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ABSTRACT

Many existing practical sand transport formulae for the coastal marine environment are
restricted toa limited range of hydrodynamic arghndconditions.This paper presents a new
practical formula for net sand transport induced by-m@aking waves and currents. The
formula is especially developed for creshore sand transport under wal@minated
conditions and i®ased on the semnsteady, half waveycle oncept, with bed shear stress as
the main forcing parameter. Unsteady pHaseeffects between velocities and concentrafions
which are especially important for rippled bed and fine sand -$lo@etconditions, are
accounted fothrough parametesations Recentlyrecognized effects on the net transpate
related to flow acceleration skewness and progressive surface waves are also if@uded.
account for the latterthe formula includes the effects of boundary layer streaming and
advection effects whicbccur under real waves, but not in oscillatory tunnel flolie formula

is developed usinga database of 22@et transport rate measurements frésmgescale
oscillatory flow tunnels and a large wave flunedvering a wide range dull-scale flow
conditions and uniform and gradedsand with median diameter ranging from 0.13mm to
0.54mm. Goodoverallagreement is obtained between observed and predieté@nsport rates
with 78% of the predictions falling within a factor 2 of the measureméisseveral distinctly
different conditions,hte behaviour of the net transport with increasing flow strength agrees well
with observations, indicating that the most importassportprocessef both the rippled bed

and sheet flow regimare well capturedy the formula However, for some flow conditions

" Corresponding author. Tel.: +44 1224 272806; fax.: +44 1224 272497.
Email addressd.a.vandera@abdn.ac.(lR.A. van der A)



mailto:d.a.vandera@abdn.ac.uk

good quantitative agreemempuld only be obtained by introducingeparatecalibration
parametersThe newformulahas beerwalidatedagainstindependenhet transport ratdatafor

oscillatoryflow condiions andsteady flow conditions.

KEYWORDS: sediment transpoformula sheet flow,ripples, bed shear stresphase lag

effects advection effects

1.0 INTRODUCTION

In recent years a substantial body of fiedahd laboratorsbased research has been devoted to
measuring sand transport processes induced by waves and currents, and predictive approaches
for the netwaveaveraged sand transport have been developed. Generally, these approaches can
be classified as procebssed numerical models garameterisedengineering) formulae.
Processhased models represent many of the detailed physical processes involved in sand
transport by waves and currents, and resolve the vertical and sometimes also the horizontal
structure of the timelependentintra-wave velocity ad sand concentration fieldSuch models

(see e.gHendersen et al., 2004; Holmedal et al., 208assan and Ribberink, 2018je often
restricted to specific flow and sand conditioregjuirerelativelylong computation times and are
therefore generally not implemented in coastadrphodynamicmodels. Parameterisegdand
transport formulae on the other hand, consist of a set of relatively simple equaftiems
covering a wide range of flow and sand caiodis require short computation times and can be

implemented easily in coastalorphodynamiaenodels.

Practical sand transport formulae for the coastal marine environmentenezally semi
empirical formulae which carbe classifiedas time-averaged, quasteadyor semiunsteady.
Based orapproaches used féluvial sediment transportime-averaged formulae predict sand
transportat a timescaléhat ismuch longer than the wave perjaging waveaveraged values of
velocity andsandconcentrationThe Bijker (1971)formula is an example of a widelysed

time-averaged transport formulan which waves act as stirring agefior the currentelated



transport (suspended load and bed lo&a)timeaveragedormulae the total net transport is
always in the diection of the mean current and the wagkated transport component is not

taken into account.

Quasisteady formulae calculate intrawave sand transpoytwith the assumptionthat the
instantaneous sand transport redatelyto the instantaneous forcing parameter, either the flow
velocity or bed sheastress.Commonlyused quasisteady formulae predichonzero net
transportresuling from velocity skewnessas occurs under Stokgge waves(e.g. Bailard,
1981; Ribberink, 198; Soulsby and Damgaard, 208&ang, 2007, but most do notaccount

for transport resulting from acceleration skewness occus under sawtootishaped waves
(Watanabe and Sato, 2004; Van der A et al., 2&)nulaethatdo account for both velocity
andacceleration skewness have mostly béewveloped for shedlow conditions (e.gNielsen,
2006; GonzalezRodriguezand Madsen, 200;7Suntoyo et al., 200&nddo not apply to lower

energyconditions when the bed is generally covered with ripples.

The assumption of quasteadiness only holds for conditiofse which the reactiontime of

sand particles is short relative to the wave period. In other words, theipiakd settling of

sand particles must take place in a much shorter time than theperawd. This assumption is

not the case for fine sand shéletv conditions (Dohmeidanssert al, 200206 Donoghue and
Wright, 2004 Van der A et al., 2009) and rippled bed conditions (Van der Werf et al.,,2007)

where phase lag effeatansignificantly affectthe magnitude and sometimes even the direction

of the net transport rat&emi-unsteadyformulaehave been developéd account for phase lag

effects insheetflow conditions(Dibajnia and Watanabe, 199€amenen and Larson, 200

rippled bedcondtions (Nielsen, 1988Van der Werf et al., 20Q0@ndfor both sheeiflow and

ripple conditiongSilva et al., 2006Van Rijn, 2007a,b,&

Existing transport formulae are based for the most part on experimental data from oscillatory

flow tunnels, in whichthe flow is horizontal and horizontally uniform. Howeveettransport



rate experimestcarried out in large wave flumégRibberink et al., 2000; Dohmelanssen and
Hanes, 2002Schretlen et al2011) indicate that the added complexities in the hydreayics

of surface wave compared to tunnel flows can be important in determining the net sand
transport.Kranenburg et al.iif pres$ usea detailedadvectiondiffusion boundary layer sand
transport modeénd the above mentioned tunnel and flume taguantify the importance of
progressive wavestreamingrelated bed shear stress (wave Reynolds stress) and, at least for
fine sand, oWvertical advection of sand by vertiaaibital velocitiesand horizontaladvection of

sand bygradients in théorizontalsediment flux Existing transport models do not account for
these real wave effects, although Nielsen (200@saworporate a streaminaglated bed shear
stress in g formulation while Van Rijn (2007ajncorporates streaming by adding a small
steady curent at the edge of the wave boundary lajéelsen(2006) has showthat the net
transport of medium sand is better predicted wdstreamingelated mean bed shear strass
addedt o t he instantaneous osci-bt atvidyesPetdhamdl shear

Muller type sand transport formula

This paper presents a new samsteady formula for predicting net sand transport under waves
and currents. Based on an extensive dataset of measurements of net sand transport rates from
largescale laboatory experiments, covering a wide range of hydraulic conditions and transport
regimes, the formula can be applied to rippled bed and -fibeetconditions, incorporates
phase lag and flow acceleration effects, and can be applied to both oscillatognicurface
wave conditionsThe new sand transport formula is presented@éction2.0 of the paper.
Section3.0 presents a comparison of calculated net transport rates with measnspotraates

from the large scalexperimentsThe generabehaviour of predictedettransport rates across a
range of flow conditions iexamined in Sectiot.0. Section 5.0 presentsthe results of
validation test against independent ddta oscillatory flow and steady flowonditions A
discussionof resultsand conclusins from the paperare presented isections6.0 and 7.0

respectively.



2.0 SAND TRANSPORT FORMULA FOR OSCILLATORY FLOWS AND
PROGRESSIVE WAVES

The new tansport formula is based on a modified version of the-semist e ae¢wy cfile @&l f

conceptoriginally proposed by Dibajnia and Watanabe (1992). In this concept the- wave

averagedtotal net sandtransport ratgbedload and suspded load as taking place inhe

oscillatory boundary layeis essentiallydescribed aghe difference between the two gross

amounts of sand tr ans p o rhalfecgcle ahdl during ghe mebative posi t i

it r ohalfdyae Unsteady phase lag effects are taken into acooartvo contributions to

the amount of sand transpedtduring eachhalf-cycle sand entrained and transported during

the presenhalf-cycle and sand entrained during the previdadf-cycle which is transported

during the presertalf-cycle the latteris the phase lag contributiomhe presenformuladiffers

from Dibajnia andWatanabe (192) in the following ways(i) bed shear stresather thamear

bed velocityis used as the main forcing paramgtéy the effects of flow unsteadiness (phase

lag effects) are incorporateith a different way; (iii) the effects of acceleration skewnese

incorporated (iv) it covers graded sands and (v) the formula distinguishes between oscillatory

flows and progressive surface wavébhe presenformula distinguidies itselffrom other half-

cycletype formula (Dibajnia & Watanabe, 1996, 1998/atanabe and Sato, 2Q(ilva et al.,

2006) through (v)as well as througthe calculation of the detailed spboceses and the extent

of experimental data used to inform formula development and calibration.

In the new formula,ite nond i mensi onal net transport r-ate is ¢

| oado equation:
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where g, is the volumetric net transport rate per unit width, (} s } )/} wherejsandy are the

densities of sand and water respectivglys acceleration due to gravigndds is the sand

median diameter g is the nomdimensional bed shear stre¢Shields parametgr with



subscripts fAico and Ato i mplying Tiseave getio and

T, is the duration of the crest (positive) half cycle dpgdis the durationof accelerating flow
within the crest half cycléFigure 1); similarly T, is the duration of the trough (negative) half

cycle andTy, the period of acceleratingoflv within the trough half cycle.

There are four contributions toetmet sand transport:

1 q. represents the sand load that is entrained during the wave crest period and
trarsported during the crest period,;

1 q« represents the sand load that is entrained during the wave crest period and
trangorted during the trough period;

1 qu represents the sand load that is entrained during the wave trough period and
trangorted during the trough period;

1 q« represents the sand load that is entrained during the wave trough period and

transported during the crest period.

The total sand load ieach hakfcycle is multiplied by/g ( wi t h siabect het fico

or Aito for t r o u g h-dimensional pfrict®rs eelodity, mogobtdinhtlee nano n
dimensional haltycle transport rate. Bothalf-cycle transport rates are weighted with their

T
2T,

duration relative to the wave periot AT andT/T, respectively)The multiplies T and

cu u

on( andq respectivelyaccountfor the effectof acceleration skewness tre traveldistance
of the fraction ofsandremaining in suspension after florgversal since suspendedarsd is
transported further when followed by a steep front-halfe cycle compared to a gradual front
half-wave cyclgWatarabe and Sat®004)

The sand load entrained in the flow during each-tytleis related tahe Shields parameter as

follows:

or
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where the critical Shields numbed,, is calculated following Soulsby (1997). The

proportionality constanin and power of the excess Shields parametare two of the three

main calibration coefficients of the transport formula.

Application of Eq (1) to calculate the nesandtransport raten oscillatory flow or under
progressive surface waveequires the following three main step§) establish the
Ar epr es @astthalftycleramdtrough halfycle water particle velocities, as well as the
representativefull -cycle orbital velocity and excursion (ii) calculate the bed shear stress
(Shields parametefpr each flow half cya (iii) calculae the sediment load entrained during

each flow halcycle anddeterminehe sharing of the entrained load between thedalles.

2.1 Input water particlekinematics
The formula is designed to predict the net sand transport for givencbanalcteristicsand
givencurrent andvavegenerated oscillatory flow at the top of the wave boundary f@yer¥ 0

In general, ltebedparallel velocity due tcombined wavandcurent motionis:
ac) =a, (0 g, ©)
where U, (t) is the timevarying freestream orbital velocity vector ang is the steady current

velocity vector.For a wave propagating ithe x-direction andan obliqudy-incident current

making an anglé with thewave direction(Figure2), the velocity inthe x- andy-directiors are
u (M =u,() fuylcoy 4

u, =|u|sin/ (5)

respectively With reference td-igurel, the velocity vectors at moments of maximum positive

and maximum negative orbital velocity are

0 ={u,. uw} f& [4lcoy |ulsin} 6)



6 ={u, . u} & |utcos |ujsin} (7)
where LE and lEarethe peakcrest andpeaktrough orbital velocitiess indicated irFigure 2.

We define he representativeorbital velocity amplitudei and the representativeorbital

excursion amplitudex for thewholeflow cycle as bllows:

= %Tﬁ@(t)dt )
- T
" ©

Therepresentative halfycle orbital velocity for the wave credi,,, and for the wave trough,
4., , is then
VEENP (10)
0, =iV28 (11
(Note thatU,, equates to the root mean square velocity of a sinusoidal flow with amplﬁude

U, equats to the rootmean squarerbital velocity for a sinusoidal flow with amplitudeﬁ.)

The representative combined was@rent velocity vectors for each halycleare then

Uy, ={ U » U} $ T, [4cog | uf sing (12

0, ={un u,} { © [ufcos |u}sing (13

The degree of velocity skewness is expressed throbhghvelocity skewness parameter

R=E/(LLE+Q); smilarly, the degree of acceleration skewness expressed through

b =LF;/(UCE+Ut), whereLF; and lEt arethe amplitudes of the horizontal flow acceleratiorihe
crest and troughklirectiors respectively Orbital velocity for a sinusoidaflow is vertically and
horizontally symmetricalvith R= 0.5 andb = 0.5. Atypical shoaling wave clos® the breaker

point (ike that schematised ifrigure 1), hashigher onshorerbital velocity under thewave



crest tharoffshore velocityunder thewave trough leading toR > 0.5 and aforwardleaning

wave crestith higheracceleratiorunder the crestompared to the trough, resultingéirr 0.5.

In the case of irreglar wave conditionsve adopt the representative wave approachvhich
the input water particle kinematics are those for a regular wave withsgnes based on
U= uf, T =T, R = Rygandb = bsg, where g, is the significant orbital velocity amplitud@, is
peak spectral periodRsy and by are the significant valuesof velocity and accelerations

skewness parameterspectively

2.2 Bed shear stress

The nondimensional bed shear stré¢Shields parametexjectoris:

a={a. W (14)
where st b s c i0i pits fiei t her ico f.onex andyecomponents ofithed  f or

Shields parameter are:

- ui,rx + wae
%=1y e ey 49
u
g, =| ﬁ?‘u— (16)

[ roiS @ stress contribution associated with progressive surface waveb,is notpresent in

the case of tunndl/pe oscillatory flows, and is explained further beldwe magnitude of the

Shields parameter is given by:

2

ATICEE
= " 1
1= (- Dog, (7

wi

in which f,, is the wavecurrent friction factor While the transport formulaapples to
oscillatory flowand currentunderany anglefollowing the notationsthroughout the remainder
of this paper thescillatory flowand currentonditionsarealwayscollinear, andthe presented

transportrates based on Efll) arealwaysthex-directiontransport rate



Following Ribberink (1998), the wavairrent friction factor at crest and trough are calculated
as the linear combination of the wave friction factor (at crest and trough) and the current friction

factor (®e also Madsen and Grant, 1976):
fus =afy '(1 '@f iv (18
with:

|ug|

g 19
[+ & (19)

a=

The currentrelated friction factor is calculated assuming a logarithmic velocity profile:

(-p8 04 20)
=26
én(30d/ky) |

where he currentrelated roughnesk; is calalated as detailed iAppendix A

The wave friction factoy calculated separately for tloeest and troughalf-cycles is based on
Swart (194), modified to allow for enhancéeducedbed shear stress acceleratiorskewed

flow following the approachf Silva et al. (2006):

é, oéZT %_’ -819 g
f,, =0.00251exg 5. |I<s - 8 0 for PN > 1.5¢
é e w o} u W
e e 6 u ()
e ¢ T H
fi =0.3 for k;i ¢1.587

where kg, is the wawe-related bed roughness and dstailed inAppendix A Higher flow

acceleratiorleads tohigher peak bed shear stress; as shown in fixed bed (Suntoyo et al., 2008;

Van der A et al., 2011) and mobile bed experiments (Ruessink et al., 2011)3rffh%;—-t”—in

Eqg. (21) accounts for tk effect of acceleration skewness on the bed shear dtrbssthe effect

of increasing f; for the flow halfcycle with higharacceleratior(% <1) and decreasind



for the halfcycle with lower acceleratlo(wT'u >1); the term is equal to unity for sinusoidal or

pure velocityskewed flow and Eq. (21) then reduces to the standard Swart equation.
Optimisation ofc; againsthe measurements of bed shear stress by Van der A et al. (2011) for a
range of acceleratieskewed oscillatory flows resulted io, = 2.6. Figure 3 shows the
calculated values of the ratio of maximum crest bed shear stress to maximum through bed shear
stress using; = 2.6 and the corresponding measured values of the same ratio from the Van der

A et al. experiments.

For progressive surface wavedhe vertical orbitalwater particle motiongransfer horizontal

momentum in and out of the wave boundary layer, leading to a-asraged (Reynolds) stress
-r <l]~> (LonguetHiggins, 1953, 1958). The vertical gradient of this stress drivaessdive
mean flow (boundary layer streaming) in the direction of the wave propagation. Following
Nielsen (2006), we account for the wave Reynolds stress, as presenedg¢hef the wave
boundary layer, Y addinga wave Reynolds stres§,, to thex-componenbed shear stresas

per Eg. (15). This has the effect of increasitiye total Shieldsstressunder the wave crest and
decreasig the stress under the wave trouglhe wave Reynolds stressdstimatedas follows

(Fredsge and Deigaard, 1992; Nielsen, 2006):

f .
t = é 22
wRe ZCW ( )

with @& determined according to E¢8), U, = 4/ ( 3 ) T, iDthedvave speedd
calculated front,, = L/T, with L obtainedf r om Soul sbydés (1997, o0fp. 71) ex

the dispersion relation. Heref,, is the full-cycle wavecurrent friction factor,
fu=af, {1 af  with f; calculatedas beforeand f, is S w a rfrictidrsfactorcalculated

as perAppendix A
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2.3 Distributing sediment loatietween half cyclephase lag parameter

The sand loantrained during each hatfcle, q;, is calculated usingqg. (2). How much of
that sand is transpodewithin the halfcycle and how much remairia suspension to be
transported in the following haffycle isdetermined by the value of the phaag parameter for

the halfcycle,P;, as follows:

aw, if P ¢l
_!
Wee _{iwc if P>l (23
P
| "¢
80 if P¢1
T, -
W, =ja 0 24
%L it P g 24
ic R =
gw, if Rl
_l
Wi ‘{ivvt it P>l (29
P
[
&0 if P¢1
[ -
W, Ija o . 26
ic R =

Thus, wherthe phase lag parameterexceeds 1, there is an exchange of sand from the present

half-cycle to the following haltycle. The phase lag parametegiven by

é o = ~
7 agé- E e h if /0 (ripple regime)
1 c (T Ty)w
Pc :ll o(} v c” leu) Vsc @7
{agé- X 2 g if A 9 (sheet flow regime
I C o (Tc - Tcu) W,
¢ & xkE 0 A _ . .
Taagd+t— 37 if /0 (ripple regime)
_1 ¢ o (‘Tt - -IIU) W
R=1 .7 (28)
ia xlg O qd . .
~dzadt+— 37 if A 9 (sheet flow regime
Il ¢ Cw (Tt - Iu) W

whereU is a calibrationcoefficient, d is ripple height Appendix B, Us is sheet flow layer

thicknessfor the half cycle(Appendix Q and w; is the sediment settling velocity within the

12



rl - - . - -
half cycle.The term ——————— represents the ratio of a representative sediment stirring
2(T| - -I?u ) W

height (r; = ripple height/ or sheet flow layer thickneg§) and the sediment settling distance

within the half cycle.In the ripple regime, the generation and ejection of sediment laden
vortices on the ripple sides result in unsteady phase lag effectsel@tigeimportance of ie

vortex shedding process depends on the size of the vortices and their entrainmenivhigight,
scale with the ripple heiglat(Van der Werfet al, 2006) In the sheet flow regime, where phase

lag effects occur predominantly for fine sands, the characteristic entrainment height of the sand
scales with the thickness of the sheet flow lageThe aboveapproactfor ripple conditionds
different from previous halfycle formula of Dibajnia and Watanabe (1996) aBdva et al.

(2006) in which the effect of rippleson the phase lag parameisraccounted fothrough a

modification of the critial value ofP; for rippled beds.

The sediment settling time is related to the decelerationvitign each half cycIeZ('I'i - Tiu),

thus recognising that with increasing (forwdedning) acceleration skewness the settling time
during he crest haltycle increases, leading to a smallkr analogouslythe settling time
during the trough hai€ycle decreases, leading to a lar§erThis effectwas seerin the fine

sand sheet flow experiments of Van der A et al. (2009) and in the 1DV model simulations of
Ruessink et al. (2009hoth for acceleratioskewed flowsput the process is also expected to
play a significant role for rippled bed conditiohs the absence oficceleration skewness;, =

Ti/2 andthe settling time reduces to the hajfcle period sinc&(T; 1 T;,) =T..

Calculation of thesediment settling velocity isased on Soulsb§l997), assuming suspended
sediment sizels = 0.8ds0 (Van Rijn, 2007¢) However for the case of progressive surface waves
(not tunneltype oscillatory flow) we include an allowance for possibgtical advection of
sediment due toertical orbitalwater particle velocitiegKranenburg et alin pres$. Although

waveinduced vertical velocites aresmall near the bedhey can be of thesameorder of

13



magnitudeas the (still-water) sedimensettling velocity, especially for fine sand and high
waves. In the deceleration phasetloé cresthalf cycle waveinduced vertical water particle
velocities are increasing and are directed downwards, aiding the sediatiing processin
contrast,the settling ofsediment during thérough half cycle isreduced due tdncreasing,
upwardsdirected wavenducedwater particle velocitiesSand settling velocitiesluring the
crest and troughalf cyclesareaccordinglyadjustedasfollows:
W =W Wi (T) (29
W, =max(w, -w,(r,),0) (30

wherew, is the (stillwater) settlingvelocity asdetermined usin@oulsby (1997)w,,.(r.) is the

in
peak negativevertical water particle velocitat elevationr, and w,,,(r,) is the peakpositive
vertical water particle velocitat elevationr,. W& and i are estimated using Stoke$%@rder
wave theoryand he selectedelevation ist, =/ in theripple regime and; =d,; in thesheet

flow regime. For tunnetype oscillatoryflow W, =w, =w.

The terns and

+% in Eq. (27) and (28) (where ¢, = wave speedx =

WO &Q}o
£ | f
O &mo

calibration factorjaccountfor a secondeffect ofprogressive waweon the phase lag behaviour

that of horizontalsedimentadvection caused by horizontal Roniformity in the wave field
Thewavenon-uniformity producesorizontal gradients in the horizontal sediment flith the

result thatsediment concentratide no longer controlled by local vertical sediment fluxes alone

(i.e. pick-up from and deposition to the BedKranenburg et alir{ pres$ show howthis intra

wave horizont al sedi ment advection | eads to a |
under the wave crest and a fAdilutiond (decrease
a net transport rate in the direction of wave propagation, even for sinusoidal waves. The
importance of this transport mechanidor progressive surface waveds shown with a

numerical boundary layer model (based on adveditfnsion for the sedimen@pplied to the

14



large wave flumexperimental conditionsf Schretlen et al. (2a). Kranenburg et al.irf pres$
show that theffectof horizontal sediment advech can beaccounted fowia correction ofthe

phaselag parameter throughe adjustment time scalg:

T, =25 X0 (31)
W ¢ C

W
whereqiws is the ratio of sediment stirring height and settling velocity, representing the settling
time of sedimentuy,(t) is thefree-streamhorizontalflow velocity in the transport layer near the

bed; andsis acoefficient accounting for the shapeth& velocity and concentration profile. A

short description of the analytical background of this time scgeesentedn Appendix D(see

xu,, (1)

a
Kranenburget al.,in pressfor more details The factorgd- —~
¢ S

represents the influence

of horizontal sediment advectioh is < 1 under the wave crest and >1 under the wave trough
and thereforerepresenta decreas®f the adjustment time scalender the wave cregt.e. a
quicker reaction ofhe concentration to changes in the velocigy)d an increase @fdjustment

time scaleunder the wave trough. THactor is significant only whenwavesare largewith
relatively high orbital flow velocitiesu,(t) compared tadhe wave speed,. Moreover, it can

only become effective if phadag effects are important, or in other wordse adjustment
timescaleT, should not be negligible compared to the wave pefidBased on this result, the
effect of horiontal sediment advection is incorporated in the sand transport formula through a

correction of the phadag parameterd; for the wave crest and trough, using a factor

& xi o a  xi L
ad- — for the settling time of the crest load and a faggt — for the settling time of
¢ Cw ¢ G

the trough loadhs per Eg (27) and(28). We use coefficiens-as calibration parameter in this

simplified parameterisation (see below).

2.4 Graded sands

For graded sand conditions a fractional approach is used to calculate the net sand transport as

follows:

15



S d M .,

Jis- Do, 2P J(s ) od

whereq; is the net transport rate of fractipwith diameterd;, and percentagg of that fraction

(32

in thebed material, an¥ is the number of size fractions in the bed material.

Van Rijn (2007c) discussed whether the roughness of each fraction should be based on the grain
diameter of the fractiork(; ~ d;), or whether for each fraction the same roughnasd hence

bed shear stress U) based on khdaosmaldappyn gr ai n
The first approach assumes segregation of the fractions during the experiment, while in the
second approach the bed is assumed to remainmipadid. Using a multfraction approach

(including hiding/exposure effects discussed below), Van Rijn (2007c¢) cedhpaedicted net

transport rates from his questeadyformulae using both approaches with the medium sand

results of Hassan (2003). Best results were obtained kyjth d;, in agreement with the

observed segregation processes during the majority ofs Has 6 s (2003) gr ade
experiments. In the present formula, assunkifjg d; in the transport rate calculations for each

fraction also lead to best agreement with the measured net transport rates. In calculating the

fractional transport rate, the phdag parameter also depends on the gsaée of the fraction,

therefore:
é o = ~
Tagé- E 2 h if /0 (ripple regime)
T ¢ & -(TC ) TCU)qu',
RSP >
}aaé— & ; ¢ if A~ #H (sheet flow regime
I C Cw (Tc - Tcu) V\éc;
€ & xikt & A : , .
tag+t+— 57 if /B (ripple regime)
P 1 ¢ Cw -(Tt'-lzu)v\ét‘i (34)
tj — 1 -,
i_a xlg O q : ,
~dgadt— 37 if A © (sheet flow regime
:’ c Cw (Tt - -I;u) V\étj

In which the settling velocity ivased on the particle settling velocity feach fraction
individually. The representative entrainmégight (eitherq or Uy) is the same for each fraction

andis based on the overatlk,.



It is well known that for beds consisting of different size fractions, the finer particles tend to

Ahi ded between the | arger particles and theref
sand of the same diameter. At the same time coarser pareécesib more exposed to the flow

and are more easily mobilized. These grain sorting effects can be accounted for by applying a
correction factor, often as a function dfdso, to the critical Shields parameter and/or the

effective Shields parameter (see élgssan, 2003; Van Rijn, 2007c). Correcting the critical

Shields parameter only has significant influence on conditions near the threshold of motion. For
relatively large Shields parameters, such as for the present sheet flow conditions, an adjustment

tothe Shields parameter has a greg totcaculateitmep act . W

effective Shields parameter for the fraction with grain djzes follows:
‘qi,ieff‘: Q,j‘ u'é? (39

where, as before = c (crest) ort (trough), and‘qi_j‘ is the Shields parameter for fractipn

which feeds into the calculation of the sediment load as follows:
I’éo if ‘%jeﬁ‘q: g

, (36)
Gj) if ‘iﬂﬁ‘ > et

with g,,; the critical Shields parameter, according to Soulsby (1997), for fractfmilowing

Van Rijn (2007c), the correction factor is mefd as:
o 0,25
_ad; ¢
e'eff,j —&— 0 (37)
CYso =+
This simple correction factor iadapted he in preferenceto the more commonlysed

correction factor of Day (1980\hich requires informatioron the gradation of the sand

mixture.
2.5 Calibration
The limitedapplicability of many existing practical formulas, to some extent, the result of the

limited range of flow and sand conditions usedevelopthe formulae. For this reason Van der
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Werf et al. (2009) brought together a large dataset of existing net transport rate measurements

from a number of facilitiegovering a wide range of sand sizes anddguadlle flow conditions

(t IBANTOSSd at abasedo). The database hneoereceahetent | y be
transpormeasurementfor acceleratiorskewed oscillatory flows (Van der A et,&010; Silva

et al, 2011) and for progressive surface wav8ghfetlen et al., 20}1The entire dataset

contains 226 measured net transport rates for a wide range-etdidl T O4s) conditions in

both the rippled bed and sheet flow regime, including regular rmeduiar oscillatory flows

with velocity skewness or acceleration skewness (or a combination of both), oscillatory flows

with superimposed collinear currents and 4hboeaking (shoaling) surface waveBable 1

presents an overview of the range of hydraulic conditions covered by the data. In most of the

oscillatoryflow + current experiments (43 out of 50 cases), the current was weak relative to the
orbital velocity, |uﬂ|/E< 0.5, so that in general the experimental conditions for which measured

net transport rates are available are oscillattow-dominated not currertddominated. The

extended database was used for the calibration girdsenpractical sand transport formula.

The calibratiorprocedure is an iterative procedunvolvingthree main calibration coefficients

(i) the coefficientUin the fhase lag parameter (Eq&7) and(28)) for sheet flow andippled

bed conditions(ii) the proportionality constant in the sediment load formula (E€R)), and

(i) the power of the excess Shields paramatier the sediment load formulin the calibration
procedure U was tuned to find the highesbrrelationbetween the measured and predicted
transport ratesm wasthenfound from least square fitting a straight line with zero intercept to
the measured and preted net transport rates valuagpeaing for different values of
coefficient n. Once aninitial calibration was completedseveral subsetsf the datawere
examined and calibration coefficientspecific to each subsgp, € and ¢) were tuned
individually to obtain best agreement between measured and predicted transport redeh for

particular subset of datafter this m, nand U were adjusted agairio obtain best overall
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agreement. Thentire procedure was repeated several tinfieslly resulting in U= 8.2,m =

11.0andn=1.2.

3.0 CALCULATED AND MEASURED NETTRANSPORTRATES
In this section we compare calculated net transport rates with measured transport rates for
particularsub-datasetgseeTable 1) in orderto highlighti) the differenttransport mechanisms

that arecapturedn theformula and ii) the performance of the formula for eacb-dataset.

3.1  Velocityskewed oscillatory sheet flowitn dsp® 0. 2 0 mm

Figure 4 shows a comparison of the measured ealdulatedtransport rates forhe 32pure
velocity-skewed sheet flow conditions with O 0. X6ontimed in the SANTOSS database
Nearly all tansport rates fovelocity-skewed conditionare calculatedwithin a factor 2 of the
measurements. In addition to the percentage of the data falling within a fadaiol@2 lists

the factor 5 percentage ettBrier skill scorethe biasandthe squared correlation coefficiert

(see caption) All performance criteria indicate thexcellent agreement between the
measurements and prediction for these conditions. With the exception of one of Ribberink and
Al-Salendbs (1994) ¢ o n byithe arow mFig(re 4), dor all theéseedperiments

with medium and coarse sartidO 0 . 2 @ mdhichmeans unsteady phase lag effects do

no play a role in theredictedransport.

3.2 Accelerationskewed oscillatory sheet flomith d,O 0. 20mm

Figure5 shows a comparison betweealculatedand measured net transport rates foe 32
pure acceleratiorskewed oscillatory flowconditions with dsg O 0. 20 mealculatech e
transport rateshow god agreement with the measuremeniish 84% of the predictions fall
within a factor 2 of the measurementdsf see Table 2 for further details).The formula

incorrectly calculates the transport directiomfr one of Wat an adoitoasnd Sat oo

Due to itsforwardleaning acceleration skewnefs = 0.6), a positive net transport rate
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calculatedlin contrast to theimeasured negative net transport ratee discrepancynay bedue

to measuremengrror. Watanabe and Sato (200dgterminetheir net transport rate on the
difference between the masses of sand collected at the ends of gectesta method that is
more proneto measurement error thdime method based anass conservation appli¢d the
whole test section as used fimo s t ot her studies. For some of
conditions (indicated with the grey symbolshe relatively short flow period foT = 5s
combined with large orbital velocities,(max~ 1.45m/s) results in phase lag effects contributing
significantly to the netransport rate§.e. P; > 1). Watanabex n d = Soari obsérstions of the
time-dependat sand concentrationsonfirm the occurrence of thensteady behaviour. dN
phasdag effects wee observed for the same sand size and orbital velocitidtoferperiods of

7 and 10swhich providelonger settling timegSilva et al.,2011).The transport formula is able

to capture thse processes.

3.3 Oscillatory sheet flovior fine sandg(dsp < 0.20mm)

Figure 6 shows thecalculated net transport ratés the 29oscillatory sheet flow conditions
with dsp < 0.20mm. The conditionscludethe pureacceleratiorskewed flows of Van der A et
al. (2010) for which the measuredet transport rates arall onshoredirected, while the
remaining conditions are ghure velocity-skewed flows for which the measuredttransport
rates are predominantly negativey offshore-directed. For botlilow types the experimental
studieshave showrthat unsteady phase lag effects dongraé ransport rate direction, which
is calculatedcorrectlyby the formulafor nearly all conditionsAlthough the magnitudes of the
net transport rates are somewhat underpredidiegagree reasonably well with measurements
86% of the calculated transport rag®falling within a factor 2 of the measurements, with the
exception of several of the velociskewed oscillatory flows. The scores for the various
performance criteria listed iable 2, reinforce these conclusiondote that notinvoking the
sheetflow enhancemento the fine sand roughness (igettinge = 1 in Eq.(A.1)) results in
significant undefestimation of the net transport ratéth only 38% of the calculaed transport

rates fallingwithin a factor 2of the measurements.
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3.4 Oscillatory flow over rippled beds

When the beds rippled, the bed roughneds,,, can be expected to scale with the ripple
dimensions. Common practice is to scale the roughness to the rippleligight (qan Rijn,

2007a Humbyrd and Madsen, 2010) or to the product of ripple height and ripple steepness as

follows:

Koy = P1— (39

where a-is ripple length andp a constantValues ofp reported inthe literature cover a wide
range between 8 28 (e.g. Nieten, 1983 Raudkivi, 1988; Swartl976; Grant and Madsen,
1982).p has no physical meaning and va&riability maybe attributed to the choice of friction
factorformulaassuggested byAumbyrd and Madsen (201®or the presentormulap is used
asa specific calibratiorfactor for the net transport rate prediction over ripphets. Basedon
comparison of the measured atalculatedhettransport ratefor the rippled bed conditionsin
optimal value ofp = 0.4 was foundseeEq. (A.5)). Note that incalibratng p the measured
ripple dimensiondrom the experimenhave been used to avoelrorsinherentin using an

empiricalripple predictor.

Figure 7 shows the comparison of the measured acwlculatednet transportrates using
measured ripple dimensions as ingith corresponding performance criteriatéd inTable 2.
Despite thescatter in theeresults, thenettransport ratesre considered to be reasonably well
calculated It should be emphasid here that prediction of net transport rates for rippleds is
notoriously difficult,due to thaunsteady effectassociated witlthe complex flow structure over
ripples, and becausethe net transport ratesre low Van der Werf et al(2006) compared
predicted net transport rates frotne grabanddump mode of Nielsen (1998), the semi
unsteadyformula of Dibajnia and Watanabe (1996) and their own sensiteadyformula with
the sameipple condition experimental data as used Fagure 7 and foundthat for the best
model only35% of the predictionsdl within a factor 2 of the measurementsm8arly, Silva et

al. (2006) found only 47% of their predictions to fall within a factomwRile 20% of their
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predictiors failed to determinghe correct transport directiom contrast, 62% of the calculated

net transport rates from the present formula are within a factor 2 of the measurements and the

correct direction is calculated for 91% of the conditionhen the predictedripple dimensions

basedon O6 Donoghue et a |l Agpendix B & B9d ap inpaitdia tbet o r (s €
formula 40% of the calclated transport rates would fall within a factor 2 of the measurements,

and the directionris correct for 80% of the conditions®Ve not e t hat the OO6DonNC
(2006) ripple predictor applies to equilibrium ripples under waves and oscillatory flowmutvith

current. For norequilibrium ripples and flows with current the more recent predictor of Soulsby

et al. (2012) may be considered; the Soulsbal. predictor also includes a simple approach to

account for biedegradation effects on the ripple height.

3.5 Oscillatory flowwith superimposed current

Figure8 shows the comparison of measured aaltulatednettransport ratesof conditions of
oscillatory flows with current The calculated transport ratehow reasonableagreementvith
observations70% of the 50 conditions fall within a factor 2 of the measurememtge detailed
metrics are presented ihable 2. Negative net transport rates argenerally calculatedfor
conditions whera net current oppesthe (implied) wave direction (conditions of Dibajnia and
Watanabe, 1992; Ribberink, 1995; Silea al., 2011) while most positive calculatedand
measuredhettransport ratesccur when current®llow the (implied) wave directionThe good
correlation (r* = 089) suggests that the behaviour is well captudsspitea generalover
estimation of thenet transport ratesndicated by the large positive bias for these conditions
(bias= 61%)

It should be noted that for the nsmusoidal oscillatgr flow with current conditions in the
database, the measured mean velpacibuld contain a streaming velocityyénerated by the
asymmetry in turbulence intatsbetween the two halfycleg, in addition to the superimposed
current velocity This type of streaming is present under oscillatory flow with velocity skewness
(e.g. Ribberinkand AlSalem, 1995) and under oscillatory flows with acceleration skewness

(Van der A et al 2011).The transportformula accourgimplicitly for this type of streaming,
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which could mean thahe effect of streamingon thepredictednet transport rate iaccounted

for twice for some of the nosinusoidal oscillatory flow with current conditians

3.6 Oscillatory flowandgradedsands

Figure9 showsthe measurednal calculatedhettransport rates for graded sediment conditions

for which the details of the sand mixtures can be founthinle 3. Consideringthe wide range

of dgo of the mixture and that the conditions covescillatory flows andoscillatoryflows plus

current the calculatednet transport ratesrein good agreement with measurements, \Bi#o

within a factor 2 of the measuremefit@able2). The roughneskr the sheet flow conditions

the modéfor graded sandis calculated without the fine sand adjustment (L in Eq.(A.1)),

which improves results compared to those based on the roughness including the fine sand

enhancement.

3.7 Progressive surface waves

Theinfluence ofthe followingt hr ee Or e al iswaluwdeddn the transpertsfaneua
(see Sectior2.0): 1) vertical advection of horizontal momentusading toprogressive wave
boundary layer streamingnd a waveveraged stres) horizontal gradients in horizontal
sediment flux leading tchorizontal sediment advectiprand 3) nearbed vertical orbital

velocitiesand their effect on graisettling.

Figure 10 shows thecalculated and measured net transport rédesthe 11 surface wave
conditions included in thdatabase, consisting of 7 medium sand caomitand 4 fine sand
conditionsin two available dataset (Dohmdanssen and Hanes, 2002; Schretlen et all)201

All conditions are in theheet flowregime andthe neatbed flow isdominated by velocity
skewnessn all casesFor the medium sanaases, there iasonable agreement betwdba
calculated and measured transport rates, although distinct differences exist between the two

datasets. Td differencegnay be caused by the fact that, althodghwas the same for both
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datasetsdso = 0.25mm), dgg Was considerably largdor the Schretlenexperimentg0.42mmas
against0.28mm). For the fine sand conditions, ttelculatednet transport rateare in the
positive (emshore) direction, which is iagreement with thevave flume measurements, but
which is opposite tahe negative(offshor@ transport measurefbr fine sand velocityskewed
flows in oscillatoryflow tunnels (see SectioB.2). Only the fine sand cases are affected by
phaselag effects,and best resulf are obtained with coefficieng-= 1.7in Egs. (33) and (34).
Overall, the agreement between tteculated and measured net transport rates forlihe
experiments is good2% of the predictions fall within a fawt2 of the measurements.

Ifthedr eal waaresviitchedfoff thecadlcalatedhet transport rate®f the medium sand
would be positive but slightly lowerin magnitudedue to the absence dfie positive wave
Reynolds stresgadvection process are negligible for medium sand) For the fine sand
conditionson the other hand, the net transport would be negatiadar to many of the fine
sand velocityskewed oscillatory flow conditions

In summary, it is shown that under progressive surface waves generally more sand is
transported irthe positive (onshorg direction than in flow tunnels, especially for fine sand. By
incorporating three different (momentum and sediment) advection prodastes transport
formulain a parameterized wag practical method is obtained to predict the enhanced transport

rates.

4.0 NET TRANSPORTBEHAVIOUR WITH Urms
Figure 11 illustrates the behaviour of thmalculatednon-dimensionalnet transport rates with
Urms (= Llﬁ«/ﬁ) for two idealised oscillatory flow conditions (@) and two progressive surface

wave conditios (c-d). The flow period is constant with= 6.5s and for all four conditionset
transport rateare shown for two sand sizdse sand withdsp = 0.13mm and medium sand
with dso = 0.25mm.For ripple regime conditionghe ripple dimensions angredictedusing

O6Donoghue (seeSedidn3.4). F& Botnpajison, measuredttransport rates from
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experimental studidgsted inTablel areaddedto Figure11 wherethe experimental conditions
arecloseto those used for the calculated transport riatésrms ofT, R andb, grouped into fine
(dp < 0. 20mm) or me d i udim < 6.20mmd). Bécduse2tileamperimental
conditionsdo not exactly agree witthe conditionsused for the calculated transport rategy

do not serve for direcjuantitativecomparisonthe purposén showing theexperimental results

is simgdy to demonstratexperimentatonfirmation ofthetrendspredicedby theformula

Figure 11a shows thenet transport behaviour for velociskewed oscillatory flow withR =
0.62. For lowmsthe medium sandet transportates are negativenddominated by phasiag
effects in therippled bed regimeNhenu,,s increasedsurther, the regimeshiftsfrom rippled bed

to sheet flow where thenet transportrates become positive and increagith increasing
velocity. The fine sandet transporbehaviouris negativeat low u.ms when the bed is rippled. It
becomespositive with increasingu.,, before becoming negative again as a result of strong
phase lag effects in the sheet flow regime. This behaviour isgieement with the
measurements.

Figure 11b shows thenet transportates for an oscillatory flowvith a degree of acceleration
skewnessf{ = 0.7) butwithout velocity skewnesdx(= 0.5).For this flow themedium sanahet
transportrates are positive in the ripple regime, because, in contrast to the vskeited
flow, phase lag effects related to the timing of the flow maxiungment theositivetransport
although there is presently no experimental data to corfirenbehaviourWhenentering the
sheet flow regimehere at,s&@ O . 6 5 met tsahsportdtes initially reduce, in part due to a
decreased roughness caused by decreasing ripples dimensions, and partly because the phase lag
effects disappear. Oncelljuin the sheet flow regimenet transportates increasein a quasi
steady mannewith increasingums, Which isin agreement with the measuremeifime sandet
transportrates are also positive in the ripple regime, and remain positive in the sheet flow
regime, in strong contrast to the negasheet flownet transportatesseenfor velocity-skewed
flows.

Figurellc shows thenet transportate behaviour for a surface wave with velocity skewiress

0.62, similar to the oscillatory flow inFigure 11a. Comparison of both figures shows that the
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surface waveffectsnearlyalwaysresult in positivenet transportates This isin contrast to the
observations and predictions for veloestiyewed oscillatory flowsNet transport rates are only
negative in the ripple regime ftine fine sand at lolow velocities. fer the fine sand at larger
velocities and for the medium santhe net transport rates are positiwghe ripple regimgdue

to the additionapositive (onshoré contributons of the surface wave effecBiscontinuities in

the medium sand cuna u,sa8 O . fhdicaté the witch from the ripple regime to the sheet
flow regime, causingtrongchanges irthe roughness anthe phase lag parameter dscussed
before. For medium sand in theheet flow regime uyms >~ 0.6m/9), transport behaviour is
increasing quasiteadily withu,s, andnet transportates are larger by about 50% compared to
the equivalent oscillatory flow, due to the surface waieces.Fine sands show larger transport
rates than medium sands in the sheet flow regime, a trend which is only qualitatively confirmed
by the data.

Finally, although experimental evidence of the trends is not avail&imeye 11d showsnet
transportrates for a surface wave with both velocity and acceleration skewness, typical for near
shore waves close to breaking. The added effects of acceleration skewnessadeaatided
positive contributiorto the net transparboth for rippled bedandsheet flow For fine sands in

the ripple regime this added component leads to positive net transport ratesify ahile for

the remaining conditions it leads to even largesitive net transport rates compared to the
purely velocityskewed condition ifrigure 11c. Apart from this, the behawio with increasing

Ums IS Similar to that shown iRigurelic.

5.0 VALIDATION

5.1 Oscillatory flow
Development and calibration of tiermula has been done against the data contained in the
SANTOSS database akescribed in Sectio@.0. The database has sintdeen been extended

with conditions previoushynot considered, namelthe conditions from the TokydJniversity
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oscillatory flow tunnel experiments of Dibajnia and Kioka (2000) and Dibanial. (2001).

These conditions have been excluded from the calibration and are instead used here to test the
validity of the newformulato a certain degred.o extend the limiteciumber 8) of conditions

which satisfy the SANTOSS database criteriaToD 4 s , w e indluded eondiéidns o
falling within the 3.5 <T < 4s rangeBy extending this lower limit of acceptable flow periods,

the Tokyo Universityflow tunnel data of Sato (1987) and Dibajnia and Watanabe (1998) also
satisf/ the selection criteai Combinedthese datasgpive 58 different conditions and cover a

wide range of irregulamscillatoryflows, sand sizes and bed conditiptie detailsof which are
outlinedin Table4. Note that all of these validation cases involve irregular oscillatory flow.

The comparison of measured andlculatednet transportates for these conditiongseeFigure

12), showsgood agreemenfThe transport directon o6at od6s (1987) -bddi ne san:
conditions which have mostlyiegativenet transportates related to phase lag effects, are nearly

all correctly calculated The positive sheet flownet transportrates are generallgalculated

within a factor 2 of the measurements, althoagloverestimabn for the conditions with flow

periods in the range 3.5sK< 4sis apparentOut of the58 conditions,66% are calculated

within a factor 2 of the measurementgich is a slightimprovanentcompared tdhe irregular

flow conditions lisedin Table2.

5.2 Steady flow
Whenthe wave heightis zero andhe transport is driven by current only add =Eq1(19)),
fwa = fa (EQ. (18)) andu;, = uz, consequentty

1 2
ifnuu

=2 "0 39
%= (s-1gdy (39

andthe transport formula Eq1) reduces tdhe following formularesemhhg the MeyerPeter

and Miller bedbad transport formuléee also Ribberink, 1998):

F=fo WFa( a -) (40
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Figure13illustrates the performance of the formula in predicting the net transport rates for the
steady flow data of Guy et al. (1966), Van den Berg (1986) and Nnadi and Wilson (1992).
These data h@&not been used in the calibration of the present fornkaiamost of he open
channel experimentsf Guy et al. (1996}he Shields numbed; was < 1 and bedforms were
present, while for most of the Nnadi and Wilson (1992) duct experinten&hields numbed;

was> 1 and the bed was completely fl&tmilar to Ribberink (1998), we only use the Hedd
transport rates of Guy et al. (1998at were obtained by subtracting theeasured suspended
load from the measured total loaand for Nnadi and Wilson for which the majority of
transport took place in the (nelaed) sheet flow layemve usethe reportedtotal transport rates.

The field data of Van den Berg (1986) involve low Shields numizgrs (0.3), and bedload
transport rates obtainedofn dune migration measuremen@omkined the datases comprise

137 sheet flow and dune conditiomgth current velocities ranging 0.3203 m/s and median
grain sizes 0.1:3.8mm. The results and quantitative performance meashosein Figure13
showthat the formula predistnet transport ratéor currentonly conditions well with 85% of

the 137 conditions calculated withanfactor 2 of the measurements

6.0 DISCUSSION

For oscillabry flow or waves with superimposed currefiie ttransport formula requires
information about the magnitude and direction of the mean current velocity at a referenze level
= [, i.e. at the top of the wave boundary layEor the calibration and validatiomesults
presentechere,a constanvalue ofli = 0.20mwas usedwhich for all measurements was well
above the wave boundary layeiSince the wave boundary layer thickness depends on the
relative roughnessé{/ks,), it would have been more realistic to estimat®r each condition
using an appropriatdormulafor the boundary layer thicknegs.g. Sleath1987 Van der A et

al. 201). However the influenceof U on the net transport rate is rather small,sagwn in

Figurel4.
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The formula covers awide range of flonconditionsand sandsizesthat occur intypical sandy

coastal environmentdt specifically takes intoaccountthe influence of varying wave shape
(velocity and acceleration skewness) andteady phaskag effectsn the wave boundary layer.
Neverthelessapplicationof the formulain practicemay still be subjectto restrictions, due to a

lack of reliablenet transporidatafor specific regimesThis especially holds for (fultcale)

surface wavesind acceleratioskewed oscillatory flowsover rippled beds, for waves with

strong superimposedirents and waves with currents under an angle.

In case of wavewith or withoutsuperimposed currentsd transporformula describes the bed

load and suspended load transport in the wave boundary layer. Foraaking waves and
relatively small mean currents, such as those conditions in the datalmasstall of the sand

transport takes place inside the wave boundary lagdso the transport formula describes the

total transport ratdor these conditionsFor stronger superimposed currents and |digs

depths (e.g. tidal flowpr estuarine situations where currents are relatively large compared to

the wavessand may g into suspension to levelgell above the wave boundary layer, in which

case a separate suspended transport model should be added to the transport formula to account
for the currentrelated suspended load above the wave boundary |&per.current only
conditions, the formula calculates the transport in the sheet flow layer forfeheatonditions

and the bedoad transport for non sheffdw conditions, in accordance with the data used in
Section5.2 If there is significant sediment in suspension above the sheet flow layer-lmabed

layer, a separate suspended load model is also needed to calculate the suspended load transport.

Assuming amorphalynamic model application, our recommended method is to use a 3D or

quasi3D advectiondiffusion model to describe the mean concentration prc(i@éz)) , above a

prescribed reference levele, using a reference concentration aediment mixing coefficient

description, as for example given by Van Rijn (1993, 2003oulsby (1997) or Zyserman and

Fredsge (1994). Using this in conjunction with the reament profile,(U(z)), the suspended

load transport can beomputed by integration from a lower ndmad levelz, to the mean water

level z,:
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Z,
qs,susp: ﬁC(Z)><T.( 3>d : (41)

In wavecurrent conditions two situations may occur:
(i) Zet < U This will generally occur in wavdominated conditions in the ripple or
sheet flow regime. For example, Van Rijn (1993) selects the refereradeatethe
upper edge of the sheet flow layer or at rippiest level, which is always inside the
wave boundary layer. In this situation it is recommended tozusel in the
integration.
(i) Zet > U This situation may occur when large bedforms, e.geattinduced dunes,
are treated as bed roughness (not resolved by the computational grid) and the
reference level is selected at the level of the dune crests (Van Rijn, 1993). In this
situation it is suggested to Uge z.s as a practical solution.
Theformulais restricted to notreaking wave conditiondNet sand transport rates for breaking
wave conditions are often calculated using a transport formula for horizontal oscillatory flow,
sometimes extended with additional sediment stirring to accoubtdakinginduced turbulent
kinetic energy near the bed (Roelvink and Stive, 1989; Butt et al., 2004). Inclusion of a stirring
effect is supported by experimental studies showing increased turbulent mixing and increased
suspended sediment load due to waweaking (Deigaard et al., 1986; Van Rijn, 2007
However, theransport processamder breaking wavesre expected to béurther complicated
by flow nonuniformity and suspended sediment advectig@ading to suspended sediment
transport that is notvholly determined by the local flow conditioifgobayashi and Jonsson,
200)). Despite these insights, existing sand transpamnulae for breaking waves are still
speculativedue tothe lack of measurements of net sand transport rates and of the dsdailied
transport processeis, particularunder fulkscale waves
The least good agreement with the measurements, in terms of percentage of the predictions
falling within a factor 2 of the measurements, is found for irregularsfighable 2). Most of
these conditionsinvolved velocity-skewedirregular oscillatory flows over rippled bedsand

calculatednet transport was based on firepresentative waegusing thesignificant velocity
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characteristics and peak flow perjoals describedn Section2.1. The skill score for these
conditionsis ratedfair (BSS= 0.54), and only 57% of the conditions fall within a factor 2 of the
measurements. These rather low sconey be dueto effect of flow irregularity that are not
captured inour representation of the irregular flotme-seriesby oneregularflow cycle It is

likely that timehistory effecs, for exampleauseé by thefipumping up of suspended sediment

in irregular wave sequences (Vincent and Hanes, 2082§e a representative waapproach
unsuitable, especially in situations wigttrongphase lag influenceWhether a wawby-wave
approach leads to better net transport rate predictions compared to the representative wave
approachin such situationsor in factwhether a representative wave approach should be based
on otherthan significantwave characteristicthat we adopted hereould not bedetermined

from the available dasgt, and remains subject of future research.

Thenet transporin the wave boundary layer is affected by the slope of the bed through gravity
effects. This may change tledfective critical bed shear stress as well as the magnitude and
direction of theboundary layer flow ancaffective bed shear stress, and therefas® the
magnitude and direction of the net transpdite data used fahe developmenof the present
formulais limited to horizontal bed conditions only, i.e. the effect of bed slope is presently not
included theformula Apsley and Stansby (2008) pmse a generalized mod#dr slopes
smaller than the angle of reposéh arbitrary orientatiorwith respect to the wave and current
direction. Although the method is not validated for oscillatory flows yet, it is suggested to use
this methodn the presetnformula.

Due to an absence of reliable net transport date the field a direct comparison of the
formula against field conditions is not yfeasible An indirect test against field conditions can

be carried outby implementation ofthe formula within a morphaynamic mode| which
ultimately is its intended applicatiowhile ongoing work is aimed at implementing the formula

in a 3D morphodynamic model in order to compare it with field dataa #irst step in this
process the formula has been impleradnin a crosshore morphodynamic model applied to
wave flume casewhich showed encouraging resui¥&an der Werf et al., 2012This exercise

did howeverreveal that good transport rate predictions rely on accurate predictions of the orbital
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velocity characteristicsgespecially regarding thevelocity and accelerationskewness.In
morphodynamic models the sand transport formula should thelefoiseed in conjunctiomvith
velocity parameterizatiorthat include both velocity and acceleratiomwkessandwhich can
be linked tolocal wave and beach parametéesgy. Ruessink et al., 2012; Malarkey and Davies,

2012

7.0 CONCLUSION

A new practical formula for net sand transport induced by-breaking waves and nen
breaking waves with collinear aents has beepresentedThe formula is based on Dibajnia
and Wat anab e dssteafylh@dbylle coneaptmivhich accounts for the transport
contribution related to unsteady phase lag effects within the wave boundaryalagdras bed

shear stresas the main forcing parametdre formula distinguishes itself from otheemi
unsteady haltycletype formulaethrough explicit inclusion of surface wave effects, details in

the process calculations and the extent oettperimental data used developthe formula

The formula is developed using a database of 226 net transport rate measurements from large
scale oscillatory flow tunnels and a large wave flume, covering a wide range-sédidl flow
conditions and uniform and graded sands witedian diameter ranging from 0.13mm to
0.54mm. Good overall agreement is obtained between observed and predicted net transport rates
with 78% of the predictions falling within a factor 2 of the measurem&htsformula has been
validated against independeret transport rate data for oscillatory flow conditions and beeload
dominated steady flow conditions.

The formula performs best for regular oscillatory sheet flow conditions, with and without
currents, involving uniform fine, coarse and graded sandsnidar performance for other
conditions- rippled beds, irregular flows, progressive surface wavissreasonable but less
good. The difference in performance for different conditions can be partly attributed to the
unequal number of the various conditiamshin the database of experimental results (Table 1).

But poorer performance is also likely to be partly due to insufficient understanding of the
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detailed sand transport processes, and this remains particularly tpredogssivesurface wave
conditions for which reliable detailed data is difficult to obtain.

Arguably, the most significant shortcoming in the new formula is that it is based entirely on
oscillatory flows and noibreaking surface waves. Accordingly, although the model as
constructed codlin principle be applied to breaking waves as long as the hydrodynamics at the
top of the wave boundary layer can be provided as input, net transport rates for breaking wave
conditions cannot be calculated with any degree of confidence. A main goaliref feasearch
therefore is to extend the range of lagpale laboratory experiments to include breaking wave
conditions and, based on the experimental results, to adapt the formula to account for the

breaking wave processes.

The SANTOSS database of measured net transport rates forstaigeoscillatory flow and
surface wave conditions and a MATLAB code for implementation of the newalkl

SANTOSS formula are available on request to the authors.
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APPENDIX A: Current-related and waveelated bed roughness

Following Ribberink (1998) the curremdiated bed roughness is given by:

kg =max{3d o d [ 6( § DL 04 A (A.1)
where:d anda-are ripple height and ripple length respectivélpgendix B; the factor
¢ varies linearly between= 1 for sand wittdso©O 0 . 2 & m6rfor sand wittdso O
0.15 mm and has the effect of higlhed roughness for firgand sheet flow conditions

caused by large shekdw layer thickness

€6 if d, ¢0.15mm
I
5(d,, - 0.1
m=16 5(dy- 019 if 0.15mm &, G<20mm (A.2)
i (0.20- 0.15)
f1 if d, 2 0.20mm

in whichdsg is entered inmm, <|q|> is the timeaveraged absolutghields stress given by:

%fn|u$2 11,0

lg1) = =t (A.3)
< > (S' 1) gd, ( S '1) ad,
wheref,, is thefull -cyclewave friction factor based on Swart (497
@ o = -Q19 g .
f, =0.00251exg 5. 1 8 u for iE> 1.5¢
g ¢ * H o (A.4)
& -
f, =0.3 for — (1.587
Thewaverelated bed roughnegks, is given by :
Ko = Max{ds,, dsdm 6(| § B} 0.4 (A.5)

Here a lower grain size related limit kf, = ds, (instead of 8y as per Eq(A.1)) gave best

results similar to Ribberink (1998)n the case of sheet flow conditions, the bed roughness

needs to be solved iteratively because the mean absolute Shields pa(ﬁyﬁeﬂepends on the

bed roughness.
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APPENDIX B: Ripple dimensions

In applicationsvhere the ripple dimensions& unknown, the ripple predi

al. (2006) is incorporated:

% =m,n,(0.275 -0.0282) (B.1)
! omn (1.97 -0.4422) (B.2)
==mn(L . :
where:
€0.55 ifd,, ¢ 0.22mm
m, =io.55 +0'45(d5°‘ 0.23 if 0.22mm &, &30mr (B.3)
7 (0.30- 029 °
i1 if dg, 2 0.30mm
€0.73 ifd,, ¢ 0.22mm
|
i 0.27(d, - 0.2
m =10.73 + (ds,- 0.2 if0.22mm d, &30mr (B.4)
3 (0.30- 022
H1 if d;, 2 0.30mm

with JE=max(yE y) for regular flow, whereby the maximum mobility number at crest or

trough is defined agk =W /(s 41)gd,, and for irregular flowyE= yfE /(s B gd.
Since information onlE,10 (average of the highest otenth orbital velocities) is not available

for most irregular flow datasets, it is for simplicity assumed that the irregular flows are Rayleigh

distributed, thereford,,, =1.27u.

To avoid strong discontinuitie in the predicted net transport rates with increasing flow

intensities, the factorsy and n,. are introduced to allow for a smooth transition between the

ripple regime and the flat bed sheet flow regime:

&l ify)£¢ 190
| IS < ~
P14 8 ()E-190) 0 5
n=n, 41 e;os,‘ﬁ’pM pl-g if190 B 24 (B.5)
128 1 (240- 199 42
1o if yE2 240
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APPENDIX C Sheefflow laye thickness

The sheet flow layer thicknesg is calculated following Dohmedianssen (1999):

¢ 25 if d, ¢ 0.15 mm
- 1e  12(dg,- 0.1
9% =} &5 M % if 0.15 mm <d;, < 0.20 mt (C.1)
dso 16 (0.20- 0.1
{13k if dgy 2 0.20 mMm

wherecg is Shields parameter based on the crest/trough velocity ampllﬁudefollows
F=thal (C.2)
(s-Dad,
with f, the wavecurrent friction factor according Eq.(18) and wave and current related
roughness as detailed Appendix A For fine sanddso O 0 . 1 5 n{@)) differg slightly
from Dohmerl anssenés (19 @mMsincedhe icanstamtaid recalilorateal t(hiere 25
instead of 35 in th original) as a result dhe increasen the wave relatedoughnesdor fine

sands (see Secti@d).

APPENDIX D: Adjustment time scale of sediment concentration under progressive surface

waves

For the adjustment time scalg for the concentration of sediment under progressive surface
waves, ve follow the parameterizatiorecently proposed by Kranenburgadt (in pres$. An
expression fofls has been derived from the (turbulerssasraged) advectiediffusion equation

for sediment concentration:

HC, uC u(w wC & Cy (D.1)

it K zu zcn z

whereC is the sand volume concentratidbis the turbulent mixing coefficient. The equation
describes how horizontal and vertical advection (including settling of sediment) and vertical
turbulent diffusion lead to temporal concentration adjustment. This irchheetimedependent

entrainment and deposition of sediment from and to the bed and the lagging of sand
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concentration in the wave boundary layer behind the-tiependent bed shear stress (pHage

effects).

For horizontal oscillatory flomg =0, unifda m fl ow: O. ./ Ox = :0) this

+ e

KC_mC |/, G (D.2)

Mt B Z Z|
This advectiordiffusion model was recently applied successfully for tunnel flows for various
grain sizes and a range of sheet flow conditions (Ruessink et al., 2009; Had<Riblzerink,

2010). For uniform surface waves propagating over a horizontal bed, thenifiormity in x

can be transformed to a tirdependency usiné& = —1—“ Eg (D.1) can now be rewritten
HX G R
as:
a u pC 2 0
a- B =B we er M8 gt 03)
¢ G Ht mc U+ z

Herein the factor (L/c,) represents the influence of horizontal sediment advection. The right
hand side of Eq(D.3) represents (the vertical gradient of) the vertical sedimentflyxdue to

vertical advection and turbulent diffion.
Following the method of Galappatti and Vreugdenhil (1985) for shallow, gradually varying

flows, we approximate the advectidiffusion Eqg.(D.3) by a relaxation equation for the depth

averaged sediment concentrati@h. The dpthaveraging is carried out over the maximum
thicknesgpof the sediment flux layer in the wave boundary layer:
C _9|Cq4-C
“—:—( - ) (D.4)
Mt Ta

In this relaxation equatiof, is the adjustment time of the actual sediment concentration, which

lags behind its equilibrium valu€__, as imposed by the instantaneous bed shear stress (the

eq’
phaselag effect). The adjustment time is different for oscillatory 8oand for progressive

surface waves:
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D& xu, :

T, =—a& progressive surface waves (D.5)
Wc Gy
D .

T, =— oscillatory tunnel flows (D.6)
WS

Herein (u, /c,) expresses thefinence of horizontal advection, in which thelocity u, is the

tmedependent free stream or bi &ad shape doefficientsy . The
related to the shape of the velly and concentration profileHere we relatetp to the
representive sediment stirring heightyhich in the sheet flow regime the sheet flow layer

thickness or the ripple heigint case of rippled beds
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Flow condition

Reference(s)

d50 T(p) Uw,max6ig) Uy qmax(sig) b(sig) R(sig) Number of conditions
(mm) (s) (m/s) (m/s) ) O] ) reg. irreg. s.f. rip. total
sinusoidal osc. flows 0.22 10.2 0.63 T 79 0.5 0.5 ) 1 T 1 1 Van der Werf et al. (2006)
velocity-skewed osc. 0.13 4i 0.1a6 T o 1427 0.5 0.520.70 70 22 40 52 92  Sato (1987), Dibajnia and Watanal
flows 0.46 12.5 1.72 (1992); Ribberink and Chen (1993’
Ribberink and AlSalem (1994);
Ribberink and AlSalem (1995);
Clubb (2001)Wright and
O6DonoghuHassén2 00 :
(2003); OODonogt
(2004); Van der Werf et a(2006);
Van der Werfet al.(2007); Silvaet
al. (2011)
acceleratiorskewed osc. 0.15 5110 0.83 ) 225702 0.56 0.5 ) T 47 i 47  Watanabe and Sato (2004); Van d
flows 0.46 1.45 0.8 A et al.(2010); Silva et al. (2011)
aceeleration + velocity 0.15; 710 0.94 T 364793 0.60 0.530.60 6 i 6 I 6  Vander Aet al.(2010); Silva et al.
skewed osc. flows 0.20 1.61 0.72 (2011)
oscillatory flows with 0.13 4i12 0.94 -0.507 269841 0.50.7 0.50.7 50 T 50 i 50 Dibajnia and Watanabe (1992);
current 0.32 1.69 050 Katapodiet al.(1994); Ramadan
(1994); DohmerJanssen (1999);
Silva et al. (2011)
graded sands 0.15 5112 0.72 0.24;0.45 0.50 0.5/0.68 19 T 19 10 19 Iniuetal. (1995); Hamm et al.
0.54 1.63 (1998); Hassan (2003);
O6Donoghue and \
progressive surface 0.14 5i9.1 1.02 T 2701079 0.46 0.550.67 11 T 11 0 11 DohmenJanssemand Hane$2002),
waves 0.25 1.66 0.56 Schretlen et a(2011)
0.13 47 0.1 -0.50i " 0.46i .
Total 054 125 172 0.5 91 1427 08 0.50.70 203 23 173 53 226

Tablel. Overview of dataset used for development and calibration of the formula. The number of conditions is divided peufiowiregular) and per

transport regime (sheet flow, rippled bed). Heygis the median grain diametél, the (peak) flow periody,max the maximum orbital velocity; the net

current velocity (negativendicates a currerdirection opposite that dhe implied wave dird®n) at levelz = G computed from the measured or imposed

current velocity by assuming a logarithmic velocity profiligh G

0=2m, (pmax is the mobility number based ag,max @andb andR represent the degree of

velocity and acceleration skewness, respectively (see SettipnThe subscriptsjg) applies to the irregular flow conditions for whiskgnificant (i.e.

average of the highest otigird) values are listed.
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Data (sub)set N BSS bias(%) r* fac2(%) fac5(%)
Velocity-skewed sheet flows,© 0. 2 0 32 0.91 -8 078 97 100
Accelerationskewed sheet flowsc©O 0 . 2/ 32 0.92 2 0.87 84 97
Oscillatory sheet flovdsg < 0.20mm 29 0.73 -8 080 86 93
Oscillatory flow over rippled beds 53 0.72 4 065 62 89
Oscillatory flow with collinear current 50 0.72 61 0.84 70 86
Graded sands 19 083 45 091 89 100
Progressive surface waves 11 05/ 27 -1.0t 82 100
Regular flows 203 0.76 18 076 81 94
Irregular flows 23 04 18 0.95 57 87
Sheet flow 173 0.76 22 0.73 83 94
Ripples 53 0.72 4 065 62 89
Fine sandds, < 0.20mm) 64 070 -16 0.72 77 89
Coarse sanddicO 0. 2 0 mm) 162 0.79 31 08 79 94
All 226 0.76 18 0.77 78 93
All with ripple predictor 226 0.76 10 0.76 69 86

Table 2. Performance criteria for the various data subs$étmdicates the number of data

points contained in the subsBiSSis the Brier Skill Scor¢Van Rijn et al., 2003Van der A

et al., 201, hereBSS= 1- <|as,pred 'qs,merz > /{ T, mep. Which gives a measure of thermula

accuracy(BSS= 1 meansperfectagreementBSS < 0 meanthat thetransport rateerrar is

greaterthan when zero transportis predicted for each conditioneit he -nfod i ng o

scenari9, biasis the normalized mean bias definedbéess = <(05,p,ed— qs,mea)/ q Svme; and

indicates the tendency of tiiemulato over (positive bias) or underestimate (negative bias)

the measurements? is the squaredcoefficient of correlation, and the last two columns

indicate the percentage of the predictions within a factor 2 and 5 of the measurements. Van

Rijn et al. (2003) proposed the following skill qualification: excell&@®S= 1.0'0.8; good:

0.8 0.6; fair: Q61 0.3; poor: 0.80; bad: < 0.
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mixture fractions

dio dso dgo d; P1 d; P2 ds Ps

Reference N| (mm) (mm) (mm)| (mm) (%) (mm) (%) (mm) (%)
Inui et al. (1995) 1| nfa 0535 n/a |0.200 50 0.870 50 - -
Hamm et al. (1998) 2 1 0.097 0.194 0.406| 0.128 50 0.317 50 - -
Hassan (2003) 310.160 0.240 0.990| 0.210 70 0.970 30 - -
510.110 0.150 1.080| 0.130 60 0.340 20 0.970 20

O6 Donoagth ue|2|0.100 0.150 0.400| 0.150 60 0.280 30 0.510 10
Wright (2004) 210120 0.270 0.470| 0.150 20 0.280 60 0.510 20
2 10.100 0.260 0.530| 0.1%0 50 0.510 50 - -

Table 3. Sand size characteristiasr fthe graded sanaonditions.The d;o, dsgp and dgp grain

diameters represent the characteristics of the overall mixduagad p; indicate the diameter

and fraction of the individual uniform sandswhichthe mixturewas composed of
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dso Tisig) U Omaxeig) Desig) Resig) Number of Conditions
Reference (mm) (s) (m/s) () () () reg. irreg. s.f. rip. | total
Sato (1987) | 0.18 ggg - 6-96 0.5 0.520.68 |- 17 - 17 |17
Dibajnia and 36 +0.06 055
Watanabe | 0.20 3'9 - 116374 0.61 0.590.67 | - 17 17 - 17
(1998) ' +0.16 '
Dibajnia and
Kioka 020 5 - 319469 20 064067 |- 12 12 - |12
(2000) ' '
Dibajniaet | 0.55, 3.6 0.54
al. (2001) 080 42 - 181-283 058 0.570.64 | - 12 12 - 12

Table4. Overview of oscillatory flow conditions used for model validation.
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Figurel. Definition sketch of neaped velocity timeseries in wave direction. The parameters

T, and T, are the positive (crest) and negative (trough) flow durations. SimilBg\and Ty,

are the durations of flow acceleration in positive and negatdiesction.
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Figure2. Wave and current velocity vectotk, (t) and t, under an anglé The vectord,

illustrates the resultant velocity vector at maximum positive orbital velocity.
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Figure 4. Comparison between measured aadculatednet transport rates for velocity
skewed oscillatory sheet flows wittko © 0. 2 0 mm. The solid diagonal

agreement, the dashed lines a factor 2 difference.
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Figure5. Comparison between measured aattulatednet transport rates for acceleration
skewed oscillatory sheet flows with, O 0 . 2 0 mm. diafidn@sindgateecgnditions of
Watanabe and Sato (2004) for which phase lag effectaaiee. Note that in Figure 5

toFigure 10, data fromthe precedindfigure is includedo aid comparisoffand isindicated by

the small light grey dots).
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Figure 7. Comparison between measured and predicted net transport rates for oscillatory
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Figure 9. Comparison between measured and predicted net transport ragraded sand
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characteristicef the individual fractionsre listed inTable3.
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Figure 10. Measured and predicted net transportesafor progressive surface wave

conditions

63



10 20
5 a A o
0 M 10 4
s - i 0B
& s ° 4
-10 's‘ @]
-------- fine calc S
-15 O fine meas. O, -10
20 medium calc. N
B A medium meas. K
25 -20 : . . :
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
L (/s) u (m/s)
(c) surface wave: R=0.62 [B=0.50 (d) surface wave: R=0.62 p=0.7
30 - 30 -
. .
25 ,. 25 ,l
l' l'
20 S 20 K
I' I'
~ 15 ':' ~ 15 ,"
O} K O R
® 10 K ® 10 K
Rael I
*
5 e ° 5 =
0 == 0
-5 -5
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

(a) oscillatory flow: R=0.62 p=0.50

(b) oscillatory flow: R=0.50 (=0.7

u (m/s)

Figure 11. Calculatednondimensional transport rates agstiom,s for a fine (dsp = 0.13mm)
and medium sandd{y = 0.25mm). For altalculatedconditionsT = 6.5s andor the surface
wave conditiongc-d) the water depth is constant with= 3.5m. Thevarious symbolsre
experimental resultselected fronthe studies inrable 1 with values ofT, R, andb closeto
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Figurel3. Performance of the formula for steady flow shié@t conditions.
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