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Preface 

Flow and sediment transport are important in relation to several engineering topics. e .g. 
erosion around structures. backfilling of dredged channels and nearshore morphological 
change. 

The purpose of the present book is to describe both t he basic hyd rody namics and the 
basic sediment transport mechanism. The reader's background should be a basic course 
in wave theory and fluid mechanics . 

Chapter 1 deals with fundamentals in fluid mechanics with emphasis on bed shear stress 
by currents, while Chapter 3 focuses on bed shear stress by waves. They are both written 
\vith a view to sediment transpor t . 

Sediment transport in ri,·ers, cross-shore and longshore are dealt with in Chapters :2 , 4 
and .), respectively. 

It is not the intention of the book to give a broad review of the literature on thi s very 
wide topic. The book tries to pick up informat ion which is of engineering importance. 

r\n obstacle to the study of sedimentat ion is the scale effect in model tests . Whenever 
sma ll-scale tests, large-sca le tests and fie ld itwcstigations are a \·ailable. it is a lways t he 
result fro m field inves tigations which is referred to . 
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1 Steady uniform flow in open channels 

This chapter is written with a view to sediment transport. The main outcome is the 
current friction coefficient. 

The coordinate system applied in this chapter is shown in Fig.l. 

z, w 

Fig.l. Coordinate system for the flow in open channels. 

1.1 Types of flow 

Description of ,·arious types of flow arc given in the following. 

Laminar t•crsus turbulent 

Laminar flow occurs at relati,·ely low fluid ,·elocity. The flow js visualized as layers 
,,·hich slide smoothly o\·er each other without macroscopic mixing of fiuicl pa rticles. 
The shear stress in laminar flo\\· is gi,·en by i\ewton ·s law of viscos ity 

clu 
7 11 = (J I/ -

1
-

CZ 
(1) 

where p is dcnsi ty of water and 11 kinematic viscosity ( 11 = 10-6 m 2 j s at 20°C ) . 

!vfosl flows in nature are t urbulent. Turbulence is generated by instability in the 
flow. which trigger vortices. Howe,·er, a thin layer exists near t he boundary ,,·here 
the fluid motion is st ill laminar. 

A typical phenomenon of t urbulent flow is the fluduation of velocity 

a + ll
1 1·1' = u; + w' (2) 

where U IV instantaneous Yelocity, in x and z directions respectiYely 

ll w time-averaged Yelocity, in x and z directions respectiYely 

u' w' instantaneous ,·elocity fluctuation , in x and z directions respectively 

Turbulent flow is often given as the mean flow, described by u and w. 



In turbulent flow the water particles move in very irregular paths, causing an ex
change of momentum from one portion of fluid to another, and hence, the turbu lent 
shear stress (Reynolds stress). The turbulent shear stress, given by time-averaging 
of the Navier-Stokes equation, is 

Tt = -p u' w' 

.l\ote that u' w' is always negative. In turbulent flO\v both viscosity and turbulence 
contribute to shear stress. The total shear stress is 

clu --
T = Tu + Tt = p /1 -

1
- + ( -p U

1 
W

1
) 

cz 

Steady rersus 1wsteady 

(4) 

A flow is steady when the flow properties (e.g . density, velocity, pressure etc. ) at 
any poin t are constant with respect to time. However, these propert ies may ,·a.ry 
from point to point. In mathematical language, 

() (any flow property) = 
0 ut (.S) 

In the case of turbulent flow, steady fiow means t hat the statistical parameters 
(mean and sta.ndarcl deviation) of the flow do not change with respect to t ime. 

If the flo,,· is not steady, it is unsteady. 

Cniform L'El'Sus non-uniform 

A flow is uniform when the flow ,·elocity does not change along the flow direction, 
d . Fig.:2. Otherwise it is non-uniform flO\v. 

S = surface slope bottom s lope = tanli 

I 
fJ 

Fig.2. Steady uniform flow in a open channel. 
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Boundary layer fiow 

Prandtl developed the concept of the boundary layer. It provides an important link 

between ideal-fluid flow and real-fluid flow. 

Here is the original description. For fluids having small viscosity, the effect of in
ternal friction in the flow is appreciable only in a thin layer surrMmding the flow 
boundaries. However, we will demonstrate that the boundary layer fulfil the whole 

How in open channels . 

The boundary layer thickness ( 8) is defined as the distance from the boundary 
surface to the point where u = 0.995 U. The boundary layer development can be 
expressed as 

laminar flow 5 .s (u"xro.s \\'hen Rex ~ < .5 X lQ.S 
X v 

turbulent flow 5 OA (Ullx) -0.2 when R ex [L]: > :) X 1. 05 
2' v 

laminar turbulent 

u 
r--------~---------------

u 

6 

Fig.:J. Development of the boundary layer. 

Example 1 Development of the boundary layer flow. 

Given now velocity U =1m/sand 11·ater depth h = 10m 

Wanted 1) x value whe re the boundary laye r flow starts to fu lfil the whole depth 

2) type of the boundary layer now 

Solution 

Comment 

I3ased on the expression for turbulent boundary layer flow 

I = ((U/v)025 h1.'25) = ((1 /10- 6)0.25 10 1.'25) 1171 m 
X b=h Q.40 8 0.40.8 

U X 1 X 1171 _ 8 ~ 5 
Rex = - = 

10 
. = 1.111 x 10 > <> x 10 turbulent 

I/ -t:> 

The example demonstrates that the flow in open channels is a lways a 
turbulent boundary layer now. 
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1.2 Prandtl's nux1ng length theory 

Prandtl introduced the m ixing length concept in order to calculate the tu rbulent 
shear stress. He assumed that a fluid parcel travels over a length C before its mo
mentum is transferred . 

z 

w~ Tt _!:__ -----r-----
~ 

Fig.{ Prandtl's mixing length theory. 

PigA sho\\' s the time-a,·eraged ,·elocity profile. The fluid parcel, locating in layer 
l and lu\\·ing Lhe ,·elocity u 1, moves to layer 2 clue to eddy motion. There is no 
momentum transfer during mO\·ement, i. e. the velocity of the fluid parcel is st ill zL 1 

,,·hen it jusf. ;nriH's at laye r 2. and decreases to u 2 some t ime la te r by t he momentum 
(':'\change "·ith other fluid in layer 2. This action wi ll speed up the fluid in layer 2. 
" ·hi ch can be ~een as a t urbulent shea r stress Tt acl ing on layer 2 trying to accelerate 
layer 2. cf. fi g.4 

The horizontal instantaneous ,·elocity fluctuation of the fluid parcel in layer 2 is 

ul = 
clu 

ll J - ll? = [ -
- cl.: 

(6) 

Assuming the ,·ertical insta ntaneous velocity fluctuation ha ,·ing t he same magni t ude 

v/ = -C clu (7) 
d.: 

where negati,·e sign is due to the down\\'ard movement of the fluid parcel. the tur
l)ldent shear st ress now becomes 

I I ? (dt£ )2 

't = - P 1l w = P c- d z 

If we define kinemat ic eddy viscosity 

~ = e du 
dz 

(8) 

l he turbulent shear stress can be expressed in a way similar to ,·iscous shear stress 

clu 
Tt = p c -

1
-

C:.; 

7 
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1.3 Fluid shear stress and friction v elocity 

Flu id sh ea·r sf ress 

The forces on a flu id element with uni t width is shO\m in Fig.5. Because the flow is 
uniform (no acceleration) , the force equilibrium in x-clirection reads 

'= .6x = p g (h- z) 6. x sin(3 

For small slope \\'e have sin (3 ~tan ,B = S. Therefore 

'= = p g (h- z) S 

The bottom shear stress is 

lb = '==0 = p g h s (10) 

pg(h-z)L:>.x 

)( 

Fig.5. Fluid force and bottom shea r st ress. 

Bol.lom shear stress 

In the case of arbitrary cross section , the shear stress acLing on the boundary changes 
a.long the wetted perimeter , cL Fig .. 5. Then the bottom shear stress means actually 
t he average of the shear stress along the wetted perimeter. The force equili brium 
reads 

Tb 0 6.:r = p g A .6.x sin f] 

,,·here 0 is the wetted perimeter and A the area of the cross section. By apply ing 
Lhe hydrauli c radius (R = A/0) we get 

Tb = p g R s ( 11) 

In the case of wide and shallow channel, R is approximately equal Lo h, eq (11) is 
identical to eq (10). 
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Friction velocity 

T he bottom shear stress is often represented by friction ,·elocity, defined by 

(12) 

T he term friction velocity comes fr om t he fact that ~ has 
velocity and it has something to do wit h friction force. 

the same unit as 

Inser t ing eq (11) into eq (12), we get 

u* = Jg R S (13) 

Visco us sh ear stress versus turbulent shear stress 

Eq (1 0) states t hat t he shear stress in flow increases linearly with \\·ater depth , cf. 

f ig. G. 

z 

T z shear s t ress 

u Tt turbulen t shear s t r ess 

Tv viscous shear s t ress 

Fig.6. Shear stress contponents and distribution . 

:-\s the shear st ress is consisted of v iscosity a nd tu rbulence, we ha,·e 

T: = Tv + Tt = p g ( h - Z) .) 

O n t he bottom surface, there is no turbulence ( u 
Lurbulent shear stress 

Tt = - p u' w' = 0 

w O,u' w' 

(14) 

0), the 

Therefore, in a very thin layer above t he bottom, viscous shear stress is dominant, 
and hence the flow is laminar . This t hi n layer is called viscous sub layer. Abo,·e the 
viscous sublayer, i .e . in the major par t of flow , t he turbulent shear stress dominates, 
cf. f1g .6. 

The measurement shows the shear stress in the viscous sublayer is constant and 
equal to the bottom shear stress, not increasing linearly with depth as indicated by 
Fig. G. 
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1.4 Classification of flow layer 

Scientific classzficat ion 

Fig./ shows the classification of flow layers. Starting from the bottom ,,·e haxe 

1) Viscous sublayer: a thin layer just abo,·e the bottom. In t his layer there 
is almost no turbulence. r.Ieasurement shows that the \·i scous shear st ress 
in this layer is constant. The flow is laminar. Abo\·e this layer the flow 
is turbulent. 

2) Transition layer: also called buffe r layer. viscosity and turb ulence are 
equally important. 

:3) Turbulent logari t hmic layer: \·i scous shear stress can be neglected in this 
layer. Based on measurement. it is assumed that the turbu le nt shear 
stress is constant and equal to bot tom shear st ress . It is in this layer 
where Prandt l introduced the mixing length concept and deri\·cd the 
logarithmic ,·clocity profile. 

1) Turbulent outer layer: \·elocities are almost constant because oft he 
presence of large eddies ·which produce st rong mixing of the now. 

T total shear stress 

7;. viscous shear stress 
7i turbulent shear stress cle.ssi!ication shear stress 

turbulent outer layer 

. . ---- - -- - -------. . . 

turbulent logarithm ic Ioyer : T - 7i - canst. 

transi tion Ioyer T-ii+T. 

flow type 

turbulent 

Fig. 7. Scientific classification of flou; region ( Lrtyer thickness is not to scale, 
turbulent outer layer accounts for 80% - 90% of the region). 
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Engi·neeTing classification 

In the turbulent logarithmic layer the measurements show that the turbulent shear 
stress is constant and equal to the bottom shear stress. By assuming that the mixing 
length is proportional to the distance to the bottom (e = h:z), Prandtl obtained the 
logarithmic velocity profile. 

Various expressions have been proposed for the velocity distribution in the tran
sitional layer and the turbulent outer layer. None of them a re widely accepted. 
However, By the modification of the mixing length assumption, cf. next section, the 
logarithmic velocity profile applies also to the transitional layer and the turbulent 
outer layer. !'vleasurement and computed velocities show reasona ble agreement. 

Therefore in engineering point of view, a turbulent layer with the logarithmic veloci ty 
profile covers the transitional layer. the turbu lent logarithmic layer and the turbulent 
outer layer , d. Fig.8. 

r\s to the \·iscous sublayer. The effect of the bottom (or wall) roughness on the 
\·elocity distribution was first investigated for pipe flow by Nikurase. He introduced 
the concept of equivalent grain roughness ks (Nikurase roughness. bed roughness). 
Based on experimental data, it was found 

1) I-I vdraulicallv smooth flow for ~ < .5 ... - v -

Decl roughness is much smaller than the thickness of \·iscous sublayer. 
Therefore, the bed roughness will not affect the velocity distribu t ion. 

2) Hydraulically rough How for u·,}· 2: 70 

Bed roughness is so large that it produces eddies close to the bottom. A 
\·iscous su blayer does not exist and the flow velocity is not dependent on 
\·iscosity. 

:3) Hydraulically transitional flow for .5:::; u·,/'· :::; 70 

The velocity distribution is affected by bed roughness and viscosity. 

turbulent Ioyer 
turbulent Ioyer 

611 viscous subloyer 
.1/))//7777/J, 

ks = f (sediment diameter) 
k s = f (height and length of sand ripples) 

Hydraulically smooth flow Hydraulically rough flow 

Fig.8. Engineering classification of flow region (Laye1· thickness is not. to scale) . 
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1.5 Velocity distribution 

Turbulent layer 

In the turbulent layer the total shear st ress contains only the tu rbulent shear st ress. 
The total shear st ress increases li nearly with depth (eq ( 10 ) or Fig.6), i. e. 

By prancltl"s mixing length theory 

_ _ ( 2 (du) 2 

It - p -
d.: 

and assum ing the mixing length 

( 

-) 0 .. 5 
(=1\:; 1-i 

where Von r-: annan consta nt "' = 0. -l I. \\"C geL 

clu ;;JP 
d.: - 1\. = = 

u. 
I{ .: 

lt tLcgrat ion of l he equation gi ,·es the famous logarithmic ,·eloci ty profile 

ll . ( :; ) u (:;) = - In -
" =o 

(1.5) 

where the integration constant :;0 is the eJe,·ation corresponding to ze ro ,·clocity 
(u===o = 0). gi,·en by :'\ikurase by the study of the pipe flows. 

0.11 !J ll ydra ul ically smooth flow ~:::;.5 
u . !J 

Zo - O.Q:J:J ks ll ydraulically rough fl o,,· ~ :2: 70 (16) 
!J 

0.11 !J + 0.03:3 ks llydraulically transition flow .5 < u . k. < TO 
u . !J 

It is interesting to note that the friction velocity u. , which, by definition, has nothing 
lo do with velocity. is the fiow velocity a.t the elevat ion = = :;0 e" . i.e. 

In the study of sediment t ransport. it is important to know that the fr iction ,·elocity 
is t he fluid velocity ,·ery close to t he bottom, cf. Fig.9. 

1,, = OA is obta ined experimentally in pipe fl ow 

12 



l'iscous sublayer 

In the case o[ hydraulically smooth flow there is a vi scous sublayer. Viscous shear 
stress is constant in this layer and equ;d to the bottom shear stress . i.e. 

dtt 
T 11 = p I/ cl z = Tb 

in tegrating a.nd applying ui:=O = 0 gives 

!.It ll2 

u (=) = .f!_ z = ___:: z 
II II 

( 17) 

Thus, there is a. linear ,·elocity distribution in the vi scous sublayer . 

The linear velocity distribution intersect ,,·i th the logarithmic velocity d istribution 
a L the ele,·ation z = ll.611 / uH . yielding a. theoret ica.l ,·i scous subla.ycr t hi ckness 

The velocity profile is illustralccl in Fig.9. ,,·ith the detailed description of the flu id 
,·clociLy near the bottom. 

z 

viscous subloyer 

Ov =11.6 ~. 

k5 = f(sediment diameter) 

Hydraulically smooth flow 

z 

L 
X 

z 

ks = f (height and length of sand ripples) 

Hydraulically rough flow 

Pig.9. Jllustmlion of the velocity profile in hydrcwlically smooth and rough flows . 
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Bed roughness 

The bed roughness ks is also called the equiYa lent i\ikurase grain roughness. because 
it \\·as originally introduced by Nikurase in his pipe flow experiments, where grains 
are glued to Lhe smooth wall of Lhe pipes. 

The only situat ion where we can direct ly obtain the bed roughness IS a fla t bed 
consisting of uniform spheres, where ks =diameter of sphere . 

But in nature the bed is composed of grains with d ifferent size. ~Iorem·er. the bed 
is not flat , \·arious bed forms, e.g. sand ripples or dunes, will appear depending on 
grain size and current . In that case the bed roughness can be obtained indirectly 
by the ,-elocity measurement, as demonstrated by the following example. 

Example 2 Find the bed roughness from velocity measu rement. 

Gi\·en f lume tests with wate r depth h = lm. the measured velocities at the e le\·ation 
of 0. I , 0.2, 0.4 and 0.6 m a re 0.53. 0.58, 0.64 and 0.67 m js, respecli\·ely. 

\\·anted bed roughness J.: .• 

Solution The fitting of t he meas ured velocities to the logarit hmic velocity profile by the 
least square method gives u. = 0.0:3 m/s and :a = 0.000082:) 111. Hence, 

Com ment 

we ca n confirm that it is hydraulically roug h flow by u. J.: .• / 1/ = /;) > 70 

Z (m) 
1 

0.1 

0.01 

u(z) -7-ln(f,) 

• 2·:.u, (loq Z- Io~ ,. ) 

u. -ooJ n/s 

z0 • o 0000825 

0001 .J..__..L.J... __ ...__ _ __._ _ ___, U (m/ s) 

0.0 0.5 1.0 

Fig.J 0. Fitting of the measured velocities to /ogarith mic rc/ocif y pmfi/c. 

T he logari thmic velocity profile suggests that t he maximum \·elocity occurs 
at the flow surface. However, the measmements reveal that the maximum 
velocity occurs some distance under the fl ow su rface due to the surface shear 
from the a ir. l\ !o reover, the logarithmic velocity is bas ically develo ped for the 
loga ri thmic turbulent layer which is close to the bottom. Therefore, the velocity 
measurement in connection with the determinat ion ofT& and J.:, is preferred to 
take place at t he elevatio n J.:, < : < 0.2 h 

The following J.:, values have been suggested based on flum e Lesls 

Concrete bottom J.:, 0 .001 - 0.01 m 
Flat sand bed J.: , ( 1 - 10) x d50 

Bed with sand ripples ks (0.5 - 1) x (height of sand ripple) 

14 



1.6 ClH~zy coefficient 

Chezy proposed an empirical formula for the average velocity of steady uniform 
channel flow 

u c JRS (18) 

where R Hydraulic radius, i.e. area of cross section divided by wetted parameter 

S Bed slope 

C Empirical coefficien t called Chezy coefficient. C \\"as originally 
thought to be constant. Various formulas for C ha\'e been pro
posed 

Here we \\"ill see that C can be theoretically determined by a\·eraging the logarithmic 
\·eloci ty profile. 

Recall ing that the frict ion velocity is (eq (1:3 )) 

ll~ = jg R 8 

and applying it into eq (18), we get the express ion of C 

C' u ;;:; = - v9 
ll~ 

..-\\·e raging the logarithmic \·elocity profile gives 

U = ~ f hu(z) dz 
h J~o 

11 ~ rh ln ( z) clz 
'" h J~o Zo 

u~ ( ( h ) zo ) u~ - In - - 1 + - ~ 
~ =o h ~ 

ln ( ;-) 
..;o e 

Inserting the above equa tion into eq (19) gives 

C = V§ ln (__!:___) 
~ z0 e 

Hydraulically smooth flo~r 

Hydraulica lly rough flow 

(19) 

(20) 

(21) 

u . k, < 5 
II -

(22) 

" · k. > 70 
II -

where the expression for zo has been used and Ln has been converted to Log. r. Iore
over the inclusion of g = 9.8 m/ s 2 means that C has the unit .jffij s. 

1.5 



Example 3 Chezy coefficient and bottom shear stress. 

Given A project is to be located at the 1\·ater depth h=5 min I\attegat strait. The 
measured tidal current velocity is U=l m/s ( Havnecon afs). The sediment size 
is d 90=0.15 mm (Danish Geoteehnic Institute). It is estimated that the height 
of sand ripples is app. 10 em. 

\\'anted 1) Bottom shear stress 'h· when there are sand ripples with height o f app. 10 
em on the bed 

Solution 

Comment 

2) Bottom shear stress Tb , if the flo,,· is hydraulically smooth. 

l) \Vhen there are sand ripples on the bed 

Bed roughness kJ ::::: 0.75 x (height of sand ripple) = 0.075 m 

Chezy coefficient c 18 log (tLh) = 18 log (6 20~~) = -52.:3 ..;:m;s 

Friction veloei ty ll. ~ ,fij = 5i 3 V9.8 = 0.06m/s 

Bed shear stress '> 
Tb = p u: 1000 x 0.06:! = :3.6 Xfm2 

The flow is hydraulically rough as 

u. k, 
v 

0.Q6 X 0.075 
J0-6 = 4500 > 10 

2) If we assume that the flow is hydrauli cally smooth (not the case in rea lity) , 
we ha,·e 

c ( 
12 h ) 18 lo" 0 3.31//tt . 

13y inserting tt. = U fo/C into the above equation, we get 

C = 8 1 rr(ll.4Uh) = ~ I (ll.4xlx5) 
l Oo I/ C U:i og lQ-6 C 

The solu tion of the equation is C = 103 ..jmjs 

Friction veloei ty u. = ~ ,fij = 163 V9.8 = 0.03 m/s 

Bed shear stress 

The example shows that if we know only the average velocity, which is often 
the case, it is easier working on C'. 

For turbulent flo w over ripple bed, The bottom shear stress obtained in t he 
above example is consisted of skin friction shear stress ~~ and form pressure of 
ripples r£'. It is r!, which drives grains as bed-load transport. i\Lore details will 
be given in the next chapter . 
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1. 7 Drag coefficient, lift coefficient and friction coefficient 

Drag and li./f coefficient.s 

A real flu id moving pas t a body will exert a drag force on the body, cf. Fig.ll. 

U 0 boundary layer th.ielm.eu 

S seperaUon point 

l"ft FL -·~P<;.AU' 

drag 

F0 = ~PCoAU' 

Flow pattern 

Normal and shear stress 

(Form pressure and skin friction) 

Drag and lift force 

Fig.ll. Drag force and ll}Z force. 

Drag force is cons isted of friction drag and form drag. the former comes from the 
projection of skin friction force in the flow direction, and the latter from the pro
jection of the form pressure force in the flow direction. The total drag is written 
as 

FD = ~ P cD A U2 

2 

The lift force is written in the same way 

1 c· ' u·2 - p L }1 
2 

(23) 

(24) 

,,·here A Projected area of the body to the plane perpendicular to the 
flow direction. 

CD, CL Drag and lift coefficients , depend on the shape and surface 
roughness of the body and the Reynolds number . They are 
usually determined by experiments 

17 



Friction coefficient 

Fig.l2 illustrates fluid forces acting on a grain resting on the bed. The drag force 

Fo = ~ p Co A (o U)2 

,,·here a is included because we do not know the fluid velocity past Lhe grain, bu t 
we can reasonably assume that it is the fundion of the a,·erage ,·elociLy a.nd other 
parameters. 

Fig. iS!. Fluid forces acting on a grain resting on the bed. 

\\"e can also say that Lhe grain exerts a resistant force Fo on the flow. If A' is the 
projected area of the gra in to the horizontal plane, the bottom shear stress is 

I 'o l ( 2 A ) 2 1 .2 
'& = -- = - p Co a - U = - p f U 

A' 2 A' 2 
(2.5) 

\YbCre r is the friction COefficient of the bed. which is a dimensionleSS parameter. 
By applying the Chczy coefficient we get 

I 
2 9 
Cl l 

0.06 Hydraulically smooth flow 
( log( ph ) r 3.3 -vfu, 

0.06 Hydraulically rough flow 
(log(Ith)/ 

Example 4 Calculate the bed friction coefficient in Example 3. 

Solution The bed friction coefficient is 

J = 0.06 ~ = 0.06 

( log(t~.h) r ( log(62o~~) )
2 0.0071 

T herefore, the bed shear stress is 

l '> l - ~ '> 
Tb = 2pfU· = 2 1000xO.OOilx l · = 3.6N/nr 

Comment f is preferred over C because f is non-dimensional. 

~~-5 v 

u . k. > 70 
v -

Darcy- \Veis bach friction coefficient obtained in pipe flow is f 0 ... = ~:iq 
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1.8 Exercise 

1) A bridge across a river is supported by piers with a square cross section 
(length=width=B=l m) . The water depth is h=lO m. The ,·elocity distri
bution in the ri,·er can be expressed by 

u(.:) = 6 U. (~) L/6 

"' h 
where the friction velocity is U. = 0.05 mjs. 
The square piers can be placed in two ways ,,·ith different drag coefficients, 
see the figure. 

u 

u 
· ~ Cn=15 

1) Which placement of the pier gives m inimum fluid force? 

2) Calculate this minimum fo rce. 

2) A projecl is to be located at the water depth h=.) min hattegat strait. The 
measured tidal current ,·elocity is U =1..5 m/s (Havnecon a/s). The sediment 
size is cl90=0.1.5 111111 (Danish Geotechnic Institute). It is estimated that the 
height of sand ripples is app. 10 em. 

1) Chezy coefficient C. 

2) friction coefficient f. 
:3) bottom shear stress Tb. 
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2 Sediment transport in open channels 

2.1 Sedhnent properties 

Density 

The density of natural sediments is Ps = 2650 kgjm3 . Therefore, the relative density 
is S = Psi p = 2.65. 

Size and shape of a grain 

Generally grains are triaxial ellipsoids, having a long diameter da, intermediate di
ameter db and short diameter((. Corel shape factor gi,·es the most useful description 
of the shape of a grain 

For natural grains typically Score/ = 0. 7. 

The diameter of a grain can be presented as 

ds Sie,·e diameter. obtained by sie,·e analysi s 

dn Nominal diameter, \vhich is the diameter of the sphere having the same 
,·olumc and weight as t he grain. dn ~db and d71 is slightly larger than d5 • 

d 1 fall diameter, ,,·hich is the diameter of the smooth sphere having t he same 
fall ,·elocity in still ,,·ater at 2-l°C as the grain. fall diameter is the best 
description of the grain s ize . because it takes into account the grain shape. 

Grain si::e distribvtion 

( I ) 

The most useful and convenient method for the analysis of the grain s ize distribution 
is the sie,·e analysis. cf Fig.l. The median diameter of the sample is d50 , i.e. 50% of 
the grains by \\"eight pass th rough. 

% by weight being finer 

d(mm) 

Fig.l. Grain si::e distTibution . 
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Settling velocity 

When a grain falls clown in still water, it obtains a constant \·elocity when the 
upward fluid drag force on the grain is equal to the clown\\·arcl submerged "·eight of 
the grain. This constant \·elocity is defined as the settling \·elocity (fall \·elocity) of 
the grain. 

Considering now the settling of a sphere with diameter d. cf. Fig.2 

Submerged weighl 
3 

(P,-P)g ~d 

Fig.2. Settling of a sphere in still 1aller. 

The force balance between the d rag force and the submerged weight gi\·es 

1 - d2 -ci3 
h ? /i 

2 p Co - -1- w; = (p.~ - p) g -6-

Therefore the settling \·elocity of the sphere is 

0) = j.J. ( s - 1 ) g d 
s :3 Co (2) 

The drag coeffic ient of a sphere depends on the Reynolds number ( P e = '-'-'s d/ 11) 

Laminar (Re < 0.5) 

Turbulent (Re > 103 ) 

Co = ]?~ (by theory) 

Co::::: 0.4 (by experiment) 

I ( q d
2 

w, = 18 S- I) - v-

w, = J3 (s- 1) g d 

As to natural grains, Freds0e et al.(l992) gives the empirical expression for the drag 
coefficient 

36 
Co = 1.4 + 

.Pe 

Insetting the equation into eq (2) and solving for w5 give 

'-'-'s 

Je~n"f + 7 . .S(s-1)gdn 36 " 
d;;-

2.8 
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2.2 Threshold of sedhnent 

Let us consider the steady flo\\' o\·er the bed composed of cohesionless g rains . The 
forces acting on the grain is sho\\'n in Fig.3. 

f (w'- rL) 
r: fr iction coefficient 

3 
w'=(P, -P)g¥ 

r0 = ~PC0AU2 

= !pc0~cau ,J' 
2 4 

Fig . .J. Forces acting on a grain resting on the bed. 

The clri,·ing force is the flo\\' drag force on the grain 

1 "hd2 .2 
Fo = 2 p Co ~ (a u. ) 

where t he fric t io n \'Ciocity U. is the fiow velocity close to the bed . a is a coefficient, 
used to mod ify u. so that au. forms the characterist ic flow ,·elocity past the gra in. 
The stabilizing force can be modelled as the friction force acting on the grain. 

U u •. .: . critical friction ,·elocity. denotes the situation where the grain is about to 
mo,·e. t hen the drag force is equal to the friction force. i.e. 

1 , "h d2 
2 ( "h (p 1 "h cf2 , ) 2 P Co -_

1
- (a u •. c) = f (Ps - p) g -

6
- - 2 p CL --l- (a u •. ,:)-

,,·hich can be re-arranged into 

(s- l )gd 

Shields parameter is defined as 
2 

0 = u. 
(s - l)gd 

\\·c say that sed iment starts to move if 

u. > u.,c 

or 

or 

critical friction velocity u.,c 

critical bottom shear stress Tb,c = p tL- ,c 

2 

critical Shields param eter Oc = (s~~'(g d 
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Fig.4 sho\\'S Shie lds experimental results which relate Octo the grain Reynolds num

ber defined as 

D u. dn 
~ e = -

II 

The figure has 3 dist inct zones corresponding to :3 flow situations 

1) Hydrauli cally smooth flow for Pe = u. vd" :::; 2 

(6) 

d11 is much smaller than the thickness of ,·iscous sublayer. Grains are em
bedded in the ,·iscous sublayer and hence, Oc is independent of t he grain 

diameter. By experiments it is found Oc = 0.1/Pe 

2) Hydrau lically rough flow for Pe ~ 500 

The ,·iscous sublayer does not exist and hence, De is independent of the fluid 
,·iscosity. Oc has a constant ,·alue of 0.06. 

:1) Ilydra ulically transitional flow for 2 :::; Pe :::; 500 

Gra in si;~,e is the same order as the th ickness of t he ,·iscous sublayer. There 
is a minimum ,·aluc of De of 0.031 corresponding to Pe = 10. 

:\ole Lhal Lhc flow classification is similar to Lhat of the \ikurase pipe flo\\' (f ig . .., 
of Chapter 1 ). where the bed roughness l<s is app lied in stead of dn. 

2 , = u; 
{s-l)gd 

J 

0.2 

" )\. 

I~· • 

0.1 

0.06 

0 .04 
Larnin.ar ' ' ~ 
flow al bed, 

0.02 

0.01 

• . .. .... ,. ~. 

To= Tc 

1.0 2 4 6 10 20 40 

-k;-r I 
Turb..Jienl 

flow a 1 b ed 

.,.. 
100 

Re- U. d 
400 1000 v 

Fig.4- Th e Shields diagram giving Oc as a function of Pe (uniform and cohesionlcss grain}. 1 

1The critical Shields parameter of sand in ai r is 0.01 s; Oc s; 0.02. 



It is not conYenienL to apply the Shields diagram because the friction \·eloci ty tt. 

appears in both axes. ~Iadsen et al. (1976) converted the Shields diagram into 
the diagram showing the relation between the critical Shields parameter Be and the 
so-called sed iment-fluid parameter S. 

s. = 
d j(s- 1) g d 

4 v 

I "=-..5._ 
(s-1)gd · 

I~. Tr~.-~rrrn~-r~,-~~~-r~~ 

5-

2-

5-

2-

Fig.5. The Shields diagmm gh·ing De as a fnnclion of S •. 

Example 1 Threshold of sediment 

G iven Sediment is quartz sand with P.• = 2650 kg/m3 and d = 0.2mm. 
Fluid is sea water with p = 1025 kg fm3 and 11 = 10-6 m 2 

/ s. 

\Vanted Critical shear stress Tb,c 

Solution The relative density iss= p,fp = 2.59 
The sediment-fluid parameter is 

S. = d J(s- 1) f) d = 0.0002 J(2.59- 1) X 9.8 X 0.0002 = 
4 V 4 X lQ- 6 

From Fig.5 it is fou nd Oc = 0.052 , therefore, 

tt . ,c JOe (s- 1) g d = 0.0127 mfs 
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2.3 Bedforn1s, bed roughness and effective shear stress 

Bedforms 

Once sediment starts to move, \·arious bedforms occur. In laboratory flumes the 
sequence of bedforms with increasing flow intensity is 

Ripples 

Dunes 

Flat bed ::} R ipples ::} Dunes ::} High stage flat bed ::} Antidunes 

H.ipples are formed at relati\·ely weak flow intensity and are linked with 
fine materials, with d50 less than 0.7 mm. 
The size of ripples is mainly controlled by grain size. By obsen·ations 
the typical height and length of ripples are 

Hr ::::: lOOdso Lr ::::: lOOOcl so 

At low flow intensity the ripples have a fairly regular form with an up
st ream slope 6° and downstream slope 32° . With the increase of flow 
intensity, ripples become three dimensional 

The shape of dunes is \·ery similar to that of ripples, but it is much larger. 
The size of dunes is ma inly controlled by flo\\' depth. Dunes a re linked 
\\·i t h coarse grains, \\·ith d5o bigger than 0.6 mm. 
With the increase of flow intens ity, dunes grO\v up, and the water depth 
at the crest of dunes becomes smaller . It m eans a fairly high velocity at 
the crest, dunes will be washed-out and the high stage flat bed is formed. 

:\nticlunes \Vhen Proucl e number exceeds unity anticl unes occur. The waYe height on 
the water surface is the same order as the antidune height. The surface 
wave is unstable and can grow and break in an upstream direct ion, which 
moves the anticl unes upstream. 

ripple movement 

Ripples 

lowe ring of surface 

/ 

~ 

~ 
erosioa. 

dune moYement 

Dunes 

e.nlidunc movement 

Anlidunes 

Fig. 6. Illustration of flow over ripples, dunes and antidunes, and thei·r movement. 
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If we know the average velocity of the current, water depth and sediment size, the 
bed forms can be predicted by empirical diagrams, e.g. the one by Znamenskaya 
(1969), cf. Fig.7, where the sediment size is represented by the fall velocity of t he 
sediment (u..·s)· The ripples speed (c) is also given so that the figure can be used to 
estimate the bed-load transport. 

F r= U 
-;;;-;: 0.8 

\ \ !l.z. 
L, 

I - F l a t dunes 
2- Ri ppl u 
3- Dunes twiSted In plants 
• - St oep dunes 
'· Ar~o ot dun~ dtstruc:tion 
6- Smooth bed 
7 - Antidunts 

Fig. 7. Bed form s given by Znamenskaya (taken from RaudkiV1:, 1976). 

Bed roughness 

The bed roughness ks is also called the equivalent Nikurase grain roughness, because 
iL was originally introduced by Nikurase in his pipe flow experiments, where grains 
are glued to t he smooth \vall of the pipes. 

The only situation where we can directly obtain the bed roughness is a. flat bed 
consisting of uniform spheres, where ks = diameter of sphere . 

Generally the bed roughness can be obtained indirectly by the velocity measurement, 
as demonstrated by Example 2 in Section 1. .5 . 

The large collect ion of bed roughness values, obtained by velocity measurement and 
fitting , covering various flow regions with different sediment size, shows 

(8) 
{ 

(1 - 10)dso 
ks ~ 

100dso = Hr 

fiat bed 

rippled bed 
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Effective shear stress 

In the presence of ripples, the resistance to the flow consists of two parts. one 
originating from the skin friction, another clue to the form pressure of the ripples, 
r. e. 

(9) 

where~~ is also called effective shear stress, because it is T~ which is acting on single 
sediment. 

___ ;-~ 
----~ ·, ___ 

Totol sheer stress 
(flow resistance) 

Tb =Tb' + Tb' 

Skin friction shear stress Tb' 

(Effective shear stress) 

Sheer stress from form pressure 

~·=--~Fo_rm __ dr~og~~~-
Horizontol oreo of ripple 

Fig.8. The res istance lo flow ouer a rippled bed. 

In the case of flat bed, ~~~ = 0, and the bed roughness is usually taken as 2 .. jcl50 . the 
cffecti,·e shear stress is2 

(10) 

where h is water depth and U current average velocity. In the case of a r ipp led bed, 
~~ is the same as above, but the total stress is larger due to form pressure. 

_ _ 1 ( o.o6 ) u2 
1 b - ::) p 2 

~ ( log e~rh) ) 
(11) 

where the bed roughness is assumed equal to the height of ripples (H,.). 

The di stinction bct\\'een Tb and T~ explains the phenomenon that with t he appearance 
of rippled bed, and hence the increase of rb, the bed-load transport docs not increase. 

2 Assume t he flow is always hydrauli cally rough. 

27 



2.4 Transport n1odes 

There are three sediment transport modes 

Wash load 

Bed-load 

very fine particles which are transported by the water, but these 
particles do not exist on the bed. Therefore the knowledge of 
bed material composition does not permit any prediction of ,,·ash 
load t ransport. Hence, wash load will not be considered in this 
book. 

the part of the total load \\'hi ch has more or less continuous 
contact \vith the bed. Thus the bed load must be determined in 
relation to the effecti,·e shear stress \\'hi ch acts directly on the 
grain surface. 

Suspended load the part of the total load "·hi ch is moYing \\'i thout continuous 
contact, "·ith the bed as the resu lt of the agitation of the fluid 
turbulence. The appearance of ripples \\'ill increase the bed shear 
stress (flow resistance) . On the other band. mo re grains "·ill 
be suspended due to the flow separation on the lee side of the 
ripples, cf. f ig;.S. Thus the suspended load is related to t he total 
bed shear st ress . 

The basic idea of splitting the total sediment load into bed-load and suspended 
load is that, as described above. two different m echanisms are effecti,·e during the 
transport. 

As to the boundary between the bed-load and the suspended load, argument is 
st ill going on. Einstein (1950) suggests the boundary to be some grain diameters, 
typically 2d50 . abo,·e t he bee!. But this is not reali st ic \\'hen t he bed is rippled, 
" ·hich is almost always the case. Therefore Bijl--:er (1971) proposed that t he bed
load transport takes place inside a. layer with a thickness being equal to the bed 
roughness (height of ripples). 

The SI unit for sediment transport is m
3 

, readed cubic meter of sediment per meter 
m • s 

width per second. 

Moreo,·er, on ly cohesion less sediment ,.,·ill be treated in this book. 
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2.5 B ed-load transport fonnulae 

Bed-load transport q8 is often expressed in the dimensionless form 

(12) 

Xalinske-Frijlink formula 

I\alinske-Frijlink (1952) formula is a cun·e fitted to all data available at that time 

_ ') l ~'b . ( -0.27 (s- 1) d50 p g ) 
(j D - - ( 50 - e.! p I 

p Tb 

\\'here Tb and Tb are bottom shear stress and effecti,·e shear stress. respectively . 

. \!eyer-Peter formula 

The fitting of large amount of experimental data by i\ Ieyer-Peter ( 1948) gi,·es 

,,. here ()' effect ive Shields parameter 0' 

Tb effecti ,·e shear stress 

De critical Shields parameter 

Ein.stein-Brou·11 formula 

r:J P 

(s- 1) g d 

(13) 

( 14) 

The principle of Einstein's analysis is as follo\\'s: the number of deposited grains in 
a unit area depends on the number of grains in motion and the probabi lity that the 
hydrodynamic forces permit the grains to deposit. The number of eroded grains in 
the same unit area depends on the number of grains in that area and the probability 
that the hydrodynamic forces are strong enough to move them . for equilib rium 
conditions the number of grains deposited must be equal to the number of grains 
eroded, which, together \\"ith experimental data fitt ing, giYes 

<l>s = 40!\(0')3 ( 15) 

(s- 1) g d~0 
j{ 

2 :36v2 

3 + ( s - 1 ) g d~0 

Bagnold formula 

l3agnolcl proposed a formula based on the work done by current. The formula has 
the same form as the modified Meyer-Peter formula. 

29 



Example 2 Bed-load transport 

Given A river with 

\ra nted 

Solution 

Comment 

sea water 
A ow 
sediment 

p = 1025 kgfm 3 

U = 1 mfs 
p, = 2650 kgfm3 

Bed-load transport q 
8 

1) criti cal Shields parameter 

v=l0-6 m 2 fs 
h=2 m 
dso = 0.2mm. 

The relative density is s = Ps / p = 2.59 
The sediment-fluid parameter is 

S. = d5o J(s- 1) g dso 
4 1/ 

0.0002 j(2.59- 1) X 9.8 X 0.0002 
4 X JO- •> 

From Fig.5 it is found the critical Shields parameter is Oc = 0.052. 

2) Effective Shie lds parameter 

The effect i ,·e shear st ress is 

The effecti\·e Shields parameter is 0' = = 0.4-1 

2.79 

As ''"e do not have information on ripple height, ''"e take Hr = 100 c/50 = 0.02 m. 
t.he botto m shear st ress is 

1 ( 0.06 ) ., . ., 
r b = 2 f1 (log ( 1/~:· ) f u- = :3.2-l ,\ f rn-

The coefficient in the Einstein-Brow n fo rmula is 

1\ = 2 :36t/2 

+ 3 (s- I) g d~0 ( s - 1) y d~0 
0.4-1 

3) Calcu late q8 by formulae 

formula Kalinske-Frijlink Meyer-Peter Einstein-Brown 

q8 (m3 f(m * s)) 0.000012 1 0.0000215 0.0000167 

The total bed-load transport in the river depends on the wid t h of the river. 

\Vhen t he accuracy of sediment transport formulae is concerned, experts say 
that if a formula gives the correct order of magnitude, it is a good formula. 

It is not surprising that the formulae give more or less the same result, because 
all formulae include parameters to be determined by the fitting o f experimental 
results. 
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2 .6 Susp ended load 

Sediment concentration in a steady wNent 

Consider a steady flow in a open channel. The sed iment is kept in suspension 
by turbulent fluctuations. Sediment concentration c has the unit m 3 /m 3 , i. e. the 
,·olume of sed iments in 1 cubic meter water. The classical approach to calculate 
the ,·ertical distribution of suspended sediment is to apply Pran cltl's mixing length 
theory, d. Fig.9 

z 
z 

h 

....__ _________ c(z) 

Fig . .9. Suspended .~edimenl in steady turbulent flow. 

Coa sider a uniform sand with a sett ling velocity W 5 • In a unit Lime. through a 
unit area on the horizontal plan A-A. the Yolume of sediment tra\·elling upward and 
down ward are 

(w I - W 5 ) (c ~(clc) 
Cf tL = 

2 d.: 

Cfd - (w1 + W 5 ) (c + ~( de) 
2 d.: 

In a steady situation, Cfu and Cfd must be equal to each other , which giYes 

1 I e clc 0 
CW5 + - 1V - = 

2 d.: 
(16) 

By assuming that 

1 I e 2 'W = ~ u . :: 

where 1~ = 0.4 and u. is the friction velocity, we get 

C t<-'5 + ~ U • .: ( 1 - T;) ~: = 0 (17) 

which is integrated with the integration constant given by ciz=a = Ca 

(
h- z a ) ( ,.··~ . ) 

c(z) = Ca -- --
z h- a 

(18) 
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Refe·rence elevation and refacnce sediment concentrntion 

a and Ca in eq (18) are called reference ele,·ation and reference sediment concentra
tion, respecti,·ely. 

The reference e]e,·ation a is the boundary betv,;een the bed load and the suspended 
load. Bijker (1992) suggests that a is taken as the bed roughness k5 and relates Ca 

t.o the bed-load transport q8 . 

[tis assumed that bed-load transport takes place in the bed-load layer from z = 0 to 
:: =a= 1.:5 , and in the bed-load layer there is a constant sediment concent ration ca . 

Pig.10 shows the velocity profile applied by Bijker. He argues that in hydraulically 
rough flow there is still a viscous sublayer. \\'hich starts from z = 0 to z = ::0 e where 
the linear ,·elocity distribution is tangent \\'ith the logarithmic velocity d istribution. 
:\ote the thickness of the ,·iscous sublayer is much smaller than that in hydraulically 
smooth flow (fig.9 in Chapter 1). 

z 

suspended -load 
transport 

viscous 
subloyer 

ks = f (height ond length of sond ripples) 

bed-lood 
transport 

Fig.l 0. Viscous sublayer in hydraulically ro1tgh fiow. 

By the logarithmic ,·elocity profile we geL 

ul---o e = tt~/"' 
~--

The a,·eraged ,·elocity in the bed-load layer is 

1 ( 1 1l~ 1ks Ub = - --Zo e + 
ks 2 1-i, zoe 

therefore, the bed-load transport is 

Cfa = {jb ks Ca 

U~ ( Z ) ) ---;: In zo clz ~ 

hence we obtain the reference sediment concentration 
Cfa qB 

Ca = [ib ks 6.34 1l~ ks 
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Suspended sediment transport 

i\o\\· we know the vertical distribution of both the suspended sed iment concentration 
and the fluid velocity, cf. Fig.ll. 

Fig.ll. Jlluslration of vertical distribution of c and u. 

the suspended sediment transport can be calculated as 

rah J n u ( z) c(.:) d.: 

l h ( '(LK (_:) (h-_: a)(,.~·~ , )) 
- In - Ca - - -- d.: 

u 1~ .:o .: h - a 

!2) 
where it and ! 2 are Einste in integrals gi\·en by 

;-t(=.-lJ J.tl ( l -BE)=· 
It = 0.216 (1 _ A)=· dB 

;.l(z. -1) jl (1 _ B )z. 
! 2 0.216 (1 _A)=· A ~ In B dB 

where 
k 

A=,....:: 
h 

B=~ 
h 

Ws 
z. = --

1\, u. 

By applying Bijker 's recomm.endation on a and C0 , ,,.e get 

:3:3 
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Example 3 Suspended sediment t ransport 

Given As in Example 2 , i.e.) 

Wanted 

Sol uti on 

sea water 
flow 
sediment 

p = 1025 kg jm3 

U = 1 mjs 
Ps = 2650 kgjm3 

Suspended sediment t ransport IJs 

v=l0- 6 m 2 js 
h=2 m 
d5o = 0.2mm. 

In Example 2 by l\'leyer-Peter formula we get q8 = 0.00002 15 

and by assuming Hr = ks = 100 d5o = 0.02 m , we obtain Tb = 3.2-l N jm 2 

The fall velocity 

36 II Je:.:f + 7.5 (s-1) r1 d5o ~ 
0.02 m j s 

2.8 

The fri ction velocity u. = jif = 0.056 mjs 

Therefore ' - ilL- 0 01 /'l - h- . ::. = ~ = 0.89 1,. u . 

and lYe get the Einstein integrals by numeri cal integration 

r\ ( "• -I ) 
0.216 ..,..·--

(1-.-\)=· 1.\
1 

( 1 -B B ) = • dB = 1.00 

= 0.2 16 _4 (• . -l l . (._

1

1 
(I -BB ):. ln B dB 

(1 - rt)= · I.~ 

The suspended sedim ent t ransport is 

IJs 1.83 q8 (I, In ( 0.0 ::~3 /,;J + I2) 

-2.50 

1.83 x 0.0000215 (1.00 x In ( 
3 

2 
) - 2 .. so) o.o· 3 x o.o2 

0.000217 

T he ratio between the bed-load and suspended transport is 

Q = IJs = L. 83 (I1 In ( .h ) + !2) = 10 
{jB 0.0:33 /,; S 



2. 7 Total sedin1ent transport 

There are numerous formulae, d. Raudkivi (1976). Two of them are 

Bijker 

Engelund o o- u) 1 ~ ( ) 1.s 
qT = · .) - V (s-1) g (Ps-Pl g dso 

Example 4 Total sediment transport. 

Given As in Examples 2 & 3, i.e.) 

\Van ted 

Solution 

sea water 
flow 
sediment 

p = 102:) l.:g/m3 

U = 1 m/s 
Ps = 26:)0 l.:g/m3 

Total sediment transport qr 

In Examples 2 & 3 \\'e obtained 

Tb :3.24 Njm2 

Cfe 0.000021:) ~ 
rn • ~( 

(/ :;: 0.000217 ~ n1 - .s 

The total sediment transpon 

l/=10- 6 m2 /s 
h=2 m 
d5o = 0.2mm. 

13ij ker r/ 8 + (/:;: = 0.0000215 + 0.000217 

0.000239 

Engelund qr 0 o.- u2 J d ,n ( Tb ) 1.
5 

· 0 (s -l) g (p,-p) !f d,o 

(2.59-1 )X 9.81 
0.0002 

( ) 

1.5 
3 ~.1 0.0.) X 12 

0.000 179 ~ nt • s 



2. 8 Exercise 

sea \\·atcr 
flow 
sediment 

p = 1025 l.:g/m3 

U=l.5m/s 
Ps = 26.50 l.:gjm3 

1) threshold of sediment 

2) bed rough ness 

:3) bed-load transport 

-!) suspended- load transport 

.j) total transport 

11 = 10-6 m2 js 
h=:3 111 

dso = 0.2mm. 
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3 Wave boundary layer 

This chapter is written with a view to coastal sediment transport . The main outcome 
is the bottom shear stress of sea bed. 

3 .1 Concept of wave boundary layer 

Linear wave theory gives the amplitude of water part icle oscillation on the bottom 

A = H 1 
2 sinh e ~h) (1) 

and the horizontal velocity of water particle 

(2) 

\\"here Um is the maximum horizontal velocity 

" H 1 

T sinhe~h) 
A w (:3) 

z 
'7 -~ C03CJl 

Fig.J. /Jori::ontal velocity profile and water particle orbit by linear wave theory . 

Linear \\"a\·e theory assumes that the fluid is ideal (no Yiscosity), so there is water 
particle mO\·ement on the bottom, which is not the case in reality. Unfortunately, 
[or Lhe study of sediment transport, the flow pattern close to the bottom is of great 
in leresl. To overcome this contradiclion, Lhe concept of wave boundary layer is 
introduced. 

Prandil developed Lhe concept of fluid boundary layer in general : For fluids having 
small viscosity, the effect of internal Fiction in the flow is appreciable only in a thin 
Laye1· S1trrormding the flow boundaries. Under wave action. this thin layer is cal led 
\\"ave boundary layer. 
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3.2 Lan1inar wave boundary layer on sn1ooth b ed 

First we will get some impression of wave boundary layer by looking at the laminar 
wave boundary layer on smooth bed, which can be described theo retically. 

Oscillating wateT tunnel 

Lundgren and S¢rensen (1956) invented Lhe oscillating tunnel to model the wave 
boundary layer, cf. Fig.2. Note that the piston movement is the same as the water 
part icle on the sea bed given by linear wave theory. 

The flow in the test section is horizontal and uniform. The thickness of the boundary 
layer changes \\'ith time. but remains very thin clue to oscillation. Outs ide the 
boundary layer. the flo\\' is undisturbed. 

piston 
u 0=UM sin wt 

test section 

Z - 10 meters 

Fig.2. Oscillating !cater tunn el. 

Formulation of equation of motion 

\ \'e start from the i\aYier-Stokes equation in the horizontal direction 

(
ou Ott Oll) op OT 

p - + u- + w- = -- + -ot o:c oz oz fJ:: 

The flo\\' in the test section is horizontal (w = 0) and uniform( ~~ = 0) 

ou fJp OT 
p 7ii = -f):; + f):; 

Outside the boundary layer \\'e have u = u0 and T = 0. therefore 

ouo _ _ op 
P ot - o:: 

which. minus eq (.5), gi,·es 

o(u- uo) 
P ot 
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Because the flow is laminar, shear stress can be expressed by Newton's law of vis
cosity 

T 
fJu 

P 11-
fJz 

vre get the equat ion of motion 

The boundary condition is 

nl:=oo = Cn sin(wt) 

I "elocity profile and bottom shear .~tress 

The solution of eq (9) is 

(8) 

(9) 

( 10) 

u = Um sin(.ui) - U .. exp ( -~) sin ( wt - J6:) (11) 

The second term is a dampened. wave. ,,·hich decays quickly a,,·ay from the bed, cf. 
Fl.o· "3 o ··. 

Fig.S. The local velocity amplitude oscillating around Um. 

The bottom shear stress is gi,·en by 

- - p va"j l b - r 
d: :=0 

P u C:m [s in(wt) + cos(wt)] 
Ji;;: 

rb,ma:z: sin(c...·t + 45°) 

where 

As the free stream velocity is u0 = Um sin(wt), we can see that the phase shift 
between Tb and u0 is 4.5°, i.e. Tb,mu will appear ahead of Um by 4-5° . 
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3.3 Wave boundary layer thickness 

With t he inclusion of the wa\·e boundary layer. the velocity profile corresponding to 
\\·ave crest is shown in Fig. -1. 

c z z lioear •••• 
lbeory 

Fig.{ tcave boul/dary layer (laminar flow on smooth bed). 

The boundary layer thickness depends on how we define the top of the boundary 
la.ye r. Jonsson (1966) defined the top of t he boundary layer as the minimum ele,·ation 
,,·here the ,·elocity a mplitude is equal to Um, which , by eq (11 ) . g i,·es 

6· = ~ ~ 
) 2 v ~ (12) 

Sleath ( 1981) defi ned t he top of the boundary layer as the ele,·ation where the 
,·elocity amplitude is 95% of 0·m , i.e. 5% relatiYe difl:'erence . which gi,·es the boundary 
laye r th ickness 

8o.os = :3 ( 1:3) . 

In reali ty, the flow type is t urbulent flO\v on rippled bed , the boundary layer th ickness 
is affected by bed roughness, cf. F ig.-5. Sleath (1987) gives the empirical formula 

6 (A)o.7o 
~~.S = 0.26 ks ( 1-1) 

'"here ks is the bed roughness and A the amplitude of water particle oscillation on 
t he bottom. 

Fig.5. wave boundary layeT thickness over rippled bed. 
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Example 1 Wave boundary layer thickness 

Given Wave height H =2 m. wave length L= 80 m 
\Vater depth h:::5 m. sea bed ripple he ight H,=15 em 

Wanted \Vave boundary layer thickn ess 6o.os 

Solution By linear wave theory the a mplitude of the water particle on the bottom 

Comment 

H 1 
A = - (~ ") = 2.48 m 2 s inh - ~ 

The bed roughness is taken as the ripple he ight/.;, = H, =0.1 5 m, then 

(
.4)0.i0 

6o .o5 = 0.26 !..:, k, = 0.28 m 

Boundary layer thickness at one location varies wi th time. 60 05 = 0.28 m 
is the one when wave crest passes the location (m aximum boundary layer 
th ickness). 

In Section 1.1 we have shown that the boundary layer fulfils the whole 
fl ow depth in chan nel flow . However , the wave boundary layer will re
mains thin due lo the oscilla ti on of water par t icles. Let us im agine a 
progressive wave 11·ith a pe riod o f 8 seconds. First water part icles close 
to the bottom move forward, wave boundary layer is d eveloping, but 
the cle \·elopment is stopped after 4 seconds, because the 11·at er particles 
slop a nd start. to n~o\·e backward , and a new boundary layer starts to 
deve lo p. 
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3.4 Wave friction coefficient 

Definition of wave friction coe.fficient 

The current friction coefficient j~ is defined as 

1 ·') 
Tb = 2 (J f c [ 1 - ( J .5) 

As to sea bee!. the bottom shear stress ,·aries \\'ith Lime. Jonsson (1966) defined the 
waYe friction coefficient fu· as 

(16) 

where Um is the maximum horizontal ,-elocity of water particle on sea bed. gi,·en 
b.'· the Airy \\'a\·e theory. fu· is a fictional coefficient because Tb.mar and L'rn do not 
occur at the same t ime. 

\\';we friction ,·elocity is defined as 

( l 7) 

f iL. : Laminar boundary layer and smooth bed 

The theoretical expression of Tb.mu for laminar boundary layer on smooth bed is 

p II C.n 

Ff:: 
By comparison \\'ith eq (16). \\'e get 

. 2 II 2 II _ . (-11-)o .. ; /w = - -- = -- -- - 2 
· Um jq. A w jq. ; !2 w 

By obsen·ation it is found that laminar boundary layer on smooth bed corresponds 
to A 2u.•j11 < :3 x t05 

f w: Tllrbulcnl boundary layer and smooth bed 

.Justesen (19..,8) suggests 

( 
v ) -0.123 

f w = 0.02-1 .tP..;.; 
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f u. : Turb ulent boundary layer and rough bed 

In reality the flow is always hydraulically turbulent o\·er rough bed. Jonsson (1966) 
gives an implicit empirical formula for .fw- whi ch is a pproximated by Swart (1974) 
in an explicit form 

( (
/.; )0.19-1 ) 

f w = exp 5.213 ~ - .5 .977 ( 19) 

\'ielsen (1992) means that Swart formula tends to overpredict fw for small ks/A, cf. 
Fig.6. The new fitt ing gi\·es 

( ( 
1.: ) 0.2 ) 

f w = exp 5. 5 -~ 6.3 

'· . 
0.5 

0.1 

0.05 

0.01 

! ..... ·t 
/ 

i t 
,6. 

t .{ 

Fig.6. Observed tcat·c friction coefficient. 

Example 2 Wave fri ction coeffi cient f tu 

Given \\'ave height H=2 m, \\'ave length L= 80 m 
\Vater depth h= 5 m, sea bed ripple height Hr=l.5 em 

Wanted Wave friction coeffi cient f w 

Solution By linear \\'ave t heory the a mpli tude of t he water particle on t he bottom 

If 1 
A = -2 . (., h) = 2.48 m 

Slllh - ~ 

T he bed roughness is taken as the ripple height k, = Hr =0.15 m , then 

( (
k )0.2 ) 

fw = exp 5.5 , ; - 6.3 = 0.050 

Comment Current friction coefficient is 

J - 0.06 

c - (log c~.h) r 0.00886 
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3.5 Mechanisn1 of sedhnent transport in coastal regions 

The mechanism of coastal sediment transport is: Wa ve stirs up sediment and current 
t ransporls the sediment. 

We ha,·e shown that wave boundary layer remains thin and current boundary layer 
fulfil s the whole flow depth. In t he coexistence of wave and current, e\·en if the 
current velocity is much larger than the waYe-induced ,·eloci ty near the \Va ter surface. 
the wa,·e-induced velocity will dominate the situation close to the bottom. cf. Fig.7. 

-- wave-induced velocity 
- Tidal current velocity z 

z 

Fig. 7. Com.parisOJl of current and wave velocity profiles . 

Howe,·er. because of the one step foncards and one step backwards nature of water 
particle mo,·emcnt due to waYes. current "'ill usually be t he main transporter of 
the sediments st irred up by the \\·a,·es . except for ,,.a,·e breaking zones. where a 
longshore current is prod ucecl clue to \\'a ,-e breaking. 

Example 3 f3 ed s hear stress by currents a nd \\'aves respectively 

G i\·cn As in Example 2, i .e. 

Wave height H =2 m, \\'ave length L= 80 m 
Water depth h=5 m , sea bed ripple height H,.=L5 em 
C urrent velocity U= 1 m /s 

\\'a nted Bottom shear st ress by current and \\'ave respectively. 

Solution In Example 2 we have obtained fw = 0.0-50, f c = 0.00886 and rl = 3.48 m 

By linear wave theory we get T ~ 12 sand Um = .·L = 1.3 m/ s 

current 

wave Tw,ma:r = t p fw u;-;1 = 42.3 .\)m2 
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3.6 Boundary layer of irregular waves 

The preceding analysis of wave boundary layer mechanics is based on the assumption 
of one periodi c wave. In reality. wind waves are formed of the superposition of many 
periodic waves with different frequency and amplitude. 

Madsen et al. (1988) presented the wa,·e boundary layer model described by the 
spectrum of the near-bottom orbit veloci ty of water particles . The main effor t is de
voted to find a rep1·esentative periodic wave which gives a boundary layer mechanics 
close to that of irregular waves. It is found that the representative periodic wave 
has the wa,·e height equal to the root-mean-square of irregular wave heights Hrms 
( = Hs/ ~). and the wave period equal to the significant ,,·aye period T5 • 

3 . 7 Boundary layer of wave and current : Freds0e's 1node l 

f or the sediment transport, we need to know t he bed shear stress a nd the current 
velocity profile under combined waves and currents. The analysis in this section is 
based on freds0e (1981) . 

\Vith wa,·e alone, t he wave boundary layer t hi ckness is 5, and t he flow is diY ided into 
t wo zones, outside the wave bounda ry layer(=> 5) where the flow is frictionless. a nd 
inside the wa\·e boundary layer(:- < 5) . With the superposition of a weak current, 
turbulence is produced outside the wa,·e boundary layer by the current. Inside the 
"·a,·e boundary layer bot h the wa\·e and the current contribute to t urbu lence. But 
the current is so weak t hat the wave boundary layer thickness is app. the same. 

first we will consider t he case where wa,·es a nd currents are propagating in the same 
eli reeL ion. 

Mean bottom shear stress 

\Vi th wave alone, the maximum bed shear stress and the wave frict ion ,·eloci ty a re 

_ JTb,max _ ~w U 
U. w - - m 

' ') p ~ 

where Um is the maximum horizontal velocity on bed given by the linear wave t heory. 
Because the wave boundary layer is very thin , Um can be taken a.s the velocity on t he 
top of the boundary. The instantaneous bottom velocity and bottom shear stress 
are 

Uw = Cm sin(wt) 

Now the current is superimposed. the cu rrent velocity on t he top of t he boundary 
is Us , the combined instantaneous flow velocity on the top of the boundary is 

u = 1lw + Us = Um sin (wt) + Us 
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The combined bed shear stress is 

1 2 
Twe = 2 P fw tt 

The mean bed shear stress is 

Twc = ~loT r we dt ~ ~ P .f w Um Us 

If we know the wave (H , T . h) and the current (axerage velocity U), then 5 fu· and 
Cm can be calculated from \\'a\·e alone, but [js is unknown at the moment because 
the ,·elocity profile has been distorted by \\'a\·es . 

Velocity profile o?dside the 1cave boundary layer 

\\'ithout the wave. the current velocity profile is 

u •. e ( :: ) 
u (:;) = -;: In 0.0:3:3 ks 

\\'here u.,e is the cu rrent friction ,·elocity, ks bed roughness, Van I\armen constant 

'' = 0. -L 

\\'ith the \\'a \·e. Grant and \Iadsen ( 1979) suggest the ,-clocity profile 

ll (::) = ~~-~we In (0.0:3~ k,J (21) 

,,·here the combined wa,·e-currcnl friction \'eiocity is 

•) = f w Um Us (22) 
" 

~-.c can be interpreted as the bed roughness under the combined \\'ave and current 
flo\\". Inserting u1~=6 =Us into cq (21), \\'e get 

( 

1\, Us ) kw = :30 5 cxp ---
U :rc ,wc 

(23) 

The average \·elocity of the current is 

U = * ish u(z) dz = 
1~'7zc 1h In (L) d:: 

~ Lt - ,we ( 6.2 + ~ In ( ~~ )) (24) 

Combining eqs (22) . (23) and {24) gives 

Us = C' JC2 _ u2 

where C U + ~ f w U m ( 6-2 + ~ In ( 3; s) r 
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Velocity profile inside the wave boundary layer 

Inside the wa,·e boundary layer , turbulence comes from the waH' and the current. 
The combined eddy viscosity is 

Therefore the mean bottom shear stress is 

du 
Twc = P ~'WC-

clz 

,,·hich can be rewritten into 

du 
d.:: 

2 
U•,WC 1 

The integration of the abo,·e equation gives 

1 u:,wc I ( .:: ) 
H = - n -

~-t: U•,wc + U.,w .::o 

(25) 

(26) 

(27) 

(28) 

where the integration constant .::o is the ele,·ation corresponding Lo zero ,·elociLy 

(ul===o = 0). \"ikurase gi,·es .::o ~ 0.0:3:3 k5 • 

Fig.S gi,·cs an example of the ,·clocity profile ,,·ith and without wa,·es . 

Z (m) 

10 

/ 
/ 

/ 
/ 

/ 

with wave 

U (m/s) 

0.001 ...___ _ ___.__----''-----'----L,...--- -'----'-:---
0.0 0.5 1 0 1.5 

Fig. 8. Velocity profile with nnd withmd tcave for the same u:aier discharge. 
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Example 4 Bed shear stress and velocity profile in combined wave and current 

Given rh erage current velocity U=1 m/s 
\\"ave height J-!=2 m, wave period T= 8 s 
\\'ater depth h=10 m , sea bed ripple he ight II,.=.) em 
\Vave and cunent propagate in t he same direction 

\\'anted Bottom shear stress and velocity profile 

Solution By linear wave theory, we get 

L:::::: 71 m, . ' = H 1 0 9' "1 ( ~ h = . i:i 1n, 
2 sinh - ~ ) 

U. \ 12" ,.=rw=r T 

The bed roughness is taken as the ripple height k .• = H,. =0.05 m, then 

( ) 

0. iO 

b = 0.26 k~ k. 0.10 m 

f (--(k)02 
w = exp !J.!J "f 6.:3) 0.0:3 ' 

l _ JTb.m•z _ jii·,.. [' 
1 .. w - - ') m 

' p -
= 0. 11 mfs 

1.19 mfs 

c~ = c - ·Jc2 - U 2 = 0.:31 mfs 

.\ lean bottom s hear stress ' ••< = ~ p JIL. Cm cb 5.68 1V j m 2 

u. ,wc = ~ = 0.0/.) mfs 

~·w = 30 5 exp (-.!0:!..!..) = 0.59 m 
u • ,wc 

0.11 m/s 

Outside the boundary layer u (:) u ...... In ( o.o3~ kJ = 0.19 In ( 0 ~ 19 ) 

Inside the boundary layer tt (:) = ~ .. ... ~: = ;· ...... In ( 003:3 .,,) = 0.076 In ( 00~ 17 ) 

Comment Current alone, we have 

- 0.06 
fc - ( log( .ttf) )' = 0.0053 

u.,0 = J!i = Jfi U = 0.0.51 mfs 

tt (:) = u:·• In ( 00j 3 k,) = 0. 13 In ( 0 .0z017 ) 

Comparison of velocity profile is s ho\\'n in Fig.8. 
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rrare and current forms an angle /3 
fig.9 sho\\'S the horizontal velocity ,·ect.or on t.he top of the wa,·e boundary layer 
(.: = 5). 

y 
- - Envelope of .-.locltr vector 

w ••• 

Curt'ool 

u, cWTent Yelocttr B 
U.. wa•e orbit Yelocltr z • 6 
u comblncd •eloclty 

Fig.9. fnslanla neous t•clocity on lhe lop of the u:at'e boundary layer. 

The combined ,·elocity u is 

/ [ ·) 2 ) u· () 
ll = \ J + ll lL. + :_ 6 tl w COS ,J (29) 

The bot tom shear stress is 

1 ) 2 p f ., 11-

\\'hich acts in the same direction as u, cf. Fig.9. The bottom shea r stress 111 !.he 
current direction is 

1 . 2 1 2 US + Uw COS 3 
T lL'C = - p j w U COS Q = -') p f w U 

0 - u 

The m ean bed shear stress in the cur rent direct.ion is 

1 1 T 2 Us 1 + cos 
2 

(3 
T tL'C = T T we d i = = P f w U m 

0 II 2 
(30) 
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3.8 Boundary layer of wave and current : Bijker's n1odel 

Opposite to frecls0e. Bijker (1971) assumes that the wa,·e is so "·eak that it will not 
affect the thickness of the current viscous sublayer. 

First we consider the current alone. Bijker assumes tha.t there is a ,·iscous sublayer, 
starting from :: = 0 to z = ::0 e where the linear velocity distribution is tangent with 
the logarithmic velocity distribution, cf. fig.lO. 

z 

u(z)-.;-. ln("~) 

Zoe f-!----"--r- - r --
Zo 

7 
/ 

/ 

viscous 
subloyer 

"-----.1--~ X 

y 

/ 
/ U 

.,...fu• 

///// 

// u.,- u. aln(cJt) 

\ / 
\ / 

\ / 
\ / 
1/ 
-u. 

Ur cun-ant nJodt.y 
u ., ,...,... orbtt. ·nloc:lt.y 

u combined ••locU.y 

Fig.l 0. l 'iscous sublayer in hydraulically rough flow. 

13y the logarithmic ,·clocity profile we get 

and the bottom shear stress is 

2 2 u2 
Tc = p U. ,c = p I{ , . 

....... 

!\ow the wa,·e is superimposed, cf. Fig.lO, the combined instantaneous Aow ,·elocity 
on the top of the viscous sublayer is 

u = Ju; + tt~ + 2 Ur lLw cos{J 

The combined bed shear stress is 

The mean bed shear stress is 

Bijker·s mean bed shear stress is in the direction of the combined Yelocity u . 

. so 
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Example 5 Bed shear stress in combined wave and current by Bijker's model 

Given As in Example 4, i.e. 

\Van ted 

Solution 

Co mm en t 

Average current ve locity U=l m/s 
Wave height H =2 m , wave period T= 8 s 
Water depth h=lO m , sea bed ripple height H,.=5 em 
Wave and curren t propagate in the same direction 

Bottom shear stress 

I3y linear wm·e theory, we get 

L:::::: 71 m, 
H 1 

A = - ( ~ h = 0. 98 m, 
2 sinh - ~ ) 

2 il' 
U, = Aw =A T 

The bed roughness is taken as the ripple height f..:, = Hr =0.05 m, t hen 

. (--(k)0'2 63) 003~ } w = e.cp J ,•J rl - ·' = .. t) 

1 '} '/ ,, 
Tw,mM = 2 P f w U,;. = 11.3 J\ m-

fc = ( log(~) )' = 0.0053 

Tc = b P fc U2 = 2.65 Njm 2 

Twc = Tc .f. ~ Tw,rna.r = 8.3 .\'jn12 

f reclsoe's model gives (Example 4) 

- - 6Q \'j ~ 'u·c = ;). 0 • m-
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3 . 9 Exercise 

1) \Va\·e height H =:3 m, wa\·e length L= 80 m 
Water depth h=6 m, sea bed ripple height Hr=l5 em 

1) Calculate wave boundary layer thickness 50 .o5 

2) Calculate wave friction factor fw 

:3) Calculate max. wa\·e-inducecl bottom shear stress 

2) A\·erage current ,·elocity C=l..5 m/s 
\\'a\·e height H =:3 m. wa\·e period T= S s 
\\'ater depth h=S m. sea bed ripple height Hr=5 em 
\\'a\·e and current propagate in the same direction 

1) bottom shear stress, current alone 

2) boltom shear st ress, wa\·e a lone 

:3) bottom shear stress, cmrent+wave 
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4 Cross-shore sediment transport and be ach pro
file 

4.1 Sedilnent size and its sorting on b eaches 

Sediments in coastal regions may be composed of any materials that are available 
in signi fi cant quantity and is of a su itable grain size to remain on the beach . 

Grain size is sometimes given as the 9 scale. It relates to the diameter din millimeter 
by d = 1/2¢> . 

Grain size in beach varies from more than 1 meter for boulders to less than 0.1 mm 
for ,·ery fine sands. Generally grain size ranges from 0.1 to 2 mm. 

T'he re a re three dominant factors cont rolling the mean grain size of beach sediment: 
t he sediment source. the wa,·e energy Je,·el and the beach slope. 

The sorti ng of sediments along a beach profile produces cross-shore ,·a riations in 
sed iment grain size . As shown in Fig.l , the mean grain size reflects t.he wa,·e ene rgy 
loss. Note that. the incoming wa,·es first break over t he orfshore ba r, without. much 
energy diss ipat ion by turbulence. T he ,,·aves the n re form and break for a second 
Lime. plunging at the base of the beach face where they expend most of their energy. 

\i_ 2 

:5~ 
~~I 
o "' coE 
<l~ 0 

1- .J 
:X:w 
<,;? > ·I 
ww 
:X: .J 

·2 

)\ 
F~e-j" 

Berm sho~ .. .,._ 
cc: 
3'0 
0.0. 

I 

-40 -20 0 

DISTANCE FROM 

MEAN GRAIN SIZE 

~ 
TOPOGRAPHIC PROFILE 

Surf 

Offshore Bor 

bfeokers \ 

Fig.l . Grain si::e across the Lake Michigan beach (scanned from Fox el al. 1966) . 
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4.2 Threshold of seditnent under wave actions 

\Ve have learned from channel flow that sediments start to move if the Shields 
parameter is bigger than the critical Shields parameter. The Shields parameter is 
defi ned as 

0 = 
(s-1)gd 

T 
(1) 

p (s- 1) g d 

and the critical Shields parameter is giYen in F ig.2. 

I 2 
,m-.S_ 

(s-l)gd · 

I 

5-

2-

2-

Fig.2. The Shields diagram giving Oc as n function of SM. 

Laboratory results ha\·e sho\\'n that the Shields diagram for currents can be used 
directly for wa,·e, with the current-induced bottom shear stress replaced by .Jonsson 's 
defin ition of wave- induced bottom shear stress 

1 ? 
Tw,rnax = 2 P J w U;n (2) 

where Urn is the maximum horizontal velocity of water particle on sea bed, gi,·en by 
the li near wave theory, 

?TH 1 

Urn = T sinh e ~h) (3) 

and fw is wave friction coefficient, 

( ( 
k )0.2 ) 

f w = exp 5.5 ~ - 6.3 

where ks is the bed roughness and ; l the amplitude of osci llation of water particle 
on sea bed 1 see Chapter :3. 
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Example 1 Threshold of sed iment under wave 

Given Sediment is quartz sa nd wi th p3 = 2650 kgl m 3 a nd d = 0.2mm. 
Fluid is sea water with p = t025 kglm3 and v = w-6 m 2 Is. 
\\"ave height H=4 m, wave period T=7.2 s 
Water depth h=50 m, bed ripple height H,.=l em 

Wanted Will sediments sta rt to move? 

Solu t ion The relative density is s = p3 I p = 2.59 
The sed iment-fluid parameter is 

S. = d J( s - 1) g d = 0.0002 J(2.59- 1) ~ 9.8 x 0.0002 
4 v 4 x w-., 

From Fig.2 it is found the critical Shields parameter 0-. = 0.052 

By linear wave theory 

L = 80 m 

.4 
H 

2 sinh("~ " ) 
0.078 m 

2rr 
Urn = A..: :;:: _-I T = 0.068 mls 

2.79 

The bed roughness is taken as the ri pple height ~: 3 
wave fri ction factor is 

Hr =0.01 m, then the 

( (
k ) 0 2 ) f w = exp 5.5 _; - 6.3 = 0.078 

The wave- induced maximum bottom shear stress is 

1 ') ') 
Tw ,ma.r = 2 P f w U,;, = 0.18 1Yim· 

The Shields parameter 

0 -- Tw,ma.r 0 0"6 = . ::> 
p(s-l)gd 

Because (J > Oc, sediment movement takes place. 
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4.3 D epth of closure 

Example 1 has shown that the sediments start to move at the water depth of 50 
met.ers. However, because of the one step forwards and one step backwards nature 
of water particle movement, the net movement of sediment in one wave period is 
zero. 

\ Ve conceptualize that a beach profile responds to wave action between two limits, 
one limit on the landward side 'vvhere the wave run-up ends, the other limit in 
relatively deep water where the waves can no longer produce a measurable change 
in depth. This latter limit is called the depth of closure. 

Ob\·iously the depth closure is not the location where sed iment ceases to move 
( threshold depth), but that location of minimum depth where the profile surveys 
before and after a storm overlap each other. 

Laboratory measurement has shown that the net movement of sediment starts \\·hen 
() > 2 x Oc . In example 1 it can be calculated that the depth of closure is app. 20 
meters , d . Fig.:3. 

H=4m 
T=7.2s 

Th resho ld 

e >Oc 

h=55m 

SWL 

Depth of closure 

0 >ZOe 

dso=0.2mm 

Fig.3. Depth of threshold and depth of closure. 

The depth of closure is time dependent. We expect that average depth of closure 
for the summer is smaller than that in winter. In engineering project, the depth of 
closure is best determined through repeated accurate profi le survey. If such data are 
not available, an analytic method introduced by Hallermeier (198:3) can be used to 
estimate the limiting depth 

~ = 2.28 - 10.9 Hs,O 
Hs,O Ls,O 

(5) 

,,·here Hs,o is the deep-water significant wave height exceeded 12 hours per year and 
Ls.o deep-water wave length corresponding to sign ificant vvave period . 
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4.4 B ed fonn and bed roughness 

As in steady flow , a sequence of bed forms occurs above the threshold of sediment 
movement as the magnitude of orbital amplitude increases: 

Flat bed => rolling grain ripples => vortex ripples => High stage flat bed 

Rolling grain ripples At the threshold of motion , gra ins start to move over 
the surface by are not lifted. 

It occurs when 0 > 2 x Oc. Vortex ripples 

High stage flat bed Based on the laboratory data, I\:omar et a! (1975) pro
posed 0 > O.-ll3 d, where d is in em. 

\Va,·e-induced ripples can be distinguished from current-induced ripples by their 
shape. \\"a,·e-induced ripples ha\·e symmetrical profiles due to the oscillation of 
water particle. d. Fig.4. 

Wave-induced 

Current-induced 

Fig.f Wave-induced and current-induced ripples. 

Wave generated ripple length is (Br0ker 1985) 

L,. = 2 X A (6) 

where A is the amplitude of water particle oscillation on the bottom, given by linear 
wave theory. 

The ripple steepness is (l\ielsen 1979) 

Hr = 0.182 - 0.24(0')312 

Lr 
(7) 

,,·here 0' is the effect ive Shields parameter clue to sk in friction, 1.e. calculated by 
setting the bed roughness to 2 .. 5 x d5o. 

The bed roughness (equi\·alent Nikurase bed roughness) is 

/.; = (1 - tl) Hr (8) 
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Example 2 Sea bed roughness 

Given Sediment is quartz sand with p, = 2650 l.:gfm3 and d = 0.2mm. 
Fluid is sea \\'ater with p = 1025 l.:gfm3 and v = 10-6 m 2 js. 
Wave height H=4 m, \\'a\·e period T=i'.2 s 
Water depth h=50 m 

Wanted Sea bed roughness k, 

Solu tion By linear wave theory 

L = 80 m 

!! 
= 0.018 m 

2 sinh e ~ h) 

2rr 
Urn = Aw = .-\ T = 0.068 m/ s 

The \\'ave fri ction factor corresponding to 1.:, = 2.5 d = 0.000.5 m 

( ( /,;)02 ) 
fw = e.rp 5.5 .: - 6.3 

The effective bottom shear stress is 

•' = ~ p !w ·c,;, = 0.0:33 S/m2 

The relative dens iLy is s = p./ p = 2.59 
The efl'cctive Shields parameter 

r' 
0' = = 0.00-11 

p (s - I ) g d 

the \\'ave generated ripple length is 

Lr = 2xA = 0.156m 

The ripple steepness is 

= 0.01-1 

H,. - = 0.182 
Lr 

0.24 (0') 312 0.182 

The ripple height is 

II,. = 0. 182 L,. 0.028 m 

The sea bed roughness is 

l.:r = (1-4) Hr = 0.028-0.11 m 
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4 .5 B each classification 

The morphology of a beach profile depends on grain size and physical process of 
waYes. currents and tides. The pattern of beach profile response to waYe intensity 
is illustrated schematically in Fig.5. 

In the summer. lower waYe heights move sand shore\\'ard along the beach profile and 
deposit on the beach face, often to form a wide beach (summer profile or berm-type) . 

In the \\'inter. longshore bars are formed as a result of a st rong offshore transport 
in the surf zone and a. \Yeak onshore transport outside the surf zone (winter profile 
or bar-type) . 

-- rumm..,. profi!• (b~-typc) 
- winter proftl.~ (bar -typr) 

Fig.5. lllnsfralion of summer profile and winter profile. 

\\'i th respect to type of wa\·e breaking, and hence energy transformation on beach , 
beaches can be classified as dissipative, intermediate and reflectiL·e, corresponding 
to sp illing breaker, plunging breaker and surging breaker. respect ively, cf. Fig.6. 

A. Dissipative Beach 

B. Intermedia te Beoch 

Fig. 6. Type of leave breaking. 
C. Reflective Beoch 

......,_,-,.~·· 

59 



4 .6 B enns and longshore bars 

Berms 

Berms are formed by onshore movement of sediments. The onshore movement of 
sediments takes place in tvvo situations. In the summer, lower wave heights move 
sand shoreward along the beach profile and deposit on the beach face, often to 
form a wide beach (berm). At the end of a storm in the winter, when the wave 
decreases in height while maintaining a long period, the sediment transport direction 
reverses from offshore to onshore, and the material builds up on the foreshore to 
form a berm. Successive storms are, therefore, usually separated by an inten·a l of 
onshore transport and berm format ion, which means that storms wou ld not have a 
cumulati,·e e rosion impact on the coast owing to berm formation inbetween (sto rm 
recovery process). 

For the large wa,·e tank experiment wi th regular waves, Larson et al.(1989) found a 
fairly clear relation between the berm height and deep-water wa,·cs 

z 0 -g 
_.!i = l. -l7 (o ·' 
Ho 

(9) 

,,·here (0 = tan B( H0 j Lot112 is t he deep-water surf simi larity parameter and tan f3 
the initial beach profile slope. · 

The beach face slope is norma.lly very linear. l(riebel et al (1991) reanalyzed t he 
field data of Sunamura and obtained the following expression for the beach face 
slope 

T 112 

lnj = 0.1 5 C""~1b) (10) 

\Yhere w 5 is the fall ,·elocity of sediment , T wa,·e period and Hb wa,·e height at 
breaking point. 

Fig. 7. Illuslralion of a berm. 

60 



Longshore bars 

A longshore bar is formed around the wave breaking point as a result of a strong 
offshore transport in the surf zone and a weak onshore transport outside the surf 
zone, cf. Fig.S 

Poinl of wave break,ng 

Fig.8. Illustration of formation of a longshore bar. 

A break-point bar forms rapidly at first. and thereafter its volume increases more 
slowly as the profile shape approaches equi libri um. At the same t ime the longshore 
bar is moving seaward. in association with the seaward moving of wa,·c breaking 
point. The distance of the bar crest from the shoreline .\:.·

8 
in large tank experi ments 

with monochromatic wa,·es (1\: raus 1992 ) IS 

Xo 
Lo 

where A 8 is the ult imate relati,·e distance 

( 
Hb )

2 

AB = 11000 g T2 

and the decay coefficient 

( 
H ) - l.s 

0' = 3.5 X lO-S g ;
2 

(11) 

(12) 

(13) 

and L0 is deep-water waYe length , Hb wa,·e height at breaking point , T wave period, 
g gravitational acceleration and t time. 

The growth of a bar is ultimately limited by the maximum slope the sand grains can 
maintain under the action of gravity and fluid motion. In the field, random \\'aves 
and varying water level exert a smoothing effect on the profile. The maximum slope 
in the field is less than 10 degrees while in laboratories it can reach up to 25 degrees 
with monochromatic waves. In the field and in the laboratory. the shoreward bar 
slope is almost always steeper than the seaward slope. 
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At equilibrium the geometry of a. longshore bar is described by (Kraus 1992) 

(
R )o.o92 

·).5 ~ 
-· Lo 

Z - 0 1?? ( Ho )0.59 (Ho)O.i3 
8 - . -- W

5 
T Lo 

where w5 is the fall ,·elocity of sediment . 

breaking I 

breaking 2 

'VSWL 

wave height 
envelop 

Fig . .9. Illustration of a longshore bar. 

4 . 7 Equilibriun1 beach profile (x213) 

(14) 

( 15) 

(16) 

H \\·e become more abstract in cha racteri zing the beach profile, t he berms and bars 
may be considered as small perturbations and hence omitted. Bruun (1954) and 
Dean ( 1977) have shown that many beach profiles exh ibit a concave shape such t.hat 
the depth varies as the two-thirds power of the distance from the shoreline, i.e . 

h = A .r213 (17) 

where A is the profile shape parameter, which controls the steepness of the profi le. 
The fitting of the field data gives (i\.foore 1982 and l~raus 1992) 

A 0...!1 (dso)0
·
9

-
1 dso < 0.4 

A 0.2:3 ( dso )0.32 0.4 ~ dso < 10 

A 0.23 ( dso)o.2s 10 ~ d5o < 40 

A 0.-16 (dso)O. ll -10 ~ dso 
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4.8 Erosion and accretion predictors 

In this section, we describe some of the simple techniques that have been found 
capable of predicting whether a beach will erode or accrete by cross-sho re transport 
processes. 

It is well known that winter storm waves and hurricanes tend to remove m aterial 
from the beach face and deposit it offshore as a bar , whereas summer swell and swell 
generated during a decay of a storm tend to build the berm and \Viden the beach. 

There have been numerous studies of erosion and accretion predictors with small
scale wave tank tes ts, large-scale wa.ve tank tests and field investigations (Larson et 
al. 1989) . 

Fig.lO gives the resu lts of field im·estigations. The clashed line were de,·elopecl by 
assigning a 10% variability in deep-water significant wave height Hs. significant 
"·a,·e period Ts and fall velocity of grains ws (Ho, T, w in the figure) . Originally the 
following simple predictor is proposed 

{ 

< '3 •) H . ·-s.o 

U...'s Ts ~ :3.2 

accretion 

e r OS lOll 

Later on t he cri terion is replaced by the diagonal line. 

0 
....J ;:a 

Field Data, Significant Wave Height 

0. 1000 

0.0100 

0.0010 

H.ll.- 0.00027(H.Jw1)~ l / l : l ..,_ HJwT= 3.2 J l j 

··-··-···1·-··-··!·······l·····j:;·t~~; -· ('~,/.:_,,, .. _ ...... i · -··1· ···--~ _, ... ; ....... t····J-i·•··t-1· -~----·-··-······-··t·-·-·--·· 
0.0001 

0.2 1.0 3.2 10.0 20.0 

Fig.lO. Emsion and accretion ]J1'edictor by field data (ajte7' J\·raus 1992}. 
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4.9 Shoreline retreat due to sea level rise 

The sea le,·el rise is best recorded bj' ti de o·auo·es Long-term tide o·auo·e records 0 0 . . 0 0 

from a specific coastal site g ive the relati,·e change of sea le,·el S, the sum of the 
global sea level change and local land level change. 

On average the global sea level rise is about 2 mmjyear. A local land le,·el change 
can be positive (subsidence of the land) or negative (uplift of the land) 

The first and best-known of the models that relate shoreline retreat to an increase 
of sea level is that proposed by Bruun (1962, 1988) 

R = L S 
he 

(19) 

where R is the shoreline retreat rate. S sea le,·el rise, he depth of closure (depth to 
which nearshore sedimentation exists), cf. Fig.ll . 

L. 
r-------------------------~~-- R 

s 

- - after sea level rise 
- initial 

Fig.ll. Shoreline retreat due to serz level rise. 

Eq (19) can also be expressed as 

R = 1?15 S (20) 

where ms is the average slope of the beach profile. With respect to the fact that an 
aYerage beach slope is 1:50 to 1:100 for many coastal sites, eq (20) yields R=50S to 
lOOS, which is often used as rule of thumb to calculate the expected shoreline retreat 
rate R from a sea le,·el rise S . 
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4 .10 Exercise 

1) Oil and gas are transported from the North Sea by pipeline. When the water 
depth is lower than the depth of closure, a trench needs to be dredged so 
that the pipeline can be buried. 
In a beach along the Danish west coast, the deep-water significant \\'ave 
height distribution is given by extreme wave height analysis 

Gumbel F(Hs) = (21) 

\\'ith A=0.5 and 8=1.7; 
Estimate the depth from \\'hich the pipeline should be buried . 
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5 Longshore sediment transport 

\Vhen \Yaves approach the coast at an oblique angle, a longshore current will be 
generated. Waves and currents may transport considerable amounts of sediment 
along the coast. Longshore sediment transport will often be the dominant factor in 
lhe sediment budget, and hence in the erosion or accretion of beach, cf. Fig.l. 

Co lm.ll m/~r 

Co 100~000~6r "/ 

l-(onstholm ,, 
I 

= 

/, Lodb)OI9 

Result~rende mcteriotvondr•ngs - re1 nu'9. 
pden~ tykkelse Of'91Ytt slcr r elsesor~el'\tn 

~ T•lgcnlj cl mote-ncle hi l<)'s~en 

t.fgon;;~ of mcter.ole fro kysten 

Skogen 

/~O SOOOO m1J6r 
I 
I 
I 

'\ 
I 
I 

\ 

0 

I 
I 
I 

10 15 20m 

0 10 20 30 <0 50 60 70 80 90 IOOkm 

Fig.l. Longshore sediment transport and coastal line movement along the west 
coast in Jutland, Denmark, .hlbilce·umssl~1'iftet: \'andbygningsvcesenet 
1868-1968 (scanned fro m Burcharth 1984). 
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5 .1 CERC-formula 

One of the oldest and still most useful formula for calculating the longshore sediment 
t ransport is known as the CERC-formula, presented in the Shore Protection 1\Ianual 
(CERC, 1984). 

The CERC-formula states that the longshore sediment transport is proportional to 
the longshore \\'a\·e energy flux. 

7///,/#//$/$//####&///,////,//,//,///,//$////,///~ 

Fig.2. Longshore wave energy flux within a unit u;idth of beach. 

Let Qc be the solid volumesecli'ment transport (m3 /s). The submerged \\'e ight of 
the transported sediment is (Ps- p) g Qr (N/s) . 

By linear wa\·e theory, the wa\·e energy flux at the breaking point is 

1 
( 

.j ;; hh ) ., II ) Cb ---;;;;-E -Ec --c.-- 1 f,b - b g,b - Q P g s,b ') + . I (.J ;; h~ ) 
u ~ Sin 1 --

Lb 

Jou le/(m xs) = -:-Jjs 

\\'here the subscript b denotes the parameters at the breaking point. Over a unit 
\\' iclth of beach, cf. Fig.2, the incoming \\'ave energy at the breaking point is 

The longshore energy flux is 

fe = EJ,b cosf3b sinf3b 

The CERC-formula reads 

The fitting to the field measurement gives Kc = 0.41. 

67 

(1) 



Example 1 Application of the CERC-formula 

Gi\·en A trench was dredged for the oil pipeline. Before the lay-down of the p ipeline, there 
was a storm with Hs,b =3m, y;, = 8 s, ,Bb = 45°. The storm lasted 2 days . 

Wanted Estimate the backfilling in the trench. 

Solution The water dept.h where wave breaking takes place is estimated t.o be 

Comment 

I 
H, ,b __ 

!b = -- = <:>.:) m 
0.55 

By the linear 1\'a\·e theory 

Lb = 55 m 6.9 m fs 

The longshore energy flux is 

:3:382-5 .\'j s 

The longsho re sediment t ransport is 

The sed iment whi ch mig ht deposit in the dredged trench is 

Qc (2 X 2-! X 60 X 60) = 148608 m 3 

\ ote that Qe is the solid volume of deposited sediment. If the porosity 
of the sa nd is 0.3, the total volume to be re-dredged wo ul d be 

( 
0.3) 3 1 + 
0

_
7 

x 148608 = 212297 m 

The C ERC-formula has on ly the characterist ics of the incoming waves as 
input. This is not realistic, as t he sediment t ransport must be expected 
to depend on the sediment size a nd beach profile. Ka mphuis (1990) have 
made en extensive analysis of field and laboratory data and proposed a 
lo ngshore sediment transport formula: 

tan a H3 ·5 

Qe = 1.28 
1 

s,b sin (2 fJb) 
(50 

where tan a is the beach slope. T he formula is dimensional, lf,,b and 
d5o in meter , Qe in kg/s. 
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5 .2 Bijker's 1uethod: Wave + current 

Bijker ( 1971) presented a method for the calculation of sediment transport in the 
combined wa\·e and current. The method has been extended to the calculation 
of longshore sediment transport, where the longshore current is produced by wave 
breaking. 

In the chapter on wave boundary layer theory it has been shown t hat sediment trans
port mechanism in coastal regions is: wave stirs up sediment and current transports 
the sediment. 

\\ 'e have many formulae for calculating sediment transport by currents. These for
mulae contain the current-induced bed shear stress in se,·eral places. Bijker divides 
the formulae into stirring up part and transporting part. Cnder the combination of 
,,·aye and current, the wave action will only contribute to the stirring up part . This 
contribution is expressed by replacing the current bed shear stress in the stirring up 
part by the \\'a\·e-current bed shear stress . In the transport ing part the bed shear 
stress remains current- induced. 

Bed shear st ress by wave and current 

Tn the combined \\'a\·e and current, the mean bed shear stress by Bijker is gi\·en in 
Chapter :3 . i. e. 

1 
Tw.: = Tc + 2 Tu.:.max (2) 

,,·here Tc is the bed shear stress by current alone. and Tw.max is the maximum bed 
shear stress by wa,·e alone, 

Tw.max 

fw 

,,·here h 

ks 

u 
A 

Um 

( (
k )0.2 ) 

exp 5.5 ~~ - 6.3 

water depth 

bed roughness 

a\·erage \·elocity of current 

amplitude of the water particle on the bottom 

maximum horizontal velocity of the water particle on the bottom 
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Bed-load by \\"a.ve and current 

I\:a linske-Frijlink (1952) formula for bed-load transport by current reads 

transporting stirring up 

Under combined wave and current. the current-induced bed shear st ress in t he st ir
ring up part is replaced by Twc, 

(3) 

tran sporting s tirring up 

sus pended load by \\"ave and current 

Einstein- Bijker formula for suspended sedime nt t ransport under current alone reads 

( -1) 

\\"h ere / 1 and / 2 are E instein integrals gi\·en by 

f1( z . -t ) / .,' (J -BE ) =· = 0.216 dB 
(1-A)=· 

<\ (: . -lJ 

1
1 ( 1 _ B ) z. 

0.216 ({_A)=· A -e ln B dB 

f\ u. ,c 
"·here 1 _ ks 

r --
h ---

where u.,c is the current friction Yeloci ty. 

Under combined wave and current , u.,c is replaced by u . ,wc, wave-current fr iction 
\·elocity. and q0 is the bed-load under combined wave and cu rrent. 
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Example 2 Application of Bijker·s method 

Given 

\Van ted 

Solution 

In a coastal region 
sea water 
flow 
\\'ave 
sediment 
bed rough ness 

p = 1025 kgfm3 

C = 1 mfs 
H = 0.5 m 
p, = 2650 l.:gfm3 

/..·, = 2 em 

v=l0-6 m2 fs 
h=2m 
T = 8 s ( L = 35 m) 
d5o = 0.2 mm. 

Sediment transport under current alone and under combined wave and current. 

\ \'e consider first current alone. 

The effective bottom shear stress is 

1.-10 Nfm 2 

The total bottom shear stress is 

3.2-1 S / m2 

The ripple factor is 

_, 
'c 0 3 Pr - - = . .1. 
Tr. 

The bed-load transport is 

2 [ fi'r. (-0.2/(s-l)d.;oP!J ) 
'Is = (50 - e xp 

P J1 r lc 

The relati\·e density of the sediment s = p .• /P = 2.59. 
The fall \·elocity o f the sediment 

w .• = 
JC':.:f + T . .s(s-l)gdso 

2.8 

The friction velocity tt . ,c = J!f = 0.0.)6 mfs 

Therefore .4 = kh·. = 0.01 =- = ~ = 0.89 
~ u . ,c 
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and we get the Einstein integrals by numerical integration 

fl(:.-1) 11 c~Br· dB = 1.00 0.216 ( A)' 1- •• 

.A(z . -1) 

0.216 (l _A):· 1' c~Br· lnB dB -2.50 

The suspended sed iment transport is 

q-" 1.83 q8 (1, In (0 _ 0;~ k,) + /2) 

1.8:3 x 0.0000215 (1.00 x In ( 0_033 
2
x 0_02) - 2.50) 

0.000217 
m * s 

The total sediment transport under current alone is 

= fJ 8 + q = 0.000239 ..!!!2_ 
S 1HX$ 

:\ow we consider combined wave and cu rrent. 

By linear wa\·e theory the amplitude of the water panicle o n lhc bottom 

H 1 O , , 
.4 = -2 . ( ., - I ) = .6<::i m smh ~ 

[. 

The maximum horizontal velocity of water particle on the bottom is 

2 " U, = A w = AT = 0 .. )3 m/s 

The wa\·e friction coefficient is 

( (
k ) O.:? ) 

fw = e.tp 5.5 .~ - 6.3 = 0.028 

The maximum botlom shear stress by wa\·e is 

1 '> ., 

Tw,ma.r = 2 P fw U,;.. = 4 Njm-

The mean bottom shear stress under combi ned wave and curren t 

lwc = 1 '> 
Tc + :- Tw rnax = -5.24 N/m.-2 . 
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The bed-load transport is 

2 d ~c ( -0.27 (s- 1) c/50 p g ) 
'l a = 50 - exp 

P ttr 1'wc 

The fri cti on velocity u• ,wc = ~ = 0.071 m/ s 

Therefore A = kL. = 0.01 ::. = - "'-· - = 0.70 
tJ K U • , UIC 

and we get the Einstein integrals by numerical integration 

A< z. - I l ~~ ~ ( I -8 D ) <. Ill B dB 
0.216 (1 _ _4)! • }r, 

The suspended sed iment t ransport is 

0.0000153 

-3.73 

1.8:3 X 0.0000 !53 ( 1.8:3 x In ( 
2 

) - :3.75) 
0.0:33 X 0.02 

= 0.000:306 
m * s 

The total sedimen t transpo rt under combined ll'a\·e and curren t is 

2 1113 = 'la + q5 = 0.0003 l ;;;--x-s 
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