g d n '

o=#[*r*- lb]snrnnz

i n  w h i c h  c  1 r  c 2 ,  N l ,  N z ,  n l _ a n d  n  2 a t e  e m p i r i c a l
cons tan ts  t o  be  found  expe r imen ta l l y ;  s  =  pa r t i c l e
s h a p e  f a c t o r ;  d  =  c h a r a c t e r i s t i c  ' p a r t i c l e r  s i z e  t a k e n
to  be  the  e f f ec t i ve  hyd rau l i c  rad ius  o f  t he  med ium

( A 1 4 )

d i f f e ren t  i f  t he  exponen t i a l
u s e d ) .

( A 1 5  )

(A16 )

a 1  s o

( 4 1 8 )

( A 1 e  )

( A 2 0  )

Mos t  wo rk  has  been  d i rec ted  a t  r e l a t i ng  t h i s
f l ow-dependen t  hyd rau l i c  conduc t i v i t y  t o  va r i ous
ma te r i a l  and  f l u i d  pa rame te rs  wh i ch  can  be  es t ima ted
eas i l y .  T t r i s  avo ids  t he  need  to  measu re  K  repea ted l y .
I t  should be noted that  most  exper iments have been
pe r fo rmed  on  ma te r i a l  w i t h  a  pa r t i c l e  s i ze  noL  g reaLe r
than about  80mm.

Madsen  and  co -au tho rs  (Re fs  9 r  24 -27 )  have  worked  on
wave  t ransmiss ion  th rough  po rous  b reakwa te rs .  They
fo l l ow  the  work  o f  Enge lund  (Re f  28 )  and  use  the
va lues  he  p re fe rs  f o r  a  and  b .

a  =  c o  
( 1  - - n ) 3

n -

r= prI\+
d 2
1
?r

i n  wh i ch  v  =  k i nemat i c  v i scos i t y  o f  t he  po re  f l u i d ;
n  =  p o r o s i t y  a n d  d  =  a  c h a r a c t e r i s t i c  p a r t i c l e  s i z e  o f
t he  ma te r i a l .  Fo r  t he  cons tan ts  cg  and  p9  Enge ! .und
recocmends

c [0  =  780 -  1 ,500 or  more ; ( A 1 7 a )

( A 1 7 b )9 o  =  1 . 8  -  3 . 6  o r  m o r e

wi th  the  va lues  inc reas ing  w i t t r  inc reas ing
i r r e g u l a r i t y  o f  t h e  p a r t i c l e  s h a p e s .

I lannoura & McCorquodale and others (Refs 29-30)
use the Forchheimer form but  r^r i th

-  t o ta l  vo lume  o f  vo ids
E O E a I  S u r t a c e  a r e a



f ,  and  fo  a re  i n t roduced  to  accoun t  f o r  su r face
r o u g h n e s s .

Ba rends  (Re f  7 )  p re fe rs  t o  use  a  d i f f e ren t  f o r rn  f o r
t he  hyd rau l i c  conduc t i v i t y ,  de f i n i ng  i t  i n  t e rms  o f
t he  hyd rau l i c  g rad ien t  i n  an  exp ress ion  wh ich  i s  more
su i t ed  to  i t e ra t i ve  compu ta t i ons .  He  uses

:  
=  -KI  where K = lQgal r f  r l l

f  =  c D  C I  ( 1  -  
" ) / F 5

(  A 2 1 )

(A22\in  which

where CO
sphere in
e f f e c t i v e
vo lume .

r e p r e s e n t s  t h e  d r a g  c o e f f i c i e n t  f o r  a  s i n g l e
u n i f o r a r  f  l o w ;  d 2  i s  r e l a t e d  t o  t h e
p a r t i c l e  c r o s s - s e c t i o n  a n d  g  3  t o  i t s

Shu to  (Re f  31 )  has  ca r r i ed  ou t  some  work  t o  measu re
the  hyd rau l i c  conduc t i v i t y  o f  a r t i f i c i a l  conc re te
armour b locks and recommends a d i f ferent  model  for
each  o f  t he  t h ree  k inds  o f  b l ock  wh i ch  he  tes ted .

In  a l l  o f  t he  above ,  i t  has  been  assumed  tha t  t he
po rous  med ium i s  r i g i d .  S ince  de fo rma t i on  o f  t he
g ranu la r  med ium i s  l i ke l y  i n  b reakwa te rs ,  i t  i s
app rop r i a te  t o  i n t roduce  thae  e f f ec t  a t  t h i s  s tage .

The  res i sLance  fo rce  o f  equa t i on  A9  oow depends  on  Ehe
r e l a t i v e  v e l o c i t y  b e t w e e n  f l u i d  a n d  p a r t i c l e s .
Movemen t  o f  t he  pa r t i c l es  can  be  accoun ted  fo r  s imp ly
in  Equa t i on  9  by  pu t t i ng

= n ( y - g ) ( 4 2 3  )

where  g  =  ac tua l  l oca l  f l u i d  ve loc i t y  ave raged  ove r  a
con t ro l  vo lume  su f f i c i en t l y  l a rge  tha t  i t  accu ra te l y
re f l ec t s  t he  ma te r i a l  as  a  who le  i n  t e rms  o f  po ros i t y
e t c ;  g  =  a  s i m i l a r  l o c a 1  v e l o c i t y  o f  t h e  g r a n u l a r  b e d ;
the  po ros i t y  n  accoun ts  f o r  f l ow  tak ing  p lace  on l y
th rough  the  po res .

A1.3 unsteady f low Hannoura & Barends (Ref  21)  and l {annoura &
M c C o r q u o d a l e  ( R e f  3 2 ) ,  a l s o  d e s c r i b e d  b y  S u l i s z  ( n e f
LZ )  p resen t  some  o f  t he  equa t i ons  gove rn ing  uns teady ,
tu rbu len t  f l ow  i n  a  de fo rmab le  po rous  med ium.  The
work of  Hannoura & Barends (Ref  21)  prov ides the
bes t  bas i s  f o r  a  t ho rough  t rea tmen t  o f  t he  p rob lem,
pay ing  a t t en t i on  i n  pa r t i cu la r  t o  t he  u rovemen t  o f  t he
g ranu la r  med ium.

I n  t h i s  s e c t i o n ,  w e  f i r s t  o f  a l l  c o n s i d e r  E h e  b a l a n c e
o f  f o r ces  on  the  f l u i d  i n  o rde r  t o  de r i ve  a  gove rn ing
equa t i on  f o r  t he  po re  r , r ace r .  Nex t ,  t he re  i s  a  change

q



o f  v i ewpo in t  and  the  so l i d  pa r t i c l es  a re  t r ea ted  i n  a
s im i l a r  r day  co  ob ta in  an  ana logous  equa t i on  f o r  t he
po rous  med ium.  A f te r  de r i v i ng  t hese  exp ress ions ,
men t i on  i s  made  o f  f u r t he r  l aws  ( con t i nu i t y ,
compress ib i l i t y  e t c )  wh i ch  can  be  used  to  ob ta in  a
so lu t i on .  F ina l l y ,  r e fe rence  i s  made  to  some
expe r imen ta l  a t t emp ts  t o  i nves t i ga te  uns teady  f l ow .

Fo r  uns teady  f l ow ,  Ehe  ac t i on  f o r ce  F  and  reac t i on  R
on  the  f l u i d  do  no t  ba lance .  The  resu l t i ng  f l u i d
acce le ra t i on  i s  equ i va len t  t o  an  i ne r t i a  f o r ce  T .  So ,
u s i n g  v e c t o r  n o t a t i o n

E+B+T=O (L24)

Since  we  a re  now cons ide r i ng  f o r ces  on  the  f l u i d
w i th in  a  vo lume  wh ich  a l so  con ta ins  a  f r ac t i on  o f
s o l i d  p a r t i c l e s ,  i t  b e c o m e s  n e c e s s a r y  t o  c o n s i d e r  t h e
a reas  on  wh ich  the  fo rces  ac t .  So

E  =  - n ' h  -  n p g % (A25)

wh ich  i s  s im i l a r  t o  equa t i on  A3 ,  bu t  recogn i ses  tha t
the  f l u i d  p ressu re  ac t s  on  an  a rea  de te rm ined  by  t he
c ross -sec t i ona l  po ros i t y  n '  and  the  g rav i t y  f o r ce  on  a
vo lume  de te rm ined  by  t he  vo lume t r i c  po ros i f y  n .
S iu r i  1a r l  y ,

f t= -n f fn(y-s)=- {F(y-c) (A26)

where  equa t i on  23  has  been  used  and  K  i s  a  f l ow
dependen t  hyd rau l i c  conduc t i v i t y .

However,  tno extra terms have to be added in equat ion
A26 ,  t o  accommoda te  t he  added  mass  e f f ec t  (Re f  21 )  and
the  Basse t  f o r ce  (Re fs  32 ,  29 ) .  The  added  mass  fo rce
i s  t ha t  f o r ce  wh i ch  i s  requ i red  i n  o rde r  t o  es tab l i sh
the  po teo t i a l  f l ow  f i e l d .  The  Basse t  f o r ce  i s
r e q u i r e d  t o  e s t a b l i s h  t h e  v i s c o u s  f i e l d .

The added mass force is  determined by the volume of
t h e  s o l i d  p a r t i c l e s .  I t  i s  w i d e l y  r e c o g n i s e d  i n
s tud ies  o f  f l ow  a round  so l i ds  (Re f  33 ) ,  and  fo r  t he
case  o f  f l ow  i n  po rous  med ia  i t  i s  equa l  t o

0u
cmp(1 -  

" )  
-er  (L27)

where  C*  i s  t he  added  mass  coe f f i c i en t  wh i ch  i s  a
k n o w n  q u a n t i t y  f o r  i s o l a t e d ,  s i m p l e  s h a p e s ,  b u t  i s
gene ra l l y  unknown  fo r  random,  dense l y  packed
m a t e r i a l  s  .



L i t t l e  wo rk  has  been  done  on  the  Basse t  f o r ce  and  i t s
i n f l u e n c e  i s  g e n e r a l l y  n e g l e c t e d ,  a l t h o u g h  i t  w i l l  b e
i n c l u d e d  h e r e  b r i e f l y  f o r  t h e  s a k e  o f  c o m p l e t e n e s s .
So we have

R=- t * t " -u ) -c *o ( l  -

Dy
J  =  _  n p u F

0'v
n ) i l + B a s s e E  f o r c e

( A 2 8 )

( A 2 9  )

Bas  se  t
f o r c e

( A 3 1 )

The  i ne r t i a l  f o r ce  T  can  be  desc r i bed  by  cons ide r i ng
the  mo t i on  o f  an  e lemen t  o f  po re  f l u i d .  Fo l l ow ing
tha t  e lemen t  ove r  a  sho r t  t ime  i n te rva l  (Eu le r i an
app roach )  i t s  ve loc i t y  w i l l  change  w i th  respec t  t o
bo th  t ime  and  space .  The  to ta l  o r  subs tan t i a l
de r i va t i ve  O /D t  i s  used  to  desc r i be  a  change  o f  t h i s
so r t .  Thus

The  subs tan t i a l  de r i va t i ve  can  be  expanded  to  g i ve

r  =  -  
"p ( *  

+  (v .y )y ) (A30 )

where  the  f i r s t  t e rm  i n  t he  b racke t  re fe rs  t o  a
r l oca l r  change  i n  ve loc i t y  w i t h  respec t  t o  t ime  and
the  second  re fe rs  t o  a  r convec t i ve r  change  wh ich
depends  on  the  ve loc i t y  va r i a t i on  i n  space

I lannoura & Barends (Ref  21)  add a rmomentum

d i s t r i b u t i o n  c o e f f i c i e n t ,  b ,  n o t  t o  b e  c o n f u s e d  w i c h
the  Fo rchhe imer  b ,  be fo re  t he  convec t i ve  t e rm  (  V .y ) y
to  accoun t  f o r  t he  f ac t  t ha t  y  i s  an  ave rage  ve loc i t y
ove r  a  con t ro l  vo lume .

the  th ree  fo rces ,  and  wr i t i ng  b '  f o r  t he
d i s t r i b u t i o n  c o e f f i c i e n t  t o  a v o i d  c o n f u s i o n .

(equa t i ons  A24 ,  A25 ,  A28 ,  A30 )

ogYz = "k  (s  -  s)  + c*dr  -  o l$ *

*  op  ( *  *  t ,  ( v . y ) y )

-  h - EYz = gF t.r  -  s) + crp(!#) +. Basser

and assuming for  convenience that  nt  = n

+u ' (  v .y )g  )

Ba lanc ing
momentum
we obta in

-  n ' \b  -

.a t*p| -#
f o r c e

( A 3 2  )



wh ich  i s  t he  equa t i on  desc r i b i ng  rhe  mo t i on  o f  t he
po re  f l u i d  and  i nco rpo ra tes  a l l  t he  e f f ec t s  men t i oned
by var ious authors.  Tt re terms in fu/  ac may be grouped
toge the r  and  re fe r red  to  as  t he  v i r t ua l  mass  fo rce
equal  to  €. r* (  fu /At)  where C. , r ,o  is  the v i r tual  mass
c o e f f i c i e n t .

Equa t i on  A32  has  p roved  too  i nvo l ved  fo r  p rac t i ca l
pu rposes  i n  t he  s tudy  o f  r ubb le  mound  b reakwa te rs  and
v a r i o u s  a u t h o r s  ( R e f s  7 ,  1 2 ,  2 9 ,  3 2 )  j u s t i f y
s imp l i f i ca t i ons  t o  make  i t  more  manageab le .  These  a re
d e s c r i b e d  l a t e r .

Hav ing  ob ta ined  equa t i on  A32  fo r  t he  po re  f l u i d ,  we
now examine the porous medium by consider ing the
f o r c e s  f e l t  b y  t h e  s o l i d  f r a c t i o n .

I t  i s  necessa ry  t o  i n t roduce  the  concep t ,  common  i n
s o i l  m e c h a n i c s ,  o f  a n  i t e f f e c t i v e  s t r e s s t r  d  w h e r e

d  =  o -  p (A33)

a n d  o  =  t o t a l  s t r e s s  a t  a  p o i n t  i n  t h e  m a t e r i a l .

Equ i l i b r i um,  t hen ,  i s  composed  o f  an  ac t i on  f o r ce
r e s u l t i n g  f r o m  i n t e r g r a n u l a r  c o n t a c t  f o r c e s  ( e f f e c t i v e
s t resses  -  t he  3 rd  t e rm  in  equa t i on  A34 ) ,  po re
p ressu re  ( l s t  t e rm) ,  g rav i t y  (2na  te r rn )  and  i n te rna l
f r i c t i on  gene ra red  by  t he  po re  f l u i d  mo t i on  (4 th  t e rm)
and  o f  a  reac t i on  f o r ce  due  to  i ne r t i a  o f  t he  g ranu la r
pa r t i c l es  (hav ing  dens i t y  p ' ) .  Assuming  i nd i v i dua l
g ra ins  a re  i ncompress ib le  and  tha t  rhe  va r i ous  fo rms
o f  po ros i t y  a re  equa l  as  be fo re ,  t h i s  g i ves

- ( f  -  n )  Vp -  ( t  -  n )  p ,  gYz +  Vor  *  "2 f f t y  -  g )

Du
= (1  -  n )  p '  U ;  (A34)

where Dg/ l t  is the substant ial  der ivat ive for the
granu lar  bed

D u f u
# 

=  - f f i '  +  b ' (v .g ) , r  (A35)

aga in  us ing  the  momentum d is t r ibu t ion  coef f i c ien t .
Hannoura  & Barends  (Ref  21)  s ta te  tha t  there  is  no
ev idence whether  added mass e f fec ts  a re  co  be
c o n s i d e r e d  f o r  t h e  p a r t i c l e s .  F o r  p r a c t i c a l  p u r p o s e s ,
most  au thors  have aga in  jus t i f ied  var ious
s imp l i f i ca t ions  wh ich  make equat ions  A32 and A34 more
manageab le .



I n  o rde r  t o  so l ve  equa t i ons  A32  and  A34 ,  and  ob ta in
va lues  fo r  t he  unknown  va r i ab les ,  we  requ i re  o the r
exp ress ions .  Su i t ab le  ones  can  be  ob ta ined  by
cons ide r i ng  mass  conse rva t i on ,  t he  po ros i t y  s t ra in
r e l a t i o n s h i p ,  a  s t r e s s - s t r a i n  l a w  a n d  t h e  p o r e  f l u i d
c o m p r e s s i b i l i t y .  T h e  f i r s t  t w o  a r e  d e s c r i b e d  h e r e l
t he  s t ress -s t ra in  l aw  i s  examined  i n  chap te r  3  and  the
compress ib i l i t y  i n  sec t i o r .  2 .4  whe re  the  i nc lus ion  o f
e n t r a i n e d  a i r  h a s  a n  o b v i o u s  e f f e c E .

The  mass  conse rva t i on  l aw  i s  (Re f  21 )

- v. (n ps) ( A 3 6 )= $ ("P)

where  e  i s  vo lume t r i c  s t ra in ,  a l t hough  i f  t he  g ra ins
a r e  c o n s i d e r e d  t o  b e  c o m p r e s s i b l e ,  a  d i f f e r e n t
r e l a t i o n  s h o u l d  b e  u s e d .

These  two  re la t i ons ,  equa t i ons  436  and  A37 ,  can  be
comb ined  w i th  t he  compress ib l i t y  l aw  ( see  l a te r )  i n  an
a rgumen t  s im i l a r  t o  t ha t  f o l l owed  by  Ve r ru i j t  (Re f  35 )
t o  p r o d u c e  t h e  s o - c a l l e d  r s t o r a g e  e q u a t i o n r .

Re tu rn ing  to  equa t i on  A32 ,  t he  Basse t  f o r ce  and
convec t i on  e f f ec t s  have  gene ra l l y  been  cons ide red  to
be  neg l i g i b l e .  The  added  mass  e f f ec t ,  howeve r ,  has
recen t l y  been  i nves t i ga ted  by  Hannoura  &  McCorquoda le
(Re f  36 )  who  have  shown  tha t  i t  cou ld  be  s ign i f i can t
i n  b reakwa te rs .  They  assumed  a  r i g i d  po rous  med ium
where g = O and hence g = nyr  g iv ing

T h e  p o r o s i t y  s t r a i n  r e l a t i o n  i s  s i m p l y  ( R e f  3 4 )

B?=,r-n)ff

pcq
- \b - EV = -a: * o (r +c*t\--.it1 )

or ,  us ing  the  Forchhe imer  fo rm fo r  K ,

( A 3 7  )

(A38 )

( A 3 9  )

h
-er

-  r  = (a + ul l l l : . r 1  +  C r.--E-'
-ln
J"m

h
E

w h e r e C = L ( l - n ) / n

They per formed exper iments to determine a and b for
s teady  f l ow  and ,  assuminq  these  rema ined  cons tan t  f o r
uns teady  f l ow ,  measu red  the  va lue  o f  C ,  f i nd ing  a
c e r t a i n  a m o u n t  o f  s c a t t e r  i n  t h e  r e s u l t s ,  w h i c h  w a s
a l so  obse rved  i n  p rev ious  v i r t ua l  mass  s tud ies  (Re f

33 ) .  The  sca t te r  may  be  accoun ted  fo r  by  t he
s i m p l i f i c a t i o n s  i n v o l v e d  i n  e q u a t i o n  A 3 9 .



A1.4  Mixed a i r /water
f low

The  p resence  o f  a i r  i n  t he  po re  f l u i d  i s  a  l i ke l y
evenL  i n  t he  case  o f  f l ow  th rough  b reakwa te rs .  A i r
wi l l  be entra ined by waves breaking and by movement of
t h e  f r e e  s u r f a c e .  t h e  f a c t  t h a t  i t  w i l l  n o t  b e  e v e n l y
d i s t r i b u t e d  r h r o u g h o u r  t h e  f l o w  l e a d s  t o  d i f f i c u l t i e s ,
bu t  a  good  dea l  o f  wo rk  has  been  done  on  the  sub iec t .

A i r  i n  t he  po re  wa te r  i n t roduces  t l r o  e f f ec t s .
F i r s t l y ,  i t  i n c r e a s e s  t h e  f l u i d r s  c o m p r e s s i b i l i t y  a n d
s e c o n d l y  i t  b l o c k s  t h e  p o r e s ,  r e d u c i n g  t h e
conduc t i v i t y .  l l he  i u rpo r tance  o f  each  o f  Ehese  depends
on  wh ich  concep tua l  mode l  o f  t he  f l ow  i s  mos t
re levan t .  The  common ly  used  mode ls  a re  t he
homogeneous ,  t he  sepa ra ted  f l ow  and  the  d r i f t - f l ux
mode l ,  o f  wh i ch  the  l a t t e r  i s  f ound  to  be  the  mos t
s u i t a b l e  ( R e f s  2 9 ,  3 7 ) .

Experiments
r e s u l  t

K'-ftt = t

where K* is
(  a  i r /water )

B  =  (1  -  a )  3

i n  one -d imens iona l  f l ow  sugges t  t he

(A40 )

the  hyd rau l i c  conduc t i v i t y  f o r  two -phase
tu rbu len t  f l ow ;  B  i s  app rox ima te l y

(A41 )

(A43)

where  c  i s  t he  a i r  f r ac t i on .

The  au tho rs  a l so  sugges t  an  equa t i on  f o r  uns teady ,
two -phase  f l ow  based  on  the  d r i f t - f l ux  mode l

-  r  = (a, + u, lcf le * [r  .  c\- ;+)cr]  #+' t : t ' :  
*  * i l 6  (A42)

where  the  subsc r i p t  2  re fe rs  t o  two -phase  f l ow ;  0  i s
the  ang le  be tween  the  ho r i zon ta l  and  the  d i rec t i on  o f
na te r  f l ux  ( i t  i s  assumed  tha t  a i r  s l ugs  a re  mov ing
ve r t i ca l l y ) .  The  two -phase  te rms  a re  de f i ned  as
fo l  l ows

m2 =  e f f ec t i ve  po ros i t y  =  (1  -  c r )m

a = a* 2 1T-:-0t-
L _ b' z  -  

f  t  - - t t

Barends  (ne fs  34 ,  38 )  cons ide red  an  a i r -wa te r  m ix tu re
where  the  a i r  i s  i n  t he  f o rm  o f  sma l1  bubb les  and
d e r i v e d  a n  e x p r e s s i o n  f o r  i t s  c o m p o s i t e
c o m p r e s s i b i l i t y  B ' ,  w h i c h  c o n t a i n s  a  d i s c o n t i n u i r y  t o



accoun t  f o r  t he  sudden  co l l apse  o f  a i r  bubb les  above

ce r ta in  f l u i d  p ressu re .  l l e  p resen ts  an  exp ress ion
wh ich  i s  qu i t e  comp l i ca ted ,  bu t  wh i ch  can  be
app rox ima ted  by  a  s imp le r  exp ress ion  a t  p ressu res

c l o s e  t o  a  c e r t a i n  ' s p e c i f i c  p r e s s u r e '  p "  w h i c h  h e

d e f i n e s .

Ba rends  i nd i ca tes  t ha t  mos t  o the r  au tho rs  do  no t
i nc lude  th i s  d i scon t i nu i t y  i n  t he i r  exp ress ions  and
tha t  i t  may  i n f l uence  the  compress ib i l i t y  by  2  o r  3
o r d e r s  o f  m a g n i t u d e .

P '  can  then  be  used  i n  a  compress ib i l i t y  l aw  o f  t he
form

R r  =  I  d P
'  p d p -

to  be  used  i n  t he  so lu t i on  o f
I l e re ,  p  i s  t he  dens i t y  o f  t he
o f  a  m ix tu re  o f  a i r  and  rda te r .

(A44)

t h e  f l o w  e q u a t i o n s .
p o r e  f l u i d ,  c o n s i s t i n g

Barends  a l so  i nves t i ga ted  the  i n f l uence  o f  a i r  on
hyd rau l i c  conduc t i v i t y  and  sugqes ts  t he  same fac to r  as
Hannoura & McCorquodale (Equat ion A40) to account  for

t he  reduc t i on  (Re f .  2 I ) .




