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148 ECOW.BUKER

1... Introduction.

The .otivation to develop a transport formulation for the cOllbination of

waves and current has been the necessity to .odel longshore transport

passing tidal in- and outlets. The generally applied C.E.R.C.formula for

the Iongehor-e transport is not applicable here because that formula

relates the Iongehore transport to the longshore current caused by the

breaking waves, without using this current explicitely.

For this reason a for.ulation was looked for, which related the sediment

transport to the current taking the wave influence into consideration. It

is explicitely assu.ed that the waves itself do not transport material.

As long as the direction of the wave propagation is not close to the

current direction this assuept.Ion gives no prob leas , The probleIIS for

al.ost equal directions will be discussed in chapter 7.

The basic concept is that waves stir up the sedillent and the current

transports it. Therefore any transport forllulation which allows the

introduction of this effect adequately, will do.

In the following discussion a for.ula will be presented which has been

developed between '66 and '71. (Bijker 1971)

At the Delft University of Technology and at Delft Hydraulics work is in

good progress to replace this for.ula by a .ore accurate and physically

better justified one, The present for.ula gives, however, still a good

insight in the physical process and since the new for.ula is not yet

ready this one will be discussed.

!... Dasics of bed load transport formulation.

For the transport forllulation the for.uIa of Kalinske - Frijlink is used

because this for.ula enables an easy distinction between the

"transporting" part and a possible "stirring up" part.

This for.uIa was originally written as (Frijlink, 1952

c::. b D V.,r---7 [ A[.)!i~Cl]
'"'J) = 10 C vjIIog e.xp - 0·:17 ~ v (1)
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SEDIMENT TRANSPORT BY WA YES AND CURRENTS 149

where

~ = bed load transport

b = experi.entally derived coefficient ~ 5

D50 = Mean sedi.ent grain size

v = average velocity

C = Chezy friction coeHicient

p = ripple factor

g = acceleration of gravity

-0.27 = experi.ental coefficient
Ij = relative density =(Ps-p)/ p
fJ = fluid density

Ps = sedi.ent density

This for.ula is nothing .ore nor less than a good curve fitting of all at

that .a.ent existing data. The fol'. has been chosen in order to

distinguish a transporting and stirring-up part. The stirring-up part is

represented by the exponential function. Although the for.ula is

presented as a bed load transport for.ula, it is in principle a total

load transport for.ula since in the cIr-cuaat.anceafro. where data were

collected (rivers and .ediu. sized flu.es) a great part of the sedi.ent

was transported in suspension.

Also the double place of the ripple coefficient 11, in the transporting

part and in the stirring-up part, is so.ewhat inconsequent. Thia ripple

factor indicates the part of the bed shear stress which is related to the

grain shear stress and can be "used" to lift the grains out of the bed.

n = 1:" /.... (2a).. ~rain, ~c

where

t qrains ~ p1v-y C;o

"te = b~d sheQY .dress = p~ \Ir c1
According to this definition the ripple factor should be proportional to

(C I CjIe)Z
where C = Chezy coefficient of the bed = 18 10g(12 h/r)

~O = Chezy coefficient for a flat bed with grain size
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150 ECOW.BUKER

This, however, underestimates the role of the ripples on the stirring-up

process.

A better formula for Jl is therefore: /311 3 -1
Jl = (C/C90) = ( 1; gralns /t c.) (2b)

80 the term Jl , which is r-egarded as that part of the shear stress

responsible Cor the stirring-up of the grains reads now:

._ ( . )3/4 1/.04)J r, _ t i ...a'n~ 1:c (2c)

This is apparently a "mixture" of both the grain- and the total shear

stress.

According to this reasoning the term Jl should appear therefore only in

the stirring-up part of the formula, the exponential term. This

influences also the value of the factor b , This factor should, as

coapared to that in the or igina I Kalinske-Frijlink fonula, be multiplied

with a factor l/Jl. But also because a great part of the transport

calculated by this formula is transported as suspended load, "b" should

be smaller when the forllula is used to describe exclusively bed load.

Tests by Bijker (1967) and recomputation of some data where bed and

suspended load were distinguished lead to a value b = 2

The Cormula to describe the bed load transport will be written now as:

(3)

dirring-ull

3. Basics of suspended load transport formulatioD.

Under the assumption of a uniform flow, the relation between average

velocity (v), waterlevel slope (i), waterdepth (hl and bed shear friction

coefficient (C) is g iven by the weU known Chezy fonula:
.rr+ VI

v=Cvnl ~ l::crh
In that case the bed shear stress

(4)

can be written as

(5)

For such a flow the vertical velocity gradient (dv{z)/dz) can be written

as

(6)

7-4



SEDIMENT TRANSPORT BY WAYES AND CURRENTS 151

where €f= fluid diffusion coefficient

~l~) = shear stress at height z fro. the bed.

The .ixing length theory of Prandtle (1926) resulted in the following

equation for
( =}2. d v (z) ( 7 )( dz.

where 1 = .ixing length.

Von Kar.an (1930) developed an equation for the .ixing length near the

bed.

I = K z,
where K = Von Kar.an coefficient = 0.4

For the entire depth the equation can be written as:

I = K 'Z J(I-z/h) (8)
so

(9a)

So the shear stress is found to vary linearly with the height above the

bed.

"t (z) = t:~(L - 2/h)
The vertical velocity gradient can be written as

(9b)

(10)

Solving this differential equation leads to the wel! known logarith.ic

velocity distribution

v{z) =~ .L1ni
PI(· Zo

( 11a)

where Zo = distance above the bed at which the velocity is zero.

So.eti.es ~ is defined as the shear stress velocity V..

This results in the weIl known Prandtle - Von Kar.an logarithaic velocity

profile

( 11b)
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152 ECOW.BUKER

The shear stress veloeity is diffieult to interpret physieally. It is the
veloeity oeeurring at an elevation zl above the bed, assu.ing a
logarith.ie veloeity profile.

In that ease
zl = Zo e J(, (12)

A physieally .ore important veloeity is the veloeity whieh .arks the
change of the turbulent flow of the logarith.ic

velocity profile to a .uch less turbulent or even laminar sublayer close
to the bed.

This assu.ed velocity distribution is shown in Figure 1 In the lower part
close to the bed this distribution is assu.ed linear and is tangent with
the logarithmie veloeity distribution at a height Zt above the bed.
Fro. dvt/dz = vt/zt fo11ows

Zt = ezO
The veloeity at this height is found to be

Vl-=~ =- V{
K. ï<ë.

(13)

(14)

With equation (10)a new for.ulation for the bed shear ~,

is found

"'Cc ==- P )(,1v~2. (15)
This relation is developed in order to relate the bed shear stress to the

veloeity near the bed for the coab.lnat ion of the bo fundaaent.elIy
different veloeity profiles of a unif'or-aflow and the orbital velocity
due to waves.
The value of Zo is related to the apparent bottoa roughness r
Experi.entally Nikuradse found

Zo = r/33 (16)

For a flat bed r is related to the grain size. There is a wide range of
esti.ates for r, for .instanee

17a
17b
17c
17d
17e

DI is defined as the diaaeter of the .atèrial whièh is exeeeded by ( 1 -
x ) x.
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In for.uIa 2~ for the rippie coefficient, C is deter.ined with r = DgO'

This value is also in reasonable agreement with the BO called Band grain

roughness of Nikuradse.

For a rippled bed the apparent roughness is deter.ined by the height and

the length of the ripples, for instance:

r/f! =2, '.jA

rif) ==1.f ( f _e-tl "/A)van Rijn (1982) 18b

Swart (1976) 18a

where 11 = ripple height

À = ripple length.

Areasonabie esti.ate for ripples of nor.al shape is r = ~ •

The "above given information is required to calculate the concentration of

the .aterial in suspension. This .aterial is kept in suspension by

exchange of upward and downward transport as resul t of the turbulent

diffusion (See Figure 2) This upward diffusion coefficient for the

sedi.ent is related to the turbulent fluid diffusion coefficient, but not

necessarily equal to it (van de Graaff and Roelvink 1984 and van de

Graaff 1988). The upward transport due to the turbulent diffusion is in

the equilibrium situation equal to the downward .otion of the sedi.ent

due to the fall velocity.

So wc(Z) + E. (z) d CU)
s ~ (19)

where \011 = fall velocity of the sedi.ent particles in

still water

c(z) = average concentration at height z above the

bed

E..s (-z) = diffusion coefficient for the sediment at

height z
z = height above the bed.

Rouse and Einstein suggested a parabolic ohanging diffusion coefficient

(See Figure 3)

"2 [h-"z'}Es (z) = 4 s, m4. h -h- (20)

This results in a concentration distribution denoted by

Z"

c(z)·= Ca [h~z h~t!l] (21)
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where z. w hw
= KV" =- ~ t1I41,

(22)

= reference concentration at level z=a above the
bed.

In his formulation of the suspended load transport, Einstein

calculated ca at a height "a" of only sOllegrain diameters frollthe bed
(Einstein 1950). For a rippled Ol'ondulated bed this assu.ption is not so
realistic. Bijker assuaed t.heref'or-e that "a" would be equal to the bed
roughness "1'''.
The concent ratIon ca at the top of this layer is calculated undez- the
assu.ption that the bedload is transported in this layer with the average
velocity over this layer and a, over this layer constant, concentration.
In forllula

s, - I' V C
-D - bed lay er 4.

(23)

Over the height ezo the velocity distribution is linear, fro. ezO to r the
velocity distribution is logarithmic (See Figure 4)

.This resu1ts in the following fOl'llulafor the average velocity vr in the
bot.toa layer:

(2"

or (24b)

The average concentration in this layer ",hichis equal to the reference
concentration

ca is

(25)

(3)

(30)
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SEDIMENT TRANSPORT BY WAYES AND CURRENTS 155

s}> r(h-2) r J z.~
6.34 vlir [ 'Z. (h- r)

z.= W/CK.yJ
~c = pvv2.

Cz = (2..10..)

(22)
(26)

Einstein calculated the suspended load sJ as

(27)

where 11 and IZ are the so called Einstein integrals.

These integrals can be written as

I, • 0-2' 6 ~At>;._-<)1[litLt d l
.A~_I)]i\i r( I-J)] Ztf

I: = 0.216 O_A)21t A l-1- 1"'1 dl
A = the dimensionless roughness = r/h

(28)

(29)

where

1= dimensionless elevation above the bed = z/h

Einstein provided in the pre-computer era tables for 11 and 11, Although

the integrals can be calculated nu.erically now relatively si.ple,

Bogaard and Bakker (1977) calculated

[11tn (33h/r) + IZJ = Q for various values of zand r/h.

Their results are su••arized in Table 1.

4. Introduction of wave influence ••

The typical Corm of the vertical distribution of the orbital velocity of

short waves is given in Figure 5.

The greater part is exponentially but near .the botto. the distribution is

deter.ined by friction.

Jonsson (1966) carried out experiments to determine the bed shear stress

under waves for a rough bed and turbulent current. He found that this bed

shear stress could be described in terIIs of the near bed veloei ty

amplitude and the wave friction factor CJ•

t Al.
Sin cilt (30a)Tw = 2" ffw u()

1\ ( 1\2.
(30b)·'rw == 1ft., Ue
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156 ECO W. BUKER

where

"tw = bed shear stress for waves as function of ti.e

t ... = .&Xi.u. bottoa shear stress

f'#ol = friction factor

Û. = .axi.u. horizontal velocity co.ponent just outside
the boundary 1ayer

w = angular velocity "" 2.rr/T
T = wave period

Wave friction factors depend on the Reyno1ds nueber and the re1ative
roughness. For s.a11 Reyno1ds nusbers the wave friction factor depends
on1y on this Reynolds nu.ber, for high Reynolds nu.bers the influence of
the Reynolds nu.ber is very Baall. The best solution for Reyno1ds nu.ber
depended friction factors is given by Ka.phuis (1975). Since prototype
conditions can be expected to be fully turbulent and thus
have a high Reynolds nuaber , the Reynolds nuaber dependence can be
ignored.Therefore the original relation of f, of
Jonsson is used, See Figure 6.

Swart (1976) has rewritten this relation in the following for.ula:

fw ::'exp[- 5.977 + 5.2n(o./r) - 0.494]
for air > tS9

for aIr < 1.59

(:Ua)

fw = 0.30 (31b)

where r = bed roughness
~ = .axi.u. horizontal displace.ent of water

paricles just outside the boundary layer.
In order to be able to coabine the effect of waves and current, Bijker
(1966) defined the bed shear stress due to waves in the sa.e way as the

current shear stress..
Sa 't"" = f ~2.Ll~1 ,where '1 is the velocity at the place where
the assu.ed linear velocity distribution very close to the bed is tangent
with the velocity distribution in the viscous boundary layer of the
orbital aotion. This Ut can be coepar-ed with the velocity vt for a
velocity profile of a unifora current and wi11 be related to the orbital
velocity at the top of the viscous boundary by a factor 'po

So '1 = ~ u.,
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Fro. this fol1ows

~ = P 'K.2 Ut2= f k.'1(&> ~)2.. '" in 2. W {

" 2." )L"tw =P ~ (p Wo

(32a)

(32b)

Froa comparison with the expression derived by Jonsson

fo11ows

(Eg.30)

(33)

In coaparIeon with the shear stress velocity of a uniform flow also a

shear stress velocity for waves can be defined as

(34 )

The approach used to calculate the transport, bed load as weIl as

suspended load, is to increase the shear stress in

the st irring+up parameter (Eg.3a) by the influence of the waves. This

.odified and increased shear stress due to the combination of waves and

cut-rent is denoted as 'L0c.w •
Since the shear stress due to current can be written as

2. 2-
-';C = f '<. Vi

and the shear stress due to waves as

~". p K1..I.\'J..

(15)

(32)

the two veloeities vt and Ut = p Uo can be combined. For this combination

it is aasuaed that the wave crests make an arbitrary angle'with the

current, see Figure 7.

The resu1tant velocity at that specific height vr egua1s

v; =Vv+.l. ... ( p Co..sin wl:)2 + 2. Vt: "G., sin tV! si" 'f (35)

~ +- f:> ûosin w! sin lP
cos e ,::. Vr (36)
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The shear stress for combined waves and current is denoted by

0"-

2.. 1-
"(",'tl = pI< Vy (37a)

l:'~w = P }(.2. [ Vt1....(p Ûosin wt)l + 2. Vt 00 sin w\ sin IfJ (37b)

The variation of this shear stress over the wave period is shown in
Figure 8. The direction changes with the phase of the orbital velocity.
This actua1 direction is, however, not important for the stirring-up of
the material. On1ythe va1ue itse1f is of i.portance since it is assu.ed
that the material, whenaf ter been stirred-up in suspension, "is .oved by
the .ain current. To take this into account the time averaged va1ue of

the tota1 shear stress 1:.cw is ca1culated.

It shou1d be stated specifically that this approach is used for

convenience. Basically the exponentia1 function

[ A"D ]exp -0.27" _.u.l-~e~ shou1d be averaged.
The separate co.pone~s between brackets of Eq.37b are shown in Figure 9.
The tiae-averaged va1ues of the two time dependent factors in Eq. 37b
are:

r~ JSin wl eH - 0 (38)

JTJ • I. df: i/2-T ,sUl tUt =- (39)
0

With these simplifications Eq 37b becomes:

with

(40J

and

Eq.40 can be written as:

where
T<w - 10J -I- -H f .g._)J
f= w -c~

(41)

(42)
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Û. 2.
The factor !+± ~V0) can be seen as the increasing

factor oflhe current shear stress due to the wave .otion.

Eq.40 can also be written as
1 "Tcw="Lc. + 2'tw

159

(43)

It should be noted that the sa.e result would have been obtained if the

shear stress veloei ties and not the veloeities at elevation Zt had been

co.bined.

5. Transport foraula for current and waves.

The abovè considerations resul t in the following procedure to calculate

the sedi.ent transport under the co.bined action of waves and current •

.ct = bn x.Vi ex [_0'27 IJ. ])sop~ J
"'"'b so C ~ P . M 'r. ~w

Or

or

(43a)

(43b)

(43c)

(43d)

(43e)

The for.ula is written in various for.s because one specific fol'•• ay be

special convenient in a specific application.

As explained in Chapter 3 the suspended transport S. can be written as:

or

-

s;- H_6\f,s-rc;Q[I!ln('3~h/r) +lJ

5s~ Jt. 6V) ,...ç q

7-13
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160 ECOW.BUKER

In the Einstein integrals 11 and I!

the factor w
Z* =- 'IC V~

is now ehanged into

(;9·(1.2)

where

(44)

(45)

ZIt = (46)
80

It should be stated that in the Einstein integrals of Eqs. 28 and 29, the

by the wave motion increased value of z ...should be used.

In the term ~ the shear stress as result of the mere current should

be used because ~ can be written also as ~ Vi and does indicate

the rate at whieh the suspended material is transported. This velocity is

not inereased by the wave .otion.

The suspended load fo\lows from

51 = f c (-z.) V ~) dz. ( 47)
In this equation c{z5 is caleulated by Eq. 21, with the increased z

value of Eq. 46. v(z) is the noraa l current distribution accord ing to

Eq. ll,b. When using the total Einstein integral ter. Q this leads to

8. = 1.83 Q~

This indieates that the suspended load transport is directly and linearly

proportional to the bed load. This is logical since the suspended load is

direetly related through ca to ~

The total transport can now be written as

8 = ~ + 8. = ~ (1+1.83 Q) .(45)

In Table 2 and in Figure 10 the values of Q and s,,~are given as

function of r/h and z.

inereased value:

In this case z ~ has the by the wave .otion

(44)

In order..te su••arize the procedure an exaapf e for a case with and

without waves is given. In this case the value of b is assu.ed to be Z.
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Example:

Given:
h - 3 m
V - 1 m/s
r - 0.06 m

H - 1.18 m
T - 8 s

]

050 - 200 I'm
090 - 300 I'm

Currents on1y:

vii
Sb - 5°50-

C
[

-0.2711050Pg]
exp .

I're

To ea1eu1ate this bottom transport we naed the fo11owing
paramaters:

C - 18 log (12h/r) - 50 )m/s

C90 - 18 log (12h/D90) - 91.4 )m/s

I'_ (C/C90)S/2 _ 0.405

rc·_ pg(V/C)2 _ 3.92 N/m2

Th1s g1ves a bottom transport of:

Tha 8uspanded transport, us1ng F1g.3.5.4 or Tabla 3.5.1, is a
funet10n of A (- rjh) and z•.

Ss - f(A,z*)

A _ rjh - 0.02

z* - W/(IIóV*)

W - 0.025 m/s

V. - ~ _ 0.063 m/s

050 - 200 I'm

U.1ng F1g.3.5.4 or Tabla 3.5.1:

S•• 6,Sb - 0.000216 m'/slD

For the total .ed1ment transport:

7-15
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Currents and waves:

v,fg [ -0.2711DSOpg]
sb - 5D50 -C- exp

prc"

The shear stress is found uaing:

;w - 1/2 p~WQ~2

fw - eXP[-5.977 + 5.213(ao/r)~0.194 ] - 0.045

rcw - 3.92 + 11.25 - 15.17 N/m'

Sb - 0.000054 ..I/am

Again the suspandad .adiment is found by uaing Fig.3.~.4 or Table
3.5.1:

Sa - f(A,z*)

A - r/h - 0.02

z* - W/(ICV.CW)

v.cw - /rcw/p - /15.17/1000 - 0.123 mi.

z•• 0.5

Sa • 25 Sb - 0.00135 ml/ ...

S - Sb + S. • 26 Sb - 0.001404 ..'/...

By 8uperimpoaing waves on the currant the auapended .ediment incr.aaea
a factor. 6.3, while the total tran.port,incr.aae. by. factor. 5.6.'

7-16



SEDIMENT TRANSPORT BY WAVES AND CURRENTS 163

6. eo.. ents on this approach.

As stated already in the introduction, the transport forlDula is only a

very rough approxilDation of the reality.

1. It has been eentloned already that it is not correct to average over "f,w

for the eoeput.ation of the exponential stirring-up terII. The averaging

should have taken place over the total exponential function.

2. It is assulled that the turbulent diffusion coefficient for the waves is

equal to that for the fluid (water). This is IDOStlikely not true (van de

Graaff, 1988).

3. lt is not certain whether the increased turbulence near the bed spreads

indeed over the total height of the fluid so that for the concentration

distribution the increased value of z* should be used. Tests in the

pulsating watertunnel of Delft Hydraulics indicate that this is possibly

not entirely true.

4. The ripple factor is calculated as the ratio between the shear stress

caused by only the grains and the total shear stress. The same value is

used in the case for a combination of waves and currents. It should have

been better to use for both values those increased by the waves. The

influence will be, however, rather lillited.

5. The forllula is derived for a current as aain transporting agency, with

waves only as an increasing factor. As soon as the orbital aotion at the,..
bed, Ut' becoaes aillost equal to the current near the bed , vt' the

results should be regarded with soae suspicion.

7. ApDlication Cor waves and current in al~st equal directions.

In principle the for.ula can be used also in this case. However, due to

the generation of the suspended sediaent over the ripples (Bijker et al

1976) the appIied ti.e and bed averaging is probably not any .ore

allowed. When the waves are saall in co.parison with the current it aight

be allowed, but not when they are of equal .agnitude. In practice this

aeans that the forauia .ay be used for grid .odels as the sediaent

transport aodule but not to calculate on- and offshore transport in the

breakerzone. In this case the actual transport in the direction of the

waves is not neglectable in eoepar-Isenwith the transport by the current,

even when increased by the wave action. The principle of this ~tion ia

explained in Figure 11.
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164 ECOW.BUKER

The sand transport is caused by eddies formed behind the r ippl e crests
(1). The high orbital motion causes erosion of the lee side of the ripple
and of the ripple crest. Most of this sand is stored in the eddy. When
the orbital veloc i ty decreases and reverses, the eddy "explodes" and the
sand is earried backward in suspension. Whenthe distance over which the
sand is transported by the backward orbital velocity is larger than the
r ipple length {which is of ten the case} this results in a resultant
backward transport. During the backward orbital velocity the same
phenomenonoccurs. Since, however, noraal Iy the forward orbital motion
(in the direct ion of the wave propagatIon) is stronger than the backward
1I0tion, the resultant sediment transport is in the opposite direction of
the wavepropagation.

8. ADplication of the for.uIa in the breakerzone and the influenee of
turbulence.
Although, as mentioned in Chapter 6, the formula is developed for a
situation with a eurrent which is predominant over the waves, the
procedure is also applied to calculate the Iongehor-e transport by the
waveindueed current in the breakerzone.
The fact that the phenomenadescribed in the previous chapter does oeeur
in this si tuation does not make the application of the formula in this
case iapoasible, The orbi tal motion lIay cause some on- or offshore
transport, but the transport of this material by the longshore current is
still described sufficiently welI by using the time and bed aver-aged
concentration.
The real point of concern is the fact that for the greater part of this
zone the waves are breaking and therefore cause an increased turbulenee.
This results in a diffusion coeffieient whieh is considerably higher than
that whichwould result from a eurrent with nor.al, not breaking waves.
BasicaUy the best procedure would be to introduee this effect in the
exponential "stirring-up" term. Since, however, not yet sufficient
research has been performed in this phenoaenon, this effect has been
accounted for by inereasing the factor "b" to the value 5. This value has
been obtained by calibration with data from nature and .odels.
At this aoaent tests are in progress at the Delft University of
Technology in whieh sedi.ent eoncentrations are .easured under these·
eonditions. This research will probably lead the way to a better
understanding of this effect. This will·then, however, aost likely lead
also to another and bet ter transport formulation.
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Fig. t- Velocity distribution for a uniform stationary eurrent.
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~ .Xwaves

Flg .. S Shear stress component at an elevatlon Zt above th. bottom.

Flg ( tEddy formatlon near rlpples.
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%* (-)
rib

(-) 0.00 0.20 0.40 0.60 0.80 1.00 1.50 3.00 4.00

1 10-6 303000 32800 3880 527 88.0 20.0 2.33 0.432 0.276
2 10-6 144000 17900 2430 377 71.6 17 .-9 2.31 0~432 0.276
5 10-6 53600 7980 1300 239 53.6 14.4 2.28 0.432 0.276
1 10-4 25300 4320 803 169 42.7 13~6 2.25 0.432 0.276
2 10-4 11900 2330 496 119 33.9 11.9 2.21 0.431 0.275
5 10-4 4360 1020 260 74.3 24.6 9.8 2.13 0.431 0.275
1 10-' 2030 545 158 5l.2 19.1 8.4 2.05 0.430 0.275
2 10-' 940 289 95.6 35.1 14.6 7.0 1.96 0.428 0.274
5 10-' 336 123 48.5 20.8 10.0 5.4 l.78 0.424 0.273
1 10-2 153 63.9 28.6 13.8 7.3 4.3 1.62 0.417 0.279
2 10-2 68.9 32.8 16.5 8.9 5.2 3.3 1.42 0.404 0.264
5 10-2 23.2 13.1 7.7 4.8 3.1 2.2 1.10 0.374 0.249
1 10-1 9.8 6.3 4.1 2.8 2.0 1.5 0.84 0.339 0.236
2 10-1 3.9 2.8 2.0 l.5 1.2 0.9 0.55 0.317
5 10-1 0.8 0.7 0.6 0.5 0.4 0.3 0.17
1 0 0 0 0 0 0 0

(all items are dimension1ess)

Tab1e . S Va1ues of Einstein integra1 factor Q.
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rjh z.-O.OO z.-0.20 z.-0.40 z.-0.60 z.-0.80

Q ss/sb Q Ss/Sb ç Ss/Sb Q Ss/Sb Q Ss/Sb

0.00001 303000 554000 32800 60QOO 3880 7100 527 964 88 161
0.00002 144000 263000 17900 32700 2430 4440 377 689 71.6 131
0~00005 53600 98000 7980 14600 1300 2370 239 438 53.6 98.0
0.0001 25300 46300 4320 7900 803 1470 169 310 42.7 78.2
0.0002 11900 21800 2330 4260 496 907 119 218 33.9 62.0
0.0005 4360 7980 1020 1870 260 475 74.3 136 24.6 45.0
0.001 2030 3720 545 998 158 290 51.2 93.7 19.1 34.9
0.002 940 1720 289 529 95.6 175 35.1 64.2 14.6 26.7
0.005 336 615 123 226 48.5 88.7 20.8 38.1 10.0 18.3
0.01 153 280 63.9 117 28.6 52.3 13.8 25.2 7.3 13.4
0.02 68.9 126 32.8 60.0 16.5 30.2 8.9 16.3 5.2 9.5
0.05 23.2 42.4 13.1 24.0 7.7 14.1 4.8 8.7 3.1 5.7
0.1 9.8 18.0 6.3 11.5 4.1 7.5 2.8 5.1 2.0 3.6
0.2 3.9 7.1 2.8 5.1 2.0 3.7 1..5 2.8 1.2 2.1
0.5 0.8 1.5 0.7 1.3 0.6 1.1 0.5 0.9 0.4 0.7

1 0 0 0 0 0 0 0 0 0 0

rjh z*-1.00 z*-1.50 z*-2.00 z*-3.00 z*-4.00

Q Ss/Sb Q Ss/Sb Q Ss/Sb Q Ss/Sb Q Ss/Sb

0.00001 20.0 .36.6 2.33 4.26 0.973 1.78 0.432 0.790 0.276 0.505
0.00002 17.9 32.8 2.31 4.23 0.973 1.78 0.432 0.790 0.276 0.505
0.00005 14.4 28.2 2.28 4.17 0.967 1.77 0.432 0.790 0.276 0.505
0.0001 13.6 24.9 2.25 4.11 0.967 1.77 0.432 0.790 0.276 0.505
0.0002 11.9 21.8 2.21 4.04 0.967 1.77 0.431 0.789 0.275 0.504
0.0005 9.8 17.9 2.13 3.90 0.962 1.76 0.431 0.788 0.275 0.504
0.001 8.4 15.3 2.05 3.76 0.951 1.74 0.430 0.787 0.275 0.503
0.002 7.0 12.8 1.96 3.58 0.940 1.72 0.428 0.784 0.274 0.502
0."005 5.4 9.8 1.78 3.26 0.901 1.66 0.424 0.776 0.213 0.499
0.01 4.3 7.8 1.62 2.96 0,869. 1.59 0.417 0.163 0.210 0.494
0.02 3.3 6.0 1.42 2.59 0.809 1.48 0.404 0.740 0.264 0.483
0.05 2.2 4.0 1.10 2.02 0.694 1.27 0.314 0.684 0.249 0.456
0.1 1.5 2.7 0.84 1.53 0.568 1.04 0.339 0.620 0.236 0.432
0.2 0.9 1.6 0.55 1.01 0.414 0.76 0.317 0.580
0.5 0.3 0.6 0.17 0.32

1 0 0 0 0

Tab1e !1 Values of Einstein integral factor, Q, and va.1uesof the ratio suspended
load to bed load, Ss/Sb' according to Bijkers transport formula.
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height above bed of reference concentration
coefficient
concentration
wave friction factor
acceleration of gravity
depth
energy dope
velocj.ty factor
bed roughness.
ti.e
orbital velocity
current velocity
shear stress velocity
v./x
fall velocity of sedi.ent
height above bed
Rouse nu.ber
di.ensionless roughness = r/h
Chezy friction coefficient = 18 log (12h/r)
grain dia.eter
Einstein integrals
Einstein integral factor: I1ln(h/r)+I2
Sedi.ent Transport
wave period
diffusion coefficient
di.ensionless distance above bed: z/h
ripple height
von Kar.an constant
ripple factor
co.bined wave and current friction factor
density
bed shear stress
angle between wave crest and current
angular velocity: 2~/T
relative density of grains
angle between current and resultant shear stress
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