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UNSTEADY EFECTS IN SAND TRANSPORT UNDER NONLINEAR WAVES
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Abstract

The phase-lag between the sediment concentration and the flow velocity in oscillatory flows
determine, in certain circumstances, the magnitude and direction of cross-shore sediment
transport. These unsteady effects depend on the characteristics of the wave induced motion
(amplitude of the near-bed orbital velocity, wave period and non-linearity) and also on the
bed sediment grain size distribution. This communication addresses this issue and proposes an
analytical function that describes phase-lag effects. Net transport rates computed from quasi-
steady formulations provide better estimates when the function is considered. Finally, the way
how phase-lag effects induce changes in net transport rates under non-linear waves is further
investigated.

1. Introduction

The phase-lag between the orbital velocity and sediment concentration in oscillatory flows is a
process that affects the magnitude and direction of the cross-shore net sediment transport. The
importance of unsteady phase-lag effects in sediment transport can be observed from the analysis
of detailed measurements of flow velocities and sediment concentrations near the bed. The
experiments of Watanabe and Isobe (1990) performed with ripple beds evidence that, in some
conditions, an oscillatory flow leads to net sediment transport rates in the opposite direction of the
mean current. These effects are due to the vortices formed over a ripple, either during the onshore
or offshore motions. The vortices retain large amounts of sediment which were picked up from the
bed and remain in suspension even when the magnitude of the velocity decreases at flow reversal
phases. As a consequence, the sediment particles entrained into suspension during the positive half
cycle (onshore velocities) are available to be transported in the opposite direction by the negative
(offshore) velocities. These so-called unsteady effects, when the sediment concentration is not in
phase with the flow motion, can be responsible for an offshore net sediment transport even when
the waves propagate onshore. Whilst these phenomena can be easily observed over rippled bed
oscillatory motions, they are also manifested even when the bed is flat, when intense sediment
transport occurs in a so-called sheet flow layer (e.g., Dohmen-Jansen et al., 2002; Silva et al.,
2009; O'Donoghue and Wright, 2004; Ruessink et al., 2012).

The sheet flow layer is a near-bed layer with thickness of the order of mm to cm, and sand
concentrations reach values between 200g/I to near 1600 g/l at the stationary bed. As an example,
Figure 1 illustrates the development of the sheet flow layer during a wave cycle. These data were
obtained from direct measurements of flow velocities and sediment concentrations near the bed in
combined oscillatory and collinear current flows (see Silva et al., 2009, for details). As the velocity
increases from zero, at each flow reversal, sediment particles are mobilized from the bed, thus
causing local erosion associated with a deepening of the bed level and an increase in the erosion
depth. These particles are entrained into the flow above the initial bed level causing an increase of
sediment concentration at those levels and, consequently, raising the top level of the sheet flow
layer. When the magnitude of the velocity decreases, the processes that sustain the sediment
particles, either in the sheet flow or in the suspension layers, tend to vanish and sediment particles
have a tendency to settle down to the bed, causing a decrease in the sheet flow layer thickness.
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However, it is evident that the sheet flow layer does not vanish at the off-onshore flow reversal
(at=0°) as it does at the opposite on-offshore (at~180°) flow reversal. This supports the existence
of phase-lag effects between the sediment particles and the flow.

The presence of unsteady effects in sediment transport has been shown to become more significant
for fine sediments (dso<0.2 mm), small wave periods (e.g., Dohmen-Janssen, 1999; Dong et al.,
2013) and under nonlinear waves with skewed and asymmetric velocities (O'Donoghue and Wright,
2004; Ruessink et al., 2012).
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Figure 1. Time variation of the lower and upper levels of the sheet flow layer estimated from two
independent measurements (black and grey solid lines at the lower part of the figure). The corresponding
free-stream velocity and acceleration time series are shown by the upper solid and dashed curves,
respectively (adapted from Silva et al., 2009).

Different empirical or theoretical transport formulas (e.g., quasi-steady and semi-unsteady models)
are presently being used in order to predict sediment transport in coastal zones. Quasi-steady
models (e.g., Bailard, 1981; Nielsen, 2006) assume that sand transport reacts immediately to
changes in flow conditions: the instantaneous sediment transport is computed as a function of the
bottom shear stress or the near bed velocity. The semi-unsteady models take into account the
unsteady phase-lag effects by involving parameters that quantify the amount of sediment
mobilized from the bed during a half-wave cycle and the sediment fall velocity (e.g., Dibajnia and
Watanabe, 1992; Dohmen-Jansen et al., 2002; Dibajnia and Sato, 2004; Silva et al., 2006; van der
A et al., 2013). Although these semi-unsteady models do not describe in detail the vertical
distribution of the flow and sediment concentration, they overcome some deficiencies of the quasi-
steady models.

This paper presents an analytical function that reflects the effect of phase-lags in net transport rates.
The methodology follows the work of Silva et al. (2006) and is validated with a large dataset of
net transport rates measured under non-linear waves in sheet flow conditions. The comparison
between the predicted and experimental results allows to establish under which hydraulic
conditions unsteady effects are important. Moreover, the effectiveness of the proposed function to
provide better estimates of the net transport rates is assessed. At the end the limitations and
advantages of the present non-steady function are discussed.

2. Methodology
According to Silva et al. (2006), the net transport rate, g, is computed by:
L S—) VAN (1)

V(s -1 gdsy’ I

with
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In these equations s = ps/ p, where p and ps are the water and sediment density, respectively, g is
the gravitational acceleration, T, and T, are the time duration of the positive and negative half cycle
of the near bed velocity, respectively, with equivalent velocities u. and u, (the subscript ¢ stands for
crest and t for trough) (see Figure 2). The quantities ©; and ;" (i = ¢, t) represent the amount of
sediment that is entrained, transported and settled in the i half cycle, and the amount of sediment
still in suspension from the i half cycle that will be transported in the next half cycle, respectively.
Therefore, in Equations (1) and (2), gs is computed from the difference between the sediment
transported during the positive and negative half cycles of the oscillatory motion. The unsteady
effects are taken into account through the exchange of sediment flux between successive half
cycles. For example, if the ratio, w., between the settling time of the sediment particles, T¢, and
the duration of the positive half cycle, T, is larger than a critical value, w,, then Q. = 6; (w/w)
and Q.= 0, (1l-w/w:). Otherwise, Q. = G.and Q.= 0. Here, &, represents the equivalent Shields
parameter for the positive half cycle. The same reasoning is applied for the negative half cycle. Ty
is computed from the ratio between the height to which a particle is entrained into the flow, 4, the
sediment fall velocity and the parameter w., which is a function of the maximum Shields
parameter. According to this model, 45 and w., are mandatory for the existence of unsteady effects.
It is noticed that 4 is proportional to the equivalent velocity for each half cycle (Dibajnia and
Watanabe, 1992). Finally, the parameters « and g in Equation (1) are two empirical constants (o=
3.2 and = 0.55).

In this work we investigate the sensitivity of the numerical solution in w. by considering two
different expressions: one proposed by Dibajnia (1995) and another by Silva et al. (2006).

= -
3

Figure 2. Near-bed time velocity series and definition of the T.and T;. U, represents the velocity of a mean
current collinear with the oscillatory flow.

We can rewrite Equation (1) as a product of two functions:
0s =Fqsn (3)
where qqy represents the quasi-steady approach solution when phase-lag effects are not

considered and F is a function that reflects the effect of the unsteady processes in sediment
transport. An expression for g can be derived from Equation (2) assuming that the primed

quantities, ", are zero:
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It results that F is given by:
G
F=|6| "=, (6)
G|
with
G-= ch + ao6 a- Zt)37/03 - a0750703 Zt3 -, (1- Zc)3 _ 7
1‘“0750703
The quantities Z., Z;, ao, & and y, in Equations (5) and (7) are given by:
ZC:wcr; Zt:a)cr; yo:i, aozﬁ’ 5023, (8)
a)c a)t HC uC TC

As stated before, when w > @ and/or ., > a (the exchange mechanism is not effective) the
values of Z.and/or Z; in Equation (7) are set equal to one. According to Equation (6), the sign of F
depends on the sign of G. Therefore, these unsteady effects may also change the direction of the
net transport rate.

3 Results

The net transport rates gs, gsv and the values of the function F in Equations (3)-(7) are evaluated
for a large data set corresponding to non-linear oscillatory flows in the sheet flow regime. The
estimated values are compared with the measurements. The dataset comprises different velocity
skewed and asymmetric oscillatory flows with and without the presence of collinear currents. In
the following, OD04 stands for O’Donoghue and Wright (2004); WS04 for Watanabe and Sato
(2004); S11 for Silva et al. (2011); and D13 for Dong et al. (2013) data (see Table 1). All the
experiments were performed in oscillating flow tunnels. The velocity time series input
corresponding to each experimental condition was synthetized from Abreu et al. (2010)
formulation. According to this formulation the value of two parameters r and ¢ must be prescribed:
r is a parameter that reflects the index of skewness or nonlinearity (r =0 corresponds to a
sinusoidal wave) and ¢ a wave form parameter (the orbital velocity is asymmetric for ¢=0, asina
saw-tooth wave profile, skewed for ¢ = —n/2, as in a first order cnoidal wave, and mixed
asymmetric-skewed for —n/2 < ¢ < 0. The values of r and ¢ were found as described in Abreu et al.
(2010). The equivalent Shields parameter for the positive and negative half-cycles (&, &) in
Equations (5) and (7) were computed from the amplitude of the orbital velocity, U,, and the
friction factors following Silva et al. (2006). The maximum Shields parameter for the estimation
of w¢ was computed from Abreu et al.’s (2013a) formulation.

Figure 3 shows the computed and measured net transport rates for the whole data set. Figure 3a)
shows the quasi-steady solution (Equations 4 and 5); whereas in Figure 3b) the values of w. were
computed following Silva et al. (2006) and in Figure 3c) according to Dibajnia (1995). In the sheet
flow regime, w, is constant for the Dibajnia (1995) model. In the present computations, it results
¢ =0.9. For Silva et al. (2006) formulation e, changes with the maximum Shields parameter.
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Table 1. Overview of the data set

Uy (M/s) T(s) r @ Ug (M/s) dso (MmM) n° tests
OD04 ~1.2 4,5;6;7.5 0.49 -n/2 0 0.15; 0.28; 0.51 8
WS04 0.7-16 | 35 | 0.2-06 o |° ;_(')Oél | 025074 52
VA10|0.85-1.34| 5;6;7;9 | 0.15-0.6 ~0 0 0.15; 0.27; 0.46 35
si1 | ~1.25 7:10  |027-045) 0;~-n2 |° ;_(')Of ! 0.2 11
BB 0;-03; Y
D13 | 06-14 3;5;6;7 |1016-0.7 | —n/2<¢<0 05 0.16;0.2; 0.3 53
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Figure 3. Measured against predicted net transport rates (Silva et al., 2006): a) quasi-steady solution, (qsy);
b) g with o, computed from Silva et al. (2006); c) gs with w¢ computed from Dibajnia (1995).
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The results show that:

o For approximately 40% of the test conditions, the inclusion of unsteady effects (by means
of Eqg. 7) lead to an exchange of sediments between successive half cycles that change the
magnitude and, in some cases, the direction of the quasi-steady net transport rates. 60% of
these cases correspond to the hydraulic conditions of WS04 and D13 performed with T=3s
and large negative velocities.

e The values of G in Equation (7) depend on the value of ., considered. This dependency is
more evident for the subset of WS04 and D13 data pointed above, as can be seen by
comparing the results for the negative measured gs in Figures 3b) and 3c). The variation of
¢ With the Shields parameter as proposed by Silva et al. (2006) seams to overpredict the
phase-lag effects. In general, for the other experimental conditions small changes were
reported.

e The prediction of net transport rates improved when the correction of non-steady effects
was considered. The performance of the model in terms of the root mean square error
(RMSE) decreases from 1.62 to 0.70 from Figure 3a) to Figure 3c). The corresponding
values for the dataset of D13 are 1.93 and 0.73.

The efficiency of the analytical function F to correct net transport rates estimated from other quasi-
steady sediment transport models is depicted in Figure 4 for the Abreu et al. (2013a) formulation.
Only the D13 dataset is considered here (see the companion paper of Abreu et al., 2013b). The
Dibajnia (1995) formulation to compute w., was considered. It is seen that an overall improvement
of the net transport rates is achieved: the RMSE decrease from 0.92 to 0.65.

The analytical function F also provides an insight on how the unsteady effects determine the net
transport rates in non-linear waves. With this purpose, gs was computed from Equations (3) - (7)
considering as input skewed and asymmetric orbital velocities time series synthetized by Abreu et
al.’s (2010) formulation. The following values were assumed: U, = 1.5 m/s and T = 7s by
changing r (0 — 0.8) and keeping ¢, the waveform parameter, constant (¢ = 0) or by changing ¢ (-
n/2 — 0) and keeping r constant (r = 0.5). In every case, dso= 0.2mm and Uy, = 0. Figures 5 and 6
show the computed net transport rates as a function of the variable parameter (r or ¢) for the quasi-
steady and semi-unsteady model. For certain values of r and ¢ the orbital velocity and the bed
shear stress time series (the latter computed from Abreu et al., 2013a) are shown. In Figure 5,
changing r implies changing the wave form from sinusoidal (A: r=0) to a saw-tooth shape with
increasing asymmetry (B: r=0.8). The unsteady effects become larger as the nonlinearity parameter
r increases and they contribute to an increase of the amount of sediment that is transported in the
wave direction (F is positive and larger than 1). This is attributed to a relatively small time allowed
for sediments to settle in the negative half cycle which decrease as T, increases (see Figure 1 for
the definitions of T).
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Figure 4. Measured against predicted (gs) net transport rates (D13 dataset): Abreu et al. (2013a) standart
model; b). Abreu et al. (2013) standart model corrected by the F function.
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Figure 6. (a) Computed qsy and g, against ¢; b) time series of the orbital velocity and c) bed-shear stress
corresponding to C (solid line), D (dashed line) and E (dot-dot line).

The picture in Figure 6 is different. In this case the wave shape evolves from a non-linear first
order cnoidal wave (C: ¢ = -n/2) to an asymmetric and skewed wave (D: ¢ = -0.3w) and, finally, to
a saw-tooth wave shape (E: ¢ = 0). The unsteady effects are already noticeable at C but, in this
case, sediments entrained during the positive half-cycle do not settle and feed the transport in the
negative direction. In this way, the positive net transport decreases (F is positive but lower than 1).
However, this tendency tends to disappear as the wave becomes more asymmetric (D) and again
for a saw-tooth wave shape the unsteadiness reinforces the transport in wave direction. The change
of the wave form, as depicted in Figure 6, mimics a wave that propagates towards the shore
(Ruessink et al., 2011): through velocity-skewed (preponderance of short, high crests) in the
shoaling zone, to velocity-asymmetric (pitched-forward, saw tooth) in the inner surf and swash
zone.

5 Conclusion

In this paper a new analytical function that describes the unsteady phase-lag effects between the
velocity and sediment concentration is proposed based on the previous works of Dibajnia and
Watanabe (1992) and Silva et al. (2006). The analytical function, when effective, can modify the
magnitude and also the direction of the net transport rates in non-linear waves: for skewed waves it
leads to a decrease of the sediment fluxes in the wave direction, while for asymmetric pitched-
forward waves it promotes sediment fluxes in the wave direction. These trends are in agreement
with the experimental observations of sediment transport in non-linear waves. The application of
this function to the quasi steady models of Silva et al. (2006) and Abreu et al. (2013a) provided
better estimates for the net transport rates under sheet flow conditions and non-linear oscillatory
flows. The lowest agreement between the numerical and the experimental results were observed
for the hydraulic conditions corresponding to short wave periods (T=3s) and large orbital velocity
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amplitudes that possess opposing collinear mean currents (datasets of Watanabe and Sato, 2004
and Dong et al., 2013) which lead to large unsteady effects. However, the plausibility of these data
as representative of the near shore conditions should be questioned.

The analytical function shows a high dependence on the Shields parameter and on the values
prescribed for w¢, both controlling the amount of sediments exchange between succeeding half-
cycles. The description of the phase-lag effects in other semi-unsteady models (e.g., van der A et
al., 2013) may provide better descriptions and improve the present results.
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