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Tém tit ndi dung

Many existing practical sand transport formulae for the coastal marine environment are restricted to a limited
range of hydrodynamic and sand conditions. This paper presents a new practical formula for net sand transport
induced by non-breaking waves and currents. The formula is especially developed for cross-shore sand transport
under wave-dominated conditions and is based on the semi-unsteady, half wave-cycle concept, with bed shear stress
as the main forcing parameter. Unsteady phase-lag effects between velocities and concentrations, which are espe-
cially important for rippled bed and fine sand sheet-flow conditions, are accounted for through parameterisations.
Recently-recognised effects on the net transport rate related to flow acceleration skewness and progressive surface
waves are also included. To account for the latter, the formula includes the effects of boundary layer streaming and
advection effects which occur under real waves, but not in oscillatory tunnel flows. 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 of full-scale flow conditions and uniform and graded sands with median diameter ranging
from 0.13 mm to 0.54 mm. Good overall agreement is obtained between observed and predicted net transport rates
with 78% of the predictions falling within a factor 2 of the measurements. For several distinctly different condi-
tions, the behaviour of the net transport with increasing flow strength agrees well with observations, indicating
that the most important transport processes in both the rippled bed and sheet flow regime are well captured by
the formula. However, for some flow conditions good quantitative agreement could only be obtained by introducing
separate calibration parameters. The new formula has been validated against independent net transport rate data
for oscillatory flow conditions and steady flow conditions.

Nhiéu cong thitc thic dung hién ¢é6 dé van chuyén cat 6 méi trudng ven bién déu bi han ché trong khoang gfa
tri thiy dong lyc va tram tich nhat dinh. Bai bdo nay trinh bay mot cong thic thyc dung méi dé tinh van chuyén
biin cat tinh do séng khong vé va dong chay. Cong thic nay duge thiét lap rieng cho van chuyén biin cat ngang
b trong diéu kién séng chi phdi, va duge dua trén khai niem nita chu ki séng, ban bat én dinh, véi ing sut tiép
& day 1a luc day cht yéu. Nhitng hiéu tng tré pha khong 6n dinh gita luu téc va ndéng do, vén cuc ki quan trong
v6i day gon cat va cac diéu kien dong chdy riia troi cat minh déu duge tinh bing cach tham sé héa. Nhitng hiéu
ing gan day dugc phét hien déi v6i lugng van chuyén tinh gin véi do thien lach gia téc va séng bé mat lan truyén
cling dugc tinh dén. Dé xét yéu t6 thi hai, cong thitc da bao gom anh hudng ctia dong 16p bién va céc hiéu tng
chuyén tai huéng ngang vén xay ra & séng thuc, chit khong phéi & dong chdy dao dong trong phong thi nghiem.
Cong thitc duge phat trién dua trén co s dit lisu gom 226 tri s6 do lugng van chuyén tinh tit nhitng éng dao dong
16n dén mang séng 16n, bao trium mot phd rong nhing diéu kién dong chay thuc té ciing cat hat déu ciing nhu cap
phdi v6i dusng kinh trung vi tit 0.13 mm dén 0.54 mm. D& nhan dugc sy phit hgp chung giita cac luu lugng van
chuyén tinh thiyc do va dui dodn kha t6t, véi 78% két qua du tinh nim trong khodng tit nita dén 2 lan gia tri do.
Véi mot s6 diéu kien khac biét rd, dong thai ciia van chuyén tinh theo dong chiy manh dan déu phit hgp véi quan
tric; cho thay ring nhitng qua trinh van chuyén & ca day gon séng lan ché do chay ria troi déu dude cong thiic
ndm bit tét. Tuy vay, v6i mot sé diéu kien dong chay thi sy phit hgp dinh tinh t6t chi c6 thé nhan duge bing cach
dua vao rieng nhitng tham sé hiéu chinh. Cong thiic méi da dugce kiém dinh véi s6 lieu luu lugng van chuyén doc
lap cho cac diéu kien dong dao dong va dong 6n dinh.
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Highlights | Diém nbi bat

e We present a new formula for net sand transport by non-breaking waves and currents.
Chiing t6i trinh bay mot cong thitc méi dé tinh van chuyén céat tinh gay bdi song khong v va dong chay.

e It is developed using a database of 226 full-scale net transport rate measurements.
N6 duge phat trién qua mot co sé dit lisu 226 s6 do luu lugng van chuyén cat tinh thic té.

e The semi-unsteady formula accounts for phase lag effects in the wave boundary layer.
Cong thitc ban bat 6n dinh c6 tinh dén hi¢u tng tré pha trong 16p bién séng.

e Progressive wave boundary layer streaming and advection effects are included.
C6 xét dén cac hiéu ting chuyén tai ngang va dong 16p bién do séng lan truyén.

e 78% of the net transport predictions fall within a factor 2 of the measurements.
78% sb6 két qiia du doén van chuyén tinh roi vao khodng tit nita dén 2 lan gfa tri thuc do.

1 Introduction | Gigi thiéu

In recent years a substantial body of field- and laboratory-
based research has been devoted to measuring sand trans-
port processes induced by waves and currents, and predic-
tive approaches for the net, wave-averaged sand transport
have been developed. Generally, these approaches can be
classified as process-based numerical models or parame-
terised (engineering) formulae. Process-based models rep-
resent 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
time-dependent, intra-wave velocity and sand concentra-
tion fields. Such models (see e.g. Henderson et al., 2004;
Holmedal and Myrhaug, 2009; Hassan and Ribberink, 2010)
are often restricted to specific flow and sand conditions,
require relatively long computation times and are there-
fore generally not implemented in coastal morphodynamic
models. Parameterised sand transport formulae on the
other hand, consist of a set of relatively simple equations
often covering a wide range of flow and sand conditions,
require short computation times and can be implemented
easily in coastal morphodynamic models.

Practical sand transport formulae for the coastal ma-
rine environment are generally semi-empirical formulae
which can be classified as time-averaged, quasi-steady or
semi-unsteady. Based on approaches used for fluvial sedi-
ment transport, time-averaged formulae predict sand trans-
port at a timescale that is much longer than the wave
period, using wave-averaged values of velocity and sand
concentration. The Bijker (1971) formula is an example of
a widely-used time-averaged transport formula, in which
waves act as stirring agent for the current-related trans-
port (suspended load and bed load). In time-averaged for-
mulae, the total net transport is always in the direction of
the mean current and the wave-related transport compo-
nent is not taken into account.

Quasi-steady formulae calculate intra-wave sand trans-
port, with the assumption that the instantaneous sand
transport relates only to the instantaneous forcing param-
eter, either the flow velocity or bed shear stress. Commonly-
used quasi-steady formulae predict non-zero net trans-
port resulting from velocity skewness, as occurs under

Nhitng ndm gan day, c6 nhiéu nghién cttu hién trudng va
trong phong thi nghiém chuyén vé do dac qua trinh van
chuyén cat do séng va dong chay, ciing nhu phat trién cac
céch tiép can du doan vé luu lugng van chuyén cét rong,
trung binh theo séng. Nhin chung, nhiing cach tiép can
nay c6 thé dugc phan loai thainh mo hinh s6 tri dua theo
qué trinh, hodc cdc cong thitc duge tham sb hoa (ki thuat).
Céac mo hinh dya theo qua trinh déu thé hien da s6 cac qua
trinh vat 1y chi tiét c6 trong sy van chuyén cat do séng va
dong chay, ciing nhu phan giai cau tric theo phuong ngang
(dai khi theo phuong ding) cia trusng ham lugng cat va
van toc bién déi theo thoi gian trong ting con séng. Nhitng
mo hinh nhu vay (xem chang han Henderson & nnk., 2004;
Holmedal va Myrhaug, 2009; Hassan va Ribberink, 2010)
thuong bi han ché vé kiéu dong chay va diéu kién cat
riéng, yéu cau thoi gian tinh toan kha lau va do dé thusng
khong dugc thi hanh trong cac mo6 hinh dong lic hinh thai
b bién. Mit khéac nhitng cong thiic van chuyén cat duge
tham s6 ho4 lai bao gdm mot hé cic phuong trinh tuong
déi don gian, thuong bao tron mot khodng rong cac diéu
kién cat va dong chdy, yéu cau thsi gian tinh toin ngin va
c6 thé dé dang thi hanh trong cidc mo6 hinh dong luc hinh
thai bo bién.

Nhitng cong thiic thuyc dung dé tinh cho méi trudng
bién ven bd thuong thudc dang ban kinh nghiém vén c6
thé dugc xép vao thé loai trung binh thoi gian, gid én dinh
hoiic ban phi 6n dinh. Dya trén nhitng cach tiép can ding
trong van chuyén biin cat song ngoi, cac cong thic trung
binh thoi gian déu dy doan van chuyén bin cat ¢ quy mo
thai gian dai hon nhiéu so véi chu ki séng, st dung cac
gi4 tri trung binh clia van téc va nong do cat. Cong thic
Bijker (1971) 1a mot vi du cho dang cong thitc trung binh
thaoi gian duge st dung rong rai, trong do6 séng gitt vai tro
khudy dong cho van chuyén buin cét do dong chay (stc tai
cat 1o litng va di day). Trong nhitng cong thic trung binh
thoi gian, luong van chuyén biin cat tinh thi luon theo
huéng dong chay trung binh con thanh phan van chuyén
bun cat do séng thi khong duge xét dén.

Nhitng cong thitc gid 6n dinh thi tinh toan van chuyén
cat trong ting con séng, véi gia thiét ring lugng chuyén
cét tiic thoi chi lien quan dén cac tham sb luc day tic thoi,



Stokes-type waves (e.g. Bailard, 1981; Ribberink, 1998;
Soulsby and Damgaard, 2005; Wang, 2007), but most do
not account for transport resulting from acceleration skew-
ness, as occurs under sawtooth-shaped waves (Van der A
et al., 2010; Watanabe and Sato, 2004). Formulae that
do account for both velocity and acceleration skewness
have mostly been developed for sheet-flow conditions (e.g.
Gonzalez-Rodriguez and Madsen, 2007; Nielsen, 2006; Sun-
toyo et al., 2008) and do not apply to lower energy condi-
tions when the bed is generally covered with ripples.

The assumption of quasi-steadiness only holds for con-
ditions for which the reaction time of sand particles is
short relative to the wave period. In other words, the pick-
up and settling of sand particles must take place in a much
shorter time than the wave period. This assumption is
not the case for fine sand sheet-flow conditions (Dohmen-
Janssen et al., 2002; O’Donoghue and Wright, 2004; Van
der A et al., 2009) and rippled bed conditions (Van der
Werf et al., 2007), where phase lag effects can significantly
affect the magnitude and sometimes even the direction
of the net transport rate. Semi-unsteady formulae have
been developed to account for phase lag effects in sheet-
flow conditions (Camenen and Larson, 2007; Dibajnia and
Watanabe, 1992), rippled bed conditions (Nielsen, 1988;
Van der Werf et al., 2006) and for both sheet-flow and
ripple conditions (Silva et al., 2006; Van Rijn, 2007a,b,c).

Existing transport formulae are based for the most
part on experimental data from oscillatory flow tunnels,
in which the flow is horizontal and horizontally uniform.
However, net transport rate experiments carried out in
large wave flumes (Dohmen-Janssen and Hanes, 2002; Rib-
berink et al., 2000; Schretlen et al., 2011) indicate that the
added complexities in the hydrodynamics of surface waves
compared to tunnel flows can be important in determining
the net sand transport. Kranenburg et al. (2013) use a de-
tailed advection—diffusion boundary layer sand transport
model and the above mentioned tunnel and flume data to
quantify the importance of progressive wave, streaming-
related, bed shear stress (wave Reynolds stress) and, at
least for fine sand, of vertical advection of sand by vertical
orbital velocities and horizontal advection of sand by gra-
dients in the horizontal sediment flux. Existing transport
models do not account for these real wave effects, although
Nielsen (2006) does incorporate a streaming-related bed
shear stress in his formulation, while Van Rijn (2007a) in-
corporates streaming by adding a small steady current at
the edge of the wave boundary layer. Nielsen (2006) has
shown that the net transport of medium sand is better pre-
dicted when a streaming-related mean bed shear stress is
added to the instantaneous oscillatory bed shear stress in
a ‘quasi-steady’ Meyer-Peter and Miiller type sand trans-
port formula.

This paper presents a new semi-unsteady formula for
predicting net sand transport under waves and currents.
Based on an extensive dataset of measurements of net
sand transport rates from large-scale laboratory experi-
ments, covering a wide range of hydraulic conditions and
transport regimes, the formula can be applied to rippled
bed and sheet-flow conditions, incorporates phase lag and
flow acceleration effects, and can be applied to both os-

nghia 13 van toc dong hay tng suét tiép day. Nhitng cong
thic gia én dinh thoéng dung déu dy doan luwu lugng van
chuyén tinh khac 0 gay ra béi tinh thién léch ciia van toc,
xdy ra trong séng dang Stokes (Bailard, 1981; Ribberink,
1998; Soulsby and Damgaard, 2005; Wang, 2007), nhung
da s6 déu khong xét tdi thién lech gia toc, nhu xay ra &
cac song dang rang cua (Van der A et al., 2010; Watanabe
and Sato, 2004). Nhitng cong thitc xét dén thién lech ca
van toc 1an gia téc thuong duge phat trién cho cac diéu
kién dong rita troi (Gonzalez-Rodriguez va Madsen, 2007;
Nielsen, 2006; Suntoyo et al., 2008) va khong 4p dung duge
cho céc diéu kien ning luong thap hon khi day bién thuong
c¢6 dang gon song cat.

Gia thiét gid 6n dinh chi thod man nhitng dicu kien
trong d6 thdi gian phan tng clia hat cat tuong déi ngan so
v6i chu ki séng. N6i céch khac, sut ‘nhét’ 1én va ldng xubng
ctia hat cat phai dién ra nhanh hon nhiéu so véi mot chu ki
séng. Diéu nay khong ding véi cac dicu kién dong ria troi
vd VCBC min (Dohmen-Janssen et al., 2002; O’Donoghue
and Wright, 2004; Van der A et al., 2009) cling nhu céc
diéu kien day gon séng cat (Van der Werf et al., 2007);
khi d6 hiéu tng tré pha cé thé anh hudng déng ké téi
do 16n tham chi cd huéng cia VCBC tinh. Da ¢6 nhing
cong thitc ban kinh nghiem duge phat trién xét dén hieu
ting tré pha trong diéu kién dong rita troi (Camenen and
Larson, 2007; Dibajnia and Watanabe, 1992), day gon cét
(Nielsen, 1988; Van der Werf et al., 2006) hay cé dong
ria troi trén ddy gon cat (Silva et al., 2006; Van Rijn,
2007a,b,c).

Nhitng cong thitc VCBC hién c6 déu duge dua trén
nhidu phan s6 liéu thiyc nghiém tir cac 6ng dong chay dao
dong, trong d6 dong chay theo huéng ngang va la dong
déu theo phuong ngang. Tuy nhién, nhing thi nghiem
vé Iuu lugng VCBC tinh tién hanh trong méang séng lén
(Dohmen-Janssen and Hanes, 2002; Ribberink et al., 2000;
Schretlen et al., 2011) cho thay nhing phitc tap c6 & ché
thuy dong lyc ctia séng bé mit so véi dong chiy 6ng c6
thé sé quan trong khi xac dinh lugng VCBC tinh. Kra-
nenburg et al. (2013) st dung mot mo hinh chuyén cét 16p
bién chuyén tai-khuéch tan chi tiét cting nhiing s6 liéu thi
nghiém 6ng vA mang séng néu trén dé lugng hoa vai tro
ctia (i) tng suit day (ing sudt Reynolds séng) do séng
tién, c6 lien quan dén co ché streaming, gay ra; va it nhat
1 ddi v6i cat min, (ii) chuyén tai cat theo phuong ditng do
cac thanh phan van téc quy dao phuong ding, cing véi
chuyén cat phuong ngagn do ton tai gra-dien luu lugng bin
cat phuong ngang. Nhitng mo hinh VCBC sén ¢6 khong
x6t dén nhitng hiéu tng thyc néi trén ciia séng, dit Nielsen
(2006) da bao gom mot ting suét tiép day gan vdi stream-
ing trong cong thitc clia ong, con Van Rijn (2007a) kem
theo hiéu tng streaming bang cich cong thém mot dong
chay 6n dinh nhé & sat canh 16p bien séng. Nielsen (2006)
da cho thay ring lugng van chuyén tinh cat cd trung thi
duge di tinh t6t hon khi ta thém mot thanh phan ting
suat tiép day trung binh, c6 lien quan dén streaming, vao
ng suat tiép day tic thoi trong cong thiic van chuyén cat
‘iz 6n dinh’ dang Meyer-Peter va Miiller.

Bai béo nay trinh bay mot cong thiic ban phi én dinh
mdi nham du doan luu lugng van chuyén céat tinh trong
séng va dong chay. Duya trén mot bo sb lieu 16n do dac lvu



cillatory flow and surface wave conditions. The new sand
transport formula is presented in Section 2 of the paper.
Section 3 presents a comparison of calculated net trans-
port rates with measured transport rates from the large
scale-experiments. The general behaviour of predicted net
transport rates across a range of flow conditions is exam-
ined in Section 4. Section 5 presents the results of valida-
tion tests against independent data for oscillatory flow and
steady flow conditions. A discussion of results and conclu-
sions from the paper are presented in Sections 6 and 7
respectively.

lugng VCBC tinh tir thi nghiém vat 1y ¢6 16n, bao trum
mot pham vi rong cac diéu kién thuy luc va ché do van
chuyén tram tich, cong thiic nay c6 thé duge a4p dung cho
cac diéu kién day gon séng va dong rita tréi, bao gdm cac
hiéu 1tng tré pha va gia tdc dong chay, va ciing c6 thé duge
ap dung cho ca dong dao dong 1an séng bé mit. Cong thiic
VCBC méi dugc trinh bay trong Muc 2 ctia bai bao. Muc 3
trinh bay so sanh céc luu lugng VCBC tinh tinh toén véi
thuc do tt nhitng thi nghiém c& l6n. Dong thai chung cta
luu lugng VCBC tinh trong pham vi rong céc diéu kién
dong chay dugc xét dén trong Muc 4. Muc 5 trinh bay két
qua kiém dinh v6i bo s6 lieu doc lap tit nhing diéu kien
dong chéy én dinh va dong dao dong. Thio luan vé két
qud va két luan bai bao duge tinh bay lan lugt trong cac
Muc 6 va 7.

2 Sand transport formula for oscillatory flows and progressive waves |
Coéng thic van chuyén cat cho dong chay dao dong va séng lan truyén

The new transport formula is based on a modified ver-
sion of the semi-unsteady “half-cycle” concept originally
proposed by Dibajnia and Watanabe (1992). In this con-
cept the wave-averaged total net sand transport rate (bed-
load and suspended load) as taking place in the oscilla-
tory boundary layer is essentially described as the differ-
ence between the two gross amounts of sand transported
during the positive “crest” half-cycle and during the neg-
ative “trough” half-cycle. Unsteady phase lag effects are
taken into account via two contributions to the amount
of sand transported during each half-cycle: sand entrained
and transported during the present half-cycle and sand
entrained during the previous half-cycle which is trans-
ported during the present half-cycle; the latter is the phase
lag contribution. The present formula differs from Diba-
jnia and Watanabe (1992) in the following ways: (i) bed
shear stress rather than near-bed velocity is used as the
main forcing parameter; (ii) the effects of flow unsteadi-
ness (phase lag effects) are incorporated in a different way;
(iii) the effects of acceleration skewness are incorporated,;
(iv) it covers graded sands and (v) the formula distin-
guishes between oscillatory flows and progressive surface
waves. The present formula distinguishes itself from other
half-cycle-type formulae (Dibajnia and Watanabe, 1996,
1998; Silva et al., 2006; Watanabe and Sato, 2004) through
(v), as well as through the calculation of the detailed sub-
processes and the extent of experimental data used to in-
form formula development and calibration.

In the new formula, the non-dimensional net transport
rate is given by the following “velocity—load” equation:

(5:

where

(s is the volumetric net transport rate per unit width,
s = (ps—p)/p where ps and p are the densities of sand and
water respectively, g is acceleration due to gravity and dsg
is the sand median diameter; g is the non-dimensional bed
shear stress (Shields parameter), with subscripts “¢” and
“t” implying “crest” and “trough” half cycle respectively; T'

Cong thic van chuyén méi dude dua trén mot dang chinh
stta ctia khéi niém “nita chu ki” ban én dinh lan dau do
Dibajnia va Watanabe (1992) dé xuét. Trong khai niém
nay, luu lugng van chuyén cit rong tong cong (tai lugng
di day va 1o ling) trung binh trong mot con séng xdy ra
trong 16p bién dao dong thi dugc xac dinh bing chinh higu
sb gitta hai lugng cét van chuyén trong nita chu ki ¢6 “dinh
séng” duong, va trong nia chu ki ¢6 “day séng” am. hiéu
tng tré pha khong 6n dinh duge xét dén qua hai thanh
phan doéng goép cho lugng cat van chuyén trong tirng nita
chu ki: cat bi khudy dong va van chuyén trong nita chu ki
hién tai va cat bi khuiy dong trong ntta chu ki trudc nhung
lai dugc van chuyén trong nita chu ki hién tai; thanh phan
thit hai 14 déng goép clia sy tré pha. Cong thit nay khéc
v6i cong thic clia Dibajnia va Watanabe (1992) & ché: (i)
dung tng suat tiép day, chi khong phai van téc sat day,
lam tham s6 lyc day chinh; (ii) hiéu tng ctia tinh khong
on dinh dong chay (hi¢u ng tré pha) duge dua vao theo
cac khac; (iii) cdc higu ing ctia do lech gia toc duge dua
vao; (iv) né ap dung dugc ca véi cat cap phdi, va (v) cong
thitc phan biét gitta dong chay dao dong va séng bé mat.
Cong thitc hién tai khac biét véi nhitng cong thitc kiéu nita
chu ki khac (Dibajnia and Watanabe, 1996, 1998; Silva &
nnk., 2006; Watanabe va Sato, 2004) & dac diém (v), cling
nhu & phép tinh cac qua trinh con chi tiét va pham vi s6
licu thi nghiém diing cho phat trién va hiéu chinh cong
thic.

Trong cong thiic méi nay, luu lugng van chuyén rong,
khong thit nguyén, dude cho béi phuong trinh “van téc-tai
lugng” sau:

& (1)

(s — l)gdgo

trong dé

7> 1a Ivu lugng VCBC qua mot don vi bé rong, s =
(ps — p)/p v6i ps va p lan lugt 1a mat do ctia nude va cét,
g is la gia tde trong lire con dsg 14 dudng kinh trung vi clia
cét; 0 1a tng sudt day phi thit nguyén (tham s6 Shields),
v6i cac ki hicu “c” va “t” lan lugt dé chi cac ban chu ki
“dinh” va “chan” séng; T 1a chu ki séng; T, 1a thai doan



lae feos g
&

il

v.

is wave period; T is the duration of the crest (positive) half
cycle and T, is the duration of accelerating flow within
the crest half cycle (Fig. 1); similarly T} is the duration
of the trough (negative) half cycle and T3, the period of
accelerating flow within the trough half cycle.

There are four contributions to the net sand transport:

o (.. represents the sand load that is entrained during
the wave crest period and transported during the
crest period;

e (). represents the sand load that is entrained during
the wave crest period and transported during the
trough period;

e (;; represents the sand load that is entrained during
the wave trough period and transported during the
trough period;

e ;. represents the sand load that is entrained during
the wave trough period and transported during the
crest period.

The total sand load in each half-cycle is multiplied
by /0; (with subscript “i” either “c” for crest or “t” for
trough), representing the non-dimensional friction veloc-
ity, to obtain the non-dimensional half-cycle transport rate.
Both half-cycle transport rates are weighted with their du-
ration relative to the wave period (T../T and T; /T, respec-
tively). The multipliers Z%U and 25:; on Q. and Q. re-
spectively account for the effect of acceleration skewness
on the travel distance of the fraction of sand remaining
in suspension after flow reversal, since suspended sand is
transported further when followed by a steep front half-
wave cycle compared to a gradual front half-wave cycle
(Watanabe and Sato, 2004).

The sand load entrained in the flow during each half-
cycle is related to the Shields parameter as follows:

0
Q; = ’ "
{ m(|0;] — 0c;)

where the critical Shields number, 6., is calculated
following Soulsby (1997). The proportionality constant m
and power of the excess Shields parameter n are two of
the three main calibration coefficients of the transport for-
mula.

Application of Eq. (1) to calculate the net sand trans-
port rate in oscillatory flow or under progressive surface

Hinh 1: | Fig. 1. Definition sketch of near-bed velocity
time-series in wave direction. The parameters T, and T}
are the positive (crest) and negative (trough) flow du-
rations. Similarly, T, and T}, are the durations of flow
acceleration in positive and negative z-directions. e Lugc
dd dinh nghia chudi thdi gian van téc sat day theo huéng
séng. Cac tham s6 T, va T} 1a cac thdi doan dong chiy
duong (dinh s6ng) vd am (chan séng). Tuong tw, Te, va
Ty, 13 cac thoi doan dong chay tang tdc theo cac chidu
duong va am cua truc z.

ban chu ki dinh séng (duong) con T, 1a thdi doan dong
chdy ting toc trong ban chu ki dinh séng (Hinh 1); tuong
tu T3 1& thoi doan ban chu ki chan séng (am) con Ty, 1a
thoi doan dong chay tang tdc trong ban chu ki chan séng.

C6 4 thanh phan déng gép nén lugng chuyén cat tinh:

o Q.. biéu thi tai lugng cat duge khudy ndi trong thoi
doan dinh séng va dugc van chuyén trong thai doan
dinh song;

e Q. biéu thi tai lugng cat duge khuiy nodi trong thoi
doan dinh séng va dugce van chuyén trong thoi doan
chan séng;

o 4 biéu thi tai lugng cat dudc khudy ndi trong thoi
doan chan séng va dugc van chuyén trong thoi doan
chan séng;

e Q. biéu thi tai luong cat duge khudy ndi trong thoi
doan chan séng va duge van chuyén trong thoi doan
dinh séng.

Toéng tai lugng cat trong mdi ban chu ki séng duge
nhan véi 1/0; (véi chi 6 “i” nhan lay “c” tuong tng dinh
song hogic “t” cho chan séng), dai lugng biéu dién cho van
téc ma sat phi thi nguyén, dé thu duge tai lugng cat phi
thit nguyén cho nita chu ki. Mdi tai lugng nita chu ki nay
dudc gan trong s6 bing thdi doan tuong déi so véi chu ki
séng (1an lugt 1a T./T va T;/T). Cac he 6 zr— vA Fr
lan lugt ctia ;. v Qg xét t6i Anh hudng clia do léch gia
téc ddi véi khoang cach dich chuyén ctia phan tram tich
con ndi sau khi dong chay ddi chidu, vi tram tich néi duge
van chuyén xa hon khi tiép sau 14 mot nita chu ki séng déc,
so v6i ntta chu ki séng thodi (Watanabe & Sato, 2004).

Tai lugng cat dudc khudy theo dong chidy trong mébi
ntia chu ki ¢6 lién hé véi tham sé Shields nhw sau:

if]6;] > Ocr (2)

v6i 6 Shields phan gidi, 0., dugc thinh theo Soulsby
(1997). Hang s6 ti 1& m va s6 mit do vugt tham s6 Shields
n 13 hai trong ba hé s6 hiéu chinh co ban trong cong thic
van chuyén cat.

Viéc ap dung PT (1) dé tinh tai lugng cat tinh trong
dong chiy dao dong hodc trong séng lan truyén bé mit, sé
yeu cau ba budc chinh sau: (i) thiét lap cdc van toc chat



waves requires the following three main steps: (i) establish
the “representative” crest half-cycle and trough half-cycle
water particle velocities, as well as the representative full-
cycle orbital velocity and excursion; (ii) calculate the bed
shear stress (Shields parameter) for each flow half cycle;
(iii) calculate the sediment load entrained during each flow
half-cycle and determine the sharing of the entrained load
between the half-cycles.

diém nuéc “dai dien” trong nta chu ki dinh va nia chu
ki chan séng, cling nhu van tdc va bién do quy dao dai
dién toan chu ki; (ii) tinh toan ting suat tiép ddy (tham
56 Shields) cho timg nita chu ki dong chéy; (iii) tinh tai
lugng tram tich bi khudy ndéi trong mdi nita chu ki dong
chay va xac dinh phan chung gitta hai tai lugng khudy néi
& hai ban chu ki.

2.1 Input water particle kinematics | Dac diém chuyén dong chéat diém nuéc: sé lieu

vao
The formula is designed to predict the net sand transport
for given sand characteristics and given current and wave-
generated oscillatory flow at the top of the wave boundary

layer (z = §). In general, the bed-parallel velocity due to
combined wave and current motion is:

U(t) = Uy (t) + Us

where 4, (t) is the time-varying free-stream orbital ve-
locity vector and s is the steady current velocity vec-
tor. For a wave propagating in the x-direction and an
obliquely-incident current making an angle ¢ with the

Cong thitc nay dudc thiét ké nhim dy doan lugng VCBC
tinh cho trudc cac cac dac tinh cat va dong chay dao dong
do séng & dinh 16p bien séng (2 = §). N6i chung, van toc
huéng song song day do chuyén dong téng hgp ciia séng
va dong chay la:

3)

trong d6 @, (t) 1 vec to van téc quy dao dong tu do
bién ddi theo thoi gian con @ 1a van tdc dong 6n dinh.
Véi con séng truyen doc phuong x va mot dong chiy té6i
huéng xién tao goc ¢ véi hudng séng (Hinh 2), van toc

wave direction (Fig. 2), the velocity in the z- and y-directionstheo cac huéng x va y 1an lugt 1a:

are:

Uy (t) = uy (t) + |us| cos p

y(8) = s sin o

respectively. With reference to Fig. 1, the velocity vec-
tors at moments of maximum positive and maximum neg-
ative orbital velocity are:

Ue = {ucxaucy} = {ﬁc + |U6| COs @, |U5| sin 90}

Uy = {Utz, Uty } = {—Us + |us| cos ¢, |us|sin p}

where 4. and 4; are the peak crest and peak trough
orbital velocities as indicated in Fig. 2. We define the rep-
resentative orbital velocity amplitude @ and the represen-
tative orbital excursion amplitude a for the whole flow
cycle as follows:

9 T

Q>

The representative half-cycle orbital velocity for the
wave crest, . ,, and for the wave trough, 4 ,, is then:

Ue,r =

1
ﬁt,r = 5\/57:%

(Note that ., equates to the root mean square veloc-
ity of a sinusoidal flow with amplitude .; @, equates to
the root-mean square orbital velocity for a sinusoidal flow

(4)

(5)
Trén Hinh 1, céc vec to van téc tai nhitng thoi diém
van toc qui dao cuyc dai duong va cuc dai am 1a:

(6)

(7)

trong do G, va 4; 1 cac van téc quy dao cyc dai dinh
va chan séng nhu trén Hinh 2. Chung t6i dinh nghia bién
do van téc qui dao dai dién @ va bién do di dong quy dao
dai dién a cho toan chu ki dong chay nhu sau:

(®)

aT
— 9
Khi dé van téc quy dao dai dién nita chu ki cho dinh
séng, ., va cho chan soéng, i, ,, la:

%\/iac (10)

(11)

(Luu § réng @, , bang van toc quy dao cin quan phuong
clia mot dong chdy ham sin véi bién do d.; ¢, bang van
tdc quy dao can quan phuong clia mot dong chiy ham sin



Hinh 2: | Fig. 2. Wave and current velocity vectors i, (t)
and ug under an angle . The vector . illustrates the resul-
tant velocity vector at maximum positive orbital velocity.
e Céac vec to séng v van téc dong chdy i, (t) va s xién
mot goc . Vec to U, minh hoa vec tg tong hgp tai lac van
téc chat diém dat cyc dai duong.

with amplitude #;.) The representative combined wave-currentii bien do ;.) Khi d6 cac vec to van téc séng-dong chéy

velocity vectors for each half-cycle are then:

két hop dai dién cho timg nita chu ki 1a:

ﬁc,r = {UC,TI7U/C,Ty} = {ac,r + ‘U§| COS (ba |U5| sin (b}

(12)

ﬂ:t,r = {ut,rmy utwy} = {_at,r + |U5| COS ¢7 |’U,5| sin ¢}

The degree of velocity skewness is expressed through
the velocity skewness parameter R = 1./ (4. + 4;); simi-

(13)

Mitc do léch ciia van téc duge bidu thi qua tham sb
lech van téc R = 1./(d. + 1y); tuong tu do lech gia toc

larly, the degree of acceleration skewness is expressed throughduge biéu thi qua 3 = uC / (uc + ut) trong dé e va 1y 1an

B = uc/(uc + ut) where 1. and 1, are the amplitudes of
the horizontal flow acceleration in the crest and trough di-
rections respectively. Orbital velocity for a sinusoidal flow
is vertically and horizontally symmetrical, with R = 0.5
and § = 0.5. A typical shoaling wave close to the breaker
point (like that schematised in Fig. 1), has higher onshore
orbital velocity under the wave crest than offshore velocity
under the wave trough, leading to R > 0.5, and a forward-
leaning wave crest with higher acceleration under the crest
compared to the trough, resulting in 5 > 0.5.

In the case of irregular wave conditions we adopt the
representative wave approach, in which the input water
particle kinematics are those for a regular wave with time-
series based on 4 = 1gq, T' =Ty, R = Rgg and B = Bag,
where 144 is the significant orbital velocity amplitude, T},
is peak spectral period, Ry and Bsi4 are the significant
values of velocity and accelerations skewness parameter
respectively.

2.2 Bed shear stress | Ung suét tiép & day

The non-dimensional bed shear stress (Shields parameter)
vector is:

9:' = {eixa sz}

where subscript “i” is either “c” for crest or “t” for
trough. The = and y components of the Shields param-
eter are:

lugt 13 cac bién do tri s6 gia téc dong chdy phuong ngang
theo cac huéng dinh séng va chan séng. Cac van tdc quy
dao ctia dong chdy dang sin c6 tinh chit déi xing theo ca
phuong ngang lan phuong ding, v6i R = 0.5 va 8 = 0.5.
Mot séng bi anh huéng nude nong & gan diém vo (nhu
duge so hoa trén Hinh 1), thi ¢6 van toc quy dao phuong
ngang & dinh séng 16n hon so véi ¢ chan séng, dan téi
R > 0.5, vA mot dinh séng chii vé phia truée thi c6 gia
tdc & dinh cao hon & chan séng, dan t6i 8 > 0.5.

Trong trudng hgp séng khong déu ta ding cach tiép
can séng dai biéu, theo dé dong luc hoc chat diém clia
séng lay theo mot con séng déu véi chudi thdi gian dua
trén 4 = Ugig, T = Tp, R = Rgig va f = Bsyg, trong do
sig 1 bien do van toc quy dao ¥ nghia, T}, 1 chu ki séng
dinh phd, con Ry, va By lan lugt la cac gia tri tham sb
do léch ¥ nghia cho van toc va gia tdc.

Vec to ting suét tiép ddy phi thit nguyén (tham sé Shields)
la:

(14)

“ b2

trong d6 chi s6 “i” sé lay 1a “c” déi véi dinh séng hodc

“” v6i chan séong. Cac thanh phan phuong z va y clia tham

s6 Shields la:

Ui ro TwRe
Oin = |6:] —2 15
i = 1)gdns (15)
O3y = |0i] 2" (16)

|i,r|



where 7, e is a stress contribution associated with pro-
gressive surface waves, which is not present in the case of
tunnel-type oscillatory flows, and is explained further be-
low. The magnitude of the Shields parameter is given by:

16;] = 2

in which fy,s is the wave-current friction factor. While
the transport formula applies to oscillatory flow and cur-
rent under any angle following the notations, throughout
the remainder of this paper the oscillatory flow and cur-
rent conditions are always collinear, and the presented
transport rates based on Eq. (1) are always the z-direction
transport rates.

Following Ribberink (1998), the wave-current friction
factor at crest and trough are calculated as the linear com-
bination of the wave friction factor (at crest and trough)
and the current friction factor (see also Madsen and Grant,
1976):

fwsi = afs + (1 — a) fuwi(18)

with:

1(8

trong dé T,re 13 mot thanh phan ng suat &ng véi cac
séng lan truyén bé mat, von khong hién hitu trong trusng
hgp dong chdy dao dong trong 6ng (tunnel), va dugc giai
thich duéi day. Do 1én ctia tham sé Shields dudc cho béi:

— 1)gdso
f’w&i |ui,r |2

(17)

trong d6 f,s 1& tham sb ma sat séng-dong chdy. Mic
du cong thitc tai cat ap dung cho dong dao dong tao goc
bat ki v6i huéng dong chiy, nhu ki hiéu ghi 16, nhung
trong sudt phan con lai ciia bai bdo nay dong dao dong
va dong chay la cing phuong véi nhau, va luu lugng van
chuyén cat theo PT (1) luon biéu dién van chuyén theo
huéng z.

Theo Ribberink (1998), hé s6 ma sat séng-dong chay
tai dinh v& chan séng dugce tinh bing t6 hgp tuyén tinh
clia hé s6 ma sat séng (tai dinh va chan séng) cling hé s6
ma sat dong chédy (xem thém Madsen va Grant, 1976):

(18)

voi:

|us|
= 19
lus| + @ (19)

The current-related friction factor is calculated assum-
ing a logarithmic velocity profile:

f52{ln(

where the current-related roughness kg5 is calculated as
detailed in Appendix A.

The wave friction factor, calculated separately for the
crest and trough half-cycles, is based on Swart (1974),
modified to allow for enhanced/reduced bed shear stress
in acceleration-skewed flow following the approach of Silva
et al. (2006):

Fui =0.00251 exp |5.21 (Tk

fwi =0.3

where kg, is the wave-related bed roughness and is de-
tailed in Appendix A. Higher flow acceleration leads to
higher peak bed shear stress; as shown in fixed bed (Sun-
toyo et al., 2008, Van der A et al., 2011) and mobile bed
experiments (Ruessink et al., 2011). The term 2 in
Eq. (21) accounts for the effect of acceleration skewness
on the bed shear stress. It has the effect of increasing f;
for the flow half-cycle with higher acceleration (25 < 1)
and decreasing f,,; for the half-cycle with lower accelera-
tion (257” > 1); the term is equal to unity for sinusoidal
or pure zzelocity—skewed flow and Eq. (21) then reduces to
the standard Swart equation. Optimisation of ¢; against
the measurements of bed shear stress by Van der A et
al. (2011) for a range of acceleration-skewed oscillatory

0.4
306/k86) ]

c1 —0.19
2T11u) a

Hé s6 ma sat gan véi dong chdy duge tinh bang cach
gid stt mot profile van téc dang logarit:

(20)

trong d6 do nham lién quan dén dong chiy ks dugc tinh
chi tiét theo Phu luc A.

Heé s6 ma sat séng duge tinh riéng cho cac nita chu ki
dinh séng va chan séng theo Swart (1974), va duge dieu
chinh dé cho phép tang cudng hodc gidm tng suat day
trong dong chay lech gia tdc theo phuong phap ctia Silva
va nnk. (2006):

a

ksw

for > 1.587

a

< 1.587
kS’lU -

for

trong dé kg, 13 do gd ghé day do séng va dudce trinh bay chi
tiét 6 Phu luc A. Gia t6éc dong chdy cang cao lam gia tiang
tng suat tiép day cyc dai; nhu thiy & cac thi nghiem véi
long ¢ dinh (Suntoyo va nnk., 2008, Van der A va nnk.,
2011) va long dong (Ruessink va nnk., 2011). S6 hang 2%:“
¢ PT (21) dé xét dén hicu ting thien léch clia gia tdc dbi
véi ing suat tiép day. N6 c6 hiéu tng lam ting f.; cho

ntra chu ki dong chay c6 gia téc cao hon (2;i < 1) valam
gidm f,; v6i ntta chu ki ¢ gia téc thap hon (2571“ > 1); 6

hang nay bing 1 khi dong chdy dang ham sin hosic dong
xién thuan van tbc, va khi d6 PT (21) dugc rit gon veé
phuong trinh Swart chuan. Thuyc hién téi wu héa doéi véi
c1 theo cac két qua do tng suat day bdi Van der A va
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flows resulted in ¢; = 2.6. Fig. 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 waves, the vertical orbital wa-
ter particle motions transfer horizontal momentum in and
out of the wave boundary layer, leading to a wave-averaged
(Reynolds) stress —p (@) (Longuet-Higgins, 1953, Longuet-
Higgins, 1958). The vertical gradient of this stress drives a
positive mean flow (boundary layer streaming) in the di-
rection of the wave propagation. Following Nielsen (2006),
we account for the wave Reynolds stress, as present at
the edge of the wave boundary layer, by adding a wave
Reynolds stress 7, ge to the z-component bed shear stress,
as per Eq. (15). This has the effect of increasing the to-
tal Shields stress under the wave crest and decreasing the
stress under the wave trough. The wave Reynolds stress is
estimated as follows (Fredsge and Deigaard, 1992, Nielsen,
2006):

_ wd
TwRe = P2C QU
w

with @ determined according to Eq. (8), aw, = 4/(37) =
0.424 and ¢,, is the wave speed, calculated from ¢,, = L/T,
with L obtained from Soulsby’s (1997, p. 71) explicit ap-

Hinh 3: | Fig. 3. Onshore/offshore bed shear stress
ratio as function of f: closed circles: fixed bed mea-
surements of Van der A et al. (2011); open circles:
prediction based on Eq. (21) with ¢; = 2.6. Bed shear
stress is calculated as |7;| = 0.5p fui|ui . ® Ti s6 ting
suét tiép & ddy huéng vé ba/hudéng xa bd theo tri s6
B: cac diém to6 den: do dac thi nghiem day c6 dinh
ctia Van der A va nnk. (2011); cic diém tron trang:
uéc tinh theo PT (21) v6i ¢; = 2.6. Ung sudt day
dugc tinh bang |7;| = 0.5p fuilui - |*.

nnk. (2011) cho mot loat cac dong chdy tuan hoan xién
béi gia t6c, thu dude két qua ¢; = 2.6. Hinh 3 cho thiy cac
gia tri tinh todn ctia ti s6 gitta ting suat tiép day cuc dai
dinh chia cho ng suat tiép day cyc dai chan séng ding
tri s6 ¢; = 2.6 va cic gia tri do dac tuong ting ciing ti s6
tit nhimg thi nghiém ctia Van der A va nnk.

V6i séng bé mit lan truyén, chuyén dong chat diém
nuée theo phuong diing sé chuyén dong lugng huéng ngang
di vao trong vi ra khéi 16p bién séng, ddn dén mot ting
suat trung binh con séng (Reynolds), —p (4w) (Longuet-
Higgins, 1953, Longuet-Higgins, 1958). Gra-dien theo hudng
théng ding clia Gng suit nay sé thic ddy mot dong chay
trung binh (dong ’stream’ 16p bién) theo huéng truyen
séng. Theo Nielsen (2006), ta xét dén ting sut séng Reynolds,
von ton tai & mép 16p bien séng, bing cich b sung them
mot thanh phan tng suit Reynolds, 7,z vio cho thanh
phan theo phuong z clia ting suét tiép day, nhu 6 PT (15).
Bing cach nay, tang dudc tong ting suat Shields dudi dinh
séng v gidm tng sudt dudi chan séng. Ung sudt song
Reynolds duge uée tinh nhu sau (Fredsge va Deigaard,
1992, Nielsen, 2006):

i (22)

v6i @ duge xéac dinh theo PT (8), a,, = 4/(31) = 0.424
con ¢, 1a toc do truyen séng, wdce tinh tit ¢, = L/T, trong
d6é L thu duge tir cich xdp xi tudng minh ctia Soulsby



proximation of the dispersion relation. Here f,, is the full-
cycle wave—current friction factor, f,s = afs + (1a)fu,
with fs calculated as before and f,, is Swart’s friction fac-
tor calculated as per Appendix A.

(1997, tr. 71) cho hé thic phan tan. O day f,, 1a heé s6 ma
sat séng-dong chay toan chu ki, fus = afs + (1a) fu, v6i
fs dude tinh nhu truée va f,, 1a hé s ma sat Swart dudc
tinh nhu & Phu luc A.

2.3 Distributing sediment load between half cycles: phase lag parameter | Phan bd tai
luong cat gitta hai nita chu ki: tham sb tré pha

The sand load entrained during each half-cycle, ;, is cal-
culated using Eq. (2). How much of that sand is trans-
ported within the half-cycle and how much remains in
suspension to be transported in the following half-cycle
is determined by the value of the phase lag parameter for
the half-cycle, P;, as follows:

Tai lugng cat duge khudy ndi trong mdi nita chu ki, Q;,
dugc tinh theo PT (2). Trong d6, bao nhiéu cat duge van
chuyén di trong nita chu ki v bao nhiéu van ndi lo ling
va sé duge van chuyén va sé duge chuyén di trong nita chu
ki tiép theo; tat ca sé dugc xac dinh theo gia tri ciia tham
s6 tré pha cho nita chu ki, P;, nhu sau:

Q. iR <1

Qee = 1 1 (23)
EQC lfPC >1

0 0 P, <1 o

TV E) e it 2
O, it <1

Qi = 1t 1 o (25)
EQt ifP > 1

0 0 iP, <1 ”

te = (1—,%)@ itp, > 1 (26)

Thus, when the phase lag parameter P; exceeds 1, there

Nhu vay, khi tham s6 tré pha P; vugt qua 1, sé c6 trao

is an exchange of sand from the present half-cycle to the i cat tit nita chu ki hién thdi sang nita chu ki tiép sau.
following half-cycle. The phase lag parameter is given by: Tham s6 tré pha dugc cho bdi:

P all-— % m if n > 0 (ripple regime / ché do gon cat) @
‘ all-— % m if n = 0 (sheet flow regime / ché do dong cét sat day)
P all+ % an)wt if n > 0 (ripple regime / ché do gon cat) (28)
t = ; )
all+ % m if n = 0 (sheet flow regime / ché do dong cat sat day)

where « is a calibration coefficient, 7 is ripple height (Ap-
pendix B), d,; is sheet flow layer thickness for the half
cycle (Appendix C) and wg; is the sediment settling veloc-
ity within the half cycle. The term m represents
the ratio of a representative sediment stirring height (r;
ripple height 7 or sheet flow layer thickness d4;) and the
sediment settling distance within the half cycle. In the rip-
ple regime, the generation and ejection of sediment laden
vortices on the ripple sides result in unsteady phase lag ef-
fects. The relative importance of the vortex shedding pro-
cess depends on the size of the vortices and their entrain-
ment height, which scale with the ripple height 7 (Van der
Werf et al., 2006). In the sheet flow regime, where phase
lag effects occur predominantly for fine sands, the char-
acteristic entrainment height of the sand scales with the
thickness of the sheet flow layer d,;. The above approach
for ripple conditions is different from previous half-cycle
formulae of Dibajnia and Watanabe (1996) and Silva et
al. (2006) in which the effect of ripples on the phase lag
parameter is accounted for through a modification of the
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trong d6 « 13 mot hé sd hiéu chinh, 7 13 chidu cao gon
cat (Phu luc B), d, 1a do day 16p dong cat trong nita chu
ki dau (Phu luc C) con wsg; 1a téc do chim clia hat tram
tich trong nita chu ki dau. S6 hang m biéu thi
cho ti s6 giita do cao khudy cat dai biéu (r; = chiéu cao
gon cat n, hodic do day 16p dong cét J,;) v6i khoang céch
chim ldng hat trong ntta chu ki dau. O ché do gon cat,
su thanh tao v& xuét 16 clia cac xody c6 cudn theo cat, &
céc sudn bén ggn céat, gy nén hieu tng tré pha khong 6n
dinh. Mitc d6 quan trong tuong ddi clia qua trinh tao xody
thi phu thudce vao kich thude cac xody nay ciing nhu chiéu
cao hoa nhap, von ti 1é theo chiéu cao gon cat n (Van der
Werf et al., 2006). Trong ché do dong chdy lép cét, noi
hiéu tng tré pha x3y ra chii dao § cit mih, chiéu cao hoa
nhap ti 1é v6i bé day 16p dong cét d,;. Cach tiép can trén
cho diéu kién gon cat c6 khac so vdi cac cong thitc nita
chu ki ctia Dibajnia vd Watanabe (1996) ciing nhu Silva
va nnk. (2006) trong d6 4nh hudng clia gon cat lén tham
s6 tré pha thi dudc tinh qua viéc chinh sita gia tri phan
gidi ctia P; cho day gon cat.



critical value of P; for rippled beds.

The sediment settling time is related to the decelera-
tion time within each half cycle, 2(T; — T}, ), thus recog-
nising that with increasing (forward leaning) acceleration
skewness the settling time during the crest half-cycle in-
creases, leading to a smaller P,; analogously the settling
time during the trough half-cycle decreases, leading to
a larger P,. This effect was seen in the fine sand sheet
flow experiments of Van der A et al. (2009) and in the
1DV model simulations of Ruessink et al. (2009), both
for acceleration-skewed flows, but the process is also ex-
pected to play a significant role for rippled bed condi-
tions. In the absence of acceleration skewness T;,, = T;/2
and the settling time reduces to the half-cycle period since
2(T; — Tiw) = Ts.

Calculation of the sediment settling velocity is based
on Soulsby (1997), assuming a suspended sediment size
ds = 0.8dsp (Van Rijn, 2007c). However, for the case
of progressive surface waves (not tunnel-type oscillatory
flow) we include an allowance for possible vertical advec-
tion of sediment due to vertical orbital water particle ve-
locities (Kranenburg et al., 2013). Although wave-induced
vertical velocities are small near the bed, they can be of
the same order of magnitude as the (still-water) sediment
settling velocity, especially for fine sand and high waves. In
the deceleration phase of the crest half cycle, wave-induced
vertical water particle velocities are increasing and are di-
rected downwards, aiding the sediment settling process; in
contrast, the settling of sediment during the trough half
cycle is reduced due to increasing, upwards-directed wave-
induced water particle velocities. Sand settling velocities
during the crest and trough half cycles are accordingly
adjusted as follows:

Wge = Wg — wmin(rc)

wgr = max(wg —

where wj is the (still-water) settling velocity as determined
using Soulsby (1997), Wyin(re) is the peak negative verti-
cal water particle velocity at elevation r. and Wy, (1) is
the peak positive vertical water particle velocity at eleva-
tion r4. W, and w; are estimated using Stokes 2nd order
wave theory and the selected elevation is r; = 7 in the
ripple regime and r; = Jg; in the sheet-flow regime. For
tunnel-type oscillatory flow wg. = wg = wg.

The terms (1 - %) and (1 + %) in Eqs. (27), (28)
(where ¢,, = wave speed, £ = calibration factor) account
for a second effect of progressive waves on the phase lag
behaviour: that of horizontal sediment advection caused
by horizontal non-uniformity in the wave field. The wave
non-uniformity produces horizontal gradients in the hor-
izontal sediment flux, with the result that sediment con-
centration is no longer controlled by local vertical sed-
iment fluxes alone (i.e. pick-up from and deposition to
the bed). Kranenburg et al. (2013) show how this intra-
wave horizontal sediment advection leads to a “compres-
sion” of sand (increased concentration) under the wave
crest and a “dilution” (decreased concentration) under the
wave trough, causing a net transport rate in the direction
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Thai gian chim ling c6 lien hé véi thoi gian gidm téc
trong mdi nita chu ki, 2(7; — T},,), do vay viéc nhan thay
rang véi do xien tang toc (chii vé phia trude), thoi gian
chim ling trong nita chu ki ndy sé tang lén, dan t6i P.
nho di; tuong ty thoi gian chim ling trong nita chu ki day
séng thi giam di, ddn dén P; 16n hon. Higu ting nay dudge
thay & cac thi nghiem dong 16p cat min ctia Van der A et
al. (2009) va trong cdc mo phéng bang mo hinh 1 chiéu
huéng ding ctia Ruessink va nnk. (2009), c& hai déu cho
dong chay xién gia tdc, nhung qué trinh nay ciing dugc
coi l& ¢6 vai tro quan trong trong diéu kién ddy gon cét.
Khi ving mat do xién gia toc T, = T;/2 va thoi gian 1ang
chim gidm xudng con nita chu ki vi 2(T; — Ty,) = T;.

Viéc tinh toan téc do chim ling bun cat dya theo
Soulsby (1997), vdi gia thiét kich cd hat lo liing d, = 0.8d50
(Van Rijn, 2007c). Tuy nhién, v6i trudng hgp séng lan
truyén bé mat (khong phai dong chay dao dong trong
dudng 6ng), ta dua kém vho kha nang van chuyén bimn
céat theo phuong dimg do van téc quy dao chat diém nude
phuong ding (Kranenburg et al., 2013). Miac du thanh
phan van téc phuong ding do séng nay kha nhé & gan
d4y, nhung né van c6 thé c¢é ciing cap do véi téc do chim
bun cat (trong nude tinh), dic biét 1a véi cat min va séng
l6n. Trong pha gidm téc clia nita chu ki dinh séng, cac
van tbc phuong ding do séng déu tin lén va hudéng chic
xudng, lam ting cudng chim ling. Ngudc lai, sy chim ling
ciia bun cat trong nia chu ki chan séng lai bi suy gidm
béi thanh phan van téc chat diém nudc tang dan huéng
lén trén. Cac tbc do 1ling chim biin cat trong hai nita chu
ki dinh séng va chan séng duge didu chinh tuong tng nhu
sau:

(29)
Winaz (1), 0) (30)
trong d6 ws 1a tdoc do chim ldng (trong nudc tinh) duge
x4c dinh bing cong thitc Soulsby (1997), wymin(re) 12 tdc
do chat diém nudc cyc tri am theo phuong ding tai cao
trinh 7. cON Winez(r¢) 14 toc do chat diém nuée cue tri
duong theo phuong ding tai cao trinh 7. w,. va w; duge
tinh theo ly thuyét séong Stokes bac 2 va cao trinh duge
chon 1a r; = 1 trong ché do gon cat day va r; = d,; & ché
do dong cat sat day. Véi kiéu dong chay dao dong trong
6ng7 Wse = Wst = Ws.

Cac s6 hang (1 — s ) VA, (1 + %) trong cic PT

(27), (28) (v6i ¢, = t6c do song, & = heé s hiéu chinh)
tinh dén mot hicu ng thi hai clia séng tién déi véi hien
tugng tré pha: phan chuyén tai biin cat trén phuong ngang
gay bdi truong séng khong déu trén phuong ngang. Su
khong dong déu clia séng tao nén gradient huéng ngang
clia ludng biin cat phuong ngang, hé qua la néng do bun
cat khong chi con bi kiém soat bdi mdi Iwu lugng chuyén
cat phuong ditng (nghia 1a khudy lén va lang xudng déy).
Kranenburg va nnk. (2013) cho thiy su chuyén tai bim cat
ndi trong mdi con séng nay sé dan dén sy “don nén” cat
(tdng nong do) dudi dinh séng va sy ¢ hoa lodng” (gidm
nong do) dudi chan séng; tit d6 dan dén mot luu lugng van

f“jc
C.




of wave propagation, even for sinusoidal waves. The impor-
tance of this transport mechanism for progressive surface
waves is shown with a numerical boundary layer model
(based on advection—diffusion for the sediment) applied to
the large wave flume experimental conditions of Schretlen
et al. (2011). Kranenburg et al. (2013) show that the effect
of horizontal sediment advection can be accounted for via
correction of the phase-lag parameter through the adjust-
ment time scale T4:

where A/w; is the ratio of sediment stirring height and
settling velocity, representing the settling time of sedi-
ment; uy,(t) is the free-stream horizontal flow velocity in
the transport layer near the bed; and £ is a coefficient ac-
counting for the shape of the velocity and concentration
profile. A short description of the analytical background
of this time scale is presented in Appendix D (see Kranen-

burg et al., 2013 for more details). The factor (1 - %p)

represents the influence of horizontal sediment advection.
It is < 1 under the wave crest and > 1 under the wave
trough and therefore represents a decrease of the adjust-
ment time scale under the wave crest (i.e. a quicker reac-
tion of the concentration to changes in the velocity) and an
increase of adjustment time scale under the wave trough.
The factor is significant only when waves are large with rel-
atively high orbital flow velocities u,,(t) compared to the
wave speed c¢,,. Moreover, it can only become effective if
phase-lag effects are important, or in other words, the ad-
justment timescale T4 should not be negligible compared
to the wave period T. Based on this result, the effect of
horizontal sediment advection is incorporated in the sand
transport formula through a correction of the phase-lag
parameters P; for the wave crest and trough, using a fac-

tor (1 - 5"%(’5)) for the settling time of the crest load and

1+ guc“i’(t)) for the settling time of the trough

load as per Egs. (27), (28). We use coefficient ¢ as cali-
bration parameter in this simplified parameterisation (see
below).

a factor (

2.4 Graded sands | Cat cap phéi

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

i @
sqrt(s — 1)gd3,
where g, ; is the net transport rate of fraction j with di-
ameter d;, and percentage p; of that fraction in the bed
material, and M 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 fraction (ks ; ~ d;), or whether for each fraction the
same roughness (and hence bed shear stress 7) based on
the median grain diameter of the mixture (ks ~ ds0o)

_ZJ
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_ Sy (t)

chuyén tinh theo huéng truyén séng, ngay cd vdi nhitng
con séng hinh sin. Tam quan trong ciia co ché nay déi véi
séong lan truyén bé mat duge thé hien qua mot mo hinh
s6 cho 16p bién (dya trén hién tugng chuyén tai-khuéch
tan cho biin cat) duge ap dung trong diéu kién thi nghiém
mang séng 16n ctia Schretlen va nnk. (2011). Kranenburg
va nnk. (2013) da cho thiy hiéu ting ctia chuyén tai bin
cat phuong ngang c6 thé tinh dén véi viec hieu chinh tham
s6 tré pha thong qua cd thdi gian diéu chinh Ty:

)

trong d6 A/wyg 1a ti s6 gitta chiéu cao khuay dong bun cat
so v6i toc do chim ling hat, ti s6 nay thé hien thoi gian
chim ciia blin cét; 1, (t) 14 lvu tdc hudng ngang thuoc
dong tu do & 16p van chuyén phia trén day; va & la mot
hé s6 c6 xét dén hinh dang ctia pro-fin van téc van téc
va nong do. Mot doan mé ta ngin vé cd sé 1y thuyét cho
cd thoi gian nay duge trinh bay trong Phu luc D (xem

them Kranenburg et al., 2013). Thanh phan (1 — 6UL(”)

Cw
thé hién anh hudéng ctia chuyén tai bin cat theo phuong
ngang. N6 < 1 duéi dinh song va > 1 dudi chan séng; va
nhu vay sé biéu dién sy rit ngén ¢ thoi gian diéu chinh
dudi dinh séng (nghia 13 tri s6 ndong do sé phan tng nhanh
hon khi ¢6 thay doi luu toc) va sy kéo dai cd thai gian diéu
chinh duéi chan séng. Thanh phan nay chi ¢6 ¥ nghia khi
cac song 16n va van toéc quy dao u,(t) 16n so vé6i téc do
truyeén séng c,,. Hon nita, né chi c¢6 thé hiéu qua néu cac
hiéu ting tré pha la quan trong, hay néi cich khac 1a cd
thoi gian diéu chinh T4 khong thé bé qua dudc so véi chu
ki séng T. Duya trén két qud nay, hieu dng ctia sy chuyén
tai bun cat theo huéng ngang dugc gdp vao cong thitc van
chuyén bim cat thong qua hiéu chinh céc tham sé6 P; cho

(31)

Cw

dinh séng va chan séng, st dung mot hé sb (1 - Euciw(t))
cho thdi gian chim ling ctia tai lugng dinh séng va mot
tham sb (1 + 5“%@) cho thdi gian chim ling cfia tai lugng

chan séng nhu cac PT (27), (28). Chung t6i dung £ lam
thong s6 hiéu chinh trong cach tham s6 héa don gian nay
(xem doan tiép theo).

Déi véi dieu kién cat cip phdi, mot phuong phap phan
tach ducgc diing dé tinh lugng van chuyén cat tinh nhu
sau:

qS,j

32
sqrt(s — 1)gd3 (32)

j=1

trong do g, ; la lvu lugng van chuyén tinh ctia phan thi j
v6i duong kinh d;, va ti 1¢ p; clia phan d6 trong vat lieu
day, va. M 13 sb phan c¢& hat trong vat lisu day.

Van Rijn (2007c) da théo luan xem liéu do nham ctia
mdi phan nén duge chon theo dudng kinh hat ciia phan
d6 (ks ; ~ dj), hay moi phan déu lay chung do nham (ttc
1 cling chung ting suat tiép ddy 7) dua theo dudng kinh
hat trung vi ctia hén hgp (ks ~ dsg). Cach thit nhat gia
thiét su tach biét ciia cac phan trong khi thi nghiem, con



should apply. The first approach assumes segregation of
the fractions during the experiment, while in the second
approach the bed is assumed to remain well-mixed. Us-
ing a multi-fraction approach (including hiding/exposure
effects discussed below), Van Rijn (2007¢) compared pre-
dicted net transport rates from his quasi-steady formulae
using both approaches with the medium sand results of
Hassan (2003). Best results were obtained with k ; ~ dj,
in agreement with the observed segregation processes dur-
ing the majority of Hassan’s (2003) graded sand experi-
ments. In the present formula, assuming k. ; ~ 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 phase lag
parameter also depends on the grain size of the fraction,
therefore:

cach thit hai thi coi nhu day cat van dudce coi 1a tron déu.
Béng vigc diing mot cach tinh da phan (bao gom ca céc
hi¢u 1ing che chan/phoi 1o nhu sé trinh bay dudi day), Van
Rijn (2007c) da so sanh cac luu lugng van chuyén tinh duge
dy tinh bing cac cong thitc gia én dinh ciia ong theo ci
hai cach véi két qua tit mau bin cat ¢& trung clia Hassan
(2003). Nhitng két qua tot nhat da thu duge véi ks ; ~ dj;
diéu nay phit hgp véi cac qua trinh tach biet da quan sat
thay trong da s6 cac thi nghiém ctia Hassan (2003) vdi cat
cap phoi. Trong cong thiic hien tai, gid thiét rang ks ; ~ d;
trong phép tinh luong tai cit trong mdéi phan ciing dan dén
két qua khép nhét vé6i cac gia tri luu lugng tinh thuc do.
Khi tinh luu lugng van chuyén titng phan, tham sé tré pha
cling phu thudc vio ¢d hat cia phan dé, vi vay:

‘ all-— fp“—uc m if n = 0 (sheet flow regime / ché do dong cat sat day)
P all+ % W”M)wt if n > 0 (ripple regime / ché do gon cat) (34)
t= " .
all+ % m if n = 0 (sheet flow regime / ché do dong cat sat day)

In which the settling velocity is based on the particle
settling velocity for each fraction individually. The repre-
sentative entrainment height (either 5 or dy;) is the same
for each fraction and is based on the overall dsg.

It is well known that for beds consisting of different
size fractions, the finer particles tend to “hide” between the
larger particles and therefore have reduced mobility com-
pared to a uniform sand of the same diameter. At the same
time coarser particles become 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 of d;/dsg, to the critical Shields parameter
and/or the effective Shields parameter (see e.g. Hassan,
2003, Van Rijn, 2007c). Correcting the critical Shields pa-
rameter only has significant influence on conditions near
the threshold of motion. For relatively large Shields pa-
rameters, such as for the present sheet flow conditions, an
adjustment to the Shields parameter has a greater impact.
We apply the correction e.f¢; to calculate the effective
Shields parameter for the fraction with grain size d; as
follows:

10ij.erfl = €csrj

where, as before, ¢ = ¢ (crest) or ¢ (trough), and |6; ;| is
the Shields parameter for fraction j, which feeds into the
calculation of the sediment load as follows:

Qi,j = {

0

m(|0j.errl — 0

Trong d6 téc do chim ling dude dya trén téc do chim
hat ctia tiing phan riéng ré. Do cao khuiy dong dai dién
(n ho#c 1a ;) 1a bing nhau déi v6i mdi phan va duge dua
trén dsg chung.

Ta biét 16 ring véi day cat chita nhidu phan hat c6
kich ¢& khac nhau thi nhitng hat min hon c6 xu thé “nip”
sau hat 16n va do vay gidm tinh co dong so véi mau hat
cat dong déu vé6i cac hat ciing duong kinh. Dong thoi,
céc hat tho hon tré nén dé bi phoi 10 truée dong chay
va dé co dong hon. Nhitng hiéu ting cdp phdi nay cé thé
dugc tinh dén bing cach ap dung mot hé sé diéu chinh,
thuong 1a mot ham cta d;/dsg, doi véi tham s6 Shields
phan gidi va/hodc tham sb Shields higu qua (xem thém
Hassan, 2003, Van Rijn, 2007c ching han). Viéc diéu chinh
tham s6 Shields phan giéi chi 4nh hudng dang ké dén tinh
trang gan ngudng chuyén dong. Dbi véi cac tham s6 Shields
16n, nhu khi c¢6 16p dong cét, thi viéc didu chinh tham s6
Shields s& 4nh hudng nhiéu hon. Ching t6i 4p dung diéu
chinh e.r¢ ; dé tinh tham sb Shields hiéu qua cho c¢& hat
d; nhu sau:

05,

(35)
trong d6, ciing nhu trude, i = ¢ (dinh) hodc ¢ (chan), va
|6; ;| 1a tham s6 Shields cho phan thit j, von duge dua vao
tinh toan tai lugng cat nhu sau:

if [0 j,eff| > Ocr,

. (36)
if 10; el > Ocr

)"

with 0., ; the critical Shields parameter, according to Soulsbyvgi 0.r; 1a tham s6 Shields phan giéi, theo Soulsby (1997),

(1997), for fraction j. Following Van Rijn (2007c), the cor-
rection factor is defined as:

Ceffg =

cho phan thtt j. Theo Van Rijn (2007c), hé s diéu chinh
dugce dinh nghia nhu:
4. >0.25

I 37
o (37)

(
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This simple correction factor is adapted here in prefer-
ence to the more commonly used correction factor of Day
(1980) which requires information on the gradation of the
sand mixture.

2.5 Calibration | Hiéu chinh

The limited applicability of many existing practical formu-
lae is, to some extent, the result of the limited range of flow
and sand conditions used to develop the formulae. For this
reason Van der Werf et al. (2009) brought together a large
dataset of existing net transport rate measurements from a
number of facilities covering a wide range of sand sizes and
full-scale flow conditions (the “SANTOSS database”). The
database has recently been extended to include more re-
cent net transport measurements for acceleration-skewed
oscillatory flows (Silva et al., 2011, Van der A et al., 2010)
and for progressive surface waves (Schretlen et al., 2011).
The entire dataset contains 226 measured net transport
rates for a wide range of full-scale (T > 4 s) conditions
in both the rippled bed and sheet flow regime, including
regular and irregular oscillatory flows with velocity skew-
ness or acceleration skewness (or a combination of both),
oscillatory flows with superimposed collinear currents and
non-breaking (shoaling) surface waves. Table 1 presents an
overview of the range of hydraulic conditions covered by
the data. In most of the oscillatory flow + current exper-
iments (43 out of 50 cases), the current was weak relative
to the orbital velocity, |us|/G < 0.5, so that in general
the experimental conditions for which measured net trans-
port rates are available are oscillatory flow-dominated, not
current-dominated. The extended database was used for
the calibration of the present practical sand transport for-
mula.

The calibration procedure is an iterative procedure in-
volving three main calibration coefficients: (i) the coeffi-
cient « in the phase lag parameter (Egs. (27), (28)) for
sheet flow and rippled bed conditions; (ii) the propor-
tionality constant m in the sediment load formula (Eq.
(2)), and (iii) the power of the excess Shields parameter
n in the sediment load formula. In the calibration proce-
dure, a was tuned to find the highest correlation between
the measured and predicted transport rates; m was then
found from least square fitting a straight line with zero in-
tercept to the measured and predicted net transport rate
values, repeating for different values of coefficient n. Once
an initial calibration was completed, several subsets of the
data were examined and calibration coefficients specific
to each subset (p, p and £) were tuned individually to
obtain best agreement between measured and predicted
transport rates for each particular subset of data. After
this m, n and a were adjusted again to obtain best over-
all agreement. The entire procedure was repeated several
times, finally resulting in: « = 8.2, m = 11.0 and n = 1.2.

o,

Hé s6 diéu chinh don gidn nay da dugc chinh sta &
day thay vi diing dang phd bién ctia Day (1980), & d6 can
thém thong tin vé cip phdi clia hdn hop cat.

Kha ning 4p dung rat han ché clia nhiéu cong thic thuc
dung hién c6 mot phan 1a vi pham vi han ché ctia nhing
diéu kien dong chdy va cat dung dé xay dung céic cong
thitc dé. Do vay, Van der Werf va nnk. (2009) da tong hop
mot bo s lieu 16n nhitng két qua hién c6 vé do dac luu
lugng van chuyén cat tinh, tit nhiéu hinh thic thi nghiem
bao trim nhiéu loai ¢& hat va diéu kién dong chiy ding
quy mo thuc (co sé di lieu “SANTOSS database”). Gan
day, co s6 dit lieu nay duge mé rong dé kem theo nhitng do
dac lugng van chuyén tinh tit dong chay dao dong léch gia
toc (Silva va nnk., 2011, Van der A va nnk., 2010) va séng
lan truyén bé mat (Schretlen va nnk., 2011). Toan bo dit
lisu bao gom 226 Iuu lugng van chuyén tinh cho mot pham
vi rong cac truong hop c6 quy mo thyc (T > 4 s) gom ca
ché do day gon cat va dong cat day, bao gom cac dong
chay dao dong c¢6 quy luat va ngau nhién véi do lech van
tdc va lech gia t6c (hodc két hgp ca hai), dong chdy dao
dong két hop véi dong déng huéng va séng khong vi (séng
nude nong). Bang 1 trinh bay tong quan vé cic didu kien
thity Igc ma sb lieu c6 lien quan dén. Trong da s6 cac thi
nghiem dong chay két hgp vdi dong dao dong (43 trong s6
50 truong hgp), dong chdy 1a yéu so vé6i van téc qui dao,
lus|/@ < 0.5, vi vay néi chung céc diéu kien thi nghiem c6
do luu lugng van chuyén biin cat tinh déu déu 1a dong dao
dong chi phdi chit khong phai dong ding huéng chi phéi.
Co s6 dit lieu md rong nay dude ding dé hiéu chinh cong
thitc van chuyén bim cat thite dung hieén dang xét.

Qua trinh hiéu chinh 14 mot qua trinh lap bao gom
ba hé s6 hi¢u chinh co ban: (i) hé s6 a trong tham sb tré
pha (cac PT (27), (28)) cho céc diéu kien dong chdy 16p
day va gon cat day; (ii) hing so ti 1@ m trong cong thiic
(PT (2)), va (iii) s6 mil clia tham s6 Shields vugt ngudng
n & cong thiic van chuyén bim cat. Trong qué trinh higu
chinh, o duge chinh sao cho dat duge tuong quan chit ché
nhét gita cac lugng VCBC do dac va uéc tinh; sau d6 m
dudc tim biang cach khép binh phuong nhé nhat véi mot
dudng thang véi giao cit khong di qua nhém diém tuong
quan gitta cac gia tri VCBC tinh do dac va tinh toan, va
15p lai cho céac gia tri hé s6 n khac nhau. Mai khi viéc higu
chinh ban dau duge hoan thanh, vai tap con ctia bg s6 ligu
duge kiém tra lai va cedc hé s6 hieu chinh riéng cho timg
tap con (p, pu va £) duge diéu chinh dé dat duge sy phit
hop cao nhat gitta lugng VCBC do dac va tinh toan cho
mdi tap con sb lisu. Sau d6 thi m, n va a duge diéu chinh
dé thu dugc sy phit hgp téng thé t6t nhit. Toan bo qua
trinh duge lip lai vai lan, va cudi ciing cho ta: a = 8.2,
m=11.0 van =1.2.

3 Calculated and measured net transport rates | Luu lugng van chuyén

bun cat tinh toan va thuc do

In this section we compare calculated net transport rates
with measured transport rates for particular sub-datasets

Trong muc nay ta so sanh cac luu lugng VCBC tinh toan
v6i do dac cho céc tap con sb lieu cu thé (xem Bang 1)



Bang 1: | Table 1. Overview of dataset used for development and calibration of the formula. The number of conditions
is divided per flow (regular, irregular) and per transport regime (sheet flow, rippled bed). Here d5¢ is the median grain
diameter, T{;) the (peak) flow period, ww, mas the maximum orbital velocity, us the net current velocity (negative
indicates a current direction opposite that of the implied wave direction) at level z = 6 computed from the measured
or imposed current velocity by assuming a logarithmic velocity profile with § = 0.2 m, ¥,,,,, is the mobility number
based on wy, maz, and S and R represent the degree of velocity and acceleration skewness, respectively (see Section 2.1).
The subscript (sig) applies to the irregular flow conditions for which significant (i.e. average of the highest one-third)
values are listed. ® Tdng quan vé bo sb lieu duge ding dé xay dung va hiéu chinh cong thiic. S6 céc didu kien duge
chia cho loai dong chéy (déu, khong déu) va theo ché do van chuyén (I6p dong cat, day gon cat). O day dso 1a duong
kinh hat trung vi, T(;) la chu ki séng dinh Phd, Uy max 12 van tdc qui dao cuc dai, us 1a van tdc dong chdy tinh (gid
tri am thé hién huéng dong chay ngude véi husng séong dinh trude) tai mitc z = § duge tinh tit dong chiy do dac hogc
dong chay ap dat theo gid thiét mot pro-fin van toéc dang logarit véi 6 = 0.2 m, ¥,,q, 12 s6 co dong dua trén wy maz,
con B va R thé hien lan lugt do xién van téc va gia toc (xem Muc 2.1). Chi s6 (sig) 4p dung cho dong chéay khong déu
trong d6 cac gia tri ¥ nghia (tic 1 trung binh ctia 1/3 céc s6 16n nhat) duogce liet ke.

Flow condition | DK dg chay dso Tp) Uy, maz(sig) ug Y onax(sig) B(sig) R4 Number of conditions |
reg.  irreg. s.f.

(mm)  (s) (m/s) (m/s) 0 0 0 déu k/déeu lop dy.

Sinusoidal osc. flows | 0.22 10.2 0.63 - 79 0.5 0.5 - 1

DC dao dong sin

Velocity-skewed osc. flows | 0.13 4 0.16 - 9— 0.5 0.52 70 22 40

DC dao dong xién van tdc —0.46 —12.5 —1.72 1427 —0.70

Acceleration-skewed osc. flows |  0.15-0.46 5-10 0.83-1.45 - 225-702 0.56-0.8 0.5 - — 47

DC dao dong xién gia toc

Accel.+vel. skewed osc. flows 0.15; 0.20 7-10 0.94-1.61 - 364-793 0.60-0.72  0.53-0.60 6 - 6

DC d.dong xién v.tdc+gia tdc

Oscillatory flows with current |  0.13-0.32 4-12 0.94-1.69 —0.50—0.5 269-841 0.5-0.7 0.5-0.70 50 - 50
Dg dao dong kem ding hudng

Graded sands | Cat cap phdi 0.15-0.54 5-12 0.72-1.63 0.24; 0.45 0.50 0.5-0.68 19 - 19
Progressive surface waves | 0.14-0.25 5-9.1 1.02-1.66 - 270-1079  0.46-0.56  0.55-0.67 11 — 11
Séng mat lan truyén 0.14-0.25 5-9.1 1.02-1.66 - 270-1079  0.46-0.56  0.55-0.67 11 — 11
Total | Tong sb 0.13-0.54 4-12.5 0.16-1.72 -0.50—0.5 9-1427 0.46-0.8 0.5-0.70 203 23 173
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(see Table 1) in order to highlight i) the different transport
mechanisms that are captured in the formula, and ii) the
performance of the formula for each sub-dataset.

Hinh 4: | Fig. 4. Comparison between measured and
calculated net transport rates for velocity-skewed os-
cillatory sheet flows with dso > 0.20 mm. The solid di-
agonal indicates perfect agreement, the dashed lines a
factor 2 difference. @ So sanh gitta céc tri s6 luu lugng
van chuyén thuc do va tinh toan cho dong 16p cat sat
day c6 lech van téc véi dso > 0.20 mm. Dudng chéo
lién nét thé hien su phit hop hoan toan, cac duong
ditt nét thé hien chénh léch 2 lan

Hinh 5: | Fig. 5. Comparison between measured and
calculated net transport rates for acceleration-skewed
oscillatory sheet flows with dsg > 0.20 mm. The grey
diamonds indicate conditions of Watanabe and Sato
(2004) for which phase lag effects are active. Note that
in Fig. 5, Fig. 6, Fig. 7, Fig. 8, Fig. 9, Fig. 10, data
from the preceding figure is included to aid compari-
son (and is indicated by the small light grey dots). e
So sanh gitta cac luu lugng VCBC tinh do dac va tinh
toan cho cac dong chay 16p day dao dong xién gia toc,
v6i dsp > 0.20 mm. Cac hinh thoi xam thé hién cac
diéu kién ctia Watanabe va Sato (2004) trong dé higu
ing tré pha déu tac dung. Luu ¥ ring trong cidc Hinh
5, Hinh 6, Hinh 7, Hinh 8, Hinh 9, Hinh 10, s6 liéu
tit cdc hinh trude duge kem theo (dudi dang céc diém
xam nhat nhé) dé so sanh.

nham vach 16 i) cac cd ché van chuyén khac nhau da duge
bao gom trong cong thic, va ii) higu ning ctia mdi cong
thitc 3 mdi tap con sb ligu.

3.1 Velocity-skewed oscillatory sheet flow with d5y > 0.20 mm | Dong chay cé 16p day
dao dong, luu téc xién, véi dsp > 0.20 mm

Fig. 4 shows a comparison of the measured and calculated
transport rates for the 32 pure velocity-skewed sheet flow
conditions with dsg > 0.20 mm contained in the SAN-
TOSS database. Nearly all transport rates for velocity-
skewed conditions are calculated within a factor 2 of the
measurements. In addition to the percentage of the data
falling within a factor 2, Table 2 lists the factor 5 per-
centage, the Brier skill score, the bias and the squared
correlation coefficient 72 (see caption). All performance
criteria indicate the excellent agreement between the mea-
surements and prediction for these conditions. With the
exception of one of Ribberink and Al-Salem’s (1994) con-
ditions (indicated by the arrow in Fig. 4), for all these ex-
periments with medium and coarse sand (dso > 0.20 mm)
P; <1, which means unsteady phase lag effects do no play
a role in the predicted transport.

Hinh 4 cho thiy so sanh gitta cac luu lugng VCBC do dac
va tinh toan cho 32 didu kién dong chdy 16p déy luu téc
xién thuan tdy, v6i dsg > 0.20 mm c6 trong co sd dit lieu
SANTOSS. Gan nhu tat c cic luu lugng VCBC cho diéu
kién luu téc xién déu nam trong khoang nita dén gip doi
tri s6 thyc do (goi 1a “miic 2”). Bén canh tri s6 phan tram
diém s6 lieu roi ngoai mitc 2, Bang 2 con liet ké phan
tram mtc 5, tri s6 Brier, do léch va hé s6 tuong quan binh
phuong 7?2 (xem tiéu dé hinh). Tat ci chi tiéu hi¢u nang
déu cho théy sy hgp 1y rat tot giwta tri sé thuc do va tinh
toan cho cac didu kién nay. Chi trit mot trong sé cac dicu
kién ctia Ribberink va Al-Salem (1994) (biéu thi bdi mii
tén ¢ Hinh 4), tit cd cdc thi nghiem nay vdi cat trung va
cat tho (dso > 0.20 mm) déu c¢6 P; < 1, nghia la do tré
pha khéng 6n dinh thi khong giit vai tro nao trong luu
luwgng VCBC uéce tinh duge.

3.2 Acceleration-skewed oscillatory sheet flow with dsq > 0.20 mm | Dong chay cé 16p
day dao dong, gia téc xién, véi dsy > 0.20 mm
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Bang 2: | Table 2. Performance criteria for the various data subsets. N indicates the number of data points contained
in the subset, BSS is the Brier Skill Score (Van der A et al., 2010, Van Rijn et al., 2003), here BSS =1 — (|¢s pred —
s;meas|?) /(@3 meas) Which gives a measure of the formula accuracy (BSS = 1 means perfect agreement, BSS < 0
means that the transport rate error is greater than when zero transport is predicted for each condition, i.e. the “do-
nothing” scenario), bias is the normalized mean bias defined as bias = ((¢s,pred — 9s,meas)/dsmeas) and indicates
the tendency of the formula to over- (positive bias) or underestimate (negative bias) the measurements, r? is the
squared coefficient of correlation, and the last two columns indicate the percentage of the predictions within factors
2 and 5 of the measurements. Van Rijn et al. (2003) proposed the following skill qualification: excellent: BSS =
1.0-0.8; good: 0.8-0.6; fair: 0.6-0.3; poor: 0.3-0; bad: < 0. e Tiéu chi hiéu ning cho cac bo s6 litu con. N biéu
thi s6 diém sb lieu trong bo, BSS la Diém Ky nang Brier (Van der A va nnk., 2010, Van Rijn va nnk., 2003), &
day BSS =1 — (|¢s.pred — QS,meas‘2>/<q37meas>; diém BSS cung cap thang do do chinh xéc ciia cong thic (BSS =
1 ddng nghia v6i hoan toan phit hgp, BSS < 0 dong nghia véi sai s6 luu lugng VCBC con 16n hon ci trudng hgp
dy béo khong c6 VCBC, hay kich ban “khong lam gi”), bias 14 do leéch trung binh chuan hoéa, duge dinh nghia 1a
bias = ((¢s,pred — Gs,meas)/Us,meas) V& biéu thi xu huéng ma cong thitc tinh toan thien 16n (léch duong) hay thien nho
(lech am) so véi do dac, r2 14 hé s6 tuong quan binh phuong, con hai cot cudi ciing biéu thi phan tram tri s6 dy doan
trong khoang cac cAp do 2 1an va cap do 5 1an so v6i tri s6 do dac. Van Rijn va nnk. (2003) dé xuat cach phan loai k¥
nang sau: xuit sic cho BSS = 1.0-0.8; t6t cho 0.8-0.6; trung binh cho 0.6-0.3; yéu cho 0.3-0; kém cho < 0.

Data (sub)set | Bo s6 ligu (con) N BSS bias(%) r? fac2(%) fach(%)
Velocity-skewed sheet flow | Dong 16p day, lech van téc dsp > 0.20 mm 32 0.91 -8 0.78 97 100
Acceleration-skewed sheet flow | Dg 16p day, lech gia toc dsg > 0.20 mm 32 0.92 2 0.87 84 97
Oscillatory sheet flow | Dong 16p day, dao dong dso <0.20 mm 29 073 -8 0.80 86 93
Oscillatory flow over rippled beds | Dong dao dong trén day gon cét 53  0.72 4 0.65 62 89
Oscillatory flow with collinear current | Dg d.dong kem DC cling chiécu 50  0.72 61 0.84 70 86
Graded sands | Cat cap phdi 19 0.83 45 091 89 100
Progressive surface waves | Séng bé mit lan truyén 11 057 27 ~-1.05 82 100
Regular flows | Dong chay déu 203 0.76 18 0.76 81 94
Irregular flows | Dong khong déu 23 054 18 0.95 57 87
Sheet flow | Dong 16p sat day 173 0.76 22 0.73 83 94
Ripples | Gon cat 53  0.72 4 0.65 62 89
Fine sand | Cat min (dso <0.20 mm) 64 0.70 -16 072 77 89
Coarse sand | Cét tho (dso > 0.20 mm) 162 0.79 31 085 79 94
All | Tat ca 226 0.76 18 0.77 78 93
All with ripple predictor | Tat c& v6i du doan gon cat 226 0.76 10 0.76 69 86
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Fig. 5 shows a comparison between calculated and mea-
sured net transport rates for the 32 pure acceleration-
skewed oscillatory flow conditions with dsg > 0.20 mm.
The calculated transport rates show good agreement with
the measurements, with 84% of the predictions fall within
a factor 2 of the measurements (also see Table 2 for further
details). The formula incorrectly calculates the transport
direction for one of Watanabe and Sato’s (2004) condi-
tions. Due to its forward-leaning acceleration skewness (3
= 0.6), a positive net transport rate is calculated, in con-
trast to their measured negative net transport rate. The
discrepancy may be due to measurement error: Watan-
abe and Sato (2004) determine their net transport rate on
the difference between the masses of sand collected at the
ends of the test section, a method that is more prone to
measurement error than the method based on mass con-
servation applied to the whole test section as used in most
other studies. For some of Watanabe and Sato’s (2004)
conditions (indicated with the grey symbols), the rela-
tively short flow period of T = 5 s combined with large
orbital velocities (Uy maz ~ 1.45 m/s) results in phase
lag effects contributing significantly to the net transport
rates (i.e. P; > 1). Watanabe and Sato’s own observations
of the time-dependent sand concentrations confirm the oc-
currence of the unsteady behaviour. No phase lag effects
were observed for the same sand size and orbital veloci-
ties for flow periods of 7 and 10 s, which provide longer
settling times (Silva et al., 2011). The transport formula
is able to capture these processes.

4 Conclusions | Két luan

A new practical formula for net sand transport induced by
non-breaking waves and non-breaking waves with collinear
currents has been presented. The formula is based on Diba-
jnia and Watanabe’s (1992) semi-unsteady half-cycle con-
cept, which accounts for the transport contribution related
to unsteady phase lag effects within the wave boundary
layer, and has bed shear stress as the main forcing pa-
rameter. The formula distinguishes itself from other semi-
unsteady half-cycle-type formulae through explicit inclu-
sion of surface wave effects, details in the process calcu-
lations and the extent of the experimental data used to
develop the 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
of full-scale flow conditions and uniform and graded sands
with median diameter ranging from 0.13 mm to 0.54 mm.
Good overall agreement is obtained between observed and
predicted net transport rates with 78% of the predictions
falling within a factor 2 of the measurements. The for-
mula has been validated against independent net trans-
port rate data for oscillatory flow conditions and bedload-
dominated steady flow conditions.

The formula performs best for regular oscillatory sheet
flow conditions, with and without currents, involving uni-
form fine, coarse and graded sands. Formula performance
for other conditions — rippled beds, irregular flows, pro-
gressive surface waves — is reasonable but less good. The
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Hinh 5 cho thiy sy so sdnh gita luwu lugng VCBC tinh
tinh toan va do dac cho 32 diéu kién dong chay dao dong
thuan xién gia tdc, véi dsp > 0.20 mm. Luu lugng VCBC
tinh toan cho thiy sy phit hop tét véi thuc do, trong do6
84% tri s6 du doan roi vao khodng tir mot ntia dén gap
doi tri s6 do dac (xem them chi tiét ¢ Bang 2). Cong thiic
tinh khong chinh xac huéng VCBC & mot trong cac didu
kién thi nghiém ctia Watanabe va Sato (2004). Do do léch
gia téc huéng vé phia trude (8 = 0.6), cong thitc da tinh
ra luu lugng VOBC tinh duong, ngudc véi tri s6 do da la
am. Su khéc biét nay c6 thé do do dac 16i: Watanabe va
Sato (2004) xéc dinh luu lugng VCBC ciia ho dya trén do
chénh léch khéi Iugng cat gom duge & hai dau ciia doan thi
nghiém, mot phuong phap dé pham phéi 161 do dac hon 1a
phuong phap thudsng ding 6 da s6 nghién ctu khac 1a dya
trén bdo toan khdi luong cho ci doan thi nghiem. Mot vai
trong s6 cac didu kién ciia Watanabe va Sato (2004) (thé
hién béi cac biéu tugng xam), chu ki tuong d6i ngan T =
5 s két hop vé6i van téc quy dao 16n (ty maez ~ 1.45 m/s)
dan dén cac hieu tng tré pha déng gép dang ké dén luu
lugng VCBC tinh (nghia la P; > 1). C4c quan tric clia
chinh Watanabe va Sato vé dién bién mat do cat theo thai
gian da khéng dinh ting xi khong én dinh ciia hien tuong.
Khong quan sat dugc cac hiéu ting tré pha cho cling ¢d hat
va van téc quy dao cho cac chu ki dong chay 7 va 10 s, von
dan dén thoi gian chim lang lau hon (Silva va nnk., 2011).
Cong thitc VCBC c¢6 kha ning nim bat dudc nhitng qua
trinh nay.

Mot cong thic thyc dung méi dé tinh luu lugng VCBC
tinh gay bdi séng khong v, va séong khong vé kem dong
chay ciing chiéu, da dudc trinh bay. Céng thitc duya duya
tren khai niém ntta chu ki ban 6n dinh do Dibajnia va
Watanabe (1992) dé xuat, trong d6 xét dén thanh phan
VCBC gén véi cac hiéu ting tré pha khong én dinh bén
trong 16p bien séng, va c6 tham sé luc day chinh 1a ing
suat tiép. Cong thiic khac biét so v6i nhiing cong thic
kiéu nita chu ki ban 6n dinh con lai § chd da bao gom mot
cach tudng minh cac hiéu tng ciia séng bé mit, cac chi
tiét trong tinh toan qua trinh v pham vi bo sé lieu thuec
nghiém ding dé xay dung nén cong thic nay.

Cong thiic duge phét trién theo mot co s6 dit lieu gom
226 tri s6 do dac VCBC tinh tit cac dudng 6ng dong chay
dao dong cd 16n, ciing mot mang séng 16n, nhim bao ham
mot pham vi rong cac diéu kien dong chiy véi ti 1é toan
phan, v6i duong kinh trung vi ctia hat tit 0.13 mm dén
0.54 mm. Ta thu dudgc sy phit hgp téng thé & mic tot giita
céac tri s6 do dac va tinh toan véi 78% s6 gia tri tinh toan
rdi vao khodng tir nita dén gap doi tri s6 do dac. Cong
thic da duge kiém nghiem theo ngudn sé lieu luu luong
VCBC tinh doc lap cho céc diéu kién dong chay dao dong
va dong chay 6n dinh c¢6 van chuyén bimn cat day chiém wu
thé.

Cong thitc ¢6 higu qua t6t nhat cho cac diéu kién dong
chay 16p day dao dong trat tu, cd c¢6 va khong dong don
huéng, bao gom céac loai hat cat min, tho, vi cip phdi.
V6i cac truong hop khac - day gon cat, dong chdy khong



difference in performance for different conditions can be
partly attributed to the unequal number of the various
conditions within the database of experimental results (Ta-
ble 1). But poorer performance is also likely to be partly
due to insufficient understanding of the detailed sand trans-
port processes, and this remains particularly true for pro-
gressive surface wave conditions, for which reliable de-
tailed data is difficult to obtain.

Arguably, the most significant shortcoming in the new
formula is that it is based entirely on oscillatory flows
and non-breaking surface waves. Accordingly, although the
model as constructed could in principle be applied to break-
ing waves as long as the hydrodynamics at the top of the
wave boundary layer can be provided as input, net trans-
port rates for breaking wave conditions cannot be calcu-
lated with any degree of confidence. A main goal of future
research therefore is to extend the range of large-scale lab-
oratory experiments to include breaking wave conditions
and, based on the experimental results, to adapt the for-
mula to account for the breaking wave processes.

The SANTOSS database of measured net transport
rates for large-scale oscillatory flow and surface wave con-
ditions and a MATLAB code for implementation of the
new, so-called SANTOSS formula are available on request
to the authors.
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Tai ligu

trat ty, vi séng bé mat lan truyen - céng thitc con hgp Ly
nhung khong t6t bing. Sy khac biét vé hiéu qua nay cé 1é
phan nao 1& do sb cac diéu kién khic nhau giita cdc nhém
dit lieu két qué thuc nghiem (Bang 1). Nhung hiéu qua
kém ciing c¢6 thé mot phan do syt hiéu biét chua day di vé
chi tiét cac qué trinh van chuyén cat. Va diéu nay van con
dac biet ding vdi cac didu kién c6 séng bé mit lan truyen,
vi s6 ligu chi tiét dang tin cay rat kho thu dudc.

C6 18 han ché 16n nhat ciia cong thitc mdi nay 1a né
hoan toan dua theo dong chay dao dong va song khong
v6. Do vay ma mac dit mo hinh thiét lap, vé nguyén tic
c6 thé ap dung dugc cho séng vé mién la diéu kien thiy
dong e 6 mat trén ctia 16p bien c¢6 thé duge cung cap nhu
s6 lieu dau vao, song luu lugng VOBC tinh cho cac diéu
kién song v& khong thé tinh toan duge véi bat ki miic do
tin cay ndo. Theo d6, mot muc dich chinh ctia nghién citu
trong tuong lai 1& md rong pham vi nhitng thi nghiém vat
1y ti 1& 16n dé bao gom cac diéu kien séng v& va, dya trén
két qua thic nghiem, diéu chinh cong thiic dé xét dén cac
qua trinh song va.

Co s6 dit lisu SANTOSS gom luu lugng VCBC tinh
thie do cho cac diéu kien dong chdy dao dong ti 1& 16n
va séng bé mat, cing v6i ma lenh MATLAB thuc thi cho
cong thite mdi “SANTOSS” déu c6 sén khi giti yéu cau dén
nhém tac gia.

Coéng trinh nghién citu ny 13 mot phan cia dy an SAN-
TOSS (van chuyén cat trong dong chéy dao dong & ché do
chéy 16p ddy) tai tro béi EPSRC Anh Quéc (GR,/T28089/01)
va STW Ha Lan (TCB.6586). JW cam ta nguon tai trg
nghien ctiu chién lugc ciia Deltares trong khuon khé du an
56 1202359.09. Cam on Richard Soulsby vi dd c6 nhiing
thao luan quy bau va phan hdi vé cong thiic trong subt du
an SANTOSS.
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