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Abstract 
Wave-induced ripples are significant tools in reconstructing a range of paleo-

environments and in establishing predictors of sediment transport in modern estuarine, 

marine and coastal environments. Previous studies, however, have focused on the 

dynamics of bedforms composed primarily of well-sorted, non-cohesive, sand. This 

restriction to one sediment type is far from being a realistic representation of natural 

sediment size distributions. This thesis reports on a flume experiments and aligned field 

investigations of rippled formed in mixed (cohesive and non-cohesive) sediments 

substrates under combined flows. The flume experiments were conducted in the Total 

Environment Simulator at the University of Hull and comprised of 6 separate runs, in 

which 5 runs were conducted under identical sets of regular (monochromatic) waves 

with period of 2.48 s. A control experiment, with a pure non-cohesive sand bed, 

proceeded runs where the bed clay content was systematically varied in its composition 

ranging from a bed comprising 4.2% clay through to 7.4%. A series of state-of-the-art 

measurements were employed to quantify interactions of near-bed hydrodynamics, 

sediment transport, and turbulence over rippled beds formed by wave action. The 

experimental results demonstrate the significant influence of cohesive clay materials in 

the substrate on ripple evolution under waves. Most importantly, addition of clay in the 

bed remarkably slows the rate of ripple development and ripple evolution. Both 

equilibrium time of wave ripple length and height exponentially increased with increases 

in clay content, from 40 minutes to 200 minutes for ripple wavelength and from 30 

minutes to 120 minutes for ripple height. The slower ripple growth rates with higher 

cohesive substrate fractions is shown to alter the critical shear stress and reduce clay 

winnowing rates. However, the results also highlight that the equilibrium size of ripples 

is independent of increasing substrate clay fraction, with equilibrium length and height 

standing around 140 mm and 20 mm, respectively. Laser granulometry of cores from 

the final substrates verified that ripple crests were composed of pure sand layers and 

that substrates within the ripple troughs remained mixtures, reflecting a relatively 

higher winnowing efficiency at wave ripple crest. The winnowing process, and its 

efficiency, is shown to be inexorably linked to wave ripple development and evolution. 

Furthermore, the remaining clay was able to stabilize the rippled bed, ripple migration 

rate decreasing from 0.06 mms-1 to 0.02 mms-1 and bed sediment flux falling from 0.43 
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mm2s-1 to 0.22 mm2s-1 from the non-cohesive run to the run with the highest initial 

concentrations of clay. Finally, the results also highlight the influence of clay 

concentrations on damping of turbulence, which is related to the stratification of 

suspended sediments. 

In concert with the flume experiments, a series of field surveys were conducted at Red 

Cliff sand bar in the upper Humber estuary NE England. The fieldwork aims were to study 

bedform dynamics under combined current-wave flows. Field surveys were conducted 

in a matrix of periods covering spring and neap tides and during periods of high and 

quiescent wind conditions. Field surveys were also conducted across both winter and 

summer periods to investigate the influence of biological cohesive Extracellular 

polymeric substances (EPS) on ripple size. The results identified that two-dimensional 

current-induced ripples dominated under low wave forcing calm conditions. While the 

bed morphology under high wind conditions with significant wave forcing on the bed 

resulted in a morphology dominated by plane bed and 2D wash-out ripples. Finally, 

although the EPS content increased from 0.003% in winter to 0.013% in summer survey 

periods, its influence on the size of the ripple size was very negligible. However, the 

ripple symmetry index (RSI) does show a distinctive seasonal trend, with ripples forming 

in winter being more asymmetrical than those in the summer. Further work is needed 

to tease out the complex interactions of biological factors and combined flows in 

estuarine settings. However, these results here highlight a complex interplay, which has 

significant implications for paleoenvironmental reconstructions. 
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CHAPTER1-Introduction 
1.1 Background 

The coastal zone, with complex interactions between land and sea, is one of the most 

productive zones in terms of ecosystem services and in supporting human populations 

globally. Indeed, over half of all inhabitants on Earth live within 100 km of the coastline 

(Crossland et al., 2005). However, such systems are under significant pressure. Human 

actions, including industrial and agricultural activities, are increasingly altering sediment 

input at river mouths, which is also affecting the release of both nutrients and harmful 

pollutants (e.g. Jordan et al., 1996; Boesch, 2002; Xu and Milliman, 2009; Dugan et al., 

2010; Yang et al., 2011). Moreover, global warming is likely to induce a higher frequency 

of extreme weather systems (e.g. Meehl and Tebaldi, 2004; Goswamin et al., 2006; 

Meinshausen et al., 2009; Couou and Rahmstorf, 2012) and sea level rise (e.g., Meehl et 

al., 2005; Nicholls and Cazenave, 2010), which will also impart significant stress on 

existing balances among hydrodynamics, sediment dynamics and bed morphology in 

these interface zones.  

Fully understanding of the interactions between fluid flow, sediment transport and bed 

morphology within these zones (SFD, Perillo, 2013) is crucial for improved predictive 

capacity. Such productive capacity is vital for civil engineering project design and in 

steering responses to the challenges from climate and environmental change. SFD in 

coastal waters is related to a broad spectrum of environmental sciences ranging from 

the physical and chemical, to the biological and ecological. Understanding linkages 

between these system components is challenging and of great practical importance 

(Frostick and McCave, 1979; Black et al., 2002; Soulsby and Whitehouse, 2005; 

Jorgensen et al., 2007). A key process operating within these environments is bedform 

dynamics, and a comprehensive understanding of entrainment, transport and 

deposition of sediment is needed in order to provide insight into their impact on the 

coastal system as a whole. Wave-induced small scale bedforms (ripples with lengths 

smaller than 60 cm) are ubiquitous in coastal depositional environments and of interest 

to coastal engineers and geologists. The formation of ripples from flat beds increases 

bed roughness and near-bed hydrodynamics, which affect sediment transport (e.g., 

Grant and Madsen, 1986; Mathisen and Madsen, 1996). In terms of sedimentology, 
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sedimentary structures recorded in the rocks is a vital tool in interpreting ancient 

depositional environments, not only on Earth but also on Mars and Titan (e.g., Clifton 

and Dingler, 1984; Baas et al., 2015; Grotzinger et al., 2005; Southard and Tosca, 2012; 

Lapotre et al., 2017). 

1.2 Rationale 

A range of large-scale flume studies concerning the dynamics of bedforms composed of 

well-sorted pure sands under oscillatory waves have been performed over the two last 

decades, highlighting a range of complex sediment-flow processed (e.g., Williams et al., 

2000; Williams et al., 2004; Maddux et al., 2007; Schretlen et al., 2009). However, this 

single bed sediment composition is far from being a realistic representation of natural 

coastal sediment size distributions, where fine cohesive bed materials are commonplace 

(Figure 1-1, Healy et al., 2002). Recent studies have begun to pay attention to bedform 

dynamics in substrate mixtures of cohensionless sands and cohesive clay under 

unidirectional flows (Baas et al., 2013; Schindler et al., 2015; Ye, 2016). The results have 

shown some significant differences compared with bedform evolution within pure sands. 

However, investigations of bedform development within mixtures of sand-clay under 

combined wave and current flows are lacking. This shortcoming is transposed to the 

derived predictive bedform model, which commonly assumes that sediment consists of 

a single grain size despite the predominance of mixtures of sand, silt and clay in most 

coastal environments. Cohesive clay within the bed substrate significantly changes 

bedform dynamics, in turn influences near bed turbulence intensity and sediment 

dynamics within models (Baas et al., 2013). Accurate bedform models require models 

for near-bed boundary conditions that properly represent hydrodynamics, sediment 

dynamics, and turbulent process. However, our existing predictive ability is seriously 

impeded by an almost complete lack of knowledge of modelling bedform and near-bed 

turbulence behaviour in mixed sand-clay sediments.  

There is therefore a clear need for detailed process measurements of the near bed 

interactions across the triad of hydrodynamics, sediment dynamics, and bedform within 

mixed sand-clay bed under oscillatory and combined flow conditions, which focus on 

resolving both near bed wave generated turbulence and sediment transport. 
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The interaction between waves and currents, one of characteristics of coastal area such 

as estuarine zones, undoubtedly complicates depositional environments and bedforms 

evolution. For example, storms enhance maximum orbital velocity and will affect 

bedform evolution and sediment transport. Although flume experiments conducted 

under combined flow have provided excellent information of bedform dynamics 

(Yokokawa, 1995; Sekiguchi and Yokokawa, 2008; Dumas et al., 2005; Perillo, 2014), the 

related knowledge is still far from understanding bedform dynamics in natural estuarine 

environments where biologically active fine grained sediments are ubiquitous. In 

particular, micro-organisms are pervasive in natural environment and their products of 

extracellular polymeric substances (EPS) is characterised by biological cohesion (Wotton, 

2004). Akin to cohesive clay, EPS has been show to play a significant role in retarding 

bedform development in the laboratory (Malarkey et al., 2015; Ye, 2016).  
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Figure 1-1. The broad distribution of surficial seabed with cohesive clay in the wolrd. Source: http://instaar.colorado.edu/~jenkinsc/dbseabed. 
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1.3 Aims and research questions 

1.3.1 Flume experiment study 

The modelling shortcomings outlined above concern the general representation of near-

bed turbulence and sediment transport process over mixed-sediment beds (e.g., 

Amoudry and Souza, 2011). The principal aim of the present investigation is therefore 

fully quantify near-bed turbulence and sediment transport interactions over rippled 

beds of clay-sand mixtures under waves and combined flows. Such cohesive mixtures 

are hypothesised to have a yield strength that affects the timing of first appearance of 

bedforms from a flat bed, and likely subjected to winnowing processes, which will in 

turn affect the rate of bedform development (Baas et al., 2013). This presumably alters 

the equilibrium size and shape of the bedforms and quantifying these process rates is as 

the heart of the aims of this work.  

Herein, the following set of research questions are needed to answer: 

1) How does mixed-sediment substrate, compared with a pure sand bed, affect 𝒊) the 

first appearance of wave-induced ripples, and 𝒊𝒊) the bedform development rate. 

2) Does a relationship exist between initial bed fraction and equilibrium wave ripples 

lengths and heights? 

3) What is the rate of winnowing and how does winnowing influence wave ripples 

development? 

4) How does near-bed turbulence intensity and suspended sediment concentration 

change during wave ripple evolution? 

5) How does the dynamics system including cohesive bed, near-bed turbulence and 

sediment transport work? 

1.3.2 Field survey 

The lack of field observation to record accurate ripple size formed under combined flows 

restricts applicability of many flume experiments (e.g., Dumas et al., 2005; Perillo et al., 

2014). The primary aim of the field work conducted herein is to investigate ripple 

morphology with combined flow induced hydrodynamics. Additionally, the field 

observations also aim to quantify the influence of biological cohesion (EPS) on ripple 
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evolution by comparing ripples formed in winter months to those in the warmer summer 

months, respectively.  

Hence, the field survey addresses these additional research questions: 

1) Does wave-induced bottom orbital motion and combined  flows significantly change 

bedform morphology compared with calmer, low-wave height conditions? 

2) Does the quantity of EPS alter bedform morphology? 

1.4 Approach 

To meet the above-mentioned aims and address the research questions, a series of large 

flume experiments were conducted in Total Environment Simulator (TES), University of 

Hull. These experiments were augmented with a set of field surveys in the upper 

Humber estuary.  

In terms of flume experiment, there were five runs with constant wave velocities and 

wave heights, water depth and salinity, with initial bed clay content systematically 

altered between the experiments. A suite of state-of-the-art instruments were mounted 

above the bed to measure the interaction of near-bed hydrodynamics, turbulence and 

bedform dynamics. The three measured variables are: i) sediment surface elevation and 

evolution, ii ) near-bed velocity and turbulence, and iii ) near-bed sediment 

concentration. A bespoke ultrasonic ranging system (URS) was used to record ripples 

development with interval high temporal resolution and near-bed hydrodynamics was 

measured by Acoustic Doppler Velocity (ADV). Near-bed sediment concentration was 

measured by dedicated acoustic (Acoustic Backscatter Sensor, ABS), optical techniques 

(Optical Backscatter Sensors, OBS) and Laser In-Situ Scattering and Transmissometry, 

LISST. 

As far as field survey is concerned, a set of field surveys of ripples on large sand bar were 

conducted under clam (current alone) and windy (combined wave and current) 

conditions. Furthermore, additional field observations were held in summer in order to 

investigate the role of EPS on ripple geometry. Each field work was conducted during 

low water of either spring or neap tide, therefore the sand bar is accessible. Individual 

ripple cross-section geometry was recorded by high-resolution FARO 3D scanner, which 

provides information of ripple height and length. In addition, both current and wave 
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conditions were recorded by MIDAS WTR Wave and Tide Recorder. Substrate sediment 

samples were collected as well to EPS test and grain size test. 

1.5 Thesis structure 

The thesis is comprised of the following chapters: 

Chapter 2 is literature review of boundary layers for unidirectional, oscillatory and 

combined flows. The chapter also briefly reviews bedforms and the background 

literature on the controls on bedform development.  

Chapter 3 concentrates on bedform dynamics with varying initial bed clay fraction under 

oscillatory flows and reveals the role of cohesive clay on the ripples development. At the 

beginning of this chapter, there is a detailed introduction of experiment set-up, 

methodologies and procedures.  

Chapter 4 focuses on the evolution of near bed turbulence intensity and suspended 

sediment concentration as the bed developed from initial conditions. The chapter also 

explores the process interactions during the experiments as winnowing, near-bed 

turbulence and sediment dynamics altering in concert with the evolution rippled bed.    

Chapter 5 reports the results of a set of field surveys at Red Cliff sand bar located at 

upper Humber estuary. The chapter provides detailed information on ripples size under 

calm and windy conditions (i.e. current only and combined wave-current flows), 

respectively. The chapter also examines the applicability of existing phase diagrams. In 

addition, this chapter discuss the role of biological cohesion (EPS) on bedform 

morphology.  

Chapter 6 discusses near-bed interacting traid of hydrodynamics, sediment dynamics, 

and bedforms in mixed sand-mud conditions.  

Chapter 7 is the conclusion of the principal outcomes of the thesis and provides an 

outlook for future study.  
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CHAPTER 2 –Literature Review 
2.1 Fluid flow 

2.1.1 Introduction 

In coastal zone, tidal currents and waves interact with seabed topography, forming a 

complex and dynamic system (Leeder, 2011). For each unit area of bed, the fluid forces 

are driven by these processes, and are acted by shear stress on the bed. The interaction 

between flow and the bed generates a thin zone near the bed, called the boundary layer. 

Turbulence is mainly generated in the boundary layer and the bed shear stress imparted 

by hydrodynamics results in sediment entrainment, and sediment transportation, 

bedform formation and migration (Bagnold, 1966; van Rijn, 1984; Nielsen, 1992; Best, 

1993; Nielsen, 2002). In turn, formation of bedforms, such as ripples and dunes, changes 

near-bed flow velocity field, altering the near bed turbulence distribution (Tunstall and 

Inman, 1975; Leeder, 1983; Nelson et al., 1995; Bennett and Best, 1995; Admiraal et al., 

2006). Understanding this complex process trinity is at the heart of process 

sedimentology and understanding coastal morphodynamics. 

When flow velocity is low, viscous forces dominate and prevent flow deformation, 

leading to fluid flows in parallel layers without lateral mixing. This is called laminar flow. 

With higher velocity, enhanced inertial forces contribute to intense turbulent motions 

between fluid layers, which generates turbulent flow. In nature, almost all water flows 

are turbulent and these turbulent flows dominate sediment transport processes. The 

following review therefore focuses on boundary layers in turbulent flows and the 

importance of theses processes on coastal zone morphodynamcis. 

2.1.2 Unidirectional flows 

2.1.2.1 Unidirectional turbulent boundary layer 

The vertical structure of a boundary layer induced by unidirectional flow is traditionally 

subdivided into viscous sublayer, transition layer, and turbulent logarithmic layer (Figure 

2-1). 
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 Boundary layer and velocity distribution in unidirectional flow. The red 

line denotes a linear increase of velocity with height above the bed in the viscous 

sublayer (modified after van Rijn, 1993). 

The viscous sublayer (𝛿𝑣) is an extremely thin zone very close to the bed. In this zone, 

flow turbulence is absent and velocity linearly decreases towards to the bed. The flow 

velocity can be described by: 

 
𝑢

𝑢∗,c
=

𝑢∗,c𝑧

𝑣
  (after van Rijn, 1993) 2- 1 

where z is the height above the bed, 𝑣 is the kinematic viscosity coefficient, 𝑢∗,c is the 

current-related shear velocity. 

A bed can be covered by a large grain sizes of sediments, which is known as a 

hydraulically rough bed. Under this condition, sediment grains are able to generate the 

same order size of eddies, which modifies near bed velocity distribution. As a result, the 

viscous sublayer is disturbed (Grass, 1971). Van Rijn (1993) proposed criteria to 

distinguish different hydraulic regimes as shown following: 

 
𝑢∗,cks

𝑣
≤ 5 (Hydraulically smooth) 2- 2 

For hydraulically smooth flow, the roughness elements are totally enclosed in the 

viscous sublayer, therefore little affecting the near-bed velocity. 
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𝑢∗,cks

𝑣
≥ 70 (Hydraulically rough) 2- 3 

 5 <
𝑢∗,cks

𝑣
≤ 70 (Hydraulically trasitional) 2- 4 

where ks, the Nikuradse roughness, is proportional with grain size and widely computed 

by: 

 ks = 2.5D50 (Soulsby, 1997) 2- 5 

When the flow is hydraulically transitional, near-bed velocity is influenced by both 

viscous force and roughness elements. 

Above the viscous sublayer, there is the transition layer. The viscous force and turbulent 

force are comparable in this zone. Above this the turbulent logarithmic layer extends to 

the top of boundary layer. In this layer turbulence is fully developed. Velocity in this zone 

can be expressed by a logarithmic velocity profile. 

 𝑢 =
𝑢∗,c

𝒦
ln (

𝑧

𝑧0
) (von Karmá́ n, 1930) 2- 6 

where 𝒦 is the von Karman’s constant (0.4), 𝑧0 is the bed roughness length. 

For the hydraulically smooth flow (𝑢∗,cks/𝑣 ≤ 5) 

 𝑧0 = 𝑣/9𝑢∗,c 2- 7 

For the hydraulically rough flow (
𝑢∗,cks

𝑣
≥ 70) 

 𝑧0 = ks/30 2- 8 

2.1.2.2 Bed shear stress 

Current-induced bed shear stress exerts a frictional force on unit area of bed. The total 

shear stress exerted on bed contains three parts. The first one is called the skin friction 

(𝜏0s) that frictional force acting on sediments. It is regarded as a significant quantity for 

sediments initial motion and transportation. If there are ripples or dunes, different 

pressure over the bedform induces a net force that is the form drag (𝜏0f). Under high 

flow velocities, close to sheet flow, sediment transport shear stress (𝜏0t) is produced by 

momentum extracted by the current to move sediments. The total bed shear stress (𝜏0) 

is related to the drag coefficient (𝐶D) 

 𝜏0 = 𝜌𝐶DU̅2 2- 9 
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where  𝜌 is flow density, U̅ is the depth-averaged current speed, 𝐶D is mathematically 

determined by  

 𝐶D =
𝑓

8
=

g

𝐶2 =
g𝑛2

ℎ1/3 2- 10 

where 𝑓 is the Darcy-Weisbach resistance coefficient,  𝐶 is the Chézy coefficient, g is the 

gravity acceleration, n is the Manning coefficient, and h is the water depth.  

2.1.2.3 Unidirectional flow structure over rippled beds 

The presence of bedforms alters the flow structure compared to flat bed scenarios 

(Vanoni and Hwang, 1967; Mclean and Smith, 1986; Vincent et al., 1991; Bennett and 

Best, 1995; Sandbach et al., 2012). Over the last several decades, researchers have 

improved the knowledge of flow structure over two-dimensional bedforms (Mclean and 

Smith, 1979; Nelson and Smith, 1989; Mclean, 1990; Mclean, 1999; Bridge, 2009). Best 

(2005) summarized earlier works and subdivided flow over river dunes into five zones 

(Figure 2-2). This classification is applicable to  flow over the smaller-size ripples as well 

(Mclean and Smith, 1986; Nelson and Smith, 1989; Leeder, 2011). The flow structure 

over ripples is characterised by a separation zone and a recirculating zone of lee side 

flow, due to the asymmetrical cross-section profile and the sharp crest break. Between 

the separation zone and the free flow zone, there is a shear layer  which comprises large-

scale turbulence known as Kelvin-Helmholtz instabilities. From ripple crest downstream, 

the point that shear layer contacts with bed is called reattachment point, the distance 

between ripple crest and the reattachment point is smaller or close to 4.5 times of ripple 

heights (Nelson and Smith, 1989). A weak zone develops from the reattachment point 

due to shear expansion from the shear layer, in which there is a new internal boundary 

layers within logarithmic velocity profile. Downstream the weak region, there is an 

expanding flow zone. 
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 Schematic diagram depicting the principal zones of flow over 

asymmetrical two-dimensional bedform (from Best, 2005).  

 

2.1.2.4 Turbulence modulation in clay-laden current flow 

A phenomenon of drag reduction near bed is observed with high suspended clay 

particles in the flow (Gust, 1976; Gust and Walger, 1976; Best and Leeder, 1993; Wang 

et al., 1998; Li and Gust 2000). It greatly affects boundary layer flow structure and bed 

shear stress (Dyer, 1986; Mehta and Dyer, 1990; Baas and Best, 2002; Baas et al, 2011; 

Baas et al, 2013; Baas et al., 2016). Li and Gust (2000) found that drag reduction is 

proportional with suspended clay concentration from 4 to 8 gL-1, which they linked to a 

thickening of the viscous sublayer. The reason for the drag reduction was linked to clay 

particle flocculation and induced turbulence damping (Gust, 1976; Baas et al, 2009). 

Suspended clay particles in the flow is featured by cohesive behaviour because van der 

Waals forces and electrostatic force promote particles attracting each other (Van 

Olphen, 1977, Pye, 1994; Righetti and Lucarelli, 2007; Grabowski et al., 2011). The 

electro-chemical charges on the clay particle surface is strongly related to mineralogy 

and layer structure which heavily control the degree of cohesion (Gillott, 1987; 

Ravisangar et al., 2005). Once the distance between two clay particles smaller than 

10 μm, they aggregate to form floc (Krone, 1963; Winterwerp and van Kesteren, 2004; 

Leeder, 2006). As long as enough clay concentration exists in the flow, floc size grows 

until gelling structure that a particle bond with volume-filling network is formed. Then 

this kind of particle bond gradually pervades in flow and results in a viscous fluid, which 

leads to significant turbulence suppression (Baas et al, 2009). The above mentioned 

process of floc or gel bond formation can be prevented with strong flow turbulence, 
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therefore inducing a balance between cohesive forces and turbulence forces 

(Winterwerp and van Kesteren, 2004; Baas et al, 2009). 

Detailed flume experiments of Baas and his colleagues (Baas and Best, 2002; Baas and 

Best, 2008; Baas et al., 2009) have investigated turbulence modulation in the transitional 

flow within increasing clay concentration. Baas and Best (2008) study the influence of 

raised cohesive forces on turbulence dynamics over the rippled bed. The results show 

four classes of flow structure generated on ripple lee side, which are i) turbulent flow, 

ii) turbulent-enhanced transitional flow, iii) turbulence-attenuated transitional flow, and 

iv) laminar plug flow (Figure 2-3). At low suspended clay concentration (<1%), like clay 

free flow, classic flow separation zone presents including shear layer, reattachment 

point, and wake zone. With suspended clay concentration exceeding 2%, turbulence in 

the separation layer is not supressed by increasing cohesive forces. Conversely, 

turbulence intensity is enhanced since turbulence generation at internal shear layer 

(Phase 1 in Figure 2-3). In the phase 2 and 3 of transitional flow, cohesive force is 

dominated in the separation zone in which vortices tend to be gentle. The length of 

separation zone is progressively shorten from phase 2 to phase 3. In the upper free 

stream, cohesive particle bonds are pervasive and herein turbulence is completely 

suppressed, forming plug flow. With condition of the highest suspended clay 

concentration over 10%, stagnant flow zone is observed at ripple lee side. Up towards 

from crest, flow is fully transformed to be laminar (Phase 4 in Figure 2-3).  
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 Conceptual model reflecting lee side flow stracuture chage with raised 

suspended clay concentration (from Baas et al., 2011).  

2.1.2 Oscillatory flows 

Oscillatory flows (wave) passing along the surface of the water set the water molecules 

within the water column into an orbital motion whose diameter increases with 

increasing wave size and decreases with water depth. As shown in Figure 2-4, in deep 

water, depth (h) is larger than a quarter length (L) of wave, sinusoidal waves induced 

water particle orbital motion are essentially circular. In shallow water, the orbital water 

motions transformed into ellipses, gradual becoming flatter and smaller with depth. 

Under this circumstance, at the bottom wave-induced to-and-fro motion interacts with 
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the bed, resulting in bedload and suspended sediment transport and finally formation 

of ripples (Clifton and Dingler, 1984). 

 

 Diagram of wave-induced water molecules orbital motion. Orbital 

diameter (𝒅𝒐) is the maximum horizontal distance of excursion of water particles 

as a wave passes; and the maximum orbital velocity (𝑼𝒘) is the maximum 

horizontal velocity in the direction of wave passage (from Clifton and Dingler, 

1984). 

2.1.2.1 Oscillatory turbulent boundary layer  

In contrast to current-induced boundary layers, wave-induced boundary layer over a flat 

bed is thinner, ranging from 0.01 to 0.1 m since flow reversal prevents boundary layer 

development (Nielsen, 1992; van Rijn, 1993; Davies and Villaret, 1997; Soulsby, 1997). 

Jonsson (1980) defined the boundary layer (𝛿w), varying with different wave phase, from 

the bed to the height that velocity equals to free stream velocity just below the 

overshooting zone (Figure 2-5). Nielsen (1992) argued that velocity defect damped wave 

by adding from free stream velocity, resulted in formation of the velocity overshoot. 

Furthermore, previous work (e.g., Jonsson and Carlsen, 1976; Jensen et al., 1989; 

Sawamoto, 1991) indicated that phase-averaged horizontal velocity increases 

logarithmically from bed to outside of the boundary layer (Figure 2-5). A wide acceptable 

expression, to describe velocity profile, is similar to the unidirectional current discussed 

above (Equation 2-6, Fredsoe, 1984; Block, 1994). Jonsson (1980) emphasized the 
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thickness of boundary layer could be expended to 2𝛿w, considering die-out shear stress 

at this level.  

 

 A) Wave-induced boundary layer. B) The thickness of wave boundaty 

layer chages with wave phase (from Jonsson, 1980). 

Sleath (1987) investigated temporal and spatial distribution of turbulence intensity over 

a rough flat bed (D50 = 1.63 mm). In such research, root-mean-square (RMS) values of 

the fluctuations in velocity were used to approximate turbulence intensity. Figure 2-6 

depicts both horizontal and vertical turbulence intensity, in the boundary layer, are 

much stronger than that in the free stream, periodical fluctuating with phase in wave 

cycle. Moreover phase lag of turbulence identity peaks gradually increases as the 

turbulence transports from bottom out upwards to the free stream.   
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 Horizonal (A) and vertical (B) turbulence intensity fluctuate in wave cycle 

and gradually tend to be gentle with height (from Sleath, 1987). 

2.1.2.2 Wave-induced bed shear stress 

As mentioned above, wave boundary layer is thin compared with current boundary 

layers. Herein, velocity shear in the wave-induced boundary layer is much larger than 

that in boundary produced by comparable magnitude current. In turn, wave-induced 

bed shear stress (𝜏w) should be many times larger than current-induced bed shear stress 

(Soulsby, 1997). It could be computed from waves bottom orbital velocity (Uw) and the 

wave friction factor (𝑓w).  

 𝜏w = 0.5𝜌𝑓wUw 2- 11 

Earlier studies, indicated the wave friction factor, show this is closely related to wave 

hydraulic regimes (Myrhaug, 1989; Nielsen, 1992; Soulsby, 1997; Pedocchi and García, 

2009a). 

 𝑓w = f (𝑟, 𝑅𝑒w) 2- 12 

where r (
𝐴

𝑘𝑠
) is relative roughness and A (

UwT

2𝜋
) is semi-orbital excursion. 𝑅𝑒w (

UwA

𝑣
) is the 

wave Reynolds number. The mathematical expressions to acquire the wave friction 
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factor can be derived (e.g. Swart, 1974; Nielsen, 1992; Soulsby, 1997). Pedocchi and 

García (2009a) proposed a revised expression to estimate the wave friction factor for 

rough turbulent flow (𝑟 > 30; 𝑅𝑒w > 6.6 ∙ 104), which is suitable for both laboratory 

and field conditions. 

 
1

√𝑓w
= 1.9ln (

1

1.5
𝑟√

𝑓w

2
𝐿w) 2- 13 

where 𝐿w is a parameter used in iterative loop 

 𝐿w(
𝑢∗w𝑘𝑠

𝑣
) = {

1

7.5
[1 − exp (− [

1

90

𝑢∗w𝑘𝑠

𝑣
]

2

)] +
1

2.1

𝑣

𝑢∗w∗𝑘𝑠
}−1 2-14 

 

2.1.2.3 Vortex dynamics over rippled bed 

Over the rippled bed of 1-2 ripple heights, instead of random turbulent mixing over flat 

bed, the spatially and temporally generated vortex at ripple lee side dominates sediment 

transport (Horikawa and Watanabe, 1970; Sleath, 1984; Ranasoma and Sleath, 1992; 

Ikeda et al., 1992). Many have examined the characteristics of the vortex over the past 

40 years (e.g. Nakato et al., 1977; Toit and Sleath, 1981; Davies and Villaret, 1997; 

Voropayev et al., 1999; Admiraal et al., 2006; van der Werf et al., 2006; Li and Brian, 

2007). With the passage of time the experimental instruments developed have 

progressively developed from hot-wire anemometer (Nakato et al., 1977; Sato et al., 

1984) to laser Doppler anemometer (Horikawa abd Mizutani, 1992; Belorgey et al., 1993) 

to particle image velocimetry (van der Werf et al., 2006), increasingly precise 

measurement of near-bed velocity allow study of the detailed vortex formation and 

movement.  

When the oscillatory flow moves onshore flow, vortex with anti-clock circulation is 

originated at the separation zone of lee side. In order to clearly show vortices 

trajectories, three vortices are numbered as shown in Figure 2-7. They are gradually 

strengthened in the first half wave cycle (Figure 2-7 1 and 2). Detailed experiments show 

the vortex is ejected just before flow reversal (e.g., Admiraal et al., 2006; van der Werf 

et al., 2006). After flow reversal to offshore, vortices are ejected upwards and tend to 

move along flow direction. Meanwhile new clock circulation vortices are formed cross 

the lee side as shown in grey (Figure 2-7 4 and 5). At the end of the second half of wave 
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cycle, vortex 2 and 3 travel around one ripple length, approaching adjacent ripples 

(Figure 2-7 6). Significant controversy concerns the vortex travel distance. Based on the 

experiment with artificial ripples Earnshaw and Greated (1998) argued that the vortex 

is able to be advected as far as two or more wavelengths. However, Admiraal et al. (2006) 

disagreed and suggested the travel distance of a vortex should be smaller than two 

wavelengths. In the experiment of van der Werf et al. (2006), vortices moving around 

two ripple lengths were observed, but this may due to the asymmetrical wave velocity 

in this particular experiment. Before flow reversal from offshore to onshore, the newly 

formed vortices are ejected and repeated above mentioned vortex movement (Figure 

2-7 from 6 to 3). 

2.1.2.4 Turbulence modulation in clay-laden oscillatory flow 

Studies that have investigated suspended clay influence in oscillatory flow and 

modulating turbulence are rare (Lamb et al., 2004; Lamb and Parsons, 2005). In the 

experiment of Lamb et al. (2004), the bed was dominated by silt-sized sediments, with 

clay and sand fraction reaching to 10% and 20%, respectively. Thus during experiments, 

high suspended sediment concentration was observed varying from 17-80 gL-1, which 

contributes to stratification of suspended sediments. Lamb et al. (2004) highlighted that 

stratification is a limiting factor in vertical mixing of momentum leading to a significant 

reduction in boundary layer thickness. But, in contrast to studies that explore 

stratification effects on damping turbulence under unidirectional flow (e.g. Sheng and 

Villaret, 1989; Winterwerp, 2001), Lamb et al. (2004) argued stratification did not lead 

to turbulence suppression under wave forcing, instead resulting in an upward transport 

of turbulence, which leads to high suspended sediment concentration at relatively 

higher water column.  
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 Diagram of vortex formation and transportation. The vortices with black 

dash lines are generated by onshore flow, while that are generated by offshore 

flow are represented by grey dash lines (based on Admiraal et al., 2006). 
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2.1.3 Combined flow 

Combined flow concerns the two flow types discussed above, including oscillatory flow 

(wave) and unidirectional flow (current). In general, there are wave-dominated and 

current-dominated combined flows, which could be identified by comparing maximum 

shear stress at flow reversal ( 𝜏bmax ) with critical shear stress ( 𝜏cr ) for sediment 

entrainment (Perillo, 2014b). Wave-dominated flow is defined as 𝜏bmax is larger than 

𝜏cr, otherwise, the combined flow is current-dominated flow. 

2.1.3.1 Combined flow induced vortex over rippled bed 

Compared with wave or current only flow, the interaction between waves and currents 

lead to a complex near-bed hydrodynamics system, which affect not only velocity profile 

and boundary layer, but also turbulent intensity (Bakker and van Doorn, 1978; Kemp and 

Simons, 1982; Grant and Madsen, 1979; Nap and van Kampen, 1988; Sleath, 1991; 

Ranasoma, 1993; Soulsby et al., 1993). Very close to the bed, there is a zone called inner 

region that waves and currents non-linearly interact (Ranasoma, 1993). Furthermore, 

Perillo (2013) concluded that the inner layer could be subdivided in to near-bed wave-

dominated layer and a logarithmic layer. Above the inner layer, there is a current-

induced boundary layer in which the influence of wave is tiny (Ranasoma, 1993). 

The experiment of Kemp and Simons (1982) found that significant increase of turbulent 

intensity with ripples forming from flat bed, akin to pure wave flow, is dominated by 

periodical ejection of vortices. However, in contrast to symmetrical vortices generated 

across both ripple side, asymmetrical vortices are formed around the time of flow 

reversal since current superimposed within waves (Villaret and Perrier, 1992; Ranasoma, 

1993; Fredsoe et al., 1999; Leeder, 2006; Li and O’Connor, 2007, Ojha and Mazumder, 

2010). As shown in Figure 2-8, in the first half circle, wave is following with current 

direction, resulting formation of a large vortex with strong circulation at lee side. As a 

result, vortex carrying more suspended sediments is ejected when wave-induced flow 

reverse. While, during the second half, an opposite direction between wave and current 

generates a relatively smaller vortex.  
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 Assymmetric vortex generated under the combined flow (from Leeder, 

2011). 
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2.1.3.2 Bed shear stress 

Because of a non-linear interaction between waves and currents in the boundary layer, 

the combined flow induced bed shear stress could not be linearly added by the wave-

induced and current-induced bed shear stress (Soulsby et al., 1993). A series of 

numerical models were proposed in order to approximate the mean and maximum 

near-bed shear stress (Bijker, 1967, Grant and Madsen, 1979; Christoffersen and 

Jonsson, 1985; Davies et al., 1988; Myrhaug and Slaattelid, 1990; Huynh-Thanh and 

Temperville, 1991). However, Soulsby (1995) examined the existing models using data 

set including 61 experimental data and 71 field data and indicated that all of models 

were poor to agree with collective data. Thus, Soulsby (1995) established a new model 

which is enable to fit data very well and a relationship between combined flow induced 

bed shear stress (𝜏b) and wave alone induced bed shear stress (𝜏w) and current alone 

induced bed shear stress (𝜏c). 

 𝜏bm = 𝜏c[1 + 1.2 (
𝜏w

𝜏c+𝜏w
)

3.2

] 2- 15 

 𝜏bmax = [(𝜏bm + 𝜏wcosφ)2 + (𝜏wsinφ)2]0.5 2- 16 

where 𝜏bm and 𝜏bmax are the mean and the maximum bed shear stress, respectively. φ 

is the angle between wave move direction and current direction. 
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2.2 Bed morphology 

2.2.1 Introduction 

Bedforms are topographic features that develop on sedimentary beds during periods 

when fluid force enables sediments to move. Bedform dynamics, sediment transport 

and turbulent flow constitute a dynamic system in the natural environment (Leeder, 

2011). Bedforms are often characteristic to the forming flow parameters (Guy et al., 

1966; Southard, 1991; Leeder, 2011), therefore being indicative of formative modern 

and ancient depositional environments (Schwartz, 1982; Clifton and Dingler, 1984; 

Schindler et al., 2015). 

The origin of bedforms under unidirectional flow within pure sand and flat bed is 

controversial, but two models including defect initiation and instantaneous initiation are 

widely accepted (e.g. Raudkivi, 1963; Venditti, 2005). The defect initiation is found to 

occur under low flow velocity, leading to sporadic sediment transport (Simons and 

Richardson, 1961). The origin of defects are regarded as being related to turbulent 

sweeps, which are part of the turbulence bursting process (Best, 1992). Then small 

mounds of sediment are generated and finally bedforms are developed (Venditti et al., 

2005). Under high flow velocity, the flume experiment of Venditti et al. (2005) observed 

another process of the initiation of bedforms. At beginning, a cross-patch pattern is 

formed once reaching threshold of initial motion of sediments, which results in 

developing chevron-shaped form that is an early form of ripple crest line. Finally, ripple 

crest lines evolve to two-dimensional structures and meantime bedform size develops 

as well. The whole process lasts only in seconds therefore defining as the instantaneous 

initiation.  

The above mentioned two models of bedform initiation are also applicable for the 

bedforms origin under oscillatory flows (Perillo, 2013), although related studies are rare 

(Lofquist, 1978).  

2.2.2 Bed morphology under unidirectional flow 

2.2.2.1 Bedform phase diagrams 

The bedforms with similar size and cross-section geometry constitute the bed 

configuration under flow condition in a given time. The ensemble of bed configurations 

generated under prescribed conditions of flow and sediment is the bed state. Bedform 
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phases are used to identify different kind of bed states forming under a variety of flow 

velocities and grain sizes. Therefore, bedform phase diagrams are construct in order to 

predict bed states with known flow and sediments conditions (e.g. van den Berg and van 

Gelder, 1993). In addition, the phase diagrams are also helpful to reconstruct ancient 

depositional environments from known sedimentary structure persevered in rocks 

(Reineck and Singh, 2012).  

In 1990s, seminal studies, such as Southard, van Rijn, van den Berg and van Gelder, 

constructed widely used phase diagrams for non-cohesive sediment. Southard (1991) 

collected a large number of flume experimental studies and established a classic phase 

diagram using dimensional variables of flow velocity and median grain size (Figure 2-9). 

The author emphasized the influence of water temperature change on the experimental 

results, therefore standardizing the dimensional variables to an arbitrary water 

temperature of 10℃. The arithmetic of standardization are shown as: 

 ℎ10 = ℎ(𝜇10/𝜇)2/3 2- 17 

 𝑈10 = 𝑈(𝜇10/𝜇)1/3 2- 18 

 𝐷10 = 𝐷(𝜇10/𝜇)2/3 2- 19 

where 𝜇 is the dynamic viscosities, ℎ is water depth and symbols with the subscribe 10 

denotes standardized parameters. 

Phase diagrams with dimensionless parameters were constructed in order to reduce the 

overlap between bedform phases (e.g. van Rijn 1993; van den Berg and van Gelder, 

1993). The phase diagram of van Rijn (1993) contained transport stage parameter (𝑇) 

and particle diameter parameter (D∗).  

 𝑇 = (𝜏0s − 𝜏𝑐𝑟)/𝜏𝑐𝑟 2- 20 

where 𝜏0s  is grain-induced bed-shear stress, 𝜏𝑐𝑟  is the critical threshold of bed-shear 

stress for sediment transport.  

 D∗ = D50[(𝜌s/𝜌 − 1)g/𝑣2]1/3 2- 21 

in which D50  is the median grain size of sediment, 𝜌s  and 𝜌 are sediment and water 

density, respectively, g is gravity acceleration, and 𝑣 is the kinematic viscosity of water.  
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 Unidirectional bedform phase diagram with dimesional variables that 

velocity against median grain size for flow depth between 0.25m-0.40m 

(Southard, 1991). It should be noted that the variables are standardized to water 

temperature of 10 Celsius degree. 

Berg and van Gelder (1993) improved the earlier existing phase diagrams which were  

restricted to grain sizes larger than 100 𝜇m (e.g. Allen, 2012) by introducing a new 

dimensionless current mobility parameter (θ′
c) linked to the grain roughness (Figure 2-

10). In this phase diagram particle diameter parameter (D∗) is the same with van Rijn 

(1993) and the mobility parameter ( θ′
c ) is used to quantify flow strength and is 

calculated via the following equation. 

 θ′
c = 𝜌�̅�2/[(𝜌𝑠 − 𝜌)(𝐶′2

)D50] 2- 22 

where �̅� is the water-depth averaged flow velocity and 𝐶′ is the Chézy drag coefficient 

related to grain roughness.  
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 Phase diagram with the dimensionless parameters, A: Transport stage 

parameter (T) versus Particle parametr (𝑫∗) by van Rijn (1993); B: Mobility 

parameter (𝜽′
𝒄) versus Particle parametr (𝑫∗) by Berg and van Gelder (1993). 

 

2.2.2.2 Current ripples  

Current ripples are one of the principal bedform types. They are rarely generated with 

coarse sand that median grain size exceeding 700 𝜇𝑚 and at relatively high flow velocity 

(Figure 2-9). In contrast to larger-size bedforms, called dunes, ripple s tend to have 

dimensions of length ( λ ) and height ( η ) universally less than 0.5 m and 0.04 m, 

respectively (Leeder, 2011). Lapotre et al. (2017) introduced a new dimensionless 

parameter (Yalin number, χ) to discriminate ripples from dunes. 

  χ =
𝑢∗cD0.5

𝑣√(
𝜌𝑠
𝜌

−1)g
 2- 23 

The results show that ripples are commonly with χ < 4 which is consistent with λ =

60 cm . Importantly, Yalin number reflects different physical development process 

between ripples and dunes (Lapotre et al., 2017). Conventionally, there is no 

relationship between ripple size and flow depth (e.g. Ashely, 1990; Leeder, 2011), 

however the latest study by Bartholdy et al. (2015) found that ripple height scales with 

flow depth. But a strong relationship between ripple size and grain size was revealed by 
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the previous studies (e.g. Yalin, 1985; Baas, 1993). Baas (1993) improved function of 

Yalin (1985) and proposed the functions: 

 λ = 75.4 log(D50) + 197 2- 24 

 η = 3.4 log(D50) + 18 2- 25 

Lapotre et al. (2017) updated the above relation between ripple length and grain size, 

emphasizing the role of flow properties as well. 

 λ =
2504𝑣2/3𝐷1/6

[(
𝜌𝑠
𝜌

−1)g]1/6𝑢∗
1/3 2- 26 

Current ripples could be either two-dimensional (2D) with straight and sinuous crest 

lines or three dimensional (3D) with curved linguoid crest lines (Figure 2-11). 

Additionally, current ripples could be described by cross-section geometry. Ripple index 

(RI), ripple symmetry index (RSI), and ripple roundness index (RRI) are frequently used 

dimensionless parameters. 

 RI = λ/η 2- 27 

 RSI = λ𝑠/λ𝑙 2- 28 

 RRI = λ0.5𝑠/λ𝑠 2- 29 

where λ𝑠 and λ𝑙 are the length of ripple stoss side and lee side, respectively,  λ0.5𝑠 is the 

distance between half height point to stoss side point, which is parallel with sedimentary 

bed (Figure 2-12). For the current ripples, typical RI ranges from 10 to 40 (Leeder, 2011), 

RSI is larger than 3 (Tanner, 1967), indicating an asymmetrical cross-section with a gentle 

stoss side and a steep lee side (30°- 35°), and RRI approximates 0.5 (Perillo, 2013). 

Another kind of current ripples could be generated once the flow velocity is high enough 

but did not reach the threshold velocity for upper plane bed (Figure 2-10B, Southard and 

Harms 1972; Harms 1979; Joplin and Forbes, 1979; Bridge, 1981; Baas, 1994; Baas and 

De Koning, 1995). They are transitional ripples which are named as washout ripples as 

well, because the formation process is closely related to be washed out (Southard and 

Harms 1972). Washout ripples trains are sinuous and flat in plan-view since same ripple 

lengths as ripples forming under lower velocities and smaller ripple heights (Figure 2-11; 

Harms, 1979; Baas and de Koning, 1995). In profile, symmetrical washout ripples are 
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significantly different from 2D ripples or linguiod ripples, with round crest and low lee 

side slope angle (Harms, 1979; Joplin and Forbes, 1979), which results from a spatial 

shift of maximum sediment flux from the ripple crest to the downstream wake region 

(Baas and de Koning, 1995). Furthermore, the high suspended sediment concentration 

was observed experiments under relatively higher flow velocity during flume (Lowe, 

1988; Bridge and Best, 1988; Baas and de Koning, 1995). It directly contributes to 

increase flow viscosity, therefore supressing vertical turbulence and preventing height 

of washout ripple growth (Allen and leeder, 1980; Baas and de Koning, 1995).  

 

 Schematic drawings (from Baas et al., 2015) and examples of ripples 

foming with cohesionless sands under current flows. A. Straight-crested current 

ripples; the field example is from the Red Cliff sand bar located in the upper 

Humber estuary, NE England. B. Sinuous current ripples. C. Linguoid current 

ripples. The details of examples of sinous and linguiod ripples see Figure 3 of Baas 

et al. (2015). D. Wash-out current ripples. The example is from the Red Cliff sand 

bar as well.  
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 Current ripple cross-esction geometry 

 

2.2.2.3 Current ripples evolution over noncohesive sands 

Seminal work of Baas (1993, 1994, and 1999) focused on ripple evolution from the non-

cohesive flat bed to reaching equilibrium, providing detailed information to fully 

understanding ripple dynamics. This process, that is independent with flow velocity, 

begins when the sediments are eroded and transported at very start of the experiment, 

forming the small incipient ripples (Stage 1, Figure 2-13). The incipient ripples 

progressively expand and grow up to two-dimensional ripples trains covering the whole 

flume with straight and sinuous crestlines (Stage 2, Figure 2-13). In the next stage, two-

dimensional ripples transform to linguiod three-dimensional ripples, with significant 

increasing of ripples size (Stage 3, Figure 2-13). Finally, the linguiod ripples attain 

equilibrium without increase of ripple lengths and heights (Stage 4, Figure 2-13). Based 

on the above mentioned progress of ripples development, Baas (1994) developed 

classical equations to acquire equilibrium time and equilibrium size. 

 

 
η𝑡

η𝑒
= 1 − (0.01)𝑡/𝑇η 2- 30 

 
λ𝑡−λ0

λ𝑒−λ0
= 1 − (0.01)𝑡/𝑇λ  2- 31 

where η𝑡 and λ𝑡 are the ripple height and length at time t, η𝑒 (equilibrium height), λ𝑒 

(equilibrium length), 𝑇η (equilibrium time for height), 𝑇λ (equilibrium time for length), 

and λ0  (initial ripple length) could be computed by using the nonlinear fitting. 0.01 

means 99% of ripples reach equilibrium and sometimes 90% (0.1) of the ripples reaching 

equilibrium is acceptable according to experimental duration (Baas et al., 2013). 
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Moreover, Baas (1994) revealed that the inverse relation between the equilibrium time 

and the flow velocity.  

 

 Conceptual model of four stages of ripple development under 

unidirectional flow. The dash lines denote bondaries between stages (modified 

after Baas, 1999). 

 

2.2.2.4 Current ripples with sand-clay mixture 

Rather than pure sand ripples, a number of studies have been gradually focusing on 

ripples development within bed mixtures of cohesive clay and cohesionless sand (e.g. 

Basaniak and Verhoeven, 2008; Baas et al., 2013; Schindler et al., 2015; Ye, 2016). Clay 

particles, characterised by electrochemical cohesion are able to attract each other by 

van der Waals forces (Grabowski et al., 2011). Laboratory studies found that adding 

cohesive clay into the bed substrate is as a key element in increasing the bed yield 

strength, therefore stabilizing the bed (Grissinger et al., 1981; Whitehouse et al., 2000; 

van Ledden et al., 2004; Jacobs et al., 2011). However, the threshold of clay content for 
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transition from non-cohesive bed to cohesive bed is controversial, with wide ranging 

from only 0.18% to extremely high 30% by weight (Dyer, 1986; Nalluri and Alvarez, 1992; 

Torfs, 1994; Mitchener and Torfs, 1995; Panagiotogoulos et al., 1997; Bartzke et al., 

2013). Apart from cohesive nature of clay particles, sedimentary texture is changed by 

adding fine clay into coarse sands, leading to bed stabilization (Panagiotogoulos et al., 

1997; Hir et al., 2008; Hir et al., 2011; Bartzke et al., 2013). Notably, Bartzke et al. (2013) 

proposed a ‘blocked layer’ structure in which the small clay particles completely fill the 

pore space. Therefore this texture enable to prevent flow into sediments and to enhance 

bed stability.  

In terms of the influence of cohesive clay on current ripples, the pioneering flume 

experiment, with the clay fractions up to 18%, of Baas et al. (2013) quantified the rate 

of ripples development over clay-sand mixed substrates and furthermore discovered the 

relationship between ripple dimension and initial bed clay fraction. The remarkable 

experimental results highlighted that increasing clay fraction significantly delayed the 

first appearance of current ripples, and importantly ripple size dramatically decreased 

with clay fraction over 13% (Baas et al, 2013). In addition, a large flume experiment, with 

2 m width and 10 m length, was conducted in order to examine availability of existing 

predictors for bedforms forming from cohesive bed (Schindler et al., 2015; Ye, 2016). 

Schindler et al. (2015) revealed the prominent inverse relationship between bedform 

size and initial bed clay fraction (Figure 2-14) and emphasized over-prediction of the 

present models for cohesive bedform size. 
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 Relationship between initial clay fraction and bedform height (A), 

bedform length (B), and steepness (D), respectively. C: The predicted result for 

pure sand based on Ashley (1990) is examined by the measured length and height 

(modified after Schindler et al., 2015).  

 

2.2.3 Bed morphology under oscillatory flow 

2.2.3.1 Phase diagram 

Akin to the phase diagram of current-induced bedforms, both dimension and non-

dimension variables are used. Allen (1984) collected a large number of laboratory and 

field data and established a classical bedform phase diagram, using maximum orbital 

velocity and sediment particle diameter. Three bed states are defined in the phase 

diagram: no movement, wave ripples and upper plane bed. The regime of wave-induced 
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ripples is dominated while large scale bedforms (e.g. dunes) in the current-induced 

bedforms phase diagram are absent. In specialty, the author highlighted ripple index as 

a function of these two dimensional variables, wave ripples becoming much more flat 

with increase of grain size and maximum orbital velocity (Figure 2-15).   

 

 Phase diagram for wave-induced bedforms; the contour lines represents 

ripple index (modified after Allen, 1984). 

The bedform phase diagram of Southard (1991) selected maximum orbital velocity on 

the ordinate and wave period on the abscissa for fine and coarse sediments (Figure 2-

16). It is should be noted that the boundary between ripples and no movement is not 

clear without documented data. For the fine sediment (0.1 mm<D50 <0.2 mm), two 

dimensional ripples gradually transformed to irregular three dimensional ripples which 

are absent in coarse sediments (Figure 2-16 A). Furthermore, it is obvious that the ripple 

regime expands towards higher velocity with coarse sands (Figure 2-16). As far as ripple 

size is concerned, as shown in Figure 2-16 ripple length (dot and dash line) tends to 
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gradually rise with velocity and wave period increase and to scale with wave orbital 

diameter (dot line).  

 

 Oscillatory bedforms phase diagram with dimesnional variables that 

maximum orbital velocity (𝑼𝟎) versus wave period (T). The boudary between 

ripples and no movement is vaguely defined since lack of data. A: for fine 

sedments with median grain size (𝑫𝟓𝟎) is betwwn 0.1 and 0.2mm; B: for coarse 

sediment with median grain size (𝑫𝟓𝟎) is betwwn 0.5 and 0.65mm. It should be 

noted that the variables are standardized to water temperature of 10 Celsius 

degree. The contour dot lines and the contour dot and dash lines denote orbital 

diameter (𝒅𝒐) and ripple length, repectiely. The dash line denotes boudary 

between regimes of 2D ripples and 3D ripples (modified after Southard, 1991). 

In contrast to traditional phase diagrams based on laboratory and field datasets, 

Kleinhans (2005) presented a non-dimensional bedform phase diagram according to bed 

state predictors. The dimensionless variables are particle diameter parameter (D∗ ) 

acquired from equation (Equation 2-21) and wave mobility parameter (θ′
w ) that is 

calculated by using maximum orbital velocity to replace depth-averaged velocity in 

equation (Equation 2-22). In the phase diagram of Kleinhans (2005), the boundary 

between no movement and ripples is derived from Zanke model (Zanke, 2003) and the 

model of Allen-Leeder (Allen and Leeder, 1980) is selected for the transition from ripples 

to upper stage plan bed (Figure 2-17). Moreover, Kleinhans (2005) highlighted the 

existence of hummocks that are neglected in Allen’s phase diagram. 
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 Non-demisional wave phase diagram based on bed state predictors. The 

black line denote incipient motion model of Zanke (2003), and the balck dash line 

denote model of Allen and Leeder (1980) to predict transifition of upper satge 

plan bed (modified after Kleinhans, 2005). 

2.2.3.2 Wave ripples 

Sediments start to move back and forth once wave-induced bed shear stress meet 

threshold of initial motion, immediately forming small grain ripples on flat bed. Bagnold 

(1946) firstly observed development of the rolling grain ripples with rolling grains resting 

in parallel bands. Andersen (2001) argued a ‘shadow zone’ that is shielded from wave 

action is formed at lee side of each band. The shadow zone enable more grains to rest 

at bands and few grains to be entrained, therefore bands growing to ridges that the 

rolling grain ripples. With increasing size of ridge, the shadow zone develops as well until 

extends as far as the next rolling grain ripple. As a result, no more grains could be lifted 

from the larger shallow zone and rolling grains ripples tend to be stable. The cross-

section geometry of rolling grain ripple is triangular, with spacing smaller than 1 cm 

(Andersen, 2001) and height smaller than 20 grain diameters (Leeder, 2011). Andersen 
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(2001) developed a numerical model in order to quantify the evolution of rolling grain 

ripples from flat sand bed. This model describes particle motion and accurately 

characterizes the length of the shadow zone. The results of Andersen (2001)’s model 

reveal the proportional relationship between rolling grain ripple size and non-

dimensional shear stress (θ = 𝜏w/[𝜌(𝜌𝑠 − 1)gD50]). 

The above mentioned stable state is broken down with higher oscillatory velocities that 

exceed twice of the threshold velocity for initial motion. Under this circumstance, the 

lee slope of the ripples gradually become steeper and meantime to-and fro flow 

contributes to formation of vortex on each ripple side, generating the vortex ripples 

(Bagnold, 1946). Academically the terminology vortex ripples are widely replaced by 

orbital ripples (see later section) or wave ripples.  

In terms of size of wave ripples, the length of small wave ripple is commonly shorter 

than 30 cm, while others with length larger than 30 cm are called large wave ripples 

(Hanes et al., 2001). Similar to the current ripples, wave ripples could be two-

dimensional of three-dimensional in plan view. In general, two-dimensional wave ripples 

have straight or sinuous crest lines. However, compared with 2D ripples forming under 

current, 2D wave ripples are symmetrical of cross-section geometry with RSI 

approaching 1 (Clifton and Dingler, 1984). The shapes of three-dimensional wave ripples 

are irregular, with short crestlines. Sediment size, maximum near-bed orbital velocity 

and wave orbital diameter are regarded as three vital elements affecting wave ripples 

geometry (Cummings et al., 2009).  

Cummings et al. (2009) suggested sediment grain size is the first-order to control wave 

ripple shape. Over the fine sands (𝐷50 = 0.12 mm), firstly oscillatory motion generated 

small wave ripples, evolving to large wave ripples with increasing maximum orbital 

velocity. But only large wave ripples were observed on the coarse sand bed (𝐷50 =

0.8 mm).  

The transition from 2D ripples to 3D ripples seems to be strongly related to finer grain 

size and longer wave period (Vongvisessomjai, 1984; Southard, 1991; O’Donoghue and 

Clubb, 2001; O’Donoghue et al., 2006; Pedocchi and García, 2009b). As shown in Figure 

2-16, under the conditions of the same wave velocity, 3D ripples are more likely 

generated with fine sediments under a longer wave period. 
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2.2.3.3 Wave ripples evolution with noncohesive sands 

Wave ripple development from a flat bed to equilibrium has been studied a number of 

times (Faraci and Foti, 2002; Doucette and O’Donoghue, 2006; Perillo, et al., 2014b). The 

experiment of Faraci and Foti (2002) revealed two development stages including rolling 

grain ripples and vortex ripples, which are consistent with previous research (Bagnold, 

1946; Andersen, 2001). Doucette and O’Donoghue (2006) found 2D small ripples (η <

10 mm, λ = 120 mm) were firstly appeared and then evolved to 3D ripples with vortex 

formation, followed by equilibrium 2D ripples. Perillo et al. (2014b) confirmed that wave 

ripples experience four stages until they attain equilibrium, including incipient stage, 

growing stage, stabilizing stage and fully-developed stage. Incipient stage starts from 

initial sediment movement until the bed is mostly covered by the two-dimensional 

rolling grain ripples. Then the individual ripple size significantly increases, transforming 

to three dimensional vortex ripple. Next stage is stabilizing stage in which the growth 

rate of ripple remarkably declines. Finally, wave ripple acquires equilibrium with ripple 

length and height slight fluctuating around equilibrium values. Both 2D and 3D ripples 

are detected in the equilibrium stage, whereas the equilibrium ripples forming under 

unidirectional flow are only three dimensional.  

2.2.3.4 Predicting wave-induced ripple geometry 

Several existing planform geometry predictors (e.g., Carstens et al., 1969; 

Vongvisessomjai, 1984; Sato, 1987), that were constructed only with laboratory datasets, 

are unable to accurately discriminate between 2D ripples and 3D ripples, especially for 

the field observations. Pedocchi and Garc í a (2009b) collected a large amount of 

laboratory data and field data and established a new model which indicates ripples tend 

to be two-dimensional if  

  𝑅𝑒𝑝 > 0.06√𝑅𝑒𝑤 2- 32 

where 𝑅𝑒𝑝 is the non-dimensional particle size and 𝑅𝑒𝑤 is the wave Reynolds number. 

 𝑅𝑒𝑝 = √𝑔(𝜌𝑠 − 𝜌)𝐷50𝐷50/𝑣 2- 33 

 𝑅𝑒𝑤 = Umax𝐴/𝑣 2- 34 

The authors emphasized the criterion is available for the coarse sediments that 𝑅𝑒𝑝 ≥

13 while it fails to provide clear division with fine sediments (𝑅𝑒𝑝 < 9).  
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Previous studies (e.g. Inman, 1957, Clifton, 1976; Miller and Koman, 1980; Clifton and 

Dingler, 1984; Wiberg and Harris, 1994; Cummings et al., 2009) also found a strong 

relationship between wave ripple length (λ) and wave orbital diameter (𝑑𝑜). Based on 

the relationship, wave ripples could be categorized into three types. 

i) Orbital ripples: length is scaled with wave orbital diameter (Equation 2-35). Clifton and 

Dingler (1984) indicated the orbital ripples exist if 𝑑𝑜/D ranges between 100 and 3000 

(Figure 2-18). 

 λ = 0.65𝑑𝑜 2- 35 

ii) Anorbital ripples: length is independent with wave orbital diameter, but is 

proportional to grain size (Equation 2-36, Wiberg and Harris, 1994). Such ripples are 

most likely formed on the fine sandy beds, with 𝑑𝑜/D exceeding 5000 (Figure 2-18). 

 λ = 535D 2- 36 

iii) Suborbital ripples: ripple length is inverse of increasing orbital diameter and is 

dependent with grain size as well. The suborbital ripples are commonly observed in the 

region that 𝑑𝑜/D transiting from 1000 to 3000 (Figure 2-18). 

 

 Orbital ripples, suborbital ripples and anorbital ripples distribution in the 

plot of dimenionless 𝒅𝒐/D versus λ/D (from Clifton and Dingler, 1984). 
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In addition, Wiberg and Harris (1994) confirmed a relation between ripple height (η) and 

wave orbital diameter and proposed a new criteria to class wave ripple types as 

following. 

 𝑑𝑜/η < 20  Orbital ripples 2- 37 

 20 < 𝑑𝑜/η < 100 Suborbital ripples 2- 38 

 𝑑𝑜/η > 100 Anorbital ripples 2- 39 

Predicting equilibrium size of wave-induced ripples has also attracted a range of 

investigations (Komar, 1974; Nielsen, 1981; Grant and Madsen, 1982; Van Rijn, 1993; 

Mogridge et al., 1994; Wikramanayake and Madsen, 1994; Styles and Glenn, 2002; 

Faraci and Foti, 2002; Grasmeijer and Kleinhans, 2004; Soulsby and Whitehouse, 2005; 

Traykovski, 2007; Pedocchi and García, 2009a; Nelson et al., 2013). The existing models 

try to precisely predict equilibrium ripple dimensions for known sediments and wave 

conditions, therefore creating non-dimension parameters according to wave properties 

and sediment characteristics, such as dimensionless oscillation period (T𝑣/𝐷50
2 ), 𝑅𝑒𝑝 

(Equation 2-33), sediment Reynolds number (𝑅𝑒𝑑 = UwD50/𝑣). Nelson et al. (2013) 

examined the existing models by database constituted of earlier and relatively new 

experimental data and field data and revealed these predictors fail to fit database well. 

For example, models of van Rijn (1993) and Grasmeijer and Kleinhans (2004) are unable 

to predict lengths of ripples forming under large wave condition. Besides that models of 

Nielsen (1981), Faraci and Foti (2002) also heavily deviate the data of ripple height when 

wave force is large. Hence, Nelson et al. (2013) proposed new predictors to establish 

relation between ripple length and wave orbital amplitude (A) and median grain size 

(𝐷50) for both regular and irregular waves, which show a great agreement with the new 

dataset. 

For regular waves: 

 𝜆 = 6.76𝐴0.68𝐷50
0.32 2- 40 

For irregular waves: 

  𝜆 = 2.22 × 103 ∙ 𝐴−0.11𝐷50
1.11 2- 41 
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2.2.4 Bed morphology under combined flow 

2.2.4.1 Phase diagram  

In the 21st century, there was a paucity of research focusing on bedforms formed under 

combined flow (Inman and Bowen, 1963; Harms, 1969; Brevik and Aas, 1980; Arnott and 

Southard, 1990). Arnott and Southard (1990) drew a graph of U𝑢 versus Uw with single 

sediment size (D50 = 0.09mm) and wave period (T=9.5s) to reflect relation between 

bedforms and combined flow. Until recently, an increasing number of studies involved 

this field and gradually improved our knowledge for combined flow bedform phase 

diagram (e.g. Yokokawa et al., 1995; Dumas et al., 2005; Kleinhans, 2005; Sekiguchi and 

Yokokawa, 2008; Perillo et al., 2014). In general, unidirectional velocity ( U𝑢 ) and 

maximum orbital velocity (Uw ) are the most commonly used dimensional variables 

combined flow bedforms phase diagram. Dumas et al. (2005) conducted a series of 

flume experiments to stimulate bedorms generating under storm condition, therefore 

combined flow bedforms with wave velocity varying from 0 to 120 cms-1 and current 

velocity restricting under 25 cms-1 (Figure 2-19). The phase diagram contains four bed 

states including no movement, combined flow generated ripples (details of classification 

see below section), hummocks, and upper stage plan bed. Especially reverse large 

ripples are appeared with median grain size of 0.22 mm and 10.5 s of wave period 

(Figure 2-19C). Furthermore, the phase diagram shows the influence of wave period and 

grain size on the bedform phase distribution. The shorter wave period results in bedform 

phase forming at lower velocities (Figure 2-19 A and B), and the coarser grain size 

significantly expands ripples regime towards higher oscillatory (Figure 2-19 B and C). 

Perillo et al. (2014) bridged the gap of knowledge combined flow bedform generating 

with unidirectional velocity larger than 0.3 ms-1 and with intermediate wave periods (2-

8s). It should be noted that the terms ‘’dune’’ in the phase diagram is used to describe 

large ripples (Figure 2-20). Additionally, Figure 2-20 (A, B and C) highlights that three 

phase diagrams are similar, also indicating the minor influence of small period changes 

(increases from 4s to 6s) on the bed state. Kleinhans (2005) selected non-dimensional 

current mobility parameter (θ′c) on the abscissa and non-dimensional wave mobility 

parameter (θ′w) on the ordinate (Figure 2-21). The region of combined flow induced 

ripple prevails in the phase diagram with averaged grain size of 0.21 mm. Moreover, the 

authors use the following two criterions to assess wave or current force intensity on 

bedforms. 
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If bedforms are only generated under pure wave conditions then,  

 θ′c < 0.2θ′w,cr 2- 42 

If bedforms are only generated under pure wave conditions then,  

 θ′w < 0.2θ′c,cr 2- 43 

Where θ′w,cr  and θ′c,cr  are the critical wave and current mobility parameter derived 

from the model of Zanke (2003).  
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 Combined flow bedform phase diagram. A) 𝑫𝟓𝟎 = 𝟎. 𝟏𝟒 𝒎𝒎, 𝑻 = 𝟏𝟎. 𝟓 𝒔. B) 𝑫𝟓𝟎 = 𝟎. 𝟏𝟒 𝒎𝒎, 𝑻 = 𝟖 𝒔. C) 𝑫𝟓𝟎 = 𝟎. 𝟐𝟐 𝒎𝒎, 𝑻 =

𝟏𝟎. 𝟓 𝒔. The shded area denotes hummocky bedforms (from Dumas et al., 2005). 
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 Combined flow bedform phase diagram for wave period of 4 s, 5 s and 6 s, repectively. It should be noted that the terms ‘’dune’’ in the 

phase diagram is used to describe large ripples. The extrapolated regions are gray. Dash lines are gradual transition boundaries between 

different bedform states, whereas solid lines are sharp transition boundaries (modified after Perillo et al., 2014). 
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 Non-demisional combined flow phase diagram with the averaged grain 

size of 0.21 mm. The black line denotes incipient motion model of Zanke (2003), 

and the dash dot line denotes mordel of Allen and Leeder (1980) to predict 

transifition to upper satge plan bed. Dash lines are arbitary boundaries to show 

wave or current force intensity on bedforms. Bedforms are only generated under 

pure wave condition if 𝜽′𝒄 < 𝟎. 𝟐𝜽′𝒘,𝒄𝒓, whereas bedforms are only fomred under 

current condition if 𝜽′𝒘 < 𝟎. 𝟐𝜽′𝒄,𝒄𝒓 (modified after Kleinhans, 2005).   
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2.2.4.2 Combined flow ripples  

The region of combined flow generated ripples dominates the space within the phase 

diagrams, including different types of ripples. Researchers try to use descriptive 

terminology to classify combined flow ripples from the aspect of ripple geometry. Ripple 

length is widely used size modifier to identify small (λ<0.3 m) ripples from large (λ>0.5 

m) ripples (Dumas et al., 2005; Sekiguchi and Yokokawa, 2008; Perillo et al., 2014). 

Besides ripple length, ripple symmetry index (RSI, see Figure 2-12) is an important 

criteria since ripples tend to be progressively asymmetrical with increasing current flow 

velocity. However there is not clear boundary between symmetric and asymmetric 

ripples. For example, Dumas et al. (2005) and Sekiguchi and Yokokawa (2008) used 

symmetry index of 2 in their research, while Perillo et al. (2014) preferred to index of 

1.5. Furthermore, Perillo et al. (2014) combined planform geometry (2D, 2.5D and 3D) 

with cross-section geometry (RSI) to subdivide ripples. The definitions of 2D and 3D 

ripples are the same as mentioned before in the section of current ripples. 2.5D ripples 

are transitional stage with either continuous or straight crest lines. Based on the 

nomenclature of Perillo et al. (2014), the combined flow generated ripples could be 

described as following: 

i) 2D Symmetric Small Ripples (2D SSR). In plan form, they have regular shapes with 

straight and continuous crest lines perpendicular to the flow direction. In addition they 

are characterized by a symmetrical cross-section profile with RSI of 1, therefore creating 

equal angles of leeside and stoss side (20°). Equilibrium ripple length are approximately 

230 mm and 37mm, respectively. 

ii) 3D Symmetric Small Ripples (3D SSR). The shapes of these ripples are irregular and 

the crest lines are short and strongly curved, which are significantly different from 2D 

SSR in terms of plan view geometry. However, individual ripple size and cross-section 

geometry are quietly similar as the 2D SSR. 

iii) 3D Asymmetric Small Ripples (3D ASR). The 3D ASR is characterized by asymmetrical 

cross-section shape (RSI=1.9) with relative steep stoss side. The angle of stoss side 

approaches to 21°, whereas lee side angle declines to 11°. 

iv) 3D Symmetric Large Ripples (3D SLR). Compared with the 3D SSR, the ripple length 

and height of the 3D SLR significantly increase, reaching to about 720 mm and 60 mm, 
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respectively. Additionally, bedform geometry of both 3D SLR and 3D SSR are almost the 

same. 

v) 3D Asymmetric Large Ripples (3D ALR). These ripples are formed with gradual 

increasing unidirectional velocity, with ripple length of 800 mm and height of 74 mm. 

These ripples have strongly asymmetric cross-section profile, with RSI reaching to 3.1.  

2.2.4.3 Combined flow ripples evolution with non-cohesive sands 

Akin to the development stages for wave ripples, there are mainly four stages for ripples 

evolving from flat bed to attaining equilibrium  under combined flow conditions (Perillo 

et al., 2014b). 

i) Incipient stage. The incipient bedforms are the rolling grain ripples under wave-

dominated combined flow. Under this circumstance, direction of ripple crestlines 

periodically change from upstream to downstream. Bedforms that similar as incipient 

ripples under unidirectional flow are observed if the combined flow is current-

dominated. The direction ripple crestlines do not change and is always towards 

downstream.  

ii) Growing stage. This stage is characterised by sharp increase of bedform size by 

combining sediments and amalgamating with nearby bedforms. 

iii) Stabilizing stage. Ripples in this stage tend to slowly enlarge, with significant decline 

of the growth rate.  

iv) Fully-developed stage. The majority of combined flow induced ripples reach 

equilibrium, with equilibrium length and height fluctuating around the equilibrium 

values. The equilibrium ripples are most likely three dimensional.  

2.3 General overview 

Interactions among fluid flow, sediment transport and bed morphology constitute a 

complicated and dynamic system in the nature (Best, 1993; Leeder, 2011; Perillo, 2013). 

In the first part of the present chapter (Section 2.1), a brief review of boundary layer 

theory was introduced under unidirectional (current), oscillatory (wave), and combined 

(wave-current) flows, respectively. Compared with smooth boundary layer, flow 

structures significantly change when bedforms are present on the bed. For 

unidirectional flows, flow separation is generated at leeside of bedform, resulting in a 
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relatively complicated set of structures including shear layer, wake region and inter 

boundary layer. Periodical generation and ejection of vortices is the main feature over 

rippled bed under oscillatory and combined flow conditions, which dominate near bed 

turbulence and sediment entrainment. Moreover, suspended clay particles in the 

current is able to significantly damp turbulence by forming particle bonds of gelling and 

flocs. However, the literature concerning the mechanisms of cohesive suspended 

sediment modulation of near-bed turbulence in oscillatory and combined flows is poorly 

developed (Lamb et al., 2004).  

The second part (Section 2.2) of literature review focused on bed morphology, especially 

ripples, formed under current, wave, and wave-current flows. Baas’ work (e.g., Baas, 

1993; Baas, 1999) provided excellent information about current ripple evolution from 

flat bed to 2D ripples, finally reaching equilibrium 3D ripples. Once wave-induced bed-

shear stress exceeds the critical shear stress, rolling grains along the bed contribute to 

formation of rolling grains ripples, then developing to vortex ripples with ripple 

steepness increasing (Andersen, 2001). Perillo (2013) suggested existence of four stages 

of ripple development under wave and wave-current flows, including incipient stage, 

growing stage, stabilizing stage and fully-developed stage. In terms of ripple cross-

section geometry, current ripples tend to be asymmetric with a gentle stoss side and a 

steep lee side (Tanner, 1967), while wave ripples are symmetrical. However, ripple 

generated under combined flow, the cross-section geometry is strongly linked to 

relation between wave velocity and current velocity (Dumas et al., 2005; Perillo et al., 

2014). 

Compared with the significant number of studies on non-cohesive ripples, there is a little 

attention on how cohesive clay influences ripple development (Baas et al., 2013; 

Schindler et al., 2015; Ye, 2016). Under unidirectional flow condition, increasing initial 

clay friction of bed significantly delayed the first appearance of ripples (Baas et al., 2013). 

Moreover, bedform size tend to be smaller with increasing bed clay fraction (Schindler 

et al., 2015; Ye, 2016). Therefore, traditional two dimensional bedform phase diagrams 

(Southard, 1991; Berg and van Gelder, 1993) should be improved by adding the third 

axis of initial bed clay fraction (Figure 2-22). But, study concerning ripple evolution with 

cohesive clay mixtures under wave condition remains a significant knowledge gap and 

will be discussed in the following charters. Additionally, clay particle winnowing 
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processes from the bed during unidirectional experiments have been observed (Baas et 

al., 2013, Ye, 2016). However the efficiency under oscillatory flows is unknown as is the 

impact of high suspended clay concentrations on modulating near-bed turbulence. 

These research questions will be answered in the following two chapters. 

 

 Conceptual modification of current bedform diagram of van der Berg 

and van Gelder (1993) by adding z axis of initial bed clay fraction, showing 

bedform chage with increasing initial bed clay content (from Schindler et al., 2015 

and Ye, 2016). 
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CHAPTER 3 –Ripple evolution in mixed sand-

clay substrates 
 

3.1 Introduction 
The near seafloor fluid in coastal environments and across shelf-seas frequently 

experiences a range of wave induced oscillatory motion, particularly when the water 

depth is sufficiently shallow (Clifton and Dingler, 1984). Bed sediment transport can be 

initiated if the wave-induced bed shear stress exceeds the critical shear stress for the 

initial motion of sediment. Such sediment transport results in the generation of wave 

ripples (van Rijn, 1993). The size of wave ripples is related to the sediment characteristics, 

including sediment particles size ranges, and the flow properties, such as maximum 

near-bed orbital velocity (Nelson, 1981; van Rijn, 1993; Nelson et al., 2013). 

Relationships built on both empirical measurements and theory allow a range of 

parameters to be predicted based on the wave ripple height. Therefore, wave ripple co-

sets preserved in the rock record are significant tool to reconstruct paleo-environment 

(Clifton and Dingler, 1984; Yokokawa, 1995) allowing relations between wave-base and 

paleo-deposition water depth to be determined. Moreover, the presence of wave 

ripples are also an important parameter within modelling of sediment transport in 

coastal settings (van Rijn, 2007; Perillo et al., 2014b; Nelson et al., 2013).  

Previous studies, however, have focused on the dynamics of bedforms within substrates 

composed only of well-sorted sand. This restrictive sediment type is far from being a 

realistic representation of natural sediment size distributions, particularly in European 

coastal and estuarine environments, where mixed sediments with and without fine 

cohesive components are common (Flemming, 2002). Cohesive mixed sediments (mud-

sand) are known to heavily influence bedform characteristics (Baas et al., 2011, 2013) 

and, in turn, the near-bed boundary conditions for turbulence and sediment transport 

within dynamic sediment transport models. Baas et al. (2013) highlighted that cohesive 

clay particles added into sand bed substrates significantly slows the rate of current ripple 

development. In Particular, they reported that ripple dimensions decrease with 

increasing clay content under unidirectional flow (Baas et al., 2013). However, the 

influence of such cohesion under wave induced flows are yet to be determined. 
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This chapter therefore concentrates on examining the influence of cohesive clay 

contents of bed substrates on the ripple development under regular wave conditions. 

The aims can be outlined as: (1) identifying the relationship between the rate of wave 

ripple development and initial bed clay fraction; and (2) determining the equilibrium 

height and length of the wave ripples as a function of initial bed clay fraction. 

3.2 Methodology 

3.2.1 Experiment set-up 

A large-scale flume experiment was conducted in the Total Environment Simulator, 

University of Hull. The effective length of flume is 11 m with additional inlet and outlet 

tanks for recirculation of the flow and sediment. The maximum internal depth and width 

of a central channel built within the basin are 1.6 m and 6 m, respectively (Figure 3-1). 

At the upstream end of the flume tank, there are 8 wave-generating paddles across the 

channel width. In the experiments reported here two of them were used to generate 

regular and irregular water surface waves in the present experiments (Figure 3-1). The 

working test section of the present experiment was approximately 9.8 m long, and 

around 1.6 m wide, and a detailed monitoring section was centred at 4.3 m distance 

from the flume inlet (Figure 3-1). An instrument frame with state-of-the-art 

measurements was mounted in the central monitoring section (Figure 3-2). At the 

downstream end of working test section, a perforated board with a porosity of 15% was 

mounted at an upstream-dipping angle of 6° (Figure 3-1). The purpose of the perforated 

board is to disperse wave energy and thus minimise wave reflections within the test 

section. The sediment substrate at the base of the flume was 0.1 m thick at the start of 

the experiments. All experiments used same mean water depth of 0.6 m and the salinity 

of water was held constant across all runs at ~ 19 psu (Table 3-1).  

Experiment Run 01 and Run 02 consisted of a bed of well-sorted sand, with a median 

diameter of ~496 µm. Wet kaolin clay, which is most common clay type on Earth, and 

same sand in Run 01 and Run 02 were homogenously mixed to create substrates for Run 

03 to Run 06, with initial clay fraction increasing from 4.2% to 7.4% (Table 3-1) across 

the runs. All of the experiment runs were conducted under regular (monochromatic) 

waves with the basically same freestream velocity of 0.35 ms-1 and wave period 2.48 s 

(Table 3-1), except Run 02. The experimental results of Run 02 that was conducted under 

irregular (poly-chromatic) wave are not discussed in this chapter.  
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Figure 3-1. The Total Environment Simulator and the working test section for the 

experiment. 

  



53 
 

Table 3-1 Experimental parameters 

Run Duration 

(min) 

Temp 

(°C) 

Initial 

Clay 

fractiona 

(%) 

Salinity 

(‰) 

D50 

(μm) 

Hs 
Start 
(m) 

Hs 
End 
(m) 

Uwon
∗  

Start 

(ms-1) 

Uwon 

End 

(ms-1) 

Uwoff 

Start 

(ms-1) 

Uwoff 

End 

(ms-1) 

U∞on 

Start 

(ms-1) 

U∞on 

End 

(ms-1) 

U∞off 

Start 

(ms-1) 

 

U∞off 

End 

(ms-1) 

1 290 16.3 0 17.8 496 0.16 0.15 0.30 0.30 0.25 0.24 0.36 0.35 0.32 0.31 

3 300 15.4 4.2 19.2 457 0.22 0.19 0.31 0.31 0.26 0.26 0.36 0.36 0.31 0.30 

4 250 15.4 6.2 17.2 435 0.22 0.21 0.29 0.28 0.27 0.27 0.37 0.36 0.31 0.30 

5 510 14.6 7.2 20.4 431 0.24 0.19 0.29 0.31 0.26 0.26 0.35 0.33 0.32 0.28 

6 630 15.9 7.4 19.1 421 0.21 0.21 0.29 0.29 0.25 0.23 0.35 0.33 0.31 0.30 

HS: Significant wave height 

Uwon: Maximum near-bed onshore orbital velocity 

Uwoff: Maximum near-bed offshore orbital velocity 

U∞on: Maximum onshore free stream velocity 

U∞off: Maximum offshore free stream velocity 

a: Initial clay fraction percentage is by dry weight 

b: Positive, “onshore” flow is defined as flow direction to the left. 
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3.2.2 Procedure 

Prior to the commencement of each run where clay was mixed into the bed, the volume 

of kaolin mixed into the bed was carefully measured to control the clay: sand ratio. The 

bed was wetted and fully homogenised and was then flattened. Prior to the runs, syringe 

sediment cores with a diameter of 20 mm and a maximum length of 90 mm were 

collected at 7 equally-spaced locations at 3.4 m < x < 9.4 m from the wave paddles and 

y=0.4 m from the right-lateral side of the channel for subsequent grain size test (Figure 

3-2).  

The development of bedforms of each run from the initial flat bed was scanned by 

traverse ultrasonic sensor array (URS). The system consist of 8 probes, which were 

mounted above the centre monitoring section. However, probe 2 did not work in all 

experiments, hence some experiments only 7 probes functioned. The bed scanning 

length was about 2.7 m and scanning velocity was around 0.0093 m/s (Figure 3-2 B). The 

two wave generators were stopped every 30 minutes (every 15 minute in the first hour 

of Run 01, 03 and 04) to allow the URS scanning to complete. In addition, another two 

URS probes were fixed into position on the instrument frame and were used to record 

ripple migration form experiment start to the end of each run (Figure 3-2).  

After each run, sediment cores were taken for comparison of substrate characteristics 

with those from initial flat bed. Sample cores were collected from both the ripple crest 

and trough. The sample cores were located at from 3.4 m <x < 7.4 m from wave 

generators and at from 0.4 m< y < 1.2 m from the right-lateral side of the channel (Figure 

3-2 B). 
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Figure 3-2.  (A) Lateral schematic diagram of the experimental set-up. Planview schematic (B), with the traverse URS scanning area and locations 

of sediment cores collected before (black circles) and after (white circles) each run. WG denotes wave gauge. ① and ② represent the 

downstream and upstream fixed URS. The distance between the two URS probes was 0.03m. The shade area is the 3-m length central 

monitoring area where the instrument frame with measurement devices was mounted. The unit is metre.  
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3.2.3 Post processing of data  

Seven bedform elevation profiles (BEPs) were recorded by the URS-traverse for each 

scanning period, across a time interval of 30 minutes. Longer and shorter time intervals 

were also used, depending on ripple development rate. These raw data of BEPs were 

processed by the method based on Bedform Tracking Tool (BTT) that is a numerical code 

in Matlab (Van der Mark et al., 2008; Van der Mark, 2009). The steps for processing raw 

data could be summarised as follows: 

1. Removing and replacing outliers. The absolute vertical distance (dz) between two 

consecutive was calculated to get the averaged vertical distance (𝑑𝑧𝑚) that is used as a 

criterion to find outliers in the BEP. The outliers differing more than absolute 5 𝑑𝑧𝑚 

between the previous points and the next points were interpolated. In the current thesis, 

linear interpolation was used to replace outliers. 

2. Detrending and smoothing the bed elevation profile. A linear trend line was subtracted 

by the filtered bed elevation profile. Then a detrend bed elevation profile fluctuates 

around the zero line. In order to avoid small disturbance crossing zero line, weighted 

moving average technique was used to smooth the dtrend bed elevation profile. 

 As shown in Figure 3-3 the black line is the original bed elevation profile collected from 

probe 7 in Run 03 at t=30 min.  Two zero values caused by poor return voltages in the 

URS depth sounders were filtered using above mentioned method (red dot line). 
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Figure 3-3. The produced data of probe 7 of Run 3 at t=30 min for calculation of 

ripple length and height. The black line is the origial bedform elevation profile 

(BEP) scanned by the URS. The red dot line is the data without outliers. The blue 

line dnotes the detrend BEP and the red line represents that the BEP has been 

smoothed.   

The detrend method effectively enables the filtered BEP to fluctuates around a zero line 

(blue line). The red smooth BEP shows that the very small disturbances are eliminated. 

In conclusion, the first two steps of Bedform Tracking Tool are helpful to reduce negative 

influence of data noise on the next step calculation of ripple length and height.  

3. Determining zero crossings. Two types of zero crossings are determined, which are 

up-crossings and down-crossings respectively. A zero up-crossing and down-crossing are 

located where the filtered bedform elevation profile crosses the zero line in upward and 

downward direction, respectively. 

4. Determining crests and troughs. A crest point should be between a zero up-crossing 

and zero down-crossing, while a trough point is between a zero down-crossing and zero 

up-crossing. Van der Mark (2009) emphasized that local disturbance could be incorrectly 

selected as crest or trough. Actually for the present data, the local disturbances were 

effectively avoided using step 2. However, the method for finding crest and trough is 

inapplicable under certain circumstance.  
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Figure 3-4. Comparison of bedform elevation profile (Run 03, t=240 min, scanned by 

probe 5 of URS) and flat bed profile to determine ripples crests and troughs. The 

two crests pointed by arrows will be discarded by the method of Van der Mark et 

al. (2008). 

Figure 3-4 shows a bedform elevation profile collected by URS (probe 5) in Run 03 at 

t=240 min. The black dash line is the bed elevation profile before the start of Run 03. 

Comparing these two profiles, it is apparent that there are two ripples located beyond 

x=1000 as highlighting by the arrows. However, these two crests and troughs are not 

located between zero up-crossings and zero down-crossings and herein are discarded 

by BTT algorithm. Therefore, manually finding ripples and BTT algorithm are combined 

to process raw traverse URS scanning data in order to locate all of ripples.  

For each traverse scanning period there are seven BEPs because probe 2 did not work 

during the experiment. For each profile, all of individual ripple were found and then 

calculating averaged ripple length and height. Therefore, there were seven averaged 

ripple lengths and heights at one scanning time, which were used to construct 

development curves of wave ripple length and height.  

In addition, the ripple lengths and heights were used to analyse the ripple geometry in 

more detail. Figure 3-5 shows the definitions of the ripple geometry in a detrend 

bedform elevation profile. 
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Figure 3-5. Definitions of the determined ripple geometry in a detrend BEP. 

Symbol name                                                               description 

𝜆𝑡 ripple length between troughs                            horizontal distance between two                 

                                                                                        consecutive troughs  

𝜆𝑐 ripple length between crests                               horizontal distance between two                 

                                                                                        consecutive crests  

𝜆𝑠 ripple length of stoss face                                     horizontal distance between crest                 

                                                                                        and upstream trough 

𝜆𝑙 ripple length of lee face                                         horizontal distance between crest                 

                                                                                        and downstream trough 

𝜂𝑠 ripple height of stoss face                                     vertical distance between crest                 

                                                                                         and upstream trough 

𝜂𝑙  ripple height of lee face                                         vertical distance between crest                 

                                                                                         and downstream trough 
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The bedform steepness (BI) and bedform symmetry (BSI) are computed as the following 

equations: 

BI= 𝜆𝑐𝜂𝑙
−1                                                                                                                3-1                                                                                                                    

BSI=𝜆𝑎𝜆𝑏
−1                                                                                                                3-2 

a and b refer to lager value and smaller value between leeside length and stoss side 

length.                                                                                                       

For the data collected from the fixed URS, filtering of spikes caused by suspended 

sediment in the data was undertaken. Noise was found by setting a maximum threshold 

of the gradient between two consecutive points. This threshold was chosen as 0.5 times 

the standard deviation of each time series. Removed values are replaced with linearly 

interpolated values and every 300 data (5 Hz sampling) were averaged to represent 

value of each minute. Once filtering of fixed URS data was complete, detection of ripples 

was undertaken using the same steps as mentioned above for traverse URS data. The 

data collected by four fixed URS are used to acquire ripple migration rate by: 

c𝑚=𝐿 /(𝑡2-𝑡1)                                                                                                             3-3 

where 

c𝑚 is wave ripple migration rate  

𝑡1 is the time that the upstream fixed URS probe recording ripple crest. 

𝑡2 is the time that the downstream fixed URS probe recording the same ripple crest 

moved from upstream. Noticed that 𝑡1  and 𝑡2  are the time after ripples reaching 

equilibrium.  

𝐿  is the distance between upstream and downstream fixed URS probes, which is 

approximately 30 mm.  

Then the bed sediment flux per unit width (𝑞𝑏) of each run is computed by (Van Den 

Berg 1987): 

𝑞𝑏=0.6(1-p)c𝑚 η                                                                                                           3-4 

Where 

P is bed porosity (p=0.35) 
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The equilibrium conditions could be established by the Baas et al. (2013) method, where 

the ripples development by the following equations: 

λ𝑡−λ0

λ𝑒−λ0
= 1 − (0.1)

𝑡−𝑡𝑓

𝑇λ−𝑡𝑓                                                                                                      3-5 

η𝑡

η𝑒
= 1 − (0.1)

𝑡−𝑡𝑓

𝑇η−𝑡𝑓                                                                                                            3-6 

Where 

λ𝑡: ripple length derive from BTT at time t after experiment start 

η𝑡: ripple height derive from BTT at time t after experiment start 

λ𝑒: equilibrium wave ripple length 

η𝑒: equilibrium wave ripple height 

λ0: the length of the first appearance of wave ripple 

𝑇λ : time for ripple length getting equilibrium 

𝑇η: time for ripple height getting equilibrium 

A non-linear fit using the Curve Fitting Tool in Matlab was used to find the best solution 

for Equations 3-1 and 3-2, therefore obtaining λ𝑒, η𝑒,  λ0, 𝑇λ and 𝑇η. In the present study, 

𝑇λ  and 𝑇ηare defined as 90% of wave ripples reach equilibrium. 

The delay time (𝑡𝑓) for the formation of wave ripples firstly appeared on the flat bed is 

determined by the flowing method. According to the experimental observation wave 

ripples formed immediately after experiment started in Run 01, therefore no delay time 

was recorded for this run. However, there were no experimental observations of first 

appearance of wave ripples in other runs, therefore delay times are based on the URS 

generated 3D images. The middle time between experiment start or the last time 

recording flat time and the first time recording wave ripples were used as delay time for 

runs with cohesive materials (Table 3-2). In addition the initial wave ripple length (λ0) is 

assumed to be undefined and the initial height is assumed to be zero at first time of 

wave ripples appearance (Baas, 1993). The best-fit lines given by Equation 3 and 

Equation 4 fit well with experimental data of each run with high R values and the fitting 

results are shown in Table 3-2.  
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The ripple length growth rate (𝑟λ) and height growth rate (𝑟η) are computed by equations 

as following: 

𝑟λ =(λ𝑒-λ0)/(𝑇λ- 𝑡𝑓)                                                                                                            3-7 

 
𝑟η =η𝑒/(𝑇η-𝑡𝑓)                                                                                                                      3-8 

To compute accurate wave height of each run, a least squares method is used to 

separate reflected wave from incident wave (Mansard and Funke, 1980). Simultaneous 

measurements at three positions (WG1, WG2, and WG3 in Figure 3-2) were used to 

decompose incident and reflected spectra.  

All of the sediment cores were frozen shortly after sampling. Each sediment core was 

sliced into sample with 1cm thickness and then all the samples were dried less than 80 

Celsius degrees about 4 hours. The grain size analysis results were acquired by laser 

particle analyser (Model: Malvern 2000). All of the measurements were undertaken in 

School of Ocean Science, University of Bangor. 

3.3 Experimental results  

Five runs were conducted under regular waves with fixed 2.48s period. The initial bed 

clay fraction increased from 4.2% in Run 03 to 7.4% in Run 06. 

3.3.1 Ripple development under regular waves 

Run 01 was the control experiment with pure sand and a median size 496 µm (Table 1). 

Therefore this was a reference for Runs 03-06 to study the influence of increasing initial 

bed clay fraction on bedform evolution and dynamics. Wave ripples appeared 

instantaneously from the flat bed when the experiment started, according to 

experimental observation in Run 01. The entire bed below the URS traverse was covered 

by the wave ripples at ~20 minutes of experimental time (Figure 3-6). Experimental 

observation proved the time ripples were covering complete scanning area at around 

10 minutes after Run 01 beginning. Figure 3-6 clearly shows that the typical two 

dimensional wave ripples with quite straight crest lines developed well during the 

experiment.  

Seven wave ripple length development curves of Run 01 with standard deviation are 

shown in Figure 3-7. The ripple length fluctuated slightly around ~125 mm (Table 3-2) 

notably at the initial scan (scanning time, t=20 min). The rather higher standard 
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deviations suggest that individual ripple length varied heavily at the beginning of 

experiment. Ripple lengths experienced a relatively faster growth period from t= 20 min 

to t=50 min before tending to be stable (Figure 3-7). Precisely, the equilibrium times of 

ripple lengths determined from equation 1 were simultaneously at t=~40 min (Table 3-

2). Moreover the equilibrium ripple length was approached to 136 mm (Table 3-2). 

Figure 3-8 shows the photo of ripples taken after Run 01 in which the ripple lengths are 

about 140 mm and 145 mm, respectively. The actual wave ripple lengths are very close 

to the length calculated by Bedform Tracking Tool as mentioned in section 3.2.  

In terms of ripple height, at very beginning of experiment the mean ripple height was 

approximately 16 mm. However, the difference among individual ripple height was large, 

with higher standard deviation again. In addition, all of ripple height development 

curves show that ripple height reached peaks at t=50 min before keeping level (Figure 

3-7). Table 3-2 also shows the results of equilibrium height and equilibrium time for 

ripple height derived from equation 2. The equilibrium times of ripple heights slightly 

fluctuated around 26 minutes and the equilibrium ripple height reached to 

approximately 20 mm (Figure 3-7). In conclusion, seven ripple development curves 

reflect a quite similar wave ripple growth trend, which indicates that the pure sand bed 

enable wave ripples to develop homogeneously.  
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Figure 3-6. 3D image of wave ripples evolution of Run 01 with pure sand. 
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Figure 3-7. Development curves of ripple length and height of Run 01. The vertical 

black line denotes one standard deviation around the mean. 
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Figure 3-8. Photo of wave induced two dimensional ripples after Run 01. 

 

Runs 03 to 06 investigated ripple evolution from mixed sand-clay beds at progressively 

higher clay fractions (Table1). Before each run, Kaolin clay was homogeneously mixed 

manually with the sand bed. Sediment cores collected from flat bed indicate that none 

of the flat bed before each run showed a significant vertical trend in sand fraction (Figure 

3-25), suggesting that the clay was reasonably well mixed into the sand.  

Run 03, with the lowest clay fraction, about 4.2%, exhibited reduced wave ripple growth 

rate than the ripples developed without clay (Run 01). At first 15 minutes scan, 

approximately two third of the URS scanning area was covered with two dimensional 

ripples. Beyond the 15 minutes the ripples continued to develop until after 30 minutes 

beyond the experiment start, all the URS probes recorded almost the whole scanning 

section to be covered by a continuous train of wave ripples (Figure 3-9).  
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Figure 3-9. 3D images of wave ripples evolution of Run 03 with 4.2% clay fraction. 

 

Figure 3-10 depicts progressive stages of ripple development in Run 03. In the first 15 

minutes, ripples in the middle scanning area tended to develop more quickly, with the 

URS (Probes 2 to 6) initially recoded averaged ripple length of ~120 mm. While the 

ripple lengths recorded by side probes (Probes 1, 7 and 8) were shorter than 100 mm. 

In the following 45 minutes, ripple lengths slowly approached to ~140 mm in the most 

part of area. During the same period ripples below probes 7 and 8 had rather faster 

development rate, with ripple lengths reaching to 140 mm at t=60 min as well (Figure 3-

10). The results of non-linear fit indicate most of ripple lengths attained equilibrium after 
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t=60 min, with equilibrium length of ~138 mm (Table 3-2). However, wave ripples at 

below probes 7 and 8 spent longer time to reach equilibrium length, exceeding 70 

minutes (Table 3-2). 

Ripple heights developed in a similar trend set as the ripple lengths. During period from 

t=15 min to t=60 min, the heights of ripples at right edge of the scanning areas (Probe 7 

and 8) grew more quickly than ripples at other places. Remarkably, ripple heights 

beneath probe 1 and 4 acquired equilibrium only after t= 15 min, while the equilibrium 

time for ripple height below probe 8 was 53 minutes. Although there was a large 

difference among the time for ripple height reaching equilibrium, the equilibrium height 

was uniformly around 20 mm (Table 3-2). 

The bed of Run 04, comprising 6.2% of initial clay fraction, remained flat in the first 10 

minutes of the experimental run. A couple of minutes thereafter, the wave forcing 

began to impact on the bed, which signalled the formation of a nucleus of ripples with 

mean ripple length of 100.6 mm and mean ripple height of 11.9 mm at right edge side 

along wave direction. The similar kind of wave ripple sets had been generated at 

opposite edge after 15 minutes, but the ripples size were marginally smaller with mean 

ripple length and height at 87.8 mm and 9.7 mm, respectively (Figure 3-11 and Figure 3-

12). The erosional scouring was an irregular process and individual ripple size varied 

significantly, as evidenced by the higher standard deviations of both ripple length and 

height (Figure 3-12). Since then the nucleus expanded toward centre of the URS 

scanning section by growth of existing ripples, until the ripples occupied most of the bed 

with mean ripple length increasing to around 122 mm at t=70 min (Figure 3-11; Figure 

3-12). Based on the above-mentioned growth mode, ripple lengths at edge attained 

equilibrium before t=90 min, which were much earlier than that developing at middle 

bed. However, the heights of ripples below probe 3 and 8 spent a rather loner time (~45 

minutes) to reach equilibrium (Table 3-2). Furthermore, the equilibrium ripple size were 

consistent, with equilibrium length and height at approximately 137 mm and 20 mm, 

respectively (Table 3-2).  
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Figure 3-10. Development curves of ripple length and height of Run 03. The vertical 

black line denotes one standard deviation around the mean. 
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Figure 3-11. 3D images of wave ripples evolution of Run 04 with 6.2% clay fraction. 
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Figure 3-12. Development curves of ripple length and height of Run 04. The vertical 

black line denotes one standard deviation around the mean. 
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The experimental time of Run 05 and Run 06 were 510 minutes and 630 minutes, 

respectively. The wave-induced ripple developments of these two runs were quite 

similar, probably because of a minor difference of clay fraction between the two runs 

(7.2% for Run 05 and 7.4% for Run 06). The 3D images show the nucleus of wave ripples 

firstly appeared at edge at 30 minute and then the ripples expanded to other side of the 

flume. In the next 90 minutes the continuous train of ripples occupied scanning section. 

Three hours later most of the flume bed was covered by two-dimensional wave ripples 

(Figure 3-14; Figure 3-15) and the ripple dimension had evolved to be more stable. Yet, 

a patch of small, irregular bedforms formed at the downstream end (0-1 m) of the URS 

traverse in both runs (Figure 3-13). This patch of small ripples probably resulted from 

turbulent eddies around the instrument frame. Therefore, the enigmatic bedforms were 

ignored for the ripple length and height calculation by Bedform Tracking Tool. 

 

Figure 3-13. Small and irregular bedforms generated beneath the instrument frame in 

Run 05. 

It should be noted that the bed elevation changed dramatically when the wave ripples 

covered the entire bed. The middle and upstream elevation rose from flat bed to around 

40mm, while the downstream elevation fall down to about～30mm (Figure 3-14; Figure 

3-15). 



73 
 

 

Figure 3-14. 3D images of wave ripples evolution of Run 05 with 7.2% clay fraction. 
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Figure 3-15. 3D images of wave ripples evolution of Run 06 with 7.4% clay fraction.  

 

The ripple development curves (Figure 3-16, Figure 3-17, Figure 3-18, Figure 3-19) show 

more inhomogeneous growth of wave ripples in Run 05 and Run 06, comparing with the 

ones in the relatively lower clay fraction experiments. The nucleus of wave ripples firstly 
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were detected by probe 1 in both Run 05 and Run 06, the mean length of these small 

wave ripples were 114.3mm and 103.5mm and the mean ripple height were 11.8mm 

and 11.1mm, respectively. The nucleus of ripples in Run 05 evolved to equilibrium at 

t=~145 min, with equilibrium length reaching to about 136 mm. During this period, 

ripples extended across the bed as well. Consequently, ripples at right edge of the bed 

along wave direction acquired equilibrium with a longer time, extending to 250 minutes. 

The equilibrium length slightly increased as well, standing at around 141 mm (Table 3-

2). Similarly, the equilibrium time for ripple length in Run 06 varied heavily as well, the 

shortest equilibrium time standing at 131 minute for ripples beneath probe 1 and the 

longest time exceeding 260 minutes for ripples below probes 6 to 8. However the 

difference of equilibrium lengths among wave ripples was tiny, which were approach of 

142 mm (Table 3-2). 

The mean ripple height stood at 11.8 mm and 11.1 mm for Run 05 and Run 06 at t=30 

min, respectively. Once wave ripples appeared from the flat bed in Run 05, the heights 

of most wave ripples developed very quickly in the following 30 minutes (Figure 3-17). 

Akin to the ripple length the inhomogeneous development led to large difference time 

for ripple height attaining to be stable. As shown in Table 3-2, the shortest equilibrium 

height time was 54 minutes for ripples that formed firstly. However, for the latest 

appearance of ripples, the equilibrium time for height was significantly increased to 169 

minutes. In Run 06, there was a similar height growth mode as Run 05 (Figure 3-19), 

which resulted in the equilibrium height time increasing from 63 minutes for ripples 

beneath probe 1 to 189 minutes for ripples below probe 8 (Table 3-2). The equilibrium 

ripple heights in both high clay fraction runs were almost the same, reaching to 

approximately 20 mm (Table 3-2). 

The relative higher standard deviations, comparing with other runs, reflects that the 

individual ripple size varied heavily even ripples had reached stable in Run 05 and Run 

06. The significant change of bed elevation as mentioned above causes the remarkable 

difference of ripple size. As shown in Figure 3-14 and Figure 3-15, the middle upstream 

bed elevation (～1.8m<x<～2.5m) was higher, therefore the sizes of wave ripple 

developed in this area were bigger because of relative larger orbital velocity. Vice versa, 

the wave velocity reduced as declined bed elevation and the ripple sizes were smaller.  
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Figure 3-16. Wave ripple length development curves recorded by seven URS probes of 

Run 05 with clay content of 7.2%. The vertical black line denotes one standard 

deviation around the mean. 
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Figure 3-17. Wave ripple height development curves recorded by seven URS probes of 

Run 05 with clay content of 7.2%. The vertical black line denotes one standard 

deviation around the mean. 
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Figure 3-18. Wave ripple length development curves recorded by seven URS probes of 

Run 06 with clay content of 7.4%. The vertical black line denotes one standard 

deviation around the mean. 
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Figure 3-19. Wave ripple height development curves recorded by seven URS probes of 

Run 06 with clay content of 7.4%. The vertical black line denotes one standard 

deviation around the mean. 
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The final URS scanning revealed that the averaged ripple lengths calculated by Bedform 

Tracking Tool were 140.9mm for Run 03, 138.6mm for Run 04, 147.6mm for Run 05, and 

150.1mm for Run 06. The results are very close to the actually measured ripple lengths 

after each run (Figure 3-20), which proves that the method for calculating ripple size 

mentioned in section 3.2 is suitable for the runs with clay as well. 

 

Figure 3-20. Measured ripple lengths after Run 03, Run 04, Run 05, and Run 06. 
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Table 3-2 Best solutions of Equations 3-5 and 3-6 

Run Probe 𝑇λ 
(min) 

λ𝑒 
(mm) 

λ𝑒 
Std 

(mm) 

λ0 
(mm) 

R(λ) 𝑇λ𝑑 
(min) 

𝑟λ 
(mm/min) 

𝑇η 

(min) 

η𝑒 
(mm) 

η𝑒 
Std   

(mm) 

R(η) 𝑇η𝑑 

(min) 

𝑟η 

(mm/min) 

𝑡𝑓 

(min) 

1 41 13.76 0.23 8.81 0.88 41 1.21 25 2.02 0.05 0.99 25 0.81 - 

3 38 13.55 0.24 8.23 0.86 38 1.40 30 1.98 0.09 0.98 30 0.66 - 

4 41 13.55 0.21 8.00 0.92 41 1.35 26 1.94 0.05 0.99 26 0.75 - 

5 35 13.51 0.23 9.56 0.77 35 1.13 24 2.01 0.07 0.99 24 0.84 - 

6 34 13.56 0.45 9.80 0.60 34 1.11 19 1.94 0.06 0.99 19 1.02 - 

7 45 13.57 0.43 7.56 0.82 45 1.34 33 2.01 0.07 0.99 33 0.61 - 

8 43 13.61 0.41 9.30 0.71 43 1.00 30 1.99 0.04 0.99 30 0.66 - 

1 58 13.81 0.46 10.65 0.77 31 1.02 18 2.08 0.07 0.98 11 1.89 7 

3 67 13.7 0.31 11.00 0.76 60 0.45 20 1.98 0.07 0.98 13 1.53 7 

4 62 13.83 0.3 10.83 0.87 55 0.55 15 2.01 0.04 0.99 7 2.87 7 

5 60 13.85 0.32 10.87 0.88 53 0.56 20 2.04 0.05 0.99 13 1.57 7 

6 65 13.75 0.37 10.58 0.84 58 0.55 26 1.95 0.08 0.98 18 1.08 7 

7 72 13.88 0.43 9.25 0.89 45 1.03 39 2.09 0.08 0.98 32 0.65 7 

8 77 14.12 0.51 7.65 0.93 56 1.16 53 2.05 0.09 0.98 46 0.45 7 

1 59 13.7 0.71 9.50 0.82 44 0.95 39 2.05 0.17 0.96 24 0.85 15 

3 84 13.51 0.3 8.16 0.98 54 0.99 76 1.96 0.08 0.99 46 0.43 30 

4 140 13.67 0.29 11.78 0.96 85 0.22 86 1.98 0.08 0.99 31 0.64 55 

5 133 13.68 0.87 9.43 0.93 78 0.54 82 1.97 0.07 0.99 27 0.73 55 

6 107 13.37 0.61 9.50 0.84 52 0.74 91 1.91 0.11 0.99 36 0.53 55 

7 134 13.41 0.85 10.90 0.68 79 0.32 80 1.98 0.10 0.99 25 0.79 55 

8 76 13.18 0.41 8.92 0.98 46 0.93 75 1.91 0.14 0.98 45 0.42 30 

1 145 13.61 0.36 10.61 0.75 130 0.23 54 2.01 0.95 0.97 39 0.52 15 

3 120 13.61 0.23 9.79 0.88 75 0.51 101 1.98 0.97 0.98 56 0.35 45 

4 175 13.67 0.32 10.20 0.67 100 0.35 128 1.99 0.94 0.97 53 0.38 75 
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Table 3-2 continued 

Run Probe 𝑇λ 
(min) 

λ𝑒 
(mm) 

λ𝑒 
Std 

(mm) 

λ0 
(mm) 

R(λ) 𝑇λ𝑑 
(min) 

𝑟λ 
(mm/min) 

𝑇η 

(min) 

η𝑒 
(mm) 

η𝑒 
Std   

(mm) 

R(η) 𝑇η𝑑 

(min) 

𝑟η 

(mm/min) 

𝑡𝑓 

(min) 

5 209 13.96 0.36 12.20 0.58 134 0.13 104 1.99 0.97 0.98 29 0.69 75 

6 187 14.12 0.4 10.85 0.76 72 0.45 137 1.98 0.96 0.98 32 0.62 105 

7 198 14.1 0.33 10.78 0.85 83 0.40 150 2.17 0.98 0.99 45 0.48 105 

8 253 14.37 0.44 11.95 0.71 138 0.21 169 2.07 0.97 0.98 64 0.32 105 

1 131 14.23 0.26 8.94 0.97 116 0.46 63 2.09 0.06 0.99 48 0.43 15 

3 132 14.13 0.33 10.96 0.85 87 0.36 65 2.01 0.06 0.99 20 1.00 45 

4 178 14.42 0.5 9.87 0.92 133 0.34 69 1.97 0.08 0.97 24 0.82 45 

5 146 14.13 0.25 11.28 0.92 101 0.28 134 2.00 0.12 0.97 89 0.22 45 

6 265 14.32 0.72 11.05 0.89 190 0.17 161 1.97 0.11 0.98 86 0.23 75 

7 284 14.38 0.67 10.24 0.95 179 0.23 172 2.01 0.15 0.96 67 0.30 105 

8 262 14.01 0.73 9.84 0.92 157 0.27 189 1.86 0.19 0.95 84 0.22 105 

 

𝑇λ𝑑: Ripple length development time from flat bed to reach equilibrium of each probe 

𝑇η𝑑: Ripple height development time from flat bed to reach equilibrium of each probe 

R: Correlation coefficient of the best-fit curve 

𝑟λ : Ripple length growth rate 

𝑟η Ripple height growth rate 
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3.3.2 Equilibrium state of regular wave-induced ripple 

The data of the seven URS probe were averaged to fully investigate the relationship 

between initial bed clay fraction and the main properties of the equilibrium wave ripples 

(Figure 3-21). The equilibrium wave ripple lengths were nearly constant slight fluctuating 

around 137 mm in the control run 01 and in the Run 03 and Run 04. The value at relative 

higher clay fraction (7.2% of Run 05; 7.4% of Run 06) were marginally longer, reaching 

to 139.2 mm and 142.3 mm, respectively (Figure 3-21C). In terms of equilibrium wave 

heights, the values are almost the same at around 20 mm from Run 01 to Run 06 (Figure 

3-21D). In general the equilibrium wave length and height appeared to be independent 

of initial bed clay fraction for the applied experimental conditions. 

However, there is a positive correlation between equilibrium time for wave ripple length 

and height and the initial bed clay fraction. The mean equilibrium time of ripple length 

increased exponentially with increasing clay fraction from 40 minutes of Run 01 to 200 

minute of Run 06 (Figure 3-21A). The averaged equilibrium time of wave ripple height in 

Run 01 and Run 03 were quite close, standing at 27 minutes. It rapidly increases with 

clay fraction increasing from 4.2% to 7.2%, reaching to 120 min in Run 05. In Run06 with 

slightly higher clay fraction, the equilibrium time of ripple height almost the same with 

that of Run 05 (Figure 3-21B). The relative higher standard deviations of Run 05 and Run 

06 indicate significantly different delay time of ripple appearance at different part of 

bed.  

In addition, Figure 3-21E shows a negative relationship between the mean ripple length 

growth rate and the initial bed clay fraction. The mean ripple length growth rate reached 

to 1.2 mmmin-1 with pure sand bed in Run 01. The rate declined dramatically to only 

0.2mmmin-1 in the highest clay fraction experiment (Run 06). The mean ripple height 

growth rate was 1.4 mmmin-1 in Run 03, even much higher than the rate on the clay-

free bed of Run 01 (0.8 mmmin-1 ). The reason is the anomalously faster ripple height 

growth rate at the right half scanning area along wave direction (Table 3-2). However, 

the figure remarkably fell in the experiments with clay fraction over 6%, standing at 

around 0.5 mmmin-1 in Run 06(Figure 3-21F).  
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Figure 3-21. the main properties of the equilibrium wave ripples against initial bed 

clay fraction. The vertical black line denotes one standard deviation around the 

mean. 

 

3.3.3 Wave ripple migration rate under regular waves 

The ripple movements were observed in the experiments because of asymmetrical wave 

velocity that maximum onshore velocities were slightly higher than the maximum 

offshore velocities (Table 3-1). Two Bedform Elevation Profiles (BEP) were recorded by 

upstream and downstream fixed URS probes to investigate wave ripple migration of 

each run (Figure 3-22). In the control experiment (Run 01), the wave ripple did not move 

until t=53 min when the ripples had achieved equilibrium, with the migration rate 

reaching to 0.06 mm s−1(Figure 3-22).  
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In Run 03, both fixed URS detected several small ripples movement in the first 50 

minutes. The relatively bigger wave ripples started to pass through upstream probe and 

then downstream probe when the wave ripples attained equilibrium. The mean 

migration rate was 0.04 mm s−1. The wave ripples crept until 135 minutes in Run 04 and 

since then they moved faster, with the migration speed at 0.03 mm s−1. In Run 06, the 

bed elevation beneath the fixed URS was constant until t=~180 min, before gradual 

decreasing (Figure 3-22). The URS probes recorded mature wave ripple started to 

migrate at t=420 min, with the averaged migration rate of 0.02 mms−1.  

In Run 05, the upstream URS probe did not work, thus only one BEP is available to 

estimate ripple migration rate. Akin to Run 06 the bed remained flat in the first 110 

minute, and beyond that the bed elevation fluctuated before it gradually decreased 

from t=265 min. The downstream probe recorded the first ripple crest at about t=331 

min when the wave ripples had attained an equilibrium (Figure 3-23). The ripple 

migration is roughly determined as the equilibrium wave ripple length divided by the 

time between two successive crests. As a result, the mean ripple migration rate was 

around 0.04 mms−1. 
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Figure 3-22. Bedform Eleavtion Profiles recorded by upstream and downstream URS 

(the red line and blue line repectively) are used to determine wave ripple 

migration rate. The rectangle shade area denote data lost as technical problem of 

URS probes.  
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Figure 3-23. Bedform Eleavtion Profiles recorded by downstream URS is used for 

estimation of wave ripple migration of Run 05. The rectangle shade area denote 

data lost as technical problem of URS probe. 

 

3.3.4 Regular wave-induced ripple cross-section form geometry  

Steepness and symmetry are significant properties of wave-generated ripples. 

Therefore Bedform index (BI) and Bedform Symmetry Index (BSI) were introduced by 

Tanner (1967). In general, the wave ripple is defined as low angled if the BI is smaller 

than 3 and is defined as symmetric if the BSI is smaller than 1.5 (Perrilo et al., 2014). In 

the present study ripple height of lee face was used to calculate bedform steepness. 

Both results of bedform Index and bedform Symmetry Index reflect the wave ripple 

cross-section form geometry under equilibrium situation (Table 3-3). 

Table 3-3 The mean Bedform Index (BI) and Bedform Symmetry Index (BSI) of 

each run with wave ripples reaching equilibrium. 

Run BI Std Deviation BSI Std Deviation 

1 6.88 0.14 1.17 0.04 

3 6.81 0.08 1.11 0.04 

4 6.85 0.10 1.07 0.02 

5 6.86 0.19 1.08 0.04 

6 7.16 0.34 1.11 0.03 
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The averaged Bedform Index of ripples formed under regular waves were around two 

times higher than 3 (Table 3-3), which suggests that all of the wave ripples under present 

experiment conditions were higher angled. In addition, as shown in Table 3-3, the 

regular wave-induced ripples were very symmetric with the mean BSI of each run was 

quite close to 1 (perfect symmetry).  

Figure 3-24 shows that both BI and BSI are independent with initial bed clay fraction 

increasing. The results indicate that the cross-section form geometry of ripples 

generated under regular waves were basically the same without influence of initial bed 

clay fraction. 

 

Figure 3-24. Bedform Index (A) and Bedform Symmetry Index (B) agaist initial bed caly 

fraction. 
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3.3.5 Granulometry 

The post-run profiles of bed sand fraction reveal that the mixed-sediment beds 

experienced substantial changes in granulometry under wave-induced bed shear stress. 

Figure 3-25  shows characteristic profiles of bed sand fraction below ripples crests and 

troughs. There were pure sand layers (100% sand fraction) at top of cores collected from 

crests, thickness varying from 10 mm to 30 mm. However, the top clay-free layers were 

not formed for the cores collected from ripples troughs. 

Changes in sand fraction of sediment cores between flat bed and rippled bed are shown 

in Figure 3-26. Sand fraction significantly increased at upper layers of cores from ripples 

crests, with around 10% of sand content increase in the top ripple crest in Run 05. Sand 

fraction increase at upper layers of ripples troughs was smaller than that beneath ripples 

crests except Run 04 in which sand fraction at trough top basically remained the same 

as flat bed. Moreover, comparing with original sand fraction, sand fraction of sediment 

cores declined at intermediate and lower layers. Additionally, at the bottom of most 

sediment cores, sand fraction tended to gradually exceed initial content before the 

experiments. 
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Figure 3-25. Vertical changes in bed sand fraction in cores collected before and after 

each run. 

 

Figure 3-26. Sand fraction change compared with cores collected before and after 

each run. Black square line and dot line denote sand fraction change in cores 

collected at ripple crests and troughs, repectively. Vertical black dash line denote 

reference without change of sand fraction 
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3.4 Discussion 

3.4.1 Wave ripples evolution stages 

Previous studies investigated ripples with non-cohesive sands developed from flat bed 

to stable states under currents (e.g., Baas, 1993; Baas, 1994; Baas, 1999) and under 

waves (e.g., Perillo, 2013). In the experiments of Baas (1993, 1994, and 1999), four 

stages of ripples evolution, based on plan form evolution can be identified; including 

incipient ripples, 2D sinuous and straight ripples, 3D non-equilibrium ripples and 3D 

equilibrium ripples. Perillo (2013) identified four stages of ripples development 

according to ripple growth rate. They are incipient stage from flat bed to formation of 

small grain-rolling ripples, growing stage that ripple size significantly increasing, 

stabilizing stage that ripple growth rate rapidly declines, and fully-developed stage that 

ripples reaching equilibrium (Perillo, 2013). For the present experiment, as shown in 

Figure 3-7 ripple development curves in Run 01 with pure sand are similar with the 

experiment of Baas (1999) and Perillo (2014b). Nevertheless, the scenario is different 

with clay added into bed. The bed with cohesive clay was stable enough to resist wave 

erosion and remained basically flat with time varying from several minutes to around 

half an hour. Therefore, a pre-incipient ripples stage is introduced, from initial bed 

erosion to formation of the nucleus of wave ripples. As the first stage for ripples 

development with cohesive sediments, the most part of bed remains flat. This new step 

is absent, or precisely is immediately in the previous studies with pure sand bed (e.g., 

Baas, 1999; Perillo, 2014). Once the nucleuses of wave ripples are generated, the bed 

evolves to incipient ripple stage, with ripple crest lines gradual expanding until 

formation of two-dimensional ripples. Perillo (2014b) defined incipient step from 

initiation of beform until the first signs of ripple growth. The new definition emphasized 

change of planform geometry not only reflects characteristics of ripples development 

with cohesive bed, but also is an easier criterion to identify ripple evolution stage under 

experimental conditions. Then in the growth stage, both the average wavelength and 

height of two-dimensional ripple continue to increase. Finally, akin to ripples developed 

with pure sand bed, wave-induced ripples reach equilibrium, the mean ripple length and 

height converging to singular values and ceasing to sharp change with time. 
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3.4.2 The influence of clay on the ripple development 

Bed critical shear stress for erosion could be significantly enhanced with increasing 

cohesive sediment added into noncohesive sand bed, because of electrochemical force 

leading to bind sand particles together (Collins, 1990; Alvarez-Hernandez, 1990; Amos 

et al., 1995; Mitchener and Torfs, 1996; Panagiotopoulos et al. 1997). Mitchener and 

Torfs (1996) collected data from both flume experiments and field works and suggested 

that mixture of mud and sand increases erosion resistance, particularly the bed 

behaviour transform from cohsionless to cohesive with gradually increase mud fraction 

from 3% to 15% by weight. Panagiotopoulos et al. (1997) found that clay fraction of 11% 

by weight is a threshold criterion, higher clay fraction changing deposit structure and 

finally increasing erosion rate. Thus the positive correlation between critical shear stress 

for erosion and clay fraction, and the negative correlation between bed erosion rate and 

clay fraction, may both contribute to these causes. The present experiment results show 

a relatively small increase in bed clay fraction (4.2% to 7.4%) is able to distinctly increase 

erosion resistance, which is consistent with previous findings. Most importantly, the 

results highlight the role of cohesive sediment on bedform dynamics by delaying ripples 

appearance on flat bed. Experimental results provide evidence cohesive force within 

clay-sand substrates proportionally slowed down ripple growth rate and then 

remarkably increased time of ripples growth to reach equilibrium from Run 03 to Run 

06. However, the experiments that conducted under unidirectional flow conditions of 

Baas et al. (2013) did not display a reverse relationship between initial clay fraction 

(from 1.8% to 7.5%) and equilibrium time. The reason is probably due to the difference 

of ripple migration rate under different flow conditions. The ripple migration rate with 

pure sand under unidirectional flow reached to approximately 0.12 mms-1, which is 

twice as fast as the figure in the present experiment (~0.065 mms-1, Figure 3-27). In 

addition, ripple migration rate decreases to only 0.02 mms-1 in Run 06 with clay fraction 

of 7.4% (Figure 3-27), while the rate with similar clay fraction of bed in the study of Baas 

et al. (2013) varied from 0.04 mms-1 to 0.06 mms-1. Moreover, the strong reverse 

relationship between clay fraction and ripple migration rate in the present study is not 

apparently in the experiment of Baas et al. (2013). Ripple development is closely related 

to bed erosion and ripple migration rate. Faster movement of current ripples contributes 

to a larger volume of the eroded bed in time than that due to slower migration of wave 

ripples. Therefore, wave ripples development is presumably by bed erosion in ripple 
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troughs. With increasing initial clay fraction, the erosion efficiency of this mode of wave 

evolution gradually declines, therefore extending time for wave ripples reaching to 

equilibrium. In addition, comparing with bed sediment flux with pure sand, it was lower 

over the clay-sand mixture substrates (Figure 3-27), possibly due to the calculation 

largely related to ripple migration rate. Furthermore, increasing bed clay fraction 

contributes to bed stabilization, even eave ripples have formed. In the control 

experiment (Run 01), the wave ripples started to move quickly around 25 minutes after 

reaching equilibrium. While in Run 06, the URS probes detected wave ripple migration 

after 400 minute which around 2 hours after wave ripples reaching equilibrium (Figure 

3-22). The progressive reduction of migration rate and sediment flux with the increase 

of be clay fraction enable the bed to be more stable, which is significant to the large 

reduction of sediment transport. It is crucial for sediment transport modelling in the 

natural estuarine environment, which the influence of cohesive materials on sediment 

transport is required to better parameterize  the effect in  future models. 

 

Figure 3-27. Relationship between initial bed clay fraction and (A) average ripple 

migration rate 𝒄𝒎, and (B) bed sediment flux per unit width, 𝒒𝒃. The black line 

denotes one standard deviation around the mean. 
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3.4.3 The role of winnowing on the bedform development  

The equilibrium dimensions of the wave ripples in the present study were not affected 

by the initial bed clay faction. In other words, the equilibrium length (𝐿𝑒～140mm) and 

height (𝐻𝑒～20mm) for different 𝑓0, provided that the ripples were given enough time 

to attain equilibrium. In addition the cross-section form geometry of wave ripples were 

similar with increasing clay fraction, with high angled (BI～6.9) and relatively symmetric 

(BSI～1.1). But, previous flume experiments under unidirectional flow condition found 

a negative relationship between bedform size and clay fraction (Baas et al., 2013; 

Schindler et al., 2015). When the bed is a mixture with two different size of sediments, 

the hydrodynamic force is able to suspend fine particles from the bed into upper flow, 

as a result relatively coarser sediments are left on the bed (Allen, 1984; Cizeau, 1999; 

Kleinhans, 2004; Lamb and Parsons, 2005; Liang et al., 2007; Malarkey et al., 2015; Ye, 

2016). This kind of sorting process called sediment winnowing (McCrone, 1963) enables 

mixed clay-sand bed becoming to increasingly sandy bed (Baas et al., 2013). In the 

present experiments, visual observation of clean flow water transforming to turbid fluid 

during experiments implies that clay particles were also winnowed from the pores 

between sand grains. During the process that ripples gradually evolved to reach 

equilibrium, winnowing led to cohesive bed transforming noncohesive like pure sand 

bed. Herein, waves, under the same oscillatory flow condition for each run, can only 

erode into the bed as deep as the pure sand bed even with the highest initial clay 

fraction, because ripples have reached to equilibrium. As a result, equilibrium size of 

wave ripples were constant with initial clay fraction increasing from 4.2% to 7.4%.  

In the present study, the products of winnowing were recorded in the sediment cores 

that penetrated ripple crests, with revealing a 100% pure sand at sediment cores top. 

Compared with winnowing under unidirectional flow (e.g., Baas et al. 2013), the 

experimental results presumably indicate that winnowing efficiency under waves is 

much higher. Although the depth-averaged current velocities (0.36ms-1) in the 

experiment of Baas et al. (2013) were higher than the maximum orbital velocities 

(~0.30ms-1), the pure sand layers were absent at ripples crest with similar initial bed 

clay fraction under current condition. It is consistent with that wave-induced bed shear 

stress entraining sediments are many times larger than current produced bed shear 

stress (Soulsby, 1997; Leeder, 2011). The clay particles were winnowed from ripples 
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troughs as well, but the winnowing efficiency was lower as there are not top pure sand 

layers in the cores from ripple troughs.  

Additionally, clay particles probably moved towards to intermediate layers as shown 

Figure 3-26 , presumably resulting in forming the clean sand ripples as well. The velocity 

gradient from ripple trough to ripple crest contributes pressure gradient between stoss 

face and lee face of wave ripples (Sato et al., 1984). According to Bernoulli’s principle, 

the pressure at ripple trough is quietly higher since relatively slower velocity, which 

pushes clay particles down. Thus the waves acted a pump that not only winnowed clay, 

but also pushed it deeper into bed. A conceptual model is constructed in order to reflect 

above mentioned clay removal process (Figure 3-28). Before the experiment, clay and 

sand are homogeneous mixture, with the initial bed fraction standing at a %. With waves 

exerted on the bed, clay removal including winnowing and downward movement 

contributes to form sandy equilibrium ripples. Herein, the characteristic sedimentary 

structures are generated, with clay content significant reducing at top layers, especially 

forming clay free layers beneath ripple crests. Furthermore, clay fraction is higher than 

initial reference at intermediate layer, gradual decreasing towards bottom of sediment 

cores. 

 

 

Figure 3-28. A conceptual model of clay removal process 
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3.5 Implications 

The results of large flume experiments demonstrate that equilibrium wave ripples sizes 

are independent with initial clay fraction, which imply that the existing bedform models 

(e.g., Traykovski, 2007; Nelson et al., 2013) should be only restricted to wave ripples 

reaching equilibrium over the mixture of sand-clay beds. Since even small amount of 

bed clay fraction can heavily affect ripples developments under waves. The wave ripples 

models possibly overestimate bedform size if wave ripples are in the development stage, 

which in turn leads to mistakenly evaluate depositional conditions.  

Granulometry in the present experiments highlights that wave-induced highly 

winnowing efficiency develops pure sand layers at ripples crests. This process contribute 

to sand-clay ripples evolving to pure sandy ripples, which potentially erroneously 

interpret the way in which the ripples were generated. However, downward movement 

clay particles forming clayey sand underneath sand ripples is helpful to avoid this 

mistake and to indicate that ripples were developed from mixed clay and sand sea bed.  

In addition to implication for depositional environments, the present work will be 

helpful to predict the amount of clay winnowing into flow, which is beneficial for water-

quality regulation in coastal area. Winnowing facilitates large amount of clay particles in 

the water column, leading to contain markedly higher chemical concentrations than 

sand particles (Horowitz, 1991; Svendsen et al., 1995; Horowitz, 2008). It is a double-

edged sword. On the one hand the increasing release of nutrients into suspension will 

benefit aquatic ecosystem; on the other hand, an excess amount of nutrients and trace 

elements due to relatively higher fine suspended sediment concentration in water 

column easily leads to water pollution (e.g., Tyler et al., 2006), which seriously threatens 

coastal ecological balance.  

3.6 Conclusions 

The development of wave ripples with substrate that mixed cohesive clay and 

cohesionless sand under regular wave conditions was studied. Based on the results of 

the five runs of large flume experiments, following conclusion could be reached: 

1. Relatively small increase of clay fraction from 4.2% to 7.4% in the present 

experiments dramatically slowed down the bed erosion rate and caused an 

inhomogeneous ripple development. The 2D wave ripples formed immediately 
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and developed uniformly with purse sand bed with length and height growth rate 

reaching to 1.2 mmmin-1 and 0.8 mmmin-1, while in the highest clay fraction 

experiment (Run 06), the rates declined to 0.2 mmmin-1 and 0.5 mmmin-1. 

Moreover, the increasing clay fraction resulted in progressive delaying wave 

ripples appearance on different part of bed. 

2. Both equilibrium time of wave ripple length and height exponentially increased 

with clay content increase, from 40 minutes to 200 minutes for wavelength and 

from 30 minutes to 120 minutes for height. 

3. The migration rate of wave ripples was inversely related to increase of the initial 

bed clay fraction, it decreasing from 0.06 mms-1 in Run 01 to 0.02 mms-1 in Run 

06. The decline of migration rate led to smaller bed sediment flux over the clay-

sand mixture bed, comparing with the pure sand bed. The figure in the control 

experiment was 0.43 mm2s-1, while it was only 0.22 mm2s-1 in Run 06 with clay 

fraction of 7.4%. 

4. Equilibrium dimensions of wave ripples were independent with clay fraction. The 

equilibrium length of wave ripples fluctuated around 140 mm, and the 

equilibrium height remained level approximately 20 mm. In addition, wave-

induced ripple cross-section form geometry were constant without influence of clay 

fraction as well. Bedform index (BI) and Bedform Symmetry Index (BSI) indicate the wave 

ripples were high angled and very symmetric.  

5. Wave-induced ripple with clay developed from flat be do reach equilibrium 

experience mainly four stage. Firstly, the pre-incipient stage starts from bed 

erosion until the nucleus of wave ripples appearance. The following stage is 

incipient stage with the nucleus of ripples expanding to two-dimensional ripples. 

Then the size of two-dimensional ripples continues to grow until reaching to final 

equilibrium stage, which is growth stage.  

6. Clay removal including winnowing and downward movement from the bed 

enable cohesive bed to become less cohesive, which presumably contributes to 

constancy of equilibrium with wave ripple length and height. Laser granulometry 

shows that there were pure sand layer at top of cores collected from wave 

ripples crests with thickness varying from 10mm to 30mm, which were absent at 

cores collected from wave ripples troughs. This finding presumably indicates 

winnowing efficiency was much higher at wave ripples crests than that at troughs. 
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CHAPTER 4 – Near-bed turbulence dynamics 

and suspended sediment transport over 

mixed sand-clay substrates 
 

4.1 Introduction 

Sediment transport, which includes bedload and near-bed suspended load, is a dynamic 

process closely related to hydrodynamic forcing, turbulence, and bed substrate 

properties (Whitehouse et al., 2000; Leeder, 2011), which directly contributes to 

bedform formation (i.e., ripples; Liang et al., 2007). In the coastal environments, wave 

induced turbulence over flat bed (Sleath, 1987) and the spatially and temporally 

generated vortex at ripple lee side during oscillatory flow reversal (Ikeda et al., 1991) 

largely results in suspended sediments, which dominates sediment transport (Grass, 

1981; Nielsen, 1986; Nielsen, 1992). Although a number of flume experiments and field 

investigations have previously studied sediment transport and morphodynamics under 

oscillatory flows (Longuet-Higgins, 1953; Bosman et al., 1987; Lee and Hanes, 1996; 

Davies and Villaret, 1997; Green and Black, 1999), the co-evolution of the bed 

morphology and oscillatory flow structures have only been examined for cases of 

cohesionless sand substrates (e.g., Thorne et al., 2002; Davies and Thorne 2005; 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 bedform 

generation.  

This knowledge gap is significant as mixed sediments of cohesive clays and non-cohesive 

sands are ubiquitous in most coastal environments across the globe (Healy et al., 2002). 

Previous studies have focused on the influence of cohesivity on bed stabilization and a 

modulation of sediment transport, with the cohesive structure increasing erosion 

thresholds (e.g. Mitchener and Torfs, 1996; Van Rijn, 2007, Baas et al., 2013; Ye, 2016). 

Previous work has also highlighted the influence of suspended clay concentrations on 

flow turbulence modulation (e.g. Best and Leeder, 1993; Baas and Best 2008; Baas et al., 

2016), where suspended clays reduced turbulence intensity. Indeed, Baas and Best 

(2008) noted that turbulence suppression occurs when suspended clay concentration is 

above 2.6 vol.%.  
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Recent experiments in unidirectional flows has shown the importance of winnowing clay 

from the bed and reducing both the size and the time for bedform development (Ye, 

2016). Winnowing is shown to be a rate limiting step and has been highlighted as a key 

parameter during earlier experiments (e.g., Lamb and Parsons, 2005; Baas, 2013; 

Malarkey, 2015). The rate of winnowing from mixed substrates will also influence the 

volume of suspended clay within the water column. As such, there is a need to 

understand the feedback links between morphological evolution, turbulence production 

and suspended sediment modulation of turbulence intensity to be able to predict wave 

ripple formation across a range of environments.  

As shown in the Chapter 3 the development rate of wave ripple dramatically decreases 

with initial bed clay fraction increase. The increasing bed resistance related to the initial 

bed clay fraction is speculated to play a vital role on slowing wave-induced ripple 

development. In the present chapter, near-bed wave generated turbulence and 

sediment transport dynamics are investigated over the evolving substrates. The 

objectives of this chapter are i) to quantify sediment transport rates and processes 

across the different substrates; ii) to examine the evolution of near-bed turbulence from 

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.  

4.2 Methods 
The details of experimental procedures are described in the Chapter 3. However, the 

specific instruments mounted to measure velocities and suspended sediment 

concentration are introduced in the present section, followed by a descriptions of the 

post-processing applied to the collected datasets. 

4.2.1 Acoustic Doppler Velocimeter  

A SonTek micro acoustic Doppler velocimeter (ADV) was used to provide reliable 

instantaneous three-dimensional velocity measurements. The instrument uses the 

Doppler shift principle to quantify the flow velocity towards or away from a set of 

transducers (Voulgaris and Trowbridge, 1998). As shown in the Figure 4-1 an ADV 

comprises a transmit transducer and three receive transducers positioned at 120 degree 

angles. Ultrasound pulses with a frequency of 10MHz are emitted by the transmit 

transducer and are scattered back particles within a 0.5 cm3 sampling volume. The 
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scattered acoustic echoes are recorded by the receive transducers and are converted to 

flow velocities. A combination of the returns and convolution between the 3D axis of 

the transducers results in the formation of a 3D flow velocity vector from within the 

sampling volume. 

 

Figure 4-1 Schematic diagram of the ADV transmit and receive transducers layout 

(From Kraus et al., 1994) 

 

A total five SonTek acoustic Doppler velocimeters with a temporal sampling frequency 

of 25Hz were positioned at five different heights to form a vertical array of 

measurements. Three of the ADVs were downward looking and two were sideward 

looking probes (Figure 4-2). In this chapter the velocity data recorded by probe closest 

to the bed (ADV 0) is primarily used in the analysis. 

The Winadv software was used to process the measured velocities from the ADV array. 

This permitted calculation of instantaneous flow velocities and turbulence intensity. 

Data were filtered according to McLelland and Nicholas (2000) where velocities with 

signal-to-noise ratio <15 and correlation <70% were discarded. The despiking method of 

Goring and Nikora (2002) was also applied to the temporal series. The removed data 

were not interpolated and across all experiments >90% of the data were retained (e.g., 
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Figure 4-3). The results are shown in Table 4-1. It is should be noted that the positive 

“onshore” flow is defined as flow direction to the left. 

The filtered horizontal velocity is further processed to computer root-mean square 

deviation of the mean velocity, RMS(𝑢′), which approximates horizontal component of 

turbulence intensity. Hussain and Reynolds (1970) inferred the wave horizontal velocity 

is constituted with Reynolds triple-decomposition as shown in the following equation: 

 𝑢(t)=�̅�+ �̃�(t)+𝑢′(t)                                                   4- 1 

where 

𝑢′(t) is the horizontal turbulent fluctuation                                                                    

�̅� is the averaged velocity, 

�̃�(t) is the periodic velocity  

�̃� (t) is described as the difference of the mean velocity �̅�  and the phase-averaged 

velocity 〈𝑢(t)〉: 

 �̃�(t)= 〈𝑢(t)〉 − �̅�                                                    4- 2 

and 

 〈𝑢(t)〉 =
1

𝑁
∑ 𝑢𝑁

𝑖=1 (𝑡 + 𝑖𝑇)                                                    4- 3 
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Figure 4-2   Schematic diagram of instrument set-up. (A) Plan view of the locations of instruments. ① and ② represent the downstream and 

upstream fixed URS. (B) Cross-section view to show the heights of instruments above from the initial flat bed. The unit is metre. 
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where T is the wave period and N are the number of cycles sampled. Each wave period 

is identified by zero-up cross points. Combined equation 4-1 and 4-2  

 𝑢′(t) = 𝑢(t) -〈𝑢(t)〉                                                       4- 4 

then RMS(𝒖′) could be derived by:  

 

 RMS(𝑢′) = √
1

𝑁
∑ 𝑢′𝑁

𝑖=1 (𝑡)                                                     4- 5 

The wave Reynolds number RW is calculated as: 

 𝑅𝑊 =
𝑈𝑊𝑑𝑜

2𝑣
                                                                               4- 6 

where 

𝑈𝑊 is the maximum bottom orbital velocity 

𝑣 is kinematic viscosity 

𝑑𝑜 is the maximum orbital excursion: 

 𝑑 =
𝑈𝑊𝑇

𝜋
                                                                               4- 7 

 

Table 4-1 Experimental parameters. 

Run Uw(ms-1) 
Start 

Uw(ms-1) 
End 

𝑑𝑜(m) 
Start 

𝑑𝑜(m) 
End 

RW 
Start 

(×103) 

RW 
End 

(×103) 

1 0.30 0.30 0.24 0.24 30.9 30.9 

3 0.31 0.31 0.24 0.24 33.0 33.0 

4 0.29 0.28 0.23 0.22 28.8 26.9 

5 0.29 0.31 0.23 0.24 28.8 33.0 

6 0.29 0.29 0.23 0.23 28.8 28.8 
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Figure 4-3  Raw near-bed wave velocity data (black dash line) recorded by 

Acoustic Doppler Velocimeter (ADV) 2000 seconds after experiment started in 

Run 05. The red dash line denotes filtered velocity with signal-to-noise 

ratio >15 and correlation >70% (McLelland and Nicholas, 2000) and with 

despiking method of Goring and Nikora (2002). 

 

4.2.2 Acoustic backscatter system 

An AquascatTM Acoustic backscatter system (ABS) was used to obtain suspended 

sediment concentration profiles during the experiments. The basic principle of ABS is 

that a sound source produces a pulse signal and acts as a receiver at the same time. The 

radiated sound is reflected by suspended matter within water column and is recorded 

by the transceiver. The scattering echo effectively carries the physical characteristics of 

suspended matter (Libicki et al., 1989; Thorne and Hanes, 2002). The concentration and 

grain size characteristics of suspended material can be recovered from the signal 

acoustic inversion algorithms that are based on the relationship between the 

backscattered intensity and the suspension concentration. Specifically, the suspended 

sediment concentration (SSC) is the function of sediment particles radius and recorded 

backscattering voltage (Thorne and Hanes, 2002). 

 ssc=(
𝑉𝑟𝑚𝑠𝜓𝑟𝑑

𝑘𝑠𝑘𝑡
)

2

𝑒4𝑟𝑑𝛼𝑚                   4- 8 

in which 

𝑉𝑟𝑚𝑠 is recorded voltage, 
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 𝜓 is departure from spherical spreading within the transducer nearfield (Downing et al., 

1995), 

𝑟𝑑 is range from transducer, 

𝛼𝑚  denotes sum of sound attenuation by water 𝛼w  and attenuation caused by 

suspended sediment 𝛼s.  

𝑘𝑠  is related to scattering properties of suspended sediment, which depends on 

sediment particle radius, particle size distribution and form function of suspended 

sediment backscatter.  

𝑘𝑡 , the parameter of measurement system, is related to signal frequency, pulse width, 

transducer radius, and conversion function between sound and electricity.  

The implicit iterative method based on single frequency was used in the current study 

to obtain suspended sediment concentration. Firstly, 𝑠𝑠𝑐0 is calculated using equation 

(4-8), assuming 𝛼s0 =0. Then 𝛼s1  could be evaluated (see sampling below) by 

known 𝑠𝑠𝑐0, therefore acquiring 𝑠𝑠𝑐1, as shown below: 

                                   𝑠𝑠𝑐𝑖+1 = 𝑠𝑠𝑐0𝑒
4𝑟𝑑𝛼𝑚(𝑠𝑠𝑐0)     for i=0, 1, 2… 4- 9 

The iterative process is repeated until 𝑠𝑠𝑐𝑖 and 𝑠𝑠𝑐𝑖+1 are convergent. 

In the above-mentioned algorithms, calibrating and evaluating 𝑘𝑡 values is significant. 

The most common calibration method is to rearrange Eq. (4-7) (Thorne and Daniel, 

2002). 

  𝑘𝑡 =
𝑉𝑟𝑚𝑠𝜓𝑟𝑑𝑒2𝑟𝑑𝛼𝑚

𝑘𝑠𝑠𝑠𝑐
                                                     4- 10 

In a sediment calibration tower, sound propagate through a homogenous suspension of 

known scatters at a known concentration. Hence,𝑘𝑠 , 𝑠𝑠𝑐, and 𝛼𝑚  can be known and 

𝜓=1 quantified (Thorne and Hanes, 2002). Theoretically, 𝑘𝑡 could be calculated. The 𝑘𝑡 

values using in the present thesis were calibrated using the calibration sediment tower 

at National Oceanography Centre, Liverpool. 

The ABS comprises three transducers operating at 1.0, 2.0 and 4.0 MHz, respectively. 

The pulse length and range sampling were set to 0.005 m with 92 samples recorded, 

thereby covering an overall range of 0.46m. In order to avoid contaminated signals from 

the bottom echo, the last three samples above the maximum signals are discarded. In 
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order to assess the acoustic suspended sediment concentration, direct water samples 

were collected by the ISCO 6712 Portable Pump Samplers at positions of 20 mm, 30 mm, 

40 mm, 50 mm, and 130 mm above the bed level.  Figure 4-4 shows concentration 

profiles measured by 1MHz, 2MHz, and 4MHz over 5 minutes, respectively and 

measured by pumped water samples in Run 01. At a height lower than 60 mm, acoustic 

measurements at 4MHz are relatively close to measurements from the pumped samples, 

while measurements at 1MHz and 2MHz are higher than the realistic values. However, 

over 100 mm height, the pumped water measurement tends to be close to acoustic 

measurements with the 1MHz probe. Considering the focus of near bed sediment 

transport dynamics in present chapter, measurements from the 4MHz probe are utilized 

for the below results and discussions.  

 

Figure 4-4  Measurements of acoustic and pumped sample suspended sediment 

concentration profiles in Run 01. Shown are acoustic measurements at 1MHz 

(dash line), 2MHz (solid line), 4MHz (dotted line), and pumped sample 

measurements (cross). 

 

The ABS and the ADV array worked synchronously during the experiment, therefore 

individual wave period for inter-wave suspended sediment concentration could be 
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identified using same time points corresponding with the imposed wave period. Once 

the SSC is separated periodically across the waves, the phase averaged SSC could be 

calculated. Figure 4-5A shows the ABS recorded SSC from 20 mm to 100 mm above the 

bed in one minute between t=368min and t=369min in Run 05. Correspondingly phase 

averaged SSC over 24 wave cycles across the same time period is shown in Figure 4-5B. 

This shows phase averaged SSC is better to reflect sediment laden by ejected vortex over 

the rippled bed (more details see below sections). 

 

Figure 4-5  Suspended sediment concentration (SSC) recorded by 4MHz ABS 

transducer from 20mm to 100mm height above the bed in one minute 

between t=368min and t=369min in Run 05 (A). Phase averaged SSC over 24 

wave cycles with the same height in the same one minute (B). 

 

4.2.3 Optical Backscatter Sensor (OBS) 

Two OBSs with 1Hz sampling frequency were set up at fixed positions in the vertical 50 

mm and 380 mm above the initial flat bed, respectively. The operating principle of OBS 
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is based on the light transmitted and light scattered (Downing, 2006). Light emitted from 

source can be scattered by suspended sediment particles. The photodetectors are able 

to convert the backscattered signal to photocurrent. The OBS provided a nephelometric-

turbidity-unit (NTU) and a calibration is required to transfer the recorded NTU signal into 

a suspended sediment concentration (SSC). The direct water samples, collected close to 

the OBS sensors during experiments, were used to establish a relationship between the 

NTU and the SSC (Figure 4-6). Figure 4-6 shows good linear relationships between the 

NTU and the SSC with rather high correction coefficients (R).  

4.2.4 Laser In-Situ Scattering and Transmissometry (LISST-100X) 

LISST-100X produced by SEQUOIA is an in-situ laser particle size analyser, which is used 

to measure sediment particle size distribution and concentration suspended materials 

within water samples. The operation principles of LISST-100X is based on the theory of 

laser diffraction (Agrawal and Pottsmith, 2000). The scattering angle of sediment 

particles in the water is closely related to the particle size, the larger the particle size is, 

and the larger the scattering angle is, vice versa. When a collimated laser light 

illuminates suspended sediments in water, the scattered light by particles can be sensed 

and recorded by a multielement detector (Figure 4-7). The detector is constituted with 

32 rings recoding 32 scattering angles from 0.1° to 20° in a logarithmical distribution.  

Each ring represents a small range of logarithmically increasing scattering angles, which 

corresponds with particle size varying from 2.5 µm to 500 µm. Based on Mie theory (Mie, 

1908; Agrawal and Pottsmith, 2000), the scattering angles recorded by the ring detector 

are mathematically inverted to determine the particle volume concentration. 

The LISST 100X was used to measure sediments within the direct water samples 

collected by the ISCO 6712 Portable Pump Samplers. These were sampled at the same 

heights as the two OBS, 50 mm and 380 mm heights, respectively. The direct sampled 

water was placed into the LISST-100x sample chamber, where the measurements were 

made immediately in order to capture the sediments size.   
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Figure 4-6  NTU-SSC relationship at 50 mm (black dot) and 380 mm height (black 

squares) above the initial flat bed from Run 03 to Run 06. The SSC are 

acquired from water sample immediately collected by ISCO 6712 Portable 

Pump Sample. 
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Figure 4-7  Schematic shows laser, optics and detectors (From Agrawal and 

Pottsmith, 2000). 

 

4.3 Results 

4.3.1 Time averaged horizontal velocity turbulence intensity 

Figure 4-8 shows the relationship between the horizontal turbulence intensity (RMS (𝑢′)) 

and bed elevation for each of runs with mixed clay-sand substrates. Specifically the (RMS 

(𝑢′)) changes from beginning of experiment until formation of wave ripples, because 

spatially and temporally coherent vortices instead of random turbulence dominate in 

momentum transfer in the boundary layer of the rippled bed (Ranasoma and Sleath, 

1992). Herein, the results of Run 01 with pure sand bed are not shown due to ripples 

formed immediately.  

The initial bed clay fraction of Run 03 was 4.2%. It should be noted that bed elevation 

profiles in this section were acquired from the fixed downstream URS which was next to 

the ADV during the experiment (Figure 4-2). The sand-clay mixed bed remained flat until 

~ t=15 min when wave-induced ripples begin to form (Figure 4-8 A). RMS (𝑢′) fluctuated 

around 0.02 ms−1 whilst the bed remained flat. However, It markedly increased to 0.04 

ms−1 at t=14 min and peaked to about 0.06 ms−1 at t=19 min, corresponding with the 

formation of the ripples within the substrate and the resultant changes in bed elevation. 
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In Run 04 the initial bed clay fraction was increased to 6.2%. This delayed the onset of 

bedform generation (see Chapter 3), with the URS probes recording bed morphology 

altering after t=25 min (Figure 4-8 B), which possibly indicates wave ripple started to 

form at that time. Figure 4-8 B depicts the RMS (𝑢′)  remained at a rather lower value 

(<0.02 ms−1) in the first 15 minutes. However, the following 20 minutes witnessed a 

rapid increase of RMS (𝑢′), peaking to almost 0.46 ms−1 at t=35 min (Figure 4-8 B).  

In Run 05, the bed clay fraction was higher, reaching to 7.2%. Compared with Run 03 

and Run 04, the time to formation of ripples extended over t= 120 min, with the bed 

remaining flat bed until this time (Figure 4-8 C). The value of the RMS (𝑢′) remained at 

a lower levels throughout this period, again fluctuating around 0.02 ms−1. Noting that 

there was no bed elevation data recorded by fixed URS between t=150 min and t=180 

min, it is assumed that during this 30 minute period ripples began to form, with the bed 

elevation declining to around -10 mm after t=180 min and rising slowly until t=250 min, 

followed by an another decrease. Concurrent to the likely generation of bedforms, the 

RMS (𝑢′) jumped to close 0.03 ms−1  at t=150 min and fluctuated at these elevated 

values, with peak value at ~0.04 ms−1 between t=220 min and t=230 min (Figure 4-8 C). 

Figure 4-8 D shows the change of RMS (𝑢′) and bed elevation with time in Run 06 which 

had the highest initial clay fraction at 7.4%. The higher clay fractions within substrate 

extended the period of flat bed conditions to over 120 mins. After 120 minutes, the bed 

began to be eroded and varied until t= ~210 min, when significant erosion over a 20 

minute period occurred (Figure 4-8 D). After t=230 min, the bed elevation tended to 

stabilised once more, but with larger variations in the bedform morphology, which 

approached 5 mm in height. In terms of RMS (𝑢′), initially the values were relatively low 

(below 0.02 ms-1). The RMS (𝑢′) gradually increased to around 0.03 ms−1 at t= 310 min, 

just before a large increase over the following period, coinciding with the change in 

morphology. RMS (𝑢′) series also showed larger variations and higher turbulence levels 

beyond t= 300 min (Figure 4-8 D). 
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Figure 4-8  Near-bed horizontal velocity turbulence intensity (RMS (u')) change 

corresponds with bed elevation in each run. A) Run 03; B) Run 04; C) Run 05; 

D) Run 06. The red and black lines denote RMS (u') and bed elevation, 

respectively. The bed elevation profiles were acquired from fixed downstream 

URS. 
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4.2.2 Time averaged near-bed suspended sediment concentration 

The suspended sediment concentration (SSC) at 20 mm above the flat bed fluctuated in 

the first 15 minutes of Run 03. In general, however, the SSC values were relatively lower 

at the start of the experiment. After t=15 min, the bed elevation, detecting by the ABS 

4HMz probe, began to change and wave ripples formed. During this period, the SSC 

increased and peaked 1.2 gL−1 at t=25 min (Figure 4-9A).  

Between t=200 min and t=290 min, the ABS probe detected four individual wave ripple 

migrations along wave direction (from right to left) below the sensing volume, therefore 

defining left side of ripple as lee side and the opposite as stoss side. Figure 4-9B shows 

the change of sediment suspended concentration at the different parts of the wave 

ripple after attaining equilibrium. The peak values in suspended sediment concentration, 

exceeding 1.3 g L−1 , coincided occurred at the lee side of ripples. However, the 

impressive high concentrations were absence at the wave ripple stoss sides. Additionally, 

the suspended sediment concentration basically levelled off at ripple crest and stoss side, 

with mean values standing at about 0.8 gL−1.  
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Figure 4-9 Suspended sediment concentration (black lines) at 20 mm over (A) flat 

and eroded bed and (B) rippled bed in Run 03. Wave moved from right to left. 

The bed elevation profiles (red lines) were obtained from the ABS 4HMz 

probe. 

 

Compared with the SSC in the beginning of Run 03, the SSC in the first 40 minutes of Run 

04 was very similar, except for low values (~0.2 gL−1) at t=5 min. As shown in Figure 4-

10A with distinct change of bed elevation, the SSC increased to 0.6gL−1 at t=50 min and 

then tended to be stable. 

In Run 04 wave ripples reached an equilibrium after t=100 min. Three entire mature 

wave ripples appeared in the following 70 minutes (Figure 4-10B). Akin to Run 03, the 

peak values of SSC were found on the leeside of the wave ripples. Moreover, there is a 

positive relationship between ripple size and lee side peak SSC value. For example, the 

peak value at lee side of first big ripple between t=160 min and t=190 min was 1.6 gL−1, 

while the values fell below 0.9 gL−1 at the following lee side of small ripple. 
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Figure 4-10  Suspended sediment concentration (black lines) at 20 mm over (A) flat 

and eroded bed and (B) rippled bed. Wave move from right to left in Run 04. 

Wave moved from right to left. The bed elevation profiles (red lines) were 

obtained from the ABS 4MHz probe. 

 

The SSC remained at low level at around 0.3 gL−1 in the first 40 minutes of Run 05, 

though the figure jumped up to about 0.4 gL−1 at t=30min. After that the SSC increased 

until reaching a peak (0.7 gL−1), coincident with the erosion of the bed. Once the wave 

ripples were fully established an equilibrium, as shown in Figure 4-11B, peak SSC values 

repeatedly appeared when the lee side of each mature wave ripple passed under the 

ABS probe.  

In Run 06 the most of SSC values during the initial flat bed phase were 0.2 gL−1, except 

an anomalously high value at t=30 min, that reaching to approximately 0.4 gL−1. After 

t=70 min, the SSC increased rapidly, and at t=200min the value rose by as much as 0.4 

gL−1 to 0.7 gL−1. However, the SSC collapsed to less than 0.4 gL−1 at t=210 min. The 
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experiment was suspended at t=210 min, with a night stop, leading to the majority of 

sediment settling back to the bed. Thus there was a sharp decrease of SSC at t=210 min 

when the experiment restarted in the second day. Since re-commencing, the sediments 

were re-suspended and the SSC started to slowly increase again (Figure 4-12A). 

 

Figure 4-11  Suspended sediment concentration (black lines) at 20 mm over (A) flat 

and eroded bed and (B) rippled bed in Run 05. Wave moved from right to left. 

The bed elevation profiles (red lines) were obtained from the ABS 4MHz 

probe. 

 

The wave ripples moved beneath the ABS probe had relatively smaller size in Run 06, 

compared with others in the previous runs. The distinct SSC peak values appeared at lee 

side of wave ripples as in the other runs, except at the third smaller ripple with ripple 

height of 10 mm (Figure 4-12 B). 
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Figure 4-12  Suspended sediment concentration (Black lines) at 20 mm over (A) flat 

and eroded bed and (B) rippled bed in Run 06. Wave moved from right to left. 

The bed elevation profiles (red lines) were obtained from the ABS 4MHz 

probe.  

 

Figure 4-13 reflects the vertical gradient of suspended sediment concentration over the 

different bed phases during each run. It is apparent that the gradient significantly 

decreased by several orders of magnitude from the near bed towards upper flow. 

Furthermore, over the flat bed, the vertical gradient of suspended sediment 

concentration (red square and line) was relatively smaller, especially in Run 05 and Run 

06 with the higher initial bed clay fractions. In all cases it remarkably increased with 

ripple generation and peaked at ripple lee side (blue dot and line), which indicates that 

the lee side vortex was contributing to large vertical differences in suspended sediment 

concentration.   
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Figure 4-13 Vertical gradient of suspended sediment concentration over the flat 

bed (red square and line), the eroded bed (green diamond and line), ripple crest 

(purple triangle and line), and ripple lee side (blue dot and line). 

 

4.3.3 Phase averaged suspended sediment concentration 

The ABS data collected from 4-MHz transducer with vertical bin height of 5 mm were 

used to investigate intrawave suspended sediment concentration (SSC) from the flat bed 

to the rippled bed. The results show the suspended sediment concentration field bottom 

100 mm of the flow down to 20 mm above bed, which equals to 4~ 5 wave-induced 

ripple heights.  

In Figure 4-14, intrawave SSC results are shown for the beginning 20 minute of Run 03 

with 4.2% initial clay fraction. The phase averaged velocity is also shown in the top left 

panel to display the regular and asymmetrical wave. A wave period starts from peak 

value at phase angle as 0°. The top right panel of Figure 4-14 shows the corresponding 

time of remaining numbered SSC contour plots. These contour plots reflect phase 
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averaged intrawave SSC over 24 wave cycles. The colours in the contour plots are 

defined in the colour bar as log10[SSC] . 

 

Figure 4-14 Wave velocity and phase averaged SSC profiles in the first 20 minutes 

of Run 03 with 4.2% of initial bed clay fraction. The top left panel displays 

measured freestream velocity for over 24 successive wave periods. The four 

numbered panels show phase-averaged suspended sediment concentration at 

respective time in the top right panel. The colours in the contour plots are 

defined in the colour bar as 𝒍𝒐𝒈𝟏𝟎[SSC]. 

 

Over the flat bed in very beginning of experiment, suspended sediment concentrations 

were clearly stratified and gradually decreased from the near bed zone higher into the 

flow, with the concentration increasing and remaining stratification until t=14 min 

(Panel 1 to 3, Figure 4-14). The stratified structure of suspended sediment profile was 

broken down at t=16 min just before formation of wave ripple, with a relatively high 

concentration appearing at a phase angle of more than 1.1 𝜋 rad (Panel 4, Figure 4-14).  
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During the time between t=271 min and t=294 min, an equilibrium wave ripple moved 

under the ABS probe. The ripple shape was kept more or less unchanged, which enables 

the study suspended sediment concentration field. Seven numbered locations were 

chosen as shown in the top right panel of Figure 4-15 and the following numbered 

contour plots correspond to these locations.  

 

Figure 4-15  Wave velocity and phase averaged SSC profiles over the rippled bed of 

Run 03 with 4.2% of initial bed clay fraction. The top left panel displays 

measured freestream velocity for over 24 successive wave periods. The seven 

numbered panels show phase-averaged suspended sediment concentration at 

seven different locations of wave ripple as shown in top right panel. Wave 
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direction was from right to left. The colours in the contour plots are defined in 

the colour bar as log_10[SSC]. 

 

At the lee side of wave ripple (number 1 and 2), a high concentration cloud appeared 

after flow reversal from positive to negative in the first half wave cycle (Figure 4-15), 

matching the remarkable peak SSC value in Figure 4-9 B, which indicates sediments were 

trapped in the ejection of vortex formed during later part of the positive wave half cycle. 

The concentration peaks, with smaller magnitude in the second half of wave period 

above locations 1 and 2 (Figure 4-15), were probably associated with the passage of an 

advected suspension cloud forming at neighbouring downstream ripples.  

As shown in Figure 4-15, there were not remarkable SSC peaks at ripple crest (locations 

3 and 4). At locations 5 to 7 on the stoss slope of ripple, the SSC peaks in the first half 

wave cycle were presumably caused by the passage of an advercted suspension cloud 

from successive upstream ripples. In the succeeding half cycle, the formation of 

concentration peaks occurred at a phase angle of more than 1.5 𝜋 rad was similar as 

that above lee side due to vortex shedding during flow reversal. The ones generated 

between phase angle of 1 𝜋 and 1.5 𝜋 were assumed to relate with sediment trapped 

within new generated vortices (Figure 4-15). The different concentration field between 

the two wave half cycles is assumed to the weakly asymmetrical wave velocity. 

As far as the concentration field over different bed phase in Run 04 with initial clay 

fraction of 6.2% is concerned, the stratified sediment concentration extended 

approximately 25 minutes longer than that in Run 03, with the bed keeping flat until 

t=40 min (Panel 1 to 3, Figure 4-16). During the period between t=40 min and t=120 min, 

bed elevation experienced a remarkable change, decreasing to -18mm (Figure 4-16). 

Whilst the stratified structure was completely disappeared, with minor concentration 

peaks appearing in each half of wave cycles (Panel 4 to 7, Figure 4-16).  
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Figure 4-16  Wave velocity and phase averaged SSC profiles over the flat and the 

eroded bed between t=0 min and t=120 min of Run 04 with 6.2% of initial bed 

clay fraction. The top panel displays measured freestream velocity for over 24 

successive wave periods. The seven numbered panels show phase-averaged 

suspended sediment concentration at respective time in the top second panel. 

The colours in the contour plots are defined in the colour bar as log_10 [SSC]. 
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In Run 04, wave ripples reached equilibrium after t=100 min. An equilibrium wave ripple 

moved beneath the ABS probe between t=160 min and t= 190 min. Figure 4-17 shows 

the concentration field over the equilibrium ripple, with similar sequence of events in 

Run 03 observing as well. Again, vortex generated at lee side was able to carry more 

sediment than the counterpart forming at stoss side of ripple. 

The initial bed clay fraction of Run 05 was increased to 7.2%, which enabled the bed 

beneath the ABS probe to remain flat for much longer time (~ 60 minutes) than Run 03 

and Run 04 (Figure 4-18). Over the flat bed, suspended sediment concentration mainly 

stratified in 50 mm height above the bed, with sediment concentration in the bottom 

stratification gradual increasing (Panel 1 to 3, Figure 4-18). At t=105 min with bed eroded, 

a small suspended cloud appearing for phase angles 1.1 𝜋 rad cut down the stratification 

of suspended sediments (Panel 4, Figure 4-18). The bed was heavily eroded after t=120 

min, with over 50 mm collapse of bed elevation. During this period, a larger suspended 

sediment cloud was observed just before flow reaching to maximum negative velocity 

of wave cycle, sediment expanding up over 70mm height at t=130 min (Panel 5, Figure 

4-18). The stratified distribution of suspended sediment was totally disappeared after 

t=160 min, with concentration peak appearing in each half wave cycle and suspending 

sediments up to nearly 90 mm height (Panel 6, Figure 4-18). 

Suspended sediment concentration over an equilibrium ripple between t=366 min and 

t=393 min is shown in Figure 4-19. At locations 1 and 2 above lee side of wave ripple, 

the distinct large suspended clouds with higher concentration were observed in the first 

half of wave cycles. However, in the succeeding half cycle, there were absence of 

concentration peaks. Over ripple crest (location 3), the suspended cloud with low 

concentration approaching to the height of 100 mm, which was possibly related to the 

advected suspension cloud from neighbouring ripple. At locations 4 to 7 on the stoss 

ripple side, three high-concentration regions were observed in a wave cycle, associating 

with vortex ejection and advection as mentioned above. 
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Figure 4-17  Wave velocity and phase averaged SSC profiles over the rippled bed of 

Run 04 with 6.2% of initial bed clay fraction. The top left panel displays 

measured freestream velocity for over 24 successive wave periods. The seven 

numbered panels show phase-averaged suspended sediment concentration at 

seven different locations of wave ripple as shown in top right panel. Wave 

direction was from right to left. The colours in the contour plots are defined in 

the colour bar as log_10[SSC]. 
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Figure 4-18  Wave velocity and phase averaged SSC profile over the flat and the 

eroded bed between t=2 min and t=180 min of Run 05 with 7.2% of initial bed 

clay fraction. The top panel displays measured free stream velocity for over 24 

successive wave periods. The six numbered panels show phase-averaged 

suspended sediment concentration at respective time in the top second panel. 

The colours in the contour plots are defined in the colour bar as log_10[SSC]. 
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Figure 4-19  Wave velocity and phase averaged SSC profiles at different locations 

of an equilibrium ripple in Run 05 with 7.2% of initial bed clay fraction. The 

top left panel displays measured freestream velocity for over 24 successive 

wave periods. The seven numbered panels show phase-averaged suspended 

sediment concentration at seven different locations of wave ripple as shown 

in top right panel. Wave direction was from right to left. The colours in the 

contour plots are defined in the colour bar as log_10[SSC]. 

The stratified distribution in the concentration field lasted around 100 minutes even 

though the bed began to be eroded in Run 06 with the highest clay fraction of 7.4% 
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(Panel 1 to 5 Figure 4-20), with the majority of suspended sediments concentrating at 

the height below 50 mm. After t= 100 min, the stratification of suspended sediment was 

gradually disappeared and a small suspended sediment cloud was observed at a phase 

angle of 0.2 𝜋 rad when the bed elevation had risen to 10mm at t=120 min (Panel 6, 

Figure 4-20). During period from t=150 min to t=270 min, larger suspended sediment 

clouds were appeared between 1 𝜋 rad and 1.5 𝜋 rad in a wave cycle, carrying more 

sediment up to over height of 60 mm (Panel 7 and 8, Figure 4-20).  

Figure 4-21 reflects the change of concentration field at different part of an equilibrium 

wave ripple migrating beneath ABS between t= 294 min and t= 321 min in Run 06. Similar 

as the results of previous runs, there was a distinct concentration peak in the first half 

wave cycle at the lee side of ripple (Panel 1 and 2, Figure 4-21). However, the 

concentration peak appearing above stoss side of ripple was only observed at location 

6 that was close to ripple trough (Panel 6, Figure 4-21). Furthermore, compared with 

other runs, the magnitude of concentration peaks were much smaller not only at stoss 

side but also at lee side. It is possibly attributed to relatively smaller size of wave ripple 

with height of around 10 mm. While ripples in the previous runs beneath the ABS probe 

had  heights over 20 mm. Consequently, relatively weak vortices formed above the 

smaller ripples can only suspend a small amount of sediments.  
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Figure 4-20  Wave velocity and phase averaged SSC profiles over the flat and the 

eroded bed between t=0 min and t=270 min of Run 06 with initial bed clay 

fraction of 7.4%. The top panel displays measured freestream velocity for over 

24 successive wave periods. The eight numbered panels show phase-averaged 

suspended sediment concentration at respective time in the top second panel. 

The colours in the contour plots are defined in the colour bar as log_10[SSC]. 
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Figure 4-21  Wave velocity and phase averaged SSC profiles at different locations 

of a ripple in Run 06 with 7.4% of initial bed clay fraction. The top left panel 

displays measured freestream velocity for over 24 successive wave periods. 

The six numbered panels show phase-averaged suspended sediment 

concentration at seven different locations of wave ripple as shown in top right 

panel. Wave direction was from right to left. The colours in the contour plots 

are defined in the colour bar as log_10[SSC]. 

 

4.3.4 Suspended clay concentration change  

In the current experiment, the OBS measured suspended sediment concentration along 

with the ABS. Downing (2006) suggested that OBS is more sensitive to fine sediment 

particles such as clay particles than the relatively coarse particles, especially with flow 
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constituting two significant difference in sediment particle size. During each run, a large 

number of fine clay particles were winnowed from bed and mixed with coarse sand 

particles moving up by near bed turbulence, which transformed clean flow water to 

turbidity one during experiment (Figure 4-22). Thus, the OBS was likely biased towards 

the suspended clays concentration as shown in Figure 4-23. 

 

Figure 4-22 Photos show the flow transforming from clean water (A) to turbidity 

water during Run 06 with the initial clay fraction of 7.4%. 

 

Figure 4-23 shows the clay concentration at 50 mm height experienced a sharp increase 

in the first 10 minutes during each run, which indicates winnowing of clay particles from 

sand bed occurred immediately since waves imposed on the bed. At the same time clay 

particles continually moved upwards, resulting in the peak times of clay concentration 

were slightly later at 380 mm height. After that, the clay concentration basically uniform 

in the vertical direction except Run 04 in which the clay concentration at 50 mm height 

was distinctly higher than that at 380 mm height. Additionally, in Run 06 the suspended 

clay concentration reached to about 0.3 gL-1 at 380 mm height between t=10 min and 

t=15 min, which was unexpectedly higher than that at 50 mm height in the same time. 

There was a pronounced decline of clay concentration during each run. The reason for 

this phenomenon is clay particles expanding to outside of central working test. As Figure 

3-1 shown, the working test section with mixed clay and sand bed was centred the area 

with 9.8 m length and 1.6 m width. The suspended clay particles were easily expanded 
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outside area of central working section and settled back to flume floor as the still water 

in the outside area. Finally, the clay concentration gradually decreased without enough 

supplement of clay from the bed.   

In general, the trends of suspended sediment concentration recorded by the OBS 

change were remarkably different with that recorded by the ABS. In this section, Figure 

4-23 is closely linked to the suspended clay particles transport instead of both clay and 

sand transport in this flume experiment.   
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Figure 4-23  Suspended clay concentration during each run. The blue and red line 

denote clay concentration at 50 mm height and 380 mm height, respectively. 
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4.3.5 Volume distribution of suspended sediments 

Figure 4-24 depicts volume distribution of suspended sediments at 50 mm (solid lines) 

and 380 mm (dash lines) height with log-log coordinate during each run. The results 

show the suspended sediment volume uniformly changed at different sampling heights, 

remarkable decreasing from fine to coarse sediment particle, though a slight increase 

was observed corresponding with very coarse sediment (500 µm). Furthermore, the 

results reflect the majority of suspended sediments were the fine particles that particle 

size was smaller than 30 µm. In particular, the volume of the very fine suspended 

sediments (< 3 µm) exceeded 100 μLL-1 at 50 mm height, which dominated suspended 

sediment volume distribution.  

4.3.6 Time-averaged RMS (u') and the SSC changes over the different bed phases  

The sand-clay mixed bed experienced three steps evolution during each run, including 

flat bed, eroded bed and rippled bed as shown above. The time-averaged near-bed 

horizontal velocity turbulence (RMS(𝑢′)) and suspended sediment concentration (SSC) 

at 20 mm height above the bed are used to investigate their changes over the different 

bed phases with the initial bed clay fraction.  

Figure 4-25 depicts the time averaged RMS(𝑢′ ) is independent with increasing clay 

fraction over the flat bed (black circles), with the RMS( 𝑢′ ) constant standing at 

approximately 0.019 ms−1 . The figure shapely increased when the bed was eroded 

during the experiments. Specifically, in Run 03 and Run 04 which had relatively lower 

clay fraction, the RMS(𝑢′) over the eroded bed reached to about 0.037 ms−1. While the 

value decreased to around 0.028 ms−1 in Run 05 and Run 06 with clay fraction reaching 

to 7.2% and 7.4%, respectively (Figure 4-25). 

 

 

 



134 
 

 

Figure 4-24  Volume distribution of suspended sediments with log-log coordinate. 

Solid lines and dash lines represent samples collected at 50 mm and 380 mm 

height respectively. 
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Figure 4-25  The time averaged Horizontal velocity turbulence RMS(𝒖′) at 20 mm 

above the bed with different bed phases against initial bed clay fraction. 

Black circle blcak square donates RMS(𝒖′) over the flat bed and the eroded 

bed, respectively. 

 

Figure 4-26  The time-averaged suspended sediment concentration (SSC) at 20 mm 

height above the different bed phases against initial bed clay fraction. Black 

circle donates SSC over the flat bed; Black square donates SSC over the eroded 

bed, and black triangle donates SSC over the rippled bed. 
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In terms of suspended sediment concentration (SSC), the SSC was the lowest over the 

flat bed (black circle) and remarkably increased over the eroded bed (black square) and 

rippled bed (black angle) as shown in Figure 4-26. When the bed remained flat, it 

decreased gradually from 0.46 gL−1 of Run 03 to 0.21 gL−1 of Run 06. Over the eroded 

bed, the figure  was 0.58 gL−1 in Run 03, with slight decreasing to 0.52 gL−1 in Run 06 of 

7.4% clay fraction. The SSC peaked to 0.92 g L−1  when the wave ripple reaching 

equilibrium in Run 03. The value dropped in the following runs with increasing initial bed 

clay fraction. Especially the SSC over the rippled bed significantly decreased to 0.57 gL−1 

in Run 06 (Figure 4-26). The reason may be attributed to the relatively smaller size of 

wave ripple. As mentioned above, the ABS recorded only three small wave ripples with 

height about 10 mm in Run 06. The rather weak vortices were generated cross the lee 

side of smaller ripples, which lead to suspend a small amount of sediments. 

4.4 Discussion 

4.4.1 Causes of suppression of near-bed turbulence  

The experimental results presented herein reveal that the near-bed horizontal velocity 

turbulence intensity was relatively lower when the bed remained flat (Figure 4-8). In 

addition, near bed vertical gradient of suspended sediment concentration significantly 

increased from the flat bed to the rippled bed (Figure 4-13), which also reflects 

turbulence suppression over the flat bed.  

In the present experiments, the bed was constituted by sand and Kaolinite clays that is 

one of very common minerals in the earth. The clay particles were winnowed from the 

bed once the oscillatory flow moved over the bed. The suspended clay particles attract 

each other (cohesive force) because of molecular-scale electrostatic forces (Van Olphen, 

1977). With increasing amounts of clay particles, the sufficiently small distance between 

clay particles causes the collisions of clay particles to form flocs (Van Olphen, 1977). The 

flocs grow to generate a gel with highly particle bonds, which possibly leads to turbulent 

suppression (Winterwerp and Van Kesteren, 2004). Therefore, the dynamics between 

cohesive force and turbulent force is heavily dependent on the suspended clay 

concentration in the experiments with similar flow condition. Baas et al. (2009) 

proposed that the 4 gL−1  of suspended clay fraction is the threshold to modulate 

turbulence. However, the highest suspended clay fractions in the present experiment 

were close to 0.4 gL−1 that were far less than the threshold fraction. Baas et al.(2013) 
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assumed that such small amount of clay fraction was unable to supress turbulence. 

Furthermore, the results of the volume distribution of suspended sediment suggest very 

fine clay particles with size smaller than 10 μm were dominated. In other worlds, only a 

very small amount of clay particles collided to form flocs with size when the bed kept 

flat (see Figure 4-24). Therefore, it is speculated that cohesive force in the flow was too 

weak to supress turbulence.  

Another mechanism of turbulence suppression is that suspended clay particles 

thickening the viscous sublayer which has been shown to reduction of vertical mixing 

and momentum exchange, finally supressing turbulence (Gust, 1976; Li and Gust, 2000). 

Previous studies proved that a very small amount of suspended Kaolinite clay could 

damp turbulence in salt water, for example 0.01-0.15 gL−1 in the experiment of Gust 

and Walger (1976), 0.1 gL−1 of experiment of Li and Gust (2000). Based on this theory, 

the clay concentration in the flow during beginning of each run was possibly able to form 

thick viscous sublayer and finally damping near-bed turbulence.  

In addition to suspended clay damping flow turbulence, the bed roughness seems to be 

another important cause contributing to suppression of turbulence. Over the flat bed 

the turbulence intensity was constant and was lower than 0.02 ms−1  (Figure 4-25). 

However, the turbulence intensity significantly increased when the bed started to be 

eroded (Figure 4-25), which presumably indicates increasing bed roughness promoting 

turbulence intensity. A number of studies found that increasing bed roughness is able 

to provide additional turbulence by comparing with gravel bed and smooth bed under 

unidirectional flow condition (e.g. Papanicolaou et al., 2001; Hardy et al., 2007; Baas and 

Best, 2009). At the very beginning of each run, the bed was flat mixed with clay and sand. 

On the surface layer, the gaps between sand particles were filled by very fine clay 

particles, hence the bed could be regarded as a smooth bed (Selby, 1997). Clay 

winnowing during experiments led to reduction of bed yield strength. As a result, near-

bed sediment transport initiated and the bed gradually became rougher because of the 

change of bed topography, which increased velocity gradient in the boundary layer 

(Glenn and Grant, 1987; Leeder, 2011). This progress promotes energy change in the 

flow and then causes turbulence enhancement.  

The stratified distribution of suspended sediment above the flat bed were observed 

during each run and this stratified structure was immediately disappeared when bed 
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morphology started to change (e.g. Figure 4-14). Considering the suspended sediment 

including both sand and clay, the significantly different particle size of sediments might 

be much easier to form vertical gradients of density compared with uniform suspended 

sediments because of the difference fall velocity between sand particle and clay particle. 

Coincidentally, this stratification structure occurred only corresponding with relatively 

lower turbulence intensity. Many previous studies found similar results as well. For 

example, Adams and Weatherly (1981) investigated the bottom boundary layer of the 

Florida current and found 40% of turbulent kinetic reduction with suspended sediment 

stratification. The model of Ribberink and Al-Salem (1995) overpredicted suspended 

sediment concentration when the sediment stratification existed. The stratification of 

suspended sediments is considered as a main cause to damp turbulence (Sheng and 

Villaret, 1989; Winterwerp, 2001). Density interface in the stratification inhibits vertical 

energy transport, which results in near-bed turbulence suppression and finally decline 

of suspended sediment concentration (Sheng and Villaret, 1989). Herein, it is 

conjectured that the combination of stratification of suspended sediments and smooth 

flat bed played a vital role on turbulence suppression at the beginning of the 

experiments.  

4.4.2 The role of turbulence suppression on the wave-induced ripple evolution 

Wave-induced ripple evolution with mixture clay and sand substrates was investigated 

in the Chapter 3. The results show that the equilibrium ripple length and height kept 

constant with increasing initial clay fraction (Figure 3-21). However, the first appearance 

of the two-dimensional wave ripple from the flat bed gradually delayed. Furthermore 

the development rate of wave ripples significantly decreased with initial bed clay 

fraction increase as well (Figure 3-21). The increasing bed yield strength caused by 

increase initial bed clay fraction is thought to extend distinctly wave ripples 

development in the Chapter 3. In the present chapter, turbulence suppression is 

highlighted and discussed in the former sections. Best and Leeder (1993) investigated 

the influence of clay-laden (0.2 g L−1 ) current flow on ripple development. The 

experimental results showed that the flow within suspended clay apparently increased 

bed erosion threshold and then delayed the first ripple appearance. Best and Leeder 

(1993) hypothesized it was attributed to drag reduction by decreasing vertical turbulent 

momentum exchange. This theory about the relationship between turbulence 
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suppression and drag reduction is supported by many flume experiments (e.g., Gust, 

1976; Amos et al., 1992; Li and Gust, 2000). Thereby it is conjectured that both 

turbulence suppression to reduce shear stress acting on the bed and the increasing bed 

yield stress to increase bed resistance work together to slow wave ripple development 

rate. Considering the degree of turbulence suppression was constant, the increasing bed 

yield stress possibly dominated wave ripple evolution evidenced by the decrease 

suspended sediment concentration above the flat bed from Run 03 to Run 06 (Figure 4-

26). The role of drag reduction, however, cannot be ignored and further work is needed 

to investigate more details about the influence of combined drag reduction and 

increasing yield strength on bed erosion resistance.  

4.4.3 The near-bed suspended sediment dynamics  

As discussed in the above, increasing initial clay fraction from Run 03 to Run 06 

strengthened bed resistance. Considering the same level of bed shear stress exerted by 

waves of each runs, the clay added into the bed efficiently reduced sediment 

entrapment, especially the amount of sands movement (Figure 4-26). It is speculated 

that the back-and-forth orbital motion on the bed enable sand particles to move up just 

in the boundary layer. At the same time, clay particles can be winnowed up to relatively 

higher water column. As a result, stratification of suspended sediments was formed over 

the flat bed in each run.  

Random turbulence events dominated sediment transport when the bed morphology 

started to change, which were strong enough to suspend more sediments into flow. It 

seems that the clay fraction over 6.4 % could increasingly resisted sediment transport in 

this period (Figure 4-26). The reason probably is related to rather lower erosion 

efficiency in runs with higher initial clay fraction. With the similar flow condition, waves 

entrained a small quantity of sediments due to higher bed resistance in these 

experiments.  

Over the rippled bed, the majority of suspended sediment was closely linked with 

vortices, which is consistent with earlier work (e.g. Davis and Thorne, 2005; Admiraal et 

al., 2006). Moreover, there was a reverse relationship between clay fraction and the SSC 

over this bed phase (Figure 4-26). The decline of vortex strength that strongly related to 

ripple height (Marieu et al., 2008) is assumed to main cause of the gradual decrease of 

the near-bed SSC (see Figure 4-9 to Figure 4-12).  
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4.5 Conclusions 

In this chapter, the near-bed turbulence and suspended sediment concentration over 

different bed phases of each run have been investigated. In addition, the interacting 

triad of cohesive bed, near-bed turbulence and suspended sediment dynamics is 

discussed as well. The conclusions can be drawn as following: 

1. The near-bed turbulence intensity (RMS( 𝑢′ )) was supressed over the flat bed, 

consistently standing at 0.019 ms-1 without influence of increasing initial bed clay 

fraction from Run 03 to Run 06. It is remarkably enhanced when the bed started to be 

eroded. Furthermore, the near-bed RMS(𝑢′) over the eroded bed were 0.028 ms-1 in 

runs with high initial clay fraction, which were lower than that in Run 03 and Run 04, 

standing at around 0.036 ms-1. 

2. The suspended sediment concentration (SSC) field over the flat bed in each run was 

characterised by the stratification of suspended sediments, which was immediately 

disappeared with bed morphology eroded. Several peak values of the SSC that related 

to vortices ejection and advection were appeared in each wave cycle over the both side 

of wave ripples. Moreover, the peak concentrations at lee side of ripples were 

significantly larger magnitude than that at the opposite ripple side, which is probably 

due to the asymmetrical waves. 

3. The time averaged SSC at height of 20 mm above bed was significantly increased from 

the flat bed evolving to equilibrium wave ripples. Furthermore, there is an inverse 

relationship between the near-bed SSC and increasing initial bed fraction over the same 

bed phase. 

4. The interactions among cohesive force in bed, near-bed turbulence and suspended 

sediment dynamics play a vital role on wave ripple evolution. The combination of 

suspended sediments stratification presumably resulting in turbulence suppression and 

the increasing yield strength with increasing bed clay fraction enables the bed to remain 

flat longer time. Continual winnowing of clays, however, efficiently reduced bed yield 

strength and contributed to bed erosion. The near-bed turbulence is significantly 

enhanced with the increase of bed roughness, promoting large amount of near-bed 

sediment transport and finally generating wave ripples. 
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CHAPTER 5 –Bedform morphodynamcis 

under combined flow: field surveys 
5.1 Introduction 

Coastal zone, a transitional region between land and sea (Crossland et al., 2005), is 

providing richness and diversity of natural resources and ecosystem services. The coastal 

zone, broadly defined as areas within 100 km of the coastline, hosts approximately half 

of the world’s population (Crossland et al., 2005). An estuary is an important part of 

coastal zone and is defined as a partially enclosed body of brackish water, which links 

terrestrial river catchments to coastal seas. Given their strategic locations over two third 

of the world’s largest cities located on estuaries (Ross, 1995).  

Estuaries are significantly influenced by tidal currents with gradients of salinity and 

density existing from the largely saline river mouth to the upper estuary zones fed by 

fresh water systems (Hansen and Rattary, 1966). The periodic flood and ebb tides along 

with periods of slack water contribute to settlement of large quantities of sediments 

that can be derived from both the coastal seas and from the upstream river system 

(Davidson et al., 1991), often forming complex bar and island deposits across the estuary 

zone. Additionally, there are abundant nutrients trapped with sediments in the estuaries, 

supporting primary source of food for animals and plants (Fairweather and Quinn, 1993). 

At present the hydrodynamics and sediment dynamics in estuaries are sensitively 

affected by both climate change and human activity. Present trends in global warming 

has been shown to lead to extreme weather events and the strengthening of storm force 

(Rosenzweig et al., 2001), which can result in rapid morphological adjustments (Hay and 

Wilson, 1994; Green et al., 1995). Moreover, human activities directly affect sediment 

supply in estuaries. For example, reservoir construction within upstream river basins 

may significantly reduce sediment delivered to the lowland rivers and estuaries (Sybitski 

et al., 2005; Kummu and Varis, 2007). In addition, agricultural production including 

deforestation and reclamation can result in enhanced land run-off, and therefore a 

sharp increase in sediment load in the estuaries (Walling and Fang, 2003; Siakeu et al., 

2004).  
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Bedforms are the primary sedimentological features within estuarine systems, and are 

found both in subtidal channels as well as across exposed bar tops at low tides. Bedform 

dynamics, via influences on bed roughness, regulate flow sediment transport processes 

and are sensitive to changes in flow forcing and thus above mentioned environmental 

changes concerned with storm forcing. Although previous flume experiments provided 

an excellent information set on their relationship between ripple dynamics in both 

unidirectional and combined (wave and current) flows (Yokokawa, 1995; Sekiguchi and 

Yokokawa, 2008; Dumas et al., 2005), the related knowledge is still far from achieving a 

full predictive framework for understanding bedform dynamics in natural estuarine 

environment. Moreover, recent research has shown the importance of biological 

cohesive extracellular polymeric substances (EPS), produced by micro-organisms, in 

stabilizing sediment surfaces in estuarine systems. EPS effectively reduces fluid erosion 

by binding the sediment particles to one another (Underwood and Paterson, 1993; 

Southerland et al., 1998; Tolhurst et al., 2002; Lundkvist et al, 2007). Recent flume 

experimental results have also highlighted the bedform growth rate is significantly 

slowed with the addition of EPS to the substrate. Indeed, even with low levels (0.016%-

0.5%) of EPS fraction in the bed (Malarkey et al., 2015; Ye, 2016) significantly changes in 

bedform size and dynamics. Specially, Malarkey et al (2015) indicated, compared with 

ripples formed from pure sand bed, both ripple lengths and heights were smaller due to 

existence of EPS within the substrate.  

Fully understanding the complex relationship between hydrodynamics, bedform 

dynamics and the role of biological cohesion on bedform evolution in estuarine 

environment are important in order to improve management of coastal environment. 

In this chapter, a suite of fieldwork was conducted in the Humber Estuary, NE England, 

in order to examine the relationship between flow forcing, waves and bed cohesion. A 

state-of-the-art 3D laser scanner was used in order to acquire high resolution ripple 

geometry. The primary aim of the field surveys was to study the influence of wave-

induced bottom oscillatory motion combined with unidirectional motion on bedform 

geometry changes under windy condition. Additionally, this chapter also tried to 

investigate if the biological cohesive EPS seasonally affect ripple size in the study estuary.  
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5.2 Background of the Humber Estuary 

The Humber estuary, one of the largest estuaries in the UK, is located on the east coast 

of northern England (Figure 5-1). The estuary begins at Trent Falls where the Ouse and 

Trent confluence. The combined rivers are about 1 km wide at confluence and expand 

towards the sea, expanding to a width of  around 8 km at Spurn Head (Figure 5-1), along 

a length of approximately 62 km (IECS 1987). The catchment of the Humber estuary is 

of some 24,000 km2, which covers approximately one fifth of England’s land area (Figure 

5-1, Jarvie et al., 1997). The majority of freshwater source of the Humber is from the 

rivers Ouse and Trent, with the long-term mean total flow discharge reaching 240 m3s-1 

(IECS, 1987). 

 

The Humber estuary can be divided into three units that includes upper estuary, middle 

estuary, and lower estuary (Figure 5-1). The estuarine morphology exhibits a range of 

depositional forms, with mud or sand flats occupying approximately one third of estuary 

during low water (IECS, 1987; Aubry and Elliott, 2006). Additionally, saltmarsh, sand 

dunes and sand beaches are widespread in the middle and lower estuary (IECS, 1987).  

Another prominent characteristic of the Humber estuary is high suspended sediment 

concentration. The suspended particulate matter (SPM) concentration can be over 10 

gL-1 in upper estuary and gradually falls towards estuary mouth (Uncles et al., 1998; 

Uncles et al., 2005). The high SPM concentration combined with the salt intrusion 

contribute to create a significant estuarine turbidity maximum (ETM), which has a large 

impact on local ecology (Mortimer et al., 1999; Paterson et al., 2000; Boyes and Elliott, 

2006). 

The Humber estuary has the second-largest tidal range in the U.K., with tidal range of 

6.5 m at the Humber mouth and peaking to 7.2 m at Saltend (IECS, 1987; Figure 5-1). 

Tidal influence can extend to over 100 km inland along both river Trent and Ouse (Rouse 

and Hardisty, 1996). Tides are typically semi-diurnal featuring a significant neap-spring 

inequality (IECS, 1987). For example, maximum spring tide range at Saltend reaches to 

7.2 m which is 3.3 m larger than tide range of the minimum neap tide. In addition, 

current velocities mainly contributed to gradual tides asymmetry from Humber mouth 

to the upper estuary (IECS, 1987). At Spurn, the tide is roughly sinusoidal with a 

symmetric (6.25 hours) flood and ebb phase. Into the estuary, at Brough, asymmetry in 
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the tide extends, with a decline in flood time to 4.5 hours whilst ebb time increases to 8 

hours.  

The Humber estuary is bounded by significant development of socioeconomic activities 

such as agricultural production, fisheries infrastructure, chemical industry, ports and 

shipping and seaborne trade (Gray, 1995; NRA, 1993; Jarvie, 2000; DETR, 2000). 

Moreover, the floodplain of the Humber estuary hosts a third of a million people 

(Edwards and Winn, 2006). Furthermore, the Humber estuary is of outstanding habitat 

for a variety range of wildlife (Edwards and Winn, 2006) and provides abundant 

ecosystem services, particularly for migratory birds. 

 

Figure 5-1. The Humber estuary and its catchment (modified after Edwards and 

Winn, 2006). 
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5.2 Methodology 

5.2.1 Sandbar ripples surveys and instrumentation 

Six periods of field surveys and samples collections were conducted at the red cliff sand 

bar (Figure 5-2), which is located in upper estuary. The south channel is the main 

shipping channel with an average depth around 3.5 m and the north channel is about 3 

m deep at mean high water. This sand bar was exposed periodically during low tides. 

The topography of the middle sand bar is flat, with topographic variations across the bar 

of below 1 meter. At the north edge of sand bar, the elevation gradually decreases, and 

thus exposure of the sand surface is only for a short period during lowermost tides. For 

this reason, the survey site was chosen at the north edge (Figure 5-2). 

 

Figure 5-2. The location of the Red cliff sand bar, upper Humber Estuary, NE England. 

Each round of the field work included two consecutive surveying days. Surveys were 

conducted across spring and neap tide periods in the winter of 2014 and summer of 

2015 (0). This gave a broad range of flow and wave conditions at the site. Especially high 

waves were recorded during two high winds events which occurred during the spring 

tide and neap tide in the December of 2014 and March of 2015, respectively. The wind 

speed at field site reached to 28 knots and 25 knots during these two rounds of surveys 
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(https://www. Windguru.cz), describing as moderate gale and strong breeze 

respectively based on the Beaufort wind force scale. 

Field work date and tide condition 

Season Round* Date Spring Neap 

WS1 24/11-26/11/2014 Calm − 

WS2 08/12-14/12/2014 Moderate 

gale 

− 

WN1 10/02-14/02/2015 − Calm 

WN2 25/02-04/03/2015 − Strong breeze 

SN1 23/07-31/07/2015 − Calm 

SS1 05/08-07/08/2015 Calm − 

*Explanation of the nomenclature of the fieldwork round: the first capital letter 

indicates the season when field survey was conducted, and the second one denotes 

tide condition. The number represents the order of fieldwork. For example, SS1 

denotes the first field survey during spring tide in summer. 

The data collection for each field survey included deployment of a MIDAS DWR 

Directional Wave Recorder across the survey period in order to capture the flow and 

wave conditions at the site. This deployment was complemented 3D topographic 

scanning at low water, using a 3D FARO Laser Scanner and sampling of short sediment 

cores, which were collected from both a ripple crest and tough during each survey.  

5.2.2 Wave and tide current measurement 

The Valeport MIDAS DWR Directional Wave and Tide Recorder (Figure 5-3) was set up 

to measure both wave and tidally-driven currents at the site. The device obtains the real 

wave and current data by converting the measurements of flow-induced pressure 

variations. Meanwhile it calculates directions of both wave and current using Doppler 

shift principles. The details of operations of measurements are reported in MIDAS DWR 

Manual (Valeport Limited, 2004). The basic principle of wave measurement is based on 

the Linear Wave Theory, considering individual wave superimposed on top of each other 

with varying wavelengths and frequencies. The wave and current parameters, including 

significant wave height, mean zero upcrossing period, current velocity, could be 

calculated by measuring a burst of data of period of several minutes.  
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Figure 5-3. MIDAS DWR Directional Wave and Tide Recorder was set up during low 

tide time.  

The data logged by the MIDAS DWR Directional Wave and Tide Recorder excludes the 

bottom orbital wave velocity that could be computed using significant wave height, 

mean zero upcrossing period. Soulsby (1986) hypothesised that a spectrum of random 

waves produce a series of orbital wave velocity under natural conditions, which can be 

approximated by its standard deviation (Urms). In addition, Soulsby (1986) established 

the relationships between measured wave parameters and Urms , as showing in the 

following equations:  

 Urms =
0.25Hs

(1+At2)3Tn
 5- 1 

where 

                                                     A = [6500 +  (0.56 + 15.54T)6]1/6 5- 2 
and 

 t =
Tn

Tz
  5- 3 

 

 Tn = (
h

g
)1/2  5- 4 

h: flow depth 

Tz: mean zero upcrossing period 
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5.2.3 Laser scan of ripples 

The state-of-the-art terrestrial 3D laser scanner instrument (FARO Focus3D X 330) was 

used to capture detailed topography of the ripples. Based on the laser technology, it is 

able to produce three-dimensional images with high accuracy and resolution (Nield et 

al., 2014).  

The detailed operating principle of FARO Focus3D X 330 is elaborated in FARO Laser 

Scanner Focus3D X 330 Manual (2013). An infrared laser beam is projected into the 

centre of the rotating mirror which deflects the laser in a vertical axis direction. Then 

the light is scattered from scanning objective and finally is reflected back into the 

scanner from the surrounding area (Figure 5-4).  

Distance measurement is based on the phase shift technology modulating laser beam 

with constant waves of infrared light of varying length. The light contacts the scanned 

object and is then reflected. The distance between the laser scanner and the object is 

accurately computed by measuring the phase shift in the waves of the infrared light. At 

the same time the measured distance is used with the mirror angle encoded and the 

horizontal rotation of the scanner. The x, y, z coordinates of each scanning point can 

thus be acquired by the instrument. The measurements over a period of time create a 

3D Point Cloud. In the present fieldworks, the 3D clouds consisted of approximately 177 

million of scan points for each survey. The scan distance of FARO Focus3D X 330 is up to 

330 metres, but the site surveyed herein were restricted and bounded to a maximum of 

15m by white spheres, which were also used to rectify the positioning of the system 

(Figure 5-5).  
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Figure 5-4. Schematic shows laser deflection (FARO Laser Scanner Focus3D X 330 

Manual (2013)) 

The scan 3D Cloud is processed by SCENE which is a software specially designed for data 

collected by FARO. The software enables users to simply measure, create 3D 

visualizations, and export raw data (Figure 5-4).  For the purpose of ripple geometry 

measurement, SCENE is used as a media to export .xyz format files. In the next step, 

these files were further processed using ArcMap 10 software in order to obtain ripple 

profiles. ArcMap 10 is able to convert the point cloud file into a raster object, then 

outputting ripples profiles through scan data (e.g., Figure 5-29). Finally, the exported 

profiles are analysed in order to acquire ripple length and height using methodologies 

explained in the Section 3.2.3. 
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Figure 5-5. FARO Focus3D X 330 scan area in the fieldwork. The white spheres are the 

scan boundary.  

 

Figure 5-6. 3D visualization of scan ripples in the SCENE software. 
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5.2.4 Sediment cores  

A handheld sediment corer (Figure 5-7) was used to collect sediment cores during each 

sand bar ripple survey. The sediment core length varied from 160 mm to 300 mm and 

were obtained from ripple crests and troughs, respectively. A total of 24 cores were 

collected across the field campaigns to determine the characteristics of the substrate 

material. 

Sediment cores were frozen before further processing. Each sediment core was then 

evenly sliced into the samples with a 1 cm thickness. These sliced samples were dried at 

80 Celsius degrees before granulometry was undertaken. The sedimental particles size 

test used a Malvern Mastersizer 2000 Particle Size Analyser. All of the measurements 

were undertaken in the Institute of Estuarine and Coastal Studies, University of Hull.  

 

Figure 5-7. The collecting sediment core. 

 

5.2.5 EPS Concentrations 

The Extracellular polymeric substances (EPS) content of the bed sediment samples 

collected in each field survey were determined via carbohydrate analysis based on 

glucose equivalents and using a phenol sulphuric acid method (Dubois et al., 1956). The 

first step is to extract EPS from sediment samples by adding 10 ml of 0.5 molml-1 
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Ethylene Diamine Tetraacetic Acid (EDTA) solution before a water bath at 40℃ and 

centrifuging. 35 ml of ethanol is added to the supernatant which is left at 4℃ for 8 hours 

before centrifuging again. The final precipitate is dissolved in a total of 1 ml MilliQ water 

for the measurement the amount of carbohydrate using the phenol sulphuric acid 

method. This is achieved through a 200μl of phenol solution and 1ml of concentrated 

sulphuric acid that are added into a 200μl dissolved precipitate before measuring the 

absorbance using a spectrophotometer at 490 nm. In addition, a set of standards 

dissolved by phenol and sulphuric acid as well with increasing known glucose 

concentration are necessary to establish relationship between glucose content and 

spectrophotometer absorbance. Finally, the actual EPS content for sample could be 

determined by converting measured absorbance through a simple arithmetic expression.   
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5.3 Results 

5.3.1 Ripple geometry under unidirectional flows  

i) Winter spring tide 

The first round (WS1) of sand bar ripple survey was conducted on 24 November and 26 

November 2014 within spring tide under quite calm weather condition. As shown in 

Figure 5-8, the high water level was over 5 m while the low water level was less than 1 

m for each tidal cycle. It should be noted that the onshore current velocity during the 

flood period is regarded as positive value whereas the velocity during the ebb period is 

negative value. Current velocity quickly reached peak value around 1.5 ms-1 after water 

level rose. Similarly, the maximum velocity occurred again at the end of the ebb period.   

Ripple surveys within the spring tide found ripple trains were two-dimensional with very 

straight crest lines (Figure 5-9). Aspect direction of ripples peaked at around 90 and 270 

degree (Figure 5-30), which were coincident with the tidal current directions (Figure 5-

8). As far as ripple size is concerned, on the first day of WS1 (24 November 2014), over 

one third of ripple lengths were between 75 mm and 85 mm and the majority of ripple 

heights varied from 5 mm to 9 mm (Figure 5-10). The average ripple length and height 

were 78.5 mm and 6.9 mm, respectively (0). On the second surveying day (26 November 

2014), the mean ripple length and height slightly increased to 83.4 mm and 9 mm. 

Almost half of ripple lengths were from 75 mm to 90 mm and over half of ripple heights 

ranged from 7 mm to 11 mm (Figure 5-10). Ripple cross-section geometries were almost 

the same across the two days, and were dominated by the weakly asymmetrical ripples 

oriented towards an ebb tide direction (Figure 5-29 A). Furthermore, statistical results 

of ripple cross-section geometries indicate that ripple symmetry index (RSI, ratio of lee 

side length to stoss side length) of ripples on 24 November peaks at between 1 and 1.2 

and ripples on 26 November were slightly more asymmetric (Figure 5-11). As far as ripple 

index (RI, ratio between ripple length and height) is concerned, the most frequent RI for 

ripples during the spring tides concentrates on between 8 and 10. In addition, on the 

first survey day, some extreme large RI values, for example RI>20, were found, which 

indicates these ripples were primarily flat (Figure 5-11).  
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Figure 5-8. Tide height, wave height, tide velocity, bottom orbital velocity, tide and 

wave directions time series from 24 November to 26 November 2014 (WS1). Red 

and blue dots denote tide direction and wave direction respectively. 
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Figure 5-9. Plan view of ripples on 24 and 26 November 2014 (WS1). The scanning 

areas were around 3 square meters (2m lenth × 1.5m width). 
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Figure 5-10. Histograms of all measured ripples’ heights, wavelengths, ripple index 

and ripple symmetry index on 24 and 26 November 2014 (WS1), respectively.  
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Figure 5-11. Sediment copositions and median grain size of sediment cores collected 

from ripple crest and trough (WS1). 

Figure 5-11 shows bed sediments were mainly  constituted of pure sand, with a grain 

size of 250 µm, both before and after spring tide. The cores show that sediments change 

across both the crest and trough of the ripples with sediments gradually becoming finer 

from top to bottom.  
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Summary of ripple-geometry characteristics and EPS content 

Date Conditions λ  

(mm) 

λσ 

(mm) 

η 

(mm) 

ησ 

(mm) 

λ s 

(mm) 

λ sσ 

(mm) 

λ l 

(mm) 

λ lσ 

(mm) 

RSI RSI

σ 

RI RIσ EPS 

(%) 

24/11/14 Calm/Spring 78.5 13.7 6.9 2.2 45.6 12.2 32.8 10.5 1.7 0.6 12.8 5.5 0.003 

26/11/14 Calm/Spring 83.4 14.1 9.0 2.7 52.0 11.0 31.4 6.6 1.7 0.4 9.9 3.0 0.002 

08/12/14 Calm/Spring 86.5 13.8 5.0 1.9 53.1 13.1 33.3 8.8 1.8 0.8 20.4 11.1 0.003 

11/12/14 Moderate 

gale/Spring 

- - - - - - - - - - - - 0.003 

10/02/15 Calm/Neap 171.4 57.6 20.1 10.8 98.7 35.4 72.7 32.6 1.7 0.7 11.0 7.4 0.003 

17/02/15 Calm/Neap 81.9 12.9 7.2 1.9 46.9 9.8 35.0 7.7 1.5 0.3 12.1 3.1 0.004 

25/02/15 Calm/Neap 92.6 17.1 9.2 2.4 58.5 13.5 34.1 11.1 1.9 0.8 10.7 3.1 0.005 

04/03/15 Strong 

breeze/Neap 

90.9 19.8 4.3 2.1 50.7 15.2 40.3 12.0 1.5 0.5 28.1 20.3 0.007 

23/07/15 Calm/Neap 78.2 10.8 8.8 2.5 45.2 9.1 33.0 6.4 1.5 0.4 9.5 2.5 0.013 

31/07/15 Calm/Neap 78.2 17.9 8.0 4.0 39.9 11.8 38.3 12.1 1.4 0.4 12.0 5.9 0.010 

05/08/15 Calm/Spring 69.9 9.9 6.4 1.8 38.3 7.6 31.6 5.5 1.3 0.3 11.6 3.3 0.013 

07/08/15 Calm/Spring 72.8 11.2 6.8 1.9 37.2 8.2 35.6 7.6 1.3 0.3 11.4 3.1 0.012 

λ: Ripple length; η: Ripple height; λ s: Stoss side length of ripple; λ l: Lee side length of ripple; RSI: Ripple symmetry index; RI: Ripple index; σ: Standard deviation.
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ii )Winter neap tide  

A neap tide occurred between 10 February and 17 February, 2015. The tidal velocities 

were significantly lower, compared with spring tide, with maximum velocities of 0.96 

ms-1 compared with 1.64 ms-1 under spring conditions (Figure 5-12).  

The bed topography measured across the bar was dominated by linguoid ripples (1st of 

round WN1; Figure 5-13). The aspect directions of these ripples were not constrained 

into tight distributions but were distributed widely in terms of their (Figure 5-30). These 

kind of ripples, with short and curved crest lines, can be defined as 3D ripple in plan view 

(Perillo et al., 2014). The 3D ripples were replaced by 2D current ripples on the second 

day of the survey (WN1; Figure 5-13). The cross-section geometries of 3D ripples 

significantly differ from that of 2D current ripples. As shown in Figure 5-29B, the cross-

section geometries of 3D ripples are much more irregular and heavily varied, with the 

evidence of broader distribution of RI and RSI values (Figure 5-14). In contrast, the 

majority of ripple indices of 2D ripples were concentrated between 8 and 14 and over 

two third of ripple symmetry indices of ripples were between 1 and 1.6 (Figure 5-14). 

The sizes of 3D ripples were much larger than that of 2D ripples, with mean ripple length 

reaching to 171.4 mm and mean ripple height achieving to 20.1 mm (0). In particular, 

some extremely large ripples were observed, with length reaching to 350 mm and height 

reaching to 48 mm. The mean ripple length and height of 2D ripples sharply declined to 

81.9 mm and 7.2 mm, respectively. As shown in Figure 5-14, over 60% of 3D ripple 

lengths were distributed between 100 mm and 200 mm and approximately 25% of ripple 

lengths longer than 200 mm. For the 2D ripples, most of ripple lengths were between 

75 mm to 90 mm, with mean ripple length of 81.9 mm and standard deviation of 12.9 

mm. In terms of ripple height, the statistic results of ripple heights show that there is 

not apparent peak value for 3D ripple heights, with most of ripple height broad ranging 

from 4 mm to 32 mm. The results also reflect a large proportion (about 60%) of ripple 

heights varied from 6 mm to 9 mm (Figure 5-14). 
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Figure 5-12. Tide height, wave height, tide velocity,bottom orbital velocity, tide and 

wave directions time series from 10 February to 17 February, 2015 (WN1). Red 

and blue dots denote tide direction and wave direction respectively. 
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Figure 5-13. Plan view of ripples on sand bar on 10 Feburary and 17 Feburary 2015 

(WN1), respectively. Both photos show ripples on 3 sqaure meters area with the 

first one 1.5m length and 2m width, and with the second one 2.5m length and 

1.2m width. Ebb current direction from left to right. 

 



162 
 

 

Figure 5-14. Histograms of all measured ripples’ heights, wavelengths, ripple index 

and ripple symmetry index on 10 and 17 February 2015 (WN1), respectively.  
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Figure 5-15. Sediment copositions and median grain size of sediment cores collected 

from ripple crest and trough (WN1). 



164 
 

Sediment cores from 3D ripple’s crest and trough collected before neap tide show that 

median grain size was constant from top to bottom, at about 180 µm. For cores collected 

after neap tide, the median grain size gradually increased within the upper layers to 

about 200 µm. Grain size declined to 170 µm within intermediate and lower layers 

before another increase again at bottom layer (Figure 5-15).  

iii ) Summer neap tide 

Field survey period SN1 in summer was conducted between 23 and 31 July 2015 during 

a neap tide period. On 23 July the high water level reached to about 3.2 m and the 

maximum tide current velocity was very close to 1 ms-1 (Figure 5-16). On 31 July, as 

shown in Figure 5-16 the high water level increased to around 4.4 m. The current velocity 

was slightly asymmetry with ebb tide current velocity marginally higher, reaching to 1.5 

ms-1. During these two days, wind was weak, therefore the wave height was relatively 

small than 0.2 m (Figure 5-16).   

On the first surveying day of round SN1, typical 2D current ripple trains were observed 

on the sand bar (Figure 5-17). Ripples profile shows these ripples were weakly 

asymmetric with mean RSI of 1.5 (Figure 5-29 C; 0). Moreover the sizes of summer 2D 

ripples were very close to the 2D ripples found in winter, with averaged ripple length 

and height close to 78.2mm and 8.8mm respectively (0). Figure 5-18 depicts the peak 

frequency of ripple length corresponds to length between 80 mm to 85 mm. Over two 

third of ripple heights are in the range between 7 mm and 12 mm.  

Plan view of ripples on the second survey day of SN1 was neither the plan view of 

typical 2D ripples nor the 3D ripples (Figure 5-17). The crest lines of these ripples were 

either continuous or straight. Additionally, two distinct peaks of aspect direction 

indicates ripples were tend to be two-dimensional (Figure 5-30). Some earlier flume 

experiment studies (e.g. Dumas et al., 2005; Perrilo et al., 2014) defined this kind of 

ripple as 2.5D ripples. Contrast with the preceding uniform size of 2D ripples, the 

individual ripple steepness heavily differed (Figure 5-29C). The statistical result of 

ripple index is the evidence for the remarkable change, with RI wide ranging from 2 to 

40 (Figure 5-18). Correspondingly, there were larger differences of lengths and heights 

among the single ripple as well (Figure 5-18). However, the degree of asymmetry of 

each single ripple was quietly similar, which was independent with ripple size (Figure 5-
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29C). The RSI value of individual ripple slightly varied, with mean RSI of 1.4 and lower 

standard deviation of 0.4 (0). 

 

Figure 5-16. Tide height, wave height, tide velocity,bottom orbital velocity, tide and 

wave directions time series from 23 July to 31 July (SN1), 2015. Red and blue dots 

denote tide direction and wave direction respectively. 
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Figure 5-17. Plan view of ripples on 23 and 31 July 2015 (SN1). The scanning areas 

were around 3 square meters (2m lenth × 1.5m width). 
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Figure 5-18. Histograms of all measured ripples’ heights, wavelengths, ripple index 

and ripple symmetry index on 23 and 31 July 2015 (SN1), respectively.  
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Figure 5-19. Sediment copositions and median grain size of sediment cores collected 

from ripple crest and trough (SN1). 
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However, ripple length and height statistical results indicate that the percentage of 

smaller sized ripples with lengths shorter than 80 mm and heights lower than 8 mm 

increased significantly compared with ripple size on 23 July. Moreover some extreme 

larger size ripples (length > 120 mm and height > 20 mm) appeared as well, which were 

absent in the first surveying day in summer (Figure 5-18).  

Granulometry shows that sediment still constituted by the pure sand, furthermore fine 

sand was dominated sediment cores (Figure 5-19). In addition median grain size slightly 

fluctuated around 175 µm from upper layer to lower layer (Figure 5-19).  

5.3.2 Ripple geometry under combined flows 

On night 9 December 2014 (Round WS2), the wind speed was 28 knots, which resulted 

in the maximum wave height reaching above 0.8 m and maximum computed bottom 

orbital velocity of > 0.19 ms-1 (Figure 5-20). Soulsby (1997) hypothesized that waves are 

able to produce an oscillatory velocity at sea bed and to act on sediment transport if 

water depth is smaller than ten times of wave height. It is speculated that the relatively 

high wave height corresponding with water depth meets the condition. Therefore, the 

ripples were developed with influence of combined oscillatory and unidirectional flows 

under this circumstance.  The high tide during flood phase reduced to 2.8 m and the 

maximum tide current velocity decreased to 1.1 ms-1. The strong wind lasted two days 

until 11 December, with wave height exceeding 0.3 m.  

Before gale, the sand bar ripple survey held on 8 December 2014 (1st day of WS2) found 

that ripples with straight and continuous crests line were common. However, the 

individual ripple shape was quite different from the shape of previous ripple found in 

round of WS1 (Figure 5-29). Nevertheless, ripple aspect directions with two peaks 

suggest they can be defined as two-dimensional ripples (Figure 5-30). The lee side slope 

of each ripple became much gentler and the brinkpoint was vague (Figure 5-29D). The 

ripple trains were much flatter (Figure 5-21) because slightly increased mean ripple 

length (86.5 mm) and a sharp decline of mean ripple height (5 mm). As a result, 

compared with 2D ripples observed in the first round, the mean ripple index significantly 

rose to 20.4 (0). 
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After strong wind, on 11 December 2014 (2nd day of WS2), the 2D ripples were replaced 

with a flat planar bed (Figure 5-21; Figure 5-29D). The photo shows that there were 

patterns on the flat sand bar with khaki sand and dark blue clastic coal (Figure 5-22).  

 

Figure 5-20. Tide height, wave height, tide velocity,bottom orbital velocity, tide and 

wave directions time series from 8 December to 11 December, 2014 (WS2). Red 

and blue dots denote tide direction and wave direction respectively. 
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Figure 5-21. Plan view of ripples on 8 and 11 December 2014 (WS2). The scanning 

areas were around 3 square meters (2m lenth × 1.5m width). 

 

Before the moderate gale event, sediment cores collected from both ripple crest and 

trough show that sediment gradually became finer towards the surface. A similar trend 

was also found in the core collected from the flat sand bar (Figure 5-23).
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Figure 5-22. Photo showing the sand bar was flat after storm on 11 December 2014 

(WS2). 

 

Figure 5-23. Histograms of all measured ripples’ heights, wavelengths, ripple index 

and ripple symmetry index on 8 November 2014 (WS2).  
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Figure 5-24. Sediment copositions and median grain size of sediment cores collected 

from ripple crest and trough (WS2). 
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Another high wind event was recorded between 25 February and 4 March 2015. During 

this period, the maximum wave height was 0.63m and the maximum bottom orbital 

velocity reached to 0.19 ms-1 (Figure 5-25). The round WN2 of ripple survey was 

conducted on 25 February under relatively calm condition and on 4 March after strong 

breeze event. On 25 February before neap tide, the high water level was around 4 m. 

The tide velocity was asymmetric with relatively faster ebb tide velocity reaching to 0.75 

ms-1. After neap tide, on 4 March, high water level increased to 4.2 m. Meanwhile, the 

maximum tide velocity increased as well, with maximum ebb velocity reaching to 

approximately 1 ms-1 (Figure 5-25). 

The two-dimensional ripples with straight crest lines dominated the bar surface on the 

1st surveying day of round WN2 (25 February 2015) as shown in Figure 5-26. There is a 

little difference of the plan view between the present ripples and the previous ones (e.g. 

Figure 5-9). That because some water covering ripple during scanning, which obscures 

ripple geometry, especially the relatively lower elevation area, for example top left of 

the scanning photo. Single ripple cross-section geometry shows an asymmetrical shape 

and ripple moving in the direction of the simultaneously occurring ebb tide (Figure 5-

29E). Furthermore, the highest mean RSI (1.9) suggests these ripples were the most 

asymmetrical among six rounds of ripple surveys (0). Most of ripple lengths were 

between 80 mm and 110 mm (Figure 5-27), with averaged ripple length around 92.6 mm 

(0). The mean ripple height attained to 9.2 mm (0), over 50% of ripple height 

concentrating between 8 mm and 11 mm (Figure 5-27). 

After the moderate gale, the ripples geometries had been completely changed. The plan 

view shows the rippled bed was much more flat. Additionally, ripple crests sometimes 

were merged to form sporadic flat bed (Figure 5-26), for example, as shown the black 

box in Figure 5-26, ripple crests had merged. Furthermore, at ripple troughs, some flow 

separation were observed (Figure 5-26 black circle). Individual ripple was featured with 

long gently-curved crest and very low ripple height (Figure 5-29E). In addition, the ripple 

aspects slightly tend to ebb tide direction because of quietly flat rippled bed (Figure 5-

30). These were wash-out ripples (Jopling and Forbes, 1979) with mean ripple length 

reaching to 90.9 mm and a small mean ripple height of around 4.3 mm, therefore 

contributing to extremely high mean ripple index of 28.1 (0).  
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Figure 5-25. Tide height, wave height, tide velocity,bottom orbital velocity, tide and 

wave directions time series from 25 February to 4 March, 2015 (WN2). Red and 

blue dots denote tide direction and wave direction respectively. 
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Figure 5-26. Plan view of ripples on 25 Febuary and 4 March 2015 (WN2). The 

scanning areas were around 3 square meters (2m lenth × 1.5m width). The black 

box shows ripple crests had merged and the black circle shows flow seperation at 

ripple trough.  

Figure 5-21 depicts that bed sediment composition was constant with median grain size 

about 175µm from top layer to bottom layer of core collected from crest before the 

moderate gale event. While the sediment grain size slightly declined from the top trough 

core. For the crest core collected after the strong event, the composition of medium 

sand increased at intermediate layer and gradually decreased towards lower layer. 

Similarly, a relatively higher medium sand layer is found at middle upper layer of the 

trough core. Below this layer, sediment grain size slightly decreased finer than 175µm 

(Figure 5-21). 
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Figure 5-27. Histograms of all measured ripples’ heights, wavelengths, ripple index 

and ripple symmetry index on 25 Febuary and 4 March 2015 (WN2), respectively.  
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Figure 5-28. Sediment copositions and median grain size of sediment cores collected 

from ripple crest and trough (WN2). 
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Figure 5-29. Typical ripple cross-section geometries observing in the field surveys. A-

C: ripples were generated under calm condtions. Ebb direction from left to right. 
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Figure 5-29 continued 

 

Figure 5-29. Typical ripple cross-section geometry observing in the field surveys. D-E: 

Ripples were generated under high wind conditions. Ebb direction from left to right. 
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Figure 5-30. Frequency histogram of aspect direction of ripples obseving in the field 

survey. 
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5.4 Discussion 

5.4.1 Cross-sectional bedform geometry  

Field surveys at Red Cliff sand bar located in the upper Humber Estuary found ripples 

formed under unidirectional flow and combined flow conditions. Knowledge of the 

relationship between ripple geometry and flow conditions play a significant role on 

bridging the gap in understanding modern and ancient depositional environments 

(Harms, 1979; Clifton and Dingler 1984; Leeder, 2006). Detailed 3D scanning photos and 

ArcGIS analysis in this chapter to allow a greater quantification of the factors controlling 

ripple morphology. The most useful attributes to describe ripples include steepness 

(Ripple index) and symmetry (Ripple symmetry index).  

i) Ripple index (RI) 

Figure 5-31 A depicts changes of RI values with different hydrodynamic forces. The RI 

values of ripples generated under unidirectional flow varied marginally, and remained 

around 11. The exception is the observation on 8 December 2014 (WS2), when ripple 

crests were milder and ripple heights were smaller, contributing to the extremely high 

mean RI values of over 20. The averaged RI of washed-out ripples generated after strong 

breeze on 4 March 2015 (WN2) reached RI of 28. The results tend to demonstrate that 

RI could be used to differentiate between ripples forming under combined flow and 

unidirectional flow conditions. However simple using RI to identify depositional 

environments possibly leads to errors, because previous experiments under combined 

flow condition showed RI with greater range, from 5 to over 30 (Inman and Bowen 1963; 

Southard et al. 1990; Dumas et al., 2005; Perillo et al., 2014).  

ii) Ripple symmetry index (RSI)  

There is no precise boundary value of RSI between symmetrical and asymmetrical 

ripples, especially for the small-scale ripples with length smaller 40 mm. In common, 

ripples are regarded as the symmetric if the value of RSI is between 1 and 1.2 (Dumas et 

al., 2005). Ripples forming under unidirectional flow tend to be more asymmetric with 

increasing unidirectional flow (Dumas et al., 2005; Perillo et al., 2014). Yokokawa (1995) 

reported the asymmetrical ripples with RSI exceeding 4 under only unidirectional flow. 

But in present study the mean RSI of ripples generating under only tide current are 

smaller than 2, even the maximum RSI was smaller than 3 (Figure 5-31 B). Moreover, 
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the results indicate that ripples forming in winter tend to be more asymmetrical (Figure 

5-31 B). The previous studies highlight ripple cross geometry is dominated by the 

unidirectional velocity (Dumas et al., 2005; Perillo et al., 2014), the faster the 

unidirectional velocity is, the more asymmetrical the ripple is. Additionally, seasonal 

change of freshwater input (runoff) is observed at Humber Estuary, with it significant 

declining in summer (Uncles et al., 2006). However, it seems that the current velocity is 

not only element controlling ripple geometry. The ebb velocities measured on 10 

February 2015 were slower than that recorded on 31 July 2015 (Figure 5-12; Figure 5-

16). Nevertheless, the RSI on 10 February 2015 was 1.7, which indicate ripples were 

more asymmetrical than ripples found on 31 July 2015 with 1.4 of RSI. The reason for 

this discrepancy between flume experiment and field observation is still vague, 

therefore the further study is needed in future to bridge the knowledge gap.  

  



184 
 

 

Figure 5-31. Ripple index (A) and ripple symmetry index (B) of ripples obseving in 

field surveys in winter (blue dot) and summer (red square). The vertical black line 

denote standard deviation.  

5.4.2 Ripple development in unsteady flow 

i) Current alone 

The results of field surveys indicate that 2D ripples with straight crest lines were 

generated in the spring tide under calm conditions. Figure 5-32 shows unsteady tide 

velocity of last cycle before the ripple scans were undertaken, which is closely linked to 

ripple development. The stability fields of bedforms derived from Southard and 

Boguchawl (1990), with corresponding current velocity, are shown as well. Considering 
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each ripple survey undertaken during low water, ripple fields were significantly affected 

by the magnitude of the ebb tide velocity. The ebb velocities, notably of spring tides, 

covered all stability fields within the phase diagram, from no movement to upper stage 

plane bed except the one on 26 November 2014 (Figure 5-32 A). The observed patterns 

of 2D ripples obtained on 5 and 7 August 2015 (SS1) map to the phase diagram zones. 

According to the phase diagram, however, the bed configuration on 26 November 2014 

should be plane bed instead of 2D ripples. Similarly, the final ebb velocities of the neap 

tide on 17 February and 31 July remained in the stability field of upper stage plane bed 

(Figure 5-32 B). But the current-induced 2D ripples and 2.5D ripples were formed under 

these tide velocities. The discrepancy between observed bed form and prediction from 

the phase diagram could be explained by the existence of a significant estuarine 

turbidity maximum (ETM) in the Humber Estuary. The suspended particle matter (SPM) 

in the ETM progressively increases from the estuarine mouth to the upper Humber 

(Uncles et al., 2006). SPM stratification was found in the ETM (Uncles et al., 2006), which 

contributes to significant reduction of turbulent shear stress (Sheng and Villaret, 1989; 

Li and Gust, 2000). However, the study of Uncles et al., (2006) also revealed prominent 

flocculation processes in the ETM water column, for forming cohesive gels. This cohesive 

force enables a suppression of turbulence in the flow and a reduction of bed shear stress 

(Winterwerp and Van Kesteren, 2004; Baas and Best, 2008; Baas et al., 2009). 

The tide velocity forming 3D ripples on 10 February was not recorded. However, 

following the velocity of the neap tide shown as the red dot line in Figure 5-32 B indicates 

that the ebb velocity remained over 2 hours within the stability field of current ripples, 

which enable the ripples to reach equilibrium. Seminal work of Baas (1993) revealed 

ripple development stages, including the transition from 2D ripples to equilibrium 3D 

linguiod ripples, given enough time. Therefore, it is speculated that the observed 3D 

ripples had attained equilibrium before low water. However, the 2D ripples, for example 

the ones observing on 17 February 2015 (Figure 5-9), developed under unsteady current 

flow (green dash line, Figure 5-32) and needed more time to attain equilibrium before 

they were exposed on the sand bar at low tide. Furthermore, there was longer time for 

ripples development on 31 July 2015 (blue dash line, Figure 5-32), thus the 2.5D ripples 

that is a transition between two-dimensional and three-dimensional were finally found. 
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Figure 5-32. Current velocity change of last tide cycle just before ripple scaninning in 

spring tide (A) and neap tide (B). The corresponing dates are marked near the 

velocity lines. The black dash line repersents boudary of stability field of 

bedform. These two boudaries are derived from phase diagram of Southard and 

Boguchawl (1990) with median grain size D50=0.19mm. USPB: Upper Stage Plane 

Bed; CR: Current Ripple; NM: No Movement. 

ii) Combined flow  

Two high wind events were recoded between 8 and 11 December 2014 and between 25 

February and 4 March 2015, which induced bottom oscillatory motion that played a vital 

role in reworking bedforms. Without this motion, 2D current ripples were found as the 

tide current velocities were similar as in the calm condition. But the combined velocities 
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generated flat bed on 11 December 2014 (Figure 5-21) and formed mild and flat crested  

wash-out ripples (Figure 5-26) on 4 March 2015. Theoretically, both plane bed and wash-

out ripples are formed under relatively higher bed shear stress for the same grain size 

sediments (Van Rijn 1993; Leeder 2011). Past works indicated storm induced strong 

oscillatory motion changed bedform type and promoted wave-formed ripples (Amos et 

al., 1988; Allen and Hoffman, 2005). The present field observations reflect that strong 

wind, instead of storm generated wave energy, is strong enough to form transitions into 

upper regime bedform states. It agrees with the previous viewpoint (e.g. Hammond and 

Collins, 1979; Grant and Madsen, 1979) that wave-induced bed shear stress is enhanced 

with presence of tide current.  

Before the sand bar was exposed on 11 December 2014, ebb tide velocity and maximum 

orbital velocity entered in the stability field of plane bed (Figure 5-33), which matches 

up with the actual observation. According to phase diagram of Mayrow and Southard 

(1991), tide velocity and maximum orbital velocity in the last 30 minutes of tide cycle on 

4 March 2015 should corresponds with stability field of small strongly asymmetrical 3D 

ripples. However, the actual 2D wash-out ripples were appeared. The reason for the 

discrepancy between the field observation and prediction may be concluded as 

following. Firstly, bedform regions (Mayrow and Southard, 1991), with unidirectional 

currents exceeding 0.25ms-1, were extrapolated without support of experimental results 

and field observations. Secondly phase diagram of Mayrow and Southard (1991) 

neglected the influence of both sediment grain size and wave period, which are known 

as important factors in controlling the stability fields of bedorms (Dumas et al., 2005; 

Sekiguchi and Yokokawa, 2008; Perillo et al., 2014). Sekiguchi and Yokokawa (2008) 

highlighted that the bedform phase diagram significantly changes with wave periods 

between 1 s and 1.5 s which are very close to the actual wave period during surveys. 

Unfortunately, the study of Sekiguchi and Yokokawa (2008) was also restricted the 

unidirectional velocities smaller than 0.5ms-1. Therefore, more detailed studies are 

needed to understand bed configurations under relatively higher combined flow 

velocity, expanding the present bedform phase diagrams to applicability under field 

condition. 
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Figure 5-33. The change of both tide velocity (blue line) and maximum orbital 

velocity (red line) in the last tide cycle before ripples scanning. The black dash 

line repersents boudary of stability field of bedform of Mayrow and Southard 

(1991). NM: No Movement; SWAR: Small Weakly Asymmetrical Ripples; SSAR: 

Small Strongly Asymmetrical Ripples; PB: Plane Bed. 
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5.4.3 The role of EPS on ripple size 

EPS, as the production of benthic micro-organisms, is known as a key factor in increase 

sediment bed resistance to erosive forces (e.g., Tolhurst et al., 2002; Lundkvist et al, 

2007). This kind of biological cohesion has also been linked to restricting bedforms 

heights and lengths, even at low concentrations of EPS (Malarkey et al., 2015; Ye, 2016). 

The EPS contents of sediments for field surveys performed in the winter 2014 are shown 

in 0, showing very low level of EPS around 0.003%. In the summer 2015, EPS contents of 

sediments were one order of magnitude higher than those collected in the winter (0), 

standing at around 0.012%. It indicates relatively higher micro-organism activities in the 

summer, which is consistent with previous findings (Paterson, 2009).  The delay of first 

ripple appearance and significant slow ripple growth rate were found in the experiment 

of Malarkey et al (2015), even the EPS content was only 0.016% that is close to EPS 

content in present sediments. However, the size difference between ripples forming 

with 0.016% EPS and with pure sand was tiny (Malarkey et al., 2015). In the present field 

surveys, the mean ripple length in summer marginally shorter than that in winter (0). In 

terms of ripple height, there is only a small difference between ripples observed in 

summer and winter, respectively. Considering similar hydrodynamics and sediments 

conditions, the results seem to be indicative for the low influence of EPS on ripple 

geometry, likely due to very low EPS content in sediments.   

5.5 Conclusions 

Ripple field surveys were conducted at Red Cliff sand bar in the upper Humber estuary 

NE England between November 2014 and July 2015. A 3D laser scanner was used in 

order to acquire detailed information of ripples formed on the bar top under tidal 

currents and during wave forcing of different magnitude. The results can be concluded 

as follows. 

1. Under calm conditions, ripples were mainly two-dimensional and asymmetrical, 

except for 3D ripples surveyed on 10 February 2014 and the 2.5D ripples on 31 

July 2015. Based on the theory of Baas (1993), it is speculated that the 2D ripples 

were still in the development stage and the 3D ripples were at equilibrium with 

enough evolution time.  

2. The bed morphology was significantly altered during periods of  high strong wind . 

Plane bed and 2D wash-out ripples appeared after the strong wind, induced 
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waves, which reflect the remarkable influence of combined flows and the 

enhanced shear stress on the change of bed configuration.  

3. Ripple index of the wash-out ripples after high events was significantly higher, 

with the mean RI reaching to 28. Ripple asymmetry indexes, however, were not 

significantly different between ripples formed under calm and high wind 

conditions. However, suggestions of a  seasonal change trend were detected, 

with ripples forming in winter being more asymmetrical.  

4. The phase diagram of Southard and Boguchawl 1990 does not match observed 

bedforms. Especially with velocities exceeding 0.8 ms-1, when the predicted 

bedform should be plane bed instead of actual 2D ripples. The high 

concentrations of suspended particles likely causes stratification and leads to 

turbulence suppression, which is possibly the main reason for the discrepancy.   

5. The stability field of the phase diagram of Mayrow and Southard (1991) with 

unidirectional flows larger than 0.25ms-1 was extrapolated. It successfully 

predicts plane bed under observed combined flow conditions on 11 December 

2014. But the 2D weak asymmetric ripples instead of expected small 3D strongly 

asymmetric ripples were generated under strong breeze condition on 4 March 

2015. Therefore, further work is needed to improve present phase diagrams to 

enhance their applicability under natural estuarine conditions. 

6. The EPS concentrations of sediment in winter were extremely low, with values 

of approximately 0.003%. EPS concentrations increased to about 0.013% in 

summer. However, the increased EPS content is seems to not significantly 

restrict ripple dimensions in a similar manner to the flume study of Malarkey et 

al. (2015).  
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CHAPTER 6 –Discussion 
6.1 Vertical sorting caused by strong winnowing under waves 

Previous studies indicate winnowing of fine grains from the bed is one of key 

mechanisms contributing to vertical sorting in bedforms (Willis, 1988; Wilcock and 

Southard, 1989; Klaassen, 1990; Blom et al., 2003). Blom et al. (2003) selected three 

different types of sediments with median grain size of 0.68 mm, 2.1 mm and 5.7 mm, 

respectively and argued that winnowing of relatively fine sands enabled the bed to 

become downward coarse. In the present flume study, two types of sediment (clay and 

fine sands) were much finer than that of Blom et al. (2003) and the vertical sorting in the 

observed wave ripples was identified. In particular, high winnowing efficiencies under 

waves resulted in the formation of pure sand layers at ripple crests (see Figure 3-25, 

Chapter 3). Additionally, clay particles winnowed from the bed resulted in higher 

suspended sediment concentrations, forming stratified structure of suspended 

sediments and also damping turbulence prior to the formation of ripples (see Chapter 

4). Such fine clay particles winnowing has previously been observed in flume 

experiments under unidirectional flow (e.g., Baas et al., 2013; Schindler et al., 2015; Ye, 

2016). However, it seems that winnowing efficiency under oscillatory condition is much 

higher than that under unidirectional flow conditions. For similar initial bed clay 

contents, rates of winnowing were much higher in the experiments herein compared 

with previous experiments (Baas et al., 2013; Ye, 2016) where pure sand layers within 

ripple crests were not produced in these previous unidirectional flow experiments. The 

mechanism of winnowing fine sediments from coarse sediments is attributed to 

pressure gradient exerting by flow forcing along bed surface (Kalf, 2013). Kalf (2013) 

emphasized three significant elements controlling the entrainment of fines including 

flow velocity, layer thickness and difference of grain sizes between surface and sub-

surface layer. Considering tiny differences of flow velocities (0.36 ms-1 for the 

experiment of Baas et al. (2013) and 0.3 ms-1 for present maximum orbital velocity) and 

bed properties, it is hypothesised that oscillatory flow possibly leads to larger difference 

in dynamic pressure over different part of ripple, therefore winnowing more fines from 

bed. This is consistent with finding of van Rijn (1993) that waves are more efficient at 

entraining sediment than currents. It is should be noted that an upward coarsening 

trend within wave ripples is contradictory to the trend observed in the experiments of 
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Blom et al. (2003). This is likely due to sediment properties in that clay particles are 

relatively easily winnowed because of water pressure as discussed in the section 3.4.3. 

However rather coarser sediments (D50>2 mm) used by Blom et al. (2003) were likely 

deposited at the lower location of bedforms due to being gravity. Furthermore, the 

study of Blom et al. (2003) ignored winnowing process at ripple crests where the 

winnowing efficiency is much higher. Although winnowing processes were not directly 

measured in the current study, it plays a vital role on both sediment and bedform 

dynamics and full understanding this process will benefit to improve sediment transport 

models to account for vertical sorting process.  

6.2 Availability of present bedform phase diagrams and a new three dimensional phase 

diagram 

As mentioned in the chapter 2, bedform phase diagrams are widely used to predict bed 

states with known flow and sediment conditions and to reconstruct ancient depositional 

environments from known sedimentary structure persevered in rocks (Schwartz, 1982; 

Clifton and Dingler, 1984; Schindler et al., 2015). In general phase diagrams of bedforms 

drawn either dimension variables (e.g., maximum orbital velocity and median size, 

Figure 2-15) or non-dimensional variables (e.g., wave mobility parameter and particle 

parameter, Figure 2-17). The phase diagram of Allen (1984) is based on both data 

derived from laboratories and field observations, highlighting contour lines of ripple 

index (Figure 2-17). In the present large flume experiment, the maximum orbital 

velocities were around 0.3 ms-1 and median sediment grain size were smaller than 500 

µm (Table 3-1). Under this experimental conditions, wave-induced ripples dimensions 

were constant, with ripple length and height slight fluctuating around 140 mm and 20 

mm, respectively. Based on the prediction of the phase diagram of Allen (1984), the 

ripple index should be smaller than 4.5. But the actual ripple indices were close to 7, 

which indicates this phase diagram tend to overestimate ripple steepness. As far as the 

phase diagram of Kleinhans (2005) is concerned (Figure 2-17), the boundaries between 

different bed configurations are defined as existing models, emphasizing the existence 

of hummocks as a transition from wave ripples to upper stage plane bed. The present 

2D wave ripples corresponded with wave mobility parameters of 0.26 and particle 

parameters of 11 computed by equation 3-21 and equation 3-22, which is consistent 

with Kleinhans (2005)’s prediction.  
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Schindler et al. (2015) recently introduced a new version of bedform phase diagram by 

schematically adding the z-axis to show the influence of initial bed clay fraction on bed 

state change under unidirectional flow (Figure 2-22). The new three dimensional phase 

diagram highlights bed configuration change as a function of bed clay content, current 

mobility parameter and particle parameters. Under wave condition, a similar three 

dimensional phase diagram is built, even though the present study only focuses on single 

location (Figure 6-1). As discussed before, high winnowing efficiencies contributes to a 

sand-clay mixed bed transforming to pure sand bed, which results in wave ripple size 

that is independent with initial clay fraction with range from 0 to 7.4%. This finding is 

undoubtedly helpful to fully understand the role of cohesive sediments on bedform 

dynamics with relatively lower clay content. Moreover, it is reasonable to expect further 

studies that expand to higher initial bed clay fractions and develop the next generation 

of bedform prediction models. 

 

Figure 6-1 New three dimensional phase diagram of bedform generated under 

wave conditions (modified after Kleinhans, 2005). 
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6.3 The interacting triad of cohesive bed, near-bed turbulence and suspended sediment 

dynamics 

Chapter 3 of this thesis shows wave-induced ripple dynamics over mixtures of clay-sand 

bed and investigates the influence of cohesive clay on ripples development. In Chapter 

4, near-bed turbulence and sediment dynamics from flat bed to rippled bed are revealed. 

Based on the findings of both Chapter 3 and Chapter 4, a conceptual model is built in 

order to reflect the dynamic processes acting on sand-clay mixed beds, near-bed 

turbulence and suspended sediment transport (Figure 6-2). At the beginning of the 

experiment, the fine clay particles fill gaps between sand particles, forming a texture 

which is similar with a ‘blocked layer’ (Bartzke et al., 2013) and enabling the bed to be 

smooth. Clay winnowing immediately happens when the oscillatory flow moves over the 

flat bed. At the same time, a small amount of sand particles suspended very close to bed. 

The gravity difference between individual sand particle and clay particle leads to 

stratification of suspended sediments, which mainly contributes to suppress near-bed 

turbulence. Both bed yield strength and drag reduction caused by suppression of near-

bed turbulence ensure that the bed remains flat, accompanying with a small amount of 

sediments transport (Figure 6-2 II). As the experiment progresses, increasing winnowing 

of clays from the bed reduces bed yield strength. As a result, the flat bed starts to be 

eroded, with gradual transition from smooth to rough. The increasing bed roughness 

promotes a vertical gradient of velocities, which enhances near-bed turbulence. 

However, the enhancing turbulent force is unable to break the structure of stratified 

distribution of suspended sediments. Additionally, in this stage, the yield strength and 

drag reduction still play a vital role in the inhibition of suspended sediment (Figure 6-2 

III). With continual bed erosion, bed morphology development causes a significant 

increase of bed roughness. Under this circumstance, the increasing vertical momentum 

transports through density interfaces in stratification. Finally the stratification of 

suspended sediment disappears and random turbulence dominantly controls 

suspended sediments distribution, thereby suspended sediment concentration 

increasing in this stage (Figure 6-2 IV). It should be noted that the process from step 2 

to step 4 remarkably prolongs with increasing initial bed clay fraction (i.e. from Run 03 

to Run 06). The bed with increasing yield strength becomes more resistant to flow shear 

stress. However, the drag reduction effectively reduces the wave-induced force acting 

on the bed.  
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When wave ripples approach equilibrium, suspended sediment clouds occur that are 

closely related to the spatial and temporal production of vortices (Figure 6-2 V). 

Additionally, the asymmetric wave velocities cause relatively strong vortices generated 

across the lee sides, which leads to an imbalance in suspended sediment transport 

between lee side and stoss side. Clay winnowing continues when wave ripples are 

evolving and approaching equilibrium. Especially relatively higher winnowing efficiency 

occurs at ripple crests where formed pure sand layers varying by 1~3 cm (Figure 6-2 V). 
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Figure 6-2 Conceptual model of the interactions among cohesive bed, near-bed 

turbulence and suspended sediment transport 
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CHAPTER 7- Synthesis and future research 
7.1 Research questions revisited 

The thesis sought to discover the influence of cohesion on bedform dynamics in 

combined wave-current flows. Chapters of 3 and 4 present new experimental results 

showing the influence of physical (substrate clay percentages) cohesion in mixed 

substrates on the development of wave-induced ripples. The experiments allow for the 

detailed quantification of  the triad of bed stability, near-bed turbulence and sediment 

dynamics. Chapter 5 of thesis investigates how ripples change in response to 

hydrodynamics and the role of biological cohesion (via EPS on contents) bedform 

morphology on a large sand bar in the upper Humber estuary, NE England. The first part 

of this synthesis section will answer the research questions posed in the Chapter 1 and 

will draw on the findings from both the laboratory and the field work to provide set of 

implications for improvement of present sediment transport models and coastal 

management. 

7.1.1 Bedform dynamics 

1) How does mixed-sediment substrate, compared with a pure sand bed, affect 𝒊) the 

first appearance of wave-induced ripples, and 𝒊𝒊) the bedform development rate. 

The cohesive clay particles play a vital role in delaying the onset of wave ripples 

formation from flat bed, extending the time of first wave ripple appearance from few 

seconds in pure sand runs to over 30 minutes in the run with relatively high clay contents. 

Furthermore, the higher the initial clay fraction is, the slower ripple development and 

evolution (Figure 3-21 E and F, Chapter 3). Over a pure sand bed, the growth rate of 

ripple length and height, reached 1.2 mmmin−1  and 0.8 mmmin−1, respectively. The 

figures, however, were significantly lower at 0.2mmmin−1 and 0.5mmmin−1 in the run 

with the highest clay fraction (Run 06).  

2) Does a relationship exist between initial bed fraction and equilibrium wave ripples 

lengths and heights? 

The results of non-linear fit using the method of Baas et al. (2013) highlight that 

equilibrium time of wave ripple length and height exponentially increased with clay 

content increase. But the equilibrium dimensions of wave ripples were independent 

with increasing clay fraction during the experiments, with ripple lengths and heights 
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were constant around 140 mm and 20 mm (Figure 3-21 C and D, Chapter 3), respectively.  

Additionally, wave ripple cross-section geometry was little influenced by increasing clay 

fraction from 4.2% to 7.4%.  

3) Does wave-induced bottom orbital motion and combined  flows significantly change 

bedform morphology compared with calmer, low-wave height conditions? 

Field surveys of ripples in the upper Humber estuary reveal that ripples were basically 

the same in both cross-section and plan view geometry without an influence of tidal 

strength. However, ripple morphology was strongly altered by combined flow induced 

by high winds. After strong wind events, 2D wave ripples were replaced by either plane 

bed or 2D wash-out ripples. 

4) Does the quantity of EPS alter bedform morphology ? 

Though EPS content increased from 0.003% in the winter surveys to around 0.013% in 

the summer, the influence on changing ripple size is tiny. Malarkey et al (2015) indicated 

that EPS content of 0.016% is able to significantly slow down ripple growth rate, but it is 

not sufficient to decrease ripple dimension.  

7.1.2 Suspended sediment dynamics 

1) What is the rate of winnowing and how does winnowing influence wave ripples 

development? 

Winnowing of clay particles from the bed occurred during the entire set of experiments 

and during the transition from a flat bed to a rippled bed, which is important to wave 

ripple evolution. At the beginning of the experiments, clay winnowing contributed to 

the bed substrate becoming less cohesive, which resulted in a decline of bed yield 

strength and the formation of wave ripples. Winnowing process continued even when 

wave ripples reached equilibrium, leading to cohesive ripples transforming to non-

cohesive ripples and constancy of equilibrium ripple length and height with increasing 

initial clay fraction. 

2) How does near-bed turbulence intensity and suspended sediment concentration 

change during wave ripple evolution? 

The near-bed turbulence intensity was suppressed by the stratification of suspended 

sediments over the flat bed and the near-bed turbulence kept level even though initial 
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clay fraction increased to 7.4%, standing at approximately 0.018 ms-1. The near-bed 

turbulence intensity significantly increased once bed began to be eroded. In particular, 

the results highlight that the near-bed turbulence was relatively lower in runs with clay 

fractions exceeding 7% over the eroded bed.  

As far as suspended sediment concentration is concerned, it experienced a sharp 

increase from the flat bed conditions as ripples initiated and evolved. Additionally, the 

results indicate that peak values of suspended sediment concentration periodically 

occurred at the lee side of the wave ripples, which were associated with rather stronger 

vortices shedding across the lee side of ripples.  

3) How does the dynamics system including cohesive bed, near-bed turbulence and 

sediment transport work? 

The experimental results reveal a dynamic process of interacting cohesive bed, near-bed 

turbulence and sediment transport, which contribute to characteristic wave ripples 

developing over clay-sand bed. At the beginning of experiments, winnowing of clay 

particles leads to formation of suspended sediment stratification over smooth and flat 

bed, which suppresses near-bed turbulence. With increasing number of clay particles 

removed from bed, a gradual decrease bed yield strength results in increased sediment 

transport and bed erosion, resulting in the formation and acceleration in the evolution 

of wave ripples. This enhances bed roughness, thereby significantly increasing near-bed 

turbulence intensity. Finally, wave ripples develop to reach equilibrium, and these are 

characteristically formed of pure sand ripples overlying a mixed substrate below. 

7.2 Future research 

7.2.1 Extending experimental flume simulations 

Strong clay winnowing efficiency under wave forcing governs the rate of formation of a 

rippled bed within mixed substrates.  However, ripples of the same size are ultimately 

produced in the concentrations of clay investigated herein. These results in the 

independent relationship between initial bed clay fraction and ripple size. Compared 

with work of Schindler et al. (2015), with clay content widely varying from 1.9% to 14.1%, 

the clay fraction range of present flume experiment was narrower. Therefore, future 

work should increase the parameter range of the initial clay fraction to extend the 

knowledge of ripple evolution over sand-clay bed from present study and thus improve 
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accessibility of three dimensional phase diagram of bedforms (e.g. Figure 6-1) generated 

under waves. In addition, regular waves with period of 2.5 s used in present experiments 

may also lead to different bedform evolution when compared to the poly-chromatic 

superimposed (irregular) waves often occurring in the natural environment. Hence, 

future flume experiments should also consider this complex parameterization and thus 

more fully represent natural depositional environments for bedforms.  

7.2.2 Coastal management 

The Humber estuary, like other estuaries in the world, is a significant locale for human 

activities and a range of ecosystem services. Therefore, scientific management will 

benefit to sustainable development of these fragile systems. The present thesis has 

provided elaborate information about ripples and have revealed that bedforms in the 

upper Humber estuary are sensitive with changes in hydrodynamics. In particular, the 

bed configurations have significantly altered after high wind generated wave events. 

The present field study is only a first step to link bedform dynamics with hydrodynamics 

since this kind of depositional environment is very complex and effected by physical, 

chemical and ecological elements. Herein further detailed field surveys are necessary to 

fully understand the mechanisms of the above mentioned changes. For example, future 

surveys, recording high resolution of three dimensional velocities by Acoustic Doppler 

Velocity Profiler (ADCP) during tide cycles will be helpful to examine in more detail the 

relationships between bedform dynamics and bed shear stress. Furthermore, using 

optical or acoustic devices (e.g. OBS, LISST) to record suspended sediment concentration 

in near bed zone will allow the influence of estuarine turbidity maximum (ETM) on 

bedform dynamics to be more fully explored.  
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