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ABSTRACT 

 

Until recently, river channel response has generally been investigated under a single 

unsteady flow hydrograph that does not represent a typical flood condition.  The river 

channel often experiences significantly different bedload transport and bed evolution 

under unsteady sequential flow conditions.  At present, however, there is a significant 

lack of understanding of the interaction between hydrograph flow parameters and the 

response of the river channel over sequential flood hydrographs.   

In order to improve our understanding of a river channel response under sequential flow 

conditions, a comprehensive experimental study was conducted in a flume facility. The 

novelty of this research work lies in (i) the natural-shaped sequential hydrographs; (ii) the 

identification of the isolated and combined influence of hydrograph parameters on 

sediment transport characteristics and bedform development; (iii) linking the bedload 

transport characteristics to the bed evolution characteristics over sequential flow 

conditions; and (iv) development of a bedload yield prediction model for the sequential 

flow condition.  

The difference in the channel response for a single hydrograph and sequential hydrograph 

was found to be significant for the bedload rates (reducing trend over the subsequent sub-

hydrographs), bedload yields (i.e., discrepancy ratio of 1.5 – 2), bedform changes (i.e., 

small scale to large scale bedform), and surface roughness (i.e., discrepancy ratio of 1.2 

– 1.8), but less significant for channel slope and bedform dimensions.  Further, the 

individual influence of hydrograph parameters (water work, and unsteadiness) on bedload 

yields was evaluated that confirmed water work parameter was an important parameter 

and had a primary influence on sediment transport while unsteadiness parameter had a 

negligible influence.  An improved bedload yield model was developed for yield 

prediction over the sequential flow hydrograph that is applicable to a wide range of bed 

material and unsteady flow conditions. Finally, recommendations on the application of 

the sequential flood modelling approach for flood management are outlined. 
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z  bed elevation (m) 

 

Symbols 

 

   density of water (kg m-3) 

s  sediment density (kg m-3) 

𝛥  height of the bedform (m) 

𝜆  wavelength of the bedform (m) 

v  kinematic viscosity (m2 s-1) 

∀  water volume under the sub-hydrograph (m3) 

H   difference between baseflow and peak flow water depth (m) 

σb  variability in bed elevation (m) 



 

xx 

g  geometric standard deviation 

z  bed roughness predictors  

G   unsteadiness parameter  

G(mod)  modified unsteadiness parameter  

  combined hydrograph parameter  

m  modified hydrograph parameter  

   specific weights of water (N m-3) 

s   submerged specific weight of the particles (N m-3) 

   shape parameter in hydrograph 

z    changes in bed elevation (m) 

∆Zb  mean bed elevation (m) 

μ  Viscosity of the water (Pa) 

  Shields stress (Pa) 


c    critical Shields stress 


c50   critical Shields stress of median particle size 
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CHAPTER 1 INTRODUCTION 

1.1 Problem Statement  

Scientists, engineers, and practitioners are generally most concerned about the extreme 

events of nature.  Flood and drought are the extreme events in hydrology which can cause 

a devastating impact on humans, nature, and overall life on the earth.  Worldwide more 

frequent and more severe floods have been noticed on many rivers that are mainly caused 

by the three sets of mechanisms: (1) land-use change in the catchment area (2) climate 

change, and (3) engineering activities on river system (Pinter et al., 2006).  In the 

hydrological cycle, rivers and streams transport rainfall and snowmelt along with the 

sediment as a by-product to the downstream.  The sediment transporting streams are 

highly complex due to roughness change along the reach, variable water and sediment 

discharge, adding to this alluvial channel has no fixed boundary conditions, and their 

geometry changes along the reach (Hey et al., 1985).    

Flood events induce significant sediment transport, which in turn dramatically alters the 

river channel through bed erosion and deposition processes.  Morphological changes in 

the fluvial system have a great impact on flood risk (Pinter and Hein, 2005).  Poor 

understanding of sediment transport and morphological changes in the natural river 

during flood discharge causes many problems for river management.  Existing river 

management practice requires a profound knowledge of channel morphology and 

temporal evolution of the riverbed, to mitigate flood risk.  Understanding the response of 

the river channel to flood events is crucial for the effective management of the fluvial 

system. 

The statistical data of flood event indicate that realistic flood hydrographs basically 

consist of unsteady sequential flood events (high flows) and flood intervals (low flows).  

In nature, most of the time sequential flood events occur with a short inter-flood duration.  

The interval between individual flood events is incredibly important as the channel 

responds differently to the flood events that follow each other closely as compared to 

those that occur after a long period of inactivity (Reid et al., 1985).  In this regard, river 
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channel modelling (experimental and numerical simulation) based on a single event is 

insufficient as they are unable to consider the potential impact of successive flood events.  

Several studies, based on laboratory flume experiments, have been carried out on the 

river channel response to the flood events.  Although a single unsteady flood hydrograph 

is generally considered in these studies (Lee et al., 2004; Wang and Parker, 2006; Bombar 

et al., 2011; Mao, 2012; Guney et al., 2013; Li et al., 2016; Redolfi et al., 2017; Wang et 

al., 2019).  However, there is increasing evidence from the studies on sediment transport, 

bed evolution, and memory stress of a river channel that the river channel responds 

differently to the flood event that occurs closely (Wang, 2016; Reid, 1985) and to the 

flood event that occurs after a long period of inactivity (under low flow) (Ockelford, 

2011; Hassan, 2015).  Therefore, a different channel response under a sequential 

hydrograph event as compared to a single flood is hypothesised in this study as shown in 

Figure 1-1. 

 

 

 

Figure 1-1: Basic hypothesis of the study 
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Figure 1-1 shows the basic concept of the study, where the response of the channel under 

a single flood event would be different as compared to the response under sequential 

flood events. In this study, the channel response is dived into two categories: sediment 

transport characteristics and bed evolution characteristics.  The study centres on the 

investigation of the influence of sequential flood events on the sediment transport and 

morphological evolution of river channels.  This is based on physical modelling in the 

laboratory situated in the Institute for Infrastructure and Environment (IIE) at Heriot-

Watt University, using flume facilities.  Flume-based research has a strong track record 

of sediment transport and bed evolution studies.  Two sets of experiments were carried 

out to examine the impact of sequential floods on a uniform sediment channel.  Set-I 

experiments demonstrate the effect of sequential flow (of variable magnitude) on channel 

response.  While set-II enhances the understanding of the influence of sequential flow (of 

variable intensity) on channel response.  

There is a significant knowledge gap of the influence of unsteady flow conditions on 

sediment transport and bed structure evolution during a subsequent flood event.  A 

critical review of previous research studies, presented in chapter 2 identifies the research 

gaps.   

 

1.2 Research Aims and Objectives  

The present work aims to identify and establish a relationship between unsteady 

sequential hydrograph parameters (i.e., water work parameter, and unsteadiness 

parameter) and the river channel response (i.e., sediment transport, and bed evolution).  

The main objective of the research is to study the response of channel beds in terms of 

bedload transport and bed evolution to the flood events that occur closely.  The study 

would also aid in developing an understanding of the effect of successive floods on 

bedload transport rate, total bedload yield, bedload hysteresis, bed roughness, and 

bedform development.  The findings from this work would be beneficial for an effective 

catchment management, prediction of flood risk, and infrastructure design.    
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Specific Objectives 

This comprehensive and systematic research is specifically designed to meet the 

following objectives: 

1. Analyse the sediment transport data to understand the effect of successive 

high flow and low flow conditions on sediment transport rate, total bedload 

yield, and hysteresis pattern.  

2. Understand the potential alterations in bed evolution and restructuring over 

the successive hydrograph flow condition and hence subsequent bedform 

development and channel roughness over the flood event. 

3. Assess the response of the channel for unsteady sequential flood events and 

establish any linkages between sediment transport characteristics and bed 

evolution characteristics. 

1.3 Thesis Layout 

This thesis comprises of eight chapters; the structure of the thesis and a précis of each 

chapter are provided below:  

Chapter 1 Introduction 

The current chapter provides the context of the research work and an introduction to the 

problem.  The research aims and objectives are also included in this chapter as strategic 

to advancing sediment transport and river morphology studies under sequential flood 

conditions.   

Chapter 2 Literature Review 

This introductory chapter is followed by a comprehensive literature review of relevant 

studies on flow hydrograph, sediment transport, and river morphology.  A critical review 

of previous research, general principles of sediment transport and bed evolution, 

methodologies, and equations are provided. Identified research gaps, established research 

questions and the overall importance of addressing these are noted.   
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Chapter 3 Experimental Set up and Procedure 

This chapter outlines the details on the experimental design, set up, and operation of 

flume facilities and all measurement equipment utilised in the study.  The applied 

methodology for physical modelling and procedures followed in the data collection and 

analysis techniques utilised during the study are also presented.  Deficiencies of previous 

research into sediment transport and bed morphology studies are also stated along with 

how this study overcomes these limitations.  

Chapter 4 Bedload Transport Results  

Chapter 4 presents the experimental results of bedload transport characteristics under 

variable water work and variable unsteadiness hydrographs.  The channel response 

related to sediment transport characteristics is analysed in terms of bedload transport rate, 

total bedload yield, time lag, and hysteresis pattern over the successive hydrograph flow 

condition. 

Chapter 5 Bed Evolution Results  

Chapter 5 presents the results of bed evolution under variable water work and variable 

unsteadiness hydrographs.  The channel response related to bedform development is 

analysed in terms of the bed roughness and dimensions of bedform including the 

alterations in bed evolution and restructuring over the successive hydrograph flow 

condition. 

Chapter 6 Discussion of the Experimental Results 

Chapter 6 discusses the bedload transport and bed evolution results from all experiments, 

focusing particularly on linking the bed from development to bedload transport 

processes.  Understanding of the influence of relevant factors on overall findings is also 

presented along with a critical reflection on the experimental study. 

Chapter 7 Conclusion and Recommendations 

Chapter 8 concludes a summary of the key findings of the study, as well as discusses 

their limitation and recommendations for further research in this area.   
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1.4 Summary 

The hypothesis of this study including the research aims and objectives has been 

presented.  Comprehensive and systematic research was designed to achieve the research 

objectives that may potentially improve the understanding of river channel response for 

natural flood conditions. The research objectives were formulated considering the 

availability of resources and timescale of research work.   
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction 

In a riverine system, the majority of sediment transport occurs during the flood which in 

turn dramatically influences the morphology of the channel through bed erosion and 

deposition processes (Phillips and Sutherland, 1990; Berta and Bianco, 2010).  The 

morphodynamic response of the river channel is a complex phenomenon that depends on 

a large number of parameters, discharge through the channel and sediment transport are 

the main factors (Paphitis and Collins, 2005; Monteith and Pender, 2005; Haynes and 

Pender, 2007).   

The morphological changes influence the fluvial system and poor understanding of 

sediment transport in the alluvial channels and morphological changes during flood 

discharge causes many problems for river management (Pinter and Hein, 2005).  

Sequential hydrograph floods play an important role in this regard and the 

geomorphological effects of flood events depend on magnitude and intensity of the flood.  

The influence of sequential flood events is significant in the river system that experiences 

high erosion and deposition rates. The highly mobile river channel tranport   (Reid et al., 

1985; Bull and Kirkby, 2002).  Existing river management practice requires in-depth 

knowledge of channel morphology and temporal evolution of the river channel bed to 

mitigate flood risks such as through gravel removal, targeted dredging, and natural flood 

prevention and remediation techniques.  

Further, the interval between individual flood events is incredibly important as the 

channel responds differently to the flood events that follow each other closely as 

compared to those that occur after a long period of inactivity.  Channel subjected to low 

flow for long period exhibits increased bed stability whereas it offers less resistance to 

successive flood events.  Reid et al., (1985) found the channel bed resistance increases 

after long periods of inactivity that encourage the channel bed to consolidate sufficiently. 

In this regard, designing of hydraulic structures, river system management, and 

predictions of flood risk based on single hydrograph event simulations are therefore 
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insufficient as they are unable to consider the potential importance of the successive flood 

events. 

Until recently, the river channel response to the flood events has been studied under 

single-event unsteady flood hydrographs (Lee et al., 2004; Bombar et al., 2011; Mao, 

2012; Wang et al., 2015).  However, the floods following on from each other generate 

different responses as compared to an isolated flood event (Reid et al., 1985; Bull and 

Kirkby, 2002).  Previously, very few studies have been carried out on sequential 

hydrographs (Water and Curran, 2015; Wang et al. 2015).  A detailed review of the 

previous research studies on sediment transport and channel bed evolution is presented 

and discussed in the following sections.  Based on the literature review, research gaps are 

identified and summarized at the end of this chapter. 

 

2.2 Flood Hydrograph 

In a natural river, a flood event is by definition an unsteady flow condition that is 

relatively a high flow measured by discharge quantity or gauge height.  It usually occurs 

in the response to an event of rainfall.  Its graphical representation in  Figure 2-1 (a) 

shows the variation in the discharge rate over time.  The main features of an unsteady 

hydrograph are rising limb, falling limb, duration, peak flow, and shape.  These 

parameters depend on the watershed characteristics, river geometry, and precipitation 

(Hey et al., 1985).  Figure 2-1 (b) shows a natural flood hydrograph. 
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Figure 2-1: (a) Schematic diagram of the hydrograph (Lee, 1991; Yen and Lee, 1995) (b) 

natural flood hydrograph for the Eden River observed at Sheepmount (NRFA, 2013)   

An unsteady flow condition under which flow rate, water depth, and velocity vary 

temporally at a point can be described as 

𝜕𝑄

𝜕𝑡
 ≠ 0 ,

𝜕𝐻

𝜕𝑡
 ≠ 0 ,

𝜕𝑢

𝜕𝑡
 ≠ 0        (2.1) 

 

 

(a) 

(b) 
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Where: 

Q: flow rate 

H: depth of flow  

𝑢: flow velocity  

t:  time  

2.2.1 Sequential hydrograph 

A natural hydrograph can be defined as a series of high flow discharge and low flow 

interval durations or the so-called inter-flood period.  Figure 2-2 shows a short inter-flood 

period and a long-inter flood period.  

 

 

Figure 2-2:  Representations of long and short inter-flood periods (Reid et al., 1985)   

Previous researchers associated the sediment transport variability in river channels to the 

flow history (Reid et al., 1985; Reid et al., 1997; Church et al., 1998).  Reid (1985) were 

the pioneer researchers who identified the inter-flood conditions as a factor responsible 
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for the variability of sediment transport magnitude and patterns.  Although their findings 

were based on field observations that included a high level of uncertainty in 

measurement.  The mechanics associated with sub-threshold or antecedent condition on 

sediment transport and bed evolution has been studied in recent years through laboratory 

experiments that offered highly controlled measurements as compared to the field 

observation (Haynes and Pender, 2007; Ockelford, 2011; Hassan, 2015).    An extensive 

research work has been carried out on long inter-flood period (Paphitis and Collins, 2005; 

Monteith and Pender, 2005; Haynes and Pender, 2007; Ockelford, 2012; Hassan, 2015; 

Masteller and Finnegan, 2017; Masteller et al., 2019).   

Paphitis and Collins (2005) presented in their study that the channel subjected to pre-

threshold flow conditions increase the required critical shear velocity which is likely to 

increase the bed resistance. They suggested the erodibility of bed material and critical 

bed shear stress depend on the pre-threshold velocities. The critical bed shear stress of 

uniform sediment increases as the exposure duration increases under a constant pre-

threshold velocity (Paphitis and Collins, 2005). 

Monteith and Pender (2005) and Haynes and Pender (2007) extended the work of Paphitis 

and Collins (2005) for different sediment mixtures. In agreement with Paphitis and 

Collins (2005), they found that the longer periods of stress history increase bed stability 

due to particle rearrangement. They also suggest that the higher magnitudes of pre 

threshold flow decrease bed stability due to entrainment of the fine material of the 

sediment mixture. Masteller et al., (2019) have also found that high flow conditions can 

reduce critical shear stress by disrupting particle interlocking (through breaking the 

armour layer formed over the pre-threshold flow conditions). This finding was contrary 

to Paphitis and Collins’ (2005) findings due to the difference of the employed sediment 

type (uniform sediment).  

Hayes and Pender (2007) further extended the study of Monteith and Pender (2005) by 

using a high-resolution laser scanner. They suggested that particle rearrangement may be 

of greater relative importance as compared to the entrainment of the fine particles of the 

sediment mixture for bed stability. The dependence of bed stability on inter- flood flow 

period needs to consider in the modelling of sediment transport during flood events 

(Hayes and Pender, 2007). 



 

32 

Hassan (2015) in his laboratory experiments found that memory timescales of 10 minutes 

do not have a stress history and the increasing timescales up to 240 minutes decreases 

sediment transport by up to 97%.  The antecedent flow can be expected to influence the 

bedload transport over the sequential hydrograph flows through the mechanics of 

generating a more resistant bed under the earlier flood hydrograph (Hassan, 2015; 

Ockelford, 2011).   

Masteller and Finnegan (2017) also conducted laboratory experiments to study the stress 

history effect and the causes of history‐dependent bedload transport. They found 

significant reorganization of the bed reduces the stress history. They revealed that the 

magnitude of previous flow conditions modifies the bed formation and critical share 

stress of the channel bed.  

The significance of antecedent flow conditions and inter- flood flow period have been 

highlighted in these studies. It can be identified that the channel bed stabilises during the 

inter- flood flow period and produces a lower amount of bedload yield due to armouring 

effect, particle interlocking, and grain rearrangement Previously, the inter- flood flow 

period has generally been considered a period of ‘dormancy’, and thus ignored by the 

researchers (Vincent, 2020). 

A sequential hydrographs event can include the flow history that occurs after a short 

inter-flood period (Figure 2-3).  However, single hydrographs are generally considered 

in the previous studies of sediment transport (Lee et al., 2004; Wang and Parker, 2006; 

Bombar et al., 2011; Mao, 2012; Guney et al., 2013; Li et al., 2016; Redolfi et al., 2017; 

Wang et al., 2019).  Previously, a few studies have been carried out on sequential 

hydrographs events.  

Recently, Wang et al., (2016) used a double peak hydrograph and presented an initial 

experimental work based on a limited dataset. Wang’s (2016) results show that the 

bedload yield was higher for the first sub-hydrograph as compared to the second sub-

hydrograph under both uniform and graded bed conditions. The bedload transport rate 

was also noticed to decline significantly between the rising limb of the first and second 

sub-hydrograph, compared to bedload rates of the falling limbs (Wang, 2016).   
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Water and Curran (2015) used successive flow hydrograph conditions in their study.  

Although, a systematic analysis of sediment transport and bed evolution over the 

sequential hydrographs were not considered. However, the presented data showed a 

reducing trend of bedload yield for a number of sediment mixtures.  

Tubino (1991) presented the bed formation process over the repetitive unsteady 

hydrograph flow conditions. He investigated the development of alternate bars through 

laboratory experiments. The bed response to unsteady flow was studied and the results 

were compared with the Tubino and Seminara (1987) theoretical model. Tubino's (1991) 

model can predict the bed formation in the channel under different unsteady flow 

regimes. The sediment transport characterises and mechanisms underlying channel 

response to the several high and successive low flow conditions were not considered in 

his work.  Tubino’s work was limited to studying the bed formation and the temporal 

behaviour of the bed configuration. The morphology of the channel bed has a strong link 

with sediment transport, and it is highly recommended by the recent researchers to study 

sediment transport in association with the bed configuration (Mao, 2012; Water & 

Curran, 2015; Wang et al., 2019). The effects of sediment transport (bedload yield and 

bedload transport rate) on bed formation and bed configuration were not considered by 

Tubino (1991).   

 

Figure 2-3:  Representation of sequential hydrograph event   
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The shape of an unsteady hydrograph, mostly used by the recent researchers is a smooth 

bell-shaped (Kean et al., 2016; Li et al., 2016; Redolfi et al., 2017; Wang et al., 2019) 

including triangular (Lee et al., 2004; Wang and Parker, 2006; Bombar, 2011; Guney et 

al., 2013), trapezoidal (Bombar, 2011; Mao, 2012), and step discharged (Tubino, 1991; 

Mao, 2012; Water and Curran, 2015).  Although, triangular hydrographs have widely 

been used in earlier studies (NRCS, 1972).   

Figure 2-4 shows the different types of hydrograph shapes that have been used by 

previous researchers. The hydrograph type selection mainly depends on study purposes 

and the available laboratory facilities.  The smooth hydrographs possess a better 

representation of a natural flood as compared to the other types of hydrographs.  

However, this type of hydrograph requires a highly controlled discharge system. 

 

 

 

 

 

 

 

 

 

Figure 2-4:  Hydrograph shape used by (a) Wang et al., (2015); (b) Bombar et al., (2011); 

(c) Lee et al., (2004); (d) Mao (2012)   

 

(a) 
(b) 

(c) (d) 
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Research work based on the unsteady hydrograph uses a water work parameter initially 

proposed by Yen & Lee (1995) and an unsteadiness parameter introduced by Graf and 

Suszka (1985) to describe the flashiness of the flow hydrograph.  Hydrograph asymmetric 

parameter is also proposed by Wang (2015) that is the ratio of time to rise and time to 

fall.  A detailed discussion is provided below on these parameters. 

2.2.2 Water work of hydrograph 

Water work parameter quantitatively describes the magnitude of flood and the total water 

volume contained within a flood hydrograph.  It is an important parameter for the design, 

operation, and regulation of engineering works on the river system, including flood 

management and mitigation (Gamble, 1989).  The sediment transport process and bed 

evolution in a channel depend on this parameter.  The importance of the water work 

parameter is based on the fact that the total work done on the channel bed is associated 

with the volume of water under the hydrograph responsible to transport the sediment 

(Lee, 1991; Yen & Lee, 1995).  

In an unsteady hydrograph, baseflow can be considered as a steady low flow and an 

unsteady flow as a flood hydrograph (Figure 2-5).   

 

 

Figure 2-5:  Schematic diagram of an unsteady hydrograph (Song et al., 1994)  
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Yen and Lee (1995) initially defined the water work as total water volume under a flood 

hydrograph excluding the baseflow and quantitatively described it as follows: 

 𝑊𝐾 =  
𝑢𝑏

∗2 ∀

𝑔 𝐻𝑏
3 𝐵

                                                                                                                        (2.2) 

Where: 

WK: water work parameter 

𝑢𝑏
∗ : bed friction velocity  

∀ : total water volume under the unsteady hydrograph (excluding the volume under the 

baseflow) 

B: the channel width, and  

Hb: the depth of baseflow  

The water work parameter is used by many researchers to design a synthetic hydrograph 

for the unsteady flow experimental study (Lee et al., 2004; Wang and Parker, 2006; 

Bombar et al., 2011; Mao, 2012; Guney et al., 2013; Li et al., 2016; Redolfi et al., 2017; 

Wang et al., 2019).  In this study, water work parameter is used to design the unsteady 

hydrographs.  

2.2.3 Unsteadiness of hydrograph 

The unsteadiness of a flood is characterised by extremely rapid variations in the flow that 

exerts significant accelerating forces on the channel in addition to the mean-flow drag 

(Koehl, 1984).  This parameter is also important as water work parameter in the context 

that hydrographs may have the same overall magnitude but may have a significantly 

different impact on sediment transport processes and bed evolution due to a different 

flashiness. Therefore, a hydrograph’s cumulative volume-related effect can be defined 

qualitatively by water work parameter whereas its flashiness can be described by 

unsteadiness.  Graf and Suszka (1985) described the unsteadiness of the flow as follows: 
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𝑃 =  
1

𝑢𝑏
∗

 
Δ 𝐻

 𝑇𝐷
                                                                                                                          (2.3) 

Where: 

 Δ 𝐻: the difference between baseflow and peak flow depths  

𝑢𝑏
∗ : bed friction velocity  

𝑇𝐷: the sum of time duration for rising limb (TR) and the falling limb (TF)  

 

𝑇𝐷 =  𝑇𝑅  +  𝑇𝐹                                                                                                                         (2.4) 

Where: 

TR: time duration for rising limb  

TF: time duration for the falling limb  

A flood hydrograph that has a shorter duration and higher peak generally classifies as 

flashier hydrograph flow, while a longer duration of the flood that has a lower peak flow 

is a steadier flow condition.  Mathematically, if P~ 0 (i.e., high T and low H) the flow 

conditions would be equivalent to a steady flow condition and for a high value of P, the 

wave of flow would be extremely rapid.  
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Figure 2-6:  Representation of hydrograph unsteadiness parameter 

The unsteadiness parameter proposed by Graf & Suszka (1985) has been modified in 

later studies (Nezu et al., 1997; De Sutter et al., 2001; Qu, 2002; Bombar et al., 2011;). 

De Sutter et al. (2001) presented the concept of net acceleration of the rising limb and 

demonstrated the effectiveness of unsteady parameter with respect to the rising limb and 

falling limb of hydrograph.  They stated the duration of the rising limb is more important 

than the falling limb of the hydrograph, and proposed a modified unsteadiness parameter, 

Γ𝐻𝐺 𝑚𝑜𝑑 as below: 

 

Γ𝐻𝐺 𝑚𝑜𝑑  = ( 
𝐻𝑝 −  𝐻𝑏

∆𝑇𝑅
/ 

𝑈𝑏 +  𝑈𝑝

 2
) 

𝑢∗𝑝
2 −  𝑢∗𝑐𝑟

2

𝑢∗𝑐𝑟
2

                                                          (2.5) 

Where: 

ub:  the velocity of the baseflow   

up: the velocity of the peak hydrograph   

u*cr: the critical shear velocity 

u*p: the shear velocity at peak flow  
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Following the concept of De Sutter (2001), Bombar (2011) modified the unsteadiness 

parameter for triangular and trapezoidal hydrograph flows.  They non-dimensionalised it 

with the gravitational acceleration and proposed a new dimensionless unsteadiness 

parameter, 𝛤𝐻𝐺 𝑚𝑜𝑑 2, for unsteady flow as:   

Γ𝐻𝐺 𝑚𝑜𝑑 2 =  
 |𝑔𝑠 −  (

𝑈𝑏 −  𝑈𝑝

 ∆𝑇𝑅
)|

𝑔
                                                                                       (2.6) 

Where:  

g: gravitational acceleration  

s: bed slope 

Many researchers have used the unsteady parameter defined by Graf and Suszka (1985) 

(Yen and Lee 1995; Song and Graf 1996; Nezu et al. 1997; Lee et al. 2004; Ahanger et 

al. 2008; Bombar et al. 2011).  In this study, Graf and Suszka’s (1985) unsteadiness 

parameter is used that considers the duration of both rising and falling limbs.   
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2.2.4 Shape parameter of hydrograph 

Hydrograph sediment transport is widely associated with the above discussed parameters 

(WK and P).  However, the investigation of sediment transport under unsteady 

hydrographs is still to be fully understood.  The consideration of acceleration and 

deceleration rates is a little step toward the enhancement of the knowledge of the variable 

flow effect on sediment transport.  In this regard, a parameter is therefore proposed by 

Wang et al., (2013) in order to consider the effect of hydrograph shape. It is basically the 

temporal ratio of duration for the rising limb and the falling limb, defined as hydrograph 

shape parameter (𝜂)  

𝜂 =  
𝑇𝑅

𝑇𝐹
                                                                                                                                       (2.7) 

when  𝜂 = 1.0 the hydrograph’s shape would be symmetrical (Figure 2-7)  while 𝜂 < 1.0 

and 𝜂 > 1.0 characterise unsymmetrical hydrographs with relatively shorter and longer 

rising limb durations respectively. 

 

 

 

 

 

 

 

Figure 2-7:  Shape parameter (Wang et al., 2015)  
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In nature, most of the time asymmetrical hydrograph events occur that are based on two 

main factors: (i) types of precipitation and (ii) characteristics of catchment. The statistical 

data of flood indicate that urban area produces steep rising limb and a gentle falling limb 

of hydrograph. Glacial outflow generates a noticeable steep falling limb followed by a 

gentle rising limb (Figure 2-8). Wang’s (2016) experimental study on shape parameter 

showed that the asymmetrical parameter has a relatively low impact on sediment 

transport characteristics as compared to WK and P. Therefore, symmetrical hydrographs 

were designed in this study, considering the importance of water work and unsteadiness 

parameters and the time scale of the study. The main sets of experiments were comprised 

of experiments investigating the influence of variable water work parameter (flood 

magnitude) and the response of the channel for variable unsteadiness hydrographs (flood 

intensity).  

 

Figure 2-8: (a) Asymmetrical hydrograph with steep rising limb (b) asymmetrical 

hydrograph with gentle rising limb (Rushmer, 2007) 

  

(a) (b) 
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2.3 Bedload Transport  

In rivers, the entrained sediments can be transported by rolling, sliding, and saltating 

along the bed as bedload that is fully supported by the channel bed (Figure 2-9).  The 

bedload materials are mainly sand, and gravel and their movement mainly depend on the 

shear stress acting at the boundary.  

 

Figure 2-9:  Schematic presentation of transport modes of bedload (Vignettes, 2014).    

In sediment transport studies, the bed shear stress (𝜏) has been used to estimate the effect 

of steady flow magnitude on sediment transport. In the laboratory setting, the following 

equation is proposed for shear stress calculation (Shvidchenko, 2000), where the depth-

slope product is a reach-averaged approach, and thus slope and hydraulic radius are used 

as a representative of the length of channel. 

𝜏 = ρ g Rb S                                                                                                                                   (2.8) 

Where:  

ρ: water density 

Rb: bed hydraulic radius   
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S: the sediment bed slope  

Considering the different roughness of the flume channel glass wall and bed material, 

Manning’s formula can be applied as follows: 

𝑅𝑏
2/3

 𝑆1/2 / 𝑛𝑔 = 𝑅2/3 𝑆1/2 / 𝑛                                                                              (2.9) 

Where:  

R: the hydraulic radius of the flow area 

𝑛𝑔: the grain roughness defined by Strickler formula 𝑛𝑔 = 0.048 𝑑1/6 (Carson & 

Griffiths, 1987)  

𝑛: an equivalent roughness that can be expressed as  

𝑛 =  
(𝑃𝑏𝑛𝑔

3
2 +  𝑃𝑤 𝑛𝑤

3
2 )2/3

 𝑃2/3
                                                                                                    (2.10) 

Where: 

 𝑃𝑏 : the wetted parameter for the sediment bed  

 𝑃𝑤 : the wetted parameter for glass wall 

The wetted perimeter of the entire cross-sectional area is P = 𝑃𝑏 + 𝑃𝑤,  

Where:  

Pb = B (channel width)  

Pw = 2H (two times of the flow depth, where cross-section is rectangular)  

nw = the r2-10oughness of glass walls and 0.01 value can be used for it (Chow, 1959) 
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The initiation of movement of individual sediment particles on the channel bed is referred 

to as the incipient motion of bed material or entrainment threshold.  It has an important 

concept in the sediment dynamics study.  Many researchers have given extensive 

attention and come up with different criteria for identifying the threshold conditions.  The 

inception motion of bed material can be predicted by using the most widely applicable 

Shields curve generated by Shields (1936). The Shields method is appropriate for 

quantifying sand incipient motion; however, it has been widely used for large size of bed 

material. It is based on the Reynolds number and the critical stress parameter, θcr which 

is obtained from extensive laboratory investigations.  Figure 2-10 shows the Shield’s 

curve modified by Graf (1971).  The shear Reynolds number, Re* is calculated by 

dividing the inertial forces to viscous forces as presented by Equation 2.11. 

 Re* = 
𝑢∗𝑑

𝑣
                                                                                                 (2.11) 

Where: 

𝑢 ∗ : shear velocity  

𝑑 : representative particle size 

𝑣 : kinematic viscosity 

The shear velocity is a representative of the intensity of boundary layer turbulence.  

𝑢 ∗ =  √𝑔𝐷𝑠                                                                                                              (2.12) 

Where:  

D = depth of the water   

S = slope of the channel 
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Figure 2-10:  Shields curve (Graf, 1971)   
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The critical mobility parameter, θcr is also called Shields stress or the dimensional shear 

stress and it can be achieved once shear stress 𝜏 is calculated using Equation (2.8) for 

uniform sediment. 

θcr=  𝜏 / 𝑔 𝑑 (ρ 𝑠- ρ)                                                                                                         (2.13) 

Where:  

d: grain size  

ρ 𝑠: the density of sediment 

Parker et al. (1982) presented the reference method using a critical mobility parameter 

and dimensionless transport rate. The reference transport method can be applied to 

determine the threshold condition of sediment transport that uses the concept of a specific 

low level of sediment transport (Wu et al., 2000; Shvidchenko, 2000). Dimensionless 

bedload transport rate W ∗𝑖 can be calculated as:  

𝑊𝑖
∗ =

q𝑏𝑖
∗

𝜏𝑖
∗3/2 

                                                                                                   (2.14) 

Where: 

q ∗𝑏𝑖:  normalized Einstein bedload parameter which is represented as:  

q ∗𝑏𝑖=
q𝑏𝑖

𝑓𝑖𝜌𝑠√(
𝜌𝑠
𝜌 − 1) 𝑔𝑑𝑖

3
  

                                                                             (2.15) 

Where q𝑏𝑖 is the measured bedload transport rate per unit width of the channel in terms 

of mass expressed as (kg m-1 s-1). It can also be presented in form of volume (m2 s-1). i 

represents the fraction in the mixture where fi is the proportion of fraction on the channel 

surface (Einstein, 1942).  
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2.3.1 Bedload transport in steady flow 

Several bedload transport equations have been proposed previously. These equations are 

based on a range of theoretical bases, including steam power, excess shear stress, 

empirically and probabilistic based derivation. Previous literature on sediment-transport 

rates repeatedly reported Einstein (1950), Engelund and Hansen (1967), and Meyer-Peter 

and Muller (1984) work and subsequent modifications of their proposed equations. 

Vanoni (1975) and Nakato (1990) provided comparative descriptions of several such 

equations. 

Figure 2-11 presents the performance of several sediment prediction equations for an 

observed dataset.  It can be noted that these equations vary greatly from the actual 

measured data.  The main reason for such a huge deviation in the prediction is the 

differences in the conditions.  The conditions for which some of the sediment transport 

rate equations were derived might differ from the conditions represented by the dataset.  

For instance, in Figure 2-11 the dataset was obtained from the sandy river channel while 

the Meyer-Peter function was obtained for coarse sediment material.  Therefore, the plot 

shows a huge difference between the dataset and the function. It is challenging to predict 

accurate sediment transport because of particle size distribution that causes a large spread 

in predicted values.  Table 2-1 below shows a range of variables used in developing the 

sediment functions by several researchers.  
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Table 2-1: Sediment transport as a function of a range of variables (Sam User’s Manual, 

1998)   

In Table 2-1 

d: overall particle size (mm)   

dm: mean particle size (mm) 

s: specific gravity 

V: velocity (fps) 

D: depth (ft) 

S: energy gradient 

W: channel width (ft) 

T: water temperatures (Fo) 
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Figure 2-11:  Sediment discharge vs water discharge measured for the Niobrara River, 

U.S.A, solid curves show calculated sediment-discharge (Vanoni, 1975)  
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2.3.2 Bedload transport in unsteady flow 

Sediment transport in steady flow conditions has been studied extensively over the past 

century.  Although the study of sediment transport in unsteady flow is in the early stages 

of development.  The bedload transport in unsteady flow conditions is more complex 

than in steady flow conditions due to specific unsteady flow characteristics and its effects 

on bedload and bed evolution (Wang, 2016).  The important variables associated with 

sediment transport and the bed morphology are: 

(i) fluid properties (i.e. viscosity, υ, dynamic viscosity, μ, density, ρ)  

(ii) sediment properties (i.e. particle size, d, the density of the sediment, ρs, and 

the submerged specific weight of the particles, γ);  

(iii) flow characteristics (i.e. shear stress τo, shear velocity, u*, flow depth, h, 

hydrograph duration, T, volume of discharge, V) 

(iv) channel geometry (i.e., slope, S, width, B)  

Therefore, the sediment transport yield, Wt over a flow hydrograph is a function of a 

number of these variables.  A functional relationship for sediment transport yield can be 

express as:  

Wt = f (ρ, μ, g, ρs, d, h, u*, V, T, Tr, Tf, B, S)                (2.16) 

 

The variable associated with the fluid properties and sediment properties can be 

determined for the specific type of channel. If it is assumed that the channel geometry, 

sediment properties, and fluid properties are unchanged. Then the flow characteristics of 

an unsteady flow condition can be related to bedload yield by using dimensional analysis. 

An appropriate non-dimensional relationship between bedload yield and unsteady flow 

characteristics would be as follows:  

𝑊 𝑡 
∗  = f (

𝑢𝑏
∗2 ∀

𝑔 𝐻𝑏
3 𝐵

,
1

𝑢𝑏
∗
 
Δ 𝐻

 𝑇𝐷
,

𝑇𝑅

𝑇𝐹
)           (2.17) 
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The non-dimensional parameters on the right-hand side of the Equation 2.17 describe the 

flood hydrograph characteristics, that are (1) water work parameter of hydrograph (2) 

flashiness (unsteadiness) of the hydrograph, and (3) hydrograph shape (Lee et al., 2004; 

Graf and Qu, 2004; Bombar et al., 2011; Wang, 2015). A detailed discussion of these 

parameters has been presented in section 2.2.  

The response of the channel bed material to the unsteady flow condition can be described 

by a non-dimensional total bedload transport parameter 𝑊 𝑡 
∗ (Bombar et al., 2011). The 

non-dimensional yield (i.e. over the whole hydrograph) can be obtained by using the 

bedload yields 𝑊𝑡 measured throughout a hydrograph and normalized as (Bombar et al., 

2011):  

𝑊 𝑡 
∗ =  

𝑊𝑡

𝜌𝑠 𝑏 𝑑50
2                                                                                                                (2.18) 

Where: 

Wt : measured total bedload yield (kg) 

𝜌𝑠: sediment density (kg/m3) 

b: sediment trap width (m) 

d50: median grain size (m) 

Previous research work in the area of unsteady flow shows that the characteristics of 

flood hydrograph have significant effects on sediment transport (Lee et al., 2004; Bombar 

et al., 2011; Wang, 2016).  Sediment transport rate, and consequently, total bedload yield 

varies with the magnitude, duration, flashiness, and shape of hydrograph including the 

acceleration rate of the rising limb and the deceleration rate of the falling limb.  The total 

bedload linearly increases as the value of the total water work parameter increases 

(Bombar et al., 2011).  Wang et al., (2019) found that transport yield increases with 

hydrograph water work parameter (magnitude) according to a power law.  
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Yen and Lee’s (1995) experimental work indicated that the total bedload yield increases 

exponentially with the unsteadiness parameter during an unsteady hydrograph.  Similar 

to that, Lee et al. (2004) and Wang (2016) found the bedload yield increases as the 

unsteadiness parameter increases.  However, they presented a power law relationship 

between bedload yields Wt* (or Wt) and hydrograph unsteadiness parameter.  Contrary to 

them, Bombar et al. (2011) indicated an exponentially decreasing trend of the total 

bedload transport with unsteadiness parameter. The bedload transport – unsteadiness 

parameter relationship varies due to the difference in the formulation of the unsteadiness 

parameter. Regarding the shape parameter, Wang’s (2016) experimental results showed 

that the asymmetrical parameter has a relatively low impact on sediment transport 

characterise as compared to WK and P. Thus, previous studies have revealed that total 

bedload yields significantly depend on total water work and unsteadiness parameters.  

2.3.3 Time lag in unsteady flow  

For an unsteady flood hydrograph, the time lag effect is defined by the time difference 

between peak values of hydraulic parameters (e.g., discharge, velocity, depth, etc.) and 

peak transport rate (Graf and Qu, 2004; Bombar et al., 2011). The peak bedload transport 

mostly occurs later during the flood event in relation to peak water discharge and 

produces a time lag. The time lag is generally considered to be the result of the difference 

in the movement of water and bed material as the water wave travels faster than the body 

wave (De Stutter, 2001). However, more specific to bedload transport in a sandy bed 

channel, Griffiths and Sutherland (1977) associated the time lag to the development of 

the maximum size of sand dunes that generated after the peak discharge of the 

hydrograph. Phillips and Sutherland (1990) revealed that it is the adjustment time 

required for the sediment transport rate and bedforms geometry under an unsteady 

hydrograph. The lack of adjustment of channel bed to rapidly changing flow discharge 

leads to unsteady hysteresis effects and non-equilibrium transport conditions.  Since the 

existing sediment transport functions are developed for equilibrium transport, therefore, 

special considerations are required in modelling of unsteady flow conditions and 

sedimentation processes. Previous studies identify two types of time lag effects (Figure 

2-12). A positive (when the peak bedload transport rate occurs in the falling limb of 

hydrograph) and negative time lag (when the peak bedload transport rate occurs before 

peak discharge, in the rising limb of the hydrograph) (Graf and Qu, 2004; Bombar et al., 

2011; Humphries et al., 2012). Both types of time lag have been reported in the previous 
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literature. A positive time lag was typically found by many researchers (Laronne et al. 

1994, Reid et al. 1997; Lee et al. 2004; Bombar et al., 2011; Humphries et al. 2012). 

While, Graf & Qu, (2004), Humphries et al. (2012), and Wang (2016) reported negative 

time lags. The negative time lags are generally produced during a flash flood that 

generates a large portion of sediment transport under the rising limb of the hydrograph.   

 

Figure 2-12:  Schematic representations of (a) negative time lag (b) positive time lag 

(Swingle et al., 2012). 

 

2.3.4 Hysteresis in unsteady flow 

A hysteresis pattern can be observed over an unsteady hydrograph which is generated by 

the different sediment transport rates at the same flow rate during the rising limb and 

falling limb (Brownlie, 1981). The differences in the measured transport rates at 

corresponding discharges under an unsteady hydrograph has been reported by many 

researchers (Brownlie, 1981; Reid et al., 1985; Kuhnle, 1992; Hassan & Church, 2001; 

Lee et al., 2004; Hassan et al., 2006; Wong & Parker, 2006; Mao, 2012; Humphries et 

al., 2012; Waters and Curran, 2015, Wang, 2016). 

The hysteresis patterns can be obtained by plotting the bedload transport rate qb versus 

flow rate Q, that describes the variation in bedload transport rates that occurs at 

corresponding water discharges during the rising and falling limbs.  Therefore, the 

hysteresis pattern of individual sub-hydrographs of sequential hydrograph events are 



 

54 

used to compare the transport rates observed at the same flow rate during the rising and 

falling limbs. 

Hysteresis is classified into clockwise, counter-clockwise, figure eight, single value, and 

single value plus loop pattern (Williams, 1989).  A clockwise hysteresis loop indicates 

higher sediment transport rates on the rising limb as compared to the falling limb whereas 

a counter-clockwise hysteresis implies higher sediment transport rates during the falling 

limb as shown in Figure 2-13.  ).  In a natural river, the channel sediment does not respond 

immediately to the changing flow rate that occurs in unsteady flow conditions. This 

causes a spatial and temporal lag between the sediment transport rate and water discharge 

(Phillips and Sutherland, 1989; Phillips and Sutherland, 1990). 

 

 

Figure 2-13:  Schematic representations of (a) clockwise hysteresis; (b) counter-

clockwise hysteresis (Swingle et al., 2012). 
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The clockwise and counter-clockwise hysteresis loop often exhibit clear loop effects for 

sediment transport as compared to the figure eight and no-hysteresis pattern. Previous 

studies show that bedload transport rate typically exhibits a counter-clockwise hysteresis 

for shorter rising limb durations and clockwise hysteresis loop for longer rising limb 

durations (Kuhnle, 1992; Hassan and Church, 2001; Lee et al., 2004; Hassan et al. 2006; 

Bombar et al., 2011; Humphries et al., 2012; Mao, 2012). In natural rivers, the hysteresis 

patterns are generally a clockwise loop as the rising limb duration is generally much 

longer than the rising limb of commonly designed symmetrical hydrograph for laboratory 

experiments (Kuhnle, 1992).  
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2.4 Bed Evolution  

Morphology of a channel bed has a strong link with sediment transport.  Flood events 

induce significant sediment transport, which in turn dramatically influences the 

morphology of the bed.  It is highly recommended by the researchers to study sediment 

transport in association with the bed configuration (Mao, 2012; Water & Curran, 2015).  

However, it is a complex phenomenon that depends on a large number of parameters, 

discharge through the channel and sediment transport are the main factors, others are 

sediment particle size, shape, sediment flux, erosion and deposition, and variation in flow 

and velocity (Paphitis and Collins, 2005; Monteith and Pender, 2005; Haynes and Pender, 

2007). 

The bed morphology plays an important role in determining sediment transport of 

erodible channels (Kennedy, 1961).  The bedform and surface roughness generate flow 

resistance in the sediment transporting channel.  The average flow velocity distribution 

and bed shear stress change with the changes in the channel geometry.  Therefore, the 

characteristics of channel bed geometry are highly linked with sediment transport. 

Previously some researchers have given a detailed measurement and description of the 

bedform of their studies. However, the study of bed formation along sediment transport 

investigation are limited due to the fact that it is highly difficult to obtain the data of 

random bed features. In a mobile bed channel, the bed morphology changes with changes 

in flow condition and sediment transportation. With the advancements in laser scanning 

technology, sharpened examinations of bed evolution and bedform are possible during 

flume experiments (Tait et al., 1997; Willetts et al., 1998; Marion et al., 2003; Mao, 2012; 

Water & Curran, 2015).  

 

2.4.1 Types of bedform 

Erodible sediment beds generally display bed formation in response to strong flow 

sediment interactions. The nature of the interaction and resulting bed configuration 

depends on the depth and velocity of flow and the properties of sediment (Keddeny, 

1963). Carling (1999) summarised the flow regimes for various bedforms as shown in 

Figure 2-14. 
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Figure 2-14:  Classification of bedforms according to Carling (1999)
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The bedform classification shown in Figure 2-14 was obtained from the literature review 

for sediment with a median size greater than 2mm. It can be noted that as the flow 

velocity increases the bedform evolves as ripple → dunes → anti-dunes.  These bedforms 

are the result of an orderly pattern of scour and deposition processes in the channel and 

have different geometrical characteristics (Van Rijn, 1984).  Schematic diagrams of the 

ripple, dune and anti-dune bedforms are presented in Figure 2-15.   

 

 

Figure 2-15: Representations of bed formation types (a) ripples; (b) dunes; (c) anti-dunes 

(Wang, 2016) 
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Ripple formation occurs over the hydraulically smooth flow regime and in bed sediment 

finer than d < 0.7 (Allen, 1984; Sumer and Bakioglu, 1984).  Ripples do not exist in 

coarser bed sediments (d > 0.7 mm) due to the hydraulically unsmooth flow regime 

(Yalin, 1972; Costello and Southard, 1981; Allen, 1984; Sumer and Bakioglu, 1984).  

Carling (1999) presented that the wavelength of ripple is proportional to grain Reynolds 

number (Baas, 1994; Yalin, 1992) that is based on grain size.  Allen (1984) found up to 

a few tens of millimetre amplitude (height of bedform) of the ripples and wavelengths 

typically less than 0.6 m.  

Dunes form when the flow velocity is great enough to move the individual sand grain.  

The bed can spontaneously deform into irregular features (Keddeny, 1963) that have 

distinguishing features such as triangular shape, statistically uniform size, and bedform 

arrangement.  Best (1996) stated that the length of the dune depends on flow depth. He 

found the length of dune the same order of scale as the depth of flow.  Dunes typically 

appear to be formed when sediment sizes are coarser than 0.15 mm and up to 33mm 

(Carling, 1999).  

Gilbert (1914) introduced anti-dunes bedform, where sediment is eroded from the 

downstream and deposited on the upstream and it occurs when the Froude number, Fr is 

higher enough.  Southard and Boguchwal (1990) found that the anti-dunes form in sandy 

sediment bed when Fr exceeds 0.84. However, for some flow depths and sediment types 

of no-defined bedform develops after dues (Simons et al., 1961). 

Alternate bars are usually formed in the gravel bed channels under high flow conditions 

(Parker and Peterson, 1980) and they are important in the channel morphological 

development as well as sediment transport processes due to associated channel roughness 

(Radecki-Pawlik, 2002).  A sequence of alternately arranged pools and gravel bars form 

the alternate bars (Verbruggen, 2012).  The height and wavelength of alternate bars 

depend on the width-to-depth ratio of the channel and only form within a small range of 

this ratio (Lanzoni, 2000).  Shallower and wider channels generally develop sequential 

bars (Colombini and Tubino, 1990).  Figure 2-16. shows regular and irregular alternate 

bars. 

  

https://en.wikipedia.org/wiki/Froude_number
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Figure 2-16: Schematic representations of type of bed formation 

(a) regular alternate bars; (b) irregular alternate bars; (c) irregular alternate bars of 

Tokachi River, Japan (Wang, 2016); (d) alternate bars of the Isère River near Aiton, 

France (Jourdain et al., 2018) 

Understanding of bedform had initially been developed for steady flow conditions under 

the sediment influx supplies (Raudkivi, 1997; Yalin, 1992).  Wang (2016) studied the 

bedforms development over a range of unsteady flow hydrograph conditions and found 

the unsteadiness parameter, Γ𝐻𝐺 and water work parameter, Wk have a significant effect 

on bed formation types and dimensions of bedforms.  Whereas the hydrographs of 

different shape factors have the same dimensions.  That reflect the fact that the shape 

factor does not have any significant impact on bed formation in contrast with the 

unsteadiness parameter and water work parameter.  

 

 

(a) 
(c) 

 

(b) 

(d) 
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Water and Curran (2015) studied the channel bed formation under successive 

hydrographs and found that it is a function of sediment type and hydrograph parameters 

where sediment composition is a dominant factor. They observed that sediment mixture 

has a significant influence on bedform evolution over sequential hydrographs. The bed 

formation over the high flow hydrographs was migrating ripples that resulted from the 

deposition of sand on the surface of sand/gravel beds (Carling et al., 1999; Kuhnle et al., 

2006). 

 

2.4.2 Bedform roughness 

The channel boundary roughness is an essential parameter that influences water depth 

and velocity in the alluvial channel. The boundary roughness within a channel includes 

grain-scale roughness (caused by the drag of individual grain on the flatbed condition) 

and bedform roughness (caused by the presence of a large structure) as shown in Figure 

2-16.  

 

 

 

Figure 2-17: Schematic representations of bedform roughness and grain scale roughness 

(Groom et al., 2017) 
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The sediment transport studies generally take the top surface of the bed into 

consideration, and it is known as an active layer.  The sediment transport occurs in that 

layer and sediment swaps between bed and bedload (Haynes et al. 2012) and bed 

formation occurs.  The changes in bed surface roughness are highly linked to the bed 

formation of the active layer (Lanzoni and Tubino, 1999).  Schindler & Robert (2005) 

revealed that the magnitude of turbulence intensity is linked to the bed roughness within 

the channel.  However, it can be difficult to differentiate between grain scale and bedform 

drag components in some situations.  For instance, in the presence of gravel bars where 

the drag component of grain at high flow can be bedform resistance at low flow 

conditions (Smart and Aberle, 2004). 

Median particle size of sediment has been considered as a grain-scale roughness 

parameter (Strickler, 1923; Nikuradse, 1933).  Mao et al. (2011) recognized that particle 

size is not sufficient for bed roughness evaluation.  Aberle (2000) and Aberle and Smart, 

(2003) showed in their studies that root-mean-square surface elevation, σb can be better 

described as a roughness parameter as compared to d50 (or d84) for a steep gravel-bed 

channel.  In terms of spatial characteristics of bed formation (i.e. channel deformation, 

roughness of the bed surface) probability density function (pdf) of bed elevation and their 

statistical moment have been used (Smart et al., 2002, Aberle and Smart, 2003).  These 

measures provide a means to linking the surface condition to the surface forming process.  

The processes responsible for bed changes can be evaluated by using these measures 

(Marion, 2003; Aberle and Nikora, 2006). 

The bed surface roughness is classified into grain-scale roughness and bedform 

roughness.  The boundary roughness within a channel is considered as grain-scale 

roughness (caused by the drag of individual grain on the flatbed condition) and bedform 

roughness (caused by the presence of a large structure).   The sediment influx at upstream 

boundary is also thought to contribute into grain scale roughness.  However, 

differentiating the grain scale and bedform components of roughness in gravel bedforms 

is difficult due to the fact that the drag component of grain at high flow can be bedform 

resistance at low flow conditions (Smart and Aberle, 2004).   
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The mean bed elevation of the channel, ∆Zb, and standard deviation of the bed elevation, 

σb have been used to evaluate the spatial characteristics in terms of channel deformation 

and roughness of the bed surface (Marion, 2003; Albert and Nikora, 2006; Ockelford, 

2011; Chen et al., 2020).  The mean bed elevation ∆Zb is basically the difference in 

measured elevations at the end of an antecedent flow and at the end of individual sub-

hydrograph runs. That gives a bulk statistic of an overall degradation or aggregation 

condition of the channel.  

The standard deviation of the bed surface, σb.  is associated with the surface roughness 

and it increases as the surface roughness of the bed increases.  Aberle (2000) and Aberle 

and Smart, (2003) showed in their studies that σb can be better described as a roughness 

parameter as compared to d50 (or d84) for steep gravel-bed. Chen et al., (2020) compared 

the performance of bed roughness predictors σz and d84 for a wide range of channel 

morphologies and flow conditions.  They found σz performed better as a measure of 

roughness length as compared to d84 due to the fact that σz contains bed structure 

information.  

 

 

Figure 2-18: Correlation between σz and d84 for a range condition (Chen et al., 2020) 
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2.4.3 Dimensions of bedform 

Bed formation can be quantitatively defined in terms of geometrical characteristics as the 

wavelengths, 𝜆  that is the length between two successive lowest/highest point and 

heights, Δ that is the elevation difference between the lowest point at the toe and the 

highest point of the crest (Carling at al., 2000). Their ratio can be expressed as bedform 

steepness (Yalin, 1992).  

 𝑆𝑡𝑒𝑒𝑝𝑛𝑒𝑠𝑠 =
𝛥

𝜆
                                                                                                          (2.19) 

The bed formation results in response to flow-sediment interactions. The nature of the 

interaction and resulting bed configuration depends on the flow and the types of sediment 

such as sand, silt, and gravel. The different type of sediment produces a different type of 

bed form structure (e.g., ripples, dunes, anti-dunes, and alternate bars) under the same 

flow condition. This fundamental concept of bedform dimensions described above is 

applicable for all types of bedform such as ripples, dunes, anti-dunes, and alternate bars 

formed by different types of sediment (e.g., sand, silt, gravel) and their mixture. 

Figure 2-19 shows the wavelength and height of dune bedforms. However, the height in 

alternate bars is an elevation difference between the highest point at bar trough and the 

wavelength is the length between two successive bar troughs/tops on the same side of the 

channel (Eekhout et al., 2013), as shown in Figure 2-19. 

 

Figure 2-19:  Schematic representations of bedform dimensions (Schippa et al, 2019)   

𝜆          
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In natural rivers, dune dimensions generally exceed 0.5 m in length and 0.1 m in height 

(Ashley, 1990).  However, Carling (1999) found some smaller dunes that developed as 

bedload sheets.  The wavelength of the dune usually scales with the flow depth (Best, 

1996).  Anti-dunes have heights in 0.01 - 1.5 m range (Kennedy, 1961; Simons & 

Richardson, 1971) and their lengths scale with the Froude number and flow depth (Allen, 

1969).  Furthermore, the height and wavelength of alternate bars depend on the channel 

width-to-depth ratio and only formed within a small range of this ratio (Lanzoni, 2000).  

Tubino (1991) developed a theoretical model to estimate the formative conditions 

associated to the alternate bars.  He demonstrated the bar dimensions depend on the ratio 

between the bedform instability and the time scale of the flow. 

 

 

 

                 

 

 

Figure 2-20:  Alternate bar (a) dimensions and (b) topography data (Eekhout et al., 2013)  

 

2.5 Summary  

In natural rivers, channel response to a flood is a complex phenomenon that is mainly 

determined by discharge through the channel, sediment particle size, and sediment flux. 

The literature review of sediment transport and bed evolution of river channel showed 

that a significant number of studies has been conducted previously although sediment 

transport and bed evolution under sequential unsteady flow conditions has not been fully 

revealed. 

 

(a) 

(b) 
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A systematic analysis of bedload transport characteristics over the successive 

hydrographs will be considered in this study that has not been considered previously 

(Water and Curran, 2015).  Wang’s (2016) work on a double peak hydrograph will be 

extended by using a range of hydrographs (of variable magnitude and unsteadiness).  A 

comparison of bedload transport characteristics under a single hydrograph and sequential 

hydrographs will be conducted first time in this study.  None of the previous studies have 

demonstrated how bed response changes under sequential hydrograph conditions (Lee et 

al., 2004; Wang and Parker, 2006; Bombar et al., 2011; Mao, 2012; Guney et al., 2013; 

Li et al., 2016; Redolfi et al., 2017; Wang et al., 2019). Hence, research question 1: 

“How do sequential flood hydrographs influence the bedload transport 

characteristics under variable magnitude and intensity of a flood?” 

 

Bed evolution under the sequential flow conditions will be investigated using high 

resolution Digital Elevation Models. Previously some researchers have given a detailed 

measurement and description of the bedform (Smart et al., 2002; Marion et al., 2003; 

Albert and Nikora, 2006; Mao et al., 2011; Water and Curran, 2015).  A robust method 

of analysis will be applied to gain the bedform dimensions and the bedform roughness 

predictor will be analysed for sequential flow conditions in order to answer research 

question 2: 

“How do sequential flood hydrographs influence the bed evolution 

characteristics under variable magnitude and intensity of a flood?” 

 

The evolution of bedforms is strongly associated with sediment transport (Jaeggi, 1984; 

Yalin, 1992; Best, 2005), and the sediment transport is affected by the channel 

morphological changes (Mclean, 1990; Nelson et al., 1993). The relationship between 

the bedload transport and bed evolution under unsteady sequential flows will be 

investigated that has not been studied in depth previously (Water & Curran, 2015). 

Hence, research question 3: 

“How do sequential flood hydrographs influence the relationship between 

bedload transport and bed evolution?” 
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In summary, this study addresses the identified research gaps and deficiencies that remain 

in the understanding of sediment transport and bed evolution.  Specifically, the river l 

bed response under the sequential hydrograph flow conditions was the basis on which 

this study was undertaken. 
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CHAPTER 3 EXPERIMENTAL METHODOLOGY 

3.1 Introduction 

Physical modelling of a river system in a flume channel has a proven track record.  The 

main reason for the adoption of flume-based studies is the associated limitations and 

complexities in obtaining high-quality data from natural rivers during a flood.  A 

significant risk is also involved in data collection during the high flow conditions along 

with the uncertainties involved in characterising the natural flow hydrograph.  Adding to 

this substantial expense and time required for fluid measurements and these 

measurements are generally site-specific that are limited in their wide applicability and 

generalization.  

The laboratory-based experimental work has highly valuable advantages over the field-

based study.  A parametric examination of the river system can be conducted under a 

highly controlled environment with a high degree of precision in measurements.  It 

allows relatively fast and easy measurement of flow conditions, sediment transport, and 

bedform changes.  The main advantage of flume-based work is that the influence of a 

single parameter of the experiment on individual aspects of the river process can be 

studied at any time.  

The experimental programme of this study was designed to conduct a parametric study 

of channel response to unsteady sequential hydrographs through physical modelling 

technique.  This chapter addresses, the designing of unsteady hydrographs, flume 

facilities, the choice of sediment grain sizes, selection of the measuring method, sediment 

feed system, and bed scanning technique. In the subsequent chapters, the data obtained 

using the described methodology are analysed in order to understand the effects of 

sequential hydrograph on channel response.  
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3.2 Flume Facilities 

The experimental study was conducted in the Hydraulics Laboratory of the Institute for 

Infrastructure and Environment (IIE) at Heriot-Watt University, using hydraulic flume 

facilities.  The employed flume was equipped with a sediment trap system and a hydraulic 

pump. The unsteady hydrograph flow was generated by using a frequency converter 

fitted along with the pump. A bed scanning system was set up on the flume channel that 

was mainly comprised of a laser scanner and an x-y position table for automatic 

movement of scanner. A sediment feeding arrangement was also established using a 

stepper motor and spreader. In the subsections, details of the flume geometry, equipment 

and specifications are described. The important considerations for data collection and 

calibration are also presented in this section. Figure 3-1 shows a schematic representation 

of the flume facilities. 

 

Figure 3-1: Schematic diagram of the flume facilities (Wang, 2016) 
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3.2.1 Flume channel 

 

Figure 3-2 shows the flume channel employed in this study, which is 22.0 m long, 0.75m 

wide and 0.5m deep. This rectangular channel has a toughened glass wall on both sides 

and the bottom floor is made of a smooth steel plate. The flume can be tilted to a range 

of positive slopes from 0.001 to 0.01 (1:1000 and 1:100) via a mechanical screw jack at 

the upstream side operated by manually operated hydraulic lifting cylinders.  A bed slope 

of 0.002 was established for all the experiments during this study.  The entrainment 

threshold of sediment size of 2.1 mm was below the critical threshold at this slope for 

the baseflow condition. An increase in the slope would have resulted in mobilizing the 

sediment at the baseflow condition. 
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Figure 3-2:  Employed flume channel and its dimensions 

The flume is a closed system that recirculates water from an underground water tank by 

an electrically powered pump. The pipeline from the pump discharges the water into the 

inlet stilling tank of the flume that passes through a honeycomb plate. Figure 3-3 shows 

the stilling tank and a honeycomb plate placed at the entrance of the channel. The inlet 

section was designed in a manner that produces a uniform flow condition in the flume 

channel. The honeycomb plate generated a uniform condition in the channel. Therefore, 
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the flume bed was prepared with an immobile bed material of d50 = 40 mm at the inlet of 

the flume to produce a turbulent boundary condition.  

It was calculated that a 6m of length of an immobile bed was sufficient to generate a fully 

developed turbulent flow condition in the channel. The flume bed was prepared with an 

immobile bed material at the inlet of the flume. The immobile bed of d50 = 40 mm at the 

upstream was placed to produce a turbulent boundary condition.  The immobile bed 

section at the inlet was placed with one meter of d50 = 9 mm transitional section between 

the immobile and mobile bed sections.  The purpose of that section was to reduce the 

scour caused by the sudden change of water discharge condition.      

 

Figure 3-3: (a) Stilling tank in the flume (b) Honey-comb plate at the flume entrance 

The flow enters a discharge collecting tank at the downstream end, after passing through 

an adjustable tailgate. The tailgate consists of equally spaced, vertically fitted blinds 

across the full width of the channel. The water level in the flume channel is controlled 

by these blinds depending on the extent of opening. Figure 3-4 shows a tailgate and 

discharge collecting tank. 

Honey-comb plate Stilling tank 
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Figure 3-4: (a) Tailgate in the flume channel (b) discharge collection tank 

3.2.2 Flow measuring equipment 

The pump attached to the flume channel can deliver water at a maximum discharge rate 

of 100 l/s. An ultrasonic flow meter consisting of two ultrasonic transducers was fixed at 

the outer wall of the inlet pipe (Figure 3-5 (a)).  The transmitter transducer of the flow 

meter emits acoustic signals that scatter back to the receiver sensor and measures the 

discharge of the pump through the pipe. It has a flow measurement accuracy of 0.01 l/s 

when signal strength is above 60%.  

 

Figure 3-5: (a) Microsonic Ultrasonic Flow meter, (b) Frequency Inverter 

(a) (b) 

Discharge collection tank 
Tailgate 
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The Portagraph software package was used to record a continuous flow rate reading from 

the flow meter.  The real-time discharge rate can be visualized through a graphical user 

interface of Portagraph.  The flow rate data was logged every second for all the 

experiments.  Figure 3-6 shows the Portagraph software features.  

 

Figure 3-6: Real time discharge data on Portagraph GUI window 

3.2.3 Flow controlling equipment 

A Jaguar VXG frequency inverter (Figure 3-5 (b)) was used to control and programmed 

the unsteady flow condition in the flume. Application of frequency inverter gave a highly 

valuable advantage on manual control of flow rate as its high level of control with a finer 

rate of change. Considering the required flow condition in the current study it was not 

possible to generate an unsteady hydrograph manually. The basic principle of controlling 

flow rate using a frequency inverter is that a pump running at a specific frequency 

delivers a specific flow rate (Figure 3-7). The employed pump runs at a maximum 

frequency of 50 Hz to deliver a maximum discharge. 
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Figure 3-7: Flow control procedure (Wang, 2016) 

A DAS-Wiz, add-in programme in excel was used to send the voltage signal via a 

USB1208FS device. The add-in works based on input analogy. The relationship between 

the voltage signal and the flow rate was calibrated and a best-fit polynomial equation was 

established as below: 

Q = - 0.0000038238960867 V5 + 0.0011067327887427 V4 - 0.1252515654180060 V3 + 

6.9890178985663600 V2 - 157.80382067408400 V + 3,189.620261794450              (3.1) 

Where: 

Q: flow rate in l/s 

V: voltage signal  
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Figure 3-8: Relationship between the voltage signal and the flow rate 

Figure 3-8 shows the calibration curve generated in this study. It is important to note that 

the best-fit polynomial is valid for the sump condition under which calibration was 

performed. A different water depth in the tank would affect the flow condition. 

Therefore, the water level in the tank was measured before running the experiments to 

ensure a consistent water level.     

3.2.4 Bedload trap system 

The sediment transport rate was measured during the experiment, using a sediment trap 

system installed at a distance of 19m from the inlet of the flume channel and at the end 

of an erodible bed section. The width of the trap was 0.75m to reduce the influence of 

side wall. The sediment transport collected in the trap was the bedload as a small amount 

of suspended sediment washout from the channel bed with water.   Figure 3-9 shows the 

sediment trap system that is mainly consisting of a perspex collecting chamber (450mm 

x 370mm) and isolation valves at the top and the bottom of the collection box. The 

collecting chamber has an opening of 60mm into the flume channel.   
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Figure 3-9: Sediment trap system and its opening in the flume channel 

The sediment transport samples were collected after an equal interval of 10 minutes. 

Before collecting the samples, the isolation valves were closed, and trapped air was 

released by using a bleed valve. A small pump was used to fill the box with water through 

an injection valve. Then the top valve was opened to start the sediment collection and 

closed after 10 minutes. The bottom valve was opened to remove the collected sample 

for the subsequent oven drying and weighing process. It can be noted that the manual 

bedload sampling takes a considerable time from filling the box to placing the collected 

sample in a tray after draining water released with the sample. Therefore, a minimum 

sampling interval of 10 minutes was necessary for operating the trap system.  
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Figure 3-10: Schematic diagram of the sediment trap system 

 

3.2.5 Water level measuring equipment 

Two Senix TSPC-30Sl ultrasonic level sensors (one at the upstream 6m from the inlet of 

the channel and one at the downstream 4m from the outlet of the channel) were used for 

the continuous, automated water level measurements during the experiment (shown in 

Figure 3-11). TracerDAG was utilized to receive and save the voltage signals sent from 

each sensor through the USB1208FS device. These measurements provided detailed 

information of spatial and temporal variation in water levels.  The relationship between 

the voltage signals and the measured distance was calibrated to back-calculate the depth 

of water over the hydrographs. 
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Figure 3-11: (a) Ultrasonic level sensor, (b) TracerDAG software  

The calibration of the level sensor was performed to get the relationship between the 

measured distances and the voltage singles. The best-fit linear curve is presented in 

Figure 3-12. The obtained equation of linear trendline converted the voltage data 

(collected during the experiments) into the water level. 

ℎ = 42.002 𝑉 + 93.159         3.2 

Where: 

h: water level (mm) 

V: voltage signal  

(b) 

(a) 
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Figure 3-12: Relationship between the measured distances and the voltage signal 

 

3.2.6 Velocity measuring equipment 

An acoustic doppler velocimeter (ADV) was employed to measure the flow velocity of 

water in the channel. The down-looking ADV probe can measure the three-dimensions 

velocity components by using a transmitter and receiving transducers.  The ADV works 

on the Doppler Effect principle where the central transducer transmits an acoustic signal. 

The prob receives the signal reflected from particles within the water.  An accompanied 

Vectrino software package allows setting up the range of transducers and record the flow 

velocities data. The real-time velocity measurement can also be visualized on software 

GUI as shown in  Figure 3-13 (c). 
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Figure 3-13: (a) ADV in the channel (b) working principle of transducers (Wang, 2016) 

(c) real-time velocity measurement 

 

(a) 
(b)

ap 

(c) 
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3.3 Bed Material 

In this study uniform sediment of 2.1 mm, average particle diameter by mass (d50) was 

used with the consideration of a viable approach to simplify sediment transport grading 

and feeding material during the experiment. It was also important that the chosen 

sediment grain size resulted in measurable bedload transport in relation to the designed 

hydrograph flow. The 2.1 mm size was immobile at the designed base flow condition 

and considerable mobility was observed over all designed flood hydrograph conditions.    

The uniform sediment of d50 = 2.1 mm corresponds to 40-50 mm sediment particle size 

in the natural river (Lee et al., 2004). Lee et al., (2004) deigned the hydrographs that has 

similar hydraulic condition of this study.  The employed uniform grade sediment was 

similar to the bed material (d50 = 1.95 mm) used in previous studies by Wang (2016) and 

Hassan (2012) within the same flume. The advantage of similar sediment grain size and 

hydraulic conditions is the direct comparison of the present experimental results with 

some existing data sets of sediment transport. In the results chapters of this thesis, the 

bedload transport data set of the current study was also analysed in relation to the 

previous study by Lee et al., (2004) and Wang (2016). The bed load yield prediction 

model was developed in this study by using the data set of a number of previous studies 

(Lee et al., 2004; Water and Curran, 2015; Wang et al, 2019).  

Figure 3-14 shows the details of sediment grade. 
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Figure 3-14: Sediment grading for the employed material in the study 

The flume bed was prepared with 14.0 m of the working length of an erodible bed 

material (d50 = 2.1 mm) and an immobile bed material at the inlet and outlet of the flume. 

The immobile bed of d50 = 40 mm at the upstream was placed to produce a turbulent 

boundary condition.  While an immobile bed of d50 = 20 mm at the downstream section 

was aimed to trap bedload from going into the underground water tank. Figure 3-15 

shows the different bed sections of the channel. The immobile bed section at the inlet 

was placed with one meter of d50 = 9 mm transitional section between immobile and 

mobile bed sections.  The purpose of that section was to reduce the scour caused by the 

sudden change of water discharge condition.  An erodible test section of uniform 

thickness of ~70 mm was made using a screed board, mounted on carriage rail prior to 

running the antecedent flow of the experiment.  
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Figure 3-15: Sediment bed sections of the channel  

3.4 Bed Scanning System 

With the advancements in laser scanning technology, sharpened examinations of bed 

evolution and bedform are possible during flume experiments.  Recently, Water & 

Curran (2015) studied the sediment transport in association with the bed configuration 

using a scanControl laser scanner.  Mao (2012) used Scantron laser scanners and bed 

morphology cameras to investigate the armour layer and the variation in the bed 

roughness.  A single-point laser scanner has been in use at HR Wallingford to study the 

mechanisms of the development of an armoured layer (Tait et al., 1997).  Previously bed 

scanning data has been widely used for the gravel bed evolution study (Nikora et al., 

1998; Willetts et al., 1998; Butler, 2001; Marion et al., 2003; Aberle and Nikora, 2004; 

Cooper, 2006; Ockelford, 2011). 

 

Immobile Bed Section  

Transitional Section  

Erodible  

Bed 

Section  
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3.4.1 Laser profile scanners 

A Micro Epsilons laser profile scanner, (ScanCONTROL LLT2600-100) was employed 

in the present study for detailed measurement and documentation of the bed formation. 

The ScanCONTROL is a state-of-the-art system that uses laser technology to produce 

highly accurate and detailed 2D & 3D profiles. The scanner has 2M laser class power 

with less than 8 milliwatt of output power, therefore it is safe for unintentional eye 

exposure however this can be harmful to the eye if the beam is viewed with optical 

aids (e.g., magnifying optical instruments). Figure 3-16 shows the laser scanner used in 

the current study. 

 

Figure 3-16:  Micro Epsilons ScanCONTROL laser scanner 

Fundamentally, scanCONTROL scanner was designed for industrial and manufacturing 

applications to acquire precise and accurate measurement with a reduced inspection time.  

However, it has been in use for research work specifically in river science due to its 

functionality and adaptability to the wide range of applications.  It works on the optical 

triangulation principle to collect two-dimensional profiles of the target surface.  A laser 

beam is projected on the surface through an optical system, which makes the profile 

scanner a lot quicker as compared to a single-point laser scanner.  The emitted beam from 

(a) (b) 
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the laser line diffusively reflects to the sensor array and evaluates in x and z coordinates 

of the discrete points along the laser beam. (Instruction manual, scanControl 26xx).  

Figure 3-17 (a) shows the relation between the x and z coordinate and Figure 3-17 (b) 

depicts how the scanner shoots a laser light onto an object that reflects to the sensor 

matrix through the receiver.  

 

Figure 3-17:  Working principle of ScanCONTROL laser scanner (Instruction manual, 

scanControl 26xx). 

The scanner can record 640 points per 100 mm profile at a standard range with a 

frequency of up to 300 Hz.  It also works in an extended range that can capture a profile 

of up to 143 mm as shown below (Figure 3-18).  Previous studies showed that there 

would not be more than 100 mm elevation difference for the designed experimental flow 

conditions (Lee et al., 2004; Mao, 2012; Wang, 2016). For this reason, the scanner was 

set to operate at standard range and risk assessment was evaluated for 2M laser class 

during the scanner set-up.  
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Figure 3-18:  ScanCONTROL laser scanner range (ScanControl Instruction manual). 
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The resolution of the scanner can be controlled by the rate of profile recordings per 

second; a higher number of profiles give a higher resolution.  It also depends on the size 

of scanning area, a larger area results in a longer distance between individual points hence 

a lower resolution.  The resolution of the profiler in the x-direction is variable, ranging 

from 0.14 mm-0.17 mm with higher resolution in the central section of the beam and 

lower at the edges.  The variability in profiles is mainly caused by the lateral splay in the 

trajectory of the released beam.  The other potential reason is the roughness of the 

sediment bed and bed formation.   

The resolution in the z direction is reference resolution for a metallic, diffusely reflecting 

material which is one-time average 12 µm.  While the y-axis resolution depends on the 

movement of the scanner along the flume channel that was controlled by an x-y 

positioning system.  It should be noted that the x-y coordinate reference used here is to 

align with the scanner specified coordinate axes and it is different from the reference 

coordinate axes for the flume channel in this study. 

 

 

Figure 3-19: Resolution of the bed scanning data 

 

(x, y, z) 

Resolution in: 

x- direction = 0.14 mm - 0.17 mm 

y- direction = 1 cm 

z- direction = average 12 µm 
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3.4.2 X-Y positioning system  

The movement of the scanner in the y-direction was generated by using an automatic x-

y positioning system that consisted of a stepper drive, two hybrid stepper motors, linear 

guides with magnetic sensors attached to an x-y table.  The x-y positioning system can 

automatically move the scanner at a required speed in order to maintain the number of 

steps per distance.  Code for driving the system was programmed to maintain a 

considerable resolution in the y-direction. Therefore, spacing between two profiles was 

set at 10 mm that is approximately five times the bed sediment d50 and used by the 

previous researcher (Water and Curran, 2015).  

The key limitation of using this spacing was scanning time. The time required to scan the 

550 x 520 mm area was approximately 30 minutes and it was limited by the configuration 

of the x y positioning table. Five consecutive profile of 550 x 520 mm area was captured 

to get a total of 5.0 x 0.5 m after pre-processing. The scan area was located 3m from the 

start of the erodible bed and at a distance of 2 m from the end. As such scanning the full 

length of the erodible section is an ideal case but that would take more than 12 hours and 

processing of the scan data would be unmanageable. Figure 3-20 shows the x-y 

positioning system and stepper drive. 

  



 

90 

 

Figure 3-20: (a) X-Y positioning system and (b) motor driver 

The speed of the motor was set at 5 mm/s to avoid any excessive heat-up of the motor. 

The X-Y table moves the scanner from home position, A (0, 0) to B (520, 0) with a total 

of 52 steps and then it comes back to A and moves the position C (0, 90) and then to D 

(520, 90) and so on as shown in Figure 3-21. In one run, the x-y table can capture a 550 

x 520 mm area with a 10 mm overlapping between two patches of profiles. It can be 

noted that a 100 mm space was left on both sides of the channel to avoid the side wall 

effect. 

(a) 

(b) 
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Figure 3-21:  Scanning pattern 

The time required to scan the 550 x 520 mm area was approximately 30 minutes and it 

was limited by the configuration of the x y positioning table.  Five consecutive profile of 

550 x 520 mm area was captured to get a total of 5.0 x 0.5 m after pre-processing.  The 

scan area was located 5m from the start of the erodible bed and at a distance of 4m from 

the end.  As such scanning the full length of the erodible section is an ideal case but that 

would take more than 12 hours and processing of the scan data would be unmanageable. 

However, this size scanning area is large enough that can scale the bedform and and it is 

in line with the previous studies (Water & Curran, 2015).   
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The laser sensor was controlled by the stepper motor drive software, called Mint which 

transmitted a “Target” single to the sensor.  ScanCONTROL application software records 

a profile with every step covered by the x-y positioning table and these profiles store as 

an array.  The array file was then converted into 3D point data using scanCONTROL 3D 

software for subsequent pre and post data processing.  

 

3.4.3 Bed evolution data 

The recorded profile data were basically millions of 3D measurement points, known as 

a Digital Elevation Model (DEM) that provide digital reproduction of the bedforms.  The 

obtained DEM was processed by using a Visual Basic for Applications (VBA) code that 

was written specifically in this study and it is included in Appendix 3.1.  The main 

purpose of writing the code was to  

1. deal with the uneven distribution of points  

2. do resampling of the points at the required intervals 

3. remove any overlapped scanned area 

4. recover any Not a Number (NaN) data 

In a 100 mm individual profile uneven distribution of points was observed, more 

specifically, higher resolution in the central section of the beam and lower at the edges. 

The variability in resolution is mainly caused by the lateral splay in the trajectory of the 

released beam and the roughness of the sediment bed and bed formation. Another 

drawback with scanned DEM was the minimum 640 point in 100 mm profile that turned 

into a large unmanageable data. These issues were addressed during data processing and 

profiles were acquired at 10 mm of equal intervals. Some missing points were identified 

as “NaN” by the software during the processing of scan data. These points were 

recovered by using an average of surrounding nine cells that is a common method for 

this kind of data, therefore missing values has a negligible effect on data analysis and 

results (Mao, 2011). The individual sections (500 x 500 mm) were assembled to make a 

full-length profile of 5 m after processing the data and then a surface map was developed 

in MATLAB for the bedform. 
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3.4.4 Sources of errors 

There are eight potential sources of errors in bed evolution data collection, including 

surface roughness, color difference, temperature, extraneous light, mechanical vibration, 

shadowing effect, and cleaning (Instruction manual, scanControl 26xx).  These sources 

are discussed below along with the regulatory consideration to avoid or minimize the 

errors. 

Surface Roughness 

The sediment bed is a quite rough surface especially when it is in dry condition but after 

drainage of water, the degree of reflection gets higher.  Long exposure time was set to 

minimize the effect due to reflection.  5 ms exposure was adapted based on the result 

from an optimal exposure duration test.  

Colour Differences 

Different color of material has a different penetration depth of laser beam that affects the 

scanning data.  In our case sediment bed did not have much difference in color so this 

can be ignored.  

Temperature Effects 

“A warm-up time of at least 20 minutes is required in order to achieve a constant spread 

of temperature in the sensor” (Instruction manual, scanControl 26xx). In order to avoid 

temperature effect system was run for 20 minutes before starting the scanning. 

Extraneous Light 

Extraneous light influences the scan data to minimize that an interference filter is 

provided in the scanner. In addition to that scan area was covered by a black coated box 

and the x-y table had a black surface as well.     

Mechanical Vibrations 

The scanner was mounted on a heavy x-y table which was highly stable and fixed with a 

clamp on the flume channel that helped to dump any mechanical vibration. 
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3.5 Sediment Feeding System 

Sediment supply is an important parameter that controls the sediment transport process 

in alluvial rivers, influencing river characteristics such as bed and bank stability, channel 

morphology, water quality, flood hazard, and aquatic ecosystems (Madej et al., 1996; 

Montgomery et al., 1999; Evans et al., 2014; Major et al., 2017).  Mobile bed river 

channels generally have sources of sediment supply, although sediment availability can 

vary with flow rate over time scales.  Field studies and river modelling suggest that the 

sediment transported by a flood of a specific magnitude not only depends on flow 

competence and transport capacity but also on the characteristics of the bed material 

available for transport.  The frequency of sediment input events may temporally dominate 

channel processes and morphology and change significantly the resulting sediment 

transport dynamics (Water et al., 2015). 

Previous studies highlight the importance of sediment supply in sediment transport 

dynamics (Montgomery et al., 1999; Evans et al., 2014; Major et al., 2017), while field 

measurements of sediment transport during a flood event are typically associated with 

many limitations and difficulties.  As such, replicating sediment supply and transport 

conditions under unsteady flow in a laboratory is challenging and can therefore 

contribute to anomalous or unrealistic results for sediment transport rates and yields.  

Consequently, a significant knowledge gap exists in this area especially under unsteady 

hydrograph flow conditions. 

Previous research on sediment transport with no-sediment feed is representative of a 

regulated channel (i.e., Downstream of a barrage/dam) (Lee, 2004; Bombar et al., 2011; 

Mao, 2012; Wang, 2016).  The sediment influx at the upstream of the flume channel 

prevent excessive degradation, evident scour at the upstream end of the channel and 

noticeable change of slope.  Therefore, a typical alluvial river reach (unregulated) was 

modelled in this study by considering the sediment feed condition. 
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3.5.1 Sediment influx estimation 

The estimation of the quantity of sediment supply was based on the previous work 

(Monteith et al., 2003; Campbell et al., 2005; Wang, 2016) and the practical knowledge 

of related work. Wang (2016) conducted a series of experiments on the same flume 

facilities and observed 4 g/s to 13.5 g/s sediment transport. The sediment transport rate 

during the initial experiment of this study suggested a constant rate of 5g/m/s of sediment 

influx at upstream during hydrograph duration that was also verified by a sediment 

transport research work by Monteith, et al. (2003).  Due to limited knowledge of the 

required variable influx over an unsteady flow hydrograph; a constant rate of influx (5 

g/m/s) was used during all experiments. This value came from the equilibrium test. 

Beside the initial test, previous studies were also considered in order to choose the right 

amount of the influx. 

3.5.2 Sediment feed set up 

The sediment was supplied using a spreader that was set across the channel width prior 

to the erodible test section. The spreader was attached to a stepper motor that controlled 

the revolution of the spreader as shown in Figure 3-22. This feeding system was set to 

release a continuous sediment influx using a MD2xp Motor Control programme that 

drives the stepper motor at the required speed. This simple feed set up has the capability 

to inject sediment influx at variable rates, however, due to limited knowledge of the 

required variable influx over an unsteady flow hydrograph; a constant rate of influx (5 

g/m/s) was used during all experiments. 



 

96 

 

Figure 3-22: Sediment feed set up  

3.5.3 Sediment feed and no-feed experiments 

Flume experiments were conducted under single unsteady hydrograph flows with 

sediment feed and no-sediment feed conditions specified at the upstream of channel.  

Bedload transport data were collected and analysed to investigate the effects of sediment 

supply on sediment transport characteristics (i.e. total bed yield, bedload transport rates, 

and hysteresis).  Higher sediment transport rates, and consequently 4-19% higher total 

bed yields were found during no-sediment feed experiments, as compared to equivalent 

sediment feed experiments. Clockwise hysteresis was dominant during the no-sediment 

feed experiments, while frequent counter-clockwise hysteresis was observed during 

sediment supply experiments. The results showed that the hysteresis pattern had changed 

dramatically from counter-clockwise to clockwise during no sediment feed experiments. 

These findings highlight the importance of sediment supply in laboratory investigations 

and differentiate the expected sediment transport characteristics in alluvial and supply-

limited river channels. The detail of this work is attached in Appendix 3.2. 
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3.6 Experimental Programme 

The main part of the research was to conduct a series of experiments for subsequent data 

analysis in order to achieve the objectives of the project.  Therefore, a range of laboratory 

experiments were conducted including calibration experiments, initial experiments, 

sediment feed and no feed experiments, and main experiments.  The main experiments 

were organized into two sets of experiments based on the hydrograph parameters, water 

work, WK, and unsteadiness parameter, P.  Set-I was comprised of experiments to 

investigate the influence of variable water work parameter (flood magnitude) on 

sediment transport and bed evolution.  Whereas set-II experiments were designed to 

examine the response of the channel for variable unsteadiness hydrographs (flood 

intensity).  Table 3-1 and Table 3-2 describe the parameters of set-I and set-II 

hydrographs respectively.  

 

_________________________________________________________________________________________________________ 

Set-I ID Hydrograph Qb Qp TD   P  WK 

 ________________________________________________________________ 

  Magnitude (l/s)  (l/s)  (s) 

 ________________________________________________________________ 

VW1  Lowest   20 31   3600  0.00016   15.68 

VW2  Low   20 36   5400  0.00016   29.90 

VW3  Medium  20 42   7200  0.00016   44.59 

VW4  High    20 47   9000  0.00016   86.44 

VW5  Highest 20 53 10800  0.00016 126.93 

______________________________________________________________________ 

Table 3-1: Hydrograph flow conditions for set-I experiments  
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______________________________________________________________________ 

Set-II ID Hydrograph Qb Qp TD   P  WK  

            _____________________________________________________________ 

  Intensity (l/s)  (l/s)  (s)   

______________________________________________________________________ 

VP1  Highest  20 60   3600  0.00055   44.59 

VP2  High  20 49   5400  0.00028   44.59 

VP3  Medium  20 42   7200  0.00016   44.59 

VP4  Low   20 39   9000  0.00012   44.59 

VP5  Lowest  20 36 10800  0.00008   44.59 

_________________________________________________________________________________________________________ 

Table 3-2: Hydrograph flow condition for set-II experiments 

In Table 3-1 the unsteady hydrograph conditions include variable water work parameter 

(15.68 - 126.93) and a constant unsteadiness (1.6 E-04).  Whereas Table 3-2 shows set-II 

that has variable unsteadiness (5.5 E-04 - 7.9 E-05) and a constant water work parameter 

of 44.59.  A systematic approach was used for hydrograph specification, where the 

unsteadiness parameter was held constant for variable water work experiments (in the 

set-I) and Set-II comprised of a variable unsteadiness parameter with a constant water 

work parameter.   

This approach has benefits over other studies, where both water work parameter and 

unsteadiness parameters were variable for the designed hydrographs (Yen and Lee, 1995; 

Lee et al., 2004; Bombar et al., 2011; Water and Curran, 2015; Wang et al., 2019).  The 

multiplication of the variables precluded the previous studies from drawing specific 

conclusions on the effects of individual parameters.  The initial experiments of this study 

identified the importance of considering the unsteady hydrograph parameters 

systematically.  The detail of this work is included in Appendix 3.3.  
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3.7 Experimental Flow Conditions 

The theoretical unsteady hydrographs were designed in the present study based on the 

previous research work (Lee et al., 2004; Wang et al., 2016), entrainment threshold 

criteria, and laboratory work limitations. Some pilot experiments were run for an initial 

estimation of general sediment transport conditions of uniform bed material at a slope of 

0.002m/m.  A bed slope of 0.002 was established for all the experiments during this 

study. At this bed slop, the entrainment threshold of sediment size of 2.1 mm was below 

the critical threshold for the baseflow condition. An increase in the slope would have 

resulted in mobilizing the sediment at the baseflow condition. Therefore, the baseflow of  

20 l/s was less than the critical flow for particle entrainment of erodible bed material. 

The calculation of the shear stress for the sediment size of 2.1 mm are included in 

Appendix 3.4. Initial conditions for all the experiments were the same and no 

considerations were made for the effect of memory stress.  Therefore, an antecedent 

timescale of 15 minutes was selected that had no stress history effect on bedload transport 

and bed evolution characteristics (Ockelford, 2011; Hassan, 2015).  Figure 3-23 and 

Figure 3-24 show the designed hydrographs for set-I and set-II experiments, respectively.  

 

Figure 3-23: Designed hydrographs of set-I experiments 
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Figure 3-24: Designed hydrographs of set-II experiments 

Figure 3-25 to Figure 3-34 show the full details of hydrographs of set-I and set-II 

experiments.  All the hydrographs in set-I and set-II have three sub-hydrographs in the 

designed flood event.  Each sub-hydrograph in a flood sequence has the same hydrograph 

characteristics that means the water work and unsteadiness parameter of the first, second 

and third sub-hydrograph are identical within a design sequential hydrograph event.  The 

first sub-hydrograph in the sequence is referred to as HG-I, the following sub-hydrograph 

as the second sub-hydrograph, HG-II, and the last sub-hydrograph in the sequence as the 

third sub-hydrograph, HG-III.  
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Figure 3-25: Designed triple peak hydrographs, VW1 of Set-I 

 

 

Figure 3-26: Designed triple peak hydrographs, VW2 of Set-I 
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Figure 3-27: Designed triple peak hydrographs, VW3 of Set-I 

 

 

Figure 3-28: Designed triple peak hydrographs, VW4 of Set-I 
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Figure 3-29: Designed triple peak hydrographs, VW5 of Set-I 

 

 

Figure 3-30: Designed triple peak hydrographs, VP1 of Set-II 
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Figure 3-31: Designed triple peak hydrographs, VP2 of Set-II 

 

 

Figure.3-32: Designed triple peak hydrographs, VP3 of Set-II 
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Figure 3-33: Designed triple peak hydrographs, VP4 of Set-II 

 

 

Figure 3-34: Designed triple peak hydrographs, VP5of Set-II 
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3.8 Experimental Procedure  

All the experiments of two main experimental sets (mentioned in section 3.2) and several 

initial experiments were conducted using the described flume facilities and methodology. 

Prior to the experimental run, a uniform flatbed of ~7 cm thick was produced using a 

screed board. The downstream tailgate was slightly opened initially, the pump was 

switched on and an initial discharge of 5 l/s was set to release.  When the channel was 

submerged with water without disturbing the sediment bed, the discharge was 

programmed to accelerate gradually to 20 l/s (antecedent flow condition). The tailgate 

was gradually opened to diminish backwater effects.  A uniform flow condition was set 

up for antecedent timescale of 15 minutes.  

The designed hydrograph was programmed after the antecedent water work.  The 

computer-controlled frequency inverter adjusted the pump speed to produce the first sub-

hydrograph (HG-I).  The real-time discharge and water depths were recorded by the 

ultrasonic flow meter and ultrasonic level sensors, respectively.  The sediment feed 

system was switched on to release the sediment at the upstream end of the channel.  The 

bedload samples were collected at every 10 minutes using the bedload trap system.  These 

samples were dried in an oven and weighed afterward to provide information on the 

sediment transport.  

The pump was switched off when the first hydrograph run was completed, and the flow 

rate went back to the baseflow condition.  The sediment supply was terminated, and the 

channel was gradually drained off without disturbing the bedform. The bed scanning 

system was switched on and bed elevation profiles were measured.  Following the 

completion of the scanning, the pump was switched on to submerge the channel slowly 

when the downstream tailgate was closed. This helped preserve the bed surface structure 

before running the successive hydrographs.  

The pump flow rate was programmed to the second sub-hydrograph (HG-II) flow 

conditions and the tailgate was set to open. The bedload transport and other data were 

collected during the second sub-hydrograph run until the flow rate went back to the 

baseflow. The pump switched off again and the channel drained off gradually.  Bed 

elevation data were recorded before running the third sub-hydrograph (HG-III). Once 
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bed scanning was complete, the third hydrograph flow was discharged and all data 

including bed profiles were recorded using the same procedure. Figure 3-35 shows a 

general outline of data sampling for a sequential hydrograph experiment. All specific 

timelines for individual experiments of set-I and set-II are included in Appendix 3.5.  
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Figure 3-35: Data sampling timeline  
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3.9 Summary 

The experimental methodology including flow conditions and flume set up were designed 

to meet the research objectives stated in the introduction chapter. Several experiments 

investigating bedload sediment transport and bedform changes under sequential flow 

conditions were conducted in the flume facilities. Where experimental set-I (variable water 

work parameter) and set-II (variable unsteadiness parameter) were comprised of the main 

experiments of this study. The key points of the experimental set up and methodology are 

summarized below: 

1. A systematic approach was used for hydrograph specification, where unsteadiness 

parameter was held constant for variable water work experiments in the set-I and set-

II comprise of variable unsteadiness parameter with a constant water work parameter. 

2. Computer-based automation of flow control with a finer rate of change gave a highly 

valuable advantage over manual control of flow rate. Considering the required flow 

condition in the current study, it was not possible to generate a smooth unsteady 

hydrograph manually. Although, variability in the flow rates was produced by the 

employed frequency inverter. However, it was less than ±2 % against the target flow 

rates of the designed hydrographs. It is expected that these variations will have 

minimal (or no) effect on sediment transport and bed evolution results. 

3. The temporal and spatial averaging process has added some degree of uncertainty in 

the measurement of bedload transport.  Several experiment repetitions would be 

required for individual experiment to evaluate this uncertainty, which is not possible 

in the current study timescale. However, the bed sampling interval of 10 minutes was 

necessary to operate the sediment trap system manually.  

4. The bed material of uniform sediment was chosen with the consideration of a viable 

approach to simplify sediment transport grading. It also helped with the selection of 

upstream feeding material during the experiments. The employed sediment particle 

size most importantly supports in giving comparable sediment transport results to 
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Lee et al., (2004) and Wang (2016) results who used the similar bed material in their 

study. 

5. 5.0 x 0.5 m area of the erodible section was scanned before and after running the sub-

hydrographs in all experiments. It would have been ideal to capture the profile of a 

full erodible section, however, due to an unaccommodating timescale of data 

collection and subsequent data processing, a smaller area was selected in the middle 

of the erodible section. Nevertheless, this area was adequate to capture the profile of 

bedform (Mao et al., 2011; Ockelford, 2011; Water & Curran, 2015). 

6. The sediment feed system was set up, that released a continuous sediment influx.  

The simple feed set up was capable of injecting the influx at variable rates through 

motor driver’s programming. However, due to limited knowledge of the required 

variable influx over an unsteady flow hydrograph; a constant rate of influx (5 g/m/s) 

was used during all experiments. 

  



 

111 

CHAPTER 4 BEDLOAD TRANSPORT RESULTS  

4.1 Introduction 

This chapter aims to present and analyse the experimental results of bedload transport under 

the sequential flow of the variable water work and unsteadiness conditions. The details of 

the hydrograph conditions are documented in the previous chapter.  This chapter reports the 

bedload transport results in conjunction with the sediment transport results of the similar 

previous studies.  The main purpose is to enhance the understanding of the influence of flood 

events on channel response.  The channel response related to sediment transport 

characteristics is mainly discussed here in terms of bedload transport rate, bedload yield, and 

hysteresis pattern. The experimental results are presented in two parts as follows:  

(1)  Bedload transport characteristics under variable water work hydrographs  

(2) Bedload transport characteristics under variable unsteadiness hydrographs 

Firstly, the results of variable water work experiments (set-I) are presented, and the results 

of variable unsteadiness experiments (set-II) will be discussed in section 4.3.  A comparison 

of these sets is also presented in section 4.4 along with the combined effect of hydrograph 

parameters on sediment transport in section 4.5. 

4.2 Bedload Transport Results of Set-I Experiments 

Bedload transport results are summarized in Table 4-1 which presents the observed peak 

rate, measured bedload yield at the rising limb (RL), measured bedload yield at the falling 

limb (FL), dimensional bedload yield, non-dimensional bedload yield, and hysteresis 

patterns.  These bedload parameters were obtained from the sediment transport data of set-I 

experiments for individual sub-hydrographs.  These bedload transport parameters are 

analysed in section 4.2.1 to section 4.2.3.     
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Set-I 

ID 

Hydro-

graph 

Hydro-

graph  

Peak 

transport 

rate 

Bedload 

yield at 

RLa 

Bedload 

yield at 

FLb 

Bedload 

yield 

Dimension

less 

bedload 

yield 

Hysteresis 

pattern 

 magnitude number qbp Wt,r Wt,f Wt Wt*  

   (g/m/s) (kg/m) (kg/m) (kg/m)   

VW1 Lowest  

HG-I c 8.78 5.84 8.32 14.16 1.21E+03 CCW f 

HG-II d 4.76 3.57 5.83 9.41 8.05E+02 CCW 

HG-III e 3.32 2.41 4.29 6.70 5.73E+02 CCW 

VW2 Low  

HG-I 15.14 14.62 26.86 41.49 3.55E+03 CCW 

HG-II 10.21 6.88 17.46 24.34 2.08E+03 CCW 

HG-III 9.59 6.91 13.85 20.76 1.78E+03 Figure 8 

VW3 Medium  

HG-I 21.08 21.27 30.49 51.76 4.43E+03 CCW 

HG-II 10.23 12.61 17.41 30.02 2.57E+03 CCW 

HG-III 11.40 11.24 14.44 25.69 2.20E+03 CCW 

VW4 High  

HG-I 24.68 38.47 45.30 83.77 7.17E+03 CW g 

HG-II 16.59 15.28 32.99 48.28 4.13E+03 CCW 

HG-III 10.94 12.96 23.85 36.81 3.15E+03 Figure 8 

VW5 Highest  

HG-I 26.53 57.59 63.95 121.54 1.04E+04 CCW 

HG-II 17.28 34.22 38.85 73.06 6.25E+03 CCW 

HG-III 18.28 29.27 30.64 59.91 5.13E+03 Figure 8 
 

a RL = Rising Limb, b FL = Falling Limb, c HG-I = first sub-hydrograph, d HG-II = second sub-hydrograph,   

e HG-III=third sub-hydrograph, f CCW=Counter Clockwise Hysteresis, g CW =Clockwise Hysteresis  

 

 

 

 

Table 4-1: Bedload transport results for variable water work experiments (Set-1) 
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4.2.1 Bedload transport rates 

Bedload transport rates qb under the variable magnitude of flow conditions were measured 

using the bedload trap system, detailed in chapter 3.  The measured transport rates qb over 

the duration of the sub-hydrographs are presented in Table 4-1 and shown in Figure 4-1 - 

Figure 4-5 for the set-I experiments.  The black circles show the measured transport rates 

during the first sub-hydrograph (qb,I) and the red triangles and blue squares show transport 

rates during the second sub-hydrograph (qb,II) and the third sub-hydrograph (qb,III) 

respectively.  The time on the x-axis is the total flow duration of an experiment (sum of 

duration of individual sub-hydrograph in a flood event). The primary y-axis shows the flow 

rate, and the secondary y-axis shows the bedload transport rate 

 



 

114 

 

 

 

Figure 4-1:  Bedload transport rate during VW1 experiment 

 

HG-I: Flow rate during the first sub-hydrograph, HG-II: Flow rate during the second sub-hydrograph, HG-III: Flow rate during the third sub-hydrograph 

qb,I: Bedload transport rates during HG-I, qb,II: Bedload transport rates during HG-II, qb,III: Bedload transport rates during HG-III 
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Figure 4-2:  Bedload transport rate during VW2 experiment 

 

HG-I: Flow rate during the first sub-hydrograph, HG-II: Flow rate during the second sub-hydrograph, HG-III: Flow rate during the third sub-hydrograph 

qb,I: Bedload transport rates during HG-I, qb,II: Bedload transport rates during HG-II, qb,III: Bedload transport rates during HG-III 
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Figure 4-3:  Bedload transport rate during VW3 experiment 

 

HG-I: Flow rate during the first sub-hydrograph, HG-II: Flow rate during the second sub-hydrograph, HG-III: Flow rate during the third sub-hydrograph 

qb,I: Bedload transport rates during HG-I, qb,II: Bedload transport rates during HG-II, qb,III: Bedload transport rates during HG-III 
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Figure 4-4:  Bedload transport rate during VW4 experiment 

 

HG-I: Flow rate during the first sub-hydrograph, HG-II: Flow rate during the second sub-hydrograph, HG-III: Flow rate during the third sub-hydrograph 

qb,I: Bedload transport rates during HG-I, qb,II: Bedload transport rates during HG-II, qb,III: Bedload transport rates during HG-III 
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Figure 4-5:  Bedload transport rate during VW5 experiment 

HG-I: Flow rate during the first sub-hydrograph, HG-II: Flow rate during the second sub-hydrograph, HG-III: Flow rate during the third sub-hydrograph 

qb,I: Bedload transport rates during HG-I, qb,II: Bedload transport rates during HG-II, qb,III: Bedload transport rates during HG-III 
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Figure 4-1 to Figure 4-5 clearly show the bedload transport rate qb follows the flow pattern 

of unsteady flow hydrograph, therefore, it increases with the flow during the rising limb, 

whilst decreases during the falling limb.  The peak transport rates qbp are shown to occur 

close to the peak discharge and the higher peak rates were recorded for the first sub-

hydrographs also mentioned in Table 4-1.  Higher transport rates were observed during the 

first sub-hydrograph as compared to the second and third sub-hydrographs in all five 

magnitudes of hydrographs.  

Bedload rates (qb,I, qb,II, and qb,III) are plotted over a single sub-hydrograph (as shown in 

Figure 4-6 - Figure 4-10) for an easy comparative view.  As previously stated, each sub-

hydrograph has the same hydrograph paraments within a flood event. Therefore, it allows 

comparison of the transport rates during HG-I, HG-II and HG-III which is qb,I, qb,II, and qb,III 

respectively.   

 

Figure 4-6:  Comparing transport rates during VW1 experiment 
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Figure 4-7:  Comparing transport rates during VW2 experiment 

 

Figure 4-8:  Comparing transport rates during VW3 experiment 
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Figure 4-9:  Comparing transport rates during VW4 experiment 

 

Figure 4-10:  Comparing transport rates during VW5 experiment 
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Decreased transport rates can be observed during the second and third sub-hydrograph as 

compared to the rates during the first sub-hydrograph (Figure 4-6 - Figure 4-10).  The main 

reason for this is thought to be because of initial bed instability which generated higher 

transport during the first sub-hydrographs.  It is re-emphasised that the memory stress effect 

was not considered during the current study therefore a short duration of antecedent flow for 

water work was applied before the start of each experiment. This practice has previously 

been adopted by many researchers (Lee et al., 2004; Bombar et al., 2011; Wang, 2016).  The 

relative instability of the initial bed condition had a substantial effect on higher transport 

(Shvidchenko, 2000; Hassan, 2015) during the first sub-hydrograph.  The more stabilized 

bed condition after the passage of the first sub-hydrograph generated reduced transport 

during the second sub-hydrograph and a slight further reduction was observed during the 

third sub-hydrograph.  

Secondly, the increased bed roughness due to the development of bedform during the first 

sub-hydrograph may be partly attributable to the transport reduction (Zhou & Mendoza, 

2009).  It was observed that the first sub-hydrograph generated a bedform structure, which 

roughened the stream bed and, thus, increased the flow resistance, which in turn reduced the 

overall bedload transport during the sequential high flow. 

The comparison of transport rates shows that there was a slight reduction of the sediment 

transport during the third sub-hydrograph as compared to the second sub-hydrograph.  That 

could be attributed to a further increase in bed roughness and bedform stability.  The finding 

is in accordance with Water and Curran’s (2015) experimental results that showed a slight 

reduction in yield over the repetition of hydrographs for silt/gravel bed material.  Wang 

(2016) also found a slight reduction in transport rates over the second sub-hydrograph in a 

double peak hydrograph flow.  Although this finding is contrary to the field study by Reid 

et al. (1985) who stated that a channel bed offers less resistance when floods follow each 

other closely and produces a higher sediment transport during subsequent high flow 

conditions.   
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4.2.1.1 Peak transport rate 

The peak transport rate qbp increased as hydrograph magnitude increased with higher 

discharge and longer duration of hydrographs (Table 4-1).  Figure 4-11 clearly shows the 

peak transport rates reduced during the second and third sub-hydrograph. It was observed 

that qbp was noticeably higher in the first sub-hydrograph although the difference of qbp was 

lower for HG-II and HG-III.  The magnitude of the peak transport qbp varied significantly 

for low flow hydrographs (i.e., up to ~58%, peak qb = 7.88 to 3.32 g/m/s) for the sub-

hydrographs with the same volume and unsteadiness. Whereas the highest flow hydrographs 

exhibited a lower reduction of qbp (i.e., an average ~33%) over the second and third sub-

hydrograph.   

 

 

Figure 4-11:  Peak bedload transport rates during VW experiments  
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Comparing the peak rates during the second and third sub-hydrograph, no consistent change 

was found.  The peak qb during the HG-III was found to be higher than HG-II for VW3 and 

VW5 experiments.  The observed differences in peak rates during the second and third sub-

hydrographs could be attributed to the inherent fluctuation of bedload transport. The lack of 

adjustment of channel bed to rapidly changing flow discharge leads to fluctuating transport 

conditions (Lee et al., 2004; Wang, 2016).  It can be inferred that the development and 

migration of bedforms would have an impact on the magnitude and occurrence of peak 

transport.  Phillips and Sutherland (1990) revealed that it is due to the required adjustment 

time for the sediment transport rate and bedforms geometry under an unsteady hydrograph. 

The peak rates were found either close to the peak discharge or in the falling limb of the 

hydrograph.  

The bedload was collected at the downstream section of the channel at a 10 minute interval 

in this study; therefore, the temporal and spatial averaging process has added some degree 

of uncertainty in assessing the magnitude and occurrence of peak qb.  Several experiment 

repetitions would have been required for individual experiment to evaluate this uncertainty. 

However, considering the limitations of the manual operating trap system, it was essential 

to measure the transport at such intervals as previously discussed in chapter 3.  The repetition 

of experiments could have reduced the uncertainty in bedload transport measurement, but it 

was not attainable in the allocated time of the experiments. 

 

4.2.1.2 Time lag 

The peak bedload transport often occurs later during the flood event in relation to peak water 

discharge and produces a time lag.  The time lag is generally considered to be the result of 

the difference in the movement of water and bed material as the water wave travels faster 

than the body wave (De Stutter, 2001).  However more specific to bedload transport in a 

sand bed channel, Griffiths and Sutherland (1977) reported 5-10% of the time lag of 

hydrograph duration.  They associated the time lag to the development of the large-scale 

bedforms generated after the peak flow of the hydrograph.  
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The time lag between the peak flow rate and the peak transport rate was evaluated for all 

sub-hydrographs.  The observed lags were mostly found to be positive in the sub-

hydrographs, where the peak bedload transport rate occurred in the falling limb of the 

hydrograph.   

The time lag results were in accordance with the previous studies conducted under a single 

unsteady hydrograph (Lee et al., 2004; Bombar et al., 2011) where they typically found a 

positive time lag between Qp and qbp. The positive time lag was found to be consistent during 

all sub-hydrographs irrespective of the successive sub-hydrographs effect. Graf and Qu 

(2004) presented that the hydrograph flow with a high unsteady parameter (where P>0.03) 

exhibited a positive time lag and the hydrograph with a low unsteady parameter (P<0.02) 

generated a negative time lag. According to Graf’s study, a P value of 0.0016 (used in the 

VW experiments) would generate a negative time lag instead of a positive time lag. An 

analysis of these contradictory results revealed that the upstream sediment inflow condition 

also played an important role in this regard. A comparative study of the sediment feed and 

no feed experiments (included in Appendix 3.2) showed the same hydrograph produced a 

negative time lag for no-sediment feed experiment and a positive time lag for the sediment 

feed experiment.  It suggested that sediment influx was the dominating factor in shifting the 

peak transport rate from the rising limb to the falling limb of the hydrograph. 

The recorded peak transport rates typically occurred at the very next transport measurement 

after the peak flow.  A time lag of 11% -17% of the sub-hydrograph duration was found 

during the high and medium flow experiments. Lee et al., (2004) reported 6% of the time 

lag for short duration hydrograph (of less than an hour) and for long duration hydrograph 

(~60 minutes longer) it was about 15%.  The previous studies that used a continuous 

measurement (high resolution) of bedload transport rate mentioned a shorter time lag for a 

low magnitude of short duration hydrograph and a longer time lag for a high flow (Lee et 

al., 2004; Bombar et al., 2011).  In this study, determining a reasonable time lag value for 

the short duration hydrographs was unattainable due to the low resolution of bedload 

transport data.  As mentioned earlier, the transport rates were recorded at a 10 minute interval 

time that led to an unacceptable longer time lag for the low flow sub-hydrographs.  
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4.2.2 Bedload yield 

The bed yields from each sub-hydrograph (HG-I, HG-II, and HG-III) of set-I experiments 

are presented in Table 4-1. The cumulative amount of bedload for each sub-hydrograph was 

used to obtain a non-dimensional bedload yield. These Wt* were plotted in Figure 4-12  to 

compare the effect of water work on bedload transport over the successive sub-hydrographs. 

The Wt*I is the non-dimensional bedload yield that occurred during the first sub-hydrograph 

and Wt*ll and Wt*lll are the bedload yields during the second and third sub-hydrographs 

respectively. 

 

Figure 4-12: Non-dimensional bedload yield vs water work during VW experiments  

Figure 4-12  shows that bedload yield increases with the magnitude of the hydrograph 

(lowest → highest) and it reduces as sub-hydrograph progresses. It was determined that 

bedload yield during the first sub-hydrographs was about 1.5 - 2 times higher than the 

bedload yield during the second and third sub-hydrographs.  

 

0

20

40

60

80

100

120

140

0.E+00

2.E+03

4.E+03

6.E+03

8.E+03

1.E+04

1.E+04

Lowest Low Medium High Highest
W

k

W
t*

Magnitude of hydrograph

Wt*,I

Wt*,II

Wt*,III

Wk



 

127 

A discrepancy ratio (DR) is the ratio between the reference dataset and the measured dataset. 

Previous studies show that a discrepancy value ≥ 2 indicates a poor fit between two datasets 

(e.g., White et al., 1975; Alonso, 1980; Yang, 2001).  Figure 4-13 shows the discrepancy 

ratios observed for the successive sub-hydrographs with respect to the first sub-hydrograph. 

 

Figure 4-13:  Discrepancy ratio over the successive sub-hydrographs of VW experiments  

In Figure 4-13 the black circles show the baseline for the bedload yield over the first sub-

hydrograph and the red triangles and blue squares show discrepancy ratios of bedload yield 

over the second and third sub-hydrographs respectively.  An increasing discrepancy ratio of 

around 1.5 was found in the bedload yield of the second sub-hydrographs as compared to 

the first sub-hydrograph (baseline data).  Whereas discrepancy ratios were around 2 for the 

third sub-hydrographs. 

It was interesting to note that the magnitude of flow did not have any significant effects on 
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consistent difference in discrepancy ratios of different sub-hydrographs also suggested that 

the successive flow condition was responsible for that.  The difference in bedload yield 

measurements increased as the successive flow condition passed over the channel bed with 

respect to the first sub-hydrograph.         

4.2.2.1 Comparison of bed-load yield 

The bedload yields were plotted on a log graph. Figure 4-14 shows that the bedload yield 

increases exponentially with the water work parameter.  The graph clearly depicts that the 

bedload yield increases with the water work index as intuitively a greater amount of bedload 

yield would be expected for a greater magnitude of flood.  It also shows that the bedload 

yield was higher for the first sub-hydrograph, Wt*l (black dots) as compared to the bedload 

yield over the second sub-hydrograph, Wt*ll (red triangles), and the third sub-hydrograph, 

Wt*lll (blue squares).  

 

Figure 4-14:  Bedload yield vs water work of set-I experiments 
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A higher bedload yield occurred during the first sub-hydrograph as compared to the second 

and third sub-hydrograph and that was the case in all magnitudes of hydrograph experiments.  

The higher bedload yield during HG-I indicated a highly active mobile bed at the start of the 

experiment.  A further reduction in bedload yield during the third sub-hydrograph as 

compared to the second sub-hydrograph can be seen in Figure 4-14.   

Wang (2016) found a slight reduction in transport rates over the second sub-hydrograph in 

a double peak hydrograph flow.  Water and Curran’s (2015) experimental results also 

showed a reduced bedload yield over the repetition of hydrographs for silt/gravel bed 

material.  It can be stated that the initial bed condition and the antecedent flow condition had 

an influence on the transport rate during the first sub-hydrograph.  It can be anticipated that 

the yield reduction mainly occurred due to the increased stability of the channel bed over the 

sequential flow and secondly, due to the increased roughness of the channel bed as a result 

of bedform development. In chapter 6 detailed discussion of these mechanisms is presented 

in association with the bed morphology results. 

4.2.2.2 Correlation between Wk and Wt* 

An isolated influence of Wk on normalized bedload yield Wt * was analysed for the set-I data.  

That provided insight into the bedload yield response specific to the water work parameter 

of the hydrograph.  It is re-emphasized that the unsteadiness parameter was held constants 

for all experiments in set-I.  

As mentioned previously the initial antecedent flow condition and bed stability had an 

influence on bedload yield results.  In addition to that a smooth flatbed condition before the 

first sub-hydrograph run also resulted in noticeable higher bedload yields during the first 

sub-hydrograph as compared to the measured bedload yields over the second and third sub-

hydrographs.  Therefore, only the second and third sub-hydrographs results of bedload yield 

were considered in the regression analysis of Wt * as shown in Figure 4-15.  Furthermore, 

poor goodness of fit of the regression model was found when considering the bedload yield 

results of the first sub-hydrographs  
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Figure 4-15: Correlation between Wt
* and WK 

In Figure 4-15 the regression model indicates a strong correlation (R2 = 0.92) between the 

normalized bedload yield, Wt
* and water work parameter, WK that satisfies the following 

power-law relation: 
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0.9642         (4.1) 
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Figure 4-16: Discrepancy ratio in bedload yield estimation  

 

A consistent discrepancy ratio of ~ 4 was found as compared to the current study (baseline 

data). Previous studies show that a discrepancy value ≥ 2 indicates a poor fit between two 

datasets (e.g., White et al., 1975; Alonso, 1980; Yang, 2001).  The following differences in 

the datasets can be reasoned for the higher discrepancy ratio:  

1. The mathematical equations (Wang et al., 2019) were derived for the designed single 

peak hydrographs whereas the current study based on sequential hydrograph 

conditions. 

2. Both the water work parameter and unsteadiness parameter were variable for the 

hydrographs of Wang et al. (2019) and Lee et al. (2004) datasets.  The multiplication 

of variables precluded their models to present the specific influence of water work 
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3. The previous studies (Lee et al., 2004; Wang et al. 2019) were conducted under 
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4. Similar to the previous studies (Lee et al., 2004; Wang et al. 2019), a short period of 

antecedent flow was applied during the current study.  However, in this regard, the 

first sub-hydrograph results were not included in developing the regression model as 

mentioned previously that also resulted in higher DR. 

 

4.2.3 Hysteresis 

A hysteresis pattern can be observed over an unsteady hydrograph that is generated by the 

different transport rates at the same discharge rate during the rising limb and falling limb 

(Brownlie, 1981).  The hysteresis patterns were obtained for individual sub-hydrographs by 

plotting the bedload transport rate qb versus flow rate Q as shown the Figure 4-17 - Figure 

4-21.  The black datasets show the bedload transport rate during the first sub-hydrograph 

(qb,I) and red datasets and blue datasets show rates over the second sub-hydrograph (qb,II) 

and the third sub-hydrograph (qb,III) respectively. 

 

 

Figure 4-17:  Hysteresis pattern during VW1 experiment 
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Figure 4-18:  Hysteresis pattern during VW2 experiment 

 

Figure 4-19:  Hysteresis pattern during VW3 experiment 
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Figure 4-20:  Hysteresis pattern during VW4 experiment 

 

Figure 4-21:  Hysteresis pattern during VW5 experiment 
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A counter-clockwise hysteresis was exhibited in eleven out of a total of fifteen sub-

hydrographs that showed a frequent hysteresis pattern.  A counter-clockwise hysteresis was 

usually produced by the larger transport rates during the falling limb of the hydrograph as 

compared to the rising limb.  The finding was in accordance with the previous studies by 

Humphries et al. (2012), Mao (2012a), and Water and Curran (2015) who reported a frequent 

CCW pattern in their studies.  Figure 4-22 shows a summary of the observed hysteresis 

during the sub-hydrographs of set-I experiments. 

 

Figure 4-22:  Hysteresis pattern of set-I experiments  

Counter-clockwise hysteresis (CCW) was observed during the first and second sub-

hydrographs whereas the third sub-hydrograph typically generated a figure 8 hysteresis.  The 

CCW hysteresis occurred due to the increased transport rate in the falling limb of the 

hydrograph as compared to the transport rate during the rising limb. The occurrence of figure 

8 hysteresis during the successive sub-hydrographs suggested a translation of pattern with 

the repetition of sub-hydrograph runs.  In a field study, Malony and Shull (2015) found a 

complex hysteresis pattern during an overlapped doubled peak hydrograph whereas CCW 

hysteresis was observed for a single hydrograph event in the same river.   
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Wang et al. (2019) presented a contradictory clockwise hysteresis pattern for their dataset.  

A comparative analysis (included in Appendix 3.2) showed that the upstream sediment 

inflow condition played an important role in this regard and the same hydrograph produced 

a clockwise hysteresis for a no-sediment feed experiment and a counter-clockwise for 

sediment feed experiment. It suggested that sediment influx was the dominating factor in 

transferring the hysteresis pattern. 

4.3 Bedload Transport Results of Set-II Experiments 

The flow conditions of the set-II experiments were detailed in Chapter 3. Under this section 

sediment transport results of these experiments will be analysed. Bedload transport results 

are summarized in Table 4-2. 
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Set-II 

ID 

Hydro-

graph 

Hydro-

graph  

Peak 

transport 

rate 

Bedload 

yield at 

RLa 

Bedload 

yield at 

FLb 

Bedload 

yield 

Dimension

-less  

bedload 

yield 

Hystere

sis 

pattern 

  magnitude number qbp Wt,r Wt,f Wt Wt*   

      (g/m/s) (kg/m) (kg/m) (kg/m)     

VP1 Highest  

HG-Ic 31.04 25.70 26.78 52.49 4.49E+03 CCWf 

HG-IId 27.03 14.73 25.03 39.76 3.40E+03 CCW 

HG-IIIe 22.25 12.54 18.19 30.73 2.63E+03 CCW 

VP2 High  

HG-I 21.76 24.82 26.74 51.57 4.41E+03 CCW 

HG-II 17.21 14.53 19.53 34.05 2.91E+03 CCW 

HG-III 14.68 13.18 14.25 27.43 2.35E+03 CCW 

VP3 Medium  

HG-I 20.59 24.30 23.81 48.11 4.12E+03 CCW 

HG-II 13.18 14.05 17.51 31.57 2.70E+03 CCW 

HG-III 12.26 11.15 14.98 26.13 2.24E+03 CCW 

VP4 Low  

HG-I 15.63 16.36 27.70 44.07 3.77E+03 CCW 

HG-II 12.91 9.53 21.67 31.20 2.67E+03 CCW 

HG-III 9.59 8.30 16.15 24.46 2.09E+03 CCW 

VP5 Lowest  

HG-I 13.06 13.51 29.14 42.65 3.65E+03 CCW 

HG-II 10.22 11.03 19.76 30.79 2.63E+03 CCW 

HG-III 8.06 12.31 10.63 22.94 1.96E+03 N/M g 

 

a RL = Rising Limb, b FL = Falling Limb, c HG-I = first sub-hydrograph, d HG-II = second sub-hydrograph,   

e HG-III=third sub-hydrograph, f CCW=Counter Clockwise Hysteresis, g No/Mixed Hysteresis   

 

 

Table 4-2: Bedload transport results for variable unsteadiness experiments (Set-II) 
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4.3.1 Bedload transport rates 

Bedload transport rates qb under the variable unsteadiness of flow conditions are shown in 

Figure 4-23 - Figure 4-27 for the set-II experiments.  Same as set-I results, the black circles 

show the measured transport rates during the first sub-hydrograph (qb,I) and the red triangles 

and blue squares show transport rates during the second sub-hydrograph (qb,II) and the third 

sub-hydrograph (qb,III) respectively. 
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Figure 4-23:  Bedload transport rate during VPI experiment 

 

HG-I: Flow rate during the first sub-hydrograph, HG-II: Flow rate during the second sub-hydrograph, HG-III: Flow rate during the third sub-hydrograph 

qb,I: Bedload transport rates during HG-I, qb,II: Bedload transport rates during HG-II, qb,III: Bedload transport rates during HG-III 
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Figure 4-24:  Bedload transport rate during VP2 experiment 

 

HG-I: Flow rate during the first sub-hydrograph, HG-II: Flow rate during the second sub-hydrograph, HG-III: Flow rate during the third sub-hydrograph 

qb,I: Bedload transport rates during HG-I, qb,II: Bedload transport rates during HG-II, qb,III: Bedload transport rates during HG-III 
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Figure 4-25:  Bedload transport rate during VP3 experiment 

 

HG-I: Flow rate during the first sub-hydrograph, HG-II: Flow rate during the second sub-hydrograph, HG-III: Flow rate during the third sub-hydrograph 

qb,I: Bedload transport rates during HG-I, qb,II: Bedload transport rates during HG-II, qb,III: Bedload transport rates during HG-III 
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Figure 4-26:  Bedload transport rate during VP4 experiment 

HG-I: Flow rate during the first sub-hydrograph, HG-II: Flow rate during the second sub-hydrograph, HG-III: Flow rate during the third sub-hydrograph 

qb,I: Bedload transport rates during HG-I, qb,II: Bedload transport rates during HG-II, qb,III: Bedload transport rates during HG-III 
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Figure 4-27:  Bedload transport rate during VP5 experiment 

 

HG-I: Flow rate during the first sub-hydrograph, HG-II: Flow rate during the second sub-hydrograph, HG-III: Flow rate during the third sub-hydrograph 

qb,I: Bedload transport rates during HG-I, qb,II: Bedload transport rates during HG-II, qb,III: Bedload transport rates during HG-III 
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Transport rates comparison  

Similar to the set-I result analysis, bedload transport rate during the first sub-hydrograph 

(qb,I), during the second sub-hydrograph (qb,II), and during the third sub-hydrograph 

(qb,III) were plotted over a single flood event. Figure 4-28 to Figure 4-32 show higher 

transport rates during the first sub-hydrograph as compared to the second and third sub-

hydrographs same as the set-I experiments. The reducing trend of transport rate over the 

second and third sub-hydrograph can be related to the physical mechanisms established 

for the set-I experiments. The higher peak rates were also recorded for the first sub-

hydrographs, and it occurred after the peak discharge.  

 

 Figure 4-28:  Comparing transport rates during VP1 experiment 
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Figure 4-29:  Comparing transport rates during VP2 experiment 

 

Figure 4-30:  Comparing transport rates during VP3 experiment 
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Figure 4-31:  Comparing transport rates during VP4 experiment 

 

Figure 4-32:  Comparing transport rates during VP5 experiment 
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4.3.1.1 Peak transport rate qbp 

The peak transport rate (qbp) increased as hydrograph unsteadiness increased with a 

higher discharge rate of the hydrographs as shown in Figure 4-33. The graph also shows 

reduced peak transport rates as sub-hydrographs progressed from HG-I (first sub-

hydrograph) to HG-III (third sub-hydrograph). 

 

 

Figure 4-33:  Peak bedload transport rates during VP experiments  

A consistent reduction of the peak transport rate over the subsequent sub-hydrographs 

was recorded for all the experiments. It was observed that qbp was noticeably higher in 

the first sub-hydrograph although the difference of qbp was lower for HG-II and HG-III. 

17 - 36% reduction was found in qbp of the second sub-hydrograph that went up to an 

average of 40% during the third sub-hydrograph as compared to the first hydrograph qbp.  
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4.3.1.2 Time lag 

A positive time lag between the peak of the flow hydrograph and peak bedload rate was 

found for all sub-hydrographs of set-II experiments.  The time lag was found to be 

consistent during all sub-hydrographs irrespective of the successive sub-hydrograph 

effect. Graf and Qu (2004) presented that hydrograph flow with a high unsteady 

parameter (where P>0.03) exhibited a positive time lag and the hydrograph with a low 

unsteady parameter (P<0.02) generated a negative time lag.  In variable unsteadiness 

hydrographs, all sub-hydrographs have less than 0.02 P value and according to Graf’s 

study, they would be expected to generate a negative time lag.  An analysis of these 

contradictory results showed that the upstream sediment influx condition played a 

significant role in this regard (Appendix 3.2).  

 

4.3.2 Bedload yield 

The bedload yields that occurred under each sub-hydrograph (HG-I, HG-II and HG-III) 

of the set-II experiments are presented in Table 4-2.  The cumulative amount of bedload 

for each sub-hydrograph was used to obtain a non-dimensional bedload yield. These Wt* 

were plotted in Figure 4-34 to compare the influence of the unsteadiness parameter on 

bedload transport over the successive sub-hydrographs.  
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Figure 4-34:  Bedload yield vs unsteadiness parameter during VP experiments  

It was determined that the bedload yield during the first sub-hydrograph was about 1.3 - 

1.8 times higher than the bedload yield during the second and third sub-hydrographs.  

Figure 4.35 shows the discrepancy ratios observed for the successive sub-hydrographs 

with respect to the first sub-hydrograph. 
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Figure 4-35:  Discrepancy ratios over the successive hydrographs of VP experiments  

In Figure 4-35 the black circles show the baseline for the bedload yield over the first 

hydrograph and the red triangles and the blue squares show discrepancy ratios of bedload 

yield over the second and third sub-hydrograph respectively. A decreasing discrepancy 

ratio of around 1.5 was found in the bedload yield of the second sub-hydrographs as 

compared to the first sub-hydrograph (baseline data). Whereas a discrepancy ratio was 

around 1.8 for the third sub-hydrographs.  

It was interesting to note that the unsteadiness of flow did not have any significant effects 

on the discrepancy ratios. In Figure 4-35 the variation in bedload yield over the 

unsteadiness parameter 2.84 E-04 to 7.99 E -05 seems low with no definite trend, unlike the 

trend observed over the water work parameter. That suggested the factors behind the 

reducing transport and lower yields were irrespective of the unsteadiness parameter. 

Furthermore, a consistent difference in discrepancy ratios of different sub-hydrographs 

also suggested that the successive flow was responsible for that.          
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4.3.2.1 Comparison of bedload yield 

The bedload yield was plotted on a log-log graph.  In Figure 4-36 the linear trend lines 

show that bedload yield increased exponentially with unsteadiness parameter. The graph 

depicts that bedload yield increased with P and produced a greater amount of bedload 

yield for higher unsteady flow. It also shows that the bedload yield was higher for the 

first sub-hydrograph (black dots) as compared to the successive sub-hydrographs (red 

triangles and blue squares).  

 

Figure 4-36: Bedload yield vs unsteadiness parameter of set-II experiments 

A higher bedload yield occurred during the first sub-hydrograph as compared to the 

second and third sub-hydrograph and that was the case in all set-II experiments.  The 

higher bedload yield during HG-I indicated a highly active mobile bed at the start of the 

experiment.  A further reduction in the bedload yield during the third sub-hydrograph as 

compared to the second sub-hydrograph (Figure 4-36).  This result is similar to the set-I 

results and suggests that both the water work and unsteadiness parameters have a direct 

relationship to the bedload yield.   
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4.3.2.2 Correlation between Wt* and P 

An isolated influence of P on normalized bedload yield Wt * was analysed for the set-II 

data.  That provided insight into the bedload yield response specific to the unsteadiness 

parameter of hydrograph.  It is re-emphasized that the water work parameter was held 

constants for all experiments in set-II.  

 

 

Figure 4-37: Regression equations of variable unsteadiness dataset 

Figure 4-37 shows three correlations for each sub-hydrograph.  The bedload yield results 

of the first sub-hydrographs can be ignored for the same reasons as stated in the set-I 

analysis.  As mentioned previously the bedload yield result has an influence of initial 

antecedent flow condition and bed stability.  In addition to that a smooth flatbed condition 

before the first sub-hydrograph run also resulted in noticeable higher bedload yields 

during the first sub-hydrograph as compared to the measured bedload yields over the 

second and third sub-hydrographs. 
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The correlation of the second sub-hydrograph results shows a weakly related dataset (R2 

= 0.74) as compared to the first and third sub-hydrograph datasets.  Therefore, 

consideration of the bedload yield of the second sub-hydrograph would lead to poor fit. 

Furthermore, poor fit of the regression model was found when combined bedload yield 

results of the second and third sub-hydrograph were considered.  Hence, only the bedload 

yield results of the third sub-hydrographs were considered for the regression analysis of 

Wt*. 

 

 

Figure 4-38: Correlation between Wt
* and P 

In Figure 4-38 the regression model indicates a strong correlation (R2 = 0.96) between 

the normalized bedload yield and unsteadiness parameter that satisfies the following 

power-law relation: 

Wt 
* = 15142 P 0.2181         (4.2) 
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Lee et al. (2004) presented the relationships between Wt* and P (Wt* = 393.99 P 0.4189) 

that showed a similar trend of increase of Wt* with P. Although, the bedload yield 

estimation was not comparable with the current study’s.  Figure 4-39 shows a significant 

discrepancy ratio with 2-3 fold between these datasets.  Again, these discrepancies can 

be associated to a number of reasons presented in section 4.2.2. Although, it is interesting 

to note that the DR increased monotonically with the increase in P values contrary to the 

DR of WK that showed almost a consistent DR. 

 

 

Figure 4-39: Discrepancy ratios in bedload estimations  

Wang et al. (2019) presented the relations between Wt* and P for a large data set.  They 

grouped the Wt* results in a way to present, unsteadiness parameter varies monotonically 

with water work as shown in Figure 4-40.  The result of this study is in accordance with 

Wang’s study as the set-II data set has a constant water work of 44.59 and for 2.84E-04-

→ 7.99E-05 hydrograph unsteadiness.  
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Figure 4-40: Unsteadiness dataset (Wang et al. 2019) 

 

4.3.3 Hysteresis 

The hysteresis patterns were obtained for individual sub-hydrographs of set-II data and 

presented in Figure 4-41 - Figure 4-45 
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Figure 4-41:  Hysteresis pattern during VP1 experiment 

 

Figure 4-42:  Hysteresis pattern during VP2 experiment 

0.1

1

10

100

10.0 20.0 30.0 40.0 50.0 60.0

q
b

(g
/m

/s
)

Flow(L/s)

qb,I

qb,II

qb,III

0.1

1

10

100

10.0 20.0 30.0 40.0 50.0 60.0

q
b

(g
/m

/s
)

Flow(L/s)

qb,I

qb,II

qb,III



 

157 

 

 

Figure 4-43:  Hysteresis pattern during VP3 experiment 

 

Figure 4-44:  Hysteresis pattern during VP4 experiment 
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Figure 4-45:  Hysteresis pattern during VP5 experiment 

 

A frequent (fourteen out of fifteen) counter-clockwise hysteresis was exhibited during 

the sub-hydrographs of the set-II experiment.  CCW hysteresis was observed during all 

the first and second sub-hydrographs whereas a no/mixed (N/M) hysteresis was found 

during the third sub-hydrograph. The CCW hysteresis occurred due to the increased 

transport rate in the falling limb of the hydrograph as compared to the transport rate 

during the rising limb.  The occurrence of N/M hysteresis during the successive sub-

hydrographs suggested a similar trend of translation of patterns observed in set-I.  No 

clockwise or figure 8 hysteresis appeared in the set-II experiments. Figure 4-46 shows a 

summary of the observed hysteresis pattern. 
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Figure 4-46:  Hysteresis pattern of set-II experiments  
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4.4 Comparison of Set-I and Set-II Results 

Unsteady hydrographs were designed to assess the isolated influence of hydrograph 

parameters WK and P systematically. Section 4.2 and 4.3 presented the influence of these 

parameters on sediment transport characteristics over the triple peak hydrographs. It was 

interesting as well as important to analyse which of these parameters was more influential 

to bedload transport. A comparison of results of the set-I (variable WK with a constant P) 

and the set-II (variable P with a constant WK) can evaluate the degree of influence of 

these parameters. Therefore, a comparison of the sediment transport results is 

summarised below:   

1. The transport rates of both sets showed a similar trend of higher rates during the 

first sub-hydrograph that reduced over successive flow. 

2. A common positive time lag was found in both sets which were produced in 

response to the upstream sediment influx condition.  

3. The peak flow rate was higher for the first sub-hydrograph in both sets. A 

consistent qbp reduction was found in the third sub-hydrograph compared to the 

second sub-hydrograph in both sets.  

4. Both sets showed a frequent CCW hysteresis and a translation of CCW to other 

patterns over successive sub-hydrographs.   

5. The scale of higher bedload yields during the first sub-hydrograph was slightly 

higher in set-I (with an average of 1.5 times) as compared to set-II (with an 

average of 1.7 times).  

6. The set-I showed an average of 40% lower bedload yield during the second sub-

hydrograph and 50-56% lower bedload yield during the third sub-hydrograph as 

compared to the first sub-hydrograph. Similarly, the set-II generated 25-35% 

lower bedload yield during the second sub-hydrograph and 41-47% lower during 

the third sub-hydrograph 
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7. In terms of the correlation between Wt* and hydrograph parameters, Wt* = 56.95 

WK
0.9642 and Wt* = 15142 P 0.2181 were produced by set-I and set-II datasets 

respectively. The power of the regression equation for WK was close to unity 

(0.964) showed a close to a linear relationship with bedload yield whereas 0.2181 

power value of P in the regression equation showed a weaker relation to Wt*. 

This finding is in accordance with Wang’s (2016) outcomes that state WK is an 

important parameter and has a primary influence on sediment transport whereas 

the unsteadiness parameter has a negligible influence.  

 

4.5 Combined Effect of Hydrograph Parameters 

Recently, researchers combined the hydrograph parameters WK and P to predict the 

bedload yield for a flood event (Water and Curran, 2015; Wang et al., 2019). In the 

current study individual coefficient of WK (0.9642) and P (0.2181) were combined that 

produced a combined hydrograph parameter (ξ = WK 0.9642 P 0.2181).  The regression model 

of bedload yields Wt* in Figure 4-47 indicates a strong correlation (R2 > 0.98) for the 

bedload of uniform sediment 

W* t  = 365  ξ =  365  WK 0.9642  P 0.2181       (4.3) 
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Figure 4-47:  Wt* using combined hydrograph parameter  

Waters and Curran (2015) proposed a combined hydrograph parameter χ that considers 

the influence of hydrograph water work and unsteadiness parameter including a sediment 

parameter in order to take different sediment grading into consideration.  

χ = WK P (Hp/d50)         (4.4) 

Where: 

Hp: peak water depth 

d50: mean diameter of sediment  

The χ parameter indicates that water work and unsteadiness parameters have equal 

influence on the bedload transport which is contradictory to the findings of this study. 

However, Wang et al. (2019) addressed this issue by considering a modified hydrograph 

parameter ξ =  WK P
0.2 and proposed a bedload yield model for their data sets of uniform 

sediment as below: 

Wt* =  365 Wk 0.9642 P 0.2181
R² = 0.9834
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W t * = 968.09 WK
1.0826  P0.21652       (4.5) 

 

By comparing the Wang’s model with the current study’s model (Figure 4-48) it can be 

noted that Wang’s model estimates the bedload yield around 4 times greater than the 

proposed model of this study.  

 

Figure 4-48:  Comparison of Wang et al. (2019) and current study model 

 

The individual effect of water work on the bedload yield presented in section 4.2.2 

showed a consistent discrepancy ratio of around 4 for Wang’s model as compared to the 

current study. Whereas section 4.3.2 indicated the discrepancy ratios of 2-3 fold. 

Therefore, 4-5 fold of discrepancy ratio for the combined hydrograph parameter can be 

reasoned on that basis, presented in section 4.2.2 and section 4.3.2. In summary, the main 
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differences are the consideration of the different hydrograph design approaches, single/ 

sequential hydrograph flow conditions, sediment feed condition, and antecedent flow 

condition. Furthermore, the water work and the unsteadiness parameters were combined 

differently by using the individual exponential power related to the bedload yield in this 

study. 

The current study, Lee et al. (2004), and Wang et al. (2019) were conducted with uniform 

sediment and the combined hydrograph parameter did not consider the potential grading 

effects of bed materials. However, to provide an improved bedload yield model, it was 

required to combine ξ with peak flow depth and channel bed material (Water and Curran, 

2015) that would consider a wide range of bed material and unsteady flow. Wang et al. 

(2019) also modified the sediment parameter (Hp/d50) with an empirical coefficient of n 

= 2.5, estimated by applying regression analysis to their bedload yield data.  However, 

an empirical coefficient of 3 was produced by the current dataset. A modified hydrograph 

parameter is shown below: 

χm = ξ (Hp/d50)
3         (4.6) 

 

Figure 4-49 shows the best fit regression relationship for this χm model. A range of 

uniform and graded bedload yield data (e.g., Lee et al., 2004; Water and Curran, 2015; 

Wang et al., 2016) was used to establish the model in this study.  Equation (4.7) presents 

a new sediment yield estimation model that considers the comparative influence of 

hydrograph parameters and applicable to sequential flow conditions and different 

sediment grading: 

Wt* = 0.061 χm 0.7385          (4.7) 
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Figure 4-49:  Model for bedload yield estimation 
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4.6 Summary 

The sediment transport of channel bed subjected to variable water work and variable 

unsteadiness hydrographs was investigated.  The flume experiments were conducted for 

a range of variable water work and unsteadiness hydrographs so as to quantify the effect 

of the sequential flow on sediment transport characteristics, considering unsteady 

hydrograph parameters systematically.  The unsteady hydrograph conditions included 

variable water work (15.68-→ 126.93) and a constant unsteadiness (1.60E-04) in set-I 

experiments. Whereas, set-II had variable unsteadiness (2.84E-04-→ 7.99E-05) and a 

constant water work of 44.59.  The key findings from the experimental sets are 

summarised below: 

1. A reducing trend of total bedload yield over the sequential sub-hydrographs was 

found that was resulted by the reduced transport rates.  

2. The mechanism behind the reduced bedload yield was anticipated due to 

i) the application of short antecedent flow (associated with the memory stress/ 

armoring/ grain sorting) 

ii) increased stability of the bed (vertical settlement, structural formation) over 

the sequential hydrograph   

iii) increased surface roughness of the channel bed caused by the development of 

bedforms 

3. A frequent (25 out of 30) counter-clockwise hysteresis pattern was found during 

the first and the second sub-hydrograph that translated to a figure 8 or no/mixed 

hysteresis as sub-hydrograph progressed. 

4.  A comparison of the results of set-I and set-II evaluated the influence WK and P 

parameters and showed WK was an important parameter and had a primary 

influence on sediment transport whereas the unsteadiness parameter had a 

negligible influence.  
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5. An improved bedload yield model was developed for sequential flow hydrograph 

that was applicable to both uniform and graded sediments. 

The sediment transport results presented in this chapter show that the transport rate and 

bedload yield are related to the bed evolution of the channel.  Therefore, the bed 

structuring, surface roughness, and bedform development during these experiments are 

analysed in the next chapter through the digital elevation model results. 
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CHAPTER 5 BED EVOLUTION RESULTS  

5.1 Introduction 

The sediment transport results (presented in chapter 4) showed a decreasing trend of 

transport over a sequential flow of three sub-hydrographs. The bedload transport was 

considerably low during the second and third sub-hydrograph as compared to the first 

sub-hydrograph. The main reasons for this were thought to be because of the bed 

stabilization after the passage of the first sub-hydrograph and increased roughness of the 

bed due to the bedform development. In this chapter, bed evolution results obtained from 

the digital elevation models (DEMs), are analysed to evaluate the bedform stabilization 

and roughness parameters, including the dimensions of bedform.  

A number of analytical techniques were applied to the DEMs to understand the 

mechanisms of bed evolution. Both qualitative (i.e., visual analysis) and quantitative (i.e., 

statistical analysis, variogram analysis) methods were employed to assess the elevation 

change, bed roughness, and bedform characteristics associated with the unsteady 

sequential flow conditions. The main purpose of this, was to enhance the understanding 

of influence of a sequential flow on the channel response in terms of bed evolution and 

its characteristics.  The bed formation analysis and its results are divided into two parts, 

based on the sets of experiments, same as the way sediment transport results were 

reported in chapter 4:  

(1) Bed evolution under variable water work hydrographs  

(2) Bed evolution under variable unsteadiness hydrographs 

Firstly, the results of variable water work experiments (set-I) are presented in section 5.2, 

and the results of variable unsteadiness flow will be discussed in section 5.3.    
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5.2 Bed Evolution Results of Set-I Experiments 

As a first step of analysis, the detrended DEMs were extracted from the scan data. Surface 

maps were developed in MATLAB software for the modified bedform after each sub-

hydrograph run. The qualitative and statistical analyses were applied on the DEMs, and 

the results of these analyses are discussed in the following sections as  

Section 5.2.1 Visual analysis 

Section 5.2.2 Statistical analysis 

Section 5.2.3 Variogram analysis 

This order of analysis progressively enhanced the quantitative understanding of the bed 

formation and provided more details as the level of analytical complexity increased. In 

terms of spatial characteristics of bed formation, probability density function (PDF) of 

surface elevation was used to evaluate the roughness of bedform. Geostatistical tool, 

variogram analysis was used to measure the dimensions of bedform that has been 

reported as a good tool for bed formation estimation (Robert, 1988; Ockelford, 2011; 

Wren et al., 2014; Water & Curran, 2015). Firstly, a good preliminary visual inspection 

of the bed surface is provided here to establish the platform for the detailed statistical 

analysis.    

5.2.1 Qualitative analysis 

The digital elevation model of the initial flatbed is shown Figure 5-1 that was obtained 

after the antecedent water work, as detailed in chapter 3.  The x-axis and y-axis are 

labelled in cm and the elevation change is presented using a side color bar in mm.  The 

color bar set at -10 to 10 mm which provides an easy comparison for the range of DEMs 

of bedform that evolved after different flow conditions.  The blue color represents the 

lowest elevation in the DEMs, and the red color shows the highest elevation.  A 

horizontal datum was set at the mean bed surface level of the initial flatbed and all DEMs 

were produced above this arbitrary datum.  The channel centerline was located at Y = 25 

and the flow direction was from X = 0 (upstream) to X = 500 (downstream).  



 

170 

 

 

Figure 5-1:  DEM of the initial flat  

In Figure 5-1 the DEM of the initial bed shows a uniform bed condition as it largely 

consists of green color with a slight range of yellow and cyan color in the DEM (average 

0.01mm variation).  It can be inferred that the water work of the antecedent flow did not 

have any considerable bedform changes and the initial bed was still flat before running 

the hydrograph HG-I as shown in Figure 5-2.  The DEMs obtained after sub-hydrograph 

runs can be easily compared with the DEM of initial flatbed.  

 

Figure 5-2:  Initial flatbed after antecedent flow  

The digital elevation models of bedform after sub-hydrographs HG-I, HG-II, and HG-III 

were recorded for all experiments.  In Figure 5-3 some photographic images of bedforms 

are presented.   
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Figure 5-3:  Examples of bedforms observed in this study  

 

5.2.1.1 DEM of VW1 (the lowest flow experiment)  

The digital elevation models of bedform after sub-hydrographs HG-I, HG-II, and HG-III 

of the lowest flow, are presented in Figure 5-4 (a) – Figure 5-4Error! Reference source 

not found. (c). A highly degraded section is visible in Figure 5-4 (a) at the end section 

of the channel whereas Figure 5-4 (c) shows a highly aggraded section after HG-III run. 

Comparison of these DEMs indicates that the channel bed initially eroded and over the 

successive sub-hydrographs run deposition occurred in the channel. The sediment 

transport results showed that the channel decreased the transport capacity significantly 

as the sub-hydrograph progressed. It is interesting to notice that the end section of the 

channel was highly susceptible to elevation changes. As DEM after HG-I, HG-II, and 

HG-III show degradation and aggradation were high at the end of the section. No 

bedform was visible over all three sub-hydrographs of the lowest flow of set-I 

experiments.   
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Figure 5-4: DEM after (a) HG-I, (b) HG-II and (c) HG-III of VW1 experiment 

 

5.2.1.2 DEM of VW2 (low flow experiment)  

The aggradation of the channel increased as sub-hydrograph progressed in the low flow 

experiment (VW2) similar to the bed evolution during the lowest flow experiment 

(VW1).  Although, the level of deposition was lower during the low flow experiment 

(VW2) as compared to the observed deposition in the lowest flow experiment (VW1).  A 

closer view of these DEMs showed that a weakly defined alternate bar was formed in the 

lower half section of the channel (Figure 5-5 (a) - Figure 5-5 (c)).  

 

(a) 

(b) 

(c) 
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Figure 5-5: DEM after (a) HG-I, (b) HG-II and (c) HG-III of VW2 experiment 

 

5.2.1.3 DEM of VW3 (medium flow experiment)  

An increased degradation (i.e., blue region) was found during the medium flow 

experiment as compared to the lowest and low flow cases. The bedforms were dune 

developed over all three sub-hydrographs of this experiment. The spacing of the bedform 

seemed to increase as the hydrograph progressed (Figure 5-6 (a) -Figure 5-6 (c)).  

 

(a) 

(b) 

(c) 
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Figure 5-6:  DEM after (a) HG-I, (b) HG-II and (c) HG-III of VW3 experiment 

 

5.2.1.4 DEM of VW4 (high flow experiment)  

The DEMs of the high flow test (VW4) were quite similar to the DEM obtained during 

the medium flow test (VW3) (Figure 5-7 (a) - Figure 5-7 (c)).  However, it was noted 

that the bedform spacings observed in the VW4 experiment was larger than in the 

medium flow experiment (VW3). The dune bedforms were developed again in VW4 test. 

The bedform heights appeared to increase as sub-hydrograph progressed (i.e., the 

increasing difference between the blue and red region).  

(a) 

(b) 

(c) 
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Figure 5-7:  DEM after (a) HG-I, (b) HG-II and (c) HG-III of VW4 experiment 

 

5.2.1.5 DEM of VW5 (the highest flow experiment)  

The highest flow produced the highest level of degradation among all experiments.  As 

the DEMs of the highest flow experiment showed a dominant blue region of degradation 

(Figure 5-8 (a) - Figure 5-8 (c)).  A full scale of bedform could not be captured after HG-

II and Hg-III.  However, DEM after HG-I suggested the bedform spacing would be 

greater than 5m after HG-II and HG-III. The elongation of the bed spacing also occurred 

during the high flow experiment.  However, contrary to the high flow experiment 

bedform height seemed to decrease as sub-hydrograph progressed in this experiment.  

(a) 

(b) 

(c) 
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Figure 5-8:  DEM after (a) HG-I, (b) HG-II and (c) HG-III of VW5 experiment 

 

5.2.1.6 Summary of the visual analysis  

The visual analysis of all DEMs of variable water work experiments have been presented 

in Figure 5-4 to Figure 5-8.  Firstly, they clearly showed that the nature of bedforms 

developed under these experiments changed significantly for different magnitudes of 

flow conditions. More specifically, as flow magnitude increased, the final surface map 

changed from small-scale to large-scale bedforms. As WK increased from lowest → 

highest magnitude, the bedform evolved as No bedform → weakly defined alternate bar 

→ dune. The dune bedform developed during medium → highest magnitude hydrographs 

that possessed a longer flow duration.  

(a) 

(b) 

(c) 
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Dune bedform spacing increased as hydrograph magnitude increased during these 

experiments.  Klaassen et al. (1997) in their field study observed that the long duration 

of flood developed the large dunes. Eekhout et al., (2013) and Wang (2016) also 

presented the longer duration of the falling limb in unsteadiness-varied hydrographs 

elongated the bedform wavelength and reduced the amplitude of bedform. 

Secondly, a general trend of channel aggradation was observed as the successive sub-

hydrograph progressed in all experiments of variable water work (VW).  The increased 

deposition showed the channel reduced the transport capacity over successive sub-

hydrograph runs.  The highest aggregated bed occurred after the third sub-hydrograph of 

the lowest flow experiment.  While the highest degradation was observed after the first 

sub-hydrograph of the highest flow experiment.  

Finally, the above results of the qualitative analysis suggested that the quantitative 

analysis was also essential to produce a more detailed result of these bedforms. 

Therefore, statistical and variogram analysis were applied to the DEMs to obtained bed 

roughness and dimensions of the bedform structure. 

5.2.2 Statistical analysis 

Whilst the DEMs of bedforms have been interpreted visually in the previous section that 

provided good preliminary results of the observed bedforms.  This section presents the 

results of statistical analysis with attention given to the variables, mean bed elevation of 

the channel, ∆𝑍b, and standard deviation of the bed elevation, σb.  These variables have 

been used to evaluate the spatial characteristics in terms of channel deformation and 

roughness of the bed surface (Marion, 2003; Albert and Nikora, 2006; Ockelford, 2011; 

Chen et al., 2020).  The mean bed elevation ∆Zb is basically the difference in measured 

elevations at the end of an antecedent flow and at the end of individual sub-hydrograph 

runs. That gives a bulk statistic of an overall degradation or aggregation condition of the 

channel. A geometrical mean of the elevation changes ∆Zb was obtained for all variable 

water work experiments and presented in Table 5-1. 



 

178 

 

The standard deviation of the bed surface, σb. is associated with the surface roughness 

and it increases as the surface roughness of the bed increases.  Aberle (2000) and Aberle 

and Smart, (2003) showed in their studies that σb can be better described as a roughness 

parameter as compared to d50 (or d84) for steep gravel-bed.  Chen et al., (2020) compared 

the performance of bed roughness predictors σz and d84 for a wide range channel 

morphologies and flow conditions.  They found σz performed better as a measure of 

roughness length as compared to d84 due to the fact that σz contains bed structure 

information.  The probability density function was applied to DEM to obtain σb values. 

Figure 5-9 shows an example of the PDF.  

  

Figure 5-9:  PDF of VW3 experiment  

The red bell curve in Figure 5-9 shows the PDF for the initial flatbed after antecedent 

water work on the channel.  It can be noted that it has a narrow and steep curve, and the 

range of elevation and standard deviation was the lowest of all in this case. σb obtained 

from the PDFs of all experiments will be compared with the initial DEM values.  The 

PDFs of VW3 experiment are presented along with the PDF of the flatbed in Figure 5-9.  

An increased range of values and standard deviation over successive sub-hydrographs 

was observed. That was a general trend that occurred in this study.  The standard 

deviations of bed elevation were obtained from the PDFs and presented in Table 5-1 for 

the variable water work experiments. 
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Set-I 

experiment ID 

Hydrograph 

magnitude 

Hydrograph 

progression 

Mean bed 

elevation, ∆Zb 

(mm) 

Variability in 

bed elevation, σb 

(mm) 

VW1 Lowest  

Initial bed 0.01 0.98 

Post HG-I -1.60 2.20 

Post HG-II -0.35 2.00 

Post HG-III 1.70 3.19 

VW2 Low  

Initial bed 0.01 0.98 

Post HG-I -1.71 1.89 

Post HG-II 0.06 2.40 

Post HG-III 0.62 4.50 

VW3 Medium  

Initial bed 0.01 0.98 

Post HG-I -1.55 1.67 

Post HG-II -1.62 2.50 

Post HG-III 0.05 4.43 

VW4 High  

Initial bed 0.01 0.98 

Post HG-I -1.81 3.33 

Post HG-II -1.57 2.16 

Post HG-III -1.61 3.45 

VW5 Highest  

Initial bed 0.01 0.98 

Post HG-I -2.91 3.50 

Post HG-II -2.30 3.40 

Post HG-III -2.56 4.67 

 

Table 5-1: Results of the statistical analysis of VW experiments 
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5.2.2.1 Mean bed elevation of the channel  

ΔZb values are presented in Table 5-1 and also plotted in Figure 5-10.  It was noted that 

the degradation of the channel bed occurred initially and then the deposition increased as 

the sub-hydrograph progressed.  Figure 5-10 also shows that ΔZb has a decreasing trend 

(ΔZb decreases as water work increases). The greater magnitude generated a highly 

degraded channel in the presence of an available influx upstream of the channel.  It is 

also interesting to note that the difference of ΔZb values for the sub-hydrograph was 

higher for the low magnitude of hydrographs.  The difference reduced as flood magnitude 

increased and a negligible difference existed over the successive flow for the highest 

magnitude.  

 

Figure 5-10:  Mean bed elevation vs water work  

It can be inferred that a number of physical mechanisms were responsible for this trend 

of Zb variability. The reduction in transport capacity of the channel can be noticed for the 

specific magnitude of flow, which in turn resulted in aggradation of the channel.  The 

influx rate of the sediment at upstream of the channel also has some degree of influence. 

The influx rate was constant for all magnitude of hydrograph therefore, the low 

magnitude of flow has the higher aggregation.   
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5.2.2.2 Geometrical roughness 

Geometrical roughness, presented by the standard deviation (σb) was found to be 

increased with the repetition of sub-hydrograph runs. The standard deviation of the 

surface for all magnitudes of experiments are plotted in Figure 5-11 

 

Figure 5-11:  σb vs water work  

The σb of bed surface showed that it generally increased with water work parameter 

(magnitude of flood), however no obvious trend was found between these variables.  

Figure 5-11 depicts that variability also increases as the sub-hydrograph progressed.  

Initial flatbed that had σb value of 0.98 mm reached to the max of 3.19 mm during the 

lowest flow and 4.67 mm during the highest flow experiment.  The smaller value of σb 

for HG-I indicated a smooth bed and σb (roughness of bed) increased as the bedform 

developed over the sequential flow.  
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5.2.2.3 Summary of the statistical analysis  

The following key results were extracted from the statistical analysis of the DEMs:  

1. Net degradation of the channel occurred initially during the experiments 

2. Deposition of the sediment increased as the sub-hydrograph progressed   

3. The surface roughness of the channel bed increased as the bedform developed 

4. A general trend of increased roughness was observed over the sequential flow 

 

5.2.3 Variogram analysis 

Statistical analysis of the DEMs data has been presented in the previous section that gave 

a bulk qualitative evolution of bed formation types (in terms of aggradation/degradation 

of the channel) and roughness parameter. Geostatistical tool, variogram analysis was 

used to measure the dimensions of bedform that has been reported as a good tool for bed 

formation estimation (Robert, 1988; Wren et al., 2014; Water & Curran, 2015). The 

variogram has been widely used in geology and geomorphology and is known as second-

order structural function (Nikora and Walsh, 2004). Previous researchers applied the 

second-order structure function on the DEM of a water-work gravel bed. to study the 

organization of the grains (Schmeeckle and Nelson, 2003; Butler et al 2004; Nikora and 

Walsh, 2004; Cooper, 2008; Ockelford, 2011).   

The scale of bed structuring and particle organization of a gravel bed was previously 

studied in particular directions (cross stream or downstream direction). In this study 

second order structure function was adopted to estimate the characteristic bedform 

geometry in terms of bedform spacing (wavelength) and bedform height (amplitude). 

The variogram quantifies spatial correlations in bed elevations based on regionalized the 

bed elevations Z(x) and Z(x+h) where x is a longitudinal distance (mm), and h is a lag 

distance (mm), (or lag number). The equation (5.1) was used to calculate the 

experimental variogram for each DEM (Robert and Richards, 1988): 
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 γ(h) = 
1

2(𝑁−ℎ)
 ∑  [𝑍(𝑥𝑖 + ℎ) − 𝑍(𝑁−ℎ

𝑖=1 (𝑥𝑖)]2      (5.1) 

Where: 

γ(h): the model semi-variance (mm2)  

N: the number of observations 

i: the sample index.  

An empirical model was fitted to experimental variograms that had an exponential γ1 (h) 

and periodic γ2 (h) components (Robert and Richards, 1988; Robert, 1988), as 

represented below:  

 

𝛾 (ℎ) = 𝛾1(ℎ) + 𝛾2(ℎ)         (5.2) 

 

𝛾1(ℎ) = 𝐶[1 − 𝑒𝑥𝑝 (
−ℎ

𝑅
)]         (5.3) 

 

𝛾2(ℎ)  = ∑  𝑎𝑖 𝑐𝑜𝑠 (
2𝜋ℎ

𝑙𝑖
) + 𝑏𝑖 𝑠𝑖𝑛(2

𝑖=1 (
2𝜋ℎ

𝑙𝑖
)      (5.4) 

 

Where: 

C: the sill value (mm2), that indicates the variance of the Zb values  

R: model range (mm), which represents the variogram lag value at which the variance 

approaches the sill as shown in Figure 5-12   

ai and bi: Fourier coefficients for periodic function i (mm2), representing periodic 

amplitude 

li: the wavelength of the periodic function, and i = 1,2. 
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Figure 5-12:  Sill and range in variogram model (Yasojima et al., 2019)  

An estimate of bedform spacing (𝜆) can be made using the wavelength (li) of the 

dominant periodic function. The height (∆) of the bedform can be calculated using the 

following equation: 

 

𝛥 = 2(Ȃ
1

2 +  𝑐
1

2 )          (5.5) 

 

Where: 

Ȃ: the amplitude of the dominant periodic function defined as 

 

𝐴 𝑖=(𝑎𝑖
2 + 𝑏𝑖

2)           (5.6) 

The bedform spacing (wavelength) and height (amplitude) were estimated when there 

was a bedform geometry developed (Robert 1988; Wren et al., 2014). An example of a 

variogram model of a bedform (VW1- HG-I bedform) is shown in Figure 5-13.  The 

variogram models for all bedforms and the estimated parameters are included in 

Appendix 5.1 for reference. These variograms were obtained using MATLAB 

programming code.  
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Figure 5-13: Variogram model  

Longitudinal profiles were extracted at the spacing of 20 mm in the lateral direction that 

resulted in a total of 25 profiles over the width of 500 mm of the flume. The MATLAB 

code extracted the experimental variograms.  OriginLab software was used to fit the 

empirical model to experimental variograms.  OriginLab is an advanced data analysis 

tool that adjusts the model parameters after several iterations. In Figure 5-13 red line 

shows the empirical model, fit to experimental variograms (black dotes) by adjusting 

model parameters using the sum of least squares nonlinear regression. The bedform 

spacing and height were supposed to be estimated when there was a bedform geometry 

developed.  

It was noted that some of the experimental variograms did not seem to reach the sill (i.e. 

VW3 HG-II, VP3 HG-I, VP5-HG-II).  In some cases, the length of the profile was also 

insufficient with respect to the observed bedform.  However, OriginLab was able to 

produce the model parameters for all profiles except for the HG-III of the VW1 

experiment where the bedform was highly unclear.  It can be noted that the only 
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limitation in fitting the empirical model using OriginLab was found to be a highly 

undefined bedform condition. 

The bedform parameters for all experiments was also measured through the individual 

bed scan profiles, where bed spacing, λ is the length between two successive 

lowest/highest points and heights, Δ is the elevation difference between the lowest point 

at the toe and the highest point of the crest (Carling at al., 2000). The measured 

parameters along the individual bed profiles are detailed in Appendix 5.2.  

In set-I experiment, variogram of VW2-HGII, VW2-HGIII, VW3-HGI, VW3-HGII 

VW3-HGIII, VW5-HGIII did not reach to the sill. Similar to that almost half of the 

variograms of the set-II experiment (VP1-HGII, VP2-HGII, VP2-HGIII, VP3-HGI, VP4-

HGI, VP4-HGII, VP5-HGIII) did not have a distinct sill and periodic phase. Therefore, 

the analysis of the bedform parameter obtained from the variogram was restricted to those 

variograms that have a distinct sill. Furthermore, the estimated parameters that did not 

match with the physical scan bed profiles were also excluded from the analysis. The 

bedform parameters for these experiments were replaced with the measured parameter 

obtained through the individual bed scan profiles. Table 5‑2 presents the bedform 

dimensions for set-I experiments. 
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Set-I test ID 

 

Hydrograph 

magnitude 

Hydrograph 

progression 

Bedform 

spacing, λ (m) 

 Bedform 

height, ∆ (cm) 

VW1 Lowest  Post-HG-I 1.35 1.22 

Post-HG-II 1.98 1.48 

Post-HG-III 2.05 2.18 

VW2 Low  Post-HG-I 1.98 1.08 

Post-HG-II 1.70 1.12 

Post-HG-III 1.95 1.61 

VW3 Medium  Post-HG-I 2.26 1.32 

Post-HG-II 3.05 1.74 

Post-HG-III 3.44 1.82 

VW4 High  Post-HG-I 3.17 1.56 

Post-HG-II 3.41 1.68 

Post-HG-III 4.34 1.95 

VW5 Highest  Post-HG-I 3.33 1.54 

Post-HG-II 3.50 1.54 

Post-HG-III 4.45 1.75 

 

 Table 5-2: Results of variogram analysis of VW experiments 
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5.2.3.1 Bedform spacing, λ 

The spacings of bedform, developed over the range of magnitudes of hydrograph 

conditions, are plotted in Figure 5-14.  The bedform spacing did not vary consistently 

with magnitude (WK) in the set-I experiments.  Figure 5-14 showed an inconsistent result 

over variable magnitude.  The Lowest and low magnitude experiments showed a 

decreasing trend of the bedform spacing. Although the spacing seemed to increase as 

magnitude increased from low to the high magnitude flow. A general increase of bedform 

spacing with increasing flow magnitude was also estimated by Wang (2016) and Tubino 

(1991). The estimated bedform spacings were in accordance with the observation of 

bedform presented in section 5.2.1. A consistent increase of bedform spacing was 

estimated over successive flow hydrographs, except for the low flow hydrograph. Water 

and Curran (2015) and Tubino (1991) showed a similar result of bed spacing in their 

studies.  

 

Figure 5-14:  Bedform spacing of set-I experiments 
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5.2.3.2 Bedform height, ∆ 

The measured variations in bedform height for the range of magnitudes of hydrograph 

conditions are plotted below (Figure 5-15).  The bedform height is observed to be 

increased with flow magnitude and with the number of runs as well. It can be noted that 

the bed height parameter exhibits a general increasing trend and variations with 

magnitude contrary to the bedform spacing results. However, the bedform height for the 

low magnitude flow experiment did not show the same trend as observed for the other 

experiments.   

 

Figure 5-15:  Bedform height of set-I experiments 

 

5.2.3.3 Summary of the variogram analysis  

The estimated variations in bedform spacing and height developed under the range of 

magnitude of sub-hydrograph conditions have been presented. The key results can be 

summarized as: 
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1. the bed spacing decreased as flow increased from lowest → low flow magnitude 

2. the spacing increased as flow increased from low → high flow magnitude 

3. a general increase in bed spacing over the repetition of sub-hydrograph occurred. 

4. the bedform height increased with flow magnitude and over the sequential sub-

hydrograph.  

 

5.3 Bedload Evolution Results of Set-II Experiments  

Bed evolution results were obtained for the variable unsteady hydrograph experiments 

using the same techniques described under the variable water work results. The set-II 

results are presented in the same way as reported in section 5.2 for set-I. 

 

5.3.1 Qualitative analysis 

Digital Elevation Models of bedform developed under the variable unsteadiness 

experiments are presented in Figure 5-16 to Figure 5-20. These surface maps are visually 

analyzed and discussed in the following sub-sections. 

 

5.3.1.1 DEM of the highest unsteadiness experiment  

Figure 5-16 shows the DEMs of the highest unsteadiness experiments (HG-I, HG-II, and 

HG-III). The DEM after HG-I showed a dune bed formation that changed to an undefined 

bedform after HG-II and HG-III. Comparison of these DEMs showed that a smooth bed 

formed initially and over the successive sub-hydrograph deposition changed the 

bedform. It can be inferred that channel decreased the transport capacity significantly 

over the second and third sub-hodographs. DEM after HG-III showed an anti-dune bed 

formation in response to the aggradation of the sediment. It was interesting to notice that 

as the sub-hydrographs progressed the bedform type changed from dune →no bedform 

→ anti-dune over the same sub-hydrograph.  
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Figure 5-16:   DEM after (a) HG-I, (b) HG-II and (c) HG-III of VP1 experiment 

 

5.3.1.2 DEM of high unsteadiness experiment  

Similar to the bedform results of the highest unsteady experiment, aggradation increased 

as the sub-hydrograph progressed. Although the deposition was quite uniform as 

compared to the highest unsteady flow. A closer view of DEMs in Figure 5-17 shows a 

dune bed formed after HG-I that changed into the bedform of a combination of anti-dune 

and weakly defined alternative bars.  

  

(a) 

(b) 

(c) 
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Figure 5-17:  DEM after (a) HG-I, (b) HG-II and (c) HG-III of VP2 experiment 

 

5.3.1.3 DEM of medium unsteadiness experiment 

An increased degradation (blue region) was found as compared to the highest and high 

flow cases.  The bedform was dune after the HG-I flow (Figure 5-18).  However, over 

the sub-hydrographs run weakly defined bedforms were observed in this experiment.  

Aggradation seemed to increase as sub-hydrograph progressed that followed the same 

trend of the highest and high flow conditions.  

(a) 

(b) 

(c) 
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Figure 5-18:  DEM after (a) HG-I, (b) HG-II and (c) HG-III of VW3 experiment 

 

5.3.1.4  DEM of low unsteadiness experiment  

Low flow DEMs results were quite similar to medium flow but it was noted that bedform 

spacings were larger than the spacing observed in the medium flow experiment. The 

bedform was again dune but bedform heights seemed to increase as the sub-hydrograph 

progressed (Figure 5-19).  

 

(a) 

(b) 

(c) 
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Figure 5-19:  DEM after (a) HG-I, (b) HG-II and (c) HG-III of VP-4 experiment 

 

5.3.1.5 DEM of lowest unsteadiness experiment  

The lowest unsteady flow produced a highly uniform bedform as compared to other 

experiments in variable unsteadiness set. The bedform after HG-III showed an alternative 

bed formation that was under development during HG-I and HG-II.  The level of 

aggradation increased as the sub-hydrograph progressed, and alternative bars were 

formed (Figure 5-20). 
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Figure 5-20:  DEM after (a) HG-I, (b) HG-II and (c) HG-III of VP-5 experiment 

 

5.3.1.6 Visual analysis results explanation  

The DEMs of the variable unsteadiness experiments have been presented in Figure 5-16 

to Figure 5-20. Figure 5-16 to Figure 5-20 showed the bed scan profile of the variable 

unsteadiness parameter experiments. The DEMs of bedform developed under the 

variable unsteadiness experiments were analysis qualitatively. The visually analysed of 

the surface maps provided a good preliminary visual inspection of the bed surface that 

established the platform for the detailed statistical analysis.    

(a) 

(b) 

(c) 
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Firstly, the DEM of VP experiments showed that dune bedforms generally developed 

under the variable unsteadiness experiments. The visual analysis of DEMs clearly 

showed that the nature of bedforms developed under these experiments changed 

significantly for different unsteadiness of flow conditions. The bedform changed from 

small-scale to large-scale bedforms as flow unsteadiness decreased for the same flood 

magnitude. It can be noted that the bedform changed from small-scale to large-scale 

bedforms as flow unsteadiness decreased for the same magnitude. The spacing increased 

as unsteadiness decreased (from highest to lowest unsteadiness). The duration of the 

hydrograph is responsible for generating the larger bed spacing during variable 

unsteadiness experiments. More specifically, the bedform changed from small-scale to 

large-scale bedforms as flow unsteadiness decreased for the same flood magnitude.   

In a field study Amsler et al., (1997) observed that the large dunes formed over the long 

duration of the flood. In natural rivers, dune dimensions generally exceed 0.5 m in length 

and 0.1 m in height (Ashley, 1990).  However, Carling (1999) found some smaller dunes 

that developed as bedload sheets.  The wavelength of the dune usually scales with the 

flow depth (Best, 1996).  Eekhout et al. (2013) also presented that a longer duration of 

the falling limb in unsteadiness-varied hydrographs elongated the bed spacing. A similar 

result was observed in the current experiments. The longer duration of the hydrographs 

produced large dunes during low unsteadiness hydrograph as compared to the high 

unsteadiness hydrograph.  

Secondly, the dune bedforms changed significantly over the sub-hydrographs, generally 

from dune to alternative bar bedform. Alternate bars are usually formed in the gravel bed 

channels under high flow conditions (Parker and Peterson, 1980) and they are important 

in the channel morphological development as well as sediment transport processes due 

to associated channel roughness (Radecki-Pawlik, 2002).  A sequence of alternately 

arranged pools and gravel bars form the alternate bars (Verbruggen, 2012).  Aggradation 

of the channel occurred in all experiments over the sub-hydrograph repetitions that 

generally induced irregularity and evolved as irregular alternate bars. 
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Finally, the visual analysis results can be summarized as      

1. As P decreased from highest → lowest unsteadiness, the bedform evolved as 

small-scale dune → large-scale dune.  

2. As the number of the sub-hydrographs progressed, the bedforms generally 

changed from dune →weakly defined alternate bar → alternate bar 

3. The aggradation of the channel increased as sub-hydrograph progressed 

(increased of the red region) that showed the channel reduced the transport 

capacity over successive sub-hydrograph run.  

The above results suggested that the quantitative analysis was essential to apply to the 

DEM.  That provided more strengthened results of the bed formation and dimensions of 

the structure.  

 

5.3.2 Statistical analysis 

The statistical analysis results of the variable unsteadiness experiments are presented in 

Table 5-3.  
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Set-II test 

ID 

Hydrograph 

unsteadiness 

Hydrograph 

progression 

Mean bed 

elevation, ∆Zb 

(mm) 

Variability in 

bed elevation, σb 

(mm) 

VP1 Highest  

Initial bed 0.01 0.98 

Post HG-I -1.55 1.67 

Post HG-II 0.62 2.72 

Post HG-III 1.00 1.24 

VP2 High  

Initial bed 0.01 0.98 

Post HG-I -1.53 3.92 

Post HG-II 0.30 4.39 

Post HG-III 1.00 5.06 

VP3 Medium  

Initial bed 0.01 0.98 

Post HG-I -1.21 4.00 

Post HG-II 0.05 2.88 

Post HG-III 1.00 1.67 

VP4 Low  

Initial bed 0.01 0.98 

Post HG-I -1.57 3.62 

Post HG-II -0.62 2.57 

Post HG-III 0.99 1.59 

VP5 Lowest  

Initial bed 0.01 0.98 

Post HG-I -1.60 3.35 

Post HG-II 0.46 4.61 

Post HG-III 0.65 4.04 

 

Table 5-3: Results of the statistical analysis of VP experiments 
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5.3.2.1 Mean bed elevation of the channel  

In Figure 5-21 Zb is plotted against the unsteadiness parameter that shows the 

degradation of channel bed occurred initially and then deposition increased as the sub-

hydrograph progressed.  It was noted that Zb did not vary significantly over the variable 

parameter, which was contrary to the variable hydrograph results.  That suggested 

unsteadiness had the slightest effect on the channel aggradation and degradation.  

However, the graph clearly depicts that bed aggradation increased as the sub-hydrograph 

progressed in all experiments.  

 

 

Figure 5-21:  Mean bed elevation vs unsteadiness parameter  
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5.3.2.2 Geometrical roughness 

Contrary to the variable water work results, geometrical roughness did not show a 

consistent pattern over the variable unsteadiness and with the repetition of sub-

hydrograph runs, as shown in Figure 5-22. The individual results of roughness can be 

related to the observed DEM.  

 

Figure 5-22:  σb vs unsteadiness parameter  

 

5.3.2.3 Summary of statistical analysis  

The following key results was extracted from the statistical analysis of the DEMs:  

1. Net degradation of the channel occurred over the HG-I of the variable 

unsteadiness experiments 

2. Deposition of the sediment increased as the sub-hydrograph progressed   

3. No consistent change in roughness was observed over the unsteadiness 

hydrograph. 
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5.3.3 Variogram analysis 

The bedform parameters of the variable unsteadiness experiments are presented in Table 

5-4. 

Se-II test ID Hydrograph 

unsteadiness 

Hydrograph 

progression 

Bedform 

spacing, λ (m) 

 Bedform 

height, ∆ (cm) 

VP1 Highest  Post-HG-I 3.40 2.78 

Post-HG-II 3.28 2.38 

Post-HG-III 3.18 2.76 

VP2 High  Post-HG-I 3.02 1.68 

Post-HG-II 2.25 1.64 

Post-HG-III 2.65 2.25 

VP3 Medium  Post-HG-I 3.50 2.21 

Post-HG-II 2.08 3.40 

Post-HG-III 2.19 4.14 

VP4 Low  Post-HG-I 3.50 1.96 

Post-HG-II 3.21 3.67 

Post-HG-III 3.01 5.16 

VP5 Lowest  Post-HG-I 3.97 1.43 

Post-HG-II 2.73 1.82 

Post-HG-III 2.84 1.77 

Table 5-4: Results of variogram analysis of VP experiments 
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5.3.3.1 Bedform spacing, λ 

The estimated bedform spacings developed over a range of unsteadiness hydrograph 

conditions are plotted in Figure 5-23. The bedform spacing did not vary consistently with 

unsteadiness (P) in the set-II. The bed spacing initially decreased with decreasing 

unsteadiness (highest →medium). Then the spacing seemed to increase as unsteadiness 

decreased from medium to lowest flow. Similar results were found by Wang (2016) that 

showed an inconstant trend of bedform spacing with the unsteadiness parameter. 

However, Tubino (1991) showed an increasing bedform spacing as unsteadiness 

decreases. The estimated bedform spacings were in accordance with the observation of 

bedform presented in section 5.3.1. The bedform spacing was found to decrease after the 

HG-I flow hydrograph in all set-II experiments. That result differed from the set-I results 

where the spacing increased over the successive sub-hydrographs.  

 

  

Figure 5-23:  Bedform spacing of set-II experiments 
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5.3.3.2 Bedform height, ∆ 

The bedform heights developed during the set-II experiments are plotted below (Figure 

5-24). A general trend of increasing bedform height was found as unsteadiness deceases 

(High → low). Moreover, the bedform height was observed to be increased with the 

number of runs. That result was contradictory to the set-I result as well as Water and 

Curran (2015) and Wang (2016) results.  It is re-emphasised that all five hydrographs 

had the same water work (therefore, the same magnitude) hence the variation in the bed 

heights only reflected the individual effect of hydrograph parameter P.  

 

 

 

Figure 5-24:  Bedform height of set-II experiments 
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5.4 Summary  

The DME results of bed evolution under a sequential flow of the variable water work and 

variable unsteadiness flow conditions have been presented.  The bedform characteristics 

of the channel bed subjected to the variable water work and unsteadiness sequential 

hydrographs were assessed.  Qualitative and quantitative methods were used to quantify 

the effect of sequential flow on bedform development considering unsteady hydrograph 

parameters systematically.  Unsteady hydrograph conditions included 15.68-→ 126.93 

water work for a constant 1.60E-04 unsteadiness in set-I experiments and 2.84E-04 
→ 

7.99E-05 unsteadiness for a constant water work of 44.59 in set-II experiments. The key 

findings are summarised below: 

1. The visual analysis results showed that      

i. As flow magnitude increased, the final surface map changed from small-scale 

to large-scale bedforms.  

ii. As Wk increased from lowest → highest magnitude, the bedform evolved as 

No bedform →weakly defined alternate bar → dune.  

iii. As P decreased from highest → lowest unsteadiness, the bedform evolved as 

small-scale → large-scale for the same magnitude. 

iv. As the number of the sub-hydrograph progressed, the bedforms generally 

changed from dune →weakly defined alternate bar → alternate bar 

2. The visual and statistical analysis of the DEMs showed that the net degradation 

of the channel occurred over the first sub-hydrograph of most of the experiments. 

The deposition of the sediment increased as the sub-hydrograph progressed. That 

showed the channel reduced the transport capacity over successive sub-

hydrograph runs that generally induced irregularity. 
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3. The statistical analysis of the bed surface roughness showed that the surface 

roughness of the channel bed increased as the bedform developed. A general 

trend of increasing roughness was observed over the sequential flow of variable 

water work. However, no consistent changes in roughness were observed over 

the unsteadiness hydrographs. 

4. The measured variations in bedform spacing and height developed under the 

range of magnitude of flow showed that the spacing increased as flow increased 

from low → high flow magnitude and a general increase in bed spacing over the 

repetition of sub-hydrograph occurred. The bedform height also increased with 

flow magnitude and over the sequential sub-hydrograph. 
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CHAPTER 6 DISCUSSION 

6.1 Introduction 

River channel response for a flood event is a complex phenomenon that depends on many 

parameters, such as sediment transport, discharge through the channel, bed structure, 

sediment particle size, shape and concentration, sediment flux, erosion and deposition 

pattern, and variation in flow and velocity. It is known that the magnitude and 

unsteadiness of the hydrograph play a critical role in sediment transport and resulting bed 

evolution of the river channel. Extensive research has been carried out to investigate the 

complex relationships between hydrograph parameters and sediment transport 

mechanisms, but this area of research is still at an early stage.  

Considering the complexities involved in channel response, traditional modelling 

approaches have assumed that a single flood hydrograph would have a similar effect on 

the channel as successive flood events.  This assumption has also been widely used by 

researchers in experimental studies.  However, experimental, and field-based research 

studies have revealed that the floods following on from each other result in different 

response as compared to an isolated flood event (Reid et al., 1985; Bull and Kirkby, 

2002; Water & Curran, 2015; Wang et al., 2016) as identified in the thesis problem 

statement (Section 1.1).  

In this context, it is essential to understand the physical mechanisms governing the 

sediment transport processes and resulting bed evolution under sequential flow 

conditions.  A greater emphasis is required in order to understand the channel 

characteristic that are highly affected during the sequential flow in comparison to a single 

flood.  In this study the channel response was divided into two categories: sediment 

transport characteristics and bed evolution characteristics.  The sediment transport 

measurements were obtained using a sediment trap system and results have been 

presented in Chapter 4. While bed evolution data was collected through a laser scanner 

and results have been presented in Chapter 5.  In this chapter the findings from the 
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experimental work are discussed within the context of the research questions in the light 

of relevant literature. Therefore, the outline aims of this chapter are:  

(i) to present an analytical interpretation of the key findings relating the 

sequential hydrograph characteristics of the flow to the bedload transport 

(section 6.2) and bed evolution (section 6.3). 

(ii) to link the sediment transport findings to the bed evolution (section 6.4) and 

understand the influence of relevant factors on the overall findings (section 

6.5)  

 

6.2 Sediment Transport Characteristics 

The sediment transport measurements were obtained to quantify the effects of the 

sequential flow on bedload transport characteristics. A range of variable water work and 

unsteadiness hydrographs were considered by varying the hydrograph parameters 

systematically. That comprised of two hydrograph conditions:  

1. Set-I experiments - 5.68 → 126.93 water work for a constant 1.60E-04 

unsteadiness  

2. Set-II experiments - 2.84E-04  → 7.99E-05 unsteadiness for a constant water work 

of 44.59 

The key findings from the above sets of experiments have been presented in Chapter 4. 

This sub-section will discuss the findings in relation to sequential flow impacts and 

address Research Question 1: 

“How do sequential flood hydrographs influence the bedload transport 

characteristics under variable magnitude and intensity of a flood?” 
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The experimental results and analysis of bedload transport attempted to establish the 

basis in order to address this research question.  The study has revealed a general 

transport rate reduction and consequent total bedload yield reduction over the second and 

third sub-hydrographs.  Furthermore, a general translation of the hysteresis pattern was 

also observed in these experiments.  Hence, the following sub-sections will first discuss 

behaviour of bedload transport and hysteresis in an unsteady sequential flow to identify 

the physical mechanism responsible for that and then proceed to discuss these 

mechanisms within the context of the experimental results. 

 

6.2.1 Transport behaviour over sequential flow  

A reducing trend of total bedload yield over the sequential sub-hydrographs was found 

that was the result of the reduced transport rates. The variable water work experiments 

showed an average 40% lower total bed yield during the second sub-hydrograph and 50-

56% lower during the third sub-hydrograph as compared to the first sub-hydrograph. 

Similarly, the variable unsteadiness experiments generated 25-35% lower total bedload 

yield during the second sub-hydrograph and 41-47% lower during the third sub-

hydrograph.  

The difference in bedload yield of the first sub-hydrograph and second sub-hydrograph 

was relatively higher as compared to the difference in bedload yield of the second and 

third sub-hydrograph (an average of 10%). A smaller reduction during the third sub-

hydrograph was in accordance with Water and Curran’s (2015) experimental results that 

showed a slight reduction in yield over the repetition of hydrographs. However, Wang 

(2016) found a slight reduction in transport rates over the second sub-hydrograph in a 

double peak hydrograph flow. 

The reasons for the reduced transport are thought to be due to the application of the short 

antecedent flow, the stabilized bed condition after the passage of previous sub-

hydrograph (Wang, 2016), vertical settlement (Ockelford, 2011), increased roughness of 

the bed that associated with the development of the bedform. The increased roughness 

of the bed was observed through DEM data analysis. The linkage between the increased 
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roughness and reduced transport rate was clear and that has been identified over the 

successive flow condition. While a single hydrograph event would not be able to 

demonstrate this finding.  

6.2.2 Translation of hysteresis pattern  

A frequent counter-clockwise hysteresis was found during the first sub-hydrograph 

which was in accordance with the previous studies by Mao (2012), Humphries et al. 

(2012), and Water and Curran (2015) who reported a frequent CCW pattern in their 

studies.  Both sets showed the third sub-hydrograph generated a figure 8 or N/M 

hysteresis.  The occurrence of figure 8 hysteresis during the successive sub-hydrographs 

suggested a translation of pattern with the repetition of sub-hydrograph runs.  A summary 

of the observed hysteresis is shown in Figure 6-1.  

 

Figure 6-1:  Translation of hysteresis pattern  

Maloney and Shull (2015) in their field study found a complex hysteresis pattern during 

an overlapped doubled peak hydrograph whereas CCW hysteresis was observed for a 

single hydrograph event in the same river.  Kean (2020) found the translation of a 

clockwise hysteresis to a counter-clockwise hysteresis over a double peak hydrograph 
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whereas Wang (2017) presented a no/mixed hysteresis pattern for the second sub-

hydrograph.  Both experimental studies (Wang, 2016; Kean, 2020) were conducted under 

no-sediment feed conditions therefore the CCW hysteresis (for the first hydrograph) 

observed in this study can be attributed to the sediment feed condition. However, the 

translation of hysteresis was evident in these studies that was also observed in the current 

study. 

   

Figure 6-2:  Schematic representation of the translation of hysteresis   

The reason for the translation was thought to be due to the stabilized bed condition after the 

passage of the previous sub-hydrograph (Wang 2017). In general, the figure eight hysteresis 

pattern indicates the availability of sediment supply that can be easily transported 

downstream (Williams 1989). It can be inferred that the bed stability and sediment influx 

was the dominating factor in transferring the hysteresis pattern in this study. The 

observed CCW hysteresis during most of the sub-hydrographs also resulted due to an 

CCW  
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imbalance of sediment transport condition that occurred when the bed was actively 

contributed to the transport process.  An equilibrium condition over a stabilized bedform 

produced complex hysteresis patterns or figure 8 hysteresis during the successive sub-

hydrographs. 

6.3 Bed evolution characteristics 

The DEMs of bed formation were obtained under a range of variable water work and 

variable unsteadiness flow conditions and the results of bed evolution were reported in 

Chapter 5. The qualitative and quantitative methods were used to quantify the effect of 

sequential flow on bedform development by varying hydrograph parameters 

systematically. Alteration in bedform and a general increase in roughness over the second 

and third sub-hydrographs were revealed in the results chapter. Furthermore, a general 

translation of the bedform dune →weakly defined alternate bar → alternate bar was also 

observed as the number of sub-hydrographs progressed in these experiments. This sub-

section will consider answering the Research Question 2: 

 

“How do sequential flood hydrographs influence the bed evolution 

characteristics under variable magnitude and intensity of a flood?” 

The following sub-sections first discuss the alteration in bed evolution characteristics 

under sequential flow to identify the physical mechanism responsible for that and then 

proceed to discuss how these characteristics are associated with the transport 

characteristics.  

6.3.1 Bedform changes over sequential flow  

The visual analysis of DEMs clearly showed that the nature of bedforms developed under 

these experiments changed significantly for different magnitudes and unsteadiness of 

flow conditions. More specifically, as flow magnitude increased, the final surface map 

changes from small-scale to large-scale bedforms. While the bedform changed from 



 

212 

 

small-scale to large-scale bedforms as flow unsteadiness decreased for the same 

magnitude.  

In summary, the measured variations in bedform spacing and height developed under the 

range of magnitude of flow showed that the spacing increased as flow increased from 

medium → highest flow magnitude. A general increase in the bed spacing over the 

repetition of sub-hydrograph is also observed. The bedform height was also increased 

with flow magnitude over the sequential sub-hydrograph. A general increase in bed 

spacing over the repetition of sub-hydrograph occurred. The bedform height increased 

with flow magnitude and over the sequential sub-hydrograph. The reason for this is due 

to the increased duration of flow for a higher magnitude of the hydrograph. Previous 

research supports that the longer duration of hydrograph produces longer bedform 

spacing.   

6.3.2 Bed surface roughness  

The bed surface roughness obtained in this study included grain-scale roughness and 

bedform roughness.  The DEMs showed the presence of bedform structures that 

developed over the first sub-hydrograph and changed as sub-hydrographs progressed.  

The sediment influx at upstream boundary was also thought to contribute into grain scale 

roughness.  However, differentiating the grain scale and bedform components of 

roughness in gravel bedforms was difficult due to the fact that the drag component of 

grain at high flow can be bedform resistance at low flow conditions (Smart and Aberle, 

2004).   

The statistical analysis of the bed surface roughness showed that the surface roughness 

of the channel bed increased as bedform developed.  A general trend of increasing 

roughness was observed over the sequential flow of variable water work.  However, no 

consistent change in roughness was observed over the unsteadiness hydrograph 

conditions.  The changes in bed surface roughness were highly linked to the bed 

formation of the active layer (Lanzoni and Tubino, 1999).  Schindler & Robert (2005) 

revealed that the magnitude of turbulence intensity was associated with the bed 

roughness within the channel.  In conclusion, the surface roughness of the channel bed 
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increased as the bedform developed. However, the variable water work and unsteadiness 

parameters of hydrographs showed a different trend of roughness variation. 

6.4 Linking Bedload to Bed Topography  

This section will discuss the link between bedload transport and bed evolution 

characteristic and address Research Question 03: 

“How do sequential flood hydrographs influence the relationship between 

bedload transport and bed evolution?” 

In a mobile bed river channel, a significant sediment transport occurs during a flood 

which in turn dramatically influences the morphology of the channel.  The morphology 

of channel bed has a strong link with sediment transport, and it is highly recommended 

by the recent researchers to study sediment transport in association with the bed 

configuration (Mao, 2012; Water & Curran, 2015; Wang et al., 2019).  However, it is a 

complex phenomenon that depends on several parameters, where the variation in flow 

and velocity and sediment transport are the main factors, others are sediment particle 

size, shape, sediment flux, erosion and deposition pattern. 

In chapter 5, bed evolution results obtained from the digital elevation models (DEMs), 

were analysed to evaluate the bedform stabilization and roughness parameters, including 

the dimensions of bedform. A number of analytical techniques were applied to assess the 

elevation change, bed roughness, and bedform characteristics associated with the 

unsteady sequential flow conditions. The main purpose of that, was to enhance the 

understanding of influence of a sequential flow on the channel response in terms of bed 

evolution and its characteristics.  In this section, the sediment transport results (transport 

rate and bedload yield) are linked to the bed evolution of the channel (bed structuring, 

surface roughness, and bedform development). The following key links have been 

identified from the analysis of the sediment transport and bed evolution data:  

i. Bed topography and bedload transport trend  

ii. Bedload yield and channel deformation 
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iii. Bed roughness and transport condition 

iv. Bedform changes and bedload transport rates  

6.4.1 Bed topography and bedload transport trend  

The bedload transport results showed a decreasing trend of transport over a sequential 

flow of three sub-hydrographs. The bedload transport was considerably low during the 

second and third sub-hydrograph as compared to the first sub-hydrograph. The main 

reasons for this were thought to be because of the bed stabilization after the passage of 

the first sub-hydrograph and increased roughness of the bed due to the bedform 

development.  

6.4.1.1 Variable magnitude experiments 

Bedload yield, Wt* and mean bed elevation, ΔZb values are plotted in Figure 6-3. It can 

be noted that the degradation of the channel bed occurred initially (negative values for 

ΔZb,I)  and then the deposition increased as the sub-hydrograph progressed. 

Corresponding to that bedload yield was higher initially (Wt*,I) and then decreased as 

the sub-hydrograph progressed.  
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Figure 6-3:  Mean bed elevation vs water work  

The highest magnitude of flow generated a highly degraded channel resulting from the 

higher bedload yield of the channel.  It is also interesting to note that the difference of 

ΔZb values for the sub-hydrograph was higher for the low magnitude of hydrographs, 

whereas the difference in bedload yield was lower.  The difference reduced as flood 

magnitude increased and a negligible difference existed over the successive flow for the 

highest magnitude, however the difference in bedload load yield was higher for the 

highest magnitude of flow. It can be stated that the initial bed condition and the 

antecedent flow condition had an influence on the transport rate during the first sub-

hydrograph and produced a highly degraded channel.  The yield reduction mainly 

occurred due to the increased stability of the channel bed over the sequential flow and 

secondly, due to the increased roughness of the channel bed as a result of bedform 

development. 
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6.4.1.2 Variable unsteadiness experiments 

The Bedload yield of the variable unsteadiness experiment and mean bed elevation are 

plotted in Figure 6-4. It can be noted that the bedload yield was higher initially (Wt*,I) 

and then decreased as the sub-hydrograph progressed. Corresponding to that the 

degradation of the channel bed occurred initially (negative values for ΔZb,I)  and then the 

deposition increased as the sub-hydrograph progressed.  

 

 

Figure 6-4:  Bedload yield vs water work of set-I experiments 

Figure 6-4 clearly depicts that bed aggradation increased and the bedload yield decreased 

as the sub-hydrograph progressed in all experiments. It is interesting to note that bedload 

yield and mean bed elevation did not vary significantly over the variable parameter, 

which was contrary to the variable hydrograph results.  That suggested the unsteadiness 

parameter had a negligible effect on the bedload transport and channel aggradation and 

degradation.   
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6.4.2 Bedload yield and channel deformation 

The sediment transporting channel begins to degrade whenever the rate of sediment 

supply continues to be less than the rate at which sediment is being transported away. 

Initial net degradation of the channel occurred during the first sub-hydrographs of most 

of the experiments. The mass balance analysis of the sediment transport was conducted.   

Figure 6-5 shows the channel storage for variable magnitude of flow conditions and 

variable unsteady flow conditions.   

 

Figure 6-5:  Channel storage vs flow conditions   
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In Figure 6-5 it can be noted that the first sub-hydrographs of lowest magnitude flow 

condition, and lowest and low unsteadiness flow conditions show the aggradation of the 

channel. The rest of the first sub-hydrograph flow conditions resulted in the degradation 

of the channel (negative storage values). The DEMs of the bedform also presented similar 

results and supported the findings of the mass balance analysis. 

The deposition of the sediment was observed after the first sub-hydrograph and increased 

as the sub-hydrograph progressed. The aggradation process was linear for the variable 

unsteadiness flow conditions whereas the variable magnitude of flow conditions showed 

uniform storage over the sequential flow (Figure 6-5). The analysis of bedload yield 

identified the same results where the bedload yield reduced as the sub-hydrograph 

progressed. A general trend of channel aggradation resulting from the increased 

deposition showed the channel reduces the transport capacity over successive sub-

hydrograph runs. The reduced bedload yield basically resulted in the increased in-

channel storage over the second and third sub-hydrographs. It can be stated that the 

dynamic process of bed deformation is associated with the amount of bedload yield. 

Therefore, the reducing bedload yield over the sequential flow correlated to the 

aggradation of the channel.  

6.4.3 Bed roughness and transport conditions 

The changes in bed surface roughness are highly linked to bedload transport conditions.  

The bedform roughness analysis showed that the roughness of the channel bed increased 

as the bedform developed.  A general trend of increasing roughness was observed over 

the sequential flow of variable water work. The increased roughness of the bed reduced 

the transport rate and the total bedload yield. The analysis of bedload yield confirmed 

that mechanism though a definite reducing trend of bedload yield over the sequential 

sub-hydrographs. However, no consistent change in roughness was observed over the 

unsteadiness hydrograph conditions. The bedload yield of unsteadiness hydrograph 

showed the similar reducing trend as the variable water work hydrograph, but the 

reducing trend was lesser than the trend observed for the variable water work hydrograph.  
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6.4.4 Bedform changes and sediment transport  

The DEMs showed the presence of bedform structures that developed over the first sub-

hydrograph and changed as sub-hydrographs progressed. Bedform and surface roughness 

generate flow resistance in the sediment transporting channel. Bed morphology plays an 

important role in determining sediment transport of erodible channels (Kennedy, 1961).  

The average flow velocity distribution and bed shear stress change with the changes in 

the channel geometry.  Therefore, the characteristics of channel bed are highly linked 

with sediment transport.  Although very few researchers have given a detailed 

measurement and description of the bedform of their studies due to the fact that it is 

highly difficult to obtain the bedform measurement of random bed features (Tait et al., 

1997; Willetts et al., 1998; Marion et al., 2003; Mao, 2012; Water & Curran, 2015). 

In this study the examinations of bed evolution and bedform during flume experiments 

were obtained using laser scanning technology.  The findings from the bed evolution and 

sediment transport revealed that the transport rate and total bedload yield are associated 

with the bedform change processes.  The analysis of experimental findings indicated that 

the mechanism behind the reducing trend of bedload transport was predominantly due to 

the increased stability and roughness of the bed over the sequential flow conditions.  As 

it is known that the channel boundary roughness is an essential parameter that influences 

water depth and velocity.  The changes in the hydraulic conditions consequently 

influence the sediment transport in the alluvial channel (Lanzoni and Tubino 1999; 

Schindler and Robert, 2005; Groom et al., 2017)  

6.5 Understanding the Relevant Mechanisms 

The following key mechanisms have been identified from the discussion of the behaviour 

of sediment transport and bed evolution. It was anticipated that these factors would have 

effects on the findings of the study:  

i. Sediment grading and channel bed armouring  

ii. Antecedent flow condition 

iii. Influx sediment boundary condition 
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6.5.1 Sediment grading and armouring effect 

Armour layers can be observed in a well graded riverbed that forms on top of the channel 

surface due to the particle sorting. Many researchers have given considerable attention 

to the process of grain sorting, formation of armour layers, and hiding-exposure effect in 

the river channel (Wilcock et al, 2001; Parker, 2008; Pender et al, 2010; Guney et al., 

2013; Ockelford & Haynes, 2013; Ikhsan et al, 2014; Wang, 2016). The sediment 

transport activity is expected to be reduced due to the exposure of coarse grain in mixed 

gravel bed channel (Willett et al, 1987) when the flow rate is constant over time. The 

particle hiding-exposure can significantly affect the transport rate in graded sediment. 

Wang (2016) conducted a comparative study on uniform and graded sediment transport 

behaviour. He found the sediment transport of grain size in graded bed material was 

different from the uniform bed material of the same size. The coarse grain sizes were 

found to be mobile in graded bed material that was immobile in equivalent uniform beds 

over the same flow conditions. The reduced bedload transport rates for fine particles were 

found as a result of the intergranular effect. 

In this study uniform sediment was employed whose particle size range from 1mm-

3.5mm and the sediment influx was kept the same as the channel bed material in the 

experiment.  The effect of grain sorting and formation of armour layers was expected to 

be low due to the less variability in the grain size distribution of bed surfaces.  The images 

and DEMs of the bed surface did not show any considerable changes in grain size 

distribution. It was unlikely to develop a strong armour layer on the bed surface without 

a range of grain sizes available (Ockelford, 2011; Wang, 2016).  However, consolidation 

of the active layer and vertical settlement seemed to occur over the hydrograph flow. 

Furthermore, the DEMs of the bed surface also showed grouping of particles that 

gathered in the form of pebble clusters (Lawless and Robert, 2000; Strom et al., 2004). 

These structures have been reported to influence the bedform characteristics that act to 

stabilize the channel (Kuhnle, 1996; Gomez and Phillips, 1999; Papanicolaou et 

al.,2003). The grain arrangement occurs as multi-particle interactions (e.g. imbrication 
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or preferential orientation) would also increase stability (Hassan and Church, 2000; 

Cooper and Frostick, 2009). 

 

6.5.2 Effect of antecedent flow duration 

The mechanics associated with sub-threshold or antecedent condition on sediment 

transport and bed evolution has been studied in recent years (Haynes and Pender, 2007; 

Ockelford, 2011; Hassan, 2015).  The study of stress history shows that the stability of 

non-cohesive beds is susceptible to change over the sub threshold flow condition.  Hassan 

(2015) found that memory timescales of 10 minute do not have a stress history and the 

increasing timescales up to 240 minutes decreases sediment transport by up to 97%.  

In the current study, the parametric influence of antecedent flow on bedload transport 

and bed evolution was not considered.  An antecedent timescale of 15 minutes for the 

sub threshold (baseflow) condition was selected as this is considered to have no 

significate stress history effect (Hassan, 2015; Ockelford, 2011). The magnitude and 

timescale of the baseflow were kept the same in all experiments to maintain an identical 

initial bed condition. Therefore, the variability in sediment transport and bed evolution 

characteristics were associated with the high flow condition under hydrographs instead 

of the baseflow. 

The antecedent flow can be expected to influence the bedload transport over the 

sequential hydrograph flows through the mechanics of generating a more resistant bed 

under the earlier hydrograph.  The antecedent flow with a considerable stress history 

would generate a smaller degree of difference between the bedload over the first and 

second hydrograph.  It can be concluded that the transport during the first sub-hydrograph 

has a considerable influence of the initial bed condition and the limited antecedent flow 

condition.  However, this finding can be related to the channel that does not have memory 

stress/ history (i.e., Intermittent/ephemeral channel). 
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6.5.3 Availability of sediment influx 

Sediment supply is an important parameter that controls the sediment transport process 

in alluvial rivers, influencing river characteristics such as bed and bank stability, channel 

morphology, water quality, flood hazard and aquatic ecosystems (Madej et al., 1996; 

Montgomery et al., 1999; Evans et al., 2014; Major et al., 2017). Field studies and river 

modelling suggest that the sediment transported by a flood of a specific magnitude not 

only depends on flow competence and transport capacity but also on the characteristics 

of the sediment available for transport.  The frequency of sediment input events may 

temporally dominate channel processes and morphology and significantly change the 

resulting sediment transport dynamics (Water et al., 2015).  

In the laboratory set up, the upstream sediment influx condition can be sediment-feed or 

no-feed condition.  The sediment-feed condition can be further divided into recirculating; 

continuous feed; and intermittent supply mode.  These different influx types affect the 

sediment transport behaviour as well as bed evolution characteristics and produce 

distinctly different results particularly over unsteady hydrography flow conditions 

(Evans et al., 2014; Wang, 2016).  Mobile bed river channels generally have sources of 

sediment supply therefore a typical alluvial river reach (unregulated) was modelled in 

this study by considering a continuous sediment-feed condition.  

A comparative study of sediment feed and no feed experiments showed the same 

hydrograph produced higher sediment transport rates, and consequently 4-19% higher 

total bedload yields during no-sediment feed experiments, as compared to equivalent 

sediment feed experiments. Also, the hysteresis pattern had changed dramatically from 

counter-clockwise to clockwise during no sediment feed experiments.  Different channel 

slope and bed roughness are two main factors responsible for that.  Firstly, in the absence 

of sediment supply a flood event erodes the channel and the degradation process 

increases the channel slope and thus the transport capacity of the channel.  Secondly, the 

bed roughness increases on the supply of coarse grain material (Campbell, 2005) that 

reduces the transport rate as observed in the sediment feed experiments.  Furthermore, 
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the sediment-feed condition also causes variations in the bedform dimensions (Carling, 

2000, Wang et al, 2019). 

In relation to the main experimental findings, it can be concluded that the availability of 

sediment influx has some degree of influence on reducing transport and increasing bed 

roughness over sequential flow.  However, that is not the main reason as sediment influx 

was available during the first sub-hydrograph of the sequential flow.  The results of the 

sediment transport and bed evolution would be different if the same experiments were 

run with a different sediment influx boundary condition. Field studies and river 

modelling suggest that the sediment transported by a flood of a specific magnitude not 

only depends on flow competence and transport capacity but also on the characteristics 

of the bed material available for transport (Lee, 2004; Bombar et al., 2011; Mao, 2012; 

Wang, 2016).  The frequency of sediment input events may temporally dominate channel 

processes and morphology and change significantly the resulting sediment transport 

dynamics (Water et al., 2015).   

6.6 Critical Reflection 

The bedload transport and resulting bed evolution of uniform sediment channels over the 

sequential hydrographs have been investigated experimentally. Various general transport 

characteristics were revealed during the single sub-hydrograph and sequential 

hydrograph flow conditions for two distinct sets of experiments. In particular, the 

bedload yields increased with hydrograph parameters (WK & P) and deceased as sub-

hydrographs progressed (from HG-I →HG-III).  

A reducing trend of total bedload yield was found over the sequential sub-hydrographs. 

A higher bedload yield occurred over the first sub-hydrograph as compared to the second 

and the third sub-hydrograph and that was the case in most of the experiments.  The 

higher bedload yield during HG-I indicated a highly active mobile bed at the start of the 

experiment.  A further reduction was found in bedload yield during the third sub-

hydrograph as compared to the second sub-hydrograph.  Wang (2016) found a slight 

reduction in transport rates over the second sub-hydrograph in a double peak hydrograph 
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flow.  Water and Curran’s (2015) experimental results also showed a reduced bedload 

yield over the repetition of hydrographs for silt/gravel bed material. It can be stated that 

the transport rate during the first sub-hydrograph has an influence of the initial bed 

condition and the antecedent flow condition.  Yield reduction mainly occurred due to the 

increased stability of the channel bed over the sequential flow and secondly, due the 

increased roughness of the channel bed as a result of bedform development.  

The bedload transport over the unsteady hydrographs were found to be primarily 

influenced by the water work parameter, while unsteadiness parameter had the secondary 

influence. More specifically, the correlation between Wt* and hydrograph parameters, 

Wt* = 56.95 WK
0.9642 and Wt* = 6920.4 P 0.1336 were produced by set-I and set-II 

experiments respectively. The exponent of WK was close to unity (0.964) showed a close 

to a linear relationship with total bedload yield whereas 0.13 exponent of P showed a 

weaker relation to Wt*, which was in accordance to Wang (2016). It indicates that WK 

is an important parameter and has a primary influence on sediment transport whereas 

unsteadiness parameter has a negligible influence.  

Considering the combined effect of the hydrograph parameter, a new bedload estimation 

model was developed (W* t = 968.09 WK
1.0826  P0.21652). By comparing this model with 

Wang’s (2019) model for a single hydrograph, it can be noted that Wang’s model 

estimates the bedload yield around 4-5 times greater than the proposed model of this 

study. Furthermore, the new model considers the comparative influence of hydrograph 

parameters and is applicable to sequential flow conditions and different sediment 

grading. 

CCW hysteresis was observed during the first and second sub-hydrographs whereas the 

third sub-hydrograph typically generated a figure 8 hysteresis.  The occurrence of figure 

8 hysteresis during the successive sub-hydrographs suggested a translation of pattern 

with the repetition of sub-hydrograph runs.  Malony and Shull (2015) in their field study 

found a complex hysteresis pattern during an overlapped doubled peak hydrograph 

whereas CCW hysteresis was observed for a single hydrograph event in the same river.  

Wang et al. (2019) presented a contradictory clockwise hysteresis pattern for their 

dataset.  A comparative analysis of this study with the previous studies showed that the 
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upstream sediment inflow condition played an important role in this regard and the same 

hydrograph produced a clockwise hysteresis for no-sediment feed experiment and a 

counter-clockwise for sediment feed experiment.  It suggested that sediment influx was 

the dominating factor in transferring the hysteresis pattern. 

The visual analysis of DEMs clearly showed the structure of bedforms evolved under 

these experiments changed significantly for different magnitudes and unsteadiness of 

flow conditions. As WK increased from lowest → highest magnitude, the bedform 

evolved as No bedform → weakly defined alternate bar → dune. While as P decreased 

from highest → lowest unsteadiness, the bedform evolved as small-scale dune → large-

scale dune. Klaassen et al. (1997) observed that the long duration of a flood develops 

large dunes.  

A general trend of channel aggradation was found as the successive sub-hydrograph 

progressed in all experiments of variable water work and variable unsteadiness, resulting 

in the deposition of sediment over sub-hydrographs.  This showed that the channel 

reduced the transport capacity over successive sub-hydrograph runs. It can be inferred 

that a number of physical mechanisms were responsible for this, including channel 

transport capacity for the specific magnitude of flow, influx rate of the sediment at the 

upstream of the channel and the dynamic process of the bed equilibrium process during 

bed formation.  

A general trend of increased roughness was observed over the sequential flow as bedform 

developed. The mechanism behind the reduced total bedload yield was anticipated 

primarily due to the increased stability and roughness of the bed over the sequential flow. 

The findings from the bedload transport and bed changes revealed that the transport rate 

and total yield are related to bed formation.  

6.7 Summary 

The experimental findings have been discussed in relation to the research questions along 

with the relevant mechanisms responsible for affecting the findings. Reducing trend of 

bedload transport, translation of hysteresis pattern, bedform changes, and increased bed 
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surface roughness were associated with the sequential hydrograph characteristics.  

Hence, the chapter highlighted the differences in the channel response for a single 

hydrograph and sequential hydrographs.   
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CHAPTER 7 CONCLUSIONS 

7.1 Key Findings  

A series of experiments were carried out under parametrically defined unsteady flow 

conditions to understand the complex relationships between hydrograph parameters and 

sediment transport and the resulting bedform evolution.  The sediment transport 

measurements were made by using a sediment trap system while bed evolution data were 

obtained using a laser scanner.  The main findings from the two distinct sets of 

experiments (Set-I & set-II) are summarized as follows: 

Firstly, the effects of the sequential flow on sediment transport characteristics were 

considered individually, by varying the unsteady hydrograph parameters systematically.  

The key findings include: 

1. Sediment transport rates were found to follow the flow pattern of unsteady 

hydrograph therefore it increased with the flow during the rising limb, whilst 

decreased during the falling limb.  

 

2. The peak sediment rate across unsteady flow hydrographs was found to increase 

with increasing water work and unsteadiness parameters in the first sub-

hydrograph results.  The peak sediment transport rate was observed to reduce as 

the sub-hydrograph progressed. 

 

3. Total bedload yields over the sequential sub-hydrographs were found to reduce 

as the sub-hydrograph progressed, the variable water work experiments showed 

an average 40% lower bedload yield during the second sub-hydrograph and 50-

56% lower yield during the third sub-hydrograph as compared to the first sub-

hydrograph.  Similarly, the variable unsteadiness experiment generated 28-39% 

lower total bedload yield during the second sub-hydrograph and 46-49% lower 

yield during the third sub-hydrograph. 
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4. A frequent counter clockwise hysteresis pattern was found during the first and 

the second sub-hydrograph that translated to a figure 8 or no/mixed hysteresis 

over the third sub-hydrograph in both experimental sets. 

 

5. A comparison of the set-I and set-II results evaluated the influence of water work 

and unsteadiness parameters and showed water work was an important parameter 

and had a primary influence on sediment transport whereas the unsteadiness 

parameter had a negligible influence.  

 

6. An improved bedload yield prediction model was developed that is applicable to 

a wide range of sediment types and flow conditions. 

 

Secondly, the information and measurement of bedform evolution over the sequential 

flow conditions were obtained in the form of digital elevation models.  The key findings 

include: 

1. The DEMs of VW experiments revealed that as water work parameter increased 

from lowest to highest magnitude, the bedform evolved from small-scale to large-

scale structures.  The DEMs of VP experiments revealed that as unsteadiness 

parameter decreased from highest to lowest unsteadiness, the bedform evolved 

from small-scale dune to large-scale dune.  The bedforms generally changed from 

dune →weakly defined alternate bar → alternate bar as sub-hydrographs 

progressed. 

 

2. The statistical analysis of the DEMs revealed that the net degradation of the 

channel occurred during the first sub-hydrograph and the deposition increased as 

the sub-hydrograph progressed. 

 

3. The measured variations in bedform spacing and height results showed that the 

bed spacing decreased as flow increased from lowest → low flow magnitude and 

the spacing increased as flow increased from low → high flow magnitude.  A 

general increase in bed spacing over the repetition of sub-hydrograph occurred 
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and the bedform height increased with flow magnitude and over the sequential 

sub-hydrograph. 

 

Finally, the discussion of experimental findings highlighted the differences in the channel 

response for a single hydrograph and sequential hydrographs. The key points include: 

1. The reducing trend of bedload transport, translation of hysteresis pattern, bedform 

changes, and increased bed surface roughness were associated with the sequential 

hydrograph characteristics.   

 

2. Sediment grading, bed surface armouring, antecedent flow condition, and 

sediment influx were the relevant mechanisms responsible for affecting the 

experimental findings. 

 

3. An advanced modelling approach that can take sequential unsteady hydrograph 

into account was highlighted as a potential application of the study.  

   

7.2 Potential Impacts of the Study 

Flooding is one of the extreme events in hydrology which can cause a devastating impact 

on human life. Worldwide more frequent and more severe flooding has been noticed on 

many rivers (Pinter et al., 2006). Annual spending on flood-control infrastructure, as well 

as economic damages from floods have increased dramatically during the 20th century. 

Having a reliable grasp of the flood effect on river channel has extremely high 

importance for our infrastructure, economy, and overall life.  A natural sequential flood 

event has been simplified to a steady or unsteady single hydrograph event and generally 

has been adopted by academic researchers, engineers, and practitioners.  Therefore, this 

section will explain some of the identified potential impacts of this research study. 
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7.2.1 Advanced modelling approach 

The outcomes of this study have clearly demonstrated that the models based on a single 

unsteady hydrograph will predict a significantly higher amount of sediment transport and 

leads to erroneous implications.  The transport pattern (hysteresis) would also be more 

complex over sequential floods than the expected general clockwise or counter-

clockwise pattern for a single unsteady flood.  In this context this study has a direct 

application in advancing hydraulic-sediment transport modelling approaches.  This study 

is also an addition to very few research work to-dates that studied sediment transport 

processes under parametric unsteady hydrograph and assess the effects of magnitude and 

intensity of unsteady flood on river channels.  Additionally, it provides a more in-depth 

insight into sediment transport and bed evolution for triple peak hydrograph conditions 

and improves the knowledge of recent double peak hydrograph effects on channels.  

Furthermore, the study provides comprehensive datasets for realistic sequential flood 

conditions likely to be encountered in a river.  It also contributes to the available limited 

high-quality dataset, required for calibration and verification of available hydraulic-

sediment transport models.  Therefore, the dataset can be used to validate and improve 

the sediment transport models for sequential unsteady flow conditions.  

 

7.2.2 New sediment estimation model 

The recent literature has reported the predictive sediment transport equations under 

unsteady flow conditions (e.g. Wang, 2019; Water & Curran, 2015) that combined the 

hydrograph parameters.  However, these models do not consider the sequential flow 

effects (Wang, 2019) and the comparative influence of hydrograph parameters on 

bedload yields (Water & Curran, 2015).  Therefore, a new sediment yield model which 

includes the comparative influence of hydrograph parameters and applicable to 

sequential flow conditions was presented in this study.  A non-dimensional total bedload 

yield can be estimated for an unsteady hydrograph using the following relationship: 

Wt* = 0.06 χm 0.739           (7.1) 
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χm =  WK 0.9642  P 0.1336 (
𝐻𝑝

𝑑50
)

3

       (7.2) 

Where: 

Wt*: total bedload yield 

χm: modified hydrograph parameter 

WK: water work parameter 

P: unsteadiness parameter 

Hp: peak water depth 

d50: mean diameter of sediment  

Sediment yield prediction using the χm model lies within one order of magnitude as 

shown in Error! Reference source not found. for a wider range of conditions such as:  

i. Unsteady flow condition: e.g., Triangular (Lee et al., 2004) Stepped (Water and 

Curran, 2015); smooth bell shaped (Wang et al., 2019 and current study).  

 

ii. Sediment grading: e.g., graded (Water and Curran, 2015, Wang et al., 2019), uniform 

(Lee et al., 2004; Wang et al., 2019 and current study) 

 

iii. Sediment influx condition: e.g., zero influx (Lee et al., 2004; Wang et al., 2019); 

sediment recirculation (Water and Curran, 2015) and constant influx supply (current 

study). 
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Figure 7-1:  Sediment prediction model 

The proposed model can provide a preliminary estimation of the bedload yield for a flood 

event that occurs as a sequential flow hydrograph and a wide range of sediment types 

and unsteady flow conditions can be considered. However, this model was derived for a 

sediment supply condition therefore in the channel where sediment supply is limit (e.g., 

regulated channel such as downstream of dam/barrages) it should be applied with 

caution.    

 

7.2.3 River management practises 

Poor understanding of sediment transport and morphological changes in a natural river 

during flood discharge causes many problems for river management. Existing river 

management practices require a profound knowledge of channel morphology and 

temporal evolution of the riverbed, to mitigate flood risk through targeted dredging or 

scour remediation. Understanding the response of the channel to flood events is crucial 

for effective prediction and management of flood risk as well.  
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This study demonstrates the ability to improve knowledge of river engineering, river 

management, and ecology. There is clear potential for river management professionals 

to better understand the river response over sequential flood events. The main 

consequences of transport reduction would be:  

(i) the reduced conveyance capacity of the channel hence increased flood risk 

(ii) channel aggradation, and channel narrowing  

(iii) reduced sediment supply to the downstream  

The key findings suggest that these changes affect a channel’s capacity to convey 

subsequent floodwaters in future flood events to a degree significant enough to 

compromise flood defence freeboard. Flood risk would be higher where bed erosion and 

deposition alter dramatically the channel shape. This may enable them to better manage 

instream mining issues, engineering activities and structures in rivers and their 

floodplains.  

7.3 Limitations and Potential Area for Future Research  

Several limitations have been highlighted in the experimental study and these limitations 

along with the potential area for a similar type of study are discussed in this section.  The 

bedload transport measurement over sequential flow conditions and the bed formation 

measurement at grain scale was a novel and unique approach to predict the channel 

response for sequential flow conditions.  A great deal is still required for the advancement 

of the knowledge of channel hydraulic, sediment transport, and bed evolution over 

unsteady sequential flow.  Nonetheless, the presented work was only a foundation for 

this type of study, therefore a number of suggestions are made in order to improve this 

research work.  

7.3.1 Consideration of constant influx  

A constant sediment supply was provided at upstream by setting up a feed system to 

inject a continuous influx of sediment over the duration of the experimental runs.  The 

simple feed set up had the capability to release sediment influx at variable rates, however 
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due to limited knowledge of the required variable influx over an unsteady flow 

hydrograph; a constant rate of the influx was supplied during all experiments.  To 

mitigate the impact of this, all experimental measurements were taken at the furthest 

possible downstream location in the flume, hence allowing the channel to reduce the 

effect of constant supply.  Ideally, the bedload that was collected in the sediment trap 

would have been recirculated to the channel upstream.  A circular feed system would be 

able to resolve this issue when modelling a regulated natural river. 

7.3.2 Consideration of a uniform bed material 

The bed material of uniform sediment was chosen with the consideration of a viable 

approach to simplify sediment transport grading and upstream feeding material during 

the experiment. However, consideration of uniform bed material means that the 

experimental condition was compromised by the bed material.  A range of sediment 

mixtures would have provided a better understanding of the influence of natural graded 

material on sediment transport and bed evolution over a sequential flow, therefore, a 

study into parameterized bed mixtures would be useful. 

7.3.3 Shape of the designed hydrograph 

The designed hydrographs do not occur in nature, and they were idealized to fit the 

hydrograph parameters.  However, these hydrographs permitted comparison with past 

experimental studies.  Although, the simulation of a scaled realistic hydrograph may have 

provided a comparison with previous field studies.  A systematic approach for 

hydrograph specification was used in this study, where the unsteadiness parameter was 

held constant for variable water work experiments in the set-I and set-II comprised of 

variable unsteadiness parameter with a constant water work parameter.  This approach 

has benefits over other studies, where both water work and unsteadiness parameters were 

variable for the designed hydrographs.  The multiplication of variables precluded the 

previous studies from drawing specific conclusions on the effects of individual 

parameters.  Therefore, it can be suggested to adopt a systemic approach for future 

investigations of the influence of hydrograph parameters.  
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7.3.4 Sediment transport measurement  

Spatial and temporal averaging of bedload transport had some degree of uncertainty in 

the measurement of sediment transport.  To evaluate this uncertainty, a number of 

experiment repetitions would have been required that were not feasible in the allocated 

experimental timescale.  The bed sampling interval of 10 minutes was necessary to 

operate the sediment trap system manually.  A computer-based automatic sediment trap 

system can significantly improve sediment transport measurement.   

7.3.5 Limitation in scanning bed formation 

Only 5.0 x 0.5 m area of the erodible section was scanned due to the limitations in 

obtaining bed formation details.  The measurement of a full bed formation would have 

enabled a deeper understanding of the scale of the surface structuring and bedform.  

However, the collected dataset itself had gathered a large volume of data and obtaining 

more of the same type of data needed a special type of data processing technique such as 

‘big-data’ processing.  Applying the ‘big-data’ concept in the sediment transport and bed 

evolution research is essential to improve sediment transport prediction.  In relation to 

the problem with handling large scanning data (such as time-consuming data processing, 

the requirement of the high-performance computing system), a simultaneous data 

analysis procedure (based on machine learning techniques) during the data collection 

would be advantageous. 

7.3.6 COVID-19 restrictions and their impact 

This research work was hampered by the COVID-19 restrictions and the consequences 

of the pandemic at the final stage of the Ph.D.  The data analysis was mainly performed 

on a low-performance computer during the lockdown.  The uncertainty of living under 

various restrictions and lockdowns affected the well-being and mental health that delayed 

the final write-up.  Work from home also hindered the dissemination of research findings 

and discussion with other researchers.  Although, with the help of research supervisors 

most of the challenges and difficulties were overcome.  
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Appendix 3.1 VBA Code for DEM Data Processing 
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Appendix 3.2 Sediment Feed and No-feed Experiments Results 

 

To evaluate the importance of sediment supply, the initial experiments were conducted 

at early stage of the PhD study.  The experiments were organized into two sets based on 

the sediment supply condition, where hydraulic conditions and bed configuration were 

kept constant. Set-I experiments were run with constant sediment feed and set-II 

experiments were run without upstream sediment supply. Hydrographs were designed 

for a range of flood magnitudes using variable water work parameters WK, while the 

unsteadiness parameter P was kept constant for all design hydrographs. As such, the 

experiment set-I (sediment feed) and set-II (no-feed) have the same five unsteady 

hydrographs, with key parameters shown in Table A-3.3-1 below.   

 

 

 

Hydrograph magnitude  Qb Qp TD   P  WK   

______________________________________________________________________ 

    (l/s)  (l/s)  (s)   

______________________________________________________________________ 

Low flow (LF-I)  20 31   3600  0.00016   15.68 

Low flow (LF-II)  20 36   5400  0.00016   29.90 

Medium flow (MF)  20 42   7200  0.00016   44.59 

High flow (HF-I)  20 47   9000  0.00016   86.44 

High flow (HF-II)  20 53 10800  0.00016 126.93 

 

Table A-3.3-1. Variables for set-I and set-II experiments. 
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Figure A-3.3-1. Designed hydrographs 

 

The sediment transport rate was measured during the experiments, under a range of 

design hydrographs shown below either with: 

1. feed condition (a constant rate of influx (5 g/m/s) - set-I experiments) 

2. no-feed conditions imposed at the upstream channel boundary (set-II experiments).  

Tables A-3.3-2 and A-3.3-3 present the main sediment transport results for the two sets 

of experimental data (set-I and set-II) in terms of peak transport rates, bed yields during 

the rising limb (RL) and falling limb (FL), total dimensional and non-dimensional 

bedload yields, sediment yield ratio, and hysteresis patterns for all the experiments. Each 

of these results are discussed in detail below 
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Run No. 

Peak 

sediment 

rate, qbp 

(g/m/s) 

Measured 

bedload 

yield at 

RL, Wt,r 

(kg/m) 

Measured 

bedload 

yield at 

FL, Wt,f 

(kg/m) 

Sediment 

yield 

ratio, Ψ 

Measured 

bedload 

yield, Wt 

(kg/m) 

Dimensionless 

bedload yield, 

Wt* 

Hysteresis 

pattern  

 

LF-I 7.12 5.32 8.06 0.66 13.38 1.15E+03 N/M  

LF-II 19.46 13.73 25.76 0.53 39.49 3.38E+03 CCW  

MF 20.95 21.19 28.84 0.73 50.03 4.28E+03 CCW  

HF-I 24.04 41.74 46.62 0.90 88.36 7.56E+03 CCW  

HF-II 25.54 48.76 70.64 0.69 119.40 1.02E+04 CCW  

Table A-3.3-2. Results of set-I experiments. 

Run No. 

Peak 

sediment 

rate, qbp 

(g/m/s) 

Measured 

bedload 

yield at 

RL, Wt,r 

(kg/m) 

Measured 

bedload 

yield at 

FL, Wt,f 

(kg/m) 

Sediment 

yield 

ratio, Ψ 

Measured 

bedload 

yield, Wt 

(kg/m) 

Dimensionless 

bedload yield, 

Wt* 

Hysteresis 

pattern 

 

 

LF-I 9.07 13.44 9.77 1.38 13.93 1.19E+03 N/M  

LF-II 14.82 24.77 16.59 1.49 41.77 3.57E+03 CW  

MF 17.21 35.42 18.61 1.90 54.03 4.62E+03 CW  

HF-I 20.70 52.92 43.63 1.21 96.56 8.26E+03 N/M  

HF-II 29.82 84.54 62.28 1.36 146.83 1.26E+04 CW  

Table A-3.3-3. Results of set-II experiments. 

 

The sediment transport rate over the respective hydrograph are presented in Figure A-

3.3-2- Figure A-3.3-6. The black circles show the measured transport rates during the 

sediment feed experiments (set-I, qb1) and the red triangles show equivalent rates during 

the no-sediment feed experiment (set-II, qb2). A general trend of increasing sediment 

transport rates with flow during rising limb and decreasing rates during falling limb of 

the hydrograph was found, as expected. However, these plots also show that the sediment 

transport rates were typically higher during the rising limb in set-II (no-feed) experiments 

as compared to set-I (sediment feed) experiments. 
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Peak transport rates also occurred with a positive temporal lag (occurring after the peak 

flow rate) during set-I experiments whereas a negative temporal lag was typically 

observed during set-II experiments (i.e., peak transport rate occurring before peak flow). 

This negative temporal lag has been reported previously in other no-sediment feeding 

experiments (Wang, 2016), but the opposite has also been reported by Bombar (2011) 

and Lee (2004). Graf and Qu (2004) suggested that hydrographs with high unsteady 

parameters (where P > 0.03) exhibited a positive time lag while hydrographs with low 

unsteady parameters (P < 0.02) generated a negative time lag. According to Graf’s 

studies, a P value of 0.0016 (used in the current study) would be expected to generate a 

negative time lag (as observed during the set-II experiments with no feed but not the 

corresponding sediment feed experiments). This finding suggested that the presence of a 

sediment influx at the upstream boundary is the dominate factor in shifting the peak 

transport rate from rising limb (i.e., under no feed) to the falling limb of the hydrograph 

(i.e., under sediment feed conditions). 

 

Figure A-3.3-2. The sediment transport rate during LF-I experiment  
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Figure A-3.3-3. The sediment transport rate during LF-II experiment  

 

Figure A-3.3-4. The sediment transport rate during MF experiment  
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Figure A-3.3-5. The sediment transport rate during HF-I experiment  

 

 

Figure A-3.3-6. The sediment transport rate during HF-II experiment  

 

1

10

100

1000

0 2000 4000 6000 8000 10000

15

20

25

30

35

40

45

50

55

60

q
b

 (
g/

m
/s

)

Time(s)

Fl
o

w
(L

/s
)

Flow

qb1

qb2

0.1

1

10

100

1000

0 2000 4000 6000 8000 10000

15

20

25

30

35

40

45

50

55

60

q
b

 (
g/

m
/s

)

Time(s)

Fl
o

w
(L

/s
)

Flow
qb1
qb2



 

274 

 

The hysteresis of sediment transport rates was quantified by plotting sediment transport 

rate qb versus flow rate Q, as shown in Figure A-3.3-7 - Figure A-3.3-11. A frequent 

counter clockwise hysteresis pattern was found with a no/mixed pattern during set-I 

(sediment feed) experiments (i.e., orange datasets), whereas clockwise hysteresis was 

dominant in set-II (no feed) experiments (i.e., blue datasets). Overall, the results indicate 

again indicate that the presence of the sediment feed had a dramatic effect on the 

sediment transport hysteresis patterns observed over the hydrographs (i.e., counter-

clockwise to clockwise hysteresis transition for feed to no-feed conditions). 

This finding was in accordance with the previous studies where Waters & Curran (2015) 

and Mao (2012) found counter-clockwise hysteresis for sediment feed experiments and 

Wang (2016) and Lee (2004) found clockwise hysteresis for no-sediment feed 

experiments. Gravel beds primarily demonstrate counter-clockwise hysteresis under 

sediment feeding condition, although previous studies also show opposite results and a 

detailed literature study suggested that the reason behind the variable hysteresis 

depended on many parameters including, hydrograph characteristics, sediment 

composition, location of transport measurement, channel morphology and the source and 

availability of the sediment supply (Hickin,1995). In this study, hydrograph 

characteristics, sediment composition and bed load sampling locations were the same for 

the two sets of experiment. Therefore, the observed change in hysteresis is likely to be 

associated with the sediment feed conditions imposed and the channel morphology 

generated under these conditions. 
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Figure A-3.3-7. Bedload transport hysteresis of LF-I experiment  

 

Figure A-3.3-8. Bedload transport hysteresis of LF-II experiment  
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Figure A-3.3-9. Bedload transport hysteresis of MF experiment  

 

Figure A-3.3-10. Bedload transport hysteresis of HF-I experiment  
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Figure A-3.3-11 Bedload transport hysteresis of HF-II experiment  

The experimental results also indicated a 4-19% higher bedload yield was recorded 

during set-II (no feed) experiments as compared to set-1 (sediment feed) experiments. 

These higher bed yields typically occurred during rising limb (see Table A-3.3-3), 

corresponding to the high transport rates observed in Figures A-3.3-7 - A-3.3-11. Figure 

A-3.3-12 presents an exponential relation between the normalized bed yield Wt
* and 

water work parameter Wk, depicting the higher bed yields obtained during the set-II 

experiments.  

The sediment yield results indicated that the total bed yield increased monotonically with 

water work, as intuitively a higher magnitude flood event would be expected to produce 

a larger overall bed yield. The interesting point is that the observed higher yield of set-II 

experiment was consistent for the range of hydrograph magnitudes tested, although the 

difference in bed yield between equivalent no-feed and sediment-feed experiments 

increased with magnitude or total water work. For example, the LF-I hydrograph 

generated a 4% higher bed yield under no-feed conditions, whereas the HF-II hydrograph 
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that the sediment supply condition would have a greater influence on bedload yield under 

higher magnitude flood hydrograph events. 

For set-I (sediment feed) experiments, the bedload yield during falling limb was higher 

than during rising limb, resulting in sediment yield ratio Ψ = Wt,r/Wt,f  < 1. The reverse 

was found to occur for set-II (no-feed) experiments, where Ψ > 1 (see Table A-3.3-2 & 

Table A-3.3-3). The comparison of these sediment transport results indicated again that 

the sediment feed condition had a significant influence on the temporal variation in 

transport rates over the hydrographs and, hence, the acquisition of higher bed yields 

either during the rising or falling hydrograph limbs. 

 Regression (best-fit) analysis was applied to relate directly the normalized bedload yield 

Wt
* to the water work parameter WK. It is reemphasized that the unsteadiness parameter 

P was held constant for all experiments in this study. The regression model indicates the 

normalized bed yield and water work parameter relationship that satisfies the following 

power-law relations for set-I and set-II runs: 

 

Wt,I = 89.64 Wk 
0.9981  

Wt,II = 76.01 Wk 
1.0653      

  

where Wt,I and Wt,II are the bed yields for sediment-feed and no-feed conditions, 

respectively.  

The power of the regression for Wt,I is close to unity, which indicates a linear relation 

of bedload yield and water work parameter. The power of the regression for Wt,II is 

greater than unity, implying an increased rate of bedload yield with higher water work. 

As such, the predictions of bed yields during higher magnitude flood events would be 

expected to be significantly different under sediment supply and no-sediment supplied 

condition within a real river channel.  
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Figure A-3.3-12. Bedload yield verses water work for sediment feed Wt,I and no-sediment 

feed Wt,II experiments 

 

The analysis of two sets of experimental data showed that the sediment supply had a 

significant effect on hysteresis pattern. The channel subject to no-sediment feeding 

condition generated a higher transport rate consequently higher bedload yield as 

compared to the channel subjected to sediment feeding condition. The findings also 

suggest that the sediment supply would have a greater influence on bed yield during high 

magnitude of flow. It is concluded that sediment supply is an important parameter to be 

considered in the physical and theoretical modeling to produce more reliable results. 
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Appendix 3.3 Systematic Approach for Hydrograph Specification 

The work is based on the initial experiments, conducted at early stage of the PhD study, 

it was presented in 6th IAHR Europe Congress, 2020, Poland 

 

An alluvial river generally transports a significant amount of sediment during a flood 

event. An unsteady flood hydrograph has previously been described by using a number 

of parameters such as water work index, unsteadiness parameter and asymmetry 

parameter (Lee et al., 2004; Wang et al., 2014). Water work index has been proven as an 

important parameter but has not been studied separately for an unsteady hydrograph. In 

this contribution, the effect of an unsteady water work parameter on sediment transport 

is isolated by keeping the other parameters constant.  Hydrographs were designed for a 

range of flood magnitudes using a variable water work parameter WK, while the 

unsteadiness parameter P and asymmetry parameter were kept constant as mentioned 

below: 

Hydrograph 

magnitude  

Qb Qp TR TF TD  h P WK  

 

(l/s) (l/s) (s) (s) (s) 

   

Lowest flow (LF-I) 20 31 1800 1800 3600 1 0.00016 15.68 

Low flow (LF-II) 20 36 2700 2700 5400 1 0.00016 29.9 

Medium flow (MF) 20 42 3600 3600 7200 1 0.00016 44.59 

High flow (HF-I) 20 47 4500 4500 9000 1 0.00016 86.44 

Highest flow (HF-II) 20 53 5400 5400 10800 1 0.00016 126.93 

 

Table A-3.1-1. Hydrograph parameters  
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The flume experiments were conducted for the five hydrographs described in Table A-

3.1-1, passing through an erodible uniform sediment bed of d50 = 2.1 mm. The sediment 

transport rates were measured, using a sediment trap system at equal intervals of 10 

minutes over the hydrograph duration. These samples were dried and weighed for 

subsequent analysis. Table A-3.1-2 presents the sediment transport results and the 

normalized bedload yield Wt* that relates the measured bedload yield Wt to the unsteady 

hydrograph parameters (Bombar et al., 2011). 

 

Hydrograph 

magnitude  

P WK  qbp Wt,r Wt,f Wt Wt
* Hyste-

resis 
   

(g/m/s) Kg/m Kg/m Kg/m 

  

Lowest flow (LF-I) 0.00016 15.68 7.12 5.32 8.06 13.38 1.15E+03 N/M 

Low flow (LF-II) 0.00016 29.9 19.46 13.73 25.76 39.49 3.38E+03 CCW 

Medium flow(MF) 0.00016 44.59 20.95 21.19 28.84 50.03 4.28E+03 CCW 

High flow (HF-I) 0.00016 86.44 24.04 41.74 46.62 88.36 7.56E+03 CCW 

Highest flow (HF-II) 0.00016 126.93 25.54 48.76 70.64 119.4 1.02E+04 CCW 

Table A-3.1-2. Experimental results 

Table A-3.1-2 shows the peak transport rates qbp and total bedload yield Wt increase 

with water work parameter. The total bedload yield during the rising limb Wt,r was lower 

than the total bedload yield during the falling limb Wt,f  resulting in a sediment yield 

ratio Ψ = Wt,r/Wt,f  < 1 in all cases. The hysteresis of sediment transport rates was 

quantified by plotting sediment the transport rate qb versus flow rate Q, and the results 

are presented in Table A-3.1-2. A counter clockwise (CCW) hysteresis pattern resulted 

from all the hydrograph flow, with a no/mixed (N/M) pattern during the lowest 

magnitude of hydrograph. This finding was in accordance with the previous studies 

(Waters & Curran, 2015; Mao, 2012). A regression analysis was performed to relate the 

normalized bedload yield Wt* to the water work parameter WK. It is re-emphasised that 

the asymmetric parameter and unsteadiness parameter were held constant for all tests in 

this study.  
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Figure.A-3.1-1. Regression model for total bedload yield verses water work 

Figure A-3.1-1 presents the regression model that satisfies the power-law relation (Wt* 

= 89.64 WK 0.998 ). The power of the regression equation is close to unity (0.998), which 

indicates a close-to linear relationship between total bedload yield and water work 

parameter. Wang et al. (2019) presented the relationships between Wt* and WK (Wt* = 

260.59 WK 0.929 for their own data set and  Wt* = 229.93 WK 0.97 for Lee et al. (2004) 

data set), where both water work WK and unsteadiness parameter P were variable for the 

designed hydrographs. The multiplicity of variables precluded the previous studies from 

drawing specific conclusions on the effects of individual parameters.  In contrast to Lee 

et al. (2004) and Wang et al. (2019) this study used a different approach to hydrograph 

specification, resulting in the conclusion that the non-linearity in total bedload prediction 

is mainly caused by the unsteadiness of the flood hydrograph whereas the flood 

magnitude has a close-to linear relationship with total bedload yield. 
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Appendix 3.4 Calculation of incipient motion of bedload (Shield, 1936) 

 

The physical model was designed by using the most widely applicable Shields curve 

generated by Shields (1936) that is based on a relationship between the critical stress 

parameter and the Reynolds number, Re*: 

 Re* = 
𝑢∗𝑑

𝑣
                                                                                                (3.4.1) 

Where: 

𝑢 ∗ : Shear velocity   

𝑑 : representative particle size 

𝑣 :  kinematic viscosity 

The critical mobility parameter is given as, 

θcr=  𝜏 / 𝑔 𝑑 (ρ 𝑠- ρ)                                                                                                              (3.4.2) 

Where:  

𝜏: shear stress  

d: grain size  

The critical mobility parameter can be achieved once shear stress 𝜏 has been calculated 

using equation (3.4.3) for uniform sediment. 

𝜏 = ρ g Rb S                         (3.4.3) 

Where:  

Rb: bed hydraulic radius and  

S: the sediment bed slope.  

Considering the different roughness of the flume channel glass wall and bed material, 

Manning’s formula can be applied as follows. 
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𝑅𝑏
2/3

 𝑆1/2

 𝑛𝑔
      =  

𝑅2/3 𝑆1/2

 𝑛
                                                                                                 (3.4.4) 

Where: 

R: the hydraulic radius  

𝑅 =  
𝐴

𝑃
=  

𝐻 .  𝐵

𝐵 + 2 𝐻
                                                                                                              (3.4.5) 

For the baseflow of 20 l/s the hydraulic radius of the flow area is calculated as 

H = 0.06 m (At 20 l/s the depth of water is 0.06m) 

B = 0.75m (Chanel width)  

       R =  
0.06 𝑋 0.75

0.75 + 2 𝑋 0.06
                                                                                                     

R = 0.0517 m 

𝑛𝑔: the grain roughness (Carson & Griffiths, 1987) 

𝑛𝑔 = 0.015  𝑑1/6                   (3.4.6) 

d = 0.0021m (particle diameter) 

𝑛𝑔 = 0.015 (0.0021)1/6 

𝑛𝑔 = 0.017 

𝑛: an equivalent roughness that can be expressed as  

𝑛 =  
(𝑃𝑏𝑛𝑔

3
2 +  𝑃𝑤 𝑛𝑤

3
2 )2/3

 𝑃2/3
                                                                                                    (3.4.7) 

Where: 

Pb: the wetted parameter for the sediment bed  

Pb = B = 0.75m 
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Pw: the wetted parameter for glass wall.  

Pw = 2H = 2 x 0.06 =0.12m 

And the wetted perimeter of the entire cross sectional area P = 𝑃𝑏 + 𝑃𝑤,  

P = 0.75 + 0.12 = 0.87 m  

nw = the roughness of glass walls and 0.01 value can be used for it (Chow, 1959). 

nw = 0.01     

𝑛 =  
[0.75 𝑋 (0.017)

3
2 +  0.12 𝑋0.01

3
2 ]2/3

 (0.87)2/3
                                                     

𝑛 =  0.016                                                           

Now by rearranging Equation (3.4.4) for Rb: 

𝑅𝑏 =  𝑅 (
𝑛𝑔

𝑛
)

2/3

 

𝑅𝑏 =  0.0517 (
0.017

0.016
)

2/3

 

𝑅𝑏 = 0.056 

For 𝑅𝑏 = 0.056, the shear stress 𝜏 is calculated using Equation (3.4.3): 

𝜏 = 1000 𝑋 9.81 𝑋 0.056 𝑋 0.002 

𝜏 = 1.10 

Now, the critical mobility parameter can be calculated by using Equation (3.4.2)          

θcr=  
1.10

9.81 𝑋 0.021 𝑋  (2650−1000)
   

θcr = 0.323 

First, the shear velocity needs to be calculated to obtain the Shear Reynolds number, Re* 

by using Equation (3.4.1). The shear velocity, 𝑢 ∗ is given as: 
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 𝑢 ∗ =  √𝜏 ρ
𝑤

                                                                                                                        (3.4.7)                                                                                                                   

𝑢 ∗ =  √1.10 𝑋 1000  

𝑢 ∗ =  0.033 m/s 

Now in Equation (3.4.1) 

𝑑 = 0.0021 m (representative particle size) 

𝑣 = 10-6  m2/s (kinematic viscosity) 

Re* = 
0.33 𝑋 0.0021

10−6  
                                                                                                    

Re* = 69.58 

The condition of initiation of motion is determined for Re* = 69.58 and  θcr = 0.323, by 

using the Shield diagram shown in Figure 3.4.1  It can be noted that the point crossing 

the plotted red lines for Re* and  θcr is just below the transition zone of immobile to 

mobile bed condition. The critical mobility parameter from the diagram, θ*cr is ~ 0.34 

(Figure 3.4.1) which is higher than the calculated mobility parameter.  When θcr < θ*cr 

there would not be any significant sediment transport.  This result is similar to the result 

obtained from the Soulsby (1997) expression where θcr was less than θ*cr. Therefore, 

no sediment transport is expected in this condition.  
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Figure 3.4.1: Shield’s curve modified by Graf (1971) 

In Figure 3.4.1 the Shields diagram indicates that there would not be any significant 

sediment transport at this condition (baseflow condition) with θcr < θ*cr.  A higher flow 

rate/flow depth would have the capability to mobilize the tested particle.  Therefore, the 

above calculation was repeated for several higher flow conditions, and the results are 

detailed in Table 3.4.13.4.1. That shows the hydraulic conditions above the baseflow can 

mobilize the specified sediment particle. It is important to notice that the Shields critical 

mobility parameter is the function of the characteristics of the sediment and fluid as well 

as the flow conditions. 
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Table 3.4.1: Critical mobility parameters for the tested flow 

No. Q 

(l/s) 

h (m) v 

(m/s) 

d50 

(m) 
S 

n 

(Eq.7.30) 

R 

(Eq.7.28) 

Rb 

(Eq.7.27) 

R* 

(Eq.7.24) 

θcr 

(Eq.7.25) 

θ*cr 

(Fig.7.37) 

Comparison Bed 

Condition 

1 20 0.060 0.440 0.021 0.002 0.016 0.052 0.056 70 0.032 0.034 θcr < θ*cr Immobile 

2 30 0.080 0.520 0.021 0.002 0.016 0.066 0.073 79 0.042 0.035 θcr > θ*cr Mobile  

3 40 0.092 0.569 0.021 0.002 0.016 0.074 0.083 85 0.048 0.038 θcr > θ*cr Mobile  

4 50 0.107 0.632 0.021 0.002 0.016 0.083 0.095 91 0.055 0.039 θcr > θ*cr Mobile  

5 60 0.120 0.667 0.021 0.002 0.015 0.091 0.105 95 0.061 0.040 θcr > θ*cr Mobile  
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Appendix 3.5 Data Collection Timescale for Set-I and Set-II experiments 
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Appendix 4.1 Sediment Transport Data of Set-I and Set-II experiments 

 

 

Sediment Transport Data - VW1 Experiment 

No. of 

Observatio

n 

Time 

interval  

Width 

of trap 

Weight of 

bedload during 

HG-I 

Transport rate 

during HG-I 

Weight of 

bedload during 

HG-II 

Transport rate 

during HG-II 

Weight of 

bedload during 

HG-III 

Transport rate 

during HG-III 

  (s) (m) (kg/m) (g/s/m) (kg/m) (g/s/m) (kg/m) (g/s/m) 

1 600 0.37 0.54 0.90 0.34 0.56 0.18 0.30 

2 600 0.37 2.22 3.69 0.96 1.59 0.53 0.88 

3 600 0.37 3.08 5.14 2.28 3.80 1.70 2.84 

4 600 0.37 4.73 7.88 2.86 4.76 1.99 3.32 

5 600 0.37 2.46 4.10 2.14 3.56 1.51 2.52 

6 600 0.37 1.14 1.89 0.84 1.40 0.78 1.30 
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Sediment Transport Data - VW2 Experiment 

No. of 

Observatio

n 

Time 

interval  

Width 

of trap 

Weight of 

bedload during 

HG-I 

Transport rate 

during HG-I 

Weight of 

bedload during 

HG-II 

Transport rate 

during HG-II 

Weight of 

bedload during 

HG-III 

Transport rate 

during HG-III 

  (s) (m) (kg/m) (g/s/m) (kg/m) (g/s/m) (kg/m) (g/s/m) 

1 600 0.37 0.59 0.99 0.50 0.84 0.31 0.51 

2 600 0.37 0.89 1.49 0.43 0.72 0.42 0.70 

3 600 0.37 2.27 3.78 1.89 3.15 0.90 1.50 

4 600 0.37 6.65 11.08 2.35 3.92 3.32 5.54 

5 600 0.37 8.43 14.05 3.41 5.68 3.92 6.53 

6 600 0.37 9.08 15.14 6.13 10.21 5.76 9.59 

7 600 0.37 7.97 13.29 5.06 8.44 2.97 4.95 

8 600 0.37 3.86 6.44 3.46 5.77 2.51 4.19 

9 600 0.37 1.73 2.88 1.11 1.85 0.65 1.08 
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Sediment Transport Data - VW3 Experiment 

No. of 

Observation 

Time 

interval  

Width 

of trap 

Weight of 

bedload 

during HG-I 

Transport rate 

during HG-I 

Weight of 

bedload 

during HG-II 

Transport rate 

during HG-II 

Weight of 

bedload 

during HG-III 

Transport rate 

during HG-III 

  (s) (m) (kg/m) (g/s/m) (kg/m) (g/s/m) (kg/m) (g/s/m) 

1 600 0.37 0.00 0.00 0.00 0.00 0.00 0.00 

2 600 0.37 0.35 0.59 0.00 0.00 0.14 0.23 

3 600 0.37 0.51 0.86 0.32 0.54 0.26 0.43 

4 600 0.37 1.27 2.12 0.70 1.17 0.69 1.15 

5 600 0.37 3.38 5.63 2.11 3.51 1.57 2.61 

6 600 0.37 4.49 7.48 3.39 5.66 2.97 4.95 

7 600 0.37 11.27 18.78 6.08 10.14 6.30 10.50 

8 600 0.37 12.65 21.08 6.14 10.23 7.51 12.52 

9 600 0.37 8.89 14.82 5.95 9.91 3.66 6.10 

10 600 0.37 5.19 8.65 2.59 4.32 1.89 3.15 

11 600 0.37 2.16 3.60 1.43 2.39 1.46 2.43 

12 600 0.37 1.05 1.76 0.89 1.49 0.40 0.66 

13 600 0.37 0.54 0.90 0.41 0.68 0.20 0.33 
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Sediment Transport Data - VW4 Experiment 

No. of 

Observation 

Time 

interval  

Width 

of trap 

Weight of 

bedload during 

HG-I 

Transport rate 

during HG-I 

Weight of 

bedload during 

HG-II 

Transport rate 

during HG-II 

Weight of 

bedload during 

HG-III 

Transport rate 

during HG-III 

  (s) (m) (kg/m) (g/s/m) (kg/m) (g/s/m) (kg/m) (g/s/m) 

1 600 0.37 0.00 0.00 0.00 0.00 0.00 0.00 

2 600 0.37 0.45 0.74 0.00 0.00 0.11 0.18 

3 600 0.37 0.68 1.13 0.53 0.88 0.38 0.63 

4 600 0.37 1.30 2.16 0.73 1.22 0.51 0.86 

5 600 0.37 2.46 4.10 0.81 1.35 0.65 1.08 

6 600 0.37 5.51 9.19 1.49 2.48 1.32 2.21 

7 600 0.37 8.89 14.82 3.32 5.54 3.05 5.09 

8 600 0.37 11.78 19.64 4.65 7.75 3.69 6.15 

9 600 0.37 14.81 24.68 7.51 12.52 6.49 10.81 

10 600 0.37 12.32 20.54 9.96 16.59 6.57 10.94 

11 600 0.37 10.43 17.39 8.56 14.26 5.68 9.46 

12 600 0.37 7.14 11.89 4.52 7.54 3.21 5.34 

13 600 0.37 5.14 8.56 3.58 5.97 3.12 5.21 

14 600 0.37 1.68 2.79 1.71 2.86 1.24 2.07 

15 600 0.37 0.86 1.44 0.59 0.98 0.59 0.99 

16 600 0.37 0.32 0.54 0.31 0.52 0.20 0.33 
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Sediment Transport Data - VW5 Experiment 

No. of 

Observation 

Time 

interval  

Width 

of trap 

Weight of 

bedload during 

HG-I 

Transport rate 

during HG-I 

Weight of 

bedload during 

HG-II 

Transport rate 

during HG-II 

Weight of 

bedload during 

HG-III 

Transport rate 

during HG-III 

  (s) (m) (kg/m) (g/s/m) (kg/m) (g/s/m) (kg/m) (g/s/m) 

1 600 0.37 0.00 0.00 0.00 0.00 0.00 0.00 

2 600 0.37 0.00 0.00 0.00 0.00 0.00 0.00 

3 600 0.37 0.76 1.26 0.58 0.97 0.00 0.00 

4 600 0.37 1.11 1.85 0.75 1.25 0.58 0.96 

5 600 0.37 2.73 4.55 1.00 1.67 0.73 1.21 

6 600 0.37 4.62 7.70 1.89 3.15 1.46 2.43 

7 600 0.37 6.27 10.45 4.11 6.85 4.73 7.88 

8 600 0.37 12.19 20.32 5.95 9.91 4.39 7.32 

9 600 0.37 14.73 24.55 9.57 15.95 6.72 11.20 

10 600 0.37 15.19 25.32 10.37 17.28 10.67 17.79 

11 600 0.37 15.92 26.53 8.51 14.19 10.97 18.28 

12 600 0.37 12.65 21.08 8.05 13.41 7.02 11.70 

13 600 0.37 11.57 19.28 7.27 12.12 4.42 7.37 

14 600 0.37 8.57 14.28 6.70 11.17 2.69 4.48 

15 600 0.37 6.97 11.62 4.72 7.86 2.38 3.96 

16 600 0.37 4.49 7.48 2.23 3.72 1.86 3.11 
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17 600 0.37 1.95 3.24 0.66 1.10 0.68 1.13 

18 600 0.37 1.27 2.12 0.43 0.72 0.32 0.54 

19 600 0.37 0.57 0.95 0.27 0.45 0.30 0.50 

 

 

Sediment Transport Data - VP1 Experiment 

No. of 

Observatio

n 

Time 

interval  

Width 

of trap 

Weight of 

bedload during 

HG-I 

Transport rate 

during HG-I 

Weight of 

bedload during 

HG-II 

Transport rate 

during HG-II 

Weight of 

bedload during 

HG-III 

Transport rate 

during HG-III 

  (s) (m) (kg/m) (g/s/m) (kg/m) (g/s/m) (kg/m) (g/s/m) 

1 600 0.37 1.31 2.18 0.46 0.77 0.38 0.63 

2 600 0.37 5.77 9.62 2.97 4.95 4.49 7.48 

3 600 0.37 18.62 31.04 11.30 18.83 7.68 12.79 

4 600 0.37 14.78 24.64 16.22 27.03 13.35 22.25 

5 600 0.37 9.68 16.13 7.62 12.70 4.51 7.52 

6 600 0.37 2.32 3.87 1.19 1.98 0.32 0.54 
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Sediment Transport Data – VP2 Experiment 

No. of 

Observation 

Time 

interval  

Width 

of trap 

Weight of 

bedload during 

HG-I 

Transport rate 

during HG-I 

Weight of 

bedload during 

HG-II 

Transport rate 

during HG-II 

Weight of 

bedload during 

HG-III 

Transport rate 

during HG-III 

  (s) (m) (kg/m) (g/s/m) (kg/m) (g/s/m) (kg/m) (g/s/m) 

1 600 0.37 0.30 0.50 0.16 0.27 0.34 0.57 

2 600 0.37 1.81 3.02 0.73 1.22 0.59 0.99 

3 600 0.37 7.08 11.80 3.59 5.99 2.22 3.69 

4 600 0.37 10.08 16.80 5.41 9.01 5.62 9.37 

5 600 0.37 11.11 18.51 9.27 15.45 8.81 14.68 

6 600 0.37 13.05 21.76 10.32 17.21 7.76 12.93 

7 600 0.37 6.78 11.31 3.54 5.90 1.41 2.34 

8 600 0.37 0.92 1.53 0.59 0.99 0.55 0.91 

9 600 0.37 0.43 0.72 0.43 0.72 0.14 0.23 
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Sediment Transport Data - VP3 Experiment 

No. of 

Observation 

Time 

interval  

Width 

of trap 

Weight of 

bedload 

during HG-I 

Transport rate 

during HG-I 

Weight of 

bedload 

during HG-II 

Transport rate 

during HG-II 

Weight of 

bedload 

during HG-III 

Transport rate 

during HG-III 

  (s) (m) (kg/m) (g/s/m) (kg/m) (g/s/m) (kg/m) (g/s/m) 

1 600 0.37 0.88 1.46 0.54 0.90 0.42 0.70 

2 600 0.37 1.22 2.03 0.57 0.95 0.92 1.54 

3 600 0.37 2.14 3.56 1.00 1.67 1.15 1.92 

4 600 0.37 2.73 4.55 2.69 4.48 1.68 2.79 

5 600 0.37 4.99 8.31 3.92 6.53 2.82 4.69 

6 600 0.37 12.35 20.59 5.34 8.90 4.16 6.94 

7 600 0.37 8.80 14.66 7.91 13.18 7.36 12.26 

8 600 0.37 6.28 10.47 3.97 6.62 3.79 6.31 

9 600 0.37 4.35 7.25 3.30 5.50 1.99 3.31 

10 600 0.37 3.31 5.52 1.63 2.72 1.53 2.55 

11 600 0.37 1.07 1.78 0.70 1.17 0.32 0.54 

12 600 0.37 0.53 0.88 0.39 0.65 0.18 0.29 
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Sediment Transport Data - VP4 Experiment 

No. of 

Observation 

Time 

interval  

Width 

of trap 

Weight of 

bedload 

during HG-I 

Transport rate 

during HG-I 

Weight of 

bedload 

during HG-II 

Transport rate 

during HG-II 

Weight of 

bedload 

during HG-III 

Transport rate 

during HG-III 

  (s) (m) (kg/m) (g/s/m) (kg/m) (g/s/m) (kg/m) (g/s/m) 

1 600 0.37 0.09 0.16 0.00 0.00 0.00 0.00 

2 600 0.37 0.14 0.23 0.04 0.07 0.03 0.05 

3 600 0.37 0.16 0.27 0.12 0.21 0.05 0.09 

4 600 0.37 0.38 0.63 0.19 0.32 0.19 0.32 

5 600 0.37 1.81 3.02 0.32 0.54 0.43 0.72 

6 600 0.37 3.00 5.00 2.39 3.99 1.81 3.02 

7 600 0.37 6.68 11.13 2.58 4.30 3.68 6.13 

8 600 0.37 8.22 13.69 7.75 12.91 4.22 7.04 

9 600 0.37 9.38 15.63 5.38 8.96 5.75 9.59 

10 600 0.37 6.22 10.36 5.92 9.86 3.37 5.62 

11 600 0.37 3.00 5.00 2.54 4.24 2.91 4.85 

12 600 0.37 2.24 3.74 2.39 3.98 1.58 2.63 

13 600 0.37 1.41 2.34 1.11 1.85 0.30 0.50 

14 600 0.37 0.89 1.49 0.32 0.54 0.08 0.14 

15 600 0.37 0.46 0.77 0.14 0.23 0.05 0.09 

  



 

308 

 

Sediment Transport Data - VP5 Experiment 

No. of 

Observation 

Time 

interval  

Width of 

trap 

Weight of 

bedload during 

HG-I 

Transport rate 

during HG-I 

Weight of 

bedload during 

HG-II 

Transport rate 

during HG-II 

Weight of 

bedload during 

HG-III 

Transport rate 

during HG-III 

  (s) (m) (kg/m) (g/s/m) (kg/m) (g/s/m) (kg/m) (g/s/m) 

1 600 0.37 0.00 0.00 0.00 0.00 0.00 0.00 

2 600 0.37 0.29 0.49 0.27 0.45 0.00 0.00 

3 600 0.37 0.35 0.59 0.43 0.72 0.22 0.36 

4 600 0.37 0.76 1.26 0.51 0.85 0.24 0.41 

5 600 0.37 1.38 2.30 0.52 0.87 0.46 0.77 

6 600 0.37 1.46 2.43 0.88 1.46 1.31 2.18 

7 600 0.37 2.32 3.87 1.58 2.64 2.55 4.26 

8 600 0.37 2.38 3.96 2.38 3.96 2.69 4.48 

9 600 0.37 4.57 7.61 4.46 7.43 4.84 8.06 

10 600 0.37 7.84 13.06 6.13 10.22 4.39 7.32 

11 600 0.37 5.95 9.91 3.64 6.07 2.42 4.03 

12 600 0.37 5.14 8.56 2.99 4.99 1.42 2.36 

13 600 0.37 4.30 7.16 2.48 4.13 0.70 1.17 

14 600 0.37 2.76 4.59 1.93 3.22 0.68 1.13 

15 600 0.37 1.89 3.15 1.15 1.91 0.43 0.71 

16 600 0.37 0.62 1.04 0.97 1.62 0.34 0.56 

17 600 0.37 0.49 0.81 0.27 0.45 0.16 0.27 

18 600 0.37 0.16 0.27 0.19 0.32 0.09 0.15 
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Appendix 5.1 Variograms of DEMs 

VW1 - HG-I 

 

 

 

VW1 - HG-II 
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VW1 - HG-III 

 

 

 

VW2 - HG-I 
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VW2 - HG-II 

 

 

 

VW2 - HG-III 
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VW3 - HG-I 

 

 

 

VW3 - HG-II 
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VW3 - HG-III 

 

 

 

VW4 - HG-I 
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VW4 - HG-II 

 

 

 

VW4 - HG-III 
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VW5 - HG-I 

 

 

 

VW5 - HG-II 
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VW5 - HG-III 

 

 

 

VP1 - HG-I 
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VP1 - HG-II 

 

 

 

VP1 - HG-III 
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VP2 - HG-I 

 

 

 

VP2 - HG-II 
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VP2 - HG-III 

 

 

 

VP3 - HG-I 
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VP3 - HG-II 

 

 

 

VP3 - HG-III 
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VP4 - HG-I 

 

 

 

VP4 - HG-II 
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VP4 - HG-III 

 

 

 

VP5 - HG-I 
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VP5 - HG-II 

 

 

 

VP5 - HG-III 
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Appendix 5.2 Bedform dimensions from the scanned profiles 

VW1-HG-I 

Bedform spacing, λ (cm) =205-70 135 

 Bedform height, ∆ (mm) =2.655+9.515 12.17 

 

VW1-HG-II 

Bedform spacing, λ (cm) =286-88 198 

 Bedform height, ∆ (mm) =6.16+8.66 14.82 

  

VW1-HG-III 

Bedform spacing, λ (cm) =278-73 205 

 Bedform height, ∆ (mm) =11.34+10.46 21.8 
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VW2-HG-I 

Bedform spacing, λ (cm) =464-266 198 

Bedform height, ∆ (mm) =4.02+6.78 10.8 

  

VW2-HG-II 

Bedform spacing, λ (cm) =284-114 170 

Bedform height, ∆ (mm) =7.13+4.03 11.16 

  

VW2-HG-III 

Bedform spacing, λ (cm) =316-121 195 

 Bedform height, ∆ (mm) =8.79+7.32 16.11 
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VW3-HG-I 

Bedform spacing, λ (cm) =367-141 226 

 Bedform height, ∆ (mm) =4.26+8.94 13.2 

  

VW3-HG-II 

Bedform spacing, λ (cm) =433-128 305 

 Bedform height, ∆ (mm) =11.05+6.38 17.43 

 

  

VW3-HG-III 

Bedform spacing, λ (cm) =448-104 344 

 Bedform height, ∆ (mm) =10.53+7.66 18.19 

  

  



 

327 

 

VW4-HG-I 

Bedform spacing, λ (cm) =379-62 317 

Bedform height, ∆ (mm) =10.66+4.98 15.64 

  

VW4-HG-II 

Bedform spacing, λ (cm) =428-87 341 

Bedform height, ∆ (mm) =9.6+7.22 16.82 

  

VW4-HG-III 

Bedform spacing, λ (cm) =481-47 434 

 Bedform height, ∆ (mm) =8.05+11.45 19.5 
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VW5-HG-I 

Bedform spacing, λ (cm) 340 340 

 Bedform height, ∆ (mm) =2.56+12.79 15.35 

 

 VW5-HG-II 

Bedform spacing, λ (cm) 350 350 

 Bedform height, ∆ (mm) =9.89+5.47 15.36 

 

 VW5-HG-III 

Bedform spacing, λ (cm) =497-52 445 

 Bedform height, ∆ (mm) =11.74+5.75 17.49 
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VP1-HG-I 

Bedform spacing, λ (cm) =401-240 161 

 Bedform height, ∆ (mm) =15.13+6.19 21.32 

  

VP1-HG-II 

Bedform spacing, λ (cm) =463-135 328 

 Bedform height, ∆ (mm) =14+9.82 23.82 

  

VP1-HG-III 

Bedform spacing, λ (cm) =456-160 296 

 Bedform height, ∆ (mm) =15.14+12.41 27.55 
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VP2-HG-I 

Bedform spacing, λ (cm) =345-79 266 

 Bedform height, ∆ (mm) =16.9-0.1 16.8 

  

VP2-HG-II 

Bedform spacing, λ (cm) =467-242 225 

 Bedform height, ∆ (mm) =10.27+6.15 16.42 

  

VP2-HG-III 

Bedform spacing, λ (cm) =341-76 265 

 Bedform height, ∆ (mm) =6.81+15.67 22.48 
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VP3-HG-I 

Bedform spacing, λ (cm) =500-150 350 

 Bedform height, ∆ (mm) =6+16.05 22.05 

  

VP3-HG-II 

Bedform spacing, λ (cm) =397-183 214 

 Bedform height, ∆ (mm) =7.87+6.04 13.91 

  

VP3-HG-III 

Bedform spacing, λ (cm) =433-159 274 

 Bedform height, ∆ (mm) =6.21+4.78 10.99 
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VP4-HG-I 

Bedform spacing, λ (cm) =500-150 350 

 Bedform height, ∆ (mm) =7.61+11.97 19.58 

  

VP4-HG-II 

Bedform spacing, λ (cm) =325-25 300 

 Bedform height, ∆ (mm) =10.65+15.64 26.29 

 

VP4-HG-III 

Bedform spacing, λ (cm) =326-55 271 

 Bedform height, ∆ (mm) =6.62+10.46 17.08 
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VP5-HG-I 

Bedform spacing, λ (cm) =432-82 350 

 Bedform height, ∆ (mm) =7.08+7.22 14.3 

  

VP5-HG-II 

Bedform spacing, λ (cm) =282-9 273 

Bedform height, ∆ (mm) =9.39+8.77 18.16 

 

VP5-HG-III 

Bedform spacing, λ (cm) =446-162 284 

 Bedform height, ∆ (mm) =9.65+8.04 17.69 

  

 

 


