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An important part of the risk management of natural hazards in mountain regions concerns the 
hazard assessment and the planning of protection measures in steep headwater catchments, i.e. 
torrent control and slope stabilization. Torrent processes in steep channels have their rightful 
place among the various alpine natural hazards and the corresponding control measures 
have a long tradition in the European alpine countries. In the planning and execution of such 
measures, professional experience has been of paramount importance. This experience was 
based primarily on observations made during and after hazardous events, as well as on regular 
fi eld visits in the catchments of a steep headwater stream. Quantitative measurements, e.g. of 
the discharge and of the eroded and deposited solid materials, have been increasingly carried 
out only in the last decades. This set the basis to develop and improve quantitative methods to 
predict fl ow hydraulics, bedload transport and debris fl ows in torrent catchments. 

This publication presents an overview of methods to quantify channel processes in steep 
catchments. The understanding and the quantitative description of channel processes provides 
an essential basis for the planning of protection measures.
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The Book Series will assist researchers and professionals working in research and 
practice by bridging the knowledge gap and by improving knowledge transfer among 
groups involved in research, education and development. This Book Series includes 
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ory applied to practice based on multi-authors’ work; the Monographs cover refer-
ence works, theoretical and state of the art works.
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book “Turbulence Models and their Application in Hydraulics’’ byW. Rodi, first pub-
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within IAHR.
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Abstract

An important part of the risk management of natural hazards in mountain regions 
concerns the hazard assessment and the planning of protection measures in steep 
headwater catch-ments, i.e. torrent control and slope stabilization. This publication 
presents an overview of methods to quantify channel processes in steep catchments. 
The understanding and the quantitative description of channel processes provides an 
essential basis for the planning of protection measures. In the European Alps, chan-
nel processes are mostly triggered by rainfall events and associated runoff processes. 
Apart from possible flood hazards during an intense rainstorm event, a lot of damage 
is often caused by fine and coarse sediment which is entrained either in the form of 
fluvial bedload transport or of a debris flow. Typically, the damage increases with the 
total amount of sediment transported to the fan during an event, particularly if the 
water and the sediments leave the channel on the fan. This document mainly discusses 
the topics of flow resistance, bedload transport, debris flows and the relation between 
magnitude and frequency of torrential sediment events.

A first focus is put on the calculation of flow resistance in steep channels. Flow 
resistance is shown to increase considerably in steep channels which are often char-
acterized by very irregular bed morphology and large-sized sediment particles such as 
boulders and pebbles. Together with limited runoff in small catchments, this produces 
relatively shallow flow depths. For these conditions, some flow resistance approaches 
used for flatter streams and rivers are not valid. A recently-developed, new flow resist-
ance law is presented, and a quantitative procedure is introduced which allows to 
account for high flow resistance in bedload transport calculations. 

A second key aspect concerns fluvial bedload transport in steep streams. Steep 
torrent channels show differences from flatter mountain rivers. Grain size analysis is a 
prerequisite for the calculation of bedload transport. Several formulae are introduced 
which may be used for the prediction of bedload transport for a given hydrograph. 
The quantification of three main elements is discussed, namely initiation of particle 
motion, transport rate, and accounting for high flow resistance. A serious complica-
tion during a flood event may be the entrainment of large woody debris, which may 
lead to clogging at critical channel locations. Erosion and aggradation of sediment 
may also become a crucial process during a flood event.  

As a third core area, debris flows and important elements for its hazard assess-
ment are pre-sented. The occurrence of debris flows is discussed in terms of the pri-
mary mechanisms and of triggering rainfall conditions. Empirical and semi-empirical 
equations are introduced to es-timate the main parameters characterizing the flow 
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xii Abstract

and deposition behavior of debris flows. Simulation tools are presented, which may 
be used primarily to estimate the potentially-affected areas on the fan as well as the 
flow dynamics. A geomorphic assessment of the natural fan surface can provide indi-
cations about the process behavior including, for example, the runout distance of 
former events.

The last focus is on the magnitude and frequency of torrential sediment events. 
Apart from historic documents, a field-based geomorphic assessment is recommended 
to arrive at a good estimate of a future event magnitude. A recently-developed pro-
cedure is introduced which combines a field assessment with a GIS-based analysis of 
other factors that may be relevant for sediment supply to channel system and for sedi-
ment entrainment along the channels during a rainstorm event. A study from several 
Swiss headwater catchments is pre-sented which identified typical patterns in the rela-
tions of the magnitude and frequency of torrential sediment events.  
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Preface

This book is based on lecture notes which were developed for the courses “Natural 
Hazards” at the University of Natural Resources and Life Sciences (BOKU), Vienna, 
Austria, and “Management of Torrents and Hillslopes” at the Swiss Federal Insti-
tute of Technology, Zurich, Switzerland. The quantitative assessment of channel pro-
cesses in torrents has always been an important topic of my professional activities, 
both in research and in teaching, while I was employed at the University of Natural 
Resources and Life Sciences in Vienna and at the Swiss Federal Institute for For-
est, Snow and Landscape Research (WSL) in Birmensdorf, Switzerland. Without the 
support of these institutions, this book would not have been realized. Some parts of 
earlier versions of the German course notes were developed in collaboration with 
my BOKU colleagues Dr. Michael BRAUNER and Dr. Roland KAITNA, and the 
most recent German versions were checked by my WSL colleagues Christian RICKLI 
and Christoph GRAF. This book is essentially a translation of the following docu-
ment published in German, with some updates and minor modifications: “Methoden 
zur quantitativen Beurteilung von Gerinneprozessen in Wildbächen”, Swiss Federal 
Institute for Forest, Snow and Landscape Research, WSL Berichte, Nr. 9, 105p. 
(http: www.wsl.ch/publikationen/pdf/13549.pdf). I also would like to acknowledge 
the translation work of Edward G. PRATER, Bubikon, Switzerland. Peter DAVIES, 
University of Dundee, UK, supported the publication in his role as IAHR Monograph 
Series Editor and made a last check of the English text.
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Chapter 1

Introduction

1.1 TORRENT PROCESSES AND HAZARD ASSESSMENT

In European countries the term “torrent” refers typically to steep channels in Alpine 
headwater catchments, with channels steep enough that debris flows can occur apart 
from fluvial sediment transport. According to this definition, such catchments are 
associated with drainage areas of less than about 25 km2 and, typically, with mean 
channel gradients steeper than 10% (Rickenmann & Koschni 2010). This term 
has not often been used in the recent English scientific literature. As pointed out by 
Slaymaker (1988), the English expression “debris torrent” (originally used in the US 
Pacific Northwest) was associated with a debris-flow event, which is in contrast to the 
European meaning of the term referring to a steep stream channel.

Torrent processes in steep channels have their rightful place among the various 
alpine natural hazards and the corresponding control measures have a long tradition 
in the European alpine countries. In the planning and execution of such measures, 
professional experience has been of paramount importance. This experience was 
based primarily on observations made in earlier torrent events as well as on regular 
field visits in the catchments of a steep mountain stream. Quantitative measurements, 
e.g. of the discharge and of the eroded and deposited solid materials, have been 
increasingly carried out from about the 1990s. Thus, from before that time, there are 
very limited data on quantitative methods to describe channel processes.

In the meantime, the assessment of torrent processes is based increasingly and 
primarily on quantitative approaches but also on numerical simulation models. The 
quantitative description of the channel processes in torrents is based in many cases 
on earlier and comprehensive investigations to describe similar processes in relatively 
flat channels or larger catchments. Thus, for example, for about one hundred years 
systematic investigations on bedload transport have been carried out based on 
measurements in hydraulics testing laboratories and in natural channels. In more 
recent times, systematic measurements of bedload transport in steep channels have 
and are being carried out both in the laboratory and in the field. These studies help 
improve our knowledge of the processes involved in torrents and show to what extent 
earlier methods can be adopted or adapted. In this context it was shown, for example, 
that the flow behavior or the hydraulics in steep channels exhibit differences compared 
with the behavior in flatter channels, which have to be taken into account in the 
analysis of bedload transport in steep channels. Likewise, in studying the behavior 
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2 Methods for the quantitative assessment of channel processes in torrents (steep streams)

of debris flows, systematic quantitative measurements using automatic monitoring 
devices have only been performed in Europe since the 1990s.

In Switzerland, new legal requirements came into force in the 1990s to deal with 
natural hazards (Buwal/Bww/Brp, 1997; Bww/Brp/Buwal, 1997). To produce, for 
example, hazard maps and flood protection concepts, the process intensities and 
potential hazard areas have to be quantified. An examination of technical reports 
on hazard maps and flood protection concepts in the case of torrents and bedload 
transport processes showed that a comparative assessment is often difficult since, 
for the production of hazard maps (and, especially, for the process assessment), very 
different methods are sometimes employed. Furthermore, the methods applied and the 
basic data, such as the reported input or model parameters used, are, unfortunately, 
sometimes insufficiently documented. After Kienholz (1999) and Kienholz et al. 
(2002) technical correctness and clarity in reporting (i) the selected methods and (ii) the 
assumptions made are the two most important requirements of technical reports with 
regard to the assessment of natural hazards. The choice and documentation of the 
procedures adopted is admittedly difficult, since there are few comprehensive surveys 
of existing methods for the process assessment of natural hazards in torrents–above 
all, regarding the processes of bedload transport and debris flow. The aim of the 
present publication is to support the quantitative description of torrent processes as 
well as the determination of the key parameters and the choice and documentation 
of the methods.

1.2  ON THE CONTENTS OF THE PRESENT 
PUBLICATION

Chapter 2 considers the flow resistance in gravel-bedded streams and torrents. It is 
shown, thereby, that, in the case of steep channels with small flow depths compared 
with a characteristic size of the surface bed sediment (including clasts up to boulder 
size), the flow resistance increases considerably and the well-known approaches for 
flat channels (Manning-Strickler equation, logarithmic flow law) are no longer 
applicable. The chapter also report show the additional flow resistance can be taken 
into account quantitatively with regard to bedload transport calculations.

In chapter 3, which considers fluvial bedload transport, the behavior of torrents 
is introduced and the differences compared with mountain streams are pointed out. 
Methods are then presented for the characterization of the granular material in the 
stream bed, such as its grain size distribution. In the analysis of the bedload transport 
formulae the quantification of the following three main elements is discussed: start 
of transport, bedload transport rate and consideration of energy losses due to the 
additional flow resistance in steep channels. In addition, the problem of driftwood 
debris is discussed, as well as possible hazard locations as a result of erosion or 
deposition.

Chapter 4 considers firstly the properties of debris flows and presents important 
elements of process and hazard assessment. The conditions under which debris flows 
can occur are then discussed. Quantitative empirical or semi-empirical methods 
are presented, with the determination of important parameters of the flow and 
depositional behavior. In the presentation of simulation models, the focus is on 
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Introduction 3

the flow and depositional behavior on the torrent`s fan. Finally, the importance of 
scenarios of torrent processes and of traces of deposition on the fan is indicated.

In chapter 5 the magnitude and frequency of torrent events are considered. The 
importance of a field-based estimate of the size of the event is emphasized. Following 
this, a combined method for estimating the size of an event is presented. Finally, in the 
discussion of the frequency of torrent events, attention is drawn to the considerable 
importance of historical data, with a presentation of an important study of debris 
flow activity in typical Swiss torrent catchments.

Chapter 6 contains a short summary of important aspects that should be taken 
into account in the hazard assessment of torrent processes.
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Chapter 2

Flow resistance in gravel-bedded 
streams and torrents

Flow resistance is a measure of the friction between the water and the base of the 
channel and the slopes of the banks. For a given flow depth or discharge, flow 
resistance laws allow the determination of the mean flow velocity in the channel as 
a function of the channel geometry and the bed roughness. The quantification of the 
flow resistance is also important for the calculation of bedload transport.

2.1 LOGARITHMIC FLOW LAW 

For the determination of the flow behavior in open channels, the universal logarithmic 
flow law, developed by Colebrook-White for the hydraulics of pipe flow, and the 
Darcy-Weisbach friction coefficient can be applied (Chanson, 2004). In the universal 
flow resistance law Eq. 2.1 with the von Karman constant, the logarithmic part 
contains a quotient of an integration constant times the flow depth and the equivalent 
roughness ks. As Fig. 2.1 shows, the vertical velocity distribution in the case of steep 
and rough channels (left) sometimes deviates substantially from the logarithmic 
velocity law (right). Different modifications to the original distribution law attempt 
to take this phenomenon into account.
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Here f = friction coefficient after Darcy-Weisbach as defined by Eq. 2.2, κ = von 
Karman coefficient (= 0.4), h = flow depth, ks = equivalent roughness height (“sand 
roughness”), a = coefficient (frequently a = 12), V = mean flow velocity, g = gravita-
tional acceleration, S = channel slope (or friction slope) (in all equations in this publi-
cation S is expressed in the unit [m/m] and not in [%]), v* = (ghS)0.5 = shear velocity, 
ks = const. Dx, and Dx = characteristic grain size for which x% of the material is finer. 
The characteristic grain size of the channel bed refers in all flow formulae to the grain 
size distribution of the surface material or of the armor layer. In gravel-bed streams 
the relative flow depth is typically defined as h/D84.
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6 Methods for the quantitative assessment of channel processes in torrents (steep streams)

As equivalent roughness ks, the natural surface roughness is understood as being 
given by “grains of constant size with the densest possible packing” (Schröder 
1994). It should be noted that, according to this definition, the actual grain size is 
only of secondary importance for the determination of the grain roughness. Some 
empirically-determined relations between ks and Dx are listed in Table 2.1.

The flowing water separates at the roughness elements of the bed and the turbu-
lence that is thereby initiated finally disappears due to energy dissipation. The bed 
structure is also of importance for the determination of the flow resistance, besides the 
height of the roughness elements ks. Thus, a derivation of ks from the characteristic 

Table 2.1  Empirical derivation of the equivalent sand roughness ks for sand/gravel beds, gravel beds 
and for rough channels.

ks = D65
EINSTEIN (1942) sand/gravel bed

ks = D90
GARBRECHT (1961) sand/gravel bed

ks = 3.5 D84
HEY (1979) gravel bed

ks = 4.5 D50
THOMPSON & CAMPELL (1979) cobble/boulder bed

R
el

at
iv

e 
flo

w
 d

ep
th

0.5

0
0 0 0.5 1 1.51 2 3

1

Flow velocity (m/s)

a) Roaring River (USA)
S = 0.035 m/m
D84 = 223 mm
D84/D50 = 2.05
h/D84 = 2.46

b) EPF-Lausanne flume
S = 0.03 m/m
D84 = 28.8 mm
D84/D50 = 1.3
h/D84 = 1.74

Figure 2.1  Velocity distribution in steep channels for shallow flows (small relative flow depth). 
(a) Non-uniform grain size distribution,  Roaring River, Colorado, USA. (b) Uniform grain 
size distribution, laboratory flume at EPF Lausanne. Modified from BATHURST (1993).
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Flow resistance in gravel-bedded streams and torrents 7

grain size diameter can only be determined from empirical, functional relationships 
and subsumed values of geometrical roughness, packing and arrangement of the 
roughness elements. These functional relationships can only, therefore, give an indi-
cation of the actual physical behavior.

For the determination of the flow resistance, based on the logarithmic resistance 
law, various formulations have been proposed for gravel-bed streams (Keulegan 
1938; Hey 1979; Bathurst 1985; Smart & Jäggi 1983).

V
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ks*
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 Bathurst (1985), natural gravel,
 plane bed, 0.4% < S < 9%, h/D84 < approx. 7–10
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(2.5)

 Smart & Jäggi (1983), 
 flume, plane bed, S < 20%

As many investigations have shown, there is a functional relationship between 
flow depth, equivalent roughness (ks) and channel slope. In particular, the resistance 
behavior changes at a relative flow depth of about 4 to 5. After Dittrich (1998), 
a layer with a reduced velocity distribution develops in the channel-water contact 
region above very rough beds. The layer is called the roughness sub-layer. This situ-
ation results in an S-shaped deformation of the vertical velocity distribution, which 
results in an increased stabilizing velocity reduction in the region of the bed and thus 
a reduction of shear stress, but at a certain distance from the bed the velocity increases 
(Rosport 1998). Bezzola (2002) attempted to improve the description of the resist-
ance behavior of the bed through an increased influence of the height yR. of the lower 
roughness layer After Bezzola (2002), the lower roughness layer depends on the 
shape, density and exposure of the roughness elements, but not on the relative flow 
depth; the author proposed to quantify its thickness as a function of D90 (Table 2.2).

In general, in the case of narrow channel cross-sections with W/h < approx. 10 
(W = channel width), the flow depth is often replaced by the hydraulic radius R, 
such that the wall or bank friction is taken into account. The hydraulic radius R is 

Table 2.2 Thickness of the lower roughness layer after BEZZOLA (2002).

Roughness element Height of the lower roughness layer yR

Uniform size, spherical 0.5 D90
Uniform size, natural particles 1 D90
Variabel size, natural particles 2 D90
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8 Methods for the quantitative assessment of channel processes in torrents (steep streams)

defined as R = A/P, with A = flow cross-section and P = wetted perimeter of the flow 
cross-section. In the flow laws presented in chapter 2, the hydraulic radius R is then 
used instead of the flow depth, and in this case, the shear velocity is calculated as 
v* = (gRS)0.5.

2.2  EMPIRICAL FLOW RESISTANCE LAWS 
(POWER LAWS)

The most widely-known empirical flow formula is that of Gauckler-Manning-
Strickler (Hager 2001), based on studies of Gauckler (1867), Manning (1890), 
and Strickler (1923). The associated flow resistance laws are in the form of power 
laws, thus being similar to the definition of the Darcy-Weisbach friction coefficient 
(Eq. 2.2). The Strickler coefficient kSt is dimensional and is usually used for the 
characterization of the total resistance, which takes into account grain and form 
roughness as well as any additional roughness. In the case of a large influence of the 
grain roughness (i.e. a straight channel with a plane bed surface), there is a strong 
correlation with the equivalent sand roughness ks.

V k R SSt

2
3

1
2
 (2.6)

 Strickler (1923)

kst =
21 1

0
6

.

ε0  

(2.7)
 Strickler (1923)

k
D

st =
26

90
6

 
(2.8)

 Meyer-Peter & Müller (1949)
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 after Strickler (1923)
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⎝⎝

⎞
⎠⎟
⎞⎞
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/
8
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90

1 6/

 
(2.10)

 Strickler (1923) with Eq. 2.9 and ks = D90

The Strickler formula was obtained from tests with relative flow depths h/D > 10. 
If εo = D90 is inserted into Eq. 2.9 as the roughness height, then Eq. 2.6 can be trans-
formed into Eq. 2.10. A comparison of Eq. 2.10 with the logarithmic flow law in 
Fig. 2.2 shows that, for shallow flow depths, the Strickler formula clearly exhibits 
a different trend from that of the logarithmic flow law. For Eq. 2.6, Eq. 2.7, Eq. 2.8, 
Eq. 2.9, the value R is in [m], εo, D90 and ks are in [m], kSt is in [m1/3/s] so that V has the 
unit [m/s]. Eq. 2.10 describes a medium flow resistance in alpine gravel-bed streams 
with relative flow depths R/D90 > approx. 10 (cf. also Eq. 2.21 in chapter 2.4).
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log. law, eq. 2.3, ks = 3D90
Manning-Strickler, eq. 2.10

V/v*

Different behavior for small
values R/D90. This range is
typical for steep headwater
streams.   

Figure 2.2  Comparison of different flow resistance formulae, presented as normalized flow velocity 
V/v* as a function of t he relative flow depth, R/D90. The empirical STRICKLER formula Eq. 2.10 
exhibits a very different behavior for small relative flow depths from that for the logarithmic 
flow laws such as, e.g., KEULEGAN (1938) (Eq. 2.3). Modified from BEZZOLA (2005).

Table 2.3  STRICKLER coefficients kSt for the total roughness of natural channels after 
ZELLER & TRÜMPLER (1984).

kSt [m
1/3/s]

Torrents (steep headwater streams)
Coarse gravel bed with cobbles, straight 20–25
Coarse gravel bed with cobbles, winding 15–20
Stone bed with individual boulders, straight 12–17
Boulder bed, step-pool or rapid-pool, irregular 8–15
Boulder bed, step-pool or rapid-pool, irregular with vegetation 5–12

Mountain rivers
Gravel and cobble bed, straight 20–33
Cobble bed with boulders, straight 14–25
Boulder bed, straight 10–15

For torrents, with typically small relative flow depths, little is known about suit-
able values of the equivalent sand roughness ks in the logarithmic flow law or any 
reasonable modifications of this flow law. The Strickler formula was, therefore, 
often used in the past with typical values of the Strickler coefficients kSt as given in 
Table 2.3.

Many field studies (Jarret 1984; Hodel 1993; Bathurst 1985; Ruf 1990; 
Rickenmann 1994, 1996; Zeller 1996; Palt 2001) and also laboratory flume studies 
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10 Methods for the quantitative assessment of channel processes in torrents (steep streams)

(Meyer-Peter & Müller 1948; Rosport 1998) showed that a marked change in 
the resistance behavior is observed for a channel slope of more than approximately 
1–3%. This phenomenon is due to the effect of a greater presence of distinct morpho-
logical bed structures (macro-roughness) at steeper slopes, as well as to the influence 
of smaller relative flow depths. In natural channels, for channel slopes of more than 
approximately 1–3%, discharges frequently occur with relative flow depths h/D or 
R/D smaller than 3–5.

Rickenmann (1994, 1996) developed formulae for flow velocity as a function of 
discharge, channel slope and a characteristic grain size, based on 373 field measure-
ments (see Eq. 2.11, Eq. 2.12, with Q = channel discharge). The formulae are dimen-
sionally correct and apply to natural channel sections with bed slopes between 0.01 
and 63%. The partitioning into two domains with the dividing point S = 0.8% reflects 
the situation mentioned above, that, above approximately 1% channel slope, there 
is an increased flow resistance due to pronounced bed structures. The equations are 
analogous to approaches following hydraulic geometry theory (Griffiths 2003; 
Singh 2003, Parker et al., 2007; Eaton 2013). Flow velocities calculated accord-
ing to Eq. 2.11 and Eq. 2.12 are compared further below with independent velocity 
measurements (Fig. 2.6), along with other more recent approaches discussed in the 
following subchapter.

V
g Q S

D
=

0 37 0 33 0Q 34 0 20

90
0 35

.Q0Q

 
(2.11)

 Rickenmann (1996), 0.8% ≤ S < 63%

V
g Q S

D
=

0 96 0 36 0Q 29 0 35

90
0 23

.Q0Q

 
(2.12)

 Rickenmann (1996), 0.01% < S < 0.8%

2.3 VARIABLE POWER LAW

In the domain of relative flow depths of h/D84 and R/D84 (or R/D90) below a value 
of approximately10, the Strickler formula exhibits a rather different form from 
the logarithmic flow law (Fig. 2.2, Fig. 2.3). On the other hand, simple logarithmic 
flow laws result partially in too small or even negative flow velocities for h/D84 
< approx. 1.

Rickenmann & Recking (2011) compared six flow formulae with a total of 
2890 worldwide field measurements of flow velocities in gravel-bed streams. This 
data set also includes many measurements for steep streams. The best description of 
the average trend of all data was achieved using the variable power equation (VPE) 
of Ferguson (2007):

V
v f

a a h D

a a h D

( /h )

( /h ) /
= =

+

8 1 2a 84

1
2

2
2

84
5 3/

 

(2.13)
 Ferguson (2007)
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Flow resistance in gravel-bedded streams and torrents 11

Here, the coefficient values a1 = 6.5 and a2 = 2.5 were used. With the aid of two 
dimensionless parameters for the flow velocity, U**, and for the unit discharge, q**, 
Eq. 2.13 with a1 = 6.5 and a2 = 2.5 can be presented alternatively as follows:

U q
q

*q *
**
.

. .

+*q * ⎛
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1 443 1
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0 6. 0
0 8214 0 2435

 

(2.14)
Rickenmann & Recking (2011)
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V
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** =
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(2.15)

q
q

gSD
** =

84
3

(2.16)

In the range of relative flow depths h/D84 smaller than approximately10, the 
majority of the measurements from torrent-like channel reaches (mostly data of 
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Figure 2.3  (a) Double logarithmic plot and (b) Semi-logarithmic plot of (8/f)0.5 (= V/v*) versus rela-
tive flow depth R/D84 , with 376 field measurements. The colored lines represent different 
flow laws: MS = Manning-Strickler Eq. (valid for large h/D84 values), RL = roughness layer 
Eq. (valid for small h/D84 values), MS/RL = “best” combination, log = logarithmic Eq. HEY 
(1979), Katul = KATUL et al. (2002), Rick = RICKENMANN (1991), Smart = SMART et al. (1992), 
TC = THOMPSON & CAMPELL (1979), VPE = variable power equation of FERGUSON (2007). 
Modified from FERGUSON (2007).
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12 Methods for the quantitative assessment of channel processes in torrents (steep streams)

David et al. (2010) in Fig. 2.4) exhibit much larger Darcy-Weisbach friction coeffi-
cients f (or a smaller coefficient a2) than the average trend of the remaining data accord-
ing to Eq. 2.13 (Fig. 2.4) or Eq. 2.14 (Fig. 2.5). The change in the flow velocity (V/v*) 
with relative flow depth (h/D84) for these data (shown by the colored connecting lines 
per channel reach) fits better with Eq. 2.13 than with the Strickler formula. For rela-
tive flow depths h/D84 smaller than approximately 4, Eq. 2.13 can be approximated by:

V
v f

h
D

.= =
8

2 2.
84  

(2.17)

According to the data of David et al. (2010) the coefficient a2 in very rough chan-
nels can be reduced to about 0.4; i.e. the flow velocity compared with the average 

0.1

1

10

100

0.1 1 10

all data (2890 values)

VPE eq. (2.13), with a1=6.5, a2=2.5

Smart-Jäggi (1983), 2890 values

Manning-Strickler, with Kst = 25 m^0.33/s

Manning-Strickler, with Kst = 2.5 m^0.33/s

V/v*

h/D84

Figure 2.4  Measurements of the flow velocity in natural channels, plotted as V/v* vs. h/D84, for relative 
flow depths smaller t han 20.   VPE = variable power equation, Eq. 2.13. The data points 
connected with solid lines refer to observations of DAVID et al. (2010) for step-pool and cas-
cade reaches with channel slopes S = 0.06 to 0.18; they are from torrent-like channel reaches 
and generally lie below the VPE line. Based on data from RICKENMANN & RECKING (2011).
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Flow resistance in gravel-bedded streams and torrents 13

trend of the other data can be reduced approximately by a factor 5 to 6. A reason 
for this could be that, in the case of the channels investigated by David et al. (2010), 
large wood pieces were caught in the stream’s bed structures, thereby increasing the 
roughness. When the flow laws of Smart & Jäggi (1983) (Eq. 2.5), as well as of 
Rickenmann (1996) (Eq. 2.11), are applied to the data from the torrent-like channel 
reaches of David et al. (2010) presented in Fig. 2.5, they show a tendency to overesti-
mate the flow velocity in such conditions. A further comparison of the flow formulae 
discussed here was made using independent measurements of the flow velocity in 
mountain rivers in the Himalayas (Palt 2001); it is likewise shown that generally the 
best agreement is obtained with the VPE solutions Eq. 2.13 and Eq. 2.14 (Fig. 2.6).

0.1

1

10

0.1 1 10

all data (2890 values)

eq. 2.14 (=VPE, eq. 2.13 with a1=6.5, a2=2.5)

Smart & Jäggi (1983), data David et al. (2010)

Rickenmann (1996), data David et al. (2010)

U**

q**

Figure 2.5  Measurements of the flow velocity in natural channels, plotted as U** vs. q**, for smallrela-
tive flow depths (q** < 2 0). VPE = variable power equation in the form of Eq. 2.14. The data 
points connected with solid lines refer to observations of DAVID et al. (2010) for step-pool 
and cascade reaches with channel slopes S = 0.06 to 0.18; they are from torrent-like channel 
reaches and generally lie below the VPE line. The flow laws of SMART & JÄGGI (1983) (Eq. 2.5) as 
well as of RICKENMANN (1996) (Eq. 2.11) tend to over- and partly under-estimate the observations 
of DAVID et al. (2010). Based on data data from RICKENMANN & RECKING (2011).
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 Figure 2.6  Comparison of the calculated flow velocity (Vber) with different flow laws and with inde-
pendent measurements of the flow velocity (Vgem) in mountain rivers in the Himalayas (PALT 
2001): (a) RICKENMANN (1996), Eq. 2.11 and Eq. 2.12; RICKENMANN & RECKING (2011), Eq. 2.14; 
(b) FERGUSON (2007), Eq. 2.13 or Eq. 2.22, calculated with R; SMART & JÄGGI (1983), Eq. 2.5, 
calculated with R.
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Flow resistance in gravel-bedded streams and torrents 15

The VPE flow resistance formula Eq. 2.13 with the coefficients a1 = 6.5 and 
a2 = 2.5 was also applied to some steep torrents (channel sections without wood 
debris) in Switzerland and resulted in quite good agreement with field measurements 
for mean flow velocity (Nitsche et al., 2012a).

In summary, more recent investigations revealed that in steep and rough chan-
nels (with h/D84 < 4) the flow resistance can be better described with the power law 
based on Ferguson (2007) than with the Strickler formula or with a logarithmic 
flow law. However, the roughness coefficient a2 in this power law is also strongly 
dependent on the channel morphology. It is well known that the Strickler value 
for torrents can vary within a range of about 2 m1/3/s up to about 30 m1/3/s (c.f. 
Table 2.3); however, the Manning-Strickler formula does not correctly predict 
the increase of V/v* with increasing h/D84 (Fig. 2.4). It should also be taken into 
account that (i) the flow behavior in torrents may be difficult to approximate by a 
one-dimensional approach, (ii) frequently there may be local changes between sub- 
and supercritical flow and (iii) the flow conditions generally depend strongly on 
the discharge or the relative flow depth. Many of these aspects still require further 
detailed study.

2.4 PARTITIONING OF THE FLOW RESISTANCE

Total flow resistance of surface runoff in a channel consists of the skin friction of 
the water flowing along the individual grains of the bed (grain roughness) and the 
friction losses resulting from bed forms, large immobile grains and irregular channel 
geometry (macro-roughness). In steep channels, the additional friction losses (apart 
from grain roughness) may be due to form drag, local flow accelerations and hydrau-
lic jumps and the formation of multiple flow paths in shallow flows characterized by 
low relative flow depths h/D. Earlier concepts of flow resistance partitioning distin-
guished between grain and form roughness. A correction term to account for rough-
ness losses in the calculation of bedload transport was introduced, for example, in the 
approaches of Meyer-Peter & Müller (1948) and Palt (2001), where the relation 
between grain roughness (kr) and total roughness (kSt) is important. A similar cor-
rection is introduced here by firstly using the Manning coefficient (n), which is the 
reciprocal of the Strickler coefficient (n = 1/kSt).

Based on 373 measurements of mean flow velocity in steep channels (Ricken-
mann, 1994, 1996), a correction factor was determined to partition the flow resist-
ance into the base-level roughness (no) and the total roughness (ntot). This correction 
factor is expressed as a function of either total discharge Q in Eq. 2.18 after Ricken-
mann et al. (2006a) or of flow depth h in Eq. 2.19 after Chiari et al. (2010) (see also 
Fig. 2.7). These equations for the partitioning of flow resistance are implemented in 
the sediment transport simulation program SETRAC (Chiari & Rickenmann 2011) 
and in the first version of the follow-up program TOMSED (www.bedload.at).

n
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 Rickenmann et al. (2006a)

RICKENM-Book.indb   15RICKENM-Book.indb   15 2/23/2016   7:39:04 AM2/23/2016   7:39:04 AM



16 Methods for the quantitative assessment of channel processes in torrents (steep streams)
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(2.19)
 Chiari et al. (2010)

The partitioning of the flow resistance can also be carried out using the Darcy-
Weisbach coefficient f by dividing the total friction (ftot) into a base-level friction (fo) 
and an additional friction component (fadd):

f f ftoff afft f dd+ffffffff  (2.20)

Most bedload transport equations are based on laboratory flume experiments, 
in which the form or macro-roughness losses were negligible and the flow conditions 
were associated with relative flow depths mostly larger than about 7–10. Thus the 
Manning-Strickler equation such as Eq. 2.10 or Eq. 2.21 provides a good quanti-
fication of the mean flow resistance in deeper flows, which is considered here as the 
base-level resistance (fo). However, additional flow resistance (fadd) is present in steep 
streams with coarse roughness elements such as immobile boulders and step-pool 
sequences and small relative flow depths less than about 10 (e.g. torrent channels).

Rickenmann & Recking (2011) used the VPE approach of Ferguson (2007) 
(Eq. 2.13) to develop a method to partition the flow resistance for conditions with 
medium to large-scale roughness (in the sense of Bathurst et al., 1981; here for 

Figure 2.7  The  correction factor (no/ntot) as a function of the channel slope S, to take into account 
energy losses due to high flow resistance in steep channels. Modified from CHIARI et al. 
(2010).
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Flow resistance in gravel-bedded streams and torrents 17

h/D84 < approx. 7). Based on a Manning-Strickler type formula, a base-level flow 
resistance is calculated (Fig. 2.8), which corresponds to flow conditions with small-
scale roughness (here for h/D84 > approx. 7):
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 (2.21)

If Eq. 2.21 is used for medium- to large-scale roughness conditions, an appropriate 
level for the base-level friction can be calculated for fo or for the virtual flow velocity 
Vo. The total flow resistance is determined with the VPE as follows:
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h D

h D
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Figure 2.8  Part itioning of the flow resistance for medium and large-scale roughness conditions (here 
h/D84 < approx. 10). Based on a formula of the type MANNING-STRICKLER, a base level for the 
flow resistance is determined (dashed purple line), corresponding to the flow conditions 
in the case of small-scale (here h/D84 > approx. 10) roughness (solid purple line), after the 
approach of RICKENMANN & RECKING (2011).
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18 Methods for the quantitative assessment of channel processes in torrents (steep streams)

Thus, the ratio of base-level to total flow resistance can be calculated as:

f
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( )h
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 (2.23)

The above proposed partitioning of the flow resistance is basically a function of the 
relative flow depth (Fig. 2.9). It is an all-inclusive and empirical approach, but it 
implicitly contains information about an average increase of roughness in steep chan-
nels with irregular bed morphology and shallow flows. Instead of calculating (fo/ftot) 
as a function of flow depth with Eq. 2.21 to Eq. 2.23, (fo/ftot) can be determined as a 
function of the unit discharge q as follows:
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Figure 2.9  Parti tioning of the flow resistance (fo/ftot)
0.5, based on 2890 measurements in gravel-bed 

streams and partly in torrents. The values (fo/ftot)
0.5 are essentially a function of the relative 

flow depth. The dark red line corresponds to calculation according to Eq. 2.25, while the light 
purple line corresponds to calculation according to Eq. 2.23. Modified after RICKENMANN & 
RECKING (2011).
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Together with Eq. 2.16, Vo(q) is then obtained. For the calculation of the total resist-
ance ftot or Vtot Eq. 2.14 together with Eq. 2.15 and Eq. 2.16 is used, which then gives 
Vtot(q). The ratio of base-level to total flow resistance is then given as:
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 (2.25)

The ratio (fo/ftot) represents a reduction factor, which is a measure of that part 
of the total flow energy (or total bed shear stress) available for bedload transport. 
The partitioning of the flow resistance by means of the value (fo/ftot)

0.5 is the basis for 
determining a reduced energy slope Sred, which is then introduced into the calculation 
of the bedload transport (see chapter 3.4.4).
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Chapter 3

Fluvial bedload transport

3.1  CHARACTERIZATION OF TORRENTS 
AND MOUNTAIN RIVERS

In mountain rivers and torrents, hydrologic and hydraulic processes are characterized 
by extreme variability, both in the spatial and the temporal domains. The main causes 
of this lie in the strong interaction of geological constraints, earth surface processes, 
and the channel network in alpine catchments (Hassan et al., 2005a; Comiti & Mao 
2012; Church 2013). This results in a high variability of the following parameters:

• sediment supply or availability and sediment transport
• composition of the grain size distribution of the stream bed and of the source 

areas
• channel geometry along the stream and in the lateral direction
• highly variable (but generally low) runoff depths
• flow behavior in the transition regions subcritical-supercritical-subcritical flow

Typical torrent channels are greatly influenced by these parameters so that a con-
sideration of the geological and morphological conditions in and along the channel is 
of great importance. Sediment is often supplied to the channel by colluvial processes, 
while the channel bed may consist partly of bedrock and, thus, may have only a semi-
alluvial character. Mountain rivers, in contrast, typically have an alluvial streambed 
that reflects a single dominant formation process. In European countries, torrents refer 
typically to Alpine catchments with channels steep enough that debris flows can occur 
in addition to fluvial sediment transport. According to this definition, such catch-
ments are associated with drainage areas of less than about 25 km2 (Rickenmann & 
Koschni 2010; Marchi & Brochot 2000; Marchi & D’agostino 2004). Typical 
differences between torrents and mountain rivers are summarized in Fig. 3.1.

An important difference between torrents and alluvial mountain rivers concerns 
both sediment supply or sediment availability and the runoff conditions. Typically, 
torrents have sediment supply-limited conditions, whereas bedload movement in 
mountain rivers is mostly limited by the hydraulic transport capacity (Montgomery & 
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22 Methods for the quantitative assessment of channel processes in torrents (steep streams)

Buffington 1997; Fig. 3.2). In torrent catchments, peak water runoff and also 
the formation of debris flows is often triggered by convective rainstorms with high 
precipitation intensities and short durations. These storms are associated with a rapid 
increase in discharge, and flood events typically lasting less than a few hours. Longer 

TORRENT MOUNTAIN  RIVER

Process debris flows

fluvial sediment transport

Bedslope steeper than  5 ... 10 %

boulders, bedrock

irregular geometry

wide grain size distribution (g.s.d.)

cascades, step-pools

appr.  10 ... 1 %

armour layer, residual blocks

more uniform geometry

less wide g.s.d.

rapids, riffles, pools, bars

Bed 
morphology

Sediment storage 
in bed 

Lateral sediment 
input

debris flff ows

flff uvial sediment transport

Figure 3.1  Overview of some difference s between torrents and alluvial mountain rivers. The gray areas 
signify, from left to right, the increasing and decreasing importance, respectively, of sediment 
storage in the bed and of lateral sediment input with increasing catchment size.
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Figure 3.2  Transport-limited and sedime nt supply-limited conditions in mountain catchments. 
With increasing drainage area the channel slope decreases. The typical morphological 
structures also vary with the channel slope. Modified after MONTGOMERY & BUFFINGTON (1997).
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duration rainfall events may be more important in mountain rivers, resulting in a 
more gradual increase in runoff conditions.

Three separate morphological elements can be differentiated along a stream 
channel: streambed, bank and the adjoining hillside. The morphology of the bed 
and the banks of a mountain river is closely associated with the runoff and bedload 
transport processes. In its lower parts a mountain river in its natural environment 
can adjust its course or total width by meandering, bar formation and braiding, 
reflecting the interactions between runoff, bedload transport, grain sizes and the 
general valley slope (Montgomery & Buffington 1997). In contrast, if a torrent 
or mountain river is constrained laterally by the valley slopes or bedrock outcrops, 
morphological structures in the vertical dimension (e.g. step-pools and cascades) 
become more prominent (Fig. 3.1, Fig. 3.2). The formation of these structures may 
be favored by large immobile boulders or large wood fragments, and they are associ-
ated with a high energy dissipation of flowing water. A destruction of steps may lead 
to a temporary increase of bedload transport (Turowski et al., 2009). The typical 
morphological structures generally change with mean channel slope or with the size 
of the catchment area (Montgomery & Buffington 1997), which is also indicated 
in Fig. 3.1 and Fig. 3.2.

The channel morphology can be described by the three elements: channel geome-
try, bed form and grain shape (De Jong & Ergenzinger 1995; Morvan et al., 2008). 
Considering these structures, previous authors have distinguished between grain 
resistance and form resistance in bedload transport calculations for gravel-bed rivers 
(Meyer-Peter & Müller 1948; Carson 1987; Gomez & Church 1989). How-
ever, distinguishing between these resistances is only really possible in channels with 
sandy beds; in gravel-bed streams (and especially in torrent channels), such a distinc-
tion is questionable (Zimmermann 2010; Rickenmann & Recking 2011).

Colluvial and fluvial stream bed types can be distinguished according to the 
relative importance of hillslope sediment delivery and hydraulically-forced evolu-
tion of the bed sediments (Montgomery & Buffington 1997). In colluvial stream 
reaches, sediment delivery from talus slopes is dominant, and along–channel sedi-
ment transfer occurs mainly due to debris flows or very rare and extreme flood 
events. Colluvial reaches are, therefore, characterized by angular, unsorted particles. 
Reaches dominated by fluvial bedload transport are characterized by rounded, well-
sorted sediment particles, and often a coarse armor layer is formed with a preferred 
orientation of the particles depending on flow direction (Aberle & Nikora 2006). 
A torrent channel is often composed of both colluvial and fluvial sediments, and 
an armor layer is not necessarily formed, as is often the case in mountain rivers 
with purely fluvial sediments. It is, therefore, questionable to what extent concepts 
regarding the formation and breakup of an armor layer are also applicable in torrent 
channels.

Further important characteristics of steeper channel reaches in mountain 
streams and torrents are longitudinal bed structures that are developed. Typical 
morphologies for stream beds with slopes steeper than about 3% are step-pool 
sequences (Fig. 3.3) and cascades (Montgomery & Buffington 1997; Grant et 
al., 1990). Empirical studies show that such structures may be stable for a flood 
event with return periods on the order of about 50 years (Chin 1989; Lenzi et al., 
2004).
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24 Methods for the quantitative assessment of channel processes in torrents (steep streams)

3.2 SEDIMENTOLOGICAL PARAMETERS

The grain size distribution and the grain shape have a large influence on the transport 
of sediments in alpine watercourses. Due to the large spatial and temporal variability 
of the sediment distribution, it is a challenging task to determine a representative 
grain size distribution for a given channel reach.

For the computation of channel discharge and sediment transport, characteristic 
grain diameters are required to determine the flow resistance (e.g. D84, D90), the start 
of mobilization (e.g. D50, D65, and possibly grain shape) and the transport efficiency 
as a function of grain size distribution parameters (D16, D30, D84, D90). In terms of a 
cross-section, the directly-measured grain size distribution represents only a snapshot, 
the result of the immediate hydraulic conditions (i.e. those that have just taken place) 
and of the current bedload transport. Such a static snapshot, therefore, only gives a 
partial picture of the dynamically-changing sedimentological conditions during an 
event or over a specific period of time.

The spatial variability results from the often very heterogeneous transport and 
deposition conditions as well as the various sediment sources. Thus, the sedimentology 
of sediment sources and the channel geometry (separate for bed and bank) should be 
distinguished. To determine the grain size distribution of the surface layer (armor layer) 
over a reach, different morphological elements such as steps, pools, rapids and gravel 
banks should be taken into account, ideally proportionately to their spatial occurrence. 
However, it is often not easy to clearly separate zones of different stream-bed morphol-
ogy. The temporal variability depends on the process dynamics during the transport 
event and can only be taken into account more thoroughly by a comparison of the situ-
ation after several transport events. A possible approach is to consider exposed earlier 
deposits or the comparative evaluation of the bed and the adjacent bank.

Among other factors, the grain shape influences the initial mobilization and the 
transport process itself. Thus, with an increasing plate-like shape of the individual 
grain a greater alignment similar to a roof-tile structure of the fluvially-formed bed 
is possible and, thus, a reduction of the effective grain roughness for the same stable 

rock step

rock step

pool

riffle step

boulder step

pool

pool

Figure 3.3  Step-pool sequences as typical bed structures in steeper streams and torrent channels. 
Adapted from HAYWARD (1980).
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sub-angular
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Figure 3.4  Subdivision of the grain shape  according to roundness (very angular to very round) and 
according to sphericity. Modified from: [http://homepage.usask.ca/∼mjr347/prog/geoe118/
geoe118.017.html]

bedding structure. A general classification according to shape and roundness can be 
carried out following, for example, Schreiner (1997). Fig. 3.4 gives a description 
of grain shape according to roundness, and it is also possible to distinguish between 
differences in sphericity.

3.3  DETERMINATION OF GRAIN SIZE DISTRIBUTION 
AND OF CHARACTERISTIC GRAIN SIZES

Various analysis methods may be found in the literature to determine the grain size 
distribution (Bunte & Abt 2001). These methods have been developed either for 
a specific grain size spectrum or for specific deposition conditions. In the case of 
steep channels, typically with a broad grain size spectrum, different methods have 
to be combined for a suitable analysis. In using such statistical methods it has to be 
recognized that they were usually derived for different sedimentological conditions 
and that they have not yet been verified systematically for use in torrent channels. 
For the purpose of a better comparison, all methods should be based on a unified 
grain size classification; an overview of common classification schemes is provided 
in Table 3.1.

3.3.1 Volume analysis of sediment

A certain volume of sediment is collected from the stream bed. In this way the grain 
size can be determined without the influence of alignment and layering, but the site has 
to be easily accessible and the sample must consist of granular material. Samples can be 
taken not only near the surface but also at different depths. The bigger the maximum 
grain size, the bigger is the volume that has to be tested (Church et al., 1987).

The volumetric analysis can be carried out by means of sieving and weighing the 
material within each individual grain size class so that different characteristic grain 
sizes such as the median axis (b-axis) are determined. Sieving can be either wet or 
dry, but weighing should always be carried out on dry material, since the influence 
of the weight of water in the case of fine-grained material can be substantial. A few 
approaches to estimate the necessary sample size are listed in Table 3.2.
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26 Methods for the quantitative assessment of channel processes in torrents (steep streams)

Table 3.1  Classification schemes to enable determination of grain size distributions. The typical range 
of application of the various methods of analysis is depicted by gray bars. ISO: International 
Organization for Standardization; VSS: Swiss Association of Road and Traffic Engineers; 
USCS: Unified Soil Classification System; ÖNORM: Austrian Standards Institute. LNA: line 
by number analysis (see below in this chapter).

Table 3.2 Necessary sample size for volume samples.

VolumeSample(m³) = 2.5 Dmax (m) FEHR (1987a, b)
MassSample(kg) = 0.1 10b ρs Dmax³ (m) BUNTE & ABT (2001)

ρs = sediment density; accuracy: high (b = 5), medium (b = 4), low (b = 3).
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Basically, a preliminary fractioning of the coarse components in the terrain is pos-
sible. This involves very coarse material with a grain size D > 32 mm that is measured 
individually (b-axis), grading these components according to the corresponding grain 
sizes and directly weighing them using weighing scales or otherwise by means of water 
displacement. That is, the weight is determined from the displaced volume of water 
and the unit weight (or specific gravity) of the grains. However, the influence of a 
subjective selection using a shovel is considerable. A possibility here would be taking 
a sample using an excavator shovel, and carrying out a complete measurement of the 
whole sample. Below a grain size D < 32 mm sieving should be used. If an armor layer 
is present, then, ideally, a sample of the armor layer should be taken together with a 
sample of the underlying layer. The thickness of the armor layer may then be assumed 
to be approximately D90 to Dmax.

3.3.2 Analysis of surface bed material

The grain size distribution (GSD) of the surface bed material is measured with the 
aid of different methods of random sampling (grid, line, purely random), allowing 
measurements to be carried out for the surface of the bed or a gravel bank or a sedi-
ment exposure (Bunte & Abt 2001). New methods of surface analysis are based on 
photographs of the streambed. With the so-called photo-sieving technique the limiting 
parameter is the grain size, since the projected area of the largest grain should take 
up at most 1% of the area of analysis. As a result, the apparent b-axis or the mean 
diameter of the exposed grain surface is determined by an automatic demarcation of 
the grain boundary. For this purpose there are already various programmed proce-
dures that can be resorted to (Warrick et al., 2009; Buscombe et al., 2010; Graham 
et al., 2010; Detert & Weitbercht 2012a, b). However, the use of photo-sieving 
in torrent channels is problematic due to the very large granular components (and 
the required vertical distance of the camera). An alternative method is to use cameras 
capable of spatial, high-resolution distance measurement (Nitsche et al., 2010).

In order to obtain the whole grain size distribution, the results of surface sam-
pling methods (typically involving a minimum cut-off grain size) have to be converted 
into a standard recording method and combined with statistically-determined rela-
tionships for the finer material. These functional relationships depend on the grain 
shape, macrostructure, grading and porosity and are, therefore, only representative 
for some conditions of deposition. In mountain rivers and torrents of the Alps, the 
line by number analysis (LNA) developed at the Laboratory of Hydraulics, Hydrology 
and Glaciology, ETH, Zurich, is often used (Anastasi 1984, Fehr 1987a, b). The 
method has mainly been tested in mountain rivers.

3.3.3  The Line by Number Analysis (LNA) 
of the surface layer in streams with 
coarse bed material

In streams with coarse bed material, sieve analysis of the surface layer often cannot 
be carried out, since either the sieve set for large grain diameters is unsuitable or the 
amount of bedload cannot be handled economically (see also Table 3.2). Therefore, 
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simpler methods have been developed that take into account the conditions in coarse 
bedload streams. The most frequently used techniques for analyzing armor layers 
involve taking samples from a specific area using grids and lines (for an overview 
see Bunte & Abt 2001). Here, the line by number sampling method LNA (Fehr 
1987a, b) is explained in more detail.

3.3.3.1 Procedure for the execution of a line sample

A piece of string is stretched over the surface layer to be analyzed, helpingto avoid 
systematic errors in the choice of the particles to be investigated. For all particles 
that are greater than 1–2 cm and lie under the string, the middle axis (b-axis) is 
measured. The particles are divided into diameter classes (fractions) and counted. The 
line samples should include least 150 particles. If, at the same time, a volume-weight 
analysis of the fine material of the subsurface layer is carried out, then the classes of 
the line sample in the overlapping region should be adjusted using a volume sample 
of the latter.

3.3.3.2 Analysis of the line sample

The result of an LNA is a frequency distribution of the coarse fraction (>1 cm) of the 
surface particles on the streambed. To compare and combine the result with other 
methods, the proportions as expressed in percentages of the LNA values have to 
be converted to equivalent weight fractions in a volume analysis. Fehr (1987a, b) 
developed the following empirical conversion formula (for hydraulically loaded 
samples):

Δ
Δ

ΣΔ
pΔ

q D

q Di
i mD i

i mD i

=
0 8

0 8  (3.1)

where Δpi = (weight of fraction i)/(weight of whole sample), Δqi = (number of stones 
in the fraction i)/(number of stones in the whole sample), Dmi = mean grain diameter 
of the fraction i. Since the fines are underestimated by the LNA method, the grain 
size distribution curve (or grading curve) still has to be adjusted. It is noted that the 
theoretical exponent in Eq. 3.1 is 1.0 (Kellerhals & Bray, 1971) rather than the 
experimentally-determined value of 0.8 (Fehr1987a, b). For the conversion of an 
LNA into the grading curve of the subsurface layer, after Fehr (1987a, b) a proportion 
of fines of 0.25 for the sediments <1 cm may be assumed:

ic i

i

∑0 25 0 75
1

Δpp  (3.2)
 Conversion of LNA to GSD of subsurface layer

If a conversion of an LNA into the grading curve of the surface layer (armor layer) 
is to be carried out, a smaller proportion of sediments <1 cm should be assumed. 
According to a summary by Recking (2013) based on measurements in 78 gravel-bed 
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streams, this proportion varies between about 0.01 and 0.2 and is, on average, 0.11. 
Therefore, for a conversion of an LNA sample into a surface layer grading curve it 
may be assumed that:

p pic i

i

∑0 11 0 89
1

Δpp  (3.3)
 Conversion of LNA to GSD of subsurface layer

where pic = corrected cumulative frequency (relative proportion) of the grains with 
D ≤ Di (Di = grain diameter of the grain size class i). To complete the grading 
curve for the fraction <1cm, either a volume sample is used (sieve, sedimentation 
analysis) or a distribution after Fuller is assumed (Fehr 1987a, b). Based on river 
sediments and assuming an optimum packing density, Fuller & Thompson (1907) 
developed a single parametric synthetic distribution based on Dmax of the grading 
curve. The associated Fuller curve describes the grain size distribution of well-
graded fluvial fine sediments. According to the investigations of Meyer-Peter & 
Müller (1948), the Fuller curve provides a good approximation for mountain riv-
ers in Switzerland and in the alpine region. Thus, a theoretical grading curve for the 
fines may be calculated as follows:

p D
DFUi

i=
max

 (3.4)

where pFUi = cumulative frequency of the grains with D ≤ Di according to the Fuller 
curve. This grading curve after Fuller is then merged with the grading curve for the 
coarse part obtained using the LNA, where Dmax is the maximum grain diameter of 
the fine sediments.

3.3.3.3 Statistical methods for the combination procedure

To combine a surface analysis with a volume analysis, the approach of Anastasi 
(1984) was calibrated and verified by Fehr (1987a) for mountain rivers. Fehr 
(1987b) also recommended the rigid or flexible adjustment of the synthetic volume 
distributions after Fuller and subsequent combinationwith the converted surface 
distribution obtained from the LNA.

In the determination of characteristic grain sizes, a relatively large variability 
of the resulting grain size distribution must be expected due to the broad grain 
size distribution and the poor grading. Statistical methods for the LNA or similar 
analysis methods involve some uncertainty when used for torrents, since they were 
developed primarily for mountain rivers and have to be tested for torrent condi-
tions. Nevertheless, it is usually found that, in the case of coarse torrent beds, the 
important characteristic grain sizes (D50, D84, D90) are determined using surface 
analysis and are only moderately influenced by the uncertain combination with a 
sieve analysis.
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3.4 BEDLOAD TRANSPORT IN STEEP CHANNELS

To understand bedload transport processes in mountain rivers and torrents requires con-
sideration of several important factors, including the spatially-variable mobilization of 
the solids, the active sediment input, the formation or the mobilization of an armor 
layer or other stable morphological structures, sediment availability, and the transitional 
regime with debris-flow like sediment transport. It follows that there is not necessarily 
a functional relationship between channel discharge and bedload transport, the latter of 
which can vary considerably in a given channel as shown in Fig. 3.5 and Fig. 3.6.

To determine bedload transport quantitatively, the following aspects must be 
considered in particular: (i) initiation of transport, (ii) bedload transport function, 
(iii) partitioning of the flow resistance (additional energy losses), (iv) possible armor 
layer, (v) sediment availability.

0.1 1 10

QB =1.5 (Q-QC)S1.5

(eq. 3.23)
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Figure 3.5  Bedload transport measurements  in Erlenbach (Switzerland) using piezoelectric bedload 
impact sensors (PBIS) (RICKENMANN & MCARDELL 2007, eq. 7), and comparison with a labo-
ratory-based bedload transport formula (Eq. 2.23) calculated for a channel slope S = 0.105.
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Figure 3.6  Bedload transport measurements i  n Erlenbach (Switzerland) using piezoelectric bedload 
impact sensors PBIS (RICKENMANN & MCARDELL 2007, eq. 7), using examples (a), (b) from two 
flood events.
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3.4.1 Fluvial bedload transport

In the case of fluvial bedload transport, the solid components are moved by the 
medium water. The material does not move continuously but intermittently with 
phases of inactivity, the grains sliding, rolling, or saltating, with little transport in the 
bottom layer and with intensive transport but decreasing concentration in the upper 
layers (Schmidt & Ergenzinger 1992; Smart & Jäggi 1983; Rickenmann 1990). 
With increasing discharge, larger grains are moved; thus, after the start of motion, 
so-called selective bedload transport prevails (Fig. 3.7). Due to the selective bedload 
transport, mountain rivers and torrents can develop an armor layer. In the process 
the bed becomes coarse through washing out of the fines, and coarse components can 
nestle themselves into the bed, resulting in a higher stability with regard to renewed 
erosion. The bed structures thereby formed are an important feature of steep gravel 
bed channels (Montgomery & Buffington 1997; Rosport 1998; Wohl 2000; 
Schächli 1991; Grant et al., 1990).

In torrents, bedload transport occurs often in the form of pulses or sediment 
waves (Fig. 3.6). This behavior can be traced back to spatially- and temporally-varia-
ble hydraulic conditions during the sediment transport or to discontinuous sediment 
availability and mobilization mechanisms that may be caused by turbulence peaks 
or retrogressive bed erosion after the scouring of coarse components. Hereby, the 
following transport processes are distinguished:

Figure 3.7  Composition of the sieve samples  of the transported bedload for different discharges and 
stream bed material. The coarsening of the grain size distribution with increasing discharge 
is the result of selective bedload transport. The measurements are from the Roaring River 
(Colorado, USA), and the bed slope at the measuring section was approximately 5%. 
Modified from BATHURST (1987).
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• Transport over an intact armor layer.
• Transport over an armor layer with limited sediment exchange.
• Transport with permanent sediment exchange between the transported solids and 

the bed sediment after breaking up the armor layer (Rosport 1998, Hunziker 
1995, Günter 1971).

Whereas at the beginning there is a selective, grain-size-dependent mobility of the 
solid material, all grains are essentially moving (equal mobility) after the complete 
break-up of the armor layer. This greatly affects the transported material in the grain 
size spectrum and it must be taken into account in the case of long-term transport 
simulations in which the first two transport processes play an important role (Webb 
et al., 1997; Hunziker 1995).

A further parameter that is difficult to measure is the dynamic change of the 
flow resistance during the transport process. The transitions between grain, form and 
channel roughness are smooth. At the start of the mobilization of the bed, moreover, 
the surface structure changes and, therefore, the grain and form roughness also 
(Ergenzinger & Schmidt 1995; Ergenzinger et al., 1994). Characteristic grain size 
parameters (e.g. D30, D50, D90) in mountain streams often exhibit fluctuation ranges of 
up to 30% (Reid & Dunne 1996; Jäggi 1992). In particular, the temporal variability 
is difficult to take into account and causes a corresponding uncertainty in the analysis.

The solids transport can be expressed as a functional relationship between the 
following different independent parameters controlling the process:

• The critical shear stress or the critical discharge at the initiation of mobilization. 
These parameters are mainly relevant immediately after the start of bedload trans-
port when the critical values are exceeded. It is important in the evaluation of the 
dynamics of the armor layer and also in the case of the selective transport of only 
a few sub-fractions of the entire spectrum of grain sizes present on the bed.

• The bedload transport capacity of the channel flow. After the onset of general 
bedload transport (over the whole grain size distribution) this parameter pre-
dominates. Bedload transport capacity is primarily expressed by the parameters 
hydraulic radius R or flow depth h, and channel slope S, or in simple approaches 
the first two may be replaced by the (unit) discharge q.

• Correction factor or calculation procedure to take into account the additional 
energy losses due to high flow resistance.

Natural channel beds of mountain rivers and torrents are typically characterized 
by a broad grain size spectrum. These conditions favor selective bedload transport 
during the rising or falling flood hydrograph, just after the initiation of mobilization 
or before the end of mobilization, and cause separation processes that can lead to the 
formation of an armor layer. For increasing discharge this selective bedload transport 
is followed by general bedload transport, during which the whole grain size spectrum 
is mobilized and transported due to stronger hydraulic forces (Fig. 3.8).

The range of weaker bed load transport between the initial mobilization and the 
general start of mobilization (discharge Qc < Q < QD in Fig. 3.8) is also described in 
the literature as phase-1 transport and the range with increasing bedload transport for 
Q > QD as phase-2 transport. Phase-1 transport also corresponds to the transport of 
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fines over a coarse armor layer. A thorough discussion of measurements and analyses 
on transport in phases 1 and 2 can be found in Jackson & Beschta (1982), Ryan 
et al. (2005) and Bathurst (2007).

3.4.2 Start of mobilization

The start of mobilization is a key factor for the evaluation of bedload transport pro-
cesses. At the beginning the mobilization is more of a random process in which individ-
ual grains separate and move from the bed matrix due to the action of shear stress peaks 
near the bed caused by turbulence (Rosport 1998). Based on investigations of the equi-
librium stability between a flow-induced action (shear stress, form resistance, hydrody-
namic uplift) and the resisting force of the grain (friction, tilting action, self-weight) in a 
sloping channel, Shields (1936) formulated the concept of the dimensionless Shields 
number θ. This number depends on the bed shear stress τ, the grain diameter D, the 
channel slope S, and the ratio of the sediment density to the density of water s = ρs/ρ.

τ ρghρ S  (3.5)

θ τ
= ( )ρ

= ( )ρ ρ
= ( )g D( )ρ ρ

hS
D

hS
D)−)ρ ρρ (ρρD)ρ ρρ ρρ −

 (3.6)

Figure 3.8  Increase of the bedload transport  with discharge. In the figure Qc denotes the initial mobilization, 
QD the general start of mobilization after the breaking up of the armor layer, implying the mobi-
lization of the coarser grains of the surface layer. Modified from BEZZOLA (2005). 
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Fluvial bedload transport 35

The critical Shields number at the start of transport is denoted by θc. Many 
bedload transport formulae are based on this assumption of a constant limiting shear 
stress for a given grain size, even if the spatial shear stress distribution near to the 
bed should be considered as a random parameter in a more exact analysis due to 
the effects of turbulence. With increasing channel slope, the erosional resistance of 
grains on the bed is theoretically reduced due to the slope-parallel weight component 
favoring destabilization (Chiew & Parker 1994). However, this effect is superim-
posed by reduced flow forces on the bed in the case of small relative flow depths at 
steeper channel slopes. Measurements show that the second effect predominates; that 
is, increasing values of θc were also determined for increasing channel slopes (Eq. 3.7, 
Eq. 3.8; Fig. 3.9).

θcθ S= 0 15 0 25  (3.7)
 (Lamb et al., 2008)

θ
γ

ciθ iS
D

D
=

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

−

( . . )3. 2 0S +S
50

 (3.8)
 (Recking 2009)

For a natural bed with a broad grain size distribution, the calculation of the 
bedload transport can also be carried out separately for the different grain fractions 
(classes of grain size). For this calculation of fractional bedload transport rates, a 
so-called hiding function is often used to modify the Shields criterion compared 
to simpler calculations for a standard representative grain size only (Parker 2008). 
In Eq. 3.8 the dependence on both the slope and also the hiding function are taken 
into account for the initiation of particle motion; the index i refers to a percentile of 
the grain size distribution. The exponent γ lies typically in the range of 0.64 to 1.0 
(Recking 2009). An exponent γ = 1 signifies that all grain sizes start moving at the 
same absolute critical bed shear stress, while with an exponent γ = 0 the absolute 

Figure 3.9  Variation of the critical SHIELDS n umber θc with channel slope S and empirical equations. 
(a) data from LAMB et al. (2008) with Eq. 3.7; where τ*c = θc; (b) data from RECKING (2009) 
with lines obtained using the function θc = aS + b. Eq. 3.8 with the exponents γ = 0.93 
shows good agreement of +/−50% with the data of Fig. 3.9(b). Both data sets include flume 
and field data. Figure (a) from LAMB et al. (2008), Figure (b) from RECKING (2009), both with 
permission from Wiley/American Geophysical Union.
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36 Methods for the quantitative assessment of channel processes in torrents (steep streams)

critical bed shear stress varies linearly with grain diameter (i.e. the Shields number is 
constant and independent of the grain size to be moved).

In mountain rivers and torrents the shape of the bed, the low relative flow depth 
and the broad grain size spectrum exert a significant influence on the bedload mobi-
lization (Palt 2001). For these channels, therefore, the following aspects should be 
considered with regard to the bedload mobilization:

• Ability to determine a representative grain size distribution, as well as the grain 
packing and the compactness of the grain structure

• Type of dependence between channel slope, characteristic grain size and relative 
flow depth

• Selective start of transport for different grain fractions
• Start of transport with or without armor layer
• Influence of the bed and channel geometry (deformed channel bed—plane bed 

after mobilizing all bed shapes)

For torrents, it is difficult to differentiate between the armor layer and the under-
lying sediment (subsurface layer), as a result of the heterogeneous origin of the bed 
sediments (heterogeneous mixture of various sediment sources). Thus, in a torrent, 
a grain size analysis of the coarse surface layer along the stream channel may reflect 
more the spatially-different lateral sediment inputs of scree material rather than the 
hydraulic sorting process. Due to the large grain size spectrum, determining complete 
grain size distributions is only possible using a statistical combination of different 
analysis methods (Fehr 1987a).

Many empirical investigations exhibit a relationship between channel slope, rela-
tive flow depth and start of mobilization. Palt (2001) traces the apparent relationship 
between channel slope and relative flow depth back to higher flow velocities at steeper 
slopes. Smaller relative flow depths are associated with a reduction of the near-bed 
flow velocity and, thus, they result in smaller shear stresses near the bed (Bezzola 
2002). The apparent increased resistance of steeper channels is explained by Palt 
(2001) by the deformation of the bed due to the formation of bed structures that are 
initiated above a slope of 0.01. In steep channels there may be also additional flow 
resistance caused by the presence of large immobile boulders (e.g. Yager et al., 2007; 
Nitsche et al., 2012a).

After Shields (1936), the critical shear stress for hydraulically-rough beds has 
the constant value of approximately 0.05. For non-uniform grain size distributions, 
Meyer-Peter & Müller (1948) calculated a critical Shields number θc of 0.047, 
which was determined for a range of slopes up to 2.3% and relative flow depths > 10. 
For S smaller than approximately 2%, θc lies typically in the range 0.03 to 0.06, for 
D = D50 (Buffington & Montgomery 1997). Bezzola (2002) considered the influ-
ence of grain shape and estimated the associated range of variation of θc to be about 
40%, whereby θc would lie between 0.028 and 0.066 (c.f. also Fig. 3.9).

Since the determination of a representative mean flow depth is often difficult 
in torrents, the use of an alternative mobilization criterion is attractive, whereby 
a critical discharge per unit channel width, qc, is determined instead of a critical 
Shields number. Based on flume measurements for channel slopes in the range 
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0.025 ≤ S ≤ 0.20, Bathurst et al. (1987) proposed an approach (Eq. 3.9), which has 
been slightly modified by Rickenmann (1991), namely (Eq. 3.10):

q g D Sc
−0 15 0 5

50
1 5 1 12. D5 .  (3.9)

 (Bathurst et al., 1987)

q s g D Sc −s −0 1 1 67 0 5
50
1 5 1 12(065 ) . g67 g . .S5 1  (3.10)

 (Rickenmann 1991)

A more recent empirical equation by Bathurst (2013) (Eq. 3.11; Fig. 3.10) is 
also based on flume measurements and differs insignificantly from the earlier Eq. 3.9:

q g D Sc
−0 13 0 5

50
1 5 1 146. D5 .

 (3.11)
 (Bathurst 2013)

An armor layer may be present in mountain rivers if the fine bed material is 
washed out during the receding limb of a flood hydrograph. For the critical discharge 
at the break-up of the armor layer (i.e. the start of transport of grains from the sub-
surface layer) Jäggi (1992), based on the investigations of Günter (1971), proposed 
the following relationship for the dimensionless bed shear stress θc,D:

Figure 3.10  Normalized critical unit discharge  qc at initiation of bedload motion as a function of the 
channel slope S. Shown are (i) data from flume experiments performed with relatively 
uniform grain sizes, as compiled by BATHURST (2013) and (ii) Eq. 3.11 developed in the same 
study. Modified from BATHURST (2013).
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 (Jäggi 1992)

where Dm,D is the mean grain diameter in the armor (or surface) layer and Dm is the 
mean grain diameter of the subsurface layer; Dm,D can be approximated and replaced 
by the D90 value of the subsurface layer (Jäggi 1992). Using the Manning-Strickler 
equation, it can be shown that the discharge per unit width has the following propor-
tionality: q ∼ h5/3 ∼ θ5/3. Thus, based on Eq. 3.12, the critical discharge per unit width 
at the break-up of the armor layer qc,D can be expressed as follows (where qc may be 
determined using Eq. 3.9 or Eq. 3.11 (Badoux & Rickenmann 2008)):
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 (3.13)
 (Badoux & Rickenmann 2008)

Making a similar transformation for steeper channels, it is preferable to base the criti-
cal discharge on the (simplified) VPE Eq. 2.17 for small relative flow depths, where 
the discharge per unit width is q ∼ h5/2 ∼ θ5/2. The critical discharge per unit width at 
the break-up of the armor layer qc,D can then be expressed as follows:
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 (3.14)

If it is assumed that, on average, D90/Dm ≈ 2, then, using Eq. 3.13, the ratio (qc,D/qc) is 
given by (qc,D/qc) = 2.2 and with Eq. 3.14 the ratio is (qc,D/qc) = 3.2; that is, there is a 
considerable increase of the critical discharge for the break-up of an armor layer for 
steeper channel slopes.

Further approaches to account for the formation of an armor layer are described 
in Porto & Gessler (1999), Hunziker & Jaeggi (2002) and Weichert & Bezzola 
(2002). Another equation to determine the critical discharge qc,B on the break-up up or 
destruction of a “pavement-type layer” consisting of coarse granular material is based 
on investigations of the stability of block ramps with large blocks by Witthaker & 
Jäggi (1986) for ramp slopes in the range 0.05 ≤ S ≤ 0.25:

q s g D Sc B, g .S( )−s −0 1 0 5. 0 5
65
1 5. 1 1. 7  (3.15)

 (Witthaker & Jäggi 1986)

Here, the grain size corresponds to D65, a “mean” diameter for the large blocks, 
and, in a torrent channel, this quantity could be approximated roughly by the grain 
size D90. Investigations into bedload transport carried out for flood events in the 
Valais in 2000 showed that the start of transport in flatter channels with S smaller 
than approximately 5% is sometimes clearly overestimated by Eq. 3.15 (Badoux & 
Rickenmann 2008).
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Field measurements for the start of transport were made in mountain rivers in the 
Himalayas by Palt (2001). These data are compared with discharge-based approaches 
in steep channels in Fig. 3.11. This comparison suggests that the wide (grain size-
dependent) range of values for the start of bedload transport in steep channels can be 
approximated by assuming lower and upper limits for the start of mobilization. As a 
lower limit, Eq. 3.9 or Eq. 3.11 are proposed, after Bathurst (2013). As an upper 
limit (transition to the general mobilization of all fractions), Eq. 3.14 or Eq. 3.15 after 
Whittaker & Jäggi (1986), for example, could be used.

Another interesting comparison of these discharge-based approaches for steep 
channels can be made with data from laboratory or controlled field environments 
where rock riprap was subjected to overtopping flow conditions on steep slopes. 
In the compilation of Abt et al. (2013), a total of 96 experiments are reported in 

Figure 3.11  Discharge-based approaches for bedlo ad mobilization compared with field data from 
mountain rivers in the Himalayas (PALT 2001), in the form of plots of normalized critical 
unit discharge qc as a function of the channel slope S. The different equations proposed for 
qc are given in PALT & DITTRICH (2002) and in ABT et al. (2013). The field data refer to finer 
bedload material from subsurface layer transported over an armor layer, and to bedload 
material from the armor layer. Eq. 3.11 represents approximately a lower limit criterion, 
whereas Eq. 3.15 represents approximately an upper limit criterion.
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40 Methods for the quantitative assessment of channel processes in torrents (steep streams)

which discharge was increased until the riprap layer started to fail. Here, the failure 
unit discharge is set equal to the critical unit dischare qc, and these data are compared 
with Eq. 3.11 and Eq. 3.15 in Fig. 3.12. The data from the riprap experiments tend to 
be closer to the upper limit criterion (Eq. 3.15) for the very steep slopes.

3.4.3 Approaches for calculating bedload transport

In the evaluation of bedload transport processes one must differentiate between 
approaches for calculating bedload transport capacity and approaches for calculating 
or estimating the probable actual bedload transport. The bedload transport capac-
ity indicates a maximum transport level for given hydraulic conditions. The second 
type of approach should give a result closer to the actual bedload transport rates 

Figure 3.12  Discharge-based approaches for bedload mobilization compared with flume and field data 
for the failure of rock riprap layers at steep slopes (data reported in ABT et al. (2013), 
shown as normalized critical unit discharge qc as a function of the channel slope S. Eq. 3.11 
represents approximately a lower limit criterion, whereas Eq. 3.15 represents approxi-
mately an upper limit criterion.
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(e.g. taking account of additional energy losses), which for mountain rivers are up to 
almost an order of magnitude lower (Jäggi 1992), and for torrents are up to several 
orders of magnitude lower (Rickenmann 1997a, 2001a) than the transport capac-
ity. The approaches to calculate the bedload transport capacity are based on flume 
experiments (often with a plane bed without armor layer) with an adequate sediment 
input from upstream, and, mostly, with relative flow depths greater than about 7 
(Meyer-Peter & Müller 1949; Smart & Jäggi 1983; Rickenmann 1990). Modi-
fied approaches were derived and tested, based generally on field data from chan-
nels with coarse stream bed structures, which partly included an armor layer and a 
limited sediment availability (Palt 2001; Rickenmann 2005a; Chiari et al., 2010; 
Rickenmann & Recking 2011; Nitsche et al., 2011; Schneider et al., 2014).

The equations for calculating the bedload transport capacity can be presented in 
a standard way using the Shields number θ (Eq. 3.6) and the dimensionless bedload 
transport rate Φb according to Eq. 3.16. The unit bedload transport rate qb (per meter 
channel width) is then calculated using Eq. 3.17.

Φb
b
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bq
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q

s gD
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⎝⎝

⎞
⎠⎟
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3

3( )s 1
 (3.16)

 dimensionsless unit bedload transport rate

sq gDb bΦ ( )s −s 3  (3.17)
 unit bedload transport rate

Based on flume investigations, Meyer-Peter & Müller (1948) developed the 
well-known formula for bedload transport in gravel-bed streams, which is valid for 
channel slopes in the range 0.0004 ≤ S ≤ 0.023:

b
t

o
c

k

k
=

⎛
⎝⎝⎝

⎞
⎠⎠⎠

⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
[ ]c8st

c

k

k

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

8 ⎢⎢⎢ ⎥ =
1 5 1 5

1 5θ θcc− c−  (3.18)
 Meyer-Peter & Müller (1948)

The expression (kst/ko)
1.5 in Eq. 3.18 reduces θ to θ ′ when taking into account 

the energy losses due to form roughness. In Eqs. 3.6, 3.16 and 3.17, D = Dm is to be 
used to determine θ and Φb, where Dm is the arithmetic mean value of the grain size 
distribution. After Hunziker (1995), the bed resistance was underestimated in these 
investigations and he proposed a reduction of the coefficient from 8 to 5 (see also 
Hunziker & Jäggi 2002). A similar reduction of the coefficient was also proposed 
by Wong & Parker (2006).

Smart & Jäggi (1983) extended the investigations of Meyer-Peter & Müller 
(1948) to steep channel slopes and developed a slightly modified equation valid for 
0.0004 ≤ S ≤ 0.20:
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 Smart & Jäggi (1983)
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Here, the ratio (D90/D30) represents an empirical correction of the transport efficiency 
related to the width of the grain size distribution, where, according to the experi-
ments, the maximum ratio (D90/D30) was 10. This ratio is often exceeded in torrents 
and is subject to large fluctuations. The correction factor increases the bedload trans-
port and is qualitatively in agreement with the increased bedload transport of the 
gravel fractions and larger sediments with increasing sand content in the surface layer, 
as proposed by Wilcock & Crowe (2003).

Rickenmann (1990, 1991, 2001a) analyzed the data of Meyer-Peter & Müller 
(1948) and Smart & Jäggi (1983), together with data from further flume tests taking 
into account increased concentrations of fine material in a clay suspension. He proposed 
the following equation to account properly for the effect of a changed fluid density:

Φb

D

D
Fr= ( )s −s

⎛
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⎝⎝

⎞
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⎞⎞
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( )c( )−−
3 1

0 5 90

30

0 2

0 5 1 1.Fr) 1θ ((0 50. (5
c  (3.20)

 Rickenmann (1990, 1991)

Eq. 3.20 is valid for channel slopes in the range 0.0004 ≤ S ≤ 0.20, and Fr = V/(gh)0.5 
is the Froude number. Eq. 3.20 was simplified by Rickenmann (2001a) to Eq. 3.21 
by approximating the exponent of Fr as 1.0, setting (D90/D30)

0.2 = 1.05 as for uniform 
bed material after Smart & Jäggi (1983), and taking s = 2.68 for the density ratio 
of quartz sediment to water. For the development of Eq. 3.20, D = Dm was used in 
Eq. 3.6 to determine θ and Φb, whereas, in later applications of Eq. 3.20 and Eq. 3.21, 
D = D50 was used (Nitsche et al., 2011; Heimann et al., 2015b). In addition, using 
the definitions for Φb and θ as well as the continuity equation q = Vh, Eq. 3.21 was 
transformed into the discharge-based equation Eq. 3.23 (Rickenmann 2001a).

Φb Fr= ( )c−2 5 0 5θ (0 50
c  (3.21)

 Rickenmann (2001a)
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 Rickenmann (2001a)

q Sb ( )q qcq q−qq1 5 1 5  (3.23)
 Rickenmann (2001a)

According to the mathematical transformation, the term qc in Eq. 3.22 and Eq. 3.23 
has to be multiplied by V/Vc (with the critical flow velocity Vc, corresponding to the 
discharge for θc). However, this is neglected, since for qc, mostly empirical functions 
are used. Eq. 3.22 is valid for channel slopes in the range 0.0004 ≤ S ≤ 0.10; for higher 
slopes in the flume tests, due to larger bedload concentrations, the flow depth was sig-
nificantly increased, which, in Eq. 3.20, is taken into account by θ but is not considered 
in Eq. 3.22. Eq. 3.22 has the advantage that, even without detailed information on the 
flow hydraulics, a comparison with field measurements is possible, provided that the dis-
charge is known or can be estimated. The comparison of some formulae with the flume 
data of the hydraulics laboratory at ETH Zurich (VAW-ETH) is shown in Fig. 3.13.
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Figure 3.13  (a) Comparison of the transport rates   measured in laboratory flume tests (VAW-ETH 
data) with the transport rates calculated using Eq. 3.20, expressed as dimensionless 
transport rate. (b) Comparison of Eq. 3.18 after MEYER-PETER & MÜLLER (1948) (MPM) and 
Eq. 3.20 after RICKENMANN (1990) (Ri) with the same flume data as in (a). In figure (b) the 
MPM data were corrected using θ′ in Eq. 3.18.
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44 Methods for the quantitative assessment of channel processes in torrents (steep streams)

For the flume data of VAW-ETH with channel slopes in the range 0.03 ≤ S ≤ 0.20 
the following equation was determined:
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 (3.24)

 Rickenmann (1990, 1991)

Eq. 3.24 shows better agreement with the data for S ≥ 0.10 than Eq. 3.22. Other 
bedload transport investigations for steep channel slopes (Mizuyama 1981; Ward 
1986) led to an equation similar to Eq. 3.24 with an exponent of 2 for the channel slope 
factor. Fig. 3.14a compares measured bedload transport rates and rates calculated 
with Eq. 3.24 using the VAW-ETH data for steep channels. In the same figure two 
other independent data sets are also shown: the flume tests of Aziz & Scott (1989) 
in a conventional flume were obtained for channel slopes in the range 0.03 ≤ S ≤ 0.10 
and with sand grain sizes from 0.29 to 1 mm; the flume tests of Nnadi & Wilson 
(1992) were carried out in a closed horizontal channel under pressure, with pressure 
gradients equivalent to 0.013 ≤ S ≤ 0.206, sand grains of 0.7 mm size and nylon 
particles of 4 mm size.

For steep slopes, the weight component of sediment grains parallel to the channel 
slope contributes to the bedload transport, and Abrahams et al. (2001) or Abrahams 
(2003) based on Schoklitsch (1914) proposed the following correction, which 
incorporates an increased slope factor Sk as follows:
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 (Abrahams 2003)

where ϕs is the natural slope angle (friction angle) of the bedload particles under 
water and β is the angle of the channel slope. Eq. 3.25 in combination with Eq. 3.22 
was applied to the VAW-ETH data as well as to those of Aziz & Scott (1989). 
The results are shown in Fig. 3.14(a, b), together with the bedload transport rates 
for the data of Nnadi & Wilson (1992), calculated using Eq. 3.22. The two differ-
ent approaches lead to a similarly good agreement with the observed values. With 
the slope correction, Eq. 3.25, an equation of the type Eq. 3.22 or Eq. 3.23 can be 
applied over a very large range of slopes 0.0004 ≤ S ≤ 0.20. At high transport rates, 
the mixture flow depth, as compared with the purely water-flow depth, is increased 
significantly, resulting in a large bed shear stress. This effect is considered implicitly 
in Eq. 3.20, since the mixture flow depth was used in its derivation.

3.4.4 Consideration of energy losses

The transport formulae for steep channel slopes, e.g. Eq. 3.20 or Eq. 3.22, can be 
extended using the efficiency factor α (i.e. by multiplying a “constant” coefficient 
of e.g. 1.5 in Eq. 3.23 by the factor α), which can adopt values between 0.001 
and 1 (Rickenmann 2001a). In mountain rivers and torrents with bed slopes 
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Figure 3.14  (a) Comparison of the measured bedload transport rates with t he values calculated using 
Eq. 3.24 for the VAW-ETH data for steep channel slopes and two independent data sets 
from AZIZ & SCOTT (1989) and NNADI & WILSON (1992). (b) Comparison of the measured 
bedload transport rates with the values calculated using Eq. 3.22. For the VAW-ETH data 
(MPM: MEYER-PETER & MÜLLER; SJ: SMART & JÄGGI; Ri: RICKENMANN) of all channel slopes and 
the data of AZIZ & SCOTT (1989) the slope correction using Eq. 3.25 was taken into account 
(after RICKENMANN 2005a).
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46 Methods for the quantitative assessment of channel processes in torrents (steep streams)

steeper than about 3 to 5%, observed values of bedload transport were found, 
in general, to be smaller than values calculated with bedload transport 
equations (Rickenmann & Koschni 2010). Here the following aspects should be 
considered:

• The influence of form losses or macro-roughness effects on flow resistance is dif-
ficult to quantify.

• The start of substantial bedload transport is difficult to quantify, since, with a 
broad distribution of grain sizes in a river bed, the flow conditions and the start 
of movement are influenced in a complex manner.

• The bedload transport is often limited by the sediment availability and not by the 
transport capacity.

• For bed slopes steeper than about 10%, according to Eq. 3.20 or Eq. 3.24 high 
solids concentrations result, which are more plausible for debris floods (transitional 
regime) or debris flows than for fluvial bedload transport (Rickenmann 2005a, 
2012).

To determine bedload transport taking into account energy losses due to coarse 
roughness elements (so-called macro-roughness), Eq. 3.20 or Eq. 3.22 (or any other 
transport equation) can be applied in combination with a method for the partitioning 
of the flow resistance (see chapter 2.4). Rickenmann (2005a) introduced an empirical 
function to estimate a reduced slope of the energy line for large-scale roughness condi-
tions in steep channels. With this method a better agreement between bedload volumes 
observed in nature and calculated could be achieved for various flood events (e.g. 
Chiari et al., 2010; Chiari & Rickenmann 2009, 2011; Badoux & Rickenmann 
2008). This approach was modified by Rickenmann & Recking (2011), who used an 
extended database. The partitioning of flow resistance is based on an earlier proposal 
by Meyer-Peter & Müller (1948) and later tested by Palt (2001). The reduced 
energy slope Sred is calculated with reference to a base level of the flow resistance (for 
a basic roughness of the bed material) and determines the energy that is available for 
the bedload transport:
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 (Rickenmann & Recking 2011)

According to the r Darcy-Weisbach flow law (Eq. 2.2), the slope of the energy 
line S is proportional to the friction coefficient f or, according to the flow law 
after Manning-Strickler, Eq. 2.10, it is proportional to the Manning coefficient 
n squared, and the exponent e should have the value 2. Meyer-Peter & Müller 
(1948), based on theoretical considerations, showed that e can also take on smaller 
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values (down to 1.33), and based on their experimental results they proposed an 
empirically-determined value e = 1.5. Rickenmann et al. (2006a) suggested that plau-
sible values for e may lie in the range 1 ≤ e ≤ 2.

For the calculation of bedload transport the reduced energy slope Sred is either 
introduced via θ in Eq. 3.20 or directly in Eq. 3.22. The values for θc are determined 
empirically and refer in general to the total flow resistance (or the total bed shear 
stress). Thus, in the use of Eq. 3.20 θc also has to be reduced. The reduced value of θc 
can be determined such that θc,r = hc Sred(hc) [(s−1) D50]

−1 corresponds to the discharge 
conditions at the start of bedload transport, i.e. Sred(hc), and thus θc,r is constant for 
a given channel slope and a given grain size distribution (D50, D84) (Nitsche et al., 
2011, 2012b). Alternatively, θc can also be reduced as follows, using a discharge-
dependent value of Sred: θc,r = θc (Sred/S). It is difficulty to verify which of the two 
approaches is more plausible.

The approach of Rickenmann & Recking (2011) given in chapter 2.4 for the 
partitioning of flow resistance is basically a function of the relative flow depth. However, 
as a general empirical approach, it implicitly contains information about a mean increase 
in roughness in steep and rough channels. In the study of Nitsche et al. (2011), other 
ways of partitioning the flow resistance were investigated, including, for example, con-
sideration of the additional energy losses caused by large immobile boulders (Yager 
et al., 2007; Whittaker et al., 1988) or by step-pool sequences (Egashira & Ashida 
1991). All these approaches were combined with Eq. 3.21 and Eq. 3.26 with an expo-
nent e = 1.5, and the calculated bedload transports were compared with observations 
of the transported bedload volumes (flood events in Switzerland in 2005; flood events 
in canton Valais, Switzerland, in 2000; long-term discharge and bedload measure-
ments of the WSL institute in torrents in Switzerland). Overall, for all channel types 
(stream bed morphologies), the best results were obtained with the empirical approach 
of Rickenmann & Recking (2011) and with the more physically-based approach of 
Yager et al. (2007). A summary of these results is presented in Fig. 3.15.

Table 3.3 shows the combinations of equations used for the bedload transport 
calculation and for the partitioning of the flow resistance, according to which the 
results are arranged in Fig. 3.15. For detailed investigations for a given channel type 
(e.g. influence of large boulders in different concentrations), specific approaches 
should be preferred (Yager et al., 2007; or Whittaker et al., 1988 for channel 
slopes not exceeding about S ≈ 0.07); however, these approaches require more exact 
investigations of the riverbed morphology. To have some idea about the uncertainty 
of the estimates of bedload transport, the most suitable approaches for partitioning 
the flow resistance for a given channel type can be used to examine the range of 
possible results.

The exponent e = 1.5 used in Nitsche et al. (2011, 2012b) and in Schneider 
et al. (2014) is near the range of the best exponents according to simulations with 
the software SETRAC using an earlier approach for flow resistance partitioning 
(Chiari & Rickenmann 2009, 2011).
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Figure 3.15  Ratio of the calculated and measured bedload volumes (Vpred/Vmeas), calculated with different 
c ombinations of equations (rows; defined in Table 3.3) and differentiated according to data 
groups. The (Vpred/Vmeas) ratios are presented in three classes, of which the middle class rep-
resents all calculations within a factor 10 of the measured bedload transports. The gray 
numbers indicate the mean value of the (Vpred/Vmeas) ratios. The group «Long-term Data» 
consists of 207 transport events, while the group «Event Data» consists of 9 transport 
events. The group «All Data» consists of the summed bedloads of the individual channels, 
in order to weight each stream independently of the number of events in the same way. 
The approach of WHITTAKER et al. (Ri-W) was not used for 4 channels. From NITSCHE et al., 
2011, with permission from Wiley/ American Geophysical Union.
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3.4.5 Transition to debris flood and debris flow

The mechanical behavior of debris flows is complex and depends on different factors 
such as viscosity and turbulence of the mixture, dispersive forces due to collision of 
the coarse components, friction forces between the (coarser) grains and the shear 
strength of the matrix (consisting of fine components and water). Depending on the 
dominance of these factors, a rough classification into mudflows and (granular) debris 
flows is possible. This simplified presentation does not, however, take into account 
the property that the solids concentration often decreases in the rearward region of 
a mudflow or debris flow surge. Debris-flood conditions of solids transport can be 
caused by the sudden input of solids, by the liquefaction of larger streambed reaches, 
or after breaking through logjams and dams (Takahashi 1991).

For a volume proportion of more than about 5% silt or clay, debris-floods or hyper-
concentrated flows exhibit an increasing viscous behavior. From a volume proportion of 
solids in total of 45 to 55% a debris flow or mudflow develops (Costa 1984; Julien & 
O’Brien 1997). Empirical investigations in Switzerland indicate that debris flows initiate 
typically in steep scree with slopes between 40 and 58%, in the contact zone between 
bedrock/scree with slopes between 45 and 70%, in gullies with slopes between 45 and 
70% and in stream channels with slopes between 23 and 65% (Haeberli et al., 1991; 
Rickenmann & Zimmermann 1993). These results are in agreement with flume inves-
tigations with uniform sediments for which a change can be observed from the usual 
mobilization mechanism to a sliding-type en mass instability of the channel bed for slopes 
larger than 20% (Smart & Jäggi 1983). Thus in torrent channels with bed slopes of 
more than ca. 20% and in the absence of stabilizing bed structures, transport processes 
with the characteristics of debris flows can be expected (Jäggi 1992). The transport 
formulae of Smart & Jäggi (1983) and Rickenmann (1990) predict that for channel 
slopes steeper than about 10 to 15% and high flow intensities, solids concentrations 
occur that are typical for debris-flood or debris-flow conditions. In the case of high flow 
resistance (structured torrent channels) and discharges close to the start of transport such 
formulae tend to overestimate the observed transport rates considerably if no correction 
for the effective shear stress is made (such as discussed in chapter 3.4.4).

The flume experiments of Smart & Jäggi (1983), Rickenmann (1990) as well 
as similar laboratory and field observations indicate that very high sediment con-
centrations occur for channel slopes steeper than about 20%. An extrapolation to 
even steeper slopes leads to similarly high transport rates, as observed in field tests 

Table 3.3  Abbreviations used for the combination of equations for bedload transport and for the 
partitioning of flow resistance leading to the results shown in Fig. 3.15.

Bedload transport Equation Partitioning of flow resistance Equation Abbreviation

RICKENMANN (2001a) Eq. (22) No reduction – Ri-no
RICKENMANN (2001a) Eq. (27) PAGLIARA & CHIAVACCINI (2006) Eq. (10) + (11) Ri-PC
RICKENMANN (2001a) Eq. (27) WHITTAKER et al. (1988) Eq. (3) + (4) Ri-W
RICKENMANN (2001a) Eq. (27) EGASHIRA & ASHIDA (1991) Eq. (7) + (9) Ri-EA
RICKENMANN (2001a) Eq. (27) YAGER et al. (2007) Eq. (13) + (14) Ri-Y
RICKENMANN (2001a) Eq. (27) RICKENMANN & RECKING (2011) Eq. (15) + (16) 

+ (17)
Ri-RR
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50 Methods for the quantitative assessment of channel processes in torrents (steep streams)

on the formation of debris flows. Further, above limiting slopes of approximately 
20–25%, a general instability of the bed has to be considered, together with a con-
tinuous transition from fluvial bedload transport to debris floods and debris flows. 
Likewise, comparisons of discharge criteria for the initiation of bedload transport 
and for debris-flow formation (as well as of empirical flow resistance laws for water 
runoff in steep channels and debris flows) indicate that a continuous transition is to be 
expected (Rickenmann 2012). A fairly continuous transition of transported sediment 
loads was observed between fluvial sediment transport and debris flows for a large 
rainstorm event in Switzerland (Fig. 3.16).
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Figure 3.16  Data from different types of transport processes indicate a relatively continuous tran-
sition from fluvial   transport to debris flows. The data comes from the flood events of 
August 2005 in Switzerland. The purple line corresponds to the integration of Eq. 3.23 for 
fluvial bedload transport over the flood period, wherein a pore volume (voids content) 
of the deposited material of 30% is considered, and the channel slope S was determined 
upstream of the deposited material. The modified Eq. 3.23 (MPM-HJ) refers to the equa-
tion of MEYER-PETER & MÜLLER (1948) but using a coefficient of 5 according to HUNZIKER & 
JÄGGI (2002), and also accounting for 30% pore volume. With the 4 debris-flow data points 
denoted by the names of the streams, much sediment entered the channel due to large 
landslides. Modified from RICKENMANN & KOSCHNI (2010).
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3.4.6 Deposition slope behind check dams

The expected deposition slope upstream of check dams or in sediment retention basins 
is an important parameter for the design of protection measures. In designing a series 
of check dams, the deposition slope between successive check dams has to be known 
or assumed to determine the exact locations (spacing) and heights of the individual 
check dams. In the case of a sediment retention basin, the expected deposition slope 
essentially defines (together with the width of the basin) the sediment volume that can 
be stored to reduce the sediment load that will be transported further downstream 
during an event.

According to bedload transport equations, the deposition slope will increase 
with increasing sediment input from upstream and with coarsening of the trans-
ported solids. However, both the expected runoff hydrograph and the sediment 
input from upstream are difficult to determine. In addition, in steeper channels and 
headwater catchments, it is possible that not only fluvial bedload transport occurs 
but also debris flows. These factors all complicate a “theoretical” estimation of the 
deposition slope.

Therefore, in engineering practice, deposition slopes Sdep are mostly estimated 
based on experience. A frequently-taken assumption is that Sdep may vary in the 
range from (1/2)So to (2/3)So, where So is the original stream bed slope (Ikeya 1979; 
Romang 2004; Planat 2008; Piton & Recking 2015a). In Japanese design guide-
lines for the construction of sediment retention basins it is recommended to use the 
same range of expected deposition slopes (Pwri 1988). Published data on deposi-
tion slopes are very rare (e.g. Romang 2004); some observations made in steep 
streams in Italy (Porto & Gessler 1999) and in Iran (Nameghi et al., 2008) are 
illustrated in Fig. 3.17.

3.4.7  Comments on the estimation of the solids 
transport

In torrents, due to the very variable delivery of solid material, a very broad grain size 
distribution and a spatially-variable sediment availability, one must expect a very 
large fluctuation of the solid material transport rate and a very noticeable phase of 
selective transport. This implies that:

• The solids transport rate, especially for small to medium flow intensities, only 
has a limited functional relationship with the discharge. As an upper threshold, 
the calculated transport capacity (for quasi-plane bed conditions and unlimited 
sediment availability), has the highest relative accuracy. The lower range can be 
estimated from the (often limited) availability of solids, the use of an armor layer 
criterion or a higher critical shear stress at the start of mobilization, or from a 
consideration of energy losses.

• Owing to the broad grain size distribution and very heterogeneous sedi-
ment availability, selective bedload transport takes place for small to medium 
flow intensities. This favors the formation of an armor layer and results in 
spatially strongly variable grain size distributions. The macro-roughness 
elements of the bed reduce the effective shear stress acting near the 
stream bed.
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Figure 3.17  Deposition slopes behind a series of check dams in comparison with the original slope of 
the stream bed for (a) data from two Calabrian streams in Italy with gravel bed sediments 
with D50 ranging from about 5 to 20 mm (PORTO & GESSLER 1999), (b) data from a stream 
in Iran with mostly sandy sediments with D50 typically ranging from about 0.4 to 2 mm 
(NAMEGHI et al., 2008).
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3.4.7.1 Critical bed shear stress or critical specific discharge

Besides the characteristic grain diameter and the channel slope, the basis for analyzing 
the bedload transport is primarily the ratio of actual to critical shear stress. For steep 
channels, the critical shear stress reacts directly and very sensitively to variations in 
flow depth, which is why some calculation methods also use the simpler approach of 
specifying a critical specific discharge. More recent investigations show the tendency 
of an increase in the critical dimensionless bed shear stress θc with increasing channel 
slopes (Lamb et al., 2008; Recking 2009; Bunte et al., 2013), where by θc is deter-
mined using the total bed shear stress.

3.4.7.2  Transport reduction effect of the armor 
layer—selective transport

Calculating θc or qc according to the armor layer criteria may result in considerably 
reduced transport rates. This may be appropriate if no extreme events have to be con-
sidered, and when relatively small discharges occur over longer time periods. For the 
range of fluctuation of the start of transport, with or without an armor layer, a factor 
of about 2 to 3 with regard to θc or qc can be expected.

3.4.7.3 Calculation of solids transport

In torrents with typically steep channel slopes, only a few transport formulae have 
been tested with field data. The two extreme cases consist of determining the transport 
capacity (maximum possible transport rate) and a reduced transport rate due to high 
flow resistances (considering additional energy losses, e.g. with Eq. 3.26). If bedload 
transports are calculated according to the transport capacity, then these conditions 
may be more representative for debris floods or debris flows. Calculations taking into 
account a reduced energy slope are valid for conditions with fluvial bedload transport.

3.5  DRIFTWOOD IN TORRENTS AND MOUNTAIN 
RIVERS

In mountainous and forested catchments wood can find its way into the stream chan-
nel through landslides, debris flows, erosion, snow avalanches or storms (windthrow) 
(Rudolf-Miklau et al., 2011). Depending on the type and origin, one speaks also 
of dead wood, old wood, fresh wood and wood from trees uprooted by avalanches. 
For water-related transport and in-channel deposits of logs and rootstocks, the term 
“large woody debris” was in use for some decades but has been replaced more recently 
by “large wood” (e.g. Wohl et al., 2010; Jackson & Wohl 2015).

3.5.1 Flood hazards associated with driftwood

An overview of the problem of floating woody debris in mountain rivers and torrents 
during high discharges is given by Hartlieb & Bezzola (2000), Mazzorana 
et al. (2009, 2011), Rudolf-Miklau et al. (2011), Comiti et al. (2012), and 
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Ruiz-Villanueva et al. (2014). In flood events large pieces of wood often cause 
problems due to logjams at bridges, culverts or even natural constrictions like gorges. 
The most important effects are: (i) logjams or temporary blockages obstructing water 
flow and bedload transport in natural channel sections, which can favor the forma-
tion of debris flows in steep reaches, (ii) overtopping of water and sediment out of 
the channel onto the fan or banks can lead to large amounts of deposited material 
and debris. Another frequent and undesirable consequence of excessive large wood 
is the partial or complete clogging of open check dams of sediment retention basins, 
whereby the desired regulation effect (dosage) regarding bedload transport during a 
flood event is impaired or completely inhibited (Piton & Recking 2015b). Further, 
it can also lead to the destruction of bridges, or large wood pieces can cause impact 
damage to buildings.

3.5.2  Origin and amount of large wood in stream 
channels

Information on the type and origin of the wood in the channels may be found in 
Hartlieb & Bezzola (2000), Rimböck (2003), Hassan et al. (2005b), Mazzorana 
et al. (2009), Kasprak et al. (2012), and Gurnell (2013). Once the wood lies in the 
channel, the following aspects are important: the shape and the dimensions of the 
individual elements, whether the pieces have branches, and, particularly, the pres-
ence of and the proportion of rootstock. In addition, the type of wood and the water 
absorption, and thus the density of the wood, influence the degree of mobilization in 
the channel during floods.

Concerning possible amounts of wood, it is possible todifferentiate between 
the effective amount of driftwood that is transported during a flood and the 
amount of potential wood that can be mobilized from within the channel or 
supplied from areas near the river. Investigationsbased on data from the Swiss 
Alps, Japan and North America show that both the amount of transported 
wood debris and the wood debris potential can be correlated roughly with the 
catchment size (Rickenmann 1997b; Waldner et al., 2008). Furthermore, the 
transported amount of driftwood also depends on the integrated water runoff or 
on the transported bedload volume of a flood event (Rickenmann 1997b). To 
make more exact statements about the potential amount of large wood, detailed 
investigations in a given catchment are necessary, whereby factors like state of 
the forest, erosion processes, channel profile and bed slope need to be considered. 
Rimböck (2003) developed a method for estimating the wood debris potential 
based on aerial photographs.

For the floods of 2005 in Switzerland a budget of large wood was determined 
for selected catchments, including a quantitative assessment of wood recruitment 
processes, namely of landslides, debris flows, bank erosion, and entrainment of in-
channel wood (Waldner et al., 2007, 2008). The contribution of in-channel wood 
was based additionally on an earlier study of wood in torrent channels (Rickli & 
Bucher 2006). A GIS procedure was developed for estimating potential wood debris 
contributions due to landslides (Mächler, 2009). Essentially, the new data confirm 
the approximate relationship between the amount of transported large wood in flood 
events as a function of catchment area (Fig. 3.18).
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3.5.3 Transport of driftwood and logjam hazards

The initial transport of the pieces of wood lying in the channel depends mainly on the 
flow conditions, the type of wood (density, presence of branches, roots) as well as the 
location with respect to the flow action (Bezzola et al., 2002; Braudrick & Grant 
2000, 2001). Flume investigations indicate that the transport of logs begins at relative 
flow depths h/d ∼ 0.5 to 1.5, where d is the log diameter. The critical values of h/d 
increase in the above-mentioned range with increasing Froude number (as well as 
with the increasing number of branches or with the presence of rootstocks), whereas 
the critical values for h/d with simultaneous bedload transport are more likely to lie 
in the lower range.

The transport distances of pieces of wood increase if the lengths of logs are smaller 
than the mean channel width (Lange & Bezzola 2006; Schmoker & Hager 2011; 
Lassettre et al., 2012; Lucia et al., 2015). Generally, driftwood floats at the surface. 
After Rimböck (2003) coniferous wood (softwood), rootstocks and old dried wood 
usually float on the surface due to their low density, whereas the heavy oak and beech 
woods seldom float. Bulky, very branched wood, and rootstocks only float in the case 
of large flow depths, and, otherwise, are often transported by rolling over the stream 
bed. During the transport process the position of the wood continually changes due 
to turbulent flow. Often the wood is aligned parallel to the direction of flow. During 
transport the wood debris becomes smaller in size. Zollinger (1983) reports that a 
whole tree with the crown and rootstock can have its branches removed and its bark 
peeled off, and that the tree may be broken into 1 to 5 m long pieces within relatively 
few meters during transport in a torrent channel.

Figure 3.18  Transported volumes of large wood as a function of the catchment area, as observed after 
flood events (mainly in Switzerland) (WALDNER et al., 2 008).
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56 Methods for the quantitative assessment of channel processes in torrents (steep streams)

The deposition of driftwood takes place under natural conditions as soon as the 
discharge decreases and the buoyancy and the force of flow for further transport are 
no longer sufficient. After deposition of individual pieces and with the accumulation 
of additional wood, fairly shallow heaps may be formed. With the transport of short 
individual logs there is only a relatively small risk of logjams, since the logs can easily 
align themselves in the flow direction and thus pass a constriction.

An overview of possible measures to reduce the risk of logjams is given by 
Lange & Bezzola (2006). The risk of logjams near bridge cross-sections was inves-
tigated in flumes with hydraulic model tests (Bezzola et al., 2002). For a batch-wise 
delivery of wood mixtures the probability of logjams pv (number of tests with logjams 
in relation to all tests of the same category) reached values of 0.2 to 1.0. Noticeably, 
pv was clearly larger if rootstocks were present. The probability of logjams of indi-
vidual pieces of wood depends mainly on their dimensions relative to the width of the 
critical cross-section. In the case of individual logs, an increase of up to pv = ca. 0.4 
was obtained in the range 0.5 < LW/B < 2, where LW = length of individual log and 
B = width of the opening. In the case of rootstocks a striking increase of up to pv = 1.0 
was obtained in the range 0.6 < dW∗/H < = 1, where H = clear height of the critical 
cross-section, dW∗ = (dWmax dWmin Lh)

1/3, with dWmax, dWmin = maximum and minimum, 
respectively, of the dimension of the root plate and Lh = length of trunk extension. 
To reduce the risk of logjams it is recommended that the bed width of the channel 
should be about twice the dimension of the expected maximum length of the logs, and 
that the clear height under the bridge should be at least 1.7 times the critical dimen-
sion of the expected rootstocks. The tests also show that the amount of driftwood 
is primarily important for the temporal evolution of the logjam process. Whether 
logjams occur depends, in the first instance, on the dimension and shape of the largest 
components (Lange & Bezzola 2006).

3.6  CRITICAL CHANNEL CROSS-SECTIONS 
AND POTENTIAL DEPOSITION

The assessment of the flood hazard along torrents and mountain rivers carrying bed-
load basically requires consideration of three questions: (i) Is the hydraulic conveyance 
capacity of the existing channel adequate to discharge the flood without damage?; (ii) 
When and where can intensive bedload transport lead to deposition with associated 
flow overtopping?; (iii) When and where can high flows with little bedload lead to 
erosion that could endanger the stability of banks and the foundations of structures? 
The assessment of these three aspects can be carried out at two different levels of 
detail: (a) with simple estimates of the hydraulic conditions and of the bedload trans-
port at critical locations (cross-sections), combined with an integrative assessment 
of possible effects for the entire duration of the flood event; or (b) using numerical 
models to simulate the hydraulics and the bedload transport, though experience with 
these models is limited thus far for steeper slope ranges and for flows overtopping a 
channel on the fan (e.g. Chiari & Scheidl 2015).

For the procedure with the simple estimates (a), the analysis methods presented in 
the previous sections can be applied. If significant sediment depositions occur in the 
channel area, flow overtopping is to be expected, together with deposition of bedload 
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outside the channel (e.g. on the fan). Especially prone to critical depositions are sud-
den concave changes in the longitudinal profile (decrease in channel slope without 
increase of discharge). If there are also bridges at such critical locations, the risk of a 
complete blocking of the flow cross-section is especially high in the case of driftwood 
in addition to bedload transport. Analytical methods for predicting the depositional 
behavior for a sudden change of slope are described in Bezzola et al. (1996) and in 
French et al. (2001).

In calculating the bedload transport capacity of the channel on the fan, special 
attention is required in the case of an artificially-paved (or concreted) and smooth 
channel bed. In this case, the bedload transport capacity is considerably higher than 
in a natural channel with a movable bed and modified calculation approaches are 
necessary (Hunzinger & Zarn 1996; Smart & Jäggi 1983). If the bedload-carrying 
flow leaves the channel, it is necessary to predict the flow paths and areas of deposi-
tion on the fan. This can be done mainly based on the fan topography, but structures 
(buildings, roads) can also influence the flow and deposition behavior considerably. 
Therefore, especially in populated areas, different scenarios of the flooding process 
may have to be considered, depending on the depositional process (which can be 
influenced in addition by the amount of driftwood). Basically, in the case of a spread-
ing out of fluvial deposition on the fan, the entire bedload volume (deducting the por-
tion deposited in the channel) has to be distributed along the flow path. The average 
thicknesses of such deposits are likely to be less than for debris-flow deposits on the 
fan. In the case of fluvial transport, the coarser bedload grains tend to be deposited 
in steep zones, whereas the finer grains may be transported further downstream to 
flatter zones.

3.7 NUMERICAL SIMULATION MODELS

There are several sophisticated hydraulic-sedimentologic numerical simulation models 
for gravel-bed and sand-bed streams with limited channel slopes. For steep channels, 
however, only relatively few simulation models have been developed, e.g. SHESED 
(Wicks & Bathurst 1996), ETC (Mathys et al., 2003), SETRAC (Rickenmann 
et al., 2006a), PROMAB (Rinderer et al., 2009), and sedFlow (Heimann et al., 
2015a). These models are similar to numerical sediment transport models that were 
applied primarily in flatter mountain rivers, e.g. MORMO (Schilling & Hunziker 
1995) and BASEMENT (Vetsch et al., 2005). However, experience with the use of 
such simulation models for the steeper channels (and especially for torrents) has been 
very limited. Especially regarding the two-dimensional simulation of bedload deposi-
tion on torrent fans, there is scarcely any experience, except for the recent study of 
Chiari and Scheidl (2015).

The one-dimensional bedload transport model SETRAC (Rickenmann et al., 
2006a; Chiari et al., 2010) was tested for its suitability in the case of steep channels 
by means of flume experiments (Kaitna et al., 2011) and well-documented bedload-
transporting flood events in August 2005 in Switzerland and in Austria (Chiari & 
Rickenmann 2009, 2011). The simulation model was developed especially for use in 
torrent catchments and in mountain rivers, taking into account a reduced transport 
capacity due to high-energy losses caused by macro-roughness elements. TomSed is 
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the follow-up model of SETRAC; it is freely available from http://www.bedload.at. 
To take into account increased energy losses for bedload transport a method for par-
titioning flow resistance was developed for SETRAC. This method is based on (only) 
373 flow velocity measurements. It leads to a similar reduction of the energy slopes 
as with the other method (Rickenmann & Recking (2011) presented in chapter 2.4 
for partitioning the flow resistance and based on 2890 flow velocity measurements. 
In a new version of TomSed the new approach of Rickenmann & Recking (2011) to 
partition flow resistance was also implemented. The one-dimensional bedload trans-
port model sedFlow also includes the new approaches to calculate flow resistance and 
bedload transport in steep channels. Being based on rectangular cross-sections and 
with an option for using simplified hydraulics without flow routing, it requires only 
short calculation times. Thus the program sedFlow allows simulating many different 
scenarios or conducting sensitivity analyses with the variation of different input and 
model parameters in a relatively short time. The model sedFlow was calibrated with 
observations of bedload transport in several Swiss mountain rivers (Heimann et al., 
2015b; Rickenmann et al., 2014, 2015). The model sedFlow is freely available from 
http://www.wsl.ch/sedFlow.
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Chapter 4

Debris flows

4.1 PROPERTIES OF DEBRIS FLOWS

In steep headwater catchments in the Alps debris flows occur every year, and fre-
quently such events cause considerable damage. A debris flow is a rapidly flowing 
mixture of soil with different amounts of water. At the front of a debris flow there 
is a high concentration of solids, and these flows are characterized by an unsteady 
and surging flow behavior, clearly distinguishable from a typically more steady water 
discharge in a stream channel.

The grain composition of debris flows can vary considerably. In the Alps coarse 
blocks frequently collect at the front of a debris flow. Coarse particles are often also 
transported in the other parts of a debris-flow surge. In the case of channel overtop-
ping on the fan, a lot of coarse debris may be deposited there. This type is also termed 
a granular debris flow (Fig. 4.1). In the case of mudflows (Fig. 4.2) the fine material 
and the water dominate, whereas generally the coarse stones and blocks are missing 
or they have a negligible influence on the flow behavior. In the rearward part of a 
debris flow (or mudflow) the solids concentrations are usually smaller than in the 
front part (Fig. 4.3). The deposition conditions are then similar to those caused by the 
processes of fluvial bedload transport outside of a channel (Costa 1988; Hübl et al., 
2002; Pierson 2005).

Depending on the material composition, different theoretical approaches were 
proposed to describe the flow behavior. However, a partitioning into various flow 
types based on field observations is often only possible in a rudimentary way. This 
difficulty of a simple identification of different flow types is also reflected in the termi-
nology and the classification of debris flows, and in different languages there are some 
differences in meaning. A rough correspondence of the terms in German, French, Ital-
ian and English is presented in Table 4.1.

Hillslope debris flows (Hungr et al., 2001, 2014; Hürlimann et al., 2015) are 
distinguished from debris flows basically by the place where they occur (terrain con-
ditions with weakly or no predetermined lateral limits to the flow path) and often by 
relatively short flow distances, while the latter flow type typically runs in a channel 
or a gully. Generally, hillslope debris flows do not occur several times at the same 
place and also do not exhibit multiple surges. In the early stages, hillslope debris 
flows (Fig. 4.4) can be compared with spontaneous shallow landslides, after a larger 
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Figure 4.1 Front of a granular debris flow,    Kamikamihori valley, Japan (photo H. SUWA).
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Figure 4.3  Typical longitudinal section thro ugh a debris flow with decreasing solids concentration from 
the front to the rearward part. Adapted from PIERSON (1986).

Figure 4.2 Front of a mudflow, Jiangjia val ley, China (photo Z. WANG).
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displacement distance the flow behavior may be similar to that of debris flows. In 
rainstorm events shallow landslides may transform into hillslope debris flows.

The typical debris flows in the Alps can be considered in a simplified way to 
be a mixture of the three main components water, fine material and coarse granu-
lar material. Based on their composition and flow behavior, debris flows are a 
mixture of floodwaters, landslides and rock slides or debris avalanches. Fig. 4.5 
shows the relative proportions of the three main components for such rapid mass 
movements. Therefore, the physical processes in the formation, the flow and the 
deposition of debris flows are correspondingly complex and are only partially 
understood.

In comparison with floods with fluvial bedload transport in torrent channels, 
debris flows have greater flow depth, may cause greater erosion and entrainment 
of solid material, thus often transporting large amounts of debris to the fan or 
confluence area. During a flood, particles are moved along the channel by the 
driving force of the water. Debris flows with high solids concentrations typically 
exhibit a much greater viscosity or frictional resistance than just water alone. For 
the triggering of debris flows, a minimum amount of granular material is required 
in addition to water, as well as steep slopes. The most important properties of 
debris flow and of traces that are left behind on the terrain are summarized in 
Table 4.2.

Figure 4.4  Example of hillslope debris flows  (Sachseln, Switzerland). These often occur in non-forested 
areas (photo: Oberforstamt Obwalden).

Table 4.1 Terms for debris flow in a few languages.

German French Italian English

(Granularer) 
Murgang

Lave torrentielle Colata detritica,
lava torrentizia

Debris flow, granular or stony 
debris flows

Schlammstrom Coulée de boue, 
lave torrentielle 
boueuse

Colata di fango Mud flow

Hangmure Coulée de boue 
de versant

Colata detritica 
di versante

Hillslope debris flow 
(debris avalanche)
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If the banks of a channel are shallow, then natural levées tend to form due to 
material deposition along the path of the debris flow, in a manner that createstheir 
own lateral boundary of the flow cross-section. The debris is deposited typically in 
flatter terrain and in a non-uniform way. During the depositional phase, the high 
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Figure 4.5  Main components of a debris flow in a three-phase diagram, in comparison with other rapid 
mass movements. Modified from PHILLIPS & DAVIES (1991).

Table 4.2 Characteristic properties of debris flows (after RICKENMANN 1996).

Material composition and flow behavior:
• wide range of grain sizes, +/− uniformly distributed over flow depth
• transport of very large blocks possible
• highest bedload concentration at the front, further back often a more fluid mixture
• high bulk density of the water-solid mixture (ca. 1.6 ... 2.4 t/m3 at the front)
• high “viscosity” (non-Newtonian fluid)
• mostly discharge in waves, i.e. intermittent advance of one or more surges
•  formation of debris walls (levées) in absence of already existing boundary of the flow 

cross-section, e.g. by steep rock wall
•  deposition especially at locations with widening of stream bed or with sudden decrease 

of channel slope; in Alpine channels often at slopes of 5% ... 18%
Characteristic traces in terrain, which point to debris flow activity:
• levées (lateral debris walls)
• residual debris tongues, on the fan or in the case of local channel widening
• unsorted deposition (all grain sizes well mixed, no layering)
• coarse blocks and fine-grained matrix (if not yet washed out) in the deposits
• polished and scarred areas of rock
• clear boundary of the deposits
• often little damage to vegetation in the deposition areas outside of the channel
• erosion or flow cross-section usually U-shaped
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viscosity or the large grain-to-grain friction of the decelerating mixture leads to a 
relatively abrupt stop of the frontal part of the debris flow. Thus, the front part of the 
deposits is usually demarcated clearly from the old terrain. The irregular deposition 
of multiple surges results in a rough terrain surface of a debris-flow fan. Observers of 
debris flows report that such events are often accompanied by a loud noise, ground 
vibrations and sometimes also by a sulfuric smell. Occasionally these phenomena 
have also already been noticed shortly before the arrival of the debris flow. A more 
detailed description of the debris flow process may be found, e.g., in Costa (1984, 
1988).

Typi cal debris-flow parameters are summarized in Table 4.3, as estimated for the 
biggest events during two major rainstorms of summer 1987 in Switzerland. Table 4.4 
gives an overview of characteristic properties of debris flows compared with floods 
with sediment transport and with debris flow-like discharges in the transition zone. 
The debris load is usually estimated from the volume of the deposits for a whole event 
and, thus, also contains the pore volume.

The maximum discharge usually occurs near the debris flow front. With alpine 
debris flows, the maximum discharge may be 100 m3/s to 1000 m3/s, and, there-
fore, is about 10 to 100 times greater than a comparable peak flood discharge 
in the same torrent channel (Table 4.3). The height of the debris flow front can 
amount to 10 m, and flow velocities up to 15 m/s (54 km/h) have been estimated 
for alpine debris flows. With larger debris flow events in the Alps, a few 10,000 
m3 to several 100,000 m3 of sediment could be deposited on the fan. A substantial 
amount of material is eroded sometimes in the area of the fan. The total runout 
distance depends, among other things, on the amount of material transported for 
each surge.

Table 4.3  Typical debris-flow parameters of the biggest events in the summer of 1987 in Switzerland 
(after ZIMMERMANN & RICKENMANN 1992). DQ = data quality: **** = very good, *** = reliable, 
** = rough estimate, * = very rough estimate/uncertain traces.

Debris flow event,
Date:

Val Varuna
18.7.87

Val da Plaunca
18.7.87

Val Zavragia
18.7.87

Minstigertal
24.8.87

Value DQ Value DQ Value DQ Value DQ

Debris load [m3] 200’000 **** 250’000 **** 30’000 ** 30’000 ***
Maximum flow velocity 

at the fan apex [m/s]
8 ** 10 * 8 *** 14 **

Flow depth at the fan 
apex [m]

6 *** ? 6 **** 10 ***

Maximum discharge [m3/s] 400–800 ** 400–900 * 500–700 **** 150–250 ***
Peak discharge of water 

only, estimated [m3/s]
7 * 9 * 30 ** 17 **

Number of surges ca. 10 ** >5 * < = 6 ** 1 ***
Max. load per surge [m3] 50’000 ** 80’000 ** <30’000 ** <30’000 ***
Max. erosion depth [m] 11 **** 12 **** 2 ** 4 **
Max. erosion cross-section 

[m2]
650 **** 550 **** 20 ** 55 **

Historical events ca.10 in 
150 years

**** none 
known

*** ca. 7 in 
150 years

*** uncertain,
unknown

*
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Table 4.4  Overview of the properties of characteristic displacement processes in torrents (after PIERSON & COSTA 1987; COSTA 1988; HUNGR et al., 2001; 
PIERSON 2005; HÜBL et al., 2006).

Process type Flood Debris flow

Terms (German) Hochwasser Fluvialer 
Feststofftransport

Murgangartiger 
Feststofftransport

Murgang

Terms (English) Flood Bedload transport Debris flood (hyper-concentrated 
flow, immature debris flow)

Debris flow

Process type Discharge of 
water only

Weak bedload transport Strong bedload transport Debris flow

Flow behavior Newtonian Newtonian Approx. Newtonian Non-Newtonian
Vol. solids concen tration 

(approx. range)
Per mill range 0–20% 20–40% >40%

Max. grain size mm–cm dm m M
Density (approx. range) 1000 kg/m³ 1300 kg/m³ <1300–1700 kg/m³ >1700 Kg/m³
Viscosity (approx.) 0.001–0.01 Pas 0.01–0.2 Pas 0.2–2 Pas >2 Pas
Shear strength None None None Present
Relevant acting forces Turbulence, bed 

shear stress
Turbulence, bed shear stress Buoyancy, turbulence, bed shear 

stress, dispersive pressure
Buoyancy, dispersive 

pressure, viscous 
and frictional forces

Vertical distribution of solid 
particles over flow depth

Coarser particles near the bed 
(rolling, hopping, jumping) 
and suspended sediment 
distributed in cross-section

Solids and suspended sediment 
distributed in cross-section

Solids distributed 
in cross-section

Deposition characteristics Horizontal or inclined 
stratification; coarser 
clasts may be imbricated

Weak horizontal stratification; 
mostly grain supported

Terminal debris lobes; 
marginal levées and 
tongue-shaped deposits; 
grain or matrix 
supported; usually clear 
boundary of deposits, 
U-shaped channels

Sorting of the deposited solids (yes) Sorting moderate to good 
within individual bedding 
units

Moderate to poor 
sorting

Non-stratified, extremely 
poorly sorted
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4.2  IMPORTANT ELEMENTS OF THE PROCESS 
AND HAZARD ASSESSMENT

Standardized procedures and regulations for the management of natural hazards were 
introduced, for example, in Europe during the last two decades (e.g. Hübl et al., 
2002; Petrascheck & Kienholz 2003; Greminger 2003; Fuchs et al., 2008; 
Hürlimann et al., 2008). These regulations require the determination of hazard dan-
ger levels for potentially affected areas such as a fan. The hazard danger levels are 
a function of process intensity and probability of occurrence. For debris flows and 
floods, process intensities are typically defined as a function of flow velocity and flow 
depth, both of which vary spatially and depend on the magnitude or peak discharge 
of the process (Hürlimann et al., 2008). The sediment volume or the sediment-water 
volume of a debris-flow event or of a single surge is typically taken as a measure of 
the magnitude (Jakob 2005).

Thus, for the process and hazard assessment of debris flows—similar to other 
gravitational natural hazards—two key aspects need to be investigated: (a) the proba-
bility of occurrence (or return period) and the magnitude of the event (magnitude-fre-
quency relationship), and (b) the flow and deposition behavior. The most important 
elements and existing dependencies are presented schematically in Fig. 4.6. The topic 
“magnitude-frequency” of torrent events is considered in chapter 5. Other important 
aspects are discussed below, where a range of methods and approaches are presented. 
A further section is devoted to a brief overview of GIS-based and numerical simula-
tion models. At the end of chapter 4 the depositional behavior on the fan is discussed, 
which is often very important for the hazard assessment.

The most important questions in relation to the hazard assessment are:

• What event magnitude has to be expected?
• What probability of occurrence has to be considered?
• Which are the endangered areas?

Starting zone,
initiation

Frequency
of events 

Flow
propagation

Deposition
behaviour

Event
magnitude

Figure 4.6  Most important elements in the assessment of debris flow events, and the dependencies 
between the elements (after RICKENMANN 2001b).
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In a somewhat simplified way, the two key aspects can be grouped as follows:

a) Magnitude and Frequency
 Here, the following three primary elements have to be considered:

• Initiation (location, type of triggering mechanism)
• Event magnitude
• Event frequency

b) Flow and depositional behavior
 Here, the following three primary elements have to be considered:

• Event magnitude
• Flow behavior in the channel
• Depositional behavior on the fan

As may be seen from a detailed process assessment of debris flow events, the 
above subdivision into two key aspects represents a simplification. The debris flow 
can entrain and accumulate additional material during the flow process (from the 
stream bed, the banks, and the side slopes) or also deposit the material again. With 
the present state of knowledge it is difficult to quantify these processes reliably. Thus, 
in an initial step an event magnitude is frequently estimated for the location of the fan 
apex, and this value becomes an important input quantity in the assessment of the 
flow behavior further downstream. This simplification may be a reasonable approxi-
mation if the debris-flow parameters are primarily needed for estimating potential 
hazards in the area of the fan where, in many cases, no significant material entrain-
ment takes place.

For the hazard assessment many different methods and approaches are available. 
This variety reflects, on the one hand, the different characteristics of various debris 
flow types and, on the other, the limited state of knowledge. A tabular overview of 
the available methods to determine the important elements is given in Rickenmann 
(2001b, 2015).

4.3 OCCURRENCE OF DEBRIS FLOWS

4.3.1 Predisposition for debris flow occurrence

The assessment of the possibility of a debris flow occurring in a torrent should be 
based primarily on an interpretation of the fan area as well as on the traces of earlier 
events and/or historical information. If these produce no clues, some general charac-
teristics of the catchment area may be used to allow a rough assessment (Table 4.5). 
A minimum streambed slope and a sufficiently large bedload potential are the neces-
sary requirements for debris flows to occur at all. These two factors are also the most 
important criteria to assess the hazard potential of a torrent. For the formation of a 
debris flow from the channel bed or from a hillslope, the minimum slope is approxi-
mately 25–30%. With the presence of other factors promoting the development of 
a debris flow (e.g. channel constrictions, driftwood), a debris flow can also form in 
the case of slopes of approximately 15–25%. With channel slopes less than 15% the 
development of debris flows is not likely.
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The classification of the debris flow potential in Table 4.5 is based on the analysis 
of the debris flows in the Swiss Alps in 1987 (Rickenmann & Zimmermann 1993) 
as well as on a semi-quantitative assessment of the debris flow hazard after Aulitzky 
(1973) and Nakamura (1980). The hazard classes in Table 4.5 correspond to a mix 
of a probable intensity of the events and a possible frequency of occurrence. The state-
ment, however, refers primarily to the expected maximum intensity of an event. Due 
to the large bedload potential and the steep slopes in hazard class A, for example, 
small debris flows could also occur. This outcomeleads to a higher overall frequency 
than, for instance, for class C, where only small debris flows are to be expected. (The 
significance of the hazard classes is given in the legend in Table 4.5.)

A rough differentiation between the processes of debris flow and bedload trans-
port can be made, based on the morphometric parameters of the catchment and of the 
fan. Therein, the mean channel slopes on the torrent fan, Sf, are plotted as a function of 
the Melton number, Me, defined as the difference between the highest and the lowest 
elevation values, normalized with the square root of the catchment area (Marchi & 
Brochot 2000; Bardou 2002; Rickenmann & Scheidl 2010). Larger values for Sf 
and Me define the range of occurrence of debris flows, while smaller values define the 
occurrence of bedload transport. However, the demarcation between the two ranges 
is not very clear, but there is quite a wide transition range (Fig. 4.7). Other classifica-
tion schemes were proposed for example in terms of catchment length and Melton 
number (Wilford et al., 2004).

4.3.2 Triggering conditions

The triggering of debris flows can take place in the form of hillslope instabilities or 
of channel destabilization. With more intensive rainfall there is an increased prob-
ability for shallow landslides to occur in steep terrain. There are quite a large number 
of studies which focused on (critical) rainfall conditions necessary for the occurrence 

Table 4.5  Influence of channel slope (S) and bedload potential (F) on debris-flow hazard. Significance 
of hazard classes: A1: high debris-flow hazard, A2: medium debris-flow hazard, B: low debris-
flow hazard, C: practically no debris-flow hazard (from RICKENMANN 1995).

Triggering zone: slope 
of stream bed or hill-slope Channel features and bedload potential F (channel + hillslopes) Hazard class

S > 25% Channel in granular material, potentially larger slope 
instabilities (F > 10 000 m³)

A1

Channel mainly in granular material 
(F = 1 000 – 10 000 m³)

A2

Channel mainly in bedrock (F < 1 000 m³) B
15% < S < 25% Channel in schistose, flysch-like rocks, potential slope 

instabilities (F > 10 000 m³)
A1

Other rock types, channel with possible log jams 
(F > 10 000 m³)

A2

Channel without possible log jams (F = 1 000 – 10 000 m³) B
Channel mainly in bedrock (F < 1 000 m³) C

S < 15% Not relevant C
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68 Methods for the quantitative assessment of channel processes in torrents (steep streams)

of shallow landslides or hillslope debris flows. Regarding debris-flow initiation from 
massive channel erosion, however, there are only relatively few studies that attempted 
to define a limiting discharge (analogous to the start of bedload transport) based on 
laboratory flume investigations as well as on simple theoretical estimates. These meth-
ods, however, usually provide only a rough estimate of the triggering rainfall condi-
tions or the limiting discharge for the formation of the debris flow, since the influence 
of the properties of the hillslope material or of the streambed material is generally not 
taken into account.

In the case of more intensive and prolonged snow melt, the tendency for debris-
flow formation is increased with the increasing ground saturation. For bigger debris-
flow events in the alpine regions, however, more intensive rainfall is often needed in 
addition. Water plays an important part in the initiation process. In the high alpine 
scree the destabilization can already be brought about by an underground satura-
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Figure 4.7  Rough demarcation of torrents capable of debris flow and those with fluvial bedload trans-
port (modified from SCHEIDL & RICKENMANN 2010), based on the mean fan slope Sf and the 
Melton number Me. The data come from Switzerland (CH), Austria (AUT) and South Tirol 
in Italy (ITST). The zones A (fluvial transport), B (transition range) and C (debris flow) cor-
respond to the classification of BARDOU (2002), who also used data from MARCHI & BROCHOT 
(2000).
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tion of the granular material. Since the surface discharge is not the only factor for 
the triggering process, not only is the rainfall intensity of importance, but also the 
extent of ground saturation due to prolonged rainfall. In the case of storm rainfall 
in Switzerland, for example, a minimum triggering intensity of around 30 mm/h and 
a minimum total rainfall of around 40 mm have to be reached at the same time for 
the formation of debris flows (Zimmermann et al., 1997). In the inner-alpine regions 
of Switzerland somewhat smaller triggering rainfalls are necessary for debris-flow 
formation; this requirementcould be connected with the smaller annual rainfall com-
pared with the areas bordering the Alps (Zimmermann et al., 1997). Estimates for 
critical rainfall conditions are frequently expressed in terms of mean rainfall intensity 
I [mm/h] and the duration DR [h] of the triggering rainfall event. These limiting con-
ditions can vary strongly both regionally and locally. Critical rainfall conditions for 
debris-flow occurrence in Switzerland are shown in Fig. 4.8 with data from Austria in 
comparison with threshold lines for related processes in regions close-by. Threshold 
rainfall conditions for slope instabilities have been determined for many regions in the 
world (e.g., Caine 1980, Guzzetti et al., 2007, 2008).

Debris flows can occur in torrent channels if sufficient solids material is available 
in the bed. For the formation of debris flow, a minimum amount of granular material 
needs to start moving with a relatively high solids concentration. This process occurs 
primarily in steep channels and in constricted places with previous obstruction of the 
material flow, possibly with a temporary clogging of the flow cross-section, or with 
an abrupt increase of the erosion in the channel. Fig. 4.9 shows the difference between 
the process of debris flow and other types of solids displacement in and near steep 
channels and its connection with the formation of debris flows.
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Figure 4.8  Empirical relationships for critical ra  infall conditions for the trigger-
ing of debris flows and landslides. The data for debris-flow occurrence in 
Switzerland as well as the corresponding limiting criterion are taken from 
ZIMMERMANN et al. (1997). The threshold lines for southern and eastern Austria (soil slips) as 
well as for northern Italy (landslides) are taken from a compilation of GUZZETTI et al. (2007). 
The three geographic regions are all nearby.
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A simple analysis of slope stability leads to a theoretical limiting slope angle of 
about 12° to 17° for typical conditions in the stream bed, assuming a friction angle of 
the material in the range 33° to 37° (Takahashi 1987). In steep headwater channels 
(as also in rivers) a minimum discharge is necessary for bedload to be transported (see 
critical discharge in Fig. 4.9). The combined loading of the bed due to the discharge 
and the bedload in motion can suffice in steep slopes to cause enough solids to move 
suddenly due to a channel-bed destabilization. The resulting debris-flow formation 
by channel erosion appears to depend both on the slope at the initiation area and the 
discharge, as indicated by the data in Fig. 4.10. An example of the formation of a 
debris flow from the channel is shown in Fig. 4.11.

If shallow landslides are sufficiently large and fluid or occur very near to chan-
nels, they may transform into hillslope debris flows, get into the torrent channel and 
continue moving downstream as a debris flow. Shallow landslides that occurred in 
Switzerland in the period 1997 to 2005, exhibit typical slope angles from about 24° 
to 43° and volumes of 50 to 100 m3 (Raetzo & Rickli 2007). The rainfall conditions 
for triggering shallow landslides in Switzerland were investigated by Rickli et al. 
(2008).

A continuous transition from fluvial bedload transport to debris floods to debris 
flows may be expected where channel slopes become steeper than about 20–25%, 
according to investigations of Smart & Jäggi (1983) and Rickenmann (1990) and 
other flume and field observations. A similar conclusion may be drawn by comparing 
critical discharge criteria for bedload-transport initiation and debris-flow formation. 
Analogous to the limiting discharge at the start of fluvial bedload transport, a critical 
dimensionless discharge qc* for the formation of debris flows can be defined:

qc* = qc/[g
0.5 D1.5] = ag/S

αg (4.1)

Figure 4.9  Significant bedload delivery processes  in torrents and the role played in the formation of 
debris flows. Modified from RICKENMANN (1996).

Flood flow Precipitation
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flow
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initiation: critical discharge or
temporary blockage of flow
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Here qc is the critical specific discharge per meter channel width, D is a characteristic 
grain size in the channel bed, S = sinβ represents the channel slope, g = gravitational 
acceleration, ag = empirical coefficient, and αg = semi-empirical exponent.
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Figure 4.10  Hillside and channel slopes in the initiation area of debris flows that formed either due to 
hillslope instability or channel erosion (channel destabilization) are shown as a function 
of the catchment area above the triggering zone (as indicator for the water discharge). 
Data taken from Swiss investigations (VAW 1992; ZIMMERMANN et al., 1997).

Figure 4.11  (a) Channel above the triggering zone (c orresponds to the situation in the fig-
ure on the right before the initiation of debris flow); (b) Channel at the triggering 
zone after the initiation of a debris flow. The channel slope is 51% (S = 0.51). (Photos 
M. ZIMMERMANN).
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Such relations to determine the critical unit discharge for the initiation of different 
process types are shown in Fig. 4.12. The relations of Tognacca et al. (2000), Whit-
taker & Jaeggi (1986), and Bathurst et al. (1987) are all based on laboratory flume 
tests. Fig. 4.12 also show a limiting condition for the start of “immature debris flows” 
after Takahashi (1987), a state which corresponds roughly to intensive bedload trans-
port or “debris flood” conditions; this relation is also based on flume experiments. The 
figure shows a large range of possible limiting discharges for the formation of debris 
flows in channels that still have to be checked against field observations.

4.4  EMPIRICAL APPROACHES TO CHARACTERIZE 
THE FLOW AND DEPOSITION BEHAVIOR

To assess the flow and deposition behavior either empirical approaches including estimate 
formulae or numerical simulation models can be used. The main objectives are to deter-
mine critical locations where there is the possibility of flow overtopping a channel and to 
delineate areas of the fan that are likely to be inundated and covered by solid deposits. 
A summary of the debris flow parameters estimated for events in 1987 in Switzerland is 
given in Table 4.3. More exact measurements have been made for several years at several 
debris flow monitoring stations in the Alps (e.g. Genevois et al., 2000; Marchi et al., 
2002; Rickenmann et al., 2001; Hürlimann et al., 2003; McArdell et al., 2007).

The sequence of some simple empirical calculations using important parameters 
for characterizing debris-flow behavior is illustrated schematically in Fig. 4.13. If, for 
a future event, the debris load M is estimated, an approximate maximum discharge 
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Bathurst et al. (1987): initiation
 bedload transport, eq. 3.9 
Whittaker & Jaeggi (1986): block
ramp stability, eq. 3.15
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‘immature debris flow’
Tognacca et al. (2000): debris-flow
formation in channels 
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Figure 4.12  Relations based on flume experiments to de    termine the critical unit discharge for the ini-
tiation of different process types. The criteria for the formation of debris flow by channel 
erosion have not yet been checked against field data.
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Qp can be then be calculated. This value together with the channel slope determines 
essentially the flow velocity V. The maximum required flow cross-section A is then 
given by A = Qp/V. A comparison with the existing channel cross-section gives indi-
cations of possible places of channel overtopping. Also, the total runout distance of 
a debris flow from the point of initiation to the lowest deposition point, L, or the 
deposition length on the fan, Lf, can be estimated roughly based on the debris load, if 
a more exact determination by means of simulation models is not possible.

The observed values of debris load usually contain both the bedload and also the pore 
or water volumes. If the data were obtained from a measuring station, then M is typically 
determined by the integration of the mixed discharge over time. In other cases M is deter-
mined from the observed deposition area and the (mean) deposition thickness, whereby 
the pore volume is included, which corresponds approximately to the water content.

Regarding the erosion behavior along the transit stretch, relatively few quantita-
tive observations were made in the field (Hungr et al., 2005; Schürch et al., 2011; 
Berger et al., 2011a; McCoy et al., 2012). Besides using modelling concepts based 
on soil mechanics (Iverson 2012; McCoy et al., 2012), analogies were made with 
approaches developed for bedload transport (Egashira et al., 2001; Rickenmann 
et al., 2003; Cao et al., 2004). In estimating the debris load using geomorphologic 
methods, therefore, possible solids input from the transit stretch are included, if the 
estimation procedure is applied in the fan area according to Fig. 4.13.

4.4.1 Maximum discharge

Field observations indicate an empirical relation between maximum discharge Qp 
[m3/s] and debris load M [m3] (Rickenmann 1999), as illustrated in Fig. 4.14. Here 
one distinguishes between granular and muddy debris flows (Mizuyama et al., 1992):

Maximum discharge QP

Flow velocity V

Flow cross-sectional area A

Total runout distance L 
Runout distance on fan Lf 

Debris-flow volume M 

Figure 4.13  Calculation sequence of empirical approaches to estimate the most important flow param-
eters of debris flows. Modified from RICKENMANN (1999).
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74 Methods for the quantitative assessment of channel processes in torrents (steep streams)

Qp = 0.135 M0.78 (granular debris flow) ( 4.2)
Qp = 0.0188 M0.79 (muddy debris flow) ( 4.3)

This distinction is based on observations made in Japan, and it has been con-
firmed partly by debris flow data from other parts of the world. The classification, 
however, is not always easy. Thus, the data of the Rio Moscardo in Fig. 4.14 possibly 
lies nearer to the line of Eq. 4.3, since the debris flow discharges may have been rich 
in water. The debris flows in the Jiangjia ravine are very rich in fine material and one 
would expect therefore that the data points would scatter around Eq. 4.3 rather than 
Eq. 4.2. The debris flows in the Illgraben are also rich in fine material, but contain, 
in general, little cohesive sediment. When using the equations for predictions, the 
data range of the observed values should be considered as well as the fact that the 
maximum discharge should be correlated preferably with the volume of the biggest 
single surge than with the total debris load of an event. In the case of the data of the 
debris flows “Switzerland 1987” plotted in Fig. 4.14, the individual surge volume is 
not known. In alpine regions the assumption that M is greater than about 50,000 m3 
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Figure 4.14  Maximum discharge Qp of the water-solids mixture as a function of the debris load M. 
Data sources are indicated in RICKENMANN (1999), and some more recent data are from 
MARCHI et al. (2002), HÜRLIMANN et al. (2003), RICKENMANN et al. (2003), and BERGER et al. 
(2011b).
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is rather implausible, as shown in the analysis of the debris-flow surges of the 1987 
events in Val Varuna (VAW 1992).

4.4.2 Flow velocity

To estimate the mean flow velocity V [m/s] two different equations are proposed here 
(RICKENMANN 1999):

V = 2.1 Q0.33 S0.33 (4. 4)
V = kSt h

0.67 S0.5 (4.5)

where Q [m3/s] is the discharge, S the channel slope [m/m] in the considered stream reach, 
kSt a pseudo Strickler coefficient [m1/3/s] and h [m] the flow depth. The use of Eq. 4.4 
and Eq. 4.5 for data from debris flows and water discharges are shown in Fig. 4.15 and 
Fig. 4.16. In these figures only some datasets from Rickenmann (1999) were used, i.e. 
datasets A and B (debris-flow data with directly measured flow velocities) and dataset G.

For the debris-flow data shown in Fig. 4.16, an average friction value is about 
kSt = 10 m1/3/s. For granular debris flows in natural channel reaches, kSt values are 
obtained in the range of 6 m1/3/s (Rickenmann & Weber 2000). For debris flow dis-
charges in artificial (canalized) channels, the pseudo Manning-Strickler coefficients 
could be up to 50% higher (Pwri 1988). Eq. 4.4 is valid for natural channel reaches; 
thus, in artificial channels an approach such as Eq. 4.5 is preferable.
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Figure 4.15  Use of Eq. 4.4 for debris flows and water discharges. Comparison of calculated and 
observed flow velocities. Modified from RICKENMANN (1999).
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4.4.3 Total runout distance

If there are significant deposition or redistribution reaches, a small debris flow could 
come to a standstill there. The estimate of the possible deposition volumes in such a 
reach and the comparison with the estimated expected debris load permits an assess-
ment of whether discontinuation of the debris flow is probable. Depositions and over-
flowing of the banks may also take place upstream of narrow flow cross-sections as 
a result of retrogressive aggradation. In the case of large debris-flow events (which 
are relevant for the hazard assessment), it is generally very likely that debris flows 
reach to the fan. The analysis of 82 debris-flow events in the summer of 1987 in 
Switzerland showed that: (a) A minimum general slope of less than 19% was nowhere 
found. The general slope denotes the mean slope of the total flow path from the point 
of initiation of the debris flow down to the lowest deposition point; (b) In general, 
the runout distance L [m] is dependent on the debris load M [m3]. The analysis of 
further data from other regions suggested the inclusion, in addition, of the height dif-
ference He [m] between the uppermost point of initiation and the lowest deposition 
point (Rickenmann 1999; Rickenmann & Scheidl 2010), resulting in the following 
equation for the mean runout distance:

L = 1.9 M0.16 He
0.83 (4.6 )
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Figure 4.16  Use of Eq. 4.5 for debris flows and water discharges.  For both sets of data in each case, 
a mean STRICKLER coefficient kSt is assumed. Comparison of calculated and observed flow 
velocities. Modified from RICKENMANN (1999).
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To estimate an upper limit of the runout distance Lmax the following relation may 
be used:

Lmax = 5 M0.16 He
0.83 (4.7 )

In contrast to Eq. 4.2 and Eq. 4.3 for the derivation of Eq. 4.6 and Eq. 4.7 the total 
debris load was used and, thus, it has to be input here. The use of Eq. 4.6 and Eq. 4.7 
for data from debris flows is shown in Fig. 4.17. For predictive estimates, a further rela-
tion between L and He is necessary. This is the longitudinal profile of the expected flow 
path, whereby Eq. 4.6 and Eq. 4.7 can be solved either mathematically or graphically.

Other empirical equations for the total travel distance of debris flows were pro-
posed by Corominas (1996), Legros (2002), Toyos et al. (2008), and Prochaska 
et al. (2008). In most of these approaches the runout length is essentially a function of 
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Figure 4.17  Estimation of the total runout distance with Eq. 4.6 and  Eq. 4.7. The field debris-flow data 
are from RICKENMANN (1999). Modified from RICKENMANN (1999).
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the volume and angle of reach or the longitudinal profile of the expected flow path. 
Another empirical approach to estimate the total travel distance is based on a sedi-
ment budget along the flow path (Cannon 1993; Fannin & Wise 2001).

4.4.4 Deposition length of the fan

For the deposition length Lf on the fan the data used by Rickenmann (1999) shows 
only a very weak dependence on the debris load M. Thus, an empirical estimation for-
mula is not recommended. Nevertheless, for a particular torrent channel and a given 
fan topography, it may be expected that with similar material properties larger debris 
flows flow further than smaller ones. Larger debris flows have a tendency for larger 
maximum discharges (see Eq. 4.2 and Eq. 4.3), together with larger flow velocities 
and/or larger flow cross-sections. Based on a momentum consideration of the flow of 
the water-debris mixture on a uniformly sloping surface, the deposition length Lf can 
theoretically be estimated as follows (Hungr et al., 1984):

Lf = AV
2/G (4.8) 

AV = Vu cos(βu – β) [1 + (g hu cosβ u)/(2 Vu
2)] (4.9)

G = g (SR cosβu – sinβ) (4.10)

where β = slope of the deposition reach, βu = slope of the steeper inflow chan-
nel, Vu = flow velocity in the inflow channel, hu = flow depth in the inflow chan-
nel, SR = friction slope (sliding friction only), assumed to be constant in the runout 
reach, and g = gravitational acceleration. Hungr et al. (1984) assumed that 
SR = 0.176 = tan(10°) and obtained thereby good agreement between observed values 
of Lf for five debris flows in Western Canada and values calculated using Eq. 4.8. 
On the other hand, the use of Eq. 4.8 for debris flows in the Kamikamihori valley in 
Japan (with measured discharge parameters) resulted in better estimated values for 
Lf, provided SR ≈ 1.1 tanβ is chosen instead of SR = tan(10°). This holds likewise for 
the application of Eq. 4.8 to some debris flows in Switzerland in 1987, if flow depths 
obtained from field observations are determined and the flow velocities are calculated 
with a Chezy equation or with Eq. 4.2 and Eq. 4.4 (Rickenmann 2005b). Fig. 4.18 
presents a comparison of calculated and observed deposition lengths.

It is interesting to note that the values calculated with Eq. 4.8 to Eq. 4.10 assume 
a minimum for flow velocities Vu between about 2 m/s and 4 m/s (Rickenmann 
2005b). A possible dependence of SR on β is not surprising since the friction slope 
depends on the material properties of the debris flow, which is reflected roughly also 
in the fan slope. Other methods to estimate the runout distance of debris flows are 
discussed in Rickenmann (2005b) and Rickenmann & Scheidl (2010).

4.4.5 Impact forces

Several studies suggested that the impact pressure of debris flows on obstructions 
may be estimated in a similar way to that for the dynamic pressure for Newtonian 
water flows. In the region of the front of the debris flow, stones and large blocks of 
up to several meters diameter can be transported. In this case, locally higher pressures 
are to be expected. Based on measurements of the debris flow impact force on rigid 
obstructions, it is estimated that the pressure is, on average, about a factor 2 to 4 
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higher than the hydrostatic pressure (Geo 2000). Thus, the following formula for the 
dynamic impact pressure pd [N/m2] due to debris flow is proposed:

pd = αd ρM V2 sinβd (4.11)

where ρM [kg/m3] = density of the debris flow mixture, V = flow velocity [m/s], 
βd = impact angle (often βd = 90°) and αd = empirical coefficient (for debris flow of 
about αd = 2 to αd = 4). In flume tests the impact forces of both viscous and granular 
debris flows were measured by Scheidl et al. (2013), and values for αd ranging from 
about 1.5 to 12 were determined. A recent experimental study on the impact force of 
viscous debris flow indicated that the empirical coefficient αd may be a function of the 
approach flow Froude number Fr, with αd = 5.3 Fr1.5 (Cui et al., 2015). Interestingly, 
in a flume study by Scheidl et al. (2015), a similar dependence on the Froude num-
ber was found for the correction coefficient in debris-flow velocity estimates using the 
superelevation equation for Newtonian flows.
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Lf, using SR = 1.1 tanβ. With the events in Switzerland in 1987 the flow velocity (Vu) was 
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observed debris load (M) and Eq. 4.2 and Eq. 4.4. Adapted from RICKENMANN (2005b).
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To estimate the impact force of granular debris flows, a theoretically-derived for-
mula of Coussot (1997) resulted in a similar form to that for the dynamic pressure 
of Newtonian fluids, and the multiplication coefficient αd may take on higher values 
than 2 to 4. To take into account the impact of individual large blocks on a structure, 
a computational method is described in Egli (2005). Further approaches for calculat-
ing the impact force of debris flows were proposed by Armanini & Scotton (1993), 
Zanuttigh & Lamberti (2006), and Ancey & Bain (2015). Rickenmann (2008) 
compared these methods for the range of flow depths and flow velocities that can be 
expected on the torrent fan with debris flows. It was shown that for Froude numbers 
Fr much smaller than 1 the hydrostatic component is important, whereas for Fr > 1 
the hydrodynamic component dominates (see also Eq. 4.11).

4.5 MODELS FOR THE SIMULATION OF DEBRIS FLOWS

4.5.1 Empirical approaches

Some empirical methods or simple models to estimate the one-dimensional runout dis-
tance or deposition length on the fan are discussed in chapter 4.4.3 and 4.4.4. To delin-
eate potentially endangered areas in more detail, the runout pattern or the surface area 
of potential debris-flow deposits on the cone should be known. A simple topography-
based empirical approach was developed by Iverson et al. (1998), in which the depo-
sition area of Lahars is correlated by means of an empirical scaling function with the 
event volume. With additional assumptions and the aid of a Geographic Information 
System (GIS), potentially endangered areas can be demarcated in a simple way. Similar 
methods were tested and implemented for debris flows by Hofmeister et al. (2003), 
Crosta & Agliardi (2003), Berti & Simoni (2007), Oramas Dorta et al. (2007), 
Griswold & Iverson (2008), and Scheidl & Rickenmann (2010). The key element 
of all approaches is an empirical scaling relation between the planimetric deposition 
area of debris flows and the event volume. As a modification, in the model TopRunDF 
much greater consideration is given to the fan topography using a random algorithm to 
determine a distribution of the potential flow paths (Scheidl & Rickenmann 2010). 
The model TopRunDF was tested using numerous debris flow events in Switzerland, 
in Austria and in South Tirol (Rickenmann & Scheidl 2010). TopRunDF can be 
downloaded from the web page: http://www.debris-flow.at.

4.5.2 Simple analytical methods

Zimmermann et al. (1997) and Gamma (2000) describe an automated application of 
simple models using a GIS technique. This method was used in several areas in Switzer-
land to produce hazard index maps. The zones of initiation of debris flows are deter-
mined basically from the limiting slope or limiting range of slopes. To estimate the 
flow velocity and the total runout distance, a mass point model for the flow behavior 
of a Voellmy fluid is used. The two friction parameters of the Voellmy approach must 
be estimated on the basis of earlier events (Rickenmann 2005b). The spreading on the 
fan is simulated by means of a stochastic algorithm, which also has to be calibrated 
beforehand. The bedload potential is estimated in a simplified way by accounting for 
potential sediment delivery areas. Depending on the expected debris load, a large num-

RICKENM-Book.indb   80RICKENM-Book.indb   80 2/23/2016   7:39:31 AM2/23/2016   7:39:31 AM



Debris flows 81

ber of simulation runs are calculated, and thereby the spreading over the fan is coupled 
implicitly with the event magnitude. The resulting model is called DFWalk. In Switzer-
land the parameter of the Voellmy model DFWalk was investigated with the help of 
the back-calculation of a total of 75 debris-flow events with volumes in the range of 
3000 m3 to 450,000 m3 (Zimmermann et al., 1997; Gamma 2000; Genolet 2002).

The Voellmy model was originally developed for the analysis of the flow behavior 
of snow avalanches (Bartelt et al., 1999), and is based partly on hydraulics methods. 
A similarity between the deposition of debris flows and of snow avalanches is illus-
trated in Fig. 4.19.

Hungr et al. (1984) and Takahashi (1991) present a simple analytical method 
to describe the flow distance of a constant debris flow stream in the outflow region 
on the fan. The method is based on the momentum equation and the assumption of 
constant friction losses along the runout zone (see Eq. 4.8 to Eq. 4.10); it was first 
developed for snow avalanches and then applied to debris flows. The main difficulty 
lies in the selection of an appropriate friction coefficient (Rickenmann 2005b). This 
method was implemented in TopFlowDF, which otherwise exhibits similarities to 
TopRunDF (Scheidl & Rickenmann 2011). In contrast to TopRunDF an empiri-
cal surface-volume relationship is not necessary, but instead with TopFlowDF the 
(empirically determined) friction coefficient is important.

4.5.3 Numerical simulation models

Interestingly, to describe the general kinematic flow characteristics of rapid gravi-
tational mass movements such as snow avalanches, debris flows, rock avalanches 
and shallow landslides, to some extent similar modeling approaches were proposed. 

 Figure 4.19  Comparison of the deposition of (a) a debris flow (event of 19.7.1987; Photo A. Godenzi, 
Chur) and (b) a snow avalanche (Photo R. Godenzi, Poschiavo, photo date 8.5.1978), which 
both occurred in the Val Varuna catchment in the neighborhood of Poschiavo (Canton 
Grisons, Switzerland). The two events have roughly comparable deposition volumes.
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This is particularly evident for the simpler dynamic approach determining the 
flow behavior of a single-phase bulk mixture represented by a mass-point model 
(e.g. Scheidl et al., 2013), discussed for debris-flow application in the previous 
chapter 4.5.2.

Kinematic flow parameters like flow velocities or dynamic impact forces are often 
needed for a more detailed hazard assessment. This typically requires the application 
of numerical simulation models, which represent a more physically-based description 
of the flow behavior of gravitational mass movements of solids-water mixtures. The 
kinematic flow characteristics of a debris flow depend, for example, on the topo-
graphical and surface friction conditions, the water content, the sediment size and 
sorting and the dynamic interaction between the solid and fluid phases of the debris-
flow mixture (Iverson 1997). Debris flows with high flow velocities often exhibit 
a fluid-like displacement behavior, whereas, during the initiation and deposition 
phases, soil mechanics aspects are more important.

To describe the material and flow behavior of debris flows, various approaches 
were proposed and implemented in numerical simulation models. An important 
element of many proposed models is an appropriate formulation for the constitutive 
behavior of debris flows. The main problem for practical hazard assessment is that 
there are no clear criteria as to which methods (or constitutive equations) can be best 
applied to the various debris-flow types encountered in nature.

Initially, one group of simulation models considered the debris-flow mixture to 
be a quasi-homogeneous fluid as a first approximation, enabling the flow behavior to 
be described by a rheological model. A rheological model provides a relation between 
the shear rate γs (= change in flow velocity/change in flow depth) and the applied 
shear stress τ. The laminar flow behavior of water is defined as Newtonian flow (see 
Fig. 4.20) and can be described with the formula:

τ = μγs (4.12)

where μ = the dynamic viscosity. The simplest model to describe the flow behavior of 
viscous debris flow is the so-called Bingham model (see Fig. 4.20):

τ = τB + μγs (4.13)

The variable τB stands here for the shear strength—a second material parameter—
which has to be overcome by the driving forces before a fluid deformation (flow) 
can occur. As is evident from Fig. 4.20, a series of further models were proposed to 
describe the flow behavior of debris flows. A “pseudo-plastic” rheology is shear thin-
ning (i.e. the effective viscosity decreases with increasing shear stress); a “dilatant” 
rheology is shear thickening (i.e. the effective viscosity increases with increasing shear 
stress). A number of models are partly- or fully-based on a rheologic formulation for 
a Bingham or viscoplastic fluid (Choi & Garcia 1993; Laigle & Coussot 1997; 
Fraccarollo & Papa 2000; Imran et al., 2001; Malet et al., 2004). The rheological 
properties of a real debris-flow mixture are difficult to determine. For the fine mate-
rial of a debris flow, the rheological parameters were determined from laboratory 
measurements for some model applications (e.g. Laigle & Coussot 1997; Imran 
et al., 2001; Malet et al., 2004). However, it is much more challenging to deter-

RICKENM-Book.indb   82RICKENM-Book.indb   82 2/23/2016   7:39:33 AM2/23/2016   7:39:33 AM



Debris flows 83

mine the effect of the coarser components on the rheology (Phillips & Davies 1991; 
Coussot et al., 1998).

In several applications to natural debris flows, the pure Bingham model was 
modified by adding a friction term accounting for channel roughness and turbulence 
(O’Brien et al., 1993; Han and Wang 1996; Jin and Fread 1999). The model FLO-
2D (O’Brien et al., 1993) has probably been the most widely applied, commercially-
available, two-dimensional simulation program for debris flows. The constitutive 
equations consist of a rheological model that combines the Bingham rheology with 
an inertial friction term after Bagnold/Takahashi (1991) as well as a turbulent 
friction term; the effects of the last two friction terms are lumped into an empiri-
cally determined pseudo Manning coefficient (O’Brien et al., 1993). An example 
of the application of FLO-2D to simulate the deposition area on the fan of a debris-
flow event in Switzerland is shown in Fig. 4.21, which also illustrates the effect of 
buildings, which can be considered optionally with this model. As a somewhat more 
complex alternative for a viscoplastic fluid, a Herschel-Bulkley model was imple-
mented in another simulation program for debris flows (Laigle & Coussot 1996; 
Rickenmann et al., 2006b).

With the second group of simulation models, the mass continuity for the 
water and the solids is considered separately, i.e. two-phase models are considered. 
The erosion and deposition of solids are taken into account using simple approaches. 
Such models were developed especially in Japan (e.g. Nakagawa et al., 2000). With 
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F igure 4.20  Rheological characterization of different fluids. The shear strength τB or τo is also termed 
yield stress in some studies. Modified from KAITNA (2006).
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the two-phase models, a discharge hydrograph can be used as input so that the result-
ing solids concentration depends basically on the channel slopes and the properties 
of the bed material. The deposition of the solids is obtained using similar methods as 
applied to fluvial bedload transport.

The modeling approach of Iverson & Denlinger (2001) takes account of 
basal pore water pressures and other soil mechanics aspects. The two phases of 
granular solids and a viscous fluid are coupled using mixture theory (Iverson & 
Denlinger 2001; Denlinger & Iverson 2001). The model is based on a generali-
zation of the approach of Savage and Hutter (1989) for dry granular avalanches. 
A further development is the D-Claw model (Iverson & George 2014; George & 
Iverson 2014), which combines continuum conservation laws with concepts from 
soil mechanics, fluid mechanics, and grain–fluid mixture mechanics. An important 
aspect of this model is that both the solid volume fraction and basal pore-fluid pres-
sure can evolve over time. It has been successfully applied to the 2014 landslide/debris 
flow event near Oso, Washington, USA (Iverson et al., 2015).

deposition 

0.01-0.1
0.1-0.2
0.2-0.3
0.3-0.4
0.4-0.5
0.5-0.75
0.75-1

1.25-1.5
1-1.25

1.5-2

F igure 4.21  Simulation of the area and thickness of debris-flow deposits of the event of 24 August 
1987 on the fan of the Minstiger stream (Switzerland) with the program FLO-2D. The area 
with dark-red points corresponds to the observed debris-flow depositions. In the figure 
on the right the effect of houses on the flow were taken into account in the simulation, 
but not in the figure on the left. In both cases the calculation was carried out with the 
same pseudo MANNING-STRICKLER value, but with different BINGHAM-parameters. The area 
with yellowish-green points in the lower fan region indicates fluvially redistributed finer 
sediment due to subsequent flooding.
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The DAN model was derived from the work of Hungr (1995) for the analysis 
of the one-dimensional flow behavior of mass movements, with an option to select 
different rheological “friction” approaches. Similar simulation models were devel-
oped by Rickenmann & Koch (1997) and Näf et al. (2006). The DAN model was 
later extended to two-dimensional analyses and is designed to be an efficient tool 
for practical application (McDougall & Hungr 2004; Hungr & McDougall 
2009).

The Voellmy approach is well known in Switzerland, above all due to its 
application to snow avalanches. It involves a base (Coulomb) parameter and a 
“turbulent” friction parameter (Bartelt et al., 1999). Numerical models with 
Voellmy rheology were successful in back-calculating shallow landslides, 
hillslope debris flows and channelized debris flows (Rickenmann & Koch 1997; 
Hürlimann et al., 2003; Chen & Lee 2003; Swartz et al., 2003; McArdell 
et al., 2003; Revellino et al., 2004). The model RAMMS is also based on the 
Voellmy rheology; the module for debris-flow simulation is available both in a 1D 
version and in a 2D version (Scheuner et al., 2009; Christen et al., 2012). The 
latter version of RAMMS was also adapted for the simulation of hillslope debris 
flows (Christen et al., 2012).

Numerical simulation models applied in case studies to real debris flows include 
RAMMS (Christen et al., 2010, 2012), DAN or DAN-3D (Ayotte & Hungr 2000; 
McDougall & Hungr, 2004, 2005), FlatModel (Medina et al., 2008), MassMov2D 
(Begueria et al., 2009), RASH-3D (Pirulli & Sorbino, 2008), and TRENT-2D 
(Armanini et al., 2009). Typically, appropriate values for the rheologic or friction 
parameters were assumed or back-calculated from field observations (Hungr 1995; 
Rickenmann & Koch 1997; Ayotte & Hungr 2000; Revellino et al., 2004; Naef 
et al., 2006; Rickenmann et al., 2006; Tecca et al., 2007; Hungr 2008; Hürlimann 
et al., 2008; Pirulli 2010).

Basically, continuum mechanics simulation models provide the most accurate 
description of the flow processes, including the deformation of the moving mass 
along its path as well as detailed spatial and temporal information on the flow 
parameters. Knowledge of the spatial distribution of the parameters flow velocity 
and flow depth is important for the production of hazard maps (e.g. BWW/BRP/
BUWAL 1997). It must be stressed, however, that generally the rheological model or 
friction parameters cannot be determined directly (i.e. from samples), but must be 
assumed on the basis of experience or ideally be “calibrated” from past events in the 
same region (Rickenmann et al., 2006b; Rickenmann, 2016). Theoretically, based 
on sediment samples and laboratory tests, the rheological parameters of viscoplastic 
fluids can be determined for a Bingham or Herschel-Bulkley model; however, 
this approach typically cannot account for the influence of sediment particles greater 
than several mm in size.

Various investigations showed that, for the depositional behavior of debris flows 
on the fan, the topography is a very important and governing factor (Rickenmann 
et al., 2006b; Scheidl & Rickenmann 2010; Rickenmann & Scheidl 2010). Thus, 
an appropriate digital terrain model (DTM) must include an accurate representation 
of the channel and other depressions on the fan For simulations in the context of a 
hazard assessment, appropriate scenarios for the input conditions have to be defined 
for example at the fan apex, including assumptions of the total volume of debris flow 
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in an event, the number of surges, and possible depositions on the channel bed due to 
smaller surges.

4.6  SCENARIOS AND DEPOSITION IN THE AREA 
OF THE FAN

4.6.1 Uncertainty and scenarios

The term scenario is used here in the context of various assumptions that typically 
have to be made for the hazard assessment of a future debris-flow event. These 
assumptions refer, for example, to the number and size of individual surges, the 
rheologic properties of the mixture (e.g. water content), and possible clogging or 
log-jam locations that could induce flow overtopping out of the channel. All of 
these parameters are difficult to predict, yet they can have a big effect on the flow 
and deposition behavior on the fan by influencing the sequence of flow processes 
over the duration of a debris-flow event. The establishment of such scenarios is 
the more challenging the scarcer the information on past events. It is also difficult 
because the estimation of the frequency of events of a given magnitude is typically 
imprecise. Thus, one has to work with scenarios that are assigned approximate 
recurrence periods.

Debris flows generally occur in steep headwater catchments, where often there is 
a strong interaction between different processes. Hillslope processes can lead to sig-
nificant sediment delivery to the channels. A larger landslide can rapidly deposit solid 
material in the channel leading to a (partial) blockage (retention) of the channel dis-
charge with the danger of a collapse of the “dam” thus formed. In steep channels the 
processes of “flooding”, “bedload transport” and “debris flows” often occur in close 
combination. Here, of interest are not only possible sediment supply sources but, 
above all, the critical places where an obstruction or complete blockage of the water 
and sediment discharge may induce an overflowing of the channel banks (e.g. due to 
a log jam at a bridge cross-section), thereby influencing the potential area affected by 
debris-flow or bedload deposition.

For the assessment of sediment transfer processes in headwater catchments, rela-
tively large uncertainties still exist with the use of both empirical methods and of 
numerical simulation models. A proper assessment is also hampered by the difficulty 
to distinguish between various debris-flow types (granular debris flows, mudflows). 
Thus, in a technical report on hazard assessment, it is important to state the assump-
tions made, to point out uncertainties and possibly to perform sensitivity analyses on 
the chosen input and boundary conditions.

4.6.2 Traces of earlier deposits on the fan

The dominant sediment transfer process (i.e. fluvial bedload transport or debris flow) 
influences the type of deposit. In the region of debris-flow deposits, all particle sizes 
are distributed more or less uniformly over the area of deposition, but large boulders 
at the front of individual debris-flow surges are often transported to the distal end of 
the deposit. On the other hand, in floods with fluvial bedload transport the coarser 
components are likely to be deposited on steeper slopes, whereas the finer particles 
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are transported to flatter parts of the fan. In addition, finer particles of debris-flow 
deposits may be partly re-entrained and re-distributed due to the subsequent runoff 
that is less sediment-laden.

If there are traces of earlier debris flows on the fan and/or historical documents 
are available, the assessment of the depositional behavior should be partly based on 
this information (see also Table 4.2). In comparison with earlier deposits, the size 
(areas) of the endangered zones may have to be adjusted according to the expected 
debris load (see also chapter 4.5). Generally steeper fans of irregular fan topography 
with a rough surface (in the case of a natural fan) point to debris-flow activity. In 
the evaluation of the traces on the fan (old deposits) primarily the following factors 
should be taken into account.

4.6.2.1 Old deposits

An accumulation of boulders bigger than about 0.5 m to 1 m diameter points to old 
debris flow deposits, especially if these deposits lie outside the channel. Levées or debris 
lobes are (if they are still recognizable) also pointers to areas endangered by debris 
flow. However, the present fan situation may not necessarily be the same in future. For 
example, a changed debris-flow topography at the fan apex (after sediment deposition) 
may induce a new direction of the course of the stream, and, thus, another side of the 
fan may become endangered. Or a changed future discharge regime with more fluid 
discharges containing less bedload may lead to a more incised channel at the fan apex, 
and areas covered earlier by debris may no longer be endangered. Inactive discharge 
channels and relicts of old stream courses generally point to earlier debris flow activity 
over the fan, which may have been caused by both debris flows and “normal” flood 
events with fluvial sediment transport. It should also be noted that due to human use 
or construction on a fan, old debris traces may no longer be visible.

4.6.2.2 Vegetation cover

If, in the region of the fan, there are areas with tree populations of clearly differing 
ages, then these may be associated with corresponding debris flow events going back 
a long time (if a similar influence of snow avalanche events can be excluded).

4.6.2.3 Outcrops in old deposits

If outcrops are present the type of layering may be an indication of earlier debris-flow 
activity and the individual layer thickness may provide information on the magnitude 
of the event. If future potential deposition areas are inferred from old debris-flow 
deposits, possible changes due to channel protection works or new buildings should 
also be considered. Further, traces of old deposition may have been obliterated by 
agricultural or other land use on the fan.

4.6.3 Simple assessment of depositional behavior

If there are no traces or indications of earlier events, the potential deposition zones 
have to be estimated solely using the expected debris load, the topography of the fan, 
and with assumptions concerning the geometry of the deposition.
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An estimate can be made of possible locations of outflow from the channel by 
comparing the required flow cross-section with the existing channel cross-sections 
along the fan (see also Fig. 4.13). Hereby, scenarios should also consider, for exam-
ple, that log jams may form at cross-sections under bridges as a result of driftwood 
transport (see also chapter 4.6.1). Essentially, the depositional behavior of a debris 
flow on the fan is controlled by its material properties, in addition to the topography. 
In the case of a simple estimate of affected areas, first that part of the debris load is 
determined which will probably be deposited in the channel itself. This part can vary, 
depending on the location where overflowing on the riverbanks is expected. Even 
with an adequate channel capacity, filling of the channel is possible; for example, if, in 
the region of the confluence, there is insufficient room for the deposition of the mate-
rial or if the receiving stream is not able to transport the material any further. Then, 
in the second step, the remaining debris load has to be “distributed” over the fan.

If the length of debris-flow deposition on the fan is estimated using empirical 
approaches, this value should be compared to historical deposits (if any) and if neces-
sary adjusted accordingly. If there is no evidence of old deposits, as a rough approxi-
mation it may be assumed that the width of the deposit is about ten times that of the 
debris-flow width at the fan apex (Ikeya 1981). The mean thickness of the deposit of 
debris on the fan is often in the range 0.5 m to about 3 m. With these approximate 
guide values it is possible with some plausibility to distribute the debris load over the 
fan. Hereby, it is always necessary to keep in mind that the possible overflow loca-
tions and the topography as well as structures (buildings, traffic structures) can influ-
ence considerably the propagation and depositional behavior.

4.7 FINAL REMARKS

Besides the approaches presented here in chapter 4, other documentations on esti-
mating the various debris-flow parameters can also be found for example in Hungr 
et al. (1984), Ikeya (1981, 1987), Pwri (1988), Rickenmann (1995, 1999), 
Takahashi (1981), VanDine (1985, 1996) and Heinimann et al. (1998). Regarding 
the hazard assessment of torrents prone to debris-flow occurrence, mainly several 
empirical methods have been discussed in detail here. Overall, there is a variety of 
models to describe the initiation, flow and depositional behavior of debris flows. Each 
of these models, however, applies to specific material mixtures and boundary condi-
tions. In nature, the material composition and the water content of debris flows can 
vary greatly. This makes the selection of different types of debris-flow models diffi-
cult, because appropriate criteria for that are still largely missing. Therefore empirical 
approaches continue to have an important part to play.

Regarding the prediction of debris flows, it is possible, in principle, to deter-
mine critical values of rainfall for regionally-limited areas, provided that a sufficient 
number of observations are available concerning past events. However, it is scarcely 
possible to make a prediction of the exact place (stream channel) of occurrence. Early 
warning systems are primarily useful to close endangered traffic routes in case of 
a debris-flow event with the aid of appropriate monitoring devices (Chang 2003; 
Badoux et al., 2009; Stähli et al., 2015).

Often the information on earlier debris-flow events is very limited, and estimat-
ing the frequency of occurrence of events of a particular magnitude is only possible in 
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approximate terms. Nevertheless, information on earlier debris-flow activity is very 
important in addition to the assessment of the potential sediment supply during a 
future event. Such information is not only the basis for the magnitude-frequency rela-
tionship, but can also provide important clues for the flow behavior. Therefore it is 
very important to document past events (e.g. Hübl et al., 2002) as well as to establish 
event catalogues of landslides, debris flows and floods.

In engineering practice, the process assessment of debris flows depends mainly on 
the analogy to earlier events, on an integral assessment of the catchment, on empirical 
approaches to estimate the most important debris flow parameters, and on simula-
tion models. The most important parameter to estimate the debris-flow hazard is the 
possible debris load. The use of Geographic Information Systems (GIS) has become 
more important to estimate the erosion potential and potential debris loads. Simple, 
semi-empirical models to determine the extent of the debris flow are used for example 
in combination with GIS, for the preparation of hazard index maps.

Detailed process assessments are necessary for the preparation of hazard maps at 
a more refined scale. This is often accomplished with numerical models for the simula-
tion of the debris-flow behavior. An uncertainty in this process is the determination or 
estimation of the model parameters to characterize the material or flow behaviors. In 
general, these parameters cannot be determined directly using samples of debris mate-
rial, since the necessary rheological testing equipment for this is not available. There-
fore, these parameters have to be estimated by back-calculations of similar events. In 
assessing the hazards also a possible combination of processes should be taken into 
account. An example of sediment deposits from a debris flow that were partially 
eroded again by a subsequent flood on the fan and transported further downstream is 
illustrated in Fig. 4.21 and Fig. 4.22.

Fig ure 4.22  Debris-flow deposits of the event of 24 August 1987 on the Minstiger stream fan in Swit-
zerland (photo M. Zimmermann, Thun). The debris flow consisted of a single surge that 
took place at the beginning of the afternoon, while the fluvial deposits are the result of 
a flood that occurred in the evening of the same day and also re-entrained finer material 
from the debris-flow deposits. (Compare also Fig. 4.21).

RICKENM-Book.indb   89RICKENM-Book.indb   89 2/23/2016   7:39:39 AM2/23/2016   7:39:39 AM



This page intentionally left blankThis page intentionally left blank



Chapter 5

Magnitude and frequency 
of torrent events

Although the relation between the magnitude and the frequency of a debris-flow event 
is essential for any hazard or risk analysis, it is often difficult to assess. The magnitude 
of a debris flow event forms an input or basis both for simple empirical relations to 
estimate important flow parameters (chapter 4.4) and for numerical models simulat-
ing flow propagation and deposition (chapter 4.5).

It is very challenging to determine accurately the probability of occurrence of 
debris flow events of a given magnitude in torrent catchments, because historic data 
are generally approximate and a detailed assessment of sediment deposits by strati-
graphic analysis is typically very expensive (Jakob 2012). This statement is also valid 
partly also for bedload transporting flood events in torrents. While, in this case, exist-
ing rainfall data may facilitate the frequency of rainfall-runoff events of different mag-
nitudes, the sediment supply or sediment availability is much more difficult to assess. 
If historical data about earlier events are available, they often provide very important 
information, even if, in general, no statistical evaluation can be made with them in a 
narrow sense. The traditional concept of extreme value analysis of flood discharges 
cannot be transferred directly to torrent events; in case of a limited bedload potential, 
for example, the probability of a future event may largely depend also on the actual 
stock of movable sediments.

The most important factors in connection with the occurrence of debris flows are 
the identification of possible triggering zones and sediment supply sources (and, thus, 
of the event magnitude) as well as the estimation of the frequency of events (Jakob 
2005). In torrents prone to debris flow occurrence, the debris load is generally (much) 
bigger than the sediment load of a flood event with only fluvial bedload transport, and 
thus is more relevant for the hazard assessment. Here, therefore, the question of appro-
priate methods to determine the debris load is discussed primarily in detail. The debris 
loads reported for past events usually include both the volume of solids and pores. 
In addition, empirical values of debris loads are often based on the solids deposition 
of a whole event, possibly including multiple debris-flow surges and fluvial bedload 
transport. In this publication, the event magnitude is assumed to equal the debris load.

To estimate the debris load or the bedload of torrent events the hydrological and 
geomorphological characteristics of a catchment are important. The sediment supply 
to the channel network in steep headwater catchments and the total amount of sedi-
ment transferred to the fan is controlled both by mass movements on the adjacent 
hillslopes and erosion and deposition of sediments along the channel (bed and banks) 
during a flow event (Fig. 5.1).
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92 Methods for the quantitative assessment of channel processes in torrents (steep streams)

The fundamental importance of the geologic and geomorphologic aspects of tor-
rent catchments for erosion processes and mass movements is summarized by Bunza 
et al. (1976). After Stiny (1931), a torrent catchment with relatively young alluvial 
deposits (“young debris” torrent) is characterized by sediment supply sources con-
sisting mainly of recently weathered rock material. By contrast, according to Stiny 
(1931), in a torrent catchment with abundant residual colluvium (“old debris” tor-
rent) there is generally almost unlimited sediment availability (e.g. due to glacial mate-
rial consisting of moraine deposits from the various ice ages). The moraine materials, 
especially those with much fine material, belong to the most hazardous sediment 
sources of the Alps for torrent floods and debris flows (Luzian et al., 2002). The 
importance of hillslope processes for the sediment supply to channel processes in steep 
catchments is also discussed for example in Benda et al. (2005), Wichmann et al. 
(2009), Geertsema et al. (2010), and Theler et al. (2010).

In principle, potential future sediment delivery processes may be modeled for 
entire headwater catchments to estimate possible event magnitudes for example based 
on rainfall scenarios and slope stability analyses (e.g. Montgomery & Dietrich, 
1994; Baum et al., 2010; von Ruette et al., 2013). However, when applying such 
models in practical hazard assessment, one of the main challenges is that the char-
acteristics of the soil and subsurface layers are often heterogeneous and unknown. 
Therefore, the focus here is more on primarily field-based approaches relying on an 

channel

hillslope

precipitation

channel runoff

surface runoff

subsurface water

sediment delivery to
channel network

fluvial erosion 

landslides

sediment transfer

deposition outside
of channel 

lateral
erosion 

channel
erosion

Sediment
delivery to
fan area 

in-channel
deposition

 Figure 5.1  Simplified process system for torrents, after LIENER (2000) and GERTSCH (2009). The total 
amount of sediment transferred to the fan during a torrent event depends on the sediment 
supply from the hillslopes as well as on the erosion and deposition of sediments along the 
channel. Modified from LIENER (2000) and GERTSCH (2009).
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assessment of hillslope sediment delivery and empirically derived channel erosion 
rates to be expected during a defined triggering event (in terms of rainfall conditions).

5.1  EMPIRICAL APPROACHES TO ESTIMATE THE 
MAGNITUDE OF AN EVENT

Some empirical approaches for estimating the debris load or solids load of a torrent 
event are summarized in Table 5.1. Such approaches usually include simple catchment 
parameters. They allow an estimate of either an upper limit or of a mean value of the 
possible debris load or the bedload volume. Only two approaches account for geo-
logic characteristics. In the equation of Kronfellner-Kraus (1984), the coefficient K 
varies with the geology and the catchment area, with values between about 250 (tor-
rents of the alpine foothills in Austria) and about 1750 (torrents with large sediment 
sources in residual colluvium [see also chapter 5.5 below]). The value for the geologic-
lithologic index IG after D’Agostino & Marchi (2001) can take on values in the 
range 0.5 to 5, depending on the susceptibility to weathering of the surface material.

A comparison between observed bedload as a function of the size of the catch-
ment area exhibits a large scatter of several orders of magnitude (Fig. 5.2); thus, these 
formulae can only provide very rough estimates. For the development of more reliable 
approaches, in particular the special geological, geomorphological and hydrological 
features of a torrent catchment must be taken into account, requiring more detailed 
investigations.

It may be helpful for the hazard assessment of a particular torrent catchment 
to compare the estimated event load with the range of values from earlier observa-
tions. As an example, for Switzerland there is a compilation of the specific event 
loads per unit catchment area, grouped according to the predominant geology (i.e. for 
torrents in the alpine limestone regions, in the crystalline rocks, in the Molasse and 
Flysch areas) (Spreafico et al., 2005; Grasso et al., 2007) (Fig. 5.3 and Fig. 5.4). 

Table 5.1  Simple empirical equations for a rough estimate of the event load of a debris-flow event 
or a bedload-transporting flood in a torrent; N = number of events as a basis to derive a 
formula. Definition of the parameters: M = “maximum” event load [m3]; Ma = mean event 
load [m3]; Ac = catchment area [km2]; Sc = mean channel slope [−]; Sf = mean fan slope [−]; 
Lc = length of the active channel [m]; K = torrentiality factor; IG = geologic-lithologic index. 
(*) This relationship was first derived for event loads in the case of bedload transport, and 
the coefficients were then adjusted for 15 larger debris flow events in Austria.

Equation N Source

M = K Ac 100 Sc
1420 KRONFELLNER-KRAUS (1984); 

KRONFELLNER-KRAUS (1987)
M = 27000 Ac

0.78 ∼65 ZELLER (1985); RICKENMANN (1995)
Ma = 150 Ac (100 Sf − 3)2.3 15 (*) HAMPEL (1980)
M = Lc (110 − 250 Sf) 82 RICKENMANN & ZIMMERMANN (1993)
Ma = 13600 Ac

0.61 551 TAKEI (1984)
Ma = 29100 Ac

0.67 64 D’AGOSTINO et al. (1996)
Ma = 70 Ac Sc

1.28 IG 84 D’AGOSTINO & MARCHI (2001)
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formulae from Table 5.1.
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Further evaluations of these data from sediment retention basins indicate that the 
shape of the catchment could also have some influence (Grasso et al., 2010).

5.2  FIELD-BASED ESTIMATE OF THE EVENT 
MAGNITUDE

For a more exact assessment of the potential event magnitude (debris load or bedload), 
which could be mobilized during a rainstorm event, a geological-geomorphological 
assessment of the catchment is performed in many cases, whereby the use of a Geo-
graphic Information System (GIS) may be helpful. The main potential triggering areas 
of debris flows are steep channels or gullies with abundant regolith (colluvium, allu-
vium) or unstable hillslopes. The latter can also be important for the formation of 
hillslope debris flows and sediment delivery to the channel network.

A method used frequently in engineering practice to assess the potential event 
magnitude is to estimate average erosion cross-sections (“channel debris yield rates” 
according to Hungr et al., 1984) for more or less homogeneous channel reaches. 
The resulting erosion volumes are then summed over the whole length of the chan-
nel network thought to be affected by sediment entrainment during the event. Typi-
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Fi gure 5.4  Specific annual sediment load (normalized by catchment area) versus catchment area, 
and subdivided according to geology. There is a tendency for the specific annual event 
load to decrease with increasing size of the catchment. Data from GRASSO et al. (2007) in 
Hydrological Atlas of Switzerland.
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cal values of channel debris yield rates as a function of the channel properties and 
geological-lithological conditions are given in Table 5.2, according to Hungr et al. 
(1984). Similar observations on specific channel erosion rates for debris flows and 
torrent events are reported in Spreafico et al. (1996), Zimmermann & Lehmann 
(1999), Marchi & D’Agostino (2004), and Hungr et al. (2005). According to an 
investigation of debris-flow events in Switzerland (Rickenmann & Zimmermann 
1993) the mean specific channel erosion rates varied between 40 m3/m and 90 m3/m, 
and locally values of 500 m2 to 650 m2 were observed. Such large values were also 
reported after the outbreak of water from water pockets in glacial areas (HAEBERLI 
1983). Outburst flows of water from glacial lakes can lead to very hazardous debris 
flows, since below the dam breach large discharge peaks can occur and further down-
stream there are typically steep channels within morainic material that can often be 
eroded easily (Clague & Evans 2000; Chiarle et al., 2007).

Based on the limited number of observations in Switzerland and Austria an 
approximate empirical formula was proposed to estimate the “maximum” erosion 
depth Te [m] in function of the local channel slope S [m/m] (Vaw1992):

Te = 1.5 + 12.5 S (5.1)

However, as mentioned in chapter 4.3, only very limited field observations are 
available to document the erosion of debris-flows along the flow path. Therefore, 
methods for a practical estimation of debris entrainment are largely lacking, despite 
its importance for the hazard assessment. An example of strong bed and bank erosion 
along the channel during debris-flow events is shown in Fig. 5.5.

As a method to estimate a potential event magnitude for a torrent catchment 
based on specific channel erosion rates, in Switzerland the field-based approach of 
Lehmann (1993) was further developed (Frick et al., 2008, 2011; Kienholz et al., 

Table 5.2  Typical values for channel debris yield rates in function of the channel properties and geologic-
lithologic conditions from a Canadian investigation of HUNGR et al. (1984). Catchments with 
areas of 1 to 3 km2 were investigated. The stability condition (*) refers to the situation prior 
to the expected event.

Channel 
type

Gradient 
[°] Bed material Hillslopes

Stability 
condition (*)

Channel debris 
yield rate [m3/m]

A 20–35 bedrock non-erodible stable, practically 
bare of soil cover

0–5

B 10–20 thin debris or 
loose soil over 
bedrock

non-e
rodible 

(bedrock)

Stable 5–10

C 10–20 deep talus or 
moraine

less than 
5 m high

Stable 10–15

D 10–20 deep talus or 
moraine

talus, over 
5 m high

hillslopes at 
repose

15–30

E 10–20 deep talus or 
moraine

talus, over 
20 m high

hillslopes 
potentially 
unstable 
(landslide area)

up to 200
(consider as 
point source)
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2010). This method called “SEDEX” allows for a more systematic assessment of the 
sediment contributions of individual channel reaches to estimate a total event volume 
to be expected at the fan apex. Hereby, several possible event scenarios (e.g. typical 
rainstorms with a given return period) as well as uncertainties are considered sys-
tematically. An important goal of this approach is to ensure the reproducibility and 
transparency of the assessments.

5.3  COMBINED METHOD FOR ESTIMATING THE EVENT 
MAGNITUDE

In addition to the method SEDEX, a somewhat more complicated approach for 
estimating a potential event magnitude for debris flows and fluvial bedload trans-
port in torrents was developed subsequently (Gertsch 2009; Gertsch et al., 2010; 
Kienholz et al., 2010). This method is called “Gertsch” method. In addition to field 
or map-based estimates of specific channel erosion rates, it includes expert knowledge 
to modify these first estimated based on a number of catchment characteristics. The 
method was developed from the analysis of 58 large torrent events in the Swiss Alps 
(mainly debris flow events) with a recurrence period of at least about 100 years. The 
method was programmed as a kind of expert system in the form of an Excel file with 
an assessment of both hillslope and channel processes, and it was validated using 
43 test catchments with large torrent events. The method is suitable for catchments 
smaller than 10 km2 in alpine and pre-alpine torrent systems with a mean channel 
slope well above 10%, and in which active bedload transfer processes can be expected.

The method consists of a system-based approach. It is assumed that the extent 
of sediment entrainment along a channel reach is given by the characteristics of 
the given reach, by the conditions and expected processes in the upstream channel 
reaches, and by threshold processes affecting the entire torrent system as a whole. 

Figu re 5.5  Strong erosion along the stream channel during the two debris flow events of 18 July and 
24 August 1987 in Val Varuna (near Poschiavo, Canton Grisons), Switzerland. (a) Situation 
before the events (Photo Kraftwerke Brusio AG), (b) Situation after the first event (Photo 
U. Eggenberger, 29 July 1987), (c) Situation after the second event (Photo G. Paravicini, 
29 August 1987). The blue circles mark the positions of an old masonry torrent check dam.
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98 Methods for the quantitative assessment of channel processes in torrents (steep streams)

The basic catchment parameters can be determined using GIS. Many analysis steps 
are partly automated and executed in an Excel file. The method does not necessar-
ily require fieldwork, but then the assessment is expected to be less reliable. When 
using field data additionally, this part of the approach is very similar to the method 
SEDEX: The results of the method are erosion and deposition loads and thus a sedi-
ment budget along the entire flow path. Finally, the expected sediment load at the fan 
apex can be determined for 100 to 300 year events. A further option is to consider 
pessimistic scenarios with an assumed return period of more than 300 years.

5.4 FLOOD RUNOFF AND DEBRIS-FLOW OCCURRENCE

For the triggering of debris flows a minimum amount of water is necessary. Debris-
flow formation is not only influenced by the surface runoff, which may be largely 
controlled by rainfall intensity in steep headwater catchments, but also by the 
degree of soil saturation which is also controlled by rainfall duration. If, through 
a hillslope instability, a larger sediment volume is moved to a channel, a minimum 
water input (into the pores of the soil and/or as channel discharge) is required, so 
that the solids-water mixture is able to reach the fan. Modeling the rainfall-runoff 
response can be useful in small catchments to estimate a potential water input vol-
ume that may limit the maximum emerging debris load that may transform into a 
debris flow.

Some approaches were proposed to derive a possible debris flow hydrograph based 
on a pure water hydrograph (Gostner et al. 2003). The amount of the entrained sol-
ids may then be estimated based on the sediment transport capacity of the water dis-
charge, or more simply by assuming a (constant) bulking factor (Gallino & Pierson 
1985; Pierson 1995; Breien et al., 2008; Gartner et al., 2008; Santi et al., 2008). 
However, these approaches are subject to large uncertainties. In particular, in this 
way the maximum discharge of a debris flow can be greatly underestimated, because 
often the maximum of a debris flow does not correspond just to a simple increase of 
the peak water discharge by bulking the hydrograph with the additional sediment 
volume. Estimates show that the maximum discharge of a debris flow may be as 
much as 10 to 100 greater than the peak discharge of a flood in the same area for the 
same rainfall conditions (Zimmermann & Rickenmann 1992; see also Chapter 4 
and Table 4.3).

5.5 FREQUENCY OF TORRENT EVENTS

The location and the type of triggering influence primarily the magnitude of the event. 
The two elements together are important for the flow behavior in the channel. In an 
area with a limited sediment source potential (“young debris” torrent; see also begin-
ning of chapter 5) the frequency and the magnitude of future debris flows depend on 
material removal (location, extent) by previous debris flows (Zimmermann et al., 
1997a, b).

The most reliable estimate of the possible future frequency of events is based 
on information of past events. An important source is historical documents (also by 
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spoken communications), while another possibility is in the analysis and interpreta-
tion of geomorphological traces. Often the information concerning earlier events is 
very limited, and the estimate of the frequency of occurrence of events of a certain 
magnitude is only approximate. Therefore, one has to work with scenarios which 
are assigned to approximate recurrence periods. A very rough idea, however, can be 
obtained from the frequency of peak rainfall conditions.

Geomorphological methods to determine debris-flow frequency and, to some 
extent also, magnitude include dendrochronology (e.g. Schneuwly-Bollschweiler 
et al., 2013) and lichenometry (Innes, 2006). Radiocarbon dating may be applied 
where natural exposures or test trench sediments provide organic materials for dating 
(Chiverrell & Jakob 2011). Mapping of dated events along with determination of 
the thickness of the respective deposits can yield magnitude estimations. But even if a 
comparatively large set of historical data on past debris-flow occurrence is available, 
the estimation of magnitude-frequency relation with statistical methods may not be 
straightforward (Jakob 2012; Nolde & Joe 2013; Rickenmann & Jakob 2015).

5.5.1 Debris-flow events

Characteristic patterns regarding the torrent activity were identified in a study based 
on 189 historically documented events with mainly debris flows which had occurred 
in 17 torrent catchments in Switzerland (Zimmermann et al., 1997a, b). These pat-
terns appear to depend mainly on the supply of bedload or the geology and lithology 
of the catchment. Comparing geomorphological characteristics of the catchments and 
historical event information resulted in the definition of the following four types of 
torrent activity (Zimmermann et al., 1997a, b).

1 Torrents with a more or less regular occurrence of debris flows (Fig. 5.6). The 
time interval of the inactive periods between events amounts to around 15 to 30 
years, most bedload is eroded diffusely along the channel, and the sediment load 
of the whole event is typically smaller than 100,000 m3. The sediment sources 
frequently consist of relatively young weathered material (mainly “young debris” 
torrents after Stiny 1931), which is eroded along the flow path.

2 Torrents with a rather irregular occurrence of debris flows (Fig. 5.7). After a 
relatively active period lasting from years to a few decades there may be a longer 
period of several decades with little to no activity. These torrents run mainly in 
relatively weak rock of variable strength such as Bündner schist. Debris flow 
events can transport large amounts of sediments of clearly more than 100,000 m3, 
which is mainly eroded along the flow path. It may be expected that a major 
debris flow results in a destabilization of the bed and banks.

3 The occurrence of debris flows is irregular (Fig. 5.8). The catchment is char-
acterized by large abundant debris mainly in moraines and talus slopes (“old 
debris” torrents after Stiny 1931), and the main sediment sources are in the 
upper part of the catchment. The sediment load is variable and may amount to 
several 100,000 m3.

4 Torrent catchments for which there are no historical parallels for the occurrence 
of debris flows (Fig. 5.9). In this category two torrent catchments were identified. 
An example is the event of 24 August 1987 in the Minstiger stream (Canton 
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Valais, Switzerland) when a single debris-flow surge reached down to the village 
of Münster. For a long time, debris-flow activity only occurred in the upper part 
of the catchment, but for a time period of nearly 300 years before 1987 no simi-
lar event has taken place. The event could be related to changes in the subglacial 
runoff in a warmer climate (Zimmermann et al., 1997a, b).
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Figur e 5.6  Event magnitudes and their frequency in torrent catchments. Here Type 1 is illustrated for 
three torrents in Switzerland (ZIMMERMANN et al., 1997a, b). The lighter shaded parts of the 
bars denote an uncertainty regarding the estimated event magnitude or the event type 
(possibly flood with bedload transport). Adapted from ZIMMERMANN et al. (1997a, b).
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Figure  5.7  Event magnitudes and their frequency in torrent catchments. Here Type 2 is 
illustrated for one torrent in Switzerland (ZIMMERMANN et al., 1997a, b). The lighter 
shaded parts of the bars denote an uncertainty regarding the estimated event magnitude 
or the event type (possibly flood with bedload transport). Adapted from ZIMMERMANN et al. 
(1997a).
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Figure  5.8  Event magnitudes and their frequency in torrent catchments. Here Type 3 is 
illustrated for two torrents in Switzerland (ZIMMERMANN et al., 1997a, b). The lighter 
shaded parts of the bars denote an uncertainty regarding the estimated event magnitude 
or the event type (possibly flood with bedload transport). Adapted from ZIMMERMANN et al. 
(1997a, b).
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5.5.2 Fluvial sediment transport events

For torrent events with fluvial bedload transport (or solids transport), the frequency 
is determined mostly using the estimated frequency of a flood event or of the cor-
responding rainfall event. Calculations of fluvial bedload transport are appropriate, 
for example, in torrent channels with limited bed slopes, where the probability of 
occurrence of debris flows is small. In this case, estimates of event sediment loads can 
be made by integrating the bedload transport over the period of a flood hydrograph. 
With calculations of fluvial bedload transport it has to be taken into account that 
transport formulae based on total bed shear stress give a maximum solids transport 
capacity, which is determined from the discharge and the flow hydraulics. However, 
in steep headwater streams the transported bedload can also be highly dependent on, 
or limited by, the sediment supply or sediment availability.

5.6  GENERAL REMARKS ON THE ESTIMATE 
OF SEDIMENT LOADS IN TORRENT CATCHMENTS

The estimation of sediment loads in torrent catchments for events of different return 
periods is an important task within the framework of a hazard assessment but it is 
subject to considerable uncertainty. These quantitative approaches are helpful only to 
a limited extent, and the estimates are based frequently on documented loads from 
earlier events and are often strongly dependent on expert and field-based evaluations 
of the conditions in the catchment. Differences in the estimated sediment loads of a 
factor 2 (between different expert reports) are not uncommon.

A frequent problem is the question to what extent existing or planned protective 
measures can or should be taken into account in estimating the sediment load and 
the rainfall-runoff response in the case of torrent catchments. Here too, quantitative 
statements are often difficult to make. A simpler case is to determine the effect of a 
sediment retention basin: Basically the expected sediment load downstream can be 
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Figure 5 .9  Event magnitudes and their frequency in torrent catchments. Here Type 4 is illustrated for 
one torrent in Switzerland (ZIMMERMANN et al., 1997a, b). The lighter shaded parts of the 
bars denote an uncertainty regarding the estimated event magnitude or the event type 
(possibly flood with bedload transport). Adapted from ZIMMERMANN et al. (1997a, b).
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reduced by the capacity (volume) of the retention basin, if the channel below it is not 
subject to significant erosion. More difficult to estimate, perhaps, is the influence of 
a series of torrent check dams on the amount of sediment retained along the chan-
nel; this possible sediment retention depends also on the state of the check dams (e.g. 
type of construction, age, wear and tear or damage) and potential risk of their failure. 
A detailed discussion of the effectiveness of protection measures in torrent catchments 
in the context of hazard assessment may be found in Planat (2008).
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Chapter 6

General remarks on hazard 
assessment of channel processes 
in torrents

6.1   REPRODUCIBILITY OF THE PROCESS ANALYSIS 
AND HAZARD ASSESSMENT

According to Kienholz (1998, 1999, 2002) and Planat (2000) the hazard assess-
ment should not only fulfill the requirement of factual correctness, but also guaran-
tee the best possible reproducibility. Securing good reproducibility of this process 
requires a certain effort regarding the detailed documentation of the assumptions 
and the methods used in a technical report, but it helps the quality control and 
simplifies the technical discussion as well as the comparison of different hazard 
assessments.

The requirement of reproducibility involves ensuring that the selected method of 
hazard assessment is transparent. In this way, the procedure, the applied approaches 
and methods, together with the interpretation if the compiled data can be more easily 
checked. This is also important because an exact evaluation of the process assessment 
is difficult even after the occurrence of a (larger) event. After Kienholz (1999), there-
fore, the following basic rules should be adhered to:

• comprehensive documentation (cartographic presentation) of all the relevant 
perimeters (areas of initiation and of impact of hazard, i.e. the torrent catchment 
area and the alluvial fan)

• clear choice of methods and their combination and their reporting
• clear-cut decision criteria in the final evaluation
• provision of evidence for identified sub-processes (whose existence can be quali-

fied through traces of earlier events either as “proven”, “assumed” or “potential”)

6.2  PROCEDURE OF HAZARD ASSESSMENT 
AND IMPORTANT ASPECTS

In Switzerland, the national platform for natural hazards Planat (2000) published 
recommendations for quality assurance in the assessment of natural hazards. Accord-
ing to this document, the most important elements of the hazard assessment are:

• event documentation/analysis of causes
• map of the phenomena
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• hazard map
• risk analysis
• specific hazard assessment for selected critical locations
• protective measures/early warning systems

With regard to and based on the procedure for the hazard assessment, the 
following sub-steps can be derived. These sub-steps are briefly summarized in connec-
tion with the recommendations produced in Switzerland (BWW/BRP/BUWAL 1997; 
BUWAL/ BWW/BRP 1997):

6.2.1 Basic data

The event documentation and the analysis of causes (especially after large and impor-
tant events) represent important tasks in the compilation of the basic data. They 
include investigations of earlier events in the catchment, the dominant processes, the 
areas affected, the damage observed, and the triggering factors such as the meteoro-
logical conditions. A detailed documentation with the analysis of causes also exam-
ines how the event evolved and why damage was caused. Potential hazard processes 
are documented with the map of the phenomena, which can be derived primarily on 
the basis of characteristics observed in the field and indicators (traces). This map also 
represents an important part of the fundamentals.

6.2.2 Preparation of hazard map

The main step in the hazard assessment is the preparation of the hazard map. Within a 
clearly defined perimeter it contains comprehensive information on the hazard poten-
tial. The most important elements in the preparation of the hazard map concern, for 
a torrent catchment, the determination of the dominant hazardous processes (e.g. 
importance of debris flows, slope instabilities, fluvial bedload transport etc.), the 
analysis of triggering conditions and the assessment of the probability of occurrence 
of an event. This is followed by the calculations and modeling of the processes with 
respect to the spatial spreading out, i.e. especially the process intensities within the 
potentially endangered areas for a given probability of occurrence. Finally, for each 
process and the associated event frequency this determines the hazard level (red, blue, 
yellow, yellow-hatched).

The hazard map serves as the foundation for the risk analysis, the land use plan-
ning, the conception and design of protective measures as well as of preventive meas-
ures as part of the event management (early warning, emergency planning, etc.). From 
this perspective it is clear that the creation of a hazard map and the preparation of 
the corresponding technical report should be as comprehensive as possible and well 
documented.

The evaluation of the different processes in torrents with a view to the hazard 
assessment is based mainly on investigations and calculations according to the main 
steps summarized in this chapter. The most important aspects of this procedure as 
well as of the sub-processes to be considered are summarized in a compact form in 
Table 6.1.
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 Table 6.1  The evaluation of channel processes in torrents and mountain rivers with regard to hazard 
assessment depends basically on investigations and analyses of the following important 
aspects or sub-processes.

A. Compilation of basic data
• Aim of the investigation (repair, new construction, planning of hazard zones, etc.)
• Event documentation, chronicle, event register, possibly analysis of triggering processes
•  Geomorphologic consideration of the catchment (incl. maps of the processes or maps 

of the phenomena)
• Geographic parameters of the catchment
• Existing protective measures

B. Magnitude-frequency relationship
• Rainfall (intensity, duration)
• Discharge
• Triggering mechanisms and place of origin in the case of debris flows
• Sediment supply potential/expected sediment load
• Driftwood

To be assessed for different probabilities of occurrence according to BWW/BRP/BUWAL (1997)
Here it should be noted that this step is not independent of steps (C) and (D). In the case of 

fluvial sediment transport the material entrainment and deposition is typically dependent on 
the discharge along the channel. With debris flows local initiation zones (e.g. slope instabilities) 
and sediment inputs in the channel can dominate the total solids transport, but also the material 
entrainment along the flow path can be very important. Essentially steps (B), (C) and (D) 
represent an iterative process.

C. Considerations concerning process sequences and scenarios
• Possible Interaction between different processes
•  Scenarios in the case of difficult determination of process sequences and of difficult 

quantification of the corresponding probabilities of occurrence (cf. chapter 4.6)
• Influence of protective measures

D.  Analyses of flow, transport and depositional behavior
Important to determine the spatial distribution of the process intensities for given probability 
of occurrence and event magnitude
D1. Flood formation

• Determination of discharge (peak discharge, hydrograph)
• Hydraulic calculations

D2. Driftwood
• Mobilized load of large wood and dimensions of individual pieces
• Transport capacity
• Possible clogging or log-jam places, identification of endangered areas

D3. Fluvial sediment transport
• Discharge and hydraulics (cf. D1)
• Mobilized volume of solids
• Transport capacity
• Erosion and deposition
• Influence of driftwood (cf. D2)

(Continued )
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 Table 6.1  (Continued)

D4. Debris flow
• Mobilized volume of solids (slope instabilities and channel erosion)
• Possibly, comparison of expected sediment loads with water runoff volumes 
• Solids concentration and sediment properties (flow properties/rheology)
• Debris-flow “hydrograph” at the fan apex
• Flow and depositional behavior 
• Influence of driftwood (cf. D2, D3)
• Any process superposition (e.g. fluvial reworking of debris-flow deposits)

E. Uncertainties
• Quantification of uncertainties 
• Sensitivity analyses on uncertainties regarding input or model parameters
• Partial consideration of uncertainties by means of scenarios (cf. C)

6.2.2.1 Magnitude-frequency relationship

Determining the probability of occurrence and the corresponding magnitude of an 
event is often a key step, since essentially in many cases the event magnitude deter-
mines the process intensity. Thus it is important to give clear information on how the 
probability of occurrence of a given process and the corresponding event magnitude 
(i.e. magnitude-frequency relationship) were assessed.

6.2.2.2 Calculations and process modeling

Another important step is the prediction of the temporal development and spatial 
displacement of a sub-process (“modeling”), for example, of a debris flow or a flood 
with bedload transport. Here (numerical) simulation models or, additionally, empiri-
cal approaches can be used. To reproduce this sub-process, exact information on the 
assumptions and basic principles of the calculations are necessary, especially with 
regard to the selected model parameters. For example, for the modeling of debris 
flows the selected model parameters should ideally be based on the back-calculation 
of earlier events. If this is not possible, other assumptions have to be made, e.g. in the 
use of model parameters as determined for similar areas and material compositions of 
debris flows based on back-calculations.

6.2.2.3 Formulation of scenarios

The meaning of the term “scenario formulation” as used here (see also chapter 4.6) 
developed against the background that, above all, the interaction between different 
processes is often difficult to quantify, particularly in relation to the probability of 
occurrence of such a combined effect. Examples of scenarios in this sense include the 
influence of driftwood with regard to a possible (or not occurring) log jam in the 
case of a bridge cross-section, or the occurrence of a larger landslide supplying sedi-
ment to a channel, which depending on the place and type of input can have different 
effects in the hazard zone. Also generally important for scenario formulation is the 
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investigation of possible critical channel locations (e.g. regarding flow overtopping 
from channel), since for a given probability of occurrence and event magnitude, 
depending on the place of channel blockage and outflow, different hazard situations 
can arise.

6.2.2.4 Uncertainties

The uncertainties should be explicitly mentioned in a technical report and, as far as 
possible, quantified. This applies especially to the determination of the magnitude-
frequency relationship, cf. also (i). As already mentioned, the estimate of the sediment 
loads in torrents for events of different return periods within the framework of a 
hazard assessment is associated particularly with considerable uncertainty. Differ-
ences in the estimated sediment load by a factor 2 are definitely within the range of 
uncertainty. Further, the uncertainty should be specified especially in relation to the 
process modeling and the assumed model parameters (ii), and also in relation to the 
scenarios (iii).
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List of symbols

a coefficient in logarithmic flow resistance law (often a = 12)
ag coefficient in equation for critical dimensionless unit discharge qc*
ak  correction factor to account for the slope parallel component of the weight of 

sediment particles
a1 coefficient in VPE-equation (mean value a1 = 6.5)
a2 coefficient in VPE-equation (mean value a2 = 2.5)
A flow cross-sectional area
AC surface area of a hydrologic catchment
AV  factor (numerator) in equation for the runout distance of a debris flow on 

the fan
B width of flow cross-section (at an opening)
d stem diameter of large wood pieces
dWmax maximum dimension of the root part (large wood pieces)
dWmin minimum dimension of the root part (large wood pieces)
dW* = (dWmax dWmin Lh)

1/3 = mean dimension of the root part (large wood pieces)
Dx characteristic grain size for which x% oft the sediment mixture are finer
Dmi mean grain size of the grain size class i
Dmax maximum grain size
DR duration of a rainfall event
e exponent in equation for the reduced energy slope
f = 8 (v*/V)2 = friction coefficient according to Darcy-Weisbach
fo Darcy-Weisbach coefficient for the grain or base-level resistance
fadd Darcy-Weisbach coefficient for the macro-roughness resistance
ftot Darcy-Weisbach coefficient for the total resistance
Fr = V/(gh)0.5 = Froude number
g gravitational acceleration
G  factor (denominator) in equation for the runout distance of a debris flow on 

the fan
GF sediment volume (including pore volume of sediment deposits)
h flow depth
hu  flow depth in the approach channel (of a debris flow) upstream of the fan apex
H clear height of an opening of a flow cross-section
He  elevation difference between starting point and most distal deposition point of 

a debris flow

RICKENM-Book.indb   131RICKENM-Book.indb   131 2/23/2016   7:39:46 AM2/23/2016   7:39:46 AM



132 List of symbols

I mean rainfall intensity
K Torrentiality factor (after Kronfellner-Kraus)
ks equivalente roughness heigth (“sand roughness”)
kSt Strickler coefficient (for total flow resistance)
L total runout distance of a debris flow
Lc length of active channel (regarding erosion during a torrential event)
Lf length of debris-flow deposits on a fan
Lmax maximum total runout distance of a debris flow
Lh length of trunk extension of large wood pieces
LW length of log pieces (large woody debris)
M  sediment volume of a debris flow (typically estimated from all deposits of an 

event; includes also pore volume; may refer to single debris-flow surges in 
case of observations from an automatic monitoring system)

Me Melton number
no Manning coefficient for the grain or base-level resistance
ntot Manning coefficient for the total resistance
pd dynamic impact pressure due to debris flow
pFui  cumulative frequency (as a fraction) of the Fuller distribution for grains with 

D ≤ Di

pi  cumulative frequency (as a fraction) of the grain size distribution for grains 
with D ≤ Di

pv clogging probability due to large woody debris
Δpi relative proportion of a grain-size class i of all sediments
P wetted perimeter of a flow cross-section
q unit (water) discharge in a channel (per meter channel width)
qb bedload transport rate per meter channel width
qc critical discharge at initiation of bedload motion (per meter channel width)
qc,D  critical discharge at breaking up of an armor layer (per meter channel width)
qc,B  critical discharge at destabilization of a block ramp (per meter channel width)
qc* critical dimensionless discharge (initiation of debris flow, bedload transport)
q** = q/(gSD84

3)0.5 = dimensionless discharge (per meter channel width)
Q = qW = total (water) discharge in channel (over entire channel width)
QB = qbW = total bedload transport rate (over entire channel width)
Qc = qcW = critical discharge at initiation of bedload motion
Qc,D  = qc,DW = critical discharge at breaking up of an armor layer
Qp maximum discharge (of a debris-flow surge)
QS sediment supply from upstream and/or from tributaries
R = A/P = hydraulic radius
s = ρs/ρ = ratio of sediment density to water density
S  channel slope (or friction slope) (in all equations of this document S has to be 

used with the units [m/m] und not with the units [%])
Sc mean channel slope upstream of the fan apex
Sf mean channel slope on the fan (or mean fan slope)
Sk  = S ak = corrected channel slope to account for the slope parallel component of 

the weight of sediment particles
Sred  reduced energy slope (or reduced channel slope) to account for macro-

roughness effects in the calculation of bedload transport
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List of symbols 133

SR friction slope of a debris flow on the fan
Te maximum erosion depth in a torrent channel
U** = V/(gSD84)

0.5 = dimensionless mean flow velocity
v* = (ghS)0.5 = shear velocity
V mean flow velocity (water or debris flow)
Vo virtual mean flow velocity, related to base-level resistance
Vtot (effectiv) mean flow velocity, related to total resistance
Vu  flow velocity in the approach channel (of a debris flow) upstream of the 

fan apex
W width of the channel
yR height of the lowest roughness layer (in open channel flow)

GREEK SYMBOLS

αd coefficient for the calculation of the dynamic impact pressure due to debris flow
αg exponent in equation for the critical dimensionless discharge qc*
αο prefactor in a bedload transport equation
β angle of the channel (or angle of a depositional reach)
βd  angle of impact for the calculation of the dynamic impact pressure due to 

debris flow
βu angle of the channel upstream of the fan apex (debris-flow runout calculation)
γ exponent of the “hiding function”
γs shear rate (change of flow velocity/change of flow depth)
εo roughness height
κ von Karman constant (= 0.4)
μ dynamic viscosity
ρ density of water
ρM density of debris-flow mixture (including solids and water)
ρs density of solids (sediment particles)
θ = hS/[(s − 1)D] = dimensionless bed shear stress
θ’  = reduced dimensionless bed shear stress, accounting for energy losses due to 

form or macro-roughness
θc = critical dimensionless bed shear stress at initiation of bedload motion
τ = ρghS = bed shear stress
τΒ shear strength, yield stress (Bingham fluid model)
ϕs natural angle of repose of submerged sediment
Φb  = qb/[(s − 1)gD3]0.5 = dimensionless bedload transport rate (per meter channel 

width)
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of Channel Processes in Torrents
(Steep Streams)

An important part of the risk management of natural hazards in mountain regions concerns the 
hazard assessment and the planning of protection measures in steep headwater catchments, i.e. 
torrent control and slope stabilization. Torrent processes in steep channels have their rightful 
place among the various alpine natural hazards and the corresponding control measures 
have a long tradition in the European alpine countries. In the planning and execution of such 
measures, professional experience has been of paramount importance. This experience was 
based primarily on observations made during and after hazardous events, as well as on regular 
fi eld visits in the catchments of a steep headwater stream. Quantitative measurements, e.g. of 
the discharge and of the eroded and deposited solid materials, have been increasingly carried 
out only in the last decades. This set the basis to develop and improve quantitative methods to 
predict fl ow hydraulics, bedload transport and debris fl ows in torrent catchments. 

This publication presents an overview of methods to quantify channel processes in steep 
catchments. The understanding and the quantitative description of channel processes provides 
an essential basis for the planning of protection measures.
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