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Chapter 1  

1 Introduction 

1.1 Motivation 

Sediment transport in rivers and streams occurs due to a complex relationship between the 

stream bed and banks and hydraulic forces that produce the overall morphology of the channel. 

Under steady flow conditions sediment transport and bed morphological development achieves 

equilibrium conditions. However, natural processes and anthropogenic activities cause short-

term changes in riverine discharge and can disrupt this equilibrium. Changes in discharge, such 

as those due to extreme rainfall events, seasonal variation in precipitation patterns, or reservoir 

flushing, can result in substantial and rapid adjustments in the sediment transport regime and 

stream morphology. In addition to an increased risk of flooding and erosion hazards, such 

alterations in flow can also cause degradation of aquatic habitats, re-mobilization of pollutants, 

and damage to in-stream infrastructure (Booth et al., 2004; Cockerill and Anderson, 2013; 

Jongman et al., 2014). The majority of intense sediment transport occurs during flash flood 

events (Rowinski and Czernuszenko, 1998; Huygens et al., 2000). Flash floods occur when the 

river system is incapable of transporting the volume of runoff that was induced by an intense 

precipitation event (Bagatur and Hamidi, 2014). During these periods of unsteady flow the 

relationship that exists between hydraulic and sediment transport processes becomes 

increasingly complex. As a result, the morphological response to changes in flow prove 

challenging to accurately predict and quantify. Knowledge of this response is imperative to 

improve river management during flood events and to ensure the protection of hydraulic 

structures.  

River flooding is projected to increase in frequency in the coming years and may result in 

catastrophic damage (Prettenhaler et al., 2015). In recent years, many regions around the world, 

including Dresden (Saxony, Germany), Calgary (Alberta, Canada), Toronto (Ontario, Canada), 

and Longmont (Colorado, United States of America) have experienced extreme flooding 

events that resulted in substantial morphological consequences to the river. Extreme rainfall 

inundated the Elbe River in Dresden on June 5, 2013 causing an influx of discharge and 

sediment transport that destroyed flood control dykes (Munich Re, 2013). The extent of this 



2 

 

 

flood affected nineteen different countries and damages in Dresden alone were estimated at 

EUR $16 billion (Munich Re, 2013). The most damaging natural disaster in Canadian history 

is a flash flood that occurred in Calgary’s Bow River on June 19, 2013 (Wake, 2013). The 

upstream portion of the Bow River has a network of twelve dams and reservoirs that 

simultaneously lost a large volume of storage capacity due to sediment accumulation during 

the flood event. The Government of Alberta has since committed CAD $116 million to flood 

erosion control projects to stabilize river banks, repair damaged property or infrastructure, and 

restore dykes and berms (Water Canada, 2013). Toronto experienced Ontario’s most costly 

natural disaster during a flash flood event in the Don River on July 8, 2013 (Toronto Region 

Conservation Authority, 2014). The combined sewer systems and outlet channels were unable 

to convey the volume of runoff, causing an influx in riverine discharge that resulted in erosion 

and incision that damaged stormwater infrastructure. On September 11, 2013 a rainfall event 

resulted in dam and bank breaches along the St. Vrain River in Longmont, Colorado (Natural 

Hazards Center, 2013). There were four known fatalities and damages to public infrastructure 

reached USD $150 million (Boulder County, 2014). In response to this flood, a coalition of 

stakeholders have developed a restorative plan to mitigate erosion damage caused by the flood 

and design a more flood resistant river (Boulder County, 2014). 

Engineers and hydrologists have attempted to mitigate the damaging effects of changes in flow 

due to flash floods through river management, engineering, and restoration efforts. These 

efforts rely on a variety of sediment transport prediction formulae that were developed from 

laboratory experiments and field investigations (Sturm, 2011). These formulae were primarily 

developed based on the transport of non-cohesive, uniform sediments, steady and uniform flow 

conditions, and a straight, rectangular stream geometry (De Sutter et al., 2001; Yang, 2013). 

Considering this, these formulae clearly fail to appropriately describe real world conditions, 

such as the unsteady flow events described above (De Sutter, 2001; Warmink et al., 2012). 

Investigation into sediment transport mechanisms during unsteady flow conditions of varying 

magnitude and duration is required in order to understand the dynamic stream morphological 

response to temporal changes in discharge and depth (Montes, 1998; Comiti and Mao, 2012).  

Gee (1973), Allen (1976), Griffiths and Sutherland (1977), Fredsoe (1979), Parker and 

Klingeman (1982), Wijbenga and Klaasen (1983), Graf and Suszka (1985), Wijbenga and Van 

Nes (1986), Dietrich et al. (1989), Kuhnle (1989), Williams (1989), and Lisle et al. (1993) 
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were among some of the pioneering studies to investigate the riverine response to unsteady 

flow events. These authors conducted experimental laboratory studies, computational 

modeling and field investigations to formalize the concept of a hysteretic time-lag between the 

discharge and sediment transport rates during unsteady flow events. Over the last fifteen years, 

there has been a substantial increase in research investigating the behaviour of sediment 

transport during unsteady flow events, as greater attention is given to the morphological 

response of rivers to changes in flow, such as those due to extreme flood events. Despite 

considerable research, further insight into the mechanics of stream bed adjustment and 

sediment transport during unsteady events is required in order to accurately predict future river 

behaviour and design appropriate preventative infrastructure to mitigate the damaging 

morphological consequences of flood events (Buffington, 2012; Vietz et al., 2013). In 

particular, systematic experimental research is required in order to quantify the effect of 

various characteristics of unsteady flow event hydrographs (e.g., event duration, event 

magnitude, hydrograph shape) on stream bed morphological response.  

1.2 Goal and objectives of the thesis 

The goal of this thesis is to investigate the morphodynamic response of alluvial stream beds to 

alterations in flow caused by unsteady flow events. This research will meet the following 

objectives:  

1) Conduct a comprehensive review and analysis of recent experimental laboratory 

research on the morphological response of stream beds to unsteady flow events and 

identify recommendations and strategic opportunities for future research; 

2) Quantify the morphodynamic response (alteration to sediment transport rates and 

adjustment in bed morphology) to unsteady flow events of varying magnitude and 

duration; and 

3) Quantify the effect of unsteady flow events of varying hydrograph shape (i.e., time-

to-peak flow) on stream bed morphodynamic response.  

The first objective will be achieved with a focus on recent literature published between 2000 

and 2013. In order to achieve the second and third objectives, experimental laboratory research 

is performed in the sediment transport flume at the University of Western Ontario in London, 

Ontario, Canada. While unsteady flow events can also result in plan form morphological 
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response (e.g., erosion of the stream banks), the focus of this thesis will be on stream bed 

response alone, as the morphology of stream beds has traditionally been studied by assuming 

rigid, fixed banks since the bank deformation occurs on a much greater time-scale than that of 

the bed deformation. In addition, while the most extreme unsteady flow events (i.e., flash 

floods) typically involve flows that overtop the main channel banks, in order to examine the 

effect of these unsteady flow event hydrograph characteristics in a systematic, controlled 

manner, only unsteady flow events confined to the main channel will be investigated. As such, 

the change in discharge will only involve variation in flow depth; the width of the channel 

remaining invariant.  

1.3 Structure of the thesis 

This thesis is presented in integrated article format. Following Chapters 1 and 2, three separate 

manuscripts are presented in Chapter 3 through 5.  The five chapters of the thesis are structured 

as follows: 

Chapter 2 is entitled “Fundamentals of the present work”. This Chapter presents an overview 

of the fundamentals of river mechanics as it pertains to the present thesis. A review of the 

mechanics of flow, sediment transport and bed morphological development in alluvial streams 

during steady flow conditions is discussed. The concept of hysteresis, which describes the 

effect of unsteady flow on sediment transport and bed morphological response, is also 

introduced.  

Chapter 3 presents the manuscript entitled “Morphological response of stream beds to unsteady 

flow events: a review of recent laboratory experiments”. This Chapter includes a 

comprehensive literature review of recent laboratory experiments investigating the effect of 

unsteady flow events on sand and gravel beds. Recommendations and strategic opportunities 

for future research are identified.  

Chapter 4 presents the manuscript entitled “Quantification of stream bed morphological 

response to unsteady flow event hydrographs of varying peak flow magnitude and duration”. 

This Chapter presents the results from an extensive series of laboratory experimental runs 

seeking to evaluate the effect of peak flow duration and magnitude on stream bed 

morphological response.  
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Chapter 5 presents the manuscript entitled “Quantification of stream bed morphological 

response to variation in hydrograph shape”. This Chapter presents the results from a series of 

experimental laboratory runs investigating the effect of the hydrograph shape (i.e., time-to-

peak flow) of an unsteady flow event on stream bed morphological response.  

Chapter 6 is entitled “Conclusions and recommendations”. This Chapter discusses the results 

of Chapters 3 through 5 and summarizes the main contributions of this thesis. Engineering 

implications of the thesis and recommendations for future research in this area are also 

discussed.  

1.4 References 

Allen JRL. 1976. Time-lag of dunes in unsteady flows: an analysis of Nasner’s data from River 

Weser, Germany. Sedimentary Geology 15:309-321.  

Bagatur T and Hamidi N. (2014). Evaluation with stream characteristics of downstream flood 

problems after dam construction. Journal of Environmental Engineering and 

Landscape Management 22(2):96-104. DOI:10.3846/16486897.2013.852555 

Booth DB, Karr JR, Schauman S, Konrad CP, Morley SA, Larson MG, Burges SJ. 2004. 

Reviving Urban Streams: Land Use, Hydrology, Biology, and Human Behaviour. 

Journal of American Water Resources Association. 40(5):1351-1364. 

DOI: 10.1111/j.1752-1688.2004.tb01591.x 

Boulder County 2014. Saint Vrain Creek watershed master plan. Boulder County Colorado. 

93 pages. 

Buffington JM. 2012. Changes in channel morphology over human time scales. In Gravel-Bed 

Rivers: Processes, Tools, Environments, Church M, Biron PM, Roy AG (eds). Wiley: 

Chichester; 433-463. 

Cockerill K and Anderson WP. 2013. Creating false images: stream restoration in an urban 

setting. Journal of American Water Resources Association. 50(2): 468-482. DOI: 

10.1029/2005WR003985 
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7. Eq. 42 can be used to estimate the specific volumetric bed load transport rate time-to-

peak for unsteady flow event magnitudes in the range of hydraulic conditions tested in 

the present runs (up to 2.00 times greater than base-flow conditions). Based on the 

present experimental runs, the proposed relationship between the duration and 

magnitude of an unsteady flow event hydrograph (and corresponding hysteretic 

behaviour of the sediment transport rate response) is seen in Fig. 29.  
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Chapter 6  

6 Conclusions and recommendations 

In this Chapter, a summary of main conclusions from the thesis, engineering implications and 

recommendations for future research are made. The summary of conclusions from this thesis 

are reported in three sub-sections according to Chapters 3 through 5. Engineering implications 

connect the results from this thesis to current engineering challenges. Lastly, recommendations 

for future research in this area are made. 

6.1 Summary of conclusions 

6.1.1 Recent literature review 

Over the last few decades, efforts to further the understanding of sediment transport and bed 

morphological behaviour during unsteady flow events have been made. Researchers have 

taken a variety of approaches to investigate the problem with the use of numerical models, 

field research and laboratory experimentation. The focus of this thesis was on the effect of 

unsteady flow events on bed morphological response. Efforts to identify the causes responsible 

for the hysteresis occurring the sediment transport rates in response to unsteady flow events 

were made in Chapter 3. Despite a detailed review of the literature, there is still not complete 

agreement on the factors influencing or causing this lag-in-time of both the sediment transport 

rate and bed morphological response. Based on this review of the literature, the main factors 

affecting this hysteretic behaviour include: sediment composition, hydrograph shape, sediment 

supply, and bed morphological development. It is difficult to assess the influence of these 

factors individually as they can have counteracting effects. Based on the findings of the recent 

literature summarized in Chapter 3, the following three recommendations to further the 

knowledge of morphological response to unsteady flow events were reported:  

1. Determine a hierarchical outline of the factors responsible for the hysteresis of 

sediment transport rates and bed morphological adjustments in response to unsteady 

flow events. Efforts to determine the degree that each factor influences the effect of 

hysteresis and their inter-dependency is recommended.  
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2. Establish the influence of the duration and magnitude of unsteady flow events and the 

shape of the hydrograph on bed morphological adjustments. Subsequently, develop a 

predictive method to more accurately assess the morphological adjustments in response 

to unsteady flow events of varying hydrograph characteristics. This will allow for the 

development of more accurate predictive numerical modeling tools that can be used to 

predict field-scale behaviour.  

3. Investigate the effect of unsteady flow events on morphological response of non-

uniform sediment beds.  

6.1.2 Effect of unsteady flow event magnitude and duration on bed 
morphological response 

Efforts to address the effect of the magnitude and duration of unsteady flow events on the bed 

morphological response were made in order to address the second recommendation from 

Chapter 3. Series A and B experimental runs investigated the effect of systematic changes in 

magnitude and duration of unsteady flow events, respectively. The effect of these two unsteady 

flow event hydrograph characteristics on the response of the sediment transport rates, bed 

morphological adjustments and change in the average grain size of the transported material 

were examined (see Chapter 4). The following five main conclusions were drawn:  

1. The experimental flood stage specific volumetric bed load transport rate increases 

linearly with systematic increases in the magnitude and duration of the unsteady flow 

event. Increases in discharge magnitude had a greater effect on the sediment transport 

rate response than the changes in duration of the unsteady flow event.  

2. The specific bed load transport rate during all eight experimental runs of Series A and 

B demonstrated hysteretic behaviour. Clockwise hysteresis occurs when the maximum 

sediment transport rate occurred before the hydrograph time to peak and counter-

clockwise hysteresis occurs when the opposite occurred. Results indicated that 

unsteady flow events of greater magnitude and longer duration exhibit clockwise 

hysteresis while shorter duration events demonstrate counter-clockwise hysteresis of 

the sediment transport rates.  
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3. Generally, sediment transport rates calculated with steady flow expressions drastically 

under-predict the flood stage sediment transport rates. The factor by which calculated 

specific volumetric bed load transport rate (assuming steady flow conditions) under-

predicts the experimental specific volumetric bed load transport rate (during unsteady 

flow conditions) increases as the relative discharge magnitude of the unsteady flow 

event increases. For a constant discharge magnitude, the factor by which the calculated 

specific volumetric bed load transport rate under-predicts the experimental specific 

volumetric bed load transport rate remains relatively constant as the duration of the 

event increases.  

4. Generally, the average bed form height increases in response to an unsteady flow event 

(increases both with increase in discharge magnitude and duration of event). Smaller 

magnitude unsteady flow events increased the height of the bed forms during the flood 

stage and decreased the height of the bed forms during the post-flood stage, exhibiting 

counter-clockwise hysteresis of the sediment transport rates. Larger magnitude 

unsteady flow events decreased the height of the bed forms during the flood stage and 

increased the height of the bed forms during the post-flood stage, exhibiting clockwise 

hysteresis of the sediment transport rates.   

5. The average grain size of the sediment in transport during the flood stage exhibited 

counter-clockwise hysteresis regardless of the changes in magnitude or duration of the 

unsteady flow event. Larger magnitude unsteady flow events emphasize the effect of 

the hysteresis in the average grain size of the sediment in transport while alterations in 

the duration of the event maintain a relatively constant average grain size of the 

sediment in transport.   

6.1.3 Effect of unsteady flow event hydrograph shape on bed 
morphological response 

The effect of the shape of the hydrograph (i.e., time-to-peak flow) of unsteady flow events on 

the bed morphological response was also investigated to address the second recommendation 

from Chapter 3. Series C experimental runs investigated systematic changes in the hydrograph 

time-to-peak flow on the response of sediment transport rates and bed morphology. Similar to 

Chapter 4, the effect of altering the unsteady flow event hydrograph shape on experimental 
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and predicted sediment transport rates, bed morphological adjustments, and the change in the 

average grain size of the transported material were examined (see Chapter 5). The following 

six main conclusion were drawn from this work:  

1. The predicted sediment transport rates generally underestimate the experimental 

sediment transport rates during unsteady flow event hydrographs of varying time-to-

peak flow (or skewness).  

2. As the hydrograph time-to-peak flow increases, the magnitude of the experimental 

sediment transport rate in response to the unsteady flow event decreases but the time-

to-peak sediment transport increases.   

3. Asymmetrical (skewed) hydrographs produce clockwise hysteresis (sediment transport 

rate time-to-peak occurs prior to the hydrograph time-to-peak) while counter-clockwise 

hysteresis (hydrograph time-to-peak occurs prior to the sediment transport rate time-

to-peak) is observed for symmetrical hydrographs.  

4. Bed form geometry exhibits a lag-in-time (hysteresis) effect before it adjusts to the 

hydrograph time-to-peak. In all hydrographs shapes (asymmetrical and symmetrical 

skewness) the bed form geometry decreases during the maximum discharge period of 

the unsteady flow event, and then increases during the next time-step.  

5. The average grain size of the sediment in transport exhibited a counter-clockwise lag-

in-time that occurs at a later time step as the time-to-peak flow of the hydrograph 

increased.   

6. The dimensionless relationship between tlag/duration and the relative discharge 

magnitude of the unsteady flow event hydrograph were used to establish the proposed 

trend and function that can be used to estimate the time that the maximum specific 

volumetric bed load rate occurs at for unsteady flow event magnitudes below 2.00 times 

greater than base-flow conditions. 
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6.2 Engineering implications 

This thesis has made considerable contributions towards evaluating the effect of various 

unsteady flow event hydrograph characteristics (i.e., magnitude, duration and time-to-peak 

flow) on sediment transport and bed morphological response. As discussed in Chapter 1, 

riverine flooding is a global issue that affects both infrastructure and society. Due to the 

increase in the frequency and duration of flooding events, an increase in river management, 

engineering and restoration efforts are required in order to mitigate adverse effects.  

Engineered structures such as dams are designed to mitigate riverine flooding. However, due 

to the occurrence of a greater number of extreme rainfall events in some areas of the world, 

reservoirs are filling at a faster rate. This requires more frequent reservoir flushing operations 

which can result in an increase in the frequency of downstream changes in discharge. 

Determining the lag-in-time for a pre-determined magnitude will allow engineers to design 

flushing events with a sufficient duration to deposit a specific volume of sediment at an exact 

location downstream. Present river and dam management guidelines will need to adjust in order 

to minimize adverse impacts of downstream riverine flooding as a result of these unsteady flow 

events. In order to do so, a comprehensive understanding of sediment transport and bed 

morphological changes in response to unsteady flow events must is required to develop more 

reliable predictive models that will guide river and dam management strategies.  

Similarly, results from this thesis can also be applied to river channel design projects in order 

to design rivers to be able to withstand the projected changes in discharge. Traditional channel 

design methods of channelization have been, for the most part, abandoned. New and innovative 

channel design philosophies aim to consider the behaviour of sediment transport rates and bed 

morphological changes during unsteady flow events in order to design effective riverine 

systems that are able to withstand the adverse effects of floods of varying magnitude, duration 

and time-to-peak flows.  

Finally, the results of this thesis can also be applied to improve numerical modeling capabilities 

and accuracy. Experimental results and the equation proposed for unsteady flow events of 

varying magnitude, duration and time-to-peak flows will allow for calibration and validation 

of numerical models to improve the capability of numerical modeling to predict this behaviour. 
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This will allow for more reliable application of numerical modeling tools  in real world 

engineering projects.  

6.3 Recommendations for future research 

Future research on this topic is required in order to accurately quantify the effect of unsteady 

flow events on bed morphological response at a larger model or field-scale. The following 

recommendations for future research are suggested:  

1. Assess the duration and shape (i.e., time-to-peak flow) of the unsteady flow event 

where counter-clockwise sediment transport rate hysteresis changes to clockwise 

hysteretic behaviour. Further, investigate whether this phenomenon occurs at other 

unsteady event discharge magnitudes.  

2. Examine the effect of greater magnitude unsteady flow events that are more 

representative of field scale riverine floods. This will allow for more accurate scaling 

of laboratory results to real-world conditions.  

3. Quantify bed morphological and sediment transport rate adjustments during unsteady 

flow events in a compound channel to determine the effect of the floodplain hydraulics 

during unsteady flow events. This will investigate the response to an unsteady flow 

event that overtops the main channel banks and inundates the floodplains.  

4. Investigate the effect of unsteady flow events on meandering river morphological 

adjustments. This will contribute to developing more resilient channel design efforts 

that focus on re-meandering previously channelized river systems.  

5. Validate the proposed predictive function for the magnitudes of unsteady flow 

conditions greater than 2.00 times greater than base-flow conditions in laboratory, 

numerical and field-scale models.  
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Appendices  

Appendix A: Schematic definition of hysteresis 

 

Figure 30: Schematic of a) clockwise and b) counter-clockwise hysteresis of sediment 

transport rates during unsteady flow events 
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Appendix B: Laboratory facility 

 

Figure 31: Sediment transport flume at the University of Western Ontario in London, 

Ontario, Canada 
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Appendix D: Grain size analysis 

 

Figure 33: Grain size analysis of present material (well-sorted, medium sand with D50 of 

0.36 mm) 
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Appendix G: Bed elevation measurement point gauge 

 

Figure 34: Schematic of bed elevation measurement point gauge 
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Appendix H: Sediment transport trap 

 

  

 

Figure 35: Sediment transport trap installed at the exit of the flume 
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Appendix M: Calculated specific volumetric bed load transport rates for 

the experimental runs of Series C 

Table 21: Summary of predictive sediment transport equations for  experimental runs 

of Series C 
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