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Key Points.

(Type in Key Points Here)
Abstract. It is generally believed that the slope of beaches can lead to

a net downslope (usually offshore) sediment transport rate under shoaling
waves, but very few high-quality measurements have been reported for a quan-
titative understanding of this phenomenon. In this study, full-scale (1:1) ex-
periments of bottom-slope-induced net sheet-flow sediment transport rate
under sinusoidal oscillatory flows are conducted using a tilting oscillatory wa-
ter tunnel. The tests cover a variety of flow-sediment conditions on bottom
slopes up to 2.6°. A laser-based bottom profiler system is developed for mea-
suring net transport rate based on the principle of mass conservation. Ex-
perimental results suggest that for a given flow-sediment condition the net
transport rate is in the downslope direction and increases linearly with bot-
tom slope. A conceptual model is presented based on the idea that gravity
helps bottom shear stress drive bedload transport and consequently enhances
(reduces) bedload transport and suspension when the flow is in the downs-
lope (up-slope) direction. The model predicts both the measured net sedi-
ment transport rates and the experimental linear relationship between net
transport rates and bottom slope with an accuracy generally better than a
factor of 2. Some measured net transport rates in this study are compara-
ble to those due to flow skewness obtained in similar sheet-flow studies, de-
spite that our maximum slope could be milder than the actual bottom slope

in surf zones, where sheet-flow conditions usually occur. This shows that the
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» slope effect may be as important as wave nonlinearity in producing net cross-

» shore sheet-flow sediment transport.
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1. Introduction

In the coastal environment shoaling waves are the major drivers for sediment transport
in the cross-shore direction, which is critical for understanding morphological evolution
of beach profiles. Wave boundary layers are usually approximated by sinusoidal oscilla-
tory flows with symmetric half-periods, so on a horizontal bottom a zero net cross-shore
sediment transport (CSST) should always be expected. Thus, a net CSST must be due
to some secondary factors that can induce a slight imbalance between the onshore and
offshore half-periods.

Virtually all previous studies focused on the sheet-flow regime, i.e. under very intense
flow conditions sediment transport takes place in a thin layer (the sheet-flow layer) above
a dynamically flat movable bed. Two factors for net CSST under sheet-flow conditions
have been extensively studied in the past: wave nonlinearity and cross-shore current. As
waves propagate into shallow waters, their nonlinear features become significant and the
associated oscillatory boundary layer flows exhibit asymmetry and skewness between the
two half-periods. There are many studies focused on the effects of flow asymmetry and
skewness on boundary layer flows [e.g. van der A et al., 2011; Gonzalez-Rodriguez and
Madsen, 2011; Yuan and Madsen, 2014] and sediment transport [e.g. Ribberink and Al-
Salem, 1995; Gonzalez-Rodriguez and Madsen, 2007; van der A et al., 2010]. Generally
speaking, wave nonlinearity makes the flow during the onshore half-period stronger than
that during the offshore half-period, so a net onshore CSST is produced. However, detailed
intra-wave measurements of velocities and suspended sediment concentrations [e.g. van der

Werf et al., 2007; Ruessink et al., 2011] also suggest that for fine sands the phase lag
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between sediment suspension and flow velocity can lead to a net offshore transport rate.
In the coastal region, an offshore current (undertow) is established to balance the wave-
associated onshore mass transport above the wave troughs, so the current-related net
CSST is usually in the offshore direction. However, boundary layer streaming produced
by wave propagation [e.g. Longuet-Higgins, 1953] and wave nonlinearity [e.g. Trowbridge
and Madsen, 1984] can also significantly affect offshore currents and net CSST. Wave-
current boundary layer flows have been extensively studied [e.g. Grant and Madsen, 1979;
Davies et al., 1988; Holmedal et al., 2003], and some experimental results on net sediment
transport rate under collinear wave-current flows have been reported, e.g. Mclean et al.
[2001] for currents plus sinusoidal oscillatory flows and Dong et al. [2013] for currents plus
skewed oscillatory flows.

The sea bottom in coastal regions usually has a mild slope with the downslope direction
being offshore. The gravity force parallel to the bottom reduces the critical bottom shear
stress for the threshold of sediment motion and enhances the flow’s ability to transport
sediment in the downslope (offshore) direction. The opposite situation occurs in the ups-
lope (onshore) direction, so a net downslope (offshore) transport rate is produced. Thus,
besides wave nonlinearity and cross-shore current, bottom slope is another secondary fac-
tor producing a net CSST. There are very few experimental studies focused on this topic,
possibly because it is impossible to isolate the bottom-slope effect from the effects of wave
nonlinearity and cross-shore current in wave flumes or wave tanks, since they will always
co-exist when surface waves are propagating over a sloping bottom. This problem can
be avoided if experiments are conducted using oscillatory water tunnels (OWT). These

facilities are usually U-shaped tunnels with a piston located at one end of the tunnel
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generating uniform oscillatory flows. If the facility can be tilted, it can produce purely si-
nusoidal oscillatory flows on a sloping bottom, so the obtained net transport rate is solely
due to the effect of bottom slope. King [1991] in his OWT study measured the average
sediment transport rate under a half-period of sinusoidal flow on a sloping bottom. His
experimental results showed that bottom slope increases (decreases) the half-period trans-
port rate in the downslope (upslope) direction, so a net downslope transport rate under
a full sinusoidal flow can be expected. However, approximating a sinusoidal flow by two
separated half-period flows potentially distorts periodic unsteady effects. Furthermore,
sediment suspension may not have sufficient time to reach the equilibrium state during a
half-period. Thus, his experimental results may not be quantitatively reliable. It should
also be noted that most of his experiments are not within the sheet-flow regime, so the
results are not directly relevant to sheet-flow conditions. To the authors’ knowledge, there
are no similar OW'T studies reported in the literature, so we do not have enough exper-
imental evidence to assess the importance of bottom-slope effect on the net sheet-flow
CSST.

Understanding the detailed physics of sheet-flow sediment transport requires a phase-
resolving model that can predict the unsteady intra-period variation of boundary layer
flow and sediment transport. There are two major approaches for developing such mod-
els: the single-phase and the two-phase approaches. The two-phase approach is based on
the multi-phase-flow theory, whereby the conservation principles of mass and momentum
for both fluid and sediment phases are modeled separately, including the mutual inter-
actions between phases. This approach can in principle provide a direct simulation of

the sheet-flow layer, e.g. the suspension of sediments from the seabed can be directly
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predicted. Existing two-phase models differ in their choices of turbulence-closure model,
e.g. mixing-length theory [e.g. Asano, 1992], one-equation [e.g. Li et al., 2008] and two-
equation closures [e.g. Amoudry et al., 2008]. Closure models are also required for the
interactions between the two phases and the stress terms that arise from the averaging
process for both phases. Therefore, model performance depends heavily on the chosen
closure models, especially the turbulence-closure model [see Amoudry, 2012]. The single-
phase approach adopts the conventional way to predict sediment transport, i.e. splitting
the total sediment transport into bedload and suspended-load. The suspended sediment
particles are assumed to move with the fluid, except for the settling velocity, so sediment
suspension is predicted by solving the turbulent-diffusion equation with an empirical bot-
tom boundary condition, e.g. a reference concentration. This approach is at a lower level
of complexity than the two-phase approach, so it requires much less computational re-
sources. Nevertheless, the key physics for net sheet-flow sediment transport rate can still
be captured for a variety of flow-sediment conditions, so single-phase models have been
successfully applied to predict the net sheet-flow sediment transport rate due to boundary
layer streaming [e.g. Kranenburg et al., 2013; Fuhrman et al., 2013] and flow asymmetry
(velocity and acceleration skewness) [e.g. Ruessink et al., 2009]. Since sheet flows occur in
the close vicinity of the seabed, some studies assume that bedload transport dominates.
This may not be true for fine-sand scenarios (diameter~ 0.1mm), because the fine particles
can be suspended further up into the water column, and the phase-lag effect becomes im-
portant, i.e. the suspended fine particles cannot immediately settle down to the sand bed
at the moment of flow reversal, which can even lead to a net suspended-load transport op-

posing the net bedload transport. The suspension effect becomes increasingly significant
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with the ratio, s,/ wy, where wy is the sediment settling velocity and ., is the maxi-
mum shear velocity within a wave period, which represents the flow’s ability to suspend
sediments. Gonzalez-Rodriguez and Madsen [2007] developed a conceptual model for net
bedload transport rate under sheet-flow conditions. In this model, the intra-period varia-
tion of bedload transport rate is predicted with the instantaneous bottom shear stress and
the bedload formula proposed by Madsen [1991]. For cases with ., /w; < 2.7, including
some sheet-flow experiments under velocity-skewed waves (see their figure 9) and some
half-period experiments (not within the sheet-flow regime) by King [1991] (see their fig-
ure 7), the predictions are in good agreement with the measurements. This demonstrates
the predictive ability of the bedload formula proposed by Madsen [1991], and also shows
that it is appropriate to conceptualize sheet-flows as bedload for ., /w; < 2.7. However,
for cases with ., /wy > 2.7 (mostly fine-sand scenarios) the model performance is very
poor (see their figures 7 and 12), indicating that the suspended-load becomes dominant.
Therefore, a single-phase model for sheet-flow conditions must include both bedload and
suspended-load components.

There are very few theoretical studies on bottom-slope-induced net sheet-flow sediment
transport rate. Madsen [2002] presented a simple analytical formula for bottom-slope-
induced net bedload transport rate for small slopes and strong wave conditions. Without
reliable measurements, the validity of this theoretical model cannot be ascertained.

In this paper we present an OW'T study of bottom-slope-induced net sediment transport
rate in the sheet-flow regime, as well as a conceptual model, which includes a bedload
module following the approach adopted by Gonzalez-Rodriguez and Madsen [2007] and

a new suspended-load module. The outline of this paper is as follows. In section 2 we
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present the experimental facility. Experimental conditions and data analysis methodology
are discussed in section 3. Experimental results are presented in section 4. The conceptual
model is presented and validated against experimental results in section 5. Conclusions

are provided in section 6.

2. Experimental facility

2.1. Wave-Current-Sediment facility

In this study full-scale (1:1) experiments are conducted in the Wave-Current-Sediment
(WCS) facility in the Hydraulic Engineering Lab of the Civil and Environmental Engi-
neering Department at the National University of Singapore. The main part of the WCS
is a 10 m-long, 50 cm-deep and 40 cm-wide enclosed test section with transparent sidewalls
and lids along its entire length. A 20 cm-deep and 9 m-long trough in the test section is
designed for holding sediments. Oscillatory flows are generated by a hydraulically-driven
piston located in one of the two cylindrical 1 m-diameter risers attached to the two ends
of the test section. The maximum flow velocity and acceleration in the test section are
about 2 m/s and 2 m/s?, which are sufficiently high to create sheet-flow conditions. Yuan
and Madsen [2014] showed that the system can very precisely generate the specified pis-
ton motion and the cross-sectional average velocity predicted from the piston velocity is
in excellent agreement with the actual free-stream velocity measured in the test section.
The overall inaccuracy in generating the intended free-stream oscillatory flow in the WCS
is assessed to be less than 1 cm/s, which is immaterial compared to the amplitudes of os-
cillatory flows in this study (O(100 cm/s)), so it is not necessary to verify the free-stream

flow with velocity measurements.
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The entire facility is supported by a pivot and a hydraulic jack, so it can be tilted to
give a bottom slope up to approximately 2.60° or 1/22. The tilting of the WCS can be
controlled with 0.01° accuracy by reading a digital slope meter mounted on the WCS, so

the bottom slope [ can be obtained as

B=p+Ap (1)

where [ is the actual slope of the WCS with the slope meter’s reading being 0.00°. To
determine [y, we filled water into the test section with a flat movable bed, and used the
water depth difference (about 15 mm) between the two ends of the test section (9 m apart)

to get By ~ 0.10°.

2.2. Laser-based Bottom Profiler system

As will be elaborated in section 3.3, the net sediment transport rate in the WCS is
obtained based on the principle of sediment-volume conservation, which requires the mea-
surements of bottom profile change Az, so a Laser-based Bottom Profiler (LBP) system is
developed to accurately measure Az. The general concept of the LBP system is illustrated
in Figure la. Several laser-sheet units mounted above the test section introduce vertical
red laser sheets into the test section through the transparent lids, creating a continuous
laser line on the movable bed in the test section’s longitudinal direction. Digital cameras
capture images of the laser line in a dark environment through the large sidewall viewing
windows, so the images show red laser lines on a black background, which can be used to
locate the laser line. By comparing images before (t = ty) and after (¢t = ;) a test, the ver-
tical displacement of the laser lines, AZ(X), is obtained in pixels (see Figure 1b), where X

is the longitudinal image coordinate (X = 0 is at image’s left edge). With predetermined
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calibration parameters AZ(X) = Z(x,t1) — Z(x, o) can be translated into a longitudinal
profile of bottom elevation change Az(z) in millimeters, where z is the longitudinal coor-
dinate of the test section. Since some variation of Az(z) across the width of the channel is
inevitable, we produce two continuous laser lines located symmetrically around the lateral
centerline. The average of the two profiles is taken as the final measurement.

To produce two laser lines covering the 9 m-long test section, 24 laser units, each covering
a 75-cm segment of bottom, are carefully positioned and mounted on two laser support
beams placed on top of the truss carrying the WCS (Figure 1c). Each unit’s actual
coverage is a bit longer than 75 cm to allow a 1-4 cm overlap between adjacent laser-
line segments. Six Nikon D5200 cameras (resolution 6000-by-4000 pixels) are carefully
mounted with a uniform 150(40.1) cm spacing on a camera support beam (CSB) parallel
to the WCS, so each camera will cover a 150-cm part of the test section (Figure 1c). The
CSB is located about 100 cm horizontally and 70 cm vertically from the lateral centerline
of the movable bed, leading to a roughly 30° viewing angle for the cameras.

The raw digital images are first rectified and enhanced using Adobe Photoshop CS6
to remove perspective distortions and any significant ambient noise on the black image
background. The laser line on a digital image is a red band (20 to 40 pixels wide) with the
digital redness value (from 0 to 255 with 0 being black and 255 being red) across the red
band decaying toward the edges in a manner resembling a normal distribution. Following
Yuan and Madsen [2014], we perform normal-distribution fitting to the cross-band redness
variation for each X-location and take the fitted peak as the position of the laser line Z(X)
(in pixels). Based on some targets with known dimensions drawn on the front sidewall

of the WCS, we first obtain the horizontal and vertical calibration parameters for the
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vertical plane of the WCS’ front sidewall. We then translate them into those for the
vertical planes of the two laser lines using pre-calibrated empirical formulas. For each
camera the region outside its intended coverage, i.e. 150 cm (or £75 cm horizontally
from the image’s vertical centerline), is removed, and the remaining measurements are
combined to give the 9-m-long longitudinal profile of Az(z) over the entire movable bed.

A preliminary test was conducted to test the accuracy of the LBP system. In this test,
the bottom profile change of an untouched sand bed, which should be zero everywhere, was
measured with the LBP. The obtained Az is essentially a random noise with a standard
deviation of O(0.1 mm) and a zero mean value. This suggests that the LBP is able to
measure bottom profile changes with a 0.1 mm inaccuracy, which is comparable to the
diameter of fine sands used in this study. In another preliminary test, an artificial bottom
profile change was produced by gluing “ripples” with known geometry (plastic shells cut
from circular pipes) onto a flat bottom, and the LBP accurately obtained this bottom
profile change with a 0.1 mm inaccuracy.

The transparent lids of the WCS allow us to apply the LBP without removing the lids,
so we are able to measure bottom profile change even during an ongoing experiment,
except when sediment suspension is so significant that the laser sheets cannot reach the
bottom. This feature, although not used in this study, is a key advantage of the LBP,
since it allows continuous measurements of bedform development in the test section. The
CSB is pivoted co-axially with the WCS, and both are equipped with slope meters with
an accuracy of 0.01°, so the CSB and the WCS can be tilted in unison, enabling easy use

of the LBP for a sloping WCS.
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3. Experimental conditions and data analysis methodology

3.1. Sediment characteristics

Three types of well-sorted sands are used in this study, and they are referred to as fine
(dso = 0.13mm), medium (dsp = 0.24mm), and coarse (dsyp = 0.51mm) sands hereafter.
Their characteristics are summarized in Table 1. The sediment diameter and particle-
size distribution are obtained using the Mastersizer 2000 laser particle analyzer. The
uniformity of sediment particle composition is characterized by the geometric standard

deviation

1 d84 d50
= —(— R 2
Ug 2 ( d50 _I_ d16 ) ( )

where dgy and dig are particle diameters for which 84% and 16%, respectively, of the
sediment sample are finer. The obtained o, is less than 1.5 (Table 1), and is comparable
to the values of well-sorted sands used in similar studies [e.g. O’Donoghue and Wright,
2004]. The specific density, s, of the sands is measured using the density-bottle method.
The obtained values are very close to the standard value, 2.65, used in engineering practice,
and their standard deviation is less than 1% of the average values (Table 1).

We carefully fill the 20 cm-deep trough of the test section with sand to create a 20
cm-thick and 9 m-long movable bed in the WCS. Before most tests, the movable bed
is flattened underwater using an aluminum scraper, so its surface layer is disturbed, and
should have a porosity close to the maximum underwater porosity, €,,, associated with the
loosest underwater compaction. Since it is difficult to obtain in-situ measurements of €,,,
we conducted the following test to obtain an estimate of ¢,,. We first filled about 60 ml of
water into a 100 ml measuring tube (1 inch in diameter) with a 1 ml measuring accuracy,

and then slowly poured a small amount (a mass M of about 100 g) of oven-dried sands
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into the tube. The sand layer, formed in the measuring tube with a flat and horizontal
surface, allowed us to read the bulk volume of sands V;. This sand layer should have the
loosest compaction, and its porosity should be close to €,. Thus, €, is obtained from
€m = 1 — pp/ps, where p; is the sand’s density and pp = M,/V; is the measured bulk
density. For each type of sand the measurement was repeated three times, and yielded
very consistent (+0(1073)) results for €,,. The €,,-values obtained (shown in Table 1) are
between 0.4 ~ (0.5 with the coarse sands having the highest value, 0.482, which is realistic
for well-sorted sands [see e.g. Fetter, 2000].

It should be pointed out that the change of porosity of a bed with € ~ ¢,, due to bed
compaction can be quite significant. To confirm this, a standard shake-table test was
performed as follows. About 1.8 kg oven-dried sand were slowly poured into a cylindrical
container and a 2-kg dead weight was applied on top of the sample. The container was
then shaken on a shaking table to gradually compact the sample until no significant change
of the sample’s bulk volume was observed. During each test the sample quickly compacted

within the first few minutes and the reduction of porosity was about 0.1.

3.2. Test conditions
A summary of the tests conducted is provided in Table 2. In this study we only consider

sinusoidal oscillatory flows characterized by a free-stream velocity
Uso(t) = Uy cOs wit (3)

where Uy, is the velocity amplitude and w = 27 /T is the angular frequency with 7" being

the period. According to Madsen [1993], sheet-flow conditions under periodic sinusoidal
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waves are achieved if the following Shields parameter criterion is satisfied

Twmd fdeb2m
wmd — = > 0.7 4
Yumd p(s —1)gdso  2(s — 1)gdso (4)

where T,,q is the maximum bottom shear stress based on a Nikuradse equivalent sand-
grain roughness ky = dso. The corresponding wave friction factor f,q is obtained from

the wave friction factor formula given by Humbyrd [2012] (with ky = ds0)

Apm
)70t _7.46]), 10 < ﬁ <10° (5)

fuw = exp[5.70(——
Based on this criterion, we are able to choose three flow conditions for the medium-sand
bottom, two flow conditions for the fine-sand bottom but only one flow condition, which
is close to the design limit of the WCS, for the coarse-sand bottom. The values of Uy,
in Table 2 are target values predicted from the specified piston motion, and it has been
demonstrated by Yuan and Madsen [2014] that these target values can be taken as the
actual free-stream velocities with an accuracy of the order 1 cm/s.

For each flow-sediment condition, tests are performed for five bottom slopes from 0.10°
to 2.60°. Before most tests, the movable bed is flattened with the reading of slope meter
being 0.00°, and then tilted to the specified slope. Since the WCS and the CSB are tilted
in unison, the slope can be produced with the accuracy of slope meters placed on both of
them, i.e. 0.01°, and the flat bottom will appear to be horizontal on the camera images.
Similar to some previous sheet-flow experiments in oscillatory water tunnels, e.g. van der
A et al. [2010], our tests last for 20-50 periods. This test duration is long enough to
neglect initial conditions, i.e. the suspension of sediments reaches an equilibrium state

within 1-3 periods based on our visual observations, and is also short enough to avoid end

effects occupying the entire facility. Some tests are repeated to evaluate the repeatability
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(see Table 2), and to estimate our experimental accuracy by evaluating the discrepancy.
The last two columns in Table 2 refer to experimental results of net transport rate that

will be discussed in section 4.3.

3.3. Determination of net sediment transport rates

There are mainly two different methods used in previous studies to obtain sediment
transport rates in an OWT: trap-collection [e.g. King, 1991] and volume-conservation
methods [e.g. van der A et al., 2010]. For the trap-collection method, the difference
between the volumes of sediments collected in traps located at the two ends of the test
section is used to calculate the net transport rate. Although this method is convenient
to apply, the measurements are strongly influenced by end effects, e.g. scour pits at the
ends of the sand bed change local flow and sediment transport, which can penetrate into
the test section by a distance of O(Ay,,), where Ay, is the excursion amplitude of the
free-stream oscillatory flow. The volume-conservation method, which avoids these “end
problems”, is based on the principle of volume conservation as follows. The sediment

transport rate g, can be related to the change of bottom elevation z, through

aQS - aZb

where € is bed porosity, t is time and x is the longitudinal coordinate which is taken
positive in the upslope direction in this study. Integrating equation (6) over x from the

downslope end x = z( gives an estimate of ¢s(z,t) along the test section

wet) =0~ [0 - 0%2da M)

xo
where ¢, is an integral constant corresponding to the sediment transport rate through

r = xo at time t. Except for the initial stage of an experiment, the period-averaged
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net transport rate should be in equilibrium, and therefore can be estimated by averaging

equation (7) over the test duration AT, which gives

1—¢ = Vo
AT / Azdr — 7o (8)

where ggq(x) is net transport rate (subscript d indicates starting the integral from the

qsd(x> = -

downslope end), V; is the volume of sand collected from = < xg, b is the width of the
section, AT is the test duration and Az is the change of bottom elevation during an
experiment. Thus, ¢s(z) can be obtained from the measurement of Az. In the region
sufficiently far from the two ends, the obtained ¢s;(z) should be fairly uniform due to the
longitudinal uniformity of flow condition in the WCS, and this equilibrium net sediment
transport rate is taken as the final measurement. Starting the integral from the upslope

end of the test section x = x, gives another estimate

o 1—¢€ 2 VL
lt) = 7 [ Bedr s iy ©)

where V7, is the volume of sand collected from = > z after one experiment. Equations (8)

and (9) are expected to give the same results, i.e.

Veep — (Vo + VL) =0 (10)

1
QSd(x) - qsu(x) - m

where
Vige = —(1 — E)b/” Azde (11)
xo

represents the measured sediment volume lost from the test section, g < = < z. To
satisfy conservation of total sediment volume within the test facility Vpp must equal
the sediment volume collected outside the test section, i.e. Vi + Vi, rendering the right

hand side of equation (10) zero and resulting in gs4(x) = gs,(x). This, however, is not so
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when we evaluate equation (10) using our experimentally obtained values of Az, Vj, and
Vr. In all our experiments the right hand side of equation (10) turns out to be > 0, i.e.
suggesting that more sediment is lost from within than recovered outside the test section.

We hypothesize that this physically unrealistic result is caused by a uniform compaction
of the 20-cm-deep layer of loosely packed sand placed in the test section by an amount,

0z, given by

_ Vigp — (Vo + V1)

02 (1—=2)Lb

(12)

where L = xj — xg is the length of LBP coverage. Replacing our measured Az by its

compaction-corrected value,
Azo(z) = Az + 0z (13)

we obtain the corrected net transport rate from

() = -4 A_T€> / Azo(x)ds — A‘/;b (14)

where the subscript “d” has been omitted, since starting from upslope or downslope
end would give identical transport rates now that total sediment volume in the facility
is conserved. Evidence in support of our compaction-hypothesis will be presented in
section 4.2 when this methodology is applied in the analysis of our data, along with a
discussion of potential causes for the compaction as well as alternative methodologies for
the determination of net sediment transport rates when conservation of total sediment

volume is violated.
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4. Experimental results

4.1. Typical observations of bottom profile change

Since net sediment transport rate is obtained from measured bottom elevation change
Az, we first present typical observations of Az. It should be noted that Az can also
be taken as the final bottom profile for tests started with a flat bed. Figure 2 shows the
measured Az for three F1 fine-sand tests (Uy,, = 0.90 m/s, T = 4.17 s, Apy = Upp/w = 60
cm, dso = 0.13 mm) over three bottom slopes (6 = 0.10°,1.10° and 2.60°). The net
sediment transport rate for most tests is in the downslope direction (towards the left in
Figure 2), so a relatively big scour pit is developed near the upslope end (800 cm< z <900
cm), while near the downslope end (0 cm< x <100 cm), a relatively smaller scour pit
(e.g. F1.S11) or even a deposition hump (e.g. F1.526) is developed, depending on the
magnitude of net transport rate. These bottom features are actually very mild, as their
vertical scale (a few cm) is much smaller than their horizontal scale (~ O(Apy,) ~ O(100
cm)). Around the middle of the test section (200 cm< x <700 cm), the movable bed
remains essentially flat with a Az fluctuating around zero by + O(1 mm), which indicates
that the net transport rate in this region is fairly uniform.

For the three groups of tests with the lowest three Shields parameter 1ymq (0.89~1.20,
see Table 2), i.e. two groups of medium-sand tests (M1 and M2) and the coarse-sand test
(C1), bedforms of vanishingly small steepness are observed to develop, even though the
experiments are supposed to be in the sheet-flow regime. This is not surprising, as the
Ywma = 0.7 threshold in equation (4) should not be taken as a clear cut lower limit for
sheet-flow regime with a perfectly flat bed. Figure 3a compares the final bottom profiles

after running a M2 test (Up, = 1.21 m/s, T'= 6.25 s, d5o = 0.24 mm) over a 0.60° slope
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for 25 and 50 periods. As we can see, reasonably periodic bedforms are developed by the
oscillatory flow. The bedform height is about 5 mm after the first 25 periods, but grows
to about 10 mm after 50 periods, while the bedform length seems to be invariant (~150
cm). The reason for these bedforms is still unclear, but the height-to-length ratio is less
than 1/100, and no flow separation or vortex cloud of suspended sands is observed, so we

can still consider the experiment to be in the sheet-flow regime.

4.2. Bed compaction

The 20 cm-deep movable bed in the test section is prepared by slowly depositing sands,
and the surface 1-2cm layer is disturbed after flattening the bed before most tests. There-
fore, a slight bed compaction will occur either due to the sheet-flow, which will shake up
the surface 1-2cm layer of sands, or a pressure-gradient (Jp/dx)-induced flow within the
stationary porous bed. The oscillatory flow can be always assumed uniform along the
test section, because the change of bottom profile is immaterial compared to the channel
height (50 cm), as demonstrated in Figures 2 and 3a. Consequently, it can be hypothe-
sized that the flow-induced bed compaction will be fairly uniform along the entire movable
bed and can be quantified as a homogeneous settling dz given by equation (12). Based on
all tests, 0z is always positive with a mean value of 0.2 mm and a standard deviation of
0.16 mm, indicating that bed compaction indeed occurs. If a conservative assumption is
made that only the surface 1 cm layer of the movable bed is compacted, i.e. attributing
the compaction entirely to sheet-flow disturbance, a 0.2 mm compaction corresponds to
only a decrease in porosity of 0.01, which is much smaller than the maximum possible
decrease of porosity, i.e. about 0.1, suggested by the shake-table tests. Such a slight

compaction should not influence the sediment transport processes, and therefore is not
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a concern for the validity of our experiments. To further confirm that the obtained dz
is due to compaction, three pairs of M2 tests (Up,=1.21 m/s, T' =6.25 s, d50=0.24 mm)
over three bottom slopes are performed. In each pair, the second test used the movable
bed left by the first test, i.e. the movable bed after the first test was not reworked before
the second test. Since the movable bed had been pre-compacted by the first test, less
compaction or smaller dz is expected for the second test, which is confirmed by the 6z
values shown in Table 3. It should be pointed out that the discrepancy between the net
sediment transport rates for each pair of tests (last two columns of Table 3) is within our
experimental inaccuracy Ag ~ O(1075m?/s) (discussed in section 4.3). Therefore, it is
not necessary to conduct experiments in pairs just to reduce bed compaction.

Bed compaction will lead to a “violation” of volume conservation for sand, which is
a possible reason for the mismatch between the two net transport rates integrated from
the two ends, i.e. equation (10) is not satisfied. Therefore, we have proposed a bed-
compaction correction in section 3.3, i.e. equations (12)-(14), which essentially attributes
the mismatch totally to an overestimate of V;gp due to a uniform compaction in the
test section. Alternatively, we can also attribute the mismatch entirely to the error in
the volume of sand collected outside the integral boundaries, i.e. V and V. We choose
a correction, AV = Vypp — (Vo + V1), for Vy and V7, and take Voo =V + AV/2 and
Vic = VL + AV/2, since the two ends are virtually identical. This will lead to another
correction for net transport rate, which is equivalent to taking a simple average between

¢su and gsq given by equations (8) and (9)

_ qsu(x) + qsd(x)
2

QSA(x) (15)
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In many previous studies [e.g. Hassan and Ribberink, 2005; van der A et al., 2010], this
simple-average correction is adopted, and the transport rate at the middle point (x =
xo + L/2) is taken as the final equilibrium net transport rate. To show that the two
corrections are not equivalent, we simply subtract equation (14) from equation (15). With

some simple algebra we obtain

Geale) = gu(a) = 03w — 0 — ) (16)

Thus, the two corrections are only identical at the middle point (z = z¢+ L/2) of the test
section.

We further compare these two corrections based on a typical test M2_S11 shown in Fig-
ure 4. For this test our bed-compaction correction (the solid line) gives a fairly uniform
transport rate around the middle point, so an expected central region with an equilib-
rium net transport rate is indeed established, which also supports the assumption of a
uniform bed compaction over the entire test section. The simple-average correction (the
dash-dot line), however, gives a net transport rate increasing towards the upslope (right)
end around the middle point, so one could argue that this experiment fails to reach the
expected equilibrium state and therefore is invalid. Therefore, our bed-compaction correc-
tion supersedes the simple-average correction in that it can yield results demonstrating the
validity of a test. Another argument against the simple-average correction is as follows. In
our experiments, the mismatch in volume, AV = V;gp— (Vo +V},), usually corresponds to
about 1 kg of sand, while our accuracy in collecting sands from the two ends is estimated
to be about 0.1 kg. Thus, AV is very unlikely due to the experimental error in collecting

Vo and V7, which invalidates the assumption of the simple-average correction.
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It should be pointed out that the simple-average correction is quantitatively equivalent
to the proposed bed-compaction correction, if the computed value of ¢, at the middle
point x = xy + L/2 is taken as the equilibrium transport rate. Thus, we do not question
the validity of previous studies adopting the simple-average correction. However, this
may not be true for tests with very low ¢, or significant spatial variation of ¢, due to the

presence of low-steepness bedforms (see section 4.1).

4.3. Net transport rate
The obtained net sediment transport rate is averaged over the equilibrium region to

give the final measurement g et

2 qs(x)dx
qsnet = fxl 1 ( ) (17)
To — I

where z1 and x5 are the limits for averaging. Since water particles within 2A4,,, from the
ends can reach the ends, we simply take 2A4,,, as an initial rough estimate of the influential
range of end effects, and set x1 = xg+ 24, and x5 = x — 2A,,, where o = 95 mm and
xr, = 8905 mm are the coordinates of the downslope and upslope ends of the movable bed,
respectively. As shown in Figure 3b, for tests with the presence of low-steepness bedforms,
there may be a quite significant spatial variation of ¢4, because the local bottom slope
can be comparable to mean slope (1/100 ~ 0.6°). Therefore, the two limits for averaging
are further adjusted to include an integer number of bedforms. As seen from Table 2, for
instance test M2_S06, the net transport rates averaged over integer numbers of bedforms
are almost the same after 25 and 50 periods, which confirms that the bedforms have little
effect on the net transport rate in the equilibrium region, as long as the spatial variation

is taken care of by averaging.
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The second to last column of Table 2 presents the experimental results for ¢s e, whereas
the last column presents Agnet = |@net.a — Gnets| /2, the difference between repeated experi-
ments (Gnet.a a0d Gnetp), except for test M2_526, for which Ag,,; is the standard deviation
of the four repeats. The obtained Agg e is of the order 1-107%m?/s, which is generally
much smaller than the magnitude of the corresponding ¢ ¢, demonstrating that the ex-
periments are highly repeatable. We therefore can use the averaged gs ,.; from repeats as
the final measurement for that particular test condition and take 1-107%m?/s as the esti-
mate of the accuracy of our determination of g, ,.;. For a given flow-sediment condition,
the test with a 0.10° slope has a net transport rate of the same order as the experimental
accuracy (1-107%m?/s), which agrees with the expectation that a zero net transport rate
should be obtained for horizontal bottoms. For the rest of the tests, g e is always in the
downslope direction (negative values) and increases with bottom slope.

The magnitude of ¢ ¢ for tests on our maximum slope (2.60° or 1 on 22) is generally
between (2 ~ 5)-10~°m? /s, which is comparable to the g, . due to flow skewness obtained
in some previous OW'T sheet-flow studies. For example, the flow and sediment conditions
in our M3 tests are comparable to those in the Series-B-16 test by Ribberink and Al-Salem
[1994] (d50=0.21 mm, 6.5 s-period asymmetric oscillatory flows corresponding to Stokes
2nd-order waves with the maximum and minimum velocities being 1.72 m/s and -0.86
m/s, respectively). The measured transport rate in this test, g ne = 70 - 107°m? /s, is
comparable to that in M3_S26, ¢, s = —54 - 107°m?/s. It should be noted that the flow
skewness of the quoted test even exceeds the limit of Stokes 2nd-order waves theory, i.e.
the maximum flow velocity should be less than 5/3 times the minimum flow velocity, but

the actual bottom slope in surf zones can be larger than our maximum value. Therefore,
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our results suggest that the slope effect may be as important as wave nonlinearity and
therefore should be included in predictions of cross-shore gsn.;. A more quantitative
comparison of these two effects requires extensive future research work, e.g. additional
experiments of skewed oscillatory flows over sloping bottoms which are not within the
scope of the present study.

For a given flow-sediment condition, the net sediment transport rate ¢sne is only a
function of bottom slope 3, i.e. gsnet = f(5), which can be approximated for mild slopes

with a Taylor-series expansion

domt = JB=0)+ 2L sro@) ~ a8 (18)
98|,

in which the constant A’ depends on the flow and sediment conditions and has a unit of,
for example, m?/s with § in radians. This suggests that the magnitude of g e should
increase linearly with S. Since most of the measured net transport rates are in the

downslope direction (negative gs net), we introduce

Qnet = —Qsnet = A- ﬁ (19)

where A = —A’ is always positive. The net sediment transport rate is plotted against [
for each flow-sediment condition in Figure 5. The data points suggest that ¢,.; indeed
increases linearly with 3, so equation (19) is therefore fitted to the measurements. Table 4
shows the results of linear-function fittings. The coefficient of determination R? is over
0.93, and the relative 95%-confidence interval, AA, for A is less than 22%, indicating a
good fitting quality. More discussion of this linear relationship will be provided in section

D.
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4.4. Lateral inhomogeneity

Our experimental method assumes that the net sediment transport rate is laterally
uniform, which can be invalidated by many factors, e.g. imperfect initial bed preparation,
sidewall effects or three-dimensionality of end effects, so it is necessary to assess the
influence of lateral inhomogeneity on the experimental determination of net transport
rate. Since the LBP has two laser lines giving two measurements of bottom elevation
change, Az; and Az, along two lateral positions of the WCS, we can separately use
them to obtain two estimates of net transport rate, guet,1 and get 2, following the same
data analysis method introduced before. The obtained net transport rate based on single
laser lines still exhibit good linear dependency on bottom slope for a given flow-sediment
condition, so following the analysis in section 4.3 we fit the linear function, i.e. gper; = Ai-8
(i = 1,2), between net transport rate ¢,e; and bottom slope 3, and investigate the effect
of lateral inhomogeneity based on the fitted slopes A; (£95% confidence limits in %).
As shown in Table 5, the discrepancies among the obtained A;, expressed by the ratio
|A; — As|/(24), are about 10 ~ 20% for tests with coarse and medium sands, while
for fine-sand tests the discrepancies are quite immaterial (O(2%)). Since low-steepness
bedforms are only observed for tests with coarse and medium sands, they are likely the
main reason for lateral inhomogeneity. Nevertheless, an uncertainty of 10 ~ 20% is
generally considered acceptable in the study of sediment transport, indicating that we

can neglect the lateral inhomogeneity.

5. A conceptual model
In this section we present a conceptual model for predicting bottom-slope-induced net

sheet-flow sediment transport rate. Following the single-phase approach, we separately
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develop models for both net bedload and suspended-load transport rates, which allow us
to understand the mechanisms through which the bottom slope produces a net transport
rate. The model does not account for some details within the thin sheet-flow layer, e.g.
the inter-granular processes, so the predictions of flow velocity and sediment concentration
are conceptual in the close vicinity of the sand bed. Nevertheless, the model parameters

are determined carefully to ensure a valid prediction of the net sediment transport rate.

5.1. Net bedload transport rate
The net bedload transport rate is predicted by period-averaging the prediction of in-

stantaneous bedload transport rate

1 T
@n = [ ast)t (20)
0

The sands in our study have diameters from 0.13 to 0.51 mm, so their response time
to changing flow is much shorter than a flow period. Thus, the instantaneous bedload
transport rate can be calculated with the instantaneous flow condition in a quasi-steady
manner with a bedload transport model, which accounts for the effect of bottom slope.
The model proposed by Madsen [1993], which extended his conceptual bedload trans-
port model [Madsen, 1991] to account for a bottom slope effect, is adopted in this study.
Gonzalez-Rodriguez and Madsen [2007] successfully applied this model to predict the ex-
perimental bedload transport rates obtained by King [1991] for his bedload-dominated
cases, which supports our adoption of this model. This model considers an exposed spher-
ical sediment grain of diameter d and specific density s resting on a plane bed inclined at
an angle S to horizontal, where 3 is taken positive if sloping upward in the direction of

transport, as shown in Figure 6. A force balance in the bottom-parallel direction can be
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written as

tan ¢, incipient motion

tan ¢,,, bedload transport (21)

FfD—ng:FR:Fgl-{

where Fyp is the fluid drag force, Fj, is the bottom-parallel component of the submerged
weight, and Fjy is the frictional resistance, which is given by the product of Fj, (the
bottom-normal component of the submerged weight) and an angle of friction, i.e. ¢, for
static friction and ¢, for moving friction. Madsen [1991] suggested that ¢s = 47° and
¢m = 28°, in agreement with the experimental value obtained by King [1991].
Comparing equation (21) for incipient motions on horizontal and sloping bottoms, it
can be easily shown that the critical Shields parameter for sands on a sloping bottom,

Yer, 8, can be expressed as

o uzchS<ﬁ> _
wcr,ﬁ - 8—71)961 - ,lvbchs(ﬁ) (22)

where ).,., the critical Shields parameter for a horizontal bottom, is determined from the
modified Shields diagram proposed by Madsen and Grant [1976], u... is the critical shear

velocity corresponding to .., and Fy(3) is a slope correction factor given by

(23)

Fy(B) = cos B (1 + tanﬁ)

tan ¢

The bedload sediment transport rate is obtained with the knowledge of average sediment
grain velocity, us, and the number of bedload sediment grains per unit surface area, Np.

Starting from the bottom-parallel force balance, i.e. equation (21), but otherwise following

Ug = 8 (u* — User|| %Fm(ﬁ)) (24)

Madsen [1991], we obtain
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where u, is the shear velocity related to the driving bottom shear stress and F,,,(3) is a

correction factor for bottom slope

F,.(B) = cos B (1 + t;in(fn) (25)

Assuming that the excess bottom shear stress 7, — 7., g is balanced by the drag force on
moving sediment grains, the number of sediment grains in motion per unit bottom area
is

u2 = u, Fy(B)

% Qxert's

" tan bOrm (%d?’) (s = 1)gFn(B)

Np

and the bedload transport rate is obtained from

s = Np (%d3> Ug
(27)
8 2_ 2 " —u 1
- tan ¢y, (s — 1)gF,(5) (u* *chS(B)) ( * *CTW)

We hereafter denote this as the M93 formula. For very mild bottom slope (tan f ~ 5 < 1),

the primary effect of bottom slope is represented by the F,,(/3) term in the denominator,
ie.

qsB g ~ qu,O(l — taf¢m) + O(tan 52) (28)

where ¢sp is the corresponding bedload transport rate over a horizontal bottom. Thus,

the effect of bottom slope on the instantaneous bedload transport rate is simply a factor

of B/ tan ¢p,.

Following the quasi-steady assumption, the instantaneous bedload transport rate can

be predicted with the instantaneous bottom shear stress as

o 8
15 = o G D Fa (B @)

maxc [tq(t)” = w2 Fy(B(1)), 0] | tea(t) = ttacr
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B(t) = { é’ﬁ, Tbj_i?(;go 0 (u(I)(iS(l)(v)Vplles)lope) (30)

and the subscript “d” has been added to shear stress related terms to reflect the deriva-
tion of the M93 formula, and hence equation (29), being based on an assumed bottom
roughness equal to the diameter of the sediment grains.

Yuan and Madsen [2014] experimentally and theoretically showed that for sinusoidal
oscillatory boundary layers the time-varying bottom shear stress can be accurately ap-

proximated by a first and a third harmonic
Ta(t) = ATwma cos(wt + ;) + (1 — @) Tyma cos(3wt + 3¢, ) (31)

where 7,4 18 the maximum bottom shear stress and ¢, is the phase lead of 7,4 relative
to the maximum free-stream velocity. Measurements confirm the theoretical prediction
that the ratio of the third-harmonic amplitude to the first-harmonic amplitude is about
15%, so « is set to 0.87. Model validation by Yuan and Madsen [2014] suggests that both
Twmd and @, can be accurately predicted by the wave boundary layer model developed by

Humbyrd [2012] from knowledge of the free-stream velocity and bottom roughness

1
Twmd = §pwabm2 (32)

with the friction factor f, given by equation (5), and

Apm

—0.160
Abm 5
) +0.118, 10 < 22 <10 (33)
N k

o-[rad) = O.649(
N

Thus, equations (31) to (33) enable us to predict the instantaneous bottom shear stress.
To be consistent with the fact that the bedload transport model, i.e. equations (27) and

(29), is derived based on ky = d, Tyma and ¢, are predicted using ky = dso.
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Figure 7 shows the predicted 7,4(t) and instantaneous bedload transport rate gsp(t) for
test M3_526 (U, =1.6 m/s, T=6.25 s, dso=2.4 mm, and $=2.6°). To facilitate comparison
between temporal variations, ¢;p and 7,4 are normalized by their upslope (positive) max-
ima. Since ¢,p is approximately scaled by ng/ 2, the predicted ¢,p has sharper crests than
Tpa- The downslope minimum of ¢, is about 20% larger than the upslope maximum, which

agrees with the effect of bottom slope suggested by equation (28), i.e. 23/ tan ¢, ~ 17%.

5.2. Net suspended-load transport rate

The net suspended-load transport rate is given by

fos = / " weds (34)

where the over-bar indicates period-averaging, z, is a reference level, u is velocity and ¢
is volumetric concentration. For sinusoidal oscillatory boundary layers, we can express u
as a Fourier series with only odd-order harmonics due to the perfect asymmetry between

successive half-periods

u =Y Re(UpemanttelCrilir) (35)

n=0
where Uy, 41 and ¢, 2,41 are the amplitude and phase of the (2n+ 1)th-harmonic velocity.

Similarly, the concentration can also be expressed as a Fourier series

c=¢c+ > Re(cyePeme™") (36)

n=1
where ¢ is the mean concentration, and ¢, and ¢., are the amplitude and phase of n-th
harmonic concentration, respectively. The net sediment flux at a given vertical level can

then be written as

UC = 5 Z Uspi1Contq COS (Spu,2n+l - 90072714—1) (37)
n=0
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If the bottom is horizontal, the temporal variation of concentration should have two
identical half-periods, so all odd harmonics of concentration vanish, leading to a zero net
suspended-load transport rate. However, for a sloped bottom equation (26) suggests that
the number of bedload sand grains, Ng, deviates from the corresponding zero-slope value,

and can be approximated by

B

Np ~ Npo(l —
B 5ol tan ¢,,

) (38)

where Np( is the number of bedload sediment grains for the same flow on a horizontal
bottom, i.e. with 5 = 0 in equation (26). Thus, the variation of Ng with g is a factor of
1—//tan ¢,, (minus sign indicates less moving sand grains for upslope flow). The reference
sediment concentration, which is usually defined at a few sediment diameters above the
bottom, should be proportional to the number of moving sand grains considered as bedload
transport, i.e. ¢, o Np. It is also reasonable to assume that reference concentration
responds to the change of bedload transport rate in a quasi-steady manner, so the two
half-periods of reference concentration are slightly asymmetric due to bottom slope, as
shown in Figure 8. The difference between the peaks of ¢,(t) can be represented by a

first-harmonic reference concentration

an 3
cn(t) = Crmﬂ@ cos(wt + Pre1) (39)
where ¢, o is the maximum reference concentration for the same flow-sediment condition
on a horizontal bottom. Since the slope is defined positive in the upslope direction, the

phase ¢, should be related with the phase lead of the effective bottom shear stress ¢,

(predicted using equation (33) with ky = ds) through

Prel = @r + T (40)
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This first-harmonic reference concentration is diffused upward into the water column, so
a first-harmonic concentration is developed. Higher-order odd harmonics of velocity are
negligible compared to the first harmonic | Yuan and Madsen, 2014], so the mean sediment

flux can be well approximated by the first-harmonic terms, i.e.

uc =~

Uycy cos (9u1 — Pe1) (41)

N —

The net suspended-load transport rate is therefore

oo ]
Jss = / §U101 08 (Pu1 — Pe1) dz (42)

The remaining task is to predict the first-harmonic velocity and concentration, and then
numerically evaluate the integral defined by equation (42).
5.2.1. First-harmonic velocity

The governing momentum equation for oscillatory turbulent boundary layers in OWTs
is

ou  Ous, 0 <sz> (43)

- = _l_ N =
ot ot az \ p
where t is time, z is the vertical coordinate, p is water density, 7,, is the Reynolds shear
stress and u,, is the free-stream velocity. 7., can be related to the vertical velocity gradient

through a turbulent eddy viscosity vy
— = VUp— (44)
P

Following Grant and Madsen [1979], we adopt their simple time-invariant

Ur = KUz (45)

DRAFT November 16, 2016, 5:49pm DRAFT



664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

X-34 YUAN ET AL.: SLOPE-INDUCED NET SEDIMENT TRANSPORT

where x = 0.4 is von Karman’s constant and u,y is chosen as the shear velocity based on

maximum bottom shear stress. Equation (43) can now be written as

ou  Oue 0 ou
E = —815 + @ (VT&) (46)
Solving equation (46) with the following boundary conditions
u=0, z=2z2 =ky/30 (47)
U = Uso = Uppy cos(wt), 2z — o0

we get the complex-amplitude of the first-harmonic velocity

! ker(2,/3) + ikei (2,/%) )

UM (2) = Ure# = Uy, |1 —
ker(2,/%) + ikei(2,/%)

where ker and kei are Kelvin functions of order zero, see Abramowitz and Stegun [1965],

and [ is a boundary-layer length scale defined as

Hu*f

[ = (49)

W

In the very near-bottom region, the amplitude of first-harmonic velocity converges to a
logarithmic profile scaled by w,y, which is confirmed by many measurements [e.g. Yuan
and Madsen, 2014]. The closure for u,; and the choice of ky will be discussed later in
conjunction with other model parameters (section 5.3).
5.2.2. First-harmonic concentration

Since the flow in OWTs is homogeneous in the stream-wise direction, the governing

equation for sediment concentration is

Oc Oc 0 Oc

81& 'LUf@ + g(DTa) (50)

where wy is the sediment fall velocity and Dy is the turbulent diffusivity. Assuming

sediments to be passive, a close analogy can be drawn between the turbulent diffusion of
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momentum and sediment. Thus for internal consistency with equation (45) we take
Dr = Kkuupz (51)

where u,p is a characteristic shear velocity. Using complex variables, we can write the

first-harmonic concentration as
c1(z,t) =Re (c(l)(z)ei“’t) (52)

where ¢! is the complex amplitude, and the governing equation for ¢ is

och 9 ocV)
0z +$ Dr 0z ) (53)

iwc) = wy

which can be normalized into

oct 9 [ 9
icM) = — 54
i¢ a % + 05( o ) (54)
with:
(1)
A1) _ €
o) — 0 (55)
Wy
= 56
O= (56)
§=2/(222) (57)
w
where
tanf
(1) — 1Prel
cy Crm’otangbme (58)

is the complex amplitude of the first-harmonic reference concentration specified at a ref-
erence level z = z.. The boundary conditions for the normalized governing equation

are

{ D=1 €£=¢ =z/(mp) (59)

e — 0 £ — o0
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The analytical solution of this set of equations
o & [ker, (2v/E) + ikei, (2vE)]
C =
()% [kera (2V&) + ikela (2VE,)]

was given by Wikramanayake [1993] with ker, and kei, denoting Kelvin functions of order

(60)

[

a’ [see Abramowitz and Stegun, 1965].

5.3. Determination of model parameters

Whereas all parameters needed to evaluate the bedload transport model presented in
section 5.1, equation (29), have been defined, computation of the suspended-load transport
model developed in section 5.2 requires the specification of several parameters: (i) the
shear velocity and associated roughness needed to evaluate the advective velocity from
equation (48), (ii) the sediment fall velocity, wy, and (iii) the shear velocity, u.p, scaling
the turbulent eddy diffusivity are required to obtain the parameter, a, defined by equation
(56); and (iv) the reference concentration, ¢, 0, and the level where it is specified, z,, in
order to predict the concentration distribution from equations (55) and (60).

To obtain these model parameters we make use of the results by Zyserman and Fredsge
[1994] (ZF94 hereafter), who analyzed an extensive set of laboratory data on total-load
sediment transport rates obtained for steady uniform open channel flows to obtain an em-
pirical formula for the reference concentration. Since ZF94 developed their formula from
steady-flow data, we first review the salient features of their analysis, before we present
our methodology to translate ZF94’s steady flow results for our unsteady oscillatory flow
conditions.

5.3.1. Summary of data analysis of ZF94
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By splitting the measured total-load transport, qr,s, into bedload and suspended-load

contributions, ZF94 obtained data on the latter from

4s,zF = qrM — 4BZF (61)

by predicting the bedload transport rate using the formula proposed by Engelund and

Fredspe [1976]

—-1/4

()] ) @

4B,ZF

v/ (s —1)gdd

=5

where

()’ s
(5 - 1)9d50 (5 - 1)/)9d50

U= (63)

is the skin friction Shields parameter based on a skin friction roughness, ky = ki = 2.5d50,
.- 18 the critical Shields parameter for incipient motion, and u; is a dynamic friction
coefficient, which is recommended to be taken as unity by ZF94.

The values for the suspended-load transport, obtained in this manner, are then equated

to the prediction afforded by Einstein’s [1950] suspended-load formula, i.e.

30h
2.5d50

qs.zr = 11.6uc, 2, l]l In( )+ IQ‘| (64)

where h is measured water depth, ¢, is the reference concentration at a reference level z, =
2ds0, 11 and I, are Einstein’s integrals, which are presented in graphical form in Finstein

[1950] as functions of the dimensionless reference level z,/h and the Rouse parameter

wy

R= (65)

KUy

with the sediment fall velocity, wy, obtained from Rubey [1933]

) 2 3612 B 3612
(5= Dgd J3+gd3<s—1> Jgd:a(s_l) (66)
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and a value of u, based on the total bottom shear stress, i.e. ky = k,, =movable bottom

roughness. This shear velocity, u,, is obtained from

where Sy is the (measured) channel slope. With

7= U 11h u*’1 117w,/ 110
= — nN-—-— —1mn—-= n—
K k’m K k’N/ K 2.5d50/

(68)

where U is the (measured) cross-sectional average velocity, and

ul, = 4/gh'Sy (69)

Equation (68) can be solved for A’ and the skin friction shear velocity, ,, which represents
the advective velocity, is obtained from equation (69).

With ¢, being the only unknown, equation (64) is solved for ¢, and the resulting values
are represented by an empirical relationship for the reference concentration. Obviously,
this relationship is a function of the procedures employed by ZF94 in their data analysis,
e.g. their adoption of equation (62) as the bedload transport predictor influences the values
obtained for ¢,. Since the bedload transport formula by Engelund and Fredsge [1976] has
been found to underpredict the bedload transport rate, e.g. Zhang and McConnachie
[1994], adopting a different bedload transport predictor might result in physically more
realistic ¢,-values. If we express the bedload transport rate ¢, predicted by our conceptual

model presented in section 5.1 as

s = 1+ 01)gp zr (70)

we obtain from equation (61) a suspended-load transport rate

a
Gss = (1 — —1) 4s,zF = V4s,zF (71)
(6%
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where:

oy = qs.zr (72)
4B,ZF

Thus, the choice of an alternative bedload transport predictor simply modifies the sus-

pended load transport rate by the factor

y=1-— (73)

and therefore simply results in changing the c¢,-values obtained from equation (61) by a
factor of y. Thus, we obtain the following generalization of the reference concentration

formula proposed by ZF94

0331 = )
T 072 — d)

(74)

T

where 1., obtained from the Shields diagram replaces the constant value, 0.045, chosen
for its simplicity by ZF94.
5.3.2. Application of ZF94 in unsteady oscillatory flows

Noting that we need to determine the maximum reference concentration, ¢, o, in our
model for suspended-load transport, we base our translation of the steady flow results,
presented in section 5.3.1, to our unsteady oscillatory flow conditions when these are at
or near their maximum values, which incidentally also corresponds to the time-interval
when our flow is nearly steady.

From wave boundary layer analysis we obtain the maximum shear velocity from

Tom

1
= u*m2 = wame2 (75)

where f,, is given by equation (5) with ky = k,, =movable bed (or total) roughness.

Many previous studies, e.g. Dohmen-Janssen et al. [2001], suggest that the presence of the
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sheet-flow layer leads to an increased total bottom shear stress, which can be characterized
by an increased movable bed roughness, k,,. Herrmann and Madsen [2007] proposed a
parametrization for k,, applicable to sheet-flow conditions, which can be generalized for

sinusoidal oscillatory flows to read
]{Zm = [45 - max (0, lpm — wcr) + 17] d50 (76)

where 1, is a Shields parameter based on the maximum total bottom shear stress, i.e.

o u*m2 - wabm2
Y = (s —1)gd 2(s—1)gd (77)

Since 1, is a function of k,,, the evaluation of k,, should be achieved by iteratively solving
equations (5), (76) and (77). Gonzalez-Rodriguez and Madsen [2011] applied this total
movable bottom roughness to model the boundary layer streaming under asymmetric
oscillatory flows for sheet-flow conditions. Their successful predictions of experimentally
observed streaming demonstrate that the total movable bed roughness by Herrmann and
Madsen [2007] indeed leads to a good prediction of w.yy,.

With u,,, known we can obtain an equivalent steady open channel flow of depth h. by
requiring that

30h,

Usem,
me = - In ]fm (78)
which is analogous to equation (68), and an equivalent slope
2
Spe = —m (79)

ghe

obtained from equation (67). This equivalency concept is illustrated in Figure 9. The

!/
*m)

corresponding skin friction shear velocity, u.,., is then calculated from equation (68) and

(69) with h. and h. replacing h and h', and taking Sy = Sp.. Alternatively, we may
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perform a wave boundary layer analysis for a bottom roughness ky = kjy = 2.5d50 to
obtain u!,,. The two approaches lead, as seen from values listed in Table 6, to u.,,
predictions that differ by 1-2% for our experimental conditions.

With these equivalent steady open channel flow conditions the formulae and procedures
employed by ZF94 and presented in section 5.3.1 are applicable. Because our bedload
predictor, equation (29), differs from that chosen by ZF94, equation (62), we need the
modification factor, v, before the reference concentration specified at z = 2z, = 2ds5q can
be obtained from equation (74) with

2
'

U= (50)

replacing ¢/, i.e. we need a value for our bedload transport rate at maximum flow. This
value, ¢spm, is obtained from equation (29) with 7,(¢) = Tyma, and the factor a is obtained
from equation (70) with ¢sp = ¢spm and ¢p zr evaluated from equation (62) for ¢' = 97 .
The factor as, defined by equation (72), is then obtained by computing ¢s zr, equation

(64), with w,, u, and h replaced by usny, u.,, and h., and ¢, obtained from equation

wm
(74) with ¢ replacing ¢ and v = 1. With oy and «ay determined in this manner, v is
obtained from equation (73), and equation (74) yields a value of reference concentration
specified z = 2z, = 2.5d59. Since our equivalent steady flow analogy is based on maximum
unsteady flow condition, this value corresponds to the maximum reference concentration,
i.e. precisely the ¢, o needed to determine the first harmonic concentration distribution
in equation (58). Values of ay, ag, and v for our experimental conditions are listed in

Table 6. The obtained ~ is less than one, because our bedload predictor yields a larger

bedload transport rate than the choice of ZF94, i.e. the ay-values are all positive.
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With the reference concentration and the level where it is specified determined in this
manner, the remaining parameters needed to evaluate our suspended-load model follow
from the procedures employed by ZF94 in the analysis, i.e. (i) the shear velocity w.;,
needed to evaluate equation (48), is taken as u.,, corresponding to a bottom roughness
kny = kfy = 2.5ds0; (ii) the fall velocity, wy, is obtained from Rubey [1933], equation
(66), to be consistent with ZF94’s choice; and (iii) the shear velocity scaling the turbulent
diffusivity, u.p, is taken as the shear velocity based on total (movable) bottom roughness,
i.e. Uyp = Uy, based on movable bottom roughness ky = k,, given by equation (76),
to adhere to the procedures followed by ZF94. With these specifications of parameters,
our model for suspended load sediment transport presented in section 5.2 is complete and

truly predictive, i.e. it does not rely on any data-fitting.

5.4. Typical model prediction

Two tests, M1.S26 (medium sands) and F2_S26 (fine sands), with the same flow condi-
tion (Up,,=1.08 m/s, T'=8.33 s) and bottom slope (8 = 2.60°) are chosen as typical cases
with negligible and significant sediment suspension, respectively. Figure 10 shows the pre-
dicted first-harmonic concentration and velocity for these two tests. The amplitude of the
first-harmonic velocity follows the logarithmic profile in the very near bottom region and
converges to the free-stream value at higher levels (z ~100 mm), while the phase of the
first-harmonic velocity increases from zero towards the bottom, leading to a 10-15° phase
lead in the very near-bottom region. The amplitude of the first-harmonic concentration
decreases rapidly with elevation z, as does its phase, e.g. the phase variation exceeds 100°
across a depth of 100 mm. As a result, the phase difference between first-harmonic veloc-

ity and concentration changes dramatically from almost 180° in the immediate vicinity
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of the bottom to less than 90° at z=100 mm. The predicted net sediment flux shown in
Figure 10e is therefore negative (downslope) in the very near-bottom region and decays
drastically with elevation, leading to a net downslope suspended-load transport rate. The
region with a significant net sediment flux is within z=10 mm for the medium-sand test,
but can extend to about z=40 mm for the fine-sand test. Thus, the magnitude of net
suspended sediment flux for the fine-sand test is much larger than that for the medium-
sand test, so a much larger net downslope suspended-load transport is expected for the

fine-sand test.

5.5. Model validation

Although our model can predict first-harmonic velocity and concentration, we shall
not benchmark these predictions with experimental data, mainly because our model is
only conceptual in the close vicinity of the movable bed, where most of the sediment
transport occurs. The lack of suitable experimental data is another reason, e.g. the first-
harmonic concentration is so small relative to the total concentration that it would be
very difficult to make quantitative comparison with existing experimental data from other
sources. Thus, in this section we only validate the prediction of net sediment transport
rate against our measurements.

Since the predicted effect of bottom slope on instantaneous bedload transport rate is a
factor of 1 — 3/ tan ¢, (8 > 0 for upslope) for a small bottom slope 3, i.e. equation (28), a
net downslope bedload transport rate scaled with [ is expected for a sinusoidal flow over
a sloping movable bed. Both the prediction of first-harmonic velocity and the normalized
first-harmonic concentration are not functions of 3, so the net suspended-load transport

rate should be scaled by the amplitude of the first-harmonic reference concentration,
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which is also proportional to 3, i.e. equation (39). These expectations are confirmed by

predictions, so we can write the predicted non-dimensional total net transport rate as

Qnet,p = _(stB + stS) = (Ab + As)ﬁ = Ap : B (81)

where A, is the predicted slope, and A, and A, indicate the contribution from bedload
and suspended-load transports, respectively. Introducing the minus sign is to make the
predicted net transport rate positive in the downslope direction. The numerical values of
A, and the relative contributions from bedload and suspended-load, A,/A, and Ag/A,,
are shown in Table 7. The comparison between A,/A, and A;/A, suggests that bedload
transport dominates for the coarse-sand test, whereas suspended-load transport dominates
for fine-sand tests. Since the upward diffusion of sediments is characterized by the shear
velocity w,p and the tendency of sediment settling is characterized by the fall velocity wy,
the significance of suspended-load transport should increase with the ratio w.p/ws. The
results in Table 7 show that the relative importance of suspended-load over bedload indeed
increases with w,p/wys. The predicted suspended-load contributes more than 50% of the
total transport for u,p/ws between 2.3 and 2.8 (the values for M1 and M2), which is in
agreement with the threshold value for bedload to be dominant, u.p/wy < 2.7, proposed
by Gonzalez-Rodriguez and Madsen [2007]. Our predictions for C1 and M1 seem to suggest
that the relative importance of suspended load transport (As/A,) dramatically increases
for u*D/wf in the interval 2.1 to 2.3, as shown in Table 7. It should be noted that the
net suspended transport rate is also controlled by other parameters, e.g. the skin friction
Shields parameter (determines the reference concentration) and wave period (related to
wave boundary layer thickness), so we cannot use u.p/wy as the sole indicator of the

relative importance of suspended-load and bedload transports.
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We showed a good linear ¢,,.; — 8 dependency for measurements (Figure 5), so the model
validation can be presented in terms of the slope A, i.e. A, vs. A,,. As shown in Table 7,
A, is larger than A,, by roughly 60% for the bedload-dominated tests, e.g. C1, but is
smaller than A,, by roughly 30% for the suspended-load-dominated tests, e.g. F1 and F2,
indicating that the our model probably overestimates the net bedload transport rate, but
underestimates the net suspended-load transport rate. The eddy diffusion for predicting
sediment suspension is scaled by the maximum shear velocity, and it increases linearly
with the distance from the bottom, while turbulence should vanish outside the wave
boundary layer. Therefore, the eddy diffusion and hence the net suspended transport rate
should be overestimated, which contradicts our results. Yuan and Madsen [2014] showed
that for oscillatory flows in the WCS a secondary mean flow in the transverse plane
is developed by sidewall effects, which can possibly enhance sediment suspension and
increase the measured net suspended sediment transport rate. Visual evidence suggests
that for fine-sand experiments sediments can be suspended outside the wave boundary
layer, where no turbulence is expected to sustain suspension. It should also be pointed
out that the vertical structure of the turbulent eddy viscosity and diffusivity will influence
the prediction of the first-harmonic phase for both velocity and concentration, i.e. ¢,
and ¢, in equation (42), which may have a significant effect on the prediction of net
suspended-load transport rate. Nevertheless, the overall model accuracy is better than a
factor of 2, and the overall agreement represented by the slope of the least-square fit to the
data on A, versus A, plotted in Figure 11a is 1.04, suggesting a bias of a mere 4%, with a
quite modest 95% confidence interval of £0.35. While this indicates the overall accuracy,

it is more informative to look at the actual prediction of g¢,.;. Figure 11b compares the
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predicted and the measured net sediment transport rates for all 30 tests in this study.
Most of the predictions are within a factor of 2 from the measurements, and the overall
agreement represented by the slope of the least-square fit to the data (thin dashed line in
Figure 11a) is a factor of 1.03 with a 95% confidence interval of 4+0.12.

In the context of sediment transport modeling this performance, especially when con-
sidering that our predictive model was developed without use of the data against which its
predictions were validated, is very encouraging and indicates that the underlying physics
for net bedload and suspended-load transport rates are reasonably well captured by our

model.

6. Conclusions

A full-scale (1:1) experimental study of bottom-slope-induced net sheet-flow sediment
transport rates under sinusoidal oscillatory flows is conducted using an oscillatory water
tunnel. Tests cover three sand sizes, six flow-sediment conditions and five bottom slopes
from 0.1° to 2.6°. A laser-based bottom profiler system is developed to measure the
bottom profile change over the entire 9-m long test section, so the net transport rate can
be estimated based on the principle of sediment-volume conservation. Special attention
is paid on the effect of flow-induced bed compaction, which is mitigated by applying a
correction of bottom elevation change estimated from the difference between the LBP-
measured volume loss of sands in the test section and the collected sand volume outside
the test section.

For most tests a scour pit develops near the upslope end of the test section, while the
downslope end exhibits either a smaller scour pit or a deposition hump. Around the

longitudinal center of the test section, the bottom profile remains flat for the fine-sand
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tests, while for coarse-sand tests and some medium-sand tests long bedforms of very small
steepness are observed to develop. These bedforms have little effect on the estimate of net
transport rate, as evidenced by the fact that the net transport rate averaged over a few
bedforms remains unchanged as the bedforms grow in height. The general discrepancy
among repeated experiments is Ags ner ~ O(1-107° m?/s), which is much smaller than the
measured net transport rate for most tests. Therefore, we conclude that the measurements
are highly repeatable. This Ags e, however, does not account for potential error in net
transport rate from later inhomogeneity. By estimating the net sediment transport rate
based on single laser lines, it is demonstrated that the effect of lateral inhomogeneity leads
to an experimental inaccuracy in net transport rate of the order 10%-20% or less. Thus,
the lateral inhomogeneity is the main source of experimental inaccuracy. Nevertheless, in
the context of sediment transport, even a 20% error is considered quite acceptable. The
measured net transport rate is always in the downslope direction, except for some tests
on virtually horizontal bottoms (5 = 0.10°). For a given flow-sediment condition the net
transport rate exhibits near-perfect linear dependency on bottom slope, which agrees with
the expectation based on a simple Taylor-series approximation.

A conceptual model is developed to interpret the experimental results. The net bed-
load sediment transport rate is obtained by period-averaging the instantaneous bedload
transport rate predicted with the bedload transport model proposed by Madsen [1993],
which conceptually accounts for the effect of bottom slope. The time series of the ef-
fective bottom shear stress for bedload transport is taken as the sum of first and third

harmonics, which gives a maximum instantaneous bottom shear stress obtained from the
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wave boundary layer model by Humbyrd [2012] with the bottom roughness taken as the
sediment diameter.

Assuming the near-bottom reference sediment concentration varies in concert with the
instantaneous bedload transport rate in a quasi-steady manner, a non-zero bottom slope
leads to a larger reference concentration when the flow is downslope than when it is
upslope. This gives rise to a first-harmonic reference concentration, which is diffused
upward into the water column. Based on Fourier-series representations, we identify that
the net suspended-load transport rate is primarily due to the interaction between first-
harmonic velocity and concentration. The analytical solution of the first-harmonic velocity
is obtained following Grant and Madsen [1979]. The first-harmonic concentration is given
by solving analytically the first-harmonic one-dimensional advection-diffusion equation
with a first-harmonic reference concentration as the bottom boundary condition and an
eddy diffusivity that is consistent with the eddy viscosity formulation used by Grant
and Madsen [1979]. This reference concentration is obtained following Zyserman and
Fredsge [1994] with a modification based on a steady-unsteady-flow analogy to ensure
model consistency. Also for consistency reason, our model parameters, e.g. the various
bottom roughness specifications, are chosen corresponding to those employed in ZF94.

The predicted net bedload and suspended-load transport rates both increase linearly
with bottom slope for a given flow-sediment condition. Comparing the predicted and
measured gradients for the linear relationship between total transport rate and bottom
slope, it is shown that the model predictions are equal to measurements within a factor
of 2. The acceptable model accuracy allows us to interpret the key physics for the net

downslope transport rate as follows. The bottom-parallel component of gravity helps the
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bottom shear stress to mobilize sand grains in the downslope direction, but hinders mobi-
lization in the upslope direction. Thus, more sand grains are moving as bedload transport
when the flow is in the downslope direction, leading to a net downslope bedload transport
rate. The quantity of bottom sands available for suspension, which determines the refer-
ence concentration, is scaled by the amount of sand moving as bedload. Thus, a higher
instantaneous reference concentration during downslope than during upslope transport is
expected. This asymmetry can be represented by a first-harmonic reference concentration.
In the very near-bottom region, the first-harmonic velocity and concentration are roughly
180° out of phase, leading to a net downslope suspended-load transport rate. Our pre-
diction suggests that the relative importance of bedload and suspended-load transports
depends on sediment diameter and flow condition. This simple model is a first attempt
to quantitatively interpret slope-induced net sediment transport in the sheet-flow regime
under oscillatory flows, so improvements to our predictive conceptual model should be
explored in the future, e.g. adopting more realistic turbulent diffusivities including re-
moval of the present model’s inconsistent use of different turbulent eddy diffusivities for
momentum and sediment.

The net total transport rate for tests on the 2.60° slope is comparable to the net trans-
port rates due to flow skewness obtained in similar OW'T sheet-flow studies. This suggests
that bottom slope can be of equal importance to wave nonlinearity in producing a net
sediment transport rate, and should be incorporated in modeling net cross-shore sedi-
ment transport rates. Future research effort is required to quantitatively elaborate the

importance of bottom-slope effect.
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Figure 1. The Laser-based Bottom Profiler (LBP) system: (a) general concept of LBP, (b)
illustration of the vertical movement of a laser line on a camera image, (c) system setup (the test

section of WCS is 10m-long, 40cm-wide and 50cm-deep).
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Figure 2. Typical observations of bottom profile change Az after one test (red line: F1_S26,

blue line: test F1_S11, black line: test F1.5S01)
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Figure 3. Development of bedforms for a medium-sand test M2_S06 and the associated effect

on net transport rate (full lines: after 50 periods, dashed lines: after 25 periods): (a) bottom

elevation change &~ bottom profile, (b) variation of net transport rate along the test section
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Figure 4. Experimental obtained variation of net transport rate g, over the entire test section

for a typical test M2_S11 (solid line: bed-compaction correction, dash-dotted line: simple-average

correction).
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Variation of net transport rate with bottom slope for a given flow-sediment con-

dition. For C1 and M1, measured g for 0.1°-tests (or 0.0017 [rad]) are negative (up-slope net

transport rate) but negligibly small (comparable to measurement accuracy), so the results are

not shown. (solid lines: fitted linear function g,., = AfS (details are presented in Table4), full

circles: measurements).
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Figure 6. Forces acting on a spherical sediment grain resting or moving on a plane bed
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Figure 7. Normalized effective bottom shear stress (dashed line) and instantaneous bedload
transport rate (solid line) for test M3_.S26 (the maximum effective bottom shear stress is 7.7
pa, and maximum upslope bedload transport rate is 5.1-107*m?/s. The negative direction is

downslope).
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Figure 8. Illustrative drawing of the temporal variation of reference concentration under the

influence of bottom slope
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(a) (b)

Figure 9. Illustrative drawing for the steady-flow analogy: (a) wave boundary layer flow at

maximum flow condition, (b) equivalent steady flow
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Figure 10. Prediction of first-harmonic velocity and concentration for tests M1_.526 (dashed
lines) and F2_526 (solid lines): (a) amplitude of first-harmonic concentration, (b) phase of first-
harmonic concentration, (¢) amplitude of first-harmonic velocity, (d) phase of first-harmonic

velocity, (e)net Sediment flux (the negative direction is downslope).
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Figure 11. Model validation: (a) comparison of predicted (A4,) and measured (A,,) slopes for
the linear relationship between net sediment transport rate and bottom slope for the different
flow-sediment conditions (the heavy solid line indicates perfect agreement; the thin solid lines
indicate a factor of 2 deviation from perfect agreement; the dashed line is the best fit through
origin (slope is 1.04 with a 95% confidence interval of 0.35)).(b) comparison of predicted (guet)
and measured (Gnet.m) net sediment transport rate (the solid lines are as in (a); the dashed line

is the best fit through origin (slope is 1.03 with a 95% confidence interval of 0.12)
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Table 1. Sediment characteristics. @
Type dso(mm) oy s €m
Fine sand 0.13  1.38 2.650+0.004 0.43640.0004
Medium sand 0.24 1.37 2.651+0.003 0.42440.0011
Coarse sand 0.51 1.43 2.6284+0.013 0.482+0.0023

® ds is the medium diameter of sediments, o, is the geometric standard deviation, s is specific

particle density and ¢, is the maximum underwater porosity.

a

Table 2. Summary of tests.

Test ID Upp(m/s) T'(s) dso(mm) ©yma slo

i)
@

(°) Repeats snet(107°m?/s) Agsne(10~°m? /)
1.1

C1.501 1.61 6.25  0.51 1.13 0.1 1

C1.S06 1.61 6.25  0.51 1.13 0.6 2 -6.4 0.3
C1.S11 1.61 6.25  0.51 1.13 1.1 1 -8.6

C1.516 1.61 6.25  0.51 1.13 1.6 1 -15.0

C1.S26 1.61 6.25  0.51 1.13 2.6 2 -20.6 0.2
M1.S01 1.06 833 0.24 0.89 0.1 1 0.0

M1_S06 1.06 833 0.24 0.89 0.6 1 -2.6

M1.S11 1.06 833 0.24 0.89 1.1 1 -2.3

M1.516 1.06 833 0.24 0.89 1.6 1 -3.7

M1.526 1.06 833 0.24 0.89 2.6 1 -6.8

M2_S01 1.21 6.20 0.24 1.20 0.1 2 -0.5 0.3
M2_S06 1.21 6.25 0.24 1.20 0.6 2 -3.3 0.5
M2_S11 1.21 6.25 0.24 1.20 1.1 1 -4.6

M2_S16 1.21 6.25 0.24 1.20 1.6 1 -7.9

M2_S26 1.21 6.25 0.24 1.20 2.6 4 -13.1 0.6
M3_S01 1.61 6.25 0.24 2.00 0.1 1 -5.2

M3_S06 1.61 6.20 0.24 2.00 0.6 1 -18.9

M3_S11 1.61 6.20 0.24 2.00 1.1 1 -23.6

M3_-516 1.61 6.20 0.24 2.00 1.6 1 -38.2

M3_.526 1.61 6.20 0.24 2.00 2.6 1 -53.7

F1.501 0.90 417 0.13 1.27 0.1 1 -2.6

F1.S06 0.90 417 0.13 1.27 0.6 2 -7.8 0.8
F1.511 0.90 417 0.13 1.27 1.1 1 -11.8

F1.516 0.90 417 0.13 1.27 1.6 2 -17.4 0.2
F1.526 0.90 4.17  0.13 1.27 2.6 1 -26.8

F2.501 1.06 8.33  0.13 1.43 0.1 2 -2.9 1.3
F2.S06 1.06 8.33  0.13 1.43 0.6 1 -11.6

F2.511 1.06 8.33  0.13 1.43 1.1 1 -18.2

F2.516 1.06 8.33  0.13 1.43 1.6 2 -27.8 2.6
F2.526 1.06 833 0.13 1.43 2.6 2 -34.7 3.4

Uy and T are the amplitude and period of free-stream velocity, respectively, Y. mq is
the Shields parameter based on ky = dso, dso is the median sediment diameter, g is the
compaction-corrected experimental net transport rates (positive in the upslope direction) and
Ags net 1s half the difference between two repeats (or the standard deviation for more than two

repeats).
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Table 3. Comparisons between tests with or without re-working the initial movable bed.

4z (mm) Gsnet (1070 m?/s)

1st test 2nd test  1st test 2nd test
M2_S01 0.255 0.125 -0.12 -0.79
M2_S06 0.147 0.090 -2.78 -3.72

M2.526 0.152  0.048 -12.80 -13.10

Table 4. Results for linear-function fitting of ¢,.; = A - 3, as shown in Figureb. ?
Test Upp(m/s) T (s) dso(mm) A(£%) (1077 m?/s) R?

Cl 161 625 0.51 4,65 (14%) 0.97
Ml 106 833 024 1.45 (22%) 0.93
M2 121 625 0.4 2.83 (8%) 0.99
M3 161 625 024 12.53 (15%)  0.95
F1 090 417  0.13 6.08 (9%) 0.98
F2  1.61 833 0.13 8.52 (18%) 0.93

& Upn and T are the amplitude and period of free-stream velocity, respectively, dsy is the

sediment diameter, A is the fitted slope (the percentage in the following bracket indicates the

relative 95% confidence limits). R? is the coefficient of determination.
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Table 5.  Effect of lateral inhomogeneity on the slope of linear relationship, ¢,¢ = A - 5,

between net transport rate and bottom slope for a given flow sediment condition (the percentage

in the brackets indicate relative 95% confidence limits). *

Cl M1 M2 M3 F1 F2

A, [10-™m%/s]  4.23 (17%) 1.60 (53%) 3.38 (14%) 13.88 (20%) 6.20 (8%) 8.33 (9%)

A, [10™4m?/s]  5.20 (23%) 1.29 (23%) 2.33 (23%) 11.16 (32%) 5.95 (11%) 8.73 (12%)

A[107%m2/s]  4.65 (14%) 1.45 (22%) 2.83 (8%) 12.53 (15%) 6.08 (9%) 8.52 (18%)
|A1 — A2|/(24) [%]  10.4 10.8 18.6 10.9 2.0 2.3

& A is the slope for the net transport rate based on the averaged bottom profile change Az,

while A; and A, are slopes for the net transport rate based on single laser lines. |A1 — A2|/(2A)

indicates the deviation of A; and A, from A.

Table 6. Modification of ZF94 reference concentration based on steady-flow analogy.?

Wave boundary layer  Equivalent steady flow Transport rate
ID Usem, k_m U;m he SOe u;m 4B,ZF

[em/s] dy [em/s]  [em] [1072] [em/s]  [107°m?/s] 7
Cl1 139 120 109 212 9.2 11.1 25 1.8 22 0.18
M1 7.8 86 6.6 1.51 4.1 6.7 6.9 1.2 24 0.50
M2 9.7 124 7.7 1.44 6.6 7.8 8.3 20 4.4 0.55
M3 136 23.0 9.9 207 9.1 10.1 11 4.0 12.5 0.68
F1 74 132 58 0.74 7.6 5.9 3.3 2.1 104 0.80
F2 77 141 6.1 1.48 4.1 6.2 3.5 2.6 19.0 0.87

& gee section 5.3 for definition of variables

Table 7. Model validation in terms of the slope A in ¢, = A - B.
ID Upn(m/s) T(s) wp/we A, A, AyJA, A/A,
C1 1.61 6.25 2.1 4.65 7.68 82.0% 18.0%
M1 1.06 833 2.3 1.45 2.51 54.8% 45.2%
M2 1.21 6.25 2.8 2.83 4.83 46.1% 53.9%
M3 1.61 6.25 3.9 12.53 14.52 33.8% 66.2%
F1 0.90 4.17 4.7 6.08 3.52 26.4% 73.6%
F2 1.06 833 4.9 852 6.44 17.5% 82.5%

2 the fall velocity wy is predicted using Rubey [1933]’s formula. A,, and A, are measurement

and prediction, respectively. A, and A are predictions for net bedload and suspended-load

transport rates, respectively.
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