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ABSTRACT. In this paper the results of theoretical studies on suspended sand transport 
under irregular waves in the ripple regime are presented. The results from the lDV 
model, which simulates the instantaneous velocity and sand concentration from close to 
the bed up to higher in the water column are obtained. The model is based on the 
classical diffusion approach taking both the turbulence-related and the effective wave­
related diffusion into account . It shows that the time-averaged sand concentrations can 
be simulated reasonably well in the ripple regime using calibrated equations . Especially, 
the proposed formula for the diffusion coefficient by wave, considerably improved the 
behaviour of vertical distribution of suspended sediment concentration. Finally, the wave­
related suspended sediment transport in depth-integration is computed and compared with 
the measured data. The accuracy of the suspended transport was found to be strongly 
dependent on using measured data or predictive formula for concentration at the bed 
boundary. 

1. Introduction 

The phenomenon o{ sediment transport is a complicated natural proces;:; and 
so far it has not been comprehensively understood. This problem attracts at­
tentions of many researchers with different solutions of both mathematical and 

I 

physical models to achieve a better understanding of this process. The suspended 
sand transp.ort rate in the coastal zone comprises two major components: the cur­
rent-related transport component and the wave-related one. The current-related 
transport component is considered to be the convective sand transport carried by 
the mean currents such as tide, wind and wave-driven currents in the presence of 
short (high-frequency) surface waves acting as stirring agents. The wave-related 
sand trans.port is herein defined as the transport of sand particles by the oscillating 
(orbital) fluid motion due to high-frequency waves. The current-related transport 
over tippled beds has been studied in considerable detail (Van Rijn et al., 1993; 
Van Rijn and Havinga, 1995), but the wave-related transport is less well known. 
Both the magnitude and direction of the wave-related transport vary depending on . 
the precise geometry of the ripples: relatively fiat ripples may result in onshore- di­
rected transport, whereas steep vortex-induced ripples may yield offshore-directed · 
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transport due to phase differences between instantaneous fluid velocities and sand 
concentrations near the ripples (Vin«~t and Green, 1990; Osborne and Green­
wood, 1992; Osborne and Vincent, 1996; Grasmeijer and Van Rijn, 1999, Van 
Rijn, 1993 and Van Rijn, 1998) . Wave-related transport over a flat bed has been 

studied in more detail, based -on numerous experiments in wave tunnels (see for 

overview: Ribberink, 1998). Generally, the wave-related transport over a fiat bed 
is found to be onshore-directed for sand sizes larger than about 0.15 mm, because 
phase differences are less important in the thin sheet flow layer. 

This paper focuses on evaluating suspended sediment transport under irreg­
ular waves on the basis of a lDV model, taking the influence of waves on the 
total diffusion and a ripple bed into account. The model is a modified version of 

the lDV model of Ribberink and Al Salem (i991, 1995) by expending computa­
tion for irregular waves in the ripple regime. The results will be used to show 
whether a diffusion-type model can be applied to simulate the suspension mech­
anism by ripple-induced vortices. The vortex-induced transport process may well 
be a convective process related to the migrational behaviour of oscillating coher­
ent ripple-induced vortices rather than a turbulence-induced diffusion process as 
pointed out by Nielsen (1992). 

· 2. Mathematical model for instantaneous velocities and sand con­
centrations 

A lDV point model based on a numerical solution of the time-dependent 
sediment diffusion equation, has been used to simulate the instantaneous sand 
concentrations. The model is a modified version (including irregular waves and 
vortex-related mixing) of the model explained by Ribberink and Al-Salem (1991 
and 1995). Other researchers such as Jonsson (1963L Kajiura (1968), Horikawa 
and Watanabe (1968), Bakker (1974), Brevik (198iL ·F~edsoe et al. (1985) and 
Rakha et al. (1997) have used similar models. Most.often these models have been 
;used for plane bed conditions, but Rakha et al. (1997) applied their model to 
compute the profile evolution in the surf zone with ripples along a considerable 
portion of the profile. 

The turbulent fluid movement for (horizontal) uniform fl.ow in the vertical 
plane is considered, assuming that the vertical velocity is relatively small compared 
with the horizontal velocity. Furthermore, it is assumed that the region of flow 
can be divided in two layers, in which the upper layer has no vertical velocity 
gradient . Hence, by using the term of pressure gradient from the equation for 
the upper layer, the movement in the lower layer is described by the Reynolds' 
equation as follows: 
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Zo ::; Z ::; h (2.1) 

in which u(z, t) is the horizontal velocity in the oscillatory lower layer with the 
depth h, u 0-the horizontal velocity at elevation z = h distinguishing between the 
lower and the upper layer, t-time, z-elevation above bed, Vt-turbulent viscosity 
and z0-position of zero velocity. 

Eq.(2.1) is suitable to simulate the orbital fl.ow field over a plane bed or 
a bed with relatively flat ripples (no fl.ow separation). It can not simulate the 
detailed vortex motions over pronounced ripples, which basically is a horizont al 
non-uniform process. Since the attention is focussed on the wave-related suspend­
ed transport, eq.(2.1) is herein used to describe the general orbital motion and the 
turbulence-related mixing characteristics . The basic idea is to evaluate the perfor­
mance of a relatively simple model with respect to the suspension characteristics 
over a rippled bed and to see whether the model can be adjusted to produce the 
proper wave-related transport rates or not. 

In order to close the equation, Prandtl's theory on mixing length as turbulence 
closure is used and the eddy viscosity is described by 

(2.2) 

in which {h is the eddy viscosity adjusting coefficient (equal to 1) ' e is the mixing 
length and determined by Prandtl's formula: 

[ = KZ (2.3) 

where K is the Von Karman constant (K = 0.4). 

The initial and boundary conditions used in the model are given in the fol­

lowing. 

• The boundary conditions at z = h and z = 0: 

u(z, t) \z=h = Ji (t) 
u(z, t) \ _ = 0 

Z-Zo 

(2.4) 

(2.5) 

in which f 1 ( t) is a given function from measurement (data record of irregular wave 

velocities); 

• The initial condition: 

u(z,t) tt=O = f2(z), zo::; z::; h (2 .6) 
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in which h(z) is given function of velocity. A hyperbolic tangent distribution is 

used for the initial velocity based on the initial value at z = h. 

Using the same assumptions as for fl.ow equation (2.1) , the vertical distribution 
of sediment concentration is described by the lDV diffusion equation as follows: 

(2.7) 

in which: w is the vertical velocity of flow , w 5 the constant settling velocity of 
sediment particle, c the volume concentration, Za the reference level, and c5 the 
diffusion coefficient for sediment. 

To represent additional vortex-related suspension processes, the overall sedi­
ment mixing coefficient was modelled as the sum of the ones by bottom-induced 
turbulence and effective vortex-induced mixing: 

(2.8) 

in which c 8 t, c8 w are the mixing coefficients for sediment due to turbulence and due 
to vortex motions, respectively. The turbulence-related sediment mixing coefficient 
is related to the eddy viscosity Vt by a coefficient {h (assumed to be equal to 1): 

(2.9) 

The vortex-induced mixing is supposed to be described by the following formula: 

1 A ( z) c8 w = -;;,Uz 1- h (2.10) 

Eq. {2.10) is based on dimensional analysis and assumes that the sand rnncentra­
tion profile is of t he hyperbolic type, c,....., (h / z - l)n, with n being a calibration 
coefficient most iikely depending on grain size and ripple dimensions: Further­
more , it is assumed that peak orbital velocities, U, are dominant in driving the 
vortices. The peak orbital velocity is described as: 

(2.11) 

in which U0 n, U0 1 f are onshore and offshore amplitudes of peak orbital veloci­
ty in case of irregular waves, respectively; T is the wave period. The effective 
vortex-induced m ixing hp.s been determined. by cal~bration using the measured 
time-averaged sand concentrations. 

The boundary equations for the sediment diffusion equation are: 
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• The initial condition: 

c(z, t) lt=O = fs(z), Za :S z :Sh 

in which fa(z) is a given function from measured data. 

• The · boundary condition at z = h: 

z=h 

• The boundary condition at z = Za: 

at z = Za 

or 

at z = Za 

in which Ca is a given formula or a measured time series. 

The applied expression reads as: 

(2.12) 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

in which O' is instantaneous dimensionless bed shear stress related to the grains; 
O~r critical dimensionless bed shear stress known as Shields parameter; Ps density 
of sediment ; n • dimensionless particle diameter; and m is an empirical coeffi­
cient (calibration) related to ripple characteristics r, A, being ripple height and 
length respectively. The reference level is assumed to be equal to the effective bed 
roughness k s, which is taken as equal to the ripple height . 

3. Calibration of the model and numerical solutions 

The finite difference method based on the implicit scheme of Crank-Nicolson 
was used to solve equations (2.1) , (2.4)-(2.6) for horizontal velocity and the implicit 
upwind scheme was used in equations (2 .7) , (2 .12)-(2.14) for vertical distribution 
of sediment concentration. It should be noted that the grids for flow and sediment 
diffusion equations are different and that a staggered grid has been used for more 
accurate and stable computation results. The data sets are given in Table 1 and 
basic input values of the model are given ~n Table 2: D50 of the bed, Ws =constant, 
fall velocity of suspended sand (based o~ sett ling tests using suspended samples) 
and effective bed roughness ks, which is taken as equal to the measured ripple 
height . 
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F irst, the calibration of the vortex-related :rp.ixing coefficient is considered by 
fitting measured and computed time-averaged sand concentrations. It is shown in 
Fig. l that the time-averaged sand concentration is much too small when only the 
turbulence-related mixing coefficient is used. Introducing a vortex-related mixing 
coefficient as determined by eq. (2.10), improved the vertical distribution of sedi­
ment concentration considerably, compared with the measurement results. Similar 
results were obtained for all other tests. Under the action of bottom-induced tur­
bulent mixing the suspended sediment concentration mainly assembles near the 
bed and decreases quickly in the upward direction. The 24 available test results 
(Dang Huu,C. and Grasmeijer,B.T.,1999) of time-averaged sand concentrations 
have been used to determine the n-coefficient of the vortex-related mixing coeffi­
cient and the m-coefficient of the reference concentration expression by fitting the 
meas~red and computed time-averaged concentrations . The results are given in 
Table 2. 

The n-coefficient was found to depend on the grain size of the bed material: 
n = 12 for coarse sand of 0.33 mm and n = 38 for finer sand of 0.16 mm. A smaller 
n-value implies a stronger vortex-related mixing, which seems realistic because the 
ripples were most pronounced (steep vortex ripples with r / >.. = 0.27) in the tests 
with a coarse sand bed of 0.33 mm. 

The m-coefficient was found to be related to the ripple steepness (r / >..) with 
m-values in the range of m = 0.04 for r / >.. = 0.042 to m = 0.27 for r / >.. = 0.5. The 
results can be represented by 

Table 1. Measurement programme 

·-Dat a Measurement Number Grain Wave Orientation 
set No. of test size Dso height of ASTM 

(mm) Hs (.m) (degree) 

I Al, AlB, A2A, 8 0.33 1.00 -90 
Dl, D2 , D3, D4, D5 -120 

II BlA, B2A, BlB, 8 0.33 1.25 -90 
El, E2, E3, E4, ES -120 

Ill Gl , G2, G3, G4, 7 0.16 1.00 -120 
Jl , J2, J3 -90 

IV Hl, H2, H3, H4, HS, 9 0.16 1.25 -120 
Kl, K2 , K3 , K4 -90 

v Ml, M2, M4 3 0.16 1.SO -90 
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Table 2. Input parameters for computations 

Test Tmax ua(z = h) Ws ks Za m n r A. 
(s) (ms- 1 ) (m) (m) (m) (-) (-) (m) (m) 

Al 892.0 -0.03102 0.03 0.06 0.06 0.5 12.0 0.06 0.22 
Dl 897.0 -0.00493 0.03 0.06 0.06 0 .5 12.0 _ _ 0.06 0.22 
D3 888.5 -0.00526 0.03 0.06 0.06 0.5 12.0 0.06 0.22 

Bl A 890.5 -0.03354 0.03 0.05 0.05 0.3 12.0 0.05 0.23 
B2A 893.5 -0.03429 0.03 0.05 0.05 0.3 12.0 0.05 0.23 
BlB 117.5 -0.03618 0.03 0.05 0.05 0.3 12.0 0.05 0.23 
E3 894 .5 -0.01776 0.03 0.05 0.05 0.3 12.0 0.05 0.23 
E4 652.5 -0.01035 0.03 0.05 0 .05 0.3 12.0 0.05 0.23 
E5 896.5 -0.00950 0.03 0.05 0.05 0.3 12.0 0.05 0.23 

Gl 892.0 -0.03821 0.011 0.03 0.03 0.05 38 .0 0.03 0.72 
G2 894.5 -0.01750 0.011 0.03 0 .03 0.05 38.0 0.03 0.72 
G4 892.5 -0.02189 0.011 0.02 0.03 0 .05 38.0_ 0.03 0.72 
Jl 897.0 -0.03113 0.011 0.03 0.03 0.05 38.0 0.03 0.72 
J2 895.5 -0.03237 0.011 0.03 0.03 0.05 38.0 0 .03 0.72 
J3 356.0 -0.03065 0.011 0.03 0.03 0.05 38.0 0 .03 0.72 

H2 823.5 -0.03826 0.011 0.03 0.03 0.05 38.0 0.03 0.72 
H3 898.5 -0.03666 0 .011 0 .03 0.03 0.05 38.0 0.03 0 .72 
H4 894.5 -0.02584 0.011 0.03 0.03 0.05 38.0 0.03 -0 ;72 
HS 893.0 -0.03370 0.011 0.03 0.03 0.05 38.0 0.03 0.72 
K2 898.5 -0.02989 0.011 0.03 0.03 0.05 38.0 0.03 0.72 
K4 892.5 -0.03552 0.011 0.03 0 .03 0.05 38.0 0.03 0.72 

Ml 891.5 -0.04407 0.011 0.02 0 .02 0.05 38.0 0.02 0.72 
M2 836.5 -0.03225 0.011 0.02 0.02 0 .05 38.0 0.02 0.72 
M4 474.5 -0.03092 0.011 0.02 0 .02 0 .05 38.0 0.02 0.72 

(r)2 - r 
m = 8.4 ~ - 0.7~ + 0.06 (3.1) 

The measured velocities at z = 1.075 m are used as the upper boundary condi-
tion of the model and the sand concentrations at the lower boundary condition 
of z = Za = 0.075 m are taken from measured concentrations as well as from 
equation (2.16). Based on these conditions, the model computations show quite 
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good results for concentration at the lower elevations and for orbital velocity at . 
the higher elevations (close to the boundaries). Further away from the boundaries 
the discrepancy between computed and measured values gradually increases. It 
also shows that the computed instantaneous results based on the measured refer­
ence concentration are much better than those from equation (2.16). Furthermor~, 
the computed instantaneous concentration shows less strong oscillation than the 
measured concentration. This latter effect results in less accurate predictions of 
the wave-related sediment transport rate, as will be shown later . The vertical 
distribution of the time-averaged sand concentrations is not much affected by the 
type of boundary condition (measured data or equation (2.16)), as shown in Fig. 2. 
For all the cases under consideration the computed instantaneous velocities out­
side the layer affected by the ripples (roughly two ripple heights above the mean 
bed; z > 0.1 to 0.2 m) behave quite well in comparison with the measured ve­
locities . The vertical distribution of the time-averaged velocities are shown in 
Figure 2. Considerable errors occur close to the bed in the vicinity of the ripples 
(z < O.lm) . 
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..Q 
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-lnclud. wave 
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~ 

"'- ~ -- -0 -
0 0.1 0.2 0.3 0.4 0.5 

Time-averaged concentration(kg/m3) 

Fig. 1. Time-averaged concentration profile with and without 
wave-related diffusion (test G 1) 

Figure 3 shows computed and measured time-averaged velocity profiles for all 
24 tests, in terms of mean values (and standard error range) for each of the 5 data 
sets. Figure 4 shows similar results for the time-averaged sand concentrations. 
The time-averaged sand concentrations at the higher elevations (z > 0.5 m) are 
largest for data set V, with the largest significant wave height and the finer sand of 
0.16 mm; whereas the near-bed concentrations are largest for the case with steep 
vortex ripples (data set I and II). These results sl\ow that a diffusion type mod­
el is quite good in simulating the time-averaged sand concentration distribution, 
provided that the vortex-related suspension mechanism is modelled by an effective 
mixing coefficient. The discrepancies of time-averaged concentration between us­
ing formula (2.16) and measured data for reference concentration are quite small. 
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With regards to the standard errors of both the computed and measured results 
it shows that the velocities ch.ange significantly for each test due to the presenc~ 
of the ripples, while the standard errors for concentration are more stable at the 
same levels. 
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Fig; 2. Computed and measured time-averaged velocity and 

concentration profiles for test G 1 

4. Evaluation of wave-related suspended transport rates 

The velocity and concentration computed by the model are the instantaneous 
quantities and they are represented as the sum of time-averaged component and 
the wave-related oscillations: 

u(z, t) = u(z) + fi(z, t) 

c(z, t) = c(z) + c(z, t) 

(4.1) 

(4.2) 

The components due to high and low frequencies are not presented separately 
here. Therefore, the wave-related suspended sediment transport rate is defined as 

follows: 
(4.3) 
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Fig. 3. Time-averaged velocities for combined tests 

Expression ( 4.3) is applied to each computation result corresponding to the tests 
in Table 2. Through comparison with the data, it shows that the model results 
in simulat ing the wave-related transport close to the bed are not accurate if the 
reference concentration is computed ·by a bed-shear stress related expression. The 
model results are considerably better if the measured sand concentrations of the 
lowest point are used as boundary condition for t he fine sand bed of 0.16 mm. 
This can also be observed from Fig. 5, which presents computed depth-integrated 
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Fig. 4. Time-averaged sand concentrations for combined tests 

transport rates (between the lowest z = 0.075 m and the highest measurement 
point z = 1.075 m) versus measured depth-integrated transport rates (between 
the same points) . The dashed lines are absolute error boundaries with values of 
± 0.01 kgm- 1s- 1 . 

There is a range of causes for the discrepancies between measured and com­
puted wave-related suspended transport rates . As seen from the obtained results, 
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Fig. 5. Computed versus measured (depth-integrated) wave-related transport rates 

the ·computed instantaneous concentrations do not agree well with the measured 
values although the time-averaged values · are quite good. This problem is relat­
ed to the geometry of the ripples as well as to the dynamics of entrainment and 
transportation of sedi~ent particles from the rippled bed into the fl.ow. It appears 
that the instantaneous behaviour of the v9rtices and associated sand concentra­
tions may not be represented sufficiently accurately by the classical diffusion type 
model. Moreover, the interaction between sediment and fluid partides is not con­
sidered in the present model. The changes of fluid density and turbulence due 
to the presence of high near-bed sand concentrations may influence the dynamics 
process of fl.ow and sediment. 
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5. Discussion and conclusions 

The ripple steepness is a very important factor, because it decides the scale 
of bed roughness (see Hitching and Lewis, 1999) and hence, has a strong influence 
on vertical distribution of horizontal fl.ow velocity and sand concentration. As the 
precise measurement location with respect to the ripple crest is unknown for these 
Delta flume experiments, many repetitive measurements have been made to ensure 
representative sampling at various locations along the migrating ripples. Thus, 
the measured mean profiles of Fig. 3 represent some discrepancies of a spatially­
averaged (over a ripple length) mean velocity profile. The error ranges give an 
indication of the horizontal variability involved. Comparison of measured and 
computed fl.uid velocities for the 0.33 mm sand (Fig. 3) shows that a simple lDV­
model can not be used to determine accurate values of the mean currents very 
close to steep ripples. Somewhat better results are obtained for data sets II and 
IV of the 0.16 mm sand bed with flat ripples using an effective bed roughness 
equal to the ripple height. Accurate simulation of the flow field near a rippled bed 
basically requires the application of ~ 2DV model. in combination with a higher 
order turbulence closure (K -c method) or direct large-s~ale eddy simulation (LES 
method), which is beyond the scope of the present study. · 

The time-averaged sand concentrations can be reasonably well simulated for 
both sand sizes using the classical diffusion approach, provided that the refer­
ence concentration near the bed is modelled with sufficient accuracy and that the 
vortex-related mixing characteristics are tal{en into account (calibration). Neglect­
ing the vortex-related mixing coefficient, yields time-averaged sand concentrations 
that are much too small (Fig. 1) . Further research is necessary to relate the ref­
erence concentration and the vortex-related mixing coefficient to relevant hydro­
dynamic, sediment and bed form parameters . The effect of the ripple geometry 
has to be included to represent all sand concentration peaks near the bed. The 
computed instantaneous sand concentrations at various elevations away from the 
bed, show better agreement when measured data are used as a bed boundary con­
dition. For all cases, the computed instantaneous sand concentrations show less 
strong oscillations than the measured data, which is an indication that the diffusion 
approach is not fully capable of simulating the instantaneous processes. However, 
this does not seem to affect the accuracy of the time-averaged sand concentrations 
and hence, the current-related transport very much, but it is of major importance 
for the wave-related suspended transport processes. This latter process can not 
be simulated very accurately by the present lDV _model in the case of a rippled 
bed, especially when the reference concentration is not accurately modelled. 

For all cases the measured wave-related suspended transport rates due to the 
high frequency waves are directed onshore, whereas the current-related suspended 
transport rates are directed offshore. The transport rates due to low frequency 
are of minor importance and have a tendency for offshore direction similar to 
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time-averaged transport components. 

The results of the present study. for sand transport under irregular waves over 
a bed of 0.16 mm sand and 0.33 mm sand can be summarized by the following 
conclusions: 

• The ripple geometry is strongly affected by the bed material characteristics: 
steep vortex ripples with r / >. = 0.22 to 0.27 for the 0.33 mm sand (data sets 
I and II, see Table 1) and relatively fiat ripples with r / >.. = 0.04 for 0.16 mm 
sand (data sets III, IV and V); 

• The suspended sediment transport mainly occurs in th~ near-bed layer with 
a thickness of about 0.3 to 0.5m (water depth of 4.55m), which is roughly 
equivalent to 10 to 20 times the ripple height; 

• The measured Wave-related suspended transport due to the high frequency 
waves is directed onshore, whereas the current-related suspended transport is 
directed offshore; the transport rates due to low frequency are of minor im­
portance and have a tendency for offshore direction , similar to time-averaged 
transport components; 

• The onshore-directed wave-related suspended transport increases with signif­
icant wave height (between 1 and 1.5 m) and decreases with sand size; the 
latter effect is related to the effect of decreasing ripple steepness and hence, 
less strong vortex motions for decreasing sand size; 

• The instantaneous velocities and sand concentrations should be measured in 
points down to z = 0.01 m above the bed to determine accurate values of the 
depth-ip.tegrated high-frequency transport rate; 

• The lDV model based on the classical diffusion approach shows a good abil­
ity to simulate the time-averaged suspended sand concentrations and hence 
the current-related suspended transport in the ripple regime, provided that 
the reference concentration near the bed and the vortex-related mixing are 
represented with sufficient accuracy; both parameters are strongly related to 
the ripple characteristics. 
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MO HINH MQT CHIEU V~N TAI BUN CAT LO LUNG DUOI TAC DQNG , , ...... "' , , 
CUA SONG TRONG DIEU KI~N DAY GQ"N SONG 

Bai bao trlnh bay m(>t vai ket qua nghien dru ly thuyet ve v~n tai bun cat 
la ltl-ng drr&i tac d(?ng d.a s6ng khong deu trong dieu ki~n day ggn s6ng. TU- mo 
hlnh m(>t chieu, cac gia tr! trrc thO-i ve phan bo thitng dung cti.a v~n toe va nong 
d9 drrgc thu nh~n. Mo hlnh dva tren ca s& khuygch tan c5 di~n c6 chu y dgn d. 
khuyech tan roi va khuyech tan do s6ng. Ket qua cho thay mo hlnh c6 kha nang 
mo ph6ng tot phan bo trung blnh thO-i giall, ctla nong d9 nha str d1.rng cac h~ so 
hi~u chlnh. D~c bi~t, vi~c drra vao cong thfrc ban thv-c nghi~m ctla h~ so khuyech 
tan do s6ng da di thi~n dang k~ dang di~u phan ho ctla bun cat. Cuoi drng, toe 
d<) tcii la ltrng do s6ng da dm;rc tfnh va so sanh v&i gia tr! drrqc do. Ket qua cho 
thay dq chfnh xac ctla toe d9 tai phl_l. thu9c rat nhieu vao vi~c str dvng tn,rc tigp 
gia tr! (y . bien day doi v&i nong de? hay stl· dvng cong thfrc dv- bao. 
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