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1 Introduction 

To torrents and alpine rivers not only water discharge is important, but also the solid 
substances transported by the water. These comprise bed load, suspended load and also 
floating material. All of them play an important role in the torrential or riverine ecosystem 
but also in questions of flood hazards. The transport of sediment is a key factor for the 
long-term development of rivers and torrent. Erosion and accumulation process are best 
described with a dynamic equilibrium. Changes in that sensitive system often cause 
extensive alterations in the hydromorphological shape of a whole river stretch and are 
related with high economic expenses. Deficits in sediment availability can lead to Riverbed 
degradation and bank erosion whereas a sediment surplus is often related with 
uncontrolled sediment deposition in sensitive areas.     

In riverine environments, Large Wood (LW) is a key component of the river systems. It 
can interact with many different geomorphic, hydraulic and ecological processes. On the 
other side, when transported during flood events, in-channel wood can represent a hazard 
for human activities along rivers and streams. Transported large wood may represent 
both, a source of variation of pristine conditions (e.g. increasing the stability of mountain 
streams creating log step) and a hazard for human activities and infrastructures (e.g. 
interacting with bridge piers or bank protection structures). 

Many river engineering tasks require therefore detailed information about the extent of 
sediment transport and wood mobility, especially at certain planning scenarios. Due to 
limited options for directly deriving transport data in a comprehensive extent, transport 
relations and equations are used to provide this information. Milestone 3 “First set of 
practically applicable bedload/wood transport relations and models” gives an overview 
about the most common transport relations and formulas. Furthermore it presents the 
difficulties and challenges in the application of these relations and shows the last 
developments in improving transport equations.  

During the implementation of action 5.4, it was found that a standardized application of 
bed load transport equations is of utmost importance. Each project partner had his own 
implementation of the bed load transport equations which lead to an insufficient 
comparability. To overcome this limitation, a JAVA based software tool for hydraulic and 
bedload transport computation was developed by BOKU-IWHW. The computation tool 
features three widely used bedload transport equations and ensures, due to the 
standardized application, the comparability of the results. The computation tool is 
available for download at the SedAlp homepage (http://www.sedalp.eu/).   
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2 Literature review of existing bedload and wood 
transport relations 

2.1 Bedload transport   

Bedload transport formulas can be divided into:  

• Deterministic formulas 
o A critical discharge, a critical water depth or a critical bed shear stress are 

essential for the calculation of initiation of motion and bedload transport 
(DuBoys-equations). 

 

• Formulas with statistic implications 
o Statistical considerations include turbulent fluctuations are essential 

(Einstein-equations). 

 

2.1.1 Deterministic formulas 

2.1.1.1 Basis of deterministic formulas 

The bases for deterministic formulas are the equations of DuBoys (1879), Shields (1936) 
and Schoklitsch (1930). DUBOYS (1879) assumes that the sediment moves in layers. The 
top layer has the greatest speed, while in the bottom layer bed shear stress and the 
resistance forces are in balance. The original form of the DuBoys bedload equation is: 

 

( )css gq ττcτρ −=     [m3 s-1m-1] ( 1 ) 

 

The symbol qs is the specific bedload transport per meter river width,  the specific mass 

density of the transported sediment bed load and  a constant. Due to the simplifications 

assumed by DuBoys for his transport model, the equation was criticised but is still 
widespread and was also the basis for the work of Shields (1936), who set up the 
following equation: 
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Schoklitsch (1930) indicates that the use of water depth (and thus the bed shear stress) 
to determine the initiation of motion is not suitable for natural rivers with higher slope 

gradients. Better results are obtained by using the specific bedload discharge qs [m³ s-1m-

1]. He obtains for the sediment transport per unit time and unit width: 
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A large number of sediment transport formulas can be described in the dimensionless form 
 

( )xqq c ,,qq ∗∗∗ =  ( 5 ) 

 

In which ∗q  is the relative shear stress, cq  the shields parameter (critical shears stress) 

and q* the dimensionless bedload transport rate introduced by Einstein (1950): 

 

gxdd
qq s=∗  ( 6 ) 

 

Wherein ρρρ /)( −= sx   

Equation 6 is an essential component of many deterministic sediment transport formulas.  

 

2.1.1.2 Meyer-Peter & Müller (1948) 

Based on extensive measurements and tests, Meyer-Peter and Müller (1948) developed a 
relationship between the hydraulic data of a cross section and sediment transport. 
Published in 1948, the form of the equation is: 

( )2
3

8 cq qq −=∗  ( 7 ) 

 

in which the shields parameter q c* = 0.047 

 

It should be noted that at a transport of 0 kg s-1m-1 the equation assumes a similar shape 
as that of the starting movement according to Shields. Furthermore, it should be noted 
that this equation mainly indicates the pure sediment transport. The equation does not 
take into account the influence of the Reynolds number of the grain, which means it is 
basically only valid for coarse grains and large slopes (Zanke, 1982). Instead of using a 
prefactor of 8 (originally proposed by Meyer-Peter & Müller, 1948) new examinations 
(Hunziker, 1995; Wong and Parker, 2006) suggest a pre-factor of 4 to 5.   
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2.1.1.3 Modification after Hunziker (1995) 

After Hunziker (1995), the Meyer-Peter and Müller equation underestimates the bed 
resistance by fractional calculation of bedload material which could form a top layer. After 
own investigations, he proposes the reduction of the prefactor from 8 to 5. He also 
distinguishes between a bottom layer and top layer. Otherwise, the formula of Hunziker 
(1995) differs only slightly from the Meyer-Peter and Müller formula. The formula is 
calculated for a number of grain fractions i with the respective grain diameter di, which 
occupies a fraction pi on the grain size distribution.  

The specific sediment transport for each group i is therefore given as: 

( )[ ] 5.1
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dm0 = mean grain diameter of the bottom layer (index 0),  

dms = mean grain diameter of the top layer (index s) 
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2.1.1.4 Ackers und White (1973) 

The formula after Ackers and White contains also suspended load transport and is 
therefore considered as a total transport formula. However, the formula does not 
distinguish between the two components and should be applied only by dominant bedload 
or suspended load transport. A division can also be done after the calculation, for 
example, using an approach of Van Rijn. According to van der Scheer et al. (2001), the 
amount of a fractional bedload transport can be approximated best by this formula (along 
with the exposure-correction of Ashida / Michiue (1971)). 
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Wherein grG is an empirical function, um is the mean flow velocity *u  bed shear stress 

velocity, dgr the limit diameter of the sediment. 
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2.1.1.5 Parker (1982/1990) 

The "bottom layer" model of PARKER (1990) is based on field measurements of Milhous 
(1973) for the Oak Creek, Oregon, United States and other rivers. There is a subdivision of 
the grain distribution in N* grain sizes i = 1 ... N*, each with the geometric diameter Di. 
The Parker formula is based on the fractional, volumetric proportion fi in the bottom layer 
whereas the sand fraction (D<2mm) is not considered. Since in many cases the particle 
size distribution of the annually transported material is similar to the bottom layer, the 
condition of equal mobility is assumed. Here, pi denotes the fractional, volumetric 
proportion of bedload material from the size i:  

 

pi = fi ( 10 ) 

 

Based on this approach, the equation of Parker has the form 
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The terminus d

50
 in the equation means the mean grain diameter of the bottom layer. 

Furthermore, τ is the bottom shear stress, ρ is the density of water, R is the submerged 
weighted specific weight of the bedload and g is the acceleration due to gravity. G is 
defined as: 
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Wherein M
0
=14.2 is a constant und Φ is a variable 

 
The choice of a power function for Φ <1 was motivated by Proffitt and Sutherland (1983) 
and Paintal (1971). The exponent M0 = 14.2 shows good agreement of G at Φ = 1. The 
equations above include the following power function for very low sediment transport 
rates: 
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The exponent 15.7 is very close to the value of 16 which was obtained through 
experiments of Paintal (1971). Although the above equation does not contain the critical 

Shields value, the reference value τ r50
*  is used as an effective substitute, wherein the 

transport rates are quite small for τ50
* <τ r50

* . 

 
 
Transformation in a top layer based equation 
Parker & Klingeman (1982) found that at low transport rates, which are typical of many 
gravel bed rivers, a sufficient match between bed load and bottom layer size distributions 
can be realized only through the intervention of a coarse top layer. The source of bedload 
is the top layer itself from which it follows that the selective transport of the top layer 
material is essential. To be able to predict both a mobile top layer and selective transport, 
it is necessary to include the top layer in the formula. The thickness of the top layer is 
equal to the grain size ds,90, where s denotes the top layer. 

 
In gravel bed rivers sand is transported as bedload at lower flows, as suspended load at 
higher discharges. The formula below can be used only on sediment transport. In reality, 
the bed material of the rivers is quite bimodal, with a very low content of grain sizes 
between 1-6 mm (Shaw & Kellerhals, 1982). By discharge conditions where gravel is 
moved, sand is often already transported as suspended load. Therefore, sand is excluded 
from the analysis in the formula of Parker (1990). The parameters Fi, fi and pi are related 

to particle size fractions after the exclusion of sand. A dimensionless bedload transport 
rate Wsi

*for the grain fraction i, normalized per share of the top layer is defined as follows: 
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Finally, the following form of sediment transport equation, based on the top layer, was 
postulated: 
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G is already defined by equation (23) and gs is a reduced hiding function. This function 
differs fundamentally from the hiding function after Einstein (1950). The Einstein hiding 
factor compensates the mobility of each grain size di of a grain distribution relative to the 
value that would occur if the riverbed was covered with a uniform material of size di from. 
The above reduced hiding factor compensates for the mobility of the particle size di 
relative to grain size d50. The distinction between these two methods is discussed in detail 
in Andrews & Parker (1987). For the hydraulically rough range has been found that gs is 
proportional to 1/(diζi), wherein ζi means the hiding function by Einstein.  
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2.1.1.3 Van Rijn (1984/1993)  

The transport formula of Van Rijn is based on physical model experiments with grain sizes 
between 0.2 and 2 mm and calculates only the bedload. Based on the dimensionless 
particle diameter D* and "transport stage" parameter T and τc

*= critical shear stress 
derived from Shields diagram: 
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2.1.1.4 Wu et al. (2000) 

The formula of Wu is characterized by a broad scope, since it was used successfully in the 
range from sand to coarse gravel. 
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Wherein n is the Manning factor, n the grain related Manning factor and pb,i the 
dimensionless fractional bedload transport capacity: 
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qs,i is the transport rate of sediment at equilibrium for the grain size class i per unit of 
width (m3 s-1m-1), pb,i is the particle scale of the riverbed, as well as di the authoritative 
diameter of the particle class. 
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2.1.1.5 Wilcock and Crowe (2007) 

The Wilcock and Crowe [2003] equation is considered a truly surface-based relation 
because it was derived from the flume experiments of Wilcock et al.[2001], with the exact 
surface grain size distribution being measured immediately after each flow event. In the 
field this equation must be used as suggested by Wilcock et al [2009] with the GSDs 
sampled at 1-ψ intervals (ψ=logD/log2), and by computing the grain shear stress with  
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Where qvi is the volumetric transport rate of size i per unit width (qv=Σqvi), Dsm is the 
median grain size of the bed surface and Fs is the sand fraction at the bed surface. 

 

2.1.1.6 Recking (2013) 

Compiling a large data set from data already published in the literature, comprising more 
than 10000 values collected in 120 rivers for all kind of morphology, a new equation was 
developed (Recking 2010, 2013a, 2013b). This equation abandoned the idea of a critical 
condition (non-threshold equation) and was built in relation to the mobility of the larger 
diameters of the bed surface considered through D84. A term called τm* was introduced, 
separating partial transport to full transport: 
 



11 

 

 

 

 
Figure 1: the model introducing the mobility shear stress τm* separating the partial and full mobility 

range  

In the example shown in the above figure, the reference term 0.047 is a threshold for 
transport of all material in the Meyer-peter equation, whereas it represents only the 
threshold mobility for the larger fraction (D84) in the Recking equation. The bedload 
equation is written: 
  

4

*

*

5.2*
3
84

3

1

)1(14)//(









+

−=

τ
τ

τ

m

s Dsgmsmq  
( 20 ) 

Where 
 

72.0* 43.1 Sm =τ  ( 21 ) 

 

Where s=ρs/ρ and S is the slope; There are several conditions for using this equation: 

• Like all equations it must be used for an alluvial self-formed geometry: zones of 
pure transfer (also called “tubes”) must be excluded from the computation 
strategy;  

• the grain size distribution must be determined by the visual Wolman count method, 
be not-truncated, and must be representative of the entire reach (and not only of 
one part of a bar as is often done) 

• the characteristic grain size used in τ* and φ is D84 (when missing, it can be 
replaced by 2.2D50);  

• the slope is the channel average channel slope (not the energy slope) measured for 
the reach; 

• it is recommended to compute τ* from the discharge q with (from Rickenmann- 
Recking 2011) : 
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Where q=q/W (W = river width), p=0.23 if 3
84/ gSDq < 100 and p=0.3 otherwise.  
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2.1.1.6 Other commonly used deterministic equations:  

The transport formula of Engelund and Hansen (1967) calculates the total sediment load 
(bedload and suspended load). The transport model is based on an energy consideration 
for the total sediment load. The central assumption is that the sediment is transported on 
the bed structures such as riffles or dunes with a characteristic height∆ and lengthλ . 

25²05.0 q
g

Cqs =  ( 23 ) 

The total sediment transport formula of Yang (1972/1973) has been derived under the 
assumption that the "unit Stream Power" is the dominant factor in the determination of 
total sediment concentration. This assumption was confirmed by reference to data from 
laboratory and field tests with grain in the sandy area. Later, the formula of Yang was 
extended to gravel Yang (1984). 

 
The formula of Toffaleti (1968) illustrates an overall sediment transport formula that is 
based on modifications of the Einstein formula. The distribution of suspended load is 
divided into four vertical continuum zones to simulate two-dimensional suspended load 
transport. The total transport was calculated through the summation of transport in all 
zones. 

 

The empirically derived transport formula of Zanke (1987) is based on the ratio between 
local and critical bed shear stress velocity. In addition, the sediment transport rate was 
derived proportional to its Froude number. The formula was extended in Zanke (1999). 
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2.1.1.7 Methods for calculating discharge capacity and bed-load transport in steep 
channels   

Steep headwater streams can generally be characterized by high channel gradients (>2–
4%), wide grain-size distributions, channel-spanning bedforms (step-pool systems), 
shallow flows, common presence of large woody debris and variable channel widths (e.g. 
Chiari et al. 2010; Nitsche et al. 2011; Zimmermann et al. 2010). These parts of drainage 
network show extremely rapid rainfall-runoff response (Rickenmann 1997) and present a 
major flood hazard in a mountainous terrain (Chiari et al. 2010). Nevertheless, bedload 
transport and hydraulics of steep mountainous streams are poorly understood relative to 
those of lowland streams (Rickenmann 1997; Aberle & Smart 2003). Supply-limited 
character together with increased flow resistance are the main reasons for the fact that 
observed bedload transport in steep torrents may be considerably smaller than that 
predicted by conventional bedload transport equations (Yager et al. 2007; Chiari & 
Rickenmann 2011). The introduction of grain and form resistance in order to lower energy 
gradient helps to correct bedload estimation in high-gradient streams (Rickenmann 2005; 
Chiari et al. 2010; Chiari & Rickenmann 2011). Some uncertainty in estimation of critical 
conditions for the beginning of bedload transport in gravel bed streams can also arise due 
to the significant occurrence of interstitial flows and thus, decrease in potential stream 
power for sediment transport processes (Carling et al. 2006). 

Since simple flow resistance and bedload transport equations usually overestimate bedload 
discharges due to limited sediment-supply conditions and energy loss connected with bed 
deviations (e.g. steps, pools, and large grains), approaches of form roughness losses need 
to be taken into account and armouring effects help to calibrate the intensity of bedload 
transport with field observations (Galia and Hradecký 2014). 

For steep mountain streams with irregular bed topography and low relative flow depth 
form drag becomes very important. Sediment transport formulas derived from steep 
experimental flumes are generally based on rather uniform bed material where the 
moveable bed had a more or less planar surface without bed form structures (Smart and 
Jäggi, 1983; Rickenmann, 1990). Apart from limited sediment supply this can be regarded 
as a reason why these formulas often overestimate bedload transport when they are 
applied to channels where bed forms cannot be neglected. 

 

2.1.1.7.1 Flow resistance due to form roughness 

MEYER-PETER & MÜLLER (1949) 

Meyer-Peter and Mueller (1948) argued that the exponent in the Equation (1) may be 
different from 2, and from their experiments they empirically determined a value of 1.5. 
To adopt the reduction of the energy slope to observations on bedload transport the 

exponent is replaced by the variable a  (similar to Palt (2001), which is allowed to vary 

between the values 1 and 2. Therefore the exponent a  serves as calibration parameter.  
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redS  skin friction slope, RS  energy line, STk  Strickler’s coefficient of roughness, Rk  total 
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Rickenmann 2006, Chiari et al. (2010) 

Due to the importance of bedforms in steep channels, Rickenmann (2005) proposed a 
general empirical function of increased form resistance which is based on dividing total 
resistance into grain and form resistance and subsequent determination of reduced energy 
gradient redS  related to grain resistance tn  only. The equations take forms: 
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According to Rickenmann 2005 
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 can be calculated using the following formulas: 
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tn  grain resistance, totn  total flow resistance represented by Manning coefficient, h flow 
depth in [m], d90 in [m], S slope in [%] 
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Rickenmann and Recking (2011) 
 
Rickenmann and Recking evaluated flow resistance equations with a large field data set. 
They concluded that the Ferguson equation was the most appropriate for most conditions, 
and especially for low relative depth which characterize mountain streams. They proposed 
a version of the equation allowing computing the velocity with depth; it can be written in 
the form for the hydraulic radius R: 
 

( )
1

13
84

26.2742 −
−−




 += ppp DqgSp
W

R
 

( 26 ) 

 

Where q=q/W (W = river width), p=0.23 if 3
84/ gSDq < 100 and p=0.3 otherwise 

(omitting 2/W gives the flow depth). 

 
This equation was derived with field data but the following figure shows that it is also valid 
for flume data (data set available in Recking 2010 and comprising almost all published 
data, including those from Meyer-peter and Mueller, Rickenmann and Smart and Jäggi) 
supposed to be representative for the skin friction only; considering that the field reaches 
used for measurements are usually straight uniform reaches and that flows over dunes 
were excluded from the data set used for its derivation, this equation can thus be 
considered a “reach-scale skin friction equation” for natural graded mixtures; 

 

 
Figure 2: Comparison between the shear stress τ=ρgRS computed with Rickenmann Recking 

Equation and shear stress measured (a) in the field (b) in the flume with uniform sediments and (c) 

in the Wilcock et al (2001) experiments 
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2.1.1.7.2 Sediment transport 

Many bedload transport formulas for gravel-bed rivers were developed or calibrated based 
on experiments in laboratory flumes. Only a very limited number of bedload transport 
formulas have been developed for steep torrents. All formulas calculate the sediment 
transport qb [m³s-1m-1] per unit of channel with. For their application the scope of the 
equation is important. The equations were performed for channel gradients from 0.2 to 20 
%, a ratio of the grain size (d90/d30) and the ratio of solid to fluid density. 

RICKENMANN 1991  

Rickenmann [1991] proposed a shear-stress-based equation to compute bedload 
transport. The equation is based on 252 laboratory experiments conducted by Meyer-Peter 
and Müller [1948], Smart and Jäggi [1983], and Rickenmann [1991] for a slope range of 
0.0004 to 0.2, and can be written as 
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Scope of this equation after Rickenmann and Brauner (2003): 0.2<S<20%; 

(d90/d30) < 20, 29.11−=
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SMART & JÄGGI 1983 

Smart and Jäggi (1983) expanded the database obtained by Meyer-Peter and Mueller 
(1948) for the steep slope range up to 0.20. They performed flume experiments to 
estimate the maximum transport capacity of mountain streams: 
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 Scope of this equation after Rickenmann and Brauner (2003): 0.2<S<20%, (d90/d30) < 8.5; cq  

= 0.05, dm >0.4 mm 
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SMART & JÄGGI 1983[simplified version] 
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Scope of this equation: 0.2<S<20%, (d90/d30) < 10; cq  = 0.05 

 
characteristic grain sizes [d30, dm, d90; d30 is the 30th percentile of a grain-size cumulative 
curve], q  is unit discharge, cq means critical unit discharge for the incipient motion of bed 

material, ρ water density and sρ  solid density, channel bed or water surface slope [S in 

%], acceleration due to gravity [g in m/s² = 9.81] 

 

RECKING (2013) 

Many equations were derived in the flume for intense transport of fine material, and 
unlimited sediment supply, which is far to be the condition prevailing in mountain streams. 
The field derived equation of RECKING presented above was also derived with field data 
measured in steep mountain streams, including step-pools; it can thus be used, but with 
caution (RECKING 2012).  

 

Figure 3: Three situations that may be encountered in mountain streams; red crosses present cross 

sections where bedload equations will not give the actual transport, but a transport capacity 
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When using a bedload equation, one must keep in mind that many mountain streams are 
not alluvial: they are bedrock or contain large boulders inherited from past events, which 
are not moved anymore (except during exceptional floods or after destabilization by local 
bed scouring) and impose a slope generally steeper than what would have been expected 
with the todays transported material. As a consequence these streams act like purely 
transporting “tubes” allowing no morphological response (no channel deposits).  

In these situations where what is transported during an event depends only on the event 
related colluvial input (by hillslope landslide) and not on a response of the upstream 
alluvial bed to the flow strength, supply limitation could be the rule, and one could 
compute the transport capacity only (instead of real transport). Two grain size 
distributions may be required: one for the hydraulics (the average channel grain size 
distribution for computation of the boundary shear stress τ) and one for the transported 
material (material deposited in lateral bars for computation of τ* and φ). 

 

2.1.1.7.3 Critical flow discharge 

Finally, critical unit discharge cq  necessary to initiate bedload transport may be obtained 

by the equation originally proposed by Bathurst et al. (1987): 

12.15.1
50

5.067.1
]./³[min ***)1(*045.0 −−= Sdgq s

msmc ρ
ρ

 

Later Rickenmann (1990) modified the value 0.045 in Eq. (6) to the value 0.065, which 
can be understood as the substitution of dimensionless critical shear stress. Dimensionless 
shear stress occurs commonly in sediment transport equations.  

 

12.15.1
50

5.067.1
]./³[min ***)1(*065.0 −−= Sdgq s
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ρ

 ( 29 ) 

 
 

Whittacker and Jäggi (1986) investigated the stability of block ramps at slopes between 
0.05 and 0.25. For the destruction of ramps with rather uniform blocks they derived: 

161.15.1
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msmc ρ
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2.1.2 Stochastic equations 

 
Background of stochastic approaches 
The hydraulic flow in rivers is of stochastic nature, which makes it obvious to determine 
the sediment transport by stochastic approaches. In the practical use, stochastic equations 
are formulated very complex and provide, except for the case of unsteady flows with 
highly turbulent fluctuations, no better results than simpler approaches. Therefore, 
stochastic approaches are rarely used in sediment transport models. Following, the two 
best known stochastic approaches are presented.  

2.1.2.1 Einstein 

While most other equations arising from a border condition, from which bedload transport 
begins, Einstein processed the movement of sediment as a probability problem. He 
avoided the assumption of a border state, and assumed that the sediment transport is not 
depending on a mean velocity but on the velocity fluctuations. The following assumptions 
were made: 

 

• Movement is a probability problem, specifying a critical parameter is difficult and 
should be avoided 

• Particle move when the lifting forces are greater than its weight 
• Grains moves in jumps with certain frequency 
• The average distance a particle travels from deposition to deposition is constant for 

every particle and independent of the flow conditions (about 100 x d, with grain 
diameter d [m]). 

• The probability of a re-deposition of a moving particle is equal at all points of the 
riverbed 

• The transported mass depends on the number of grains that move in a certain 
time. 

• There is an intensive exchange between the transported sediment and the riverbed  

 
Simplified, the equation of Einstein can be written as: 

)( ** Ψ==Φ BfpA  ( 30 ) 

The two intensities can be calculated from: 
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=Ψ  ( 32 ) 

It should be noted that Einstein divides the total channel resistance of a channel in the 
form resistance (through banks and corrugated) and the grain resistance. The separation 
is accomplished by splitting the hydraulic radius into proportional values and only using 
the portion of the grain roughness R'h for the calculation of the sediment transport. 
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2.1.2.2 Sun and Donahue  

Sun (1997) refers the probability that the hydraulic flow forces exceed the restraining 
forces, thus causing a particle motion, as the probability of the initiation of motion. Sun 
and Donahue (2000) deduced the following equation for the fractional initiation of motion 
of non-uniform sediment: 
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wherein (didm=0.5σg
0.25) takes into account the shelter-exposure effect, σg = the 

geometric deviation of bed material, τ'= the bottom shear stress based on the grain 
roughness. Using a stochastic model of sediment exchange and the probabilistic 
distribution of the fractional bedload transport rates, Sun & Donahue (2000) developed the 
following sediment transport formula: 
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with pi = proportion of the grain size in the bed material in di percent. 
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2.1.3 Application range of sediment transport equations 

The sediment transport formulas and parameters presented in chapter 2.1.1 and 2.1.2 
were developed and calibrated in laboratory or field tests under certain conditions (eg. 
grain size, bed slope). For the application of sediment transport formulas reliable results 
can only be expected, if the conditions in the investigated area are similar to those used 
for the development and calibration of the transport formula. 

Table 1 presents an overview over the application range of sediment transport equations. 
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Table 1: application range of sediment transport equations 

transport 
equation 

developed 

 in: 

D dm ρs / ρ um h SR B T 

(mm) (mm) (-) (m/s) (m) (-) (m) (°C) 

Ackers and 
White (1973) 

laboratory  0.04 - 7.0 ns 1.0 - 2.7 0.02 - 2.16 0.003 - 0.427 0.00006 - 0.037 0.070 -1.219 7.8 -31.7 

Engelund and 
Hansen 
(1967) 

laboratory  Ns 0.19 - 0.93 ns 0.20 - 1.93 0.058 - 0.405 0.000055 - 0.019 ns 7.2 -33.9 

Meyer-Peter & 
Müller (1948) 

laboratory  0.4 - 29 ns 1.25 - 4.0 0.37 - 2.87 0.009 - 1.189 0.0004 - 0.02 0.152 -2.012 ns 

Rickenmann 
(1991) 

laboratory ns ns ns ns ns 0.002 – 0.2* ns ns 

Smart and 
Jäggi (1983) 

laboratory ns >0.4 ns ns ns 0.002 – 0.2* ns ns 

Tofaletti 
(1968) 

field 0.062 - 4.0 0.095 - 0.76 ns 0.21 - 2.38 0.021 - 17.282 (R) 0.000002 - 0.0011 19.2 -1109.5 0 - 33.9 

Tofaletti 
(1968) 

laboratory  0.062 - 4.0 0.45 - 0.91 ns 0.21 - 1.92 0.021 - 0.335 0.00014 - 0.019 0.244 -2.438 4.4 -33.9 

RECKING 
(2013) 

Field and 
laboratory 

0.0002-.22 0.0001-0.5 ns ns 0.04 - 7.5 0.00004-0.1 0.3-600 ns 

 
with:  
d = grain diameter  [mm] 
dm = mean grain diameter  [mm] 
ρs = weight of sediment [N/m³] 
ρ = weight of water  [N/m³] 
* based on Rickenmann and Brauner (2003) 

um = mean flow velocity  [m/s] 
h = water depth  [m] 
SR = energy gradient  [-] 
B = river width   [m] 
T = water temperature  [°C] 
ns….not specified 
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2.1.4 Software tool for hydraulic and bedload transport computation 

During the implementation of action 5.4, it was found that a standardized application of 
bed load transport equations is of utmost importance. Each project partner had his own 
implementation of the bed load transport equations which led to an insufficient 
comparability. To overcome this limitation, a JAVA based software tool (Figure 4) for 
hydraulic and bedload transport computation was developed by BOKU-IWHW. The 
computation tool features three widely used bedload transport equations and ensures, due 
to the standardized application, the comparability of the results. The implemented bedload 
transport formulas are Meyer-Peter Müller (1948) – equation (7), Rickenmann (1990) 
using reduced slope after Rickenmann and Recking (2011) – equation (27)  and Smart and 
Jäggi (1983) - equation (28). The computation tool is available for download at the SedAlp 
homepage (http://www.sedalp.eu/).  

 

 
Figure 4: front page of the hydraulic and bedload transport computation tool  

 

The computation tool is structured into 7 subsections. Sections 1 to 3 are used for data 
input whereas sections 4 to 7 present the calculated results. A colour code at the tree 
menu at the left hand side gives information about:  

• Validity of parameters 
• Requirement of user inputs 
• Demand of a parameter in the computation 
• Ability of a parameter to be computed due to the actual state of user input 
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Tooltips and general information is provided by hovering over the parameter objects or 
labels respectively. The following description of the bedload tool uses exemplary data from 
the bedload monitoring site Drau/Dellach.   

2.1.4.1 1. Project data 

“Project name” and “User name” are entered in the first section (Figure 5).  

 
Figure 5: Project data section of the hydraulic and bedload transport computation tool, section 1 

 

 

2.1.4.2 2. Cross section input 

Section 2 displays the cross section based on the input data in section 2.1. The cross 
section geometry for Drau/Dellach is shown in Figure 6. 

 

 
Figure 6: cross section geometry, section 2 
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In Section 2.1, the cross section geometry is defined by entering input data for “Cross 
section type” [Trapezoid/Rectangle], “Bed width” [m], “Bed slope” [%,‰], “Cross section 
height” [m], “Bank slope left” [-,%,‰] and “Bank slope right” [-,%,‰] (Figure 7).  

 

 
Figure 7: cross section input data, geometric input; section 2.1 

 

Section 2.2 defines the “Strickler roughness values” for the left and right bank [m1/3s-1]. 
The hydraulic input is set in Section 2.3 by providing “Water level” [m] and Discharge 
[m3s-1]. Information about the bed substrate is entered in section 2.4 with the input data 
d30, d50, d84, d90, dm [m,mm]. The cross section input 2.2-2.4 is shown for Drau/Dellach in 
Figure 8. 

 

 
Figure 8: roughness input, hydraulic input and bed substrate, section 2.2-2.4 
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2.1.4.3 3. Physical parameters 

The physical input parameters of the computation tool are defined in section 3 of the 
computation tool. The values for “Fluid density” [kg m-3], “Solid density” [kg m-3], 
“Gravity” [m s-2] and the “Critical Shields value” [-] can be inserted by hand or applying 
default values. Figure 9 shows the default values of physical parameters in the 
computation tool.  

 

 
Figure 9: physical parameters of the computation tool, section 3 

 

2.1.4.4 4. Cross section results 

Section 4 displays the calculated results of the cross section related parameters “Wetted 
area” [m²], “Wetted perimeter” [m], “Hydraulic radius” [m], “Wetted width” [m] and “Bed 
shear stress” [N m-2] (Figure 10).  

 

 
Figure 10: calculated results of the cross section related parameters, section 4 
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2.1.4.5 5. Hydraulics 

The result of the hydraulic calculation as well as some related parameters are displayed in 
section 5 of the tool (Figure 11). Based on the data of the predefined sections 1-3 and the 
results of section 4, the program calculates the mean “Velocity” [m s-1], “Specific 
discharge” [m3 s-1], “Mean Strickler value” [m1/3s-1], “Critical depth” [m], and “Froude 
number” [-]. Furthermore, the result section provides information about “Grain roughness” 
[m1/3s-1], “Grain friction slope” [-,%,‰] and “Bed roughness” [m1/3s-1]. 

 

 
Figure 11: results of the hydraulic calculation, section 5 

2.1.4.6 6. Incipient motion calculation 

Based on equation (29) by Rickenmann (1991), the “Specific incipient motion discharge 
qc” [m2 s-1] and “Incipient motion discharge Qc” [m3 s-1] are calculated in section 6 (Figure 
12). The “Reduced energy slope” [-,%,‰] presented under section 6.1.3 is calculated 
with Rickenmann and Recking (2011).  

 

 
Figure 12: Incipient of motion, Reduced energy slope, Section 6 
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2.1.4.7 7. Bedload transport 

Section 7 presents the results of the bedload transport calculation based on the transport 
formulas of Rickenmann (1991) with reduced slope after Rickenmann and Recking (2011) 
– section 7.1, Smart and Jäggi (1983)-section 7.2 and Meyer-Peter Müller (1948) – section 
7.3. The first result per subsection shows the “Specific bedload transport rate qb” [kg s-1 
m-1] while the second subsection refers to the “Bedload transport rate Qb” [kg s-1]. The 
application range of the equations of Rickenmann (1991) and Smart and Jäggi (1983) are 
based on ETAlp-study (Rickenmann and Brauner 2003) 

If a result is highlighted in red colour, the input data is not within the application range of 
the transport equation. The reason why and which criteria are violated are explained in the 
tooltips which is exemplary shown together with the results of the bedload transport 
calculation for Drau/Dellach in Figure 13. Here, the equation of Rickenmann (1991) with 
reduced slope after Rickenmann and Recking (2011) is not applicable due the relatively 
small gradient of 0.1795% at the station. 

 

 
Figure 13: result section of the bedload transport calculation, section 7 
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2.1.5 Symbol directory - bedload 

 
A  Area        [m²] 

da  Reduction coefficient of grain size   [km-1] 

SA  Area with sediment transport    [m²] 

wa  Reduction coefficient for abrasion   [km-1] 

c  Suspended sediment concentration   [-] resp. [mg l-1] 
d  Grain size diameter     [m] 

grd  Critical grain size diameter    [m] 

id  Diameter of grain size fraction I    [m] 

md  Arithmetic mean diameter of sediment  [m] 

sd  Transport distance for abrasion    [km] 

wd  Fluviatile abrasion      [kg] 

0d  Grain size at start (abrasion)    [m] 

Fr Froude number       [-] 
Fr* Grain size related Froude number   [-] 
g  Acceleration due to gravity    [m s-2] 

sg  Hiding-function after Parker 

h  Water depth       [m] 

Rk  Grain size related to roughness coefficient   [m1/3 s-1] 

Sk  Strickler value      [m1/3 s-1] 

tK  Mean diffusivity      [m² s-1] 

n  Manning value      [s m-1/3] 
'n  Grain size related Manning value   [s m-1/3] 

pn  Porosity       [-] 

ip  Percentage of fraction i on the grain structure [-] 

Q  Discharge       [m³ s-1] 
q  Specific discharge      [m³ s-1m-1] 

crq  Critical specific discharge     [m³s-1m-1] 

sq  Specific bedload discharge    [kg s-1m-1] 
∗q  Dimensionless specific bedload discharge  [-] 

isq ,  Specific bedload discharge of fraction I  [kg s-1m-1] 

R  Specific weight of bedload under water  [N m-³] 

hR  Hydraulic radius      [m] 

Re  Reynolds value      [-] 
Re*  Grain related Reynolds value    [-] 
S Slope, gradient      [-] 
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SR energy gradient      [-] 

deps  Deposition flux      [m s-1] 

eros  Erosion flux       [m s-1] 

t  Time        [s] 

*u  Shear velocity      [m s-1] 

,*cu  Critical shear velocity     [m s-1] 

ju  Flow velocity in direction xj    [m s-1] 

mu  Mean flow velocity      [m s-1] 

w  Weight of sediment particles (abrasion)  [kg] 

cw  Settling velocity      [m s-1] 

0w  Weight of sediment particles at starting point [kg] 

γ  Specific weight of water     [N m-³] 

sγ  Specific weight of sediment    [N/m-³] 

η  Proportion       [-] 
q  Relative shear stress     [-] 

cq  Shields-value      [-] 

Dq  Critical stress of surface layer    [-] 
κ  Von-Karman constant     [-] 
ν  Kinematic viscosity      [m² s-1] 
ρ  Density       [kg m-³] 

sρ  Sediment density      [kg m-³] 

gs  Standardabweichung des Sohlmaterials  [-] 

0gs  Standardabweichung des Unterschichtmaterials [-] 

τ  Bed shear stress      [N m-²] 

cτ  Critical bed shear stress     [N m-²] 

 
DS (Index) surface layer 

i  (Index) grain fraction 

US (Index) subsurface layer 

* (elevated) grain related 
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2.2 Wood transport  

Introduction 
River systems are characterized by the presence of living plants that produce remarkable 
geomorphic effects along these environments. The effects continue even after the 
recruitment within the fluvial network because of their erosions from banks, floodplains, 
islands and hillslopes (Gurnell, 2013). River erosions and depositional processes can be 
strongly influenced by the presence of dead or living pieces of wood (Jeffries et al., 2003). 
Isolated and accumulated logs can also interact with channel morphology and hydraulics 
(Abbe and Montgomery, 2003; Wallerstein et al., 2001). Moreover, woody material exert a 
fundamental role in the ecological diversity of river channels (Gurnell et al., 2002), 
providing habitat for many organisms that live in and around the river, regulating water 
temperatures, water turbulence, and nutrient fluxes (e.g., Van der Nat et al., 2003). 
Despite the positive effects that wood exerts along the river network, in-channel wood 
could be a threat to some human activities on rivers, including disruption of the navigation 
on large rivers and commercial marine operations (Piégay, 2003). 

During flood events, woody material can be transported downstream, representing a 
potential risk for sensitive structures such as bridge piers (Mazzorana et al., 2009; Rigon 
et al., 2012). Because of that, and due to the potential hazard represented by wood 
transported during floods (Ruiz-Villanueva et al., 2014), considerable efforts have been 
recently devoted to assess in-channel wood budget (Sedell and Froggatt, 1984; Palik et 
al., 1998; Piégay et al., 1999; Benda and Sias, 2003; Benda et al., 2003; Marcus et al., 
2011; Schenk et al., 2013), considering the balance of wood input and output at various 
time scales. Recently, Marcus et al. (2011) attempted to define an annual wood budget 
defining a relation between flow discharge and wood transport rate.  

However, this approach is biased by the fact that wood transport dynamics (such as the 
log displacement length and velocity) is still poorly understood, mainly for lack of direct 
field observations (MacVicar and Piégay, 2012). Field evidences are more easily carried out 
in small mountain rivers than along large and wide rivers. In these mountain context, 
different authors obtained interesting results. Iroumé et al. (2010) reported that, in a 
small Chilean stream, about 12% of wood pieces were transported during a period in 
which five floods exceeded the bankfull stage. Warren and Kraft (2008) found that 26% of 
logs moved during 4 years of survey in a small snowmelt-dominated stream in the USA, 
and Wohl and Goode (2008) reported yearly mobility ratio ranging from 16 to 23% in 
small streams of the Rocky Mountains, USA. All of these studies were conducted by 
marking single logs using metal tags and measuring their displacement after recognitions. 
Unfortunately, this methodology is difficult to apply in wider rivers, thus novel ways of 
tracking logs have been recently experimented. Schenk et al. (2013) quantified the annual 
wood budget of the lower Roanoke River (North Carolina) using radio frequency 
identification (RFID) tags and metal tags installed to log pieces in order to track their 
movements during floods. Alternatively, MacVicar and Piégay (2012) explored the 
relationship between wood transport rate and water discharge by using a streamside video 
camera along the Ain River, a French wandering piedmont river. According to MacVicar et 
al. (2009), they confirm as the higher wood transport rate happen during the rising limb 
than falling limb of hydrographs. Also physical modelling analysis was carried out to 
investigate on wood displacement. In fact, different authors (Braudrick and Grant, 2001; 
Haga et al., 2002) find out that, in steady flow conditions, log displacement depends on 
different aspect as the wood size and density, water depth and velocity, and the channel 
bed roughness. 
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Gurnell (2013), observed as smaller and singles logs are easier to transport than buried 
logs and/or pieces that are longer than the bankfull width. Furthermore, different authors 
(Seo and Nakamura, 2009; Welber et al., 2013) observed as small logs are typically 
trapped by larger ones. 

Very recently, Ravazzolo et al. (2014; 2015) obtained important results on entrainment 
and displacement length of logs along the Tagliamento River, a large gravel-bed river in 
Italy. To achieve that, logs were tagged using radio transmitters (RFID) and, for the first 
time, using GPS tracker devices, which collect GPS position data at high frequency 
resolution (1 s). These devices permit to obtain recovery rates of logs equipped with RFID 
and GPS trackers of about 43% and 42%, respectively. Moreover, the GPS devices allowed 
to analyse in details the log displacement and transport overtime, indicating a higher log 
entrainment during rising limb of hydrographs as observed by MacVicar and Piégay, 
(2012). The threshold for logs entrainment from low bars is around 40% of bankfull water 
stage. No clear relationship was found between the peak of flood and log displacement 
length and velocity. However, log displacement length and velocity appear significantly 
correlated to the ratio between the peak of flow and the water stage exceeding the flow 
duration curve for 25% of time (i.e. the ratio hmax/h25 ratio). Log deposition was 
observed to occur at the peak flow, and logs transported during ordinary events are 
preferably deposited on low bars. All of this information will be useful to define a better 
management approach, considering the potential wood mobilization, its maximum travel 
distances and the most frequent deposition zone over the active channel. 

 

 

Nevertheless, there are only few direct observations and/or measurements of the 
conditions of wood entrainment and transport during floods. The work of Moulin and 
Piégay (2004), MacVicar et al. (2012), Rimböck et al (2013) and Turoski et al. (2013) are 
ones of the few. Physical models and flume experiments have been used to overcome 
these constraints, contributing greatly to our present knowledge of LWM transport 
(Braudrick and Grant, 2000; Braudrick et al., 2001; Bocchiola et al., 2002; Haga, 2002; 
Schmocker and Hager, 2011). Some others have used one-dimensional (1D) or two-
dimensional (2D) models (Mazzorana et al., 2010; Merten et al., 2010; Comiti et al., 
2012), by first computing the hydraulics (in 1D or 2D) and then using the results to 
calculate wood mobilization. 

 

However, there have been no deterministic models for predicting wood transport volume 
at relatively short timescales to date. Recently, a 2D numerical model was developed and 
proposed by Ruiz-Villanueva (2012) and Ruiz-Villanueva et al. (submitted for publication) 
to simulate LWM transport together with hydrodynamics. This model was added as a new 
module (Woody Iber) into the existing Iber model, a 2D hydrodynamic software 
application (www.iberaula.es; Corestein et al., 2010; Bladé et al., 2012a; Bladé et al., 
2012b) based on the finite volume method. The new module was developed to compute 
log motion, which considers a threshold water velocity and a description of log motion 
based on the force balance. Water flow variables affected by the influence of log presence 
are computed using a 2D hydrodynamic model enhanced with drag terms produced by log 
resistance to the flow.  

 

 
 

http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0015
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0017
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0010
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0032
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0062
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0046
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0048
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0021
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0056
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0060
http://www.iberaula.es/
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0007
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0008
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2.2.1 Assess wood potential and volume in torrential catchments (WSL 
research) 

 

Within the OptiMeth project conducted by the international research society 
INTERPRAEVENT, the most important methods to assess the woody debris volume were 
collected and shortly described (comp. Rimböck et al (2013)). This paragraph relies on the 
work of this group and outlined the basic findings.  

 

First of all in the field of woody debris, we have to distinct between the whole volume of 
wood, which could become transported by flood events (woody debris potential) and that 
volume which is in fact transported (woody debris volume). 

 

Regarding existing methods to assess woody debris potential and volume you can 
structure them into the following groups: 

Empirical formulas, relying on regarded volumes after events 

Estimating methods regarding different processes to introduce wood into the torrent or 
alternatively areas with different mobilization probability 

 

A further development of the existing methods is difficult, because only few well 
documented data exists on real events (like WSL (2009)), which shows the high 
importance of event analysis and documentation. 

 

Some formulas are shown in the following Table 2. 
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Table 2: different formulas to assess woody debris potential resp. volume (translated after Rimböck 

(2002)) 

Woody debris volume   

origin formula Data basis remarks 

Ishikawa 
(1990) 

HM = 500 x AEG 27 events from Japan;                          
AEG = 0,054 to 1,96 km² 

Upper threshold value  

Zollinger 
(1983) 

HM = 10 to 180 xAEG 2 events from the Alps;         AEG 
= 100 resp. 140 km² 

Real observed single 
events 

Ishikawa 
(1990); 
Rickenmann 
(1997) 

HM = 0,02 x VF 

27 events from Japan;                 
VF = 380 to 50000 m³ 

further 7 Alpine events 
(Rickenmann (1997)) 

upper threshold value;  

Rickenmann 
(1997) 

HM = 45 x AEG
 (2/3) 

50 events from Japan and Alps; 
AEG = 0,054 to 6273 km² 

Mean value of events 

Rickenmann 
(1997) 

HM = 4 xVW
(2/5) 

18 events mainly from 
Switzerland; VW = 21,6 to 
390000 x 10³ m³ 

Mean value of events 

Woody debris potential   

Uchiogi et al 
(1996); 
Rickenmann 
(1997) 

HP = C x AEG 

C=1000 upper limit for 
conifer forest 

C = 100 upper limit for 
deciduous forest 

C = 10 lower limit 

no remarks at Ushiogi et al 
(1996);  

Rickenmann vompares with 9 
assessments in Switzerland and 
88 in USA  

upper resp. lower limit;  

easily to confound with 
formuals for effective 
wood volume by 
Ishikawa (1990) und 
Zollinger (1983) 

Rickenmann 
(1997)  

HP = 90 x AEG forested 
9 assessments of potential in 
Switzerland; AEG = 0,76 to 78 
km²; AEG bew = 0,3 to 21,1 km² 

Mean value of events 

Rickenmann 
(1997)  

HP = 40 x LG forested
2 

9 assessments of potential in 
Switzerland; AEG = 0,76 to 78 
km²; LG bew = 0,6 to 6,4 km 

Mean value of events 

Consecru 
(1996) 

HP = C x LG 

C = 1,2 to 36 m³/m 

Field assessment in 4 Swiss 
torrents 

Single assessment 

nomenclature: 

HM: wood volume [m³]; HP: wood potential [m³]; AEG: catchment area [km²]; VF: solid load [m³]; 
VW: water load [m³]; LG: length of watercourse [km] 
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Figure 14: wood volume resp potential for different catchment areas: assessments and formula 

results (translated after Rimböck (2003)) 

Obviously the assessed data of events (Figure 14) vary in a wide range and the formulas 
differ a lot. Probably also some topographic influences and other important boundary 
conditions influence the wood volumes, but are neglected in such estimation formulas.  

 

There are some further methods which mainly direct and structure the estimation process 
in some way. In some cases the assessment can be combined with bedload assessment in 
the field, gaining synergies and shorter field observations. For more details see Rimböck et 
al (2013). 

A newly developed method (see Meyer and Rimböck (2014)) combines a GIS based 
catchment analysis of the most important processes introducing woody debris into the 
torrent with existing data on wood volume in forested areas and with experience in 
transportation distance. So the most important or at least most probable sources of woody 
debris can be identified and a field analysis can be much more targeted and effective. 

 

It is to mention, that the choice of a suitable method is also dependent on the target of 
the assessment. If a retention structure is to design, it makes sense to invest more effort 
on the assessment and conduct some field surveys in combination with a detailed analysis 
of past events.  

 

For an assessment of transport distances or clogging probabilities not only the volume of 
woody debris is relevant, but also the dimensions and shape (Lange and Bezzola (2006)). 
Also the transport process, if it is single transport or transport of log jams, is strongly 
influenced by these boundary conditions. Especially in small torrents this is really difficult 
to predict, expert judgment is necessary and therefore still many uncertainties will remain 
(INTERPRAEVENT (2011)) 
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2.2.2 Wood transport rates from field measures (Turoski et al. 2013). 

The frequency of occurrence of sampled CPOM particles (sizes from 1 mm, with a dry 
mass less than 1 mg, to large logs and entire trees, which can have a dry mass of several 
hundred kilograms –Figure 15) is tightly related to their masses; the number of CPOM 
pieces in transport strongly decreased with increasing particle mass. At particle masses 
greater than a threshold value of ∼ 1 g for the basket samples and ∼ 3 kg for the retention 
basin samples, the relative frequencies of occurrence of masses in the samples plot on a 
straight line in log–log space. No such threshold was observed for the bedload trap data 
because the smaller net size trapped finer particles. The relationships can be described by 
the equation 

 
 C=k M−α 
 
Here, C is the relative fraction of CPOM of the respective particle mass M, k is a constant 
and α α is the scaling exponent.   

 
Figure 15: (left panel) Typical CPOM pieces caught in the basket samplers, including twigs, chips of 

woody material, bark fragments, scales of conifer cones, and alder catkins. The typical dry mass of 

the pieces shown ranges from a tenth of a gram up to a few grams. (right panel) Large wood caught 

in the outlet grid of the retention basin in the extreme event from 1 August 2010 (picture taken on 

the 2 August 2010). The retention basin and the basket samplers can be seen in the background 

 
Turoski et al. (2013) show that a single scaling exponent can describe the mass 
distribution of CPOM transported in the Erlenbach, a steep mountain stream in the Swiss 
pre-Alps (Figure 16). This exponent takes an average value of -1.8, is independent of 
discharge and valid for particle masses spanning almost seven orders of magnitude. 
Similarly, the mass distribution of in-stream large wood in several Swiss streams can be 
described by power law scaling distributions, with exponents varying between-1.8 and -
2.0, if all in-stream wood is considered, and between-1.3 and -1.8 for material locked in 
log jams. Similar values for in-stream and transported material are found in the literature. 
They had expected that scaling exponents are determined by stream type, vegetation, 
climate, substrate properties, and the connectivity between channels and hillslopes. 
However, none of the descriptor variables tested here, including drainage area, channel 
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bed slope and the percentage of forested area, show a strong control on exponent value. 
Together with a rating curve of CPOM transport rates with discharge, the scaling 
exponents can be used in the design of measuring strategies and in natural hazard 
mitigation. 

 
Figure 16: CPOM transport rates as a function of discharge. Both the untreated data (light grey) and 

the values corrected for transport rates of all particles heavier than 0.1 g (black) are shown. The 

rating curve is of the form QCPOM aQb, with a=4.42×10−15 and b=4.47±0.21, with an R value of 

0.94. The two data points from the large events (open triangles) plot nearly at the same location. 

They were not used in the regression to obtain the rating curve. 
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2.2.3 Two-dimensional numerical model developed by Ruiz et al. (2014) 

The two-dimensional numerical model developed by Ruiz et al. (2014) to simulate the 
transport of LWM and its effect on hydrodynamics. The transport of wood along the stream 
during the 1997 event was simulated using a recently developed module for this purpose 
implemented in a 2D hydraulic model (Iber). The model is described in detail in Ruiz-
Villanueva (2012) and Ruiz-Villanueva et al. (submitted for publication) and only a brief 
description was therefore provided here. To solve the hydrodynamics, the Iber model uses 
the finite volume method with a second order Roe Scheme. The new module considers 
wood entrainment and incipient motion performing a balance of the forces acting on each 
single piece of wood: the gravitational force acting on the log, equal to the effective 
weight of the log in a downstream direction; the friction force in the opposite flow 
direction, which is equal to the normal force acting on the log times the coefficient of 
friction between the wood and the bed; and the drag force, also acting in the flow 
direction, which is the downstream drag exerted on the log by the water in motion. 

The combination of these three forces yields the force balance at incipient motion for a 
circular cylinder lying on the river bed: Ff = Fg + Fd  

 
where h is the water depth. Thus, the velocity corresponding to (Fg + Fd)/Ff = 1, here called 
threshold velocity Ulim  

 
The velocity along the transport trajectory for each moving woody material (Ulog) model 
log is estimated as  

 

 
The movement of wood logs includes two possible transport regimes (floating or sliding) 
based on wood density, and both translation and rotation, due to the fact that one end of 
the piece of wood is moving faster than the other end (based on flow velocity field) and 
causes the piece to rotate towards a more flow-parallel orientation. The flow velocity at 
each end (1 or 2) of the log v1,2 = (v1,v2)1,2 is calculated from the flow velocity at the log 

centre v, the flow velocity gradients and the relative position of the log ends with 
respect to the log centre position x:  

 

http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0056
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0060
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Interactions between logs and the channel configuration and among logs themselves are 
also taken into account in the model. Therefore, log velocity and trajectory may change 
due to contact with the banks or with other logs. If one moving piece of wood meets 
another piece (floating or resting), the two may collide and continue moving at a different 
velocity. This new velocity or final velocity (v′log)i of log i is calculated from the initial 
velocities (vlog)i,j for both colliding pieces i, j as  

 
 

where: 

  
is the velocity of the mass centre of the colliding logs, e is the restitution coefficient (equal 
to one assuming elastic interaction) and mi and mj are the log masses. 

Moreover, when a piece of wood reaches the bank, it can be entrapped and the driving 
forces decrease due to reduction of the submerged area, but the resisting forces are still 
active around the log and therefore the initial motion condition is recalculated. 

The wood jam formation is a three-dimensional (3D) process; however, this 2D model 
attempts to reproduce a quasi-3D process. If a log is lying (resting) on the river bed or 
bank and another piece floats above it, these two may interact, depending on the water 
depth and log diameters, and the lying log may start to move or the floating log may stop 
according to the force balance. 

The hydrodynamics and wood transport are computed in two related ways; thus, the 
hydrodynamics influence the wood transport, but the presence of wood also influences the 
hydrodynamics. A drag force is included in the flow model as an additional term in the 
Saint Venant equations, similar to roughness. This force is included as an additional shear 
stress at every finite volume, resulting from the presence of logs.  

 
 

where: τwood,i is the shear stress at every finite volume, or mesh element, I; Fd the drag 
forces; and Ai the volume of the 2D finite volume, or area of mesh element i, that is:  

 

 
 

where U is the water velocity; Ulog is the component of the log velocity in the direction of 
the flow; and Cd is the drag coefficient of the wood in water. This last parameter has been 
analysed extensively before (Manga and Kirchner, 2000). Brooks et al. (2006) proposed 
1·2 for wood in real streams; and Bocchiola et al. (2006) found a value of 1·41 for dowels 
in flume experiments. In this study, the parameter is assumed to be constant (1·2) but 
the method allows its value to be changed in each simulation. 

  

http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0040
http://onlinelibrary.wiley.com.acces.bibliotheque-diderot.fr/enhanced/doi/10.1002/esp.3456#esp3456-bib-0011
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3 Application and evaluation of selected equations 
at different study sites 

3.1 Bedload transport 

3.1.1 Drau 

Application 
The application of bedload transport equations has been conducted at the monitoring 
station Drau at Dellach using the input data presented in Table 3. Information of the grain 
sizes distribution is available for subsurface material (dm=33mm), bedload material 
derived by bedload traps (dm=28mm) and bedload material derived by long term 
measurements using Large Helley smith sampler (dm=29mm). 

 
Table 3: input data for the application of bedload equations at the Drau in Dellach 

input data 

  dm d50 d90 I b g ρs ρw Kstbank 

 unit [ ] [m] [m] [m] ‰ [m] [m s-²] [kg m-³] [kg m-³] [m1/3 s-1] 

long-term measurements 0.029 0.019 0.074 1.7950 50 9.81 2650 1000 25.00 
bed load traps 0.028 0.015 0.071 1.7950 50 9.81 2650 1000 25.00 
subsurface 0.033 0.023 0.079 1.7950 50 9.81 2650 1000 25.00 

 

Bedload transport rates (kg s-1) have been calculated using the Meyer-Peter & Müller 
(1948) formula and the Wu (2000) equation. The following figures (Figure 17 and Figure 
18) show the results of the bedload transport calculation dependent on increasing 
discharge conditions. The start of bedload transport has been computed at around 110 

m³s-1 for bedload material and at 165 m³s-1 for subsurface material using the Meyer-Peter 
Müller equation. The coarser grain size distribution of the subsurface material show a 
significant effect on the calculated bedload transport rates which reflects the high 
sensitivity of the Meyer-Peter Müller formula to changes in the grain size parameters.  
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Figure 17: Application of the Meyer-Peter Müller formula at the Drau in Dellach  

 

 

The results of the bedload transport rates at the station Drau/Dellach, calculated after the 
equation of Wu, show a much earlier start of bedload transport at around 35 m³s-1. This 
computed value is much lower the for the Meyer-Peter Müller equation and less sensitive 
of the used grain size (bedload or subsurface material).  

 

 
Figure 18: Application of the Wu formula at the Drau in Dellach 
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Evaluation 
A comparison between measured and calculated specific bedload transport rates in 
Drau/Dellach is presented in Figure 20. Thick lines (central line) indicate equality between 
measured and calculated bedload discharges (r = 1), whereas thin lines (outer lines) 
indicate half or double values (r = 0.5 or 2, respectively). For better visibility of all 
measured points, the figures are presented in three different scales. A notable distinction 
exists between calculations and some or all measurements, each formula behaving 
differently.  

Figure 19 show the grain size distribution of surface, subsurface and directly measured 
bedload material at the station Dellach/Drau. The compared bedload equations use the 
presented data.    

 

 
Figure 19: grain size distribution for surface, subsurface and directly measured bedload material, 

Dellach/Drau (Habersack et al. 2002) 
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The Meyer-Peter & Müller (1948) equation, using the dm of the subsurface material, 
underestimates the specific bedload transport over the whole scale. Using grain size 
information derived by bedload traps, the same formula overestimates the specific 
transport slightly till a transport rate of 1 kg m-1s-1. Above that value, the specific 
transport rate is underestimated by the Meyer-Peter & Müller (1948) equation.  

The equation after Wu (2000) provides reasonable results especially for low transport 
rates up to 0.5kg m-1s-1. For higher transport rates, the formula is increasingly 
underestimating the measured transport values. The Wu (2000) equation is much less 
sensitive to the used grain size information (bedload or subsurface material).   

Overall, the performance of the applied bedload equations at Drau/Dellach is relatively 
good. The biggest issues to improve quality of these relations are the underestimation of 
bedload transport at high transport rates and the strong dependency on the selected grain 
parameters. Due to the large catchment area at the station Drau/Dellach the variation in 
the sediment supply seems to be relatively limited and rather low and is therefore of minor 
influence in the application of bedload equations at this station.  

 

 
Figure 20: Comparison between calculated (shear stress formulas) and measured specific bedload 

transport rates at the Drau in Dellach 

 

 

 

 

 

0.0

0.5

1.0

1.5

0 1 2 3 4 5

0.0

0.5

1.0

1.5

2.0

0 1 2 3 4 5

dm subsurface
dm bedloadtraps

0.0

0.5

1.0

1.5

0 0.5 1 1.5
0.0

0.1

0.2

0.3

0.4

0.5

0 0.1 0.2 0.3 0.4 0.5

0.0

0.5

1.0

1.5

0 0.5 1 1.5
0.0

0.1

0.2

0.3

0.4

0.5

0 0.1 0.2 0.3 0.4 0.5

ca
lc

ul
at

ed
 sp

ec
ifi

c 
be

dl
oa

d 
tr

an
sp

or
t [

kg
  s

-1
 m

-1
]  

measured specific bedload transport [kg s
-1 

m
-1

] 

Wu et al. 

Meyer-Peter, Müller 



44 

 

 

 

3.1.2 Urslau  

Application 
The application of bedload transport equations has been conducted at the monitoring 
station Urslau at Maria Alm using the input data presented in Table 4. Information of the 
grain sizes distribution is available for subsurface material (dm=64mm), bedload material 
derived by bedload traps (dm=49mm) and bedload material derived by long term 
measurements using Large Helley smith sampler (dm=30mm). 
Table 4: input data for the application of bedload equations at the Urslau in Maria Alm 

input data 

  dm d50 d90 I b g ρs ρw Kstbank 

 unit [ ] [m] [m] [m] ‰ [m] [m s-²] [kg m-³] [kg m-³] [m1/3 s-1] 

subsurface 0,064 0,038 0,169 20 8,45 9,81 2650 1000 25.00 

bed load traps 0,049 0,036 0,117 20 8,45 9,81 2650 1000 25.00 

bedload sampler 0,030 0,023 0,058 20 8,45 9,81 2650 1000 25.00 

 

Bedload transport rates (kg s-1) have been calculated using the equations after Meyer-
Peter & Müller (1948), Smart and Jäggi (1983), Rickenmann (1991) and Rickenmann 
(1991) with reduced slope (Rickenmann and Recking, 2011). The used grain size 
distribution is based on subsurface material. Figure 21 show the results of the bedload 
transport calculation dependent on increasing discharge conditions. The start of bedload 
transport has been computed between 2.5 m³s-1 (Rickenmann 1991) and 5.5 m³s-1 
(Meyer-Peter & Müller, 1948). The calculated transport rates on the station based on the 
Rickenmann (1991) equation are about twice as big as the transport rates based on the 
Meyer-Peter & Müller equation. The Rickenmann (1991) with reduced slope (Rickenmann 
and Recking, 2011) and the Smart and Jäggi (1983) equations produce relatively similar 
results. 

  

 
Figure 21: Application of bedload transport formulas at the Urslau/Maria Alm  
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Evaluation 
A comparison between measured and calculated specific bedload transport rates is 
presented in Figure 22 for the station Urslau/Maria Alm.  

All used bedload transport equations show a relatively similar performance and clearly 
overestimate the specific bedload transport up to one order of magnitude till a measured 
transport rate of around 2 kg m-1s-1. For higher directly measured transport rates, the 
calculated transport rates tend to deliver better results but show a big scatter for the 
highest measured transport events. The selected dm based on bedload or subsurface 
material, significantly influences the calculated transported values for all used formulas 
but do not explain the overestimation in the calculated bedload transport. From the 
compared equations, the formula after Meyer-Peter & Müller (1948) shows the best 
performance, followed by the equations after Rickenmann (1991) with reduced slope after 
Rickenmann and Recking (2011) and Smart and Jäggi (1983). Compared to the other 
implemented equations, the original Rickenmann (1991) formula without reduced bed 
slope overestimates the transport widely.  

The results of the evaluation highlight the importance of bedload supply in the application 
of bedload formulas. Especially in small catchments, sediment supply is very 
heterogeneous over time with episodic sediment supply from upstream. This causes a big 
variation in measured bedload transport rates at a given discharge which are difficult to be 
described with current bedload transport equations.  
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3.1.3 Saldur and Sulden 

Evaluation 
In these two steep mountain channels, the more suitable equations are those based on the 
excess of water discharge (Schocklitsch and Rickenmann, see above) as they are the more 
robust in similar conditions where shear stress calculation become subject to large 
uncertainties (Comiti & Mao, 2012). However, as the two formulas are very similar in their 
form and in their parameters (coefficient and exponent for channel slope), they provide 
similar results as well, thus only the comparison with Rickenmann (2001) is graphically 
shown here.  

Beside the average topographic bed slope upstream of the stations (4% and 6% for 
Sulden and Saldur, respectively), the reduced energy slope value derived applying 
equation 4.5 to account for the role of form roughness in reducing the actual bedload 
transport was applied. In the Sulden River, a single, average value (i.e. relative to the 
average flow discharge during the study period, May-August 2014) of reduced slope was 
estimated because the relationship between flow depth and discharge – at representative 
cross-sections – and the bed grain size distribution are still to be reliably determined due 
to accessibility issues during 2014. In the Saldur River, a different reduced energy slope 
was calculated for each measured bedload rate. It is noteworthy to report that the two 
streams present a plane-bed morphology, transitional to step-pool at places, and thus the 
role of additional spill-resistance is not reckoned to be relevant.  

Bedload rates measured at the Sulden River station through the combined use of an 
acoustic pipe and geophone plates, calibrated by a crane-mounted modified Bunte trap, 
permitted to evaluate the performance of the bedload equations in predicting bedload 
rates measured continuously over the study period. As the pipe sensor got damaged 
during the August 13rd 2014 flood, its data are available up to flows before this event, 
whereas bedload rates during the flood event (i.e. the highest) are those derived from the 
geophone plates (Figure 23). 

 

  

Figure 23: Comparison between bedload transport rates estimated by pipe sensor and geophone 

plates signals in the Sulden River (period May-August 2014) and those predicted by Rickenmann 

(2001) equation, applied using the bed slope (left) and an averaged reduced energy slope (right). 
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The relevant variation determined by the use of a reduced energy slope is quite evident. 
Still, almost all the bedload rates are overestimated, commonly by two orders of 
magnitude by up to 3-4 for the lowest rates. Such high overestimation could be partially 
diminished by applying a more correct reduced slope once a representative flow depth – 
discharge curve will be available, nonetheless the huge variability observed at low 
transport rates (whose lower envelope is indeed correctly predicted as it lies on the perfect 
agreement line) clearly points out to other processes other than energy dissipation (i.e. 
different sediment supply). In contrast, the highest bedload rates measured (or more 
correctly estimated thought the geophone plates) at the peak of the August 2014 flood are 
quite correctly predicted by Rickenmann’s (and similarly by Schocklitsch’s) equation when 
the reduced energy slope is utilized. However, the latter is calculated based on average 
discharge of the period – much lower than the flood peak – for the reasons mentioned 
earlier, thus a correct reduced slope for the flood values would overestimate the 
“measured” values. Indeed, the reliability of such high “measured” bedload data is 
relatively low, as no calibration sampling was possible during the flood.        

 

In the Saldur River, the equation performance analysis was instead carried out 
using the  bedload rates actually measured by the portable “Bunte” traps from 2011 to 
2014 (Figure 24). In this small mountain stream (drainage area about 19 km2, channel 
width about 5-6 m), measured bedload rates were much less than in the Sulden River 
(drainage area about 130 km2, 9-12 m width).   

  

Figure 24: Comparison between bedload transport rates measured by portable “Bunte” traps in the 

Saldur River (section LSG) in the period 2011-2014 (sampling in June-July-August), and those 

predicted by Rickenmann (2001) equation, applied using the bed slope (left) and the reduced energy 

slope (right). 

The two graphs illustrate again how the use of reduced energy slope – variable for 
each flow stage based on the h/D90 ratio – to account for form drag dissipation reduces 
the overestimations provided by the Rickenmann’s transport capacity equation 
(Schocklitsch’s equation gives very similar results). Nonetheless, predictions within the 
same order of magnitude of the measured values are observed only for the highest 
bedload rates, collected at near-bankfull flows, whereas at lower flows the predicted rates 
are several order of magnitudes larger than measured ones. This pattern resembles the 
one described for the Sulden, but the total overestimation is bigger. It must be noted that 
for the Saldur River no bedload data are available during relatively large floods 
(comparable to the August 2014 in the Sulden River), when the agreement between 
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predicted and real bedload rates would be likely better. As previously mentioned, these 
patterns clearly highlight the great influence – quite likely more important than energy 
dissipation processes – of sediment supply on actual bedload rates in steep mountain 
channels.  
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3.1.4 Moulin at Draix 

Application 
The following figure (Figure 25) compare models to the data collected with a Birkbeck 
bedload slot sampler in the Moulin at Draix during the 3 June 2013 flood (the highest 
recorded flood since sampler deployment). These data are unique in that the steep slope 
(S=3.2%), fine sediments (D50=7.5 mm, D84=20 mm) and high water depth (up to 0.5m) 
are responsible for very high Shields stress values (0.39<<1.24) and high transport rates 
(up to 37 kg s-1 m-1).  

 

The comparison shows that the Meyer-Peter and Mueller overestimate transport, and that 
the Recking equation overestimates transport in the high range. This result is satisfying 
when considering that the shear stress was computed with the measured flow depth, and 
that no shear stress correction was possible (the velocity is needed). A shear stress 
correction for taking into account the energy dissipation due to bedforms would have 
lowered the model prediction, especially in the high range of transport. 

 
 

 
Figure 25: comparison between measured and calculated bedload transport rates at Moulin/Draix 
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Evaluation 
A comparison of 17 standard bedload equations to a large field data set (comprising 
several thousand values, 100 rivers) has shown that most of them give acceptable results 
only when the flow is in the full transport regime (τ*>2-3τc*), which corresponds, for the 
available data, to sand bed rivers only (RECKING et al 2012). This was explained by many 
reasons, including the complexity induced by grain sorting and partial transport, additional 
(bed-) form resistance, and also, as a response of non-linear bedload transport equations 
to the natural variability of a river bed and flow conditions (the field data are most often 
used with the shear stress averaged over the section, which hides high local values as 
illustrated in Figure 26). 

 
Figure 26: natural distribution of shear stress compared to a theoretical shear stress average 

The Recking equation presented above was supposed to tackle these limitations, because 
it was derived with field data (implicitly containing all complexity due to partial transport) 
and averaged hydraulics and bed characteristics (the relation implicitly take into account 
non-linearity effects). It was tested in comparison with 126 rivers (10300 values, 70% of 
which being used in blind test), and results are plotted in the following Figure 27: 

 
Figure 27: Comparison of the Recking equation and the Meyer-Peter and Müller equation (used with 

and without shear stress correction) with the field data set. 

 
The scores E2 and E10 in the figure are the % of ratio qscal/qsmeas that fall in the interval 
[0.5-2] and in the interval [0.1-10] respectively (such large interval are consistent with 
the fact that bedload naturally fluctuates in similar ranges for a given flow condition). 
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3.2 Wood transport 

3.2.1 Application 

CPOM transport rate in Erlenbach, Switzerland  
Turoski et al. (2013) have demonstrated that the mass of coarse particulate organic 
matter (CPOM) transported in the Erlenbach, a steep mountain headwater stream in the 
pre-Alps of Switzerland, displays a well-defined scaling behaviour. The scaling is consistent 
over almost seven orders of magnitude of particle mass and independent of discharge. 
Such scaling information can be used to make comparable CPOM transport rates collected 
with different sampling methods and to estimate the total masses of exported material 
from small samples comprising only a few size classes of CPOM. Currently, our results 
have been demonstrated to hold fully for the Erlenbach only. However, the comparison of 
the Erlenbach data with the scaling distributions of large woody debris transported in the 
Ain River, France, and of in-channel material in ten small Swiss mountain streams and 
forested catchments in British Columbia, Canada, suggests that a similarly consistent 
scaling behaviour between CPOM masses and the number of pieces exist for other 
streams. They found that the water- 

Shed / channel parameters examined in the eleven Swiss data sets did not determine LWD 
scaling; however, the number of streams and the ranges of the observed values are too 
small to make final conclusions. Thus, it remains to be determined in how far the scaling 
exponent depends on stream type, vegetation, climate, substrate properties, and on the 
connectivity between channels and hillslopes. High quality data on piece mass of CPOM in 
streams spanning the full range of masses are rare, and a full evaluation of our findings is 
not possible at this stage. If a scaling similar to the one observed at the Erlenbach, which 
consistently holds over nearly seven orders of magnitude in particle mass and three orders 
of magnitude in discharge, is correct, measurements of scaling exponents on a small 
fraction of transported or stored material can be used to extrapolate from Large wood to 
total CPOM or vice versa. This may be useful to assess the hazard potential of large wood 
during floods, it may simplify the planning and logistics of measurement campaigns, and it 
may help in obtaining wood budgets for stream reaches. 

 

1997 Flash flood of the Arroyo Cabrera stream  
The 2D model of Ruiz et al. (2013) have been used to simulate a bridge clogging process 
and reconstruct the wood deposit patterns, modelling individual pieces of wood moving 
with the water flow and interacting among them and with the bridge along a short reach of 
the Arroyo Cabrera stream, a tributary of the Alberche River in the Tagus River Basin, on 
the northern slopes of the Sierra de Gredos, in the Spanish Central System. Different 
scenarios for the wood transport rate allowed them to study the influence of inlet 
boundary conditions on bridge clogging. For the studied event, the scenario which best 
reproduced the bridge clogging effect and flood characteristics was one in which 60% of 
the total wood entered before the peak discharge. This dropped to 30% at the peak itself, 
and finally fell to 10% during the recession curve. In addition, the accumulation patterns 
of LWM along the reach were computed and compared with post-event field photographs, 
showing that the model succeeded in predicting the deposition patterns of wood and those 
areas prone to form wood jams. 
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3.2.2 Evaluation: 

Wood transport rates from field measures  
Turoski et al. (2013) hypothesized that a similarly consistent, i.e., discharge-independent 
scaling relation of transported CPOM masses can be found in other streams, with a scaling 
exponent that is characteristic for the catchment. The data collected by Rickli and Bucher 
(2006) on distributions of in-stream LWD in ten mountainous catchments of Switzerland 
provides some evidence for the transferability of the Erlenbach observations. They found 
consistent power-law distributions of frequency per mass class vs. particle mass for all of 
these streams, indicating that there is some generality in this type of distribution. 
MacVicar and Piégay (2012) reported the distribution of LWD piece length in transport, 
observed using a video camera during floods of the Ain River, France. The Ain River is a 
much larger stream than the Erlenbach, with a drainage area of 3630 km2 (compared to 
0.7 km2 at the Erlenbach) and a width of∼65 m (compared to∼4 m at the Erlenbach). The 
observed mass distribution yields a well-defined power-law scaling with a scaling exponent 
of1.8 (B. MacVicar, personal communication, 2013), which is similar to the one observed 
at the Erlenbach (1.84) 

Clearly, forest type, vegetation growth rates, and the distribution of forest throughout the 
catchment should be important, as they determine the type, amount, and sizes of woody 
debris available for delivery to the channel. All of these parameters are dependent on the 
climatic regime, which also determines wind speeds, wind direction and the rate of 
occurrence of extreme precipitation events. It seems reasonable to expect CPOM supply to 
vary in time. More material should be available after severe storms, particularly when they 
occur in the growth season, or in autumn, when broadleaf trees lose their leaves. Once 
CPOM has entered the channel, hydraulics, and the relative importance of different decay 
and transport processes in the stream play a role in modifying CPOM particle mass 
distributions. Finally, they expect the scaling exponent to be a function of the distance of 
the sampling locations from source regions, and of the drainage area, because channel 
processes and channel- hillslope coupling can change along a stream, and because 
material will break down in transport. 

The range of conditions in the investigated streams is still small and a final assessment 
would need a larger database. 
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Two-dimensional numerical model developed by Ruiz et al. (2014) 
The main simplification assumed by the 2D model of Ruiz et al. (2014) is the shape of the 
logs as cylinders, disregarding the effect of branches or roots. This geometry is not 
representative of large wood with complex shapes (Allen and Smith, 2012) but can be a 
good approximation for key-pieces or non-rooted and defoliated trees (Braudrick et al., 
1997; Bocchiola et al., 2008; Buxton, 2010; Mazzorana et al., 2011), although, according 
to the findings of Schmocker and Hager (2010), the probability of blocking may increase 
with the presence of roots, in the case of conifers, for example. If branches or roots are 
present on the logs then the model can underestimate the blockage process, or may fail 
with regard to the log movement simulation. Braudrick and Grant (2000) proposed a 
theoretical method to attach the rootwad to a log using a disk on the cylinder ends. The 
authors expect to overcome this limitation in future developments. The other important 
assumption here was estimation of the input wood volumes (Vw). Since there was neither 
evidence from eyewitnesses nor direct observations reporting what happened (regarding 
wood) during the 1997 flood, the methodology proposed by Ruiz-Villanueva et al. (2012b) 
was used to estimate the wood input rate. This is an important issue, and could be a 
source of uncertainty if this area is unknown, or if simulating future or design scenarios 
and not past events. The methodology incorporates so-called vegetation resistance and 
the severity of the recruitment process. Vegetation resistance was established based on 
the tree species and stage of the forest, and on previous studies by Hutte (1968), 
Stumbles (1968), Naka (1982) and Abernethy and Rutherfurd (2001). The volume 
correction factor can be a source of subjectivity, and modification of this coefficient could 
change the final results. The probability of a tree being recruited was quantified using the 
volume correction factor. This factor reduces the total volume of potential recruitable wood 
in those areas where vegetation resistance is highest or recruitment process less intense. 
The resulting values cannot be validated but can be assumed as orders of magnitude and 
moreover a range was considered to take into account uncertainty. 
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4 Summary and Conclusions 

4.1 Bedload transport equations 

Numerous transport equations have been developed in the last decades and are used in 
practical application and various numerical models. The comparison between measured 
and calculated specific bedload transport rates showed substantial differences in the 
derived results. It is important to apply these equations with great caution, especially at 
low to medium flows, where large overestimations are very likely and different transport 
rates are common under similar flow conditions. Most of the equations base on small scale 
laboratory experiments with unlimited sediment supply. Therefore the calculated values 
reflect only the theoretical transport capacity which is often not reached in natural rivers 
due to the limitation in sediment availability. The equations react very sensitive on 
modifying the input values, especially grain size information. This highlights the need of 
carefully selecting the input values which are often difficult to retrieve under natural 
conditions. Additionally the flow history of a river reach is an important factor because the 
availability of transportable sediment is often changing constantly. This is especially 
important for smaller or strongly anthropogenic influenced river reaches.   

For the practical use of these relations it is strongly recommended to select, calibrate and 
validate the sediment and wood transport equations using monitored field data. 

 

4.2 Wood mobility formulas 

The assessment of wood transport rates is even more subject to uncertainty compared to 
bedload. This is because the transport process is not only influenced by the discharge but 
also by aspects related to wood potential and input. The latter are difficult to describe and 
even more complicated to quantify, because some kind of “seasonal” effects have a high 
impact, like time since the last flood event, occurrence of storm event, avalanche 
consequences, silvicultural measures, just to mention a few of them.  

Furthermore studies focusing on wood mobility and wood transport are very recent. It is 
only an emerging topic, far from being as mature as the one on bedload transport. 
Nevertheless wood related topics are becoming very important, for example because 
European montane environments as well as river and torrent margins are becoming more 
and more forested, flume displacement is element of nature-oriented hydraulic 
construction contrasting with more and more narrow cross-sections at bridges, in 
settlements and so on. For flooding risk purposes, major research investment must be 
done on this issue. Significant progress has been achieved on monitoring stations and 
tools now exist to monitor wood flux from videos or photos. In term of hydraulic 
modelling, new algorithms have been developed recently (e.g. Iber) and it is possible to 
model wood entrance, transport and deposit but validations still need to be done to 
improve predictions and physics on which these models are based (e.g. buoyancy, piece 
geometry, decomposition…). This question needs also to be improved from observation 
and process monitoring using flume experiment as well as in situ surveys using notably 
GPS or RFID tracking. This has to be done for average transport situations but also for 
flood events (event documentation) to gain insight in the whole span of transport 
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situations. Related to the special influences on wood transport such observations have to 
be linked to the development of boundary conditions until the current situation. 

Preliminary empirical formulae based on catchment size are also available but additional 
efforts are still needed to assess their regional applicability and also better link wood 
volume delivered with a certain frequency. It is expected major advancing in this domain 
within the next 5 years. 
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