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1  INTRODUCTION 

Sediment transport, which includes bed-
load and near-bed suspended load, is a dy-
namic process closely related to hydrody-
namic forcing, turbulence, and bed substrate 
properties (Leeder, 2011). It directly con-
tributes to bedform formation (e.g., ripples). 
In coastal environments, wave-induced tur-
bulence over flat beds  and the spatially and 
temporally generated vortex on the ripple lee 
side during oscillatory flow reversal (Ikeda 
et al., 1991) largely results in suspended 
sediments, dominating sediment transport 
(Nielsen, 1992). Although a number of 
flume and field investigations have previ-
ously studied sediment transport and mor-
phodynamics under oscillatory flows (e.g., 
Green & Black, 1999), the co-evolution of 
the bed morphology and oscillatory flow 

structures have only been examined for cas-
es of cohesionless sand substrates (e.g., van 
der Werf et al., 2007; O’Hara Murray et al., 
2011). There is thus a significant knowledge 
gap concerning the influence of substrate 
cohesiveness on sediment transport and bed-
form generation.  

The development rate of wave ripple 
dramatically decreases with initial bed clay 
fraction increase (Wu et al., 2018). The in-
creasing bed resistance related to the initial 
bed clay fraction plays a vital role on slow-
ing wave-induced ripple development. In the 
present paper, near-bed wave-generated tur-
bulence and sediment transport dynamics 
are investigated over the evolving substrates. 
The objectives of this paper are i) to quanti-
fy sediment transport rates and processes 
across the different substrates; ii) to examine 
the evolution of near-bed turbulence from 
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the initial flat bed until ripple equilibrium 
morphologies are attained; iii) to find the 
relationship between initial bed clay fraction 
and rates of change in suspended sediment 
concentration through the experiments.   

2  METHODOLOGY 

Five large-scale flume experiments were 
conducted in the Total Environmental Simu-
lator at the University of Hull, United King-
dom. The length and width of the tank are 
9.8 m and 1.6 m, respectively, with a central 
monitoring section at a horizontal distance 
x=4.3 m from the wave generating paddles 
(Figure 1A). In the monitoring section, an 
acoustic backscatter system (ABS) is 
mounted at a distance x=6.1 m from wave 
generators and y=0.32 m from the flume 
wall (Figure 1A), which is 0.43 m above the 
bed (Figure 1B). Additionally, five SonTek 
acoustic Doppler velocimeters (ADV), 
aligning with the ABS, are positioned at five 
different heights (from 0.03 m to 0.36 m 
above the bed) to form a vertical array of 
measurements (Figure 1). Three of the 
ADVs are downward looking probes and 
two are sideward looking probes (Figure 
1B). In line with the ABS and ADVs, there 
is a fixed ultrasonic ranging system (URS) 

for detecting ripple migration at distance 
y=0.72 m from the side wall (Figure 1A). At 
the end of the flume, there is a perforated 
board with a porosity of 15%, mounted at an 
upstream dipping angle of 6° (Figure 1A). 
The perforated board is to disperse wave 
energy and thus minimize wave reflections. 
The sediment bed in the flume was 0.1 m 
thick at the start of the experiments. All ex-
periments used a mean water depth of 0.6 m 
and the salinity of the water was held con-
stant in all runs at ca. 19 psu, which is typi-
cal for estuarine conditions. Experimental 
Run 1 used a bed of well-sorted sand with a 
median diameter of 496 µm. Wet kaolin 
clay, which is one of the most common clay 
types on Earth, was homogenously mixed 
with the same sand in Runs 3 to 6, with the 
initial clay fraction increasing from 4.2% to 
7.4% (See Table 1 and Figure 2 in Wu et al., 
2018).  The experimental results of Run 02 
that was conducted under irregular (poly-
chromatic) wave are not discussed in this 
paper. 

Figure 1. Plan view (A) and side view (B) of the experiment setup 
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3  RESULTS 

3.1 Near-bed suspended sediment concentra-
tion (SSC) 

3.1.1  Time averaged near-bed SSC 

 Representative example of suspended sed-
iment concertation change over 20 mm 
above the bed with bedform development 
for Run 5 with the longest experimental du-
ration of 510 mins is displayed in Figure 2.  
The bed was recorded to keep flat in the 
beginning 60 minutes. Over such a flat bed, 
the peak value of suspended sediment con-
centration (SSC) was about 0.7 g/L. Howev-
er, the amount of suspended sediment was 
lower than 0.5 g/L at that time. With bed 
erosion, the SSC increased during the period 
between t = 60 min and t = 120 min. After 
that the bed elevation decreased significant-
ly showing the formation of wave ripples. At 
the same time, there was an increase of the 
amount of suspended sediment, with maxi-
mum value of SSC exceeding 1 g/L. Then, 
ripple started to migrate beneath the ABS 
until the end of the experiment. Peak values 

of the SSC repeatedly appeared on the rip-
ples lee sides, in particular with extremely 
high values, superior to 1.5 g/L after t = 350 
min. 

i. 3.1.2 Phase-averaged SSC 

Figure 3 displays intrawave suspended 
sediment concentration field from 20 mm to 
100 mm above bed, which equals to 4~5 
ripple heights. The phase averaged velocity 
is also shown in the top left panel in Figure 
3 to show the regular and asymmetrical 
wave. A wave period starts from peak value 
at phase angle as 0°. These contour plots 
reflect phase averaged intrawave SSC over 
24 wave cycles. Over the flat bed in the be-
ginning of experiment, the SSC field was 
characterized by laminar distribution gradu-
ally decreasing with height above 50 mm 
(Panel 1 to 3, Figure 3). At t = 105 min, this 
type of suspended sediment profile was bro-
ken by a suspended sediment cloud at a 
phase angle of 1.1  rad (Panel 4, Figure 3). 
A larger suspended sediment cloud was ob-
served just before the flow reached its max-
imum negative velocity per wave cycle, sed-
iments expanding up over 70 mm height at t 

Figure 2. ABS detected bed elevation (a) and suspended sediment concentration (b) at 20 mm above the bed in Run 5 
with 7.2% of initial bed clay fraction. The thirteen numbers of locations match numbered panels of phase averaged sus-
pended sediment concentration field in Figure 3 
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= 130 min (Panel 5, Figure 3). It happened 
when the ripple was forming. The lamina-
tion of suspended sediment completely dis-
appeared after t=160 min, with concentra-
tion peak appearing in each half of the wave 
cycle and suspending sediments up to nearly 
90 mm height (Panel 6, Figure 3).  

During the time between t =360 min and t 
=400 min, an equilibrium wave ripple 
moved under the ABS probe. At the lee side 
of wave ripple (number 7 and 8), a high 
concentration cloud appeared after flow re-
versal from positive to negative in the first 
half wave cycle, matching the peak SSC 
value in Figure 2b. The concentration peaks 
of smaller magnitude in the second half of 
wave period above locations 7 and 8 (Panel 
7 and 8, Figure 3), were probably associated 
with the passage of an advected suspension 
cloud forming at neighboring downstream 
ripples. There were no noteworthy SSC 
peaks at ripple crest (locations 9 and 10). At 
locations 11 to 13 on the stoss slope of rip-
ple, the SSC peaks in the first half wave 
cycle were presumably caused by the pas-

sage of an advected suspension cloud from 
successive upstream ripples. In the succeed-
ing half cycle, the formation of concentra-
tion peaks occurred at a phase angle of more 
than 1.5  rad was similar to that above lee 
side due to vortex shedding during flow re-
versal. The ones generated between phase 
angle of 1  and 1.5  were assumed to re-
late with sediment trapped within new gen-
erated vortices (Figure 3).  

3.3 Ripple migration 

Bedform elevation profiles detected by 
the fixed URS is shown in Figure 4, which 
demonstrates different ripple migration rates 
with different initial bed clay fraction. At the 
beginning of the control experiment (Run 1, 
pure sand), a wave ripple slowly moved be-
neath the URS probe between t = 20 min 
and t = 76 min (Figure 4), with the rate of 
around 0.04 mm/s. After t = 75 min, the 
mean migration rate increased to 0.14 mm/s 
with ripples reaching equilibrium.  

In Run 3 with the lowest clay fraction of 
4.2%, the bed was flat in the first 15 

Figure 3. Wave velocity and phase averaged SSC profiles over the bed of Run 5 with 7.2% of initial bed clay fraction. 
The top left panel displays measured free stream velocity for over 24 successive wave periods. The thirteen numbered 
panels show phase-averaged suspended sediment concentration (SSC) for over 24 successive wave periods at respective 
time in Figure 2. The colours in the contour plots are defined in the colour bar as log_10[SSC] 
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minutes, before ripple forming and starting 
to move. The fixed URS detected three mi-
gration of  

small ripples with height smaller than 10 
mm during period t = 15 min and t = 50 min 
(Figure 4). The mean migration rate after 
ripples developing to equilibrium (t > 60 
min; Wu et al., 2018) is 0.11 mm/s. In the 
beginning of Run 4 (t < 40 min), there was 
only one small ripple movement detected. 
During time between t = 40 min and t = 140 
min, the URS probe recorded two ripple 
movements (Figure 4). The ripple profiles 
had long flat crests, which indicates that 
ripple migration rate was relatively slow 
(Figure 4). However, the average migration 
rate increased notably from 0.04 mm/s to 0.1 

mm/s in the following 2 hours, with four 
ripples migrating below the URS probe 
(Figure 4). Ripple migration rates for Run 5 
and Run 6 with relatively higher initial clay 
fraction (7.4% and 7.6%, respectively) de-
clined significantly. In Run 5, the bed eleva-
tion gradually decreased to around -30 mm 
during period between t = 180 min and t = 
300 min. It possibly indicates a ripple trough 
forming beneath the URS probe during this 
time. Instead of larger ripple migration de-
tected in the previous runs, there were three 
smaller ripples (η < 15 mm) moving in the 
last 150 minutes of the experiments (Figure 
4). Similarly to Run 5, the bed below the 
URS probe in Run 6 experienced a signifi-
cant decrease in approximately 100 minutes. 

Figure 4. Bedform elevation profiles recorded by the fixed URS are used to determine wave ripple migration rate. The 
rectangle with dash line denotes data lost as technical problem of URS probe. 
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Additionally, there were only small size 
ripple migration recorded (Figure 4).

4  CONCLUSIONS 

1. The suspended sediment concentration 
(SSC) field over the flat bed in each run was 
characterised by the lamination of suspend-
ed sediments, which immediately disap-
peared when the bed eroded. Several peak 
values of the SSC that related to vortices 
ejection and advection appeared in each 
wave cycle over both sides of wave ripples.  

2. The time averaged SSC at height of 20 
mm above the bed significantly increased 
from the flat bed evolving to equilibrium 
wave ripples.  

3. The migration rate of wave ripples sig-
nificantly decreased with an increase of the 
initial bed clay fraction. 
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