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Deformation Process of Sand Bars at River Mouth

INTRODUCTION

Most rivers in Hokuriku arca, Japan, have problems of closing river mouth caused by an
interaction between sediment transport of rivers and that duc to sca waves. Particularly in winter
scason intensive aclion of sca waves brings a severe closing of river mouth by development of
sand bar, and it suppresscs a capacity of flood flow with intcrmediate discharge such as that duc (o
snow-melt. On the other hand, large {lood breaks the sand bar by flushing sediment, and it
provides a sudden change of downstream boundary condition of {lood flow, which sometimcs
brings a sudden increase of discharge or vclocily in the river region. Actually, several kinds of
hydraulic structures already exist in 1/3 of the 563 rivers in Japan according to ficld investigations
(Suga & Matsumura 1971), and this lact suggests that most of rivers are exposed on problems of
river-mouth sedimentation. Hence, a reasonable prediction of deformalion process of sand bar is
required from the practical view point.

Sediment transport in rivers can be relatively simply described as a relation with {low
discharge. The sediment supplicd to the river-mouth area is expressed as a [unction of mcan
velocity of the upstream part of rivers. At the river mouth, the {low is contracted by development
of sand bar, and an increase of the transport capacity at this arca might be also estimated by
applying the same transport formula.

On the other hand, sca waves also supplics sediment into the river-mouth region as sand
drift. Sediment transport by sca waves is not so casy to be described as sediment transport by
river flow, mainly because it has more degree of freedom in transport mode, orientation and so on.
Particularly a component of sediment transport toward a sand beach should be rcasonably
evalualed for the purpose of describing sand-bar deformation. According to the previous works in
coaslal engincering, the orientation of sand drift might be subjected to Ursell parameter while the
quantity to Shiclds parameter, but no formulae which is applicable with the same order of accuracy
with the transport in rivers has been proposed. Thus in this paper, a simple formulation quite
similar to that of river sedimentation is adopted with several empirical parameters for predicting

sediment transport by sea waves.



TYPICAL DEFORMATION PROCESS OF SAND BAR AT RIVER MOUTH

In Fig.1, examples of change of transverse geometry of river mouth according to the ficld
measurements at the Mogami river (Suga, 1985). At the river mouth of the Mogami, a large sand
bar is formed at the left side, and the width of the river mouth is 50~100m in winter and it becomes
[00~200m after {loods. And, Fig.l indicates that the scctional arca of the river mouth is
proportional to the width. This depends on the fact that the water depth at the river mouth is
always kept 4~5m. Although the measured data during {loods have not been obtained, we might
estimate that the increase of (he sectional area of the river mouth during floods depends almost
totally on side erosion particularly in rivers with large depth such as the Mogami, the Gounokawa
and others. Fig.2 shows that the change of cross section of the river mouth is not geometrically
similar but that side erosion dominates to make a cross scction rather {lat. On the contrary, in the
case with jetty such as in the Ooyodo river, the increase of the sectional area of the river mouth
during flood depends on scouring of river bed. According to the aforementioned facts, an
analytical model is derived to describe the deformation process of sand bar based on an assumption

of side crosion.
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MODELLING OF DEFORMATION PROCESS OF SAND BAR AT RIVER MOUTH

Presently proposed model is schematically illustrated in Fig.3, and the balance of sediment
amount is expressed by the following cquation, which is a governing equation of deformation

process of sand bar at a river mouth.

(1-po) 5 (BAL) = (1}-02-(3)B (1

in which po=porosity of sand; B=width of the river mouth;
Br=width of the upstream part of the river; h=flow depth; PLANE VIEW
L=width of sand bar; fj=secdiment amount (substantial
volume) transported away from the river-mouth area by — Br
river flow accelerated due to contraction per unit width per

unit time; fp=sediment amount supplicd to the river-mouth

area by river flow per unit width per unit time; [3=sediment

- —_—

amount supplied to the river-mouth arca by waves. A

o= = ISh Waves =25

similar one dimensional modclling of scdiment budget was —=
alrcady formulated and the subscquent numcrical simulation
was attempted by Aota & Shutoh (1980); Ogawa, Fujita &
Shutoh (1984); and Tanaka & Suga (1985). j .

Sediment discharge by unidircctional flow is

FRONT VIEW

expressed as a function of flow velocity for constant
materials as follows:

Fig. iti ketch.
qp=kgUm ) Fig.3 Definition sketch

in which qp=sediment transport rate by flow; U=cross-sectionally averaged {low velocity; and
kp=dimensional constant for properties of sediment (diamcter, specilic weight and so on). Since
the transport rate might be proportional to the unit stream power (toU; To=bed shear stress) and the
bed shear stress is almost proportional to the squarc of U for unidircctional turbulent flow, the
exponent m of U in Eq.(2) is around 3, and then Eq.(2) is consistent to the general transport
formulae for river sedimentation (qg~W¥2; W=19%/](0-p)gd]=Shiclds parameter for river region;
o=density of sand; p=density of water; g=gravity accelcration; and d=sand diamcter). When

Eq.(2) is appliced to estimate {] and {3, they are expressed as follows:

]

fi = kn(%)m =aB™ L= kB(th )" =62 (3)



Eq.(3) means that {] is a function of B but [, is not.

When the Shields parameter in the coastal zone, Ws=Ts2/[(0-p)gd] (Tos=bottom shear stress
of coastal zone), is evaluated for the given characteristics of waves and the properties of sediment,
f3 can be evajuated such as f3~W 32, The Shields parameter due to wave action might be

independent of B and thus, {3 in Eq.(1) is written as
f3 = kprWs¥2 =3 (4)

Resultantly, Eq.(1) is rewritten as follows:

%_(Qz *B'"‘H-B*B (5)

in which a*=a/A*; B*=p/A*; B=B2+P3; A*=(1-po)VL. Eq.(5) is a Bernoulli's type non-linear
differential equation, and thus it can be converted to a linear difTercatial equation by transformalion

of a variable Z=B™, as {ollows:

%Z-= mp*Z-mo* (6)

The solution of Eq.(5) for constant o* and 3* is written as follows:
*
B= {Bomcxp(-mﬁ*t)+ g‘;_ [l-Cxp(-mﬁ*()) } I/m o

in which an initial condition that B=Bg at t=0 has becn imposed. The equilibrium width at the river

mouth, B, is expressed as
B. = (_C(_*)l/m (8)
e ﬁ*

Ilence, Eq.(7) can be rewritten as
B™-Bo™ = (Be™-Bo™)[ I-exp(-mB*1)] 9

The behaviour of sand bar at river mdulh under constant river flow discharge and constant
characteristics of waves is illustrated in Fig.4. The time scales of bar formation (development) and
bar collapse, Tp and T¢, might be defined as shown in Fig.4 (T*=p*t). Whenm=1, Tp=Tc, but
in general Tp>Te because m>1. It mcans gradual formation and quick collapse for the same

characteristics of river flow and sca wavcs, and such behaviour might be consistent with our

experiences and observed facts.
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Fig.4 Sand-bar development and collapse.

APPLICATION OF THE PRESENT MODEL

In the following, several practically interesting points related to the application of the present
modecl are investigated:

The unknown parameters in the present model are oo* and p*. The recent formula for
sediment transport by unidirectional {low can easily provide an cvaluation of a*, and even the
evaluation of B* is also less difficult i the complcxity and rigorous mechanism are despiscd.
Actually, accuraie evaluations of them should be further investigated. Instead of direct evaluations
of these parameters, the following practical method might be here proposed. As indicated by
Eq.(8), a combination of o* and B* provides B, and i{ we know the equilibrium geometry of the
river mouth against the conditions of river flow and sea waves, the behaviour of saud bar at river
mouth can be described or predicted without direct evaluation ol both o* and p*.

When the sediment transport rate by river {low and that due to wave action are represented

by qp and qp, respectively, the following manipulation is deduced.

M= qp°bR” Br™ 10
(§7)-om (10)
Therefore,
&: I/m (1 1)
Bg (1+YDR)

in which ypr=qp/qg=ratio of sedimenl transport by waves to that by river flow. Since ypRr
determines B¢/Br and qg(1+ypRr) determines the process rate of bar deformation, ypr is regarded
as the most imporant parameter. Although the individual floods during which bar deformation’is

appreciable, annual change of river-mouth morphology comparatively depends on the



characteristics of individual site of the river mouth. In other words, we can postulate the
characteristic value, ypRr, or respective site of river mouth. Therefore, an equivalent flow
discharge, Qp, is here postulated so that ypr={Qp/Q)™. In Fig.5, several examples of the relation
between width of river mouth and flow discharge observed at several actual rivers (Suga, 1985)
are shown, and the estimated relations oblained by assuming scveral values of the equivalent
discharge of wave are compared. By making these (igures, it is possible to evaluate appropriatce
values of ypRr for respective situations. In Fig.6, the laboratory data (Yamamoto, 1978) have been

also investigated. These data suggest that higher waves bring about larger values of Qp.
Br=80m 10
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Fig.5 Rclation betwecen river discharge, equivalent discharge due to waves

and equivalent width at river mouth in actual rivers.

As aforementioned, gradual deformation might

400 -
H H j Ha (e} F {s)| d=0023em
be easily predicted because the parameter ypg can be o n 0 Tad | i | (livs)
i A 2al- 0 o2 70 13 Qp (livs
determined as a characteristic value for ecach site. conu 153 1
- . Lah 32 9 o - S
Furthermore, gradual deformation process might be wo ﬂ‘isiiuc %3 zz,—/‘r ’/i:;_' 10
approximated as a linear system. Ifit is assumed that E ®'o’n 69 Lzsif' o 20
m=1, the governing equation becomes lincar, and the et :
following impulse responsc is obtained.
ST ‘
fD(‘) = ﬁ*CXP('B*() (12) 6 T ?Ril?()?m—
Baryar T 2 PRI I T
Q (livs)

And, the behaviour of sand bar at river mouth

responding to the temporal variation of the postulaled
Fig.6 Relation between, Q, Qp and Be

value of B, caused by the variations of flow discharge
in laboratory (Yamamoto 1978).

and wave properties can be genecrally described as

follows:



B(1) = JBe(t-E)fD(E)dE (13)

If the variation of B.(t) is sinusoidal, of which amplitude is so small as a linear
approximatjon is applied and fp(&) is kept independent of Be(t), the responding behaviour of B(1)

to Be(t) has a phase lag ¢ belonging to the first quadrature as expressed as

(JJTR I

sing=——tuR p = 14
VI+(wTR)? O T+ (wTr)? o

in which w=angular frequency; Tr=1/f*=rclaxation time of the system.

CONCLUSIONS

In this paper, an analytical modelling to describe deformation process of sand bar at river
mouth. DBased on the characteristics of bar delormation extracted from the data of ficld
measurements in actual rivers, one dimensional side-crosion type model has been proposed. The
governing parameters are related to the sediment transport law f{or river region and that for coastal
region. Considering the similarity of formulation of transport rates in river and coastal zones, a
simplified expression has been adopted, and it has been clarificd that the governing equation
becomies a Bemoulli-type differential equation with respect to the width at river mouth.

Instead of direct evaluation of paramecters related to the dynamics of sediment transport, a
parameter related to the equilibrium width at river mouth is proposed, which is a kind of
representative characteristics of respective river site. Based on scveral data of actual rivers and
laboratory data where the characteristics of wave have been controlled, the significance of the
proposcd parameter has been emphasized, and related (o this parameter, a concept of "equivalent
flow discharge” for sediment transport by waves has been introduced.

The governing cquation expresses a kind of relaxation, and using the simplest lincarized
expression, the behaviour of river-mouth width responding to temporally changing boundary
conditions such as flow discharge and the characteristics ol sea wave has been investigated, which
might correspond an annual variation ol river-mouth morphology. The present model has clarified
the lag behaviour of bar deformation.

In this study, an outline of modelling of deformation process of sand bar has been achieved,
and the individual mechanics related to sediment transport, flow properties affected by contraction,
unsteady properties of floods, wave propertics and sediment transport due to wave, which will be

more rigorously clarified in ncar future, will refine the present model increasingly.

_10_
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Applicability of a Lincar Filter Method
In the Surl Zone on a Sloping Bottom

In this study, we investigated the applicability of a lnear [ilter method
in the surl zone on a sloping botlom. Laboratory experiment were carried
out in the wave tank of 26m length, 0.6m width and 0.8m depth, Sloping
botlom were set in the wave lank, slope gradients were 1,30 and 1 ,10.
Water surface elevation were measured with Capacitance-Type Wave Gage,
horizontal and vertical water particle velocily were measured with Electro-
magnetic Current Meter. Comparison of the time series with calculated and
measured waler particle velocities show good agreement withoul Surging break-
er. Distribution of the peak velocity values and velocity value summations

show inleresting phenomena.
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Applicability of a Linecar Filter Method

In the Surl Zone on a Sloping Bottom

In this study, we investigated the applicability of a linear filter method
m the surfl zone on a sioping bolltom. lLaboratory experiment were carriced
out in the wave tank of 26m length, 0.6m width and 0.8m depth, Sloping
bottom were sel in the wave lank, slope gradients were 1730 and 1.710.
Water surface elevation were measured wilh Capacitance-Type Wave Gage,
horizontal and vertical water particle velocity were measured with Electro-
magnetic Current Meter. Comparison of the Lime series with calculated and
measured waler particle velocities show good agreement withoul Surging break-
er. Distribution of the peak velocity values and velocity value summations

show Interesting phenomena.
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Experimental Study of Sand Transporting Mechanism in On-Offshore Direclion

Abstract
Characteristics of sand ripples and sand transportations on the horizontal bottom by waves
are firstly investigated in experiment. The shape and the celerity of ripples are strongly
connected with the amplitude of waler particle orbit on the boltom.  The quantity of transport.
ing sands is roughtly eatimated by the use of Shields parametler, however the transporting
direction cannot be separated by Shields paramecter.
In the next experiment. the bollom shapes formed by beating waves upon the sand beaclwith
1710 slope are classificd into erosion type. accretion type and middie type. The boundary ol the
classification can be explained by the use of Shiclds and Ursell pavamelers. The quantity of
transporting sand can be estimated by these paramelers in the cases of erosion and accretion type.
however, in the case of middle type, the changing point of the dircction of sand transport should

be considered.
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Non-Equilibrium Sediment Transport

Transicnt process of scdiment transport is one of currently fascinating rescarch topics in {luvial
hydraulics. Direct effects of flow unsicadiness o/and nonuniformity and indircct effect duc to
"relaxation process” take place on transicnt process of sediment transport, but they are different
cach other in the mechanism as well as the cffect itsclf. A convolution-integral modcl with an
impulse responsc is cffcctive as a perspective [ramework of describing a relaxation process.

Although a lag distance of bed-load motion is short, it plays an important role on small scale
phenomena and on instability of bed undulation and bed-surface composition. With development
of sand waves and sorting process, the lag of bed-load motion becomes the order of flow depth.
The adaptation length of non-cquilibrium suspended sediment transport as for not only transpott
rate but also concentration profile often reaches a bundred times flow depth. Furthermore, the
transformation process of bed conligurations is also a typical example of "relaxation processes”.

Keywords : non-cquilibrivm sediment transport, trausicnt process, relaxation, impulse responsc
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HD A & uppa regime T2 ¥ 180J%, lowerregine TIAM 4 B E WS X SIcltse 2D %, Ki upperrcgine
THIIEE LT ERCH LT D @K (antidunes) VIR E L8 <, lowa regime TIE FUWICER T 27 K8 (duncs
Xidripples) FIES & T MAEH B NAe, 270K (19) DL 3% LAARTIE 7 —Y THII 5 & WHIF
ANHERUN, ChEHBLT, FHEOARS PARIRAFTHACERSNLICE 7 ()i - bk 1984) .

B8-1413 Bell & Sutherland (1983) 2 X & JEF W15 REDE © WRIMT, WAL & b IS adnplation length 4 1 Jii L,
(BRI ) TFRBTO (FERNY) FFEIEAIL WO TR T8Iz L > TH D, RO BET L 7% D
V) adaptationlength ¥ F 2 L HDH 5 2 M RIS LT WS (Jain 1987, Di Silvio 1987) . Lo L%cd s, iUt
Bell & Sutharland DFUE TIL BSZKO B TR THTKEILI FGELTH D, 220K (dunes) DIREFIFLTH
D, INLONENEL (—BOEKAR) FERALTOVINLTRADEEL LMD, FHIEHOTHEL AR TR
WRDRTF 7L 7 203 FIRHEO R3] 210 ()1 - k41979, Hung & Shen 1979) , R L LIZTHI
FETULSKFA—T— DA — L% b, £ LT PUMKISIA L Sa, FKEORB E & LICFIRROBIE,
TN IAT vy 7TV 7 ADBENRIS RO IE , REL COMDIF v T Ly 7 ADSTHIF IR K4S
EVD X DBREKAAOTRIED A 24305 (F] - EHR1979) , ¥w 2T w74 MR TERBDENA
YINVAEEIR AT v T ADHFHNETH D (K-15), —FH FRY vy b A b FIUE FOEIERKETD
OB RBEASFLOTH L L& (ERSW) LMOTHEDA NAISERICLD, TR L, FRY v LA
FERPIERACEFATOEORBIZRELLL VI Wb b,

CURBIBE DRETIE, RADHOBESL WA RORIEERHRET D LS, MBI » TIER /LN
SNEMEVDHE. CRLEDWTOLERLEDBWP LSRG, KEN (1981) , &E - (LK (1983), FJi
5 (1985) DUIRNDH L.

FILOULS Hﬁgﬁbwu,9W&HM@iiuam;oLﬁrNK&bh6.

api(x) = (AYA2d; j pi(x-€)psi(x-€) j Ixi(E)dE de (25)

IIT, pic R 4 OBDORKM (CRE) BT ERRETHR, LT IRNEOET7I I e IHT R
2R, UEDOREIMIIFERICOWTIL Eginswoff (1965) DWHIRLIF WO ERTNEN, EICH

BHE Y 2T 9704 R, AT 7Ly Z A o0nTI RIS (1982) 124D, H—PDOHEORNHHEL IR T
L, LROMENERERDRR L FUIKICBITIDOBK - S TICk o XYRIEOK{LE BRI EETILE G
LT DB WSS BMENE 77— — 0B - GRARFRIISNS (F)1151977) . &
DEIUHRMESUEHORRICBITEEFELURTHE., LEPSORBA 0TI UVLODFHIRI NS 3

SNFBOMEAE T -2 —T—F ERFLTR—T A FEWEND I £7 D 5 (Puke & Klingeman 1982) 4%,
FORAEICOWT b FXFHOTHRI B SR s (b - 55 1988) . @HEPOBE, RPEIFHHS N
DEMBBEAOEENE (R CX->THLORBDEFRDICHLLTSL, BI1sIRT LI =0T
AR R (IS L R B ICAE T SR R RS, B E & b ISHRAL AT AR L BRI F R R
CWSET S LT D, VbR B MEEITIE IR - RHRIC T R AR RIIR E RV ECEET S, M6
EDEIS e kS, FUKRIEOMEREALA S 700 WK adoptationlngth 7 FBRFREFE L L W H DI
HXGEBPICKELS L »TWL I Wb d

AL NAHORENETHERDER ZHVEI T, REBEOTETHR L LTET S LS 1o M
BHAR (LIFLIE 75 "y — b L LR E) , SR 0 BRIRIBLIRL SR A (A - KK 1989,
A 1989) . BERBOENFERIIAE <ZWLOD, BHIE, AKEAF —LORALBBIKRURD & 21770,
O3 LIFETEEIC L - TAET S IS AL e b RSB TH I LR RURFRVIETH S, L BE-1T
R HRIED BREK LT RENRBRORD O KA GBI - 135E 1986) ¥, HRABOIEFHRW AW TI
BLAbLo (dab 1989) L EBLALOTH D
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KD e . - < 20001 » A . . Dimcusioniess Distance 2
R LS CE-AT oo LTI PR A ST R ST v W o
-0 i i B 3 N 11 & Tscyis (1986 !
i o ¥ 4 B ) o conrse i i ¢ s w Kex/Ax c;é ‘k‘;:l"‘& ;(.\"( 86)
nm‘:. ey et 12 k=x/ax to Ly Dt e 8- ,anr ume Data )
. = TSR S - g22°
Do - g%
o s Nee
BR _ S PN
(=) T 3 >
; ; : V : w 3’
kex/Ax @ ¢ ! ¢ M ¢ s :
: Timec {min}
= N e PRy — . Comr s A i1
Ko AW TRilnmp i 17 ZRHE S PTKT o B RIS T B % &

5. TR IETRITX G

PR OFRIZBEV TS £ O excusion length (I E LT FHEICHETT L2 TOBIHEL) P EwCEerb
adaptationlength /AR <, FERWH DM TN O TRLZ e HHICHW S H . Yalin &Finlayson (1973) 12k
H2XEBHFROLETEREP LB YKL EIATHO IFRBIE SO FEBTROMER (£418) i3
TRDOIERHRAPEFICHR SN RSP D E LT TEES NG,

FHBEICOWTL R (13) IR L, DAL excursionlength Ag Ik » T RIIFEDR & $BICRE AT
bNBEFLE, R (17) HEWIE (18) D EFRHADAXSIBLNE, L Ev 2T v 7L A PEREADRIE
EBE D HILENDERBHBEEDRIC, 22 AT v 7L S ADHRERREE excursionlength D EIUSE & IR
LTI E2TH (19) I HIETLEPHRDAL I e LTEL, WV FRTERKD SRR B
32 45 Tld excursion leng th O W AP E RIS B TH 500650 (19) OWRHIZAERTH 5,

2 KITH I T O excursion length 437t stochastic simulation DFEETHNLILTE D (K& 65 1987, & - (LT
1988) , ¥ excursionlength I3 KZEDKM 2 S RIOIIGET 5 e TSI N T L. 270 KRN, HERKEE R
PORIEDL (wo/ux) P REVEEIZ 10 X DAEL, (wofus) 25 OICESICHNT 20 KL TRELS LS,
excursion length {3, M—dIHlE LTI, MRS FRDABE LR S & RETHETS 2EICB T LI
BEAA—VTELN, F0RH BEMOLRIETO KDRBOBMIC OV TORAD KRSHFCNLE. X8
adaptation length 12 4 excursion length @ 3-5 fIFEIE TH L DS AKTFDKI0B 5 100 FERKICE TX S,

FALBNRI LSS, FHDORRSH LS &3 TR AKTHORDHEPN ¥ —K4 & >TEY saltation
HWHOBMALLIZFDERELTHETH S, SOLI%MANS, FKOW, HEW, PR ZIRHRIC
%B#btmmmmmmmtLgmﬁmmmWﬁmugmiimgwa(ﬁXWwM.

)= (A Jlodx0repadnD1] [0 (0% (26)
S, Frrl): ARHEBRTFFEBELTEATBHT M (Rmirs) BlBICEYLZOES, pds(x)

BRI TLT HADR R DT TRE FANTARUTERY ) 0OBDOMRTRLILLOTHY,

FHEHER qs(x) & pas(X) ic20 T2 XS EITS.

oo o

as(x) = J[QB(X-E)/U,;(X-E))PI(X-E)[ lf fxs(C)de JdE

pas(x) = [A2/(A3d)] 6[ [0 EVag (8 i (x- B Ixs(E)IE (28)

27
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xh 4 10 20 frec surface 40
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o8
"’ — Calculated
_— o Measurements Celic & Rodi
y/h s

Flow o van RU_“
direction RUN T4 L

i g>‘

o l 00 00, 0 02 © ot o;—*oz D 00, T a1 e o8 o1 0

o : C/C,
rigid bed loose sand bed '

W18 PRI SIS WO S 19 iR HEIES THOFEETE (vanRijn)
(Yalin &Finlcyson )

SN Ixs(8) ¢ excussionlength DFCABHIKINK,  pr + AURINY D IS RB PIEETIC U T 5 AW, uy
RRDOEYGHIETH D, B, Frp(l) HXO L SIENSH LS,
Frr(8) = expl-(pr/ug)E] 29

IS LLY L LS ISHEE Y S T A B IS ME AR A > R T, & <A logistic equation 3 JI\ 1 7e
salintdon B D ATYR E WD LGP L DRV L ENT S (ihdk 1987b, 1)il 5 1988) .

2XTHEDFMETO PRBDOEUKST O FHEH L VIZMINETIC OV T Yalin &Finlayson (1973) diddy,
vanRijn (1981, [4-19) , M1 - Mi#E (1982, LH-20) , KU - Kil (1988) HICL > THKRF— M EO LT
5. H18,20 ¥ HTH, MHBOEFHRBICBVWTILI WA T LOD AL S I EENHD B 0 HRED
ENDPLOFNRLARSLHENRTHL. B3 EE21RLI Ronolds ISHDOMRIGEE I<BTWE I EN TR
SNBESD . bt PUKM TIILIN R R SFRS R, o TRM&MTMCIOEL, FANERETL->TLEY
ANRELTO BRI K r S iR AR E VT EEBNRYREVWHRATH S, ZETOHTOEN
MIZE LTI A A UEEEWAFTELHHTH A, $hbb, IHEREEN 2 &THH CE n) T
HHHBRIERTE Co*(n) £F2EE, XKDEDIITHITD.

C(E, n) = CeX(n) J CaL-e)gr(e |n)de (30)

AT, &, mI3RERh TRATCL LS T B AL £ TUED S 0 SHHGAL T D, Ca(E) 1 KT (W) @K
W REAL, gr(en) 1@ 7 ZE A2 5N D AT HFMORKICHT 5 4 /L AUSBTH S (I L AR T
ATALLTH L) . OO T HFEALE 7 OB EL D FIKTH 0TI (-2 1R L7 Reynolds [6 71 0
FIARICOV T, &S DR S HIEMAOREICILRT L & L) FERBICH > T b SRMEREIIAC T
DR TIFHBIT BHT LR TRE 50T LRP SMEATLSHRICE > TH (UL thlf DT
KEW) WAFY B EA, Muphy (1985) 7F s Loz FRRISORS AU ES VR RRICE > THIA ISR T
Wa (xbA - digTi9ss) .
FEREG 2T EB O BRIE S MBI ERYOI, RXDUERFEROBUHFA—Y Ky 7 2AUFETHE.
'u%%=6%(€5-g%)+wo%§ (31
B - ELE (1970) BEDRARMEERNEIISHELT NS,

(Esg_)c’+ wOC)y=h =05 (E’Sg_yq + WOC)y_,O = wo(Ca-Cac) (32)

IIT, u R, g IFRBOEKBBRKTH Y, 2L EFe il FHRBTOUEIRT . FIKICBWT &7 F
v P ANPHRBE LB E AN KA R THE. LS (1981) 13, BEGKE ux KN 2 FRHRBOWK
FMATIEE T WD & 2505 ARUSHPFGEIEDS uag IKFILLABE D BEPH ORI E HMITRIC L > TR
Ofe. W2 ED1RTHD, 270 [H-2213 95% IR TH A L7 aduptationlength ( Lp ) &3¢, Hh hidAR
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Growing Process Decaying Process
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0‘1 Olﬁ cs 10 : * ; - 3 0“’-‘ tof 1o to* I e
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B120 PR EbA LS i H2t g nasicqdd o
O ITMMBPELR M OTE - MEGaT FEREED I I A T o0 Bl
e 1c0 /e =006 400
sooLg/é':“;; Lt 52l ‘H(_ | s
| l £-0.035 oo
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! Lah
< | :
Rk N Izoo
200 :
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100 )
. 0
0.1 L — Corc, 10 100
B22 miig oasicn 3 & IR ST 23 BV R @M R ISR L LA

adaptation leng th TR EDIR L 43 3 O adaptation length

ThLH. ALK AIL Kassens 5 (1979) ® Celic& Rodi (1984) S50k » T L X3 NT W, K19 DiF iR IE
AHDFEERTEND T — 2 121F Celic &Rodi (1984) DI HATER L JHRLTWE, Kassas & (1979) 13, Lifd 5K
HILVT LS SIFBBEIE ORIFFY) 2IRH&ME LTHALBED adpntionlength RO TV S ([8-23) 13,
TFRERICE S b Ly FODIR LAROM IS LTV S,

FEFHRBOIFHEBDOERESNO B O FEHRBOFNRDPLDFIIL L KTEL SO EFTUOIRTLL 29
¥ Coriolis (RIXD & 42 8T < 5 (Di Silvio & Annmnini 1981, Galappatti & Vreudenhil 1985) 7T, JEEHRBO
(FEOEATRTREL, MEABRTIRAAN) BEANGOB IR LTS IR 1 XRFAKKHOIEIIBVWTT
LEETHL, THLLALE, BEKSL (1988) it PP RBICB T2 RESMOLHRGA, TN &, BN
RIFFMET OHBMREDOBTRHEIELRKELTWVE, TUbLbLFHRBOBESBEIRBBTTXTEE, ¢
MR LUEFMIFXATHEING,

C(n) = Caexp(-Rn) + R(Ca-Cac)nexpl-(R+1)n] (33)
COASI I ISR BEUE T, B2 NS0T REKRT . 2 Rewghves TH S, [-2403 LR &
WDKK T — 2 (Dobbins 1952, Yalin & Finleyson 1973) &£ % LA LT, FERHICL » T TALHIES D
BEPLZD S ZLRITETWD, 3, JORBUIKICBANXZ B 2 KTEILEBR T T2 50 Tl —
BLTwa,

BOARDEKE T/ E DR TIL, #G - §0 (1988) 3 k-e TFAD FBPDOETFEHERBANOHHEZ BATO
5. L3 12DT7 7T —FIi stochasticsinulation TH Y, Bechteler & Faber (1985) , I - FE (1986) HiT k-
THRAHIT WD, Beclteler & Faber (1985) 10k » TR SN~ P25 ITRT. hbidSik, HOWIIN
E, FMHREEDTRDEESTNORRNELD ST WA, I3 LHE, FIKTO, ELIKHBRRBHICHBIT L
WEICOWT DR RMEDRA P e »>TL A H 2615, WIS, 7 0%ABPLTIKEMNTFET LD
KERIEDTFEORIMY, CHL3 LI 7akinXiins, STIHIRS S RIUT THEMITIIRS LR E %
53,
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Yalin & Finleyson

J25 JEFEIT BB RIS T

G024 JE T 00 17 54 B S5 9 75 00 3 LY R BL oo Y
HH I 2l -2 g ronf

6. FIKBBOELBOKEZRIUCTE D JEREER

TR PTIRE R S MG OKE - KDOWHIL, FEROI Yy — ek <KRENS, HAIXE-2611, Alln
(1976) WHR L KFITOFKE D WK E WIDRNBICHDLNADL EAFLLANL—7THE., FHRGBO (K
THIFEE L) MIKEOBRE WAL 27 [SREND LI % LNT, RROEZUFCI DAL —7 o
EHEEH OB ERS (H27) . 23 LA ERERBOTMIKEOBEICO>WT L A YA EE R AT IEH

Do xbaR (1981,1983) 13 FOFEFFETFERESBELOTF ol —TRUILTWE . & ISFHFIK
M HDF K (dunes ) O FEEARIE S IV TELLL T, Fredspe (1979) £ F RO RIGH T T ERERORA R
BICHT oM RUAKROUARNE U LM LT WS (F-28) . FITIRERD LI LR B A >/ 2k
GIEHOWLNRTWEG,

RUBUTINT S -
X s | SO
P e gk EALY 2
Wae (m)s) Wit (m/s) (a) (b) (c)
26 N1 SEIKWOIGE RHE 27 WREBHICH T 2T KWEEDIGE NS —2

() WG 10 0.5

JEsEE 1.0 — -
05 i }} l\ilu\}\ J!" J' - ri 0.1 0.8~ based on Swiss formula-
2 0.6 [ I ] ;‘ | } 1’,\‘{ l 0.3 ' 0'6_ \u’_«; Bagnold's formula _1
3 oif— e - 023 04 5 '
on H ! H! ID“}.’ H |\5H | 0.1 go L. \\\\\o
- P53 *, T R M
ol 1——‘-”"1 l [ f 0 , |4 X o2 IR
1 107 10° o7 L §' A
we=wTry = 'e"
(b) HEALG g 0. N
SRR ”.—_——l ] ! 1 3 TS [(C’r/)’ 0.8 5 0.1 l : ~
1.1 ~10, g =006, =030} 0.7 .60 0.08 AN
l | 1 "(C/N) 2 at0s (I T os ] o |
~ 27 S0, gan0d, §~015]{0.6 & o N K
£ 3 . ) &
=10 R 0.5 0.04
R TSN L I TN N :
3TN N ™z " .
S g gb b e 03 g 00
0 (u.,‘?o)u:h.) i H l ! | 02
A ‘ 0.01 ) bty
02— T 0.1 i 2030
IviE  iammanen Tu/Tag
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30 GARIIZH T 2 BURADILEE BT FTECH 15 TR W AR L

gr(t) = [HeAqoTex) Jexp(-0TEX) (34)
CCT, Tex : BIKEFMFTHD L FHHQICRT IO ET L08R, H, @ FHEE, qo: FHWETHY,
LR, EFHFRBOZRAOD—HITH S, T2bLPHIIEP SDFKBDRRBREOTIR (Yalink
Bishop 1975, B jil - tbA 1976) DEBAEA SN SN G, dunes DREEFHFIC OV T REFRLEDTHLHE L
Tlredspe (1975) , Yalin & Karahan (1979 ) OB AE VW, [X-29 (Yalin &Bishop 1975) 13 duncs ) 5 X K511
AT =L EROHIPATH S (BB - AR 198312 E > THLR/LENRTWE)

WHDOTIENS NS <LnE ld A4 /2 JSE D BRI EAL L, BBORD X 5 IC TN RIL 600k
Wi, BREHBIZE > THROBIAFTRTH S, 27 dunes DRI - MW TIEEEIE (processrate ) A e
DR 7K RGO IRTE (RIS 1978b, MM - RIF 1980, Weibenga & Klnassen 1981) 5 SNAE ML T W S
HRTHE, P2, A - )il (1984) iddunes DWIL - M HOELHEE XD L I KHBIITHRHT WS,

dizdt = Bp{awi(1-pe)t]) [1-(L-LoY(Le-Lo)] (35)

divde= Bu{qp/1(1-pe) LI} (1-1V11e) (36)
T Bip Pr o WRSEEL po: BOZMM, Lo WMEIETE D, HF e MTERBOMERT. KREK
22 NTIR, dunes DIRFEMITIZ Py=0.36, B1=0.24 , MHIIT (;;=0.72, BL=0 £LEHTNE. H-I01FZ Dk
SILTED SRR EEEE HOT B EALH BB T RS R b o7 8DFN—T 7 EN BYIT
22)THD, WIIZED—IBEABKBRBLILRUATTH S (xhAk - )il 1984) . DX 3 HFKHDR
ek FRICHR S AL KEOBEAIE KBRS, KRS 52 6150, HELHRIIRBOKE Tl

il 3 hTwiewn,

FKHBBOERETR (BRI - ) 1 dunes KRS LIFLITLERD LI WO BWTHM SRS, T2 TiEL
S120Re LT, AOBHORKRIE - AR OWTRNS, MOBMEFIEECHR SN SMOND
PO S E, FELT WRIHCERENL BHOMOSANOBRRRD 785 v AT > TER - MRT 0D
ELTWS, EHMOKESKE W B&EN, ToTRFOSHRROELE BOMoR{L: LT LRSS
7% < (B4-32, SR 1985) , & IS MMAT T B BAFRBT I e MSRTnd., JNX3%HE, 7

OB ToOLWRIAIEKDLIITHITE.
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F33 FOpMoOEBARD

= F Ak F34 FORMOREEE KIS
(-po)d(BhLYd(} = ({1-[5-53)B 37
CCHT, B OSMON, Lo mOBMEL ) BRI TEm L NA FIEIC LS FOSMANMY Y 1w

DI LBIRIE,  [ c FHEIC L & FILEAD HAURE D WAL R, f3 @ WHISE > T FHOMICHAT B8
RS DORBDOUKR, Bp: TIETHE (H338EK) . 25 L1 &RNLEFY 2037 - M (1950)
DR LTEYD, S (1984), Meh - IR (1985) {2 k->T b RFPEATVE, w2 Lbhb—gEL, 2
L= EDFJIRE & YR S Db T, FMKICE & WIDEY UMK L0 mBIC kH9 2 £ 55 &, wOHEN
ORBOXERETHIRE LTXKOBMYFEASF LIS,
dB/dt = -B*B + o*3rm+l
7RI, [=0gB ™, fr+3=0g, a*=ag/A*, B*=Po/A*, A*=(l-po)hl & L7z, ERIFEMIE TIEd 5 75 Banoulli
BITHERBICH, DX %mMPBiibins.,
B(O) = {Bomexp(-mf*1) + (a*/B*)[ 1-exp(-mP*t)]} I/m
IELOINIZRIHE (=0T B=Bg &L, 27 B3t 2HBACLTHLNGEHMON ( dB/dt=0) THH S
NI a*e B* ik R ELTHELILNG, LoTH (39) BEXNLSICLEITS.

(38)

(39)

(Be-B)™ = (Be-Bo)™{ 1-exp(-mP*0)] (40)

K (D) TRULLCENARD G #6r (W) B m=10%&nw3 2Lt WRRURICHS 2D U At
DIEK, FThbb, [, [y, (3 DREBHSREZNL, CRLOETORLCH TS MOBMOIERALIIE L
NoH, 34130 E - WK —EOBEHORR - MEAROBBEERLALAT, NI A—F mAF K3 nid
ERRAATIEA N (PRIC L & OB ORIR) @})f)‘ UL BRTHLIEZMUTES,

7.8 W
RXTIRIBIERRELD & <BURY, 85RI0Y - DRI FHE—IRL B SOREBIR (transient process of sediment

wansport) 12DV, & ICIEPEHAOHRE FORBICOVTHERNRL, ¥, EFHRERE, RIFORLIIHT
LISEDOEIETRE LTHRHL, WRoFEEHE, THEREOURYME BT LdBRELI LTI ETRLA.

MWETITDWTIE, MEERIBE T BIATIRE LTORHE DN E BRLA. BIGERICBIT 5 4k
PEIERC RDHOAT v 7L v/ AL > T AR b ENE LT, —RICH HEDAKIOHD A~ — L/
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ENLDOTHEH, EICEKBREMRTRILELE IO, S0y, 2AMKEFBRERRTATY T
ST ANTKE Ry — KB EN D L% D IFFEEMS BV L, RADOSSIE PREMC LMK
HIE OB EHE->TH—DTTEINL LD LD IEFERMMR L 6 e ENFEME R, 261,

PLORRERTTEL FRCE > TEALSRD GRS HEEZ>T, FHRENER, XEFROBRL L
NE ST EULTEERRERET L b, FFHEORLTHARELRETH S,

PR DS 13, oxcursionlength ARV ®, FEREENEMIZENTH D, LRV EDA UL TRIEFHD
FROIETFERBTHTA L BANE LD, HIGEHORRD S HIRTMALBIES LW A0 ISP 3HL T T3 -
WL BT LT, BEFERO FKTORBRAETTIRLLND BEVCOWT AR, <Rl
B & adaptationlength £V 3 EGES & < HIWS RGN, RN 7u—Fr 58 sk dhi LOTHER
DWTbLRITL.

FEBROBEIL, & <IN IGO0 (R T, BHIERAD KK - BPRIC ke 2o TEs L
% dunes DI - HIHOHTEBOTFY 7/ o0WTHARA, 2R UFEE, TODMOILE - MBITEML
Pt LERL, BNABOERKTTFAORME L » TSI EEIRL,

LlE# 2 EMD L, tmnsient process 1 —RICHMTH 57, HOMMTLY LARRKYFHEMALr—2 (A
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CHARACTERISTICS OF BEDLOAD TRANSPORT BY WAVE
SUPERIMPOSED ON CURRENT

Abstract

In order to clarifly the mechanism of complicated sediment transport phenomena
in the coastal zome, it is at first nccessary to cxtract somc simplificd clementary
phicnomcna to study. In this paper, bedload transport process affccted by waves
under comparatively strong unidircctional-current is analytically treated. In
other words, it is investigated how the wave motion affccts the bedload transport
mainly driven by wunidircctional current. Firstly, wave is trcated as an
infinitcsimal sinusoidal wavc to cvaluate the response of bedload transport to
fluctuating bed shear ‘stress duc to this wave. Succeedingly, the spectral

characteristics of fluctuating bedload transport by random waves arc analyzced.

1. INTRODUCTION

Scdiment transport in the coastal zone is very complicated and in gencral it is
composcd various aspects of fluid motion and scdiment behaviour. In order to
resolve such a kind of complicated phenomenon, scveral idcalized and simplificd
aspects of fluid motion and scdiment behaviour should be extracted independently
to be investigated.  Although the actual phcenomenon is a complex of them and
thcy are interrelated, fundamcntal study on the extracted monophasc
phenomenon must become a first step to promise the advance of coastal sediment
transport mechanics. From this point of view, monotonously oriented bedload
transport driven by the unidirectional current but affeccted by waves migrating in

the samec direction with the current is investigated.

The cssential characteristics and the difficultics in the analytical trcatment of

bedload motion cxist on the fact that bedload motion is phenomenologically not

continuous but discrctc and that irrcgularitics cannot be ncglected.  Furthermore,

under unsicady and non-uniform flow conditions, scdiment transport cannot



immediately follow the change of flow paramciers in spacc and time, and it is
called "pon-cquilibrium bedload transport”. Since in river cnvironments, uni-
directionaiity of scdiment transport is more preferable . and non-uniformity and
unsicadincss of {low are wecaker than those in the coastal zonc, most rescarches on
scdiment transport arc limited to that under ecquilibrium condition, but more
fundamental studies on the mechanics of scdiment tramsport have been
accumulated for river cnvironments than coastal zone. Furthcrmore, the
importance of "nom-cquilibrium transport™ also in river environments has
beccome reccognized increasingly in these days, and*a model to describe these
important but sensitive csscential characteristics of bedload motion has  been
developed by Nakagawa-Tsujimoto (1980). That fruitful result can be applied to

some simplificd aspect of complicated phenomena in the coastal zone.

2. BEDLOAD TRANSPORT MODEL

A bedload transport model which possesses the irregular propertics bascd on
discretc motion of individual bedload particles must be important to describe non-
cquilibrium bedload transport phenomena under less weak unsicady or non-
uniform flow condition. . A "stochastic modcl” for bedload motion first derived by
Einstcin (1937), which was originally a kind of Lagrangian model, was dcveloped
as an Eulerian-typc model by Nakagawa-Tsujimoto (1980). This model is constituted
by "pick-up ratc” and "step lengih", and it can describec the irrcgular and non-
cquilibrium propertics inhcrent to bedload métion. If the flow propertics change
temporally or spatially, bedload transport incvilably posscsses a non-equilibrium
property, where some filtering and lag cffects appcar.  According to this modcl,

non-cquilibrium bedload transport ralc can bc cxpressed using the pick-up rate

and the step length, as follows (sce Fig.1):

x oo
qu(x)=(A3diA2) [ps(x')dx’ [fx(&)de (1

~oo x-x°

in which ¢p=bcdload transport rate; pg=pick-up rate; fx=probability-density

function of stcp length; Az, Az=two- and three-dimensional  gecometrical

b N n_v ot PO I
coefficients of sands; and d=scdiment diameter. Here, "pick-up raie” is delined as

the probability density per unit time for a bed-malterial particle to be dislodged by
fluid action; while the step length is defincd as a distance for a particle to travel

from its dislodgement from a bed to the next delinite stop on the bed. Eq. (1) can

be rewrillen as



oo

95(x)=(A3dIA2) [ps(x-E)gr(E)aE gr(x)= [fx(&)de @
0 x

This cquation mecans that g¢g(x) is the output of a system of which input and
"impulse rcsponse™ arc py(x) and gr(¢), respectively.  One of the most important
characteristics of this model is thal it can cxpress the "relaxation” appearing in
the relation between pick-up rate and bedload transport rate although the pick-up

rate responds to bed shcar stress almost immediately.

From Eq.(1), thc cquilibrium bedload traosport rate gpe can be given by the

following cquation as thc casc that x— e and ps=pso (constant).

qBe*=Kp pso* A 3

in which qB*qu/\/(o/p-l)gd3:p;*=p;Vd/(o*/p-l)g; Kp=(A3/A32); and A=A/d=

dimensionless mean step length.

As shown in Fig.2, the scdiment pick-up rate is well defined as a function of bed
shear stress, and the following formula on the rclation between pick-up rate and

bed shear stress has been cestablished by Nakagawa-Tsujimoto (1980):
ps*=Forr(l-k;oxc/rR)m 4

_in which t*=ux2/[(c/p-1)gdl=dimensionlcss bed shear stress (Shields paramcicr);
o=mass density of sand; p=mass density of fluid; g=gravitational  acceleration;
u*=shecar vclocity; 7t+.=dimecnsionless critical tractive force; and the cocfficicnis
have been determined by Nakagawa-Tsujimoto (1980) as follows: Fg=0.03; m=3; and
k;=0.7. This rclation can be applicd to local or instantancous valucs of bcd shcar
strcss and pick-up rate, and thus it is also applicable 1o an estimation of the pick-

up ratc of bed matcerials by wave action.

On the other hand, the mcan step length has not been necessarily well formulated
against thc bed shecar stress, bul as scen from the previous cxperimental data on 4
shown in Fig.3, thc dependence of dimensionless mecan step lenglh on  the
dimensionless bed shear stress is less scnsitive than that of pick-up rate.  An
assumption that A is 100 timecs scdiment diameter as firstly suggestcd by Einstein
(1942) is nol so wrong as thc first approximation. Otherwise, Nakagawa-Tsujimolo
(1982) proposcd thal A cam be reversely cvaluated from Eq.(3) substituling Eq.(4)
and an cxisting bedload transport formula cstablished for cquilibrium condition.
In Fig.3 arc drawn also thec curves given by such a way, where several cxisling

transport formulac have been used. In the model constituted by pick-up ratc and

__57._



step length, the distribution of step length is important as well as its mcan value as
indicated by Eq.(1). Some cxperimental and theorectical studics on  "stochaslic
model” for bedload transport (Yano et al.: 1968; Nakagawa-Tsujimoto: 1979) reveals
that the step length follows an cxponential distribution on flat bed of uniform bed

maicrials. Then,
Ix(8)=(1/A)exp(-&/A) gR{S)=cxp(-§/A) (5)

The concept of step lengih must be different between rivers and coastal zoncs, but
the same onc with that in rivers can be applied to the present situation where the

unidirectional behaviour is predominant.
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3. MODEL FOR FLOW FIELD

In this study the following idcalized casc is considercd as illustrated in Fig.4: An
infinitesimal wave is superimposed to a unidirectional current with the same
dircction to its migration on a flat bed. For simplicily, the wave is assumed o be

cxpressed by the theory of infinitesimal wave as follows:
h=hp{l+axsin(xx-wt)) (6)

in which hA=flow depth; ax=(H/hp)/2; H=wave height; x=2n/L=angular wavc

number; L=wave length (H/L<<1); and w=2n/T=angular f{rcquency; T=wave period;
and ¢=L/T=w/x=wavc cclerity. Morcover, Ug=mecan {low velocity of the current;

and in the [following thc subscript 0 indicates the values for the unidircctional
{flow without wave. For the infinitesimal wave, the following "dispersion rclation”

is valid.

w2=gx1anhrch0 )

And from this relation, the wave-cclerity is obtaincd as follows:

C/U0=Vianhx/'lo/x'/xO/FrO (8)

in which Frp=Up/Vghp=Froude number of thc current.  Eulcrian vclocity of water

in the x-dircction by this wave, u,(y), is given as
L, (x,y,t)=(rcH/L)(coshxy/sinhxhp)sin(xx-w?) %)

When the depth-averaged value of wu,,(x,y.t) is to be represented by U, (x.), the

resultant flow vclocity, U(x,r), is cxpressed as

U(x,r)=U0+Uw(x,r)=U0[1+rua*sin(m—a)r)] (10)

ho

ry=vxhgtanhxhg [Ofcosh xydy/hogl/(Frgsinhxhg)=N xhotanhxhp/Frg iy

If the resistance law cstablished for unidirectional flow over a rough bed s

assumed to be still available for the present situation, the following Manning-

Strickler cquation can be applicd to cvaluaic the temporal and spatial variation of

bed shear strss, 15(x,0).

Ulux=7.66(hid)1® (12)

in which wx=shecar vclocity; and d=diamcter of bed materials.  Since fb=pll*2, the

following is obtaincd by a lincar approximation.
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Th(x,t)=19{ 1+rsin(xx-wr)] (13)

re=2(Nxhgtanhxhy/Frp-1/6) (14)

TNTTTTTIT77]7 77777777777 77777777777 7T TTT77 777

movable bed

Fig. 4 Decfinition skcich

4. RESPONSE OF BEDLOAD TRANSPORT RATE TO SINUSOIDALLY
FLUCTUATING BED SHEAR STRESS

If a lincar trcatment is allowed here, the fluctuation of sediment pick-up ratc can
be cxpressed by a similar sinusoidal wave without any lag because the pick-up raic

responds to the change of bed shear stress immediately.  Hence,

Ps(x)=psoll+rpsin(xx-wi)] (15)

in which rppsp=amplitudc of the perturbation of pick-up rate; and rp is rclated 10

re applying Eq.(4), and is cxpressed as follows using Eq.(14).

rp=2(~/ xhgtanhxhg-1/6)(n+2k )/(n-k) (16)

in which n=1%g/t*; ; and rpr has bcen given as (dp x/drx)g(Txp/psp*) and it is a

decrcasing function of 7.

The response of bedioad transport rale to the wave is inspected by using the non-
cquilibrium bedload transport law or Eq.(1), as follows:

oo

q5(x,0)=(A3d1A2)p50 [(1+rpsin(x(x-8)-w1]) gRE)dE
0

am

_60_



When the step length follows an exponential distribution, the above calculation

gives a similar sinusoidal wave bul with somc lag, as follows:

qB(x,1)=qpol1+rpsin(xx-wi-¢p)] (18)
rplrp=1/N1+(xA)2 ;  gp=arctan(xA) 19

U A=A/d is constant (y7,=100), xA=y e(d/hg)exhy. Thus,

rp=2(Nxhgtanhxhg/Frg-1/6)(n+2k )/ ((n-k NI+ L7, +(dlhp)12(xhg )2) (20)

These results reveals the phase lag and the amplitude of bedload transport affected
by the wave. The phasc lag is given as a function of xhg and (hp/d); while the

amplitude of bedload transport rate as a function of xhg, Frg, (hg/d) and 7.

However, one of the last three paramecters can  be excluded becausc
Fr0=7.66‘1(U/p-l)r*cﬁ-(hold)'”:‘ in which Eq.(12) has becn usecd to cvaluate

(U/ux);, and (o/p-1), and 7%, arc almost constant.

5. ANALYSIS OF BEDLOAD TRANSPORT FLUCTUATION IN FOURIER-
TRANSFORMED VERSION

When the periurbations of bed shear stress and sediment pick-up rale normalized
by their undisturbed values arc rcpresented by wo(x,¢) and 1;/p(x,t). respectively,

and random wave normalized by the flow depth by w(x,r), the following cquation

can be written.

Psipsg=1+yp(x,0)=1+rpeyx,0)=1+rpe w(x,0) @1
and rp can be identified with that given by Eq.(16). Applying the non-
cquilibrium bedload transport rate formula represented by Eq.(1) to the

fluctuation of pick-up rate cxpressed by Eq.(21), the perturbation of bedioad

transport rale normalized by its mecan, ypz, can bc wrilten by

VB(x.0=rp [W(x-E0)gR (E)dE=r p(wxgR*) (22)
0
in which gr*=gRr/A; and an opcrator # represents a "convolution”.  The Fouricr-
transformation with respect to the space of Eq.(22) yiclds
(23)

wp(xln=rpe ¥(x|sGre(x)
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in which ¥p(x)=F{yg(x)l; ¥(x)=F[{w(x)]; GRr*(x)=F[gr*(x)); and F[s] mcans Fouricr-

transformation.

According to a dcfinition of spectrum, the spatial (wave number) spectrum of

fluctuating bedload transport rate, Sg(x), can be written as follows:
Sp(x)=¥p(x)*¥5"*(x) (24)

in which Z* represents the complex conjugate of Z, and Z+2Z" mcans the ensemble
mecan of the product of Z and z*. Substituting Eq.(23) into Eq.(24), wc obtain the

relationship between Sp(x) and the wave number spectrum of random waves, S(«x),

as follows:
Sp(x)=r{2+GrreGr*"e5(x) (25)

When the step length follows an cxponential distribution of which mean is 4,

Gr*(x) can be calculated as follows:

Gre(x)= [gR*(§)eexp(-ixg)dE=1/[1+(xA)2]-ixA/[ 1+(xA)2] 26)
O .
in which i=imaginary unit. Thercfore, thc following relationship between Sg(n)

and S(x) can be obtained.

Sp(x)={rp2/[1+(xA)2]} «S(x) @7

Among scveral expressions previously proposed for frequency spectrum of wind-

generated waves, one derived by Mitsuyasu (1970) is here applicd.
SAw)=AH 2T (0lw;) Scxpl-B(wlw) ™) (28)

in which 4=0.258, B=1.03 (Mitsuyasu: 1970); and thc subscript § mcans the values
for the "significant wave". For the higher f{requency range of spectrum, the
cquilibrium form represcnicd by S/(w)~a)’5 can be recognized also in Eq.(27), as

pointed out by Phillips (1958). This frequency spectrum can be converted to the

wave number spectrum, S(k}, by using the following rclation:

S(x)dx=Spw)dw s S(kj=ldw/dx]*Sqw) 29)

The following argumecnt is restricted to "deep-water wave”, which is a limiting
cace for xhg— e (practically saying, xhg>n), for simplicity and by the rcason that tc

similarity of cquilibrium spectrum is gencrally always discussed for relatively
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bigher wave-number region.  Then, the "dispersion rclation” and an expression of

the wave cclerity are simplified as
a)zzgx ; c=glw=vgix 3o
And, the wave number spectrum of wind-gencrated waves, S{x), is deduced as
S(x)=(AH (x2L /2)(xIx;)2exp[-B (x/x5)"%] (31

Substituting Eq.(31) into (27), the wave number spectrum for bedload transport

ralc can be obtained in casc of deep-water wave, as follows:

Sp(x*)=({2AH gx2Lyrp H()Fro®(Alhg))-x* 4D % (x*) (32)
D*(k*)=(1+[1/(Ax)Ix*" 1) Zexp(-Bx*2) (33)

in which x*=«/x;; L;=(2n/x5)=wave length of significant wave; and D*(x*)—1 for
k*—eo, D¥*(x*)—= 0 for x*—0. This spectrum becomes proportional to x4 for higher
wave number {(equilibrium-range), although the spectrum of waves (as an input)
in this rangc tcnds to bc proportional to x"3. This mecans that thc spectrum of

bedload transport ratc is a littlc morc concentrated than the spectrum of waves.

Using the relation of Eq.(29) again, the frcquency spectrum of bedload transport

rate, .SB/{a)*). can be also decduced as follows:
Spfl @)= (AAH k3T g0, HMITF ro (Alhg)1 ) 0* T D* (w*) (34)
D*(w*)={1+[g/(A msz)]a)*'l}'z-cxp(—Bw'z) (35)

in which o*=w/w;. The frequency spectra for bedload transport is proportional to

- 7:; while that for waves to w-5 for cach equilibrium frequency range

(comparatively high frequency region).  That is, the former is morc conccntrated

than the latter through the mechanism (or characteristics) of bedload transport.
The varance of wp(x,r), op2, is obtained by integraling Sp(x) with respect to x from

0 to = (or Spplw) with respect to @ from O to o) as follows:

oo
©o

opl= JSB(’()G x=(4RAH 21, 2(DIFrgX(alhg)]) Ofx*"*.zz *(x*)dx* (36)
0

Since wp is thc periurbation of bedload transport rate normalized by its mean, op 1S

the variation cocfficient, ap, of bedload transport fluctuating duc lo wave action.
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And this can be cstimated by the characteristics of significant wave and the

paramelers 1o represcnt the wunidirectional current.

6. CONCLUSION

In this study, bedload transport mainly driven by unidirectional current but
affected by waves has been invstigated as an aspect of complicated phenomena of
scdiment transport in the coastal zonc. The most important point is that the
bedload transport is no longer sicady wuniform, and under such a condition, non-
cquilibrium behaviour appecars. In this study, it has bc~cn- rcasonably trcated by
using a specially preparcd transport formula constituted by pick-up rate and sicp
length. At the first part, the responsc of bedload transport to sinusoidal wave
(infinitcsimal wave) has been analyzed; and as the second step, the spectrum of
bedload transport ratc fluctuating duc to random waves gencratced by wind has
been deduced using the sea wave spectrum.  The pext step of this line of rescarch

should be experimental verifications, but they are not included here.
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