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4. SCALING OF MORPHODYNAMICS IN TIME 

 REPRESENTING CLIMATE CHANGE IN PHYSICAL MODELS OF FLUVIAL 

MORPHODYNAMICS 
This section examines the current ‘state-of-the-art’ for the representation of climate change in physical 

models that represent morphodynamic change, with an emphasis on fluvial morphology and less detail 

on coastal environments. Some specific references to coastal studies are included and there is 

substantial overlap between the two domains although the dimensionless numbers need to be 

redefined using different parameters (but their form remains essentially the same).  

The modelling of suspended sediment transport is not covered in as much as detail as bed load – this 

is due to the fact that bed load is more important for the morphodynamic evolution of river systems. 

Instead, the emphasis is set on the effect of time scales since these are critical for modelling climate 

change. Climate change defines the (varying) boundary conditions for designing and running the model, 

but not the scaling laws themselves. However, the latter govern basically the overall design.  

Not every referenced study is described in depth as there are many and most studies are based on the 

same scaling laws. Last but not least, the focus is set on physical models and no numerical models are 

described.  

4.1.1. Introduction 

Physical modelling is an important tool in hydraulic research and an established technique for the 

design and testing of hydraulic structures. The high degree of experimental control in both physical 

scale and process models allows for the simulation of varied or rare environmental conditions and 

hence to obtain measurements for conditions which cannot be measured at the prototype or prior to 

the construction of hydraulic structures (Hughes 1993). Moreover, physical modelling provides 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 can therefore play 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).  

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 state. 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.  

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. For this 
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purpose, we will review existing methods for the representation of morphodynamic processes over 

longer time scales in scale models addressing scaling laws and highlighting scale effects and their 

limitations.  

4.1.2. Background 

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

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

Maanen et al. 2016) as well as further important factors such as hydrology, sediment yield, 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).  

Physical scale models are a useful tool to simulate and investigate the corresponding complex 

processes and feedback mechanisms given that their design reflects the spatial and temporal scale of 

the problem under investigation. They have been used for more than 100 years to investigate the 

interaction between flow, sediment transport, and morphology. An example for an early investigation 

in regard to erosion processes is the erosion of canal beds due to propeller jet erosion by Krey (1911). 

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).  

Error! Reference source not found. and Figure 1, redrawn from Peakall et al. (1996), present a 

schematic overview of different model types and their ability to replicate the relevant spatial and 

temporal scales of the prototype. 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 some selected properties of the prototype (Peakall et al. 1996). In these 

models the time passes 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 fluvial process time scales (Tsujimoto 

1990).  
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Figure 1. Schematic view of the balance between the ability of model-types to replicate the prototype and spatial/temporal 
scales (Figure modified from Peakall et al. 1996). 

4.1.3. Scaling 

The scaling laws used to design hydraulic models can be derived based on a dimensional analysis (e.g., 

Buckingham 1914, Barenblatt 2003). An important prerequisite for the design of a physical model is 

the dynamic similarity ensuring a constant prototype-to-model ratio of masses and forces acting on 

the system (e.g., Einstein & Chien 1956, Yalin & Kamphuis 1971, Kobus, 1984, Hughes 1993, Frostick et 

al. 2011), i.e. 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, and corresponding scale effects for 

coastal and fluvial scale models are discussed in e.g. Yalin (1971), Hudson et al. (1979), de Vries et al. 

(1990), de Vries (1993), Hughes (1993), Ettema & Muste (2002), Sutherland & Whitehouse (1998), 

Heller (2011). Scale models need therefore to be designed in a way that 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 the neglected 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), i.e. scale 

effects will have to be accepted.  

The most commonly used scaling criteria for fluid flow is the Froude-scaling requiring similarity in the 

Froude number Fr = U/(gh)0.5 in model and prototype, where U denotes the flow velocity, g the 

gravitational acceleration, and h the water depth. This scaling law, ensuring the constant ratio between 

inertia and gravitational forces in model and prototype, is most significant for open channel flows so 
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that the water surface will be adequately replicated in the model (Kobus, 1978). There exist further 

hydraulic scaling criteria (Kobus, 1978, Novak et al. 2010) which may be mentioned when highlighting 

scale effects in different model types below.  

In the following discussion 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 r, fluid dynamic 

and kinematic viscosity randr, respectively are equal to 1; the subscript r denotes the ratio between 

model (m) and prototype (p). Moreover, scale effects due to fluid temperature will not be considered 

although it worth mentioning that Young & Davies (1990) used heated water (30 °C) in their 

experiments in order to improve the similarity in Reynolds numbers. Finally, although beyond the 

scope of this review, it is worth mentioning that scaling considerations for morphological processes in 

extra-terrestrial environments is also possible (e.g., aeolian dunes on Mars and Venus; Claudin & 

Andreotti 2006).  

Fixed bed models 

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

uniform open-channel flow with 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, a dimensional analysis results in  

Fr fct. Re, ,
 

  
 

k
S

h   (4.1) 

where Re = Uh/denotes the Reynolds number, k/h the relative roughness (with k = roughness length 

scale which is often expressed in terms of the grain diameter d), and S is the slope. Within a Froude-

scaled model the flow Reynolds-number Re = Uh/ will differ between the model and prototype. 

Therefore, to avoid scale effects, the flow regime in both the model and prototype needs to be fully 

turbulent. Moreover, the relative roughness (or submergence h/k) and the slope need to be the same 

in a Froude model. The roughness can be scaled considering similarity in the Darcy-Weisbach friction 

factor, which in turn depends on h/k, or alternatively in the Chézy-coefficient or Manning number. In 

distorted models which are characterised by different horizontal and vertical length scales Sr ≠ 1. Thus, 

the distortion leads to scale effects in the flow field (see e.g. Lu et al. 2013, Zhao et al. 2013) and it can 

be described that geometric similarity is 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 scale models if the vertical scale (hr) is selected equal to the length scale (Lr) (de 

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

tension in the water depth in the model is low (e.g. Hughes 1993; Peakall & 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).  

Based on the similarity in Fr it becomes possible to derive the hydraulic time scale tr (e.g. Kobus 1978): 
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 r
r

r

L
t

h
  (4.2) 

In this equation, Lr denotes the scale ratio for the horizontal length scales between model and 

prototype (Lp/Lm) and hr the corresponding vertical scale. For a non-distorted model tr = Lr
0.5 showing 

that time related to bulk flow processes in the model passes faster than in the prototype.  

Movable bed models  

Movable bed models represent a two-phase flow with a solid (particles) and fluid (particles) 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 Reynolds-number Re* = vd 

densimetric Froude number (Shields-number) Fr* = vsgd], relative sediment density s 

relative submergence h/d (which is already found in the fixed bed model), and relative fall speed vs/u* 

(see e.g., Yalin, 1971, Hughes 1993, Peakall et al. 1996 for details). In these definitions, s denotes the 

sediment density, u* the shear velocity (u*
2= ghS), and vs the fall velocity. In order to obtain perfect 

similitude for sediment transport processes, all these quantities would have to be equal in the model 

and prototype, therefore assuming that water is used in both model and prototype rr = 1): 

*,r *rRe 1rd u 
  (4.3) 
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Equations (4.3) – (4.7) have been formulated for unidirectional flow conditions. In the case of wave 

action, wave characteristics become important and need to be considered for scaling of 

hydrodynamics (e.g. Yalin & Russell 1962, Le Mahaute 1970, Hudson et al. 1979, Hughes 1993, Van Rijn 

et al. 2011). Note also that for unidirectional flows the shear velocity can be determined via u* = (ghS)0.5 

so that for such conditions equation (4.4) can be written as: 

 

2

*rFr 1r

s r rr

h

L d 
 


  (4.8) 

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

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

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

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

effects will automatically be induced.  
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The criterion defined by equation (4.7) essentially corresponds to the ratio of the Rouse-number in the 

model and prototype and hence it is most important for suspended load transport when considering 

unidirectional flow. Inserting the hydraulic time scale given by eq. (4.2) into this equation yields: 

r rh L
  (4.9) 

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

model, but it may be reasonable to relax this criterion for models focusing on bed load transport. Low 

(1989) found in experiments that used lightweight materials with different specific densities 1 s  

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

related to u*r/vsr 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*. Grasso et al. (2009) found that equilibrium 

beach profiles can be obtained in scale model tests with lightweight materials using the Froude, 

densimetric Froude and Rouse numbers as scaling criteria (the Rouse number corresponds basically to 

equation 4.7). 

Gorrick & Rodriguez (2014) used a non-distorted model of a sand-bed stream to demonstrate the 

importance for 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 4.6) but found that for sediment beds with bed 

forms, or in other words situations where the bedform drag is larger than grain friction, the relative 

submergence criterion may be violated as dune dimensions depend mainly on the densimetric Froude 

number.  

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, Kleinhans et al. 2014, Bennet et al. 2015, 

Yager et al. 2015, Kleinhans et al. 2015). There are many different studies looking at, for example, the 

effect of training structures on water bodies; local and reach wide morphological development of sand 

bed rivers through 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 review but this section highlights 

some specific examples. Table 1 reviews some of the major studies dealing with experimental 

applications of lightweight sediments and associated time scales/distortions. 

In all these studies it is identified that, in practice, complete similarity in all dimensionless ratios for 

the combination of scaling laws for fixed and movable bed models is not possible. In fact, scale effects 

need to be accepted in movable bed models meaning that some of the criteria have to be relaxed to 

be able to design practical experimental models.  Depending on which similarity criteria is/are violated, 

Hughes (1993) defined different bed load model types which are briefly introduced here and discussed 

in more detail below: 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 (4.5) to (4.7), i.e. including 

the sediment density criterion. Densimetric Froude models are similar to lightweight models with the 

difference that the similitude in Re* is relaxed while sand models fulfil only the scaling criteria in regard 
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to the sediment density ratio. Thus, in regard to the classification according to Figure 1, best models 

correspond to a Froude model, lightweight and densimetric Froude models can be classified as both a 

Froude or distorted model, respectively, and sand models can generally be classified as analogue 

models.  

In addition to these bed-load model types, Hughes (1993) defined 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. In the case of waves, such models require the 

consideration of different physical parameters for the definition of scaling criteria and laws according 

to equations (4.3) - (4.7) than bed load models, such as the characteristic velocity (gHb)-0.5 instead of 

the shear velocity u* in equations (4.3), (4.4) and (4.7), and the breaking wave height Hb instead of 

water depth h in equation (4.6) (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 too common, suspended load models have also been considered for the 

investigation of the behaviour of suspended sediments in e.g. for meandering channels (e.g., Lu et al. 

2013) or in groyne fields (e.g., Yossef & de Vriend 2010).  

Table 1. 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. 

Name Publication 
type 

System 
scaled/studied 

Modelling approach Additional comments 

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 

1/16 model with 
various types of 
lightweight sediments 
(test of pros & cons). 



Deliverable 8.1  Representing climate change in physical models 

Version 1 25 Wednesday, 07 December 2016 

lightweight 
sediments 

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. 

Petuzzelli 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 

Bing-quian 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 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 

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  
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lightweight 
materials  

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 and 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, Rouse and 
Dean numbers 
(similar regimes). 

Length scale about 1/10 
and time scale about 
1/3. 

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. 

Wilson 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)  
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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.  

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. 

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. 

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 

Effect of the distortion 
of the timescale ratio 
for long-term processes 
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dimensional analysis 
of the physical 
processes and event 
magnitude-frequency 
(hydrograph scaling). 

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. 

Petters 
(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) 

Low (1989) Ep Bed load Transport No scaling law 
applied but 
description of the 
transport of 
lightweight 
sediments (test of 
Einstein-Brown and a 
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. 

Vollmers and 
Giese (1972) 

Ep Estuarine tidal 
morphodynamics 

Distorted Froude 
scaling. Choice of 
lightweight sediment 
based on Gehring 
(1967)’s method  

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). 

Le Mehauté, 
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, 



Deliverable 8.1  Representing climate change in physical models 

Version 1 29 Wednesday, 07 December 2016 

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 (i.e. of the 

reproduction of the prototype).  

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 results from the 

chosen scales of the other model parameters (Gehrig 1978) and depends hence on which scaling 

criteria is 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 () and horizontal (tLr) directions, respectively. Corresponding time 

scales are presented in general terms in Table 2.  

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 (4.13) and (4.14), where equation (4.14) results from the additional requirement 

of similarity in Re*. 

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

the horizontal and vertical directions need to be taken into account. For fluvial environments, the most 

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

comparison of the model response time to known prototype response times (Einstein & Chien 1956, 

Vollmers & Giese, 1972; Kamphuis 1975, in Hughes 1993). 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 & Voller 2005, Coleman & Nikora 2009). Thus, the 

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

 1r r r
r

r

L h
t

q





  (4.10) 

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 (4.10) can be 

rewritten according to 

 

* *

1r r r
r

r r r

L h
t

q d u





  (4.11) 

Assuming similarity in q* in model and prototype (i.e. q*r = 1), equation (4.11) represents the basis for 

equations (4.15) to (4.18) in Table 2 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). Also, for 

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

Using such relationships in (4.11) instead of a measured q* can result in different time scale calculations.  

Equation (4.19) in Table 2 was derived by Yalin (1971) and describes the time scale related to the 

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

movement considerations and the relation of the diameter scale with the longitudinal scale.  

Comparing the different time scales given in Table 2 and eq. (4.11) it becomes apparent that  

tr < tLr < tr < tsgr  (4.12) 

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

of the grains and the hydrodynamic time scale. The slowest time scale is the individual motion of a 

grain (Peakall et al. 1996). 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 & Paola 2007, Kleinhans et al. 2015, and 

references therein). 

Time scales for models with suspended load were summarized by e.g. Hughes (1993) and van Rijn et 

al. (2011), but in almost all cases a morphological time-scale of suspended models was derived 

corresponding to tr = hr
0.5 (where the vertical length scale characterizes wave characteristics).  

 

 

 



Deliverable 8.1  Representing climate change in physical models 

Version 1 31 Wednesday, 07 December 2016 

Table 2. Time scales for bed load dominated models, 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
 

(4.13) - individual grain movement  Yalin (1971) 

2

,

sg r r rt L h
 

(4.14) - individual grain movement 
- similarity in Re* 

Yalin (1971) 

r r rt L h 
 

(4.15) - similarity in dimensionless 
transport rate  
- similarity in Re* 
- porosity equal in model and 
prototype 

Yalin (1971) 

 1.5 1 1r r r r
t L d  

 
(4.16) - similarity in dimensionless 

transport rate 
Gehrig (1978) 

   2.5 2 1r r r sr r
t L h     

 
(4.17) - similarity in dimensionless 

transport rate 
- similarity in Fr* 

Gehrig (1978) 

 
7

1.5 6 1r r r r r
t L h d 


 

 

(4.18) - similarity in dimensionless 
transport rate 
- similarity in Fr* 
- near similarity in Re* 

Tsujimoto (1990) 

1.5 1

Lr r rt L h
 

(4.19) - individual grain movement Yalin (1971) 

 

4.1.4. Bed 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 eqns. (4.4) to (4.6). Besides the fall velocity criteria according to 

equation (4.7), best models violate the grain-Reynolds number criterion which for this model type 

corresponds to Re*r = 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 the field, 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 may be used such 

as Ballotini or the model types as described below. 

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

tr = tLr = Lr
0.5) and are equal to the hydraulic time scale tr. This model type is typically used in studying 
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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 & Nikora 2006). Best models offer the opportunity to study the effects of hydrographs on bed 

evolution due to the identical time scales (see Section 4.3 for further discussion of experiments to 

model flood hydrographs).  

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 & 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 and as a consequence, a direct 

quantification of the model results is difficult and such models require careful calibration. An example 

for such a model is the Elbe tidal model described by Vollmers & Giese 1972) or the model study carried 

out by Gorrick & Rodriguez (2012). Note that Yalin (1972) recommended to study dunes in modelling 

studies using lightweight models in order to keep 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. 

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

3(1-)r (s - r
-2/3, tLr = 

hr
2(s - )r

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

product. The derived scaling ratios indicate that the similarity conditions for lightweight 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 

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 Fr* is required. This requirement in turn gives a general definition for dr according to 

dr = u*r
2(s - )r

-1 (see equation(4.4)) or, for unidirectional flows (equation (4.8)) dr = hr
2(s - )r

-1Lr
-1.  

The time scales for densimetric Froude models are given by equations (4.17) and (4.18) where the latter 

formulation by Tsujmoto (1990) was derived by considering the Manning-equation in the derivation of 

the scaling law, i.e. additional similarity in bed roughness. 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. Bing-Qian et al. 2001, 2012) and hence they 

are prone to scale effects as discussed in the above sections. In this context, Gill & 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*p > 100 (see also Pugh & Russell 1991). 
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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, Paolo 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). For the latter studies the theoretical time scales according to Table 2 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 and 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 4.1.1. can be classified as densimetric Froude models. 

Sand models 

Sand models fulfil only one of the scaling criteria defined by equations (4.3)-(4.7) which is the sediment 

density ratio (eq. (4.5)). According to Dalrymple (1989; cited from Hughes 1993), 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; cited from Hughes 1993) 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 provide 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 & Muste 2002), which is often achieved using 

the Shields regime 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 similitude in bed-sediment movement (Ettema & Muste, 2002) or on the operator due 

to the lack of a specific methodology for describing the degree of morphodynamic similarity in model 

studies (Gaines & Smith 2002). Moreover, Gaines & 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 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 & 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 & 

Jerolmack 2012, Kleinhans et al. 2014, 2015)  
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For example, Willson et al. (2007) reported a scale 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.  

Further bed load models with lightweight materials 

The use of a lightweight material in a physical modelling experiment does not necessarily mean that it 

is a lightweight model as such materials can also be used in densimetric Froude models, analogue 

models (see above), or to study physical processes within a dimensionless framework. In fact, 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).  

Probably the best known example is the study of Shields (1936) related to incipient motion. However, 

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 

(e.g., Fael et al. 2006, Meyering 2012, Ettmer et al. 2015) and the impact of jets (e.g., Rajaratnam & 

Mazurek, 2002). The latter studies, in particular, made use of the fact that erosion processes are 

accelerated when lightweight sediments are used instead of natural fluvial sediments, i.e. that 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 also generally based on 

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

from equation (4.4) 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).  

Ettmer & Orlik (2012) attempted to use lightweight material with a similar particle diameter but 

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

criteria were based on the dimensionless particle diameter D* (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 bed both geometry and kinematics. However, the effect of sorting and 

selective transport of particles by material density (see Viparelli et al. 2015) needs to be taken into 

account in such models. 

4.1.5. 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, 
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i.e. the Rouse number. 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. These 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.  

4.1.6. Tidal models with movable bed 

Tide effects are important in estuarine regions resulting in alternating flow patterns governed by the 

tide wave and the freshwater supply (Schwarze and Vollmers, 1978), which in turn affect flow and 

sediment transport processes. Reproducing tidal flow patterns (which can be seen as long waves, 

Hughes, 1993) in scale models is possible using the aforementioned scaling criteria for fixed bed 

models (mainly Froude-number scaling) taking into account tide characteristics (including neap-spring 

tides).  

Reproducing tidal flows in scale models requires a careful selection of the model boundaries and scales 

taking into account the tidal regime and flow, respectively. In case the tidal regime will be altered, the 

tidal wave may be partly reflected so that it will be dampened upstream of the reflexion point and 

consequently amplified downstream of the reflexion point so that water levels and tidal discharges will 

be changed up to the point of the tidal limit. If the tidal flow will be altered, one can expect that only 

the distribution of the tide-waters and hence flow velocities in the flow cross-section will be altered 

without affecting the amount of water that is exchanged during a tidal sequence. This means that, in 

the latter case, tidal flow characteristics are only locally altered. Both issues need to be considered 

when choosing the model boundaries and scale (Schwarze and Vollmers, 1978). 

Planning tidal models with movable beds, a detailed time-related analysis of morphological changes is 

required based on a literature review and analysis of available data. Such considerations enable 

insights into causes and tendencies of sediment transport patterns and reproducing historical stages 

of morphodynamic development of the tidal reaches enables the estimation of the time scale (Giese 

and Vollmers, 1978). Moreover, it needs to be kept in mind that that the cohesive properties of 

estuarine mud cannot be reproduced correctly in scale models and that density currents and Coriolis 

acceleration are hardly to realize in distorted models with movable beds (Vollmers & Giese, 1972). 

According to Price and Thorn (1993), the most successful tidal models have been small scale models 

focusing on the reproduction of gross-sedimentary features and not fine details. Moreover, Giese and 

Vollmers (1978) stated that the simulation of morphodynamic features by considering just a few tidal 

cycles is not sufficient. In fact, in their study of the Elbe-estuary in Germany they found a 

morphodynamic equilibrium only after modelling a time span of 15 years (corresponding to 186 h in 
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the model). This shows that such models require patience and that subsequently the number of 

possible experiments is limited.  

For the construction of large tidal models Giese and Vollmers (1978) recommended to determine the 

first the horizontal and vertical scale ratios taking into consideration the available space and pump-

capacity of the laboratory. Estuarine models are typically distorted (e.g. Giese and Vollmers 1978) and 

the horizontal scale can be rather small due to the large areas that need to be modelled (e.g., scales 

of 1:500 – 1:1000 according to Price & Thorn 1993). Care needs to be taken in regard to the vertical 

scale ratio so that water levels can still be determined with a sufficient accuracy (e.g., Higuchi et al. 

1987 constructed a tidal scale model with hr = 1:500). The hydraulic time scale for distortion ratios 

larger than 1:5 can be determined from the Froude-scaling law, while for distortion ratios smaller than 

1:5 the hydraulic time scales need to be empirically determined due to scale effects associated with 

the reproduction of the bed roughness and relative submergence (Giese and Vollmers 1978, Higuchi 

et al. 1978). The characteristics of the movable bed material is generally given by the available material 

which is typically lightweight material in such models.  

Further detailed considerations on the planning of tidal models and examples for corresponding model 

studies can be found in, e.g., Kobus (1978), Giese and Vollmers (1978), Higuchi et al. (1978), Pierce and 

Thorn (1993), Wu et al. (2003) and Zhao et al. (2003) to name just a few specific studies.  
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 SCALING MORPHODYNAMIC PROCESSES IN COASTAL MODELS 
Research on scaling laws related to coastal sediment transport modelling and morphological evolution 

was intensively active in the seventies and eighties (e.g., Noda, 1972; Kamphuis, 1972; 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) summarised the state-of-the-art in physical modelling of coastal processes. 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 

4.1.4), as well as using distorted models (with different vertical and horizontal length scales, see also 

Section 4.1.3). A summary report with several scaling examples from coastal to river sediment 

dynamics, and using lightweight materials, is also given in Migniot (1994). 

More recently, van Rijn et al. (2011) re-analysed 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 it is sufficient for accurate scale modelling 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 were 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. 

Also recently, Grasso et al. (2009) used a lightweight bed material to reproduce successfully 

underwater beach cross-shore profile changes in equilibrium and transient stages, through the choice 

of appropriate scaling laws (Froude similarity, and densimetric Froud and Rouse numbers, see also 

Section 4.1.2). 

4.2.1. Results from previous experiments 

Van Rijn et al. (2011) concluded that the morphological time scale (𝑛𝑇𝑀) depends on the depth scale 

(𝑛ℎ), the length scale (𝑛𝑙), the sediment size scale (𝑛𝑑50) and the sediment density scale (𝑛𝑠−1) as given 

by 

𝑛𝑇𝑀 = (𝑛𝑙 𝑛ℎ⁄ )𝑝(𝑛𝑑50)𝑞(𝑛𝑠−1)𝑟(𝑛ℎ)𝑠 

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

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

𝑛𝑇𝑀 = (𝑛𝑙 𝑛ℎ⁄ )1.4(𝑛𝑠−1)(𝑛ℎ)0.4 

which accurately represents beach erosion volumes. Alternatively, from model experiments where 

𝑛𝑠−1=1, they also found the following expression to produces reasonable results for dune erosion 

volumes: 

𝑛𝑇𝑀 = (𝑛ℎ)0.56 
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which is similar to that of Vellinga (1982), 𝑛𝑇𝑀 = (𝑛ℎ)0.5 = 𝑛𝑇, where 𝑛𝑇 is the wave period scaling. 

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

(see also Equation 3.2). 

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

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

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

𝑛𝑇𝑀 = (𝑛𝑙 𝑛ℎ⁄ )2(𝑛𝑠−1)(𝑛ℎ)0.5 

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. 

4.2.2. Critical analysis of knowledge-gaps and future developments  

Although the expressions above give an indication of the morphological scaling, they do not relate 

directly to the wave climate or the wave time series. For physical models of coastal morphodynamics, 

it is common practice to simplify the wave field into a series of relevant wave conditions (e.g., Khan-

Mozahedy et al., 2016) and conduct the tests over a sufficiently long time period so that significant 

morphological changes are observed or the model approaches a (near or quasi-) equilibrium state (e.g., 

Freire et al., 2008). 

In numerical modelling of coastal morphodynamics, several approaches have been used to reduce the 

computational time and increase the effective period of simulation (e.g., Walstra et al., 2013). The 

most commonly used approach includes a morphological acceleration factor that speeds up the 

morphodynamic time scale relative to the hydrodynamic timescale. In these cases the interaction 

between the hydrodynamic fields and the bathymetry may be relaxed by only updating these fields at 

certain intervals. Recently, Benedet et al. (2016) reviewed several different wave representation 

methods with an “equivalent” morphological response; concluding that the energy flux method (and 

the “Opti“ method, based on transport patterns from model simulations) showed the best results, in 

terms of accurately representing the sediment transport produced by a very high resolution wave 

climate with a reduced set of wave conditions. However, they also recognise that there are limitations 

in the use of this methodology, and it is not the most adequate solution for some cases (e.g., in mild 

wave climate coasts, where morphology changes are dominated by episodic major storms). Assuming 

that a process-based morphodynamic numerical model is capable of reaching equilibrium conditions, 

Roelvink and Reniers (2012) suggest that one approach to achieve realistic bathymetries on the long-

term scale is to allow the model to evolve the bathymetry under typical wave conditions. Thus, for this 

type of physical model models, climate change forcing can be accounted by changing the typical wave 

conditions. 

Analytical morphological time-reducing methodologies based on synthetic hydrodynamic criteria, 

tested through process-based numerical modelling, are expected thus to provide indications to cope 

with long-term effects in physical modelling, where climate-change variables (such as the mean sea 

level, the wave height and wave direction distributions, and the extreme waves’ frequency of 

occurrence) play an important role. These morphological-enhancement methodologies or procedures 
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are thus the basis to be tested, applied and verified for laboratory experiments, particularly linked with 

long-term time-series.  
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 REPRESENTING FLOOD EVENTS IN PHYSICAL MODELS 
In fluvial systems, if we discard the unsteadiness at very short time-scales associated with the 

turbulence, the next most relevant time-scale corresponds to the discharge history of the river system 

which is ultimately driven by the atmospheric forcing. It is this hydrological time-scale which ultimately 

interacts with other time-scales of the system (sediment transport, plants and biofilm growth cycles, 

animals) to produce complex dynamics and is controlled by climate.   

4.3.1. Available forcing data to take into account climate change 

The impact of climate change on the future evolution of fluvial systems is currently predicted using 

atmospheric forcing (e.g. temperature, precipitation) predicted by general circulation models (GCMs), 

combined with basin scale hydrological models taking into account all the water reservoirs and transfer 

processes. A good illustration of the kinds of hydrological models used for such predictions can be 

found in Arsenault et al. (2015), who calibrated such models on even years of available datasets and 

validated them on odd years for stream flows in North America, before comparing their relative 

performances using different criteria. Calibrated hydrological models can then be driven by future 

climate scenarios in order to predict changes to fluvial systems. Crude approaches incorporate 

predicted changes (precipitation and temperature increases for instance) directly in time-series used 

for model calibration and validation (e.g. Islam et al., 2012). Without spatial and/or temporal 

refinement for the forcing of hydrological models by GCMs, only low frequency components of the 

hydrology (month an annual mean values) can be explored with these approaches. As discussed in 

Seidou et al. (2012), appropriate downscaling schemes must be applied to GCMs forcing to achieve 

better validation between the hydrological models and the observations. Such downscaling can be 

done dynamically, by using, for example, Regional Climate models (RCMs) at the interface between 

the GCMs and the hydrological model, and/or, to infer local rain fall time series from derived 

statistically from predictions by the GCMs, increasing the confidence in hydrological model predictions. 

With such improvements, predictions for the stream flow and annual flood peaks can be evaluated 

with greater confidence (e.g. Huziyh et al. (2013); Wang et al. (2015). Predictions can then be analysed 

to estimate climate change impact on flood peaks and frequency, as shown in Figure 2. 

 

Figure 2. Figure from Huziyh et al. (2013). Ensemble averaged normalized frequency of occurrence of 1-day high flow events 
for current 1970–1999 (left y-axis) and future 2041–2070 (right y-axis) period for 6 watersheds. The numbers correspond to 
watershed indices given in Table 1 of Huziyh et al. (2013). Inset shows changes to normalized frequency of occurrence from 
current to future climate.  
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Such predictions can also be analysed in order to estimate the impact of climate change on floods with 

different return periods. However, while floods with 10 or 30 year return periods are easily inferred 

from such simulations, far longer and therefore costlier simulations are required for floods with longer 

return period. 

4.3.2. Limits of the steady flow approaches 

In many situations, knowledge of the peak flow for different return period floods is considered 

sufficient to constrain the design of civil engineering structures. For instance, in the study of dam 

failure by Chen et al. (2015), a 1/250 scaled physical model is used, where the inflow is maintained 

constant during the tests, corresponding to “typical” flow discharges in the field (forced by rainfall or 

earthquake, respectively). Such constant inflow conditions for the flume test (based upon Froude 

similarity for the flow) are relevant in that case since the dam breaking event is rapid, with an expected 

duration that is shorter than the typical duration of the flood event. It is worth pointing out that in 

most of these studies, the non-dimensional time scale is the hydraulic one, i.e. inferred from Froude 

similarity. 

Yet, there are many other situations where different time-scales are interacting and where not only 

the peak flow discharge is relevant, but also the duration and even the shape of the complete flood 

hydrograph. Such situations in civil engineering are encountered when progressive damage of easily 

erodible structures are of interest. For instance, Schillinger (2011) used a physical model to study the 

effect of unsteadiness and event sequencing on scour patterns and amplitude near a pier, simulating 

flood events with a duration too short to lead to equilibrium patterns for the scour. As a consequence, 

the scour dynamics is strongly dependent on both the flow peak intensity and its dynamic pattern. In 

this example, the ultimate scour depth is not the same as that that would have been obtained by 

modelling a steady flow with a discharge based upon a flood peak.  

4.3.3. Flow unsteadiness coupled with sediment transport dynamics 

All physical modelling of unsteady flow with sediment transport are to some extent facing conflicting 

time-scale issues associated with the different time-scales governing hydraulics and sediment 

dynamics (e.g. see Table 2). One time-scale is associated with the hydraulics itself, which may be 

downscaled to the physical model using classical Froude similarity. However, other different time-

scales are associated with the sediment transport dynamic, including the time-lag to achieve vertical 

equilibrium for suspended sediment transport (also called the sedimentation time-scale), sorting and 

armouring effects that have their own time-scale, and the time scale for the growth and migration of 

bedforms. It is nontrivial to distinguish among all available time-scales to which extent the physical 

model is representative of the full scale processes. 

Tilting recirculating flumes play a major role in such studies, since they allow easily to achieve uniform 

flow conditions respecting the Froude similarity hypothesis, representative of the flow conditions 

found in the rivers at reach scale. Generally, flood events are represented by triangular hydrographs 

with possibly an asymmetry between the rising and falling stages, see figure 2 for two examples. In 

most flume experiments, the gradual increase and decrease of discharge are reproduced by stepped 

hydrographs with a number of steps for each hydrograph strongly dependent on the complexity of the 

flume control equipment (from as few as 3 or 4 step changes to a virtually continuous change in 

discharge). 



Deliverable 8.1  Representing climate change in physical models 

Version 1 42 Wednesday, 07 December 2016 

 

Figure 3. Typical simulated hydrographs in recirculating flume experiments. From Ahanger et al. (2008) on the left, and from 
Lee et al. (2004) on the right. 

In most of flume experiments, as shown in Lee et al. (2004), the sedimentation time-scale is 

significantly longer than the hydraulic time-scale, justifying the latter one (and therefore the Froude 

similarity) to scale the hydrographs for the flume experiments.  

For symmetrical hydrographs and uniform flow conditions, an unsteadiness parameter P can be 

introduced, defined as P = (yp-y0)/(tdu*), based upon the water depth difference between the flood 

peak yp and the base level y0 , and td the flood duration and u* the bed friction velocity. This parameter, 

along with the total flow work Wk which integrates the flow volume associated with the flood, control 

the sediment transport rate. Different equivalent unsteadiness parameters are given in other studies, 

like U/(h/t) in Ahanger et al. (2008), with U the bulk flow velocity, and (h/t) the rate of change 

for water depth, which can be interpreted roughly as 1/P. In studies by Ahanger et al. (2008) and Lee 

et al. (2004) with well-sorted sediment beds, increasing P leads to increasing hysteresis between the 

sediment transport rate during the rising stage and falling stage of the flood event (see Figure 3). 

However, different hysteresis patterns are found in the two studies, a clockwise hysteresis for 

suspended sediments in Agangere et al. (2008), and an anti-clockwise hysteresis for bed-load transport 

in Lee et al. (2004). 

 

Figure 4. Hysteresis in instantaneous sediment transport rate qs during a flood for suspended sediment on the left with 
clockwise behaviour (figure from Ahangere et al. (2008) where q is the instantaneous flow discharge) and bed-load transport 
on the right with anticlockwise behaviour (figure from Lee et al. (2004) where y is the instantaneous water depth, and the 
rising and falling stages are represented by solid lines and dashed lines, respectively).  
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In the bed load transport experiments of Lee et al. (2004), the hysteresis between the rising and falling 

stages of the flood for sediment transport result essentially from a lag between bedform formation 

and the imposed hydrographs This demonstrates that bedforms are never in equilibrium for high 

values of the unsteadiness parameter, since higher sediment transport rates are triggered when 

bedform develop late during the rising stage whilst lower sediment transport rates result from 

bedforms developing and persisting during the falling stage. 

This importance of bedform growth and decay throughout a hydrograph sequence has motivated 

many studies on the bedform dynamics for non-stationary flows, focusing mainly on step changes in 

discharge as the simplest model to address this question. Previously, comparisons have been done 

between the growth time-scale of bedforms and the time-scale of unsteady flow to investigate the 

resulting bed patterns. For instance, Tubino (1991) introduces an unsteady parameter U which 

compares the flow unsteadiness time-scale to the bedform growth rate time scale to predict the final 

height of alternate bars in a flume with equilibrium heights being found experimentally and 

theoretically only for low values of U. Recently, Martin et al. (2013) combined bedform dynamics 

(gradual merging or coarsening of small scale patterns towards larger ones) with flood-like unsteady 

flow forcing to explain more quantitatively the hysteresis in sediment transport rates observed by 

other authors like Lee et al. (2004). By introducing a relevant time-scale called “reconstitution time” 

for bed form growth and decay and comparing it with the flood time-scales, they are able to explain 

the appearance of an hysteresis for “fast” floods that corresponded approximately with the high values 

of the unsteady parameter P. As shown in Figure 5, the processes associated with the growth of 

bedforms during the rising stage and their decay in the falling stage are complex and very different. As 

discussed by Martin et al. (2013), the former relies on gradual collision and merging of small structures 

towards larger ones, while the latter relies on the formation of secondary small scale structures that 

progressively cannibalize the larger structures formed during the rising stage. 
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Figure 5. Figure from Martin et al. (2012) showing the bed-form evolution during the rising (on the left) and falling (on the 
right) stages of a flood. In the upper panels successive longitudinal bed profiles are plotted through time. Lower panels show 
colour maps of bed elevation. 

Independently from this analysis of bedform dynamics during flood-like unsteady events to explain the 

discrepancy with equilibrium-state sediment transport prediction, other studies have also investigated 

the role of sediment sorting and bed armouring during unsteady flow events and more specifically, 

under successions of unsteady events. Mao (2012), detailed laser scan bed surveys following three 

different hydrographs which show that even if the grain size of the bed remain invariant, significant 

changes occurs in terms of vertical roughness and rearrangement of particles and sediment structures. 

In their experiments with gravel bedload transport and no bedforms, a clockwise hysteresis is also 

found for sediment transport rates, associated with the evolution of the bed sediment surface layer 

during the hydrograph event. They observed that the bed roughness increased proportionally to the 

magnitude of the hydrograph, and then reduced during the falling stage of hydrographs because 

sediment surface becomes organized into structures. For long hydrograph events, the bed eventually 

returns to its initial roughness. For the short/high-magnitude hydrograph, a rougher bed surface 

remains at the end of the flood event.  
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Figure 6. Figure from Mao (2012) showing clockwise hysteresis in bed load sediment transport rate qs and in transported 
sediment Dt during a short /high magnitude flood on the left and during a long/ low amplitude flood on the right for a bimodal 
grain size dist distribution (d50 ratio around 5). Rising and falling stages of hydrographs are identified by solid lines and dashed 
lines respectively. Stars are the sediment transport rates under equivalent equilibrium conditions (from Mao et al., 2011). 

In many recent studies, the apparently contradictory previous results concerning for instance the 

clockwise or anticlockwise hysteresis for flood-like hydrographs have been put to some extent on 

account of ill-designed experimental facility protocols. In particular, it appears that experiments with 

well-sorted bed sediment but without recirculating sediment are strongly affected by the artificial zero 

sediment input condition at the upstream boundary. However, even constant sediment input at the 

upstream boundary may be subject to criticism since it will produce an imbalance between the input 

and the output sediment discharge which may generate artificial bed elevation fluctuations at the 

flume scale. This clearly gives an advantage to tilting, sediment recirculating flume facilities, but also 

offers potential opportunities for annular flumes. 

The use of annular flumes offers is an alternative to solve the issue of input and output boundary 

conditions. However, the similarity with the field flow is then highly distorted in the sense that only 

the flow velocity can be changed for a fixed water level. To simulate flow events in these facilities 

requires to focus on similarity at the bed level, i.e. insure that the shear stress follows the same pattern 

as found in the simulated flood event(s). This approach has been adopted by Cofalla et al. (2012) to 

investigate the effect of resuspension on the toxicity of the river water during a flood by performing 

physico-chemical measurements and exposing living rainbow trout. In their protocol, they applied a 

hydrograph selected to reproduce at 1:1 scale the evolution of the bed shear stress for a reference 

field condition. Due to the use of living trout, they could not downscale the real flood for the flume, 

but their approach could be extended to downscaled physical models using friction velocity and near 

bed conditions as a reference.  
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4.3.4. From the single flood event towards a sequence of floods 

Beyond the problem of hysteresis in sediment transport rates associated with individual flood events, 

there remains the issue of the role of inter-flood flow regimes and the time-scales associated with 

flood sequences. In the study of Mao (2012) focusing on bed surface rearrangement, the author 

stresses that the antecedent flow history (duration and sequences of disturbances) should be taken 

into account to predict sediment entrainment and transport even for fluvial systems that are not 

limited by sediment supply. In the study of Martin et al. (2013) focusing on bedform growth and decay 

during a flood event, the same consideration is emphasised, particularly when sequences of short/ 

high amplitude flood events are concerned.  

Whilst sediment transport dynamics at the scale of an individual flood event are poorly understood, 

studies investigating the impact of sequences of floods are rarer. Wong and Parker (2006) clearly 

illustrate the experimental difficulties associated with studying sequences of events. The authors 

performed experiments by recirculating well-sorted sediment at a constant rate in a flume where 

identical flood-like hydrographs were successively realized until a mobile bed equilibrium was achieved 

away from the upstream weir. Between 30 and 50 hydrograph cycles were required to achieve this 

equilibrium state. Near the entrance, the bed elevation follows a cycle synchronized with the flood 

hydrograph, whereas away from it, the bed elevation remains constant, with a slope parallel to the 

water surface which oscillates with the hydrograph cycle. As explained by the authors, the river bed 

far away from the entrance accommodates the erosion and aggradation near the entrance by adapting 

the bed load rate. In these experiments, explored flow regimes were chosen to prevent the formation 

of bed-forms which would have add complexity to the study. 

4.3.5. Incorporating time-scales associated with plants or biofilms 

Plants and biofilms are important components of river ecosystems and have an impact on sediment 

transport as well as geochemical fluxes in aquatic systems. Plant canopies, depending on their 

geometry and mechanical properties, may be seen as a drag source for the flow, and can act as a 

protective layer preventing sediment entrainment or reducing sediment transport rates. Biofilms also 

strongly affect the critical threshold for sediment transport and there are many studies that have been 

carried out to quantify their impact on flow structure. 

However, of more interest here is the mirror role of the hydraulics as a driving force for their growth 

and then, their geometrical and mechanical properties. As pointed out by the meta-analysis of Garssen 

et al. (2015), the river hydrology modifications driven by climate change, especially in terms of flood 

intensity and frequency, are very likely to also modify plant diversity and distribution.  

Unfortunately, the time-scales associated with plant and biofilm growth in the field are very large when 

compared to the time-scales of physical modelling experiments in the laboratory. For photosynthetic 

biofilms in rivers, for example, growth cycles are associated with time-scales of around 30 days, which 

correlates approximately to inter-flood periods in the field (see i.e. Boulêtreau et al., 2010). 

Macrophytes or riparian vegetation generally develop and grow over much longer time-scales. For 

biofilms, another issue is the extreme versatility of this biological agent whose growth and composition 

adapts very quickly to flow conditions during growth; for example, Graba et al. (2013) demonstrated 

that in steady flow growth experiments the biofilm optimized its mechanical properties to fit the 

imposed steady forcing, and were very easily detached by a very slight increase of flow velocity. 

Incorporating field representative flow unsteadiness (day or week typical discharge fluctuations) 

becomes then important to grow a laboratory biofilm representative of its field counterpart.  
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Since plant and biofilm time-scales are inherently hard to downscale in flume experiments using 

classical Froude similarity approaches or even distorted models, it is more convenient to use living or 

artificial surrogates. For plants, many studies now rely on the use of alfalfa (see for instance Bertoldi 

et al., 2014) whose size and growth time-scale fit with a downscaling approach to physical modelling 

of sediment and flow dynamics. For biofilms, no such living surrogate is available for downscaling, but 

two approaches can be adopted (investigated as part of task 8.5). Firstly, chemical surrogates can be 

used to simulate the adhesion effect on sediments. Secondly, instead of the whole growth cycle of the 

biofilm, only the early growth stage can be used, and controlled by nutrient input and flow conditions 

to achieve the desired level of adhesion on sediments. The main drawback of the chemical surrogate 

approach is that it cannot represent the dynamical behaviour of a real growing biofilm. The main 

advantage is that the cohesion properties are more easily controlled than for a biofilm in its early 

growth stage. 

4.3.6. Incorporating animals 

As well illustrated by the study of Cofalla et al. (2012, see Section 3.3.4 above), the use of the same 

animals in the field and in the flume generally requires the reproduction of  the same flow conditions 

at the scale of the animals, leading to 1:1 scale experimental models. As for plants and biofilms, the 

use of equivalent smaller species or young animals could allow downscaling for the physical modelling, 

but raises many questions in terms of “equivalence” from the biological point of view. Moreover, 

whereas the length-scales can be reduced by this approach, time-scales for living animals are not that 

easily shortened. An easier approach consists in reproducing artificially the impact of living organisms, 

like bioturbation and other sediment reorganization or grazing, which offers some possibility for both 

spatial and time downscaling. 

4.3.7. Metrological issues 

For the experimental study of unsteady flow regimes in flumes incorporating movable bed and/or 

living organisms, the time-dependence of the forcing raises issues only partially encountered in steady 

flow experiments.  

First of all, for the measurement of flow velocity, all the flow regimes of interest are fully turbulent 

which requires some time-averaging to estimate correctly the relevant velocity component statistics 

(in particular the vertical profiles of the mean streamwise velocity �̅� and the Reynolds tensor 

component 𝑢′𝑤′̅̅ ̅̅ ̅̅  whose value near the bed leads to the friction velocity u*). As shown, for instance in 

Florens et al. (2013), if the time convergence is too short (based upon the number of independent 

measurements), large estimation errors will be found for such quantities. In most of the studies cited 

above, vertically integrated quantities are normally considered (water depth and discharge) with 

uniform flow conditions, in order to access directly to the friction velocity u* for instance. In steady 

flow conditions without formation of large bed-forms, this requirement for time-convergence the flow 

components is easily addressed since the choice of the number of independent measurements is free 

(independent measurements means here uncorrelated). In experiments with unsteady forcing, or even 

with steady forcing but the formation and migration of bedforms, this unsteadiness adds to the 

inherent turbulence unsteadiness. This is particularly critical in downscaled physical modelling where 

flood events are represented by a limited number of steps with short duration (like in Mao, 2012), and 

for which the number of available independent measurements along 15 minutes can be very low. 

Furthermore the presence of bedforms or large roughness patterns leads to heterogeneity in the bed 

morphology which also requires spatial averaging in the horizontal plane, with similar convergence 
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issues (see Florens et al. (2013) for considerations over a simple rough pattern). Under the assumption 

of local time and spatial ergodicities, it is clear that all velocity measurement techniques that will 

provide the experimentalist with many independent (spatial and temporal) measurements will provide 

significant advantage. 

These issues are also relevant for other measurements, like bed elevation and sediment transport rates. 

For instance, in the study of Lee et al. (2014), the authors are confronted with highly fluctuating 

estimates of the sediment rate transport associated with the formation of bed-forms combined with 

flow unsteadiness. In Mao (2012), some hydrographs were reproduced three times to obtained 

ensemble mean estimates, and the bed surface structure was analysed by stopping the flow to have 

enough time to record images of the bed. In Martin et al. (2013), bed topography during the 

experiments was measured by successive sonar scans along the longitudinal direction. Each transverse 

crossing takes 10s, fast enough to produce timely and spatially resolved bed topography maps even in 

unsteady flow conditions. Whereas such tools are now available for bed topography measurements 

including underwater laser scans, new acoustic or optical techniques are still lacking for velocity 

measurements.  

For velocity measurements, acoustic methods are widely used in the context of experiments in large 

flume facilities since they can operate in turbid water conditions. Point measurement instruments such 

as 3D vectrino are now widely used, and provide users with instantaneous velocity measurements in 

sampling volumes which can be approximated as cylinders of 6mm diameter and 3-15 mm height 

(depending on the measurement conditions), working at 50 Hz. As raised above, the main limitation is 

that such measurements are extremely time consuming when applied to highly inhomogeneous 

and/or unstationary flow conditions. In most of the experimental facilities, integral time scales Tint are 

typically of the order of the second for typical turbulent boundary layers, and therefore, acquisition 

durations Tacq at each point takes generally 3 to 5 minutes to get enough uncorrelated measurements 

(around N=Tacq/Tint independent realisations of the turbulent fluctuations) to estimate correctly the 

mean flow quantities, and, with some errors, the second order statistics (Reynolds tensor 

components 𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ̅). Moreover, the sampling volume limits the measurements to flow regions far away 

from the solid boundaries, in the vicinity of which the turbulence integral lengthscales become too 

small.  

Acoustic profilers solve one of the issue raised above, since they provide almost simultaneous 

measurements along a profile. The sampling volume is also smaller, typically 6 mm diameter and 1 to 

4 mm long, at least for profiles 3 cm long. One of the main limitation is the fact that the sampling 

volume tends to grow as the distance from the instrument becomes larger, because of acoustic wave 

diffraction and diffusion. In most measurement configurations, the instrument is located near the 

surface, looking down towards the bottom, meaning that the sampling volume grows near the bottom, 

where the turbulence integral lengthscales get smaller and smaller, limiting the accuracy of the 

acoustic measurement there. Moreover, this technique is sensible to unexpected reflections on solid 

boundaries, and gives unrealistic measurements for even the upper part of a plan canopy, for instance.  

On the other hand, recent developments with acoustic profiles aim at using the backscattered acoustic 

signal not only to measure velocities, but also particle concentrations (see Thorne and Hurther, 2014). 

This approach would allow simultaneous measurements of the velocity and sediment concentration, 

allowing to calculate the sediment turbulent fluxes in suspended and even bed-load transport regimes.  
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Optical methods derived from the now classical 2D-2C PIV technique, are a big improvement in terms 

of spatial convergence, at least for clear water conditions. In 2D-2C (two dimensional two components) 

PIV, velocity measurements are performed in a plane where a laser sheet illuminates seeding particles 

advected by the flow. The number of points where the velocity velocity is measured is therefore far 

larger than for point or profile acoustic methods. Recent camera sensors are typically 2000x2000 

pixels2, yielding around 250x250 measurement nodes with 16x16 pixels2 interrogation boxes and an 

overlap of 50%. Moreover, depending on the measurement field of view, spatial resolutions of around 

the millimetre or even below are easily achieved, far better than those of acoustic methods. This 

advantage of the 2D-2C PIV technique over acoustic methods is tempered by the requirement of very 

clear water conditions to achieve such performance, and the limitation of the measurements to only 

two velocity components.  

 

Figure 7. on the left, raw particle images recorded by a CCD camera for different levels of turbidity (NTU ranging from 5 to 26) 
and different view angles from above, for a flow above a canopy of hemispheres (from Rouzès et al., 2014). On the right : 
calculated vertical profiles of the double-averaged longitudinal velocity above and inside the canopy of hemispheres for the 
most turbid conditions. 

Studies like those of Camero et al. (2013) and Rouzès et al. (2014) have shown that the PIV technique 

could accommodate slightly turbid flow conditions, and that the use of a stereoscopic version, also 

called 2D-3C (two dimensional three components), could give access to the lacking velocity component 

and to measurements inside canopy flows (see Figure 7). Such developments increase the advantage 

of optical methods over acoustic methods. However, it should be pointed out that in the two studies 

cited here, both cameras and laser sources are located above the water surface, using a glass window 

to access to the water flow. In large flumes, this limitation could be discarded by using submersible 

cameras and laser sources (see i.e. Tricito et al., 2007 for an example for small scale 2D-2C PIV 

measurements). 
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Fully 3D-3C PIV techniques are of two types. Tomographic 3D-3C PIV technique relies on multiple 

camera recording and volume illumination of seeding particles to reconstruct an intensity volume 

representative of particle position. Scanning 3D-3C PIV technique relies on a linear and extremely fast 

linear displacement of a laser sheet to obtain a similar result. The second technique gives a far better 

spatial resolution, but is limited by the ability of the system to scan very quickly two successive volume 

of particles. The tomographic 3C-3D PIV technique is now deployed in flume experiments but mainly 

for simple geometries (like in Xingyu et al., 2014).  

The scanning 3D-3C PIV technique has been used only for slow flows such as stratified turbulence of 

shallow water dipoles (see i.e. Albagnac et al., 2013). In the context of strongly inhomogeneous and 

unstationary flows in large flume facilities, the main issue is a lack of time and spatial convergence for 

the measurements. Therefore, a 3D-2C (3 dimensional 2 velocity components) PIV technique would be 

a first step towards more relevant measurements for these flows. A scaning system, even slow, could 

correspond to these expectations, allowing 2D-2C classical PIV calculations between two successive 

planes, as long as an overlap still exists between the two laser sheets. 

When comparing tomographic vs scanning 3D-3C PIV techniques, it is also worth pointing out that 

tomography cannot generally deal wit high concentrations of PIV particles, limiting therefore the 

spatial resolution. Moreover, the scanning technique offers also an easier optical access, with only one 

camera perpendicular to the laser sheet, where tomography requires generally 3 or 4 cameras with 

inclined view axis. 


