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Prediction of nearshore sediment transport is a fundamental, open problem in coastal 
engineering. In this paper, we extend an existing model to predict bedload due to pure 
asymmetric and skewed waves to the case of combined waves and currents. The choice of 
the appropriate bed roughness to compute bedload is discussed. Predictions based on 
different choices of roughness are compared with available experimental data. Depending 
on whether a current is present or absent, agreement between predictions and 
measurements is obtained for a different choice of the roughness. Rather than using a 
different roughness parameterization for the two cases, these results suggest the necessity 
of revising the model that predicts the bed shear stress used in the calculation of bedload 
transport. 

INTRODUCTION  
Cross-shore sediment transport in the nearshore region, of crucial 

importance to coastal engineers, is due to the simultaneous effect of waves and 
currents. Nearshore waves are both asymmetric (forward-leaning in shape) and 
skewed (with peaked, narrow crests and wide, flat troughs). Existing models to 
predict nearshore sediment transport are not entirely satisfactory, since they are 
either highly empirical or require intensive numerical computations. 
Furthermore, most of the previous studies focused on skewed waves, while little 
attention has been paid to the effect of wave asymmetry. The authors developed 
a simple model capable of predicting bedload transport due to asymmetric and 
skewed pure waves (Gonzalez-Rodriguez and Madsen 2007, hereafter referred 
to as GRM07). In this paper we discuss the extension of the model to the case of 
combined waves and currents. 

ASYMMETRIC AND SKEWED WAVES ALONE  
GRM07’s model uses Madsen’s (1991) bedload transport formula to 

express the instantaneous transport as a function of the instantaneous bed shear 
stress, τb(t). Madsen’s formula is only applicable when suspension effects are 
negligible, i.e., when the ratio of the maximum shear velocity (u*m) to the 
sediment fall velocity (ws) is smaller than a certain threshold value (u*m/ws < 2.7 
was suggested by GRM07 for pure waves). To account for the effects of wave 
shape, the instantaneous bed shear stress is related to the near-bed orbital 
velocity, ub(t), through  
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where lτ is the time lag between the bed shear stress and the near-bed velocity, 
and fw is a generalized, time-dependent friction factor. Specifically, the values of 
fw(t) and lτ(t) at the wave crest are taken as those obtained for a sinusoidal wave 
of velocity amplitude equal to the crest velocity and quarter-period equal to the 
interval between the zero up-crossing and the maximum velocity. The values at 
the wave trough are calculated analogously, and the time-dependencies of fw(t) 
and lτ(t) over the wave period are defined as linear interpolations between their 
values at crest and trough. A similar parameterization, using different friction 
factors at crest and trough but without a continuous time variation was proposed 
by Silva et al. (2006). This simple model accounts for the increased onshore bed 
shear stress in a purely asymmetric wave, in which the boundary layer 
associated with the onshore motion has a shorter time to develop than that 
associated with the offshore motion. As shown by GRM07, the model’s 
predictions agree with measurements of sheet flow bedload due to both 
asymmetric and skewed pure wave motion when the bed roughness is taken 
equal to the mean sediment diameter, kN=D50. 

As shown in several sheet flow studies, the total hydraulic roughness that 
parameterizes the near-bed velocity is larger than the sediment diameter. For 
example, Herrmann and Madsen (2007) obtained the following empirical 
expression for the total sheet flow roughness, 

 ( )[ ] ncrN Dk 7.15.4 +Ψ−Ψ= ,   (2) 

based on limited experimental data, where Ψ and Ψcr are the Shields parameter 
and its critical value for initiation of motion, respectively, and Dn is the nominal 
diameter (Dn≈1.1D50). Even if the hydraulic sheet flow roughness is 
parameterized by the total mobile-bed roughness roughness, this is not 
necessarily the appropriate value of the roughness to use when computing the 
bed shear stress responsible for transport. In fact, accurate predictions of 
transport over rippled beds have been obtained by using kN=D50, instead of the 
total hydraulic roughness (Madsen and Grant, 1976). For this reason, and based 
on the good agreement with experimental results, GRM07 used kN=D50 to 
successfully predict sheet flow bedload under asymmetric and skewed pure 
waves (see figures 9 and 10 in GRM07). 

In contrast, Figs. 1 and 2 show poor agreement between GRM07’s model 
predictions and measurements when bedload is based on the mobile-bed 
roughness (Eq. 2). Figs. 1 and 2 include the same experimental cases as figures 
9 and 10 in GRM07, respectively. Fig. 1 shows a comparison between predicted 
and measured net transport rates under skewed waves. For the data shown in the 
figure, the mobile-bed roughness is of the order of (10-30)D50, and the model 
overpredicts the measurements by a factor of about 4.3. Fig. 2 shows a 
comparison between predicted and measured net transport rates under 
asymmetric waves. For King’s (1991) asymmetric wave cases, the mobile-bed 
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roughness, about 4D50, is of the same order as the grain diameter, and the use of 
either roughness does not significantly affect the model’s predictions. In 
contrast, for Watanabe and Sato’s (2004) cases, the mobile-bed roughness is 
significantly larger than the grain diameter (by a factor of about 17), and the 
predictions of the model improve dramatically for this data set when the mobile-
bed roughness is used. It is noted that the value of u*m/ws for a specific case 
increases when the sand-grain roughness is replaced by the mobile-bed 
roughness. Consequently, the numerical threshold above which suspension 
effects become appreciable (u*m/ws=2.7 in GRM07, which was determined 
based on kN=D50) depends on the choice of roughness. Instead of defining a new 
threshold for the mobile-bed roughness, the data points included in Figs. 1 and 2 
are those that met the original threshold in GRM07, although the new values of  
u*m/ws  for some of these points are now larger than 2.7. 
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igure 1. Comparison between predicted and measured net sediment transport rates F
for skewed, symmetric waves (no current). Predicted bedload is based on mobile-bed 
roughness. Two datapoints, for which the transport rate is overpredicted by factors 
of 5.8 and 7.7, fall outside the depicted range. The solid line corresponds to perfect 
agreement between predictions and measurement, while the dashed line is the least-
squares fit to the data and corresponds to an overprediction by a factor of 4.3. 
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Figure 2. Comparison between predicted and measured net sediment transport rates 
for asymmetric, non-skewed waves (no current). Predicted bedload is based on 
mobile-bed roughness. The solid line corresponds to perfect agreement between 
predictions and measurement, while the dashed line is the least-squares fit to the 
data and corresponds to an overprediction by a factor of 1.2. 

 

SINUSOIDAL WAVES PLUS A CURRENT 
To predict bed shear stress due to combined sinusoidal waves plus a 

current, we apply the Grant and Madsen boundary layer model as presented by 
Madsen (1994) with the modification suggested by Madsen and Salles (1998). 
The model is applied to sheet flow experimental conditions, and therefore the 
hydraulic roughness is taken equal to the mobile-bed roughness (Eq. 2). As 
discussed in the previous section, two possible choices of bedload roughness are 
considered in order to obtain the bed shear stress responsible for sediment 
transport: kN=D50 and the mobile-bed roughness. In the former case, the wave-
current model is applied as follows (details are presented in the Appendix). 
First, a wave-current analysis based on mobile-bed roughness is performed, 
using the reference current velocity measured at a reference level. From this first 
analysis, the wave-current boundary layer thickness, δcw, and the current 



 5 
 
velocity at z = δcw are determined. This current velocity is used as a new 
reference velocity for a second wave-current analysis, now based on kN=D50. 
From this second analysis, the (skin friction) bed shear stress is determined and 
used in Madsen’s (1991) formula for the bedload computations. 

Figs. 3 and 4 show comparisons of net transport rates by our conceptual 
model and oscillatory wave tunnel measurements for sinusoidal waves plus 
currents by Dohmen-Janssen et al. (2002, series E, I, J). The figure only 
includes measurements for which appreciable suspension effects are not 
expected. By analogy with GRM07, the threshold of appreciable suspension is 
established at u*m/ws=2.7, where u*m is now the maximum combined wave-
current shear velocity based on kN=D50. In Fig. 3, the predicted bed shear stress 
used in the bedload calculations is based on kN=D50, which yields an 
underprediction of the measurements by a factor of about 4.6. In Fig. 4, the 
predicted bed shear stress used in computations of the net bedload transport 
rates is based on the mobile-bed roughness, which is of the order of 14D50 for 
these experimental conditions. This choice yields an excellent agreement 
between predicted and measured transport rates. 
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Figure 3. Comparison between predicted and measured (Dohmen-Janssen et al., 
2002) net sediment transport rates in current direction for co-directional sinusoidal 
waves and currents. Predicted bedload is based on kN=D50. The line of perfect 
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agreement is shown. The solid line corresponds to perfect agreement between 
predictions and measurement, while the dashed line is the least-squares fit to the 
data and corresponds to an underprediction by a factor of 4.6. 
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Figure 4. Comparison between predicted and measured (Dohmen-Janssen et al., 
2002) net sediment transport rates in current direction for co-directional sinusoidal 
waves and currents. Predicted bedload is based on mobile-bed roughness. The solid 
line corresponds to perfect agreement between predictions and measurement, while 
the dashed line is the least-squares fit to the data and corresponds to an 
underprediction by a factor of 1.1. 
 

ASYMMETRIC AND SKEWED WAVES PLUS A CURRENT 
To compute bedload under asymmetric and skewed waves plus a current, 

the total bed shear stress is decomposed into the sum of the wave and the current 
shear stresses, 

 cbwbb tt τττ += )()( . (3) 
To calculate the current shear stress, τcb, the waves are approximated by an 

equivalent sinusoidal wave with the same period as the original wave and 
velocity amplitude ubm=(uc-ut)/2, where uc and ut are the crest and trough 
velocities of the original wave, respectively. With the equivalent periodic wave 
specified in this manner, the sinusoidal wave-current analysis described in the 
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previous section is applied to obtain τcb. Using this current shear stress, the 
wave-current friction factor is calculated at crest and trough accounting for 
wave asymmetry and skewness, as previously outlined for pure waves, but now 
adding the effect of the current.  Analogous to the pure wave case, a time-
varying wave-current friction factor is obtained by linear interpolation between 
the crest and trough values, from which the wave shear stress τwb(t) is 
determined. The relevant expressions involved in these calculations are 
summarized in the Appendix. Due to the lack of bedload laboratory data with 
significant contributions to the transport from both the current and the wave 
asymmetry and/or skewness, comparison of this proposed methodology for the 
computation of bedload transport rates in combined skewed and asymmetric 
wave and current flows with measurements is not presented.  

CONCLUSION 
We have presented an extension of our bedload model to the case of 

combined waves and currents and discussed the choice of bed roughness. The 
appropriate bed roughness to parameterize the bed shear stress responsible for 
bedload sediment transport remains unclear. For purely skewed waves, good 
agreement with experimental data is obtained when using a roughness equal to 
the grain diameter, while the use of the total mobile-bed roughness yields 
overpredictions by a factor of about 4.3. In contrast, for sinusoidal waves plus a 
current, good agreement with the available data is obtained by using the total 
mobile-bed roughness, while the use of the grain diameter yields 
underpredictions by a factor of about 4.6. Similarly, the use of the mobile-bed 
roughness yields a dramatically improved agreement with some of the pure 
asymmetric wave data. For the remaining asymmetric wave data, for which the 
mobile-bed roughness is of the same order as the grain diameter, the agreement 
between predictions and measurements is good for either choice of the 
roughness. 

The inconsistent choice of roughness needed to predict bedload in cases 
with and without currents may be avoided by modifying the model used to 
predict the bed shear stress. GRM07 presented comparisons between bed shear 
stresses predicted by their simple conceptual model, also used here, and by a 
numerical k-ε model. The predictions of both models showed good agreement 
for purely asymmetric waves, while the conceptual model slightly overpredicted 
the onshore bed shear stresses for skewed waves. This overprediction may be 
responsible for the overprediction of bedload due to skewed waves when the 
mobile-bed roughness is used. The authors are currently working on a more 
rigorous model for the prediction of the bed shear stress under skewed and 
asymmetric waves, which is anticipated to resolve the inconsistency of having to 
use a bed roughness that depends on whether a current is present or not when 
computing the bed shear stress responsible for bedload sediment transport.  
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APPENDIX 
Following Madsen (1994), the bed shear stress due to the waves is 
 )()()( 2

1 tutuft bbcwwb ρτ = , (A-1) 
where fcw, the combined bed-current shear stress, is given by 
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where φcw is the angle between the current and the direction of wave 
propagation, τcb is the modulus of the current shear stress, and τwm = ρ u*wm

2 = ½ 
ρ fcw ubm

2 is the maximum shear stress due to the waves. For an asymmetric or 
skewed wave, fcw and τwm adopt different values at the crest and at the trough, 
since they are calculated based on uc and ut and the corresponding quarter-
periods. 

The bed shear stress due to the current is calculated as 
 ,  (A-4) 2

*ccb uρτ =
where u*c, the current shear velocity, is related to the current velocity at a height 
zr above the bed, uc,r,  
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where κ =0.4, z0 = kN /30, and  

 ( )45.196.2exp 071.0* −= −Xu m
wc ω

κδ . (A-6) 

with the exponential scaling factor being the modification of Madsen (1994) 
suggested by the results obtained by Madsen and Salles (1998). The wave-
current shear velocity, u*m, is given by 
 .  (A-7) 2

*
2

* wmm uCu μ=
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X and u*wm are calculated using the expressions for the wave shear stress above, 
based on equivalent periodic wave characteristics (total period T and velocity 
amplitude ubm = (uc - ut)/2) if the waves are not sinusoidal. 

REFERENCES 
Ahmed, A.S.M., and Sato, S. 2003. A sheetflow transport model for asymmetric 

oscillatory flows. Part I: uniform grain size sediments. Coastal Engineering 
Journal, 45, 321-337. 

Dohmen-Janssen, C.M., Kroekenstoel, D.F., Hassan, W.N., and Ribberink, J.S. 
2002. Phase lags in oscillatory sheet flow: experiments and bed load 
modelling, Coastal Engineering, 46, 61-87. 

Gonzalez-Rodriguez, D., and Madsen, O.S. 2007. Seabed shear stress and 
bedload transport due to asymmetric and skewed waves, Coastal 
Engineering, 54, 914-929. 

Hassan, W.N., and Ribberink, J.S. 2005. Transport processes of uniform and 
mixed sands in oscillatory sheet flow. Coastal Engineering, 52, 745-770. 

Herrmann, M.J., and Madsen, O.S. 2007. Effect of stratification due to 
suspended sand on velocity and concentration distribution in unidirectional 
flows. Journal of Geophysical Research, 112, C02006, doi: 10.1029/ 
2006JC003569. 

King, D.B. 1991. Studies in oscillatory flow bedload sediment transport. Ph.D. 
thesis, University of California, San Diego. 

Madsen, O.S. 1991. Mechanics of cohesionless sediment transport in coastal 
waters, Proceedings of Coastal Sediments ’91, 15-27. 

Madsen, O.S. 1994. Spectral wave-current bottom boundary layer flows, 
Proceedings of the 24th International Conference on Coastal Engineering, 
ASCE, 384-398. 

Madsen, O.S., and Grant, W.D. 1976. Quantitative description of sediment 
transport by waves. Proceedings of the 15th International Conference on 
Coastal Engineering, ASCE, 1093-1112. 

Madsen, O.S., and Salles, P. 1998. Eddy viscosity models for wave boundary 
layers. Proceedings of the 26th International Conference on Coastal 
Engineering, ASCE, pp. 2615-2627. 

O’Donoghue, T., and Wright, S. 2004. Flow tunnel measurements of velocities 
and sand flux in oscillatory sheet flow for well-sorted and graded grains. 
Coastal Engineering, 51, 1163-1184. 

Ribberink, J.S., and Al-Salem, A.A. 1994. Sediment transport in oscillatory 
boundary layers in cases of rippled beds and sheet flow. Journal of 
Geophysical Research, 99, 12707-12727. 

Silva, P.A., Temperville, A., and Santos, F. S. 2006. Sand transport under 
combined current and wave conditions: A semi-unsteady, practical model, 
Coastal Engineering, 53, 897-913. 

 



 10 
 
Watanabe, A., and Sato, S. 2004. A sheet-flow transport rate formula for 

asymmetric, forward-leaning waves and currents. Proceedings of the 29th 
International Conference on Coastal Engineering, World Scientific, 1703-
1714.



 
 

11 

KEYWORDS – ICCE 2008 
 
BEDLOAD TRANSPORT DUE TO ASYMMETRIC AND SKEWED 
WAVES PLUS A CURRENT 
David Gonzalez-Rodriguez and Ole Secher Madsen 
Abstract number 396 
 
Sediment transport 
Bedload 
Surf zone 
Wave-current boundary layer 
Asymmetric and skewed waves 


	INTRODUCTION 
	ASYMMETRIC AND SKEWED WAVES ALONE 
	SINUSOIDAL WAVES PLUS A CURRENT
	ASYMMETRIC AND SKEWED WAVES PLUS A CURRENT
	CONCLUSION
	ACKNOWLEDGMENTS
	APPENDIX
	REFERENCES

