
Formation of a sandy near-bed transport layer from a fine-grained

bed under oscillatory flow

Hanzhuang Liang,1 Michael P. Lamb,2 and Jeffrey D. Parsons3

Received 13 April 2006; revised 13 September 2006; accepted 4 October 2006; published 6 February 2007.

[1] Bed surface coarsening was found to be an important effect for the formation of
ripples and the dynamics of the boundary layer above a predominantly silt-sized sediment
bed (median particle size equal to 26 mm; �20% fine sand, 70% silt, 10% clay) under
oscillatory flow (with orbital velocities of 0.32–0.52 m/s) in a laboratory wave duct.
Following bed liquefaction, substantial winnowing of the bed surface occurred due to
entrainment of finer material into suspension. Bed surface coarsening was quantified with
micro-scale visualization using a CCD (charged-coupled device) camera. Under most
wave orbital velocities investigated, the coarse surface particles were mobilized as a near-
bed transport layer approximately 4 grain-diameters thick. The transport of these
coarse sediments ultimately produced suborbital or anorbital ripples on the bed, except for
the highest orbital velocities considered where the bed was planar. Micro-scale
visualizations were used to construct a maximum (particle) velocity profile extending
through the near-bed transport layers using particle-streak velocimetry (PSV). These
profiles had a distinctive kink in log linear space at the height of the transport layer,
suggesting that the near-bed sediment transport reduced skin friction and contributed to
the boundary roughness through extraction of momentum.
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1. Introduction

[2] The continental shelf is an extremely dynamic region
where both wind-generated surface waves and currents are
capable of mobilizing seafloor sediments. Continental
shelves possess a variety of grain sizes, often with sand-
sized sediment near shore (on the inner shelf) and finer
material further seaward in ‘‘mid-shelf mud deposits’’
[Wright and Nittrouer, 1995; Crockett and Nittrouer,
2004]. Mud and sand can migrate cross-shore due to
currents, wave asymmetry, and gravity-driven processes
[e.g., Wright et al., 2002; Styles and Glenn, 2005]. This
transport is often highly intermittent and causes extremely
high near-bed sediment concentrations when high transport
occurs [Ogston et al., 2000; Traykovski et al., 2000; Wright
et al., 2002]. It is during these periods when the seafloor is
most profoundly shaped [Scully et al., 2003].
[3] The entrainment and transport of sand under waves

has received considerable research attention through field,
laboratory, and theoretical means. During low transport
stages, ripples form on a sandy seabed [e.g., Wiberg and
Harris, 1994]. At higher transport stages, ripples are

washed out and sand is transported in a thin (<1 cm)
near-bed transport layer or sheet flow [e.g., Flores and
Sleath, 1998; Dohmen-Janssen et al., 2001]. The most
widely cited wave-boundary layer models were developed
using a time-invariant eddy viscosity to close the equations
of motion [i.e., Grant and Madsen, 1979, 1982, 1986]
(hereafter referred to as ‘‘GM’’). Ripples and sheet flow
are typically modeled as an additional roughness on the
flow [Grant and Madsen, 1982], which therefore increases
velocity gradients and shear velocity in the bulk of the
boundary layer, although more complex multiphase models
exist [Foda, 2003; Hsu and Hanes, 2004]. The predictions
of shear velocity can then be used to drive sediment
suspension models [e.g., Garcı́a and Parker, 1991].
[4] Historically, much less attention has been given to

large-scale wave motions (that produce a turbulent wave
boundary layer) over finer grained beds of silt or clay.
Recent oceanographic observations, however, have shown
that highly concentrated (>10 g/l), relatively thin (�10 cm),
benthic suspensions or fluid muds occur frequently on
continental margins with fine-grained beds during large
storm waves [e.g., Ogston et al., 2000; Traykovski et al.,
2000]. Several adaptations have been proposed to account
for sediment stratification in combined current and wave
boundary layer models [Wiberg and Smith, 1983; Glenn and
Grant, 1987; Styles and Glenn, 2000], but these have yet to
be extended to the wave boundary layer in a rigorous
manner because incorporating a time-dependent stratifica-
tion correction is difficult [Styles and Glenn, 2000]. Some
simple bulk-averaged models have been developed for fine-
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grained suspensions [e.g., Wright et al., 2001], but evalua-
tion of these have been limited because detailed field
measurements of velocity, sediment concentration, and
particle size within centimeters above the bed are difficult.
[5] Recently, experiments were conducted on the inter-

actions of wave orbital motions with a predominantly silt-
sized sediment bed [Lamb et al., 2004; Lamb and Parsons,
2005] (herein referred to as LDP). LDP showed that
significant amounts of sediment were entrained into the
water column under modest orbital velocities. Stratification
from the suspended sediment limited vertical mixing of
momentum and consequently reduced the size of wave
boundary layer from that in sediment-free conditions, often
to less than 3 mm. Despite the reduction in boundary layer
size, turbulent energy was diffused high into the water
column where it supported dense-suspensions (i.e., high-
density suspensions) centimeters thick. Finer sediment was
preferentially transported into the upper water column, such
that the near-bed percentage of suspended sand was high
(up to 78%), despite the fact that the initial bed only
contained about 20% fine sand (with the remainder being
70% silt and 10% clay). Coarsening of the bed surface
through winnowing processes allowed for the formation of
ripples and potentially limited entrainment of finer sediment
through armoring. Unfortunately, the instrumentation used
by LDP (acoustic Doppler velocimeter (ADV) and siphons
for flow sampling) did not have the necessary resolution to
investigate the highly dynamic, near-bed region (<3 mm
above the bed) where entrainment, bed-surface coarsening,
ripple formation, vertical mixing of momentum, and pro-
duction of turbulent kinetic energy occurred.
[6] Herein we present high resolution, sub-millimeter-

scale visualizations of this near-bed region in laboratory
experiments similar to those of LDP. These visualizations
are used to quantitatively document coarsening of the bed
surface in response to entrainment of finer particles into the
water column. The sand-sized particles transported near the
bed eventually formed ripples under most conditions inves-

tigated. Sand particles were transported across ripple crests
in thin (�0.35 mm), near-bed transport layers, akin to sheet
flows in coarser-grained environments. Particle streak
velocimetry (PSV) was used to construct particle velocity
profiles through the near-bed transport layers.
[7] The term sheet flow is typically used to describe

highly concentrated near-bed transport layers that occur
during high transport conditions under waves when ripples
are washed out and the bed is planar. Within this layer,
interactions between the particles, fluid and bed are all
probably important. For most of the experiments reported
here, we documented such a layer, but when the bed surface
contained ripples. It has previously been recognized that
such transport layers can exist and are an important rough-
ness effect even when the bed is rippled [e.g., Grant and
Madsen, 1982; Wiberg and Rubin, 1989]. Near-bed trans-
port layers also have been recognized to be important in
aeolian [Bagnold, 1941; Owen, 1964; Anderson and Hallet,
1986; McEwan, 1993; Bauer et al., 2004] and fluvial [Smith
and McLean, 1977; Dietrich, 1982; Gust and Southard,
1983; Best et al., 1997; Bergeron and Carbonneau, 1999;
McEwan et al., 1999] sediment transport, and they are
sometimes called saltation or bed load layers. In order to
avoid confusion with the term sheet flow and not to imply a
transport process, herein we refer to these as near-bed
transport layers.

2. Experimental Setup and Procedure

[8] The experimental facility used in our experiments is
the same used and described in detail by LDP. Here,
relevant points will be summarized. The piston-driven
U-tube (Figure 1) produces near sinusoidal oscillatory
motions with orbital velocities and orbital diameters com-
parable to conditions near the seabed on continental shelves
under wind-driven surface gravity waves. Velocity fluctua-
tions due to advected turbulence from the end tanks are held
to less than 10% of the orbital motions in the test section
through the use of plastic honeycomb [LDP]. The side-wall

Figure 1. Schematic of the experimental wave tank in (top) plan view and (bottom) side view.
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boundary layers are <10% of the interior width of the test
section (20 cm; Figure 1) and therefore do not significantly
influence the orbital motions in the test section. The flume
walls are Plexiglas, which allow for detailed visual obser-
vations and measurements.
[9] A total of eight experiments were completed in the

experimental wave tank, in which the maximum free-stream
wave orbital velocity Uorb ranged from 0.22–0.32 m/s with
a wave orbital diameter d0 = 0.43 m and Uorb = 0.37–
0.55 m/s with d0 = 0.70 m (Table 1). The wave orbital
diameter d0 is defined as d0 = UorbT/p, where T is the free-
stream wave period. The experiments are numbered accord-
ing to increasing Uorb (Table 1). The free-stream orbital
motions were measured in the center of the test section,
approximately 15 cm above the sediment bed (well above
the bottom boundary layer), using a micro acoustic-Doppler
velocimeter (ADV).
[10] Before an experiment, sediment was mixed thor-

oughly with fresh tap water to make a paste and poured
into the experimental duct, so that the initial bed was
approximately 0.15 m thick. The sediment bed then was
raked flat and the flume was filled with fresh tap water.
Some of the finest sediment was suspended into the water
column as the duct was filled with water, and this sediment
later settled forming a thin (�1 mm) cap on top the
sediment bed. These fine sediments were immediately
suspended following the commencement of oscillatory
motions and did not affect the initial well-mixed state of
the sediment bed. The sediment was composed of crushed
silica silt with a median grain size D50 of approximately
26 mm (Figure 2). The mixture contained �10% clay (D <
3.9 mm) and 20% fine sand (D > 63 mm), where D denotes
the particle diameter. The mineralogical composition was
99.7% crushed angular silica, which appeared white. The
remaining 0.3% contained a variety of oxidized species,
some of which appeared black when viewed next to the
silica. These darker impurities made for ideal tracers.
[11] A newly mixed batch of sediment was set in place for

each experiment except for experiments 6 and 8. These two
experiments were run approximately 30 min after experi-

ments 5 and 4, respectively. Experiments 6 and 8 had higher
orbital velocities than experiments 5 and 4 (Table 1), and
the deposits and bedforms inherited from these previous
experiments were easily reworked.
[12] Macroscopic video was taken during each experiment

and used to measure ripple dimensions and to document the
phase of the wave during microscopic visualization.

2.1. Micro-Scale Visualization

[13] The velocity of particles near the bed was estimated
using particle-streak velocimetry (PSV). PSV consists of
measuring the length of a streak left on film from a moving
particle when a camera shutter is left open for a fixed
amount of time. We used a high resolution CCD (charged-
coupled device) camera to obtain images at 30 Hz with

Table 1. Experimental Conditions

Experiment

1 2 3 4 5 6 7 8

Uorb, m/s 0.22 0.32 0.37 0.39 0.44 0.47 0.52 0.55
d0, m 0.43 0.43 0.7 0.7 0.7 0.7 0.7 0.7
T, s 6 4.23 5.94 5.64 5 4.68 4.23 4
Initial beda new new new new new after exp. 5 new after exp. 4
Bedformb plane Sub- an- an- an- an- an- plane
l, mm n/a 61 63.5 57.2 63.5 88.9 >88.9 n/a
h, mm n/a 6.35 5.56 4.76 4.76 3.18 1.59 n/a

D, mm 26 87 82 92 100 100 93 83

hE, mm <1 6.4 4.8 8 8.7 n/a 9.5 n/a
hS, mm 0.00 0.17 0.18 0.20 0.18 0.18 0.14 0.15
hT, mm 0.00 0.34 0.44 0.45 0.35 0.38 0.24 0.25
CT 0.00 0.30 0.25 0.27 0.31 0.28 0.35 0.36
u*a, cm/s ? ? 3.5 3.0 2.0 2.8 2.6 5.6
u*b, cm/s ? ? 2.0 1.3 1.9 2.4 2.0 2.2
z0a, mm ? ? 0.18 0.091 0.035 0.080 0.065 0.15
z0b, mm ? ? 0.026 0.011 0.022 0.030 0.020 0.021

aExperiments 6 and 8 were performed 30 min after experiments 5 and 4, respectively. All other experiments had a new, well-mixed bed of sediment.
bplane, planar bedding; sub-, suborbital ripple with 20 < d0/h < 100; an-, anorbital ripple with d0/h > 100, following Wiberg and Harris [1994]. Question

mark indicates that data were not collected.

Figure 2. Grain-size distribution of the initial sediment
bed mixture. The sample was split with a 63 mm sieve and
the coarse fraction was measured with a settling column and
the fine fraction was measured with a Micrometrics
Sedigraph 5100.
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exposure times of either 0.004 or 0.008 s. These exposure
times were chosen to ensure that the streaks were fully
captured with respect to the field of view and focal depth.
We used light from either a slide projector or a laser point to
visualize the particles.
[14] The camera was positioned so that it was looking

through the clear Plexiglas wall of the wave-duct into the
test section, and was near the level of the sediment bed
(Figure 1). Care was taken to insure that the particles
measured were far enough from the sidewall of the duct
so that they were not significantly influenced by the wall
boundary layer. A measuring tape with 1.6 mm (1/16 in.)
markings was mounted onto a rectangular prism, and this

was inserted into the test section and placed flush against
the sidewall (Figure 3). Because the vertex of the prism
made a 135� angle with the sidewall, the markings on the
measuring tape indicated successive 1.1 mm distances
perpendicular from the sidewall. The CCD camera was
focused on the front face of the prism with a field of view
of 4.8 � 6.4 mm and a focal depth ranging from 1.0 to
1.5 mm. As shown in Figure 3b, the angled face became
incrementally blurred under these settings. This blurriness
was used as a proxy for distance from the sidewall. Objects
within 1.1 mm of the sidewall were sharp and well
focused. Objects were slightly blurry at 2.2 mm from the
wall. Objects farther than 5 mm from the sidewall were
indistinguishable.
[15] The goal of these measurements was to measure the

maximum particle velocity. Thus, we took pictures when the
flow was moving the fastest and selected streaks from those
images that were the longest (Figure 4). We also selected
streaks that were the blurriest, while still distinguishable, to
guarantee that they were at least 2 mm away from the wall.
Most often trace impurities were used to record velocities as
they provided ideal tracers (Figure 4). The distance from the
immobile bed z and the length of the particle streak dl were
measured from the images and used to calculate the max-
imum particle velocity profile by u(z) = dl/dt, where dt is the
exposure time for each still image.
[16] The measured particle velocities might underestimate

the maximum particle velocity if the local velocity was not
at its peak value (i.e., the phase of the wave was not at its
maximum value) when the picture was taken or if the target
particle was within the sidewall boundary layer. All of the
particles measured were 2–5 mm from the sidewall. Un-
fortunately, we could not measure the thickness of the
sidewall boundary layers. We did, however, measure the
bottom boundary layer thickness to be less than 4 mm using
the ADV when the sediment bed was replaced by a smooth
Plexiglas bed (i.e., the same material that composes the
sidewalls) and the maximum orbital velocity was 50 cm/s
and the wave period was 3.1 s (i.e., conditions similar to
those used in the sediment experiments herein). Flores and
Sleath [1998] also reported that the orbital velocity reached
Uorb around 3 mm away from the sidewall from comparable
waves in a similar wave duct. The bottom boundary layer
model of GM yields a boundary layer thickness of �15 mm
for hydraulically smooth flow under wave conditions sim-
ilar to these experiments. Using this larger value of 15 mm,
the orbital velocity at z = 2 mm would be �25% smaller
than Uorb (according to orbital velocity profiles calculated
from GM).

2.2. Bed Surface Grain Size

[17] The grain size of the bed surface was estimated from
the CCD photographs taken during the experiments. Unfor-
tunately, image resolution was not sufficient to allow for
counting and measurement of all of the particles. Instead,
we counted and measured just the coarser particles on the
bed surface that were identifiable. The mean grain size of
the bed surface can be estimated roughly from

D ¼ L

n
ð1Þ

Figure 3. (a) Photograph of measurement prism used to
estimate the distance of particles from the sidewall of
the flume. The measuring tape had increments of 1.6 mm
(1/16 in.) and was mounted to two faces of a rectangular
prism with a 135� vertex. One face was fixed flush to the
sidewall of the wave duct and the other protruded away from
the wall into the experimental test section. After correcting
for the angle, each increment on the measuring tape was
equivalent to 1.1 mm in the plane perpendicular to sidewall.
(b) View of the prism through the CCD camera with the field
of view set so that distance from the sidewall became
progressively blurred. Blurry particle streaks were chosen to
measure particle velocities to ensure that they were greater
than about 2 mm from the wall.
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where n is the total number of particles along the bed
surface of length L. Equation (1) implicitly assumes that the
particles are spherical and are packed such that the grain
size can be estimated in one dimension. We denote the total
number of observed coarse particles as n1. The remaining
portion of the bed is assumed to be composed of a mixture
of particles with a mean size equal to that of the initial bed

mixture (DI ffi 26 microns). Therefore, the total number of
particles on the surface of the bed n can be estimated from

n ¼ n1 þ
L� L1

DI

ð2Þ

where L1 is the total length along the observed bed surface
that is composed of coarse particles. Combing equations (1)
and (2) yields

D ¼ L

n1 þ
L� L1

DI

� � ð3Þ

The mean grain size of the bed surface was calculated from
equation (3) where L, L1 and n1 were measured from the
CCD images.

3. Results

[18] Each experiment typically lasted on the order of an
hour. The bed and flow conditions were dynamic during the
first �10 min of an experiment in which the sediment bed
liquefied and then stabilized, the surface of the bed coars-
ened as sediment was entrained into the upper water
column, and in most cases ripples formed on the bed. After
about 10 min, flows appeared to reach a quasi-steady state
in which erosion and coarsening of the sediment bed ceased,
suspended sediment reached a quasi-steady concentration
(LDP), and ripple dimensions were roughly steady and
uniform. We visually documented the transient evolution
of the sediment bed during the first 10 min of an experi-
ment. The quantitative measurements of particle velocities
and final bed surface particle size were made after the first
�20 min of an experiment, during the quasi-steady period.

3.1. Liquefaction

[19] Under oscillations with Uorb 	 0.32 m/s, liquefaction
of the sediment bed occurred for experiments that had
newly added sediment (Table 1). The bed typically did
not appear liquefied until after approximately the first
2–4 min of an experiment, after which the entire bed began
to shift back and forth on the order of 10 mm in response to
the changing pressure in the wave duct. During this time,
plumes of fine sediment from �5 to 10 mm below the bed
surface migrated upward (Figure 5b). As these plumes
reached the bed surface, the particles were rapidly entrained
into the water column. During liquefaction, the bed was
fluidized and did not support ripples. No significant coars-
ening of the bed was observed during liquefaction. The
duration of liquefaction ranged from about 2 to 8 min and
was typically the shortest (and therefore the most efficient at
relieving pore pressure) for experiments with the fastest
orbital velocities. Liquefaction was probably caused by
heightened pore pressure within the bed [Clukey et al.,
1985; Foda, 1995; Verbeek and Cornelisse, 1997]. Lique-
faction ceased as this pore pressure was released due to
grains shifting into more stable positions and by the loss of
fine sediments from the bed which increased its permeabil-
ity. After liquefaction, the bed stabilized and was rigid for
the remainder of the experiment.

Figure 4. Three examples of particle-streak velocimetry
(PSV) from experiment 8 where Uorb = 0.55 m/s and T = 4 s.
Exposure time for each image was dt = 0.004 s. Black
particles were oxidized impurities. White particles were
pure silica grains. Note the correlation between blurriness
and length of trace. Images were digitally enhanced for
presentation purposes.
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