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Abstract: Some aspects of the sediment transport 
during  the 2005 fl oods in Switzerland. In August 
2005 a very severe fl ood hit large parts of Swit-
zerland. Strong erosion occurred in several steep, 
apparently stable reaches of mountain streams, 
what produced heavy sediment loads. Where these 
were deposited, they caused channel avulsion or 
channel obstruction with subsequent inundations. 
Numerical simulation proved to be a useful tool 
to analyse the processes and to plan mitigation 
measures. In particular, it could be shown that 
the fl ooding of the Schächen river had its origin 
in a lateral overspilling in the fi nal reach of this 
tributary and a subsequent blocking of the fl ow 
section. The load eroded in the upstream reach, 
which is normally stable because of the presence 
of big boulders, was suffi cient to feed this process. 
A detention basin with an open slit dam located 
upstream did only retain a limited amount of sedi-
ment temporarily. During fl ow recession, most of 
these deposits were eroded. This was in agreement 
with the original concept, but was not very useful 
in this fl ood situation.  On the Lütschine river, 
a similar massive erosion in a steep reach caused 
widespread deposition in an area where such 
phenomena did probably not occur over the last 
150 years. For such rare events, it is reasonable to 
plan a deposition area where limited agricultural 
land use is allowed. Sediment deposition occurs 
only in function of slope reduction and channel 
widening; no special structures are planned. 

Key words: fl oods, mountain streams, bed mor-
phology, sediment transport, numerical simulation.

INTRODUCTION

Very severe fl ooding hit Switzerland, 
part of Austria and Bavaria on August 
21–23, 2005. In the days preceding the 
fl ood a low pressure cell developed over 
Genova inducing a strong circulation 
around the Alps. This brought warm 
and humid air from the Adriatic Sea, 
around the eastern side of the Alps and 
then brought a strong northern current 
to hit their northern slopes, leading 
to prolonged heavy rainfall. Rainfall 
totals exceeded 200 mm in 48 hours 
and 350 mm during four days. While on 
worldwide standards this may not be an 
extreme rainfall, these intensities and the 
resulting discharges in the rivers were 
extremely high, on a local standard. For 
many rivers, discharges exceeded a one 
hundred year fl ood as determined form 
discharge records previous to the fl ood. 
Furthermore, the very high discharges 
and the signifi cant damages were not so 
much due to the peak rainfall intensity, 
but rather the long duration of heavy 
rainfall. This weather situation is not 
common in Switzerland, but according to 
the Swiss meteorological service a very 
similar event occurred in June 1910.
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Flooding affected an unusually large 
area. The area where damage was 
recorded extended from Lake of Geneva 
in the West to the canton of Grisons in 
the East, covering the whole northern 
slope of the Alps as well as a large part of 
the Swiss plateau. First impressions after 
the fl ood were presented by the author 
at the Gravel Bed Rivers Conference VI 
(Jaeggi 2008). First results of the inves-
tigations performed on the causes and 
effects of these fl oods are described by 
Bezzola and Hegg (2007).

In this paper, some aspects of sediment 
transport during these events are presen-
ted. They concern two case studies for 
which the results were mainly obtained 
from numerical simulation.

SCHÄCHEN RIVER 

Confl uence and lined channel 
in the lower part
Figure 1 shows in the foreground the 
confl uence of the Reuss and its tributary, 
the Schächen river (Canton of Uri, 
Central Switzerland). This carried a lot 
of coarse sediment up to stone and block 
size. This load was almost completely 
deposited at the confl uence, where the 
main river Reuss was not able to carry all 
this material away. The deposition then 
advanced up the lined channel, fi lling 
the channel and causing fl ooding of the 
neighbouring areas.

In the lower part of the Schächen, on 
its alluvial fan, the channel was lined in 
masonry after a similar event occurred in 
1910. During that event, deposition and 
fl ooding were concentrated at the top of 
the alluvial fan, about 1.5 km upstream 
of the confl uence with the Reuss river.  
It was then hoped that all the bedload 

material would be easily moved away by 
the Reuss. Obviously, as the recent event 
showed, the transport capacity of the 
Reuss river was however substantially 
overestimated.

In 1977 an important fl ood occurred 
in the Schächen with a peak fl ow esti-
mated to be about 110 m3/s. In 2005, 
a peak fl ow of 150 m3/s was recorded. 
More important was the fact that the 
discharge exceeded 100 m3/s for more 
than 12 hours. This shows how diffi cult 
it still is to defi ne a reasonable design 
fl ood, even from long records, when 
between rare major events the discharge 
remains small, and when the duration of 
extreme fl oods is also important.

In the background of Figure 1 the con-
sequences of the deposition spreading 
upstream may be seen. The channel was 
completely fi lled, and then water and sedi-
ment spilt into the neighbouring indu-
strial area. The section below the railway 
bridge was also fi lled. A hydraulic jump 
which occurred about 850 m upstream 
of the confl uence indicated the position 
to which the deposition front moved 
upstream. Deposition was as deep as the 
channel walls in the lower part and about 
two thirds of the channel depth near the 
hydraulic jump.

A drainage canal, parallel to the Reuss 
river and passing in a tunnel underneath 
the lined channel of the Schächen river, 
was blocked by sediment spilling from the 
river channel. The fl oodplain upstream 
of the alluvial fan of the Schächen river 
is lower compared than the beds of 
both rivers. That is why the tunnel was 
built. Because of the blockage another 
big industrial area was fl ooded for days 
(located further on the right looking at 
Figure 1).



Some aspects of the sediment transport during...    35

FIGURE 1. Confl uence of the Reuss and Schächen rivers after the fl ood of August 22/23, 2005. The 
lined masonry channel of the tributary is completely fi lled with sediment, what caused inundation of the 
industrial zone in the background (courtesy Canton of Uri)
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The arrangement of the tributary and 
a drainage canal and the vulnerability 
shown by the event was inherited from 
the engineers who designed the fi rst 
lined channel. It may therefore take 
decades before fl ood protection works 
are really tested by an extreme event 
and the consequences of poor planning 
or design which may not be apparent for 
a hundred years or more.

Figure 2 shows the results of the 
numerical simulation of sediment trans-
port in the lined channel which forms the 
lowest reach of the Schächen river about 
1.6 km long. The phenomena which 
were observed during the night of 22/23 
August 2005 could well be reproduced.  
Shortly after midnight the water level in 
the main river Reuss rose above the side 
walls of the tributary. This was due to the 
high discharge in the Reuss river as well 

as substantial sediment deposition from 
the tributary. Consequently, water spilled 
over the side walls of the Schächen. This 
produced a sudden deposition of sedi-
ment in the last 100 m of the lined 
channel which blocked completely the 
fl ow section. Obviously, the overspilling 
water reduced the local transport capacity 
and favoured the blocking of the channel.  
Over the following hours the sediment 
arriving from upstream was caught in 
the blocking and thus a deposition front 
was moving upstream. Around 07 h 30 
in the morning this front had passed the 
railway bridge. In consequence, water 
and sediment spilt over both banks into 
the surrounding industrial area, causing 
extremely heavy damage. Until the end 
of the fl ood, the front moved up about 
850 m, marked by a hydraulic jump 
visible in the after fl ood documentation.

FIGURE 2. Results of the sediment transport simulation in the lowest reach of the Schächen river. 
Development of the blocking of the fl ow section near the confl uence and upward movement of the 
deposition front
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The simulation was repeated for 
channel walls which were raised by 1.5 m 
in the lowest part and the railway bridge 
being replaced by so-called pressure bridge. 
With an upstream apron and adapted side 
walls the fl ow is forced under the bridge 
and blocking of the bridge section is 
prevented (Jaeggi 2007). With this 
arrangement no spilling over the side walls 
was observed and no blocking of the sec-
tion occurred. Therefore, the high water 
level in the main river which induced 
overspilling of the side walls in the 
last reach of the tributary was the main 
cause of the inundation, since the sudden 
blocking of the section and the upstream 
movement of the deposition front fi nally 
produced the disaster.

Performance of the upstream 
sediment detention dam
After the 1977 event a sediment deten-
tion basin was built. Unfortunately, it 
could not be placed near the apex of the 
alluvial fan, where it would normally be 
positioned to mitigate the problem. For 
construction reasons it had to be moved 
about 1.5 km upstream. As shown below, 
in the intermediate reach the Schächen 
incised its bed and thus picked up about 
50.000 m3 of very coarse sediment. This 
was the main sediment supply to the lined 
channel with the disastrous consequences.

The performance of the detention 
basin did however not meet the expecta-
tions. Figure 3 shows the detention basin 
with some deposition, towards the end of 
the fl ood. The volume retained behind the 
dam was far smaller than expected. The 
water level in the basin was mostly lower 
than the crest of the overfl ow section, 
what is reduced the detention volume. 
This was partly due to the size of the 

bottom outlet, which proved to be larger 
than in the original design. However, 
when the design was made it was taken 
for granted that the bottom outlet would 
be blocked by fl oating debris in case of 
major events. Although this outlet was 
3.3 × 4.5 m wide, the trees were sucked 
by the current through the bottom outlet 
without blocking it. 

The dam was conceived as an open slit 
dam in 1980, when the project was set 
up. It was then very fashionable to favour 
open dams. The idea was that when the 
peak fl ow was reached, the excess 
material could be held back, and then 
during receding fl ow sediment again be 
released. It was thought that this could 
prevent erosion in the downstream reach 
and lower the maintenance costs. During 
this event, however, the release of sedi-
ment after the passage of the peak fl ow 
proved to be an aggravating factor. The 
lined channel in the lower part of the 
river was then already fi lled up by the 
sediment picked up in the intermediate 
reach. So the sediment released by the 
dam now also ended up in the channel 
already blocked, and also contributed to 
fl ood the industrial area beside the river 
channel.

Figure 4 shows the results of the simu-
lation for the basin. During calibration, 
sediment supply from upstream and the 
hydraulic characteristics of the bottom 
outlet were varied until the performance 
after numerical model was satisfactory, 
compared to observations. Highly unsteady 
phenomena like water level oscillations 
in the basin, resulting from oscillating 
sediment deposition and erosion in the 
stilling basin and the outlet section, could 
be reproduced to some extent. Bezzola 
(2006) relates even the discharge oscil-
lations to these phenomena. Since the 
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FIGURE 3. Sediment detention basin ‛Stiglisbrücke’, about 4 km upstream of the confl uence, towards 
the end of the fl ood. A large part of the deposition visible on the right was fl ushed later during receding 
fl ow (courtesy Canton of Uri)
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simulation model reproduces quasi-steady 
and not unsteady fl ow conditions, this 
hypothesis could not be verifi ed. 

During the receding limb of the fl ood, 
the simulated water level was higher 
than values taken from photographs. It 
is believed that this is resulting from the 
fact that a coarse grain size distribution 
was maintained for the sediment supply, 
whereas effectively the grain size distri-
bution may have become fi ner and fi ner 
with decreasing fl ow. 

MOUNTAIN STREAM 
MORPHOLOGY OF THE 
INTERMEDIATE REACH

In steep reaches of mountain streams, 
normally there is a strong stable armour 
layer. Big boulders, which were washed 
out from older deposits like debris fl ow 
fans, or fell from the rock fl anks, are cha-
racteristic for the bed surface. They may 
form step like structures. Such step-pool 

structures formed by the fl ow may further 
increase stability (Whittaker and Jaeggi 
1982). So, during ordinary fl oods, despite 
the steep slope, this stable structures 
prevent bed and bank erosion. Sediment 
transport is supply conditioned, and does 
not interfere with the bed material. The 
transport rates are far lower than accor-
ding to the theoretical transport capacity 
of the steep reach.

During a very rare and extreme event, 
the boulders and the steps may be dis-
placed by local scouring, which in turn 
releases fi ner sediment from the bed and 
the banks. Because of the bed instabi-
lity, a general widening of the river bed 
as well as activation of meanders follows 
(see also Bezzola et al. 1990). Transport 
rates of the eroded material may now well 
correspond to the theoretical transport 
capacity, as given for instance by Smart 
and Jaeggi (1983). So there are clearly, 
two modes of sediment transport in such 
mountain rivers (Koulinski 1994).

FIGURE 4. Water level in the detention basin and downstream deposition, resulting from numerical 
simulation
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The intermediate reach of the Schächen 
river between the detention dam and 
the downstream lined channel exactly 
presents these characteristics (see Fig. 5). 
The bed is covered by very coarse boul-
ders and one might expect full stability 
of the bed. But it was found that general 
incision occurred which amounted at 
least to 1 m, sometimes up to 2.5 m. 
Locally, subsequent bank collapses trig-
gered slides. Totally, about 50.000 m3 
were thus supplied to the downstream 
reach.

The threshold discharge for which the 
armour layer breaks and high sediment 
rates are released may be estimated by 
the procedure of Whittaker et al. (1988). 
It considers grain roughness which is 
function of the bed between the coarse 

boulders and form roughness produced 
by these boulders. The boulders are 
characterised by an equivalent sphere 
diameter D. n is their density (number 
of boulders per square meter, i.e. 0.1; 0.2 
etc.). Now, the roughness height of a fi c-
tive roughness element kB is determined, 
with hm being the mean fl ow depth: 

3 17.8 0.47 m
B

hk n D
D

⎛ ⎞= ⋅ ⋅ − ⋅⎜ ⎟
⎝ ⎠

The energy losses being split, it follows:

12.32.5 ln (form roughness)m
B

B

hc
k
⋅

= ⋅

90

12.32.5 ln (grain roughness)
2

m
s

hc
d
⋅

= ⋅
⋅

FIGURE 5. Intermediate reach downstream of the detention basin. Despite apparent stability, incision 
exceeding 1 to 1.5 m occurred
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using a formula of Günter (1971). dm is 
the mean grain size of the substrate, d90 
represents the grain of the substrate which 
is coarser than 90% of the material by 
weight. It is taken as an approximation 
for the mean grain size of the armour 
layer.

With this method it could be assessed 
that in the intermediate reach a discharge 
of about 80 to 100 m3/s would correspond 
to the stability limit of the bed. From 
photographs of value of D of about 1.4 m 

and n of about 0.1 where estimated. In 
the fl atter reach of about 5% slope a bed 
width of 12 m was introduced in the 
calculation, in a steeper reach of about 
9% slope the corresponding bed width 
was 20 m.

Sediment balance
Numerical simulation of sediment 
transport during the event allowed to 
give an overall picture of sediment 
moved as coarse bedload. The results 
are presented in Figures 6 and 7. Figure 6 
shows the cumulated sediment yields 
along the simulated river reach, Figure 7 
the volumes introduced. The red curve 
represents the moment when water and 
sediment spilt out of the downstream 
reach. Simulation is more precise before 
that moment and more qualitative after 
that. It can be seen that most of the 
sediment which contributed to the bloc-
king of the confl uence section and the 
front moving upstream came from the 
intermediate reach. The detention dam 
had some positive effect during the fi rst 
phase of the event, it is only later that the 
self fl ushing effect occurred.

According to Figure 7, a volume of 
about 70.000 m3 of coarse sediment was 
introduced into the system until the 
moment when large scale inundation star-
ted. Over the whole simulation period 
the volume was about 110.000 m3. These 
values corresponded reasonably well 
with the depositions recorded in the 
Reuss river, in the lined channel of the 
Schächen and in the industrial areas in 
the immediate vicinity of the channel.  
The total volumes cleared from the area 
where about fi ve times higher, but this 
material proved to be mainly sand and 
silt.
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FIGURE 6. Variation of sediment (coarse bedload) transport during the fl ood of August 2005 in the 
Schächen river, as calculated by the numerical model

FIGURE 7. Input of coarse bedload material into the Schächen river during the fl ood event, as 
calibrated by the numerical model
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THE LÜTSCHINE RIVER 
IN LÜTSCHENTAL
The Lütschine river (Schwarze Lütschine 
in the upper course) caused many prob-
lems between the well-known resorts of 
Grindelwald and Interlaken (Canton of 
Berne, Jungfrau region). In the upper 
part, there is succession of steeper and 
fl atter reaches. Strong erosion occurred in 
the steeper zones, causing bank collapse 
which in turn destroyed roads, railway 
lines and bridges. In the fl atter reaches 

strong deposition caused fl ooding and 
local lateral erosion with subsequent 
damage. Figure 8 shows fl ooding in the 
village of Lütschental. The activation of a 
meander bend is seen in the background, 
where the railway and the road leading to 
Grindelwald were cut. In the foreground 
a road bridge can be seen, which was 
destroyed because of general deposition 
which induced the fl ow to attack the 
right abutment. Since this was not deeply 
founded the bridge collapsed.

FIGURE 8. The village of Lütschental on the Schwarze Lütschine (near Grindelwald, Canton of Berne). 
Lateral erosion occurred because of heavy deposition, leading to bridge collapses. Destabilisation of 
boulder structures in the steeper reach of the background was at the origin of deposition and induced 
also a strong meander tendency
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Erosion in the steep reach
Very similarly to what happened in the 
Schächen river, the steep reach upstream 
of the village is normally stabilised by big 
boulder structures. In these extreme and 
long-lasting fl ood event, about 100.000 m3 
of bedload material has been brought 
into motion. Again it was estimated that 
only a discharge with an extremely high 
recurrence interval is able to destabilise 
the bed in his reach. Erosion was accom-
panied by a strong meander tendency, 
leading the local bank collapses and is 
threatening the road bridges and farm-
houses.

Deposition process
As Figure 9 shows, the slope of the river 
substantially decreases in the village 
and downstream of it. However, it is 
not known that during normal fl oods 
deposition occurs there. If therefore are 
really needed the heavy input from the 
steep reach upstream reach obviously 
occurs only rarely. A wooden bridge was 
destroyed in the village of Lütschental 
which was believed to be about 120 years 
old. It seems therefore that the discharge 
during this period was never as high as 
during the event of 2005, or at least was 
reached only for a very short duration.

Again a numerical simulation of sedi-
ment transport processes was performed. 
The results are shown in Figures 9 and 
10. Reproducing the depositional profi le, 
volume of the input and grain size distri-
bution could be calibrated. The sediment 
balance illustrated by Figure 10 shows 
that in such an event most of the sediment 
mobilised in the upstream reach will be 
deposited and has no chance to be moved 
to the downstream reaches. The main 
goal of the numerical simulation was to 

use the calibrated model to test the 
protection concept.

Protection concept
For the steep upper reach it was decided 
to generally accept the new shape of the 
channel. Local bank protection is set up 
using heavy concrete elements (see Fig. 
11). Such methods have been described 
by Bezzola (1992 and 2005) or Jaeggi 
and Philipona (2004). In the potential 
deposition zones in the village and 
downstream of it, the river bed will be 
dredged to the original level. This will 
be considered to be a depositional area 
for future events. Since it is believed that 
only very rare events will actually bring 
into motion heavy loads of sediment, 
the threatened areas can still be used by 
agriculture. Construction of buildings will 
however be prohibited there. Reconstruc-
tion of the road bridge has to consider the 
deposition process and the fl ood levels on 
a deposition while during extreme fl ood 
event. Slope reduction will be concen-
trated in a short reach, where eventual 
sediment depositions can be monitored 
and excavated is necessary.

CONCLUSIONS

The fl ood events of August 20–23, 2005 
in Switzerland showed once again the 
relevance of the specifi c morphology of 
mountain streams with a slope range of 
5 to 15%. Although they remain stable 
for lower and medium fl oods because 
of the presence of large boulders, their 
destabilisation during rare events may 
trigger important sediment loads. The 
longer the duration of a stable period of 
the lower fl oods has been, the more the 
morphological changes are surprising to 
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FIGURE 9. Calibration of the numerical sediment transport model in the reach of Lütschental

FIGURE 10. Variation of sediment transport, along the Lütschental reach, resulting from numerical 
simulation; illustrating the strong deposition tendency during extreme fl ood events
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the local people. In the case of the fl oods 
of the Lütschine it may well be that 
such an extreme fl ood, able to break the 
armour layer in the steep reach, had not 
occurred since about 1850. Such rivers 
may be compared to dormant volcanoes 
(Jaeggi 1995).

The performance in terms of sediment 
transport capacity of lined masonry 
channels has been overestimated in the 
past. Boundary conditions, like the local 
sediment transport capacity of the main 
river, may become the limiting factor, 
as shown in case of the Schächen River. 
Sediment carried through the lined 
channel could not be moved away at the 
confl uence. Lateral overspilling, which 

was a consequence of the rising water 
level in the main river, may soon lead 
to a complete blocking of a channel, as 
demonstrated by numerical simulation. 
Suffi ciently high banks could prevent 
this to happen.

Open slit dams which were very fashiona-
ble some years ago do not perform satis-
factorily. They retain sediment comple-
tely, when the water level behind the dam 
rises in function of discharge. During peak 
fl ow, erosion in the downstream reach 
is favoured. With the drawdown during 
receding fl ow high transport rates occur 
through the dam. In case of the Schächen 
river, this amount of sediment arrived in 
the downstream reach at a moment when 

FIGURE 11. Use of heavy concrete polypode elements to increase local erosion resistance, in the 
steeper part of the Schwarze Lütschine river
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the channel was already overloaded and 
thus the problems were aggravated there. 
The basin on the Schächen has therefore 
to be equipped with a regulating gate. 
So, during frequent fl oods harmless sedi-
ment loads can be moved through a large 
bottom outlet section. In emergency 
situation when aggradation in the down-
stream area has to be feared, the bottom 
outlet will be closed to obtain maximum 
sediment retention capacity. 

If, as in the Lütschine river, heavy 
sediment loads are to be expected only 
in function of the rare destabilisation of 
a mountain stream reach, planning of 
detention areas may allow a limited land 
use. It is important then to obtain deposi-
tion only by slope reduction and channel 
widening. 

The described events showed further-
more that the failure of fl ood protection 
systems leads to increasingly greater 
damage as fl oodplain development expands, 
for housing, transportation, industrial 
development or commerce. If extreme 
events are absent for decades, land use 
may have dramatically changed between 
events. Even long discharge measurement 
records are insuffi cient to give a pre-
cise answer concerning recurrence of 
rare fl oods and to defi ne a design fl ood. 
Protection systems have therefore to be 
designed in such a way that overloading 
does not induce a complete failure of the 
system.
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Streszczenie: O pewnych aspektach transpor-
tu rumowiska w czasie powodzi z 2005 roku
w Szwajcarii. Bardzo groźna powódź nawiedzi-
ła dużą część Szwajcarii w sierpniu 2005 roku. 

Efektem była bardzo silna erozja na kilku gór-
skich, dotychczas stabilnych, odcinkach rzek, co 
wywołało transport olbrzymich ilości rumowiska 
rzecznego. W miejscach odkładania się rumowi-
ska następowały ograniczenia przepustowości 
i przetasowania koryta oraz wywołane nimi pod-
piętrzenia. Symulacja komputerowa okazała się 
być użytecznym narzędziem w analizie procesu 
i w planowaniu usuwania skutków powodzi.
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