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ABSTRACT

I{ave Lnduced scouring at the foot of sea salls Ls now accepted as the naJor

cauae of eea wall danage Ln the IIK. It ls however a problen that

hlstor ical ly has received very l - l t t le attent ion and, as a conaequence,

mlnlmal research fundlng. It ls not surprtelng therefore that at present

thle forn of ecourLng ls vLrtually lnpossible to predLct. In recognl"tlon of

thte tt has been proposed that a naJor research study should be set up tos

1. examl.ne the underlytng cauaea of toe scour, and

2. develop methode for predlctlng both lts onset and extent for various

types of sea wal1, and beach sedlnent.

Thls report, whlch represents the flrst phase of the studyr lays down the

framework for subsequent experLmental Lnvestlgatlon, based upon a crLtlcal

revLew of the avallable lLterature and a re-appralsal of previous

underetandtng.
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1 INTRODUCTION

1 . 1  T h e  p r o b l e m

The  scou r i ng ,  o r  e ros ion ,  o f  mob i l e  beach  sed imen ts

unde r  wave  ac t i on ,  a t  t he  f oo t  o f  sea  wa l l s ,  has  l ong

been  one  o f  t he  rna jo r  banes  o f  Coas ta l  Eng inee rs .

On ly  recen t l y  a  comprehens i ve  su rvey  o f  sea  wa l l s  i n

the  UK (Re f  1 )  conc luded  tha t  t oe  scou r  rep resen ted

the  mos t  se r i ous  and  p reva len t  f o rm  o f  damage t

d i rec t l y  accoun t i ng  f o r  ove t  I 2 "A  o f  t he  case  h i s to r i es

s tud ied  and  i nd i rec t l y  respons ib le  f o r  up  to  a  f u r t he r

5% o f .  cases ,  i nc lud ing  co l l aps ing /b reach ing  o f  sea

w a l l s  a n d  w a s h i n g  o u t  o f  f i l l  m a t e r i a l s .

Problems wi th toe scour are not  however conf ined to UK

sea  wa l l s .  Sn i t h  and  Chapman  (Re f  2 )  desc r i be

Aus t ra l i an  expe r i ence  w i th  s l op ing  rock  reve tmen ts  and

c o n c l u d e  t h a t  f a i l u r e  i s  g e n e r a l l y  i n i t i a t e d  b y  t o e

s c o u r .  I n  p a r t i c u l a r ,  t h e y  n o t e  o n e  s e c t i o n  o f  w a l l t

o r i g i n a l l y  l o c a t e d  i n  0 . 3 m  o f  r d a t e r  a t  l o w  t i d e r  w h i c h

su f fe red  i n  excess  o f  3m o f  t oe  scou r  i n  t he  space  o f

2 years,  dur ing which wave heights seldom exceeded l rn.

In Japan,  I lo t t ,a  and Marui  (Ref  3)  repor ted scour

dep ths  o f  up  to  2m a t  de tached  b reakwa te rs ,  i n  a  3m

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

ins igni f icance however when compared to the typhoon

in i t i a ted  scou r  damage  desc r i bed  by  I ch i kawa  (Re f  4 )

a t  t he  t oe  o f  t he  ve r t i ca l  b reakwa te rs  i n  t he  Japanese

port  of  Tagonoura.  On tsro occasions waves wi th a

height  of  up to 8m and a per iod of  between 14 and 17

seconds  scou red  ou t  up  to  6m o f  t he  sea  bed ;  a  dep th

o f  e ros ion  wh ich  se r i ous l y  endange red  the  s tab i l i t y  o f

t he  ca i sson  b reakwa te rs .

Wh i l sc  i n  t he  UK  we  a re  t hank fu l l y  ra re l y  a f f l i c t ed  by

t y p h o o n s ,  t o e  s c o u r  i s  s t i l l  a  s e r i o u s  a n d  c o s t l y

p rob lem.  Moreove r ,  i t  i s  one  wh ich  i s  no t  l im i t ed  to

any  pa r t i cu la r  env i ronmen t  no r  gene ra l l y  t o  any



per t i cu la r  type  o f  sea  na l l .  Suggest ions  tha t  poroug

s lop ing  s t ruc tu ree  may be  less  suscept ib le  a re  no t

borne ou t  by  Aus t ra l ian  exper ience (Ref  2 ) ,  and th is ,

as nuch ae anything, serves to emphasise the paradox

of  toe  scour ;  tha t  i s ,  tha t  desp i te  the  acknowledged

ser iousness  o f  the  prob lem very  l i t t le  research  e f fo r t

has  been d i rec ted  towards  i t .  I t  i s  no t  Burpr is ing

therefore that l re cannot yet c lain to understand ful ly

the'causes and mechanisms of toe scouring under wave

act ion ,  le t  a lone pred ic t  i t s  occur rence or  ex ten t .

In  an  e t tempt  to  remedy th is  e i tua t ion ,  i t  i s  p roposed

that a najor programme of systematic research into the

2 and 3 dinensional aspects of wave-induced toe

scour ing  b t  sea  wa l ls  shou ld  be  under taken.  Th is

repor t l  be ing  a  rev iew o f  the  ava i lab le  l i te ra tu re ,

represents  the  f i rs t  s tage o f  th is  research .

1 .2  Purpose and ex ten t

of review

Th is  rev iew a ims to  d raw together ,  c r i t i ca l l y

appra ise ,  and summar ise ,  ava i lab le  knowledge re la t ing

to  the  causes  and pred ic t ion  o f  wave- induced scour  e t

sea l tal ls.  For the purpose of the report  the term

rsea wa l l r  i s  cons idered to  inc lude bo th

permeab le l impermeab le  and ver t i ca l /s lop ing  s t ruc tu res  .

No mention is made of the var ioue scour prevent ion

techn iquea nor  the  ca lcu la t ion  methods  re la ted  to

them; these aspebts are however covered in detai l  by

Ha les  (Ref  5 ) r  to  l rhom the  in te tes ted  reader  i s

re fe r red .  A lso  ou ts ide  the  scope o f  th is  repor t ,  a re

the  na tura l  p rocesses  o f  sed iment  t ranspor t ,  wh ich

wi l l  occur as much on a free standing beach as on one

backed by a sea wal 1.  I t  should however be noted that

the  d is t inc t ion  be tween these na tura l  quas i -cyc l i c

t rends  o f  e ros ion  and accre t ion ,  and the  processes  o f

loca l i sed  scour  ie  o f ten  b lu r red ,  and has  been the

subject of  much confusion amongst previous



resea rche rs .  Th i s  has  resu l t ed  i n  a  number  o f

de f i n i t i ons  o f  sea  wa l l  r e l a ted  scou r r  t he  two  mos t

no tab le  o f  wh i ch  a re :

1 .  t he  max imum loca l i sed  e ros ion  o f  sed imen t  a t  t he

w a 1 l ,  a n d

2 .  t he  d i s tance -ave raged  e ros ion  o f  sed imen t  no rma l

t o  t h e  w a l l .

I n  an  a t t emp t  t o  avo id  t hese  i ncons i s tenc ies ,  t h i s

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

scou r  t o  be  the  p rocess  o f  l oca l i sed  e ros ion  ad jacen t

to  t he  sea  wa l l ;  and  the  scou r  dep th  t o  be  the

max imum dep th  o f  l oca l i sed  e ros ion  re la t i ve  t o  a

na tu ra l  bed  l eve l  w i t hou t  t he  wa l l .

1 . 3  O u t l i n e  o f  r e p o r t

Chap te r  2  b r i e f l y  i n t roduces  and  ou t l i nes  t he

hyd rau l i c  p rocesses  respons ib le  f o r  t oe  scou r .  These

inc lude both the wave aspects r  such as breaking and

re f l ec t i on ,  wh i ch  i n i t i a te  scou r i ng ,  and  the

gene ra t i on  o f  l ongsho re  and  onsho re -o f f sho re  cu r ren ts t

wh i ch  he lp  t o  ma in ta in  and  p ro long  the  scou r i ng

p rocess .  Re fe rences  to  more  de ta i l ed  rev ieh ts  a re

g i ven  where  necessa ry .

Prev ious  exper imenta l  s tud ies  are  descr ibed and

c r i t i c a l l y  a s s e s s e d  i n  C h a p t e r  3 .  P a r t i c u l a r  e m p h a s i s

is  p laced upon po ten t ia l  sca l ing  e f fec ts  and the

ex ten t  to  wh ich  these rn igh t  d is to r t  subsequent

resu l ts .  A t tempts  a re  made to  cor re la te  the  f ind ings

of  var ious  researchers ,  g iven  t .he  recent  improvemeots

in  our  unders tand ing  o f  the  sca l ing  prob lems.

Chepter  4  summar ises  the  methods  present ly  ava i lab le

fo r  p red ic t ing  scour  depths .  The inp l i ca t ions  o f  the

formulae  are  assessed and an  appra isa l  o f  the i r

v a l i d i t y ,  a n d  h e n c e  u s e f u l n e s s ,  i s  g i v e n .  T h e



TIAVE - SEA WALL

INTERACTION

2.L Wave and current

p rocesses

addi t lonal  uncer ta int les lnvolved

scou r  dep ths  a re  a l so  dLscussed .

The f lna l  chapter  of  th ls  repor t

together  the conelus ions ar is lng

to ldent l fy  those renalntng areas

General recommendations are made

resea rch.

l n  t he  p red l c t l on  o f

seeke to draw

from the review, and

of  uncer ta lnty .

f o r  f u r t he r

As waves propagate from deep to shallori l rrater they are

subject  to  a number of  ef fects,  such as shoal ing and

refract lon,  whlch resul t  ln  the l ravea both steepening

and swinging round to approach rhe coas! more

normal ly .  Thls  s teepenlng of  the r i laves Lncreases.up

to a cr l t lca l  l ln i t  a t  whLch the waves break.  For

Idaves breaklng on a s lope several  d i f ferent  breaker

types can be distlngulshed dependlng upon the wave

steepness and the gradlent  of  the s lope.  These are

spt l l lng,  p lunglng,  co l lapsing and eurglng breakers.

These breaker  types w111 d l f fer  boch ln thel r  energy

dlsstpat lon characterLst lcs and tn the loads they

exert  on the s lope.  The behaviour  of  such breaker

types ls  d lscussed by many authors.  For  fur ther

deta l ls  the in terested reader ls  referred to peregrLne

( R e f  6 ) .

Under shoal lng l ravea f lu id par t .Lc le veloc lc ies tend to

be s l lght ly  greater  tn  the landward d l rect ion,  at  the

top  o f  t he i r  o rb l t s ,  t han  i n  t he  seaward  d i rec t i on  a t

the bot tom of  the orb l ts .  Thls  imbalance,  whlch ts

due  to  v l scos i t y  e f f ec t s  (Re f  8 ) ,  r esu l t s  l n  t he

fornat ion of  a low veloc i ty  mass t ransport  'current .

Thls current  acts ln  the d l recEion of  wave



propaga t i on ,  a t  l eas t  i n  t he  immed ia te  v i c i n i t y  o f  t he

bed  (F lg  1 ) ,  and  the re fo re  t ends  to  t r anspo r t  sed imen t

onshore.  This tendency ls  opposed by r ip  and

turbtdt ty  currents and by the downslope component  of

grav i ty .  In  a c losed system l t i th  the wave condi t lons

held constant the beach would eventually reach an

equ i l t b r i un  p ro f l l e  f o r  wh i ch  these  va r i ous  fac to rs

balance.  In  real  l i fe ,  however,  condic lons are

constanEly changlng and the beach ls rarely in

equt l lbr lum wi th l ts  tnc ident  wave f te ld.

Because of  ref ract lon,  waves usual ly  arr ive on a beach

at  a fa i r ly  snal l  angle to Ehe normal .  In  doing so '

they wi l l  have a longshore component  of  radiac lon

stress which ls  capable of  generat lng and raainta in ing

a wave lnduced current  a long the beach.  Thls current ,

a l though re lat lve ly  n i ld ,  can t , ransport  considerable

quant l t tes of  sedlment  tossed into suspension by the

turbulence associated wl th breaking waves.  I t  ts

usual ly ,  however,  lneapable of  suspending sedlment  of

i t s  own  acco rd .

2 .2  Sed inen t  t r anspo rc

The int .eract ion of  waves,  sediment  and currents ls  an

extremely complex topic '  whtch ls  largely beyond the

scope of  th ls  rev iewl  a deta i led account  of  the

subject  ls  however g iven by Sleath (Ref  7)  to  whom the

Ln te resEed  reade r  l s  re fe r red .  I t  i s  neve r the less

worth not lng that ,  dependlng on i ts  sLze,  sedinent  may

be  t ranspo r ted  e l t he r  t n  suspens lon  o r  as  bed - l oad ,

and that  suspended sediment  is  the more suscept lb le to

current  t ransport .  The h ighest  t ransporE rates wi l l

occur  under the combined act ion of  waves and currentst

t haE  l s  cu r ren ts  p rov ide  the  mos t  e f f l c i en t  t r anspo r t

mechanism, and waves the most  ef f tc lent  suspension

mechanism. General ly  the d is tances covered by

suspended sediment  w111 be a funct ion of  the current

ve loc t t i es  and  the  sed imen t  f a l l  ve loc l t y .



2 . 3  B e a c h  p r o c e s s e s

2 . 4  W a v e  r e f l e c t i o n

Und is tu rbed  beaches r  by  t he i r  ve ry  na t .u re ,  t end  to  be

i n  a  c o n s L a n t ,  q u a s i - c y c l i c  s t a t e  o f  f l u x  u n d e r  w a v e

ac t i on .  Th i s  p rocess  can  conE inue  even  when  the  beach

f ron ts  a  so l i d  sea  wa l l  p rov ided  tha t  t he re  i s  a

su f f i c i en t  vo lume  o f  ma te r i a l  t o  p reven t  t he  waves

ac t i ng  on  the  wa l l ,  e i t he r  d i rec t l y  o r  as  \ dave  run -up .

Howeve r ,  shou ld  t he  beach  be  dep le ted  Eo  a  l eve l  such

tha t  wave  ac t i on  can  reach  the  wa l l ,  t hen  the re  w i l l

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

Dermanen t  reduc t i on  i n  beach  l eve l s .  Th i s  p rocess  o f

dep le t i on  i s  caused  by  t he  sea  wa l l  i n te r rup t i ng  t he

f l ow  o f  wa te r  w i t h i n  t he  beach ,  f o r c i ng  up  the  wa te r

tab le  and  hence  i nc reas ing  the  vo lume  o f  backwash .

Th i s  resu l t s  i n  an  i nc reased  o f f sho re  t r enspo r t  o f

beach nater ia l  and the subsequent  lower ing of  the

f o r e s h o r e  l e v e l s .

I f  t hese  p rocesses  a re  unchecked  the  beach  w i l l

even tua l l y  be  l owered  to  a  l eve l  su f f i c i en t  t o  a l l ow

\ raves  to  i r np inge  d i rec t l y  on  the  sea  wa l l .  E ros ion  o f

t he  fo resho re  w i l l  t hen  p roceed  much  more  rap id l y  i n

response  to  bo th  t he  re f l ec t i on  o f  wave  ene rgy  f ron

t h e  w a l 1  a n d  a n  a c c e l e r a t e d  l i t t o r a l  d r i f t .

Once  waves  can  reach  a  sea  wa l l  t hey  w i l l  be  re f l ec ted

to  some  ex ten t ,  depend ing  upon  the  p rope r t i es  o f  bo th

the  wave  and  the  s t ruc tu re .  The  deg ree  o f  r e f l ec t i on

wi l l  be much greater  for  unbroken naves than for

b roken ,  o r  b reak ing  waves .  Fo l l ow ing  re f l ec t i on ,

standing rdave pat terns may be produced by the

in te rac t i on  o f  i nc iden t  and  re f l ec ted  naves ;  t hese

pa t te rns  w i l l  l ead  to  a  ve ry  con fused  sea  s ta te  i n

f ron t  o f  t he  wa l l ,  w i t h  ve ry  s teep  waves  momen ta r i l y

occu r r i ng  as  t he  two  t ra ins  merge .  These  s tand ing

wave pat terns wi l l  be much more pronounced under

regu la r  waves  i n  t he  l abo ra to ry  t han  they  w i l l  i n  t he



3 .1

REVIEI{ OF

EXPERI}IENTAL

STUDIES

General

3.2 T\ro-dimenslonal

tes  ts

real ,  random sea s i tuaEion,  though they wi l l  o f  course

becorne more ev ident  as the degree of  ref lect lon

t n c r e a s e s .

One of  the more inpor tant  s ide-ef fects ar is l ,ng f rom

thts energy-enhanced sea state ln  f ronc of  the wal l ,

wi l l  be an increase in the scour lng of  the sea bed.

Thls is  l lke ly  to be most  pronounced aE the lmmediate

toe of  the sea wal l  and unless prevented,  or  a l lowed

for  in  design,  could ser lously  compromlse the

s t ruc tu ra l  s tab i l t t y  o f  t he  wa l l  l t se l f .

A l though the study of  wave- induced toe scour aE sea

wal l  s t ructures has spanned several  decades,  the

format  of  the var ious nodel  tests has remalned

remarkably conslstent .  In  each case the researchers

have used regular  waves,  and have obEained qual l ta t ive

ra the r  t han  quan t i t a t l ve  resu l t s  ( t h i s  l a t t e r

constra int  ar ls ing f rom the lack of  any consistent

sca l t ng  ph i l osophy  l n  t he  s tud ies ) .  Neve r the less ,

between them, Ehese studies have covered a wide range

of  condic ions,  deta l led ln  Table 1,  and have managed

to  assess  the  e f f ec t s  o f ,  amongs t  o the rs ,  wave

steepness,  breaker  type,  beach gradient ,  sediment

p rope rE tes ,  and  sea  wa l l  s l ope  and  pos i t l on ,  on  the

scou r l ng  p rocesses ,

One of  the ear l test  s tudles of  toe scour at  sea wal ls

was that  conducted by Russel l  and Ingl ls  (Ref  9)  ln

1953 .  Th i s  s tudy  i s  un ique  i n  t ha t  l t  l s  s t i l l  t he



on ly  i nves t i ga t l on  o f  t oe  scou r  Eo  have  u t t l i zed  a

vary ing water  level  and hence reproduced t ida l

cond i t l ons .  The  tes t s  t hemse lves  con f i r ned  thaE  a

ve r t i ca l  wa l l  cons t ruc ted  a t  t he  t op  o f  a  beach  ( l n

the run-up zone),  increased turbulence,  through the

ref lect lon of  energy prevlously  d iss ipated on and

wl th ln the beach,  and hence lead to a deplet ton of  the

beach lmmedlate ly  in  f ront  of  i r .  A l though rhe

ul t imate scour depth was not  determlned the authors

concluded that ,  ln  the rnodel ,  scour ing would probably

cease aE a level  about  one wave height  below low

wa te  r .

Herbich and Ko (Ref  10) ,  fo l lowing on f rom the work of

Herbich,  Murphy and Van I ' lee le (Ref  11) ,  considered the

case of  scour lng under non-breaklng waves.  A ser ies

o f  t es t s  we re  run ,  us ing  s lop ing  sea  wa l l s  s i t ed  on

f l a t ,  sand  beaches .  F rom the  resu l t s  o f  t hese  tescs  a

maEhemat t ca l  mode l  f o r  t he  p red tc t i on  o f  scou r  was

developed.  Unfor tunate ly  the predicted scour -  the
I  u l t imate scour deptht  -  rdas def tned as the constant

average depth towards which the scour ing tended,  over

a  d i s tance  o f  15  fee t  no r roa l  t o  t he  sea  wa l l .  i n  t he

phys i ca l  mode l .  Because  o f  t h l s  de f i n i t i on  t he

mat,hemat ica l  model  is  unl tke ly  to be able co predict

t oe  scou r .  The  mode l  l s ,  neve r the less ,  d l scussed

fu r the r  l n  Chap te r  4 .

I lerb ich and Ko (Ref  10)  a lso concluded,  perhaps

somewhat  surpr is ingly ,  that  the d is tance-averaged

scour was not  a funct ion of  the ref lect ton

coe f f l c i en t .  Th i s  c l a im  was  l ace r  re -L te ra ted  by

Herbich et  a l  (Ref  12)  in  a rev lew of  the ear l ier

work.  In  th ls  rev lew the authors went  on to expla ln

that  the sea wal l  s lope was observed to have l i t t le  or

no  e f f ec t  on  the  d i s tance -ave raged  scou r  f o r  sea  wa l l s

lnc l lned between 45" and 9Oo. However,  for  wal ls

f l a t t e r  t han  45 "  t he  scou r  dep th  was  obse ryed  to



decrease wi th decreasing s lope.  Such an observat lon

can be explained by conslderlng the response of wave

re f l ec t i ons  t o  s l op ing  wa l l s ,  as  t heo re t i ca l l y

demonstrated by the formula of  Miche (Ref  13) .  This

impl les that  there is  a constant  ref lect ion of  energy

f rom inc l l ned  wa l l s ,  p rov lded  the t r  s l ope  l s  g rea te r

than some cr l t lca l  va lue,  and a decreasing level  of

ref lect lon when the s lope drops below that  cr i t ica l

va lue.  The precise sea wal l  s lope aE whlch the

ref lect lon behavlour  changes ls  dependent  on the

steepness of  the lnc ldent  waves.  Thus for  condi t ions

sln l lar  to  those used by Herbich et  a l  th ls  change

would occur  for  wal ls  angled at  about  30"  to Ehe

hor lzont .a l ,  ie  compat ib le wi th thei r  scour /sea wal l

s l ope  f i nd ings .

Ich lkawa (Ref  4)  carr ied ouE a ser les of  tests to

invest igate the scour ing of  s loplng beds under

breaking l raves.  I le  observed that  scour ing at  the f  oot

of  ver t tca l  wal ls  was a lways a maxlmum under 'cur l ing '

breakers.  In  general  these scour depths were

equLvalent  to  the of fshore wave helghts but ,  there was

some ind tca t i on  o f  a  bed  s lope  e f f ec t ,  r t i t h  s teepe r

s lopes  su f fe r i ng  s l i gh t l y  g rea te r  scou r  f o r  t he  same

set  of  wave condi t lons than shal low s lopes.  Fur ther

analysis of Ichikawar s results suggests that maximum

scour,  S,  occurs when the in i t la l  l ta ter  depth at  the

sea wal l  ls  ln  che reglon of  1.5 l lo ,  where Ho is  the

of fshore regular  wave height .  For  water  depths e i ther

s lde of  th ls  value,  acour depths appear to reduce

qul te rapid ly .

Sato,  Tanaka and I r ie  (Ref  14)  examlned the processes

of  scour ing at  the fooc of  ver t lca l  and inc l ined sea

wal ls ,  and at  the base of  composi te breakwaters,

l oca ted  a t  d i f f e ren t  pos i t i ons  on  a  beach .  They

ident i f ied 5 types of  scour  behaviour ,  the occurrence

of  whlch depended on the locaEion of  the wal l  re lat tve



t o  t he  i n i t i a l  b reak ing  po in t

c l a s s i f i e d  a s :

These  scou r  t ypes  were

Type 1  -  rap id  in i t ia l  scour ing  fo l lowed by  a  g radua l

a c c r e t i o n  o f  m a t e r i a l

Type 2  -  rap id  in i t ia l  scour ing  lead ing  to  beach

s  tab i  I  i r y

Type 3  -  rap id  in i t ia l  scour ing  g iv ing  way to  s lower

but  more  pro longed eros ion

Type 4  -  con t inuous  gent le  scour ing

Type 5  -  con t inuous  gent le  accre t ion .

For  ve r t i ca l  wa l l s  and  s tep  t ype  beach  p ro f i l es  ( i e

Iow  s teepness  waves ) ,  t he  max imum re la t i ve  scou r  dep th

a t  t he  t oe  o f  t he  wa l l ,  S /Ho r  occu r red  when  the  wa l l

\ tas located at  or  about  the rdave p lunge point  (see

de f i n i t i on  ske tch  -  F ig  2 ) .  Fo r  s teepe r  rdaves  and  the

s to rm o r  ba r  t ype  beach  p ro f i l e ,  max imum re la t i ve

scou r  occu r red  when  the  wa l l  was  s i t ed  a t  e i t he r  t he

sho re l i ne  o r  j us t  l andwards  o f  t he  b reak  po in t .  I n

a l l  cases  the  max imum scou r  was  o f  t ype  3

c  l a s  s  i f  i c a t  i o n .

The scour  behav iour  fo r  inc l ined ' '

cond i t ions  d i f fe red  s l igh t ly  f rom

in that maximum scour occurred at

jus t  landward  o f  the  break  po in t

loca t ions  no ted  w i th  ver t i ca l  wa l

sea rra I  ls under s torm

that  ou t l ined  above

on ly  one pos i t ion  -

-  rather than the two

1 s .

For  a l I  wa l l  l oca t i ons  o f f sho re  o f  t he  o r i g i na l  b reak

po in t ,  t he  scou r  dep th  was  found  to  dec rease  w i th  sea

wa l l  s l ope .  The  d i f f e rence  r f as  howeve r  sna l l  f o r

s l opes  i n  t he  range  60o -90 ' ,  a  f ea tu re  t ha t  wou ld  t end

to  ag ree  w i th  t he  re f l ec t i on  cons ide ra t i ons  o f  M iche

(Re f  13 ) .  Such  a  t r end  was  a l so  obse rved  fo r  wa l l s

l oca ted  a t  t he  o r i g i na l  sho re l i ne .

From the  resu l ts  o f  the i r  tes ts  Sato  e t  a l  (Ref

concluded that the relat ive maximum scour depth

14 )

was
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i nve rse l y  p ropo r t i ona l  t o  t he  o f f sho re  sea  s teepness .

I l oweve r ,  such  a  t r end  nay  on l y  be  app l i cab le  f o r  wa l l s

l ocaEed  seaward  o f  t he  sho re l i ne .  I ndeed  s im i l a r

t es t s  by  l l a t t o r i  and  Kawamata  (Re f  15 ) ,  w i t h  sea  wa l l s

i n  t he  run -up  zone ,  gave  j us t  t he  oppos i t e  resu l t s  -

the scour ing under s teeper l raves rever t ing Eo

acc re t i on  unde r  sha l l ow  $ taves .

O n e  f i n a l ,  i m p o r E a n t ,  r e s u l t  f r o m  S a t o  e t  a l r s  t e s t s

was  the  sugges t i on  t ha t ,  f o r  l daves  w i th  a  s teepness  o f

be tween  0 .02  and  0 .04 r  t he  max imum scou r  dep th  was

app rox ima te l y  equ i va len t  t o  t he  deep  wa te r  l dave

he igh t .  Th i s  was  subsequen t l y  con f i rmed  by  f i e l d  da ta

obta ined f rom the Port  of  Kashi rna (F ig 3)  which,  in

ag reemen t  w i t h  I ch i kawars  f i nd ings  (Re f  4 ) r  showed  the

maximum scour depth under s torm condi t ions to be

near ly  equal  to  the maximum 11.  (s iBni f icant  vave

he igh t ) ,  du r i ng  t he  s to rm,  and  on  the  assumpt ion  o f  H "

o  S r  t o  occu r  i n  i n i t i a l  wa te r  dep ths  o f  a round  1 .51 {s .

On  th i s  bas i s ,  Sa to  e t  a l  conc luded  tha t  unde r  no rma l

s to rm cond i t i ons  (0 .02  <  H IL  <  0 .04 )  t he  max imum scou r

dep th  cou ld  be  expec ted  to  be  l ess  t han  o r  equa l  t o

the  deep  na te r  wave  he igh t ,  bu t  t ha t  i n  ca lmer

cond i t i ons  t he  scou r  dep ths  cou ld  be  ve ry  much  g rea te r

than  the  co r respond ing  wave  he igh ts .

Song  and  Sch i l l e r  (Re f  16 )  unde r took  a  s tudy  o f  t oe

scou r  a long  s im i l a r  l i nes  t o  t haE  o f  Sa to  e t  a l  (Re f

14 )  bu t  w i t h  t he  emphas i s  p redominan t l y  on  the  e f f ec t s

o f  s e a  w a 1 1  l o c a t i o n  a n d  w a v e  r e f l e c t i o n .  D e s p i t e

cons ide rab le  sca t te r  i n  t he  resu l t s  t hey  f ound  tha t

l o w  r e f l e c t i o n  c o e f f i c i e n t s  g e n e r a l l y  c o r r e s p o n d e d  t o

g rea te r  scou r  dep ths .  Th i s ,  t hey  conc luded ,  was  due

t o  t h e  l o w  r e f l e c E i o n  c o e f f i c i e n t s  c o i n c i d i n g  w i t h

\daves  b reak ing  e t  t he  sea  wa l1 .  Respons ib i l i t y  f o r

t he  scou r i ng  wou ld  t hen  l i e  w i t h  t he  t u rbu len t  na tu re

o f  wave  b reak ing ,  ra the r  t han  any  re f l ec t i on  o f

ene rgy .  Th i s  hypo thes i s  apPears  pe r fec t l y  reasonab le
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and may wel l  account  for  some of  che d iscrepancies

previously  noted ln  the ref lect lon re lated scour

t rends.  Such an explanat lon does not  appear l ike ly

however to account  for  the d l f ference between Song and

Sch t l l e r r s ,  and  Sa to  e t  a l r s ,  f l nd ings  rega rd ing  the

ef fect  of  sea wal l  locat ion on the scour depths.

These  a re  l n  d i rec t  con t ras t ,  w l t h  Song  and  Sch l l l e r

f ind ing that ,  for  a l l  wave condi t lons,  maxLmum toe

scour occurred wlch the wal l  a t  or  about  the wave

plunge polnt, while ml.nimum scour always occurred when

the wal l  nas at  the break point .

On the basls  of  thei r  resul ts  Song and Schl l ler

de r i ved ,  t h rough  reg ress lon  ana l ys l s ,  an  exp ress ion

re lat ing re latLve scour depth,  S/Ho,  to sea wal l

locat ion and wave steepness.  Thts Ls examined more

closely ln  chapter  4.  From t t  the authors concluded

that  for  snal l  va lues of  the standlng wave steepness

(H/L < 0.02,  perhaps non-breaklng waves) ,  S/Ho was

vl r tual ly  lndependent  of  the posi t ion of  the sea wal l

on the beach.  Thls however appears to be an

ove r - s l np l i f i ca t l on  and  l s  pe rhaps  a  ra the r  op t lm is t l c

conclus ion.

Hot ta and Marul  (Ref  3)  extended the study of  toe

acou r  t o  ve r t i ca l  pe rmeab le  s t ruc tu res .  I n  do lng  so

they h ighl tghted one of  the najor  problems in any

study of  toe scour,  and that  is  that  local ised toe

scour 1s always l ikely to be superimposed on much

larger  gcale natura l  beach movementa.  Thus,  for  new

sea wal l  s t ructures,  l t  could prove extremely

d i f f i cu l t  t o  p red i c t  t oe  scou r  a lone ,  w i t hou t

reference to the fundamental  changes that  occur  in

beach levels ln response to the incident lrave

condiEions.  Thts ls  par t lcu lar ly  a problem in nodel

studies where scour may be measured f rom et ther  a

p lane  l n i r i a l  s l ope  (Re fs  3 ,  4 ,  10  and  17 )  o r  a

p re - fo rmed  equ l l l b r i um p ro f i l e  (Re fs  14  and  16 ) .
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Alchough Hot ta and Marui  were unable to f i t  the l r

resul ts  wi th perneable wal ls  to  the seour ing

c lass l f l ca t i on  suggesced  by  Sa to  e t  a I  (Re f  14 ) .  t hey

dld f ind several  in terest lng s imi lar i t ies between the

scour lng character ls t lcs of  permeable and sol ld  wal1s.

F l r s t ,  l n  l i ne  w l t h  Song  and  Sch i l l e r ' s  resu l t s  (Re f

16) ,  the scour ing denths were observed to be a min lmum

at the break potnt but a maximum at or about the

plunge potnt .  Thls  held regardless of  the bed

mater ia ls  or  the hydraul lc  propert ies of  the wal ls

tested.  Secondly the maximum scour depths were found

to be of  the order  of  the deep water  wave helght .

Subsequen t  ana l ys i s  o f  Ho tEa  and  Maru i ' s  resu l t s  a l so

suggests that  for  wal ls  located seawards of  the p lunge

point ,  the maxlmum depth of  scour lng occurs when the

wa te r  dep th  l s  l n  t he  reg ton  o f  1 .6 "o .  Th i s  aga in  l s

conpat ib le wl th prev lous f indtngs.

Sawarag i  (Re f  17 )  conduc ted  a  se r l es  o f  t es t s

spec l f i ca l l y  t o  l nves t i ga te  t he  re la t i onsh ip  be tween

the void rat lo  of  perneable st ructures and thel r

re f l ec t l on  coe f f l c l enE ,  K r ,  and  hence  the  re laE lonsh ip

between ref lect lons and scour depth.  He found that

a l though K was fa i r ly  constant  for  vo id rat tor  s- r

greater  than 207.  Lc increased rapid ly  for  snal ler

va lues .  I I e  a l so  obse rved  tha t  f o r  a  pa r t i cu la r  vo ld

rat , io  the ref lect ion coef f tc ient  increased wi th

lncreasing sea wal l  s lope;  a resul t  conparable wi th

the  f t nd lngs  o f  M iche  (Re f  13 ) .

For  breaklng waves,  Sawaragl  ,  in  comon wi th Sato et

a l  (Re f  14 ) ,  no ted  tha t  t he  scou r  dep th  does  no t

a lways increase in t tme and that  the scour lng process

i s  o f t en  l n te rspe rsed  by  ne r l ods  o f  acc re t l on  o r

inf i l l ing of  the scour hole.  I t  was a lso observed

tha t  t he  re la t i ve  scou r  dep th ,  S /Ho ,  i nc reased  w i th

the  re f l ec t l on  coe f f i c i en t ,  a l be l t  a t  a  dec reas lng

raEe ,  Sawarag l  sugges ted  tha t  a  re f l ec t i on
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coeff ic ient of  0.25 narked the boundary between a

rapid lncrease in scour (< 0.25) and the more gent le

increase (> 0.25).  No scouring was observed at the

toe of the permeable wal1s for values of K < 0.10.
r

Last ly,  in contrast to prevlous studies, the maximum

scour depth under breaking waves was perceived to

occur in water depths of the order of 0.5l lo.  I t

should however be noted that this concluslon was

reached on the basis of only one set of wave

eond i t lons .

The most recent study of toe scour appears to be that

by Irie and Nadaoka (Ref 18) who attenpred to

determlne whether prototype scour behaviour could be

reproduced in laboratory nodels,  and, i f  so, the

requirements to be ful f i l led. Tests were carr ied out

on composite breakwater nodels,  in both 2 and 3

dimensions, using regular naves. For part lc les on a

roughened bed under standing rdaves, two types of

sediment movement were identlfled:

1. N-type: transport  f rom beneath the ant inodes to

the nodes of the st,andlng waves

2. L-type: transport from st,anding wave nodes to

ant inodes.

L-type movement, was found to occur when suspended

sediment transport  dominated. I t  could be

characterised by the parameter uO/o, where uO ls the

amplitude of the near-bed water particle velocities

for incident waves and c,l is the sedinent fall

velocity. N-type movement was considered to depend on

the non-linearity of the waves as expressed by the

-Ursell number U = IIL21113, where Il , L and h are wave

height,  length and water depth respect ively.
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In  the 2-d lmensional  tests,  i t  was found f ,hat  for  a

pa r t i . cu la r  se t  o f  cond i t i ons  acc re t i on  o r  e ros ion

under the nodes of  the standing wave envelope,  and

henee N or L-type movement, depended both on the

character is t lcs of  the bed nater ia l  and the ldave

helght .  Movement was observed to change f ron N Eo

L-type as the wave helght  increased or  as Ehe sediment

s ize decreased.  The re lat ive lmportance of  these two

mechanisms to Ehe toe scour depended on whether  an

ant lnode or  a node formed at  the breakwater .  I f  t t

was the la t . ter  then L- type movement would lead to

scour lng,  whereas l f  i t  was the former,  N- type

movement would scour.  However,  t t  is  worth noEing

that  th is  d i f ferent ia t ion ls  only  l lke ly  to prove

Lmportant .  in  the case of  regular  \daves,  and wl l l  have

mlnimal  s lgnl f icance under random seas.

I r le  and Nadaoka p lor ted the resul ts  of  thel r  model

tests in  terms of  the re lat ive veloc i ty ,  rb/6,  and

Ursel l r  s  number.  From the resul t ing graoh they

concluded that  L- type scour occurred when uO/o > 10,

regardless of  the value of  Ursel l 's  number.  On chis

basls the authors suggested that  as re lat . lve veloc l ty

would normal ly  be much greater  than 10 tn prototype'

correct  reproduet ton of  seour in  the model  would

requ i re  u . / co  >  10 .  The re fo re  L - t ype  scou r  occu r red  i n
D

nature,  and as a consequence,  for  eomposi te

breakwaters,  toe scour would be most  ln tensive when

the breakwater  toe coinc ided wi th the node of  the

standtng wave envelope.  In terest tngly  enough,  th is  1s

a  d l rec t  con t rad l c t l on  o f  Sa to  e t  a l ' s  (Re f  14 )

f lnd lngs for  composi te breakl taters and would therefore

suggest  that  the scal lng ln  the la t terr  s  s tudy was

sad l y  awry .  I t  l s  a l so  l n te res t l ng  t o  no te  t ha t  f o r

typ lcal  UK lnshore wave condi t ions,  I r le  and Nadaokafs

cr l ter lon suggests that  the change f rom L- type to

N-type scourtng occurs for  a bed nater ia l  o f

d uo 
o lmm. I t  would appear therefore that  sands
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3 .3 Three  d imens iona l

t e s t s

(dso  <  ln rn)  exh ib i t  a  d i f fe ren t  scour ing  behav iour  to

t h a t  o f  c o a r s e r  m a t e r i a l s .

F ina l l y  i t  i s  wo r th  b r i e f l y  men t i on ing  the  tes t s

per formed by Nishinura,  l r la tanabe and l lor ikawa (Ref  19)

i n  an  a t t emp t  t o  s imu la te  t he  scou r i ng  a t  t he  t oe  o f

sea  wa l l s  caused  by  t sunamis .  S ing le  rdaves  ne re

a l l o w e d  t o  b r e a k  o n  a  m o b i l e  s l o p e ,  c o l l i d e  a g a i n s t

t he  i nc l i ned  sea  wa l l ,  ove rEop ,  and  then  run -up  on  the

gen t l e  s l ope  beh ind  the  wa l l .  Du r i ng  th i s  p rocess

only min imal  scour ing was observed.  l lowever when the

overtopping l rater  returned back over  the wal l  a

p ronounced  scou r i ng  o f  t he  beach  ma te r i a l  was  ev iden t ,

The depth of  th is  scour  was found to depend on the

s lope  o f  t he  sea  wa l l ,  t he  dep th  o f  wa te r  i n  f r on t  o f

i t ,  and  the  ve loc i t y  o f  t he  re tu rn ing  f l ow ,  as  we l l  as

the  spec i f i c  g rav i t y  and  s i ze  o f  t he  bed  na te r i a l .  I n

gene ra l  i t  was  found  tha t  l i gh te r  and  f i ne r  ma te r i a l s

su f fe red  g rea te r  scou r .

Ve ry  f ew  s tud ies  i n to  t he  3 -d imens iona l  aspec ts  o f

wave induced toe scour have been per formed.  I r ie  and

Nadaoka  (Re f  18 )  conduc ted  tes t s  w i t h  regu la r  waves  as

a  supp lemen t  t o  t he i r  ea r l i e r  2 -d imens iona l  wo rk .  As

in the ear l ier  work they found that  scour  occurred

under the nodes of  the standing nave envelope (L- type

movement)  I r i th  mater ia l  being t ransported both to the

an t i nodes  and  a longsho re .  Genera l l y  t he  l ongsho re

t ranspo r t  o f  suspended  sed inen t  f o l l owed  the

a n t i n o d e s .

The major  d i f ference between the 2 and 3-d inensional

t es t s  was  tha t  i n  t he  l a t t e r  t he  scou r  dep th  dec reased

downs t rean  ( i e  a long  the  l ongsho re  cu r ren t ) ,  as  t he

suspended  sed imen t  s l ow ly  se t t l ed  ou t .  Th i s  wou ld

suggest  that  there is  a pronounced 3-d imensional
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3 . 4  S c a l e  a n d  m o d e l

e f f e c t  s

aspect  to  acour  a t  sea  wa l ls  whereby  the  depth  o f

scouring at any one point along the wal l  is dependent

upon i t s  overa l l  pos i t ion  re la t i ve  to  the  to ta l  leng th

o f  the  sec t ion  o f  wa l1  be ing  ecoured.  In te res t ing ly

enough Ir ie and Nadaoka found reagonable agreement

between model and prototype but concluded that this

agreement could be improved by the use of random ldaves

in  the  mode l .

S i l ves ter  (Ref  20)  g ives  eome deta i l s  o f  work  re la ted

t ,o  the  re f lec t ion  o f  waves  approach ing  sea wa l ls  a t  an

ang le .  In  par t i cu la r  the  inc ident  l raves  in te rac t  w i th

the  re f lec ted  waves  to  p roduce a  shor t  c res ted  sea

wi th  a  range o f  par t i c le  o rb i ts  and d i rec t ione.  Th is

e f fec t  can  grea t ly  inc rease the  suspens ion  o f

sediments which oay then be transported along the

coas t  by  var ious  cur ren ts .  As  the  waves  pass  o f f  the

end o f  the  wa l l  boundary  e f fec ts  can resu l t  in  the

formation of vort . ices which may Ehemselves erode the

b e a c h  m a t e r i a l .

I t  i s  c lear  f rom the  preced ing  sec t ions  tha t  there  are

cons iderab le  d isagreements  be tween the  resu l ts  f rom

the var ious  s tud ies .  In  par t  these d i f fe rences  may be

due to  mode l  e f fec ts ,  tha t  i s  e f fec te  inherent  in  the

p a r t i c u l a r  t e s t  f a c i l i t i e s  a n d  c o n d i t i o n s  u s e d .  I n

prac t ice ,  however r  many o f  the  e tud ies  fo l lowed

s in i la r  fo rmats ,  used s in i la r  tes t  cond i t ions  and were

c a r r i e d  o u t  i n  e s s e n t i a l l y  s i n i l a r  f a c i l i t i e s .  I t  i s

d i f f i cu l t  there fore  to  see mode l  e f fec ts  as  account ing

for  the  grea t  var ia t ion  in  resu l ts ,  though they  w i l l

a lmost  cer ta in ly  g ive  r i se  to  spur ious  conc lus ions  and

inh ib i t  the  t rans fer  o f  mode l  de ta  to  p ro to type.

Ins tead,  i t  i s  more  l i ke ly  tha t  the  cont rad ic t ions

between s tud ies  ar ise  th rough sca le  e f fec ts  resu l t ing
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f r o rn  t he  gene ra l  l ack  o f  a  sys tema t i c  sca l i ng

phi losophy for  wave induced scour.

I nco r rec t  sca l i ng  o f  t he  bed  ma te r i a l  wou ld  ce r ta in l y

accoun t  f o r  t he  gene ra l  con fus ion  rega rd ing  the

d i rec t i on  o f  sed imen t  t r anspo r t  unde r  s tand ing  waves ,

as  con f i rmed  by  t he  f i nd ings  o f  de  Bes t ,  B i j ke r  and

Wiche rs  (Re f  21 ) ,  who  ca r r i ed  ou t  a  se r i es  o f  t es t s  on

the  scou r i ng  o f  a  sand  bed  i n  f r on t  o f  a  ve rc i ca l

wa l1 .  They  found  tha t  bo th  t he  d i rec t i on  o f  sed imen t

t ransport  and the resul t ing bed contours depended upon

the  s i ze  o f  sand  pa r t i c l es  used  i n  t he  roode l .  Thus

f i ne  ma te r i a l  was  moved  i n  suspens ion  and  t . r ave l l ed

from the node to the ant inode of  the standing wave

enve lope l  wh i l s t  coa rse r  ma te r i a l  s tayed  as  bed  l oad

and  conve rged  on  the  enve lope  node .  These  resu l t s

ag ree  gene ra l l y  w i t h  I r i e  and  Nadaoka ' s  (Re f  18 )

de f i n i t i ons  o f  N  and  L - t ype  scou r .  Re -ana l ys i s  o f

da ta  f r om Ehe  ea r l i e r  i nves t i ga t i ons ,  i n  t e rms  o f

sed imen t  s i ze  and  wave  he igh t ,  t ends  to  reso l ve  t he

p rev ious l y  no ted  d i sc repanc ies  and  con f i rms  the

co r rec tness  o f  t he  above  scou r  mechan i sms .  C lea r l y

howeve r ,  a  con fo rm i t y  o f  r esu l t s  can  on l y  be  ach ieved

i f  t he  s i ze  and  spec i f i c  g rav i t y  o f  t he  bed  ma te r i a l

i s  co r rec t l y  rep roduced ,  a t  mode l  sca le ,  i n  each  o f

t h e  s t u d i e s .

Un fo r tuna te l y  t he  s i t ua t i on  i s  f u r t he r  comp l i ca ted

where  the re  i s  on l y  a  pa r t i a l  r e f l ec t i on  o f  wave

ene rgy  f rom the  sea  wa l l .  Ca r te r ,  L i u  and  Me i  (Re f

22 )  t heo re t i ca l l y  de rnons t ra ted  tha t  t he  modes  o f

sed imen t  t r anspo r t ,  ou t l i ned  above ,  we re  a  response  to

loca l i sed  reve rsa l s  o f  t he  mass  t ranspo r t  cu r ren t t

p romp ted  by  t he  re f l ec ted  naves .  As  such  these

t ranspo r t  modes  ex i s t  on l y  when  the re  i s  a  ce r ta in

l e v e l  o f  w a v e  r e f l e c t i o n .  C a r t e r  e t  a l  c a l c u l a t e d

t h i s  c r i t i c a l  l e v e l  t o  b e  K  =  0 . 4 1 4 1  a b o v e  t h i s

1 8



va lue  L  and  N- t ype  sed imen t  t r anspo r t  app l i ed ,  wh i l e

be low  i t  sed imen t  t r anspo r t  wou ld  a lways  be  i n  t he

d i rec t i on  o f  i nc iden t  wave  advance ,  and  unde r  t he

ju r i sd i c t i on  o f  t he  mass  t ranspo r t  cu r ren t .  P rov ided

tha t  K  <<  0 .414  the  t ranspo r t  cu r ren t  l t as
r

t h e o r e t i c a l l y  o f  n e a r l y  u n i f o r m  i n t e n s i t y  a n d  l i t t l e

o r  no  scou r /acc re t i on  o f  t he  bed  occu r red .  Fo r

s l i g h t l y  h i g h e r  v a l u e s  o f  K .  ( b u t  s t i l l  l e s s  t h a n

0 .414 )  sed imen t  t r anspo r t ,  wh i l e  i n  t he  d i rec t i on  o f

wave  advance ,  was  s l i gh t l y  re ta rded  be tween  the  node

and  an t i node  o f  t he  pa r t i a l  s tand ing  wave  enve lope ,

a l l ow ing  a  s l i gh t  accumu la t i on  o f  bed  ma te r i a l  i n  t h i s

r e g i o n .

Carter  et  a l  then went  on to extend thei r  work to the

case  o f  waves  ob l i que l y  re f l ec ted  f rom sea  wa l l s  ( t t r e

3D  s i t ua t i on ) .  When  the  ang le  o f  i nc idence  o f  wave

a t t a c k ,  r e l a t i v e  t o  t h e  n o r m a l ,  i s  v e r y  l a r g e ,  t h e

inc iden t  wave  c res t s  w i l l  sw ing  round ,  t end ing  to

become pe rpend i cu la r  t o  t he  wa l l .  They  then  t rave l

a l o n g  t h e  w a l l  w i t h  t h e i r  o r t h o g o n a l s  p a r a l l e l  t o  i t ;

a  s i t ua t i on  wh i ch  pe rm i t s  no  re f l ec t i on  o f  ene rgy .

This ef fect  is  known as a Mach stem and l { iegel  (Ref

23 )  who  p rov ides  a  good  desc r i p t i on  o f  i t ,  sugges ts

tha t  i t  w i l l  occu r  f o r  an  ang le  o f  i nc idence  g rea te r

than  70o  to  t he  no rma l .  Fo r  ang les  o f  i nc idence

between 45o and 70o some ref lect ion and some l ' lach stem

e f fec t  may  occu r .  The  consequence  o f  t h i s ,  as

demons t ra ted  by  Ca r te r  e t  a l ,  i s  t ha t  when  the  ang le

o f  i nc idence  i s  w i t h i n  45o  to  t he  no rma l  t he  bed  l oad

w i l l  t r ave l  t o  t he  noda l  l i nes  and  the  suspended  l oad

to  t he  an t i noda l  l i nes  ( i e  N  and  L - t ype  movemen t ) .

l lowever,  when the angle of  inc idence is  greater  than

45o  the  sed inen t  t r anspo r t  conve rges ,  a lbe i t  a t  a

reduced  ra te ,  on  the  en t i noda l  l i nes .

Thus i t  i s  c lear  tha t  the  cor rec t  reproduc t ion  o f

wave- induced scour ing  processes  in  the  mode l  depends
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upon the accurate scaltng of the bed mater ial  and upon

a siml l l tude of wave dlrect ions and sea wal l

re f lec t lon  charac ter is t tcs .  Resu l ts  f rom 2D mode ls

may not therefore be appl lcable to the 3D sl tuat lon.

The eonplicatlons outlined above are severe and

represent a considerable hurdle, whlch future physlcal

nodel etudies of wave-lnduced scouring must overcome.

They do, however, go 8 long way towards accountlng f.or

the discrepancles observed in the results of prevLous

studies. I t  uay also be possible to clrcum-navigate,

or at least reduce, some of these problens by

concentrating on random wave rather than regular wave

nodelllng. Under random rf,aves a clearly defined

standtng wave state cannot exist , ,  therefore the serLes

of offshore bars and troughs (deposlt ion and scour)

observed in regular nave studies ls unl lkely to form.

Moreover the sedlnent transport  processes wl l l  be less

preclse than under regular ldaves. I t  is probable

therefore that the sedlmentatton trends observed ln

previous studles are purely academlc and bear l i t t le

relat lonship to the real l ty of  the natural  processes.

If this Ls so, wave-lnduced scourlng nay be one of

the areas of coastal  englneerlng for whLch physlcal

nodel l ing ls sirnpl l f led by the use of random l taves.

Thls argument is supported by the observatLons of Dean

(Ref 24) who stated that "whl le ref lect ion can cause

offshore bars ln the laboratory for the case of

monochromatlc (regular) I ravea, the exlstence of

ref lect lon bars in nature hae not been convincingly

demonst ra ted" .
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OF4 THE PREDICTION

TOE SCOUR

The current ly aval lable predict ion methods for

wave-induced toe scour may be divlded into two

categor les ,  tha t  i s :

(a)  ru le-of - thumb approaches'  as expounded by che

Shore Protect ion Manual  (Ref  25)  and Dean (Ref

24), and

(b)  semi-empir ica l  equat lons der ived f rom smal l  scale

mode l  t es t s  (Re fs  10  and  16 ) .

These nethods are out l lned and assessed below:

1.  The Shore Protect ion Manual  (SPl4)  ru le-of - thumb

In conmon wi th many other  researchers (Refs 3,  4,  9

and 14)  the SPM (Ref  25)  suggests that  " the maximum

depth of  a scour t rough below the natura l  bed ls  about

equal t,o the helght of che maximum unbroken wave thaE

can be supported by the or lg lnal  depth of  water  at  the

toe  o f  t he  s t ruc tu re " .  Subsequen t  ca l cu la t i ons '

however,  reveal  that  the orb i ta l  ve loc l t ies at  the

bot tom of  the scour hole are st l l l  substant la l ly

higher than they would have been at the orlglnal beach

level  rd i thout  the wal l .  This  appl les no Bat ter  whlch

wave theory is  used Eo per forn the calculat ions,  and

as such suggests that  th is  ru le-of - thumb nay

underest inate the actual  gcour depths.  I t  has a lso

been shown that  the scour depths are dependent  upon

Ehe s lze of  beach mater la l  and the d l rect lon of  wave

advanee  (Chap te r  3 ) ;  f ac to rs  wh i ch  such  a  s i np le

design ru le cannot  lncorporate.

2. Deanr s rule-of-thr:nb

Dean (Ref 24) proposed that

s l tua t ion ,  w i th  cond i t tons

for the 2-dinensional

conducive to the formatlon
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of a longshore bar, t.he volume of scour lmnedlately

f ront lng a sea wal l  wl l l  be less than or  egual  to  that

volume of  mater ia l  whlch would have been provided f rom

behlnd the wal l ,  had the nal l  not  been present .  Thts

hypothesls  ls ,  however,  unproven and ls  ln  any caae

dt f f tcu l t  to  apply not  least  because i t  requl res the

deslgner  to accurate ly  determi"ne beach prof l les for  a

given rnatertal slze and tncldent wave

condLt lons/d l rect lon,  pr lor  Eo calculat ing the volumes

of  mater ia l  eroded and hence the depth of  acour.  At

preaent the only meana of accurately deternlntng these

prof l les would be extenslve and pro longed f te ld

measurements or  a physical  model ,  the use of  whlch

would tend to nul l t fy  the purpose of  a theoret lca l

deslgn nethodology.

3.  The l lerb ich equat lon

I{erb lch and Ko (Ref  10)  der ived the fo l lowing equat ion

fo r  t he  p red l c t t on  o f  scou r l ng  a t  sea  wa l l s :

s=(h-i) {cr-K.)u* [ozsco ro#fu1r,f -r]

where S

h

A

( 4 . 1 )

ls a maxinum dlstance-averaged scour depth

Ls water  depch aE the walL

Lg wave helght  at  the wal l  = H,  *  I l ,  te

lnc ldent  p lus ref lected wave helghts

i s  re f l ec t t on  coe f f l c l enc  ( I l r /H l )

ie  hor lzonta l  ve loc l ty  wl th ln boundary

layer ,  under s tanding wavea

ls sediment  drag coef f ic lent

l s  f l u i d  dens i t y

ls the angle of repose of the sedlment

is  ef fect l .ve nedlan sedLment d laneter

Kr
u*

co
p

e
dso
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o f

o f

v' s

\

i s  s p e c i f i c  g r a v i t y

i s  s p e c i f i c  g r a v i t y

sed imen t ,  and

f l u i d .

3 .

Al though equat ion  4 .1  was c la ined to  be  in  reasonab le

agreement  w i th  resu l ts  f ron  phys ica l  mode l  tes ts r  i t

i s  wor th  no t ing  tha t  there  are  severa l  l iu r i ta t ions  to

i t s  u s a g e .

There  appea rs  t o  have  been  l i t t l e  a t t emp t  t o

rp rove r  t he  equa t i on  aga ins t  any th ing  o the r  t han  a

f e w  l i m i t e d  r e s u l t s  f r o m  s m a l l  s c a l e  m o d e l  t e s t s ,

wh i ch  we re  themse lves  seve re l y  a f f ec ted  by  sca l i ng

e r r o r s .

The  equa t i on  p red i c t s  a  d i s tance -ave raged  scou r

ove r  a  sea  bed  l i ne  no rma l  t o  t he  wa l l ,  r a the r

than  the  dep th  o f  t oe  scou r .

The equat ion was der ived only for  non-breaking

naves  and  f l a t  sea  beds .  Ca re  shou ld  t he re fo re  be

taken  i f  app l y i ng  i t  t o  o the r  s i t ua t i ons .

Bear ing  these l in i ta t ions  in  mind ,  the  equat ion  has

been examined in more detai l  in Fig 4r where the

pred ic ted  d is tance-averaged scour  depths  are  p lo t ted

a g a i n s t  r e f l e c t i o n  c o e f f i c i e n t ,  s e d i m e n t  s i z e ,  w a v e

height and wave period. A number of interest ing

fea tures  are  noer  apparent .  F i rs t ,  the

d is tance-averaged scour  depth  tends  towards  a  cons ten t

value for sediments greater than 6mm in diameter and

wave per iods  in  excess  o f  6  seconds.  Second ly ,  the

asser t ion  by  severa l  researchers  (Refs  4 ,  14 ,  15)  tha t

scour depths are greetest when the waves are breaking

at  the  wa l l  i s  no t  re fu ted .  Th i rd ly ,  and perhaps  most

surpr is ing ly ,  the  equat ion  i lnp l ies  tha t  con t ra ry  to

prev ious  resu l ts ,  the  scour ing  decreases  as  the

r e f l e c t i o n  c o e f f i c i e n t  i n c r e a s e s .  C l e a r l y  t h i s  l a t t e r

po in t  i s  a  cause fo r  some concernr  suggest ing  tha t
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t he re  may  be  e r ro rs  i np l i c i t  w i t h i n  t he  de r i va t i on  o f

t he  equa t i on .  Even  i f  t h i s  we re  no t  so ,  t he re  a re

s t i l l  t o o  m a n y  u n c e r t a i n t i e s  a n d  l i n i t a t i o n s  t o  a l l o w

the  use  o f  equa t i on  4 .1  f o r  t he  p red i c t i on  o f  t he  t oe

s  cou r  .

4 .  S o n g  a n d  S c h i l l e r ' s  e q u a t i o n

B a s e d  o n  t h e  r e s u l t s  o f  s m a l l  s c a l e  m o d e l  t e s t s  S o n g

and  Sch i l l e r  (Re f  16 )  ob ta ined  a  sem i - l oga r i t hn i c

reg ress ion  equa t i on  f o r  t he  p red i c t i on  o f  scou r  dep ths

a t  t h e  t o e  o f  a  s e a  w a l l .  T h i s  e q u a t i o n ,  w h i c h  w a s

found  to  have  a  co r re la t i on  coe f f i c i en t  o f  0 .84  when

compared  to  t he  t es t  da ta r  may  be  wr i t t en  as :

S / H _  =  I . 9 4  +  0 . 5 7  l n  ( X / x b )  +  0 . 7 2  l n  ( H / L )  ( 4 . 2 )
o

where  S  i s  t he  dep th  o f  t oe  scou r

H^ is  deep rdater  wave height
o

X  i s  ho r i zon ta l  d i s tance  f rom the  o r i g i na l

shore 1 ine

X ,  i s  ho r i zon ta l  d i s tance  f ro rn  t he  o r i g i na l
D

sho re l i ne  t o  t he  b reake r  po in t  ( i e  o r i g i na l

su r f  zone  w id th )

H is  deep rdater  s tanding wave height

L  i s  l oca l  wave  l eng th .

Fu r the r  examina t i on  o f  equa t i on  + .2  (F ig  5 )  i nd i ca tes

tha t  t oe  scou r  i nc reases  as  t he  wa l l  l oca t i on

app roaches  the  sho re l i ne .  Th i s  con t rad i c t s  Song  and

S c h i l l e r r s  b a s i c  r e s u l t s  u n l e s s  t h e r e  i s  a  l i r n i t e d

range  o f  X /Xb  fo r  wh i ch  the  equa t i on  app l i es .  Though

th i s  i s  no t  exp ress l y  dec la red  by  t he  au tho rs  i t  wou ld

appear f rom the t .est  data that  the range should be of

t h e  o r d e r  o f  0 . 5  -  1 . 0  X / X b .  F o r  w a l l s  a t  a n y

loca t i on  w i th in  t h i s  pa r t  o f  t he  su r f  zone ,  equa t i on

4 .2  a l so  i np l i es  t ha t ,  f o r  a  cons tan t  wave  he igh t ,  t he

scou r  dep ths  i nc rease  w i th  dec reas ing  \ rave  s teepness .
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Th is  i s  pe rhaps  no t  su rp r i s i ng  and  may  we l l  be  a

response  to  an  i nc reased  p ropo r t i on  o f  r e f l ec ted

ene rgy  f rom the  wa l l  aE  the  l ower  \ dave  s teepness .

The  ma jo r  p rob lems  w i th  equa t i on  4 .2  l i e  i n  i t s

de r i va t i on  f r om sma l l  sca le  mode l  t es t s  ( t ha t  uade  no

a t tenp t  t o  co r rec t l y  rep roduce  p ro to t ype  behav iou r )

a n d  i n  i t s  r e l a t i v e  s i m p l i c i t y .  F o r  i n s t a n c e ,  t h e

equa t i on  does  no t  t ake  accoun t  o f  t he  re f l ec t i on

c h a r a c t e r i s t i c s  o f  t h e  w a l 1 ,  o t h e r  t h a n  t h a t  i m p l i c i t

i n  t he  s tand ing  wave  he igh t ;  t he  3 -d imens iona l

aspec ts  o f  scou r ;  o r  t he  beach  sed imen t  s i ze .  I t  i s

un l i ke l y  t he re fo re  t o  be  o f  bene f i t  t o  p resen t  day

d e s i g n e r s .

I t  has  been  shown  tha t  t he  me thods  and  ru les  ava i l ab le

fo r  p red i c t i ng  wave - i nduced  toe  scou r  a t  sea  wa l l s  a re

bo th  l i n i t ed  i n  scope  and  compounded  by  se r i ous  e r ro rs

in  t he i r  de r i va t i on .  Howeve r  p red i c t i ng  t oe  scou r

accu ra te l y  wou ld  be  a  d i f f i cu l t  p ropos i t i on  even  i f

there r i lere rdel l  proven methods aad equat ions

ava i l ab le .  The  p red i c t i on  accu racy  o f  any  equa t i on

can  on l y  be  dependen t  upon  the  accu racy  and

r e l i a b i l i t y  o f  i t s  i n p u t  d a t a  a n d ,  f o r  t o e  s c o u r r  t h a t

d a t a  i s  l i k e l y  t o  b e  c o n s i d e r a b l e  a n d  d i f f i c u l t  t o

measu re .  Fo r  i ns tance ,  i n fo rma t i on  wou ld  be  requ i red

rega rd ing :

1 .  t he  bed  ma te r i a l  cha rac te r i s t i cs  and  compac t i on

2 .  t he  wave  c l ima te

3 .  t he  l oca l  cu r ren t  f i e l d

4 .  t h e  s t r u c t u r e  g e o m e t r y r  i e  b e d  p r o f i l e r  s e a  w a l l

s l o p e  e t c

5 .  t he  wave /s t ruc tu re  i n te rac t i ons ,  i e  wave  b reak ing

a n d  r e f l e c t i o n .
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CONCLUSIOf,S ANI)

RECOUI.{EXDATIOAS

Clear ly  ob ta in ing  or  es t imat ing  th is  da ta  wou ld  be  a

cos t ly  p rocess  wh ich ,  g iven  the  present  s ta te  o f

p r e d i c t i o n  m e t h o d s ,  w o u l d  b e  d i f f i c u l t  t o  j u s t i f y .

Th is  repor t  has  rev iewed the  ava i lab le  pub l i shed

l i te ra tu re  re la ted  to  wave- induced toe  scour  a t  sea

wal ls .  Dur ing  the  rev iew i t  became apparent  tha t  the

resu l ts  and conc lus ions  f rom prev ious  mode l  s tud ies ,

a l though main ly  qua l i ta t i ve  in  na ture ,  a re  o f ten

cont rad ic to ry .  These d isc repanc ies  appeer  to  a r ise

for a number of reasons:

There  is  usua l ly  no  cons is ten t  sca l ing  ph i tosophy

f o r  t h e  b e d  o a t e r i a l .  T o  a  c e r t a i n  e x t e n t ,  i t  i s

the  s ize  o f  th is  mater ia l ,  in  con junc t ion  w i th  the

inc ident  wave cond i t ions ,  wh ich  de termines  the

d i rec t ion  o f  par t i c le  mot ion ,  and hence the  fo rm

o f  t h e  b e d  p r o f i l e .

D i f fe ren t  researchers  have used d i f fe ren t  measures

and de f in i t ions  o f  scour .  Of ten  the  scour  i s

meaeured re la t i ve  to  the  in i t ia l  beach l ine  wh ich ,

depend ing  on  the  s tudyr  may be  e i ther  a  p lane

s lope or  a  p re fo rmed equ i l ib r ium pro f i le .

I{aves breaking and plunging at the sea wal l  can

cause an  inc rease in  the  scour ing  o f  the  sea bed

over and above thet nhich night be ant ic ipated on

the  bas is  o f  wave re f le$ t io t r  scour  t rends .  Thus

reeults from studies using breaking rdaves may not

be  cons is ten t  w i th  those fo r  non-break ing  rdaves .

The re f lec t ion  coef f i c ien t  i s  no t  a  l inear

func t ion  o f  sea  wa l l  s lope.  Thus ,  depend ing  on

the  sea wa l l  s lopes  used,  some researchers  have

1 .

2 .

3 .

4 .
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2 .

3 .

4 .

repor ted  no  re la t ionsh ip  be tween re f lec t ion  and

scour ing  wh i ls t  o thers  have found cons is ten t

t r e n d s .

Tak ing  these po in ts  in to  cons idera t ion  a l lows a  number

o f  genera l  conc lus ions  to  be  drawn f rom the  mode l

s tud ies  .

F o r  w a v e s  o f  s t e e p n e s s  0 . 0 2 - 0 . 0 4  t h e  d e p t h  o f

scour ing  is  approx imate ly  equ iva len t  to  the  he igh t

of the incident unbroken rilave.

I " lax imum scour occurs when the sea wal l  is  located

a t ,  o r  abou t ,  t he  p lunge  po in t  o f  b reak ing  waves

o r  i n  an  i n i t i a l  wa te r  dep th  o f  1 .5H ,  whe re  I l  i s

a nominal  wave height .

The  dep th  o f  scou r i ng  dec reases  w i th  dec reas ing

r e f  l e c t i o n  c o e f f  i c i e n t .

Scour ing is  a 3-d imensional  phenomenon which nay

have  p ronounced  dep th  va r i a t i ons  a long  a  sea

wa l  l  .

However ,  the  fac t  tha t  reasonab ly  cons is ten t

conc lus ions  can be  shown to  app ly  to  p rev ious  mode l

s tud ies  does  no t  meen tha t  they  w i l l  a lso  epp ly  to  the

rea l  s i tua t ion .  Indeed,  the  na jo r i t y  o f  the  mode l

tests suffered from 3 rnajor drawbacks in that they

employed regu la r  naves l  cons idered on ly  2 -d iu rens iona l

aspec ts ;  and neg lec ted  to  sca le  the  bed mater ia l  to

ensure  s imi la r i t y  w i th  p ro to type.  Bear ing  in  a r ind

Deanrs  (Ref  24)  concerns  regard ing  the  re levance o f

regu la r  v rave  tes ts ,  I r ie  and Nadaokars  (Ref  18)

s c a l i n g  c o n c l u s i o n s  a n d  C a r t e r  e t  a l r s  ( R e f  2 2 )

f ind ings  re la ted  to  3 -d imens iona l  e f fec ts ,  i t  seems

un l ike ly  tha t  the  above conc lus ions ,  as  they  s tandt

can be  accepted  as  a  ra t iona l  bas is  fo r  sea  waI l

d e s i g n .

2 7
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At present  wave- induced Eoe scour ts  v i r tual ly

lnposslb le to predlct  e i ther  for  nel r  or  ex ls t ing sea

wal ls .  Given the acknowledged ser iousness and

prevalence of  the problem th ls  ls  c lear ly  a s t tuat lon

thac needs to be urgent ly  remedied.  I t  ls  therefore

recommended that a najor research study should be set

up  to :

systenat ical ly examine the underlytng causes of

toe acour,  and

2. develop methods for predict lng both i ts onset and

ext,ent for varLous types of sea wal l  and sizes of

bed mater ial .

Such a study should utl l lse random waves and

lncorporate a large measure of  3-d inenslonal  te6t lng,

though l t  ls  accepted that  some 2-d lmenslonal  work

wl l l  be requl red both to conf i rm scal lng re lat lonshlps

and to prov lde a grounding for  lacer  work.  A deta i led

out l lne of  the suggest ,ed research programme ls  g lven

in Appendix 1.
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APPENDIX 1

A Propoeed Research Programme

ObJect I t  ls proposed Ehat a major research study should be

aet  up  to :

Scope

1.  sysEemat ica l ly  examine the under ly lng causes of

toe acour,  and

2.  develop nethods for  predict lng boch l ts  onset  and

extent  for  var ious types of  sea wal l  and s lzes of

bed  ma te r i a l .

Any future study of wave-induced toe acour must be

founded upon:

1.  a sound scal ing phi losophy for  the bed mater ia l

2. the use of random lraves

3 .  t h ree  d imensLona l  t es t l ng .

In addt t ion to these l tems there wi l l  a lso be a need

to examlne both a wlde range of non-coheslve bed

nater ia ls  and a var lety  of  sea wal l  s t , ructures.

Sin l lar ly  there wi l l  be a requl . rement  to vary water

leve1 and sea bed geonetry.

Experlmental  Obviously l t  wl l l  be lmposslble to slmultaneously cest

methodology al l  the above icems, therefore i t  ls suggested that

the fol lowlng test methodology be adopted.

1.  Two-dtmensLonal  tests,  ln  a wave f lume, us ing a

ve r t i ca l  wa l l  and  th ree  d i f f e ren t  s i zes  o f  bed

na te r i a l ,  se lec ted  to  cove r  f l ne  sand ,  coa rse  sand

and shlngle.  These tests would permlc

ve r i f i ca t l on  o f  t he  sca l i ng  l aws ,  l f  r equ i red ,  and

would c lar i fy  the scour ing mechanisms for  each of

t he  tes t  ma te rLa l s .  I t  l s  an t i c iDa ted  tha t  a

number of  wave condi t lons would be tested"  at



poss lb l y  3  o t  4  rda te r  l eve l s .  Da ta  reco rded  wou ld

lnc lude wave ref lect ions,  rdater  par t lc le

ve loc t t i es  and  scou r  p ro f l l es .  Ove r topp lng  o f  t he

wal ls  would be prevented thus ensur ing a l l  wave

ene rgy  was  d l ss ipa ted  o r  re f l ec ted .

2 .  Fo l l ow ing  the  i n t roducEory  2 -d inens iona l  t es t l ng  '

the maln body of  3-d inenslonal  tescs '  f rom whlch

subsequent  design guidance would be drawn,  should

be undertaken.  Ideal ly  Ehese tests should be at

the same scale as the 2-d inenslonal  work and

should use the same bed mat,er ia ls .  Agaln,  only  a

ve r t l ca l  wa l l  w t l l  be  node l l ed .  I t  i s  an t i c tpa ted

Eha t .  t he  t es t s  w i l l  use  Ehe  p rev tous l y  es tab l i shed

wave condl t lons (and water  levels)  aet lng at

vary lng angles of  lnc ldence lnc luding

perpendicular  to  the wal l .  Measurements wl11 be

nade of  the bed prof i les,  rdave ref lect lons and

wave induced currents Ln the v le ln l ty  of  the wal l .

A l lowance wi l l  be made to Lncorporate t ida l

cu r ren ts .

3.  I tav ing establ lshed the scour lng t rends for

ver t tca l  sea wal ls  l t  is  c lear ly  lmportant  that

the tesE programne be extended to cover  inc l ined

wal ls  and porous rock annoured stnrctures.  In

par t tcu lar ,  emphasis should be p laced on those

structures where rock armour ing as been latd in

f ront  of  an ex ls t ing ver t ica l  wal l  in  an at tempE

to improve i ts  hydrodynanic per formance.  The

addt t lonal  sea wa1l  tests wl l l  need to be carr led

out  in  both 2 and 3 d lmensions though the number

of  wave condi t ions/d i rect ions and water  levels

could be reduced.

4.  Fol lowing test ing of  the sea wa1l  var lat ions a

number of  loose ends w111 need to be t ied up.



These may inc lude the problems of  toe scour lng at

abrupt  changes ln sea wal l  a l ignment ,  and the

ques t i on  o f  scou r i ng  o f  cohes i ve  sed imenEs ;

though l t  ls  recognised that  th is  la t ter  topic

poses considerable problems to physical

node l l i ng .

Conclual .ona Clear ly  the research programne out l ined above wt l l  be

long term and rnay take several  years to complete.  The

in i t ta l  2  and,  3-d imenslonal  test lng should '  however,

unravel  nany of  the nyster les of  wave- lnduced toe

scour and may therefore be consldered as the

foundat ion stone of  Ehe research programme.

Subsequenc test lng wi l l  then bui ld  upon th is  base,

fo l lowing the needs and requl rements of  the

englneer ing communl ty .






