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Abstract

For the design of bed stabilization measures physic
models are still an indispensable tool. A straifjbtne
model with vertical walls (mostly a tilting flumég usually
used for almost straight river reaches to keeptists low.
As part of one specific project it was establisheédht a
simplified model in a straight flume resulted irghér bed
stability then the real one in a full scale modkar the river
Bregenzerach a so called rip rap was tested imaighkt
flume. This rip rap consisted of coarse stones Wwinere
extracted from an artificial bed incision of a ftbo
protection work. The aim of the rip rap is to prevéed

degradation along the 1.3 % steep passage from the

unchanged bed upstream to the incised bed downstrea
The same bed stabilization measure was also testefull
scale model, but it has been less stable. The tsen
differences between the two models were the transit
from the rip rap to the river bed upstream and dsiveam,
short groins for ecological and morphological rivksign
and slightly changing bed widths. All inhomogerstief the
river led to higher local stresses. This situatias resulted

in an earlier movement of the rip rap. Thereby loca
channels were formed, which finally led to complete
destruction of the bed stabilization. In conclusainleast
the final implementation proposal for a bed stahtion
measure should be tested in a full scale model. &or
engineer it is important to be careful in using iges
equations developed in a straight flume if the sialation

is different.

Introduction

Primary aim of the project was to find an economarad
ecological method to stabilize an about 400 m legagh of
the river Bregenzerach in Mellau (Vorarlberg/Aus)riT his
section has a bed slope of 1.3 %. Upstream and stosam
of the rip rap area the river has a mean slope %f The
steeper section of the river should connect theregs
unchanged part with the deepened downstream ptrbuti
any ramp or sill in an ecological and near-to-natway. A
sketch of the length profile is given in figureDeepening

of the river bed was carried out to improve theodlo
protection for the municipality of Mellau. The rétsu
presented here are a side outcome of this study.
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Figure 1: Schematic length profile of the investigariver
reach

To find a solution in an efficient way two modelens
used. At first in a straight flume model the gehbehavior
of the intended bed stabilization was investigagstond a
full scale model was used to look at special proislee.g.
the side input of large amounts of bed load frotoreent as
a result of heavy rainfalls. Both models are scélgd.:40
and the Froude’s model law (e.g. Bogardy, 1959) ugzsl.
To give the reader the opportunity to compare #seilis of
our experiments with similar problems all values given
in real dimensions mostly. If not it is especialidicated.

Table 1: Hydrology

Nature Full Scale Model
Discharge Discharge
Return Period (m?3/s) (I/s)
MQ 11 1.1
HQ2 110 10.9
HQ5 150 14.8
HQ10 230 22.7
HQ30 320 31.6
HQ100 390 38.5
HQ300 450 44.5

Table 1 shows some statistical discharge valugkeofiver
reach concerned. The discharges in tHec8lumn were
only used for the full scale model. Discharges the
straight flume model, which is just a section moddth
vertical walls, were derived using the method dfieglent



shear stresses. Details of this method are givethén
chapter “Straight Flume Model”.

Bed Material

Grain size distributions and mean values of théngsazes
used in the experiments are summarized in figuesn@

table 2. The mean grain diametg ahd the ¢, of the rip

rap are about 3 times higher than the mean diamétire

original bed material. The mean diametgrvehs calculated
according to Meyer-Peter & Mueller, 1948. Thg df the

rip rap is about 4 times higher and thg a@bout 2.6 times
higher.

The rip rap material should be extracted from deayugthe

river bed in the downstream river reach by sievamgl

separating the coarsest fractions of the originad b

material.
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Figure 2: Grain size distributions (original bedteral of
the river and rip rap)

Table 2: Grain sizes (mean values)

Bed load Rip rap
dszp (mm) 27 111
dso (mm) 46 135
O (Mmm) 61 180
dgo (Mm) 122 330

Figure 3: Bed material and rip rap in the flumelésview,
flow direction from left to right)

From the rip rap material 689 kg/m2 were used ia th
experiments. This is equal to an on the averagamtthick
layer (density of rip rap material was 1523 kg/méluding
porosity). In the experiment a 3.2 m layer of theme
mixture as the bed load below the rip rap represketie
subsurface of the river bed. Figure 3 shows the giew of
the flume model with both layers. In the full sca®del
the top layer has the same thickness (689 kg/m?).

Figure 4 gives an impression of the rip rap judbteethe
experiment in the flume model started. This figuiét be
used later to compare different steps of the flume

experiment and the full scale model.
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Straight Flume Model

For the straight flume model a tilting flume 18 miéngth
and 0.54 m in width with vertical smooth plexi glasalls
was used. This width is sufficient for section misdeith a
water depth up to about 10 cm and it representeéo 52
(21.6 m) of the natural mean bed width (41.9 m)eTh
length of the rip rap in the model was 10 m whish i
equivalent to 400 m in nature.

Because the flume model represented simply a sectio
the whole river it was not possible to use the same
discharges (given in table 1) as in the full scaledel.
Instead of that the method of equivalent sheassé® was
used. First the experiment was started with lovelthsges
were no movement of the rip rap was to expect. Rnater
and bed level measurements water depth were ctddula
and the roughness of the rip rap derived. To sépahe
roughness of the river bed from the roughness ef th
smooth walls a method, described in Gessler, 1988 w
used. With this method it is possible to get theashstress
acting on the rip rap solely for every dischargéhim flume.
An equivalent sand roughness of about 400 mm was
obtained, which is about 25 % higher than thgadd about
three times higher than theydsee table 2) of the rip rap.
Thus the roughness of the rip rap is dominated Hey t
largest grains. The 25 % higher sand roughnessttiead,



can be explained by the edged grains which wer@ use Figure 6 shows the mean bed erosion for a 100 rg lon

instead of rounded material. section of the flume. This section was located 100

In a 2% step the relation discharge — shear stress foeam  downstream of the beginning of the rip rap. At step

cross-section of the rip rap area with natural hmags at from 178 N/m2 to 193 N/mz2 (+8.4 %) large areashaf tip

the banks was calculated (figure 5). rap began to move and fast erosion of the river bed
30C occurred. This change of the river bed is visudlize

figure 7. The upper areas of the pictures in figdrare

275

\_| _

I I

c I ' — close to the left smooth wall of the flume. Neae tiall the
2 250 | ,!// 5 I ° rip rap was more stable than in the rest of thenélu
g 225 | —gt—— gt S8
£ 200 +—= é/ S g. ¥
1]
st I
8 175 ] | !
& | | |
» 150 + 1 -

125 ¢ I I I

100 | I I

100 150 200 250 300 350 400 450
Discharge (m?/s)
Figure 5: Relation discharge — shear stress foe@nneross
section of the rip rap area

Now this relationship could be compared with theash
stresses obtained from the flume. With this it \wassible

to choose the appropriate discharge in the fluneafoy
required shear stress to simulate natural floodsing the
experiment the discharge was increased step byastdthe
behavior of the rip rap observed. Each discharge¢hen
model was held constant for 120 min at least widaqual

to 12.6 hours in nature. Additionally to visual ebgtions
water levels were measured for each discharge &add b
levels after each discharge.

Bed stability results
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Figure 6: Mean bed erosion with increasing sheasstfor
a 100 m long section of the rip rap

At a shear stress of 156 N/m2 which is equal to-yedr
flood only minor bed erosion (less than 1cm) were =
measured. Several stones of the rip rap changeid the Figure 7: Rip rap in the flume (same 20mlong asm
position but no overall bed load transport could be figure 4) after shear stresses of 156 N/m? (topg, N/m?
observed. At shear stresses higher than HQ5 the bed(middle) and 193 N/m? (bottom), flow direction frdeft to
erosion increased slightly. right



The mobility of particles can be characterized e t
Shields valued = R,-J/((s-1)-d) R, is the hydraulic radius
of the bed, J the energy slope, s the relativeiyeasbed
material to water and d a characteristically gidiammeter.
For bed load transport usually a critical Shieldtue6,, =
0.047 (Meyer-Peter & Mueller, 1948) is used. Movetnaf
single grains can be observed much earlier, stpet® =
0.01 (Novak & Nalluri, 1984). The ratio 6f8; is shown in
figure 8. Erosion of the river bed was observedumtil the
0, of the d, of the rip rap was exceeded. An armoring
process which was characterized by relocation afhgrand
partial bed load transport stabilized the river.bEde river
bed was quite stable ti/6., = 0.7 for the ¢, and 1.3 for
the d,. A remarkable erosion started at the next invatgid
discharge, the HQ1®/B., = 0.77 for the gh and 1.4 for the
dy)- The fast erosion process during this dischaage e
explained by the large/0., (= 4) for the ¢, of the sub layer
which was exposed to the surface after displacewietite
rip rap. Additionally the experiment was carriedt ou
without feeding bed load to the river.
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Figure 8: Rati®/0, with increasing shear stress

At this moment it was clear that the rip rap witle thosen
material is stable only up to floods with a retperiod less
than 10. Until a discharge of about 200 m?/s, wiischqual
to a shear stress of about 178 N/m?, the bed erasio be
neglected (figure 6). At higher loads the bed efthde. The
deepening of the river bed depends not only oriahe but
also on the amount of bed load from upstream. incase
it will be necessary to repair the river bed afi@nie.

Full Scale Model

The full scale model represented a 900 m long @eati
the river including banks, groins of different sizend two
small torrents flowing in from the left. The rippratself
was 400 m long. Upstream and downstream of theafp
200 m respectively 300 m long sections of the riwere
modeled. In the rip rap section the bed width cleang
slightly (min/max = 0.8). It ranged from 37.2 m43.2 m
with a mean width of 41.9 m. Figure 9 shows thd phthe
model with the rip rap area (from cross section thvid
47.2 m to the last groin on the right) and the mbgenities
(inflows and groins). The size of the groins randexn
about 1 m to 4 m in height and 5 m to 10 m in lendm
figure 10 the flow at a small flood downstream ofrain
can be seen.

For the rip rap, the sub layer and bed load theesmaterial
as in the flume model (described in the chapterd‘Be
Material”) was used.

Figure 10: Flow at 44 m3/s in the area of the sdagoin

from left in figure 9

The experiment was carried out similar to thathia flume
model. The discharge was raised step by step aner wa
levels as well as bed levels were measured atsaphThe
duration of each discharge step was the same dkein
flume. Bed load was fed at the upstream end ofbdel
by a conveyer belt for all discharges90 m3/s. Both
inflows, shown in figure 9, were dry during the exment.

Bed stability results
Until a discharge of 90 m3/s only minor erosion thé

= R 5 -
Flgure 9: Model area with rip rap and mhomogeslflibow direction from left to rlght)



groins were observed. The overall stability wagasd as
expected from the flume experiment. But during mieet
step (110 m3/s — HQ2) the process changed. Thapipvas
much less stable than in the flume and the bedrbéga
erode (compare figure 6 and figure 11). Trenchesewe
formed in the bed. One of these trenches can be isee
figure 12. The cross section in figure 12 is justvdstream
of the inflow 1. This trench was situated at thghtibank
and started at the upstream origin of the rip tapad a
length of about 200 m. Further downstream this cinen
faded and a new trench developed near the left. bibdr
rising the discharge to the next step (150 m3/sQ5Hthe
discharge concentrated on these trenches. Stafitimg
these small trenches a widening process was oftkerve
which led to a wider but less deep channel (fidize
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Figure 11: Mean bed erosion in 2 cross section8 @t
200 m downstream of the origin of the rip rap)

Due to the large amount of bed load input from iero$n
the upstream area of the rip rap the bed didn'derbut
even raised in some cross sections downstream tkgee
200 m downstream cross section in figure 11).
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Figure 12: Erosion in cross section 150 m downstre
the origin of the rip rap

In figure 13 an about 100 m long section of therdp area
which corresponds to the cross sections in figdreardd 12

is shown at 3 stages. First stage is the situatifiar
90 m3/s. The river bed has not yet eroded. Ineftehlalf of
the river, near the inflow bed load from upstreamisible.
In the 2 stage after 110 m?3/s more bed load from upstream
was transported over large parts of the rip raphauit
significant erosion on it. Near the right bank enth was
eroded (see also figure 12) and the boulders ofabting
of the bank protection work are visible. In tHé Rage after
150 m3/s the river bed is a mixture of gravel frdm sub
layer and eroded rip rap material from upstreang ffanch
at the right bank is filled up partly (see alsoufig 12) and
the footing of the bank protection work is covemith bed
load from upstream again.

=1\

Figure 13: Rip rap after a discharge of 90 m3/p)(to
110 m3/s (middle) and 150 m3/s (bottom), flow diret
from left to right




Conclusions

Both experiments, the straight flume model withticat
walls and the full scale model, show different fesu

despite the fact that the same scale and the sade b

material were used. The essential differences leivike
two models were the transition from the rip raghe river
bed downstream, a slight change of bed widths &odt s
groins for ecological improvement. In the full ssahodel
the rip rap eroded much earlier then in the flutmethe
flume the bed was quite stable till 200 m3/s disghaand
was complete destructed at 230 m3/s (HQ10). Inrashtn
the full scale model the rip rap was only quitebkstatill
90 m3/s. At 110 m3/s (HQ2) large parts of the besrew

eroded and at 150 m3s (HQ5) completely destructed.

Destructed means that the rip rap was no longer &bl
fulfill its main task to stabilize the upstreameivwreach of
the Bregenzerach.

Expressed in terms of mean bed shear stresseip ttag rof
the river bed was quite stable (grain sizgs=d.80 mm,
dgo = 330 mm) with only minor erosion till 178 N/m? the
flume and just 112 N/m2 in the full model (63 % less
than 2/3). Nearly the entire river bed was destdicat
193 N/m2 in the straight flume and 150 N/m? in thd
model (78 % or about 3/4). The non-dimensional I§kie
values, calculated witl®,, = 0.047 and d= 180 mm are
summarized in table 3.

Table 3: Non-dimensional Shields valu@8., (with
0. = 0.047 and d= 180 mm)

Mean shear 0/0, behavior of the rip rap
stress (N/mg?)
112 0.8 full model: quite stable
150 11 full model: destructed
178 1.3 flume: quite stable
193 14 flume: destructed

First the rip rap was not only eroded near thergrait the
left bank as expected but also on the other side tie
right bank. A trench was formed and endangeredo#rk
protection work on the right side. The only explaora for
this process is that all the inhomogenities ofrtlier led to
an increased turbulence which was transported twer
whole river bed. This process resulted in a higbleear
stress and as a consequence earlier movement apthp

in some parts of the bed. Thereby local channelsewe

formed. Finally this channeling process destrudtedbed
stabilization completely. Similar results were fduduring
experiments for the so
improvement for the river Danube east of Vienna atope
of only 0.04 % and much lower shear stresses (Henal,

called granulometric bed

2011). A second attempt to explain the observatisrikat
the river bed is narrowed by the groins not onlytbgir
length but a little bit more. This will lead to @gher load
on the reduced bed width. But in this case the dsgload
must occur at the narrowing downstream of the graind
the erosion has to start in this areas and not theaother
bank of the river as was observed here. To analyize
process more in detail additional experiments aeegsary
were the turbulence is measured first without aecbrd
with inhomogenities.

To define the necessary size of bed stabilizati@asures
physical models are still an indispensable toole Timal
implementation proposal for a bed stabilization suea
should be tested in a full scale model if homog@eriare
present. At least and if possible inhomogenitiesutth be
included also in straight flume models. For an eagr it is
important to be careful in using design equatiomgetbped
in a straight flume without homogeneities if thealre
situation is different.
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