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ABSTRACT 

Sediment movement caused by waves and currents and the interaction of the 
two is one of the more salient features of estuaries and coasts. The 
undertaking of engineering works in such areas, for example the construction 
of breakwaters and docks or the dredging of shipping channels may radically 
affect this movement of sediment and such engineering works may also be 
significantly affected by sediment movement. To enable predictions to be 
made of the impact of engineering works there is an interest in the 
development of numerical models to predict sediment movement in estuary and 
coastal situations. Since both waves and currents may be significant in 
these areas the models must include the effects of both. A major element of 
such a model is a theory for sediment transport under waves and currents. A 
number of sediment transport theories have been proposed but there has been 
little work done comparing the different theories and investigating their 
behaviour on observed data. In this study a number of sediment transport 
theories are compared with field and flume data. Their performance is 
described and suggestions made for improvements. In the theories considered 
one of the variables used to determine the sediment transport rate is the 
bed shear stress. The study revealed that the predictions of the various 
theories are sensitive to the expression used for the bed shear stress 
developed under waves and currents and so such expressions are discussed. 
The work should aid in the development of numerical models to predict the 
behaviour of sediment in estuary and coastal situations under the action of 
both waves and currents. 





Page 

INTRODUCTION 

BED SHEAR-STRESS DUE TO WAVES AND CURRENTS 

2.1 Bijker and Swart 
2 .2  Willis 
2.3  Van de Graaff and van Overeem 

THEORIES OF SEDIMENT TRANSPORT UNDER WAVES ANU CURRENTS 

3 . 1  Frijlink-Bijker 
3 . 2  Engelund 6 Hansen - Swart 
3.3  Ackers and White - Swart 
3.4  Ackers 6 White - Van de Graaff and van Overeem 
3.5 Ackers 6 White - Willis 
SEUIL.1ENT TRANSPORT UNDER WAVES 

4 . 1  Rance equation 
4 . 2  Sleath equations 

COMBINING THEORIES FOR WAVES AND WAVES AND CURRENTS 

FIELD AND FLUME DATA 

6 . 1  Boscombe Pier Data 
6 . 2  Inman and Bowen 
6 .3  Bijker 
6 .4  Vincent 
6 . 5  Shibayama 6 Horikawa 

PERFORMANCE OF SEDIMENT TRANSPORT THEORIES 

CONCLUSIONS AND RECOXMENDATIONS 

NOTATION 

TABLES : 

1. Comparison of expressions for b c / ~ c  
2.  Sediment Transport under waves 
3. Hean discrepancy ratios 

FIGURES: 

1. Computed values of (from Bijker, 1 9 6 7 )  
2 .  Discrepancy ratios, Frijlink-Bijker 
3 .  Discrepancy ratios, Engelund and Hansen - Swart 
4 .  Discrepancy ratios, Ackers and 7hite - Swart 
5 .  Discrepancy ratios, Ackers and White - Willis 
6 .  Discrepancy ratios, Ackers and White - Graaff and Overeem 



FIGURES (cont'd) 

Discrepancy ratios. Frijlink-Bijker with Bijker integration 
Discrepancy ratios, Engelund and Hansen - Swart with Bijker 
integration 
Discrepancy ratios. Ackers and White - Swart with Bijker 
integration 
Discrepancy ratios, Ackers and White - Willis with Bijker 
integration 
Discrepancy ratios, Ackers and White - Graaff and Overeem with 
Bijker integration 
Discrepancy ratios, Ackers and White - Swart with Bijker 
integration and equation (50) 
Discrepancy ratios, Ackers and White - Swart with Bijker 
integration and equation (51) 
Discrepancy ratios, Ackers and White - Swart with Bijker 
integration and equation (52) 
Discrepa~lcy ratios, Ackers and White - Swart with Bijker 
integration and equation (53) 
Discrepancy ratios, Ackers and White - Swart with Bijker 
integration and equation (54) 
Discrepancy ratios, Ackers and White - Swart with Bijker 
integration and equation (55) 
Discrepancy ratios, Ackers and White - Swart, Rance with 
Bijker integration 



1 INTRODUCTION 
Sediment movement caused by waves and currents and the 
interaction of the two is one of the more salient 
features of estuaries and coasts. The undertaking of 
engineering works in such areas, for example the 
construction of breakwaters and docks or the dredging 
of shipping channels may radically affect this 
movement of sediment and such engineering works may 
also be significantly affected by sediment movement. 
To enable predictions to be made of the impact of 
engineering works there is an interest in the 
development of numerical models to predict sediment 
movement in estuary and coastal situations. A major 
element of such a model is the equations which 
describe the movement of sediment. Though in 
estuaries the primary agent for moving sediments is 
currents the presence of waves may have a significant 
effect. Neanwhile in coastal situations, though the 
action of waves may predominate, the effect of 
currents may not be negligible. Thus, in order to use 
a numerical model to make predictions of sediment 
transport in these situations it is necessary to use a 
theory of sediment transport which allows for the 
effect of both waves and currents. 

A large amount of effort has been expended on studying 
the mechanisms of sediment transport and developing 
theories which will predict it. This effort has been 
chiefly directed at studying sediment transport under 
uni-directional flow as exemplified by sediment 
movement in rivers. In an estuary or on a coast, 
however, sediment is moved by a combination of both 
waves and currents. In this report a number of 
theories of sediment transport under waves and 
currents are considered and their predictions are 
compared with observed sediment transport rates. 
Since the object of the study was to consider which 
sediment transport theories were suitable for 
inclusion in appropriate computational models only a 
selection of the available theories were considered. 

2 BED SL1EAR-STRESS 
DUE TO WAVES AND 
CURRENTS 

All the theories of sediment transport considered use 
some form of expression for the bed shear-stress 
developed under waves and currents. Since the 
sediment transport is sensitive to this the 
expression used for the bed shear-stress may have a 
significant effect on the performance of the sediment 
transport theory considered. We, therefore, now give 
a brief review of different expressions for the bed 
shear stress under waves and currents, gc. They are 
all based on corrections to the shear stress under 
currents alone, denoted by T ~ .  Such an approach may 



be v a l i d ,  provided t h a t  t h e  e f f e c t  of the  waves i s  
s m a l l  i n  comparison wi th  t h e  c u r r e n t s  but t h e  
e q u a t i o n s  become i n c r e a s i n g l y  s u s p e c t  a s  t h e  
s i g n i f i c a n c e  of t h e  waves i n c r e a s e s .  

2.1 B i j k e r  and Swart 
B i j k e r  assumed t h a t  t h e  f l u i d  motion under waves and 
c u r r e n t s  could  be regarded a s  t h e  s u p e r p o s i t i o n  of a  
u n i - d i r e c t i o n a l  t u r b u l e n t  boundary l a y e r  and a  l i n e a r ,  
f i r s t - o r d e r ,  i n v i s c i d  wave. From t h e  r e s u l t i n g  
v e l o c i t i e s  B i j k e r  c a l c u l a t e d  t h e  i n s t a n t a n e o u s  s h e a r  
under waves and c u r r e n t s .  Th i s  was then i n t e g r a t e d  
over  a  wave per iod t o  g i v e  a  mean bed s h e a r .  I f  t h e  
a b s o l u t e  va lue  of the  s h e a r  is  taken a s  t h e  i n t e g r a n d  
one o b t a i n s ,  f o r  waves and c u r r e n t s  i n  t h e  same 
d i r e c t i o n :  

where 

K Van Karman's c o n s t a n t ,  C Chezy c o e f f i c i e n t ,  P B  i s  a 
c o n s t a n t  t aken  by B i j k e r  t o  be 0.45, Uo i s  o r b i t a l  
v e l o c i t y ,  V c u r r e n t  v e l o c i t y  ( B i j k e r  19b7, p  49). 

Swart (1976) uses  e q u a t i o n  (1)  t o  de te rmine  t h e  bed 
s h e a r  but i n  t h e  d e f i n i t i o n  of 5 he r e p l a c e s  t h e  
c o n s t a n t  PB by a  v a r i a b l e  dependent upon t h e  wave 
ampl i tude  and t h e  roughness of t h e  bed. The e q u a t i o n  
( 2 )  f o r  5 i s  then r e p l a c e d  by 

where f, i s  t h e  Jonsson wave f r i c t i o n  f a c t o r  (Jonsson,  
1966). 

Equa t ions  ( 1 )  and (3) seem t o  be those  used i n  a l l  t h e  
sediment t r a n s p o r t  e q u a t i o n s  modified by Swart. 

B i j k e r ,  however, p o i n t s  ou t  t h a t  i n  d e r i v i n g  e q u a t i o n  
( 1 )  t h e  a b s o l u t e  v a l u e  of t h e  s h e a r  was used and t h a t  
i f  t h e  d i r e c t i o n ,  a s  w e l l  a s  t h e  magnitude of t h e  
s h e a r ,  i s  taken  i n t o  account  t h e  mean over a  wave 
p e r i o d  becomes: 

%c = 
U 

'I A ![(l + 5 s i n  w t s i n  0) 
C 

u2  
( 4 )  

uo 
/ ( l  + c2 2.- s i n 2  W t + 2 E, s i n  o t s i n  $ ) ]d t  

v 2  



where $ t h e  ang le  between the  wave d i r e c t i o n  and t h e  
normal t o  t h e  c u r r e n t  ( B i j k e r ,  1967, p  35).  Over a  

uo l i m i t e d  range of E T ,  B i j k e r  e v a l u a t e s  t h i s  e l l i p t i c  
i n t e g r a l  and approximates  t h e  v a l u e  by a  f u n c t i o n  of 
the  form 

uo uo f o r  v a l u e  of 5 i n  t h e  range of 0.4 < 5 < 10.  
a i j k e r  shows t h a t  t h e  e x p r e s s i o n  ( 1 )  i s  a  s u c c e s s f u l  

approximat ion t o  ( 5 )  provided 5 < 1 i . e .  when t h e  
c u r r e n t  is s u f f i c i e n t l y  l a r g e  t h a t  t h e  s h e a r  does  no t  
r e v e r s e ,  but  i t  is apparen t  t h a t  i t  r a p i d l y  becomes a  

uo poor approximat ion f o r  > 1 (e.g.  t h e  v a l u e s  of 
(bC/ ' cc -1 )  from e q u a t i o n s  ( 1 )  and ( 5 )  d i f f e r  by l O O X  
f o r  F, uo/V > 5, s e e  Tab le  1 ) .  The c o n c l u s i o n  must be 
t h a t  e q u a t i o n  ( 1 )  and any method which u t i l i s e s  i t  i s  

uo not  r e l i a b l e  f o r  v a l u e s  of E r g r e a t e r  than  1. 

2 .2  Willis (1978) 
Willis assumes t h a t  t h e  s h e a r  i s  p r o p o r t i o n a l  t o  t h e  
s q u a r e  of t h e  i n s t a n t a n e o u s  v e l o c i t y  where t h e  
i n s t a n t a n e o u s  v e l o c i t y  is  g i v e n  by 

2 rrt VTO; = (V + u o S i n  cos  a) + (U .p in  7 sins) ( 6 )  

where a is t h e  a n g l e  between t h e  c u r r e n t s  and the  wave 
d i r e c t i o n s .  Averaging VAT over  a  wave p e r i o d  one 
o b t a i n s  

W i l l i s  t h e n  assumes t h a t  t h e  u n i - d i r e c t i o n a l  Chezy 
f r i c t i o n  f a c t o r  can be a p p l i e d  t o  t h e  u n i - d i r e c t i o n a l  
f low term and t h a t  t h e  Jonsson  wave f r i c t i o n  f a c t o r  
can be a p p l i e d  t o  t h e  o s c i l l a t o r y  term s o  t h a t  t h e  
r e s u l t i n g  s h e a r  is 

I n  t a k i n g  t h e  a b s o l u t e  v a l u e  of VTOT Willis i g n o r e s  
t h e  r e v e r s a l  i n  d i r e c t i o n  of t h e  s h e a r  t h a t  w i l l  t a k e  
p l a c e  i f  uocosa  is  g r e a t e r  t h a n  V. By u s i n g  t h e  
Jonsson  f r i c t i o n  f a c t o r  t h e  e x p r e s s i o n  f o r  t h e  s h e a r  
is f o r  t h e  maximum s h e a r  developed.  T h i s  s u g g e s t s  
t h a t  when t h e  maximum o r b i t a l  v e l o c i t y  of t h e  wave 
motion exceeds  t h e  c u r r e n t  v e l o c i t y  t h e  Willis 
e x p r e s s i o n  w i l l  o v e r p r e d i c t  t h e  bed s h e a r  i n  a  manner 



s i m i l a r  t o  S w a r t ' s  approach.  T h i s  can  be 
s u b s t a n t i a t e d  by t h e  f o l l o w i n g  a n a l y s i s .  

Fo l lowing  Willis 's  a s sumpt ion  we can  suppose  t h a t  

t h e n  f rom e q u a t i o n  (8)  we have  

which i s  comparable w i t h  e q u a t i o n  ( 1 )  

W i l l i s  i n s e r t s  a n  e m p i r i c a l  c o n s t a n t  s o  t h a t  e q u a t i o n  
( 1 2 )  becomes 

2.3 Van d e  Graaf f  and 
van Overeem (1979)  

Graa f f  and Overeem u s e  B i j k e r ' s  a p p r o x i m a t i o n ,  of t h e  
form 

t o  t h e  e l l i p t i c  i n t e g r a l  i n  e q u a t i o n  ( 4 ) .  They u s e  
t h e  approx ima t ion  quoted  by B i j k e r  of 

b c  U0 "l3 f o r  = 0  < 9 c 20" (13 )  - = 0.75 + 0.45 ( 5  r )  
Tc 

For  t h e  d i f f e r e n c e  between t h i s  e q u a t i o n  and e q u a t i o n  
( 1 )  s e e  T a b l e  1. U n f o r t u n a t e l y  i n  t h e  c a s e  of z e r o  
waves, i . e .  uo = 0 ,  bc * T~ 

Computed v a l u e s  of "S a r e  shown i n  F i g  1, t a k e n  f rom 
E 

B i j k e r  (1967),  which s u g g e s t s  t h a t  any approx ima t ion  

of t h e  form a  + b  ( S  >)C w i l l  be  i n a c c u r a t e  ove r  a 
U. l a r g e  r ange  of v a l u e s  of 5 



I t  i s  c l e a r  f rom t h e  above  a n a l y s i s  t h a t  t h e  e q u a t i o n s  
u sed  by Swar t  and W i l l i s  f o r  s h e a r  s t r e s s  unde r  waves 
and c u r r e n t s  a r e  o n l y  s a t i s f a c t o r y  a p p r o x i m a t i o n s  t o  
B i j k e r ' s  e q u a t i o n s  when t h e  wave mo t ion  is s m a l l  
r e l a t i v e  t o  t h e  c u r r e n t  ( F ,  uo/V < 2 )  and t h a t  o u t s i d e  
t h i s  r a n g e  t h e  p r e d i c t i o n s  of t h e  e q u a t i o n s  u s i n g  
t h e s e  e x p r e s s i o n s  f o r  t h e  s h e a r  s t r e s s  are l i k e l y  t o  
be  u n s a t i s f a c t o r y .  T h i s  i s  conf i rmed  by t h e  a v a i l a b l e  
d a t a .  I t  f u r t h e r  s u g g e s t s  t h a t  t h e  p r e d i c t i o n s  of  Van 
d e  G r a a f f  and v a n  Overee r~  s h o u l d  be  a n  improvement  o n  
t h o s e  of Swar t  and Willis i n  t h e  ralige 2  < 5 uo/V < 1U 
b u t  t h a t  problems may a r i s e  f o r  l a r g e r  v a l u e s  of 5 
uo/V. T h i s  is  p a r t i a l l y  corif i rmed by a v a i l a b l e  d a t a .  

The whole  app roach  of B i j k e r - S w a r t  must be 
r e - a p p r a i s e d  i n  t h e  s i t u a t i o n  where t h e  wave  notion is 
l a r k e  r e l a t i v e  t o  t h e  c u r r e n t .  I n  t h i s  c a s e  r e g a r d i n g  
t h e  t o t a l  s h e a r  as t h a t  due  t o  c u r r e n t s  w i t h  a  
c o r r e c t i o n  f a c t o r  t o  a c c o u n t  f o r  t h e  waves seems t o  b e  
f r a u g h t  w i t h  d i f f i c u l t i e s .  Swar t  (1974)  d i d  p r o p o s e  
a n  e x p r e s s i o n  f o r  ( h / \ , )  b u t  i t  i s  d i f f i c u l t  t o  know 
how t h i s  c a n  be  i n t e r p r e t e d  i n  t h e  c o n t e x t  o f  s e d i m e n t  
t r a n s p o r t  unde r  waves and c u r r e n t s .  

The v a r i o u s  a p p r o x i m a t i o n s  have  been  cornpared w i t h  t h e  
e x p r e s s i o n  g i v e n  i n  e q u a t i o n  ( 4 )  d e r i v e d  by B i j k e r  b u t  
a t  p r e s e n t  t h e r e  a r e  no i n d i c a t i o n s  a s  t o  how r e l i a b l e  
t h i s  e q u a t i o n  is .  I t  c a n n o t  be o v e r  s t r e s s e d  t h a t  t h e  
a d e q u a t e  p r e d i c t i o n  o f  s e d i m e n t  t r a n s p o r t  rates i s  
u n l i k e l y  w i t h o u t  a n  a c c u r a t e  e x p r e s s i o n  f o r  t h e  bed 
s h e a r  stress.  

A number of s t u d i e s  have  been  made i n t o  t h e  f l o w  
s t r u c t u r e  unde r  waves and c u r r e n t s  (Lundgren ,  1972; 
Gran t  and Madsen, 1979 and  Bakker and Uoorn, 1978)  
f r o m  which t h e  s h e a r  s t r e s s  d e v e l o p e d  on t h e  bed may 
be d e t e r m i n e d .  f l o r e  r e c e n t  work by F r e d s o e  (1983)  and  
IOS ( p r i v a t e  communica t ion)  have  p r o v i d e d  a  g r e a t e r  
i n s i g h t  i n t o  bo th  t h e  f l o w  s t r u c t u r e  and  t h e  r e s u l t i n g  
s h e a r  s t r e s s .  The ~ u o d e l s ,  however,  t h a t  have  been 
deve loped  t o  d e t e r m i n e  s h e a r  s t ress are s u c h  t h a t  t h e y  
a r e ,  a t  p r e s e n t ,  t o o  c o m p l i c a t e d  t o  i n c l u d e  i n  l a r g e ,  
two-dimens ional  n u m e r i c a l  models  i n  which  s u c h  a 
c a l c u l a t i o n  must  be r e p e a t e d  many t h o u s a n d s  of t i m e s  
b u t  i t  i s  hoped t h a t  t h e  i n s i g h t  p r o v i d e d  by s u c h  
models  may l e a d  t o  s i m p l e  e x p r e s s i o n s  f o r  s h e a r  stress 
which  a r e  more a c c u r a t e  t h a n  t h o s e  p r e s e n t l y  
employed.  

3 THEORIES OF SEDIMENT 
TRANSPORT UNDER 
WAVES AND CURRENTS 

B e f o r e  c o n s i d e r i n g  any s p e c i f i c  t h e o r i e s  of s e d i m e n t  
t r a n s p o r t  unde r  waves and c u r r e n t s  i n  d e t a i l ,  a few 
g e n e r a l  o b s e r v a t i o n s  w i l l  be made a b o u t  s u c h  t h e o r i e s .  
A l a r g e  amount of i n f o r m a t i o n  h a s  accumula t ed  on 



sediment t r a n s p o r t  under uniform c u r r e n t s  and i t  i s  a n  
obvious  requirement  f o r  any theory i n v o l v i n g  both 
waves and c u r r e n t s  t h a t ,  i n  t h e  l i m i t  a s  t h e  wave 
h e i g h t  t ends  t o  z e r o ,  t h e  theory  must be compat ib le  
wi th  such in format ion .  I f  t h e r e  were a  s y s t e m a t i c  
e x p l a n a t i o n  of sediment t r a n s p o r t  under waves a l o n e  
t h e n  a  f u r t h e r  requirement  would be t h a t  i n  t h e  l i m i t  
a s  t h e  c u r r e n t  t ends  t o  z e r o ,  t h e  theory must be 
compat ib le  wi th  i t .  

The f i r s t  a t t e m p t  t o  d e r i v e  a  theory f o r  sediment 
t r a n s p o r t  under waves and c u r r e n t s  based on l o c a l  
v a l u e s  f o r  f low and waves was made by B i j k e r  (1967) i n  
which he adapted an e x i s t i n g  theory  due t o  F r i j l i n k  
(1952) f o r  sediment t r a n s p o r t  under c u r r e n t s  a lone .  
T h i s  approach,  i n  which a  sediment t r a n s p o r t  theory 
f o r  c u r r e n t s  a l o n e  i s  adapted t o  waves and c u r r e n t s  
has  been fol lowed by many i n v e s t i g a t o r s  s i n c e  (Swart 
1976, Will is  1978 and Graaff  and Overeen 1979).  

I n  a d a p t i n g  a  s t e a d y - s t a t e ,  u n i - d i r e c t i o n a l  f low 
t h e o r y  t o  a theory  f o r  waves and c u r r e n t s  i t  i s  
f r e q u e n t l y  assumed t h a t  t h e  mechanisms of sediment 
t r a n s p o r t  remain t h e  same and t h a t  t h e  c o n s t a n t  
e f f e c t i v e  s h e a r  o r  s h e a r  v e l o c i t y  i n  t h e  c u r r e n t s  o n l y  
c a s e  may be r e p l a c e d  by t h e  va lue  developed by t h e  
combinat ion of waves and c u r r e n t s .  While t h i s  
procedure  can be c r i t i c i s e d  on a  number of counts  i t  
may be e f f e c t i v e  i n  c a s e s  where t h e  e f f e c t  of t h e  
c u r r e n t s  dominates t h a t  of t h e  waves. One would 
e x p e c t ,  however, s i n c e  t h e  f low s t r u c t u r e  under waves 
i s  e n t i r e l y  d i f f e r e n t  from t h a t  under c u r r e n t s  t h a t  
problems might occur  i n  those  c a s e s  where the  waves 
and c u r r e n t s  a r e  comparable o r  where t h e  e f f e c t  of t h e  
waves exceeds t h a t  of t h e  c u r r e n t s .  

A b r i e f  d e s c r i p t i o n  f o l l o w s  of t h e  v a r i o u s  sediment  
t r a n s p o r t  t h e o r i e s  compared i n  t h i s  s tudy .  The 
c r i t e r i o n  used f o r  s e l e c t i o n  was t h a t  they should a l l  
p r e d i c t  l o c a l  t r a n s p o r t  r a t e s  i n  terms of l o c a l  v a l u e s  
of t h e  r e l e v a n t  v a r i a b l e s  and t h a t  they should a l l  be 
s u f f i c i e n t l y  s imple  t o  i n c o r p o r a t e  i n  l a r g e  numerical  
models. T h i s  excluded immediately t h e o r i e s  which 
c a l c u l a t e  g l o b a l  t r a n s p o r t  r a t e s  i n  terms of o f f s h o r e  
c o n d i t i o n s  a l o n e  and some of t h e  complicated t h e o r i e s  
which i n v o l v e  s o l v i n g  d i f f e r e n t i a l  e q u a t i o n s  
throughout  t h e  dep th  t o  determine t h e  sediment 
c o n c e n t r a t i o n  p r o f i l e .  

I n  problems wi th  s i m p l e r  geomet r ies ,  l i k e  i n f i l l  of a 
dredged channe l ,  t h e  s i m p l e r  geometry i m p l i e s  t h a t  t h e  
sediment t r a n s p o r t  theory has  t o  be e v a l u a t e d  a t  fewer 
p o i n t s .  Thus i t  is p r a c t i c a b l e  t o  expend more 
computa t iona l  e f f o r t  on any one sediment t r a n s p o r t  
e v a l u a t i o n  and s o  i t  i s  p o s s i b l e  t o  i n c l u d e  more 



complicated sediment t r a n s p o r t  t h e o r i e s  t h a n  t h e  ones 
cons ide red  i n  t h i s  r e p o r t .  

3 .1  F r i j l i n k - B i j k e r  
(Bi j k e r  1967) 

The F r i j l i n k  (1952) sediment t r a n s p o r t  e q u a t i o n  nay be 
w r i t t e n  a s :  

C 312 where F = (--) (15)  
D 9 0  

12d and CD = 18 log(-) 
9 0 9 0 

a i j k e r  proposed r e p l a c i n g  V* by V*uc and r e p l a c i n g  t h e  
c o n s t a n t  5  by a c o n s t a n t  a p p r o p r i a t e  t o  waves and 
c u r r e n t s .  U s i ~ ~ g  t h e  B i j k e r  d a t a ,  Swart a s s i g n e d  t h e  
va lue  of 3.66. 

3.2 Engelund & 
Hansen - Swart  
(Swar t ,  1976) 

Enyelund and Hansen (1967) developed a  sediment 
t r a n s p o r t  equac ion  which may be expressed  a s  

0 . 0 5 ~ ~  - - v % * 3  ( 1 8 )  
g ( ~ - l ) ~ D  

CV* 
Swart e x p r e s s e s  t h e  V term a s  V X ( ~  ) u s i n g  t h e  Chezy 
formula  t o  g i v e  

g  

0 . 0 5 ~ ~  
G = VC V * "  

g3/2(s-1)2D 

To t a k e  accoun t  of t h e  e f f e c t  of c u r r e n t s  and waves h e  
r e p l a c e s  t h e  s h e a r  v e l o c i t y  by t h e  s h e a r  v e l o c i t y  
under waves and c u r r e n t s  s o  t h a t  t h e  e x p r e s s i o n  f o r  
t h e  t r a n s p o r t  r a t e  becomes 

I t  should  be noted t h a t  i f  t h e  above p r o c e s s e s  a r e  
comm t e d ,  i . e .  r e p l a c e  V* by V*," and then  r e p l a c e  V v* 
by %, a  d i f f e r e n t  e q u a t i o n  r e s u l t s  



Swart uses the following expression for VhWc, 

fw # where < = C (=) (23) 

12d and C = 18 log - r (24) 

where the Jonsson friction factor fw is given by 

-0.19 a. , 1.57 
fw = exp (-5.98 + 5.21 (?) ) p  7 (25) 

= 0.30, 1.57 

We can, therefore, see from equation (3) that the 
effect of the waves is to increase the transport rate 
by a factor [l+#(< u,/v)~]~. If equation . . (5) were . U 

adopted the factor would be [l+$( 5 g) ' l3/' .  
3.3 Ackers and 

White - Swart 
(Swart, 1976) 

The Ackers and White equations (Ackers and White, 
1973) for sediment transport utilise four parameters, 
n, A,m and C which depend upon the dimensionless grain 
size D 

gr' 
Swart keeps these unchanged when applying 

the equation to sediment transport under waves and 
currents. The mobility in the case of currents alone 
is defined by 

and Swart defines the corresponding variable for waves 
and currents, FWC by 

er 

The equation for sediment concentration in the case of 
currents alone is: 

In the case of currents and waves Swart replaces this 
by 



v*,, 
'Thus, d e n o t i n g  - by B t h e  e q u a t i o n  f o r  t h e  sed imen t  

*C 
c o n c e n t r a t i o n  becomes 

3.4 Ackers  & White - 
Van de  G r a a f f  h 
Van Overeem 
(Graa f f  & Overeem, 
1979) 

Van d e  Graa f f  and Van Overeem c o n s i d e r e d  t h a t  S w a r t ' s  
a d a p t i o n  was i n c o m p l e t e  s i n c e  i t  took no accoun t  of 
t h e  e f f e c t  of  t h e  o r b i t a l  motion on t h e  a c t u a l  s h e a r  
s t r e s s  on t h e  sediment  g r a i n s .  They, t h e r e f o r e ,  
proposed t h a t  t h e  e f f e c t  of t h e  waves of i n c r e a s i n g  V 
shou ld  be i n c l u d e d ,  assuming a f l a t  bed w i t h  bed 
m a t e r i a l  d i a m e t e r  as roughness  e l emen t s .  Thus 
e q u a t i o n  (27)  becomes 

f 
where 5' = CD (g)+ ( 3 2 )  

1Od and CD = 18 l o g  
3 5 

( 3 3 )  

and e q u a t i o n  (29)  becomes 

3.5 Ackers h White - 
W i l l i s  
( W i l l i s ,  1978)  

Willis a d a p t e d  t h e  Ackers and White (Ackers  and Whi te ,  
1973)  sediment  t r a n s p o r t  fo rmula  i n  a  s p i r i t  
a p p r o a c h i n g  t h a t  of van de  G r a a f f  and van Overeem bu t  
d i f f e r i n g  i n  t h e  d e t a i l s .  Willis e x p r e s s e d  t h e  Ackers  
and White e q u a t i o n s  i n  t h e  form 

F B P n  P 
and X = C  (* - l ) m  g (3) (36 

f g  cg  



where P is  t h e  power per u n i t  a r e a  a v a i l a b l e  t o  move 
sediment .  I n  t h e  c a s e  of waves and c u r r e n t s  Willis 
d e f i n e s  Chezy c o e f f i c i e n t s  by 

and l l d  C f g  = 5.75 loglO 

where r is t h e  roughness of t h e  bed. 

The combined s h e a r  under waves and c u r r e n t s  i s  t h e n  
d e f i n e d  by 

and t h e  power pe r  u n i t  a r e a  by 

where Cg i s  t h e  group v e l o c i t y .  Willis i n s e r t s  a n  
e m p i r i c a l  c o n s t a n t  w C 2  i n  e q u a t i o n s  (39) t o  (42)  s o  
t h a t  they become (dropping s u b s c r i p t s )  

c . f .  W C  w i th  c o n s t a n t  0.45 i n t r o d u c e d  by B i j k e r .  

Wil l i s  found a  v a l u e  of W C  by f i t t i n g  c a l c u l a t e d  
r e s u l t s  t o  observed d a t a .  He concluded W C  = J0.6 

4 SEDIMENT TEANSPORT 
UNDER WAVES 

I n  t h e  l i m i t  a s  t h e  c u r r e n t  t e n d s  t o  z e r o  a  theory  f o r  
sediment  t r a n s p o r t  under waves and c u r r e n t s  shou ld  
t end  t o  a  t h e o r y  f o r  sediment  t r a n s p o r t  under waves. 
The p o s s i b i l i t y  was thus  contemplated t h a t  t h e  
p r e d i c t i o n s  of a  t h e o r y  f o r  sediment  t r a n s p o r t  under  
waves and c u r r e n t s  could  be improved i n  t h e  wave 
dominated r e g i o n  i f  i t  was made t o  asymptote  t o  a  
t h e o r y  f o r  movement under waves a lone .  It was 
t h e r e f o r e  dec ided  t o  look a t  t h e o r i e s  f o r  p r e d i c t i n g  



sediment  t r a n s p o r t  under waves t o  f i n d  t h e  most 
s u i t a b l e  t o  a c t  a s  an  asymptote  a s  t h e  c u r r e n t s  t end  
t o  ze ro .  

4.1 Rance e q u a t i o n  
Rance (HRS, 1971) based a n  e q u a t i o n  f o r  sediment  
t r a n s p o r t  under waves a l o n e  on t h e  r e s u l t s  of an 
i n v e s t i g a t i o n  c a r r i e d  o u t  j o i n t l y  by t h e  B y d r a u l i c s  
Research S t a t i o n  and t h e  C o a s t a l  Eng ineer ing  Research 
Cen te r  of Washington. I n  t h e s e  exper iments  t h e  
t r a n s p o r t  of 0.2mm sand was measured under a  range of 
wave c o n d i t i o n s .  The range of wave p e r i o d s  was 
from 4s  t o  11s and t h e  wave h e i g h t s  were between 0.75m 
and 1.7m i n  a  dep th  of wa te r  of 4.6m. From t h e  
r e s u l t s  t h e  fo l lowing  e q u a t i o n  f o r  sediment  t r a n s p o r t  
was d e r i v e d :  

where Qw sediment  t r a n s p o r t  i n  l b / f t  w i d t h / s  
H wave h e i g h t  i n  f e e t  
h  water  dep th  i n  f e e t  
T wave p e r i o d  i n  s 

2 n k wave number = where L = wave l e n g t h  

4.2 S l e a t h  e q u a t i o n s  
S l e a t h  put  forward two e q u a t i o n s  f o r  sed iment  
t r a n s p o r t  under waves. The f i r s t  e q u a t i o n  ( S l e a t h  
1978) was f i t t e d  t o  o s c i l l a t i n g  t r a y  d a t a  us ing  
1.89mm sand ,  4.24mm g r a v e l  and 3.04mm nylon p e l l e t s ,  
and is  g i v e n  by: 

where Qs i s  t h e  mean volume of sediment  t r a n s p o r t e d  
p e r  u n i t  width  of bed i n  u n i t  t ime averaged over  a  
ha l f  c y c l e ,  w i s  t h e  a n g u l a r  f r equency ,  D i s  t h e  
e q u i v a l e n t  s p h e r e  d i a m e t e r  of t h e  sed iment ,  $ is a  
modif ied  s h i e l d s  f u n c t i o n  f o r  uns teady  flow and i s  
t h e  c r i t i c a l  v a l u e  of $ f o r  i n i t i a l  motion (Madsen h 
Grant 1976).  

S l e a t h  used t h e  f o l l o w i n g  e x p r e s s i o n  f o r  $: 

where uo is  t h e  o r b i t a l  ampl i tude  j u s t  above t h e  bed 
and f l  is  a  modif ied  f r i c t i o n  f a c t o r  e v a l u a t e d  from 



which was d e r i v e d  from o b s e r v a t i o n s  ( S l e a t h  1978).  f w  
is J o n s s o n ' s  f r i c t i o n  ( J o n s s o n  1965) .  

S u b s e q u e n t l y  S l e a t h  (1982)  d e r i v e d  t h e  f o l l o w i n g  
e q u a t i o n  from o b s e r v a t i o n s  of 0.2 and 0.41mm sand 

The v a r i o u s  methods were t e s t e d  on t h e  l i m i t e d  f lume 
d a t a  a v a i l a b l e  on sed imen t  t r a n s p o r t  unde r  waves 
a l o n e ,  see T a b l e  2. The Rance e q u a t i o n  was n o t  
t e s t e d  on t h e  l i g h t w e i g h t  pumice d a t a  s i n c e  t h e  
e m p i r i c a l  Rance e q u a t i o n  was deve loped  from d a t a  f o r  
s and  o n l y  and s o  t h e  e f f e c t  of s ed imen t  d e n s i t y  i s  n o t  
i n c l u d e d  i n  t h e  e q u a t i o n .  The d a t a  used has  s e v e r e  
l i m i t a t i o n s  and t h e  r e s u l t s  are such  t h a t  no  f i r m  
c o n c l u s i o n s  c a n  be drawn. It was d e c i d e d  t o  u s e  t h e  
Rance e q u a t i o n  f o r  f u r t h e r  work d e s c r i b e d  l a t e r .  

5 COMBINING THEORIES 
FOR WAVES AND WAVES 
AND CURRENTS 

We now r e t u r n  t o  t h e  comments made ear l ie r  t h a t  a 
t h e o r y  f o r  s ed imen t  t r a n s p o r t  unde r  waves and c u r r e n t s  
s h o u l d  t end  t o  a  t h e o r y  f o r  s ed imen t  t r a n s p o r t  under  
c u r r e n t s  a s  t h e  waves t end  t o  z e r o  and a t h e o r y  f o r  
movement under waves as t h e  c u r r e n t  t e n d s  t o  ze ro .  
Because of  t h e  d e r i v a t i o n  of t h e  t h e o r i e s  t h a t  w e  have  
c o n s i d e r e d  s o  f a r  t h e y  a l l  tend  t o  some r e c o g n i s e d  
e q u a t i o n  f o r  s ed imen t  t r a n s p o r t  under  c u r r e n t s  as t h e  
waves t end  t o  z e r o .  The r e s u l t s  i n d i c a t e ,  however, 
t h a t  t h e  behav iou r  of such  t h e o r i e s  a s  t h e  c u r r e n t s  
t end  t o  z e r o  i s  c o m p l e t e l y  wrong. It was,  t h e r e f o r e ,  
d e c i d e d  t o  look  a t  t h e  pe r fo rmance  of  one of t h e  
t h e o r i e s  f o r  s ed imen t  t r a n s p o r t  under  waves and 
c u r r e n t s  when i t  was c o n s t r a i n e d  s o  t h a t  i t  would 
a s y m p t o t e  t o  a n  e q u a t i o n  f o r  t r a n s p o r t  under  waves 
a l o n e  as t h e  c u r r e n t  a m p l i t u d e  tended t o  z e r o .  The 
Ackers-White Swart  e q u a t i o n  and t h e  Rance e q u a t i o n  
were s e l e c t e d .  Each t h e o r y  was e v a l u a t e d  on t h e  
a p p r o p r i a t e  d a t a  and t h e n  t h e  v a l u e s  of t h e  sed imen t  
t r a n s p o r t  were m u l t i p l i e d  by a w e i g h t i n g  f a c t o r  and  
t h e  r e s u l t s  added. The w e i g h t i n g  f a c t o r  f o r  t h e  
Ackers-White Swart  e q u a t i o n  was l / ( l + u o / V )  s o  t h a t  f o r  
no waves i t  had t h e  v a l u e  1 and f o r  no c u r r e n t s  i t  was 
0. The w e i g h t i n g  f a c t o r  f o r  t h e  Rance e x p r e s s i o n  was 
1-11 ( l h  o l v ) .  

The j u s t i f i c a t i o n  f o r  such  a p r o c e d u r e  i s  t enuous  i n  
t h e  extreme. The o n l y  p o s i t i v e  c l a i m  t h a t  can  be made 
i s  t h a t  t h e  r e s u l t i n g  e x p r e s s i o n  f o r  s ed imen t  
t r a n s p o r t  h a s  t h e  c o r r e c t  t ype  of  behav iou r  unde r  
c u r r e n t s  a l o n e  and under  waves a l o n e .  T h e r e  was, 



however, a marked improvement in the predictions in 
the wave dominated area see Figure 18. 

6 FIELD AND FLUHE 
DATA 

Field and flume data on which to compare the various 
theories was collected from a number of sources. 

6.1 Boscombe Pier Data 
Field measurements were taken by the Hydraulics 
Research Station at Boscombe Pier, 2km east of 
Bournemouth Pier, between October 1977 and February 
1979. Part of the available data set has been 
analysed in detail (Hydraulics Research Station, 1981) 
and gas used in this study. 

The data exhibited the following range of parameters 

6.2 Inman and Bowen 
Inman and Bowen (1962) performed laboratory 
measurements with the following range of parameters 

6.3 Bijker (1967) 
Bijker performed laboratory experiments at Delft 

6.4 Vincent 
Vincent performed laboratory experiments with three 
different sediments 

Fine sand 

D 50 = 0.23~1~ 
0.4m < d < 1.0m 
0.04~1 < H < 0.12111 

OS < T < 1.9s 
v = 0 m/s 



Medium sand 

Pumice ( s p e c i f i c  g r a v i t y  1 .38)  

6.5 Shibayaaa 6 
Horikawa 

Shibayana and Horikawa performed l a b o r a t o r y  
exper iments  

Almost every  d a t a  s e t  used has  been c r i t i c i s e d  i n  one 
way o r  a n o t h e r  but  none of t h e  problems mentioned a r e  
s u f f i c i e n t l y  major t o  i n v a l i d a t e  t h e  broad c o n c l u s i o n s  
drawn from t h e  s tudy .  

7 PERFORMANCE OF 
SEDIMENT TRANSPORT 
THEORIES 

The v a r i o u s  t h e o r i e s  d e s c r i b e d  above have been t e s t e d  
on t h e  d a t a  a l r e a d y  d e t a i l e d .  Though t h e  bulk of t h e  
d a t a  on t r a n s p o r t  r a t e s  showed c o n s i s t e n t  t r e n d s  wi th  
t h e  p r e d i c t i o n s  of t h e  v a r i o u s  t h e o r i e s  a  s m a l l  
m i n o r i t y  of t h e  d a t a  e x h i b i t e d  anomalous behaviour  
w i t h  every  theory.  It was, t h e r e f o r e ,  decided t o  
i g n o r e  t h a t  d a t a  f o r  t h e  purposes  of t h e  comparison. 
F i g u r e s  2 t o  6 show t h e  d i sc repancy  r a t i o ,  t h a t  i s ,  
t h e  r a t i o  of t h e  p r e d i c t e d  t o  t h e  observed t r a n s p o r t  
r a t e ,  f o r  t h e  v a r i o u s  t h e o r i e s  a s  a  f u n c t i o n  of uo/V. 
A s  a  gu ide  t o  t h e  behaviour of each theory ,  t h e  mean 
v a l u e  of t h e  d i sc repancy  r a t i o  f o r  a  g iven sediment 
t r a n s p o r t  theory on a  g iven  d a t a  s e t  was c a l c u l a t e d  
and t h e s e  v a l u e s  a r e  given i n  Table  3. The parameter 
uo/V r e p r e s e n t s  a  measure of t h e  r e l a t i v e  magnitude of 
t h e  waves and c u r r e n t s ,  uo/V being smal l  when c u r r e n t s  
predominate and uo/V being l a r g e  r e p r e s e n t i n g  
predominant ly  waves. The F i g u r e s  2 t o  6 show t h a t  t h e  
t h e o r i e s  provide adequate  p r e d i c t i o n s  p rov id ing  t h e  
c u r r e n t s  dominate, t h a t  i s ,  uo/V < l but  t h a t  i f  t h e  
waves predominate t h e  t h e o r i e s  a r e  l e s s  s a t i s f a c t o r y ,  
t e n d i n g  t o  over  p r e d i c t  t h e  t r a n s p o r t  r a t e s .  Th i s  



b e h a v i o u r  is  n o t  u n e x p e c t e d  f rom c o n s i d e r a t i o n  of t h e  
methods  by which t h e  t h e o r i e s  have  been  d e r i v e d  and  
f rom t h e  e x p r e s s i o n  u sed  f o r  t h e  s h e a r  s t ress .  

I n  t h e  l i g h t  o f  t h e  p r e v i o u s  comments a b o u t  t h e  
e q u a t i o n s  u sed  by t h e  v a r i o u s  methods  f o r  t h e  bed 
s h e a r  stress i t  was d e c i d e d  t o  r e p l a c e  t h e s e  by 
e q u a t i o n  ( 4 ) .  V a l u e s  of t h e  c o r r e s p o n d i n g  d i s c r e p a n c y  
r a t i o s  are shown i n  F i g s  7 t o  11. T h e r e  i s  a  g e n e r a l  
improvement  i n  t h e  p r e d i c t i o n s  b u t  t h e  v a r i o u s  methods 
s t i l l  o v e r - p r e d i c t  f o r  v a l u e s  o f  uo/V < 1. 

The o v e r - p r e d i c t i o n  f o r  l a r g e  v a l u e s  of uo/V p r o b a b l y  
r e f l e c t s  t h e  d i f f e r e n c e  i n  t r a n s p o r t  mechanisms when 
waves  p r e d o m i n a t e  r a t h e r  t h a n  c u r r e n t s .  A s o u n d l y  
based  p r e d i c t o r  f o r  t h i s  p a r a m e t e r  r a n g e  must  a w a i t  
t h e  deve lopmen t  o f  a n  a d e q u a t e  t h e o r y  f o r  s e d i m e n t  
t r a n s p o r t  u n d e r  waves a l o n e .  I n  a n  a t t e m p t  t o  e x t e n d  
t h e  v a l i d i t y  o f  t h e  p r e s e n t  methods v a r i o u s  a d  hoc 
a d j u s t m e n t s  t o  t h e  e f f e c t i v e  bed s h e a r  s t r e s s  we re  
c o n s i d e r e d  t o  s e e  i f  t h e s e  c o u l d  improve  t h e  a c c u r a c y  
of t h e  p r e d i c t i o n s .  I n  a n  a t t e m p t  t o  r e d u c e  t h e  
o v e r p r e d i c t i o n  i t  was d e c i d e d  t o  r e d u c e  t h e  bed s h e a r  
s t ress  a s  uo/V i n c r e a s e d .  A s e l e c t i o n  of  d i f f e r e n t  
w e i g h t i n g  f u n c t i o n s  were  s e l e c t e d  on  a n  ad hoc  b a s i s  
d e s i g n e d  t o  r e d u c e  t h e  bed s h e a r  s t r e s s  f o r  l a r g e r  
v a l u e s  o f  uo/V. The e q u a t i o n  f o r  s h e a r  v e l o c i t y  

u sed  i n  t h e  v a r i o u s  methods  was r e p l a c e d  by 

( d )  R e p l a c i n g  uo by uox0.5m i n  e q u a t i o n  ( 4 9 )  

uo  ,. 1 f o r  ( 5 3 )  

( e )  R e p l a c i n g  uo by ~ ~ ~ 0 . 7 5  i n  e q u a t i o n  ( 4 9 )  
U 

f o r  G " 1  ( 5 4 )  

v 5 ( f )  R e p l a c i n g  uo by uo (U) i n  e q u a t i o n  ( 4 9 )  
0 

uo  f o r r  " 1  ( 5 5 )  



The r e s u l t s  of u s i n g  t h e  v a r i o u s  e x p r e s s i o n s  f o r  s h e a r  
v e l o c i t y  a r e  shown i n  F i g u r e s  12 t o  17. The behav iour  
of t h e  v a r i o u s  e x p r e s s i o n s  depends i n  p a r t  i n t o  which 
t r a n s p o r t  e q u a t i o n  i t  is i n s e r t e d  and on which d a t a  i t  
is t e s t e d .  The c o n c l u s i o n s ,  t h e r e f o r e ,  must be 
t e n t a t i v e  and t h e i r  ad hoc n a t u r e  acknowledged. With 
t h e  Ackers and 'White-Swart e q u a t i o n  t h e  e x p r e s s i o n  

provided t h e  b e s t  g e n e r a l  agreement w i t h  o b s e r v a t i o n s  
and provided a c c e p t a b l e  p r e d i c t i o n s  f o r  uo/V < 3. 
T r a n s p o r t  r a t e s  f o r  uo/V > 3 were under p r e d i c t e d .  
The Ackers and White-Swart combined wi th  t h e  Rance 
e q u a t i o n  provided the  b e s t  agreement between p r e d i c t e d  
and observed r e s u l t s ,  s e e  F i g u r e  18. The 
u n c e r t a i n t i e s  i n  t h e  d a t a  mean t h a t  i t  is d i f f i c u l t  t o  
a s s e s s  t h e  conf idence  l i m i t s  a s s o c i a t e d  w i t h  t h e  
v a r i o u s  e q u a t i o n s .  The r e s u l t s  i n d i c a t e ,  however, 
t h a t  even by t h e  s t a n d a r d s  of sediment t r a n s p o r t  t h e  
p r e d i c t i o n s  of t h e  t h o e r i e s  a r e  n o t  good. For t h e  
Ackers and White-Swart and Rance e q u a t i o n s  46% of t h e  
p r e d i c t i o n s  were w i t h i n  a  f a c t o r  of 4  of t h e  observed 
v a l u e  and 69% were w i t h i n  a  f a c t o r  10. 

8 CONCLUSIONS AM) 
RECOMMENDATIONS 

A number of t h e o r i e s  f o r  sediment  t r a n s p o r t  under 
waves and c u r r e n t s  have been compared w i t h  f i e l d  and 
l a b o r a t o r y  o b s e r v a t i o n s .  The t h e o r i e s  were a l l  
e x t e n s i o n s  of formulae  f o r  sediment t r a n s p o r t  under 
u n i - d i r e c t i o n a l  f low i n  which t h e  e x p r e s s i o n  ( 1 )  f o r  
t h e  bed s h e a r  s t r e s s  under waves and c u r r e n t s  had been 
i n s e r t e d .  The p r e d i c t i o n s  of t h e  v a r i o u s  t h e o r i e s  
were,  i n  g e n e r a l ,  u n r e l i a b l e  e x c e p t  when t h e  e f f e c t  of 
c u r r e n t s  dominated t h a t  of t h e  waves. It was found 
t h a t  t h e  p r e d i c t i o n s  could  be improved i f  t h e  e q u a t i o n  
f o r  t h e  bed s h e a r  s t r e s s  (1 )  was r e p l a c e d  by e q u a t i o n  
(4 ) .  Of t h e  v a r i o u s  t h e o r i e s  c o n s i d e r e d  those  based 
on Ackers and White sediment  t r a n s p o r t  theory  seemed 
t o  show m a r g i n a l l y  b e t t e r  p r e d i c t i o n s .  

S i n c e  t h e  o v e r - p r e d i c t i o n  of t h e  v a r i o u s  methods 
appeared t o  i n c r e a s e  a s  t h e  e f f e c t  of t h e  waves 
i n c r e a s e d  r e l a t i v e  t o  t h a t  of t h e  c u r r e n t s  a  number of  
m o d i f i c a t i o n s  t o  t h e  bed s h e a r  s t r e s s  were 
i n v e s t i g a t e d  which reduced t h e  s h e a r  a s  t h e  waves 
i n c r e a s e d  ( s e e  eqs  45 t o  50). These m o d i f i c a t i o n s ,  
however, l e a d  on ly  t o  minor improvements i n  t h e  
p r e d i c t i o n s .  

A weighted combinat ion of the  Ackers and White-Swart 
e q u a t i o n s  and t h e  Rance e q u a t i o n  f o r  sediment 
t r a n s p o r t  under waves was t r i e d  i n  which t h e  we igh t ing  



f u n c t i o n  ensured t h a t  f o r  no waves t h e  e q u a t i o n s  
reduced t o  t h e  Ackers and White e q u a t i o n s  and f o r  no 
c u r r e n t s  t h e  e q u a t i o n s  were i d e n t i c a l  t o  t h e  Rance 
e q u a t i o n s .  These e q u a t i o n s  gave t h e  b e s t  performance 
on t h e  B i j k e r  and Boscombe p i e r  d a t a .  T h e i r  
performance on t h e  Inman and Bowen d a t a  was l e s s  
s a t i s f a c t o r y ,  see Table  3. 

It is expec ted  t h a t  were a more r e l i a b l e  e q u a t i o n  f o r  
sediment  t r a n s p o r t  under waves and c u r r e n t s  a v a i l a b l e  
a s  t h e  asymptote i n  t h e  waves on ly  c a s e  then  b e t t e r  
p r e d i c t i o n s  would r e s u l t .  U n t i l  such e q u a t i o n s  become 
a v a i l a b l e  i t  is  recommended t h a t  a  weighted 
combinat ion of the  Ackers and White-Swart and Rancr 
e q u a t i o n s  a r e  used.  C o n s i d e r a t i o n ,  however, should  be 
g i v e n  t o  how t h e  range of pa ramete r s  i n  any 
a p p l i c a t i o n  compare wi th  t h o s e  of t h e  d a t a  on which 
t h e  Kance e q u a t i o n  was developed.  

A major weakness i n  t h e  p r e s e n t  t h e o r i e s  f o r  sediment  
t r a n s p o r t  under waves and c u r r e n t s  a p p e a r s  t o  be t h e  
d e f i n i t i o n  of t h e  bed s h e a r  s t r e s s .  It is ,  t h e r e f o r e ,  
recommended t h a t  f u r t h e r  a t t e n t i o n  is g iven  t o  
e q u a t i o n s  t h a t  d e s c r i b e  t h e  bed s h e a r  s t r e s s  under  
waves and c u r r e n t s .  

To remove t h e  u n c e r t a i n t y  about  t h e  p roper  form of 
asymptote  i n  t h e  waves on ly  c a s e  f u r t h e r  work is  
r e q u i r e d  on a  theory t o  d e s c r i b e  sediment t r a n s p o r t  
under  waves a lone .  
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10 NOTATION 

Value  of sediment  ( n o b i l i t y  a t  i n i t i a t i o n  of mot ion  

(Ackers and W h i t e )  

C o n s t a n t  i n  a p p r o x i m a t i o n  of 7 
WC1 "c 

Ampl i tude  of o r b i t a l  e x c u r s i o n  a t  t h e  bed 

C o n s t a n t  i n  a p p r o x i m a t i o n  t o  
C 

Chezy c o e f f i c i e n t  

Exponent  i n  a p p r o x i m a t i o n  t o  z / z  
WC C 

Chezy c o e f f i c i e n t  based  on D 9 0  sed imen t  s i z e  

Sediment  d i a m e t e r  of which 50% ( 9 0 % )  is f i n e r  

d e p t h  of w a t e r  

Sediment  m o b i l i t y  (Ackers and W h i t e )  

Sediment  m o b i l i t y  under  waves and c u r r e n t s  

(Ackers  and Whi t e )  

J o n s s o n  wave f r i c t i o n  f a c t o r  

Sediment  t r a n s p o r t  r a t e  

D imens ion le s s  s ed imen t  t r a n s p o r t  r a t e  

(Ackers  and W h i t e )  

A c c e l e r a t i o n  due  t o  g r a v i t y  

T r a n s i t i o n  exponent  i n  s ed imen t  t r a n s p o r t  f u n c t i o n  

(Ackers  and Whi t e )  

Power p e r  u n i t  a r e a  a v a i l a b l e  t o  move s e d i m e n t ,  

( f i n e  g r a i n ,  c o a r s e  g r a i n )  

C o n s t a n t  = 0.45 

Sediment  t r a n s p o r t  r a t e  

Bed roughness  

Bed l o a d ,  s ed imen t  volume t r a n s p o r t  r a t e  

S p e c i f i c  g r a v i t y  of s ed imen t  

Wave p e r i o d  

Time 

Wave o r b i t a l  v e l o c i t y  a t  bed 

C u r r e n t  v e l o c i t y  

I n s t a n t a n e o u s  w a t e r  v e l o c i t y ,  Wil l i s  t h e o r y  

S h e a r  v e l o c i t y  due  t o  c u r r e n t  

S h e a r  v e l o c i t y  due  t o  waves and c u r r e n t  

E m p i r i c a l  c o n s t a n t  i n  Ackers and  White - W i l l i s  



Sediment c o n c e n t r a t i o n  by weight  

Angle between c u r r e n t  vave d i r e c t i o n s  

Angle between wave d i r e c t i o n  and normal t o  t h e  c u r r e n t  

Van Karman's c o n s t a n t  

(C/CD ) 3 / 2  , F r i  j l i nk -Bi  j k e r  t h e o r y  
90 

Paramete r  depending on t h e  bed roughness  and w a t e r  

d e p t h  

kg/m Dens i ty  of w a t e r  

kg/m D e n s i t y  of sediment  

kg/m/s Shea r  s t r e s s  under  c u r r e n t s  

kg /m/s2  S h e a r  s t r e s s  under  waves and c u r r e n t s  

S h i e l d s  f u n c t i o n  ( S l e a t h )  

C r i t i c a l  v a l u e  of S h i e l d ' s  f u n c t i o n  

S- l Wave f requency  







TABLE 1 : COMPARISON OF EXPRESSIONS FOR T,,,,/T, 

2 U. 1.13 tc Exact  G C =  l + %  ( E r )  tc = 0.75 + 0.45 ( 6  r) 
- i n t e g r a l  - 
=c =c =c 

(Swart )  (Graaf and Overeem) 
8 = 90" 8 = 90° 0 8 20" 



TABLE 2 : SEL)IMENT TRANSPORT UNDER WAVES 

S l e a t h  
197811982 

Data 

Shibayama and Horikawa 18 .9  

Vincent : f i n e  sand 0 .48  

Vincent : medium sand 3.55 

Vincent : pumice 2.70 

Mean Discrepancy Rat ios  

S leath  
1978 

Rance 
1971 



TABLE 3 : SEDIMENT TRANSPORT LMDER WAVES ANL) CURRENTS 

MEAN DISCREPANCY RATIOS 

SEDIMENT TRANSPORT 
THEORY BIJKER 

Bi jker 10.7 

Ackers, White, Willis 9.08 

Ackers, White, Graaf 4.23 

Ackers, White, Swart 3.3 

Engelund, Hansen, Swart 27.3 

WITH BIJKER SHEAR STRESS INTEGRATION 

Bi jker 9.60 

Ackers, White, Willis 1.82 

Ackers, White, Graaf 2.58 

Ackers, White, Swart 3.08 

Engelund, Hansen, Swart 18.59 

Ackers, White, Swart 
(Modified) 3.4 

Ackers, White, Swart 
(with Bijker integration 

& modified) 3.08 

BOSCOMBE PIER INMAN 6 BOWER 
(MODIFIED) (MODIFIED) 

Ackers, White, Swart 
and Rance 1.96 
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. ~ g .  2 Discrepancy ratios, Fri j l ink -Bijker 
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Fig 7 Discrepancy ratios, Fri j l ink - Bi jker wi th Bijker integrat ion 



Fig B Discrepancy ratios,Engelund and Hansen -Swart wi th  Bijker 
integration 
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=ig 1 2  Discrepancy ratios,Ackers and White-Swart with Bijker 
integration and equation ( 5 0 )  
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Fig 14 Discrepancy ratios,Ackers and White-Swart with Bijker 
integrat ion and equation ( 5 2  1 
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Fig 1 6  Discrepancy ratios,Ackers and White -Swart wi th Bi jker 
integrat ion and equation ( 5 4 )  
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Fig 18 Discrepancy ratios,Ackers and White-Swart, Rance w i th  Bijker 
in tegrat ion 


