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ABSTRACT 

Knowledge about the movement of sediment on the sea bed is highly important 
for the design of coastal structures and dredged navigation channels. In 
many cases sediment on the sea bed is moved by the combined influence of 
waves and currents. But so far the work done on the threshold condition of 
sediment movement under combined flow is rather limited because of its 
complex turbulence structure. 

In the present report some results obtained by laboratory flume tests have 
been given. Experiments have been carried out on rippled and flat beds with 
five different sizes of sand. The bed shear stress over a rippled bed has 
been calculated recently from the measurements using the proposed method of 
Fredsoe. Reynolds stress measurements have also been made to obtain the bed 
shear stress over a flat bed. 

An important result is that the Shields' curve can be used to determine the 
threshold condition under combined flow as well as under uni-directional and 
purely oscillatory flow, provided that the bed shear stress can be 
calculated. However, the maximum bed shear stress must be used instead of 
the mean bed shear stress when considering the threshold condition. The 
maximum bed shear stress on a rippled bed is taken as the maximum skin 
friction on the rippled crests, which is where sediment movement first 
occurs. All bed measurements for both flat and rippled bed condition are 
in good agreement with the Shields' curve. 

This result enables predictions of bed mobility to be made for engineering 
problems in locations where currents and waves are both important, thus 
extending previous methods which could only be applied to locations in which 
either wave effects or current effects could be neglected. 





paq aPTJ e uo ssalas leaqs paq pToqsalqL E.7 

paq pa~ddrl e uo uoy~syxj urys pToqsalqL z-9 

paq pa~ddy~ e laho sagrsoTaA pToqsalqL 1-7 





1 INTRODUCTION 

The combined f low of waves and c u r r e n t  is a  commonly 

o c c u r r i n g  c o n d i t i o n  i n  the  ocean.  Sediment a t  t h e  s e a  

bed way move under t h e  combined i n f l u e n c e  of Hiaves and 

c u r r e n t ,  when i t  would not  move under t h e  same c u r r e n t  

on i t s  own. Once t h e  sediment  i s  moving t h e  a c t i o n  of 

t h e  waves magni f i e s  t h e  sediment  t r a n s p o r t  [l 1. 
Although waves a r e  e f f i c i e n t  a t  d i s t u r b i n g  sediment ,  

they  w i l l  o n l y  p rov ide  a  n e t  t r a n s p o r t  i f  t h e r e  is  a  

non-zero mean c u r r e n t ,  which m y  o r  may no t  be 

produced Ly t h e  waves themse lves .  

As  i s  w e l l  known, t h e  t h r e s h o l d  c o n d i t i o n  f o r  bed 

movement under u n i d i r e c t i o n a l  f low i s  g i v e n  by 

S h i e l d s '  cu rve .  Under pure  wave c o n d i t i o n s ,  v a r i o u s  

(;. 20)  formulae  a r e  a v a i l a b l e  t o  e s t i m a t e  t h e  

t h r e s h o l d  c o n d i t i o n ,  which may g i v e  wide ly  d i f f e r e n t  

answers.  S l e a t h  [2 ] shows t h a t  t h e  b e s t  agreement 

w i t h  d a t a  i s  found by c a l c u l a t i n g  t h e  maximum bed 

s h e a r  s t r e s s  and u s i n g  S h i e l d s '  cu rve .  It had been 

thought  t h a t  t h e  a c c e l e r a t i o n  e f f e c t s  under  waves were 

a n  impor tan t  f a c t o r  i n  de te rmin ing  t h e  t h r e s h o l d ,  b u t  

t h i s  i s  e v i d e n t l y  not s o  [3 1, [4 1, [ S  1, [6 1, [7 1, [8 1, 
[9 l. 

P rev ious  s t u d i e s  of t h e  t h r e s h o l d  c o n d i t i o n  u n d e r  

combined wave and c u r r e n t  f lows have been made by 

Inman [ l0  1, Hammond & C o l l i n s  [l1 1, Na ta ra  jan  [ l 2  1, 
Arafa [ l3  1. However, t h e i r  r e s u l t s  a r e  n o t  easy t o  

u s e  f o r  p r a c t i c a l  purposes ,  because  wave and c u r r e n t  

v e l o c i t i e s  were used i n s t e a d  of t h e  maximum bed s h e a r  

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

In  p r a c t i c e  a  n a t u r a l l y  o c c u r r i n g  s e a  bed i s  more 

o f t e n  r i p p l e d  than f l a t .  T h i s  f u r t h e r  c o m p l i c a t e s  

m a t t e r s ,  because the  r i p p l e d  bed has a n  a d d i t i o n a l  

r e s i s t a n c e  t o  t h e  f low due t o  the  form drag on t h e  

r i p p l e s .  The bed s h e a r  s t r e s s  on a  r i p p l e d  bed thus  

c o n s i s t s  of the  sum of t h e  form drag  and s k i n  

f r i c t i o n .  Only t h e  s k i n  f r i c t i o n  a f f e c t s  t h e  g r a i n s  



and can cause  sediment  motion. Over a  f l a t  bed t h e  

t o t a l  bed s h e a r  s t r e s s  is e q u a l  t o  t h e  s k i n  f r i c t i o n .  

Bagnold [14 ] poin ted  ou t  ( w i t h o u t  e x p e r i m e n t a l  

j u s t i f i c a t i o n )  t h a t  t h e  t o t a l  bed s h e a r  s t r e s s  needed 

f o r  sediment motion under u n i d i r e c t i o n a l  f low over  a 

r i p p l e d  bed i s  s e v e r a l  t imes  t h e  s k i n  f r i c t i o n ,  f o r  

g r a i n s  f i n e r  than  0.9mm. Kapdas l i  h Dyer [15 ] found 

i n  l a b o r a t o r y  exper iments  t h a t  t h e  t o t a l  bed s h e a r  

s t r e s s  a t  t h r e s h o l d  under u n i d i r e c t i o n a l  f low 

c o n d i t i o n  is 8  - 12  t imes  t h e  s k i n  f r i c t i o n .  It has 

a l s o  been p o i n t e d  ou t  by s e v e r a l  r e s e a r c h e r s  t h a t  

under o s c i l l a t o r y  flow t h e  c r i t i c a l  t o t a l  bed s h e a r  

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

than  t h e  s k i n  f r i c t i o n  [ l6  1, [ l7 ] and [l8 1. 

I n  t h e  p r e s e n t  work, l a b o r a t o r y  exper iments  have been 

c a r r i e d  o u t  t o  observe  t h e  t h r e s h o l d  c o n d i t i o n s  under 

combined wave and c u r r e n t  f lows on r i p p l e d  and f l a t  

beds ,  and t h e  t h r e s h o l d  c o n d i t i o n s  have been e s t i m a t e d  

i n  terms of t h e  maxinum bed s h e a r  s t r e s s .  Only 

C O - d i r e c t i o n a l  combinat ions  of waves and c u r r e n t s  have 

been used. 

2 CALCULATING BED 

SHEAR STRESS 

Under u n i d i r e c t i o n a l  f low,  t h e  mean bed s h e a r  s t r e s s  

i s  u s u a l l y  used t o  de te rmine  t h e  t h r e s h o l d  c o n d i t i o n ,  

a l though  t h e  sediment  on ly  moves i n t e r m i t t e n t l y  a t  

times of peak bed s h e a r  s t r e s s  due t o  b u r s t s .  There  

may be some sediment motion c a l l e d  'weak movement' 

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

v a l u e  [l9 1, [20 1. But i n  o r d e r  t o  observe movement 

below t n e  c r i t i c a l  c o n d i t i o n  one must wa i t  f o r  a  lon,: 

t ime because of t h e  s t a t i s t i c a l  c h a r a c t e r  of t h e  

t u r b u l e n c e  i n  u n i - d i r e c t i o n a l  f low.  

Under a o  o s c i l l a t o r y  flow t h e  maxinum bed s h e a r  s t r e s s  

must be used t o  de te rmine  t h e  t h r e s h o l d  of motion. 

The bed s h e a r  s t r e s s  can exceed t h e  c r i t i c a l  v a l u e  a s  

o f t e n  a s  f o u r  t imes  d u r i n g  t h e  wave p e r i o d ,  bu t  f o r  



t h e  r e s t  of t h e  p e r i o d  i t  is w e l l  below t h e  c r i t i c a l  

v a l u e  [21 1. Because of t h e  r e g u l a r  occur rence  of t h e  

c r i t i c a l  c o n d i t i o n ,  under o s c i l l a t o r y  f low t h e  motion 

of t h e  sediment  is more c l e a r l y  d e f i n e d  and i t  i s  

e a s i e r  t o  obse rve  t h e  t h r e s h o l d  c o n d i t i o n .  Under a  

combined f low,  t h e  bed s h e a r  s t r e s s  changes d u r i n g  t h e  

wave p e r i o d ,  bu t  a t  t h e  same t ime  b u r s t s  may a l s o  

occur  due t o  t h e  c u r r e n t .  For t h i s  reason t h e  maximum 

bed s h e a r  s t r e s s  must be used t o  de te rmine  t h e  

t h r e s h o l d  of motion.  

For pure  wave o r  pure  c u r r e n t  c o n d i t i o n s ,  t h e  t o t a l  

bed s h e a r  s t r e s s  can  be c a l c u l a t e d  by c o n s i d e r i n g  t h e  

t u r b u l e n c e  p r o p e r t i e s  w e l l  away from t h e  bed. 

However, t h i s  i s  more d i f f i c u l t  under a  combined f low 

because  i t  has  a  ve ry  complex t u r b u l e n c e  s t r u c t u r e ,  i n  

which t h e r e  i s  a  t h i n  t u r b u l e n c e  boundary l a y e r  which 

mainly depends on t h e  wave motion,  whi le  o u t s i d e  t h e  

boundary l a y e r  t h e  t u r b u l e n c e  s t r u c t u r e  is mainly  

c r e a t e d  by t h e  c u r r e n t  [22 1. Heasurements made by 

Kemp & Simons [23 ] showed t h a t  t h e  maximum bed s h e a r  

s t r e s s  on a  smooth bed over  a  wave per iod i s  

approximate ly  twice  t h e  average  bed s h e a r  s t r e s s ,  f o r  

a  l a r g e  wave. Over a  rough bed t h e  t u r b u l e n c e  

i n t e n s i t y  i n c r e a s e s  c o n s i d e r a b l y  when even a  s m a l l  

wave i s  added t o  t h e  c u r r e n t .  I n  t h i s  c a s e  t u r b u l e n c e  

f l u c t u a t i o n s  a r e  very l a r g e .  T h i s  means t h a t  i t  i s  

e a s i e r  t o  r each  t h e  t h r e s h o l d  c o n d i t i o n  under t h e  

combined wave and c u r r e n t  f low than under a  c u r r e n t  

a l o n e .  

S e v e r a l  t h e o r e t i c a l  methods have been proposed t o  

o b t a i n  t h e  v e l o c i t y  d i s t r i b u t i o n  and bed s h e a r  s t r e s s  

under a  combined f low (Lundgren [24 1, Bakker [25 1, 
Bakker & Doorn [26 1, Grant & Madserl [27 1, Bi jKer  [2d 1, 
Smith [29 l ) ,  and measurements have a l s o  been made by 

George & S l e a t h  [30 1, BreviK & Aas [31 1, Brevik  [32 1. 
A r e c e n t  method developed by Fredsoe [22 ] i s  used i n  

t h e  p r e s e n t  s t u d y  t o  c a l c u l a t e  t h e  maximum bed s h e a r  

s t r e s s ,  because  i t  i s  t h e  e a s i e s t  one t o  use  i n  t h e  



p r e s e n t  exper iments  t o  o b t a i n  t h e  maximum bed s h e a r  

s t r e s s  from t h e  measured q u a n t i t i e s .  

I n  t h i s  t h e o r y  i t  i s  assumed t h a t  t h e r e  i s  a  t u r b u l e n t  

wave boundary l a y e r  due t o  t h e  combined f low of wave 

and c u r r e n t ,  above which t h e  t u r b u l e n c e  i s  s u b j e c t  

on ly  t o  t h e  mean flow. With t h e s e  assumpt ions ,  

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

and o u t s i d e  t h e  boundary l a y e r .  

Over a  r i p p l e d  bed t h e  s k i n  f r i c t i o n  a t  t h e  r i p p l e  

c r e s t s  i s  t aken  a s  t h e  c r i t i c a l  bed s h e a r  s t r e s s  which 

is  c a l c u l a t e d  by t h e  Fredsoe method i n  t h e  p r e s e n t  

work, because  t h e  maximum s k i n  f r i c t i o n  o c c u r s  n e a r  

t h e  r i p p l e  c r e s t s ,  where t h e  f i r s t  sediment  mot ion 

o c c u r s .  P r e v i o u s  work [ l 5 1  under  a  pure  c u r r e n t  

showed t h a t  t h e  s k i n  f r i c t i o n  a t  t h e  r i p p l e  c r e s t s  on 

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

An a l t e r n a t i v e  method of o b t a i n i n g  t h e  bed s h e a r  

s t r e s s  is v i a  t h e  Reynolds s t r e s s .  T h i s  can  be 

c a l c u l a t e d  by measuring t h e  v e r t i c a l  ( W ' )  and 

h o r i z o n t a l  ( U ' )  f l u c t u a t i n g  components of wa te r  

v e l o c i t y  n e a r  t h e  bed, from which t h e  s t r e s s  - p ' w t  

can  be c a l c u l a t e d .  

I f  t h e  h e i g h t  a t  which t h e  v e l o c i t y  components a r e  

measured is q u i t e  n e a r  t h e  bed i t  i s  v a l i d  t o  assume 

t h a t  t h e  Reynolds s t r e s s  i s  approx imate ly  e q u a l  t o  t h e  

bed s h e a r  s t r e s s  [l7 1. However i t  i s  very  d i f f i c u l t  

t o  o b t a i n  an  a c c u r a t e  e s t i m a t e  of t h e  Reynolds s t r e s s  

over  t h e  r i p p l e d  bed, because  t h e  v e l o c i t y  components 

a r e  n o t  a l i g n e d  v e r t i c a l l y  and h o r i z o n t a l l y  because  of 

t h e  l o c a l  bed s l o p e s ,  and s m a l l  a l ignment  e r r o r s  c a u s e  

l a r g e  e r r o r s  i n  c a l c u l a t i o n  of t h e  Reynolds s t r e s s .  

T h e r e f o r e  t h i s  method has  been used on ly  over  t h e  f l a t  

bed. 



3 EXPERIMENTAL 

METHODS 

The l a b o r a t o r y  exper imen t s  were c a r r i e d  o u t  i n  a  

s t a n d a r d  34m l o n g ,  0.bOm wide and 0.bm deep 

r e c i r c u l a t i n g  f lume a t  t h e  H y d r a u l i c s  Resea rch  

l a b o r a t o r i e s .  A p i s t o n  t y p e  wave maker was used ,  

l o c a t e d  a t  t h e  i n l e t  end of t h e  f lume.  The c u r r e n t  

e n t e r e d  h o r i z o n t a l l y  through a  gap of lOcm under  t h e  

wave padd le .  The c u r r e n t  v e l o c i t y  was changed w i t h  a  

v a l v e  l o c a t e d  a f t e r  t h e  pump. 

I n  t h e  exper imen t s  t h r e e  wave p e r i o d s  of 1 .5 ,  1.8 and  

2 . 0 s  were used,  w i t h  a t  l e a s t  2  d i f f e r e n t  wave 

a m p l i t u d e s  f o r  eve ry  wave p e r i o d .  For  s i m p l i c i t y ,  t h e  

w a t e r  dep th  was k e p t  c o n s t a n t  a t  23cm i n  o r d e r  t o  

e l i m i n a t e  any d e p t h  dependency i n  t h e  r e s u l t s .  

A t  t h e  downstream end of t h e  f lume a  s l o p e d  porous  

beach was l o c a t e d  t o  a b s o r b  t h e  p r o p a g a t i n g  waves and 

t o  p r o v i d e  an  u n d i s t u r b e d  f low i n  t h e  channe l .  

The wave a m p l i t u d e  was measured by means of a  wave 

probe which was s i t u a t e d  above t h e  sand bed and was 

r ecorded  on a  c h a r t  r e c o r d e r .  The wave-probe was 

c a l i b r a t e d  f r e q u e n t l y .  

I n  o r d e r  t o  measure t h e  n e a r  bot tom v e l o c i t i e s  a t  t h e  

r i p p l e  c r e s t s ,  a  two component l a s e r  d o p p l e r  v e l o c i t y  

me te r  was used ,  which was f o c u s s e d  o v e r  t h e  sand bed 

v i a  windows i n  t h e  s i d e s  of t h e  c h a n n e l  [33  1. 
The v e r t i c a l  and h o r i z o n t a l  components of w a t e r  

v e l o c i t y  were r ecorded  on t h e  same c h a r t  a s  t h e  wave 

ampl i tude .  An i m p o r t a n t  p o i n t  was t o  a r r a n g e  t h e  

l a s e r  v e l o c i t y  meter  t o  be focused  j u s t  above t h e  

r i p p l e  c r e s t s  where t h e  sed imen t  f i r s t  beg ins  t o  move. 

T h i s  ar rangement  was made a t  t h e  beg inn ing  of eve ry  

s e t  of exper imen t s .  The n e a r  bot tom v e l o c i t i e s  were 

measured a t  0.7cm above t h e  r i p p l e  c r e s t s ,  because  

wi th  t h e  e x i s t i n g  channe l  f a c i l i t i e s  i t  was i m p o s s i b l e  

t o  measure a t  a  c l o s e r  p o i n t  t o  t h e  r i p p l e d  bed. 



The v e r t i c a l  d i s t r i b u t i o n  of v e l o c i t y  was measured by 

us ing  a  c a l i b r a t e d  l c n  d i a m e t e r  e l e c t r o n i c  

m i c r o p r o p e l l o r .  The measurements of pure  wave motion 

were made by us ing  a  two component e l e c t r o - m a g n e t i c  

c u r r e n t  meter .  Both of them were f i x e d  t o  a  beam a t  

t h e  top  of t h e  channel  w i t h  a  s c a l e  t h a t  could  be  

moved v e r t i c a l l y  t o  measure t h e  v e l o c i t y  a t  eve ry  

p o i n t .  V e l o c i t i e s  were measured a t  lcm i n t e r v a l s  f rom 

t h e  r i p p l e  c r e s t  t o  t h e  s u r f a c e ,  and t h e  measurements 

were r e p e a t e d  s e v e r a l  t i n e s .  Average v e l o c i t y  

measurelnents were t aken  over  20 seconds ,  and maximum 

v e l o c i t i e s  were observed over  30 seconds .  

A sand bed of 5cm t h i c k n e s s  and 5m l e n g t h  was l o c a t e d  

i n  t h e  middle  of t h e  channel  where f u l l y  developed 

combined flow o c c u r s .  F i v e  d i f f e r e n t  s i z e s  of un i fo rm 

sand were used i n  t h e  exper iments  t o  o b t a i n  t h e  

v a r i a t i o n  of t h r e s h o l d  c o n d i t i o n  w i t h  g r a i n  d i a m e t e r .  

T h e i r  d i a m e t e r s  were 137p,  22014 3 7 0 b  5 5 0 p a n d  6 5 0 b  

which a r e  a l l  s u i t a b l e  f o r  producing r i p p l e s  a t  t h e  

s e a  bed. 

I n  each s e t  of exper iments  f o r  a  p a r t i c u l a r  g r a i n  

s i z e ,  wa te r  was d e n t l y  poured up t o  23cm w i t h o u t  

d i s t u r b i n g  t h e  sand bed. The wa te r  t e m p e r a t u r e  was 

20 i2 'k f o r  a l l  t h e  exper iments .  

For t h e  r i p p l e d  bed exper iments ,  i n  o r d e r  t o  o b t a i n  

t h e  r i p p l e d  bed t h e  wave was s t a r t e d  over  an  i n i t i a l l y  

f l a t  bed and g r a d u a l l y  i n c r e a s e d  u n t i l  f u l l y  deve loped  

r i p p l e s  covered t h e  whole of t h e  sand bed s u r f a c e .  

A f t e r  t h a t ,  t h e  wave g r a d u a l l y  dec reased  and s t o p p e d ,  

and s t i l l  wa te r  was o b t a i n e d  wi thou t  d i s t u r b i n g  t h e  

r i p p l e  p a t t e r n .  The r i p p l e s  were g e n e r a l l y  two- 

d imens iona l ,  w i t h  d i f f e r e n t  s i z e s  depending on t h e  

sand g r a i n  d iamete r .  

Every test was begun w i t h  a  pure o s c i l l a t o r y  f l o w  

which was i n s u f f i c i e n t  t o  c r e a t e  sediment  motion. 

A f t e r  measuring t h e  wave p e r i o d ,  wave a m p l i t u d e ,  n e a r  



bottom v e l o c i t i e s  and v e l o c i t y  d i s t r i b u t i o n  u n d e r  t h e  

p u r e  o s c i l l a t o r y  f l o w ,  t h e  combined f l o w  was c r e a t e d  

by a p p l y i n g  a c u r r e n t  t o  c h a n n e l .  The c u r r e n t  was 

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

o b t a i n e d ,  and a l l  measurements  were made unde r  t h e  

combined f l o w  a t  t h e  t h r e s h o l d  c o n d i t i o n .  F i n a l l y ,  

t h e  wave was s t o p p e d  and a l lowed  t o  s e t t l e  u n t i l  

u n d i s t u r b e d  u n i d i r e c t i o n a l  f l ow was p r e s e n t .  V e l o c i t y  

measurements  were  made unde r  t h e  u n i d i r e c t i o n a l  f l o w ,  

which a l o n e  was i n s u f f i c i e n t  t o  c a u s e  s e d i m e n t  

movement. Between any two t e s t s  a t  l e a s t  h a l f  a n  hour  

was a l l o w e d  t o  o b t a i n  s t i l l  w a t e r  i n  t h e  f lume.  

The t h r e s h o l d  c o n d i t i o n  which was assumed was t h a t  

a p p r o x i m a t e l y  h a l f  of t h e  g r a i n s  a r e  moved o v e r  t h e  

whole f l a t  bed,  o r  a t  t h e  r i p p l e  c r e s t s  on t h e  r i p p l e d  

bed.  The o b s e r v a t i o n  and d e t e r m i n a t i o n  of t h e  

t h r e s h o l d  c o n d i t i o n  unde r  combined f l o w  i s  r a t h e r  

d i f f i c u l t ,  because  i t  depends  on t h e  co lno ina t ion  of 

wave and c u r r e n t .  I f  t h e  s u p e r p o s e d  c u r r e n t  i s  weak 

s o  t h a t  t h e r e  i s  a wave-dominated env i ronmen t ,  t h e  

g r a i n s  a t  t h e  r i p p l e  c r e s t s  b e g i n  t o  move q u i t e  

s u d d e n l y  when t h e  t h r e s h o l d  c o n d i t i o n  is  r e a c h e d ,  as 

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

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

c o n d i t i o n .  When t h e  c u r r e n t  i s  s t r o n g ,  b e f o r e  

r e a c h i n g  t h e  t h r e s h o l d  c o n d i t i o n  a few g r a i n s  may move 

v e r y  weak ly ,  as under  c u r r e n t  a l o n e .  I n  t h i s  c a s e  t h e  

c u r r e n t  must be  i n c r e a s e d  v e r y  g r a d u a l l y  t o  p r o v i d e  a n  

a c c u r a t e  a s s e s s m e n t  of  t h e  movement of s e d i m e n t .  A 

l o t  of  p r e l i m i n a r y  t e s t s  were done t o  e n s u r e  

c o n s i s t e n c y  of  judgement of t h e  t h r e s h o l d .  The 

r e s u l t s  o b t a i n e d  i n  t h e  e x p e r i m e n t s  i n d i c a t e  t h a t  t h e  

d e t e r m i n a t i o n  of t h e  t h r e s h o l d  c o n d i t i o n  was q u i t e  

a d e q u a t e .  

The t h r e s h o l d  c o n d i t i o n  of  s ed imen t  mo t ion  on t h e  f l a t  

bed was c a l c u l a t e d  i n  te rms of t h e  Reynolds  s t r e s s  

measurements .  Fo r  t h i s  pu rpose  t h e  U '  ( h o r i z o n t a l )  

and W '  ( v e r t i c a l )  f l u c t u a t i n g  colnponents of w a t e r  



v e l o c i t y  0.6cm above  t h e  bed were measured by p a s s i n g  

t h e  s i g n a l s  f rom t h e  l a s e r  s y s t e m  t h r o u g n  h igh -pass  

f i l t e r s .  The p r o d u c t  of  U '  and W '  was o b t a i n e d  f rom a  

m u l t i p l i e r  u n i t  whose o u t p u t  was p a s s e d  t h r o u g h  a 

low-pass f i l t e r  t o  o b t a i n  t h e  mean p r o d u c t  u 'w ' ,  which  

was r e c o r d e d  on a  c h a r t  r e c o r d e r .  A l l  t h e  f i l t e r s  

were  s e t  t o  a  t i m e  c o n s t a n t  of 20 s e c o n d s .  To e n s u r e  

t h a t  t h e  f l u c t u a t i o n s  were n o t  a f f e c t e d ,  t h e  f o c u s i n g  

was checked s e v e r a l  t i m e s  i n  e v e r y  e x p e r i m e n t .  

4  RESULTS 

4.1 T h r e s h o l d  

v e l o c i t i e s  o v e r  a 

r i p p l e d  bed 

The v a r i a t i o n  w i t h  g r a i n  d i a m e t e r  of t h e  maximum 

bot tom v e l o c i t y  o b t a i n e d  f rom t h e  l a s e r  t ime  s e r i e s  o f  

h o r i z o n t a l  v e l o c i t y  j u s t  above  t h e  r i p p l e  c r e s t s  is 

g i v e n  i n  F i g u r e  1. It i s  shown t h a t  t h e  maximum 

bot tom v e l o c i t y  under  p u r e  o s c i l l a t o r y  f low a t  

t h r e s h o l d  i s  a b o u t  302 l e s s  t h a n  t h a t  of p u r e  

u n i d i r e c t i o n a l  f l ow.  T h i s  i s  because  t h e  boundary 

l a y e r  i s  t h i n n e r  unde r  waves s o  t h a t  t h e r e  i s  g r e a t e r  

s h e a r  s t r e s s  n e a r  t h e  bed.  

The r e s u l t s  f o r  t h e  combined wave and c u r r e n t  f l ow l i e  

between t h o s e  f o r  t h e  p u r e  wave and t h e  p u r e  c u r r e n t ,  

and depend on  wave a m p l i t u d e  and p e r i o d .  It was 

o b s e r v e d  t h a t  t n e  c r i t i c a l  maxiinurn bottoru v e l o c i t y  

under  t h e  combined f l o w  d e c r e a s e d  w i t h  i n c r e a s i n g  wave 

a m p l i t u d e  o r  d e c r e a s i n g  wave p e r i o d .  Thus i t  i s  q u i t e  

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

combined f l o w  by u s i n g  f l o w  v e l o c i t i e s  a l o n e .  

V e r t i c a l  d i s t r i b u t i o n s  of t h e  maximum v e l o c i t i e s  a t  

t h r e s h o l d  a r e  shown i n  F i g u r e  2. The maxitnum 

v e l o c i t i e s  r e a c h  a c o n s t a n t  v a l u e  a t  a h e i g h t  of  a b o u t  

l l c m  above  t h e  bed,  i n d i c a t i n g  t h a t  t h e  w a t e r  d e p t h  

s h o u l d  n o t  a f f e c t  t h e  r e s u l t s .  The v e l o c i t i e s  e x h i b i t  

a mininum a t  3cm, p r o b a b l y  due  t o  speed-up 



i m e d i a t e l y  above t h e  r i p p l e  c r e s t s  [34 1. It  can  be 

seen  t h a t  t h e  v e l o c i t i e s  i n c r e a s e  a s  t h e  g r a i n  s i z e  

i n c r e a s e s .  

The maximum and average  v e l o c i t y  d i s t r i b u t i o n s  a t  

t h r e s h o l d  f o r  t h e  5 5 0 p  sand,  a r e  g i v e n  i n  F i g u r e  3 ,  

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

which on i t s  own was i n s u f f i c i e n t  t o  cause  sediment  

movement. Th i s  shows t h a t  a  superposed wave c a n  

c r e a t e  s e d i n e n t  motion by i n c r e a s i n g  t h e  maximu~n 

v e l o c i t i e s ,  b u t  t h a t  t h e  average  combined v e l o c i t y  i s  

s m a l l e r  than  t h e  c u r r e n t - a l o n e  v e l o c i t y .  

4 . 2  Threshold  s k i n  

E r i c t i o n  on a  

r i p p l e d  bed 

The s k i n  f r i c t i o n  a t  t h r e s h o l d  under combined flow was 

ob ta ined  by t h e  Fredsoe  method a s  f o l l o w s .  From t h e  

measurements we c a l c u l a t e d  t h e  t ime-averaged 

depth-mean flow v e l o c i t y  V ,  maximum bottom v e l o c i t y  U 
W 

due t o  t h e  wave, near-bottom o r b i t a l  e x c u r s i o n  

ampl i tude  a ,  wa te r  d e p t h  D and bed roughness  k. The 

depth-mean v e l o c i t y  o u t s i d e  t h e  boundary l a y e r  can  b e  

w r i t t e n  a s  

where kW i s  an a p p a r e n t  bed roughness  which i s  

d i f f e r e n t  from t h e  c o n v e n t i o n a l  bed roughness  because  

of t h e  t u r b u l e n t  wave boundary l a y e r ,  and U i s  t h e  
*c 

time-mean bed s h e a r  s t r e s s  v e l o c i t y .  I n  t h e  method, 

some i t e r a t i o n  i s  needed t o  o b t a i n  U* and k  . The 
C W 

f i r s t  s t e p  i s  t o  choose an i n i t i a l  v a l u e  of U and t o  
*c 

o b t a i n  kW by us ing  F i g u r e  7 of Refe rence  14,  which 

shows t h e  v a r i a t i o n  of kw/k v e r s u s  Uw/U,c and a / k .  I E  

t h e  k  o b t a i n e d  from t h e  f i g u r e  i s  no t  e q u a l  t o  t h a t  
W 

o b t a i n e d  from e q u a t i o n  ( l ) ,  a  new v a l u e  must be chosen 

u n t i l  azreement o c c u r s .  A f t e r  o b t a i n i n g  t h e  U and 
*C 

kW, t h e  second s t e p  is t o  c a l c u l a t e  t h e  naximun bed 



s h e a r  v e l o c i t y  T by us ing  F i g u r e  13 of 
max 

Refe rence  14,  which shows t h e  v a r i a t i o n  of U*max/U,,c 

v e r s u s  Uw/U,cand a l k .  

The maximum bed s h e a r  s t r e s s e s  o b t a i n e d  by t h e  F r e d s o e  

method a t  t h r e s h o l d  ( F i z u r e s  4  and 5 ) ,  a r e  i n  good 

aLreemerlt w i t h  t h e  s h e a r  s t r e s s  cu rve  and S h i e l d s '  

c u r v e  which a r e  o b t a i n e d  under u n i d i r e c t i o n a l  f low. 

Thus S h i e l d s '  cu rve  can  be used t o  p r e d i c t  t h r e s h o l d s  

f o r  combined f low a s  w e l l  a s  f o r  u n i d i r e c t i o n a l  f low.  

It f u r t h e r  appears  t h a t  t h e  t h r e s h o l d  c o n d i t i o n  does  

n o t  depend on t h e  wave p e r i o d  provided t h a t  t h e  

maximum s k i n  f r i c t i o n  is used i n  combined f low i n s t e a d  

of  t h e  mean bed s h e a r  s t r e s s .  

4.3 Threshold  bed 

s h e a r  s t r e s s  on a  

f l a t  bed 

The Reynolds s t r e s s  measurement on t h e  f l a t  bed 

( F i g u r e  6 and F i g u r e  7 )  conf i rm t h e  r e s u l t s  of t h e  

r i p p l e d  bed measurements; namely t h a t  S h i e l d s '  c u r v e  

g i v e s  t h r e s h o l d  c o n d i t i o n  under combined wave and 

c u r r e n t  f l o w s  on both  f l a t  and r i p p l e d  beds. Again 

t h e  r e s u l t s  a r e  independent  of t h e  wave pe r iod .  

5 CONCLUSIONS 

The t h r e s h o l d  of movement of sand p a r t i c l e s  on r i p p l e d  

and f l a t  beds under c o - d i r e c t i o n a l  combined wave and 

c u r r e n t  f lows h a s  been determined.  Labora to ry  

exper iments  were c a r r i e d  o u t  w i t h  f i v e  d i f f e r e n t  g r a i n  

s i z e s  and a  wide range of v a r i a t i o n  of wave and 

c u r r e n t .  The r e s u l t s  o b t a i n e d  can  be summarised a s  

f o l l o w s :  

1. S h i e l d s '  cu rve  can be used s u c c e s s f u l l y  t o  

d e t e r m i n e  t h e  t h r e s h o l d  of sediment  movement 

over  a  r i p p l e d  bed under combined wave and 

c u r r e n t  f low,  provided t h a t  t h e  maximum s k i n  

f r i c t i o n  i s  used i n s t e a d  of t h e  mean bed 

Shear  s t r e s s .  



2. Shields' curve also gives the threshold 

condition of sediment movement over a flat 

bed under combined flow. 

3. The maximum bottom velocity of combined flow 

at threshold is affected by the wave period 

and amplitude . 

4. It appears that the threshold of motion in 

terms of the maximum bed shear-stress does 

not depend on the wave period. 

Thus it is possible to say that, despite the complex 

turbulence structure of combined wave and current 

flow, the threshold condition of sediment movement 

under combined flow is the same as under pure 

unidirectional and pure oscillatory flow. 
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Rippled bed  

Fig 4 Threshold shear s t r e s s  on r ipp led bed versus  grain diameter 
under combined f low.  Ful l  line: the  th resho ld  shear s t r e s s  
obtained f o r  f l a t  bed under unidirectional f low (3) 



Rippled bed  

Fig 5 Shields cu rve  f o r  a f l a t  bed, b r o k e n  l ine ob ta ined  f o r  f l a t  
bed  under  un id i rec t iona l  f l o w  (3) ( v  = 0.Olct-n 2 /sc )  
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