
 

Protocols for scaling morphodynamics  
in time 

 

Deliverable 8.III 
 

 

 

 

 

 

 

Status:  Public document 

Version:  2.2 

Date:  Sunday, 30 December 2018 

 

 

EC contract no 654110, HYDRALAB+  

https://www.google.no/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiFz8uq9avfAhUIs4sKHayNDSkQjRx6BAgBEAU&url=https://commons.wikimedia.org/wiki/File:CC-BY_icon.svg&psig=AOvVaw2UYSq5m1V2SI4AdDs1b80y&ust=1545309686951033


       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 2 Sunday, 30 December 2018 

DOCUMENT INFORMATION 

Title Protocols for scaling morphodynamics in time 

Editors/lead authors Pierre-Yves Henry & Jochen Aberle (NTNU) 

Contributors Pierre-Yves Henry, Jochen Aberle (NTNU); Pierre-Georges Anquetin (Artelia); 
Florient Grasso (Ifremer); Bas Bodewes, Rocio L. Fernandez, Stuart McLelland 
(UHull); Davide Vettori (ULoughborough); Iván Caceres, Andrea Marzeddu 
(UPC); Francisco T. Pinto (UPorto). 

Distribution The drafts were distributed to members of JRA1. The final document is public 

Document Reference DOI:   10.5281/zenodo.2420824 

DOCUMENT HISTORY 

Date Revision Prepared by Organisation Approved by Status 

30/12/2018 2.1 PYH/JA NTNU  Project only 

31/12/2018 2.2 PYH/JA NTNU Frans Hamer 

– Hydralab+ 

Coordinator 

Public 

ACKNOWLEDGEMENT 

The work described in this publication was supported by the European Community’s Horizon 2020 

Programme through the grant to the budget of the Integrated Infrastructure Initiative HYDRALAB+, 

Contract no. 654110. 

DISCLAIMER 

This document reflects only the authors’ views and not those of the European Community. This work 

may rely on data from sources external to the HYDRALAB project Consortium. Members of the 

Consortium do not accept liability for loss or damage suffered by any third party as a result of errors 

or inaccuracies in such data. The information in this document is provided “as is” and no guarantee or 

warranty is given that the information is fit for any particular purpose. The user thereof uses the 

information at its sole risk and neither the European Community nor any member of the HYDRALAB 

Consortium is liable for any use that may be made of the information. 

LICENCE 

This report is licensed under the Creative Commons Attribution-ShareAlike 4.0 International License. 

To view a copy of this license, visit http://creativecommons.org/licenses/by-sa/4.0/  

http://creativecommons.org/licenses/by-sa/4.0/


       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 3 Sunday, 30 December 2018 

CITE AS 

Henry, P.Y., Aberle, J. (2018). Protocols for scaling morphodynamics in time. Hydralab+ Deliverable 

D8.3. Zenodo. http://doi.org/10.5281/zenodo.2420824 

ABSTRACT 

This deliverable reviews the current knowledge and know-how regarding the scaling of time-

dependent morphodynamic processes in physical laboratory studies, to address the Climate Change 

related evolution of different kinds of aquatic environments ranging from fluvial to coastal systems. 

Based on this review, protocols are derived to aid with the design and the determination of time-scales 

of physical models where sediment transport processes and the morphodynamic evolution of aquatic 

environments are in the focus. The results from this deliverable shows that well designed movable bed 

models are still and will further be a valuable tool for studying complex morphodynamic processes and 

features across a wide range of spatial and temporal scales for different river channel morphologies 

and coastal environments. 

KEYWORDS 

Similitude; Similarity; Scaled model tests; Morphodynamics; Time scales; Scale effects; Modeling; 

Climate Change.  

http://doi.org/10.5281/zenodo.2420824


       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 4 Sunday, 30 December 2018 

TABLE OF CONTENTS 

Document Information ............................................................................................................................ 2 

Document History ................................................................................................................................... 2 

Acknowledgement ................................................................................................................................... 2 

Disclaimer ................................................................................................................................................ 2 

Licence ..................................................................................................................................................... 2 

Cite as ...................................................................................................................................................... 3 

Abstract ................................................................................................................................................... 3 

Keywords ................................................................................................................................................. 3 

1. Background ...................................................................................................................................... 6 

1.1. General description and objectives of the deliverable ........................................................... 6 

1.2. The experimental modelling framework ................................................................................. 7 

1.2.1. The concept of similitude/similarity ................................................................................ 8 

1.2.2. Similarity in morphodynamic models .............................................................................. 9 

1.2.3. Time scales and Climate Change ................................................................................... 11 

2. Scaling laws and scale effects ........................................................................................................ 11 

2.1. Scaling principles ................................................................................................................... 12 

2.1.1. Scaling laws and specific model types ........................................................................... 12 

2.1.2. Bed load and suspended load model types ................................................................... 17 

2.2. Time scales ............................................................................................................................ 19 

2.2.1. Time scales for fixed bed models .................................................................................. 19 

2.2.2. Time scales for movable bed models ............................................................................ 20 

2.2.3. Time scales in coastal models ....................................................................................... 22 

2.3. General approaches for scaling morphodynamics in time .................................................... 23 

2.3.1. The use of lightweight sediments ................................................................................. 25 

2.3.2. Other alternatives ......................................................................................................... 34 

2.3.3. Examples of coupling the hydrodynamic and morphologic time scales ....................... 35 

3. Protocols for time compression in morphodynamic experiments ................................................ 36 

3.1. Fluvial environment ............................................................................................................... 37 

3.1.1. Dynamic river channels: braiding and meandering ....................................................... 37 

3.1.2. Bed load transport and bed forms ("in channel processes") ........................................ 41 

3.2. Coastal environment ............................................................................................................. 42 

3.2.1. Short wave models: Shoreline profile evolution and cross shore transport ................. 42 

3.2.2. Combined long and short wave models: Dynamics of coastal systems ........................ 45 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 5 Sunday, 30 December 2018 

3.3. Tidal and estuarine environment .......................................................................................... 47 

3.3.1. Long wave models with mobile bed .............................................................................. 47 

3.3.2. Deltas and bays.............................................................................................................. 51 

4. Conclusions and outlook ............................................................................................................... 53 

5. References ..................................................................................................................................... 55 

 

Tables 

Table 1  Time scales for bed load dominated models in rivers…………………………………………..…...20 

Table 2:  A review of morphodynamic investigations using lightweight sediments (experimental  

   applications) and large time scaling/distortions ………………………....……………………..…...30 

Figures 

Figure 1    Illustration of a hydraulic scaled model investigating the morphological response of a  

   river to various hydrographs (Henning et al. 2008)…………………………….....……………………7 

Figure 2    Barrier overwash morphology in the field and laboratory (Lazarus 2016) …………..…......8 

Figure 3  The relative application of different approaches for physical modelling, as developed  

   by Baynes et al. (2018)……………………………………………………………………………………………..10 

Figure 4 The extended Shields diagram, based on the particle Reynolds number Re*……………..24 

Figure 5 Polysterene sediments used in the BAW-Oder model shown in Figure 1……………………25 

Figure 6 Use of PMMA sediments to model bed load and suspended transport during  

   investigations on beach profile evolution (Rocha 2016)…………………………………………….27 

Figure 7 Scanner of channel evolution of a meandering river (van Dijk et al. 2012)…………………39 

Figure 8 Techniques developed for the Oder model (Figure 1) to level the sediments, drain the  

   model and measure the water levels (Hentschel  2007)..…………………………………………..42 

Figure 9 View of the 3D short-wave model used by Silva et al. (2011)……………………………………..43 

Figure 10 Wave maker, scale model construction, and model operation without/with coastal  

   structures on the Kalaat Landalous sandy spit (Anquetin et al. 2006)………………………..45 

Figure 11 Plan view of the filling and drainage system of the Elbe estuarine model reported by  

   Vollmers and Giese (1972, 1973)………………………………………………………………………………48 

Figure 12  Physical scale model of the Rhone delta in Lake Geneva (Bollaert et al. 2017)……………50 

Figure 13 Plan view of the scale model set-up of investigating the morphodynamics of Mont  

   St Michel’s inner bay (Viguier et al. 2002)………………………………………………………………….51 

Figure 14 Scaled morphodynamic model of the Mont St Michel inner bay at low tide……………….52 

 

 

  



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 6 Sunday, 30 December 2018 

1. BACKGROUND 

1.1. GENERAL DESCRIPTION AND OBJECTIVES OF THE DELIVERABLE 
 

The ongoing evolution of Earth’s climate will result in major changes of our current environment, some 

of which we can now start detecting and understand (e.g., Pelletier et al. 2015, Perry et al. 2015, Årthun 

et al. 2018, Hartter et al. 2018). Historically, these changes have occurred over time scales that are 

typically short from a geological point of view, but large from a human point of view (Farmer and Cook, 

2013). However, since the beginning of industrialization, human activities have accelerated Climate 

Change and in 2017, human-induced warming reached approximately 1°C above pre-industrial levels. 

If the global warming continues to increase at the current rate, it is likely to reach 1.5°C between 2030 

and 2052 (IPCC 2018). Thus, the present Climate Change effects will impact Earth's environment on a 

range of time scales spanning from single events (e.g. heavy rainfalls; Cifrodelli et al. 2015) to multi-

decennial trends (e.g., Garner et al. 2018, Willner et al. 2018), and its consequences are therefore of 

interest for many scientific disciplines.  

The possibility to model the effects of Climate Change on the aquatic environment at different 

timescales is therefore a central challenge for experimental investigations. The experimental 

investigation of hydraulic processes in scaled models is a powerful approach as it allows for the 

modification of the time scales, either in an attempt to reproduce a miniature facsimile of the real 

world or to create a small system presenting similar features. Most of the presently conducted 

experiments are designed for boundary conditions representing a possible future climate state, but 

the impact of Climate Change will be progressive over time, and experimental methods to study the 

morphological response of water bodies to longer-term trends are lacking (Baynes et al. 2018). Indeed, 

our understanding of how to compress or extend the relation between model time and real time is not 

well understood, particularly regarding morphodynamic processes. Therefore, there is a critical need 

to develop new approaches to physical modelling, which better represent system evolution over 

longer time scales that account for relevant scaling criteria of flow and sediment transport.  

The main objective of this document is to review and discuss the existing scaling methodologies, 

investigate recent experimental advances and identify suitable physical scale modelling protocols to 

improve the representation of system evolution with scaling criteria for flow and sediment transport 

over time scales relevant to the management of Climate Change adaptation. Thus, this document is 

set to review and extend the current state of the art to: 

 Improve the understanding of the relation between model time and real time regarding 

morphodynamic processes; 

 Review the scaling criteria for simulating long term morphodynamic processes; 

 Investigate dynamic scaling and morphodynamic accelerations in distorted models to 

represent geomorphic work over longer time scales in a robust and repeatable manner; 

 Evaluate the significance of non-linear responses of sediment and accelerated model time.  

For this purpose, this document is based on a review of previous investigations published in the 

scientific and grey literature. New approaches for the implementation of the non-linear responses of 

sediment transport and accelerated model time in physical models are investigated such as the use of 

surrogate sediments (e.g. composite material, polymers) or model distortion. Some morphodynamic 

experiments carried out within the Hydralab consortium are also reported and discussed in order to 

refine the protocols to be used to model Climate Change effects on morphodynamics. 
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1.2. THE EXPERIMENTAL MODELLING FRAMEWORK 

Experimental modelling is closely related to hydraulic engineering, and experimental methods have 

continuously been adapted to the new needs within many scientific fields, including fluid mechanics 

(e.g., Muste et al. 2017). In the last century, hydraulic scale models have proven to be an effective and 

cost-efficient tool to investigate complex dynamic problems at reduced scales following the principle 

of similitude (e.g., Krey 1911, Rouse and Ince 1957, Spitzer et al. 2012a, b). Since then such models 

have been used to study and enhance the understanding of many different sediment transport and 

morphological processes across different spatial and temporal scales (e.g., Kleinhans et al. 2015). The 

high degree of experimental control in both physical scale models and process models allows for the 

simulation of varied or rare environmental conditions and hence to obtain measurements for 

conditions which cannot be measured, for example, at the prototype or prior to the construction of 

hydraulic structures (Hughes 1993). In addition, large scale morphodynamic models now offer the 

possibility to deepen the dynamic links between sedimentary time scales and hydraulic and hydrologic 

time scales, which is one of the keys to understand the morphodynamic evolution in a changing climate 

(Figure 1). In fact, experimental modelling has been successfully used to develop an improved 

understanding of how Earth systems operate and react in time, providing an essential link between 

field observations and theoretical, stochastic and numerical models, which are required to predict the 

impact of environmental changes on aquatic ecosystems (Thomas et al. 2014). Physical modelling 

therefore plays a key role for the development of a better understanding of Climate Change related 

impacts by improving our ability to predict these impacts and, thus, to help adapt to Climate Change 

related challenges (Frostick et al. 2011, 2014). 

 

Figure 1 - Illustration of a hydraulic scaled model investigating the morphological response of a river to various hydrographs 
- the model of the Oder at Hohenwutzen at the Federal Waterways Engineering and Research Institute (BAW) in Germany 
(Henning et al. 2008). The model is built with a horizontal length scale of 1:100 and a vertical length scale of 1:40, thus with 
a distortion of 2.5. The full length of the model is 80 m, or 8 km in nature. The model bed is made of solid banks with groins 
and dams and the movable lightweight sediments are a polystyrene plastic granulate. 
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1.2.1. The concept of similitude/similarity 

Experimental investigations are essential to any research field dealing with hydraulics and fluid 

mechanics because such experiments allow for a representation of complex processes in similitude to 

a real situation (Rowinski 2011). The concept of similitude is based on the quantification of the ratios 

of defined parameters in the model and in the prototype situation (e.g., Ettema and Heller 2017). If 

these scale ratios are kept constant between the model and the prototype (e.g., length, velocity, 

and/or force scale ratios), then the similitude is achieved in the model (e.g., geometric similarity, 

kinematic similarity, and/or dynamic similarity). Because the similitude is defined by a precise 

mathematical framework, a direct quantification of the processes modeled is possible by upscaling the 

results obtained according to the scaling laws defined by the similitude (Barenblatt 2003). However, a 

strict achievement of the similitude is often not possible, as, in the case of dynamic similitude, not all 

the force ratios can be kept constant at the same time (e.g., Heller 2011, Ettema and Heller 2017). 

Thus, compromises must be made when scaling down a prototype situation, leading to some relaxation 

of the scaling criteria. This implies that the degree of similitude of a scaled experiment varies from an 

application to another, depending on the processes dominating (e.g., Hughes 1993).  

The use of physical models allows for the simplification of complex systems (e.g., Bouma et al. 2005), 

the shortening of the timescales characterizing the morphological evolutions (e.g., Paola 2000), and 

the isolation and quantification of the impacts of individual forcing mechanisms on system behavior 

(e.g. Wong and Parker 2006, Lamb and Dietrich 2009). Experimental modelling therefore provides an 

integral tool for the understanding and modelling of environmental systems due to the opportunity 

for understanding the dynamics of complex physical processes in the natural environment, as well as 

the development and calibration of numerical models that can simulate how systems evolve in the 

future under a range of conditions (e.g., Coulthard and van de Wiel, 2012, Kaergaard et al. 2014, 

Williams et al. 2016, Banda 2018).  

 

Figure 2 - Barrier overwash morphology in the field and laboratory as investigated by Lazarus (2016): (top) Washover lobes 

along an undeveloped barrier island (Core Banks, North Carolina, USA; image from 2005, via Google Earth). (b) Generated 

overwash morphology with back-barrier features in the laboratory scaled model. Modified after Lazarus (2016). 
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The differences between the scaling approaches used in engineering applications or in landscape 

models are sometimes misunderstood or thought to be incompatible (Henry and Aberle 2018). 

However, these modelling approaches represent different examples of the notion of similarity. Paola 

et al. (2009) distinguish between different aspects of similarity: 

- Exact vs. statistical similarity: Exact similarity implies the conservation of the dimensionless 

ratios defined by the similitude at different scales and hence that the model is an identical 

scaled version of the prototype situation. Statistical similarity characterizes systems, which are 

statistically indistinguishable, but not identical. The latter case is the most commonly found in 

nature, for example with braided rivers.  

 

- Internal vs. external similarity: Internal similarity (also referred as self-similarity) implies that a 

small part of a system is similar to the whole system (fractal behavior), while external similarity 

refers to the case where a small version of a large system is similar to the large system (classic 

scaled model tests). 

 

- Natural vs. imposed similarity: As phrased by Paola et al. (2009): “Natural similarity occurs 

spontaneously, while imposed similarity is imposed by design.” 

For example, a hydrodynamically scaled experiment, which would be typically used in hydraulic 

engineering investigations for the design of hydraulic structures, is characterized by an exact, imposed, 

external, dynamical similarity (similitude); while the overwash experiments by Lazarus (2016), 

presented in Figure 2, are characterized by a natural internal (kinematic) statistical similarity. 

1.2.2. Similarity in morphodynamic models 

Because different degrees of similarity are characterised based on the chosen modelling approach, 

scaled model tests represent a variable tool to investigate morphodynamic processes. Given a well-

defined research question, each model type has its advantages and disadvantages. A classification of 

the different types of morphodynamic models is suggested in Figure 3 (presented and discussed by 

Baynes et al. 2018), and can be generalised as follow: 

- Process and calibration models (1:1 scale): such models are used to reproduce and isolate a 

physical process to improve its basic understanding, as well as to calibrate and support other model 

development (e.g. numerical simulations). The 1:1 scale is the only scale at which the true replication 

of natural environments is possible (e.g. Stratigaki et al. 2011). This approach has limitations when 

large spatial or temporal scales or complex behaviour are studied (Hasbergen and Paola 2000, Bonnet 

2009), as it does not enable prediction of progressive changes in system forcing at any faster rate than 

reality. It has thus limited application for the investigation of large-scale morphological changes. 

- Scaled models: these are models that are scaled down rigorously according to scaling criterions 

(no degree of freedom) to reproduce the force ratios of a prototype situation as accurately as possible 

(with undistorted/distorted models). This is a predictive approach were physical processes can be 

quantified. As described in Section 2, scaling flow characteristics using Froude-similarity and 

considering specific scaling criteria for sediment transport allows for scaled versions of a specific 

geomorphic feature to be analysed. However, scale reduction based on Froude-similarity combined 
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with the scaling of sediment transport processes is limited by sediment properties due to the 

increasing dominance of cohesive forces as sediment sizes get smaller (see Section 2). 

- Analogue models: these are models where force ratios are not strictly quantified (larger degree 

of freedom), and where the focus is on well-defined features of interests which appear to be scale-

independent. This is rather a conceptual approach were processes and time scales can be assessed a 

posteriori (i.e. when analysing the processed datasets). This approach was first advocated by Hooke 

(1968) and a formal scaling between the experimental conditions and a target natural system is not 

sought or achieved (Peakall et al. 1996, Paola 2000). In contrast, the experimental setup is treated as 

a system in its own right, with qualitatively similar behaviour to the natural setting, possibly achieved 

through different processes, allowing for the reduction of the model-size and duration of experiments. 

Although there is no exact similarity allowing for a direct upscaling of the results, this approach 

provides the opportunity to explore a wider range of processes and behaviours (e.g., Hasbergen and 

Paola 2000, Lague et al., 2003, Tal and Paola, 2007, Malverti et al. 2008, Paola et al. 2009, Wickert et 

al. 2013, Kleinhans et al. 2015). 

 

Figure 3 - The relative application of different approaches for physical modelling, with different approaches being more 
appropriate for modelling processes over different spatial and temporal scales. Redrawn and modified after Baynes et al. 
(2018) and Peakall et al. (1996). 

Considering the potential effects of Climate Change on the morphological regimes of hydraulic 

systems, Baynes et al. (2018) evaluated the suitability of the different modelling approaches to capture 

processes over time scale of typically 101-102 years. As suggested in Figure 3, these time scales fall 

between the classical distorted scaled models and the analogue models. Baynes et al. (2018) thus 

identified a fourth type of morphodynamic models, so-called “process-focused” models, where the 

use of lightweight sediments and the innovative representation of biostabilisation in experiments 
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allow for the extension of the time scale in scaled models or for the compression of time scales involved 

in analogue models. Examples of process-focused models include the experiments of by Friedkin 

(1945) aiming at the investigation of river meandering and the braided river experiments by Ashmore 

(1988). Many practical applications of such models indicate their suitability in studying 

morphodynamic processes within fluvial as well as coastal environments (Hughes 1993, Willson et al. 

2007, Kleinhans et al. 2014). 

As for experimental investigations, numerical simulations also offer the possibility to focus on various 

times scales depending on the scope of the investigations, with different approaches such as reduced 

complexity models, cellular automata, physics-based models, shallow water hydro-sediment-

morphodynamic modelling, or other computational fluid dynamics approaches. In addition, some of 

these models offer the possibility to incorporate external factors such as biological and societal inputs. 

Although not directly within the scope of this report, the use of numerical approaches in combination 

with experimental investigations or analyses of available field data (e.g. hybrid modelling or data-

driven morphological prediction methods) may offer an alternative to counteract the limitations of the 

scaled/analogue models to reproduce correctly the various time scales representative of 

morphodynamic processes (e.g. Harb et al. 2014, Reeve et al. 2016, Mustafa et al. 2017). 

In conclusion, the goal of an experiment is to achieve the maximum degree of similarity between the 

model and prototype situation. Paola et al. (2009) discussed in detail the use of natural similarity and 

scale independence of processes to model situations where dynamic similarity is impossible (e.g. 

landscape experiments involving large spatial and temporal scales). Baynes et al. (2018) identified 

possibilities to fill the gaps between classic scaled models and analogue models. This report takes these 

considerations further by reviewing the fundamentals of the scaling laws and scale effects in 

morphodynamic models and hence the current state of the art of morphodynamic physical modelling. 

More precisely, the time scaling of morphodynamic processes is investigated in detail and addressed 

based on the latest experience obtained in European laboratories.  

1.2.3. Time scales and Climate Change 

Climate Change involves long time scales, and physical modelling for Climate Change adaptation faces 

the challenge of incorporating and scaling non-linear responses across a range of temporal and spatial 

scales resulting from long term changes in event frequency and magnitude. Until today, most 

considerations on the impact of Climate Change on the aquatic environment have been based on 

stationary boundary conditions reflecting a possible future climate scenario. Focusing solely on the 

final stage of a future scenario neglects that Climate Change is a progressive process which develops 

over time. In particular, the morphology of riverine, estuarine and coastal environments will develop 

progressively over time in response to long term changing boundary conditions. In order to address 

challenges related to Climate Change it is therefore crucial to develop an understanding of how these 

environments will adapt to this change over time and finally behave under a different climate regime.  

2. SCALING LAWS AND SCALE EFFECTS 

The morphology of alluvial river channels, and estuarine, coastal and marine environments is governed 

by the complex interactions between sediment transport and flow processes (e.g., Church 2002, 2006, 

DWA 2015, van Maanen et al. 2016) as well as further important factors such as sediment yield, 
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succession, land use, and sea level rise (e.g., Blum and Törnqvist 2000, Lane et al. 2007, Pelletier et al. 

2015, Nicholls et al. 2016). The processes governing sediment transport and morphological 

development depend on a wide range of spatial and temporal scales ranging from a few seconds at 

the grain scale (e.g., incipient motion, grain motion) through hours and days (e.g., movement of bed 

forms such as dunes, scouring at bridge piers), years and decades (e.g., evolution of floodplains) to 

geological time scales (e.g., evolution of catchments) (Kern 1994, Kleinhans et al. 2015).  

Focusing on the modelling of morphodynamic processes in scale models, this section addresses the 

crucial issue of how to compress or extend the relation between model time and real time. This 

emphasis is important for modelling the evolution of the morphology of water bodies in response to 

Climate Change effects. These effects define the (varying) boundary conditions for designing and 

running the model but not the scaling laws themselves, even though the latter govern the overall 

design. Consequently, existing methods for the representation of morphodynamic processes over 

longer time scales in scale models are reviewed, scaling laws are addressed, and scale effects are 

highlighted. The scaling of suspended sediment transport is only partly mentioned, as bed load 

transport is the most influential parameter in the morphodynamic evolution of water bodies (e.g., 

Church, 2006). It must be mentioned that suspended load can also contribute to channel morphology 

(e.g., deposition in still water zones), but its transport is directly related to flow characteristics. Hence, 

the time scales associated with the transport of suspended sediment are governed by hydraulic time 

scales, which will be briefly mentioned below. 

Not all studies referenced in the following are described in depth as most studies are based on the 

same scaling laws. Section 2.1 reviews the basic concepts associated with scaling morphodynamic 

processes, while Section 2.2 deals with the effects of these scaling procedures on the different time 

scales involved in a physical model. Finally, Section 2.3 details the strategies typically adopted to 

minimise the scale effects generated by the distortion of the time scales. Last but not least, the focus 

is set on physical models and numerical modelling studies are not described.  

2.1. SCALING PRINCIPLES 

As discussed in the previous section and illustrated in Figure 3, prototype models represent a 1:1 

replica of the prototype in which flow and sediment dynamics can be recreated with little or no 

difference from the prototype. Such models are mainly used to study physical processes at the smallest 

spatial and temporal scales (e.g., incipient motion, bed form generation). Froude scale models are a 

common engineering tool for the design of hydraulic structures covering larger spatio-temporal scales, 

while distorted models (models with different geometrical scale ratios in the horizontal and vertical 

directions), and unscaled analogue models attempt to reproduce selected properties of the prototype 

(Peakall et al. 1996). In these models the time passes generally faster than in the prototype which 

makes them attractive to study Climate Change effects. However, as will be outlined below, their 

design can be challenging since the time scales for flow dynamics are generally quite different from 

the time scales of fluvial processes (Tsujimoto 1990).  

2.1.1. Scaling laws and specific model types 

Scaling laws used to design hydraulic models can be derived using dimensional analysis (e.g., 

Buckingham 1914, Barenblatt 2003). An important prerequisite for the design of a physical model is 
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the dynamic similarity ensuring a constant prototype-to-model ratio of masses and forces acting on 

the system (e.g., Einstein and Chien 1956, Yalin and Kamphuis 1971, Kobus 1978, Hughes 1993, Frostick 

et al. 2011, Sánchez-Arcilla et al. 2011) so that the derived dimensionless parameters are equal in 

model and prototype. A perfect dynamic similarity is not achievable for model scales deviating from 

the prototype scale, i.e. it is not possible to design a downscaled model so that the relative influence 

of each individual force acting on a system remains in proportion between prototype and model. 

Scaled models must therefore be designed in a way that the important force ratios are maintained 

while providing justification for neglecting other force ratios. Neglecting force ratios can result in scale 

effects if the model is operated at boundary conditions where such force ratios are important; in other 

words, there will be a divergence between up-scaled model measurements and real-world prototype 

observations. Scale effects become more significant with increasing scale ratio and their relative 

importance depends on the investigated phenomenon (Heller 2011). In any model scale effects will 

have to be accepted. Scale effects relevant for coastal and fluvial scale models are discussed in detail 

in e.g. Yalin (1971), Hudson et al. (1979), de Vries et al. (1990), de Vries (1993), Hughes (1993), Ettema 

and Muste (2002), Sutherland and Whitehouse (1998), Heller (2011) and Ettema and Heller (2017).  

Fluid flow governs the morphodynamic evolution of water bodies, and the most commonly used 

scaling criteria for fluid flow is Froude-scaling requiring similarity in the Froude number in model and 

prototype. This scaling law ensures the constant ratio between inertia and gravitational forces in model 

and prototype and is of significance for open channel flows so that the water surface will be adequately 

replicated in the model (Kobus 1978). There exist further hydraulic scaling criteria focusing on the ratio 

of other forces with inertial forces (e.g., Kobus 1978, Novak et al. 2010, Muste et al. 2017) which are 

partly mentioned below when highlighting scale effects in different model types.  

In the following section, it is assumed that the model studies are carried out with water as model fluid 

so that the ratio of fluid properties in model and prototype such as fluid density ρr, fluid dynamic and 

kinematic viscosity µr and νr, respectively, are equal to one; the subscript r denotes the ratio between 

model (m) and prototype (p). Finally, although beyond the scope of this review, it is worth mentioning 

that scaling considerations for morphological processes in extra-terrestrial environments are also 

possible (e.g., aeolian dunes on Mars and Venus; Claudin and Andreotti 2006, Dietrich et al. 2017).  

Fixed bed models 

Fixed bed models are characterized by a stable bathymetry (i.e. no sediment transport). Considering 

uniform open-channel flow over a fixed-bed in a wide channel, i.e. a width to depth ratio > 30 so that 

the hydraulic radius can be replaced by the water depth h, dimensional analysis results in  

 fct. , ,
k

Fr Re S
h

 
  

 
 (2.1) 

where Fr = U/(gh)0.5 denotes the open-channel Froude number (with U = flow velocity, g = gravitational 

acceleration, h = water depth), Re = Uh/ν the Reynolds number (with ν = kinematic viscosity), k/h the 

relative roughness (with k = roughness length scale which is often expressed in terms of the grain 

diameter d), and S the bed slope.  

Within a Froude-scaled model, the flow Reynolds-number Re = Uh/ν will differ between the model and 

prototype (e.g., Heller 2017). Therefore, to avoid scale effects, the flow regime in both the model and 

prototype needs to be fully turbulent. Moreover, the relative roughness k/h (or submergence h/k) and 
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the slope S need to be the same in a non-distorted Froude model. The roughness can be scaled 

considering similarity in the Darcy-Weisbach friction factor, which in turn depends on k/h, or 

alternatively considering similarity in the Chézy-coefficient or Manning number. However, as the latter 

two coefficients have dimensions, they also need to be scaled.  

Distorted models are characterised by different horizontal and vertical length scales. Thus, the 

distortion leads to scale effects in the flow field (e.g., Higuchi et al. 1978, Lu et al. 2013, Zhao et al. 

2013) so that geometric similarity must be replaced by geometric affinity (de Vries 1993). Distortion is 

not acceptable in a model where the vertical velocity components are important, but vertically 

distorted models are acceptable for uniform, non-uniform and unsteady flow conditions with relatively 

slow vertical motion (Novak et al. 2010). For example, considering scale models of rivers, the horizontal 

dimensions involved are commonly much larger than the vertical dimensions and this will lead to 

unrealistic scales if the vertical scale (hr) is selected equal to the horizontal length scale (Lr) (de Vries 

1993). Additional care needs to be taken in regard to potential scale effects due to water surface 

tension if the water depth in the model is low (e.g. Hughes 1993, Peakall and Warburton 1996, van Rijn 

et al. 2011) or if the model is operated with varying background water levels (e.g., to simulate tidal 

effects) since the effect of wetting and drying bank material will change its behaviour, especially when 

using lightweight material (LWI 2010).  

Movable bed models  

Movable bed models represent a two-phase flow with a solid and fluid phase (e.g., Yalin 1959). While 

the flow is generally Froude-scaled, the similarity in sediment movement depends on a set of 

additional dimensionless parameters which are the grain, or particle Reynolds-number Re* = u*d/ν, the 

Shields-number (also partly known as densimetric Froude-number) Fr* = ρu*
2/[(ρs - ρ)gd], the relative 

sediment density ρs/ρ, relative submergence h/d (which is in accordance with the definition used for 

fixed bed models if k is replaced by d, a characteristic grain size diameter such as d50), and relative fall 

speed vs/u* , also referred as Rouse number (e.g., Yalin 1973, Hughes 1993, Peakall et al. 1996). In these 

definitions, ρ and s denote the fluid and sediment density, respectively, u* the shear velocity (u*
2= 

0/ for steady uniform open channel flow, with 0 = bed shear stress), and vs the fall velocity of 

particles. In order to obtain perfect similitude for sediment transport processes, all these quantities 

would have to be equal in the model and prototype. Assuming that water is used in both the model 

and prototype (i.e., r = r = 1), this results in the following criteria, for which the dimensionless 

numbers are formulated for unidirectional flow conditions: 

 * * 1 r r rRe d u  (2.2) 
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In the case of wave action, wave characteristics become important and need to be considered for 

scaling of hydrodynamics (e.g. Yalin and Russel 1962, Le Mehaute 1970, Hudson et al. 1979, Hughes 

1993, van Rijn et al. 2011). For unidirectional flows the shear velocity can be determined via u* = (ghS)0.5 

so that, for such conditions, equation (2.3) can be written as: 

 
 
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* 1r
r

s r rr

h
Fr

L d 
 


 (2.7) 

A general problem encountered in the scaling of shear velocity u* (or bed shear stress) is that this 

similarity assumes a flat bed which is not necessarily the case because the bed topography of most 

coastal and alluvial environments is characterized by bed forms or other morphological features (e.g., 

Hughes 1993, LWI 2010). If the bed topography or ‘form roughness’ is not adequately scaled, scale 

effects will automatically be induced. In this context, Gorrick and Rodriguez (2014) used a non-

distorted model of a sand-bed stream to demonstrate the importance of bed forms for the scaling of 

Fr* and Re* (the latter was expressed in terms of Re*Fr*
-0.5) as well as the sediment size distribution. 

They acknowledged scale effects due to incorrect scaling of relative roughness in such models (i.e. 

violation of equation (2.5)) but found that for sediment beds with bed forms, or in other words 

situations where the form drag dominates over grain friction, the relative submergence criterion may 

be violated as dune dimensions depend mainly on the Shields number (also denoted as densimetric 

Froude number in this report). 

In general, well-designed movable bed models have been shown to be a valuable tool for studying 

morphodynamic processes and features across a wide range of spatial scales for different river channel 

morphologies and coastal environments (e.g., Bruun 1966, Hudson et al. 1979, Hughes 1993, Peakall 

et al. 1996, Paola et al. 2009, LWI 2010, Green 2012, El Kadi Abderrezzak et al. 2014, Kleinhans et al. 

2014, Bennet et al. 2015, Yager et al. 2015, Kleinhans et al. 2015). There exist many different studies 

investigating, for example, the effect of training structures on the flow and morphology of water 

bodies; local and reach wide morphological development of sand bed rivers and braided gravel bed 

rivers; step-pool systems to beaches and coastal areas. A detailed overview of each individual study is 

beyond the scope of this report, but an overview of different approaches is given in section 2.3.1 and 

in the protocol section (chapter 3) of this report.  

The bed-load transport under waves is characterized by an oscillatory sheet flow, which can be 

characterized by the so-called Sleath number, the ratio of inertial forces to gravitational forces acting 

on individual grains of sediment (Zala Flores and Sleath 1998). Scaling the wave-induced sediment 

transport to keep similarity in the regime for the Sleath number, Henriquez et al. (2008) reported that 

excessively high values of this number (> 0.2) will induce a sediment movement earlier than predicted 

by the Shields curve. In addition, the mode of transport can become different and sediment will start 

to move as a block, also known as plug flow (Madsen 1974, Foster 2006). 

More specifically, van Rijn et al. (2011) re-analyzed the scaling laws for beach and dune erosion 

processes. Since all the important dimensionless numbers that characterize sediment transport 

dynamics cannot be satisfied simultaneously, they proposed that, for accurate scale modelling, it is 
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sufficient that these dimensionless numbers are constrained within a certain range, rather than 

imposing a fixed value. van Rijn et al. (2011) suggested that for coastal scale models, the most relevant 

requirement is to attain similarity of the cross-shore equilibrium bed profiles between prototype and 

model, particularly in the surf zone and the beach and dune zone. In practice this means that the most 

important criteria for experimental design is the accurate representation of the beach and dune 

erosion volumes. Following this principle, a general set of scaling laws was derived, valid for both beach 

and dune erosion volumes under storm conditions with dimensionless parameters describing the 

equilibrium erosion volumes that are the same in model and prototype. 

In all these studies it has been ascertained that, in practice, complete similarity in all dimensionless 

ratios for the combination of scaling laws for fixed and movable bed models is not possible. As outlined 

before, scale effects need to be accepted in movable bed models meaning that some of the criteria 

need to be relaxed to be able to design practical experimental models. Depending on which similarity 

criterion is violated, Hughes (1993) defined different bed load model types which are briefly introduced 

here and discussed in detail below, also in light of associated morphological time scales in Section 2.2:  

 Best models maintain all geometric ratios between model and prototype as well as the 

similarity in sediment density; 

 Lightweight models are designed to maintain similarity in both Re* and Fr* thereby violating 

intentionally the criteria given by equations (2.4) to (2.6), i.e. also the sediment density 

criterion; 

 Densimetric Froude models are similar to lightweight models with the difference that the 

similitude in Re* is relaxed; 

 Sand models fulfil only the scaling criteria in regard to the sediment density ratio. 

Thus, regarding the classification according to Baynes et al. (2018) (Figure 2), best models correspond 

to undistorted models, lightweight and densimetric Froude models can be classified either as 

undistorted or distorted model, and sand models can generally be classified as analogue models.  

In addition to these bed-load model types, Hughes (1993) defined the suspension-dominated models, 

which are more common in coastal modelling applications than in alluvial river studies. In such models, 

the dominating physical process is the uplift of the particles due to turbulence induced by waves or 

currents and their transport in the water column. This process is reflected by the criterion defined by 

equation (2.6) which corresponds to the ratio of the Rouse-number in the model and prototype. In the 

nearshore, the triggering of sediment transport by the action of waves implies that both bed-load and 

suspended load transport occurs simultaneously. For the latter transport process, Henriquez et al. 

(2008) suggested that keeping the similarity on the ratio of settling time to the wave period constant 

is more suitable in cases where significant wave breaking occurs. Indeed, as the turbulent energy from 

wave breaking scales with the ratio of wave height to wave period (e.g. Battjes 1975, Fredsøe and 

Deigaard 1992), this ensures the similitude of the ratio of turbulence generated by wave breaking to 

the settling velocity (represented by the Rouse (1939) or Dean (1985) numbers, see e.g. Grasso et al. 

(2009) for further details). Using such a scaling approach results typically in geometrically undistorted 

models (Hughes 1993, Vellinga 1986). 

In the case of waves, scaling the suspended sediment transport requires the consideration of different 

physical parameters than bed load models for the definition of scaling criteria and laws according to 

equations (2.2) - (2.6), such as the characteristic velocity (gHb)-0.5 instead of the shear velocity u* in 
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equations (2.2), (2.3) and (2.6), and the breaking wave height Hb instead of water depth h in equation 

(2.5) (Hughes 1993). More details in regard to the scaling laws considering or neglecting the fall-speed 

dependency for such models can be found in e.g., Hughes (1993) and van Rijn et al. (2011).  

From this and the explanation above it becomes obvious that the scaling criteria for suspended load 

models differ from those of bed load models; it is only possible for one transport mode to be simulated 

following similarity criteria while the other mode will be affected by scale-effects. Nonetheless, there 

exist model-tests where it was attempted to simulate both modes (e.g., Grasso et al. 2009). Although 

not often employed, suspended load models have been used for the investigation of the behaviour of 

suspended sediments in meandering channels (e.g., Lu et al. 2013) or to study groyne field siltation 

(e.g., Yossef and de Vriend 2010).  

2.1.2. Bed load and suspended load model types 

Best Models  

Best models are defined by similarity in the geometric ratios between model and prototype,  

i.e. hr = Lr = dr and sediment density, i.e. s,r = 1 or (s
 -r =1. Due to the similarity of the material the 

porosity ratio r can also be assumed to be 1. Best models are hence undistorted Froude models 

fulfilling, by definition, the criteria given by equations (2.3) to (2.5). Besides the fall velocity criteria 

according to equation (2.6), best models violate the grain-Reynolds number criterion (equation 2.2) 

which for this model type corresponds to Re* = Lr
1.5. Therefore, best models should be operated in 

hydraulic rough conditions, i.e. Re* > 70, to avoid scale effects arising through viscous forces as Re* in 

prototype conditions will be larger than in the model. The limitation of best models in regard to the 

scale factor arises from the requirement to scale the sediment with the same factor as the model 

length scale. If, for example, fine sand is already present in prototype conditions, then this restriction 

could easily result in the requirement to use potentially cohesive sediments representing a problem 

due to the different properties of cohesive sediments compared to granular material. To minimize this 

issue, special materials such as Ballotini may be used or a different model type may be chosen. 

Lightweight models  

As indicated by the name, a model sediment is used in lightweight models which has a lower density 

than the prototype sediment. Lightweight models, as defined by Hughes (1993), are designed to 

maintain similarity in both Re* and Fr* and this requirement relates the sediment density scale directly 

to the sediment grain diameter and length scales via (s - )r = dr
-3 and (s - )r = hr

3Lr
-1.5, respectively 

(note that the latter relationship assumes that bed shear stress can be determined from the depth-

slope product; Vollmers and Giese 1972). Moreover, lightweight models can only keep similarity in 

relative submergence (hr/dr = 1) if Lr = hr
4. Lightweight models are therefore prone to a range of scale 

effects due to the incorrect scaling of sediment density and particle size as well as the differences in 

bed porosity and bed characteristics, hence liquefaction of the bed, and suspended sediment transport 

will not be correctly represented in the experimental model (Hughes 1993, Petruzelli et al. 2013). Thus, 

lightweight models need to be distorted using a different ratio of horizontal and vertical scales, and as 

a consequence, a direct quantification of the model results is difficult. This means that such models 

require careful calibration. An example for such a model is the Elbe tidal model described by Vollmers 

and Giese (1972) or the model study carried out by Gorrick and Rodriguez (2012). Note that Yalin 

(1973) recommended to study dunes in modelling studies using lightweight models in order to keep 
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similarity in both Re* and Fr*. However, an aspect that has not yet been treated is how model distortion 

and the different sediment properties affect bed form shape and kinematics. 

Densimetric Froude models 

Densimetric Froude models are similar to lightweight models with the difference that the similitude in 

Re* is relaxed. This relaxation gives more flexibility in specifying model parameters (Hughes 1993) as 

only similarity in the Shields number Fr* is required. This requirement in turn gives a general definition 

for dr according to dr = u*r
2(s - )r

-1 (equation 2.3), or dr = hr
2(s - )r

-1Lr
-1 for unidirectional flows 

(equation 2.7). Densimetric Froude models are typically distorted and operated with lightweight 

materials. Their design is, however, challenging due to the multitude of scaling laws that need to be 

considered (e.g. Wei et al. 2001, 2012) and hence they are prone to scale effects as discussed in the 

above sections. In this context, Gill and Pugh (2009) outlined a method based on the fall velocities of 

particles to address potential scale effects in Re* if Re*m < 100 while Re* > 100 (see also Pugh and Russell 

1991). 

Many practical applications of such models indicate their suitability in studying morphodynamic 

processes within river reaches as well as for coastal environments (e.g. Hughes 1993, Paola et al. 2009, 

LWI 2010). In fact, densimetric Froude models have often been used to study the development of 

particular river reaches thereby assuming hydraulic rough conditions (e.g. Vermeulen et al. 2014 and 

the models at the Federal Waterways Engineering and Research Institute, Germany, as summarized in 

LWI 2010).  

Sand models 

Sand models fulfil only one of the scaling criteria defined in equations (2.2) - (2.6) which is the sediment 

density ratio (equation 2.4). According to Dalrymple (1989), sand is the preferable model sediment for 

coastal transport models. However, such models do not comply with the Fr* criteria which can result 

in significant errors. Kamphuis (1985) stated that the non-similarity of Re* and Fr* in such models will 

result in erroneous modelling of sediment transport at low flow velocities and that the period of rest 

for sediment particles is exaggerated in such models during wave cycles. In general, sand models may 

also correspond to analogue or small-scale models which are discussed in the next section.  

Analogue and small-scale models 

The evolution of the morphodynamics over larger spatial (and temporal) scales is often investigated in 

so called small-scale model or micromodels (e.g., Davinroy et al. 2012). Such models aim to reproduce 

the original existing conditions in the prototype and its future response to climatic or anthropogenic 

forcing. Moreover, such models also offer the opportunity to investigate different physical phenomena 

at reduced costs (e.g., Stagonas 2010).  

Analogue models are designed to study analogies between the model and prototype and are not 

designed to keep strict similarity in the above scaling criteria although they can theoretically be 

classified according to the model-types defined above. In any case, micromodel design should include 

an assessment of sediment mobility (e.g. Ettema and Muste 2002), which is often achieved using the 

Shields diagram. However, the aforementioned model types are generally stricter in terms of similarity 

criteria than analogue or small-scale models for which the validation depends on the judgement of 

similarity in bed-sediment movement (Ettema and Muste 2002) or on the operator due to the lack of 
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a specific methodology for describing the degree of morphodynamic similarity in model studies (Gaines 

and Smith 2002). Moreover, Gaines and Smith (2002) stated that the implementation of micromodel 

or similar small-scale loose-bed modelling requires the development of new measuring techniques in 

order to accurately determine model parameters.  

Analogue or small-scale models have been used to study the effect of sediment supply or sediment 

composition on the alluvial architecture of river systems (e.g., Moreton 2001, Braudrick et al. 2009, 

Kleinhans et al. 2014, 2015), to investigate the effects of vegetation on a braided morphology under 

the simplest conditions (e.g., Tal and Paola 2010), or to study the development of alluvial fans, river 

deltas and landscapes (e.g., Whipple et al. 1998, Paola et al. 2009, Ganti et al. 2011, Reitz and Jerolmack 

2012, Kleinhans et al. 2014, 2015)  

Suspended load models 

The mechanism of suspended sediment transport is different from the mechanism of bed load 

transport, therefore the modelling of suspended sediment transport requires the consideration of 

different physical parameters and scaling criteria such as the ratio of settling velocity to shear velocity, 

i.e. the Rouse number (equation 2.6). Turbulence is an important parameter in suspended load models 

and the transport is closely linked to the hydrodynamic time scale so ideally such models should be 

undistorted, which is significantly different from the types of bed load model described above. If 

distorted, the distortions should not be so large that the type of sediment transport changes (i.e. from 

bed load to suspended load or vice versa). In general, many of the scale effects discussed above can 

also occur in suspended load models (e.g., the grain size of the model sediment should not fall in the 

cohesive range etc.) and they are not repeated here.  

Focussing on the development of beach and profile erosion during coastal storm events with high 

energetic waves, USACE (1989) and Kriebel et al. (1987) recommended the use of the criteria stated 

by Dean (1985) for the design of such models. More recently. Grasso et al. (2009) generalised this 

scaling approach based on the formulation from Rouse (1939). These models should be designed as 

undistorted Froude scale models and keep similarity of the fall speed parameter (ratio of wave height 

and the product of wave period and fall speed). Moreover, these sources explicitly mentioned that 

scale effects due to viscosity, surface tension, or cohesiveness of particles should be avoided so that 

the character of wave breaking can be simulated properly. 

2.2. TIME SCALES 

The previous sections defined different scale-model types and the corresponding basic scaling criteria. 

In this section, these scaling criteria are used to derive and describe morphological time scales for both 

flow and transport processes in scale models, because these time scales define the suitability of the 

different model types to investigate the evolution of morphology in the light of Climate Change.  

2.2.1. Time scales for fixed bed models 

Based on the similarity in Froude it becomes possible to derive the hydraulic time scale tr for fixed bed 

models (e.g., Kobus 1978) according to: 
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where, Lr denotes the scale ratio for the horizontal length scales between model and prototype (Lm/Lp) 

and hr the corresponding vertical scale ratio. For a non-distorted model where hr = Lr, equation (2.8) 

yields tr = Lr
0.5 showing that time related to bulk flow processes in such models passes faster than in 

the prototype. 

2.2.2. Time scales for movable bed models 

Hydrodynamic processes usually occur at a much shorter time scale than morphodynamic processes 

and, as will be shown below, time-scales related to different morphological processes do not 

necessarily coincide in physical models (e.g., Yalin 1971). This can, in turn, result in undesired scale-

effects which become more significant with decreasing experimental model scale.  

The determination of sedimentological time scales in movable-bed models is difficult and often 

subjective. In fact, the sedimentological time-scale cannot be freely chosen as it is the result of the 

chosen scales of other model parameters (Gehrig 1978) and depends on which scaling criteria are 

intentionally violated. Moreover, there is the need to distinguish between different time scales for 

different morphological processes such as individual grain movement (tsg,r) and the evolution of the 

bed surface in the vertical (t,r) and horizontal (tL,r) directions, respectively. Corresponding time scales 

are summarized in general terms in Table 1.  

According to Yalin (1971), the movement of an individual bed load grain is governed by the geometrical 

scale of the particle diameter d and the kinematic scale u*, respectively, resulting in the time scales tsg,r 

defined by equations (2.9) and (2.10), where equation (2.10) results from the additional requirement 

of similarity in Re*. 

Table 1 - Time scales for bed load dominated models in rivers, ρr = μr = νr = 1, and assuming u* = (ghS)0.5. 

Time scale Eq. Criteria and comments Source 

0.5 1
,sg r r r rt d L h  (2.9) - individual grain movement  Yalin (1971) 

2
,sg r r rt L h  (2.10) 

- individual grain movement 

- similarity in Re* 
Yalin (1971) 

,r r rt L h   (2.11) 

- similarity in dimensionless transport rate  

- similarity in Re* 

- equal porosity in model and prototype 

Yalin (1971) 

 1.5 1
, 1r r r r
t L d    (2.12) - similarity in dimensionless transport rate Gehrig (1978) 

   2.5 2
, 1r r r sr r
t L h       (2.13) 

- similarity in dimensionless transport rate 

- similarity in Fr* 
Gehrig (1978) 

 
7

1.5 6
, 1r r r r r
t L h d 


   (2.14) 

- similarity in dimensionless transport rate 

- similarity in Fr* 

- near similarity in Re* 

Tsujimoto (1990) 

1.5 1
,L r r rt L h  (2.15) - individual grain movement Yalin (1971) 

 

Considering the temporal development of a movable bed surface in an experiment, different scales in 

the horizontal and vertical directions need to be accounted for. For fluvial environments, the most 

common approach to derive the time scale for the formation of a movable bed surface is based on the 

comparison of the model response time to known prototype response times (e.g. Einstein and Chien 
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1956, Vollmers and Giese 1972,). This is typically achieved by considerations of the variation of the bed 

surface level  in vertical direction with time and the volumetric sediment transport rate q, i.e. the 

Exner equation (e.g., Paola and Voller 2005, Coleman and Nikora 2009). The corresponding time scale 

can be defined according to (e.g., Tsujimoto 1990, Hughes 1993): 

 
 

,

1r r r
r
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L h
t

q



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where  denotes the porosity of the bed material. A similar formulation can be obtained considering 

the movement of river dunes assuming their geometrical similarity in model and prototype (LWI 2010). 

Introducing the dimensionless volumetric bed load transport rate q* = q/(du*), equation (2.16) can be 

rewritten according to: 
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Assuming similarity in q* in model and prototype (i.e. q*r = 1), equation (2.17) represents the basis for 

equations (2.11) to (2.14) in Table 1 for which it was assumed that u*r = (hrSr)0.5 = hrLr
-0.5. Note that for 

geometrically similar grains with a similar grain-size distribution, (1 - )r = 1 (Gehrig 1978). In addition, 

for practical purposes, the sediment transport rate is often determined from existing bed load 

formulae. Using such relationship in equation (2.17) instead of a measured q* can result in different 

time scale calculations. In this context, the time scales for densimetric Froude models are given by 

equations (2.13) and (2.14), where the latter was derived by Tsujmoto (1990) by considering the 

Manning-equation in the derivation of the scaling law, i.e. by assuming additional similarity in bed 

roughness. 

Equation (2.15) in Table1 was derived by Yalin (1971) and describes the time scale related to the 

evolution of the mobile bed surface in the horizontal direction. This equation is based on the 

consideration of the movement of a single grain and the relation of the diameter scale with the 

longitudinal scale. Comparing the different time scales given in Table 1 and eq. (2.17) it becomes 

apparent that  

 tr < tL,r < tr < tsg,r (2.18) 

i.e. the vertical evolution of the bed surface is the quickest followed by the longitudinal displacement 

of the bed surface and the hydrodynamic time scale. The slowest time scale is the individual motion of 

a grain (Peakall et al. 1996).  

For best models focusing on unidirectional flows the sedimentological time scales are identical (tsg,r = 

tr = tL,r = Lr
0.5) and are equal to the hydraulic time scale tr. This model type is typically used in studying 

the evolution of bed surfaces and transport mechanisms in laboratory investigations using downscaled 

grain-size distributions of the prototype bed material with a hydraulically rough flow regime (e.g., 

Aberle and Nikora 2006).  

The time scales for lightweight models can be derived as tsg,r = (s - )r
-2/3, tr = hr

3(1-)r (s - )r
-2/3, 

tL,r = hr
2(s - )r

-1 thereby assuming qr* = 1 and that the bed shear stress can be determined from the 

depth slope product. The derived scaling ratios indicate that the similarity conditions for lightweight 
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models can result in rather impractical scaling ratios. Zwamborn (1966) therefore recommended to 

replace the Fr* criterion by (u*/vs)r = 1 while keeping near similarity in Re*.  

Densimetric Froude models have often been used to study the development of particular river reaches 

thereby assuming hydraulic rough conditions (e.g. Vermeulen et al. 2014 and the models at the Federal 

Waterways Engineering and Research Institute, Germany, as summarized in LWI 2010). For the latter 

studies the theoretical time scales according to Table 1 ranged between 1:173 to 1:2020 while the 

comparison with scales determined from field data indicated that the real time scales ranged between 

1:1192 to 1:4000. This indicates that in most models the time scales are only roughly met and that 

there is a need for further investigations in regard to this topic. Note also that most of the model 

studies mentioned in Section 2.1.1. can be classified as densimetric Froude models. 

Further time scales than the ones discussed here may be derived based on the consideration of the 

evolution of morphodynamic features such as meander bend migration rate, floodplain evolution and 

biological development (Tal and Paola 2007, Kleinhans et al. 2015, and references therein). 

Time scales for models with suspended load were discussed by e.g. Hughes (1993), Henriquez et al. 

(2008), Grasso et al. (2009) and van Rijn et al. (2011), but in almost all cases a morphological time-scale 

of suspended models was derived corresponding to t = hr
0.5 (where the vertical length scale 

characterizes wave characteristics, discussed further in the following section), which is the same as the 

hydraulic time scale in the case of an undistorted scaled model (equation 2.8). Moreover, inserting the 

hydraulic time scale given by equation (2.8) into equation (2.15) yields: 

 r rh L  (2.19) 

i.e. the dynamics of the suspended load transport can only be modelled exactly using an undistorted 

model, but this criterion can be relaxed for models focusing on bed load transport. 

2.2.3. Time scales in coastal models 

Research on scaling laws related to coastal sediment transport modelling and morphological evolution 

was intensively active in the 1970s and 1980s (e.g., Noda 1972, Kamphuis 1972, Migniot et al. 1975, 

Vellinga 1982, Hughes 1983), when physical modelling was the only practical method available to 

address morphodynamic changes over longer time-scales. Despite those significant contributions, 

Dalrymple (1989) summarized the state-of-the-art in physical modelling of coastal processes by 

(quoting J.W. Kamphuis) “Owing to the variety and magnitude of scale effects, [...] modelling coastal 

areas will continue to appear an art”. The physical modelling techniques that were developed included 

using artificial materials (mostly lightweight, non-sand) in the laboratory to cope with problems 

derived from the sediment scaling laws (see also Section 2.1), as well as using distorted models (with 

different vertical and horizontal length scales, see also Section 2.1). A summary report with several 

scaling examples from coastal to river sediment dynamics, and using lightweight materials, is also given 

in Migniot (1994). 

Morphodynamic time scales in the nearshore: example from van Rijn et al. (2011)  

van Rijn et al. (2011) concluded that the morphological time scale tr depends on the depth scale hr, 

the length scale Lr, the sediment size scale dr and the sediment density scale (s-)r as given by 
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        ,

m n p q

r r r r s rr
t L h d h     (2.20) 

where the exponents m, n, p and q can be determined by laboratory model data. Assuming p=1, and 

using results from experiments conducted in Hydralab III at three different scales, they found that: 

      
1.4 0.4

,r r r s rr
t L h h     (2.21) 

which accurately represents beach erosion volumes. Alternatively, from model experiments where (s-

)r =1, they found the following expression to produce reasonable results for dune erosion volumes: 

  
0.56

,r rt h   (2.22) 

which is similar to that of Vellinga (1982),  
0.5

,r r Trt h t   , where tT,r is the wave period scaling. This 

means that, according to Vellinga’s relation, the morphological time scale is equal to the wave period 

scale, which is the hydrodynamic time scale defined by the Froude similitude in wavy environment (see 

also Section 2.3.2, equation 2.24).  

It is further noted that from the CERC longshore sediment transport (LST) equation, where the LST rate 

is proportional to the alongshore component of wave power, assuming equal porosity between model 

and prototype, one can obtain the following expression for the morphological time scale: 

      
2 0.5

,r r r s rr
t L h h     (2.23) 

This equation, derived from LST similarity, is similar to the one from van Rijn et al. (2011) derived from 

(cross-shore) beach erosion volume similarity, but with slight differences in the value of exponents 

which suggest that the ratio between horizontal and vertical length scales is more significant for the 

morphological time scale. 

2.3. GENERAL APPROACHES FOR SCALING MORPHODYNAMICS IN TIME 

The main idea behind the successful design of a scaled mophodynamic model is to synchronize all the 

time scale ratios of the dominating sedimentological and morphological processes to the time scale 

ratios of the driving hydrodynamic events. The derivation of the different sedimentological (at the 

grain-size scale) and morphological (bed-form scale) time scales is detailed in the previous section 

(Section 2.2). 

In practice, and taking the example of river flows, a first estimation of the scaled design should be 

obtained by ensuring that the dimensionless Shields stress and the particle Reynolds number are the 

same in the model and the prototype situation for bank-full flow conditions (e.g. Zwamborn 1966, 

1981, Zarn 1992). The non-dimensional Shields stress for steady uniform conditions can be written 

according to (e.g. Garcia 2000, 2017): 

 
   *

o

s s

hS

gd d

 


   
 

 
 (2.24) 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 24 Sunday, 30 December 2018 

This equation is thus identical to Fr* = ρu*
2/[(ρs - ρ)gd], previously used to obtain equation 2.3. 

Additionally, the Reynolds number Rep*, which in comparison to the particle Reynolds number Re*, can 

be interpreted as a dimensionless surrogate for grain-size (e.g. Garcia 2017), can be derived: 

 
1,5

*





s

p

g d

Re

 




 

(2.25) 

These dimensionless parameters can be used to identify the different transport regimes in rivers (e.g. 

Garcia 2000) allowing for the definition of the extended Shields diagram (Figure 4, based on Re*), or 

the Shields-Vanoni-Parker (SVP) river regime diagram (Garcia 2017, based on Rep*). The extended 

Shields diagram shows the values of the Shield stress against the particle Reynolds number Re* defining 

the different regimes (Parker 2008). 

 
Figure 4 - The extended Shields diagram, based on the particle Reynolds number Re* (drawn after Garcia 2000). 

However, satisfying simultaneously equations 2.24 and 2.25, while applying the Froude similitude 

necessary to scale down free surface, may require some degree of relaxation on one of the parameters 

for large scaling ratios (e.g.in densimetric Froude models). As discussed below, some of the possibilities 

are, depending on the prototype conditions, relaxing the similitude criteria on the Reynolds number, 

or using a lightweight model sediment. 

In general, the quantification of the potential scale effects is possible by running a scale series analysis 

(Heller 2011), which consists in comparing results of models of different sizes. Scale effects can be 

minimised by either avoiding the flow regimes where they start to occur (e.g. the water depth in free 

surface water flows should be larger than 3-5 cm to avoid significant surface tension scale effects), 

compromising some of the scaling requirements or by compensating them by e.g. designing distorted 

models, modifying the model grain size distribution (Zarn 1992), or using of bimodal waves (Baldock 

et al. 2011). A commonly used guideline to avoid significant Reynolds and Weber number scale effects 

in various hydraulic models following the Froude similitude is presented by Heller (2011). More 
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specifically, Heller (2017) deepens the concepts of self-similarity and Reynolds number invariance as 

ways to exclude significant Reynolds number scale effects in Froude scaled models. 

Referring to the general sub-division of the different morphodynamic models introduced in section 

1.2.2, it is clear that “scale models” are in general relying on the concept of Reynolds number 

invariance, while “analogue models” are relying on the concept of self-similarity of the 

morphodynamic processes. These two notions are interrelated as they are the product of a symmetry 

analysis applied to the Navier-Stokes Equations (Frisch 1995). However, as pointed out by Heller 

(2017), self-similar criteria are necessary but not sufficient conditions to explicitly observe self-

similarity, as it may be over-shadowed by more dominant effects, such as background turbulence. 

Further, self-similarity and Reynolds-number invariance are idealized asymptotic conditions. For 

example, to observe self-similarity, the initial conditions may have to be overcome, potentially 

requiring a long time or distance such that self-similarity may never be reached in a phenomenon. 

2.3.1. The use of lightweight sediments 

The use of lightweight sediments, i.e. model sediments with a different density than the prototype 

sediments, is an appealing alternative for designing movable bed models offering additional degrees 

of freedom by varying both the particle size and density of the sediments. The use of a lightweight 

material in a physical model does not necessarily mean that the model fulfils the criteria of lightweight 

model as defined in Section 2.1.2, as this type of materials can also be used in other bed load models, 

such as densimetric Froude models, analogue models (see above), or to study physical processes within 

a dimensionless framework. In fact, as reported in Table 2, there exist a range of movable bed scale 

model studies in which such sediments have been used (for an overview of the materials see e.g., 

Franco 1978, Bettes 1990).  

 

Figure 5 - Polysterene sediments (dm = 2.1 mm, d60/d10 = 2.0, ρs = 1055 kg/m³) used in the Oder model shown in Figure 1. 

Lightweight sediments in riverine and estuarine models 

Probably the best-known examples of experiments carried out with lightweight sediments are the 

studies of Shields (1936) related to incipient motion and the experiments of Meyer-Peter and Müller 

(1948) which resulted in the corresponding well-known bedload transport rate formula. Lightweight 

materials have also been used to study local erosion processes such as scour development 

downstream of weir structures (e.g., Ettmer 2004 and references therein), bridge piers and abutments 
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(e.g., Fael et al. 2006, Meyering 2012, Ettmer et al. 2015) and the impact of jets (e.g., Rajaratnam and 

Mazurek, 2002). The latter studies, in particular, made use of erosion processes being accelerated 

when lightweight sediments are used instead of natural fluvial sediments, i.e. the equilibrium 

dimensions of the scour can be reached faster. However, studies related to the impact of event 

sequencing on the development of scour are rare.   

The design of the scale model scour studies with lightweight materials is generally based on similarity 

in the densimetric Froude number, although in these studies it is defined slightly differently from 

equation (2.4) since the shear velocity is replaced by a representative and measurable flow velocity 

due to the complex hydraulic flow patterns (e.g., Ettmer 2004). Similarly, incipient motion is often 

characterized by considering the ratio of flow velocity to the critical flow velocity resulting in incipient 

motion, although the latter is often subjectively biased (e.g., Ettmer 2004, Wang et al. 2013).  

Low (1989) found in experiments with lightweight materials of different specific densities 1 < s/ < 

2.5 and a grain diameter of d = 3.5 mm, that the specific volumetric bed load transport rate qs is related 

to u*/vs by a simple power relation and that qs  u*
6 and  vs

-5. Zwamborn (1966) argued that the Fr* 

criterion is essentially the same as the u*r/vsr-criterion and that a good similarity in river morphology 

can be expected between model and prototype if the latter criterion is used together with an 

appropriate friction criterion and near similarity in Re*. 

Willson et al. (2007) reported results from a scale model (analogue model) focusing on river and 

sediment diversions in the lower Mississippi river delta with Lr = 1:12,000 and hr = 1:500 and a model 

sediment with a density s = 1050 kg/m³ covering 77 river miles and an area of about 3526 square 

miles. In this model, the flow was scaled via the Froude law and the sediment was scaled based on 

considerations for incipient motion of the particles so that incipient motion and resuspension were 

similar in model and prototype. The resultant sediment time scale was given by the authors with 

1:17,857 (one year of prototype time equals roughly 30 minutes of model time). This model was run 

for different scenarios, including sea level rise, and used to enhance the general understanding of the 

impact of planned measures on aspects of concerns to the public and State and Federal Agencies. 

Ettmer and Orlik (2012) tested mixtures of lightweight materials with similar particle diameters but 

different densities in order to simulate the grain size distribution of a sand-mixture. Their scaling 

criteria were based on a dimensionless particle diameter (also known as Bonneville parameter), the 

ratio of flow to settling velocity, and a dimensionless parameter defined by Ettmer (2004) considering 

the resistance at the grain-scale. Their experiments revealed a range for these dimensionless 

parameters in which the dunes formed in the lightweight material showed good agreement in relation 

to both bed geometry and kinematics. However, the effect of sorting and selective transport of 

particles by material density (see Viparelli et al. 2015) needs to be accounted for in such models. 

Henning et al. (2008) investigated the possibility to reproduce simultaneously the development of 

dunes and scour at groins in a densimetric Froude model of a river reach (geometrically distorted model 

run with lightweight sediments, as illustrated in Figure 1). Using a trial and error approach, the 

lightweight material was selected to allow the development of dunes of appropriate shape (taking into 

account the distortion of the model), and a dynamic equilibrium condition in good similarity to 

prototype situation could be reached. The characteristic morphological time scales factors based on 

the transport rate (see Table 1) were estimated between 2000 and 4000. However, their experiments 

suggested that by considering the development of the morphodynamic processes of interest and the 
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dune migration speed, the morphoynamic time scale at which the model operated was between 5000 

and 6000. Additional unsteady experiments (unpublished data) further revealed that the 

morphodynamic time scale might be influenced by the flow magnitude so that the morphodynamic 

time scale is not necessarily constant when hydrographs are simulated (Henry and Aberle 2018). 

To summarize, the use of lightweight material in lightweight or densimetric Froude models allows for 

the design of morphodynamic models with smaller spatial scaling ratios, thus covering larger temporal 

scales. However, the violation of a number of scaling criteria induces a distortion the different time 

scales characterising a scaled morphodynamic system, in comparison to the real scale prototype 

situation, which leads to a higher uncertainties. Therefore, the use of lightweight or densimetric Froude 

models for time scales relevant for characterising effects of Climate Change still needs to be 

investigated.  

Lightweight sediments in coastal physical models 

The use of lightweight sediment to represent sediment transport processes in scaled coastal physical 

models is highly relevant. Coastal models are typically divided into so-called 2D models, focusing on 

wave-sediment interactions and cross-shore transport, were both bed-load and suspended load needs 

to be accounted for, and 3D models, operating with larger scale reduction and focusing on cross-shore 

profiles and longshore bed-load transport (see e.g. Hughes 1993).  

 

Figure 6 - Use of PMMA sediments to model bed load and suspended transport during the investigations on beach profile 

evolution conducted by Rocha (2016), using the similitude framework described by Grasso et al. (2009). 

For 2D models of cross shore transport and beach profile evolution, several investigations were carried 

to test the scaling principles and quantify the scale effects, such as the work from Paul et al. (1972) 

Noda (1971, 1972), Kamphuis (1972, 1974), Ranieri (1994, 2002), and references herein. While Hughes 

and Fowler (1990) concluded that scale effects are negligible when using natural sand in undistorted 
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models up a model-to-prototype ratio of 1:7.5 on the length scales (later validated by van Rijn et al. 

2011), Ranieri (1994, 2002) suggested that by using lightweight material such as Bakelite, the scale 

effects could be acceptable up a model-to-prototype ratio of 1:14 on the length scales. Ranieri (2002) 

further documented that the breaker location and beach profile were similar in undistorted model 

using Bakelite up to a model-to-prototype ratio of 1:17.5, but that further scale reduction led to 

significant scale effects due to the low fall velocity of the lightweight material used, preventing 

similarity in the reproduction of the suspended load. Such conclusions were also reached in testing 

different lightweight materials (silica sand, anthracite 2 and duroplast) in the CEMito facilities at the 

Universidad Polytechnica de Catalunya (LIM-UPC, partially described in Petruzzelli et al. 2013 and 

Henry and Aberle 2018). These experimental investigations, using lightweight sediments in undistorted 

scale models of 2D beaches with geometrical scale ratios ranging from 1:15 to 1:50, provided a 

confirmation of these difficulties. 

Grasso et al. (2009) detailed the dimensionless framework allowing the successful design of 1:10 

undistorted scaled model quantifying the temporal changes of beach profiles, using lightweight 

sediments. Based on a dimensional analysis of the physical parameters controlling the hydraulic and 

transport processes, the similitude in Froude is the primary requirement for physical models involving 

waves (Dean and Dalrymple, 2001). The Froude number for such environment is expressed as: 

 
2

S p

w

H
Fr

gh


  (2.26) 

where HS is the significant wave height, 𝜔p=2𝜋/Tp the wave angular frequency associated to the wave 

period Tp and h the water depth. Grasso et al. (2009) chose an undistorted model in order to reproduce 

the wave dynamics, shoaling, and breaking, and wave turbulence generation correctly. The Froude 

similitude between nature and the model thus implies a hydrodynamic time scale given according to 

equation (2.8) expressed for undistorted models. As for riverine environment, a strict similarity for the 

wave Reynolds number is not possible. In this case, the Reynolds number is expressed as: 
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where A denotes the particle excursion at the bottom. The sediment transport similitude is achieved 

in both shoaling and surf zones by considering Shields and Rouse scaling criteria. For waves, the Shields 

number is defined by: 

 
 

 

2

*

50

1

2 1

p

w w

S

A
f
g d




 



 (2.28) 

where fw is a wave friction factor taken according to Swart (1974). Thus, keeping similitude in the 

Shields number ensures the operation of the model in the same transport regime as in the prototype 

situation, with a similar bed-form development (see e.g. Nielsen 1992).  

The Rouse number for such conditions can be expressed according to: 
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 (2.29) 
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where u’ is the turbulent intensity of the flow field, approximated by 2w pu f A   , with κ the 

von Kármán constant (Soulsby 1997). The Rouse number is relevant for characterizing sediment 

particle motions in a turbulent flow as in the breaking and outer surf zones, where sediment 

suspension is triggered and fuelled by different turbulence sources (boundary layers, breaking). 

Considering a characteristic length (the water depth for instance), it can be thought of as the ratio of 

a turbulent time scale to a settling time scale. 

As underlined by Grasso et al. (2009), choosing a length scale and prescribing Froude scaling in an 

undistorted model imposes all the hydrodynamic scaling. The remaining parameters to be chosen are 

thus the sediment density and diameter, both of which are to be determined with the Shields and 

Rouse similitude. In the case of the choice of a lightweight sediment is needed to comply with these 

criteria, the immersed weight of the sediment cannot be scaled.  

The scaling approach formulated by Grasso et al. (2009) differs from the classical approaches adopted 

by the studies mentioned below and summarised by e.g. Dean and Dalrymple (2001, p.310), where 

morphological models were mainly based on the similarity on the Froude and Dean numbers. 

According to Grasso (2009) the additional consideration of the Rouse number (in comparison to the 

Dean number quantifying morphological beach states (Dean 1973)) makes the formulation of the 

similitude more general. It is worth mentioning that Grasso et al. (2009) successfully reproduced the 

cross-shore morphological response of a natural beaches applying this scaling approach. 

Regarding the use of lightweight materials in 2D scaled beach models, Petruzzelli et al. (2013) 

formulated some potential limitations coming from the choice and use of different lightweight 

material: 

- Spherical lightweight materials (low friction angles) tend to show a too severe mobilization 

- Fine grain sizes (fine sands and glass microspheres) are not mobilized enough on the emerged 

part of the beach during small-scale tests, due to the strengthening by capillary forces 

- Materials likely to electrify, or which interact with water such as melaminic plastics, are forced 

to mutual attraction and to flotation of some particles aggregates, thus leading to their not 

suitability for physical modelling. 
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Table 2 - A review of morphodynamic investigations using lightweight sediments (experimental applications) and large time scaling/distortions. Abbreviations used for the publication type: Rp-

Review paper; Ep-Experimental paper; Tp-Theoretical paper; R-Report; Ur-Unpublished report. The review-table is not exhaustive. 

Name 
Publication 

type 
System scaled/studied Modelling approach Additional comments 

Branß et al. 

(2018) 

Rp Formation of natural levees No scaling. Conceptual model Lightweight sediment used to accelerate formation of natural levees 

in compound channels. 

Berni et al. 

(2017) 

Ep/Tp Bed destabilization under waves Shields number and Rouse number scaling 

(Grasso et al. 2009; Berni et al. 2013). 

Length scaling ratio of 1/10 and a time scaling ratio of approximately 

1/3 with two bichromatic wave groups of different periods. 

Rocha (2016) Thesis Wave nonlinearities and infragravity 

waves on the nearshore transport 

Shields number and Rouse number scaling 

(Grasso et al. 2009; Berni et al. 2013). 

Modulation of the sediment transport and final beach profile by 

infragravity waves. Same scale ratios as above. 

Ettmer et al. 

(2015) 

Ep Live-Bed Scour at Bridge Piers No scaling. Test of empirical laws Lightweight Polystyrene Bed (rel. density 1.06) 

Kleinhans et 

al. (2015) 

Rp/Ep Biomorphodynamics of rivers and 

deltas 

Characterization of scale effects in the ratio bar 

pattern and bar length to channel width. 

Geometric scale effect absents but time scaling problematic as it 

integrates multiple processes (sediment transport, floodplain 

formation, bank failure/stratigraphy and riparian vegetation) 

Viparelli et al. 

(2015) 

Ep Sediment sorting and selective 

transport by weight 

No scaling. Use of lightweight sediments for 

testing sorting/transport processes. 

Downstream lightening and upward heavying. Particle mixtures with 

rel. densities from 1.5 (lightweight) to 4. 

Gorrick & 

Rodriguez 

(2014) 

Rp/Ep Sand-bed stream Undistorted Froude scaling and graded 

lightweight sediments 

1/16 model with various types of lightweight sediments (test of pros 

& cons). Scale effects due to incorrect scaling of relative roughness 

Vermeulen et 

al. (2014) 

Ep River scale model of a training dam Froude and Shields scaling with lightweight 

sediments. Nearly undistorted geometry. 

Good reproduction of bed forms (dunes/channels) with lightweight 

sediments but overestimation sediment mobility: amplification 

scouring, absence deposition. 

Berni et al. 

(2013) 

Ep Surf zone cross‐shore boundary layer 

velocity asymmetry and skewness 

Shields and Rouse similitude (Grasso et al. 

2009), and boundary layer Reynolds number in 

the hydraulic rough regime. 

Lightweight Polymethyl Methacrylate sediment (Plexiglas, density 

1180kg m−3) with a median diameter d50=0.64 mm 

Petruzzelli et 

al. (2013) 

Ep Beach profile morphodynamics Irregular wave conditions and geometries 

based on Froude scaling. Use of lightweight 

materials. 

Testing scalability of a benchmark test from 1/15 to 1/50 and 1/100 

with different materials covering densities between 1150 kg/m3 and 

2650 kg/m3 and median diameters from 0.07 mm to 1.5 mm. In 

addition to settling velocity, mobility rates and beach profile 

morphodynamics depends on particles intrinsic characteristics 

Wei et al. 

(2012) 

Ep Bed forms and bar system in gently 

curved river channel  

Distorted/undistorted (densimetric) Froude 

model 

Derivation of the scaling laws from 1-dimensional equation of motion, 

continuity equation, bed deformation equation and the formula of 
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bed load transport. Confirmation of the bester suitability of a distorted 

model to predict bed forms compared to a undistorted model 

Ettmer & 

Orlik (2012) 

Ur Dunes in unidirectional flows 

characterised by bed material with 

wide-grain size distributions 

simulated using lightweight materials  

Scaling based on sedimentological diameter D* 

and ratio of mean velocity to fall velocity as well 

as ratio of Re*/Fru*
2  

Investigation of mixtures of lightweight materials; dune shapes 

observed in corresponding sand experiments could be reproduced  

LWI (2010) Ur A stretch of the trained Oder river  Distorted lightweight model to simulate 

morphodynamic development based on 

different river training structures 

Investigation related to morphodynamic time scales related to dune 

movement under different hydraulic conditions indicating 

dependence of morphodyanmic time scale from hydraulic conditions 

Gill & Pugh 

(2009) 

Tp/Ep Sediment transport processes Modified-lightweight (Froude) model, adjusting 

sediment density and slope of the model to 

correct for constant dimensionless  

transport rate. 

Scaling laws derived based on keeping the relationship between 

dimensionless bed shear and dimensionless unit sediment transport. 

The particle size and density is based on the fall velocity. 

Grasso et al. 

(2009) 

Ep Transients and equilibrium states of 

intermediate cross-shore beach 

morphology 

Undistorted Froude scaling and nearly scaled 

Shields number and Rouse numbers (similar 

regimes). 

Length scale about 1/10 and time scale about 1/3 with poly-methyl-

methacrylate granules (PMMA) (d50 = 0.60 mm and ρS = 1190 kg/m3).  

Madej et al. 

(2009) 

Ep Channel responses to varying 

sediment input 

Froude and Shields stress similarity according to 

bankfull conditions of the study reach 

Spatial scale 1/100. Distorted Froude-scale model of the reach and 

undistorted model of a generic gravel-bed channel that is steeper and 

coarser than prototype. 

Paola et al. 

(2009) 

Rp Stratigraphic and geomorphic 

experiments 

Internal/external similarity. Scale 

independence. 

Natural scale independence characteristic of morphodynamics. 

Quantitative understanding of the origins and limits of scale 

independence better suited than dynamic scaling. 

Henriquez et 

al. (2008) 

Tp/Ep Onshore sandbar migration Undistorted lightweight model with similitude 

in Froude’s, Shields’ and grain size Reynolds’ 

numbers. 

Model sediment of a non-saturated polyester (whose trade name is 

Duroplast) with a density of about 1200 kg/m3 and a mass median 

diameter of 0.54 mm. Scale effects: steeper beach slopes than 

expected and liquefaction within the first layers of the bed (wave-

induced plug-flow). 

Willson et al 

(2007) 

Ep Mississippi river delta Froude law and particles scaled so that incipient 

motion and resuspension were similar in model 

and prototype. 

Horizontal scale 1/500, vertical 1/12000, morphological time scale 

1/17857 (1year=30min in model)  

Kocyigit et al. 

(2005) 

Ep Tidal-induced transport in a squared 

harbour 

No proper scaling undertaken, but use of a 

lightweight sediment with a tide period of 355 

seconds 

Direct comparison numerical/experimental work, test of sediment 

transport formulae for lightweight sediment 

Moreton et 

al. (2002) 

Rp/Ep Braided alluvial architecture and 

subsurface permeability 

Generic Froude scale model (relaxation on the 

scaling of the grain size magnitude) 

In addition to comments for Moreton (2001); geologically similar 

sedimentary sequences of coarse-gravel braided alluvium.  
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Viguier et al. 

(2002) 

Ep Tidal model for restoration of the 

maritime character of Mont-Saint-

Michel 

Combination of scale model and numerical 

models. Plastic and sawdust were used in scale 

model. Similitude laws for sediment transport 

based on fall velocities and initiation of 

suspension. 

Determination of time scale (1/28) by monitoring bed changes over 

several tidal cycles. Hydraulic time scale determined via Froude scaling 

(1/8). 

Gaines and 

Smith (2002) 

Rp Loose-beds Review and analysis of 16 large scale and 14 

small-scale models to assess the primary factors 

required for morphologic similarity  

Morphologic similarity based on Mean squared and cumulative 

frequency error between prototype and model. Similarity of sediment 

motion based on incipient particle mobility, the general state of 

sediment mobility, and the particle’s suspension characteristics. 

Moreton 

(2001) 

Thesis, 

Chapt5 

Effect of sediment supply grain size 

on down-basin braided alluvial 

architecture 

Generic Froude scale model (relaxation on the 

scaling of the grain size magnitude) 

Spatial scale:1/50. Sediment composition: 20% sand, 80% gravel. 

Scaled hydrographs and sediment input 

Wallerstein 

et al. (2001) 

Ep Large woody debris (LWD) flows Distorted Froude-scaled, Shields scaled, scaled 

drag for submerged LWD 

The time scaling ratio was 1:11.45, thus geomorphic adjustments were 

modelled in only 45 hours  

Peakall et al. 

(1996) 

Rp/Tp Fluvial Geomorphology Review of the scaling of time in movable bed 

models via dimensional analysis of the physical 

processes and event magnitude-frequency 

(hydrograph scaling). 

Effect of the distortion of the timescale ratio for long-term processes 

not known - to be investigated. Scale modelling hydrographs can 

enhance time-scale compression. 

Pugh and 

Russel (1991) 

Tp Mobile sediment beds Froude scaling with use of the Shields function Adaptation of the Taylor dimensionless unit sediment discharge 

curves to determine the appropriate sediment diameters specific 

gravity. 

Peters (1990) Ep Sediment transport in large alluvial 

rivers with very low slopes 

Distorted Froude scaled lightweight sed. 

(Bakelite). Then adjustment velocity for scour 

ignition (lost Froude condition) 

Froude condition lost leading to analogy modelling (comparison 

patterns) 

Powell (1990) Rp Short time profile for shingle beaches Anthracite as model sediment was found to 

satisfy most of the requirements for 

reproducing the correct onshore/offshore 

movement and threshold of motion. 

Detailed grading curves of the model sediment given in the report. 

Detailed considerations regarding scaling criteria provided in an 

annex. 

Low (1989) Ep Bed load Transport No scaling law applied but description of the 

transport of lightweight sediments (Einstein-

Brown, modified Smart formulas). 

Lightweight sediment transport rate proportional to the sixth power 

of the shear velocity and inversely proportional to the fifth power of 

the grain fall velocity. 

Zwamborn 

(1981) 

Ep Morphodynamics and scour holes 

around bridge piers 

Model designed to keep the similitude on the 

Froude number and the shear/settling velocity 

ratio 

The horizontal and vertical scales were 1:250 and 1:100 respectively, 

and the lightweight material used was crushed anthracite. Scour holes 

were reproduced to an accuracy of about 10 percent in the model 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 33 Sunday, 30 December 2018 

Wulzinger 

(1981) 

R Estuarine tidal morphodynamics Distorted Froude scaled lightweight sediment 

model  

Based on tidal models of BAW (see Vollmers and Giese 1972) 

Vollmers and 

Giese (1972) 

Ep Estuarine tidal morphodynamics Distorted Froude scaling. Choice of lightweight 

sediment based on Gehring (1967)’s method 

(based on what??) 

Horizontal scale 1/800 and vertical 1/100. Distortion of tide period to 

match expected bed deformation. Final timescale 1/705 (1day = 2min 

in model). 

Paul et al. 

(1972) 

Tp/Ep 2D beach profile evolution Similitude for Re*, Froude in undistorted 

lightweight (bakelite) models, with additional 

similitude on the grainsize distribution. 

Determination of scaling laws and scale effects for mobile bed coastal 

models. Quantification of the scale effects due to the use of 

lightweight sediments (coarse sand vs. bakelite, fine sand vs. bakelite). 

Le Mehaute, 

B. (1970) 

Tp/Rp Movable beds in Fluvial/Coastal 

systems 

Review of (Froude) similitude relations for 

movable bed; “Lacey”-type relationships for 

geometrical distortion. 

Conditions of similitude for beaches are generally less stringent than 

for rivers (condition on bottom roughness). Discussions on time scale 

ratios and the use of lightweight materials. 

Zwamborn 

(1966) 

Ep Large river morphodynamics Modified-lightweight (Froude) model  The Froude criterion was replaced by the scaling the ratio shear-to-

settling velocities, keeping a near similarity in Re*. 

Einstein and 

Chien (1956) 

Tp/Ep Rivers with movable bed Distorted Froude scaling, implying the use of 

lightweight material. 

Detailed scaling procedure derived from the friction, Froude, sediment 

transport, zero sediment-load and laminar sublayer criteria. 

Discussion of the issue of loss of similarity and various scaled time 

scales.  

Bagnold 

(1955) 

Ep Transport processes No scaling. Exploratory work on transport of 

very lightweight material 

Characterisation of the effects of particle low inertia on transport 

processes. Sediment relative densities from 1.06 down to 1.0025 

USACE (1936) R Bed load material Investigation of the suitability of lightweight 

materials to simulate bed load transport 

Identified suitable materials were further investigated related to their 

critical tractive force; data charts provided 
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2.3.2. Other alternatives 

The use of a lightweight surrogate sediment is motivated by the fact it allows the modification of a 

physical constant playing a key role in the sediment transport processes (the sediment density). 

Similarly, modifying other key physical constants, it is possible to identify other alternatives to the 

classical design of scaled morphodynamic investigations. 

Some investigations have been carried out by changing the properties of the fluid used in the scaled 

model. For example, Stagonas et al. (2011) used a mixture of 90% distilled water and 10% isopropyl to 

modify the surface-tension of the fluid in order to quantify the impact of the Weber number and the 

potential associated scale effects on the aeration process in breaking waves. Kobus (1980) also 

reported some investigations on the initiation of sediment transport by using coal dust (lightweight 

sediment) in glycerine (fluid). More recently, Mignot et al. (2018) tested the effect of adding polymer 

additives in the water to dampen the energy losses in channel flows, thus modifying the hydraulic 

roughness. Moreover, controlling the water temperature may be another option to aim for better 

similarity in the Reynolds number, as demonstrated by Young and Davies (1990) who used heated 

water (30° C) in their experiments. Finally, Faulhaber (2017) also showed the suitability to replace 

water in aerodynamic investigations of sediment transport in small scale river reaches, although a 

quantification of the potential scale effects is still needed.  

In the analogue modelling of large-scale river systems (see e.g. section 3.1.1) the rapid development 

of the morphological feature of interest may be partly due to the absence of cohesive elements in the 

sediment, which prevents the accurate reproduction of bank erosion processes. van Dijk et al. (2013) 

and Kleinhans et al. (2015) further investigated the effect of adding cohesive materials such as clay 

and silt, on bank erosion. For the cases with silica flour (van Dijk et al. 2013), the bank migration rate 

reduced by a tenth compared to the tests by van Dijk et al. (2012). However, strict quantification of 

the time scales with such experiments is difficult and further investigations are needed to understand 

what are the optimum sets of parameters to be used (e.g., content of cohesive material, tilting angle 

and frequency, use of lightweight material, …), as the pervasive distribution of low levels of 

Extracellular Polymeric Substances (EPS) throughout the sediment controls the bedform dynamics 

(Malarkey et al. 2015). 

Another possibility is the use of particles allowing for the control of cohesive interactions between the 

sediment grains. More specifically, colloidal forces govern the nanoparticle deposition and 

aggregation, and for metallic, bimetallic, metal oxide nanoparticles, these forces may be modulated 

depending on the physical and chemical properties of the liquid phase (Petosa et al. 2010). Because 

this would allow in principle the design of an experiment with particles in the cohesive-size range, this 

approach is particularly interesting for situations where the scaled concentration of the suspended 

material needs to be modelled correctly (e.g. particulates flows and turbidity currents, see Peakall and 

Summer 2015).  
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2.3.3. Examples of coupling the hydrodynamic and morphologic time scales 

Coupling the hydrodynamic time scales with the morphologic time scales is the most critical part of 

the design of a scaled morphodynamic experiment and depends on the dominating hydraulic process 

driving the sediment transport in the prototype. This section provides some examples of successful 

practices for different applications. 

Flood wave propagation: Wang and Kron (1991) investigated the time distortion in large 

morphodynamic scaled tests. After a classic dimensional analysis of the equations of motion, 

continuity and bed deformation, they expressed the extent the of the time distortion between the 

time scale of the flow tr and bed deformation tr by the factor  = tr / tr.   

Following their dimensional analysis and the notations introduced in Section 2.2.1, this time distortion 

can be expressed as = Lrhr(1 - r/qS,r, where qS,r is the scaling ratio of the rate of bed load transport 

per unit width (see Wang and Kron (1991) for further explanations). Wang and Kron (1991) indicate 

that  > 1 in scaled morphodynamic experiments (typically in the range 5 to 30) implies that the ratio 

of the speed of bed deformation in the model to the speed in the prototype is much larger than the 

ratio of the speeds of the wave propagations in model and prototype. 

In the case of the propagation of a modelled flood wave, the wave propagates at a speed Uflood, which 

is similar to the prototype with the scaling ratio Uflood,r = Lr/tr. Following the Froude similitude, the time 

needed by the flood wave to propagate from the inflow in the model is multiplied by the ratio 1/ rt , 

while the evolution of the hydraulics and bed forms at the outflow is multiplied by /tr = tr. 

Therefore, velocities are not similar and result in dissimilarities in sedimentation and erosion. 

However, as pointed out by Wang and Kron (1991), the impact of time distortion is serious only in the 

neighbourhood of the outlet of the modelled reach. The longer the modelled reach and the larger the 

coefficient of time distortion, , the larger the influenced area and the more serious the deformation 

of the bed profile. The effect of such time distortion can be reduced if counter-measures are taken 

during the test, and Wang and Kron (1991) demonstrated both analytically and experimentally that 

one such measure can be feeding water into the model during the rising period of the flood wave and 

withdrawing water from the model during the receding period at several locations along the reach. 

River morphology: Flood events can be represented in flume experiments at the event scale by 

stepped (e.g. Tal and Paola 2010), triangular (e.g. Mrokowska et al. 2018) or trapezoidal (e.g. De Sutter 

and Verhoeven 2001) hydrographs. In practice, the rising and falling limbs of the hydrographs are 

reproduced by a stepped flow variation (with the number of steps strongly dependent on the 

complexity of the flume control equipment, Lee et al. 2004). In the past, flood studies typically focused 

on single year floods. This approach suggests that rivers accommodate and recover before the next 

flood. In this approach, floods can be conveniently characterized by flood magnitude, return interval 

and flood duration. Due to the effects of Climate Change, extreme flood frequency and magnitude are 

likely to increase, and more recent studies have started to look at the succession or cluster of floods, 

with focus mainly in the frequency of those events (e.g. Tal and Paola, 2010, Piliouras et al., 2017). 

Redolfi et al. (2018) investigated further the links between the morphology of scaled gravel rivers and 

bed load variability, following changes in the flow regime. They quantified that the adaptation of the 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 36 Sunday, 30 December 2018 

river morphology to a variable hydrograph produces a clockwise hysteresis in the bed load rating 

curve, correlating with the ratio of the flood duration relative to the time scale of the bed evolution, 

and concluded that further research is needed in this direction. 

Catchment and rainfall: Some preliminary investigations on the possibility to couple rainfall 

sequences and long-term catchment evolution were reported by Moulin (2018). The relationship 

between rainfall, runoff and erosion is known to be highly nonlinear (e.g. Boardman and Favis-

Mortlock 1999, Vanmaercke et al, 2011), but there is lack of understanding on the effect of varying 

magnitude-frequency rainfall event sequences on erosion and sediment dynamics in catchments. The 

tests reported by Moulin (2018) suggest that the sediment erosion is directly correlated to the 

intensity of the rain when the sediments are initially fully saturated, in which case the sequencing of 

the rain events do not appear to have a major influence on the erosion processes. However, there is 

a decorrelation of the two processes when the sediments are not fully saturated, due to the 

introduction of capillarity forces between the sediment grains. In this case, the coupling between rain 

sequences and evolution of saturation appear crucial. 

Transport under irregular waves: In scaled morphodynamic tests of nearshore environments, it is 

common practice to replace random waves by equivalent bichromatic waves in order to speed up the 

sediment transport process and the beach profile evolution (e.g. Henriquez et al. 2008, van Rijn et al. 

2011). For fundamental research, equivalent bichromatic waves produce results that are closer to 

random waves than equivalent regular waves (Baldock et al. 2011). Bichromatic waves have the 

advantage to speed up the sediment transport process importantly and at the same time produce 

repeatable events in the time series which allow ensemble averaging of the events along the times 

series, which is necessary in order to study suspended sediment transport and bed load transport with 

the actual measuring equipment. 

Coupling coastal transport processes: In order to have an undistorted interaction between the 

longshore transport and other tidal or steady current, the tide and current intensities are typically 

distorted (in regard to the original Froude similitude) so that the time scales associated with each 

transport process matches the sedimentological time scale derived for the longshore transport 

(Migniot et al. 1975, Migniot 1979). This procedure, at the heart of the design of scaled model tests of 

coastal environments, is described in more details in Section 3.2.2. 

3. PROTOCOLS FOR TIME COMPRESSION IN MORPHODYNAMIC 

EXPERIMENTS 

Among other reference works on the topic, Hughes (1993) emphasizes that the design of a 

mophodynamic model, and definition of its scale should be dictated by the dominating mode of 

sediment transport in the prototype situation, and the restrictions imposed by the cohesiveness of 

the sediments and the capabilities of the facilities (size, equipment and technical support). The factors 

listed by Hudson et al. (1979) concerning coastal hydraulic models can be generalized to assess the 

feasibility of setting-up a scaled morphodynamic model: 
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- Prototype wave environment from measurements and wave hindcasts, and other transient or 

short-term oscillations in the water body/channel to be scaled; 

- Prototype currents generated by tidal flows, hydrograph variation or other long wave 

phenomena; 

- Estimates of transport rates (longshore and cross-shore for coastal environments) in the 

prototype; 

- Size of the prototype area to be studied; 

- Type and size distribution of the prototype bottom material; 

- Size and capabilities of the model test facilities; 

- Available materials for use as model sediment; 

- Intended accuracy of the model results; 

- Funds available to conduct the study; 

- Time available to conduct the study; 

- Qualified personnel to conduct the study. 

The selection of the scale, determining the size of the model, and the final design of the model should 

be driven by the best compromise to meet the minimum accuracy expected from the study. For large 

and/or complex prototype situations, it is common that the determination of the best experimental 

set-up is sought through the realization of preliminary investigations, either via experimental 

investigation focusing on a specific process (e.g. Hughes 1993, van Dijk et al. 2012), or the use of 

numerical investigations (e.g. Bollaert et al. 2017). The following subsections develop the aspects to 

be considered specifically when dealing with a fluvial, tidal or coastal environment. This information 

is based on the knowledge developed in hydraulic laboratories around the world, and made available 

in the published and grey literature. These protocols provide short introductions on how to conduct a 

morphodynamic experiments. 

The experimental investigation of hydraulic and morphodynamic processes can be divided into three 

main categories depending on period of the dominating hydrodynamic process, which is conditioning 

the formulation of the dynamic similarity of the model (Hughes 1993). Thus, short wave models are 

typically designed to reproduce the prototype situations where the period of the dominating 

oscillations are in the range between 1s and 20s. Long wave models are typically designed for period 

of the oscillations between minutes and days (Dalrymple 1985), while fluvial models are designed to 

address unidirectional flow where the period of oscillation tends towards the infinite.  

3.1. FLUVIAL ENVIRONMENT 

3.1.1. Dynamic river channels: braiding and meandering 

Objectives 

Predicting the long-term hydro-morphological evolution of fluvial systems requires an understanding 

of how river morphology responds to long term changes in flood frequency and magnitude. This 

knowledge is particularly important for restoration and risk management in fluvial environments when 
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evaluating the impact of potential changes in event magnitude and frequency due to the effects of 

Climate Change and other long-term drivers.  

The stability of river channels has been studied for a long time (e.g. Callander 1969, Parker 1976, 

Fredsøe 1978), and is still the subject of an intense research effort. Indeed, a large variety of 

parameters influence the channel dynamics, such as the median grain size of the channel (e.g. 

Ferguson 1987), the presence of bank vegetation (e.g. Millar 2000), sediment cohesion in the 

floodplain (e.g. van Dijk et al. 2013) or flow unsteadiness (e.g. Redolfi et al. 2018). According to the 

static and dynamic characteristics, alluvial river patterns can be subdivided into straight, meandering, 

and braided rivers (Leopold and Wolman 1957), of which the last two are highly dynamic systems. 

As summarized by van Dijk et al. (2012), many investigations were carried out focusing on the relation 

between bank strength and the meandering process (e.g. Friedkin 1945, Schumm and Khan 1972, 

Smith 1998, Gran and Paola 2001, Peakall et al. 2007, Tal and Paola 2007, Braudrick et al. 2009), while 

other type of experiments highlighted the formation of a wide braided system by the progressive 

development of an initial meandering into alternating bars (Parker 1976, Federici and Paola 2003, 

Visconti et al. 2010).  

Earlier studies have shown that the planform geometries of modern rivers are typically scale invariant 

which suggests that these rivers have reached a state where their morphology is in dynamic 

equilibrium (Sapozhnikov and Foufoula-Georgiou 1996). This scale invariance is used in most of the 

experimental investigations of the dynamics of river channels, which by analogy allow for an 

estimation of the geometries of braided and meandering river deposits. 

Facilities and instrumentation 

The investigation of the development of scaled meandering and braided systems is typically conducted 

in wide models, going from temporary table-sized models (e.g. Reitz et al. 2014, test area of 0.75m x 

1.5m), to larger flume-sized environments such as the Eurotank in Utrecht (6 x 11m, see e.g. Postma 

et al. 2008, van Dijk et al 2012), or the river modelling flume at the University of Western Ontario (3 x 

18.3 m, e.g. Peirce et al. 2018). Scaled meandering and braided systems require a control of the water 

levels and discharges up-stream and downstream of the tested sediment layer. This is typically 

achieved by applying a point or channel inflow in the upstream area (fixed or movable, see e.g. van 

Dijk et al. 2013), and using a deeper basin with constant water level at the downstream of the model, 

regulated by a weir (e.g. van Dijk et al. 2012). The discharge can be regulated by low capacity pumps, 

with a typical rate of a couple of liters per second for the larger experiments (e.g. Egozi and Ashmore 

2009, van Dijk et al. 2013). 

In order to achieve shear stresses large enough to sustain the sediment motion at the surface of the 

sediment layer, a slope higher than the ones typically found in natural systems need to be 

implemented, either by shaping directly the sediment layers in the flume (e.g. van Dijk et al. 2013), or 

by operating a tillable flume (e.g. Egozi and Ashmore 2009, Reitz et al. 2014). In order to run the model 

into a dynamic equilibrium, a sediment feed system needs to be implemented upstream of the scaled 

river system, and sediments need to be collected downstream and recirculated. Note that van Dijk et 
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al. (2012) concluded that bend instability should be consider as an input conditions by moving the 

sediment inflow, as it controlled and affected the meandering process in their scaled model. 

Depending on the scope of the investigation, the preparation of a sediment mixture with a set ratio 

of sediments of different size and densities may be required.  

The measurements typically needed in this type of experimentation are topography measurements 

(for example Terrestrial Laser Scanning or Photogrammetric measurement, see e.g. Aberle et al. 2017), 

discharge and surface velocimetry measurements (flow rate at the inflow, potentially Large Scale 

Particle Image/Tracking Velocimetry, see e.g. Aberle et al. 2017), and transport rate measurements 

(e.g. with a trap and weigh system downstream of the flume, see e.g. Aberle et al. 2017). 

 

Figure 7 - Scanner of one of the test done by van Dijk et al. (2012) on channel evolution of a meandering river. Modified from 

van Dijk et al. (2012). 

Scaling considerations 

The scaling principles derived in section 2 also apply to meandering and braided river experiments. 

The large geometrical scaling ratio applied to represent such systems in laboratory environments 

implies that most of the criteria imposed by the scaling laws are relaxed, and that the focus of these 

scaled experiment is to operate the model in a similar transport regime as the natural system 

considered (e.g. Paola 2009). For example, van Dijk (2012) describes the scaling considerations to 

operate a scaled model of a meandering river: 

- Subcritical flow (Fr < 1) 

- Turbulent flow (Re > 2000), but the flow on the floodplainfloodplain may be laminar (e.g. 

Malverti et al. 2008) 

- The flow in the channel should be in the hydraulic rough regime 

- Sediment transport should occur (i.e. bed shear stress > critical shear stress) 

- For a correct development of the morphological features, the interaction parameter IP as 

defined by Struiksma et al. (1985) (their equations 26 and 28) needs to be in an underdamped 

regime (see Struiksma et al. 1985). 

Additional scaling requirements include a lower limit for the grain‐size to avoid cohesion. The small 

water depth involved in these experiments imply the need to correct for the low bed shear stresses if 
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natural slopes were to be kept in the scaled model. Thus, steeper modelled slopes may need to be up 

to 10 times steeper than their natural counterparts (Peakall et al. 1996, 2007).  

Postma et al. (2008) discuss that an important remaining problem in comparing experimental with 

real‐world data arises from the fact that sediment transport in the model is very likely to be non‐linear, 

while for the real‐world linear transport rates are derived (de Vries 1975, Begin et al. 1981, Paola et 

al. 1992, Métivier and Gaudemer 1999). Additionally, Postma et al. (2008) point out that the 

consequences of these different transport rates for the rate of fill of accommodation remain unclear, 

making it thus difficult to up-scale laboratory results from analogue models to quantify the response 

of systems in the real world forced by climate, sea‐level and tectonic change. 

Attempts to use such small physical river models for specific predictive purposed were made in a 

couple of experimental investigations (see a review by e.g. Maynord 2006), where these micromodels 

were used to predict the morphodynamic changes induced by hydraulic structures for environmental 

impact assessments and navigation purposes. However, due to the lack of adherence to similarity 

principles leading to large relaxations in similitude, it was concluded that such models do not have any 

predictive capability and should be limited to demonstration, education, and communication 

(Maynord 2006). 

Model calibration and experimental procedure 

To refine the experimental procedure, the different discharges of the hydrograph and the associated 

sediment feed rates must be estimated based on empirical formulations (Meyer-Peter and Müller, 

1948) and then adjusted in calibration runs in order to keep an initial desired slope during the all flood 

sequence (e.g. van Dijk et al. 2012). Another alternative is to increase the slope of the model (tiltable 

set-up) until its sediment transport capacity becomes almost equal to the sediment input rate (e.g. 

Kleinhans et al. 2014). 

Sediment cohesion can be adjusted to better represent the bank erosion process. In that case, the test 

of a sediment mixture is required, and such a procedure is described in detail in, for example van Dijk 

et al. (2012). For this purpose, silica flour is most commonly added to coarser sand to allow finer 

sediment settling on the floodplain and point bar, which results in slightly more cohesive banks 

(Peakall et al. 2007). Similarly, silica flour tends to fill the lows in the floodplain and limit the amount 

of chute cutoffs (Braudrick et al. 2009). For example, the experiments of van Dijk et al. (2012) were 

realised with a ratio of sand (S = 2650 kg/m³, d50 = 0.51 mm) to silica flour (S =2600 kg/m³, d50 = 0.03 

mm) of 4:1.  

The calibration of sediment inputs with experimental hydrographs representing a succession of 

transient hydraulic events still requires some further investigation to be confidently implemented into 

the design of scaled experiments (see Section 2.3.3). 
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3.1.2. Bed load transport and bed forms ("in channel processes") 

Objectives 

Because of their capacity to quantify the sediment transport processes in river channels and around 

hydraulic structures, scaled experimental investigations are at the heart of the investigations on 

hydraulic transport since its origins (e.g. Rouse and Ince 1957). Until the recent development of 

numerical simulations, sediment transport processes in channels could only be investigated with 

scaled experimental approaches, and thus various experimental methods have been developed to 

ensure the similitude of those transport processes in effective and cost-efficient scaled models (see 

e.g. Muste et al. 2017). The knowledge of these methods allow for the use of large-scale models as a 

predictive tool for engineering and land planning applications (see e.g. Hentschel 2007). The 

framework defining the similitude presented in the previous sections, some more practical aspects 

related to scaling bed load transport and bed forms is presented below. 

Facilities and instrumentation 

The type of facility needed to carry out scaled experimental investigation of in-channel processes 

depends to a large extent on the physical system to be reproduced. Scaled models can be limited to 

classic tiltable hydraulic flumes (see e.g. Muste and Uijttewaal 2017) but may require the construction 

of large structure to be built in research halls/basins (see e.g. Hentschel 2007). In the latter case where 

large facilities are needed, special systems may be designed for leveling sediments between the 

different runs, sprinkling the upper sediment layers during the filling phase, or a buried drainage 

system for avoiding sediment re-mobilization during the emptying process (Hentschel 2007). In order 

to ensure a good control of the hydrodynamic conditions applied in the model, water level discharge 

control, and temperature measurements are necessary. A controlled sediment feeding/recirculating 

system should be implemented upstream (e.g. Hentschel 2007, Simonett and Weitbrecht 2011), and 

sediment transport rates may be measured by using photogrammetric approaches (e.g. Hentschel 

2007), and/or sediment traps and weighing cells (e.g. Simonett and Weitbrecht 2011). 

Scaling considerations 

The selection of an appropriate scale is a function of the space availability, including as many of the 

prototype channel features as possible, and the need to maintain a scale ratio large enough to limit 

the effect of viscous forces. In order to achieve similitude between model and prototype, the 

dimensionless Shields stress and the particle Reynolds number should be the identical for model and 

prototype for bank-full flow conditions, in addition to the similarity in Froude and Reynolds numbers 

(see e.g. Garcia 2017, Gill and Pugh 2009). One common approach is then to use the Extended Shields 

diagram (see section 3.3) to visualize the effects of the different design possibilities (use of lightweight 

sediment, distortion of the model slope, e.g. Gill and Pugh 2009, Hentschel 2007) on the modeled 

dimensionless Shields stress and the particle Reynolds number. A design minimizing the scale effect is 

a model for which the operating conditions are a similar location in the Extended Shields diagram (and 

more importantly in the same regime), as the prototype situation to be modelled (see e.g. Garcia 

2017). 
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Some of the approaches used to scale transport processes in hydraulic models may choose to 

intentionally deviate from a strict similitude. For example, the approach of Zarn (1992) relies on a 

method to coarsen the model grain size distribution, ensuring a similitude on the shear velocity of the 

non-cohesive fraction only, and eliminating the cohesive fractions from the distribution. This type of 

approach ensures that the reduction of the shear velocity from prototype into model scale is 

consistent with the velocity scale, but requires a distortion of the hydrograph time scale to ensure a 

correct a similitude on the bed-load rate and thus deposition heights, slopes and water levels 

(Simonett and Weitbrecht 2011). The best scaling strategy is to be defined by the experimentalist 

based on the set of requirements that have to be met. 

 

Figure 8 - Techniques developed o the model of the Oder at Hohenwutzen at the Federal Waterways Engineering and Research 

Institute (BAW) in Germany to level the sediments between two tests, and implementation of the drainage and water level 

measurement systems as reported by Hentschel (2007). 

Model calibration and experimental procedure 

For all type of hydraulic investigations in scaled models, it is a well-accepted condition that “the model 

[can] only be declared fit for predictive use when it has successfully reproduced […] past evolutions” 

(Migniot el al. 1975). Driven by this idea, the experimentalist must aim at reproducing some well 

documented condition for which hydraulic and morphodynamic measurements are available. A model 

operates in similarity with the prototype only if the dynamic (e.g. water levels, flow velocities, flow 

directions) and morphological (e.g. bed form type shape and size) similarities can be quantified (scale 

effects neglectable). In case of a deviation from the prototype, the sediment model used may require 

one of the parameters to be changed as sediment grain size and densities are directly influencing the 

hydraulic roughness, the initiation of motion, and the bed form development. The best sediment 

model material can be defined using the SVP regime diagram as described previously. 

3.2. COASTAL ENVIRONMENT 

3.2.1. Short wave models: Shoreline profile evolution and cross shore transport 

Objectives 

Beaches are a vital element of coastal systems, and a detailed insight into the morphodynamics 

processes and transient dynamics can be gained from scaled beach profile experiments (e.g. Grasso 
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et al. 2009). Developing such knowledge is necessary to understand the role of Climate Change effects, 

such as the modification of storm characteristics, on the modification of cross shore transport (e.g. 

Scott et al. 2016). Even though cross-shore sediment fluxes are usually a few orders of magnitude 

smaller than longshore transport, the cross-shore beach profile has a strong influence on long-shore 

velocity profiles and therefore on longshore sediment. The quantification of cross-shore transport has 

often been done through the characterization of the beach equilibrium profiles (e.g. Dean and 

Dalrymple 2001), but these processes are in reality transient events (e.g. Dette and Uliczka 1987, 

Grasso et al. 2009). Short wave models can also be designed to investigate the links between cross-

shore and longshore processes (e.g. Silva et al. 2011), and between cross-shore and scour processes 

(e.g. Hughes and Fowler 1990, Wang et al. 2013) 

Facilities and instrumentation 

For most of the short wave scaled models of beach profile evolution, the main goal is the 

quantification of the transport processes in the cross-shore direction, i.e. that the experimental design 

can be restricted to a 2D scaled beach model in wave flumes (e.g. Kamphuis 1974, Hughes 1993), but 

some 3D models can be used to investigate the interaction of this cross-shore transport with coastal 

structures (e.g. Silva et al. 2011). The size of the wave flume available (and thus of the wave height 

that can be generated) together with the characteristics of the sediment material, are the main factor 

constrains in the design of the scaled experiment. The instrumentation associated with such facilities 

should incorporate wave gages, topography measurement system (laser scanners of photogrammetry 

approaches), acoustic sensors for velocimetry and/or sediment concentration measurements, and 

potentially fast imagery techniques, pressure sensors (see e.g. Aberle et al. 2017). In cases where short 

wave models should address 3D effects such as the links between cross-shore and longshore 

transport, or the interaction with coastal structures, large wave basin with a control of the wave 

orientation and currents are required (see e.g. Silva 2011, Hughes and Fowler 1990). 

 

Figure 9 - View of the 3D short-wave model used by Silva et al. (2011) to investigate the profile evolution and cross shore 

transport in presence of a groin and long shore transport. Courtesy Francisco Taveira Pinto (Silva et al. 2011). 
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Scaling considerations 

The different aspects of scaling nearshore morphodynamics in hydraulic models have been discussed 

in detail in the Section 2 (see also e.g. van Rjin et al. 2011). The successful design of the scaled 

experiment relies on the good understanding of the dominating transport mode in the prototype 

situation. Short wave models are mostly aimed at scaling prototype situations were wave shoaling, 

breaking and ultimately run-up on the beachfront play simultaneously an important role into the 

transport processes. In this case, both transport modes (i.e. bed load and suspended load), and their 

balance should be, if not in similitude, in similarity (same transport regime, see also the discussions in 

section 3.1.2) with the prototype situation (e.g. Grasso et al 2009, Silva et al. 2011). Thus, in addition 

to the preserving the similarity in Froude and Shields, short wave models should ensure that the fall 

trajectory of re-suspended model sediments is geometrically similar to the prototype trajectory, and 

fall with a time proportional to the prototype fall time. This is achieved by preserving the similarity in 

the settling velocity parameter according to Dean (1985)’s number, but preferably the Rouse (1939)’s 

number whose formulation is more general, see e.g. Nielsen (1992), Nezu and Nakagawa (1993), which 

is only feasible in an undistorted model.  

Because of the need to preserve the similitude for these three parameters (Dean and Dalrymple, 

2001), short wave morphodynamic scaled models often requires fairly large facilities (Hughes, 1993), 

and are operating best with geometric scales ratios not exceeding 1:10 to 1:15 (e.g. Hughes and Fowler 

1990, Ranieri 1994, Grasso et al. 2009). 

Model calibration and experimental procedure 

Following descriptions presented by Henriquez et al. (2008), the hydraulic conditions to be applied on 

the scaled model are first estimated by applying the Froude similitude on the prototype conditions, 

followed by an assessment of the compliance with the Shields and Rouse similitudes. It may happen 

that the similitude criteria applied to the wave period cannot be obtained due to limitations of the 

wave maker and the wave flume. In such a case, the wave period in the model may be modulated so 

that it fits the facility capabilities, as long as the potential scale effects on Shields and Rouse are 

negligible. 

In the case of an experimental design involving the use of lightweight material, the mobilization of the 

sediment should be tested beforehand, as some undesired effect such as exaggerated mobilization, 

aggregation, and capillarity effects might be triggered due to the shape and electrostatic properties 

the artificial material (see e.g. Petruzzelli et al. 2013). The general morphological response of the 

material should then evaluated by comparing the final beach profiles in models and prototype, as well 

as by analyzing the evolution of the sediments mobility rates, the shoreline positions and the seaward 

beach profile slopes (see e.g. Grasso et al. 2009).  
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3.2.2. Combined long and short wave models: Dynamics of coastal systems  

Objectives 

As for the large scale river and tidal morphologic investigations, the necessity to implement coastal 

models covering larger spatial scales is driven by the need to predict complex morphological 

developments under multiple hydrodynamic forcings, such as a variable wave climate, tides and 

surges and longshore currents (e.g. Hughes 1993). Until the recent development of numerical 

simulation capabilities, large 3D coastal models were the only tool available to understand and predict 

the long-term impacts of engineered hard structures on coastal transport processes. Nowadays, the 

use of such models is still occasionally required in complement to numerical investigation to 

characterize the dynamics of complex systems (e.g. Bollaert et al. 2017). Following the classic scaling 

procedures, coastal physical models operate with large time accelerations, as for example in the work 

from Anquetin et al. (2006) on a sand spit evolution, where the sedimentological timescale was found 

to be around 1:7500 (100 years in 5 days). These type of physical modelling approaches is thus, in 

principle, very suited to address potential long-term effects due to Climate Change on our coastal 

systems. 

 

Figure 10 -  Wave maker, scale model construction, and model operation without/with coastal structures on the Kalaat 

Landalous sandy spit, Tunisia - courtesy Artelia (see Anquetin et al. 2006) 
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Facilities and instrumentation 

The know-how required to set-up these large scale physical models was developed from the 1940s 

onwards in several laboratories, as for example the Laboratoire d’Hydraulique de France, for which 

Migniot et al. (1975) and Migniot (1979) summarized the initial 30 years of knowledge development. 

Although published more than 40 years ago, this expertise is still in use today to successfully conduct 

morphodynamic investigations of estuarine environment (e.g. Bollaert et al. 2017) or scaled models 

of coastline evolution (e.g. Anquetin et al. 2006). 

The facilities susceptible to host such model should be equipped with a large basin and a workshop 

equipped for scaled model construction. The facilities should include directional irregular wave maker 

capabilities, pumps for tide and current generation, and the possibility to use natural and/or 

preferably lightweight sediments. In some cases, a feeding system for sediment mixture might need 

to be considered, as for meandering and braided river experiments (section 3.1.1). For an optimum 

operation of the model, the wave, tide and current generation system, as well as the sediment feeding 

system should be remotely operated and synchronized, according to the time scales defined during 

the design of the model. The instrumentation required to monitor the morphodynamic evolution 

include the classic scanning technology and photogrammetry, and the hydrodynamic processes should 

be documented with wave gages, flow meter (for bulk current measurements) and potentially acoustic 

or large-scale image velocimetry measurements (see e.g. Aberle et al. 2017). 

Scaling considerations 

Coastal models are based on the scaling principle developed in Section 2, and as developed previously, 

if some scaling criteria have to be relaxed, the similarity between the model and the prototype is kept 

by operating the model in the same regime as the prototype for the process considered. Thus the 

initial design of coastal models fulfill the hydraulic similitude according to the Froude-criterion, the 

similarity in the hydraulic regime considering the Reynolds and the particle Reynolds numbers and the 

similitude on the Shields number to ensure the correct representation of the dominating transport 

regime (Migniot 1979). These criteria impose specific sediment characteristics, but to finalize the 

choice of the model sediment (typically a lightweight material), specific material tests have to be 

performed to ensure the same sediment trajectories in the modeled and prototype situation under 

wave action, this step ensuring the similitude on the wave hydraulic roughness (Migniot et al. 1979, 

Anquetin et al. 2006).  

Once the scale ratios for the geometry and the waves, and the sediment material is defined, 

sedimentological time scale can be derived for the longshore sediment transport (see section 2.1 and 

2.2, and Migniot 1975, Anquetin et al. 2006). In order to have an undistorted interaction between the 

longshore transport and other tidal or steady current, the tide and current intensities should be 

distorted (in regard to the original Froude similitude) so that the time scales associated with each 

transport process matches the sedimentological time scale derived for the longshore transport 

(Migniot et al. 1975, Migniot 1979). 
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For the case of representing large scaled models of coastal systems, Migniot et al. (1975) underline 

especially the importance of using irregular waves, the proper location of the breaker zones 

(preventing exaggerated wave heights being used in the model), and the sequencing the wave 

condition according to the sedimentological time-scale. The use of any other time scale (hydraulic 

time scale, or empirically amplified duration to match resulting morphological features) for deriving 

the scaled storm duration would lead to erroneous results. 

Even through all these conditions cannot be fulfilled at the same time, Migniot et al. (1975) argued 

that in practice they do not contradict each other too much, and that successful compromises can 

almost always be found. Two recent examples are the studies of Anquetin et al. (2006) and Bollaert et 

al. (2017). 

Model calibration and experimental procedure 

In comparison to estuarine environments, Migniot (1979) identifies that for morphological 

investigations around coastal hard structure, it is necessary to consider a coastline of 4-6 km and to 

extend the investigation all the way to the -20m iso depth (corresponding to deep-water conditions 

for most storm waves see e.g. Fredsøe and Deigaard 1992). As discussed above, in order to keep a 

similarity in the particle trajectory, some distortion between the vertical and horizontal scales are to 

be expected. On the other hand, the investigations focusing on coastal structure stability (involving 

scour processes) requires a smaller spatial coverage of the prototype situation, but a higher precision 

about the details of the structure, and the geometrical scaling ratio are typically between 1/20 and 

1/70 without distortion.  

Due to the need to need to adjust the scaling ratios applied to the tide, for example, and the need to 

reproduce the position of the breakers accurately in the model (by adjusting the wave heights in the 

model), it is well-known that these models requires a dose of subjective judgment from the 

experimentalist, to conduct the trial and error process that will conduct to the successful scaling of 

the model (e.g. Le Mehaute 1976, Kamphuis 1985, Hughes, 1993). However, as pointed out by Migniot 

el al. (1975): “the model [can] only be declared fit for predictive use when it has successfully 

reproduced […] past evolutions”. 

3.3. TIDAL AND ESTUARINE ENVIRONMENT 

3.3.1. Long wave models with mobile bed 

Objectives 

Modelling flow and morphodynamic processes in tidal rivers and estuaries is required for the 

investigation of large scale flow patterns (e.g., Higuchi et al. 1978, Giese 1987), the long-term 

morphological development of lagoons and estuaries, its effect on navigation (e.g., Vollmers and Giese 

1972, Parthiot 1981), the impact of engineering structures (e.g., Brammer et al. 2014), or the siltation 

of harbors (e.g. Kocyigit et al. 2005). However, modelling flow and morphodynamic processes in tidal 

river areas and estuaries is challenging as, compared to fluvial environments, the level of complexity 
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of the interacting physical processes is increased due to variable boundary conditions resulting from 

the changing water levels during the tidal cycle, tidal currents, potential wave action, and the typically 

fine sediment composition in such environments. Moreover, estuaries and river mouths are 

characterized by large spatial scales imposing an additional challenging boundary condition for the 

construction of physical scale models.  

 

Figure 11:  Plan view (top view) of the filling and drainage system of the Elbe estuarine model reported by Vollmers and Giese 

(1972), redrawn from Vollmers and Giese (1973) 

Facilities and instrumentation 

Tidal and estuarine models have been realized in many different hydraulic laboratories around the 

globe (see above). Experiences from five large tidal models aiming at the investigation of expected 

morphological changes in connection with the maintenance and enlargement of navigation channels 

in Germany have been reported by Giese et al. (1975). Although this publication is more than 40 years 

old, it contains valuable information on the construction and operation of tidal models and it serves 

hence as a basis for the following considerations. 

In general, movable bed models should be operated in heatable indoor facilities to avoid larger 

changes in water temperature which in turn can affect the fluid viscosity and hence the Reynolds 

number. Moreover, tidal models representing specific rivers should comprise the whole tidal estuary 

so that the results will not be affected by artificially introduced model geometry. This in turn means 

that particularly tidal models with movable beds are characterized by large spatial dimensions. For 

example, the Elbe-River Modell at the German Federal Waterways and Research Institute (BAW), 

which was approx. 30 m wide and 85 m long (covering about 170 km river length in prototype 

dimensions), was operated in a 40m x 112m wide and long laboratory (Vollmers and Giese 1972).  
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The operation of such large models with movable bed requires a sophisticated filling and drainage 

system so that the so that the movable bed morphology will not be affected during filling and draining. 

It is also desirable to have an automated traversing system with which each point of the model can be 

reached for measurements without having to step on the model. Dependent on the question under 

investigation, state-of-the-art instrumentation may be used for the control and measurement of water 

levels, flow velocities, sediment transport rates, and morphological parameters (see Muste et al. 2017 

for an overview).  

Scaling considerations 

Tidal models are scaled according to the scaling laws presented in Section 2. However, the design of 

tidal models with a movable bed is sophisticated as several similitude criteria need to be considered. 

Specifically, hydraulic similitude is required for the flow in the river and for maritime conditions (taking 

into account waves, tidal currents, breaking waves) along with similitude of sediment transport, 

erosion and deposition in the fluvio-marine area (e.g., Parthiot 1981).  

As pointed out in Section 2, hydrodynamic time scales differ from morphological time scales, and 

hence tidal models with movable bed are prone to scale effects. One scale effect becomes obvious 

from the nature of oscillatory tidal flows. Flow parameters are typically scaled based on Froude-

similarity assuming that viscous effects are negligible, i.e. that the flow is fully turbulent. While this 

may be true for a large portion of the tidal cycle, there will, however, be times and specific locations 

in the model where the flow is no longer fully turbulent. Thus, designing the model a threshold value 

for the velocity may be identified based on the critical Reynolds number to determine the critical 

velocity for turbulent flow, which will be helpful to assess corresponding scale effects (e.g. Harten 

1970) 

Tidal scale models with a movable bed are typically distorted due to two reasons. The first one is 

related to the large spatial scales of estuaries so that different horizontal and vertical length scales are 

needed to adequately model flow characteristics and to be able to measure the water levels 

accurately. The second reason is associated with the similarity of sediment transport conditions, as 

the similarity in both Fr* and Re* is desirable for models addressing specific estuaries. As highlighted 

in Section 2, this calls for the use of materials with a different density and the distortion of the model 

(see also Parthiot 1981). The distortion is chosen based on experience, and Migniot (1979) 

recommends for such scaled models to kept the distortion close to the cubic root of the horizontal 

scale, in order to keep the trajectory of the suspended sediment unchanged.  

The duration of the tidal cycle is governed by the hydraulic time scale, and the tidal range via the 

vertical length scale (Dorer 1984). In case riverine hydrographs need to be considered, they should be 

scaled via the sedimentological timescale (Dorer 1984). However, for many cases, the river discharge 

may be considered negligible compared to discharge associated with the flood and ebb tides. Density 

currents and Coriolis acceleration are hardly to realize in distorted models with movable beds 

(Vollmers and Giese 1972). 
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Figure 12 -  Physical scale model of the Rhone delta in Lake Geneva-courtesy Artelia (see Bollaert et al. 2017) 

 

Model calibration and experimental procedure 

If possible, tidal models with a movable bed should be calibrated and validated. Such a verification 

can be achieved in two steps reflecting the dynamical and morphological similarity.  

The dynamic (flow) similarity can be investigated on the basis of the comparison of water levels, flow 

velocities, flow directions, and flood and ebb durations between the model and prototype. Such tests 

may be carried out with a fixed bed to ease the operation (e.g., Vollmers and Giese 1972), and the 

tidal waves can be simulated by automatically operating special gates at the model inflow section. 

However, care needs to be taken regarding the roughness in the model due to model distortion, but 

also due to differences in form roughness associated with bed forms (see Yalin 1973 for more details). 

In fact, if the model is too smooth, the water volume flowing into the estuary during a tidal cycle will 

be overestimated, and if the model is too rough, it will be underestimated. Note that the differences 

in roughness may be compensated by readjusting the duration of a tidal cycle in the model, as the 

water volume entering the estuary may be controlled in this way. 

The morphological similarity may be investigated by comparing observed natural bed changes with 

the outcomes of model tests, which can be achieved by modelling historical time series. As the time 

scale for morphological changes can only be determined empirically, such tests also allow to refine 

further experimental parameters such as the tide period to achieve morphological similarity (Vollmers 
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and Giese 1972). The tidal cycles may be reproduced by sinusoidal curves representing mean tides but 

may be more accurately reproduced taking into account a month's tide cycle representing also neap 

and spring tides. Note also that, dependent on the research question, tidal currents must also be 

reproduced.  

3.3.2. Deltas and bays  

Objectives 

Following the “Coastal models” (section 3.2.2), characterized by a short and long wave hydrodynamic 

forcings, and the “Estuarine models” (section 3.3.1), characterized by a long wave forcing combined 

with unidirectional currents, the models aiming to represent the morphodynamic processes in shallow 

water bays and deltas have to take into account the combination of the three hydrodynamic forcings. 

These models are more difficult to design as they rely on the know-how of the experimentalists to find 

the best combination of distortion to apply on to the different processes to keep the model in 

similarity with the prototype. Two successful examples from Sogreah/Atelia laboratories (Viguier et 

al. 2002, Bollaert et al. 2017) are used here as an example of the different aspects to be taken care of. 

Viguier et al. (2002) report 7 years of experimental and numerical investigations of the 

morphodynamic response of the inner bay of Mont-Saint-Michel to some restoration project, while 

Bollaert et al. (2017) provides a recent example of a delta restoration project based on the combined 

use of numerical and physical scaled model investigations. 

 

Figure 13 -  Plan view of the set-up of the scaled model of the Mont St Michel’s inner bay (Viguier et al. 2002) 

Facilities and instrumentation 

Both studies involved a combination of physical scale models and numerical models. Given the 

validation capability of the various models, this approach ensured that the predictions made by the 
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combined modelling approaches are reliable. In combination to the “numerical facilities”, the 

experimental facilities required to operate such type of model is must have a combination of the 

equipment mentioned in the previous sections, i.e. a large coastal basin, some additional flumes for 

side studies on the sediment material and/or of some specific scaled hydraulic structures (Viguier et 

al. 2002), a tide generator that reproduces the variations in water levels and discharges, wave 

generators, pumps to reproduce the river discharges and a sediment feeder system to simulate inflow 

from the offshore and the rivers. The instrumentation must include capacitive probes for measuring 

water levels, ultrasonic system mounted on a movable beam for performing bottom level surveys on 

a grid or an equivalent photogrammetric system. 

 

Figure 14: Scaled morphodynamic model of the Mont St Michel inner bay at low tide - Sogreah, Grenoble, France, Nov.28 

1997.  (Photo by Nicolas LE CORRE/Gamma-Rapho via Getty Images) 

Scaling considerations 

The design of the scaling framework does not differ from what has been presented before and is 

essentially the same as for the coastal models (section 3.2.2), following the Froude and Shields 

similitude. The model is then distorted to ensure that the hydrodynamic time scale of the waves 

corresponds to the hydrodynamic time scale of the tides/currents and hydrographs of the inflowing 

rivers (see sections 2.2 and 2.3). Respecting the Shields similitude, these models are typically designed 

with a bimodal lightweight sediment material. In the case of the scaled test of the Rhône River delta, 

Bollaert et al. (2017) used PMMA (perspex, 1.18 kg/m3) transparent thermoplastic granulates, with 

diameters of 0.2-1.3 mm representing fine bed material on the prototype (sand, small gravel), and 
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PVC granulates (density of 1.44 kg/m3) with diameters ranging between 1.0 and 2.2 mm, representing 

coarse bed material on the prototype (larger gravel, cobbles). 

Model calibration and experimental procedure 

The particularity of including the use of numerical models into the investigation of scaled 

morphodynamic processes is that these models can be used to compare the results obtained and 

adjust the calibration of the model. Thus, the use of numerical simulations also provide an estimation 

of the potential scale effects triggered (Bollaert et al. 2017). The calibration of the model should also 

go through the reproduction of a known hydraulic and morphodynamic event before being used for 

predictive purposes (e.g. Hughes 1993). Thus, all the tide curves, currents and wave climate should be 

reproduced in similitude in the model, by adjusting the hydraulic roughness of the model if necessary 

(hydraulic calibration). In the case of the Mont-Saint-Michel scaled test, Viguier et al. (2002) calibrated 

the model from a sedimentological point of view by examining the behavior of the movable materials 

and the sensitivity of the bed to the different hydrodynamic forcings, and to adjusting the quantity of 

sediment inflow at the entrance to the model. A schematic annual cycle of forcings was then finalized, 

including mean and spring tides, three representative river discharges and three representative wave 

conditions. A multiple-year river discharge cycle was also introduced, comprising three representative 

levels. By monitoring bed changes over several cycles, Viguier et al. (2002) concluded on a 

sedimentological time scale of 1/28, in comparison to a hydraulic time scale of 1/8. The 

sedimentological times were thus speeded up by a factor of 3.5, corresponding to the schematization 

chosen for the forcing (elimination of neap tides and calm periods). The validation of the model was 

then done by quantifying the general changes in the inner bay (location of deposits, sediment 

balance), quantifying the meandering of the rivers, the progression of the shoreline and the local bed 

evolution around the Mount at floods and low-flow periods (Viguier et al. 2002). 

4. CONCLUSIONS AND OUTLOOK 

This deliverable reviewed the current knowledge and know-how regarding the scaling of time-

dependent morphodynamic processes in physical laboratory studies to address the Climate Change 

related evolution of different kinds of aquatic environments ranging from fluvial to coastal systems. 

Based on the review, protocols were derived to aid with the design and the determination of time-

scales of physical models where sediment transport processes and the morphodynamic evolution of 

aquatic environments are in the focus.  The design of such scale models is challenging as several scaling 

criteria would have to be fulfilled simultaneously to ensure a perfect similitude with the prototype 

situation. For example, the relevant scaling criteria for similitude in hydraulic processes is governed 

by the Froude-number, and sediment transport processes depend on a number of other scaling 

criteria such as the Shields and Rouse numbers, which in turn depend on the turbulent flow field. As 

a consequence it is, except for a 1:1 replica of the prototype situation, not possible to fulfil the 

similarity of all scaling criteria at the same time and ‘relaxation’ (deviations) regarding criteria which 

are not considered as the most significant ones needs to be accepted in modelling studies. 
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These issues were highlighted in Sections 1 and 2. Section 1 provided the relevant background for the 

experimental modelling framework and introduced the concept of similitude in physical scale models, 

in general, and for morphodynamic scale models, in particular, by introducing different model types 

which are characterized by a varying degree of similarity. Section 2 focused first on the relevant scaling 

laws in more detail, and these considerations were then used to define different morphological model 

types regarding transport modes as well as prototype and experimental boundary conditions. Section 

2.2 highlighted the difficulties regarding the determination of morphological time scales in movable-

bed models, which is often subjective. In fact, the morphological time-scale cannot be freely chosen 

as it is defined by the chosen scales of other model parameters and depends on which scaling criteria 

are intentionally relaxed.  

Moreover, it was highlighted that there is the need to distinguish between different time scales for 

different morphological processes such as individual grain movement and the evolution of the bed 

surface in the vertical and horizontal directions, respectively. Thus, the whole art of designing a 

hydraulic scale model is to in introduce enough relaxation on the scaling criteria which cannot be 

fulfilled easily thereby ensuring a similar regime in the model and prototype, i.e. keeping this 

relaxation small enough to avoid any significant scale effect. Such aspects were discussed in Section 

2.3 highlighting that the main approach to successfully design a scaled morphodynamic experiment 

should be based on the application of the Froude similitude, i.e. the similarity in the flow regime, and 

the similarity in the regime of the dominating transport mode, based on the identification of the 

prototype and modelled situation in the (modified) Shields diagram. 

Following these theoretical considerations, practical aspects associated with the design of scaled 

morphodynamic models were presented in Section 3. In this section, protocols were presented which 

are grouped into three different categories depending on the dominating hydrodynamic processes 

(short wave models, long wave models and fluvial models). Although different aspects of such scale 

models can be considered as well established in experimental hydraulics, some aspects of model 

design still requires more advanced considerations such as the scaling of complex hydrographs and 

coupling of hydrographs or varying hydraulic boundary conditions with morphological development 

(Section 2.3.3), the use of specific  lightweight sediment mixture (bimodal sediment distribution, non-

cohesive nano-sediments, Section 2.3.2) to scale simultaneously different transport modes, and to 

some extent, the quantification of scaled processes in models relying on self-similarity.  

It was also partly indicated in this report that the combination of physical scale models with numerical 

simulations can offer additional opportunities to address Climate Change effects. As highlighted by 

van Os et al. (2004), the focus in hydraulic research has been shifting from an emphasis on 

experimental scale modelling to an emphasis on numerical modelling, which is also the case for 

morphodynamic investigations. Similarly, van Os et al. (2004) noted that the amount of field 

experiments also decreased considerably, due to the extensive costs involved. However, numerical 

models, like any other modelling activity, need to be validated against some datasets obtained 

independently. Thus, experimental laboratory research is still needed in hydraulics in general, and 

morphodynamic processes in particular, to develop investigations in synergy with numerical 

investigations. In fact, scaled model tests offer the possibility to scale down a combination of 

processes which are still not completely understood and difficult to model in a satisfactory manner 
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with numerical models. At the same time, it needs to emphasized, that the size and complexity that is 

achievable in a physical model is limited by the available space and skills in a laboratory as well as the 

budget to conduct the experimental investigation. Nonetheless, such combined methodologies are 

needed to tackle certain scientific problems, and often lead to innovation and new knowledge. Some 

recent example are provided by Viguier et al. (2002) and Bollaert et al. (2017), who demonstrated that 

numerical and experimental investigations of scaled morphodynamics can compensate for each 

other’s weaknesses, allowing for a reduced uncertainty in the prediction of large morphological 

changes, over larger time scales.  

This type of combined approach is also a common practice in coastal research to study and predict 

cross shore profile evolution and coastline changes (e.g., Silva et al. 2011). Even if numerical models 

might usually be preferred to tackle such issues as they also offer the possibility to artificially 

accelerate the morphological development simulated (e.g. Ranasinghe et al 2011), they do not always 

live up to expectations and require carful comparison with experimental data (Viguier et al. 2002). 

Thus, the results from this deliverable showed that well designed movable bed models are still and 

will further be a valuable tool for studying complex morphodynamic processes and features across a 

wide range of spatial and temporal scales for different river channel morphologies and coastal 

environments.  

5. REFERENCES 

Aberle, J., Nikora, V. (2006). Statistical properties of armored gravel bed surfaces. Water Resour. Res. 

42, W11414, doi:11410.11029/12005WR004674. 

Aberle, J. (Ed.), Rennie, C. (Ed.), Admiraal, D. (Ed.), Muste, M. (Ed.). (2017). Experimental Hydraulics: 

Methods, Instrumentation, Data Processing and Management. London, CRC Press. 

Anquetin, P.G., Bettaibia, M.M., Hamm, L. (2006). Physical modelling of Kalaat Landalous sand spit 

development. In: Proc. of the First International Conference on the Application of Physical 

Modelling to Port and Coastal Protection - CoastLab06, Porto, Portugal. 

Ashmore, P.E. (1988). Bed load transport in braided gravel-bed stream models. Earth Surf. Process. 

Landf. 13(8), 677-695. 

Baldock, T.E., Alsina, J.A., Caceres, I., Vicinanza, D., Contestabile, P., Power, H., Sanchez-Arcilla, A., 

(2011). Large-scale experiments on beach profile evolution and surf and swash zone sediment 

transport induced by long waves, wave groups and random waves. Coast. Eng. 58(2), 214–227. 

Bagnold, R. A. (1955). Some flume experiments on grains but little denser than the transporting fluid, 

and their implications. Proc. Inst. Civ. Engrs., 4, 174-205. 

Banda, M.S. (2018). Morphological development of meandering rivers due to changing discharge 

regimes. Dissertation, Technische Universität Braunschweig; Germany, [online; 

https://publikationsserver.tu-braunschweig.de/receive/dbbs_mods_00066007]. 

Barenblatt, G.I. (2003). Scaling. Cambridge University Press. 

Battjes, J.A. (1975). A turbulence model for the surf zone. Proceedings of the Symposium on Modelling 

Techniques, American Society of Civil Engineers, New York. pp. 1050-1061. 

https://publikationsserver.tu-braunschweig.de/receive/dbbs_mods_00066007


       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 56 Sunday, 30 December 2018 

Baynes, E.R.C., van de Lageweg, W.I., McLelland, S.J., Parsons, D.R., Aberle, J., Dijkstra, J., Henry, P.-Y., 

Rice, S.P., Thom, M., Moulin, F. (2018). Beyond equilibrium: Re-evaluating physical modelling of 

fluvial systems to represent Climate Changes. Earth Sci. Rev. 181, 82-97. 

Begin, Z.B., Meyer, D.F., Schumm, S.A. (1981). Development of longitudinal profiles of alluvial channels 

in response to base‐level lowering. Earth Surf. Proc. Land. 6, 49–68. 

Bennett, S.J., Ashmore, P., McKenna Neuman. (2015). Transformative geomorphic research using 

laboratory experimentation. Geomorphology 244, 1-8. 

Berni, C., Barthélemy, E., & Michallet, H. (2013). Surf zone cross-shore boundary layer velocity 

asymmetry and skewness: An experimental study on a mobile bed. J. Geophys. Res. Oceans, 

118, 1–13. 

Berni, C., Michallet, H., & Barthélemy, E. (2017). Effects of horizontal pressure gradients on bed 

destabilization under waves. J. Fluid Mech., 812, 721–751. 

Bettes, R. (1990). Survey of lightweight sediments for use in mobile-bed physical models. In: Movable 

bed physical models. Kluwer Academic Publishers, The Netherlands, pp. 115-123. 

Blum, M.D., Törnqvist, T.E. (2000). Fluvial responses to climate and sea-level change: a review and 

look forward. Sedimentology 47, 2-48. 

Boardman, J., Favis-Mortlock, D. (1999). Frequency-magnitude distributions for soil erosion, runoff 

and rainfall – a comparative analysis. Zeitschrift für Geomorphologie, Supplement band 115, 51-

70. 

Bollaert, E.F.R., Mano, V., Duarte, R., Jaeggi, M. (2017) Numerical and physical modelling of future 

Rhône delta (Switzerland), SHF SIMHYDRO 2017 (paper 34), Nice Sophia-Antipolis, 14-16 Juin 

2017. 

Bonnet, S. (2009). Shrinking and splitting of drainage basins in orogenic landscapes from the migration 

of the main drainage divide. Nat. Geosci. 2, 766-771. 

Bouma, T.J., De Vries, M.B., Low, E., Kusters, L., Herman, P.M.J., Tanczos, I.C., Temmerman, S., 

Hesselink, A., Meire, P., van Regenmortel, S. (2005). Flow hydrodynamics on a mudflat and in 

salt marsh vegetation: identifying general relationships for habitat characterisations. 

Hydrobiologia 540, 259-274. 

Branß, T., Aberle, J., Dittrich, A. (2018). In_StröHmunG (Innovative Systemlösungen für ein 

transdisziplinäres und regiona-les ökologisches Hochwasserrisikomanagment und naturnahe 

Ge-wässerentwicklung) - Teilprojekt: Modellversuche zur Rehnenbildung. Bericht 1088, 

Leichtweiß-Institut für Wasserbau, Technische Universität Braunschweig, Germany. 

Brammer, J., Falconer, R.A., Ellis, C., Ahmadian, R. (2014). Physical and numerical modelling of the 

Severn Barrage. Sci. China Technol. Sc. 57(8), 1471–1481, doi:10.1007/s11431-014-5602-5. 

Braudrick, C.A., Dietrich, W.E., Leverich, G.T., Sklar, L.S. (2009). Experimental evidence for the 

conditions necessary to sustain meandering in coarse-bedded rivers. Proc. Natl. Acad. Sci. 

106(40), 16936-16941. 

Bruun, P. (1966). Model geology: Prototype and laboratory streams." Geol. Soc. Am. Bull. 77(9), 959-

974. 

Buckingham, E. (1914). On physically similar systems - Illustrations of the use of dimensional 

equations. Phys. Rev. 4(4), 345-376. 

Callander, R. (1969). Instability and river channels. J. Fluid Mech. 36(3), 465-480. 

Church, M. (2002). Geomorphic thresholds in riverine landscapes. Freshwat. Biol. 47, 541-557. 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 57 Sunday, 30 December 2018 

Church, M. (2006). Bed material transport and the morphology of alluvial river channels. Annu. Rev. 

Earth Planet Sci. 34, 325-354. 

Cifrodelli, M., Corradini, C., Morbidelli, R., Saltalippi, C., Flammini, A. (2015). The influence of climate 

change on heavy rainfalls in central Italy. Procedia Earth Planet. Sci. 15, 694–701, 

doi:10.1016/j.proeps.2015.08.097. 

Claudin, P., Andreotti, B. (2006). A scaling law for aeolian dunes on Mars, Venus, Earth, and for 

subaqueous ripples. Earth Planet. Sci. Lett. 252(1 2), 30-44. 

Coleman, S.E., Nikora, V.I. (2009). Exner equation: A continuum approximation of a discrete granular 

system. Water Resour. Res. 45(W09421), doi:10.1029/2008WR007604. 

Coulthard, T.J., van de Wiel, M.J. (2012). Modelling river history and evolution. Phil. Trans. R. Soc. A 

370, 2123-2142. 

Dalrymple, R.A (1985). Introduction to Physical models in Coastal Engineering. In: Physical Modelling 

in Coastal Engineering, R.A. Dalrymple, Ed., A.A. Balkema, Rotterdam, The Netherlands, pp 3-9. 

Dalrymple, R.A. (1989). Physical modelling of coastal processes. In: Recent Advances in Hydraulic 

Physical Modelling. R. Martins ed., NATO ASI, Martinus Nijhof Publishers, Rotterdam, 567-588. 

Davinroy, R. D., Gaines, R. A., Gordon, D. C., Hopkins, L. L., Barretta, D. P., Brown, J. L., Rodgers, M. T., 

Cox, E. A. N., Lauth, T., Krischel, B. (2012). Hydraulic sediment response modeling, replication 

accuracy to the river. Technical Paper M53, U.S. Army Corps of Engineers. 

De Sutter, R., Verhoeven, R., Krein, A. (2001). Simulation of sediment transport during flood events: 

laboratory work and field experiments. Hydrological Sciences Journal – Journal des Sciences 

Hydrologiques. 46(4): 599–610. 

de Vries, M. (1975). A morphological time‐scale for rivers. In: Proc. Int. Ass. Hydraul. Res., 16th 

Congress, Sao Paulo, Brazil, Vol. 2. 

de Vries, M., Klaassen, G.J., Struiksma, N. (1990). On the use of movable-bed models for river problems: 

A state-of-the-art. Publication no. 441, Delft hydraulics. 

de Vries, M. (1993). Use of models for river problems. UNESCO Publishing, Paris. ISBN 92-3-102861-8. 

Dean, R. G. (1973), Heuristic models of sand transport in the surf zone, in Engineering Dynamics of the 

Coastal Zone: First Australian Conference on Coastal Engineering, Sydney, May 14– 17, 1973, 

pp. 208– 214, Natl. Comm. on Coastal and Ocean Eng. of the Inst. of Eng., Sydney, Australia. 

Dean, R.G. (1985) Physical modelling of littoral processes. In: Dalrymple, R.A. (ed.) Physical Modelling 

in Coastal Engineering, A.A. Balkema, Rotterdam. 

Dean, R.G., Dalrymple, R.A. (2001). Coastal processes with engineering applications. Cambridge 

University Press, Cambridge, U.K. 

Dette, H.H., Uliczka, K. (1987). Prototype investigation on time dependent dune recession and beach 

erosion. Proc. Coastal Sediments '87, ASCE, Vol. 2, pp. 1430-1444. 

Dietrich, W.E., Palucis, M.C., Williams, R.M., Lewis, K.W., Rivera‐Hernandez, F., Sumner, D.Y. (2017). 

Fluvial gravels on Mars. In: Tsutsumi, D., Laronne, J.B. (eds). Gravel‐Bed Rivers 

doi:10.1002/9781118971437.ch28. 

Dorer, H. (1984). Ähnlichkeit bei flussbaulichen Modellen. In: Mitteilungsblatt der Bundesanstalt für 

Wasserbau, Karlsruhe, Heft 5.  

DWA (2015). Grundlagen morphodynamischer Phänomene in Fließgewässern. Merkblatt M-526, DWA, 

Hennef. 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 58 Sunday, 30 December 2018 

Egozi, R., Ashmore, P. (2009). Experimental analysis of braided channel pattern response to increased 

discharge. J. Geophys. Res., 114, F02012, 

Einstein, H.A., Chien, N. (1956). Similarity of distorted river models with movable beds. Trans. ASCE 

121(1), 440-457. 

El Kadi Abderrezzak, K., Die Moran, A., Mosselman, E., Bouchard, J.-P., Habersack, H., Aelbrecht, D. 

(2014). A physical, movable-bed model for non-uniform sediment transport, fluvial erosion and 

bank failure in rivers. J. Hydro-env. Res. 8(2), 95–114, doi:10.1016/j.jher.2013.09.004. 

Ettema, R., Heller, V. (2017). Similitude. Chapter 3 in Experimental Hydraulics, Volume I; M. Muste, D. 

A. Lyn, D. Admiraal, R. Ettema, V. Nikora, M. H. Garcia (Editors); Taylor & Francis, New York, NY. 

Ettema, R., Muste, M. (2002). Scale effect trends in hydraulic models of flow at a dike in a flat-bed 

channel. Report, IIHR Hydroscience and Engineering, Iowa City. 

Ettmer, B. (2004). Untersuchungen zu Kolkvorgängen hinter dem unterströmten Schütz. Dissertation, 

Fachbereich Bauingenieurwesen. Braunschweig, Technische Universität Braunschweig. 

Ettmer, B., Orth, F., Link, O. (2015). Live-bed scour at bridge piers in a lightweight polystyrene bed. J. 

Hydraul. Eng. 141(9), 04015017. 

Ettmer, B., Orlik, S. (2012). Nachbildung von Sieblinien aus künstlichen Sohlenmaterialien in 

experimentellen Untersuchungen. Magdeburg, Hochschule Magdeburg-Stendal. 

Fael, C.M.S., Simarro-Grande, G., Martin Vide, J.P., Cardoso, A.H. (2006). Local scour at vertical-wall 

abutments under clear-water flow conditions. Water Resour. Res. 42(W10408), 

doi:10.1029/2005WR004443. 

Farmer, G.T., Cook J. (2013). Climate Change Science: A Modern Synthesis. Volume 1 - The Physical 

Climate. Springer Netherlands. 

Faulhaber P. (2007). Neue Methoden der aerodynamischen Modellierung flussbaulicher 

Fragestellungen. Mitteilungsblatt Nr. 90, BAW, Karlsruhe. 

Federici, B., Paola, C. (2003). Dynamics of channel bifurcations in noncohesive sediments. Water 

Resour. Res. 39(6), 1162, doi:10.1029/ 2002WR001434. 

Ferguson RI (1987). Hydraulic and sedimentary controls of channel pattern. In: Richards KS (ed) River 

channels: environment and process. Basil Blackwell, Oxford, pp 129–158 

Foster, D.L., Bowen, A.J., Holman, R.A., Natoo, P. (2006). Field evidence of pressure-gradient-induced 

incipient motion. Geophys. Res., C05004, doi:10.1029/2004JC002863. 

Franco, J.J. (1978). Guidelines for the design, adjustment, and operation of models for the study of 

river sedimentation problems. U.S. Army Waterways Experiment Station. 

Fredsøe, J. (1978). Meandering and braiding of rivers. J. Fluid Mech. 84(4), 609-624. 

doi:10.1017/S0022112078000373. 

Fredsøe, J., Deigaard, R. (1992). Mechanics of Coastal Sediment Transport. World Scientific. 

Friedkin, J.F. (1945). A laboratory study of the meandering of alluvial rivers. Waterways Experimental 

station Report, U.S. Army Corps of Engineers, Waterways Experiment Station, Vicksburg, 

Mississippi, USA. 

Frisch, U. (1995). Turbulence: The legacy of A.N. Kolmogorov. Cambridge: Cambridge University Press. 

Frostick, L.E., Thomas, R.E., Johnson, M.F., Rice, S.P., McLelland, S.J. (eds.) (2014). Users Guide to 

Ecohydraulic Experimentation and Modelling: Experience of the Ecohhdraulic Research Team 

(PISCES) of the HYDRALAB Network. IAHR Design Manual, CRC Press/Balkema, Leiden. 

https://doi.org/10.1029/2004JC002863


       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 59 Sunday, 30 December 2018 

Frostick, L.E., McLelland, S.J., Mercer, T.G. (eds.) (2011). Users guide to physical modelling and 

experimentation. IAHR design manual. Taylor & Francis, Boca Raton. 

Gaines, R.A., Smith, R.H. (2002). Micro-scale loose-bed physical models. Proc. Hydraulic 

Measurements and Experimental Methods (HMEM), ASCE. 

Ganti, V., Straub, K.M., Foufoula-Georgiou, E., Paola, C. (2011). Space-time dynamics of depositional 

systems: Experimental evidence and theoretical modeling of heavy-tailed statistics. J. Geophys. 

Res. 116(F02011), doi:10.1029/2010JF001893. 

Garcia, M.H. (2000). Discussion of “The Legend of A. F. Shields”. J Hydraul Eng., 126(9), 718–720. 

Garcia, M.H. (2017). Complex flows, Section 2.5 in Experimental Hydraulics, Volume I; M. Muste, D.A. 

Lyn, D.M. Admiraal, R. Ettema, V. Nikora, and M.H. Garcia (Editors); Taylor & Francis, New York, 

NY. 

Garner, A. J., Weiss, J. L., Parris, A., Kopp, R. E., Horton, R. M., Overpeck, J. T., Horton, B. P. (2018). 

Evolution of 21st Century Sea‐level Rise Projections. Earth's Future 6, 1603–1615, 

https://doi.org/10.1029/2018EF000991. 

Gehrig, W. (1978) Flussmodelle mit beweglicher Sohle. In Kobus, H. (ed.) Wasserbauliches 

Versuchswesen, Mitteilungsheft 4, DVWW. 

Giese, E. (1987). "Aufbau eines hydraulischen Tidemodells für das Lagunengebiet von Abu Dhabi." In: 

Mitteilungsblatt der Bundesanstalt für Wasserbau 60. Bundesanstalt für Wasserbau. Karlsruhe, 

pp. 179-192. 

Giese, E., Harten, H., Vollmers, H. (1975). Erfahrungen mit dem Betrieb von Tidemodellen mit 

beweglicher Sohle. Die Küste (27), 83–94. 

Gill, T.W., Pugh, C.A., 2009. Sediment transport similitude for scaled physical hydraulic modeling. In: 

Proc. 33rd IAHR Congress, Vancouver. 

Gorrick, S., Rodríguez, J.F. (2012). Sediment dynamics in a sand bed stream with riparian vegetation. 

Water Resour. Res. 48(2), W02505. 

Gorrick, S. Rodríguez, J.F. (2014). Scaling of sediment dynamics in a laboratory model of a sand-bed 

stream. J. Hydro-env. Res. 8, 77-87. 

Gran, K., Paola, C. (2001). Riparian vegetation controls on braided stream dynamics. Water Resour. 

Res., 37, 3275–3283. 

Grasso, F., Michallet, H., Barthélemy, E., Certain, R. (2009). Physical modeling of intermediate cross-

shore beach morphology: Transients and equilibrium states. J. Geophys. Res. Oceans, 114(C9). 

Green, D. L. (2012). Modelling geomorphic systems: Scaled physical models. Geomorphological 

Techniques (Online Edition). S.J. Cook, Clarke, L.E., Nield, J.M. (Eds). London, UK, British Society 

for Geomorphology. ISSN: 2047-0371. 

Harb, G., Haun, S., Schneider, J., Olsen, N.R.B. (2014). Numerical analysis of synthetic granulate 

deposition in a physical model study. Int. J. Sed. Res. 29(1), 110–117, doi:10.1016/S1001-

6279(14)60026-3. 

Harten, H. (1970). Abdämmung der Eider; Modellversuche im Tidemodell. Mitteilungsblatt der 

Bundesanstalt für Wasserbau. Karlsruhe, Bundesanstalt für Wasserbau: 51-78. 

Hartter, J., Hamilton, L.C., Boag, A.E., Stevens, F.R., Ducey, M.J., Christoffersen, N.D., Oester, P.T., 

Palace, M.W. (2018). Does it matter if people think Climate Change is human caused? Climate 

Services 10, 53–62. 

https://doi.org/10.1029/2018EF000991


       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 60 Sunday, 30 December 2018 

Hasbergen, L.E., Paola, C. (2000). Landscape instability in an experimental drainage basin. Geology 

28(12), 1067-1070. 

Heller, V. (2011). Scale effects in physical hydraulic engineering models. J. Hydraul. Res. 49(3), 293-

306. 

Heller, V. (2017). Self-similarity and Reynolds number invariance in Froude modelling. J. Hydraul. Res., 

55(3), 293–309. 

Henning, M., Hentschel, B., Hüsener, T. (2008): Determination of channel morphology and flow 

features in laboratory models using 3D-photogrammetry. Int. Conf. on Fluvial Hydraulics, 

RiverFlow 2008, Cesme, Turkey. 

Henriquez, M., Reniers, A.J.H.M., Ruessink, B.G., Stive, M.J.F., Stanton, T.P., Foster, D.L. (2008). On the 

scaling of sediment transport in the nearshore. Coastlab '08, Bari, Italy, IAHR. 

Henry, P.Y.T., Aberle, J. (2018). 3rd advanced workshop on scaling morphodynamics in time   RECIPE. 

EC Deliverable 5.13, EC contract no. 654110, Hydralab + (Horizon 2020). 

Hentschel, B. (2007). Hydraulische Flussmodelle mit beweglicher Sohle. In: Mitteilungsblatt der 

Bundesanstalt für Wasserbau 90. Karlsruhe: Bundesanstalt für Wasserbau. S. 25-46. 

Higuchi, H., Yasuda, H., Hayakawa, N. (1978). Experimental study on scale effect of tidal model. In: 

Proc. 16th Int. Conf. Coastal Eng., August 27 - September 3, 1978, Hamburg, Germany, ASCE, 

New York, N.Y., 2646–2655. 

Hooke, R.L. (1968). Model Geology: Prototype and Laboratory Streams: Discussion. GSA Bulletin, 79, 

391-394 

Hudson, R.Y., Herrmann Jr., F.A., Soger, R.A., Whalin, R.W., Keulegan, G.H., Chatham, J., Hales, L.Z. 

(1979). Coastal Hydraulic Models. U.S. Army Corps of Engineers Coastal Engineering Research 

Center, Special Report No. 5. 

Hughes, S.A. (1983). Movable-bed modeling law for coastal dune erosion. J. Wat. Port Coast. Ocean 

Eng. 109(2), 164 179. 

Hughes, S.A. (1993). Physical models and laboratory techniques in Coastal Engineering. Advanced 

Series on Ocean Engineering, Volume 7. World Scientific Publishing, Singapore. 

Hughes, S.A., Fowler, J.E. (1990). Midscale physical model validation for scour at coastal structures. 

Technical report USACE; CERC-90-8. Vicksburg, Miss., Coastal Engineering Research, Center, U. 

S. Army Engineer Waterways Experiment Station. 

IPCC (2018). "Headline Statements on the Special Report Global Warming of 1.5°." Intergovernmental 

Panel on Climate Change. [online: 

http://report.ipcc.ch/sr15/pdf/sr15_headline_statements.pdf; last accessed 26.10.2018] 

Johnson, M.F., Dijkstra, J.T., Paul, M., Penning, W.E., Rice, S.P. Thomas, R.E. (2014). Using surrogates, 

including scaling surrogates, in laboratory flumes and basins. In: Frostick LE, Thomas RE, 

Johnson M, Rice S and McLelland S. (eds) A Users Guide to Ecohydraulic Experimentation. CRC 

Press, Leiden, Netherlands. 23-41. 

Kaergaard, K., Kristensen, S.E., Dronen, N., Grunnet, N., Deigaard, R., Fredsoe, J. (2014). Long term 

morphological modelling using a hybrid concept. From sea to Shore - Meeting the Challenges of 

the Sea, January 2014, 1290-1299. 

Kamphuis, J.W. (1972). Scale selection for mobile bed wave models. Proc. 13th ICCE, Vancouver, 

Canada, Vol. 2, pp. 1173 1195. 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 61 Sunday, 30 December 2018 

Kamphuis, J. W. (1974). Practical Scaling of Coastal Models. 14th Coastal Engineering Conference, 

Copenhagen, ASCE. 

Kamphuis, J.W. (1985). On understanding scale effect in coastal mobile bed models. In: Dalrymple, 

R.A. (ed.), Physical modelling in coastal engineering, A.A. Balkema, Rotterdam, The Netherlands, 

pp 141-162. 

Kern, K. (1994). Grundlagen naturnaher Gewässergestaltung - Geomorphologische Entwicklung von 

Fließgewässern. Springer Verlag, Berlin. 

Kleinhans, M.G., van Dijk, W.M., van de Lageweg, W.I., Hoyal, D.C.J.D., Markies, H., van Maarseveen, 

M., Roosendaal, C., van Weesep, W., van Breemen, D., Hoendervoogt, R., Cheshier, N. (2014). 

Quantifiable effectiveness of experimental scaling of river- and delta morphodynamics and 

stratigraphy. Earth Sci. Rev., 133, 43-61. 

Kleinhans, M.G., Braudrick, C., van Dijk, W.M., van de Lageweg, W.I., Teske, R., van Oorschot, M. 

(2015). Swiftness of biomorphodynamics in Lilliput- to Giant-sized rivers and deltas. 

Geomorphology, 244, 56-73. 

Kobus, H. (1978). Grundlagen. In: Kobus, H. (ed) Wasserbauliches Versuchswesen. Deutscher Verband 

für Wasserwirtschaft (DVWW), Mitteilungsheft 4, pp. 11-34. 

Kobus, H. (1980). Hydraulic Modelling, German Association for Water Research and Land 

Development, Bulletin No 7, Berlin, Germany. 

Kocyigit, O., Lin, B., Falconer, R.A. (2005). Modelling sediment transport using a lightweight bed 

material. Proc. Inst. Civ. Eng. - Mar. Eng. 158(1), 3-14. 

Krey, H. (1911). Modellversuche über den Schiffahrtsbetrieb auf Kanälen und die dabei auftretende 

Wechselwirkung zwischen Kanalschiff und Kanalquerschnitt. VDI- Mitteilungen über 

Forschungsarbeiten, Heft 107, 1911. 

Kriebel, D.L., Dally, W.R., Dean, R.G. (1987). Undistorted Froude model for surf zone sediment 

transport. Coast. Eng. 1986, 1296-1310. 

Lague, D., Crave, A., Davy, P. (2003). Laboratory experiments simulating the geomorphic response to 

tectonic uplift. J. Geophys. Res. 108(B1), 2008, doi:10.1029/2002JB001785, 2003. 

Lamb, M.P, Dietrich, W.E. (2009). The persistence of waterfalls in fractured bedrock. GSA Bulletin 121 

(7-8), 1123-1134. 

Lane, S.N., Tayefi, V., Reid, S.C., Yu, D., Hardy, R.J. (2007). Interactions between sediment delivery, 

channel change, Climate Change and flood risk in a temperate upland environment. Earth Surf. 

Process. Landforms 32, 429-446. 

Lazarus, E.D. (2016). Scaling laws for coastal overwash morphology. Geophys. Res. Lett. 43, 12113–

112119. https://doi.org/10.1002/2016gl071213. 

Lee, K.T., Liu, Y.-L., Cheng, K.-H. (2004). Experimental investigation of bedload transport processes 

under unsteady flow conditions, Hydrol. Processes, 18, 2439–2454, doi:10.1002/hyp.1473. 

Le Mehaute, B. (1970). A comparison of fluvial and coastal similitude. Coastal Engineering Proceedings 

1(12). https://icce-ojs-tamu.tdl.org/icce/index.php/icce/article/view/2674 

Leopold L.B., Wolman M.G. (1957). River channel patterns: braided, meandering and straight. 

Professional paper 282-B. United States Geological Survey, Washington, DC 

Low, H.S. (1989). Effect of sediment density on bed‐load transport. J. Hydraul. Eng. 115(1), 124-138. 

Lu, J., Liao, X., Zhao, G. (2013). Experimental study on effects of geometric distortion upon suspended 

sediments in bending channels. Sed. Geol. 294, 27-36. 

https://doi.org/10.1002/2016gl071213
https://icce-ojs-tamu.tdl.org/icce/index.php/icce/article/view/2674


       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 62 Sunday, 30 December 2018 

LWI (2010) Auswertung sedimentologischer Daten der Oder: Ermittlung der Zeitmaßstäbe des 

Modells. Leichtweiß-Institut für Wasserbau, TU Braunschweig, Bericht 993. 

Madej, M.A., Sutherland, D.G., Lisle, T.E., Pryor, B. (2009). Channel responses to varying sediment 

input: A flume experiment modeled after Redwood Creek, California. Geomorphology 103(4), 

507-519. 

Madsen, O.S. (1974). Stability of a sand bed under breaking waves. Proc. 14th Int. Conf. Coastal Eng-, 

Copenhagen, Denmark, pp. 776–794. 

Malarkey, J. et al. (2015) The pervasive role of biological cohesion in bedform development. Nat. 

Commun. 6:6257 doi: 10.1038/ncomms7257. 

Malverti, L., Lajeunesse, E., Metivier, F. (2008). Small is beautiful: Upscaling from microscale laminar 

to natural turbulent rivers. J. Geophys. Res., 113, F04004, doi:10.1029/2007JF000974. 

Maynord S.T. (2006). Evaluation of the Micromodel: An Extremely Small-Scale Movable Bed Model. J. 

Hydraul. Eng. 132(4), 343-353. 

Métivier, F., Gaudemer, Y. (1999). Stability of output fluxes of large rivers in South and East Asia during 

the last 2 million years: implications on floodplain processes. Basin Res., 11, 293–303. 

Meyer-Peter, E., Müller, R. (1948). Formulas for bed-load transport. 2. Tagung IVWBV (IAHR), 

Stockholm. 

Meyering, H. (2012). Effect of sediment density in bridge pier scour experiments. Dissertation. 

Technische Universität Braunschweig. Braunschweig, Germany. 

Migniot, C., Orgeron, C., Biesel F. (1975). LCHF coastal sediment modelling techniques. Symposium on 

modelling techniques, ASCE, San Francisco; p1638. 

Migniot, C. (1979). Utilisation des modèles réduits sédimentologiques pour prévoir l’influence d’un 

ouvrage maritime sur l’évolution d’un littoral. La Houille Blanche N°4/5-1979 p191. 

Migniot, C. (1994). Moyens d’etudes des phenomenes sedimentaires marins, estuariens et fluviaux. 

Rep. ER.QG 94.01, LCHF-SOGREAH. 

Mignot, E., Riviere, N., Lefevre, A., Quillien, B. (2018). Reducing Darcy coefficient by using drag 

reduction methods in open-channel flows: Effect on discharge capacity and potential 

application to mitigate river flooding impact. Proceedings of RiverFlow 2018, E3S Web Conf., 40 

05001. 

Millar RG (2000). Influence of bank vegetation on alluvial channel patterns. Water Resour. Res. 36(4), 

1109–1118 

Moulin, F. et al. (2018). Protocols for representing variability and unsteadiness in flume facilities. EC 

Deliverable 8.2, EC contract no. 654110, Hydralab + (Horizon 2020). 

Moreton, D.J. (2001). Characterising alluvial architecture using physical models, subsurface data and 

field analogues. PhD dissertation, University of Leeds, Leeds. 

Moreton, D.J., Ashworth, P.J., Best, J.L. (2002). The physical scale modelling of braided alluvial 

architecture and estimation of subsurface permeability. Basin Research 14, 265 285. 

Mrokowska, M.M., Rowiński, P.M., Książek, L., Strużyński, A., Wyrębek, M., Radecki-Pawlik, A. (2018). 

Laboratory studies on bedload transport under unsteady flow conditions. J. Hydrol. Hydromech. 

66(1), 23–31, doi:10.1515/johh-2017-0032. 

Mustafa, M.T., Cox, A.L., Davinroy, R.D., Krischel, B.J., Nguyen, I.H. (2017). Mobile-bed similitude 

evaluation of hydraulic sediment response models. J. Appl. Water Eng. Res. 92, 1–16, 

doi:10.1080/23249676.2017.1324825. 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 63 Sunday, 30 December 2018 

Muste, M., J. Aberle, D. Admiraal, R. Ettema, M. Garcia, D. Lyn, V. Nikora, C. Rennie (2017). 

Experimental Hydraulics: Methods, Instrumentation, Data Processing and Management. Vol 

I&II. Taylor & Francis, New York, NY. 

Muste, M., Uijttewaal, W.S.J. (2017). Laboratory facilities, Section 4.3 in Experimental Hydraulics, 

Volume I; M. Muste, D.A. Lyn, D.M. Admiraal, R. Ettema, V. Nikora, and M.H. Garcia (Editors); 

Taylor & Francis, New York, NY. 

Nezu, I., Nakagawa, H. (1993). Turbulence in Open-channel Flows. IAHR Monograph series, CRC Press. 

Nicholls, R. J., French, J. R., and van Maanen, B. (2016). Simulating decadal coastal morphodynamics. 

Geomorphology, 256, 1-2. 

Nielsen, P. (1992). Coastal bottom boundary layers and sediment transport. Advanced Series on Ocean 

Engineering (Vol. 4), World Scientific. 

Noda, E.K. (1971). Coastal movable-bed scale-model relationship. Report TC-191, Tetra Tech, Inc., 

Pasadena, CA. 

Noda, E.K. (1972). Equilibrium beach profile scale model relationship. J. Waterw. Harbors Coast. Div. 

WW4, 511 528. 

Novak, P., Guinot, V., Jeffrey, A., Reeve, D.E. (2010). Hydraulic modelling - an introduction. Spon Press, 

London, New York. 

Paola C (2000) Quantitative models of sedimentary basin filling. Sedimentology 47 (Suppl. 1), 121-178. 

Paola, C., Heller, P.L., Angevine, C.L. (1992). The large‐scale dynamics of grain‐size variation in alluvial 

basins, 1: Theory. Basin Res. 4, 73–90. 

Paola, C., Voller, V. R. (2005). A generalized Exner equation for sediment mass balance. J. Geophys. 

Res. 110, F04014. 

Paola, C., Straub, K., Mohrig, D., Reinhardt, L, (2009). The "unreasonable effectiveness" of stratigraphic 

and geomorphic experiments. Earth-Sci. Rev. 97 (1-4), 1-43. 

Paul, M. J., Kamphuis, J.W., Brebner, A. (1972). Similarity of equilibrium beach profiles. 13th Coastal 

Engineering conference, Vancouver. 

Parker, G. (1976). On the cause and characteristic scales of meandering and braiding in rivers. J. Fluid 

Mech., 76(3), 457-480.  

Parker, G. (2008). Transport of _gravel and sediment mixtures, Chapter 3 of: Sedimentation 

Engineering, ASCE Manual No.110, Sedimentation Engineering: Process, Measurements, 

Modelling, and Practice. ISBN 10 0784408149, May 2008, 1050, pp165-252. 

Parthiot, F. (1981). Development of the River Seine Estuary: Case Study. J. Hydraul. Div. 107(11), 1283–

1301. 

Peakall, J., Warburton, J. (1996). Surface tension in small hydraulic river models - the significance of 

the Weber number. J. Hydrol. (NZ) 35(2), 199-212. 

Peakall, J., Ashworth, P., Best, J. (1996). Physical modelling in fluvial geomorphology: principles, 

applications and unresolved issues. In: Rhoads, B., Thorn, C. (eds.), The scientific nature of 

geomorphology, Wiley, Chichester, UK. pp. 221 253. 

Peakall, J., Ashworth, P., Best, J. (2007). Meander-bend evolution, alluvial architecture, and the role 

of cohesion in sinuous river channels: A flume study. J. Sediment. Res., 77,1–16, 

Peakall, J. Summer, E.J. (2015). Submarine channel flow processes and deposits: A process-product 

perspective. Geomorphology 244, 95–120 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 64 Sunday, 30 December 2018 

Peirce, S., Ashmore, P., Leduc, P. (2018). The variability in the morphological active width: Results from 

physical models of gravel-bed braided rivers. Earth Surf. Proc. Landforms. doi: 

10.1002/esp.4400. 

Pelletier, J.D., et al. (2015). Forecasting the response of Earth's surface to future climatic and land use 

changes: A review of methods and research needs." Earths Future 3(7), 220-251. 

Perry, L.G., Reynolds, L.V., Beechie, T.J., Collins, M.J., Shafroth, P.B. (2015). Incorporating Climate 

Change projections into riparian restoration planning and design. Ecohydrol. 8(5), 863–879, 

doi:10.1002/eco.1645. 

Peters, J.J. (1990). Scaling of sediment transport phenomena in large alluvial rivers with very low 

slopes. Movable Bed Physical Models, H. W. Shen, ed., Springer Netherlands, Dordrecht, 149-

158. 

Petosa, A.R., Jaisi, D.P., Quevedo, I.R., Elimelech, M., Tufenkji N. (2010). Aggregation and Deposition 

of Engineered Nanomaterials in Aquatic Environments: Role of Physicochemical Interactions. 

Environ. Sci. Technol. 44 (17), pp 6532–6549 

Petruzzelli, V., Garcia, V.G., Cobos, F.X.G.i., Petrillo, A.F. (2013). On the use of lightweight materials in 

small-scale mobile bed physical models. J. Coast. Res., 65(2): pp 1575-1580. 

Piliouras, A., Kim, W., Carlson, B. (2017). Balancing aggradation and progradation on a vegetated delta: 

The importance of fluctuating discharge in depositional systems. J. Geophys. Res. Earth Surf. 

122, 1882–1900. 

Postma, G., Kleinhans, M.G., Meijer, P., Eggenhuisen, J. (2008). Sediment transport in analogue flume 

models compared with real‐world sedimentary systems: a new look at scaling evolution of 

sedimentary systems in a flume. Sedimentology 55, 1541–1557, doi:10.1111/j.1365‐

3091.2008.00956.x. 

Powell, K.A. (1990). Predicting short term profile response for shingle beaches. Report SR 219, 

Hydraulics Research Wallingford, February 1990. 

Pugh, C.A., Russel, A.D. (1991). Design of Sediment Models. Proceedings of the Fifth Federal 

Interagency Sedimentation Conference, Federal Energy Regulatory Commission, 1991. 

Rajaratnam, N., Mazurek, K.A. (2002). Erosion of a polystyrene bed by obliquely impinging circular 

turbulent air jets. J. Hydraul. Res. 40(6), 709-716. 

Ranasinghe, R.,Swinkels, C., Luijendijk, A., Roelvink, D., Bosboom, J.,  Stive, M., Walstra, D. (2011). 

Morphodynamic upscaling with the MORFAC approach: Dependencies and sensitivities,.  Coast. 

Eng. 58(8), 806-811. 

Ranieri, G., (1994). Experimental study of erosive beach profiles, Proceedings of the International 

Symposium: Waves, Physical and Numerical Modeling, Vancouver, Canada. 

Ranieri, G., (2002). On the use of bakelite in small scale models. Proc. Of the EWRJ-ASCE/IAHR Conf., 

Colorado. 

Redolfi, M., Bertoldi, W., Tubino, M., Welber, M. (2018). Bed load variability and morphology of gravel 

bed rivers subject to unsteady flow: A laboratory investigation. Water Resour. Res. 54, 842–862. 

Reeve, D.E., Karunarathna, H., Pan, S., Horrillo-Caraballo, J.M., Różyński, G., Ranasinghe, R. (2016). 

Data-driven and hybrid coastal morphological prediction methods for mesoscale forecasting. 

Geomorphology 256, 49–67, doi:10.1016/j.geomorph.2015.10.016. 

Reitz, M.D., Jerolmack, D.J. (2012). Experimental alluvial fan evolution: Channel dynamics, slope 

controls, and shoreline growth. J. Geophys. Res. Earth Surf. 117(F2), doi:10.1029/2011JF002261. 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 65 Sunday, 30 December 2018 

Reitz, M.D., Jerolmack, D.J., Lajeunesse, E., Limare, A., Devauchelle, O., Métivier, F. (2014). Diffusive 

evolution of experimental braided rivers. Phys. Rev. E 89, 052809 

Rocha, M. V. L. (2016). Observation and modelling of wave nonlineariites and infragravity waves in the 

nearshore. Ph.D. thesis Universidade de Aveiro and Université Grenoble Alpes. 

Rouse, H. (1939). Laws of transportation of sediment by streams: Suspended load. Reprint No.21, 

University of Iowa, USA. 

Rouse H., Ince S. (1957). History of Hydraulics. Iowa Inst. of Hydraulic Research, State University of 

Iowa. 

Rowinski, P. (ed.) (2011). Experimental Methods in Hydraulic Research. Springer-Verlag, Berlin 

Heidelberg. 

Sánchez-Arcilla, A., Cáceres, I., van Rijn, L., Grüne, J. (2011). Revisiting mobile bed tests for beach 

profile dynamics. Coast. Eng. 58(7), 583–593, doi:10.1016/j.coastaleng.2011.01.005. 

Sapozhnikov, V., Foufoula-Georgiou, E. (1996) Self-affinity in braided rivers. Water Resour. Res. 32(5), 

1429-1439. DOI: 10.1029/96WR00490. 

Schumm, S., Khan, H. (1972). Experimental study of channel patterns. Geol. Soc. Am. Bull.,83, 1755–

1770. 

Scott, T., Masselink, G., O'Hare, T., Saulter, A., Poate, T., Russell, P., Davidson, M., Conley, D. (2016). 

The extreme 2013/2014 winter storms: Beach recovery along the southwest coast of England. 

Mar. Geol. 382, 224-241. 

Shields, A. (1936). Anwendung der Ähnlichkeitsmechanik und der Turbulenzforschung auf die 

Geschiebebewegung. Mitt. der preußischen Versuchsanstalt für Wasserbau und Schiffsbau, 

Heft 26, Berlin. 

Silva, R., Veloso-Gomes, F., Taveira-Pinto, F., Celho, C. (2011) 3D Movable Bed Model Results 

Integration in a Shoreline Evolution Model, Coastal Sediments '11, Miami, Florida, USA. World 

Scientific Publishing. 

Simonett, S., Weitbrecht, V. (2011). Bed load transport in a physical scale model of two merging 

mountain streams. In: P. Rowinski. (ed.), Experimental Methods in Hydraulic Research, Berlin, 

Heidelberg, Springer Berlin Heidelberg, pp. 275-286. 

Smith, C. (1998). Modeling high sinuosity meanders in a small flume. Geomorphology 25, 19 –30. 

Soulsby, R.L. (1997). Dynamics of marine sands. Thomas Telford, London. 

Spitzer, D., Söhngen, B., Aberle, J., Geisenhainer, P. (2012). Belastung der Gewässersohle durch 

Propellerstrahlen - Teil 1: Untersuchungen bis zum Zweiten Weltkrieg. Korrespondenz 

Wasserwirtschaft 5(4), 202-209. 

Spitzer, D., Söhngen, B., Aberle, J., Geisenhainer, P. (2012). Belastung der Gewässersohle durch 

Propellerstrahlen - Teil 2: Untersuchungen nach dem Zweiten Weltkrieg. Korrespondenz 

Wasserwirtschaft 5(6), 321-330, in German. 

Stagonas, D. (2010). Micro-modelling of wave fields. PhD thesis, University of Southampton. 

Stratigaki, V., Manca, E., Prinos, P., Losada, I.J., lara, J.L., Sclavo, M., Amos, C.L., Caceres, I., Sanchez-

Arcilla, A. (2011). Large-scale experiments on wave propagation over Posidonia oceanica. J. 

Hydraul. Res. 49(S1), 31-43 

Stagonas D., Warbrick D., Muller G., Magagna D. (2011). Surface tension effects on energy dissipation 

by small scale, experimental breaking waves. Coast. Eng. 58(9), 826-836. 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 66 Sunday, 30 December 2018 

Struiksma, N., Olesen, K., Flokstra, C., De Vriend, H. (1985). Bed deformation in curved alluvial 

channels. J. Hydraul. Res., 23(1), 57–79. 

Sutherland, J., Whitehouse, R. (1998). Scale effects in the physical modelling of seabed scour. Report, 

HR Wallingford. 

Swart, D.H. (1974). A schematization of onshore-offshore transport. Proc. 14th Int. Conf. Coast. Eng., 

ASCE, pp.884-900. 

Tal, M., Paola, C. (2007). Dynamic single-thread channels maintained by the interaction of flow and 

vegetation. Geology 35 (4), 347-350. 

Tal M, Paola C. (2010). Effects of vegetation on channel morphodynamics: results and insights from 

laboratory experiments. Earth Surf. Proc. Landforms 35 (9), 1014-1028. 

Thomas, R.E. et al. (2014). Physical modelling of water, fauna and flora: knowledge gaps, avenues for 

future research and infrastructural needs. J. Hydraul. Res. 52(3), 311-325. 

Tsujimoto, T. (1990). Distorted model and time scale evaluation of multiscale subjected fluvial 

processes. In: Shen, H.W. (ed) Movable Bed Physical Models. Springer Netherlands, Dordrecht, 

pp. 31-48.  

USACE (1936). Studies of light-weight materials with special reference to their movement and use as 

model bed materialRep. Technical Memorandum No. 103-1, U.S. Waterways Experiment 

Station, Vicksburg, Mississippi, USA. 

USACE (1989). Application of movable-bed physical models to predict storm-induced erosion CETN-II-

18 6/89. U.S. Army Engineer Waterways Experiment Station, Coastal Engineering Research Center, 

Vicksburg, USA. 

van Dijk, W.M., van De Lageweg, W.I., Kleinhans, M.G., (2012). Experimental meandering river with 

chute cutoffs. J. Geophys. Res. Earth Surf. 117 (3), F03023. 

van Dijk, W.M., Lageweg, W.I., Kleinhans, M.G. (2013). Formation of a cohesive floodplain in a dynamic 

experimental meandering river. Earth Surf. Process. Landforms 38: 1550-1565. 

van Maanen, B. et al. (2016). Simulating mesoscale coastal evolution for decadal coastal management: 

A new framework integrating multiple, complementary modelling approaches. Geomorphology 

256, 68-80. 

Vanmaercke, M., Jean Poesen, J., Verstraeten, G., de Vente, J., Ocakoglu, F. (2011), Sediment yield in 

Europe: Spatial patterns and scale dependency. Geomorphology 130 (3–4): 142-161. 

van Os, A., Soulsby, R., Kirkegaard, J. (2004). The future role of experimental methods in European 

hydraulic research: towards a balanced methodology. J. Hydraul. Res. 42(4), 341-356 

van Rijn, L.C., Tonnon, P.K., Sánchez-Arcilla, A., Cáceres, I., Grüne, J. (2011). Scaling laws for beach and 

dune erosion processes. Coast. Eng. 58(7) 623-636, doi:10.1016/j.coastaleng.2011.01.008. 

Vellinga, P. (1982). Beach and dune erosion during storm surges. Delft Hydraulic Laboratory, 

publication n. 276. 

Vellinga, P. (1986). Beach and Dune Erosion during Storm Surges, PhD Dissertation, Communication 

No. 372, Delft Hydraulics Laboratory, Delft, The Netherlands. 

Vermeulen, B., Boersema, M.P., Hoitink, A.J.F., Sieben, J., Sloff, C.J., van der Wal, M. (2014). River scale 

model of a training dam using lightweight granulates. J. Hydro-env. Res. 8(2), 88-94. 

Viguier, J., de Croutte, E., Hamm, L. (2002). Hydrosedimentary studies to restore the maritime 

character of Mont-Saint-Michel. Proc. 28th Int. Conf. On Coastal Engng., Cardiff, July 2002, 

WorldScientific, New-Jersey, USA, pp. 3285-3297 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 67 Sunday, 30 December 2018 

Viparelli, E., Solari, L., Hill, K.M. (2015). Downstream lightening and upward heavying: Experiments 

with sediments differing in density. Sedimentology 62(5), 1384-1407. 

Visconti, F., Camporeale, C., Ridolfi, L. (2010). Role of discharge variability on pseudomeandering 

channel morphodynamics: Results from laboratory experiments. J. Geophys. Res., 115, F04042, 

doi:10.1029/ 2010JF001742. 

Vollmers, H., Giese, E. (1972). Elbe tidal model with movable bed. In: Coastal Engineering 

1972American Society of Civil Engineers, pp. 2457-2473. 

Vollmers, H., Giese, E. (1973). Das Tidemodell der Elbe mit beweglicher Sohle. Die Küste (24), 60–71. 

Wallerstein, N.P., Alonso, C.V., Bennett, S.J., Thorne, C.R. (2001). Distorted Froude-scaled flume 

analysis of large woody debris. Earth Surf. Process. Landforms 26(12), 1265-1283. 

Wang, Y.-H., Jiang, W.G., Wang, Y.H et al. (2013). Scale effects in scour physical model tests: Cause 

and alleviation. J. Mar. Sci. Tech. 21(5), 532-537. 

Wang, Z., Kron, W. (1991) Time distortion in large scale sediment model tests. J. Hydraul. Res. 29(2), 

161-178. 

Wei, B.Q., Kunhilde, U., Horishi, H. (2001). Study on similarity laws of a distorted river model with a 

moveable bed. J. Hydrodyn. Ser. B1 13(1), 86-91. 

Wei, B.Q., Xun, H.Y., Xiao, R.G., Meng, W.Q.(2012). Similarity laws of distorted model with a movable 

bed and its validity. Adv. Mat. Res. 383-390, 4413-4423. 

Wickert, A.D., Martin, J.M., Tal, M., Kim, W., Sheets, B., Paola, C. (2013). River channel lateral mobility: 

metrics, time scales, and controls. J. Geophys. Res. Earth Surf. 118(2), 396–412, 

doi:10.1029/2012JF002386. 

Williams, R.D., Brasington, J., Hicks, M.J. (2016). Numerical modelling of braided river 

morphodynamics: Review and future challenges. Geography Compass 10/3, 102-127, 

10.1111/gec3.12260. 

Willner, S.N., Levermann, A., Zhao, F., Frieler, K. (2018). Adaptation required to preserve future high-

end river flood risk at present levels. Sci. Adv. 4(1), eaao1914, doi:10.1126/sciadv.aao1914. 

Willson, C.S., Dill, N., Barlett, W., Danchuk, S., Waldron, R. (2007). Physical and numerical modeling of 

river and sediment diversions in the Lower Mississippi River Delta. In: Kraus, N.C. (ed.) Proc Sixth 

Int. Symp. Coastal Engineering & Sci. Coastal Sed. Proc., May 13-17, 2007, New Orleans, 

Louisiana, 749-761. 

Wulzinger, W. (1981): Sedimenttransport und Sohlausbildung im Tidemodell der Elbe mit beweglicher 

Sohle. In: Mitteilungsblatt der Bundesanstalt für Wasserbau 50. Karlsruhe: Bundesanstalt für 

Wasserbau. S. 59-82. 

Whipple, K.X., Parker, G., Paola, C., Mohrig, D. (1998). Channel dynamics, sediment transport, and the 

slope of alluvial fans: Experimental study. J. Geol. 106, 677 694, doi:10.1086/516053. 

Wong, M., Parker, G. (2006). One-dimensional modeling of bed evolution in a gravel bed river subject 

to a cycled flood hydrograph. J. Geophys. Res. 111, F03018, doi:10.1029/2006JF000478. 

Yager, E. M., Kenworthy, M., Monsalve, A. (2015). Taking the river inside: Fundamental advances from 

laboratory experiments in measuring and understanding bedload transport processes. 

Geomorphology, 244, 21-32. 

Yalin, M.S. (1959). Über die Ähnlichkeit der Geschiebebewegung bei Modellversuchen. Die Bautechnik 

36(3), 96-99. 

Yalin, M.S. (1971). Theory of Hydraulic Models. Macmillan, London, UK (1971) 



       Protocols for scaling morphodynamics in time (D8.3) 

Version 2.2 68 Sunday, 30 December 2018 

Yalin, M.S. (1973). On the geometrically similar reproduction of dunes in a tidal model with movable 

bed. In: Proc. 13th Int. Conf. Coast. Eng., Vancouver, British Columbia, Canada, July 10-14. 1972, 

ASCE, Reston, 1143–1154. 

Yalin, M.S., Kamphuis, J.W. (1971). Theory of dimensions and spurious correlation. J. Hydraul. Res. 

9(2), 249-265. 

Yalin, S., Russell, R.C.H. (1962). Similarity in sediment transport due to waves. Proc. 8th Conf. Coastal 

Engineering, 151-171. 

Yossef, M.F.M., De Vriend, H.J. (2010). Sediment exchange between a river and its groyne fields: 

mobile-bed experiment. J. Hydraul. Eng. 136(9), 610-625. 

Young, W.J., Davies, T.R.H. (1990). Prediction of bedload transport rates in braided rivers: A hydraulic 

model study. J. Hydrol. (NZ), 229(2), 75-92. 

Zala Flores, N., Sleath, J.F.A. (1998). Mobile layer in oscillatory sheet flow. J. Geophys. Res. 103, 12783-

12793. 

Zarn B. (1992) Lokale Gerinneaufweitung – eine Massnahme zur Sohlstabilisierung der Emme bei 

Utzendorf. Mitteilung 118. Laboratory of Hydraulics, Hydrology and Glaciology, Swiss Federal 

Institute of Technology, Zurich, pp 98–103. 

Zhao, G., Visser, P.J., Lu, J., Vrijling, J.K. (2013). Similarity of the velocity profile in geometrically 

distorted flow model. Flow Meas. Instr. 32, 107-110. 

Zwamborn, J.A. (1966). Reproducibility in hydraulic models of prototype river morphology. La Houille 

Blanche 3, 291-298. 

Zwamborn, J.A. (1981). Umfolozi road bridge hydraulic model investigation. J. Hyrdr. Div. 107(11), 

1317-1333. 

Årthun M., Kolstad, E.W., Eldevik, T., Keenlyside N.S. (2018). Time scales and sources of European 

temperature variability. Geophys. Res. Lett. 45, 3597–3604.  


	Document Information
	Document History
	Acknowledgement
	Disclaimer
	Licence
	Cite as
	Abstract
	Keywords
	1. Background
	1.1. General description and objectives of the deliverable
	1.2. The experimental modelling framework
	1.2.1. The concept of similitude/similarity
	1.2.2. Similarity in morphodynamic models
	1.2.3. Time scales and Climate Change


	2. Scaling laws and scale effects
	2.1. Scaling principles
	2.1.1. Scaling laws and specific model types
	Fixed bed models
	Movable bed models

	2.1.2. Bed load and suspended load model types
	Best Models
	Lightweight models
	Densimetric Froude models
	Sand models
	Analogue and small-scale models
	Suspended load models


	2.2. Time scales
	2.2.1. Time scales for fixed bed models
	2.2.2. Time scales for movable bed models
	2.2.3. Time scales in coastal models
	Morphodynamic time scales in the nearshore: example from van Rijn et al. (2011)


	2.3. General approaches for scaling morphodynamics in time
	2.3.1. The use of lightweight sediments
	Lightweight sediments in coastal physical models

	2.3.2. Other alternatives
	2.3.3. Examples of coupling the hydrodynamic and morphologic time scales


	3. Protocols for time compression in morphodynamic experiments
	3.1. Fluvial environment
	3.1.1. Dynamic river channels: braiding and meandering
	Objectives
	Facilities and instrumentation
	Scaling considerations
	Model calibration and experimental procedure

	3.1.2. Bed load transport and bed forms ("in channel processes")
	Objectives
	Facilities and instrumentation
	Scaling considerations
	Model calibration and experimental procedure


	3.2. Coastal environment
	3.2.1. Short wave models: Shoreline profile evolution and cross shore transport
	Objectives
	Facilities and instrumentation
	Scaling considerations
	Model calibration and experimental procedure

	3.2.2. Combined long and short wave models: Dynamics of coastal systems
	Objectives
	Facilities and instrumentation
	Scaling considerations
	Model calibration and experimental procedure


	3.3. Tidal and estuarine environment
	3.3.1. Long wave models with mobile bed
	Objectives
	Facilities and instrumentation
	Scaling considerations
	Model calibration and experimental procedure

	3.3.2. Deltas and bays
	Objectives
	Facilities and instrumentation
	Scaling considerations
	Model calibration and experimental procedure



	4. Conclusions and outlook
	5. References

